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Kurzzusammenfassung

EuO ist ein ferromagnetischer Isolator, eine seltene Materialklasse, welche ferromagneti-
sche und isolierende Eigenschaften verbindet. Wir praparieren EuO schichten auf SrTiOs
(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 stochiometrisches
EuO erhalten, abziiglich einer kleiner iiberoxidierten Region nahe der Grenzfliche. Wir
analysieren die Wachstumsrate und finden ein Mott-Cabrera-artiges Wachstum, welches
durch die ionische Sauerstoffleitfahigkeit des Substrates begrenzt wird. Die Kristallstruk-
tur wird analysiert und wir finden eine epitaktische Beziehung von EuO(110)/SrTiO3
(100) und EuO(001)/SrTiOg (001). Die magnetischen Eigenschaften sind vergleichbar
mit denen von "bulk" EuO und eine maximale Schichtdicke von dgyo=15nm wird beob-
achtet. Die hier vorgestellte Methode reduziert die Komplexitédt das Wachstums, da die
Sauerstoffpartialdruckkalibration wegféllt. Um Filme d > 15nm zu erhalten l4sst sich die
bekannte adsorptionslimitierte Methode, nachdem das Redox Wachstum abgeschlossen
ist, verwenden.

Die elektronischen Eigenschaften von EuO/Oxid Heterostrukturen und EuO/Metall
Grenzflichen werden analysiert. Indem ARPES an EuO/SrTiO3 gemessen wird, entdecken
wir ein 2DEG, welches mit der Literatur von LAO/SrTiO3 iibereinstimmt. Unsere
Messung erweitert die bisherigen Arbeiten in zwei Gesichtspunkten, insofern, als dass wir
ein 2DEG durch eine kontrollierte Redox Reaktion an der Grenzfliche 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 Grenzfliche.
Das besondere Interesse liegt hierin begriindet, als dass andere Studien zeigten, dass
fir ein BaTiO3 2DEG die ferroelektrischen Eigeschaften des BaTiOg3 erhalten bleiben.
Anderesrseits ist das EuO/BaTiO3 Interface dafir bekannt, dass der Magnetismus von
der im Substrat herrschenden ferroelektrischen Polarisation abhdngt. An der dritten
Grenzfliche, EuO/Pt wird ein gegenteiliger Effekt, ein 2DHG, vorausgesagt. Wir messen
mit HAX-MCD die elementspezifischen magnetischen Eigenschaften und finden eine
erhohte Curietemperatur. Diese wird erwartet fiir genau die Wechselwirkung, welche
auch zu dem 2DHG fiihrt, welches wir als erstes Anzeichen fiir 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 fiir Seltene
Erden angewendet werden kénnen. Hiermit bestimmen wir die Austauschwechselwirkungs-
lange 2Aarpr = (5.6 £ 1.4) nm. Dies zeigt, dass sich der Effekt nur auf diinne EuO Filme
auswirkt. Indem wir eine Hystereseschleife messen, entdecken wir auch Ferromagnetismus
an Raumtemperatur, was deutlich tiber der Curietemperatur von EuO T = 69K liegt.
Wir benutzen die Daten der Hysterese um die Stérke der Austauschwechselwirkung zu
bestimmen und erhalten J = 0.278 meV & 5Jp,;x. Wir ordnen diesen Effekt als magneti-
schen Nachbarschaftseffekt ein. Auch ultra-diinne filme dg,0 = 2 ML werden untersucht
und zeigen dhnliche Ergebnisse und M (300K) = 1 g /f.u., so dass sich mit Sicherheit
sagen lasst, dass auch ultra-diinne EuO filme einen Raumtemperaturferromagnetismus
durch die Grenzflichenwechselwirkung mit Co erhalten.

Zusammengefasst haben wir eine neuartige Synthesemethode fiir hochwertiges EuO
entwickelt, indem wir eine Substratredoxreaktion ausnutzen. Dadurch war es uns moglich
faszinierende Grenzflichenphenomene in Oxid- und Metallheterostrukturen zu beob-
achten, welche von zwei-dimensionaler Leitfdhigkeit bis hin zu der Entdeckung von
Raumtemperatur Ferromagnetismus in EuO Filmen erstrecken. Auf diesem Wege erdff-
nen sich moglicherweise neue Richtungen im Bezug auf zukiinftige 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 T's = 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)/SrTiOs
(001) is obtained. We detect bulk-like magnetic properties and a maximal thickness of
d =~ 15nm for this growth method. The proposed growth method reduces the complexity,
as the necessity to calibrate the oxygen pressure is circumvented. For films d > 15nm
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/SrTiOg 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 BaTiOg3 to retain its
ferroelectric properties at the 2DEG interface, while we find that dg,o = 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/BaTiOs 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/EuQO 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/EuQ interface to 2A4pp = (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 T¢ = 69 K. We utilize the
hysteresis loop to obtain the Co/EuO exchange coupling strength J = 0.278 meV = 5Jp,.
We interpret this behavior as a magnetic proximity effect. A EuO ultra-thin film of
drwo = 2ML is prepared at room temperature and the Co/EuQ interface is also studied.
We obtain comparable results and M (300 K) = 1 ug/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 Griinberg 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 SrTiOs, 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 SrTiOs 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 7. Europium dichalcogenides (EuO,EuS,EuTe), possess
a low T < 70K, magnanites (BiMnOs, LaMnOgs, LaSrMnOg3) show close to room-
temperature T¢, garnets (YsFeo(FeOy)s, GdsGag(GaOy)3) have moderate T above
room temperature and in ferrites (NiFesOy4, CoFesO4 and MnFe;O4) the ordering tem-
peratures can be as high as T¢ = 865K, 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 2AE.;c, = 0.6eV [7]. The synthesis of EuO/SrTiOs 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 SrTiOg, 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 SrTiOs
[9] has lead the research to find new ways of injecting spin into conductive SrTiOs.
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
SrTiOs, 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



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 SrTiOs, 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-Griinber-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
BaTiOs 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 T 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 T = 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 5.1420 A [13, page ID 53437]. The
constituents of EuO are Eu?t and O?~ and the Eu atom has an electron configuration
of [Xe] 4f75d%6s°. Below the Fermi level, the two contributing valance states are a
localized Eu 4f7 state and the completely filled O 2p% 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 7' 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 EuzO3 (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 YAlIO3, 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 p,, 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 EugOg is sputtered
onto YAIOj3 substrates and capped with Ti metal. Then the heterostructure is heated
and the oxygen from the EusO3 reacts with Ti to form TiO, while EusOg 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 EusO3 and Ti need to be controlled carefully, such that a full
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conversion of the available Ti and EuyQOj3 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 I = 0 and s = 7/2. If EuO fully magnetizes, then a saturation moment
of Mg = 7pug/f.u. is expected. Europium oxide is a band insulator and considered an
ideal Heisenberg ferromagnet, due to the fact that [ = 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 [10]

H=> —Ji;SS, (2.1)
)

where J; ; is the exchange interaction strength between site ¢ and j and S; 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 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
Teo so that

o 3/2
M(T) = Mg {1 -3 (%) } (2.2)

where M (T) is the temperature dependent magnetization, kp is the Boltzmann constant,
S is the total spin-moment and Mg is the magnetization of the saturated film. As
M(T¢) = 0 it follows directly, that To = 255/3/(k3a2/3) -J o« 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) = Mg = aycoth(ajx) — by coth(byx) (2.3)
2J +1 1 gupJB

= b= —x= 2.4

W=y M T oyt T T (2:4)

To evaluate M (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 J; ; can be reduced to two
contributions J; and Jo, 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 417 level of a next-nearest neighbor via the anion to a 47 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 J; = 5.2 x 107V and Jo = 0.1 x 107°eV [18]. The Curie
temperature can be calculated by using [17]

To = 2/3J(J +1)Jas/kp = 69K (2.5)

for the reported values of Jyy = Jy + Jo.

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 J; and J; 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 = 6.42nm exhibits the expected bulk T~ = 69 K. Reducing the layer
thickness, the influence from the surface layers is enhanced and leads to a reduction of
Tc = 15K for d = 1 ML.

EuO is regarded as a model system for Heisenberg ferromagnets that exhibits a high
magnetization of 7 up/f.u. at a To = 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 T (n), where n is the number of the
T/K nth monolayer [19].

Figure 2.4: Schematic representation of
a spin filter tunneling barrier composed
of a mnon-magnetic conductor/magnetic
insulator /non-magnetic conductor structure
[20].

magnetic insulator
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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 Er = Erg & Eeuen for spin up and spin down electrons, the
transmission probability T of electrons is either enhanced or suppressed with respect
to the transmission for E7 g, the tunnel barrier height above T where Egep, = 0.

The transmission probability 7™ determines the tunnel electron current I o T' through
a tunnel barrier. Using the WKB approximation this can be written as

TN o exp <2d\/2m/52 (BEp — E)) (2.6)

where d is the thickness of the barrier and F 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

L1,
p==h 2.7
Ii—1, (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/Eu0/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 = 15 A to 35 A and very high spin polarizations of P > 90% are reported
for the lower limit. For d = 35 A 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 SrTiOs, 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+0,7—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 ApG between a product B and
its reagents A

ARG = ARG (B) — ARG°(AT0y) (2.9)

is plotted as a function of the temperature 7 normalized to moles of Oq. If ARG < 0
(ARG® > 0) the reaction will progress in to the direction of B (A)

A+0,—B (2.10)
A+0y,«—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 FeoO3 +
2Al — 2Fe + AlyO3 . This redox reaction can be analyzed by plotting the two
reactions

4 2
g Fe+ Oy =— g Fey O3 (212)
4 2
g Al + Oy pa— g Al,O3 (2.13)

into one diagram as shown in Figure 2.5. As the AlpO3 reaction has a more negative
ARGP the direction of the reaction is towards this product. In general a reaction is
expected to progress if the difference is larger than A = 250 %

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 ArG°(T'), because usually only ArG?(Tp) is available, i.e. the
Gibb’s free enthalpy of formation at standard conditions.

It holds, that
Glp,T)=H-TS (2.14)

where G is the Gibbs free energy, p is the pressure and 7T is the temperature of the system,
while H is the enthalpy and S the entropy. Therefore, ARG?(T) can be calculated from
ARGO(Ty) 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 %Fe + 0y —
3Fes03 (red) and 3Al+ Oy — ZALO; (0o
(blue) normalized to mol Op. Since the
ARGO(Al,03) < ARGO(Fes03) a reaction
between Al and FesOgs will reduce FesOg
. -1200
producing Al,O3 and Fe. Temperature (K)
(22]
T
S(T) = S(Ty) + Cy In ( Z ) H(T) = H(Ty) + Cy(T — Ty) (2.15)
0

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

ARG® = H(Ty) + Cy(T — Ty) = T (S(To) +Cln (Tzo) ) (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 SrTiOj;

The surface properties of SrTiO3 (001) crystals depend on the surface termination, i.e.
TiOz or SrO). A parameter that influences the thin film growth is the diffusion of
adatoms on a surface. For SrTiOgs, 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 TiOo-
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Figure 2.6.: (a) Sr diffusion mechanism for SrO terminated SrTiOs. (b) Sr diffusion
mechanism for TiOs terminated SrTiOs.

and SrO-terminated SrTiOg3 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)
TiOs-terminated SrTiOg surface. In both cases, the Sr adatom is diffusing over the
surface by a hopping mechanism. The energy barrier between two sites is Fr < 0.3¢eV,
while in the latter case Er > 1.4eV. The distance between jumps a depends on the
termination for which ag,0 = 4.2 A and aTioy = 6 A is reported.

The diffusion length drjss 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 I and the diffusion coefficient D

2
r
T =vexp(—Eg/kpT) D= “T dpys = VDt (2.17)

here drjss denotes the average distance a particle travels due to the random walk, kp is
the Boltzmann constant, ¢ is the time and v the attempt frequency.

We assume, that vrio, = vs;0 and obtain

d 2 :
S0 _ 980 oxp (—(Brmios — Ergio)/kpT) = 2.6 x 105V1 (2.18)
drio,  @fio,

a much faster diffusion on the SrO surface. In this regard, it is interesting to study the
over layer growth of EuO on SrTiOgz using both TiO2- and SrO-terminated SrTiOs, 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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Figure 2.7.: Overview of properties and effects (shown in blue on the right) accessible
with techniques based on the photoelectric effect relevant in the scope of this thesis.

2.3. Photoelectron and X-ray absorption
spectroscopy

The discovery of the photoelectric effect has lead to the development of a powerful
technique, which can measure a multitude of properties in an element selective way.

In Figure 2.7 an overview of the properties and effects that can be studied by techniques
based on the photoelectric effect (PE) is depicted. All of this is based on the fact, that
light quanta (photons) are absorbed by solid material and interact with its electrons. The
electrons can either be excited into an unoccupied state, as would be the case in photon
absorption or the material can be ionized, where the electron is emitted (photoemission)
and the electron intensity I(FEj;,) can be detected (photoelectron spectroscopy) with
an electron analyzer as a function of the kinetic energy (angle-integrated photoelectron
spectroscopy, see Subsection 2.3.4 and additionally with respect to the angles ¢, 0
(angle-resolved photoelectron spectroscopy, see Subsection 2.3.2).

Depending on the photon energy FE, the interaction of the light applies to either
core-level electrons or valence-band electrons. Soft (E, = 1200¢V to 1500¢eV) and hard
(Ey =2000€V to 10000 V) X-rays interact with deeply bound core-level electrons. Using
soft X-ray photoelectron spectroscopy (XPS) information of the surface composition and
a limited chemical depth-profiling is available. Hard X-ray photoelectron spectroscopy
(HAXPES) has an enhanced probing depth and can be used to study the bulk properties
of thin films. Additionally, circularly polarized photons can be employed to study the
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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 E, = 10eV to 100eV) are used to assess the valence electrons of
the material. Due to the fact, that the momentum of the electron in the solid hky)
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 E.,. According to the Beer-Lambert
law of the transmission of (X-ray) light of energy E,, is given by

Ip(d) = Ip o exp(—p(Ey)d) (2.19)

where Ir(d) is the intensity of light transmitted through a material of thickness d, Ir, o
is the intensity of the light and p(E,) is the linear absorption coefficient. Therefore, the
absorption A can be determined from the transmitted intensity as

A= (1 - ]L(d’E”)> . (2.20)

It

However, due to the small effective absorption length of X-rays in matter EAL =
1/u(Ey) ~ 100 pm, experiments in transmission geometry are limited to very thin
samples. Instead, the intensity I(F,) 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 A\jprpp(1000eV) = 2nm < Agay 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 Agar. 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 Ej;,
described by the following relation [24]

Epin = B, — ® — Ep. (2.21)

where ® 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(Ey;,) 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(Egin, ¢,0) 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 Fp.

The correct description of a solid is achieved by solving the many body Hamiltonian
‘H to obtain all initial and final states ¢; ;. 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 o (4| TI)|* - 6(Ef — Ei — E) (2.22)

which describes the probability W that an electron is transferred from the ground state
¢; to the excited state ¢¢ (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 Ej,.
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 F, irradiate the surface of a sample. The azimuth angle ¢ and polar angle
0 with respect to the crystal lattice of the solid are marked and the electron intensity is
measured as a function of these I(Ey;y, ¢,0) as described in Subsection 2.3.2.

¢ 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

AJ=0,+41 AM;=0,+1 AS=0 (2.23)

where J, M; 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 Ep 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
(Er = 10€V to 100eV) 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 ¢, 6 of the emitted electrons is a direct observation of k. In
this regard the observed intensity I(E, 6, ¢) is given by !

I(E.0,¢) o<y Wipoc > [ofTIo)]> (ki —k+G) 0k —Kp)(¢.0)
> > ki—k+G) 3 )

momentum conservation p, .a1le] 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 (¢, 0)
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 Ejy;, — A, 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) = Ipexp (—%) (2.25)

where I is the intensity of all electrons without scattering and A is the inelastic mean free
path. The inelastic mean free path is a material and energy specific parameter. For XPS
and UV experiments 54 < A < 30 A. 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 1(0) = Iy. 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=, %Ekznz sin(¢) (2.26)

2
K, = \/gEkm, cos?(0) + Vo # Kperp (2.27)
1

Where Vj 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 L component
has to overcome the inner potential, which describes the energy Vy = Ey + ¢ 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
Jy=L+S=L=+1/2to 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

S (Jy+1)  L41

R=7 030" 1 (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 Eu?" valence and 4f7 electron configuration on the Eu site, while EuyO3 has a Eu®t
valence and 4f8 configuration. The core-level binding energies of these two different
valencies of the Eu atom will be shifted by AEp due to the fact that the core screening
of the electrons is weakened. This can be modeled by [25]

AFEp=K(Qa—Qp)+(Va—Vg) (2.29)
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Figure 2.9.: Experimental data and theory for the photoelectron spectrum of (a) Eu
3dg ;o and (b) Eu 3ds,y [20].

where K is an empirical constant describing the strength of weakening of the screening
as described above, Q4 — Qp is the charge difference between the two chemical states A
and B and V4 — Vi 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/, and Eu 3ds/, 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 3d'04f7 —3d°4f74+photoelectron states. The AEp 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]

32 (k,w)
x [w—ex — RB(k,w)]? + I(k, w)

Ak, w) (2.30)
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where € is the energy of the state in the Hartree potential, ¥.(k,w) 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 Ep.

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) A, as was shown
above. Tanuma et al. have predicted the scaling behavior of A\(Ey;,) using a modified
Bethe equation[28]

-1
A = Egink,? (BIn(kEgin) — C/Egin + D/ Efy, ) (2.31)

where, X is in A, E, is the bulk plasmon energy and f,k,C, D are material specific
parameters. In Figure 2.10 A is compared for 41 elemental solids and a universal scaling
behavior is observed. In the high energy range Fy;, > 100eV the authors find a scaling
behavior of A E,gm.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 15 A to 50 A is observable for E, =
2000eV to 10000eV. 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 A as

ID =~ 3\ < Lip(d = 3)\) /Iy =~ (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/SrTiOs 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 o, depends on Ej;,. Unfortunately,
as the energy increases o decreases. In fact, the scaling is quite substantial [30]

kin

E% p d, f — shell

kin

U(E'y) =

EZ3% s —shell
{ s Tshe (2.33)
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This implies, that HAXPES experiments can be performed well only at beamlines
with high photon flux of 1 x 10! 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 E, 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 E, as phonon assisted transitions can become dominant, due to a low
Debye-Waller factor W (T, E,). 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'= 20K only few
materials show a significant degree (i.e. >50%) of direct transitions in the hard X-ray
regime E, > 2000eV. Due to this HARPES (hard X-ray angle-resolved photoelectron
spectroscopy) is limited to materials with high W (T, E,) (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 0p = 350K [32] Eu has W(T') > 0.5 at
E, < 4290eV 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, E,) for various materials at T = 20K [31]. Expectation for Eu added from
calulated Debye Temperature [32].
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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 p~ is different
than for right circular polarized light pF.

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 Lo edge respectively). In the first step the left(denoted as o~) 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

IX]\/ICD(EV) = [LT* - [U+ (234)

will be negative at Lg and positive at Lo.

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 ¢; and ¢, have different
angular and magnetic quantum number J; y and m; ;. 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 Ixycp(Ey, 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 0~ — o
and H — —H leads to the same spectrum Ixpop-

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
« in units of the inelastic mean free path. (b) Ratio R of over-layer intensity (I4) and
substrate intensity (Ig) as function of the emisison angle a. [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)%. In this way, an expression for the intensity of the
substrate I4 and the over layer Ip intensity is obtained

Ip=1400[1 —exp(—d/Agacos(a))], Ip=Ipcoexp(—d/Ap.acos(a)) (2.35)

where Ap 4 denotes the inelastic mean free path for electrons emitted from layer B in
layer A and I4 . is the intensity of an infinitely thick layer of A. For our studies it
suffices to assume Ay 4 = Ap 4 as the kinetic energy is similar for both electrons from
the substrate and the oxide over layer. Taking the ratio R = % one obtains, after
rearranging for d, the over layer thickness

d=Xaacos(a)In[l + R/Ry) (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(«), which produces a straight line with the slope
of d/Aa,a. This technique is used to calculate the over-layer thickness as presented in
Section 4.5.

2 Asthere 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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A4, can be calculated, as shown above in Subsection 2.3.4. Another way to obtain
A4,4 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 Ag 4 from the d/A4 4 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 SrTiOs, 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.

SrTiOs is a layered crystal and has a cubic perovskite structure with a lattice parameter
a = 3.905 A belonging to the primitive space group Pm3m. Due to its crystal structure,
a (001) oriented single-crystal of SrTiOs3 is a stack of alternating SrO and TiO9 layers.
Due to this layered structure, the surface consists either of a SrO, TiOy 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 ay,;s > 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 TiOs 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 SrTiOg
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 ;s < 0.1°. The in-plane miscut-angle a;p is associated with
a zigzag behavior of the step-edges and should be selected to be sufficiently small, i.e.
arp < 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 2.5h annealing at 950 °C in air. Optimal results are found
for (d).

T4 =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 TiOs termination

A multitude of wet-chemical treatments for the TiOg-terminated SrTiO3 (001) surface
can be found in the literature, ranging from water leaching (a), bleaching with HoO5 (b),
to etching with acol regia (c) or buffered HF (BHF) (d) [9, 38-40]. All four treatments
report atomically flat SrTiOg surfaces with constant TiOs-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 HoOy 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 ¢ =30's leads to the formation of regular step edges
of unit-cell height. The step width is on the order of dgp ~ 111m and we find a miscut
of amis = 0.02°. For further information see Table A.1.

Shown in Figure 3.2 (d) we observe circular structures on the SrTiOg 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 ;s > 0.05° and therefore we decide to limit the lower end of
the miscut angle to 0.05° < a;is < 0.1°.

The etch time ¢ =30s 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 > 3nm and Ay > 30nm x 30nm on a 5pm x 5 pm 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 3.3.: SrO-terminated SrTiOgs surfaces produced by annealing. Clearly the
straight structure of the step edges has been changed to a rectangular pattern. In these
crystals so called Ruddlesen-Popper phases (rectangular strcutre at the step edge) appear
[41], we therefore prepare SrO terminated SrTiOs by depositing SrO on top of TiOq
terminated SrTiOg substrates in the MBE system.

Preparation of SrO terminated SrTiOs (001)

The surface mobility of adatoms on SrO and ionic oxygen conductivity inside SrO crystals
is different from that of TiOs terminated SrTiOs [23], which makes a study of oxide
growth on SrO terminated surfaces interesting.

In literature, two different approaches are reported for the preparation of SrO ter-
minated SrTiOs. Either the substrates are annealed in air for 96h at 950°C [36] or
(monolayer) thin films of SrO are deposited on TiOj terminated surfaces [4]. Figure 3.3
depicts the result of the elongated annealing procedure. So called Ruddlesen-Popper
phases are created on the surface. Therefore, this route was not pursued further and we
perform SrO deposition in the oxide MBE system to prepare SrO-terminated SrTiOs
substrates from TiOs-terminated SrTiOg [41].

3.2. Oxide MBE for the preparation of
ferromagnetic oxides

A custom MBE and analysis ultra-high vacuum chamber built by SPECS company in
Berlin is employed for the preparation of EuO oxide heterostructures. The simultaneous
realization of an in situ XPS system, while allowing for oxide preparation in a MBE
chamber is a rare combination and enables a rapid development of synthesis procedures.
Special care was taken to account for the necessary high precision control of the oxygen
partial pressure.

The MBE (see Figure 3.4) consists of four parts: load-lock, transfer, MBE and analysis
chamber. The samples surface cleanliness is ensured by operating the system at ultra
high vacuum (UHV) conditions.

The load-lock is equipped with a six slot sample garage and has a residual gas pressure
of 3 x 108 mbar. The connecting transfer chamber also has a six-slot sample carousel
and the base pressure in this chamber is kept at 1 x 1071% mbar.
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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 U, = 1000 V and emission currents
up to I, = 50mA. With this sample temperatures of Ty =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 AT =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 SrTiOj3. For
this, only the emissivity € has to be known, which is € = 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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Figure 3.5.: (a) Sketch of the Pyrometer mounted on the MBE chamber. (b) Results
of the pyrometer calibration using Nb doped SrTiO3 and the emissivity e = 0.35. The
sample temperature calibration leads to a resolution of AT = +3.69 °C.

the misorientation of the pyrometer axis with respect to the sample surface, additional
calibration is necessary.

In this regard, we temporarily install a Type K thermocouple vacuum feed through on
the MBE. The thermocouple is clamped down onto the sample surface and we perform
the calibration using a constant emission voltage U, = 500 V. We vary I, so that the
surface temperature of the thermocouple T is scanned in 50 °C increments in the range
250°C and 600°C. A measurement point is taken when both T and the pyrometer
temperature, Tp, are stable.

The results are depicted in Figure 3.5 (b). The measured temperatures exhibit linear
behavior and an accurate calibration in the chosen temperature range is possible. The
fit result has a accuracy of AT = £3.69 °C and the error on the slope is Am < £0.01.
With this calibration we regard the accuracy of the sample temperature measurement to
be sufficiently high for our application.

Specialized oxygen inlet
The stoichiometry of europium oxide depends sensitively on the oxygen partial pressure
supplied during growth (see Subsection 2.1.1). Therefore, the control of the oxygen gas
inlet is a crucial part of the synthesis. Two key components were considered for the
construction of the chamber with regard to the oxygen delivery: First, a quadrupole
mass spectrometer (QMS) is mounted inside the MBE to monitor the Oy partial pressure
in real time. Second, a oxygen pipe is designed so that the oxygen impinges directly
onto the sample surface. This circumvents the need to flood the MBE chamber with
oxygen and enhances the local oxygen pressure by a factor of about 100 compared to
the base pressure in the MBE. We checked this feature using a simulation and found
that for our configuration the variation of the oxygen flux is expected to be < 5% for a
10mm x 10mm sample (adapted from [43]).

The measurement of the oxygen partial pressure present directly at the sample surface
is not possible. Instead, the oxygen feed is branched into two lines of equal length:
One gas line supplies the oxygen to the sample surface, while the other is directed at
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Figure 3.6.: (a) Sketch of the MBE and the branched oxygen inlet pointing at the
QMS and the sample. (b) results of a simulation of the oxygen flux as a function of the
the displacement from the middle. The variation of the O flux is 5% on the scale of a
10mm x 10 mm sample. Simulation adapted from [43].

the quadrupole mass spectrometer. Keeping the distances equal, comparable oxygen
pressures (and thereby the oxygen fluxes) are produced at the sample surface and the
mass spectrometer.

The QMS measures a current which is converted to a pressure reading. A careful
calibration is needed to measure absolute pressures with a QMS (commonly done with
calibrated gas mixtures). In this thesis, we use a calibration method that relies only on
the reproducibility of the pressure measurement and not on the absolute value of the
pressure measurement (see Section 4.2).

MBE Evaporators

The MBE chamber is equipped with 6 evaporators, A five crucible electron gun (e-gun)
and a low temperature Knudsen-cell (K-cell). The evaporators can be operated at the
same time and are both equipped with a quartz microbalance with a SQM160 controller.

The five crucibles of the e-gun are filled - depending on the project - either with Pt,
Cu, Au, MgO, Sr, Al. We calibrate the quartzes geometrically under the assumption of
isotropic evaporation. It holds, that for non-equal distances between source and quartz
dg, source and sample dg the detected rate has to be corrected using

d2
rg = d%’l‘@, (3.1)
Q

where rg denotes the rate at the sample location and rg the rate of the quartz. The
calibration of the quartzes is validated ez situ by X-Ray reflectometry (XRR) on a 20 nm
thick Cu film on SrTiO3 and is found to be precise within 5%.

The K-cell is filled with 99.9% pure Eu metal bought from MaTeck company (Jiilich).
Due to the successful validation of the geometric quartz calibration for the e-gun quartz,
we apply the same calibration for the K-cell evaporator.
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Figure 3.7.: Left: Schematic side-view of a EuO based oxide tunnel barrier. Middle:
Drawing of a shadow-mask for in situ deposition of a Hall-Bar for transport measurements
on a EuO/SrTiO3 heterostructure and its interfacial two-dimensional electron gas. Right:
Optical microscope image of a prepared sample including gold contacts and Al wire
bonds. Adapted from [46].

3.3. Patterning EuO based transport structures

As ferromagnetic insulators are materials interesting for spin-dependent transport ex-
periments, the MBE chamber is designed so that a shadow mask can be placed in close
proximity to the sample surface and also changed in situ. Thereby, a patterning of
the film during preparation is possible and in this way electrical measurements can be
performed afterwards.

Several publications have proposed transport structures to utilize the spin filter tunnel
barrier effect inherent in ferromagnetic insulators below their Curie temperature [3, 11,
44, 45]. The experimental challenge in this regard is the preparation of such structures
under vacuum conditions to circumvent the problem of interface over-oxidation of the
EuO film.

The oxide MBE chamber is designed to hold six shadow masks simultaneously, which
can be brought in close proximity to the sample and allow for structures of w = 100 pm.
The original design of the mask holder has a distance of approximately 5 mm between
sample surface and mask. We construct a tripod holder that reduces the distance of
the shadow mask to the sample to below 1 mm. The mask itself is made of a thin foil
of a titanium-zirconium-molybdenum alloy cut out with a laser. The structure size is
limited by the laser spot size to dpager &~ 100 pm. Figure 3.7 shows a sample drawing of
the shadow-mask for a Hall-Bar structure and a optical microscope image of a finished
Hall-Bar structure bonded and equipped with gold contacts. [46]

3.4. In situ characterization techniques

The characterization of surface properties for the synthesized films is only possible in situ
as EuO is a metastable oxide and would degrade quickly under ambient conditions. The
MBE is equipped with three surface sensitive probes: X-ray photoelectron spectroscopy
(XPS), reflection high energy electron diffraction (RHEED) and low energy electron
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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%EuO7 EuO—Eu’t, Eu203%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¢V and 1253.6 ¢V 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 (= 100eV). 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¢V,
yielding an instrumental resolution of [49, p 58]

E,[eV] - w[mm]

Ea=
A Ry[mm]

~ 100 meV (3.2)

where F 4 is the energy resolution of the analyzer and Ry = 100 mm the mean radius of
the hemisphere.
The spectral width of the non monochromatized X-ray beam is AE, ~ 800meV

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 SrTiOz [47].
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Figure 3.8.: Schematic sketch of a RHEED setup (a) and the Ewald construction (b)
for a three dimensional case and (c) a two-dimensional case. The case shown in (c)
is observed for flat specimen, while island growth leads to a transmission through the
island and (b) is the correct description of the RHEED pattern. Adapted from [50].

therefore this is the resolution limiting factor.

The electrons are accelerated onto the detector with a voltage of Uger = 2500 V. The
voltage is responsible for the detection efficiency of the system and is regularly calibrated
to ensure consistent intensities.

3.4.2. Reflection high energy electron diffraction
(RHEED)

With reflection high energy electron diffraction (RHEED) one can determine the surface
structure of samples prepared in ultra high vacuum (UHV). The RHEED technique uses
high energy (Fgi, = 20keV) electrons from an electron gun (e-gun) that impinge on the
surface under low incident angle a; = 1° — 5°. The electrons scatter with atoms from the
surface and are reflected onto a phosphorus screen, which in turn is observed recorded
with a camera.

The reflected electron beam follows the relation

ks —ko=G (3.3)

with the final and initial impulses ks and kg, differing by a reciprocal lattice vector G.
This can be represented for the case of elastic scattering with the Ewald sphere, depicted
in Figure 3.8. Scattering occurs for all kg that connect the origin of ko and a reciprocal
lattice rod. The wavelength of the electrons A = 0.09 A is much smaller than the unit
cell of a typical crystal asrriog, which causes kg >> G. Due to the small incidence
angle only a small number of sharp reflexes on the so called Laue circle are allowed. In
order to address other areas of the reciprocal space the sample should be rotated about
its c-axis. As the manipulator does not allow for a rotation in this direction, samples are
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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 SrTiOg
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

nA = 2dsin(0) (3.4)

where n is a positive integer denoting the index of the reflex, d = a is the cubic lattice
parameter and 6 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
20eV 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 2.74 A to 1.15 A, 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 x 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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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 SrTiOg 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 TiO 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 T = 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 5um x 5pum at a
repetition rate of 5 Hz with a free amplitude of agee = 1 V. Detailed scans are performed
on a square of 1pm x 1um. 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 3.10.: Exemplary AFM data of a Nb:SrTiO3 substrate: (a) median corrected
and leveled image of Nb:SrTiO3 surface after BHF treatment. (b) height distribution of
the scanned 11m? area. (c) line fit to the peaks in the height distribution shows step
height to be very close to the reported bulk values of as,io, = 3.901 A [53].
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Figure 3.11.: Sketches of the VSM and SQUID apparatus. SQUID setup from [56].

The Gwyddion software is used to analyze the data [55]. To display the images a
false color-scale of the type "Gwyddion.net" is used and adjusted to span the complete
recorded z-range. The scan data is treated with median correction and either a 3-point
level to the largest terrace or a median plane subtraction. Figure 3.10 illustrates the
results demonstrated on a Nb:SrTiOg substrate after chemical etching and annealing.

3.5.2. Volumetric magnetometry

The magnetic properties of the heterostructures in this thesis are measured in four
different ways. Two are based on photoelectron spectroscopy and are element selective.
These synchrotron based techniques with limited access are described in Section 3.6,
while we describe volumetric magnetometry in this section.

Magnetic measurements are performed using a vibrating sample magnetometer (VSM)
and a superconducting quantum interference device (SQUID). Both apparati are from
Quantum Design, the Dynacool physical properties measurement system (PPMS) and
the magnetic properties measurement system (MPMS). Both devices offer similar mea-
surement capabilities and are in-house cross calibrated by a Pd and MnO standard based
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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 2s 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
3cm. 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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Figure 3.13.: (a) XRD detail scan of the SrTiOz (002) peak showing the angular
offset and intensity relationship between the two different Cu K « lines. (b) schematic
representation of a reciprocal space map of the (224) reflex from a zincblende structure.
The various modifications of the peak shape and their origin are illustrated. ((b) modified
from [59, p 480])

outlier measurements. The measurement is setup to complete three scans, which are
averaged together before storage. This is repeated for another three times to find the
average m and calculate the standard deviation dm. This in turn is again repeated 3
times comparing the 3 averages m; and their standard deviations dm;. Measurement are
accepted if m —m < 2dm otherwise the measurement is discarded and remeasured. In
this way, outliers are automatically detected and errors are reduced.

Resolution of the magnetometers

The VSM has a total resolution of about 3 x 10~7 emu and a noise level of 1 x 1077 emu.
The SQUID has a total resolution of about 5 x 1078 emu and a noise level of 1 x 1078 emu.
By comparison a 2ML thin film of EuO on a 5mm x 5mm substrate will yield a
magnetization of 50 pemu — at least one order of magnitude above the combined detection
limit of both magnetometers.

Magnetization as function of the magnetic field is commonly acquired at £1500 Oe
fields while the magnetization as a function of the temperature is measured between 5 K
to 150K at an aligning field of 500 Oe that ensures that bulk EuO films are saturated.
The upper temperature limit is deliberately chosen to be much higher than the bulk
Curie temperature of Eu0O, 69K [19], because various effects can lead to an enhancement
until Ts ~130K [58]. This is the case for example for under-stoichiometric EuO;.x films
and is used to identify metal inclusions.

3.5.3. X-ray diffraction and reflection (XRD,XRR)

The structure of the grown heterostructure is analyzed with X-ray diffraction. X-ray
reflection is used to obtain the thickness of the film.
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X-rays impinging on the sample are diffracted according to Bragg’s law

h k k
nA =2dpgsin(0) dpg =4/ —+ -+ — (3.5)
a a a
where 6 denotes the incidence angle, dyy; 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 26 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 a2
radiation with wavelength of A\; = 1.540059 A and Ay = 1.541070 A is transmitted [60].
In the case of our experiment we find the intensity relationship between the two peaks
as I(A\1) : I(A2) = 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 SrTiOg
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 26 axis
(detector axis) and the w 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 ¢, and g 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 ¢, = g| = 0. Orthogonal to this is broadening caused by
the mosaicity of the film. Film thickness effects are parallel to the ¢ direction while
island growth is indicated by components broadened in the direction of g. The direction
of the broadening related to mosaicity and composition changes depending on the peak
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location in the (g, 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 20 ~ 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 SrTiOs, 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 110 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 CASSIOPEE 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 CASSIOPEE 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 £, =2keV to 10keV 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 IIT 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 300mA. The beamline features a photon
flux of 1 x 10! ph/s at 4keV 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 6keV 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 12kV 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 hv = 2 — 12keV.

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 hv = 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 100mA. The beamline is specified for photons in the range of 2.7keV to
15keV. Much higher fluxes of up to 2 x 10!3 ph/s at 8keV 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 <100meV.
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 CASSIOPEE 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 ez situ EuO films on SrTiOs.

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 1T can be brought into contact
with the sample holder. The sample environment is in the UHV range of 1 x 10~ 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 CASSIOPEE beamline are described.

The beamline is located at the 3rd generation synchrotron SOLEIL with a electron
energy of 2.75GeV and a beam current of 300mA. 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 I, = 7.5eV to 120 eV, while the high
energy undulator operates in the soft X-ray regime in the energy range 100eV to 1250 €V.
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 6, direction (6 makes rotation axis along the z direction). The sample can
be cooled down to 5K 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 SrTiOj3 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 110 "BeamLine
for Avanced Dichroism Experiments" (BLADE) is a soft X-ray beamline with an energy
range of 0.4keV to 2keV. 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 14T 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 pm. 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 ofDyFes/YFes. 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.
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Figure 3.15.: Soft X-ray absorption magnetic circular dichroism (XMCD) measurements
are performed at BLADE, Diamond Light Source. (a) Sketch of the APPLE II undulator
at BLADE beamline, providing fully configurable polarization (left and right circular
polarization). (b) Image of the 14 T high field measurement endstation where the XMCD
measurements are performed. (c¢) Example of the strength of XMCD: element selective
probe for magnetism. [33, 69]






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 BaTiOgs. 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., Lomker 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



50 4. Oxygen-free growth of thin EuO films

Vi [A’] f[fu/uc] ICSD

Eu 95.88 2 44720
EuO  135.96 4 53437

Table 4.1.: Unit cell volume V. 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 ngy (no) is

R="B_y (4.1)
no
In the experiment we obtain R =1, if po, = po, 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 T 1O, supplys (4‘2)

where the substrate and externally supplied oxygen atoms are considered.
The growth rate of the EuO film ag,0o can be calculated from jg,,, the rate of impinging
Eu atoms, at R = 1 and the crystal structure of EuO to yield

j Eu VEuO
AEwO = . , 4.3
o f EuO Asub ( )

where Ay, 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 ag, with a quartz micro-balance. To determine
apyo 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

aEu0 = Vuc,Eu fEu
EuO — 77—
Vuc,EuO fEuO

agy ~ 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
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Figure 4.1.: XPS analysis of the influence of po, for EuO films on YSZ at jg, = 0.13 %
Left: po, > po, indicating over-oxidized mixtures of EuO and EuyOg3. Right po, < po for
metal rich EuO;_,. During the measurement ¢ = 0.70 and Ts = 400 °C. Measurement
performed by Dr. Timm Gerber.

Compound Valence FEp [eV] Reference

Eu Eu’ 1125.0 [70]
EuO Eu?* 1124.9 [71]
EU.QOg Eu3+ 1135.6 [71]

Table 4.2.: Electron-binding energies of the three Eu valencies associated with Eu, EuO
and EusOg3 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 py.

As the reaction of Eu on an oxide substrate can lead to the formation of Eu, EuO,
Eu304 and EusO3 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 po, 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. !

The EuO preparation described in this section is performed at Tg = 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 po, o 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 = 5.13 A 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 , Eu?* and Eu®t, corresponding to Eu metal, EuO and EuyOj3 respectively.

Samples are prepared by supplying a Eu flux rate of rg, = 0.13% while the growth
time is ¢ >= 10 min to produce a significantly thick film d < 5nm. The pyrometer is
calibrated as mentioned in Section 3.2 for the YSZ substrate and ¢ = 0.7. The oxygen
partial pressure is varied between pp, =0.0 Torr and 4.6 x 10~8 Torr, corresponding to
0.35 < R < o0.

We find, that stoichiometric samples are obtained for pg = 1.6 x 10~8 Torr. In order
to prepare over-oxidized samples, the oxygen partial pressure is varied in the range
of po, =1.6 x 1078 Torr to 4.8 x 1078 Torr, while metallic samples are produced by
reducing the po2 < 1.6 x 1078 Torr.

Figure 4.1 shows the XPS spectra taken of these films on the Eu 3d with Al K
« radiation. The spectra are presented without background correction and are all
normalized to unity on the Eu?* 3ds/5. In figure 4.1 (a), the spectra of over-oxidized
films are shown. The spectra show Eu®T at the binding energy of 11256V and 1155 eV
for the Eu 3ds), and the Eu 3ds/, part of the doublet. Eu?t peaks are detected at
1138V and 1168eV. The Eu 3d core-level shows high binding-energy peaks at about
10% of the intensity and AE ~ 10eV. 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 ¢V 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€V peaks from
the X-ray satellite lines are easily identified.

As mentioned before, the spectrum with po, = 1.6 x 1078 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 Eu®t, which lies in the same region.

By increasing the Og pressure, as described in the previous paragraph, (indicated

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 Eu*
is clearly identified. For po, = 3 - po,,0 the ratio between Eu?* and Eu?? is unity with
a stoichiometry of 1 EuO + 1 EuaOs which corresponds to the next higher oxide of Eu,
EU3O44

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 Eu® and Eu?* 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 3ds/; 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 EuzO,4 films. The spectral
shapes are checked additionally with magnetic analysis® 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 EuyOs. 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 + kEugOg . I(E)E11203 (45)

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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Figure 4.2.: Left: Reference intensity functions for the three Eu fractions: Eu, EuO,
Euy03. The difference spectra of the metallic and over-oxidized fractions lead to
characteristic shapes that are used in a component model fit. Right: Component model
fit on exemplary EuO data showing the stoichiometry of the grown film. A high degree
of stoichiometric EuO no Eu metal and a small fraction of EusOg is detected.

all three pure phases of Eu, EuO and EuaOs. We define the spectral functions as follows

I(E)Ew = [(E>p02:1.6 x 10—8 Torr) (4.6)
I(E)gy = I(E, po, = 0 Torr) (4.7)
I(E)gwo, = I(E,po, = 4.8 x 1078 Torr) — I(E)guwo (4.8)

Figure 4.2 shows the experimentally determined intensity functions of the data de-
scribed in section 4.2. It is apparent, that the over-oxidized fractions shown in blue have
a characteristic peak shape, as expected by the energetic separation of the Eu?t and
Eu?t peaks. The red line indicates I(E)g,. It is evident, that the asymmetry in the
peak of Eu compared to EuO allows a differentiation of the two spectral functions.

This decomposition model works well when the energy region of interest shows
negligible additional inelastic background and other Auger and XPS are absent.

The model as described in Equation 4.5 is applied to XPS spectra of Eu films and
yields the coefficients kgy, kEuo, KEu,05, Which directly quantify the stoichiometry. In
the right panel of Figure 4.2, the model is applied to a exemplarily data set of a film
described in Section 4.6. It is shown, that the fit to the spectrum represents the data
of EuO on SrTiO3 well and shows that nearly stoichiometric EuO film is prepared. It
shows the negligible amounts of Eu metal and a EusO3 content of 3.2 %.

In this way, a method has been developed that allows the quantification of Eu 3d
core-level data with regards to its chemical composition, despite the fact, that the
core-level shift between Eu and EuO is not resolvable with XPS.
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Figure 4.3.: Direct observation of peak energy shift for Eu, EuO and EusO3. Using
XAS at HIiKE endstation at BESSY II a study of the Eu L3 edge for three samples with
the three different valencies of Eu shows, that a resolution of the resonance energy shift
is possible using XAS, as the final states are relevant.

4.4. Determination of the Eu-metal content

The determination of the Eu metal content in Eu compounds difficult, because in XPS the
binding energy of the electrons in Eu® and Eu?" is very similar for the strong core-levels
of the Eu atom (Eu 3d) in the soft X-ray regime (E, < E(Aly aipha1) = 1480.6€V). As a
complementing technique X-ray absorption spectroscopy (XAS) has been performed at
the HiKE endstation at BESSY II in Berlin. The L3 edge of the Eu atoms was studied
with 3 samples exhibiting all valencies of the Eu atom Eu%?+:3+,

The literature agrees, that a direct measurement of the stoichiometry of Eu compounds
is difficult. Some models for EuO;_, samples are based on the fact, that the rock salt
structure exists only for x < 4%. The models use the breakdown of this structure to
discriminate samples below and above this doping concentration [72, 73]. Mauger and
Godat state: "A chemical analysis of the EuO;_, samples is of no help to determine
the final composition because the O/Eu mass ratio is very small. In addition the
variations of the lattice parameter as a function of x, in the range of composition where
the material is homogeneous, are smaller than 1073, and thus negligible[..]. Therefore,
the final composition must be estimated from the physical properties of the samples,
such as Mossbauer spectra, electrical resistivity, infrared absorption spectra and optical
constants.” However, the aforementioned methods are all indirect, and require a careful
modeling of the derived quantities as a function of the Eu metal content.

We study the L3 edge of Eu and show the data in Figure 4.3. The spectra taken for
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the three samples: Eu, EuO and EusO3. The Eu edge is located at 6973.3eV photon
energy. The EuO edge however is shifted by 1.4eV to 6974.7eV and EusOj3 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 InaO3 (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 Jg,/Jo only slightly deviates from unity, either Eu
metal-rich EuO;_, or the over-oxidized, paramagnetic phases EuzO4 and EusO3 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 Jg,/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.Si0;, [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 Zrg.s7Y0.1301.035). ITO/YSZ(001) heteroepitaxy is achievable, because the
YSZ lattice constant aygy = 5.142 A almost equals half that of ITO (arro = 10.13 A),
with a tensile lattice mismatch of arro/(2 - aysz) = +1.5% [91]. PLD deposition of
ITO was performed using a target with the composition In; gSng 203 (MaTeck GmbH,
Jilich), a KrF excimer laser (wavelength 248 nm, 40ns and 1J per pulse) with an O2
background pressure po, = 5 x 1073 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 < 1070 mbar, where they were annealed in ultrahigh vacuum
at Ts = 550°C for t = 2h?. 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 0.13A/s in an Oy
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 Oz pressure. We applied a flux ratio of Jg,/Jo = 1 which in
our setup corresponds to po, = 1.7 x 1077 mbar at the QMS. This value was determined
by growing EuO on YSZ with varying Og pressure [71]. EuO growth was always initiated
by exposing the sample to Eu metal flux. Subsequently, the Oy 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 = 10nm) 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 = 5K 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 2010eV and 5000eV.
The total energy resolution ranges from 320 meV to 500 meV and the information depth
from ~10nm to ~25nm. 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): 4nm
EuO/ITO with the EuO layer grown at Ts =400 °C, type (ii): 4nm EuO/2nm YSZ/ITO
with the EuO layer grown at 400 °C, but with an additional PLD-grown 2nm thick
YSZ buffer layer, and type (iii): 4nm 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 (00!) and YSZ (00!) 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 50nm 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 10keV at a substrate temperature Ts = 400°C, (c): LEED image
recorded with 74eV at Tg = 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 arro = 10.106 A, 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 ez situ XRD data.

EuO on ITO: Depth-Profiling of Chemical Composition

Next, the properties of EuO ultra-thin films (d = 4nm) 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 Jg,/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 3ds,o and 3dz/, component separated by Eso = 30¢eV [26]. The 3ds/,
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Figure 4.6.: Top row: Sample type (i): 4nm EuO grown at 400°C. Middle row:
Sample type (ii): 4nm EuO grown at 400 °C with a 2nm 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 10keV.
(c), (g); (k): HAXPES spectra of the Eu 3d;/y core level. (d), (h), (1): HAXPES
spectra of the In 3ds/; core level. All spectra are normalized to the Eu" or In®*
components, respectively, except for the 2010eV spectrum in (h) which could not be
normalized due to weak intensity.



4.5. Limitations of the distillation condition: EuO/ITO 61

component is shown in Fig4.6 (c). It reveals a chemical shift between divalent Eu?*
contributions — the signature of stoichiometric and ferromagnetic EuO — and trivalent
Eu?t, which assigns over-oxidized phases. For a photon energy of 2010 eV, the fit yields
a spectral weight of the Eu?* components of 27 % and of Eu?T = 73%. Obviously, a
major amount of over-oxidized phases has formed during growth despite applying a flux
ratio of Jgy/Jo = 1.

In order to get depth-sensitive information of the chemical composition, we recorded
the Eu 3ds5/, multiplet with the incident photon energy varying from 2010V to 5000V,
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 Eu?>t 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 Og 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 (7T's = 400 °C, Jg,/Jo = 1) but insert a
2nm 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 2nm YSZ/ITO. From the HAXPES depth profile in Fig.4.6 (g), we find
that the spectral intensity of the Eu?T 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€V (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 Jg,/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 *.

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 Eu?* ratio of about 60 % and only small changes of the Eu?* 3d
spectral intensity within the HAXPES depth profile. The relatively small variations of the

4 2

From the data in ref.[93] the diffusion coefficient was extrapolated to be 1.5 x 10717 cm
s~! at room temperature.
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Figure 4.7.: (a): Relative Eu?" intensity as estimated by fits to the HAXPES data
shown in Fig.4.6 (c,g,k). (b): Relative intensity Iiro and I1, of the HAXPES depth profile
shown in Fig.4.6 (1). Lines in (a) and (b) are guides to the eye. (c): Determination of the
EuO layer thickness for sample type (i) and (ii) gives dgy,o = 0.2nm and dgyo = 1.3 nm,
respectively. (d): Determination of the In metal layer thickness for sample type (iii)
gives dr, = 2nm.

Eu?* 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 444.9eV, which denotes trivalent In3* (as expected for Sn:Inp03)[94] and
a second, broad component located at 445.7eV 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 (1). 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 In® [94]. The relative intensities ;7o and Ir, are shown in
Fig. 4.7 (b)°. I, 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).

Iito takes both ITO components i.e. In** and Sn:In®* 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 = 9nm) (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 In® layer from our HAXPES data we
assumed the layer to be discrete. In this case one can apply the relation[35]

R d . IIn })O 01n>\1n
In (1 + —) =— with R= ;o R=20 = "0 (4.9
R An Irro I%o  orroAiro (49)

where R is the ratio of the spectral intensities I, to Iipo 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 A i.e. the respective effective attenuation length (EAL)
6 and o i.e. the atomic density. As depicted in Fig.4.7 (d), plotting In(1 + R/R*>)
vs. 1/Ar, gives a straight line that validates the assumption of a discrete In® layer with
sharp interfaces and yields a layer thickness dj, = 2nm. 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 EuyO3 layer which is in contact with the substrate. For sample (ii), this approach
yields a thickness of dg,o = 1.3nm. 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 Eu?*).
For sample (i), we find a value of dgyo = 0.2nm 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 EusOs.

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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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 Oz-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 = 9nm)
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 Ho = 300 Oe and a saturation magnetization of
6.5 p per formula unit i.e. close to the bulk value of 7up/f.u. Furthermore, the M (T)
curve in Fig.4.8 (b) follows a Brillouin-like shape with a Curie temperature T = 70K,
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 I'TO
virtual substrates.

For sample type (iii), we observe a hysteresis loop with Ho = 320 Oe and a saturation
magnetization of 4.6up per formula unit. We note that the measured magnetization of
all samples was normalized by the nominal film thickness of 4nm. The effective EuO
thickness, however, is much thinner due to the presence of Eu®t phases which results in
an underestimation of the saturation magnetization of the Eu?* (i.e. EuO) phase. The
corresponding M (T) curve shows a Curie temperature of T = 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 Eu** contaminants show magnetic
hysteresis but with further reduced saturation magnetization. We find that T 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 EusOs.
Using Eqgs. 1, we determined the thickness of the EuO layer in sample type (ii) to be
1.3nm.

The chemical composition of the samples as reflected by the spectral weight of Eu?t

or Eu™ 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 EugO4 and EugOs. The chemical reactions taking place at the EuO/ITO
interface are

2 4
6EuO + 3 Inp03 — 2Eu304 + 3 In (4.10)

2 4
4Eu304 + g InyO3 — 6 Eus O3 + g 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
(A,G?) as a function of temperature for any oxidation reaction of the metallic elements
involved, which are

2Eu+ 02 = 2Eu0 (

6 EuO + 02 <:> 2 EU.304 (413)
4Bu304 + 0y = 6Euy0;3 (
(

4
gIn+02 ba— %In203.

A, GY of reactions (2) and (3) can be easily estimated because

AGY(2) = AGO(5) — AGO(T) (4.16)
AGY(3) = AGO(6) — AGO(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 A,G%(2) and A,G%(3) are
negative (i.e. < —300kJ/mol O2) and thus both reactions are favored as indicated by
the arrows in Egs. (2) and (3).

Therefore, the given thermodynamic conditions prefer the formation of over-oxidized
phases at a growth temperature Tg = 400°C and Jg,/Jo = 1 (sample type (i)). We
note, that even with a flux ratio Jg,/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 Zrps7Y0.1301.935), a reasonable approximation
is examining the individual components (in particular Zr). We thus compiled the change
of the Gibbs free energy (A,G?) for oxidation reactions of Y and Zr:

4 2
Zr + Oy = ZrOs. (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
Zr**, 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 2nm 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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a) Type (i) b) Type (ii) c) Type (iii)

Figure 4.10.: Mechanisms of oxygen diffusion at the EuO/ITO-interface. (a): Type
(i): 0% from ITO diffuses to the EuO layer and acts as additional source of oxygen
during growth. Oxygen is mobile at 400 °C so that oxygen vacancies at the ITO interface
are replenished. (b): Type (ii): Diffusion of oxygen to the EuO layer is reduced by an
YSZ buffer layer. (c): Type (iii): 0%~ reacts with the EuO layer at the interface but
vacancies are not replenished so that the ITO interface suffers oxygen depletion and
metallic In is formed.

We have shown that ITO virtual substrates act as thermally activated additional
source of oxygen during reactive MBE growth of ferromagnetic EuO. At elevated growth
temperatures over-oxidized phases with inferior magnetic properties were formed. Accord-
ingly, the EuO growth was optimized by lowering the growth temperature. If synthesized
at room temperature, EuO films show significantly improved chemical quality with
sizable magnetic properties.

Our thermodynamic analysis of oxygen reactions at the EuO-ITO-interface supports
the presented HAXPES measurements. It is therefore promising to apply this approach
to other oxide-oxide interfaces, in particular to calculate A, G accordingly for all oxygen
reactions of the metals M involved:

2 2
7’( Mo+ 02 &= 0 MO, (4.20)

Suitable substrate and buffer layer materials are promising if they are thermodynami-
cally stable in contact with the functional oxide over layer Even though MBE growth
is largely governed by kinetic factors, thermodynamic stability signals the absence of a
driving force for interface reactions.

Moreover, the oxygen conductivity turns out to be a major criterion for carefully
choosing materials and synthesis temperatures. Generally, our methodical approach may
serve as guideline for optimizing the growth and the interface properties of all-oxide
hetero-structures
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4.6. Oxygen free growth of EuO/SrTiO;

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 EusO3 in a HV environment onto a substrate. The EupO3 is capped with a Ti
metal top layer. The sample is heated to high temperatures, which leads to the oxidation
of Ti to TiOg, while reducing the EuyOs3 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

2Eu +4SrTi0O3 — 2Eu0 + 4 SrO + 2 TiyO3 (4.21)
6 EuO +4 SI‘TiOg — 2 Eu304 +4SrO +2 TigOg (4.22)
4Eu304 +4SrTi0O3 — 6 EugsO3 + 4 SrO + 2 TisO3 (4.23)

These reactions are thermodynamically favored for temperatures above Tg = 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 (A,G°) as a function of temperature for any oxidation
reaction of the metallic elements involved, which are

2Eu+ Oq —— EuO (4.24)

6Eu0 + 0y = 2FEu304 (4.25)

4Eu304 + 02 77— 6Eu203 (4.26)

4SrO + 2Tig03 + 0Oy == 4SrTiO3 (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 SrTiOs is a suitable candidate for
EuO growth on SrTiOg, as the predicted stable oxide is EuO.
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Figure 4.11.: Ellingham diagram of (a) stability regions of europium oxides in the
adsorption limited case and (b) SrTiO3 reduction forming Eu oxides.

However, the Ellingham analysis assumes an equilibrium state, which is hardly the
case for reactive oxide MBE growth. For SrTiOgs, a multitude of non-equilibrium
states are known, such as the formation of oxygen vacancies with activation energies of
E4 =578kJ/mol/O4 [103].

In the following, a systematic study of the growth modes of EuO/SrTiOj is presented
as a function of the growth time t and the temperature of the substrate T as obtained
from the calibrated pyrometer at constant flux jg, = 0.13 é Due to the fact that there
is no gaseous oxygen added, there is no need for this additional calibration step and
thereby the complexity of the synthesis is reduced significantly.

The growth is performed in a step-wise mode. Therefore, the growth time is given by

t="> " tistep (4.28)
7

with the deposition time of each step ¢; step. In between two steps, the sample is cooled
down to room temperature and analyzed with LEED, RHEED and XPS. In this way, we
obtain a growth profile of Eu/SrTiOg3 as a function of ¢ and 7.

Figure 4.12 (a) displays an XPS spectrum of the Eu 3ds,, core-level using step-wise
growth at T = 500°C. We find at ¢t = 1min a spectrum with a mixture of Eu?>* and
Eut components. The relative weight of EupOs and EuO amounts to 15% and 85%.
Contributions of Eu metal are absent from the spectrum, which shows that the redox
process with the substrate is active and the Eu metal is oxidized, indeed slightly over-
oxidized. The spectral weight from EuyO3 decreases over time and leads to a negligible
amount of kgy,0, = 0.01 in the spectrum at ¢ = 20 min. We find, that the film growth
leads in all cases to the formation of mostly EuO.

Figure 4.12 (c) depicts the same step-wise deposition of redox Eu at lower temperature
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Figure 4.12.: (a) Time evolution of 500°C growth, (b) fit to ¢ = 1min, showing a
mixture of mostly EuO and some EupO3 and (c) fit to films grown at 250 °C at ¢ = 4 min
showing a metallization of the growing film.

of Tg = 250°C. For t < 5min, the spectrum is composed of EuO and EuyOj3 fractions.
However, at t > 5min the Eu 3ds/, final state peak shifts upwards, indicating Eu metal
inclusion in the film. This metal inclusion continues to increase over time. We conclude
that at this temperature Eu metal does not re-evaporate from the surface.

Therefore, the redox growth of EuO films without additional oxygen is limited to
temperatures T > 250°C on SrTiO3.7.

Having successfully applied the fit routine to both over-oxidized and metal-rich spectra
we conclude, that a quantitative chemical determination is possible.

We prepare samples with deposition times of ¢ = 60 min in the temperature range from
Ts = 20°C to 800°C and apply the fit routine to all samples. The results are compiled
in Figure 4.13, which shows in (a) the Eu metal contents and in (b) the content of EugsOg
as a function of growth time and temperature. Figure 4.13 (c) shows a summary by
plotting the Eu-metal content of the last time step and EuzO3 of the first time step. We
find, that the dependence of the two parameter on Ty is strongest at these time steps.

In Figure 4.13 (a) the Eu metal content is shown. For T = 20 °C, the metal content

7 Note that 1ML and 2ML growth of EuO is indeed possible and leads to the formation of a
two-dimensional electron gas interface state as reported in Section 5.1.
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Figure 4.13.: (a) Fit results for the Eu® component. Growth at room temperature and
Ts = 250°C lead to metal inclusions in the film. Higher Ts show no Eu in the XPS
spectrum. (b) Fit results of the EusOs component. All spectra Ts < 600°C show a
small and decaying contribution from EusO3. For T's > 700°C the EusOgs content is
increasing with growth time. (¢) Compilation of the study by comparing the EuyO3
content of the first minute with the content of Eu at the end of the deposition.

increases linearly with growth time. Clearly the Eu metal does not re-evaporate and the
oxygen is immobile in the substrate. For Ts = 250 °C, the first 5 minutes of deposition
indicate a small Eu content and for ¢ > 5 min the metal component increases. For higher
Ts no Eu metal is observed by XPS. Therefore, we conclude, that Eu re-evaporation is a
dominant process for Ts > 250 °C.

In Figure 4.13 (b), the films grown prepared at Ts =250 °C, 300 °C, 400 °C and 500 °C
show an exponential decay of the EusO3 fraction with ¢. This indicates, that only
the interface is responsible for the EusO3s signal, as the Beer-Lambert law predicts an
exponential decay of a buried layer peak with the over layer thickness.

For T's =600°C, 700°C and 800 °C, the EusO3 content increases with ¢. In the case
of Tg = 600°C the EusO3 content decreases after ¢ = 5min again and at ¢ = 60 min
only EuO is observed. For Tg =700°C and 800°C the content of EusOs increases
monotonically in the studied time regime. Therefore, Tg = 600°C redox EuO growth on
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Figure 4.14.: (a) dxpg(t,T) indicating a Mott-Cabrera type growth and fit to the data
(b) dependence of do(T") indicating a different behavior at Ts = 600 °C (c) dependence
of 7(T') indicating the same crossover temperature behavior. Concluding we find, that
the EuO growth scales with T indicating an increasing O availability, while EuyOs3
growth is declining. As the oxygen availability scales also with Ty 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.

SrTiOs3 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 EuyO3 content
on Tg becomes clear, indicating an ever increasing supply of oxygen provided by SrTiOs.

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 Tg
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 dxpg
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) = Ioexp (—jXPS ) < dxps = —Arp In (%) . (4.29)
IMFP 0
Here, I(dxpg) is the intensity of a core-level peak with an over layer of thickness dx pg,
Iy = I(d = 0) and Apypp 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 dyean. Top: Schematic
representation of the XPS intensity of a substrate peak as it is damped by the over layers
and the calculated effective thicknesses dxpg for the two films.

Ti 2p spectrum for the Al K, 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 ¢ and T is depicted. We find,
that the growth rate declines exponentially with the over layer thickness and model the
thickness as

d(t) =doy- (1 —exp(t/T)) (4.30)

where dy, the final thickness, and 7, the time constant, are plotted as a function of Ty
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(¢) resembles the same
shape and therefore conclude, that the oxidation of Eu under reduction of SrTiOs is a
process, which is limited by the ionic oxygen conductivity of the oxide substrate.

Both parameters dy and 7 depend on the temperature and show a discontinuity at
Ts = 600°C. From the analysis of do(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 T's = 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 EusOj3 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. H¢
decreases with increasing Ts to 46 Oe for the magnetically softest film measured at 5 K.
(b) dimag 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 T = 250 °C and hardly any ferromagnetic
response for Tg > 700°C. The total thickness of the system is d = dynag + dnot—mag-

substrate leads to significant deviation in the obtained dxpg. 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 deqn is the same for a homogeneous layer and a layer with island
growth. In the shown example, a roughness of agars = 4.7nm leads to a reduction from
dmean = 18nm to dxpg = 14.3 nm.

We propose a Stranski-Krastanov growth mode for the EugO3 (as seen later in the
RHEED analysis). Until ¢ = 10min we observe a significant decrease in the substrate
core-level intensity (which indicates an increase of dxpg). 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 7o = 69K and Mg = 7 up/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 EusO3 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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dimag from the following equation

Mmcas

dmag

Mg(dmag) = Tpp/fn. < M(H) = (4.31)

where Mg is the saturation magnetization, M (H) the magnetic moment as function of
the applied field H and M,,eqs the measured magnetic moment in units of g m.

Hysteresis loops of the samples are presented in figure 4.16 along side with the
corresponding des¢(Ts). The hysteresis loops are open squaresand show a ferromagnetic
response for Tg =400 °C, 500 °C and 600 °C. The magnetic moment and the coercive field
He ~ 90 Oe of the first two temperatures is comparable. For T's = 600 °C the saturation
moment is higher, while H¢ 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 EupO3 film,
as expected from the XPS analysis.

Comparing the magnetic thickness d;,qg Wwith the thickness dx pg we find, that there
are deviations between the effective XPS thickness dgps and dyq9. 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 dxpgruo is the relevant and dxps = dru,0; + 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 Tg = 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
Teo =~ 75K. At higher Ts > 700°C we find a steep decline of M (T') in accordance with
the expected behavior of paramagnetic EupO3. °

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 ez 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 (001) peaks are observable,
while for EuO and EuzOj 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
Euy0s3, indicating that the EuO fractions in XPS are not growing epitaxially.

The width of the rocking curve ¢ is a measure for the amount of misorientation of
grains grown in the film. We obtain o at the EuO (002) from an w scan at 20g,0(002)-
Figure 4.17 (b) shows the results of the rocking curves. We find, that o = 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 Tg 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. (¢) XRR spectrum of a
EuO film grown at T's = 600 °C exhibiting a film thickness of dxrr = 15.23 nm.

at T's = 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 T = 600 °C sample. A significant roughness of agyrg = 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 SrTiOj are different with respect to their crystal structure and lattice
parameter it is worth studying the relative orientation of EuO on SrTiOs. The relative
orientation can be obtained by rotating around ¢ 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 26; to find

A1 sin(6y)

0.999689 = — =~
A2 sin(6s)

= 0.999408 (4.32)

where )\; denotes the wavelength of Cu K, 1 and Cu Ko radiation. The above equation
is obtained when the Bragg condition for the same XRD peak is applied to Aj 2 and we
solve for A. Thereby the angular spread of both peaks is explained by the excitation
with both Cu aforementioned wavelengths.
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Figure 4.18.: (a) Reciprocal space map (RSM) of asymmetric EuO and SrTiOg peaks,
revealing the lattice relation ship of EuO(110)/SrTiOs (100) and EuO(001)SrTiO3 (001).
(b) RSM of the two out of plane peaks.

The substrate peak shows broadening in the 26 direction. Due to the different intensities
of the substrate and film reflexes, this effect is overemphasized in the diffractogram. In
fact the FWHM of the EuO opgy,0 peak is a factor of

(UEuO(Q|)> _ <11-8 : asmog(q|)> (4.33)

oEu0(qL) 7.6 - 08:Tio; (41)

larger than that of the substrate.

In conclusion, we have shown, that redox grown EuO grows with epitaxial integration
on SrTiOg (001) with the orientation EuO(110)/SrTiO3 (100).

Synthesis of "thick" EuO films
As the redox growth of EuO limits the film thickness d < 15nm, we present a two step
process for deposition of thicker stoichiometric EuO films.

The two step mode is a good solution to the expected interfacial over-oxidation due to
the oxygen diffusion in SrTiOs at higher temperatures that had in the past lead to the
deposition of EuO on SrTiO3 only by using buffer layers. We propose to use Tg = 500 °C,
as the crystal structure is improved at higher temperatures, while the oxygen diffusion is
still moderate enough. The XPS analysis showed no significant over-oxidation of EuO
after ¢ > 5 min therefore the first step is chosen to evaporate Eu only for this amount of
time. Hereafter the growth is continued while supplying oxygen at py = 1.6 x 1078 Torr,
the pressure previously determined for the deposition of stoichiometric EuO.

We compare the results of this preparation by preparing a film of similar thickness and
compare it with the oxygen free grown specimen in Figure 4.17 (b) denoted as Eu+EuO.
We find that the growth with oxygen reduces . As ¢(600°C) is still lower we interpret
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Figure 4.19.: Left: XRR scan of a composite grown sample at T = 500°C. The
composite growth method here allows a significant reduction of the film roughness while
avoiding over oxidation at the interface. Right: XRD of EuO (002) showing Laue
oscillations, which are an indicator for high quality crystalline films.

the influence of growth with added oxygen smaller, than growing at higher temperature.

Finally we show in Figure 4.19 (a) the XRR scan and (b) XRD of the EuO (002) peak
of a film grown in the two-step mode at T = 500 °C. We find a significantly improved
surface roughness of ¢ = 0.6nm and d = 16.6nm. Finally the XRD analysis shows a
noticeable improvement, as we observe Laue oscillations around the EuO (002). This
feature is only observed for high quality crystals, i.e. low surface roughness.

In this way we have presented a way to stabilize EuO on SrTiOs by combining the
novel approach of oxygen free-growth by a redox with the substrate with the regularly
known adsorption limited growth to gain flexibility of arbitrary film thicknesses at low
surface roughness.

LEED and RHEED of O-Free grown EuO films
To conclude the growth study we present RHEED and LEED analysis of the prepared
films.

Figure 4.20 (a) depicts the growth of EuO on SrTiO3 along the SrTiOg (110) direction
at Ts = 600°C. The RHEED pattern of the substrate shows dots of the Laue circle and
weak RHEED streaks indicating a substrate with small degree of misorientations. In
addition we observe Kikuchi lines, which show a high degree of crystallinity.

During the EuO film growth, the RHEED streaks become more pronounced and then
at ¢ =10 min and 20 min RHEED spots are observed along the RHEED streaks. This
indicates, that the EuO film grows in a Stranski-Krastanov growth mode, first wetting
the substrate, and then continuing with island growth.

In order to evaluate the growth as a function of the growth temperature, a RHEED
analysis has been performed on all specimen and is depicted in Figure 4.20 (b). We find,
that for Ts = 250 °C the RHEED pattern comparable with that of Eu-metal rich films
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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 Tg = 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. °

Finally, LEED has been performed on the substrate and the grown film after ¢ = 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 SrTiOjz 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 SrTiOs 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 ~ 15nm. We have
then shown, that a combination of oxygen free growth and the distillation condition
allows a successful preparation of thicker EuO films on SrTiOs. 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 p,, = 1 x 1077 Torr on TiOs terminated SrTiOs. The growth is
performed at Ts = 600°C. We deposit 1ML, 4ML and 10 nm of SrO on SrTiOgs prior to
depositing ¢ = 5min of Eu on the SrO capped SrTiOs.

We use the logarithm of intensity of the Eu 3ds/, core-level as a measure of the

9 Ts = 250°C and 800 °C are obtained along SrTiO3 (100).
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thickness because

I(d) = I - <1fexp (7

>) & d= —Anpln <1 - Ii> , (4.34)

AIMFP 0

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 = 3\prp ~
4.8 nm. Therefore, the samples are prepared with a deposition time of ¢ = 5min, leading
to a theoretical coverage d = 3.9nm. '°

Figure 4.21 (a) shows the spectrum of Eu 3ds/, 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 Eu?T. Due to this
all of the selected oxides are possible growth candidates for EuO. We find, that the
FEuO peak for SrTiOg3 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 Igyio, /2

In Figure 4.21 (b) the intensity of the Eu?T 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/BaTiOs.

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 Anurp (EuO) calculated with SESSA 2.0 using Al K, 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 ¢ = 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.
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peak intensity with ionic conductivity of the substrates.



CHAPTER b

Two-dimensional electron gas

In this chapter we study the interface effects of EuO with two transition metal dichalco-
genides SrTiO3 and BaTiOs. 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 T, 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: Lomker, 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 Jiilich was performed by me, I was involved in the synchrotron experiments at
CASSIOPEE, 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/SrTiO;3 interface

We create a two-dimensional electron system (2DEG) at the interface between EuO, a
ferromagnetic insulator, and SrTiOs, 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. Rodel 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 SrTiOs 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
(dgy = 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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(oudsen Figure 5.1: Schematics of the experiment.
eell Pure Eu metal (gray balls), evaporated from a
Knudsen cell, reacts with the SrTiO3 surface,
g forming stoichiometric insulating EuO (gray).
The redox reaction locally reduces the SrTiO3
around its surface, creating a 2DEG (blue).
The capping layer can be tuned from paramag-
netic, for 1 ML of EuO, to ferromagnetic, for
2 ML of EuO — where magnetic domains with
in-plane magnetization M are represented by
the red arrows.

of Al metal on top of an oxide surface generates a homogeneous 2DEG [131]. As the
redox reaction between oxides and elementary metals with a large heat of formation of
the corresponding metal oxide is a general phenomenon [132], 2DEGs can be created
in various oxides, e.g. SrTiOs, TiOg, and BaTiOs [131]. In the present study, we
advance this exciting possibility towards simultaneously creating a 2DEG and forming
a functional metal oxide over layer —i.e. in a macroscopic ferromagnetic ground state—
by choosing a suitable elementary metal (Eu). Our experiments demonstrate how to
elegantly link the simplicity and universality of an interfacial redox reaction to obtain
increased functionalities by engineering just one active oxide over layer that can enhance,
modify and allow controlling the properties of the subjacent so-created confined electron
system.

Methods

The preparation of ultra-thin EuO films by oxide molecular beam epitaxy (MBE) poses
several experimental challenges [14, 44, 78, 82, 133-138]. The oxygen partial pressure,
the substrate temperature, and the rate of impinging Eu-metal atoms must be carefully
controlled. However, only the stoichiometric compound yields the desired simultaneous
occurrence of magnetic and semiconducting behaviors. In this paper a novel method
to synthesize ultra-thin EuO is demonstrated and put into practice, i.e. a controlled
interfacial redox reaction with oxygen provided by the substrate material only .

The undoped TiOs-terminated SrTiO3 samples are prepared using a well established
technique [40]. Atomic force microscopy images show a flat surface with steps of unit
cell height and a roughness within one terrace of typically 150 pm and a c-direction
miscut angle < 0.1°. The samples are then annealed in vacuum to 500 °C for 0.5h in
a MBE chamber at a base pressure of 1.3 x 10719 mbar prior to Eu evaporation and
photoemission experiments. The cleanliness and crystallinity of the so-obtained surfaces
are checked by in situ X-ray photoemission spectroscopy (XPS). Pure Eu metal is then
evaporated at 480°C at a rate of 0.3 % using a low temperature Knudsen cell, while
the SrTiO3 substrate is kept at room temperature. The deposition rate of Eu metal is
monitored by a calibrated quartz microbalance.

The redox-created oxidation state of the Eu on the SrTiOg surface is analyzed using
XPS with Al K, radiation from a SPECS X-Ray anode and a PHOIBOS-100 hemispher-
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Figure 5.2.: XPS data of (a) the Eu 3d5/, peak and (b) the Ti 2p core level. Both (a)
and (b) illustrate the interfacial redox process after evaporation of pure Eu metal on
the surface of SrTiO3: oxygen provided from the substrate forms 1ML of stoichiometric
EuO, while the Ti of the substrate is reduced to Ti3*.

ical energy analyzer at FZ Jilich. The Eu 3d and Ti 2p core-levels are analyzed to
quantify the oxidation state of the deposited Eu-metal and to observe the redox process
with the substrate surface. Before the ez situ magnetization measurements, realized
with a Quantum Design MPMS SQUID magnetometer, the EuO/SrTiO3 samples are
further capped with 15nm of e-beam evaporated MgO to avoid additional oxidation. A
hysteresis loop of H = £1500 Oe at T' = 5 K is performed, while temperature dependence
is recorded with an aligning field of H = 500 Oe for T'=5K to 150 K. All magnetization
data was measured in-plane.

The ARPES measurements are conducted at the CASSIOPEE beamline of synchrotron
SOLEIL. The beamline is equipped with an MBE chamber allowing the in situ preparation
of the SrTiO3 surfaces and evaporation of the pure Eu-metal using the same above-
specified conditions. We furthermore checked that a surface cleaning using a much faster
annealing (about one minute) creates a negligible amount of bulk oxygen vacancies. Eu
evaporated hereafter then results in an identical 2DEG, in line with previous reports
showing that the electronic structure of the 2DEG at the surface of SrTiO3 is independent
of the material’s bulk doping [131]. We used linearly polarized photons at energies of
47 eV and 90 eV, which provide the best cross-section for ARPES spectra on SrTiO3
[123, 131], and a hemispherical electron analyzer with vertical slits. The angular and
energy resolutions were 0.1° and 8 meV. The mean diameter of the incident photon
beam was smaller than 100 pm. The samples were measured at T = 8 K. The results
were reproduced on two samples. All through this paper, we note (hkl) the directions in
reciprocal space. The indices h, k, and [ correspond to the reciprocal lattice vectors of
the cubic unit cell of SrTiOs3.
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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 3d5/5 core-level. The
chemistry of the film can be determined by comparison to reference spectra of Eu-metal,
Eu?t, and Eut. The dashed line represents stoichiometric EuO. In accordance with
previous studies of the Eu 3d core level, the Eu?* valence is located at an energy of
—1125€V [26, 133, 136]. The peak is accompanied by a well known satellite at higher
binding energy, which is part of the multiplet of the 3d” 4f7 final state [26].The red line
shows the spectrum of a SrTiOz sample with 4 A 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 Eu3t are absent. Analogous results
are found (not shown) in case of a deposited Eu-metal layer of 8 A. This demonstrates
that, in the ultrahigh vacuum conditions used here, the Eu metal is oxidized into EuO
at the surface of SrTiOg.

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 Ti'* 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 SrTiOs 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 Mg = 4ug/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 12 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 3d,, circular Fermi surfaces. (c, d) Corresponding dispersion of the two Ti 3d,,
light subbands. (e) Fermi-surfaces taken around the I';o3 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 3d, . ellipsoidal Fermi surfaces.
As with our previous results on Al-capped SrTiOj [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 SrTiOg 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
T'102 of the two 3d,, subbands at the interfaces between 1 ML and 2 ML EuO films
on SrTiOs, respectively. Figs. 5.4(c, d) present the corresponding energy-momentum
ARPES intensity maps along the kpjo> direction at k<jgo> = 27/a (a = 3.905 A is
the lattice parameter of SrTiO3). These correspond to the two Ti 3dy, light subbands
previously reported for the 2DEG in SrTiOs [123, 124, 139]. For the 2DEG at the
EuO(1 ML)/SrTiOg3 interface, the band bottoms (Ey ~ —200 meV and —90 meV for the
outer and inner subbands, respectively), Fermi momenta (kr =~ 0.19 A~1 and 0.12 A~1),
effective masses (m*/m,. = 0.7 £ 0.05 for both subbands, estimated from a parabolic
approximation to the band dispersions, where m, is the bare electron mass), and the
observation of a kink at £ ~ —30 meV below Ef, ascribed to a band renormalization
due to electron-phonon interaction, are all in agreement with previous reports [123, 124,
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140, 141]. As shown in Fig. 5.4(e), the ellipsoidal Fermi surfaces, associated with the Ti
3dy/y. heavy subbands, are also observed using horizontal light polarization. From the
total area Ap enclosed by all the Fermi surfaces, the density of carriers of the 2DEG at
the EuO/SrTiO3 interfaces is nop = Ap/(212) =~ 2.0 x 10" ¢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, ¢) 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 3d, 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 £ = 0 and the kink at F ~ —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 SrTiOs. 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 (¢) 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/BaTiOg 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/BaTiOj 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/BaTiOg interface, whereby an electron doping is achieved. This effect enhances
the next-nearest neighbor interaction J; 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 32nm of BaTiO3 on TiO9 termi-
nated SrTiOs (001) substrates. BaTiOs 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 Jirgen Schubert (PGI-, Forschungszentrum Jiilich), whose support we thankfully
acknowledge. The BaTiO3/SrTiO3 system is well suited for epitaxial growth, as the room
temperature lattice constant of BaTiO3 apario; = 4.01 A is similar to that of SrTiO;
asrriog = 3.905 A. The deposition is performed at Ts = 750 °C with an oxygen back
pressure produced by supplying a constant flux of jp2 = 30 11111111;1 .
f =10Hz for t = 205 resulting in d = 32nm thick films [92].
The growth process is validated with XRD, where a rocking curve width of o < 0.3°
is obtained, confirming the highly oriented crystalline integration of BaTiO3/SrTiOs.
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 5nm
layer of EuO (agu,o = 5.14 A) on this BaTiOg 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 BaTiOs3.
The crystal direction of BaTiO3 along (110) provides the smallest mismatch with the
EuO lattice of ~ 10%.

The laser is operated at
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Figure 5.6.: In (a) (b) and (c) we show the Eu 3d, Ti 2p and Ba 3d core-levels of a
BaTiOg3 virtual substrate and for 1ML and 2ML EuO/BaTiO3 samples grown at room
temperature. We obtain the Eu 3d core-level spectrum for a 5nm sample in (d) using
HAXPES to obtain bulk-sensitivity. The spectrum shows the characteristic shape of
EuO, confirming a successful oxygen free preparation of EuO/BaTiOs.

Chemical properties of theEuO/BaTiO3 interface

In Figure 5.6 we compare photoemission data of four different sample configurations: the
bare BaTiOj3 virtual substrate, IML and 2ML thick EuO over layers grown at RT and a
sample grown at Tg = 500 °C, for whish we again use the substrate supplied oxygen to
oxidize the Eu metal.

In (a) we show the XPS data of the Eu 3d core-level. All of the presented spectra are
normalized to unity on the lowest binding energy peak. First, it is observed, that the Ba
3p1/2 core-level peak lies directly at the binding energy of the trivalent Eu atom’s 3ds/o
core-level. Due to this fact we also show the Eu 3ds/ core-level to enable a comparison,
as only features present in both core-levels can be attributed to the chemical composition
of EuO. We find no indication of trivalent Eu peak at the Eu 3d3 /5.

A quantitative fit would allow to determine the chemical composition of the EuO
films. However, due to the different inelastic background and the presence of overlaying
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core-levels the method developed in Section 4.3 cannot be applied.

For dgyo =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_. This shows, that the redox reaction of Eu on BaTiOg is limited to a
thickness of approximately 1ML at room temperature.

The crystal structure of BaTiO3 is very similar to SrTiOz— along the (001) direction a
layered structure of TiOy and BaO planes is expected. In Figure 5.6 (b) the XPS Ti 2p
spectrum for the BaTiOg virtual substrate shows a TiOs-like spectrum. Upon deposition
of 1ML of EuO, spectral weight at Ep = 458 €V is introduced, indicating the reduction
of the surface to TipOg, as was the case for Sr'TiOg [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 BaTiOj3 virtual substrate. We attribute the enhanced spectral intensity
between the peaks to the variation in the inelastic background signal from lower Ep
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
dpyobnm (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
12nm of MgO and the experiment is performed at P09/PETRA III with hv = 6000¢V.
The spectrum has been modified by the subtraction of a linear background. Again the
Ba 2p; /s peak is observed directly in the region of trivalent Eu 3ds/5. The absence of
trivalent Eu is observed and thereby we can shown that stoichiometric EuO grows on
BaTiOg3 at Ts = 500 °C. The spectral weight at 1134eV and 1162 €V 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 TiO9
to TizO3 - 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/SrTiOj3 interface. Adding a second mono-layer we detect some
metallic Eu in the spectrum. The Ti** intensity increases only little between 1 ML and
2 ML. Additionally feasibility of oxygen free growth of EuO/BaTiOj is studied using
the redox growth mode also at T's = 500 °C.
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Figure 5.7.: (a)E(k) map for a IML EuO/BaTiO3 sample. In the center a strong peak
of spectral weight is observed in accordance with previous reports in the literature [131].
(b) In plane Fermi-surface map of the third Brillouin-zone showing the heavy to4-like Ti
3d! states at the Fermi energy. This behavior is associated with electron pockets forming
in the material at Er. The black squares represent the zone edges of the Brillouin zones.

Electrical structure of 1ML EuO/BaTiOg

In order to evaluate the electronic structure of the EuO/BaTiO3 interface, we perform
again ARPES measurements (E, = 80eV) using linear vertical polarized photons at
CASSIOPEE, Synchrotron Soleil. For this experiment BaTiOg virtual substrates are
prepared in France as reported in [131]. The substrates are annealed at 500 °C for 2h
after a cooling down to room temperature Eu is deposited. Using a quartz micro balance
to measure the evaporation rate, we deposit 1ML of Eu at a rate of 0.005 ¢ using 99.9 %
pure Eu metal. Afterwards the EuO/BaTiOg heterostructure is directly transferred to
the ARPES chamber.

In Figure 5.7, we present results of the ARPES measurements on 1ML EuO/BaTiO3
obtained at T'= 8 K. In (a) E(k) map at I';o3 is shown. Immediately after irradiation
we observe a stable spectrum with a strong intensity at the central region at £ < Ep. As
synchrotron radiation is known to reduce the surface of transition metal dichalcogenides
over time, the immediate observation of this feature leads to the conclusion, that our
observation is caused by the growth of the EuO overlayer and not by the beam damage
[123]. The observed featurehas already been analyzed in literature and is associated
with the heavy to, states of Ti 3d' [139]. Due to the presence of spectral weight at the
Fermi-level it is shown, that itinerant carriers have been released at th interface. This
feature is associated with the heavy band of d/ y= like feature as observed at the Sr'TiO3
interface. !

We obtain the Fermi-surface map of the first three Brillouin zones of | = 3 integrated
over AE = 20meV using 80 ¢V linear vertical polarized photons. The carrier concentra-
tion of the itinerant carriers can be estimated by the area of all the Fermi surfaces by

1 As we do not observe a dispersing feature, ARPES experiments in the future should be

performed in the future using LH light at the same Brillouin zone to complete the study.
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Figure 5.8.: (a) M(H) curve of a 2ML (Ts =RT) and 5nm (75 = 500 °C) thick EuO
layer on BaTiO3. Both preparations lead to a ferromagnetic response with sizable
magnetic moments of Mg > 6 ug/f.u. (b) M(T') curve of the same samples. The ordering
temperature is significantly reduced for the 2ML sample due to finite size effects and
island growth [144]. The thick film displays a bulk-like Mg = 6.3 ug/f.u. as wel as a
bulk-like T = 70K
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As we measure only the Fermi surface with LV polarization, this calculation is only an

estimation and the total number of electrons is larger than nop. Yet, with this evidence

of a redox created 2DEG is provided at the EuO/BaTiOj3 interface.

Magnetic properties of EuO/BaTiOg heterostructures
The magnetic properties of ultra thin EuO/BaTiOg heterostructures (see Figure 5.8)
are analyzed using the magnetometers described in Section 3.5. We present data for
a 2ML EuO/BaTiO3 grown at RT and a 5nm thick sample grown at Ts = 500°C in
Figure 5.8 (a). The low temperature sample exhibits a ferromagnetic (see Figure 5.8(a))
response with a magnetic moment of Mg ~ 6 yup/f.u.. The small coercivity of this sample
shows, that most likely monodomain islands of EuO have formed. These islands interact
superparamagnetically with each other and we identify this as the cause for the small
coercivity. As expected for ultra-thin films, we observe in Figure 5.8 (b) a severely
reduced ordering temperature of Tp = 20 K. Moreover, the M (T') curve shows a different
shape from the expected Brillouin function. Again this behavior is attributed to the
presence superparamagnetic EuO islands and final size effects [19].?

The d = 5nm sample exhibits the behavior expected for a closed ferromagnetic EuO
film. An almost bulk like saturation magnetization of Mg = 6.3 ug/f.u. and a Curie

2 Due to choosing H = 500 Oe for the aligning field in the M (T) curve, the magnetic moment

in the 2ML case is reduced to 5 pg /f.u..
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Temperature of T = 70K are observed.?

To conclude a magnetic over layer is produced for room temperature deposition of
dgywo = 2ML on BaTiOj3 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
BaTiOg 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/SrTiOs.
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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 (¢) 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 Fr 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 Er 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.«/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 EuQO. At the same time, the hybridization between Eu 4f states and O 2p states is
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Figure 5.10.: (a) XRD of Pt/SrTiO3 virtual substrate. Both the SrTiO3 and Pt (002)
reflexes are observed. (b) XRR of a Pt/SrTiO3 virtual substrate. The roughness of
a = 0.4nm indicates a layer by layer growth mode.

enhanced as shown in Figure 5.9(a-c). Since this hybridization increases the overlap of
the wave functions, an increased exchange interaction Jinter face > Joulk is expected. As
shown in Subsection 2.1.2, an increased Jinter face is expected to cause a higher T for
the interfacial regions of EuO, compared to the bulk.’

This perspective motivates our study of the EuO /Pt interface, in particular the growth
of EuO on Pt and the interface magneto-electronic structure, which is studied using
MCD-HAXPES and magnetometry.

Preparation of Pt virtual substrates

First Pt virtual substrates are prepared by depositing Pt metal onto TiOz-terminated
SrTiO3 by magnetron sputtering. This is performed ez situ at the Helmholtz Nano
Facility at FZ Jiilich. The substrate is annealed in vacuum for t = 30 min at T's = 900 °C
in UHV with a base pressure of ppgse = 2 x 1070 mbar. We deposit Pt (purity 99.99%)
at a rate of 0.4% for a total thickness of d = 20nm using a reported synthesis at
Ts = 700°C [145]. The deposition is performed in a background pressure with Ar gas of
p=1x10"2 mbar.

The heteroepitaxial growth of Pt on SrTiOj is possible, as the lattice parameter of
both the substrate ag;Tio; = 3.905 A and film apy = 3.923 A are close to each other, with
only 0.45% compressive strain.

The free energy ~ of the substrate, interface and film determine the growth mode. A
layer by layer growth is expected when

Ysubstrate > Yinterface T Yfilm- (52)

For the case of EuO/Pt, the inequality is almost an equality 2.42J/m? ~ 2.49 J/m?

4 The reduced T¢ found in [73] was observed for EuO;_,, which has an enhanced T = 125K
in the bulk. Therefore, an increase of Tc guo < 125K would be observed as a reduced T¢
for bulk EuO;_,.



5.3. First indication of a two-dimensional hole gas at the Pt/EuO interface 99

Component v [J/m?]
EuO 0.49
TiOs terminated SrTiO3; 1.30-2.06
Pt 2.42
EuO/Pt 2.00

Table 5.1.: Surface and interface free energies v for the relevant components of EuO
deposition on BaTiO3 virtual substrates from TiOs-terminated SrTiOg.

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/SrTiOg the free energies indicate that Pt does not wet SrTiOg as
YsrTiog < Ypt, 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 SrTiOg
(002) XRD peaks and the SrTiO3 substrate reflex is used to obtain a calibration for the
absolute 20 = 46.523° [13]. An out of plane lattice parameter for Pt aoop = 3.9434 is
obtained. This is slightly larger than the expectation of ap; = 3.927 A. The in-plane
component can be calculated via the Poisson ratio of Pt to a; = 3.87A. We find that
Pt films of this thickness (see XRR below) grow compressively strained with 1.2% with
respect to the Sr'TiOg lattice. The error of the measurement is estimated by the relative
width of the Pt peak and amounts to g99/(20) = 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 dpaue = 16.4nm. 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 = 16.7nm, in agreement with dpaue, and a low roughness of a = 0.4nm for the Pt
surface. The roughness along the Pt/SrTiO3 interface is aj,; = 0.1nm. This shows, that
the heteroepitaxial relationship of Pt(001)/SrTiOg (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/SrTiOg3 virtual substrate at Ey;, = 10keV.
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/SrTiOg 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 (Ej;, = 10keV). 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/SrTiOg
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 = 1h at T's = 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 ¢(26x118) structure
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Figure 5.12.: (a) and (d) show the Eu 3ds spectra as a function of the polarization ot

for sample a) and b) respectively at Tyioqe = 4 K. Both spectra show a strong magnetic
contrast. In (d) there is a broad peak at Ep ~ 1135¢V indicating a small degree of over
oxidized EusO3, which we understand simultaneously as the absence of metallic EuO;_y!
(b) and (e) show the same spectrum for the case of Tyjpqe = T0K. In sample a) MCD is
absent, while a clear MCD signal is observed for sample b). (c) and (f) both show the
resulting MCD spectra. Inset in (¢): temperature dependence of the MCD intensity and
a Brillouin fit with T = 60 K. In (f) a MCD signal is measured up to Tyioge = 80K far
above the magnetic transition of sample a).

is observed for the reconstructed bulk Pt surface. This agrees with the observed pattern
to the degree of accuracy due to the two different methods. We conclude, that the
reconstruction of a bulk-like Pt film is observed for our Pt virtual substrates which can
enable high quality EuO growth.’

EuO/Pt interface: Enhanced magnetic interaction

In order to investigate the magnetic coupling between Pt and EuO, we prepare two
samples: Sample a) is a redox grown EuO sample at Ts = 500°C for ¢ = 20 min on
SrTiO3 with an approximate thickness of d = 15nm (see Section 4.6). Sample b) is

5 The observation of the bulk Pt surface reconstruction actually is a quality criterion of the Pt

virtual substrate preparation. The apparent contradiction to the XRD findings of a strained
film is alleviated by the fact, that XRD was performed before the in vacuo annealing step
and XRD is sensitive to the complete film of d = 16.7 nm, while LEED observes only the
surface.
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a EuO/Pt heterostructure grown at the same temperature with an oxygen pressure
Po,- The temperature is measured using a pyrometer with e = 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 po, = 1.2 x 1078 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 SrTiOs, for which we found the same behavior
(see Section 4.6). Both samples are capped with 12nm 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 3ds5/ core-level are obtained at Tgiode = 4K, 50K, 60K
and 70 K. The absence of an XMCD signal is defined as Ty > 69K. The XMCD
signal is defined as the difference between spectra obtained using left and right circularly
polarized light as:

XMCD =o¢" — o~ (5.3)

where oF 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/ peaks at T' = 4K. However, this measurement
is aimed at detecting the small moments expected at T' ~ Tz, 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 Typqe = 4K
and in (b) and (c) for Tyipge = T0K. 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 T ;meqs = 60 K indicating, that the deviation is
AT = Tepur — Tomeas = 9K 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'= 70K, 75 K and 80 K, 20 K above the expected value of T¢ 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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Figure 5.13.: (a) M(H) curve for a 5nm EuO/Pt sample as a function of temperature.
A two coercivity system is observed. (b) Normalized M(H) curve of the same sample.
The EuO/Pt magnetic feature disappears at a temperature of 75 ~ 30K. (c¢) M(T)
curve of a stoichiometric EuO /Pt interface and a metal rich film of EuO1x. We observe
two transitions T¢; = 67K and To o = 90K for EuO/Pt and only a gradual decrease
for EuO1. (d) First derivative of the M(T) curves illustrating the difference between
EuO1.x and Pt/EuO. The first shows only one peak at T while the latter shows the
expected two peaks.
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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 5K steps in the range 5K to 110K. 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 Ho = 90 Oe and 280 Oe for T' = 5K. 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 Tp = 30K (as the blocking temperature is a
function of ¢ the measurement time, we specify: T5(10s)).

The temperature behavior of film is depicted in Figure 5.13 (¢). The M(T) of EuO/Pt
can be described as a superposition of a two ferromagnetic phase system with different
Te. In order to exclude the possibility of Eu metal® we compare the EuO /Pt film with
a EuOj.x sample. The EuO;_« sample shows only one transition at T and a slowly

decaying magnetic tail at T > Tx. We calculate the temperature derivative of o as

shown in Figure 5.13 (d). We observe two peaks for the EuO/Pt interface at T'= 67K
and 90K, which can be identified as the magnetic transition temperature [147]. In the
case of metallic EuO only one peak is detected at the bulk To. Therefore, we conclude,
that an under stoichiometric EuO1.« film exhibits a different magnetic behavior than the
prepared sample b) and that the enhanced T 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 T¢.

In conclusion, a successful integration of Pt on SrTiOs 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 Mg = 7 g /f.u.,
however they are limited to low temperatures (T = 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 7> enhancement of EuO
Several routes with the aim of increasing T have been attempted: One prominent
approach is the doping of EuO with Eu metal or Gd metal. The result is an increased
Te ~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 J; and Js (introduced in Subsection 2.1.2). An
enhanced exchange coupling would lead to a higher Tx. 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 T¢ of
16 K . It often replaces EuO since it is stable in atmosphere and the preparation is
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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 2AFE,, = 0.2eV, whereas for EuO 2AFE,, = 0.6eV. 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 15 A
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 = 5K, while the saturation at
T = 300K is reached for H < 2kQOe. 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 110 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 > edge dichroism. However, they can be applied for 4f ferromagnets as well and
have been tested on rare earth materials [150] and for the Ms 4 edge of europium oxide
[151]. Applied to the M54 transition the equations for the orbital moment mo,s and
spin moment mgpin are [152, 153]

mMmorp = 72%]\7}1 (6.1)
5p—3 _

MSpin = P r qNH(1+ < TZ >) ! (62)

= 0T —07 ) dw = ot —0o7 ) dw 6.3

=), (o) a=[ (-0 (6:3)

r= Ixas dw (6.4)
M
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Figure 6.1.: (a) XAS spectrum of a EuO reference sample recorded at 7' = 10 K with
background fit to remove additional states above the M5 4 edge. This spectrum is free
from EuyO3 and Eu states [151]. (b) Sum rule analysis of the same spectrum after
background correction. Shown are the XAS and XMCD spectrum and the integral values
for p, ¢ and r.

where Ny denotes the number of holes per formula unit. Due to EuQO’s electron
configuration of Eu 4f7, the number of holes per formula unit is Ny = 7. mo,, and
MSpin are obtained in units of pg/f.u.. p and ¢ are integrals over the XMCD spectrum
for the M5 and the Ms 4 region, respectively, as shown in Figure 6.1 (b). The XMCD
spectrum is defined as the difference between absorption spectra recoreded with left and
right cirularly polarized light o*. The convention is to define the sign such that negative
XMCD values are measured on the Co L3 edge, see Subsection 2.3.5. The integral over
the XAS spectrum, r is defined as

3
/ Ixas dw = 7/ (ot +07) dw. (6.5)
Ms 4 2 JMs 4

Mspin contains components spectral weight of transitions caused by the magnetic
dipole operator < T, >. However, as EuO has a half filled 4f7 shell, the angular quantum
number [ = 0, which implies < T, >= 0 [150].

In order to evaluate Equation 6.4, the area under an unpolarized XAS spectrum is
needed, as shown in the reference spectrum in Figure 6.1 (a). This integral is proportional
to the 4f valence states per formula unit of the investigated EuO film. For photon
energies larger than the M5 and My edges, transitions into higher final states are allowed.
These contribute to the XAS spectrum as a continuum and cause the characteristic
"jump" in the spectra. Consequently, these jumps have to be removed from the spectrum,
in order to obtain the correct value for . This is achieved by subtracting two broadened
step edges from the spectrum as a background treatment at the peak location of the Ms
and My edges, respectively. The height of these steps is set according to the branching
ratio (see Section 2.3) of the M edge to be 3/5 (2/5) for the M5 (M4) edge.

We perform this background subtraction using the Unifit 2016 software. The shape
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Figure 6.2.: Sketch of a model for the exchange coupling length at the interface of
Co/Eu0. The bottom shows the scaling behavior of the reduced coordinates m/d, which
represents the average magnetic moment m of the stack per unit cell. This property
is also available by applying the sum rules as described in the text. The magnetic
compensation of ferromagnetically and antiferomagnetically coupled EuO, m/d = 0, is
located at d = 2A ap -

of the background function is a superposition of the error- and the arctangent function
broadened by 2eV. This peak shape is an appropriate treatment as the error function is
the integral of a Gaussian peak shape and the arctangent function is the integral of a
Lorentzian peak shape. Due to the continuum excitation into higher final states, the
background takes the shape of the integrals of convoluted Gaussian and Lorentzian peak
shapes.

Figure 6.1 (a) shows the resulting spectrum with the background correction, while in
(b) the integral values p, ¢ and r indicated.

In the following the XMCD spectra of Co/EuO heterostructures on TiOs-terminated
SrTiO3 are studied with the sum rules while varying the EuO film thicknesses.

Model for the interface exchange length

We determine three parameters describing the coupling between EuO and Co: the
ferromagnetic properties of the EuO over layer, the antiferromagnetic coupling length
Aarar and a gauge for the energy of the exchange interaction EZrO—Co,
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Figure 6.3.: (a) XAS spectrum of the Eu M5 4 edge for varying EuO thickness. Com-
paring to the black reference EuO, we find, that all Co/EuO heterostructures exhibit
a certain fraction of EupO3. (b) XMCD spectra of the same structures for deposition
times t = 2min-10min. First the EuO is antiferomagnetically coupled to the Co film -
as seen by comparison with the black reference XMCD for EuO. For thicker films, the
XMCD intensity increases and a ferromagnetic behavior is observed for ¢ > 6 min. A
sign change at t = 6 min is observed.

In order to determine the coupling length A4pps we develop a linear model for the
average magnetization of the film as a function of the EuO over layer thickness dgy0.
The model is schematically shown in Figure 6.2. We model the interaction length of the
antiferromagnetic interaction with an "all-or-nothing" law, as we expect the interaction
to be present only in proximity to the Co interface. For dgyo < Aarar, all EuO layers
exhibit a reversed magnetic moment —mgu0,, for the unit cell i. For dguo > Aarar the
ferromagnetic bulk behavior of EuO is assumed and mg,0,; points in the direction of
the external field. This results in the following magnetization model

{_mEuO dguwo < Aarum (6.6)

Mguo(dEu0) = Y MEw0,i »  MEW, =
. MEw0  dEwo > AFM

3

As we obtain the average magnetic moment per formula unit of the whole film from
the sum rules, this equation is transferred into reduced coordinates m/d, where m is
the reduced magnetization and d the reduced thickness. The behavior is displayed in
the bottom part of Figure 6.2. The reduced coordinates are chosen such that M = 1
represents the bulk magnetic moment per unit cell of EuO. From this model we obtain a
sign change of m at 2Aapps.

6.1.2. XAS-MCD results

In this section, we evaluate the element selective magnetic properties measured by XAS
at BLADE beamline, Diamond Light Source. First, we describe the prepared heterostruc-
tures, then the experiment is described. We finally describe XMCD measurements at
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t [min] 2| 4| 6] 10
dpwo [nm] | 2.6 | 4.7 [ 6.4 | 8.9

Table 6.1.: EuO thickness as a function of deposition time ¢ at T's = 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> 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
dgwo- 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 EuyO3 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 ¢ are smaller, as the fraction of EuO is
reduced. Therefore, the sum rule analysis on mixed valency films leads to lower values
for mepy, and Mgy, for over-oxidized films.

Figure 6.3 (b) depicts the XMCD spectra of a thickness series of EuO films. See
Table 6.1 for dgyo(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 the M5 edge for small dgyo. The Co thickness of d = 4nm
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 dg,o < 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 mgy;, 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 mo,y, we
find small contributions mo,s < 1 ug/f.u. — in line with the expectation of I = 0 from
the 4f7 configuration of EuO. The presence of a non-zero mo,s can not be excluded
and could indicate an induced orbital moment from the Co over layer, because Co has a
non-zero Moy, as can be seen by its electron configuration with | = 3/2.

Fitting mgpin with the previously developed model, we obtain a good fit using the
obtained mg;fm from the reference EuO film and 2\ gpp; = (5.6 £ 1.4) nm in this way,
we determine the exchange length for the antiferromagnetic coupling between Co/EuO.
The value of A shows that this is effect is not limited to the interface only, as A =~ 6uc
EuO.
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Figure 6.4.: Thickness-dependent magnetic moment of the Co/EuO heterostructure
obtained by applying the 3d-4f sum rules to the XMCD spectra. We observe a negative
magnetic moment for the thin EuO films confirming the antiferromagnetic ordering at
the interface of Co and EuO. Fitting the spectra with the model for the exchange length
Aarym we obtain 2\ = (5.6 £ 1.4) nm. Measured at 5K.

XAS Hysteresis at 4 K and 300 K

Having established the presence of an antiferromagnetic coupling and the exchange
length Aapp at low temperatures, hysteresis loops of Co/EuO at T'= 4K and 300K
are compared. At T = 4K the Co layer, the Co/EuO interface and the bulk of EuO
are ferromagnetic. By contrast, at room temperature bulk EuO has no ferromagnetic
properties and we expect only an XMCD signal from Co and the Co/EuO interface. Two
hysteresis loops at 7' =4 K and 300K are shown in Figure 6.5 (a) and (c).

At low temperature, EuO and Co show a similar field response. The Co/EuO
interface is opposed by the ferromagnetic interaction in the bulk of EuO. Due to this
the antiferromagnetic orientation of the magnetization of EuO at the Co interface is
restricted to small fields as shown in (b). The antiferromagnetic region is in the range
between 1800 Oe and —1100 Oe. The hysteresis loops are recorded in between 14T and
—14T and only the branch of decreasing field is depicted, due to limited time in the
experiments. Also for time reasons reasons, the hystersis loops are obtained using the
intensity at 4 energies, the pre-edge and on edge energy for Eu M5 and Co L3 respectively.
Due to this we can measure only a, the asymmetry

a=(I(Eon) = I(Epre))/(I(Eon) + 1(Epre)) (6.7)

where I(E,,) is the intensity of the edge and I(Ep.) is the intensity in the pre-edge
region. As the Lj edge for Co and the M5 edge are recorded, a < 0 values indicate m > 0,
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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 7= 300K is presented. At these temperatures far
above the T = 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 Ho > (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 Ho

Eegeh = Egceman = Tpp - (7.2 £ 0.6) T = (2.90 =+ 0.23) meV (6.8)

where, E...; 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 = Eeren /25800500 ~ 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 J; = 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:

« kBT 3/2
]W(T) = Mg |1— § (m> ST xJ= TC/Tbulk = J/Jbulk ~5 (6.9)

where M is the magnetization at temperature T, Mg is the saturation magnetization,
S is the number of spins, kp is the Boltzmann constant, T¢ is the Curie temperature
and J is the exchange interaction strength. As seen by solving for M (T¢) = 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 T to values above
room-temperature.

In comparison, the study of a multi-layer Co/EuS system has reported a switching
field Ho =~ 4T 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
22 arm = (5.6 £1.4)nm (about 5ML). The hysteresis curves obtained at 4K and at
300 K show a strong interfacial interaction between Co/EuQ 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 T ~ 350 K.



6.2. Room temperature magnetism in ultra-thin Co/EuO interfaces 113

(a) 08— T T (b) [ s s s (€) 0t s
o H '

041 -

oz—hﬁ J

0.0

02 k_ 0.2
&,&
Hoducn)

045 b 20,4 Hevntid bt i b Lt 03l —_—

-02  -01 0.0 0.1 0.2

06 1 1 I | 04 I I 1 I

10 3 5 10 Magnetic field (T) 40 6 0 5 10
Magnetic field (T) Magnetic feld (T)

0.2

0.0

Assymetry
Assymetry

Assymetry
o o
s =
T
I

Figure 6.5.: (a) Hysteresis of the dgy,0 = 4.9nm Co/EuO heterostructure at 7' = 4 K.
Only one branch from Hy = 14T to H; = —14 T is measured. Plotted is the asymmetry
of the Co L3 and Eu M5 edge respectively. For high fields, both show a similar scaling
behavior. (b) Zoom into H = £0.2Oe, where the antiferromagnetic region can be
identified. (c) Hysteresis for Co/EuO at room temperature. Magnetic behavior of the
EuO film is observed well above the expected T = 69 K, indicating a sizable magnetic
response of EuO at room temperature. Again, EuO and Co show an antiferromagnetic
coupling.

6.2. Room temperature magnetism in ultra-thin
Co/EuO interfaces

In a further XMCD experiment a Co/EuO heterostructure is analyzed with dg,0 = 2 ML.
Instead, of using the high temperature redox process the sample is kept at 7' = 300 K and
a low evaporation rate of r = 0.005 é is used. As we show in Section 5.1, this preparation
leads to a two dimensional electron gas (2DEG) at the EuO/SrTiOg interface. At a
thickness of 2ML sizable magnetic properties are observed, which are again restricted to
low temperatures of only T¢ =~ 60 K. In this section the results of adding a Co interface
on top of a 2DEG EuO/SrTiO3 heterostructure are presented.

Figure 6.6 (a) and (b) show the XAS and XMCD spectra of that specimen at 7' = 300 K.
In Figure 6.6 (a) the treated spectrum for a sum rule analysis is presented. In Figure 6.6
(b) we compare spectrum of the same heterostructure at 7' = 4K with 7" = 300 K. We
again observe a sizable XMCD signal in both cases. In contrast to the limited T¢ of
bulk EuO, this indicates a magnetization at room temperature. The sign of the XMCD
signal is, as for all thin Co/EuO interfaces, opposite to the expectation for ferromagnetic
FEuO. Applying the sum rules, we find that this spectrum resembles a spectrum with
—1pg/fu. —about 16 % of the expected magnetization of bulk EuO.

In conclusion we have identified the Co top-layer the cause for room temperature
magnetism in ultra thin EuO thin films. In this way we have successfully utilized a
room temperature synthesis for a EuO ultra thin film dg,0 = 2 ML with ferromagnetic
properties at T' = 4K and at room temperature.
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Figure 6.6.: (a) background corrected XAS Eu Ms 4 spectrum and XMCD with sum
rule related integrals p, ¢ and r. (b) XMCD spectrum from Co/2ML EuO at T = 4K
and 300 K. Both spectra have a similar shape indicating a similar magnetic properties
and a sizable magnetization of mgpin(300K) =1 pp/f.u..

6.3. Magnetic proximity effect: Origin of the
antiferromagnetic Co/EuO exchange
interaction?

The magnetic proximity effect refers to the development of new properties arising due
to the proximity of two or more dissimilar materials with different long range ordering
[155]. This effect has been identified as the cause of enhanced magnetic properties of a
thin layer of a magnetic material A in proximity to a different magnetic layer B. The
systems range from non-magnet/ferromagnet (A/B) heterostructures such as Pd/Fe,
where Pd showed magnetic behavior [156], to antiferromagnet/ferromagnet systems like
Co304/NiggFegg systems. The high T of the latter increased the Neél temperature Ty
of the first significantly [157]. Also an enhanced T¢ of diluted magnetic semiconductors
(Ga,Mn)As(100) in contact with Fe was observed [158].

The diluted magnetic semiconductors in particular are a material class which have
comparable properties as the ferromagnetic insulator EuO. Both have a small energy
gap Eg = 1.2¢eV (1.4¢V [159]) for EuO ((Ga,Mn)As) and high magnetic moments of
7 up per Eu (5 pup per Mn). By contrast, the Mn concentration is on the order of a few
percent and therefore only small degrees of spin-polarization can be observed when using
this diluted material.

The (Ga,Mn)As(100)/Fe system was studied with XMCD. At the Fe interface the Mn
ions show an antiferromagnetic behavior [158] which decays over the period of d = 7ML,
restricting the effect to the interface, in line with our findings in the previous section.
The study uses available predictions of the antiferromagnetic exchange between Fe and
Mn to explain this behavior, due to the magnetic proximity effect [160]. For the Co/EuO
system these calculations do not exist yet and therefore a theoretical foundation needs
to be developed in the future.
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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 SrTiOg (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)/SrTiO3z (100) and EuO(001)/SrTiO3 (001) is obtained.
We detect bulk magnetic properties and a maximal thickness of d ~ 15nm for this
growth method. The proposed growth method reduces the complexity, as the necessity
to calibrate the oxygen pressure is circumvented. For films d > 15nm 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 dgyo = 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 2Aapp = (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 EuQ, far above its bulk T¢ = 69 K. We utilize the
hysteresis loop to obtain the Co/EuO exchange coupling strength J = 0.278 meV = 5Jpy-
We interpret this behavior as a magnetic proximity effect. A EuO ultra-thin film of
drwo = 2 ML is prepared at room temperature and the Co/EuQ interface is also studied.
We obtain comparable results and M (300K) = 1 yg/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 L3y edge is
depicted. We observe an indication of TisOs at the interface of EuO/SrTiOs. This
observation of reduced Ti** 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/EuQ heterostructure, spin injection into the interfacial 2DEG
could become feasible. In the literature, the spin injection efficiency for EuO films down
to TML 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 SrTiOs 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 Jiilich.

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.
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Figure 7.1.: Outlook on future experiments. (a) Sketch of a proposed room-temperature
spin filter barrier based on a Co/EuO/SrTiO3 structure. Here the spin filter injects the
polarized electrons directly into a 2DEG at the SrTiOs interface. (b) XAS of Co/2ML
EuO/SrTiO3 heterostructure for the Ti Lg o edge. As indicated by the arrow, a small
contribution of Ti3T like states is present, showing the signature of the previously studied
2DEG. (¢) Exemplary band structure of a two dimensional hole gas in GaAs. [162]






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 ¢-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).
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Figure A.1.: ¢ scan of the EuO (002) peak. As this peak has no in plane component,
the intensity of the reflection should be constant. The spike along 0° indicates an
Umweganregung - causing the sharp peak in the rocking curve found in 4.17.

Step Process Duration [min] Comment

1 Isopropanol bath 3 ultrasound Setting 3

2 Acetone bath 3 ultrasound Setting 3

3 Water bath 3 ultrasound Setting 3

4 Blow dry

5 BHF etch 0.5

6 Isopropanol bath 3 upside down, ultrasound Setting 1
7 Acetone bath 3 ultrasound Setting 3

8 Anneal 950°C 120 heat in 90 min, switch off to cool

Table A.1.: Procedure of SrTiO3 and Nb:SrTiOg3 preparation in the PGI-7 clean room
based upon F. Gunkel’s PhD thesis [37]. For BHF a VLSI type mixture with a dilution
of 7:1 was used.
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