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Zusammenfassung

In dieser Doktorarbeit untersuchen wir fundamentale Eigenschaften von ultradünnen Europiumoxid-
filmen (EuO). EuO ist ein Modellsystem eines lokalisierten 4f Heisenberg-Ferromagneten, in dem die
ferromagnetische Kopplung – eine hohe Kristallqualität vorausgesetzt – durch biaxiale Gitterspan-
nung verändert werden kann. Außerden ist das magnetische Oxid EuO perfekt als Tunnelkontakt mit
Spinfunktionalität für die Siliziumspintronik geeignet. Jedoch verhindern die reaktiven chemischen
Eigenschaften von EuO und Si bis heute eine erfolgreiche Implementierung in die siliziumbasierte
Halbleitertechnologie.

Mit dem Ziel, fundamentale Eigenschaften der magnetischen und elektronischen Struktur ultradün-
ner EuO Filme zu untersuchen, wachsen wir im ersten Teil dieser Arbeit dünne EuO Filme auf leitfähi-
gen YSZ-Substraten mit Volumenschichtdicken bis hinunter zu einem Nanometer mittels Molekular-
strahlepitaxie für Oxide (MBE). Diese EuO Filme besitzen einkristalline Qualität und magnetische
Eigenschaften von Volumenkristallen. Wir überprüfen die Stöchiometrie der abgedeckten dünnen
Filme mittels Photoemissionsspektroskopie im harten Röntgenstrahlenbereich (HAXPES). In Photoe-
missionsspektroskopie führen wir zudem eine spezielle magnetische Charakterisierung durch unter
Ausnutzung des magnetischen Zirkulardichroismuseffekts (MCD) von Eu Kernschalenspektren. Die-
ser erlaubt Einblicke in die inneratomare Austauschkopplung von dünnen EuO Filmen. Wir erhalten
signifikante MCD-Asymmetrien bis zu 49% in der Photoemission des Eu 4d-Multipletts. Dies ermög-
licht uns, die komplexen magnetischen und elektronischen Eigenschaften von ultradünnen EuO Fil-
men, kohärent auf leitfähigem YSZ gewachsen, zu erforschen.
Eine biaxiale Gitterspannung, welche auf einkristallines EuO wirkt, ist auf fundamentaler Ebene in-
teressant, da sie die magnetischen und elektronischen Eigenschaften kontrolliert verändert. Dafür un-
tersuchen wir epitaktische EuO/LaAlO3 (100)-Schichtsysteme, welche eine Gitterstreckung von 4.2%
auf EuO ausüben. EuO übernimmt übergangslos die laterale Gitterkonstante von LaAlO3, wobei die
senkrechte Gitterkonstante konstant den Literaturwert von EuO zeigt und daher ein Poissonverhält-
nis von νEuO ≈ 0 besitzt. Die streckende Gitterspannung verringert die Curietemperatur signifikant
um 12.3 K. Der MCD-Effekt bietet eine elementspezifische magnetische Charakterisierung: Die MCD-
Asymmetrie der Eu-Kernschalenphotoemission zeigt eine geringere Reduzierung aufgrund der Git-
terspannung als volumenintegrierende magnetische SQUID-Messungen. Daher ist der Einfluss der
Gitterspannung auf den inneratomaren Austausch (MCD-Effekt) signifikant anders als auf die Spin-
ordnung der 4f 7 Schale (SQUID-Messung). Hierdurch zeigt sich, dass der MCD von EuO bedeutende
Einblicke in die fundamentalen magnetischen Eigenschaften bietet.

Im zweiten Teil dieser Doktorarbeit beantworten wir die Frage, wie EuO direkt auf Silizium integriert
werden kann. Wir legen den Schwerpunkt auf die Optimierung der EuO/Si-Grenzschicht. Aufgrund
der extrem hohen chemischen Reaktivität und oberflächenkinetischen Eigenschaften von Eu, EuO und
Si während der EuO-Synthese führen wir zunächst eine thermodynamische Analyse durch. Dadurch
gewinnen wir drei in situMethoden zur Passivierung von Si (001)-Oberflächen. Mit diesen führen wir
eine ausführliche Optimierungsstudie durch, und werten die Oberflächenpassivierung und die resul-
tierenden Grenzschichtreaktionsprodukte mittels einer HAXPES-Analyse aus. Das Minimum der Sili-
ziumoxide an der Grenzschicht ist dopt(SiOx) = 0.69 nm, während die Silizide zu dopt(EuSi2) = 0.20 nm
optimiert wurden – beides deutlich im Subnanometerbereich.
Zusammenfassend können wir ultradünne EuO/Si (001)-Schichtsysteme mit hoher struktureller und
chemischer Qualität sowie mit magnetischen Eigenschaften ähnlich eines Volumenkristalls präpa-
rieren. Die Grenzschichtkontamination ist deutlich kleiner als eine geschlossene Bedeckungsschicht.
Dadurch erreichen wir eine heteroepitaktische Integration von EuO direkt auf Si (001), welche die
experimentelle Basis für kohärentes Tunneln darstellt. Dies ist die erste Studie, welche die direkte In-
tegration von hochqualitativem EuO auf Si (001) umsetzt – ohne zusätzlich aufgebrachte Pufferschich-
ten. Diese optimierten EuO/Si Schichtstrukturen ebnen den Weg für zukünftige Spintronikelemente
mit EuO-Tunnelkontakten.
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Abstract

In the thesis at hand, we explore fundamental properties of ultrathin europium oxide (EuO) films.
EuO is a model system of a localized 4f Heisenberg ferromagnet, in which the ferromagnetic coupling
– provided a high crystalline quality – can be tuned by biaxial lattice strain. Moreover, the magnetic
oxide EuO is perfectly suited as a spin-functional tunnel contact for silicon spintronics. However, up
to now a challenging bulk and interface chemistry of EuO and Si has hampered a seamless integration
into functional silicon heterostructures.

In order to investigate fundamental aspects of the magnetic and electronic structure of ultrathin EuO,
in the first part of this thesis, we synthesize EuO thin films on conductive YSZ substrates from bulk-
like thicknesses down to one nanometer by oxide molecular beam epitaxy (MBE). The EuO thin films
are of textbook-like single-crystalline quality, and show bulk-like magnetic properties. We control the
stoichiometry of buried EuO thin films by hard X-ray photoemission spectroscopy (HAXPES); even a
1 nm ultrathin EuO film exhibits no valence change or interface shifts. Furthermore, we conduct an
advanced magnetic characterization by the magnetic circular dichroism (MCD) of Eu core-levels in
photoemission, this gives us insight into the intra-atomic exchange coupling of EuO thin films. The
MCD reveals large asymmetries of up to 49% in the well-resolved Eu 4d photoemission multiplet.
Thus, ultrathin EuO coherently grown on conductive YSZ allows us to explore fundamental magnetic
and electronic properties of a 4f magnetic oxide.
Biaxial lateral strain applied to single-crystalline EuO is of fundamental interest, since it alters the
electronic structure and magnetic coupling in a controlled way. We apply +4.2% tensile biaxial strain
to EuO by epitaxial EuO/LaAlO3 (100) heterostructures. EuO seamlessly adapts the lateral lattice
parameter of LaAlO3, while the perpendicular parameter of EuO is the unchanged EuO bulk value,
thus the strained EuO thin film shows a Poisson ratio of νEuO ≈ 0. The tensile strain reduces the Curie
temperature significantly by 12.3 K. The MCD effect provides an advanced magnetic characterization:
theMCD asymmetries in Eu core-level photoemission reveal a larger reduction due to the tensile strain
than obtained from bulk-averaging SQUID measurements. Thus, the mechanism of tensile strain on
intra-atomic exchange (indicated by MCD) is significantly different than on the spin order of the 4f 7

shell (indicated by SQUID). Experiments on EuO by MCD, thereby, reveal exciting perspectives for
studying fundamental magnetic properties of EuO.

In the second part of this thesis, we explore how to integrate EuO directly with Si (001). We focus on
interface engineering of structural and chemical properties of the EuO/Si (001) spin-functional het-
erointerface. In response to the extremely high chemical reactivity and pronounced surface kinetics of
Eu, EuO, and Si during EuO synthesis at elevated temperatures, we initially conduct a thermodynamic
analysis of the EuO/Si interface. In this way, we decide to investigate three in situ passivation tech-
niques for the Si (001) surface, in order to prevent metallic and oxide contaminations at the EuO/Si
interface – both being main antagonists for spin-selective tunneling. We conduct a comprehensive op-
timization study of the EuO/Si heterointerface by tuning the passivation parameters of the Si (001)
surface and the growth parameters of EuO. Using HAXPES, we evaluate Si and Eu core-level spec-
tra and determine the minimum of interface contaminants as dopt(SiOx) = 0.69 nm concomitant with
dopt(EuSi2) = 0.20 nm, both of which are clearly in the subnanometer regime.
In conclusion, our ultrathin EuO/Si (001) heterostructures reveal a high chemical quality of the spin-
functional interface, combined with magnetic properties of the EuO layer akin to bulk. By selected
interface passivation methods, we achieve a reduction of residual contaminations to clearly below a
closed interface coverage. Thus, we could confirm a heteroepitaxial integration of EuO on Si (001),
which is the experimental basis for possible band-matched coherent tunneling. This is the first time
that a direct integration of high quality EuO on silicon was experimentally realized –without inser-
tion of additional oxide buffer layers. Such optimized EuO/Si (001) heterointerfaces are paving the
pathway for near-future spin-functional devices using EuO tunnel contacts.
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1. Introduction

Smart and powerful electronic devices enrich our daily life. Computers, mobile phones and

entertainment devices are performing gigantic amounts of logical operations and saving Tera-

bytes of data. This stunning development of modern information technology largely relies on

intelligent device concepts and functional materials. First and foremost, semiconductors are

used for logic operations, i. e. the manipulation of charge currents, which enable electrical

switching in transistors, diodes, etc. Ferromagnets, in contrast, provide the non-volatile spin

degree of freedom, which is the basis for long-term data storage in computer hard disks.

A milestone for information technology was the discovery of the giant magnetoresistance

(GMR),1 which gave birth to the prospering field of spintronics.2 By a combination of ultra-

thin ferromagnetic and non-magnetic (NM) layers, the GMR allows one to electrically read

out magnetic information.219 Substituting the NM layer by an insulating tunnel barrier has

significantly increased the magnetoresistance in these ferromagnetic multilayer structures.3

In this way, the tunnel magnetoresistance (TMR) is the basis for nowadays devices, such as

hard disk read heads or magnetic random access memory (MRAM).4 The significant tech-

nological impact of these spintronic devices impressively illustrates the recent progress of

spintronics research.

A further important step in spintronics is the integration of ferromagnets with semiconduc-

tors, which exploits the non-volatile memory functionality of ferromagnets and the ability

to process information of semiconductor logics in a single device. A model system for this

combination is the spin-field effect transistor (spin-FET), which has been proposed by Datta

and Das (1990).5 The spin-FET concept relies on the injection of spin-polarized electrons

through a ferromagnet into silicon and their subsequent electrical manipulation and detec-

tion. Economically, this is advantageous, since switching the spin information is expected

to cost much less energy than switching a conventional charge-based transistor. This makes

silicon spintronics6,7 a potentially energy saving alternative information technology.

Materials with high electron spin polarization are the key for efficiently operating spintronic

devices. In particular, ferromagnetic insulators can provide a spin-polarization of up to 100%

when utilized as spin-functional tunnel contacts.� Thus, magnetic tunnel contacts integrated

with silicon provide one possible route towards high-efficiency spin-FETs in silicon spintron-

ics. For spin-functional tunneling, a magnetic tunnel contact must have particular proper-

ties: (i) The magnetic oxide has to provide an unoccupied conduction band above the Fermi

level, which is spin-split by exchange interaction. This permits spin-dependent tunneling by

the so-called spin filter effect.10 (ii) When combining a ferromagnetic oxide with Si, one has

to account for its thermodynamic stability. This requires the control of interface oxidation

and diffusion between these highly reactive compounds. (iii) Spin injection into silicon us-

ing metallic ferromagnets is of negligible efficiency due to a large conductance mismatch.11

�Recent endeavors are pushing forward ferromagnetic insulators for all-oxide spintronics in which ferromag-

netic and ferroelectric properties may be functionally interrelated.8,9

1
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Ferromagnetic oxides closely match the electronic resistance with the silicon electrode. This

is one important prerequisite for high-efficiency spin injection. (iv) An advanced transport

concept is coherent tunneling, which relies on symmetry selection for spin-dependent tun-

neling and requires a matching of the Bloch states at the interface with the electrode.12,13

This requires single-crystallinity of the magnetic oxide and epitaxial integration with the

electrode.

Which materials fulfil this demanding set of requirements? Only few magnetic oxides are

known in nature (e. g. NiFe2O4, CoFe2O2, BiMnO3, or Y3Fe5O12). Those materials provide

ferromagnetism and spin filter tunnel functionality at the same time. Among this material

class, we choose the binary magnetic oxide, Europium (II) oxide (EuO), which is an ideal

model system for a spin-functional magnetic oxide. EuO, in particular, is the only binary

magnetic oxide predicted to be thermodynamically stable in direct contact with silicon.14 The

exchange splitting of the lower conduction band (2ΔEex ≈ 0.6 eV) is largest in EuO among the

magnetic Europium chalcogenides (EuO, EuS, EuSe). Furthermore, a band match with silicon

is feasible due to the comparable bands gaps of EuO (1.12 eV) and Si (1.10 eV). Moreover, the

electronic conductance of EuO can be largely tuned15 by a precise compositional control of

the synthesis by molecular beam epitaxy (MBE), which permits a conductance match with

silicon. Using MBE growth, EuO thin films have shown single crystalline quality on vari-

ous cubic substrates, even with large lattice mismatches up to 20%.16 Thus, the moderate

lateral lattice mismatch between EuO and Si (001) of 5.5% is a promising starting point for

a heteroepitaxial integration of EuO tunnel contacts with Si. However, during EuO syn-

thesis at elevated temperatures, interdiffusion of Eu atoms with the silicon surface as well

as chemical reactions with oxygen will chemically degrade the functional EuO/Si interface.

Consequently, EuO directly on Si has revealed a polycrystalline or at best textured structure

until now.17 This motivates our experimental study targeting on high-quality spin-functional

EuO/Si interfaces.

From a more fundamental perspective, EuO is a model system of a Heisenberg ferromag-

net.18,19 The half-filled 4f 7 shell exhibits a full spin alignment below TC, and is highly lo-

calized inside the ionic Eu2+ core. A nearest-neighbor interaction between the 4f 7 shells via

5d bands is the origin of the ferromagnetic order, which is an example of localized 4f ferro-

magnetism. This is very rare in nature, and indeed, the existence of ferromagnetic insulators

was controversial until the mid-1950s. Until now, several indirect exchange mechanism have

been proposed theoretically for the magnetic coupling between the Eu2+ ions of EuO. Exper-

imentally, this coupling can be tuned by either external parameters like pressure and biax-

ial strain, or internal factors like electron doping.� Taking advantage of the well-established

single-crystalline growth of EuO thin films on lattice-matched substrates,15,16,22,23 we decide

to propel the research on single-crystalline EuO in the direction of inducing biaxial strain to

epitaxial EuO thin films. In this way, we focus on the expansion and compression of the lat-

eral lattice parameter of EuO by biaxial tension from selected underlying cubic substrates.

Thereby, we alter the electronic structure and inter-atomic exchange of the EuO single-crystal

in a controlled way – this provides insight into fundamental ferromagnetic properties of EuO.

�Very recently, magnetization modulation in EuO by ferroelectric polarization pinning has been reported for

strained ferromagnetic–ferroelectric EuO/BaTiO3 heterostructures.20,21
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In the thesis at hand, we first address the fundamental properties of the magnetic oxide EuO.

In particular, we introduce its electronic structure and discuss the origin of the ferromag-

netism of EuO inChapter 2. Next, we present an introduction to photoemission spectroscopy

and X-ray circular dichroism as two major experimental techniques applied in this thesis.

The challenge of a high-quality synthesis of EuO– a metastable oxide – lies in controlling its

high affinity to oxygen and water. In order to grow single-crystalline and stoichiometric EuO,

we take advantage of the oxide molecular beam epitaxy (MBE), which is perfectly suited for

a careful control of every growth parameter. We discuss the synthesis of EuO thin films

via Oxide-MBE on cubic substrates and methods for their throughout characterization in

Chapter 3. Given the necessity of protective capping layers, the electronic and magnetic

properties of EuO ultrathin films are analyzed as buried layers and interfaces. Thus, there

is an experimental need for a spectroscopy technique with a sufficiently large information

depth. Therefore, hard X-ray photoemission spectroscopy (HAXPES) is our method of choice,

in order to elucidate the electronic structure, chemical information and the magnetic circular

dichroism (MCD) of ultrathin EuO heterostructures with buried interfaces.

We optimize and discuss the characteristics of single-crystalline EuO thin films grown by

Oxide-MBE in Chapter 4 of this thesis. For EuO thin films on the lattice-matched YSZ (001)

substrate with thicknesses ranging from the bulk down to one nanometer, we investigate the

surface structure, the interface to the substrate, and the magnetic properties. We use HAX-

PES to quantify the precise chemical composition and electronic structure of Eu core-levels

in EuO ultrathin films. In this way, we compile a picture of EuO on YSZ (001) with textbook-

like quality, and conclude on the essential parameters for a successful synthesis. We proceed

our study by an advanced strain engineering of EuO on cubic oxide heterostructures, in or-

der to investigate the impact of biaxial tension on the electronic structure and magnetism of

epitaxial EuO thin films. Therefore, we conduct a throughout characterization of ultrathin

epitaxial EuO heterostructures on LaAlO3 and MgO substrates providing tensile and com-

pressive biaxial strain, respectively. In this way, we compile a detailed picture of the strained
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EuO heterostructures by means of their crystalline structure and averaged magnetic proper-

ties, and correlate these with the local intra-atomic exchange properties, as determined by

the MCD effect in hard X-ray photoemission spectroscopy.

In the second part of this thesis, we investigate ultrathin EuO films directly on silicon, with

the goal to establish spin-functional EuO tunnel barriers for application in spin filter con-

tacts to silicon. Establishing high-quality interfaces between the magnetic oxide EuO to Si is

by no means trivial, as we discuss in Chapter 5. Ferromagnetic tunnel junctions with addi-

tional oxide barriers to avoid diffusion are known,24–27 however, this approach increases the

thickness of the tunnel barrier significantly. Therefore, our objective is a seamless integra-

tion of EuO directly with silicon, with focus on realizing a chemically clean and structurally

sharp functional interface. First, we synthesize EuO directly on HF-cleaned Si as a proto-

type for an integration of EuO directly on Si. In order to engineer structurally sharp and

chemically clean EuO/Si interfaces, we conduct a comprehensive thermodynamic analysis

of possible reactions of the three-constituent system Eu–O2–Si at the functional interface,

and conduct three in situ passivation techniques for the Si (001) surface. Remarkably, these

chemical surface passivations allow for a heteroepitaxial integration of subsequent EuO lay-

ers. We quantify the residual chemical interface reaction products of the passivated EuO/Si

interface by HAXPES. Finally, we correlate the optimized chemical interface properties with

the crystalline structure and magnetic properties of the ultrathin EuO layer.

We conclude our research on the fundamental properties of ultrathin EuO films and on the

integration of EuO tunnel contacts directly with Si (001) in Chapter 6.



2. Theoretical background

. . . The hero is a metal atom with strong personal magnetism,

whose special properties may vary strongly with the

environment.

(Prof. P.-O. Löwdin in the ceremony speech for the Nobel Prize

for P. W. Anderson, Sir N. F. Mott, and J. H. van Vleck28)

Europium oxide is one of the very few magnetic insulators,� whose ferromagnetism arises

from localized spin-onlymoments. Moreover, the ferromagnetic oxide EuO is perfectly suited

as spin-functional tunnel contact in the field of silicon spintronics.10 In this thesis, we aim

towards an understanding of the fundamental magnetic and electronics properties of EuO thin

films, and towards a successful integration with silicon technology. As a fundament for our in-

vestigations, we discuss the basic properties of EuO as well as principles of advanced probing

techniques used in this thesis.

For the present experimental work on EuO including its meticulous preparation (see Ch. 3),

it is obligatory to point out its chemical characteristics which feature a high affinity to oxygen

and water. Therefore, at first we provide an introduction to the thermodynamic analysis of

reactions which may appear during the MBE-synthesis of EuO (see Ch. 4), and in particular

at the EuO/Si interface (see Ch. 5).

We proceed with a discussion of the electronic structure of EuO with focus on valence and

conductions bands, as well as the open shell 4f , which is the origin of the magnetic order

in EuO. Subsequently, we describe the ferromagnetism of EuO: the Heisenberg model and

couplings to nearest and next-nearest neighbors are briefly introduced, as well as the tuning

of TC and possible applications of EuO as a spin filter oxide.

In order to investigate the electronic structure and to quantify chemical phases of EuO thin

films, photoemission spectroscopy is the method of choice. We discuss the physical mecha-

nism of the photoemission process, the interpretation of characteristic spectral features, and

finally the specificities of hard X-ray excitation (HAXPES). Finally, we introduce the mag-

netic circular dichroism (MCD) effect in photoemission, which provides insight into mag-

netic properties of EuO in terms of the intra-atomic coupling of core-level final states with

the magnetic open shell.

2.1. The challenge of stabilizing stoichiometric europium oxide

EuO crystallizes in the face-centered cubic rock-salt structure (fcc) with a lattice parame-

ter of 5.144 Å31 at room temperature.† In order to produce bulk EuO single crystals, very

high temperatures of about 1800 ◦C under an exact stoichiometric supply of Eu and oxygen

�Indeed, ferromagnetism in an insulator was even severely disputed up to the mid-1950s.29

†An overview of structural data of EuO and possible substrates as epitaxial seed is given in Appendix A.1.

5
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Figure 2.1.: Phase diagram
for the synthesis of
EuO single crystals.
Stoichiometric EuO
single crystals are
obtained only in an
extremely narrow
parameter regime
of oxygen and at
high temperatures.
After Morss and
Meyer (1991).30

are necessary, as depicted in Fig. 2.1. Any slight deviation from the extremely confined pa-

rameters set for stoichiometric EuO results in the formation of either Eu vacancies, oxygen

vacancies, Eu clusters, Eu3O4, or Eu2O3 phases.
�

Hence, alternative techniques to grow single-crystalline EuO are of high interest. Among

them are the oxidation of metallic Eu, and conversely, the reduction of Eu2O3. Both methods,

however, yield polycrystalline EuO with a chemical mixture of phases. Since 2002, the EuO

distillation growthmode has been established by Steeneken (2002).22 This method is suitable

for EuO thin film growth, which offers the benefit of well-defined growth rates and requires

ultrahigh vacuum. At a moderate temperature of synthesis (TS ∼ 400 ◦C), the Eu distilla-

tion growth allows one to obtain epitaxial EuO thin films of single-crystalline quality from

few nanometers thickness (ultrathin) up to several hundreds of nanometers (bulk).15,23,32 Re-

cent works refer to this technique as “adsorption-controlled” EuO synthesis, since the oxygen

supply during the reactive MBE synthesis is limited to extremely low partial pressures, thus

limiting the adsorption of EuO.25,27,33

Worth mentioning is the chemical affinity of EuO to oxygen, carbon, and water – one of the

largest among the rare earth compounds. Several higher coordinated Eu oxides, carbides, and

hydroxides will immediately form, when Eu metal or the metastable EuO is exposed to air.�

Thus, we emphasize that best UHV conditions and ultra-clean oxygen and Eu constituents

are necessary in order to obtain chemically clean and stoichiometric EuO.

Thermodynamic potentials

For a predictive thermodynamic analysis of solid state reactions, such as the stabilization of

the metastable EuO, we introduce the Gibbs free energy G. Depending on a reduction or

�EuO and chemically competing phases are summarized in Tab. A.1 in Appendix A.1.
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increase of Gibbs free energy, we can discriminate whether a reaction will proceed (dG < 0)

or not (dG > 0). Its differential is given by

dG = −S dT +V dp +μ dN, (2.1)

where S is the entropy, V the volume, and μ the chemical potential. One recognizes that T , p,
andN are the natural state variables ofG. The Gibbs free energy is a suitable thermodynamic

measure for chemical reactions at fixed pressure and fixed temperature. Thus, the Gibbs free

energy is perfectly suited to describe the EuO growth by MBE, which is a quasi-equilibrium

system. In thermodynamic equilibrium, there is no total transfer of entropy: ΔS = 0. This

implies in terms of the variables for G for two subsystems A and B (e. g. two competitive EuO

phases):

TA = TB
pA = pB
μA = μB

Since the temperature T and pressure p are constant, the only driving force out of the equi-

librium is a possible difference in chemical potential Δμ = μA − μB. Provided a constant

atomic flux dN in MBE, the Gibbs free energy (2.1) depends then only on the specific Δμ
of materials. Those material-specific Gibbs free energies are tabulated in databases like the

CRC Handbook or Landolt-Börnstein,34,35 and a comparison allows for a prediction of quasi-

equilibrium reactions as during MBE synthesis.�

Ellingham diagrams

Figure 2.2.: Ellingham diagram.
Once the material-specific Gibbs free en-
ergies of formation and the gas lines are
included, one can determine the principle
thermodynamic stability (ΔGr ≷ 0) and re-
gions of oxidation or separation of metal
and oxygen. These regions are separated
by equilibria at the intersections, which
determine a set of oxygen partial pressure
p(O2) and temperature T .
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For oxide growth using MBE, we want to elucidate the question of oxidation reactions, which

is conveniently achieved by Ellingham diagrams. An Ellingham diagram is a compilation of

Gibbs free energies of oxide compounds of interest, with the addition of “gas lines”. One

characteristic is the normalization of Gf(T ) to one mole of gaseous oxygen O2; this rule per-

fectly describes the adsorption-controlled EuO synthesis, in which the growth progress only

depends on the limited and constant oxygen supply. This weighting of Gf(T ) curves to one

�Further reading in the field of molecular thermodynamics is found in Dickerson (1969).36
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mole of O2 makes all reactions immediately comparable among each other. The curves in an

Ellingham diagram are

Gf(T ) =Hf −TS. (2.2)

Ggas(T ) = −RgasT lnp(O2). (2.3)

Here, Rgas denotes the gas constant, and p(O2) is the oxygen partial pressure given in mbar.

There are three main uses of the Ellingham diagram:�

1. Determine the relative probability of reducing a given metallic oxide to metal,†

2. determine the partial pressure of oxygen that is in equilibrium with a metal oxide at a

given temperature, and

3. determine the ratio of metal oxide phases (e. g. oxidation numbers II, III, or IV) at a

given temperature.

As a rule of thumb, if ΔGr is more negative than −60 kJ/mol, the reaction is considered to be

completed in oxidation direction, and if more positive than +60 kJ/mol, it will not proceed

at all. Reactions inside this interval around zero are considered to be reversible (shaded in

Fig. 2.2). We note, that this approach is purely thermodynamic, and the predicted chemical

products may form slowly or may even be prevailed by growth kinetics and activation ener-

gies. In this thesis, we use Ellingham diagrams to distinguish thermodynamic conditions, by

which the EuO synthesis at elevated temperatures in direct contact with a Si (001) wafer will

proceed to either higher oxides or silicon compounds.

2.2. Electronic structure of EuO

Themain properties of EuO investigated in this thesis, i. e. the chemical andmagnetic proper-

ties, all rely on details of the electronic structure. First, we discuss the nature of the chemical

bonding, then we proceed to the origin of ferromagnetism in EuO, which is the magnetic Eu

4f orbital. Finally, we elucidate the arrangement of valence level, band gap, and conduc-

tion bands. Their radial distribution is sketched in Fig. 2.3. Deep core-levels, as observed on

photoemission experiments, are discussed in Ch. 2.5.2.

Among the 61 electrons of the Eu(II) ion in EuO, 54 saturate orbitals giving the Xe configu-

ration; the seven remaining ones are in the configuration 4f 7 (5d 6s)0. The Eu–O bonding is

mainly of an ionic nature, which means that the two (5d 6s)2 electrons are transferred to the

p orbitals of oxygen. This explains why the europium chalcogenides are insulators, with the

valence band built of the p states of the anion, and a conduction band composed of empty 6s
and 5d states of the cation.

�A useful webtool for Ellingham diagram creation is available online.220

†Technologically, the points 1) and 3) are used in the smelting industry, to reduce e. g. Fe from hematite (iron

ore).
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Figure 2.3.: The rare earth electronic
structure as a shell scheme for Eu
metal.
The open shell 4f 7 and conduction
electrons of Eu are highlighted. The
conduction band is composed of
the 5d and 6s levels. The Eu 4f 7

levels are highly localized inside
the [Xe] core. In ferromagnetic
Eu2+O, the seven f electrons carry
the spin-only magnetic moment M .
After Dionne (2009).37
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2.2.1. The open shell 4f7

The half-filled Eu 4f 7orbitals constitute valence-like levels near the Fermi edge in EuOwhich

are often represented as bands, as depicted in Fig. 2.4. However, the 4f levels do not take

part in the ionic bondings. The narrow radial distribution of n = 4 shells is responsible for

the highly localized character of the 4f shell.38 These properties justify a treatment of the

Eu 4f orbital as core-level rather than a valence band, in particular with regard to core-level

photoemission (see Ch. 2.4). In Eu 4f , the spin–orbit interaction is weak and the electron

exchange strong. This justifies the Russel-Saunders-coupling (LS) for which the Hund’s Rules

predict the filling of the 4f 7 level as follows:

1. The spin multiplicity S = 2S +1 is maximal.

S4f 7 =
∑
si = 7/2 (S = 8), in the FM state due to spin alignment.

2. With given spin multiplicity, the total angular momentum L is largest.

Due to Pauli’s exclusion principle, there is only one way to distribute seven electrons

with parallel spins in an f shell: �i = −3 . . .+3, L4f 7 =
∑
�i = 0.

3. For a half-filled shell, the total angular momentum is J = L+ S .
For Eu 4f 7: J4f 7 = 0+ 7/2 = 7/2.

Thus, the Eu 4f orbital is in the initial state with ferromagnetic order in a 8S7/2 configuration.
�

The ferromagnetic moments in EuO originate from the 8S7/2 spin-only states of the 4f orbital.
Correlations between the localized magnetic states 4f 7 and the itinerant electrons† are the

cause of the ferromagnetic exchange, as discussed in Ch. 2.3. The correlations in the 4f shell
are further discussed in literature.18,39–42

�This is the term symbol notation, SLJ . The spin multiplicity S = 2S + 1 quantifies the amount of unpaired

electron spins.
†Of course, in EuO there are no itinerant electrons. However, interactions between Eu2+ sites work via 4f

spins and virtual excitations to 5d conduction bands, often referred to as d–f interaction, or as s–f model in

which s denotes the virtual itinerant electron in the conduction band.
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2.2.2. Valence band, band gap, and the 5d 6s conduction bands
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Figure 2.4.: Band structure of EuO cal-
culated in the LSDA+U approxi-
mation.
The Eu 5d conduction band and
the top of the Eu 4f band are
indicated. The 4f band is nar-
row in energy and shows almost
no dispersion, it is clearly dis-
tinguishable from the O 2p level
at EB ≈ −4.5 eV. Adapted from
Ghosh et al. (2004).41

EuO, as an ionic crystal, possesses the valence band O 2p, and the conduction bands (5d 6s).
Between the lower edge of the conduction band and the O 2p valence band is an electrical gap

of ∼5 eV, thus, conduction levels and the anionic O 2p level are well separated. The optical

gap between Eu 4f and the conduction band has been determined by optical absorption to

be 1.12 eV.29,43

Spin-splitting of the conduction band

As one of the most noteworthy properties of a ferromagnetic insulator, EuO exhibits an ex-

change spitting of the conduction bands due to exchange coupling with the aligned spin state
8S7/2 of the 4f

7 orbital. This splitting was first determined by Wachter (2011) and confirmed

by Steeneken et al. (2002) (2ΔEexch ≈ 0.6 eV) and is depicted schematically in Fig. 2.5.29,45

In order to obtain an image of the spin-split conduction band of ferromagnetic EuO, Fig 2.6

shows the calculated one-electron Bloch density of states (B-DOS) for the first five conduction

bands in Eu2+ of the majority spin system.44 They are of 5d character. Below TC, the m = 1

peak is shifted by about 1 eV to lower energies. This spin-selective shift of conduction bands

is the basis for electronic transport effects in EuO: (i) spin-selective tunnel transmission be-

���

���

����

���������

	

	�

�		
��

	���

	���
Figure 2.5.: Temperature-dependent

scheme of the EuO band gap. If
T < TC, the exchange interaction
arising from the aligned 4f spins
splits the conduction band and low-
ers the band gap. Adapted from
Wachter (2011).29
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Figure 2.6.: Calculated Eu 5d con-
duction bands. The calcu-
lated DOS of the first five con-
duction bands in the quasi-
particle model (�-DOS) for
spin-up electrons, and the
one-electron Bloch density of
states (B-DOS). After Nolting
et al. (1987).44 ���� ���� � ��� ��� ��� 	�� 
��
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comes possible through the EuO 5d majority conduction band, or (ii) the lowered conduction

bands overlap with donor levels or trap states of oxygen vacancies near the Fermi level. In

that case one observes an insulator-to-metal transition (IMT, also: Mott transition), when

cooling down the sample below the ferromagnetic ordering temperature. This effect was first

reported by Oliver et al. (1970).15,23,46–52

2.3. Magnetic properties of EuO

Figure 2.7.: Plot of ionic radii versus atomic
number for lanthanide ions (La–Lu). For
comparison, the ionic radius of divalent
Eu is highlighted, and the inset shows
a space-filled image of the EuO unit
cell. Additionally, Sr2+, Ca2+, and Y3+

ions are included, which represent the
cations in important oxide substrates for
EuO growth. The regular decrease of
ionic radii of the lanthanides is called the
lanthanide contraction. Remarkably, the
ionic radii of the lanthanides are much
larger than for Fe2+ or Mg2+. After At-
wood (2013).53
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The magnetic order in ferromagnetic insulators is induced by indirect exchange interactions
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such as superexchange,37 and is thus of a different origin than the itinerant electron ferro-

magnetism of the elemental 3d ferromagnets. In EuO, the strong ferromagnetic coupling is

directly related to unique crystal features, the large ionic radius (see Fig. 2.7), combined with

a high density of magnetic Eu2+ ions� (inset) both ensure a strong long-range ferromagnetic

order. In the following, we briefly discuss the microscopic origin of the magnetic coupling

in EuO, including competing exchange interactions. Finally, we show up tuning possibilities

for TC and the benefits of EuO for an application as a spin filter tunnel barrier.

Weiss’ mean field model

We begin with a simple model for the magnetic order of EuO, in which the molecular mean

field is proportional to the macroscopic magnetization. This mean field model considers a

local magnetic moment interacting with the mean magnetic field of the crystal. In EuO,

the Eu2+ ions carry a magnetic moment of 7μB (see Ch. 2.2.1) which is interacting with the

effective magnetic field of the EuO crystal. The reduced magnetization σ can be expressed in

a simple form,

σ ≡ m(T )

m(T = 0)
∝ (TC −T )β , where β =

1

2
. (2.4)

TheWeiss molecular field is responsible for the long-range interatomicmagnetic order and its

magnitude determines the Curie temperature.54 However, experimentally β = 0.37 instead

of 1/2 was found.55 For a better description of the magnetic coupling between the localized

Eu2+ ions, the Heisenberg model is applied.

Heisenberg models for the magnetization of EuO

The Heisenberg model suggests that a spontaneous magnetization arises from the exchange

interactions between spins moments of neighboring atoms. In EuO, the 4f 7 spin magnetic

moment of a Eu2+ ion interacts with the 4f 7 spin moments of its nearest neighbors. Since

the 4f 7 orbital has maximum spin multiplicity S = 8 and L = 0 (term symbol 8S7/2) in the

ferromagnetic ground state,† it is of spherical s-like symmetry. Thereby, the exchange is con-

sidered isotropic, and one effective Hamiltonian is sufficient to describe the nearest neighbor

interaction:

H = −Jex
∑
<i, j>

Si ·Sj (2.5)

H denotes the Heisenberg Hamiltonian which sums up the spins over nearest neighbors,

where Jex is the positive exchange energy describing a pure ferromagnetic interaction. Al-

though there is no exact solution of eq. (2.5), the Bloch T 3/2 law was found,54

σ ≡ m(T )

m(T = 0)
= 1− 0.0587

S ·Q

(
kBT
2JexS

) 3
2

, Q =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1 sc structure,

2 bcc structure,

4 fcc structure.

(2.6)

�Remarkably, the density of Eu2+ ions in fcc EuO is 44% larger than in bcc Eu metal, and comparable to the

density of Gd ions in ferromagnetic Gd metal.22

†The occupation of the 4f 7orbital is described in Ch. 2.2.1.
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which fits the experimental data very well. The three-dimensional Heisenberg model pro-

vides a power law for temperatures below the magnetic phase transition:56

σ ∝ (TC −T )β , where β = 0.36. (2.7)

For EuO an experimental value β = 0.37 was found,55,57 thus EuO is considered as a clear

realization of a 3D Heisenberg ferromagnet. In the Weiss-Heisenberg mean field model, the

most-used temperature dependence of the spontaneous magnetization σ follows a Brillouin

function BJ (x).58 This behavior can be derived from the mean field theory for ideal param-

agnets by substituting the external field Bext by the Weiss molecular field βHWeiss. Then, at

constant HWeiss, the temperature dependence is

σ ∝ B
(
σ

3J
J +1

TC
T

)
. (2.8)

A more complex Heisenberg model has been proposed by Mauger and Godart (1986) includ-

ing two exchange interactions J1 and J2 for the EuO magnetic order, which are the near-

est neighbor and next-nearest neighbor Eu2+–Eu2+ interactions, respectively.18 The nearest

neighbors interaction is ferromagnetic with an experimental value of J1 = ∼5.3 × 10−5 eV.59
The next-nearest neighbor exchange J2 is more complex and still under debate, one experi-

mental value being J2 ∼ 1.05 × 10−5 eV.59 The ordering temperature TC is expressed via the

mean field approach

TC = 2S(S +1) ·
12J1 + 6J2

3kB
, (2.9)

where S is the total spin of the EuO magnetic shell (4f 7). The dominant interaction J1 acts

between the 4f orbitals of the 12 nearest neighbors via a virtual exchange involving the

unoccupied 5d conduction states for transfer. Between the six next-nearest neighbors, the

J2 interaction is of mainly super-exchange nature and involves different mechanisms. Until

now, the nature of the J2 interaction is not clear – is it antiferromagnetic or ferromagnetic in

EuO? Several mechanisms are currently discussed in order to describe the J1 and J2 parts of

the magnetic coupling in EuO, and we summarize the most established ones in the following.

Competing exchange interactions in EuO

The microscopic origin of the exchange interaction is still under discussion. Proposed by

Kasuya (1993),42 several competing exchange mechanisms exist in EuO:

Nearest neighbor exchange A 4f electron is excited to the 5d band where the electrons are

itinerant, is then influenced by the exchange interaction of the 4f spins of the nearest

neighbors, and falls back to the initial state. This indirect interaction leads to ferromag-

netism. This idea is first proposed by Mauger and Godart (1986).18

The Kramers-Anderson superexchange An f electron is transferred via oxygen to an f or-
bital of a neighboring atom. This exchange is antiferromagnetic and very small.

Superexchange via the d–f interaction Oxygen electrons are transferred to the d orbitals

of neighboring Eu atoms, where they influence the 4f spins via the d–f exchange. This
leads to an antiferromagnetic exchange.60–62
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Hybridization of the 5d and 2p orbitals Via hybridization, bonding and antibondingmolec-

ular orbitals are formed between Eu 5d and O 2p ligands. An oxygen electron is excited

from the bonding to the antibonding 5d–2p molecular orbital, which experiences ex-

change interaction with both Eu spins. Its place is filled by a Eu 4f electron, and a 5d
electron falls into the 4f hole. This could lead to ferromagnetic exchange.

From the Heisenberg theory (large J1 coupling) and Kasuya (1993) it is evident, that the fer-

romagnetic nearest neighbor exchange between 4f 7 via 5d states is most dominant. This

emphasizes the important role of the nearest neighbor distance and the 5d conduction band

with its possible population with donor electrons – both of which can easily be tuned by suit-

able synthesis parameters.

2.3.1. The Curie temperature of EuO

Stoichiometric EuO is ferromagnetic below the Curie temperature of TC = 69.3 K.63 Many

studies have been devoted to increase this transition temperature.

One approach is the introduction of biaxial strain to heteroepitaxial EuO thin films by un-

derlying substrates. In this way, decreasing the lateral lattice parameters of EuO is an ideal

method to increase the Curie temperature TC due to enhanced nearest neighbor coupling.

Ingle and Elfimov (2008) find by their first principles calculation,64 that the semiconducting

gap closes at a 6% in-plane lattice compression for epitaxial EuO. This value thus constitutes

an upper limit of compressive strain on EuO, if EuO shall remain insulating. However, the

biaxial lateral forces are likely compensated by expansion or reduction in the perpendicular

z dimension for most oxides, thus conserving the volume of a unit cell. For EuO, this per-

pendicular compensation is extremely small,64 thus biaxial forces should have a large effect
on the total expansion or compression of the EuO unit cell, giving rise to a tuned magnetic

coupling. Therefore, we investigate biaxial strain and the elasticity of heteroepitaxial EuO

thin films in Ch. 4.

Another approach of tuning TC of EuO involves electron doping. This is indeed the most

common method and does not require epitaxial integration of the EuO thin films. A model

system for electron doping in EuO is the substitution of Eu2+ by Gd2+, thereby one 5d elec-

tron is provided. Initially, an RKKY model18 suggested the support of the d–f exchange

between Eu ions. A more recent model by Kasuya (1993) proposes that the donor electron

is trapped at the Gd ion building up a bound magnetic polaron together with the surround-

ing Eu2+ ions.42 The increase of TC is then proportional to the Gd doping concentration for

low doping (� 3%). An optimum Gd concentration (∼4%) for highest TC (∼125 K) has been

experimentally determined.65 In a similar way, the Curie temperature could be increased by

La and Lu doping up to 200 K due to comparable effects,66,67 thus rendering EuO as the rare

earth magnetic insulator with the highest Curie temperature.

Extra electrons are also provided by oxygen vacancy sites in EuO1−x. For an oxygen vacancy,

one Eu2+ ion provides two conduction electrons to the crystal. This yields a weak magneti-

zation tail up to 150 K, whose origin is subject to discussions. The magnetization above 69 K

may be induced by antiferromagnetic Eu metal clusters.15,23,68 A recent study, however, pro-

poses magnetic polarons to increase TC of EuO1−x.60 Moreover, oxygen vacancies in EuO1−x
induce metallic conductivity, as discussed in Ch. 2.2.2, and are undesired in this thesis in
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order to maintain the insulating nature of EuO tunnel contacts. An exotic method to provide

itinerant 5d electrons in EuO1−x is by light doping using a laser irradiation of hv ≈ 2 eV.23

Finally, if chemical constituents with different ionic radii are incorporated into the crystal,

this gives rise to isotropic strain (chemical pressure). This chemical pressure is supposed to

vary the f –f and d–f exchange interactions.69

2.3.2. Thin film effects in EuO
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Figure 2.8.: Ferromagnetism in ultrathin EuO films. In (a), the Curie temperature is calculated by
a ferromagnetic Kondo-lattice model and seen to be reduced with decreasing number of EuO
monolayers. Adapted from Schiller and Nolting (2001).70 Polycrystalline EuO thin films show
a decrease in TC (b), that roughly matches the calculation depicted in (a). Adapted from Müller
et al. (2009).48

Since we investigate mainly ultrathin EuO films (d � 5 nm) in this thesis, the behavior of the

magnetic moment and TC in dependence on the thickness is of fundamental interest. The

ferromagnetism in fcc EuO depends on the inter-atomic exchange coupling of the 4f orbitals.

This coupling will be affected by reduced dimensions, e. g. in ultrathin EuO films. Schiller

and Nolting (2001) calculated the electronic structure of one up to 20 monolayers of single-

crystalline EuO as a function of temperature and thickness in a Kondo-lattice model.70 In

their study, the averaged spin moment of the 4f begins to reduce when the EuO thickness

drops below 2.5 nm, as depicted in Fig. 2.8a. For onemonolayer EuO, they found a TC of 15 K.

Remarkably, the temperature-dependent magnetization curves of center layers follow a Bril-

louin function, while surface layers show a lower magnetization. This can be explained by the

Heisenberg model: Eu2+ ions in center layers can couple to 12 neighbors, while surface ions

only to 8 nearest neighbors. Experimental evidence of the reduction of the Curie temperature

is shown in Fig. 2.8b, where the TC values of polycrystalline EuO match Schiller’s model very
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well. However, an experimental study of magnetic properties of ultrathin single-crystalline

EuO is still missing and discussed in the thesis at hand.

In ultrathin films of EuO, moreover, the shape anisotropy will usually dominate over the crys-

talline anisotropy which is very small due to the spherical symmetry of the magnetic 8S7/2

ground state. We investigate the shape anisotropy of ultrathin single-crystalline EuO in Ch. 4.

2.3.3. Spin filter tunneling in EuO

���
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Figure 2.9.: Schematics of spin filter tunneling into semiconductor. Unpolarized electrons from a non-
magnetic electrode (a, left) can tunnel through a tunnel barrier of the magnetic oxide EuO (a, cen-
ter). Due to a exchange-split conduction band in EuO, the spin-up electrons have a much larger
transmission probability, thus yielding a spin-polarized current which is injected into silicon (a,
right), adapted fromMoodera et al. (2007).10 EuO tunnel contacts of the structure depicted in (b)
are investigated in this thesis.

EuO offers the fruitful combination of magnetic exchange and electrical insulation, this yields

a spin-selective tunnel path through the lower conduction bands of EuO thin films (see

Figs. 2.5 and 2.6). For tunnel transmission through ferromagnetic EuO, the barrier height

Φ is spin-dependent and expressed as

Φtunnel
spin-split

= Φ↑↓ = Φ0 ±ΔEexch. (2.10)

This spin-dependent potential height of the tunnel barrier allows for a spin-selective electron

transmission, as depicted in Fig. 2.9. Electrons travel to the opposite side of the tunnel barrier

with the tunnel transmission probability described as:

T↑↓(E) = T0 exp

⎛⎜⎜⎜⎜⎝−2d
√

2m

�2

(
Φ↑↓ −E

)⎞⎟⎟⎟⎟⎠ , (2.11)

where d denotes the thickness of the insulating barrier, and m is the effective mass of the

electron. Remarkably, the transmission probability drops exponentially with the tunnel path

d and with the barrier height Φ, these define the two crucial parameters of the tunnel barrier.
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For spin-selective tunneling due to different barrier heights Φ↑↓, spin polarizations up to

100% are expected theoretically. In practice, spin selection by using a magnetic insulator

was first reported by Moodera et al. (1988) for the magnetic tunnel barrier EuS. The eu-

ropium chalcogenide EuS – the electronic equivalent to EuO–has shown a spin polarization

of ∼86%.71 In an initial experiment of polycrystalline EuO tunnel contacts a metal electrode,

a spin polarization of 29% has been observed by Santos and Moodera (2004).72 Recently,

Miao and Moodera (2012) have realized polycrystalline EuO/MgO/Si magnetic tunnel junc-

tions.73 We, however, follow the approach to integrate EuO directly on Si with high crys-

talline quality, thus keeping the tunnel path minimal and well-defined.

Benefits of EuO for spin filter tunneling

We decide to use the magnetic oxide EuO out of the set of magnetic insulators, because EuO

brings unique benefits for a possible application as spin-functional tunnel contact to silicon.

For EuO, the lower edge of the conduction band is exchange-split by 2ΔEex ≈ 0.6 eV – almost

double the value of EuS. Moreover, the Curie temperature of EuO is four times higher than

for EuS. This renders the fundamental properties of EuO, among the Eu chalcogenides, best

suitable for future spin filter tunnel barriers.

An integration of the magnetic insulator EuO with silicon combines established semicon-

ductor technology with spin functionality. EuO provides fundamental prerequisites for this

approach: it is the only binary magnetic oxide which is thermodynamically stable in direct

contact with silicon.14 This, in principle, already allows the fabrication of functional EuO

tunnel contacts directly on silicon, thus paving the tunneling pathway for spin electronic de-

vices like a spin-FET.7 Moreover, EuO can resistively be tuned over a large range by means of

electron doping. This reduces Schottky barriers at the spin injection interface,74 and allows

for a conductancematch between EuO and silicon. This is one requirement for high-efficiency

spin injection into silicon.11

Finally, comparable band gaps of EuO (1.12 eV) and Si (1.1 eV) allow for a possible band

matching at the spin injection interface. In this way, an epitaxial integration of EuO on Si

(001) with a crystalline interface quality is promising for an advanced tunneling approach in

the framework of symmetry bands: coherent tunneling of spin-polarized electrons directly

into Bloch states of the silicon electrode.

An advanced possibility: coherent tunneling in EuO

An advanced tunnel approach exploits the matching of majority or minority symmetry bands

of the magnetic oxide with the Bloch states of the electrodes. This allows for efficient spin

filter tunneling, referred to as “coherent tunneling”.

A well-known example is the lattice-matched epitaxial Fe/MgO/Fe trilayer. Here, high TMR

values could be observed by spin filtering through Δ symmetry bands by Yuasa et al. (2004)

and Parkin et al. (2004).12,13 Recently, predictions of spin filtering by symmetry bands for

EuO have been reported.75,76 In EuO, both the real and complex bands are spin-dependent

(Fig. 2.10). The studies conclude that spin filter tunneling will occur mainly via Δ1 symmetry

bands in EuO/bcc metal interfaces. In particular, in epitaxial Cu/EuO/Cu tunnel junctions

(Fig. 2.10b), a coherent tunnel efficiency of ∼100% is predicted.76



18 2. Theoretical background

�� ������������
���	

���


����


�����

����

�����


�


��

��
��
��
��
��

�
��

�
�

��

��������������
��������������

������������� 

���!�

�"�

#����� ���!�


�


��

��
��
��
��
��

�
��

�
�

��

���


�����

����

�����

��


�
��

���
����

�
�
�

��
��

�

�

$

%��&'

%�&�'

�

��������

��������

���

Figure 2.10.: Schematic band structure of EuO for the Δ direction in k space (a, left). For coherent
tunneling, evanescent waves in the imaginary part κ need to match the real band structure q of
the EuO conduction band. Majority and minority spins band are at different energy heights, as
highlighted in (a).75 Evanescent waves in the imaginary part exhibit different decays rates in the
electrode for majority and minority spins, as emphasized in (b).76 These differences are the basis
for spin-selective coherent tunneling.

In practice, the spin injection interface must be crystalline and epitaxial in order to allow

for a matching of symmetry bands. EuO thin films can be grown epitaxially with single-

crystalline structural and magnetic properties by reactive MBE on cubic oxides,25,27,32 thus

forming a basis for a possible coherent tunnel functionality. This may also be achieved on

cubic silicon crystals. Therefore, we investigate EuO directly on silicon with the demand of

high interface quality in Ch. 5.

Moreover, to date, no band structure for coherent tunneling is reported for tunnel contacts

of epitaxial EuO on Si (001). This motivates spin-dependent density functional theory cal-

culations of EuO symmetry bands matching Bloch states of Si (001), in order to compare the

spin filter efficiency of experimental epitaxial EuO tunnel contacts with models in the frame

of band structures.

2.4. Hard X-ray photoemission spectroscopy

A characterization of buried EuO layers and interfaces is necessary in order to understand

their chemical and electronic properties. In response to the experimental need for a large

and tunable probing depth, we select a specialized spectroscopic technique in this thesis.

Hard X-ray photoemission spectroscopy (HAXPES) is perfectly suited to characterize our EuO

heterostructures, which we introduce in the following.

The story of photoemission already began in 1887, when Heinrich Hertz observed the emis-

sion of electrons by light from solids,77 which was not compatible with Maxwell’s equations

describing a continuous wave theory. Later in 1905, this photo-induced electron emission
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was interpreted by the quantum nature of light in which the “light particles” possess an en-

ergy hν dependent on frequency,78 a discovery for which Albert Einstein was honored with

the Nobel Prize in 1921. After a continuous development of theoretical and experimental

techniques, photoemission spectroscopy is nowadays the most important experimental tech-

nique for studying the electronic structure of occupied electronic states in a solid.79 The

high-energy variant of photoemission, HAXPES, is employed to investigate the electronic

properties of buried layers and interfaces of EuO heterostructures in this thesis. In order to

interpret the core-level photoemission spectra, we discuss the basic photoemission theory in

the framework of the three-step model. Later, spectral features besides the main core-level

lines are discussed by means of intra-atomic interactions. Finally, we discuss the characteris-

tics of hard X-ray excitation including the important benefit of increased information depth.

2.4.1. The three-step model of photoemission

solid z0

Ei

E

solid z0

Ei

Ef

E

Ef

(a) (b)

Figure 2.11.: The three step model of photoemission (a). It connects Bloch states (plane waves) of the
photoelectron in three independent steps. For comparison, the one-step model (in b) includes the
electronic waves of the initial state, and the (eventually damped) final state, and matches with
the wave departed from the solid in one formalism.80

An intuitive, yet simplified approach to the photoemission process is the three-step model,

introduced by Berglund and Spicer (1964).81 This model divides the photoemission process

into three independent events and assumes Bloch functions in a one-electron picture for both

the initial and final states of the photoelectron. The successive events are discussed in the fol-

lowing82 and schematically sketched in Fig. 2.11a. Finally, we briefly mention the exhaustive

description of photoemission by the one-step theory, which uses the inverse LEED state as

final state, as sketched in Fig. 2.11b.

1. Excitation of the electron into unoccupied states The interaction of the electron with

a time-dependent electromagnetic field A(r, t) (from the plane wave of the incoming light) in
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the single-electron picture is expressed as

H =H0 +HS =
1

2m

(
�

i
∇− e

c
A(r)

)2
+V (r), (2.12)

here, H0 is the Hamiltonian of the unperturbed system, HS is the perturbation operator,

p = �/i∇ denotes the momentum operator, and V (r) is the potential within the solid from the

ionic cores. The single Hamiltonians are written as

H0 = − �
2

2m
∇2 +V (r), HS =

1

2m

(
−e�
ic
(2A∇+ (∇A)) + e2

c2
|A|2

)
. (2.13)

Here, we approximate |A|2 ≈ 0 for small electromagnetic field strengths, and the gradient

∇A ≈ 0, because the field changes within the crystal only very slowly (X-ray penetration of

the crystal).

The ansatz for A is a plane wave with wave vector kγ , the amplitude A0, and r is the unit

vector in direction of the electric field:

A(r, t) = A0e
ikγ r ⇒ HS = − e

mc
A0e

ikγ rp. (2.14)

The wave vector kγ = 2π
λ is small with respect to the size of a typical Brillouin zone up to the

XPS regime, therefore eikγ r ≈ 1, which simplifies the perturbation Hamiltonian in the dipole

approximation as

HS = − e
mc

A0 ·p. (2.15)

We remark that for high-energetic photons (HAXPES), the dipole approximation may be in-

sufficient and higher order transitions (electric quadrupole E2, or magnetic dipole M1) are

emerging.� The Hamiltonian (2.15) depends only on the momentum transfer p between the

plane wave (light) and the electron, which is to be determined now. It is used in Fermi’s

golden rule, which expresses the probability per time that the system is excited by a photon

of the energy hν,

wi→f =
2π
�

∣∣∣∣∣〈f ∣∣∣HS
∣∣∣i〉∣∣∣∣∣2 ·δ(Ef −Ei − hν) (2.16)

Here, |i〉 denotes the electron’s initial state with the energy eigenvalue Ei , and |f 〉 is the final
state in the single particle model with energy Ef , as depicted in Fig. 2.11a. The δ-function
ensures the energy conservation. The transition matrix element in Fermi’s golden rule, Mif ,

depends on the symmetries of the final and initial state as

Mif =
〈
f
∣∣∣HS

∣∣∣i〉 ∝ 〈f |p|i〉. (2.17)

Besides the energy conservation, also the conservation of the momentum (∝ k, the wave

�The E2 orM1 distributions occur for very short wavelength photons (hν � 1 keV) and for the ejection of elec-

trons in very large orbits. However, these distortions only alter the angular dependence of photoemission. Since

we conduct angle-integrated HAXPES only at fixed emission angles, the inclusion of higher order transitions is

negligible in this thesis.



2.4. Hard X-ray photoemission spectroscopy 21

Figure 2.12.:Momentum conservation during
photoexcitation in a reduced zone scheme
inside a solid. For X-ray excitation, transi-
tions are mainly vertical, i.e. shifted only
by the photon energy hν. Free states must
be available at the energy Ef and in the mo-

mentum space at kf = ki +G.

��

�

vector) has to be fulfilled for photoexcited electrons within the solid,

kf = ki +kγ +G, (2.18)

where kf , ki , and kγ denote the wave vectors of the electron’s initial state, its final state,

and the photon’s wave vector, respectively. G is a reciprocal lattice vector of the crystal, as

sketched in Fig. 2.12. Concluding, we can write the photocurrent I inside the crystal, tak-

ing into account the transition probability (2.16) and the momentum conservation (2.18), as

follows:

I(hν) ∝
∑
i, f ,G

∣∣∣Mif

∣∣∣2 ·δ(Ef −Ei − hν) ·δ(kf −ki −G). (2.19)

2. Transfer of the electron to the surface of the solid What happens during the travel of

the excited electron through the solid to the surface? A fraction of the electrons experiences

collisions with other electrons and phonons. The material parameter describing inelastic

electron scattering of electrons in a specific solid is the inelastic mean free path (IMFP). The

IMFP is a measure how far a photoelectron can travel through a solid before an inelastic

scattering events changes its energy information. The IMFP value is strongly dependent on

the kinetic energy of the photoelectron. IMFPs for common solids in practice are estimated

by the the modified Bethe-equation (TPP-2M formula) derived by Tanuma et al. (1994),83

λ =
Ekin

E2
p

(
β ln(γEkin)− C

Ekin
+ D

E2
kin

) , (2.20)

where Ekin is the electron energy, Ep is the free-electron plasmon energy, and β, γ , C, and
D are material-specific parameters. In this thesis, we use recalculated values for hard X-ray

excitation from Tanuma et al. (2011).84

3. Transfer of the photoelectron through the surface into the vacuum The third step

considers the transfer of the photoelectron through the surface of the solid into a vacuum

state. Only those electrons can leave the solid by dispensing energy of the value of the work

function φ0, which have a sufficiently high kinetic energy. Escaping electrons, thereby, have

the kinetic energy

Ekin = Ef −φ0 = hν −Ebin −φ0. (2.21)



22 2. Theoretical background

Figure 2.13.: Photoemission from a solid.
The photoemission process translates the
electronic density of states of the speci-
men into a photoemission spectrum, if a
single-electron picture is assumed. The
intensity of the photoelectrons as a func-
tion of the binding energy, the so-called
energy distribution curve (EDC), shows
the density of occupied electronic states
in the solid. After Hüfner (2010).80
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Here, Ef is the final state energy relative to the Fermi level EF, Ebin denotes the binding energy

of the electron, and φ0 is the work function of the solid which equals the difference between

the Fermi level and the vacuum level (4–10 eV). The final states are free electron states in

the vacuum and generally not relevant, and the photoemission intensity is proportional to

the density of initial states of energy Ei . Thus, in the one-electron picture, photoemission

spectroscopy images the occupied density of states (DOS) of the solid. The exit process of the

photoelectron and the resulting spectrum (energy distribution curve) is sketched in Fig. 2.13.

Exciting the sample involves diffraction (i. e. a change of k⊥) at the potential barrier of the

crystal surface. In core-level photoemission in the XPS and HAXPES regime (hν > 1 keV),

however, the so-called XPS limit can be applied: for most materials at room temperature,

the combined effects of phonons and angular averaging in the spectrometer yield photoemis-

sion spectra that are directly related to the matrix element-weighted density of states (MW-

DOS).85 This means, in HAXPES, the k dependence in eq. (2.19) is negligible. Furthermore,

element-specific atomic cross-sections can be used to weight the MW-DOS for quantitative

evaluations.86 which the simplified three-step model does not account for.

The one-step theory of photoemission

An exhaustive treatment of the photoemission process is provided in a the one-step the-

ory.80,87,88 It contains the Golden Rule equation with proper wave functions of the initial

and final states, and the dipole operator for the interaction of the electron with the incoming

light. Inverse LEED wave functions are used for the final state of the photoelectrons and

the wave functions are expanded as Bloch functions in the periodic crystal, as sketched in

Fig. 2.11b. This allows one to discriminate between different scenarios of matching types

between the free electron wave in the vacuum and the Bloch function in the crystal. This

matching can be (i) simply inside the crystal, (ii) in a band gap yielding an “evanescent wave”,

or (iii) in a band-to-band photoemission for small escape depths. Damping due to inelastic
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losses is introduced by using an imaginary part of the momentum, k⊥ = k
(real)
⊥ + ik

(im)
⊥ . Since

we are interested only in binding energies and chemical shifts of deep core-levels (negligible

k dependence), a basic picture according to the three-step model is sufficient for this thesis.

2.4.2. Spectral features and their interpretation

Figure 2.14.: Schematics of photoemission spectroscopy. After Saiht (2009).221

In photoemission spectroscopy, a solid sample is irradiated bymonochromatic photons which

excite electrons from occupied states in the solid. If the photoelectrons have a large enaugh

kinetic energy, then they can be detected by an electron energy analyzer (Fig. 2.14). A pho-

toemission spectrum usually comprises peaks which correspond to the kinetic energy of the

photoelectrons, Ekin = hν − Ebin −φ0, where hν is the energy of the light, φ0 denotes a work

function which the photoelectrons have to overcome in order to reach a free electron state in

the vacuum, and Ebin is the binding energy of the electron’s initial state in the solid.

While the description of photoemission spectra by the three-step model can be very success-

ful, the one-electron approximation neglects many body interactions in the final state, as

well as surface effects or intra-atomic exchange interactions. We are leaving the one-electron

picture here, and subsequently introduce selected spectral features due to multiple electron

interactions in the final states, which are relevant to EuO core-level spectra.

Intrinsic satellites of core-levels. After emission of the photoelectron from orbital k, the
remaining N − 1 electrons will reorder to minimize their energy. This includes final state

configurations in which the (N − 1) system of the core-level interacts with electron near the

Fermi level. The transition matrix element must then be calculated by summing over all pos-

sible final states. In a photoemission spectrum, the core-level line appears then asymmetric,
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or even comprises distinguishable additional satellite lines.80 Intrinsic photoemission satel-

lites may occur due to the reduced Coulomb interaction from the (N − 1) core-level, so that

the valence level can accept one more electron. This “apparent valence change” due to the

photoexcitaiton is included in the observable final state, and referred to as shake-up satellite

at higher binding energy. A discussion on the intrinsic satellites of Eu 3d photoemission in

given in Ch. 5.1.

Plasmons One class of extrinsic loss events is the excitation of a free electron gas in the

sample by photoelectrons. In this case, a photoelectron dissipates a fraction of its kinetic

energy to collective excitations with the plasma frequency ω0 in metallic layers. These are

of characteristic energy and referred to as plasmons. The plasmon excitation probability is

dependent on the photoelectron’s kinetic energy as calculated in Inglesfield (1983): for high

kinetic energy (hard X-ray excitation), plasmon losses have a reduced probability.89 In this

thesis, fast photoelectrons from Eu core-levels excite plasmons in Al and Si layers which are

well known in literature,90,91 and thus can easily be included into a quantitative evaluation

of the core-level spectra (Ch. 5.1).

Chemical shifts In photoemission, we are interested in the chemical states of the thin film

material. This information is provided by the chemical energy shift, first explained by Fadley

et al. (1967) – interestingly on the example of native europium oxide.92 By measuring this

energy shift (generally 0.2–10 eV) one can investigate the initial state valency in ionic crystals.

The chemical shift ΔEbin of core-level binding energies between two chemical phases A and

B in a solid is given by

ΔEchem(A,B) = K · (QA −QB) + (VA −VB). (2.22)

Here, K is the coupling constant from the Coulomb interaction between valence and core

electrons, and Q denotes the charge transfer on the particular ion (e. g. +2 for an oxidized

cation). Thus, the first term in eq. (2.22) describes the difference in the electron–electron

interaction between the core orbital and the valence charges in a certain ionic bounding. The

second term (VA − VB) represents the interaction of the atoms A and B with the remaining

crystal. For oxides, this is a Madelung-type energy.80 As a rule of thumb, ions with higher

coordination number (e. g. octahedral vs. tetrahedral) or with larger charge transfer (e. g.

Eu2+ vs. Eu3+) exhibit also a larger chemical shifts to higher binding energy.

Surface core-level shifts. Energetic shifts can also arise from an altered electronic config-

uration in the surface layers of a solid. For low-energetic photoelectrons, the escape depth is

in the range of the surface layers, and surface shifts are likely to be observed. This is approx-

imately the case for the deeply bound Eu 3d photoelectrons analyzed in this thesis. However,

surface shifts are usually small (� 3 eV) and less pronounced in HAXPES experiments due to

the predominant bulk character of the photoelectrons.

Spin–orbit coupling. During photoionization of a core-level, a core hole is created with

spin s∗ = 1/2. A dominant spin–orbit coupling assumed, a doublet peak is eminent due to the

final states coupling j = � ± s∗ in orbitals with an angular momentum � � 0 (i. e. the p, d, f ,
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etc. shells). The branching ratio of the two final state peaks is calculated as

I�−s∗
I�+s∗

=
2
(
� − 1

2

)
+1

2
(
� + 1

2

)
+1

=
�

� +1
. (2.23)

This reveals intensity ratios of 1:2 for p shells, 2:3 for d shells, and 3:4 for f shells. The spin–

orbit splitting is realized prefereably for heavy elements and deep core-levels. In this thesis,

the deeply bound Eu 3d peak structure is well described by a spin–orbit doublet, but Eu 4d
and lower core-levels require other coupling schemes, as will be discussed in section 2.5.2.

Core-hole polarization. Core-level photoemission always produces a final state with spin

and angular momentum. If the system has a valence state configuration �n with correspond-

ing spin and orbital momenta, the coupling with the core-hole orbital and angular momenta

leads to different final states. For an s1 final state, the photohole has a spin of s∗ = 1/2. This
spin can be either parallel or antiparallel to the net spin S of the valence shell. The exchange

splitting is then

Δexch(s, �, S) =
(
2S +1

2� +1

)
G�(s, �), (2.24)

where G�(s, �) is the exchange integral.93 Thereby, the Eu 4s and 5s core-levels exhibit a

double-peak structure which is well-described by this model.80 Remarkably, this exchange

splitting is largest in the 4s levels of Eu, Gd,� and Tb, thus rendering that effect of fundamen-

tal interest.95

2.4.3. Implications of hard X-ray excitation

Conventional X-ray photoemission spectroscopy (XPS) is limited to a probing depth of a

few surface atomic layers. Modern solid state and material science research, however, of-

ten requires the selective probe of buried layers or interfaces in a depth of several hundred

Ångström from the surface. A solution for these experimental needs is the use of hard X-ray

excitation, exceeding the limited probing depth of common XPS experiments.

The first hard X-ray photoemission experiment at hν = 17.4 keV using a Mo anode was car-

ried out by Nordling, Sokolowski, and Siegbahn96 in 1957. However, the energy resolution

and brilliance were not sufficient to resolve small chemical shifts or multiplet fine structures.

Subsequently, low energy anodes with Al Kα and Mg Kα radiation were subsequently estab-

lished, and synchrotron light up to 1.5 keV enabled a success story of XPS. Nowadays, highly

brilliant synchrotron hard X-ray sources85,97,98 offer a wealth of experimental opportunities

with an energy resolution down to 0.2 eV.98,99

An excitation of photoelectrons with hard X-rays implies major differences in view of con-

ventional XPS. We discuss (i) changed photoemission cross-sections and (ii) Debye-Waller

factors for photoemission, both of which directly affect the photoexcitation process. Finally

(iii), hard X-ray-excited photoelectrons offer a largely increased inelastic mean free path in

the solid, which is a major experimental benefit of HAXPES.
�Gd 4s and 5s core-hole polarization was recently discussed in Tober et al. (2013).94
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I. Photoemission cross-sections Due to the large energy difference between exciting X-

rays and the binding energy of the initial state electrons in the solid, in particular for valence

band photoemission, the photoionization cross-section σ for hard X-ray excitation is small.

For an individual orbital (n�j), it is continuously reduced as

σn�j (hν) ∝
⎧⎪⎪⎨⎪⎪⎩ (Ekin)

−7/2 , for s subshells, and

(Ekin)
−9/2 , for p, d, and f subshells.100

(2.25)

The significant decrease of atomic cross-sections for hard X-ray photoelectron excitation is

shown in Fig. 2.15 (inset).
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Figure 2.15.: Photoemission
cross-sections for hard
X-ray excitation. Au
valence levels in HAX-
PES deviate significantly
from soft X-ray pho-
toemission.85 The inset
exemplifies the drop of
photoemission cross-
section with excitation
energy for Al.101

II. Forward scattering and Debye-Waller factors for photoemission Only unscattered or

coherently elastically scattered photoelectrons contribute to an analyzable spectrum. Elastic

scattering events can deflect the photoelectrons which are emitted in direction of the surface

normal away from that direction. For high excitation energies (hν = 5–15 keV), Thompson

and Fadley (1984) have shown102 that the forward scattering (i. e. within 90◦ in direction of

the original emission direction) becomes significantly narrower for photoemission from sur-

face layers (Fig. 2.16). This reduces the directional anisotropy of the photoelectrons which is

advantageous for angular-resolved PES. Moreover, the narrow emission plume of photoelec-

trons can be better approximated by a simple expression for the electron’s effective attenu-

ation length,� and thus allows one to predict information depths of a HAXPES experiment

more accurately.86 The photoemission process inside a solid can be thought of as a scattering

process of the photoexcited ion inside the crystal.80 Thus, the photoelectrons reflect the effect
of the lattice vibrations of the crystal in a way similar to that in X-ray diffraction or neutron

scattering, which is described by the Debye-Waller factor. The Debye-Waller factors for pho-

toemission intensities are strongly dependent on temperature and on the excitation energy:

an increase of temperature leads to a decreased intensity of coherently scattered photoelec-

trons. A calculated example is shown in Fig. 2.17, from which we clearly see that low sample

temperatures are advantageous, and for larger X-ray excitation energies the Debye-Waller

factor significantly drops. In practice, at a fixed excitation energy, the cooling of the sample

will significantly increase the analyzable intensity (i. e. unscattered or coherently scattered

photoelectrons).

�The effective attenuation length, λ∗, is introduced by eq. (2.26) on page 28.
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Figure 2.16.: Comparison of the inten-
sity profiles of elastic photoelectron
forward diffraction.
The intensity plumes are drawn as
expected for C 1s photoemission at
hν = 1 keV or hν = 10 keV from
a vertical CO molecule on the sur-
face. Adapted from Thompson and
Fadley (1984).102
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Figure 2.17.: Calculated
Debye-Waller factors
for valence-level
photoemission.
The values are
strongly dependent
on the photoelectron
kinetic energy. At
high kinetic energy,
cooling well below
room temperature
reveals significantly
larger Debye-Waller
factors. Adapted
from Plucinski
et al. (2008).103 � � � � � � �	
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III. The inelastic mean free path A critical parameter for the probing depth in any pho-

toemission experiment is the inelastic mean-free path (IMFP) λ of hot electrons in a solid.

Calculated curves of λ versus Ekin are depicted in Fig. 2.18. The similarity in the slope for

many elemental solids justifies the use of the term “universal” curve. We recognize that with

energies of 10 keV IMFPs of up to 200 Å can be reached.
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Figure 2.18.: Universal curve of photoelec-
tron emission in solids. The inelastic
mean free path (IMFP) λ is the key pa-
rameter to describe inelastic scattering
of photoelectrons in solids.
Extending the escape depth of the
photoelectrons up to several tens of
nanometers (with λ ∝ E0.78

kin ),85 the
HAXPES regime is perfectly suited to
investigate the electronic properties of
buried interfaces or bulk properties.
This recent calculation of IMFPs is
from Tanuma et al. (2011).84

It is evident that, in reality, the IMFP curves can be very different depending on the physical

properties of an individual material. Density, dielectric function and band gap of the solid as

well as the elastic scattering can also alter the trajectory of a photoexcited electron. If these

effects are included into λ, one obtains the effective attenuation length (EAL). One can then

express a mean escape depth down to which unscattered photoelectrons can be expected as

λ∗ = λEAL(Ekin) · cosα, (2.26)

where λEAL denotes the experimentally determined effective attenuation length,80 and α the

off-normal exit angle of the photoelectron.

As evident from eq. (2.26), the bulk-vs-surface sensitivity of the photoemission measurement

can be controlled the kinetic energy or by varying the photoelectron’s off-normal exit angle

α. The behavior is determined by cosine, which gives e. g. a halving of the mean escape

depth at λ∗(60◦) = 1/2λ∗(0◦). This phenomenon is extremely useful, since simply by tilting

the sample one can obtain depth-resolved information,86 which we apply for chemical depth

profiles of EuO/Si in Ch. 5. Most intuitive for depth-selective measurements, however, is

the information depth ID, from which 95% of the detected photoelectrons originate. This

definition coincides, in practice, with the detection limit for chemical species in buried layers

(see Ch. 5.1), and equals approximately ID95% ≈ 3λ∗.

Concluding, hard X-ray excitation offers the advantage of a largely tunable probing depth up

to tens of nanometers, thus allowing to investigate buried layers and functional interfaces.

Minor drawbacks are reduced photoemission cross-sections and Debye-Waller factors. Those,

however, can be compensated by nowadays highly brilliant hard X-ray radiation sources, as

introduced in Ch. 3.4.3.
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2.5. Magnetic circular dichroism in core-level photoemission

Dichroism is derived from Greek and means the “effect of two colors”, originally used for

natural materials showing two colors due to surface effects. The magnetic circular dichroism

(MCD) uses circularly polarized light for excitation and is caused by a directional symmetry

breaking. This can be a magnetic order in the solid. In contrast to itinerant ferromagnets

(e. g. Fe), the “magnetic” open shell in EuO is localized and treated as a core-level in terms

of photoemission spectroscopy. The well-understood core-level photoemission and the com-

pletely available MCD theory render the MCD effect in Eu core-level photoemission an ideal

tool for investigations of tunable effects on the magnetic interaction in EuO thin films: bi-

axial strain, stoichiometry, etc. By using hard X-ray photoemission, the MCD effect can be

analyzed at a selected information depth down to 20 nm, thus providing insight into buried

magnetic layers and interfaces.

In this section, we first introduce the basic theory of MCD in photoemission. We proceed

with a simple example: MCD in 2p core-level photoemission. Finally, coupling schemes of

the angular momenta of the Eu photoemission final states are discussed, as a first step for a

future determination of the line strengths in MCD of Eu core-level photoemission spectra.

2.5.1. Atomic multiplet theory including MCD

In order to understand the MCD effect in photoemission, we need to analyze the photoe-

mission process excited by circularly polarized light, thus including the magnetic quantum

numberM . During the photoemission process, an electron from a core-level with w electrons

of orbital momentum � is excited into a free electron state |ε�′〉 with an orbital momentum �′
and energy ε. Finally, w− 1 electrons are left in the final state configuration |�w−1〉:∣∣∣�w〉︸︷︷︸

| J ,M〉

ΔJ ,ΔM−→ ∣∣∣�w−1; ε�′〉︸������︷︷������︸
| J ′ ,M ′ 〉

. (2.27)

The final states | J ′ , M ′〉 emerge via the dipole selection rules,� according to:

ΔJ = 0, ±1 ΔM = 0, ±1. (2.28)

The photoemission spectrum is composed of the core final states |�w−1〉 and transferred to

the detector by the photoelectron |ε�′〉. In order to quantify the MCD effect, a theoretical

prediction of photoemission line strengths is desirable. A formal description of the MCD in

core-level photoemission considers two interactions,104 (i) intra-atomic exchange coupling,

which connects core-level spins with the magnetically aligned spins of an open shell, and (ii)

the spin–orbit interaction, which couples the orbital “magnetic” momentum of the circularly

polarized photon to the system of magnetically aligned spins of the sample. We discuss

the analytical derivation, as published in Starke (2000),105,106 in a shortened form in the

following.

First, the total photoemission intensity is described by Fermi’s golden rule, similar to core-

level photoemission with unpolarized light (Ch. 2.4). However, for an MCD experiment, we

�Herein, ΔJ = 0 is only possible if J � 0, due to the enforced momentum change of the photohole �w−1.
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must distinguish between the different polarizations q of the light, with q = M ′ −M . There-

fore, we choose the basis | J , M〉 including the magnetic quantum number, and the final states

| J ′ , M ′〉, using the electric dipole operator Pq. A summation over all light polarization q yields
the total photoemission intensity as

σJJ ′ ∝
∑
q

σJJ ′
q =

∑
q

∣∣∣∣〈 J ′ , M ′ ∣∣∣Pq ∣∣∣ J , M 〉∣∣∣∣2, (2.29)

where Pq denotes the q component of the electric dipole moment Pq =
√
4/3π r ·Y

q
� (θ,ϕ),

expressed by the spherical harmonics Y
q
� (θ,ϕ).

We focus on transitions with ΔM = −q = ±1 according to the angular momentum q of the

circularly polarized light. The transition probability σJJ ′ can be divided into two factors

which can be treated separately: (i) the line strength SJJ ′ for every allowed transition J → J ′,
and (ii) the algebra of angular momenta which includes the change of M due to q and the

dipole selection rules. Applying the Wigner-Eckart theorem yields

σJJ ′
q

(2.29)
=

∣∣∣∣〈 J ′ , M ′ ∣∣∣Pq

∣∣∣ J , M 〉∣∣∣∣2
=

∣∣∣∣〈 J ′∣∣∣P ∣∣∣ J〉∣∣∣∣2︸�������︷︷�������︸
SJJ ′

·

(
J 1 J ′
−M q M ′

)2
.︸���������������︷︷���������������︸

3j-symbol

(2.30)

The 3j-symbol vanishes for q =M ′ −M = 0, which means, that the key prerequisite in order to

obtain anMCD is the transfer of the angular momentum of circularly polarized light onto the

final state M ′. The line strength SJJ ′ shows only a non-vanishing MCD difference spectrum,

if the different sub-levels for every M are unequally populated.

The MCD spectrum is defined as

IMCD =
∑
J ′

(
σJJ ′
q=−1 − σJJ ′

q=+1

)
∝

〈
M
〉
kBT

, (2.31)

whereas 〈M〉kBT is the Boltzmann average (at temperature T ) which is proportional to the

macroscopic magnetization |M(T ) |. In this approximation, the MCD spectrum IMCD is a

measure for the macroscopic magnetization.

Example of an MCD spectrum by core-level photoemission

We discuss the MCD in Fe 2p core-level photoemission, which was initially experimentally

observed by Baumgarten et al. (1990) prior to the development of the MCD theory.108 In Fe

2p, the spin–orbit interaction is dominant. Hence, a good approximation is the use of | j, mj 〉
spin–orbit final states as a basis.106 Then, the MCD spectrum can be described by

IMCD(j, mj ) =
∑
�′ s′

(
σ�′ s′
q=−1 −σ�′ s′

q=+1

)
. (2.32)

Here, �′ and s′ denote the final state angular and spin momenta of the photo-ionized p5 shell.
The sum in eq. 2.32 runs over the six spin–orbit lines as indicated in Tab. 2.1. Radial matrix
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Figure 2.19.: Right: MCD components mJ for 2p level
photoemission with dominant spin–orbit interaction.

In (a), the lines correspond to p5 final states in the
limit of dominant SO interaction. (b) MCD simulation
including lifetime broadening. The energy separation
between the pure spin componentsmJ = ±3/2 is always
equal to the exchange coupling strength ζ.

Bottom: MCD of p-level photoemission components
for dominant spin–orbit interaction λ. They depend

on radial matrix elements Δ = 1/3(2R2
2 −R2

0 + R̃0R̃2).
107

Adapted from Starke (2000).105
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elements from literature107 allow one to express the resulting MCD intensities IMCD(j, mj )

for every final state | j, mj 〉, as shown in Fig. 2.19.

In this example, the spin–orbit-only MCD final states of the Fe 2p photoemission can be

analytically quantified. A prediction of MCD line strengths is also desirable for Eu core-

levels, which would allow for a direct comparison of the magnetic coupling in epitaxial EuO

under different biaxial strain. For EuO core-levels, however, the intra-atomic coupling is

more complex, being a composition of spin–orbit and exchange interaction. As a first step,

we discuss the possible intra-atomic couplings schemes of Eu core-levels in the following

section.

2.5.2. Coupling schemes of atomic angular momenta in Eu2+ core-level photoemission

final states

Now, we consider the single photoemission final states of the Eu core-levels, which are the

basis for a further analysis yieldingMCD line strengths. In order to obtain information on the

core hole final state | �w−1 〉, one has to decouple the photoelectron from the total photoemis-

sion final state | �w−1; ε�′ 〉. In case of the electronically similar system Gd 4f , the decoupling
of the photoelectron final state has been conducted analytically by Starke (1999).106 How-

ever, for the MCD in Eu core-level photoemission, this decoupling and an evaluation of σJJ ′
q

of eq. (2.30) has not been published to date. Therefore, as a first step we discuss possible

coupling schemes of the angular momenta in order to obtain J and mJ in the following.

The Eu deep core-levels couple via exchange interaction with the 4f 7 open shell, which we

denote as 8SJ using the term symbol. With the initial state orbital n�ν , the final states are

created via∣∣∣n�ν〉 photoionization−→ ∣∣∣n�ν−1; 8SJ ; ε�〉. (2.33)
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Figure 2.20.: Reducedmj sublevel energies for p-shells and d-shells dependent on spin–orbit coupling
λ or intra-atomic exchange coupling ζ. For dominant λ (jj coupling), the projections mj are

indicated. Adapted from Henk et al. (1999).87

The question is, how the spin and orbital angular momenta of the photoionized core and the

photoelectron couple to the observable projections mJ of the total angular momentum J of

the final states.

In order to include spin–orbit and intra-atomic exchange interaction, we use the single-

particle Hamiltonian for core-shells,

H = λ(� ·σ) + ζσz, (2.34)

where λ denotes the spin–orbit coupling constant for the core-level, and the second term

quantifies the exchange interaction between core and valence-level along a quantization axis,

usually z ‖ M. In Fig. 2.20, the reduced sublevel energies of p and d core-level multiplets

are displayed in dependence on the relative strength of the spin–orbit (SO) coupling. For

dominant SO interaction ( λ
λ+ζ ≈ 1), the jj coupling scheme is suitable. If the SO is small

( λ
λ+ζ ≈ 0), then the LS-coupling is preferred. If both couplings are present, one may select

the intermediate coupling scheme.109 There exist simple cases, in which e. g. the Fe 2p or-

bital is clearly split by the dominant SO interaction (in Fig. 2.20a), this yielding a doublet

with groups of four and two final states, respectively. More ambivalent is the d orbital (in

Fig. 2.20b). Here, the SO interaction may be dominant, then the mJ projections as indicated

only spin–orbit j = �+ s∗.
core hole projection

s∗ � j mj

+1
2

1 3/2 3/2
1/2
−3/2
−3/2

− 1
2

1 1/2 1/2
−1/2

Table 2.1.: Photoemission final states of Eu np shells with spin–
orbit coupling. Only intra-orbital spin–orbit splitting is con-
sidered, which is applicable for Eu 3p.
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will occur in two groups with six and four final states, respectively. In between the limits of

dominant or negligible spin–orbit interaction (λ � ζ, or λ→ 0), the intermediate coupling

scheme is suited to describe the total angular momenta, as seen for the complex example of

Gd 4d. In the following, we express the final state momentamJ for the Eu core orbitals either

via jj or LS-coupling, dependent on their classification on λ in Fig. 2.20.

We begin with a simple orbital: the Eu np6 shell. In Tab. 2.1, the six final final states are

derived under assumption of a pure spin–orbit coupling of the photoionized p5 orbital. For

the Eu 3p, the spin–orbit splitting is clearly dominant (ΔESO = 135 eV, EB = 1500 eV), and

exchange interaction is negligible.

Table 2.2.: Photoemission final states of Eu nd shells in jj-coupling (a) and LS-coupling (b) with the
8S7/2 open shell. In this work, we consider orbitals with principal quantum number n = {3; 4}.

(a) j j-coupling. j = �+ s, J =
�

ji .

core hole mJ of

s∗ mj

(
nd9

)
mj

(
4f7

)
final state

+1
2

5/2 7/2 6

3/2 7/2 5

1/2 7/2 4

−1/2 7/2 3

−3/2 7/2 2

−5/2 7/2 1

− 1
2

3/2 7/2 5

1/2 7/2 4

−1/2 7/2 3

−3/2 7/2 2

(b) LS-coupling. L =
�
�i , S =

�
si , J = L+ S.

core hole mJ of

s∗ mL mS final state

+1
2

2 4 6

1 4 5

0 4 4

−1 4 3

−2 4 2

− 1
2

2 3 5

1 3 4

0 3 3

−1 3 2

−2 3 1

We proceed with the Eu nd10 orbitals, which show a characteristic multiplet structure in

Eu110,111 and Gd112 compounds. In Tab. 2.2 (a), we discuss the final states for jj-coupling,
which is a good assumption for the deeply bound Eu 3d core-levels due to their large spin–

orbit interaction of ΔESO = ∼30 eV and deep binding (EB = 1125 eV). In the 4d core-levels,

however, which are more weakly bound at ∼120 eV, the spin–orbit interaction is weaker.

Thus, a suitable model for the Eu 4d level is the LS-coupling (Tab. 2.2 (b)) showing two parts

of the multiplet, from mJ = 2 . . .6 in the low binding energy part and mJ = 1 . . .5 at higher

binding energy. The best description for the Eu 4d spectra, however, is the more complex

intermediate coupling. For a comprehensive discussion on the 4d final states, we may refer

to literature.112–115

A significant spectral separation due to intra-atomic exchange splitting can be observed in

the Eu ns1 orbital of the photoemission final state. Due to the effect of core polarization (as

described in Ch. 2.4.2), the core hole with spin s∗ can be aligned either parallel or antiparallel

with respect to the spin-aligned 8SJ open 4f shell.116 This yields two spectral features, which

can be practically observed for Eu 3s (weak), 4s and 5s photoemission, as listed in Tab. 2.3. In

this work, we show only the Eu 4s orbital due to its large cross-section and exchange splitting.

Finally, we consider the Eu 4f 7 level. Upon 4f photoemission, the finals states are created as∣∣∣4f 7; 8SJ
〉 photoionization−→ ∣∣∣4f 6; 7FJ ; ε�

〉
. (2.35)
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LS-coupling. L =
�
�i , S =

�
si , J = L+ S.

core hole mJ of

s∗ mL mS final state term symbol

+1/2 0 8/2 8/2 9S4

−1/2 0 6/2 6/2 7S3

Table 2.3.: Photoemission final states of Eu ns2

shells couple via exchange coupling with the
8SJ open shell.

In the final state of the photoionized core (we consider 4f 6 also as “core”), the term symbol

shows the angular momentum F. This is due to Hund’s second rule, which lets L be maximal

under the precondition of 6 parallel spins in 4f 6. Thus, the Eu 4f core final states consist

of the 7FJ multiplet with mJ = 0, . . . , 6.117 The splitting between the spin–orbit states of dif-

ferent J is approximately 0.1 eV, and therefore one observes an unresolved single peak in

high-energy photoemission spectroscopy. Beyond this simple model, electronic correlation

effects may be included by the model proposed by Gunnarsson and Schönhammer,118 which

includes an interplay of strong intra-atomic Coulomb correlations between 4f electrons and

predicts hybridization of the 4f states with the conduction states. The ground and excited

states can be then described by a mixing of several 4f configurations. For details on 4f cor-

relations in EuO, we may refer to literature.40,119,120

LS-coupling. L =
�
�i , S =

�
si , J = L+ S.

n −1 mJ of

spins mL mS final state

+6
2

3 3 6

2 3 5

1 3 4

0 3 3

−1 3 2

−2 3 1

−3 3 0

Table 2.4.: Photoemission final states of Eu 4f shells in LS-
coupling. In this work, we consider the 4f orbitals as
core-level shell.
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Die Pläne hab’ ich bereits im Kopf! Ich muss nur noch einen

passenden Apparat konstruieren.

(Daniel Düsentrieb)

The fabrication and detailed investigation of functional magnetic oxide heterostructures re-

quires suitable experimental methods. First, their synthesis by reactive molecular beam epi-

taxy is illustrated in detail, focusing on in situ passivation techniques for silicon surfaces

and specifications of the growth of magnetic oxide thin films. In a second step, insights

into the surface crystal structure can be obtained from in situ electron diffraction techniques,

and the surface chemical properties (e. g. the silicon oxidation) are controlled by Auger elec-

tron spectroscopy. Finally, a variety of ex situ methods covering superconducting quantum

interference device magnetometry, X-ray diffraction techniques, hard X-ray photoemission

spectroscopy, and the MCD effect in photoemission allow one to compile a detailed picture

of the magnetic properties, crystal structure, and electronic structure of the surface, buried

interfaces, and the bulk of magnetic oxide heterostructures.

3.1. Molecular beam epitaxy for thin magnetic oxide films

In order to fabricate high quality thin films or coatings for electronic and semiconductor

technologies, molecular beam epitaxy (MBE) was invented in the 1960s at Bell Telephone

Laboratories. Nowadays it is used mainly for the fabrication of transistors, diodes, solar

cells, and for fundamental thin film research. MBE is a very fine-controllable deposition

technique, which provides the opportunity to grow epitaxial thin films with a low deposition

rate (typically < 1 nm/s) such that a monolayer-controlled growth is possible.

Thin films growth modes

An essential advantage of the MBE technique is its ability to achieve layer-by-layer growth of

epitaxial thin films. This highest-quality growth mode, however, needs several key prerequi-

sites. First, the mean free path � of the emitted particles should be larger than the distance

from the effusion cell to the substrate surface,

� =
kBT√
2πpd2

!
� 40 cm, (3.1)

with kB: Boltzmann’s constant, T : the system temperature, p: the chamber pressure, and

d: the diameter of the particle. This limits the residual gas pressure to roughly 10−5 mbar.

Nevertheless, UHV conditions in the 10−10–10−11 mbar range are required in order to main-

tain the purity of chemical composition of the film–or in other words – to keep the ratio of

contaminants � 10−5.

35
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Figure 3.1.: Surface tensions between substrate
and film. After Lüth (2010).79

Moreover, the substrate plays a crucial role in epitaxial growth as it initially influences the

arrangement of the atomic species of the growing film. Regarding the substrate, we distin-

guish coherent growth (e. g. EuO on YSZ (100)), in which the film will be single crystalline,

from an incoherent growth mode (e. g. EuO on MgO (100)), in which the film may be also

polycrystalline. Depending on a geometrical consideration of surface tensions between the

substrate and the deposited film (Fig. 3.1), different growth modes can be modeled121 by a

balance of the surface tensions,

γS = γS/F +γF cosϑ, (3.2)

where γS denotes the tension between substrate and vacuum, γF between film and vacuum,

and γS/F between substrate and film. Depending on the angle ϑ between γS/F and γF, three
classic modes of thin film growth are distinguished:

1. In the layer-by-layer (Frank-Van derMerwe) growthmode, the adatoms aremore strongly

bound to the substrate than to each other. With ϑ = 0, we obtain γS � γS/F + γF, which

means that the wetting of adatoms on the substrate is large, because its surface energy

γS is less than that of the substrate. The layered growth is possible even if there is a

slight lattice mismatch, indicating that a strained-layer epitaxy is feasible.

2. The three-dimensional (3D) island growth (Volmer-Weber) occurs, if adatoms are more

strongly bound to each other than to the substrate, so that they form films consisting of

3D islands. With ϑ > 0, we obtain γS < γS/F + γF, which means that the large interface

tensions γF and γS/F induce the island growth mode. Island growth is very probable if

the lattice mismatch is large, and can even occur without any lattice mismatch.

3. The layer-plus-island growth (Stranski-Krastanov). In this intermediate case, a forma-

tion of one or more layers is energetically favorable in the initial growth stages. How-

ever, island growth becomes dominant in the subsequent stages.

4. Step-flow growth occurs at very high temperatures (non-equilibrium) when the surface

diffusion length of adatoms exceeds the average terrace width. Adatoms in this case

migrate to the step edges, which causes the step edges to “flow”.

Surface energies of compounds used for EuO heterostructures in this thesis are compiled in

Tab. 3.1. Remarkably, the system Eu/YSZ is best-suited for layer-by-layer deposition, since

Eu has the smallest and YSZ the largest surface energy of our selection.
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Table 3.1.: Surface energies γ of materials used for magnetic oxide heterostructures in this thesis,
i. e. silicon, oxides for substrates, Eu as constituent for the EuO synthesis, and metals used as
capping or top electrodes. Remarkably, Eu has the lowest and YSZ the largest surface energy, this
heterosystem thus likely forms a smooth Van der Merve interface. The same is true for Eu/Cu
and Eu/Si, but here the wetting of Eu implicates a large reactivity.

material application γ
(
Jm-2

)
method reference

Eu(100) EuO constituent 0.46 density functional theory D. Sander and H. Ibach (2002)122

Eu(111) EuO constituent 0.524 density functional theory D. Sander and H. Ibach (2002)122

Gd magnetic 0.9 cleavage experiments Himpsel et al. (1998)123

YSZ (9%) substrate 1.63 multiphase equilibrium� Tsoga and Nikolopoulos (1996)124

MgO(100) substrate 1.15 cleavage experiments† D. Sander and H. Ibach (2002)122

CaF2(100) substrate 0.45 cleavage experiments† D. Sander and H. Ibach (2002)122

CaO substrate 0.75 equilibrium with H2O Paisley et al. (2011)125

Si(100) substrate 1.2 cleavage experiments Himpsel et al. (1998)123

Al2O3 spacer oxide 1.4 cleavage experiments Himpsel et al. (1998)123

Al capping 1.1 cleavage experiments Himpsel et al. (1998)123

Cu electrode 1.52 cleavage experiments‡ D. Sander and H. Ibach (2002)122

Au electrode 1.41 cleavage experiments‡ D. Sander and H. Ibach (2002)122

� at T = 450 ◦C † at T = 77 K under HV ‡ at elevated T under HV

In situ ultrathin thermal oxidation of silicon

Surface treatments of Si are often necessary to engineer electric properties and tune the chem-

ical reactivity and diffusion behavior, as investigated in Ch. 5. A thermal oxidation of single-

crystalline silicon is the most common process in semiconductor technology in order to create

a thin layer of silicon dioxide. During thermal oxidation of Si, molecular oxygen diffuses into
the Si surface and reacts to SiO2, which has been found to be ∼46% below and ∼54% above

the surface of the original Si wafer.222 Our approach aims at growing ultrathin silicon diox-

ide (dSiO2
� 2 nm) as a chemical passivation layer directly on clean Si (001), which is clearly

thinner than native SiO2 that forms on Si wafers upon exposure to air.

Synthesis of ultrathin silicon oxide by Oxide-MBE is not well-described by the steady state

model126 which is established for thermal oxidation of silicon in the semiconductor industry.

For ultrathin thermal SiO2 growth on Si, Krzeminski et al. (2007) propose a time-dependent

reaction rate approach to model the oxidation kinetics for Si +O2
K−→ SiO2.

127 Including the

diffusivity D, the reaction rate constant K and the concentrations n, the oxidation reaction is

then described by rate equations (i. e. changes by time),

∂nO2

∂t
= ∇

(
D ×∇nO2

)
−K ×nO2

×nSi (3.3a)

∂nSi
∂t

= −K ×nO2
×nSi (3.3b)

∂nSiO2

∂t
= K ×nO2

×nSi (3.3c)

which correspond to the diffusion of molecular oxygen (3.3a), the reaction with silicon (3.3b),

and finally the creation of SiO2 (3.3c). As a result, this model reveals that the O2 cover-

age on the silicon surface behaves like nO2
≈ 0.2 p

T , which clarifies that at a given oxygen
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pressure p the oxygen coverage is significantly larger for lower temperatures T . At higher

temperatures TSi � 800 ◦C, however, the diffusion into the silicon wafer is significantly in-

creased. Thus, the temperature is an essential parameter for successful in situ oxidation of

Si surfaces. Experimentally, the model of the reaction rate approach is verified for ultra-

thin SiO2 on single-crystalline Si (001) synthesized at TSi = 725 ◦C (Fig. 3.2), which shows a

time-dependent behavior nSiO2
∝ t0.8 for the oxide growth.127

Aiming towards a controllable SiO2 growth on Si with

Figure 3.2.: Transmission electron mi-
crograph of 19 Å SiO2 grown on Si
at 720 ◦C for 10 min by thermal sil-
icon dry oxidation.127

ultrathin oxide thickness in this work, we adopt this

parameter set from the low end of the temperature

range for thermal oxidation (TSi ∼ 700 ◦C) and in the

linear time behavior of oxide formation (∂nSiO2
∝ t).

However, the presented approach (eqs. (3.3)) is con-

firmed only for Si oxide thicknesses greater than 1 nm.

Thus, the desired ultrathin Si oxide layers for Si sur-

face passivation (0 < dSiOx
� 2 nm) motivate a de-

tailed determination of the growth characteristics� us-

ing the Oxide-MBE.†

3.2. In situ surface characterization

Chemical and structural characterizations of magnetic oxide heterostructures can be ob-

tained directly in situ before, during and after synthesis of thin films by MBE. Elastic scatter-

ing or diffraction of electrons is the standard technique to obtain structural information about

crystalline surfaces. Before and after process steps like substrate passivation or thin film

growth, the two-dimensional surface crystal structure can be characterized by Low-energy

electron diffraction (LEED). In order to confirm the substrate quality and to monitor the thin

film surface of the magnetic oxide during the in situ synthesis, we use a reflection high-energy

diffraction (RHEED) system. Finally, the chemical properties of the silicon or magnetic oxide

surface can be investigated by Auger electron spectroscopy (AES).

3.2.1. Reflection high-energy electron diffraction (RHEED)

A powerful in situ surface characterization technique is provided by RHEED, which allows

one to monitor the surface crystal quality before, during, and after the MBE growth process.

In RHEED, a focused electron beam accelerated to several keV impinges on a flat sample at

grazing incidence to investigate the surface crystalline structure. Due to the small sampling

depth of RHEED, the surface can be approximated as a two-dimensional layer. Every recip-

rocal lattice rod leads to a reflection, which is depicted in the Ewald construction in Fig. 3.3.

Since the radius of the Ewald sphere (k0 = 2π/λ) is much larger than the reciprocal lattice

�Such SiO2 passivation of the Si (001) surface has been conducted by S. D. Flade128 together with the author

and is presented in Ch. 5.
†A characterization of the Oxide-MBE setup is given in Ch. 3.3.
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Ewald sphere
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incident
e− beam
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�

RHEED
screen

pattern

beam

Figure 3.3.: RHEED working principle.

parameter (k = 2π/d, for cubic lattices), the intersection between both is not very sharp and

the diffraction condition

k−k0 =G‖(hkl) (3.4)

is fulfilled over a range of vertical angles θ. This leads to streaks instead of points on the

fluorescence screen. Based on the Bragg equation nλ = 2d sinφ, the in-plane cubic lattice

parameter d can easily be extracted from the distance � between two reciprocal streaks,129

d = 2λ ·
L
�

L: distance sample–screen �: distance between neighboring rods,

with λ = λe−
deBroglie =

hc√
Ekin(2E

e−
0 +Ekin)

Ekin=10 keV
= 0.12 Å.

If the sample surface is flat on an atomic scale, the diffraction pattern consists of well-defined

parallel lines. If the surface structure is three-dimensional due to island growth, these paral-

lel lines shorten to elongated dots, and many orders of these dots are observable. If, however,

an extremely flat and ideal surface is probed (e. g. flashed Si under best UHV condition) and

Figure 3.4.: Illustration of layer-by-layer growth
observed by high-energy electron diffraction
(RHEED).
A maximum reflection of the specular RHEED
spot occurs for an atomically flat surface (i),
whereas the intensity is damped when deposi-
tion has reached half a monolayer (ii). Once the
deposition of a monolayer is completed (iii), the
maximum reflection is observed again.223
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a very good electron focusing is achieved, one can observe very sharp diffraction spots of

only one order rather than elongated rods. Some inelastically scattered electrons penetrate

the bulk crystal and can be detected besides the surface diffraction pattern. If they fulfill

Bragg diffraction conditions in the bulk, they are observed as diagonal Kikuchi pattern con-

necting the intense surface diffraction points.130 If there is no pattern at all or if it consists of

concentric circles, the surface is not well ordered or even polycrystalline.

Recording RHEED intensity oscillations of the specular reflex with time allows one to quan-

tify the number of monolayers grown in MBE, if the Van-der-Merve growth mode is pre-

dominant, as illustrated in Fig. 3.4. The Oxide-MBE system at PGI-6 is equipped with a

self-constructed RHEED system having a VARIAN 981 e-gun source in the main deposition

chamber.

3.2.2. Low-energy electron diffraction (LEED)

rods
reciprocal

camera

LEED
window

spots

electron gun

screen

4-grid LEED optics

Ewald sphere

sampleincident beam

Figure 3.5.: LEED working principle.

Low-energy electrons with energies from about 20 to 500 eV are ideal probes for surface

studies, because they are mainly elastically scattered by atoms. According to the de Broglie

relation, λ =
√
150.4/Ee−

0 ([λ] = Å, [E] = eV), typical LEED wavelengths are of the same mag-

nitude as interatomic distances in crystals and comparable with that used in X-ray diffraction
(see Sec. 3.4.2). The Ewald sphere intersects only the lattice rods at particular points that

fulfill the Laue diffraction condition eq. (3.4), and the resulting LEED pattern consists of an

ordered arrangement of spots. All surface diffraction patterns show a symmetry reflecting

that of the crystal class and are centrally symmetric. The scale of the diffraction pattern

depends on the electron energy and the size of the surface unit cell as

2π
d
∝
√

2mE

�2
− |G‖|2, (3.5)

where d is the real space lattice parameter, and G‖ a reciprocal lattice vector in the surface

plane.79,131

In the experimental work, a LEED image shall exhibit a sharp pattern and low background

intensity. Defects and crystallographic imperfections will broaden spots and increase the
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diffuse background, due to scattering from statistically distributed centers. Since the area

on a sample surface in which constructive diffraction occurs is smaller than the coherence

width of the electron beam, which amounts to ∼100 Å, a LEED probe is point-like.79 Thus,

LEED probes a microscopic area, while with RHEED one can “scan” the entire surface of the

sample. In this work, LEED investigations are used to monitor the surface crystal structure

by a qualitative comparison with simulated patterns of the LEEDpat software.224 In practice,

we use a three mesh VG Microtech RVL 640 Rear View LEED system.

3.2.3. Auger electron spectroscopy (AES)

Whenever functional heterostructures with the highest chemical quality of interfaces and

surfaces are designed, an in situ analysis of the chemical composition and a quantification of

surface oxidation or possible carbon contamination is essential. Among the non-destructive

and element-selective chemical probing techniques, the Auger electron spectroscopy (AES) is

well-established for analyzing the kinetic energy of secondary electrons. For light elements

(Z � 30), the Auger-Meitner cascade is the dominant emission process, when surface atoms

are excited by X-rays or electrons. The external excitation leaves an electron core-hole (A),

which is filled by an upper shell electron (B). This recombination energy is characteristic for

the particular elemental atom and is used to emit an outer shell electron (C) carrying the

characteristic kinetic energy

Ekin = EA −EB −EC −Evac.

The specific Auger processes are named by the participating shells, e. g. KLM for transitions

between the s and p orbitals and an emission from the d shell.
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Figure 3.6.: Cylindrical mirror analyzer for Auger electron spectroscopy. The pass energy E0 and volt-
age Up between the two cylinders are related by E0 = eUp/0.77ln(b/a), with a and b denoting the

radii of the inner and the outer cylinders.79

A cylindrical mirror analyzer (CMA) is used for Auger electron spectroscopy. The Auger

electrons are focused from an entrance point into a certain cone by two concentric cylindrical
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electrodes onto an image point, where a Channeltron detector is positioned. The electric

field determining the pass energy is a radial field between the two concentric electrodes, as

schematically shown in Fig. 3.6. For AES, a non-retardingmode is used in which the electrons

pass through the analyzer with their initial kinetic energy, and the energy range being swept

by varying the potential on the outer cylinder. With this geometry, an energy resolution of

0.6% of the electron kinetic energy can be reached, which is limited by the angular deviation

of the incoming electron trajectories (see Lüth (2010)).79

In this work, AES is employed to routinely check the surface quality by means of chemi-

cal cleanliness, and to quantify the thickness of the in situ oxidation of silicon. A VARIAN

cylindrical mirror analyzer is used with electrons of Eexc = 3 keV from a VARIAN 981 e-gun

source. In practice, the energy resolution is ∼1 eV due to the sweep generator.

3.3. Experimental developments at the Oxide-MBE setup

Figure 3.7.: Details of the Oxide-MBE setup at PGI-6. (a): Atomic gas supply with robust tungsten
filament in a high pressure cracking bulb. (b): Oxygen nozzles which are located 10 mm in
front of the sample surface and the mass spectrometer filament. (c): Flashing stage for Si wafer
pieces. Right: Oxide-MBE setup at PGI-6 equipped a drive-through fast load lock system (I), a
preparation chamber (II), the main deposition chamber (III), and an analysis chamber (IV).

The Oxide-MBE setup utilized in the frame of this thesis allows for the deposition ofmagnetic

oxide heterostructures in conjunction with oxides or silicon substrates. Historically, mainly

metallic three-layer structures have been fabricated in this system since the 1980s in order

to explore novel electronic effects. In particular, in 1988 Fe/Cr/Fe structures showed an “en-
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Figure 3.8.: Geometrical arrangement of oxygen nozzles inside the Oxide-MBE. Drawing (a) illustrates
the bisection of gas supply with respect to the sample manipulator and the mass spectrometer.
A top view in drawing (b) illustrates the position of oxide reaction on the manipulator.

hanced magnetoresistance”1 which established as the giant magnetoresistance (GMR) effect.�

This discovery was awarded with the Nobel Prize for P. Grünberg and A. Fert in 2007.219

In the Peter Grünberg Institut (PGI-6 “Electronic Properties”), the MBE system comprises

three UHV chambers and a drive-through fast load lock system (Fig. 3.7 I), which are con-

nected by a fully rotatable and heatable sample manipulator. First, a pre-chamber (II) allows

for a fast deposition of metallic layers (e. g. Al) and contains gas nozzles, by which the in situ

silicon oxidation or hydrogen termination with partial pressures up to the 10-2 mbar regime

are conducted. Second, providing best vacuum conditions of ∼10-11 mbar, the main depo-

sition chamber (III) is equipped with three electron beam evaporation guns which permits

one to evaporate up to five different target materials. The atomic flux rate can be monitored

parallel by two quartz crystal microbalance systems. Here, the magnetic oxide deposition

takes place under a meticulous control of Eu flux and oxygen partial pressure. Controlling

the crystalline surface structure during deposition is feasible by a RHEED system. Finally,

the analysis chamber (VI) contains the surface analysis tools, i. e. LEED for imaging the sur-

face reciprocal lattice and Auger electron spectroscopy for chemical surface investigations. In

order to match the special needs for the synthesis and investigation of ultrathin oxide films,

three special developments have been introduced into the system. Therefore we refer to it as

a specialized Oxide-MBE.

First, to allow for a meticulous control of the oxygen supply necessary for the magnetic oxide

synthesis, two nozzles of a symmetric circular shape (Fig. 3.7b) distribute the process O2 gas

equally to a quadrupole mass spectrometer as well as to the surface of the sample. This local

gas supply provides the advantage that the remaining chamber is spared from gas adsorption:

the highly reactive Eu reservoir as well as filaments benefit from this.

�The GMR uses the inter-layer exchange interaction between the adjacent magnetic layers separated by a

thin nonmagnetic spacer which favors an anti-ferromagnetic configuration of the magnetic layers. Due to spin-

dependent scattering in the three-layer system, the resistance of the antiparallel magnetic configuration in rema-

nent state is much larger than in a parallel configuration under external H field. Nowadays, this is the basis for

hard disk read heads or miniaturized H field sensors.
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Figure 3.9.: Thermal hydrogen cracker for in situ substrate treatments, for example silicon surfaces.
Left: degas mode. Right: cracking mode with H2 supply (Tfil ≈ 2000 K).

In order to provide chemically clean and atomically sharp silicon surfaces, we treat Si wafer

pieces by an in situ thermal flashing procedure. A flashing sample holder consisting of tan-

talum clamping, tungsten fixation screws, and alumina isolation spacers enables the effec-
tive thermal cleaning of Si pieces by a direct current heating. We constructed the flashing

stage according to the textbook of Yates (1998)132 and under practical advice from West-

phal (2011).133 The thermal flashing procedure takes place in the main chamber under the

best UHV conditions (Fig. 3.7c), and substrate temperatures of TSi � 1100 ◦C are easily reached

for low-doped silicon (ρSi � 3 kΩ cm).

Atomic hydrogen is suited for the surface passivation of silicon dangling bonds, which we

provide in situ in order to ensure chemical cleanliness and to cover a broad range of supply

parameters. For H2 crackers using a tungsten hot surface, the efficiency of H production is

proportional to (pH2
)
1/2 in a regime pH2

> 10−5 mbar, and commercial H2 crackers work at

pH2
≈ 10−2 mbar in the tungsten cracking capillary.132 Using a white glowing tungsten sur-

face (TW � 2000 ◦C), a dissociation efficiency of 0.3 per H2 collision with W was reported.134

In order to match these efficiency parameters and considering the limited space in the pre-

chamber, we developed a source for atomic hydrogen and mounted it to the pre-chamber. It

is fabricated from a high-power halogen lamp (Fig. 3.7a).� Ultraclean (99.999%) molecular

hydrogen gas is leaked by a dose valve into the cracking bulb, in which the tungsten fila-

ment is heated with a power of ∼60W. While a hydrogen partial pressure in the chamber of

10−3 mbar is found to optimally passivate the clean Si, we estimate the hydrogen pressure in

the cracking bulb to be in 10−1 mbar regime, in agreement with the reported working pres-

sure of commercial crackers. Moreover, the cracking bulb architecture with a short nozzle

protects the sample surface from unwanted evaporation of the hot cracking filament.

For this work, only a persistent high chemical and structural quality of the EuO heterostruc-

tures permits one to systematically investigate a tuning of composition, strain, or interface

structure. The presented specializations of the Oxide MBE setup render high quality growth

of EuO thin films possible on various oxide substrates (as shown in Ch. 4). Moreover, ad-

vanced treatments of clean Si crystals are applicable in order to apply atomically thin passi-

�Fabrication from high-power halogen lamps suggested by F.-J. Köhne.



3.4. Ex situ characterization techniques 45

vations to the surface (as presented in Ch. 5).

3.4. Ex situ characterization techniques

In addition to the in situ synthesis and characterization of magnetic oxide heterostructures,

we apply a variety of ex situ characterization methods which permit an in-depth analysis

of magnetic properties, crystalline structure and the electronic structure. After a brief intro-

duction of bulk-sensitive S�UIDmagnetometry and X-ray diffraction techniques, photoemis-

sion spectroscopy with advanced analysis methods are discussed, which allows for a depth-

selective profiling. We present a model to determine the information depth by HAXPES and

derive a formula to quantify chemical species located at a buried interface. We introduce the

HAXPES beamlines and endstations where the photoemission experiments were conducted.

Finally, we present the photoemission experiment conducted with circularly polarized X-ray

light, which allows to investigate the magnetic circular dichroism effect in magnetized thin

films.

3.4.1. Superconducting quantum interference device (S�UID) magnetometry
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Figure 3.10.:Measurement
principle of a super-
conducting quantum
interference device
(S�UID). The thin film
sample is reciprocating
through the supercon-
ducting detection loops
(a). Variations of the
flux Φ (b) are converted
by a Josephson contact
into an RF signal (c).

In order to characterize the bulk magnetic properties of thin magnetic oxide films, S�UID

magnetometry is perfectly suited, as it provides a sensitivity down to the nano emu regime.�

Moreover, a He atmosphere prevents the degradation of the air-sensitive samples. The prob-

ing of the sample magnetization takes place in the S�UID sensor, which consists of a su-

perconducting ring interrupted by one Josephson contact. Due to the fundamental magnetic

flux quantization (Meißner-Ochsenfeld effect), only a magnetic flux of multiples of Φ0 = h
2e

is allowed to pass through the area of the ring. During measurement, a magnetic sample

�The electromagnetic notation “emu” measures magnetic moment in the Gaussian cgs system. It converts to

SI as: 1 emu = 10-3 Am2 = 10-3 J/T.
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is moved through the ring (Fig. 3.10a), which induces a ring current. At the same time, the

magnetic flux through the ring has to result in an integer multiple of Φ0. To fulfill this con-

dition, the Josephson contact generates voltage oscillations with the time period of one ΔΦ0

(Fig. 3.10b, c). These voltage oscillations are detected by an RF coil and further processed (see

Fig. 3.10).

In practice, when m̃(T ) denotes a measuredmagnetization, m̃off the magnetization offset from
zero when only a vanishing signal is expected (i. e. at T � TC), m̃0 = m(T→0) the measured

saturation magnetization, and mtheo the theoretically expected magnetization, then the mag-

netic moment m in μB per magnetic formula unit can be expressed as

m(m̃(T )) =
m̃(T )− m̃off

f μB
·
Vcell

Ad
, or (3.6a)

d =
m̃0 − m̃off
f μBmtheo

·
Vcell

A
. (3.6b)

Here, μB denotes Bohr’s magneton, Vcell = a3 the volume of the cubic unit cell of the magnetic

oxide, f the number of magnetic units per cubic cell, A the area and d the thickness of the

magnetic thin film. Application of eq. (3.6a) with known geometry of the magnetic thin film

reveals the specific magnetic moment m. Alternatively, by assuming an optimum sample

with reference magnetization m̃0 = mtheo, the thin film thickness d can be obtained from eq.

(3.6b).

In this work, a �uantum Design MPMS XL S�UID magnetometer is used to determine the

magnetic properties of magnetic oxide thin films. The magnetization m(T ) is recorded as

field warm curve at a minimum saturation field (usually ∼100 Oe), which we determined by

hysteresis measurements for every thin film sample.

3.4.2. X-ray diffraction methods (XRD, XRR, RSM)

Based on the Bragg equation nλ = 2d sinθ, X-ray diffraction (XRD) is a versatile technique

which allows for the determination of structural properties such as the distance between

crystal lattice planes, the thickness of layers, interface and surface roughness, texturing, and

mosaicity, to mention the most common properties.

In a simple Bragg-Brentano setup, in which one axis (2θ) is moved in order that the sample

surface is always at ω = θ, a standard 2θ–ω diffractogram is obtained (Fig. 3.11). Here, only

crystallites oriented parallel to the surface contribute to the diffraction peak. The observable

peaks directly arise from the diffraction after Bragg’s law, and the exact peak position on the

2θ scale allows to calculate the distance between diffracting planes (c: out-of-plane lattice

parameter). The width of those peaks provides information about the orientation distribu-

tion of the crystallites, i. e. the mosaicity. Thus, already simple XRD diffractograms provide

information about orientation and quality of thin films with good crystallinity.135

Using small angle scattering in the 2θ–ω setup, also known as X-ray reflectivity (XRR), a

simulation of Kiessig fringes using the Parratt model136 allows for the determination of the

thickness of several layers from roughly two up to hundreds of nanometers. Moreover, from

the damping of these fringes, the interface and surface roughness can be modeled.
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Figure 3.11.: Themeasurement geometry of
a two-axis X-ray diffraction. In the
Bragg-Brentano geometry, the focus of
the X-ray tube, the detector and the
sample are situated on a focussing cir-
cle with a radius scaling down with
larger diffraction angles.

Coherent areas of the reciprocal space can be recorded with two-dimensional reciprocal space

maps (RSM). In the neighborhood of a selected diffraction peak, a series of ω–2θ scans is

conducted such that a two-dimensional area is scanned by the stepwise variation of ω. The

coordinates in reciprocal space q are expressed as

q‖ = REwald

(
cosω − cos(2θ −ω)

)
(3.7)

q⊥ = REwald

(
sinω + sin(2θ −ω)

)
, [q] = rlu = reciprocal lattice units (3.8)

where REwald = 2π/λ
CuKα
= 40.7 nm−1 is the radius of the Ewald’s sphere. We obtain an inter-

pretation of structural deviations from a perfect crystal by reflex broadening with respect to

the scattering vector q (see Fig. 3.12). Moreover, a quantitative evaluation of parallel and per-

pendicular lattice components i with respect to the surface can be obtained, if the reciprocal

��

��

�
�

������		��

��

�
�


��������
��
��������

�������
�������������
������

������
����������

��������

��� ���

�

Figure 3.12.: Reciprocal space mapping. (a) An asymmetric reflex provides information of q‖ as well

as q⊥. (b) Broadening effects of an asymmetric reflex and its structural interpretation.135
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coordinates qi are converted into real space distances with Miller’s indices mi ,

di =
1

qi
·mi, mi =

⎧⎪⎪⎨⎪⎪⎩h or k, for i parallel,

l, for i perpendicular.
(3.9)

In this work, all X-ray diffraction experiments are conducted with a four-cycle Phillips MRD

Pro using monochromatized Cu Kα radiation.

3.4.3. Hard X-ray photoemission spectroscopy (HAXPES)

�uantifying the element-specific electronic properties of a multilayer system is impossible

when using surface-sensitive soft X-ray photoemission due to its limited probing depth. The

major limiting factor is the inelastic scattering of free electrons in solids. For an electron with

energy Ekin = �
2k2
2m , the inelastic mean free path (IMFP) can be expressed as λ =

(
�k
m

)
�τinel.,

where τinel. denotes the lifetime due to inelastic scattering processes. A removal of unwanted

top layers with argon etching and subsequent soft X-ray PES provides access to buried layers,

however, this approach significantly changes the surface morphology and hampers a further

investigation of highly reactive functional layers such as EuO.

Since the last decade, however, the hard X-ray regime (hν � 2 keV) has become available to

photoemission – an energy range complementary to the established soft X-rays. This extends

the escape depth of the photoelectrons up to several tens of nanometers according to the es-

timation λ ∝ E0.78
kin , as depicted in Fig. 2.18.84,85 Thus, HAXPES with photon energies up to

10 keV is perfectly suited to investigate the electronic properties of buried interface or bulk

properties. Hard X-ray excitation, however, implies also drawbacks such as reduced photoe-

mission cross-sections and Debye-Waller factors, as discussed in Ch. 2.4.3. Fortunately, since

Figure 3.13.: An extra-wide photoemission spectrum by HAXPES. Deep core-levels are accessible and
valence-like levels have reduced cross-sections, as illustrated in a survey spectrum taken at hν =
4 keV. The spectrum of a buried SiOx interface layer (inset) varies in observable SiOx fraction
with excitation energy.
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highly brilliant synchrotron light sources are available (e. g. PETRA III), the reduced photoe-

mission cross-sections can be compensated by high-intensity hard X-ray radiation: photoe-

mission spectra with a wide range of electron kinetic energies are thus available (example

in Fig. 3.13). This, in turn, fulfills the key prerequisite for depth profiling of the electronic

properties in multilayer structures including buried layers and interfaces, by analyzing pho-

toelectrons of largely different kinetic energies.

The HAXPES experiment at KMC1 beamline in the BESSY II storage ring

Figure 3.14.: The HIKE endstation (a) is located at the KMC1 dipole magnet beamline (b) at the
BESSY II storage ring in Berlin.

Since 1994, the third generation synchrotron light source of the Helmholtz-Zentrum Berlin

(Germany) provides access to a variety of experiments employing highly brillant X-ray light.

Electrons are accelerated up to an energy of 1.7 GeV and are injected into the storage ring

BESSY II. A variety of X-ray sources (undulator, wiggler and dipole magnet sources) with

high energy resolution are in operation.

The KMC-1 beamline disperses light from a dipole light source, and is coupled to the HIKE

endstation with a SCIENTA R4000 electron spectrometer. Spectroscopy experiments can be

conducted with a high energy resolution and an excitation energy up to 12 keV. A two-crystal

Si monochromator provides mono-energetic light, achieving an overall energy resolution of

200 meV. Very high resolution is achieved around 2, 6 and 8 keV photon excitation energy

due to an optimal Bragg reflection of the monochromator crystals. The instrumental reso-

lution of the spectrometer can be better than 40 meV at 6 keV (Gorgoi et al. (2009)).98 As

depicted in Fig. 3.14a, the R4000 analyzer is positioned at an angle of 90◦ with respect to

the incoming X-ray light. Thus, the excitation is at grazing incidence which lets the photo-
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electron emission be normal to the surface in the standard setup. This provides the largest

escape depth of the photoelectrons and, moreover, lets the X-ray penetration depth match the

electron escape depth, which minimizes the inelastic background of photoemission spectra.

In this work, magnetic oxide on silicon heterostructures are investigated by high-resolution

HAXPES measurements at the HIKE endstation.

The HAXPES experiment at P09 beamline at PETRA III
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Figure 3.15.: Schematics of the beamline P09 at PETRA III. Courtesy Gloskovskii et al. (2012).97

Since 2010, a very high photon brilliance due to its small emittance of 1 nmrad at 6 GeV

makes X-ray light of the Positronen-Elektronen Tandembeschleunigeranlage (PETRA III stor-

age ring) in Hamburg (Germany) perfectly suited for spectroscopic techniques requiring high

energy resolution and high intensity.

At the hard X-ray beamline P09 (Fig. 3.15), the energy adjustment of highly coherent light is

provided by a two-meter undulator followed by a Si-crystal primary monochromator. For ex-

periments requiring elliptically polarized light, a double-stage diamond phase retarder can

be moved into the beam path in order to generate either linear or circularly polarized X-ray

light. In order to allow for magnetization-dependent measurements of the magnetic circu-

lar dichroism effect�, a permanent magnet can be approached by a non-magnetic ultrathin-

walled feedthrough. In this way, we apply a large magnetic induction (Bmax � 1 T) to the thin

film sample, which remains then remanently magnetized.

A high-resolution HAXPES setup using a SPECS Phoibos 225 HV delay line detector is in-

stalled as the spectroscopy endstation. The detector is situated along the dispersive direction

of the spectrometer, which permits a detector resolution of 30 meV at 10 keV.97 Figure 3.16

illustrates the arrangement of analysis chamber, the energy analyzer, and optionally magne-

tized thin film sample.
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Figure 3.16.: HAXPES experiment at the P09 beamline at PETRA III (a). (b): Geometry of an MCD
measurement. A remanent magnetization of the thin film parallel or antiparallel with respect to
the incoming light is induced by a removable permanent magnet. (c): The sample temperature
is directly measured at the sample plate using a thermocouple (design courtesy F. Okrent).

3.4.4. Depth-selective profiling with HAXPES

A suitable measure of the sampling depth in solids from which photoelectrons carry infor-

mation to the detector is based on the so-called information depth (ID). We define the infor-

mation depth as the probing depth from which 95% of the emitted photoelectrons originate,

thus I(λ,α)|topID

/
I(λ,α)|top∞ � 95%, whereas

I(λ,α)
∣∣∣top
bottom

= C
∑

layers i

∫ top i

bottom i
exp

( −z
λi cosθ

)
dz, (3.10)

where I denotes the spectral intensity, z the depth in the heterostructure from the surface, λ
the effective attenuation length,84 θ the off-normal emission angle, and C a sample-specific

parameter. For example, using an excitation energy hν = 4 keV, we can obtain an information

depth of approximately 20 nm for valence level photoemission peaks.

�see MCD results in Ch. 4.
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Figure 3.17.: Schematics of hard X-ray photo-
electron excitation and damping in a three-
layer heterostructure. Taking advantage of
the largely tunable excitation energy of the
hard X-ray synchrotron radiation, the re-
sulting information depth is the essential
parameter for a depth-selective probe of
multilayer structures.
As an example, the excitation takes place in
the buried magnetic oxide and the electron
yield is damped by the metallic overlayer.

An essential application of HAXPES is the determination of non-destructive depth profiles

of specific elements with Ångström resolution. Photoelectron excitation and damping in de-

pendence on the depth z is illustrated in Fig. 3.17. The detected intensity I can be expressed

in dependence on the density n of an element x which reveals a profile in z,

Ix =
I∞x

N∞x λ(Ekin) cosθ
·

∫ b

a
nx(z) exp− z

λ(Ekin) cosθ
dz, (3.11)

where N∞x denotes the density of an element x in the bulk and nx(z) the density profile of x.
The function nx(z) can be unraveled by a series of photoemission measurements of element

x with different kinetic energies of the photoelectrons (procedure conducted e. g. by Rubio-

Zuazo and Castro (2008)).137

In this work, however, the determination of a continuous density profile is replaced by two

representative values. First, bulk-sensitive measurements are conducted by using a large ki-

netic energy of the photoelectrons, thus λ is large, too. As a complementary second measure-

ment, the kinetic energy is tuned down by using the minimum excitation energy provided

by the beamline, thus the information depth is tuned to a minimum and the experiment is

surface-sensitive. Alternatively, changing the emission geometry of the photoelectrons to a

large off-normal emission angle also reduces the mean escape depth according to λ(Ekin)cosα
(see Fig. 3.18).

Thickness determination of buried layers by HAXPES

The depth sensitivity of HAXPES not only allows the determination of the chemical state

of a thin buried layer, but also its thickness. The thickness of buried oxide tunnel barriers,

though, is a key parameter for oxide spintronics.85 Considering a layer stack, in which a

toplayer of thickness c is of interest on top of a substrate, a simple formula can be derived138

and applied139 for such a two-layer system. As an example, the thickness of a silicon surface
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Figure 3.18.: Photoelectron yield for low or high
kinetic energy and off-normal emission. In
case of a high kinetic energy of the pho-
toelectrons, the escape depth is large due
to less probable inelastic scattering. Low-
kinetic energy electrons experience inelas-
tic scattering more likely on their escape,
such that the depth of unscattered photo-
electron is smaller. Off-normal emission re-
duces the escape depth by cosα and ren-
ders this configuration surface-sensitive,
too. For an off-rotation of α = 60◦, the
photoelectrons travel two times the normal
emission path to escape the solid.
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oxide on top of a silicon wafer calculates as

c = −λox cosα · ln

(
Iox
ISi

·
λSinSi
λoxnox

)
. (3.12)

Here, λ denotes the effective attenuation length,84 α is the off-normal emission angle, n is the

density of the element from which the spectra arise (e. g. Si), and I are the measured spectral

weights of either the bulk material or the surface layer of interest.

However, if the thin layer of interest is buried under multiple top layers (e. g. EuO and a

capping), we have to extend the derivation of eq. (3.12) in order to obtain a model for a three-

layer system: this includes intensities of a substrate, a thin buried reaction layer, and accounts

for the exponential damping of the photoelectrons by top layers. First, we consider the pho-

toelectron intensities I of the substrate (sub) and a possible reaction layer (rl) as depicted in
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Figure 3.19.: HAXPES probe of a buried interface. The photoelectrons from either the substrate ele-
ment are evaluated (a), or from an element of the tunnel barrier (b).
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Fig. 3.19a,

Irl(c,d,λ) = e
− d

λcap cosα

∫ d+c

d
e
− x

λrl cosα dz, and (3.13)

Isub(c,d,λ) = e
− d+c

λcap cosα

∫ ∞
d+c

e
− x

λsub cosα dz. (3.14)

In the next step, we express the fraction of spectral contribution of the reaction layer frl with

respect to the bulk intensity. Here, the measured intensities I have to be normalized by λ and

the density n of contributing atoms in the particular layer,

Irl(c,d,λ)

Isub(c,d,λ)
calc
= frl

meas
=

Irl
Isub

·
λsubnsub
λrlnrl

. (3.15)

This equation (3.15) contains the thickness of the buried reaction layer c. Because it is not

analytically solvable, a Taylor expansion of c to the 2nd order is applied which lets c be

expressed as

c =
λrlλcap∗λsub cosα

λsubλcap∗ − 2λsubλrl − 2λrlλcap∗
+

e
d

λrl cosα λsub cosα
√
λrlλcap∗

λsubλcap∗ − 2λsubλrl − 2λrlλcap∗
·

√√√√√√√√2frlλcap∗λsube
d

λrl cosα − 4frlλrlλsube
d

λrl cosα − 4frlλrlλcap∗e
d

λrl cosα −λrlλcap∗e
d

λsub cosα

−e d
λsub cosα

(
e

d
λrl cosα

)2 .

(3.16)

In order to determine the thickness of possible reaction layers of EuO on a silicon surface

(SiOx or EuSi2), this expression is applied to Si 1s or Si 2p HAXPES spectra of EuO/Si het-

erostructures investigated in this work.

A consistent chemical characterization of the reaction layer at the functional EuO/Si interface

can be achieved by the additional evaluation of HAXPES spectra from the magnetic oxide

layer in direct contact with the Si substrate. Here, the photoelectrons from the bottom layer

in the EuO oxide (ox) layer carry information about the electronic structure of a possible

reaction layer (rl). Hence, the HAXPES intensities are modeled according to Fig. 3.19b as

Irl(a,b,c,λ) = e
− a+b

λcap∗ cosα
∫ a+b+c

a+b
e
− x

λrl cosα dz, and (3.17)

Iox(a,b,λ) = e
− a

λcap cosα

∫ a+b

a
e−

x
λox cosα dz. (3.18)

The measured photoelectron spectra have to be normalized (similar to eq. (3.15)), and this

fraction is compared with the modeled fraction, so that
Irl(a,b,c,λ)
Iox(a,b,λ)

calc
= frl

meas
=

Irl
Iox

·
λoxnox
λrlnrl

can be

solved analytically to extract the thickness c of the reaction layer as

c = −λrl ln

⎛⎜⎜⎜⎜⎜⎜⎝frlλox

λrl
e
− aλox+aλcap+bλcap

λcapλox cosα + e
− (a+b)(λcap∗+λrl)

λrlλcap∗ cosα − frlλox

λrl
e
− a(λox+λcap)

λcapλox cosα

⎞⎟⎟⎟⎟⎟⎟⎠ · cosα
+
aλrl + bλrl + aλcap∗ + bλcap∗

−λcap∗
.

(3.19)
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This expression is applied to determine the thickness of a possible reaction layer in EuO/Si

heterostructures (e. g. EuSi2) by the evaluation of Eu core-level spectra by HAXPES in this

work.

Choosing the excitation energy and a background treatment

In the experiment, the excitation energy should be selected in a way to optimally investigate

the buried interface of the EuO/Si heterostructures. In order to limit the information depth

of Si photoemission to the top layer of the Si substrate, a reduced excitation energy is applied

(e. g. the beamline minimum of the HAXPES endstation), while a high photon energy (hν �
4 keV) is chosen to fully record the photoemission of buried Eu atoms at the bottom of the

EuO slab.

Inelastic processes of photoelectrons in the solid generate secondary electrons and thereby

generate a broad background intensity. Only photoelectrons carry the initial state informa-

tion which are not inelastically scattered. In order to evaluate sharp peaks of unscattered

photoelectrons quantitatively, it is necessary to define and subtract a realistic background of

inelastically scattered photoelectrons. Therefore, we use the approach of Tougaard (1988) in

this thesis, to simulate the inelastic background of secondary electrons, which is best suitable

for inelastic backgrounds of rare earth compounds.141–143

3.4.5. Hard X-ray circular magnetic dichroism in photoemission

Magnetic circular dichroism using hard X-ray photoemission spectroscopy (MCD-PE) com-

bines the element-selective sensitivity with a magnetic contrast (intra-atomic exchange inter-

actions: MCD) and a largely selective information depth up to ∼20 nm. Hence, MCD-PE is

perfectly suited to probe buried interfaces of ultrathin magnetic layers.

If a core-level shows an unequal population for every M quantum number, and the solid has

magnetic order, then the magnetic circular dichroism (MCD) effect can occur.� The photoe-

mission variant of MCD is attractive, because it does not involve a spin-polarization analysis

of the photoelectrons, but only a measurement of their intensity. Unlike X-ray absorption

experiments, photoemission spectroscopy is usually (at least partially) constrained to cer-

tain emission angles. The geometry of an MCD experiment in photoemission is completely

described by four vectors,

{q, M, ke− , n}, (3.20)

where q and M are the magnetic directions of the circularly polarized light and the sample,

respectively. ke− is the photoelectron wave vector and n denotes the surface normal. The

question, whether an MCD asymmetry in photoemission is observable at all, is answered by

a rule given by Feder and Henk (1996):144

MCD in photoemission can exist, if there is no space-symmetry operation which

only reverses the magnetization M but leaves the system unchanged otherwise.

A discussion on forbidden geometries in order to observe MCD in photoemission is given in

Starke (2000),105 it comes out that only normal incidence combined with normal emission

�for an introduction of the MCD effect, please see Ch. 2.5.
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does not fulfill the above-mentioned rule. We remark moreover, that the MCD amplitude

depends on the direction of the ke− vector, for this we refer to literature.145 Here, we focus on

the geometry used in this thesis: the electron wave vector ke− is in 10◦ off-normal emission,

and the axial vector of the light polarization q is either parallel or antiparallel to the in-plane

sample magnetizationM. In this setup, every symmetry operation (i. e. rotation of the sample

by the n-axis or mirroring by planes normal to the surface) which changes M also alters ke− .
Thus, the rule of Feder allows one to observe the MCD effect in photoemission.

In a photoemission spectrum including MCD, the intensity of a peak changes when the po-

larization of the incoming light is changed from left-circularly polarized light (LCP) to right-

circularly polarized light (RCP), or as an alternative the magnetization of the sample is re-

versed. The MCD asymmetry is defined as

MCD ≡ I(σ+,M)− I(σ−,M)

I(σ+,M) + I(σ−,M)
=
I(σ+, +M)− I(σ+, −M)

I(σ+, +M) + I(σ+, −M)
. (3.21)

The MCD photoemission experiment is conducted with hard X-rays at the HAXPES beamline

P09 at the high brilliance storage ring PETRA III (see Ch. 3.4.3). In practice, a constant he-

licity of the incoming light (e. g. σ+) is used, and to obtain the MCD asymmetry in eq. (3.21),

the magnetization of the thin film is altered to be either parallel or antiparallel with respect

to the k vector of the incoming light (see Figs. 3.20, and 3.16 on p. 51). This offers a high ex-

perimental consistency: neither a modification of the X-ray beam (by changing the diamond

phase retarder) nor a rotation of the sample position (by 180◦) is needed in order to reverse

the MCD effect.
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Figure 3.20.: Geometrical setup for the HAXPES measurement of the magnetic circular dichroism ef-
fect (MCD).



4. Results I: Single-crystalline epitaxial EuO thin films on cubic

oxides

Researchers engineering oxide heterostructures and

layer-by-layer film growers [. . . ] can dramatically accelerate the

rate at which new functional oxides are discovered, enabling

innovative materials for spintronics or new energy technologies.

(after J. Chakhalian, 2012146)

A key prerequisite of functionalizing magnetic oxides as spin filter materials is a high-quality

stoichiometric synthesis, which ensures a bulk-like ferromagnetism.

In this chapter, we discuss the synthesis of ultrathin EuO and investigate the impact of dif-

ferent cubic substrates on the electronic properties of epitaxial EuO thin films. First, we

investigate a system with perfect lattice match, EuO on yttria-stabilized zirconia (YSZ). This

system is perfectly suited to study and optimize the growth of single-crystalline EuO thin

films, since it allows for coherent growth. Second, we characterize electron beam-treated

YSZ with unaltered crystal structure and a certain electrical conductivity. This “conductive

YSZ” substrate opens up the possibility to perform electron diffraction and photoelectron

emission experiments on otherwise insulating oxides.

Aiming towards ultrathin EuO films in the nanometer regime for application as tunnel barri-

ers, we investigate the magnetic behavior of single-crystalline epitaxial EuO from bulk thick-

ness down to one nanometer. We confirm the stoichiometry and chemical cleanliness of EuO

on conductive YSZ, and investigate the depth-dependent chemical homogeneity by high res-

olution HAXPES core-level spectra. Finally, taking advantage of the MCD in photoemission,

we investigate the spin-dependent electronic structure of ultrathin magnetic EuO films.

Tuning the lateral lattice parameter of thin EuO films is not only of interest from the synthesis

point of view, but also fundamentally changes the magnetic behavior of the EuO film under

the tensile or compressive force of the underlying lattice. We discuss epitaxially grown EuO

on LaAlO3 (100) which provides a moderate tensile strain, and investigate magnetic prop-

erties by S�UID and hard X-ray magnetic circular dichroism. Finally, we investigate a large

compressive strain in the heteroepitaxial system EuO on MgO (100).

Key parameters for stoichiometric single-crystalline EuO growth on oxides

First, we discuss a route how to stabilize thin films of the metastable magnetic oxide EuO

by reactive MBE. Stoichiometric EuO is divalent and formed with comparable thermody-

namic probability as the Eu oxides with higher valency, as recognized from the Ellingham

diagram� depicted in Fig. 4.1a. The Gibbs free energies of all possible Eu oxide phases are lo-

cated left to an intersection (out of range) with the gas line of p(O2) = 1 × 10−9 mbar (dashed

line) which reveals that the oxidation reaction of Eu + O2 is favored and stable for nearly

all temperatures and oxygen pressures. Since the mixed-valent Eu3O4 and the trivalent na-

tive Eu2O3 compounds have complex non-cubic structures and are not ferromagnetic, they

�The thermodynamic potentials and the Ellingham diagram are introduced in Ch. 2.1.
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Figure 4.1.: Ellingham diagram for Eu oxides and realistic ranges of the oxygen partial pressure. Eu
oxide phases are formed under any oxygen partial pressure (a). A zoom into the temperature
range of EuO synthesis (b) uncovers intersections between EuO and higher oxides. They define
three regions of different thermodynamic stability of the Eu oxides. The region borders coincide
with certain oxygen partial pressures (dashed lines). A realistic range of p(O2) and resulting Eu
oxide phases are sketched in (c).

are undesired phases. A zoom into the Ellingham diagram in Fig. 4.1b elucidates the chang-

ing probabilities of formation for the particular Eu oxides in different temperature regions.

While at TS � 200 ◦C divalent EuO is most favorable (“EuO region”), there is a “complex

region” between 200 ◦C and 500 ◦C in which all three Eu oxide phases coexist with varying

thermodynamic stability. Above TS = 550 ◦C, Eu oxides comprising trivalent ions are favor-

ably formed. Since high crystalline quality and epitaxy is only guaranteed at elevated tem-

peratures of EuO synthesis,23,32 our growth parameters of EuO are situated in the “complex

region” in Fig. 4.1b. Gas lines defining the borders of the complex region have experimentally

been evaluated to correspond both to the 10-9 mbar regime, as depicted in Fig. 4.1c. Hence,

the EuO synthesis must take place under ultra-high vacuum. We successfully established

an in situ synthesis of stoichiometric EuO by reactive MBE and present the procedure in the

following.
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Table 4.1.: Parameters for stoichiometric EuO on cubic substrates by Oxide MBE. UHV conditions are
required and gas nozzles are employed. YSZ provides oxygen to the initial EuO layers.

EuO growth partial EuO growth

substrate initiation TS flux density of Eu pressure O2 termination

YSZ (9%) 30–60 s Eu 350–450 ◦C 2.77 ×1013 Eu/cm2 s 1.3–1.7 ×10−9 Torr 10–60 s Eu

cYSZ, LAO, MgO 0–30 s Eu 350–450 ◦C 2.77 ×1013 Eu/cm2 s 1.3–1.7 ×10−9 Torr 10–60 s Eu

Substrates of cubic oxides (YSZ, LAO, or MgO) are cleaned in iso-propanol, followed by an

in situ annealing step at elevated temperature (TS = 600 ◦C) under O2 supply. In this way,

we obtain atomically smooth surfaces, for which RHEED pattern confirm the expected cu-

bic (100) surface structure. A consistent application of the Eu distillation condition,32,45 in

which at elevated temperature any excess Eu metal is evaporated, ensures a stoichiometric

composition of the EuO thin film during MBE synthesis. For this approach, Eu metal (purity

99.99%) is e-beam evaporated with a constant flux density (ΦEu = 2.77 × 1013 Eu/cm2 s) un-

der ultra-high vacuum (pbase � 1 × 10−10 mbar) onto the surface of the heated oxide substrate

(TS = 350–450 ◦C).

A limited supply ofmolecular oxygen (purity 99.999%), which is leaked into themain deposi-

tion chamber via specialized oxygen distribution nozzles (described in Sec. 3.3 on p. 42), initi-

ates the reaction to EuO, this approach is referred to as “adsorption-controlled deposition”.25

Stoichiometric EuO is obtained by the supply of O2 in the range 1.3–1.7 × 10−9 Torr. In or-

der to obtain chemically well-defined interfaces, before and after the adsorption-controlled

deposition of EuO, we supply excess Eu in the monolayer regime as a seed for epitaxial EuO

and as an oxidation protection after O2 supply has been terminated.

Finally, we apply an air-protective metallic cap, prefereably Al or Si.
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4.1. Coherent growth: EuO on YSZ (100)

The difficulty lies in obtaining high quality,

stoichiometric, ultrathin EuO films.

(J. S. Moodera on EuO, 2007)

In order to provide high-quality ultrathin EuO films without any strain or chemical intermix-

ing, first we stabilize EuO on yttria-stabilized zirconia (YSZ), as discussed in the following.�

In response to the extremely narrow parameter regime in which the stoichiometric phase of

EuO can be obtained via reactive MBE, the O2 supply has to be under a meticulous control.

In Fig. 4.2, we investigate EuO thin films synthesized in an O2 pressure range around the sto-

ichiometric EuO phase by electron diffraction and S�UID magnetometry. All oxygen partial

pressures lie in the lower 10-9 Torr range, coinciding with the stability region for all Eu oxide

phases in the Ellingham diagram (Fig. 4.1 on p. 58).

Overoxidized Eu1−xOx phases form next to EuO, if 3 × 10−9 Torr oxygen partial pressure

is supplied (Fig. 4.2a). Here, the Eu1−xOx film is insulating as observed in LEED, and the

magnetization exhibits mainly paramagnetic contributions of Eu2O3 which are identified by

a tail below 5 K.147–149

Stoichiometric EuO. A slight reduction of the oxygen partial pressure to values below

1.7 × 10−9 Torr yields stoichiometric EuO, which exhibits the expected fcc rocksalt lattice

and magnetization curves with a Brillouin shape as expected for a Heisenberg ferromagnet

(Fig. 4.2b–d). We identify this oxygen partial pressure (1.7 × 10−9 Torr) as the limit, at which

stoichiometric EuO can be obtained (Fig. 4.2b). No excess Eu for the Eu distillation condition

is left in order to ensure the EuO stoichiometry. This is reflected by the formation of a small

fraction of higher oxidized Eu1−xOx phases in the RHEED pattern of Fig. 4.2b, as well as in

the small paramagnetic feature of the magnetic moment at T → 0 K. In the range of mainly

stoichiometric EuO and Eu distillation growth, we establish the growth at 1.5 × 10−9 Torr for
stoichiometric EuO with a perfect fcc structure and a magnetization curve identical with a

Brillouin function. Thus, the oxygen supply as presented in Fig. 4.2c is considered as the

optimum for stoichiometric EuO.

Europium-rich EuO1−x . A further reduction of the oxygen partial pressure also yieldsmainly

stoichiometric EuO (Fig. 4.2d). We observe even an improved surface crystal structure, as in-

dicated by the LEED pattern, probably due to the high mobility of the excess Eu during

Eu-rich growth. Nonetheless, this composition does not match the exact stoichiometry of

EuO: in the S�UID characterization, we observe a paramagnetic feature near T = 0 K and

a magnetization tail extending up to TC(EuO1−x) = 150 K–both indications of metallic Eu

contributions in the EuO thin film.15,23

�A summary of substrates suited for epitaxial integration with EuO, including strain, is found in Tab. A.2 on

p. 128.



4.1. Coherent growth: EuO on YSZ (100) 61

�������	
����

������
�����
��

���������	
����

���������	
����

���������	
����

����
��

�����
��

����
��

��	�
��

m
o

m
e

n
t
(a

.u
.)

140120100806040200
temperature (K)

-400 -200 0 400200

�������	�


�
�
�
�

��
��
�
�



������������������
��������������


���� ���� � ���
�������	�


���

�
�
�
�

��
��
�
�



������������������
��������������


�� ��� ���
��������������


�������������

-200 0 400200-400
�������	�


�
�
�
�

��
��
��
�


������������������
�����������

���� ���� � ���
�������	�


���

��

� ���
�!���"���
�#�$�$

�%

&�	
$���'#��
�����(������

�'

&�	�����
��$���������
'������

��

&�	������
��$���������
'������)�
&����'#

Figure 4.2.: Electron diffraction pattern for EuO thin films for different oxygen partial pressures dur-
ing growth. From (a) to (d), the oxidation of EuO during synthesis is reduced, and RHEED (blue),
LEED (green), and S�UID results display the effects of stoichiometry variation. The EuO films
are synthesized on annealed YSZ (100) at TS = 400 ◦C and are ∼20 nm thick.
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Figure 4.3.: Bulk and interface morphology of EuO on conductive YSZ (100) observed by transmis-
sion electron microscopy. (a) A region of the perpendicularly cut lamella of a Cu/EuO/cYSZ
heterostructure. A magnification of the EuO/cYSZ interface is included in the right panel. In
(b) fast Fourier transforms of the EuO film and the cYSZ substrate depict the reciprocal lattice.
(c) shows the intensity profile of a section normal to the EuO/cYSZ interface which allows to
determine the lattice parameter.

Next, we investigate the crystalline homogeneity of the magnetic oxide (5 nm EuO) and

the structure of the EuO/cYSZ (100) interface.� High resolution electron transmission mi-

croscopy pictures (HR-TEM) of a representative Cu/EuO/YSZ(100) heterostructure are de-

picted in Fig. 4.3. Sharp interfaces between EuO and the YSZ substrate as well as between

EuO and the metallic Cu capping are found in the entire heterostructure. We see no struc-

tural defects in the EuO magnetic oxide layer, and a clear fcc reciprocal lattice is found by

a fast Fourier transformation of the electron micrograph. Finally, an intensity profile per-

pendicular to the EuO/YSZ interface reveals a homogeneous spacing of the EuO net planes

which exhibit the same lattice parameter as the YSZ. This is a confirmation of the structural

homogeneity of EuO in growth direction. In lateral direction (parallel to the interface), Eu

sites of EuO match the YSZ cubic lattice sites, which is an evidence for cube-on-cube epitaxy.

Remarkably, also the Cu/EuO (100) interface shows the lateral lattice planes in same direc-

tions. This may be a promising route for a future epitaxial integration of Cu with EuO (100).†

�This heterostructure uses already the conductive YSZ substrate (cYSZ), which permits one to use high-

electron yield techniques without charging issues. This is discussed in the following section.
†Epitaxial EuO/Cu may be a promising system for coherent tunneling in the frame of symmetry band struc-

tures. See Ch. 2.3.3.
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Figure 4.4.:Magnetic properties of a 20 nm single-crystalline EuO (100) film with M measured in-
plane and out-of-plane. The measurement was conducted by B. Zijlstra.

All EuO lattice parameters agree well with bulk EuO. In conclusion, we confirm a seamless

coherent growth of EuO on conductive YSZ (100) by HR-TEM.

A key property of EuO is its ferromagnetic behavior. In Fig. 4.4, the temperature dependent

magnetization curves and the hysteresis curves are depicted for a 20 nm EuO thin film coher-

ently grown on YSZ (100). Both in-plane and out-of-plane magnetization curves follow the

shape of a Brillouin function. A large difference is observed in the magnetic switching behav-

ior: the coercive field for in-plane magnetic switching along the [100] direction shows a low

value ofHc = 43 Oewhich is indicative for a good crystallinity of EuO. For the out-of-plane di-

rection, in contrast, the coercive field exhibits an eight times larger value ofHc = 329 Oe, and

the saturation magnetization cannot be reached. The reduced magnetization in out-of-plane

direction can be explained by the significant fraction of interface and surface layers of EuO

with reduced nearest neighbor coordination, as predicted by Schiller and Nolting (2001).�

Mainly three different anisotropy contributions determine the magnetic switching: crys-

talline anisotropy, shape anisotropy and pinning by defects. The crystalline anisotropy is

weak in EuO, and the shape anisotropy is dominant. We distinguish between in-plane and

out-of-plane anisotropy. A measure for the magnetic anisotropy is the anisotropy constant in

first order K1, expressed as54

K1 = −1/2Hanσsat. (4.1)

Here, Han denotes the anisotropy field which is necessary to saturate the magnetic sam-

ple to the saturation moment σsat in the magnetic easy direction, to which Han is paral-

lel. For our single-crystalline EuO thin film, we determine the out-of-plane anisotropy as

K⊥1 (cryst.film) = −0.851 × 105 erg/g. We compare this out-of-plane anisotropy with a poly-

crystalline EuO thin film (d = 100 nm) from literature,150,151 for which K⊥1 (poly.film) =

−9.3 × 105 erg/g was found. The large difference of magnetic anisotropy between polycrys-

talline and single-crystalline EuO thin films can be explained by magnetic pinning: while

in polycrystalline EuO the pinning of magnetic moments due to crystalline defects is om-

nipresent, in single-crystalline EuO without defects, one would expect this pinning effect to
vanish. Indeed, in single-crystalline EuO the shape anisotropy is smaller by a factor of ten

than for the polycrystalline EuO film.

�For EuO thin film effects, please see Fig. 2.8 on p. 15.
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Now, we ask ourselves, which mechanisms increase the coercive field in perpendicular di-

rection of our single-crystalline EuO thin film. One microscopic origin may be anisotropy

of the magnetic Eu 4f orbitals, which have recently been shown to be not spherically sym-

metric and thus provide a working point for local pinning in EuO.152 During layer-by-layer

growth of EuO, the structural neighborhood parallel vs. perpendicular (i. e. in surface nor-

mal) to growth direction may be slightly different, in particular due to the initially and fi-

nally deposited Eu seed layers. These in-plane antiferromagnetic Eu environments may lead

to stronger magnetic pinning. This would yield a larger out-of-plane anisotropy.

We summarize, that the crystal quality of EuO plays a crucial role in magnetic switching be-

havior, such that in a single-crystalline thin film the out-of-plane anisotropy is approximately

ten times smaller than for a polycrystalline sample. The out-of-plane saturation moment can-

not be reached with small external field. For the application side, the desired soft magnetic

switching and easily reached saturation magnetization only show up when magnetic fields

are applied in the surface plane (e. g. in [100] direction) of the single-crystalline EuO thin

film.

4.1.1. Thickness-dependent magnetic properties of EuO thin films
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Figure 4.5.: Electron and X-ray diffraction of a 1 nm-thin EuO film. RHEED oscillations are a measure
for completed atomically smooth net planes (red in (a)), the off-specular intensity indicates begin
and end of synthesis. XRR (b) shows an EuO Kiessig fringe corresponding to 1.25 nm EuO.

The investigation and optimization of single-crystalline EuO in the thickness regime of few

nanometers is essential as a reference for fundamental studies regarding interfacial strain

effects� and for EuO employed as ultrathin spin-functional tunnel barriers.† While bulk-

like magnetic properties of thick single-crystalline EuO films (d � 20 nm) were confirmed

in the last section, now we proceed towards growth and characterization of ultrathin EuO

layers with the aim to provide the same single-crystalline quality. As an evidence for the

successful growth of ultrathin EuO, RHEED oscillations and XRRKiessig fringes identify four

perpendicular net planes of EuO (dEuO = 1.25 nm) in Fig. 4.5. This means, single-crystalline

EuO thin films ranging from one nanometer up to several tens of nanometers (bulk) are

available by our Oxide-MBE synthesis with persistently high structural quality.

�as discussed in upcoming chapters 4.2 and 4.3 of epitaxial EuO on the cubic oxides LaAlO3 and MgO.
†For the integration of EuO on Si, please see Ch. 5.
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Figure 4.6.: Thickness dependent magnetic properties in single-crystalline EuO thin films. (a) depicts
the in-plane magnetization under applied saturation field. (b) shows the coercive field for every
thickness of EuO, with the original hysteresis loop as insets. (c) summarizes the Curie tempera-
ture for every EuO thickness, together with model predictions.

Starting with bulk-like EuO, for the EuO thickness d = 20–30 nm no change in the magne-

tization curves is observable, as depicted in Fig. 4.6, and a bulk-like saturation and Curie

temperature is observed. If the EuO thickness is reduced, the coercive field increases from an

optimum value of 23 Oe of the bulk-like EuO film up to ∼130 Oe for an ultrathin (d = 2 nm)

EuO film (Fig. 4.6b). This variation of coercivity with thickness also has been found in

Suran et al. (1995) for soft ferromagnetic thin films.153 A reduction of the EuO thickness

to d = 15 nm does not affect the Curie temperature, but the magnetization curve is altered

from the shape of a Brillouin function to a reduced magnetization (Fig. 4.6a). The field de-

pendence changes towards a mixture of ferromagnetic (rectangular-shaped hysteresis) and

paramagnetic (linear response) behavior. This trend is continued in the course of a further

reduction of EuO thickness down to d = 2 nm. Bulk-near magnetic ordering temperatures

(TC = 64 K) are maintained down to d = 2 nm and the saturation magnetization is still ap-

proximately half the bulk EuO value for this thickness. Finally for 1 nm EuO, the magneti-

zation curve strongly deviates from the Brillouin shape and we estimate TC as 18 K. In this

case, the remanence is near zero and the field dependence is mainly paramagnetic.

We conclude, that the threshold for establishing sizable ferromagnetic properties of coher-
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ently grown single-crystalline EuO lies between one and two nanometers film thickness. In

particular, obtaining a bulk-like TC down to 2 nm is remarkable, and more robust than for

polycrystalline EuO films.48 This thickness dependence� can be described by a mean field

model after Jensen et al. (1992) or the Heisenberg model by Schiller and Nolting (1999) with

no need for corrections due to interface intermixing as presented in Fig. 4.6c.154,155

4.1.2. Preparation on conductive YSZ substrates

Figure 4.7.: Conductive YSZ characterized by high- and low-energy electron diffraction. LEED (green)
is only observable after an e-beam treatment of YSZ.

Coherent growth of EuO on YSZ (100) provides the advantages of single-crystalline EuO thin

films with bulk-like magnetic properties. However, any investigation based on high-energy

electrons – either by electron scattering or electron emission techniques – is usually hampered

by charging of YSZ, as depicted in Fig. 4.7a. Since magnetic oxides like EuO on top of YSZ

are also insulating, there arises an experimental need for a certain electrical conductivity in

YSZ (100) substrates.

The physical origin of a finite electrical conduction in otherwise highly insulating YSZ is

usually described by ionic conduction in literature,156 however this effect is working only at

elevated temperatures (usually above T = 500 ◦C). For a large concentration of oxygen vacan-

cies, electronic defect bands may form which allow for a metallic conduction.157 This con-

ductive effect of metallic donor bands is particularly predicted for Ti-doped YSZ,158 which

renders Ti-doped YSZ promising as a future substrate which might combine electrical con-

tact with a coherent seed for epitaxial EuO thin films. In the frame of this work, however,

doped YSZ (100) substrates were not available, and we developed a treatment with the aim

to increase the electronic conduction in otherwise insulating YSZ.

Conductive YSZ (we refer to is as cYSZ) with a large oxygen deficiency is created as a conduc-

tive substrate for EuO heterostructures. For this, we bombard a cleaned and oxygen-annealed

YSZ substrate with hot electrons from a tungsten filament with an energy of U = 1000 eV

�We remark, that our experimental investigation of the Curie temperature does not provide a highly resolved

curve from which we can judge a best fitting model. The included models serve as a guide for the eye.
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Figure 4.8.:Metallicity in e-beam treated YSZ observed by HAXPES. The Zr 3d doublet is best suited
for a determination of metallic Zr in ZrO2 (=oxygen vacancies).

from 5mm distance onto the back side of the substrate. In this way, a low electron emission

current of 10–20 mA is persistently applied for two hours. The result is a black YSZ sub-

strate, indicative of a reflective behavior typical for conductive oxides. A successive three

hours annealing step under UHV without oxygen supply leads to an atomically smooth fcc

surface possible, which can easily be verified by electron diffraction, as depicted in Fig. 4.7b.

Photoemission studies (XPS and HAXPES) of untreated and electron-bombarded YSZ sub-

strates (cYSZ) reveal a significant change in the oxidation state of the zirconia compound. In

Fig. 4.8a, the Zr 3d photoemission doublet is compared for YSZ before and after the conduc-

tivity treatment. While in the untreated YSZ we identify only the chemically shifted Zr4+

oxidation states of ZrO2, in cYSZ one third of the zirconium spectral weight has changed to

Zr0 indicating Zr metal. A depth-sensitive investigation by HAXPES (Fig. 4.8b) confirms the

homogeneity of the metallicity within the cYSZ substrate for the accessible probing depth

down to 20 nm.

Does the e-beam-treated cYSZ provide a surface quality comparable to untreated YSZ? Dur-

ing EuO growth on cYSZ, intensity oscillations of the RHEED specular spot are a direct

proof of a layer-by-layer growth of MBE-deposited films, and they only appear, if structurally

smooth and chemically clean substrates are used. In Fig. 4.9, persistent intensity oscillations
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Figure 4.9.: Layer-by-layer growth of
EuO on YSZ (100) and on cYSZ
(100) observed by RHEED spec-
ular intensity. Every oscillation
maximum represents one fin-
ished EuO monolayer of height
2.57 Å. The first 4–5 oscil-
lations exhibit a different pe-
riod due to the oxygen diffusion
from the YSZ substrate (blue
curve). The oscillation period
of sustained growth depends on
the oxygen partial pressure (red
vs. blue curve).
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Table 4.2.: Parameters set for creation of conductive YSZ by e-beam treatment.

substrate surface pre-annealing e− treatment post-annealing possible techniques

YSZ (9%) 2 h in vacuo at 600 ◦C 3 h e-beam with U = 3 h in vacuo at RHEED, LEED, XPS,

+ 1 ×10−7 mbar O2 1000 eV, Iem = 10–20 mA TS = 700 ◦C HAXPES, TEM, SEM,. . .

of a EuO thin film on cYSZ are observed. As zirconia substrates supply ionic oxygen through

lattice diffusion in the first five monolayers of EuO growth,16 the time period of one mono-

layer EuO is shorter in this initial phase. For cYSZ, however, every second oscillation in the

initial stage of EuO growth shows a reduced intensity which we ascribe to the significantly

reduced oxygen supply of the cYSZ underlayer. Moreover, if EuO is grown well below the sto-

ichiometric limit in the Eu distillation condition, the RHEED oscillations are equidistant and

homogeneously damped in time. If, however, the EuO growth is at the stoichiometric limit,

the time period for one monolayer EuO is 36% shorter and the intensity of some oscillations

is sensitive to manual re-adjustments of the Eu flux rate.

We conclude, that EuO can be synthesized on cYSZ (100) with comparable crystal quality as

for insulating YSZ (100). This renders EuO/cYSZ heterostructures accessible to investigations

using high-energy electrons, for example RHEED, TEM, or HAXPES.

4.1.3. Core-level spectra by hard X-ray photoemission spectroscopy of

single-crystalline EuO thin films on cYSZ

After a successful substrate treatment, synthesis of the magnetic oxide, and control of struc-

tural properties, we now proceed with the investigation of the electronic structure of single-

crystalline EuO thin films. The heterostructures under investigation are Si/EuO/cYSZ (100).

Different thicknesses of the single-crystalline EuO layer are investigated: bulk-like 20 nm

EuO, and 4 nm EuO as typical for a tunnel barrier, and also 1 nm EuO representing a quasi

two-dimensional layer. The magnetic oxide EuO is buried under Si capping, and requires a

probing technique with sufficiently large information depth. HAXPES reveals information

about the entire EuO slab, as depicted Fig. 4.10. In the following, we present a study of

selected core-level peaks of EuO, which are best-suited for analysis in this work.
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Figure 4.10.: Hard X-ray photoemission spectroscopy of EuO/cYSZ (100). All accessible core-levels of
EuO, Si, and YSZ are are showing in a survey spectrum.
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Figure 4.11.: Hard X-ray photoemission spectroscopy of 20 nm single-crystalline EuO/cYSZ (100). The
Eu 3d in (a, b) and the Eu 4d (c) photoemission spectra are well-suited for an electronic structure
analysis of EuO thin films. The calculated multiplet lines are taken from literature.110,114

With the largest photoionization cross-section and one of the best separated doublet struc-

tures among the Eu core-levels, according to the survey in Fig. 4.10, the Eu 3d photoemission

is perfectly suited for a characterization regarding chemical character and electronic states

of the EuO layer. The Eu 3d final state (Fig. 4.11a, b) shows 3d5/2 and 3d3/2 groups, separated
by a large spin-orbit splitting of 29.2 eV, in agreement with literature.159 The peak of low

intensity in the center is assigned to collective excitations of Eu 3d photoelectrons in the Si

layer, a so-called extrinsic plasmon with a kinetic energy loss of 17 eV.90 For stoichiometric

EuO, one main peak is observable in the Eu3d5/2 and 3d3/2 groups which originates from the

Eu2+ initial state (Fig. 4.11a, b).

The observed asymmetry in the line shapes is perfectly consistent with theoretical calcula-

tions of the divalent Eu 3d multiplet110 which is described by the
∣∣∣4f 7: 8S7/2

〉 ∣∣∣3d9: j = 5
2 , j =

3
2

〉 ∣∣∣ε� 〉 final states, where ε� denotes the photoelectron. The multiplet structure of the final

state has its origin in the core-hole interaction with the 4f open shell. A satellite peak in

the high binding energy region of the Eu2+3d5/2 (Eu
2+3d3/2) multiplet, which is separated by

7.8 eV (6.3 eV) from the main peak is also attributed to the
∣∣∣3d9 4f 7

〉
final state multiplet.111

Both energy splitting and intensity ratios compare well with previous reports on calculated

and measured multiplet spectra of divalent Eu compounds.110,159,160

The Eu 4d core-levels are found at a relatively low binding energy of 126 eV and are there-

fore photoelectrons of high kinetic energy (Fig. 4.11c). The Eu 4d photoemission final states

extend to the binding energy of 160 eV.114,115 In this work, however, we focus on the two
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Figure 4.12.: HAXPES of ultrathin single-crystalline EuO/cYSZ (100) recorded at 63 K. Large cross-
sections of Eu 3d and 4d levels in (a) and (b) permit one to resolve even small intensity changes
in the multiplet structure.

peaks at low binding energy, as depicted in Fig. 4.11c. They resolve a complex multiplet

structure. The 4d orbital shares the same principal quantum number with the 4f valence

level which involves a strong d–f exchange interaction due to radial overlap. Therefore, we

cannot separate 4d spectra into 4dJ=3/2 and 4dJ=5/2 components, but rather to a J = L − S
multiplet splitting, and assign the peaks to the 7DJ and

9DJ multiplets, respectively.114,115

Eu 4d final states are well described by the intermediate coupling scheme (LSJ) in which

both spin-orbit and exchange splitting are treated as perturbations.112 This leads to an in-

tensity ratio of about 1:3 for the septet to the nonet peaks161 of the final state configuration∣∣∣4f 7: 8S7/2

〉 ∣∣∣4d9:9DJ ,
7DJ

〉 ∣∣∣ε� 〉. Once more, we observe a clear Eu2+ valency in EuO, indicative

for the integral divalent state of EuO.

In the HAXPES spectrum (Fig. 4.11c), the fine structure of the 7D final state is not resolved,

whereas the J = 2–6 components in the 9D state are easily identified. Energy losses due to

the excitation of the 5p or the 4f electrons during photoemission are predicted to lead to

satellites at 5–10 eV higher binding energy from the main line.162. Furthermore, smaller

contributions of the 7D final state exist at up to 20 eV higher binding energy than the 7D
main peak.114 However, these higher binding energy features overlap within intensities of

an extrinsic plasmon of silicon and the background of inelastic electron scattering.

In a further step, we investigate the two core-levels from ultrathin single-crystalline EuO, and

compare a bulk-like EuO thin film (4 nm) with a quasi-two dimensional EuO layer (1 nm).

Such thicknesses are typical for tunnel barriers in future spin-selective tunnel contacts. In

Fig. 4.12a, b, the HAXPES spectra of Eu 3d and Eu 4d core-levels are taken at LN2 tempera-

ture in order to reduce thermal broadening. We observe a line shape of the core-level spectra

comparable with thicker EuO, even the multiplet splitting originating from the single atomic

angular momenta J is resolved with an identical distribution of spectral weight.

In the spectra of 1 nm EuO, a small deviation can be observed at 8 eV shift towards higher

binding energy with respect to the main multiplet features. We observe this small feature

consistently in both the Eu 3d and 4d spectra, and identify this as chemical shift of Eu3+

ions.1 An explanantion may be ionic oxygen provided by the cYSZ substrate, to which the

ultrathin EuO layer reacts sensitively with oxidation.

In conclusion, we investigated Eu core-levels of heterostructures with single-crystalline EuO

thin films in the range 1–20 nm by HAXPES. We selected the Eu 3d and the 4d orbitals for
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an investigation at low temperature yielding high resolution spectra. Multiplet structures (J
final states splitting) in agreement with literature were resolved, and exclusively the Eu2+

oxidation state and an unaltered multiplet structure was observed for EuO films of 20, 4 and

1 nm thickness (with a small deviation for 1 nm EuO). Here, the HAXPES analysis of buried

EuO thin films proves its potential to characterize the chemical properties and detailed mul-

tiplet structure of a buried layer of a spin-functional magnetic oxide.

4.1.4. Magnetic circular dichroism of single-crystalline EuO/cYSZ (100)

Magnetic circular dichroism is of fundamental interest, as its analysis can elucidate the

intra-atomic interaction between core-levels and the magnetic open shell. Moreover, its

Boltzmann-averaged amplitude is a direct measure for the magnetization of the EuO thin

film. This section summarizes the first successful X-ray magnetic circular dichroism ex-

periment in core-level photoemission (MCD-PE) on EuO thin films. We investigate single-

crystalline epitaxial EuO thin films on conductive YSZ (100). This system allows one to in-

vestigate a magnetic oxide with 4f spin-onlymagnetic order, textbook-like crystalline quality

and chemically well-defined and atomically sharp interfaces.

Magnetically oriented 8SJ states in the Eu 4f orbital form the basis of ferromagnetism in the

magnetic oxide EuO. These oriented spins interact via d–f exchange with core-levels like

4d and 3d, both of which showing a resolvable final state multiplet structure. The J final

state components of these core-levels are of largely different strength, as presented in the last

section. This is the basis for the observation of magnetic circular dichroism in photoemission

final states of these core-levels, as introduced theoretically in Ch. 2.5. We conducted MCD-

PE measurements of Eu 3d and 4d core-levels at beamline P09 of the high-brilliance facility

PETRA III (see Ch. 3.4.3). The polarization vector of the circularly polarized light q and the

magnetization of the thin film M are collinear during the photoemission experiment.

In Fig. 4.13, MCD-PE spectra of Eu 3d and 4d core-levels are summarized. The spectra clearly

resolve the single final states ofmJ = 2..5 andmJ = 1..6 for the 3d3/2 and 3d5/2 mutliplets, where

jj-coupling is assumed.� The most dominant splitting of single angular momenta is observed

in the 4d final states 9DJ , J = 2..6, where LS-coupling is assumed. The resolved J components

match the energy positions of calculated values from literature very well, as illustrated with

grey markers.110,114,115

Consistently in the MCD of Eu 3d and 4d core-levels, we identify the largest MCD asymme-

try for the final state components with largest mJ . The MCD difference can be interpreted as

the product of core-shell angular momentum � after photoexcitation with the spin moment

S of the open 4f shell, therefore 〈�, S〉. When we identify the sign of the MCD asymmetry as

vector of �, then we can correlate its direction with the fixed spin moment of S4f , which is

indicated in the MCD spectra (Fig. 4.13). We recognize, that the multiplet lines with largest

mJ have parallel angular orientation with S4f . At a minimum temperature of the sample

(Tmin = 33 K), maximum MCD asymmetries of 44% for Eu3d and 49% for Eu4d could be

observed for these maximum J lines. The alignment of multiplet lines reverses with lower

J : The mJ = 1..4 lines and the multiplet satellite of 3d 5
2
are antiparallel with respect to S4f

�For intra-atomic coupling of angular momenta in Eu core-levels, please see Ch. 2.5.2.
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Figure 4.13.: X-ray magnetic circular dichroism in core-level photoemission of single-crystalline
EuO/cYSZ (100). Core-levels with largest cross-sections Eu 3d in (a, b) and Eu 4d in (c) resolve
every component of the angular momentum J . The MCD is quantified by its amplitude and
plotted in dependence on the sample temperature (d). The vector S4f denotes the orientation of
the aligned spins of the magnetic 4f shell, it can be compared with the photoexcited core hole
angular momentum, which corresponds to the sign (+ or −) of the MCD difference.
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(Fig. 4.13b). In the 4d high-spin peak 9DJ , the multiplet component with mJ = 2..4 are an-

tiparallel to S4f . A further analysis regarding the coupling of single core-level final states

with S4f is subject to present work.

A temperature-dependent series of the magnetic circular dichroism reveals, that the MCD

asymmetry vanishes under the noise threshold at T � 66 K, as observed in Fig. 4.13d. The

MCD follows the shape of a Brillouin function, as expected for the magnetic order of a

Heisenberg ferromagnet. For all temperatures, the MCD of the Eu4d 9DJ=6 final state re-

mains largest, followed by Eu3d5/2 and 3d3/2 multiplets. Assuming the Heisenberg model for

EuO, we extrapolate the Brillouin function to T = 0 and obtain a maximumMCD asymmetry

of 53%. This value is obtained for the mJ = 6 component of the 9D high spin peak of the Eu

4d orbital. We remark, that the polarization of the circular-polarized light was ∼60% during

the measurement at PETRA III at the end of 2012.

We conclude, that we observed magnetic circular dichroism in Eu core-level photoemission

of single-crystalline epitaxial EuO films for the first time. Hard X-ray excitation permits one

to probe the entire film thickness (15 nm) of EuO. Large MCD asymmetries are found in Eu

3d and 4d core-levels. The maximum measure amplitude is 49% which is extrapolated to

53% at T = 0 K. Final states with largestmJ are parallel to the 4f spin, this behavior switches

for lowermJ in both core-levels. The MCD amplitude follows a Brillouin function and is thus

a good measure for the magnetization of the EuO thin film.

Ultrahin EuO coherently grown on cYSZ (100): MCD of a reference sample
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Figure 4.14.:MCD-PE of Eu 3d and 4d core-levels for ultrathin EuO coherently grown on cYSZ (100).

In the following, we investigate the lower thickness regime of EuO, in particular 3 nm single-

crystalline EuO on cYSZ (100). This heterostructure is coherently grown without any strain,

and thus represents a reference system for theMCD in photoemission of ultrathin EuO. Later,

we will compare it with strained EuO thin films.

The multiplets of Eu 3d3/2 and 4d photoemission are well-resolved, as depicted in Fig. 4.14. A

good characterization of the MCD is the maximum amplitude by the final states with largest
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mJ . For 3 nm single-crystalline EuO/cYSZ (100), this maximum MCD difference is 18% for

Eu3d3/2 and 38% for Eu4d. These MCD values reach 95% of those measured from a 15 nm

thin film of single-crystalline EuO presented in Fig. 4.13. Thus, a bulk magnetization of

the EuO ultrathin film is almost realized, if we assume that the MCD amplitude is a good

representation of the macroscopic magnetization.

Here, we have presented a reference for single-crystalline unstrained EuO, which we will

compare with EuO under biaxial tensile strain and biaxial compressive strain in the following

sections 4.2 and 4.3.

4.2. Lateral tensile strain: EuO on LaAlO3 (100)

Although the bulk properties of the EuO films are well-known, lateral strain from the in-

terface will significantly alter the electronic structure of epitaxial oxide heterostructures.163

Biaxial lateral strain inherited from the underlying substrate has recently inspired several ex-

perimental studies on epitaxial EuO, which conclude small changes in TC upon small (∼2%)

tensile strain.27,33,64 Small lateral strain on EuO has been also applied by Liu et al. (2012).

They found a change (±2 K) of TC due to the underlying substrate, either CaF2 or MgO.61

However, the authors investigated mainly polycrystalline EuO, making a systematic compar-

ison of the lattice strain difficult.

Taking advantage of the adsorption-controlled EuO synthesis ensuring the stoichiometry and

single-crystallinity (as presented in the last section), in the following we investigate single-

crystalline EuO layers epitaxially integrated with LaAlO3 (100) substrates (LAO) by an un-

changed synthesis.� This induces 4.2% biaxial tensile strain to EuO, thus extending the Eu2+

nearest-neighbor distance in the lateral dimension. First, we investigate the structural char-

acteristics of the strained epitaxial EuO top layer. Furthermore, we present the magnetic

behavior of EuO under lateral tension by LAO (100) using S�UID magnetometry. Finally, we

investigate Eu core-levels of the EuO/LAO (100) heterostructure by an analysis of magnetic

circular dichroism in core-level photoemission (MCD-PE).

Structural characterization of epitaxial EuO on LAO (100)

First, we investigate the structural quality of EuO which is deposited on LaAlO3 (100) us-

ing the adsorption-controlled growth by Oxide-MBE. The LAO crystal is usually referenced

with a large rhombohedral unit cell with a = b = 5.36 Å, these lattice parameters span the

cubic surface plane and provide 4.2% tensile strain to the EuO top layer. A pseudocubic rep-

resentation lattice is used for the quantitative analysis by X-ray diffraction presented in the

following, the conversion is illustrated in the appendix (Ch. A.1).

In Fig. 4.15, the in situ characterization of 16 nm EuO/LAO (100) is summarized. Before

EuO growth, we anneal the LAO (100) substrate similarly to the YSZ substrates (last sec-

tion) but with a temperature reduced below the structural displacement transition of LAO

at ∼540 ◦C.164 This yields a flat and single-crystalline cubic surface as indicated by sharp

�A summary of substrates suited for epitaxial integration with EuO, including strain, is found in Tab. A.2 on

p. 128.
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Figure 4.15.: EuO/LAO (100): process of strained EuO deposition. On oxygen-annealed LAO (100),
EuO is grown via the Eu distillation condition. Beginning from one monolayer, EuO adapts
the in-plane lattice parameter of LAO. LEED and RHEED pattern confirm the EuO/LAO (100)
heteroepitaxy and display an fcc lattice for every stage of a sustained EuO growth.

LEED and RHEED pattern. Applying the Eu-distillation condition with limited oxygen sup-

ply (adsorption-controlled growth), a 16 nm-thick EuO film is grown onto annealed LAO

(100). Beginning from the very first monolayer of EuO– thus showing no interstitial stages -

– the RHEED streaks indicate a smooth and crystalline surface at every stage of EuO growth,

and the RHEED patterns show the same reciprocal space distance as for the LAO (100) sur-

face. This is an evidence for the adaption of the LAO lateral lattice parameter by the EuO

layer. LEED patterns were recorded after growth of a 4 nm and of a 16 nm EuO thick film.

Both indicate a good crystallinity of the EuO fcc lattice without any other phases. These elec-

tron diffraction results prove that it is possible to grow epitaxial and single-crystalline EuO

on LAO (100).

X-ray diffraction of the 16 nm epitaxial EuO layer (Fig. 4.16a) shows exclusively the cubic
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Figure 4.16.: EuO/LAO (100) investigation of the perpendicular lattice parameter, and layer thickness
and roughness. In (a), a 2θ wide scan reveals the perpendicular lattice parameter of the LAO
(100) substrate and single-crystalline EuO (100). This multilayer structure is characterized by
X-ray reflectivity (b) which reveals density ρ, thickness d, and roughness σ of each slab.
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Figure 4.17.: EuO/LAO (100) in-plane and out-of-plane crystal structure determined by reciprocal
space maps. The pseudocubic lattice parameter of LAO (100) is confirmed by the asymmetric
(2 0 4) reflex both in-plane and out-of-plane (a). Close to the LAO reflex, the asymmetric EuO
(3 0 4) diffraction peak allows one to determine the lattice parameters of the EuO film (b): in-
plane, EuO adapts the LAO (100) lattice spacing. The broadening (highlighted grey in c) of
the LAO (2 0 3) and EuO (3 0 4) diffraction features in reciprocal space allow to identify a small
structural inhomogeneity for LAO and an in-plane mosaicity for EuO.

(h 0 0) diffraction pattern. The EuO diffraction peaks are located at 2θ = f (q⊥) positions
which correspond to the perpendicular lattice parameter of d⊥ = 5.14 Å, in agreement with

the literature value of bulk EuO. A simulation to fit X-ray reflectivity of the EuO/LAO multi-

layer structure (Fig. 4.16b) reveals a thickness of 16 nm, a mean roughness of the EuO surface

of only 1 Å, and a density of EuO of 8.8 g/cm3. This result underlines the high-quality MBE

growth of EuO yielding smooth interfaces. However, the slightly increased density of the

EuO layer (+6%) can be explained by excess Eu clusters in the film arising from the Eu-rich

distillation growth condition.

Further information regarding the crystal structure of the strained EuO thin film is obtained

from a reciprocal space mapping, a two-dimensional X-ray diffraction technique. In Fig. 4.17,

we scanned the reciprocal space around the asymmetric EuO (3 0 4) and the LAO (2 0 3)

diffraction peaks. This provides information about in-plane and out-of-plane lattice parame-

ters and the crystal quality in these dimensions. A sharp diffraction peak confirming the LAO

pseudo cubic lattice parameter can be identified in Fig. 4.17a, here the two features with com-

parable intensity distribution originate from the two lines of the Cu Kα1, 2 radiation of the X-

ray anode. A conversion of the reciprocal vectors to real space distances� reveals the in-plane

lattice parameter of EuO as 5.39± 0.02 Å, in agreement with the LAO (100) lattice parameter.

The perpendicular lattice parameter of EuO is almost unchanged (dz = 5.140± 0.010 Å).

A specific material parameter describing volume elasticity under an axial strain is the Poisson

ratio, defined as

ν = −dεtrans.
dεaxial

1st order
approx.
= −Δ�trans.

Δ�axial
=

dRSMz − dref.z

dRSMxy − dref.xy
. (4.2)

For epitaxial EuO/LAO (100) which reveals lateral tensile strain, we evaluate a Poisson ratio

�The conversion between reciprocal coordinates and the real space is shown in Ch. 3.4.2. A well-explained

example of RSM to analyze effects of strain and relaxation is published in Liu and Canonico (2004).165
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Figure 4.18.: Axial and transversal elasticity of EuO on
LAO (100). The Poisson ratio ν can be calculated as
the ratio of axial and transversal change of length in
the crystalline thin film, in first order approximation.

for the 16 nm EuO thick film of ν16 nm
EuO = (0.01±0.04). The uncertainty arises from the broad-

ening of the RSM peak of EuO/LAO (100) in Fig. 4.17b. Within the error bars, we consider

the Poisson ratio to be positive but near zero. When compared to other oxides (e. g. bulk

SiO2, ν = 0.2), this small Poisson ratio is a remarkable feature of a strained EuO thin film

epitaxially integrated on LAO (100). Using the definition (4.2), we can state, that the volume

elasticity of the strained EuO thin film is extremely small (≈0).
The broadening of the two-dimensional diffraction peaks (Fig. 4.17c) allows one to judge the

crystal quality (according to Fig. 4.17 on p. 47). For LAO (2 0 3), the broadening is caused

by a certain structural inhomogeneity, yet we consider this value as small due to the very

high-quality surface of LAO as observed by in situ electron diffraction. A broadening is also

observed for the EuO (3 0 4) peak, which is interpreted as in-plane mosaicity. This means,

crystal domains are rotated with respect to neighboring domains by a small angle around an

axis normal to the surface. However, this broadening is as small as for the LAO substrate

which qualifies the mosaicity of EuO to be small, too.

In conclusion, our structural investigations of the strained epitaxial EuO/LAO (100) het-

erostructures prove the superior crystal quality of EuO. EuO/LAO (100) constitutes a mag-

netic model system which is stretched by 4.2% biaxial strain exclusively in two dimensions

and unchanged in the z dimension.

Magnetic characterization of epitaxial EuO thin films on LAO (100)

A magnetic characterization of the EuO/LAO (100) heterostructure by S�UID is given in

Fig 4.19 for two thicknesses of EuO, d = 4 nm and bulk-like d = 30 nm. The temperature

dependent magnetization shows a Brillouin-shaped curve without any features of antiferro-

magnetic or paramagnetic phases. For ultrathin (4 nm) EuO/LAO (100), the Curie tempera-

ture is clearly determined at 57 K, which is a reduction of 12 K according to the bulk value of

single-crystalline EuO/YSZ (100). This reduction is due to the lateral strain effect rather than
reduced dimensionality of the EuO slab, which is easily recognized when compared with the

thickness dependence of unstrained EuO/YSZ (see Fig. 4.6 on p. 65). The switching of the

magnetic moment due to magnetic field reversal is a measure for the crystal homogeneity.

For the strained EuO/LAO (100), the coercive field is 74 Oe which is double the minimum

value obtained for optimum EuO/YSZ (100). One explanation can be the in-plane mosaic-

ity determined by the reciprocal space map analysis. Moreover, the magnetization switches

gradually, as indicated by the rounded shape of the hysteresis, while for unstrained EuO/YSZ

rectangular shapes of the hysteresis are observed (see Fig. 4.6). A magnetic saturation mo-

ment of nearly the bulk EuO value (7μB expected) is observed at T = 2 K.
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Figure 4.19.:Magnetic bulk proper-
ties of epitaxial EuO on LAO
(100).
A Brillouin-shaped magneti-
zation curve is observed for
EuO/LAO (100) heterostruc-
tures with 4.2% biaxial tensile
strain. The ordering tempera-
ture for 4 nm EuO/LAO (100)
is reduced by 12 K with respect
to coherently grown epitaxial
EuO/YSZ.

A reduced dimensionality of the ultrathin EuO/LAO heterostructure may also affect the mag-

netic ordering temperature, and thus we additionally investigate a bulk-like 30 nm EuO/LAO

(100) heterostructure, for which we have confirmed a persistent adaptation of the LAO lat-

eral lattice parameter, by S�UID (green curve in Fig. 4.19). The shape of the temperature-

dependent magnetization coincides with that of ultrathin EuO/LAO (100), however, the TC
is determined at 67.6 K, a reduction of 1.4 K with respect to unstrained bulk-like EuO/YSZ.

Thus, the reduction of long range magnetic order can almost completely be compensated

in laterally expanded EuO, when the unstrained z dimension is provided with a bulk-like

thickness of 30 nm.

Summarizing, the magnetic behavior of ultrathin EuO under 4.2% lateral tensile strain is

comparable to the bulk EuO behavior, only the TC is reduced by 12 K, whichmainly originates

from the reduced J1 coupling (eq. (2.9)) due to the increased distance of in-plane nearest

neighbors. This reduction can almost completely be compensated if a bulk-like thickness in

the unstrained vertical dimension is provided.

X-ray magnetic circular dichroism of epitaxial EuO on LAO (100)

Finally, we investigate 3 nm single-crystalline EuO on LAO (100) by means of the MCD effect
in core-level photoemission spectroscopy. In Fig. 4.20, the multiplets of Eu 3d3/2 and 4d pho-

toemission are well-resolved, similar to the reference sample EuO/cYSZ (100) (in Fig. 4.14

on p. 73). The maximum MCD amplitude is determined by the final states with largest mJ

and is 8% for Eu 3d3/2 and 22% for Eu 4d. We compare these MCD amplitudes directly with

the reference heterostructure EuO/cYSZ of the last section, and find that the current strained

EuO/LAO heterostructure shows 44% and 58% maximum MCD of Eu 3d and 4d core-levels

with respect to the unstrained reference heterostructure. Thus, by tensile strain the intra-

atomic coupling of Eu2+ ions in EuO is more reduced in 3d9 final states than in 4d9. This

may be explained by the weaker exchange coupling between 3d9 and the magnetic open shell

4f 7 with configuration 8S7/2.

Moreover, from magnetization curves by S�UID, we obtain a ratio of magnetization at T =

33 K of 84% when EuO/LAO (100) is compared with the reference sample EuO/YSZ (100)

(as seen from Figures 4.19 and 4.6). Thus, the MCD asymmetry (less than 50% with respect

to the reference sample) responds more sensitively on lateral tensile strain than the averaged
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Figure 4.20.:MCD-PE of Eu 3d and 4d core-levels for ultrathin EuO under tensile strain on LAO (100).

magnetization in the EuO/LAO (100) heterostructure. This may partly be explained by a

small applied field during S�UID measurements, while during photoemission for the MCD-

PE measurement, the EuO thin film is magnetized only remanently. Apart from this, S�UID

measures the averaged spin alignment of the 4f 7 orbitals, thus the macroscopic magnetiza-

tion. MCD-PE probes the photoemission final states of a core hole which is under exchange

interaction with 4f 7. Thereby, under external strain the intra-atomic exchange may be signif-

icantly altered, while the spin alignment itself (i. e. the origin of the magnetization) of the 4f 7

is mainly unaltered. This may explain the largely reduced MCD signal. A further analysis of

single final state J components is subject to present work.

Here, we have presented the MCD effect in a EuO/LAO (100) heterostructure with 4.2%

tensile strain. The MCD asymmetry shows a large reduction with respect to an unstrained

reference sample. This reduction is even larger than expected from S�UID measurements,

and outlines changes in intra-atomic exchange interactions.

4.3. Lateral compressive strain: EuO on MgO (100)

Lateral compressive strain can be induced by substrates with a smaller cubic lattice parame-

ter than EuO. Magnesium oxide (MgO) has a smaller lattice parameter of a = 0.42 nm of the

cubic unit cell. Thus, EuO on MgO (100) is exposed to 18% compressive biaxial strain in the

lateral dimension.�

Several works have reported the successful growth of EuO/MgO (100), where epitaxy and a

bulk-like magnetization of EuO has been observed.32,166 However, these EuO films on MgO

(100) were thick by means of many tens of nanometers, and the initial stages of growth and

the properties of strained EuO in the few-nanometer regime were not adressed yet. A recent

�A summary of MgO and other substrates regarding lattice parameters and strain can be found in Tab. A.2

on p. 128.
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study27 investigates ultrathin EuO directly on MgO (100) and finds that epitaxial EuO can

be observed only after 2 nm of EuO deposition. This study also reveals a formation of EuO

on MgO (100) in the monolayer regime without oxygen supply, a similar effect as observed
for YSZ,32,45 which supplies ionic oxygen at elevated temperatures. Facing the problem of

“interrupted epitaxy”, Swartz et al. (2012) focus on an additional oxide interlayer in order to

integrate the EuO unstrained lattice with the MgO substrate.27

In this section, we focus on high-quality epitaxial EuO grown directly MgO (100) in order to

investigate structural and magnetic effects of the large lateral compressive strain.

Structural characterization of epitaxial EuO on MgO (100)
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Figure 4.21.: EuO/MgO (100): EuO deposition under large compressive strain. Beginning from one
monolayer, EuO shows its native in-plane lattice parameter. A seamless EuO/MgO heteroepi-
taxy is observed by RHEED, accompanied by a small fraction of polycrystalline EuO as indicated
by circular intensities. From 4 nm EuO on, reciprocal pattern improve towards largely single-
crystalline EuO; however, the accumulated roughness prevents the observation of the EuO sur-
face structure by LEED after growth.

In Fig. 4.21, the in situ deposition of EuO directly on MgO (100) is monitored by electron

diffraction. The annealed MgO substrate shows sharp RHEED and LEED pattern indicating

a single-crystalline and smooth surface. Accounting for possible oxygen diffusion from the

substrate, one monolayer of Eu metal is deposited onto the heated MgO just before EuO

growth as a seed preventing over-oxidized EuO phases. When EuO growth begins, for 1–2

monolayers EuO we observe a RHEED pattern of MgO and EuO simultaneously without any

polycrystalline or amorphous phase. This is the first time, that a good heteroepitaxy of EuO

directly on MgO (100) without any non-crystalline stages is achieved. The observed RHEED

streaks of the first monolayer EuO exhibit the native EuO lattice parameter, thus large areas

of unstrained and epitaxial EuO have formed directly on MgO. Proceeding with the EuO

synthesis, from twomonolayers EuO on, a small polycrystalline fraction indicated by circular

intensities next to the unstrained EuO pattern is observed in the RHEED photograph. Thus,

a small fraction of disorder or cracks must be present to allow the unstrained EuO to arrange

heteroepitaxially directly on MgO (100). From two monolayers EuO until the end of EuO

deposition, the surface crystal structure improves, and only EuO fcc pattern are observable

when EuO growth is finished (d = 15 nm). However, inherited from the initial polycrystalline
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Figure 4.22.: EuO/MgO (100):
different epitaxial ar-
rangements. In (a), a
cube-on-cube relation is
illustrated inducing large
compressive strain to EuO.
In the EuO/MgO 4:5 config-
uration, a minimum lateral
strain of +2.4% acts on EuO
(b). If however, EuO keeps
its native lattice parameter
(c), no simple cube-on-cube
relation is realized and
electrostatic distortions will
readily occur.
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fraction, a certain roughness remains and hampers observation of a surface crystal structure

in low energy electron diffraction.

We elucidate the observed initial polycrystalline fraction and the quasi-relaxed EuO growth

at the EuO/MgO (100) interface in terms of geometrical and electrostatical aspects: In Fig. 4.22,

three configurations of the EuO/MgO (100) heteroepitaxy are illustrated assuming differ-
ent lateral lattice parameters (e. g. in [010] direction) of the initial EuO layers. From our

structural investigation, we can exclude the direct cube-on-cube heteroepitaxy (in Fig. 4.22a)

comprising large compressive strain, which can be explained as follows: the deposition of

one atomically flat EuO layer on an MgO (100) surface is equivalent to a substitution of the

Mg atoms of the top layer. Here, the ion-size difference167 forms different sizes of the Mg–O

and the Eu–O bond: in the MgO surface, replacing the Mg2+ ion with a Eu2+ ion changes

the cation ionic diameter to 0.234 nm and increases the O–O nearest neighbor bond by 22%

from 0.298 nm to 0.363 nm.168 In such a case, the ion-size difference would force the Eu or O

atoms to find equilibrium positions in a roughened structure.27 Considering a second config-

uration, a EuO/MgO lateral arrangement of 4:5 as sketched in Fig. 4.22b has a lateral strain

with a minimum value of +2.4%. From an electrostatic view point, strong Coulomb repul-

sion between O2−–O2− and Eu2+–Mg2+ ions at alternating position would certainly lead to

structural roughening at the interface. From our electron diffraction results, we observe in-
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dications for a third configuration: relaxed epitaxial EuO/MgO (100) with a small fraction of

EuO crystal defects at the interface, as observed in the 60 s-RHEED photograph in Fig. 4.21.

Here, the in-plane heteroepitaxy is maintained, however no simple integer relation of EuO

and MgO lattices can be realized, as sketched in Fig. 4.22c. Starting from an EuO on MgO

matching point, after several unit cells of relaxed EuO a structural distortion likely occurs

in order to newly arrange a EuO/MgO ionic match. This leads to misfit dislocations in the

initial layers of the EuO crystal and is observed as polycrystalline fraction next to epitaxial

relaxed EuO in RHEED. As a result, no compressive strain is acting on the EuO layer, but

rather structural dislocations which are observed in the first two nanometers of heteroepitax-

ial EuO/MgO (100).

In conclusion, we observe a good heteroepitaxy of unstrained EuO on MgO (100) beginning

with one monolayer EuO, which initially comprises a fraction of crystal defects and develops

towards EuO single-crystalline quality. The following magnetic measurements investigate

EuO/MgO (100) heterostructures of different EuO thickness to elucidate the relative effect of
misfit dislocations from interfacial EuO on the magnetic properties.

Magnetic bulk characterization of epitaxial EuO on MgO (100)
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Figure 4.23.:Magnetic properties of
heteroepitaxial EuO on MgO
(100).
A Brillouin-shaped magneti-
zation curve is observed for
all heteroepitaxial EuO/MgO
(100) layer structures. The
ordering temperature for
4 nm-thin EuO/MgO is
comparably reduced as for
coherently grown epitaxial
4 nm EuO/YSZ.

We investigate the influence of the MgO (100) substrate with a large lateral mismatch on the

magnetic properties of heteroepitaxial EuO films by S�UID magnetometry, as depicted in

Fig. 4.23. An ultrathin EuO/MgO (100) heterostructure exhibits a magnetization curve with

a deviation from the optimum EuO/YSZ curve less than 5%. Here, the Curie temperature is

reduced to 67 K, which is 2 K below the bulk value of optimum EuO/YSZ. These small devi-

ations from bulk are caused by an interplay of reduced dimensionality (only 4 nm EuO) and

the crystal distortions of interface-near EuO as discussed above. However, the hysteresis loop

encloses a rectangular area with a well-defined switching point as expected for a ferromag-

netic film, but the coercive field is double the value of an optimum EuO/YSZ heterostruc-

ture. This highlights the difference in crystalline quality: coinciding with the polycrystalline

fraction of EuO in RHEED, these structural defects may contribute to pinning of magnetic

domains in EuO.

For EuO/MgO (100) of bulk-like thickness, however, we observe a bulk-like magnetization

curve similar to that of a coherently grown reference sample EuO/YSZ (100). In conclusion,

the magnetic properties of EuO/MgO are relatively robust against structural misfit disloca-
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tions. Even ultrathin EuO exposed to a large lateral mismatch by the MgO (100) surface

deviates only in a weakly from the magnetization curve of bulk EuO. These results are pub-

lished in Caspers et al. (2013).2

In order to investigate the effect of large compressive strain and resulting structural rear-

rangements EuO/MgO (100) heterostructures, we conducted an MCD experiment using hard

X-ray photoemission spectroscopy. However, no MCD asymmetry above the noise level could

be observed (not shown). Since the EuO ultrathin film on MgO (100) is only of 3 nm thick-

ness, the polycrystalline crystal structure may be responsible for a reduced TC, which lets the

EuO layer be in the paramagnetic phase during the experiment. We assume experimental

issues, for example a local warming of the heterostructure during the spectroscopy. One rea-

son might be the incident X-ray beam, which excites the MgO resulting in a white glowing

fluorescence. Further studies of biaxial compressive strain on epitaxially integrated EuO are

desirable.�

�A summary of alternative substrates regarding lattice parameters and strain can be found in Tab. A.2 on

p. 128.
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4.4. Summary

In order to provide high-quality ultrathin EuO for our fundamental studies, we synthesized

EuO thin films from bulk-like thicknesses down to one nanometer by reactive molecular

beam epitaxy specialized for oxide growth (Oxide-MBE).

The EuO thin films are of textbook-like single-crystalline quality, as confirmed by electron

diffraction techniques. We developed a procedure to obtain a certain metallicity in YSZ sub-

strates (“conductive YSZ”), which allows for experimental techniques involving high electron

yields, e. g. hard X-ray photoemission spectroscopy (HAXPES) or transmission electron mi-

croscopy (TEM). On conductive YSZ, we confirmed epitaxial layer-by-layer growth of EuO.

A sharp and well-defined EuO/cYSZ interface as well as a homogenous crystallinity of the

EuO film are observed by high-resolution TEM. Our magnetic oxide EuO thin films exhibit a

bulk-like magnetization down to 2 nm thickness. The stoichiometric chemical quality of EuO

in Si/EuO/cYSZ (100) heterostructures was confirmed by HAXPES for various thicknesses.

Even for 1 nm ultrathin EuO, no valence change or interface shifts are identified from Eu

core-level peaks. We conducted an advanced magnetic characterization by magnetic circular

dichroism (MCD) in core-level photoemission, providing insight into the intra-atomic ex-

change coupling of EuO. This reveals large MCD asymmetries of up to 44% in the Eu 3d and

49% in the Eu 4d photoemission multiplets. The temperature dependence of the MCD de-

scribes a Brillouin function with TC = 64 K. Thus, EuO thin films on conductive YSZ provide

a fundament for ideal EuO heterostructures of reference quality. This allows to explore ad-

vances of selected physical properties of ultrathin EuO layers – like a tuned ferromagnetism.

Biaxial lateral strain applied to single-crystalline EuO is of fundamental interest, since it

alters the electronic structure and magnetic coupling in a controlled way. In order to investi-

gate epitaxial EuO under 4.2% tensile biaxial strain, we synthesized high quality EuO/LAO

(100) heterostructures by Oxide-MBE. A seamless heteroepitaxy of EuO is observed by elec-

tron diffraction. For 16 nm epitaxial EuO/LAO (100), reciprocal space maps reveal the adap-

tion of the lateral LAO lattice parameter, while the perpendicular parameter c of EuO is the

unchanged EuO bulk value, which corresponds to a Poisson ratio of νEuO ≈ 0. While the

magnetization of 4 nm EuO/LAO (100) heterostructures shows a Brillouin-shape as expected

for a Heisenberg ferromagnet with a bulk-like saturation moment, the Curie temperature is

reduced by 12.3 K with respect to the EuO reference value. However, a EuO/LAO (100) het-

erostructure of bulk thickness shows a TC reduction of only 1.7 K. Therefrom we anticipate,

that a large thickness in the unstrained z dimension provides sufficient long range magnetic

exchange for a bulk-like Curie temperature in laterally expanded EuO. MCD asymmetries

in Eu 3d and 4d core-level photoemission multiplets show a maximum asymmetry of 58%

relative to the unstrained EuO reference. This reduction is significantly larger than expected

from S�UID measurements, which we interpret as a larger effect of the tensile strain on

intra-atomic exchange (MCD) than on the long range order of the 4f 7 magnetic moments

(S�UID).



5. Results II: The integration of the magnetic oxide EuO directly

on silicon

The interface is still the device.

(H. Y. Hwang and J. M. Chakhalian,

Nat. Mat. editorial, 2012146,169,170)

Despite its tremendous potential as tunnel contacts with spin functionality, the successful

stabilization of stoichiometric EuO thin films directly on silicon without any buffer layer is
not reported to date. At present, a number of studies have used interfacial barriers of several

nanometers thickness, which prevent diffusion and serve as epitaxial seed for EuO synthesis

on silicon.7,25,27 This, however, largely extends the tunneling path, as the total thickness

of the oxide barrier and the magnetic oxide EuO can easily exceed 5 nm. This may result in

hopping transport and scattering of spin-polarized electrons rather than tunnel transmission.

Therefore, our goal is the integration of ultrathin EuO on Si (001) without any buffer layer.
This study is based on the predicted thermal stability of the magnetic oxide EuO in contact

with silicon.14 A moderate lateral strain of 5.6% provided by Si (001) to the EuO lattice is

in the usual range which allows for heteroepitaxy of oxides on semiconductors. Remarkably,

this lattice mismatch is clearly lower than for the dielectric oxide HfO2 epitaxially integrated

with Si (strain = 6.9%), which is presently attracting great interest. Having established a

high quality EuO synthesis on cubic oxides (Ch. 4) with single crystalline quality and bulk-

like magnetism, now we proceed stepwise towards the application side: epitaxial integration

of EuO directly on Si (001). This system combines lattice strain with a challenging interface

chemistry.

We start the study with a chemically well-defined system: polycrystalline EuO on HF-passi-

vated Si. Herein, EuO is grown with the well-established EuO distillation growth mode as

used for oxide substrates, yielding a bulk-like EuO thin film. A detailed picture of the valence

state of Eu ions in EuO and the electronic structure depending on the chemical composition

is still missing. A major reason is the difficulty to probe this highly reactive compound by

conventional surface-sensitive photoelectron spectroscopy, due to the necessity for a protec-

tive capping layer in EuO/Si hybrid structures. Here, we control the chemical integrity of

the buried EuO bulk and surface layers by hard X-ray photoemission (HAXPES) experiments

carried out at the high brilliance synchrotron light source PETRA III.

In the next step, we prepare and investigate ultrathin EuO on atomically smooth Si (001).

We remove any oxides and contaminations from the Si substrate by in situ flashing proce-

dures. For the system EuO directly on Si, the interface chemistry is the crucial challenge,

as all the constituents Eu, O2, and Si easily react to either metallic silicides, various oxides

or over-oxidized EuO phases. Thus, we dedicate one section explicitly to a thermodynamic

analysis of the EuO/Si interface. For different regimes of EuO synthesis, we identify the most

probable interface reaction products and quantify balanced interface reactions by means of

their resulting Gibbs free energies. In this way, we derive three different passivation meth-

85
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ods of the Si (001) surface. The three types of interface engineering of the functional EuO/Si

hybride structures include (i) hydrogen termination of Si dangling bonds, (ii) Eu coverage of

Si in the monolayer regime, and (iii) passivation of Si by ultrathin silicon oxide. We apply

these treatments in situ in the Oxide-MBE and control the surface crystal quality by electron

diffraction. A quantitative chemical investigation of the ultrathin EuO films and the EuO/Si

interface is carried out by HAXPES. Finally, we provide an optimum set of parameters for the

minimization of metallic and oxidic interfacial reaction products.

5.1. Chemical stabilization of bulk-like EuO directly on silicon

A first step towards functional EuO/Si tunnel contacts is the chemical stabilization of ultra-

thin EuO films directly on silicon. EuO is predicted to be the only binary magnetic oxide

thermodynamically stable in contact with Si.14 For this reason, we fabricate EuO/Si het-

erostructures using the established technique of EuO synthesis presented in Ch. 4.

In this study, we investigate two complementary EuO systems: (i) stoichiometric EuO and (ii)

oxygen-rich Eu1O1+x. The films are grown by Oxide-MBE under UHV with residual partial

pressures of pres � 1 × 10−10 mbar. We etch Si (001) substrates in diluted hydrofluoric acid

(2% HF) in order to remove the native SiO2 layer and to prepare a (H-Si)-terminated surface.

For EuO on Si, the same adsorption-controlled EuO synthesis using the Eu distillation con-

dition is employed,15,32,45 similar to our study of EuO on oxide substrates.� In this way, we

fabricate 45 Å-thick EuO films with different stoichiometries (i) and (ii) using a constant O2

partial pressure in the range p
partial
ox = 2–4 × 10−9 Torr at an elevated substrate temperature of

TS = 350 ◦C. This yields mainly polycrystalline EuO as verified by X-ray diffraction. The EuO
samples were capped by a 40 Å-thick Al film to prevent oxidation in air.

Magnetic properties
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Figure 5.1.:Magnetic properties of

ultrathin EuO films (d = 45 Å)
grown directly on HF-Si. By
S�UID magnetometry, the
saturation field is determined
by field-dependent hysteresis
loops (inset) and applied for
temperature-dependent mag-
netization measurements. The
magnetization M(T ) shows a
(S = 7/2) Brillouin-like curve for
EuO compound (i).

First, we present the magnetic properties of both types of EuO/Si heterostructures (i) and

(ii), measured by S�UID magnetometry. The magnetization M(T ) and hysteresisM(H) char-

acteristics for both stoichiometric EuO (i) and oxygen-rich Eu1O1+x (ii) thin films on silicon

�as described in Ch. 4 on p. 57.
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are depicted in Fig. 5.1. In stoichiometric EuO (i),M(T ) roughly follows a Brillouin function,

as expected for a Heisenberg ferromagnet with spin angular momentum S = 7/2.18 We can

observe a magnetic saturation moment ofMS = 6.7μB, close to the bulk value of 7μB per Eu2+

as expected for a 4f 7:8S7/2 system. Likewise, the normalized M(H) characteristics taken at

2K (see inset of Fig. 5.1) displays a clear square-like ferromagnetic hysteresis with a coercive

field of Hc ≈ 100 Oe of the (i) stoichiometric EuO/Si (001) heterostructure. This magnitude

of coercive field is characteristic for polycrystalline EuO.

The complementary EuO/Si heterostructure (ii) comprising oxygen-rich EuO, in contrast,

reveals an M(T ) curve in Fig. 5.1 which is almost completely suppressed. Here, a reduced

magnetic saturation momentMS = 1.5μB is detected at 2 K, caused by a dominant fraction of

paramagnetic Eu3+ cations in Eu3O4 or Eu2O3 phases, which instantly form under any oxy-

gen excess. This mainly paramagnetic behavior is also reflected in the M(H) curve (inset) of

oxygen-rich EuO, in which a hysteretic behavior of remaining EuO is hardly identified.

The complete alteration of the magnetic behavior due to an oxygen partial pressure change

of only 2 × 10−9 Torr underlines that the oxygen supply is an extremely important parameter

during EuO synthesis, in order to obtain EuO/Si structures of stoichiometric type (i) instead

of Eu1O1+x (ii).
�

HAXPES: Analysis of the Eu 4f valence level

Figure 5.2.: Photoemission infor-
mation depths z, as calculated
for the particular EuO/Si het-
erostructures and core-levels
investigated in this study
under hard X-ray excitation of
hν = 4.2 keV.
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A straightforward analysis of the EuO chemical state is feasible by the analysis of the hard-

dray photoemission spectra of the Eu 4f orbital. Due to the highly localized character of the

4f valence band with an energy dispersion limited to 0.3 eV,41,171 hybridization with other

ligand states is weak and photoemission from the deeper bound oxygen 2p valence band be-

comes well distinguishable, as indicated† by a recent LDA+U band structure of EuO41. In

contrast to photoemission spectroscopy of deep core-levels, final state screening effects of the
4f photo-hole are negligible here. Depending on the Eu1O1+x stoichiometry, Eu cations will

be either in a divalent Eu2+ initial state with half-filled 4d10 4f 7 shell and a ferromagnetic

moment of 7μB, or exist as trivalent Eu3+ occupying a 4d10 4f 6 level, which is chemically

�One may want to compare this oxygen paramater with the synthesis of stoichiometric EuO on cubic oxides

in Ch. 4.1 on p. 60.
†as depicted in Fig. 2.4 on p. 10.
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shifted towards higher binding energies by reduced Coulomb repulsion and couples antifer-

romagnetically; this 4f 6 configuration will exhibit more complex final-state multiplet effects
that have been studied e. g. by Lang et al. (1981).172

HAXPES experiments were carried out at the undulator beamline P09 at PETRA III (DESY

Hamburg) using a photon excitation energy of 4.2 keV. The spectra were recorded at room

temperature in normal emission geometry with an energy resolution of 0.5 eV.� The bind-

ing energy scale was calibrated to the metallic Fermi edge of an Au foil in contact with the

sample. A Shirley-type background was subtracted from the raw data to correct inelastic

photoelectron scattering.

Eu 4f valence band spectra in normal emission geometry are depicted in Fig. 5.3a and c

for both EuO compounds (i) and (ii). A center of spectral weight is located 1.8 eV below

EF in both spectra, which can be clearly identified as electron emission from the divalent

Eu2+ initial state in a 4f 7→ 4f 6 final state configuration. The Eu2+ peak agrees well with the

calculated divalent Euf 4f multiplet depicted in Fig. 5.3e.173 Moreover, a doublet peak cen-

tered at ∼4.8 eV below EF is assigned to the emission fromO2p orbital, which originates from

both EuO and Al2O3. The absence of a second multiplet in the higher binding energy region

in Fig. 5.3a indicates, that the Eu cations in compound (i) are mainly of divalent valency, as

expected for stoichiometric EuO.

In contrast, the 4f spectrum of the EuO compound (ii) in Fig. 5.3c shows a large additional

multiplet structure in the binding energy region from 5–13 eV below EF, which corresponds

to the 4f 6→ 4f 5 final state multiplet of trivalent Eu3+. The broad Eu3+ final state structure

is in accordance with previous experimental studies on oxidized Eu compounds159,160,174,176

and with calculated multiplet lines172,175 (Fig. 5.3e). Due to over-oxidation in compound (ii),

the contribution of the overlapping O2p peak has significantly increased. From the presence

of both 4f 6 and 4f 5 final state multiplets, we anticipate, that the initial state valency of Eu

in compound (ii) is of mixed divalent and trivalent nature, which is indicative for the Eu3O4

oxidation phase.

A necessary criterion to identify the stoichiometry of the magnetic oxide EuO is its initial

state valency. Therefore, we quantify the spectral contributions of divalent (n = 7) and triva-

lent (n = 6) Eu cations from the respective 4f n−1 peak intensities. However, the EuO sur-

face electronic structure may significantly differ from that of bulk EuO, due to changes in

local atomic geometry or coordination in direct proximity to the Al/Al2O3 capping layer.

Thus, surface-shifted and bulk-like final states may contribute to the Eu photoemission peak,

shifted in binding energy EB by δS = E surface
B − E bulk

B . To discriminate between surface and

bulk-related photoemission, we vary the depth sensitivity of the HAXPES experiment by

recording spectra in normal emission (ne) and 43◦ off-normal emission (oe) geometry. From

our calculated energy and angle-dependent information depths ID4f of photoelectrons,† we

expect an enhanced surface sensitivity of 30% for 4f photoemission in (oe) geometry com-

pared to the bulk-sensitive (ne). Depth-dependent information can be extracted from Fig.

5.3b and d, which display the difference intensity curves of the normalized and background-

corrected 4f spectra recorded in (oe) and (ne) geometries, ΔI ∗4f = I ∗oe − I ∗ne. In these plots,

ΔI ∗ < 0 (> 0) correspond to contributions from bulk (I ∗B) (surface (I ∗S)) photoemission. For

�We refer to Ch. 3.4.3 on pp. 48 for details on the beamline and the electron analyzer.
†see Ch. 3.4.4 on p. 51, or references Powell et al. (1999), Tanuma et al. (2011).84,179
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Figure 5.3.: Ultrathin EuO films (d = 45 Å) directly on HF-Si investigated by HAXPES.
For the Al/EuO/HF-Si heterostructures, HAXPES spectra of the Eu 4f valence level (a–d) and of
the Eu 3d deep core-level (f–i) are analyzed by quantitative peak fitting. Plotting the difference
of spectral weight in grazing and normal emission geometries (b, d and g, i) exploits any surface
and bulk contributions of the EuO thin film. For curve fitting, calculated Eu2+ and Eu3+ multi-
plets110,111,172,174,175 (e and j) serve as reference of binding energies for the photoemission final
states.
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Figure 5.4.: Valence bands of Al2O3, Al and Si in comparison with Eu 4f PES multiplets. From
Miyazaki (2001), Drube (2012) and Ley et al. (1972).99,177,178

both EuO compounds (i) and (ii) we observe a redistribution in peak intensity within the

divalent Eu2+ 4f 6 final state from the lower binding energy side (−ΔI ∗B) towards the higher

binding energy side (+ΔI ∗S). This result suggests, that the 4f 6 final state multiplet of both EuO

compounds is composed of a bulk component B, located at a binding energy of EB � 1.8 eV,

and a surface component S shifted towards higher binding energy due to the contact with

Al/Al2O3. The Eu2+ 4f surface shifts for the EuO compounds (i) and (ii) are determined as

δ
(i)
S = 1.2 eV and δ

(ii)
S = 1.3 eV, respectively. A quantitative analysis of the Eu3+ 4f interface

shift is impeded by the overlap with the O 2p states.

In order to quantify the chemical states of the Eu 4f photoemission peak in Fig. 5.3a and c,

we fit the 4f n−1 multiplets using convoluted Gaussian-Lorentzian curves. Three tunable pa-

rameters were employed for least-squares fitting, namely the energy separation between the

divalent and trivalent Eu contributions, their intensity ratio and the spectral width (FWHM)

for every species. For Eu2+, a multiplet fine structure serves as reference for binding energy

in accordance with theoretical calculations by Cho et al. (1995). Least-squares best-fit curves

are shown by the solid curves in Fig. 5.3a and c, which match the experimental data points

very well, and the resulting intensity ratios and energy positions of Eu2+ and Eu3+ species

are summarized in Tab. 5.1. From the integrated spectral intensities A of the Eu2+ and Eu3+

components, we derive the relative fraction of trivalent Eu as rEu
3+

= AEu3+
/ (AEu2+

+AEu3+
).

For the EuO compound (i), we determine mainly an integral divalent chemical state of the Eu

cations (trivalent contribution rEu
3+

4f = 7.4%). For the EuO compound (ii), in contrast, a mixed

initial valency with a trivalent contribution of rEu
3+

4f ≈ 66% is derived. Thus, we confirm EuO

compound (i) as stoichiometric EuO and (ii) as oxygen-rich Eu1O1+x.

A comparison of contributions to the valence level from the entire Al/EuO/Si heterostructure

is given in Fig 5.4. In Fig. 5.4a, the Al2O3 valence band177 coincides mainly with Eu3+ PES

final states. The metallic Al valence band99 (b) and the Si valence band178 (c) coincide with

both Eu2+ and Eu3+ PES multiplets.110,111,172,174,175 Thus, the oxidation state and thickness

of the Al overlayer influences the spectral weight observed at the energy position of Eu 4f
final states. Our Eu3+ spectral fit does not include any Al 3s and Al3+ 3s contributions177

from the cap layer or the Si valence band178 from the substrate in this energy region, which

may lead to a slight over-estimation of rEu
3+

4f .
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HAXPES: Analysis of the Eu 3d deep core-levels

Now we proceed with spectra of the more deeply bound Eu 3d core-levels, which helps to

provide a consistent quantification of the initial state valency in conjunction with the Eu 4f
results. We note, that analyzing the 3d core-level spectra has a significant advantage for the

determination of the initial state Eu valency compared e. g. to the 4d core-levels, because the

3d states show a much weaker multiplet splitting and larger photoexcitation cross section.

Moreover, the kinetic energy of Eu 3d photoelectrons is reduced by about 1150 eV, thus the

probe is more surface sensitive within the EuO layer, as sketched in Fig 5.2.

Eu 3d photoemission spectra for EuO compounds (i) and (ii), recorded in normal emission

geometry, are depicted in Fig. 5.3f and h. The spectra consist of a main peaks, the spin–orbit-

like final state groups 3dj=5/2 and 3dj=3/2, which are clearly separated by a large spin–orbit

coupling of 29.2 eV in agreement with previous studies.159 The broad structure in the center

is assigned to extrinsic plasmon excitations caused by high energy 3d photoelectrons, which

dissipate the plasmon energy in the electron gas of the metallic Al top layer.173 The plasmons

are located at the expected energy loss (16 eV) from the 3d5/2 peak and the 3d3/2 peak.

Stoichiometric EuO (i) shows onemain peak in each of the Eu3d5/2 and 3d3/2 groups in Fig. 5.3f.

Within the two spin–orbit split groups, the distribution of final states mJ is asymmetrically

shaped, in perfect agreement with theoretical calculations of the divalent Eu 3d multiplet,

as depicted for comparison in Fig. 5.3j.110 A satellite peak in the high binding energy region

of the Eu3d5/2 (and 3d3/2) multiplet separated by 7.8 eV (6.3 eV) from the main peak belongs

to the divalent Eu2+ multiplet of the 3d9 4f 7 final state. Energy splitting as well as inten-

sity ratios of the satellites agree with previous reports on calculated and measured multiplet

spectra of divalent Eu compounds.110,111

Evaluating the oxygen-rich EuO compound (ii) in Fig. 5.3h, we observe prominent double

peak structures in the 3d5/2 (3d3/2) regions, which are separated by 10.45 eV (10.90 eV). We

assign these features to divalent Eu2+ (3d9 4f 7 final state) and trivalent Eu3+ (3d9 4f 6 final

state) spectral contributions. Similar with the divalent Eu structure, the Eu3+ 3d multiplet

consists of a doublet whith a satellite peak appearing at 6.9 eV higher binding energy below

the 3d5/2 main peak. The Eu3+ 3d3/2 satellite structure is broadly distributed (not shown). The

energy positions and shape of the Eu2+ and Eu3+ 3d multiplet final states agree well with

previous experiments176,180,181 and theoretical calculations,110,111 as illustrated in Fig. 5.3j.

For a depth-sensitive analysis of the 3d core-levels, we calculate the energy and angle-depen-

Table 5.1.: Binding energies EB and Eu3+ valency ratios rEu
3+

for (i) stoichiometric EuO and (ii) oxygen-
rich Eu1O1+x, as obtained by least-squares fitting of the Eu 4f and 3d spectra.

Eu4f EEu
2+

B
EEu

3+

B
rEu

3+

4f

(i) EuO 1.8 eV 7.0–11.1 eV 7.4±1.2%
(ii) EuO1+x 1.64 eV 7.0–11.1 eV 66±2%
Eu3d EEu

2+

B
(eV) EEu

3+

B
(eV) rEu

3+

3d

j = 5/2 3/2 �ESO 5/2 3/2 �ESO 5/2 3/2

(i) EuO 1124.9 1154.1 29.2 1134.7 1164.4 29.7 4.1% 3.2%

(ii) EuO1+x 1125.0 1154.3 29.3 1134.8 1164.5 29.7 59% 49%
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dent information depths as IDne
3d ≈ 10.7 nm and IDoe

3d ≈ 7.3 nm, indicating an increase in

surface sensitivity of 43% for both emission geometries compared to 4f photoemission. The

Eu 3d difference intensity curves ΔI ∗3d = I ∗oe− I ∗ne for both stoichiometric and oxygen-rich EuO

compounds are given in Fig. 5.3g and i. While in the 4f spectra the Eu2+ ions show a sym-

metric shift from bulk to surface states, we observe a larger imbalance in intensity transfer

of Eu2+ photoemission in the 3d spectra such that the surface contribution is clearly domi-

nant, | −ΔI ∗B| � | +ΔI ∗S|. This spectral intensity from more surface-like states is explained by

the significantly enhanced surface sensitivity of the 3d photoelectrons. Only for oxygen-rich

EuO (ii) we find this accumulation of divalent ions in the surface region of the EuO layer, this

effect coincides with “divalent surface states” of trivalent EuO compounds in literature.111

In order to quantify the Eu 3d multiplet, we use convoluted Gaussian-Lorentzian lines with

consistent intensity ratios, peak widths and energy differences. The Eu2+ multiplet is in ac-

cordance with Cho et al. (1995).110 For the Eu3+ 3d line shapes, we employ single Gaussian-

Lorentzian peaks, respectively, since the explicit fine structure of the trivalent Eu 3d multi-

plet is not published to date. Two satellite features are included besides the Eu2+ and Eu3+

main 3dmultiplets. They may be interpreted as follows: due to a photoionization of the 4f
valence level, the rearrangement of 4f 6 electrons permits the acception of a conduction elec-

tron and is observed as an “apparent Eu(III) configuration” of the initial state, 4f 6 5d1. This
yields a so-called shake-up satellite at about 6.5–7.0 eV higher binding energy with respect

to the main divalent Eu photoemission peak, 3d9 : 4f 7 5d0.180 Moreover, we include contri-

butions from a well-known Eu(III) 3d final state effect180 referred to as shake-down (SD and

Δ∗SD in Fig. 5.3g and i). Here, unoccupied 4f -subshells are lowered in energy by the potential

of the 3d photohole, which allows a conduction electron to occupy these 4f -subshells. This
increases the occupation of 4f -subshells, corresponding to an “apparent change of the initial

valence” as observable in the photoemission energy region of Eu(II ) 3d. Thus, the shake-

down satellite transfers intensity on the low binding energy side of the main photoemission

peak,176 and can be described within the Anderson impurity model.182 Furthermore, for

both Eu2+ 3d and Eu3+ 3d main peaks, a small surface spectral contribution S is included on

the higher binding energy side. The best fit of the least-squares fitting is shown as solid line

in Fig. 5.3f and h in very good agreement with the experimental spectra.

We determine the relative fraction of Eu3+ cations as rEu
3+

3d ≈ 3.7±0.4% for EuO compound (i)

and rEu
3+

3d ≈ 55±4% for EuO of type (ii). This result is in good agreement with the quantitative

analysis of the 4f valence states, as summarized in Tab. 5.1. Our quantification reveals the

excellent chemical quality of the MBE-deposited EuO thin films, with a homogeneous depth

distribution of Eu cations.

For (ii) oxygen-rich EuO, we extract an about 17% reduced fraction of Eu3+ cations from

the more surface-sensitive 3d compared to the 4f emission. This underlines again a small

accumulation of Eu2+ cations at the surface-near interface in contact with Al. The feature

is consistently observed for both emission geometries in the Eu 4f and Eu 3d peak analysis

and coincides with the grazing−normal emission difference intensity curves. Relating the

formation energies35,183 G◦f ,

Eu3O4 (−2140 kJ/mol) � α-Al2O3 (−1582 kJ/mol) < Eu2O3 (−1559 kJ/mol)

we may identify the thermodynamically most probable origin of divalent Eu ions in com-

pound (ii): the formation probability of Eu3O4 exceeds these for alumina (Al2O3) and eu-

ropia (Eu2O3). Indeed, Eu3O4 is mixed-valent with 66% Eu3+ ions, and thus fits perfectly
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to the valency quantification of the oxygen-rich Eu compound (ii). Thus, we estimate the

mixed-valent Eu3O4 to be the origin of the Eu2+ signal in oxygen-rich Eu1O1+x, which may

also explain the Eu2+ accumulation near the surface as a result of reduction by metallic Al

from the capping layer. The results of this section are published in Caspers et al. (2011).1

HAXPES: Analysis of the Eu 4s and Eu 4d core-levels

In order to develop a consistent compositional analysis of the two complementary EuO/Si

heterostructures (i) and (ii), we include the Eu 4s and 4d photoemission spectra into the

quantitative analysis. In studying the 4s and 4d core-levels, one has to take into account

the dominant exchange interactions with the magnetic 4f 7 open shell. Fig. 5.5a–d shows

the Eu 4s and 4d core-levels for (i) stoichiometric EuO and (ii) oxygen-rich Eu1O1+x on Si.

A quantitative least-squares peak fitting analysis of the divalent and trivalent spectral con-

tributions in the Eu 4s and 4d spectra is employed to quantify the EuO chemical composition.

First, we identify the individual spectral features in the Eu 4s core-level. Figures 5.5 (a) and
(b) show the Eu 4s core-level spectra for both (i) and (ii) EuO compounds. A clear double-

peak structure is caused by coupling of the 4s core-level electrons with the localized Eu 4f
state, which leads to an exchange splitting ΔE =7.4 eV of the 4s inner shell. The spins in

the 4s photoemission final state |4s1 4f 7 : 9S〉 |ε�〉 are predicted to antiparallel for the lower

binding energy peak and parallel for the higher binding energy peak
(
|4s1 4f 7 : 7S〉 |ε�〉

)
with

respect to 4s emitted spin.94,184 For stoichiometric EuO (i), the 4s double-peak is assigned to

divalent Eu2+ spectral contributions, whereas an additional overlapping double-peak feature

appears in Fig. 5.5b, that is chemically shifted by 8.1 eV towards higher binding energy. This

shifted structure corresponds to trivalent Eu3+ ions.
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Figure 5.5.: Ultrathin EuO directly on HF-Si investigated by HAXPES. In Al/EuO/HF-Si heterostruc-
tures, HAXPES spectra of the Eu 4s core-level (a, b) and of the Eu 4d core-level (c, d) are analyzed
quantitatively. For curve fitting, calculated Eu2+ and Eu3+ multiplets serve as reference for the
final state binding energies.110,111,172,174,175
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Proceeding with the most complex photoemission final state structure among the Eu core-

levels, we present the Eu 4d core-levels in Fig. 5.5c and d. Their complex multiplet structure

is distributed in a wide energy range from 125–170 eV and we focus on the most promi-

nent double peak structure at lower binding energy. Due to the strong 4d–4f exchange

interaction and much weaker 4d spin–orbit splitting, these two 4d peak shapes cannot be

assigned 4d3/2 and 4d5/2 spin–orbit components. By assuming a J = L − S multiplet splitting

caused by the 4d–4f interaction, the two peaks are denoted as 7DJ and
9DJ multiplets, respec-

tively.112,114,115 The fine structure of the 7D final state is not resolved, whereas the J = 2–6

components in the 9D state are easily identified. In agreement with the other Eu core-levels,

we clearly observe a mainly divalent Eu2+ valency in EuO (i), but significant spectral contri-

butions from Eu3+ cations in oxygen-rich EuO (ii).

Finally, we performed a quantitative peak analysis by least-squares fitting of the spectral

contributions with convoluted Gaussian-Lorentzian curves. The best fit is shown by the solid

lines in Fig. 5.5a–d and matches the experimental spectra quite well. From the integrated

spectral intensities of the divalent Eu2+ and trivalent Eu3+ components, we derive a relative

fraction of Eu3+ cations of only 2.8% for stoichiometric EuO (i) and of 59% for oxygen-rich

Eu1O1+x (ii), both in excellent agreement with the Eu 4s and 3d analysis, as summarized in

Tab. 5.2. Again, the larger ratio of Eu3+ from the Eu 4f spectra is explained by the summation

of Al and Si valence band spectral weight to the trivalent Eu peaks (as illustrated in Fig. 5.4

on p. 90).

Table 5.2.: Binding energies EB and Eu3+ valency ratios rEu
3+

for (i) stoichiometric EuO and (ii) oxygen-
rich Eu1O1+x, as obtained by least-squares fitting the Eu 4s and 4d spectra.

Eu4s EB

(
Eu2+

)
EB

(
Eu3+

)
rEu

3+

4f

4s spins ‖ 4f � 4f �E
spin
states ‖ 4f � 4f �E

spin
states

(i) EuO 355.4 eV 362.7 eV 7.3 eV 363.5 eV 370.7 eV 7.2 eV 2.2%
(ii) EuO1+x 355.4 eV 362.6 eV 7.2 eV 363.5 eV 370.7 eV 7.2 eV 53.0%

Eu4d EB

(
Eu2+

)
EB

(
Eu3+

)
rEu

3+

3d
S+1DJ

7DJ
9D6 �E

spin
states

7DJ
9D6 �E

spin
states

7DJ + 9D6

(i) EuO 134.2 eV 128.0 eV 6.2 eV 141.9 eV 135.4 eV 6.5 eV 2.8%
(ii) EuO1+x 134.3 eV 128.0 eV 6.3 eV 141.9 eV 135.4 eV 6.5 eV 59.0%

HAXPES: Impact of the EuO phases on the EuO/Si interface chemical state, observed

by Si 2p photoemission

Having confirmed the stoichiometric quality of the EuO film on top of Si, we now proceed to

study the chemical state of the interface formed between the EuO layer and the Si substrate,

which is crucial for any electrical and spin transport. Here, we probe the local chemistry

and bonding at the EuO/silicon transport interface by HAXPES. Photoemission from the

Si 2p core-level was recorded in normal (0◦) and off-normal (45◦) emission geometry with

hard X-ray (hν = 4.2 keV) excitation. In this way, the information depth of the escaping

photoelectrons is substantially varied between ∼18.4 nm and ∼13.2 nm, respectively, which

allows to distinguish bulk and interface-like electronic states of the buried Si substrate.

In oxygen-rich EuO/HF-Si (ii), next to the well-resolved Si0 2p peak, a broader feature can
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Figure 5.6.: Si 2p core-level
photoemission spectra
for stoichiometric EuO (i)
and oxygen-rich EuO (ii),
recorded at hν = 4.2 keV
in normal (α ≈ 0◦) and off-
normal (α = 45◦) electron
emission geometry.

be observed on the high binding energy side as depicted in Fig. 5.6. It is attributed to the

emission from Sin+ 2p states, which indicates the presence of the silicon oxide, SiOx. The

chemical shift of ΔE ∼ 3.0 eV corresponds to Si3+ oxidation states, and ΔE ∼ 4.0 eV is the

dioxide with Si4+ ions139. The Si4+ 2p spectral intensity is enhanced for off-normal emission,

which confirms that the silicon dioxide signal mainly originates from the EuO/Si interface

rather than deeper Si regions.

For stoichiometric EuO/HF-Si (i), we observe the well-resolved Si 2p doublet structure for

both emission geometries, as depicted in Fig. 5.6. This doublet is indicative for an exclusively

integral Si0 valency both in the bulk and interface regions of the substrate. Any other valen-

cies are absent in these Si spectra, which confirms the chemical stability of the EuO/HF-Si

interface, which is in agreement with the predicted thermodynamic stability of EuO in con-

tact with the Si surface.14

We finally conclude, that the chemical state of the EuO/HF-Si interface directly correlates

with the specific EuO growth conditions at elevated substrate temperatures. In particular,

any oxygen excess during EuO synthesis not only leads to the formation of antiferromagnetic

EuO phases (favorably Eu3O4), but also promotes an oxidation of the EuO/Si interface. Only

if the Eu distillation process and a precise oxygen supply is maintained, stoichiometric EuO

thin films can be grown directly on Si without interface oxidation. The results of this section

are published in Caspers et al. (2011, 2012).3–5

The highly sensitive interface chemistry observed for oxygen-rich EuO in contact with silicon

motivates further investigations of the chemical interface properties of EuO on Si – both of

which featuring high reactivity and and atomic mobility at elevated temperatures. Therefore,

we conduct a thermodynamic analysis in order to elucidate the interface chemistry of the

functional EuO/Si (001) heterointerface in the following section.
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5.2. Thermodynamic analysis of the EuO/Si interface

In spite of the tremendous interest in EuO tunnel contacts on Si7,25,74,185 and the well-

established thin film synthesis of EuO�, no thermodynamic overview of possible EuO phases

and reaction products in contact with silicon has been published to date. Such thermody-

namic predictions are fruitful for experimentalists, particularly in the Eu distillation growth

regime of EuO where reactions take place at elevated temperature and at constant pressure

in a quasi-equilibrium. Given these conditions, we can compile the Gibbs free energies of for-

mation G◦f from experimental studies34,35,183,187–189 for possible compounds at the EuO/Si

interface. In a further step, we extend our quantitative analysis to formation and disappear-

ance reactions of possible interface reaction products during EuO-on-Si synthesis.†
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Figure 5.7.: Ellingham diagram for Eu oxide phases and SiO2. The Gibbs free energies of formation of
stoichiometric EuO, higher Eu oxides, and SiO2 are normalized to a constant molar O2 supply.
All oxides are located in the stable oxide area situated left of an intersection with the oxygen
curve p(O2).

First, we address a central question: may EuO exist in contact with Si, or will rather sil-

icon dioxide form? While the static existence of (cold) EuO in contact with Si is already

predicted14, the synthesis under oxygen supply and under different temperatures has not

been analyzed to date. To elucidate this question of oxidation, an Ellingham diagram is per-

fectly suited.† In order to evaluate the probabilities of formation for the experimentally most

relevant interface compounds in comparison with EuO, we compiled Gibbs free energies of

formation reactions Gr(T ) and a gas line for one representative O2 pressure in Fig. 5.7.

We identify a narrow band of the Gibbs free energy in which all the Gr(T ) curves of Eu oxide

phases are located. A zoom in and analysis of the different EuO phases is presented in Ch. 4

with the result that phase-pure EuO can be synthesized by Oxide-MBE. Here, we observe a

�Experimental challenges and solutions for phase pure EuO e. g. in15,30,32,45,186.
†A systematic introduction to thermodynamics regarding the reaction potentials (like the enthalpy and Gibbs

free energy) and Ellingham diagrams is given in the theory chapter, Sec. 2.1.
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Figure 5.8.: Three growth regimes of EuO, illustrated in a Eu–O–Si Gibbs triangle (inset).
(I) describes the oxygen-rich regime, (III) the Eu-rich EuO regime, and (II) can be referred to,
when EuO is stabilized on (H-passivated) Si, as the stoichiometric EuO regime.

significant shift to lower Gibbs free energy from the Eu oxides to SiO2 by 260 kJ/mol, which

clearly exceeds energies of the Si surface or surface diffusion kinetics. This energy shift is

nearly temperature independent. Thus we can conclude, that EuO is not only statically stable

on Si, but is also under gaseous oxygen supply and under elevated temperature significantly

more stable than the formation of SiO2. We remark, that this prediction is of thermodynamic

nature, thus the result (stable Eu oxides) may be reached after a long time or even mixed up

by interface kinetics.

The Gibbs phase rule36 connects the number of constituents C and resulting phases P with

the degrees of freedom F of a system under constant pressure� as

F = C −P +1. (5.1)

In our system, the constituents are O2–Eu–Si at constant and limited O2 pressure, and the

resulting phases are assumed to be SiO2 + EuO + EuSi2 during Eu distillation growth†. For

this three-constituent system, a Gibbs triangle serves as a perfect visualization as depicted

in Fig. 5.8a. The Eu–O–Si phase diagrams are constrained to contain only one, two, and

at most three-phase regions. A one-phase region exists at the vertex of the triangle, e. g.

Si. A two-phase region exists on any tie line where phases thermodynamically meet, e. g.

Si and Eu. The interior of any triangle is a three-phase region, including probabilities for

e. g. EuO + Eu + EuSi2 in region III. Crossing tie lines are not allowed because at the point

of their intersection the simultaneous coexistence of four phases would contradict the Gibbs

phase rule, this for example negates the simultaneous existence of EuO + Eu + SiO2 + EuSi2
in thermodynamic equilibrium, as read from a fictitious crossing of lines SiO2 → Eu with

EuO → EuSi2 from Fig. 5.8a. Hence, from the Gibbs triangle, we obtain a limit to three

chemical regimes (I, II, and III) of resulting phases, which limits the number of co-existing

phases to those being in the same subtriangle.

�The Gibbs phase rule for constant pressure is sometimes referred to as the “solid state phase rule”. It is

particularly suited for solid systems under low pressures in which one constituent is gaseous.
†as introduced in Ch. 4
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What is the free parameter which drives the system into one of these regimes? The phase

rule for constant pressures (5.1) evaluates F = 1, a degree of freedom in only one dimension.

This degree of freedom is the temperature of synthesis TS. Via this temperature, the Eu dis-

tillation condition during EuO synthesis is strongly affected by means of partial or complete

re-evaporation of excess Eu, this corresponds to a shift along the O–Eu tie line in the Gibbs

triangle. Therefore, the chemical phases can range from oxidized phases over stoichiometric

EuO to metallic phases. This variation is plotted in Fig. 5.8b with different background colors

revealing the chemical regimes (I), (II), and (III), all depending on the temperature degree of

freedom.

We proceed with the quantitative analysis of EuO/Si interfacial reactions products. The re-

actions are evaluated by balancing the Gibbs free energies of formation,

ΔG◦ =
∑

products

nG◦f −
∑

reactants

mG◦f . (after Hess’ law) (5.2)

These balances are not limited to the comparison of bare formation energies Gf(T ) directly
from the constituents as presented in the Ellingham diagram. We rather compare oxygen-rich

(I) with Eu-distillation (II–III) chemical regimes during the EuO synthesis in the initial stage

and during sustained growth. Herein, the distillation condition is persistently expressed by

the term (3Eu+O2) and the oxygen-rich synthesis as (Eu+3/2O2). First, we address the native

metallic silicide EuSi2, and then the silicon dioxide SiO2. Among ternary compounds, we

limit the discussion to Eu(OH)3 which is the most probable europium hydroxide. In the case

of a two-dimensional structure, we remark that the energy gain ΔG◦ is reduced compared to

a volume reaction by the surface energy of the substrate: ΔG◦
(1×1) = 113 kJ/mol for (1 × 1)-Si

(001), or ΔG◦
(2×1) = 124 kJ/mol for (2× 1)-Si (001).190

Europium silicide reactions at the EuO/Si interface
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Figure 5.9.: Gibbs free energies of

formation for EuO, the H-Si
(001) surface, and EuSi2. The
silicide shows crossing to pos-
itive Gibbs free energy, which
indicates a favorable decom-
position at high temperature.

We begin with the thermodynamically least stable compound (Fig. 5.9), Europium silicide

EuSi2, notwithstanding being the most serious antagonist to any tunnel functionality due

to its metallic conductivity and paramagnetic behvavior191. Despite the likely silicidation

of Si surfaces, thermodynamic data for the native europium silicide EuSi2 are still missing.

Therefore, a calculation of the formation energy including the temperature dependence is
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(a) Silicide formation during initialization of EuO growth:

 2(H-Si) +   Eu    EuSi2 + H2

(g)

 2Si + 2(H-Si) + 2Eu  2EuSi2 + H2

(g)

 2Si +        Eu  2EuSi2 

 
(b) Silicide dissolution during oxygen-rich EuO growth:

 EuSi2 +   Eu + 3/2O2  EuO + Si + SiO2

 EuSi2 +   Eu + 3/2O2  Eu2O3 + 2Si

 1/2(EuSi2)+Eu+3/2O2  1/2(Eu3O4+SiO2+Si)

 
(c) Silicide dissolution during EuO distillation growth:

 EuSi2 + 3Eu + O2  2EuO + 2Si + 2Eu
(evap)

  EuSi2  

EuO formation (for orientation)

Figure 5.10.: Resulting Gibbs free energies of EuO/Si interface reactions involving EuSi2.

needed. Such a calculation has been conducted by Rushchanskii (2012) and Ležaić (2011)
using the harmonic approximation in density-functional perturbation theory (DFPT).� 191,192

The chemical environment when beginning EuO synthesis is an Eu-rich seed layer for epi-

taxial growth on top of the hydrogen-passivated silicon surface, H-Si (001). These condi-

tions reveal possible silicide formation reactions, as assembled in Fig. 5.10a. Their resulting

Gibbs free energy is ΔG◦300 K > 0 (purple and red circles), which renders the silicide forma-

tion on H-Si unlikely. However, we analyze three different hydrogen coverages of the Si

surface, complete passivation (purple circle), half surface passivation (red circle), and in case

no hydrogen covers the Si surface surface, the asymptotic case of Eu + Si alloying (orange

circle). It is evident, that only the complete hydrogen passivation of Si shows a large positive

G◦300 K � 500 kJ/mol, while the results for fractional Si passivation follow G◦300 K � 0, which

is the thermodynamic threshold to a silicide formation probability. If no H passivation is left,

the simple alloying reaction is thermodynamically favored to proceed (G◦300 K = −84 kJ/mol).

This underlines the importance of a complete hydrogen passivation of the Si (001) surface in

order to prevent EuSi2 formation.

Proceeding with the next stage of EuO synthesis on top of silicon, we analyze the two com-

plementary EuO growth regimes (I) and (III), oxygen-rich growth in Fig. 5.10b and Eu distil-

lation growth in Fig. 5.10c. During these EuO growth modes, EuO binds most of the supplied

Eu, and any excess Eu is re-evaporated by the high synthesis temperature around the Eu sub-

limation point. Thus, during EuO synthesis silicides are thermodynamically unlikely formed

(remember Fig. 5.9), and consequently we consider the disappearance of residual EuSi2 from

the initial Eu-rich stage of EuO growth. During oxygen-rich EuO growth (regime I. Red and

yellow solid lines, red diamond in Fig. 5.10), the disappearance of EuSi2 is very probable.

Among the resulting phases, the formation of Eu3O4 and Eu2O3 are thermodynamically fa-

vored, yet not desired. During Eu distillation growth (regime III. Blue solid line in Fig. 5.10),

�Phonons of bulk EuSi2 were calculated using DFPT193 within local-density approximation194 as imple-

mented in �uantum-Espresso code.225 A 6×6×6 k-point mesh was used for Brillouin-zone integration with a

plane-wave kinetic energy cut-off of 30 Ha. For pseudopotential construction, the following valence-electron

configurations were considered: 5s25p64f 76s2 for Eu and 3s23p2 for Si. In the structural relaxation, the Hellman-

Feynman forces were minimized to 2 × 10−4 Ry/Bohr. The thermodynamic potentialsH and S were derived from

the phonon density of state which was calculated at a 30×30×30 mesh in the Brillouin-zone.
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the disappearance of EuSi2 is still favorable and yields EuO, Si, and metallic Eu, altogether

constituting a suited basis for further synthesis of high quality EuO by the Eu distillation

condition. All EuSi2 disappearance reactions show Gdissol.
EuSi2

(T ) � 2 ×Gf
EuO(T ), thus being sig-

nificantly more probable than the formation of EuO, given for orientation as dashed blue line

in Fig. 5.10.

In conclusion, the only remaining condition when metallic europium silicide may be formed

is the initial stage of EuO synthesis with excess of Eu and an incomplete passivation of the Si

surface. Our thermodynamic prediction clearly prohibits a formation of EuSi2 during EuO

synthesis and in case of a complete hydrogen passivation of the Si surface. In short: the H-Si

(001) surface is suited to provide a silicide-free EuO/H-Si hybrid structure.

Silicon dioxide reactions at the EuO/Si interface
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Silicon oxide dissolution during
initialization of EuO (Eu-rich seed layer):
 

   6SiO2 + 8Eu    4Eu2O3 + 6Si

 
   6SiO2 + 9Eu    3Eu3O4 + 6Si

 
   6SiO2 +12Eu    12EuO + 6Si

 
 

  SiO2  

EuO formation (for orientation)

Figure 5.11.: Resulting Gibbs free energies of EuO/Si interface reactions regarding SiO2 in the initial
growth stage of EuO (Eu seed layer).

While employed as chemically stable dielectric in many semiconductor applications, our

approach is the avoidance of polycrystalline SiO2 at the Si surface in order to maintain a

structurally sharp and chemically well-defined functional interface of EuO directly on Si.

From the Ellingham diagram (Fig. 5.7) we have already derived that all Eu oxides phases are

thermodynamically more stable than SiO2, and this is true for any temperature. However,

residual SiO2 from the Si wafer may be located on the Si (001) surface, and due to diffusion
and surface defects SiOx may form even under EuO growth conditions. This renders an in-

depth thermodynamic analysis of SiO2 disappearance and formation reaction at the EuO/Si

interface very reasonable.

First, we consider the Eu-rich start of EuO synthesis directly on top of the Si wafer. No

oxygen is supplied for the Eu seed layer, and only disappearance of residual SiO2 may occur,

as compiled in Fig 5.11. We analyze disappearance reactions leading to all possible europium

oxide valency phases: they are formed with almost comparable probability, but divalent EuO

is thermodynamically most favorable (grey solid line) with the most negativeGdissol.
SiO2

(300 K) ≈
−280 kJ/mol. Remarkably, once oxygen supply initiates EuO synthesis, the EuO formation

(blue dashed line) shows more than double the gain in Gibbs free energy and thus displaces

any initial SiO2 disappearance reaction. Therefrom, only in the initial stage of Eu deposition

as a seed layer the SiO2 disappearance is considerable, leading with the largest probability to
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(a) Silicon oxide formation during O-rich EuO growth:

 2(H-Si) + 2Eu + 3O2  2SiO2 + 2EuO + H2

(g)

 
(b) Silicon oxide formation during EuO distillation growth:

 2(H-Si) + 2(3Eu+O2)  2SiO2 + 6Eu + H2

(g)

 
(c) Silicon oxide dissolution during EuO distillation growth:

 2(3Eu+O2) + SiO2  2Eu2O3 + Si + 2Eu
(evap)

 2(3Eu+O2) + SiO2  Eu3O4 + 2EuO + Si + Eu
(evap)

 2(3Eu+O2) + SiO2  6EuO + Si
(dummy)

 
(d) Silicon oxide formation when stable EuO on H-Si or Si:

 2(H-Si) + 2EuO  SiO2 + 2Eu + Si + H2

(g)

 Si + 2EuO  SiO2 + 2Eu

  SiO2  

EuO formation (for orientation)

Figure 5.12.: Resulting Gibbs free energies of EuO/Si interface reactions involving SiO2 during EuO
synthesis, and for stable EuO on Si (001).

the divalent EuO phase.

In the next step, we proceed with reactions involving SiO2 during EuO synthesis. First, the

analysis of oxygen-rich EuO (regime I in the Gibbs triangle) growth is depicted in Fig. 5.12a

and reveals in conjunction with divalent EuO a highly favorable formation of SiO2 (red cir-

cle).� This denotes thus an exclusively oxidic result of the initial EuO layers without any

metallic silicide or Eu. We proceed with the complementary EuO growth mode, the Eu-

distillation growth (regime III in the Gibbs triangle) of EuO on H-Si as depicted in Fig. 5.12b–

c. Herein, the resulting Gibbs free energy of the SiO2 formation during Eu distillation growth

equals almost the bare EuO formation energy. Which one is the thermodynamically favored

result? If we analyze the energy gain of the EuO formation, we find it at Gf
EuO(300 K) =

−559 kJ/mol, while the SiO2 formation reaction results inGf
SiO2

(300 K) = −546 kJ/mol, which

is only 2% less gain of Gibbs free energy and thus a weak argument for a possible dominance

of the EuO formation.

In order to elucidate the SiO2 behavior from another viewpoint, we consider its disappear-

ance during Eu distillation growth in Fig. 5.12c. We find, that the SiO2 disappearance is

very probable yielding all different EuO valencies, with an energy gain of Gdissol.
SiO2

(300 K) ≈
−2500 kJ/mol. However, upon SiO2 disappearance themost favorable products are themixed-

valent Eu3O4 and divalent EuO. This underlines the importance of minimization of any SiOx

at the EuO/Si interface, because SiO2 may act as constituent for oxidation yielding antiferro-

magnetic higher Eu oxides. We remark, that disappearance reactions of SiO2 need an activa-

tion energy and are more likely at elevated temperatures.

Finally, when layers of stoichiometric EuO have been grown on top of the Si surface, we

investigate the thermodynamic stability of this system. In Fig. 5.12d, stable EuO on ei-

ther bare Si (001) or hydrogen-passivated Si (001) are analyzed with respect to a possi-

ble SiO2 formation. In case of H-Si as the substrate, the resulting Gibbs free energy is

Gf
SiO2

(300 K) = +900 kJ/mol � 0 and thus extremely unfavored. Here, it is safe to state

that EuO is thermodynamically stable directly integrated with H-Si (001), this coinciding

with a previous thermodynamic prediction.14 Furthermore, when we consider EuO on bare

�This is evident from the large gain of Gibbs free energy upon SiO2 formation as already summarized in the

introductory figure 5.7 on p. 96.
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Si, Gf
SiO2

(300 K) ≈ +200 kJ/mol, which is in the range of the reconstruction energy of the Si

(001) surface. Thus, under unpropitious conditions like surface contamination or roughness,

some SiO2 may form on thermodynamic average for bare Si (001). Again, we remark that

the SiO2 formation needs an activation energy, thus is likely only at elevated temperatures of

several hundred ◦C.

From our thermodynamic balances, we conclude that in the oxygen-rich EuO growth regime

the Si dioxide will form as well. Thus, the growth regime of choice is the Eu distillation

growth mode. Here, EuO is thermodynamically more favored. Nonetheless, SiO2 formation

cannot be excluded because the resulting energy gain of EuO is larger only by 2% than for

the SiO2 formation. Fortunately, during ongoing Eu distillation growth, SiO2 disappearance

is evaluated to be extremely favorable. However, SiO2 disappearance yields EuO and also

higher Eu oxides. Finally, EuO on H-Si is confirmed to be clearly stable.

Europium hydroxide and silicates at the EuO/Si interface
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(a) Eu hydroxide formation during O-rich EuO growth:
 3(H-Si) + (Eu+3/2O2)  Eu(OH)3 + 3Si

 
(b) Eu hydroxide formation during EuO distillation growth:

 2(H-Si) + (3Eu+O2)  2/3Eu(OH)3 + EuSi2 + 4/3Eu
(evap)

 
(c) Eu hydroxide dissolution during EuO distillation growth:

 2Eu(OH)3 + (3Eu+O2)  Eu3O4+Eu2O3+3H2

(g)
+1/2O2

(g)

 
(d) Eu hydroxide dissolution when stable EuO:

   EuO + Eu(OH)3  Eu2O3 + H2O + 1/2H2

(g)

 2EuO + Eu(OH)3  Eu3O4 + H2O + 1/2H2

(g)

  Eu(OH)3  

EuO formation (for orientation)

Figure 5.13.: Resulting Gibbs free energies of EuO/Si interface reactions involving Europium
hydroxide.

In this section, we consider ternary phases at the EuO/Si interface, which are commonly

formed in case of equilibrium, i.e. if every constituent is provided and the reactants may

form in their standard state (solid). First, we analyze the most likely Europium hydroxide

(often referred to as “the hydride”) Eu(OH)3 as depicted in Fig 5.13. Again, we start from

preconditions of either or oxygen-rich EuO growth or Eu-distillation growth (regimes I or

III, respectively), and we assume a hydrogen-passivated Si substrate. In case of oxygen-rich

EuO synthesis (in Fig. 5.13a, red circle), Eu hydroxide may form with a gain of Gibbs free

energy of Gform.
Eu(OH)3

(300 K) ≈ −290 kJ/mol, which is only half the gain for EuO formation. Still

thermodynamically possible is the formation of Eu(OH)3 during Eu distillation growth (in

Fig. 5.13b, blue circle), however the energy gain is small (ΔGr ≈ −90 kJ/mol). Moreover, dur-

ing Eu-distillation growth, a disappearance of the hydroxide (green cross) is thermodynam-

ically more favorable than the EuO formation itself. When we consider stable EuO together

with Eu(OH)3, we even find disappearance reactions to be thermodynamically favorable in

the range ΔGr ≈ −60 kJ/mol. All disappearance reactions, however, yield preferably higher

oxidized Eu oxide phases rather than divalent EuO. For most lanthanide hydroxides, the

hydroxide disappearance occurs at elevated temperatures (T � 300 ◦C) and is basically an

evaporation of water.195,196 While H-passivation of Si or different growth regimes of EuO
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do not allow a clear prevention of hydroxide formation, two practical methods circumvent

Eu(OH)3: using bare Si instead of H-Si obviates the constituent H for Eu(OH)3 formation.

Any further hydroxide formation can be prevented by depriving any traces of H2 or H2O gas

in the UHV system (Oxide-MBE).

For europium hydroxide, we conclude that neither hydrogen passivation of Si nor different
EuO growth regimes are capable to prevent hydroxide formation. Nevertheless, the energy

gains on formation are comparably small with respect to SiOx or higher Eu oxides. The

disappearance of Eu(OH)3 is thermodynamically favored, yielding preferably trivalent Eu

oxides. To practically prevent the Eu hydroxide, a H-Si surface as well as a H2 atmosphere in

the system of synthesis are to be avoided.

We exclude the following compounds from discussion due to their negligible formation prob-

abilities: mineralic contaminations on top of the Si surface, like silicates, will form only at

process temperatures of TS � 800 ◦C (Si(OH)4) or 1500
◦C (Eu

(II)
3 SiO5).

197,198 Moreover, com-

plicated silicide phases EuxSiy are predicted199 or experimentally investigated200,201 in pre-

vious studies; here, we limit the discussion to themost probable native silicide, EuSi2. Finally,

silane phases (SinH2n+2) are considered to be negligible due to their thermal instability.196

Nucleation probability and surface kinetics at the EuO/Si heterointerface
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Figure 5.14.: Free energy of nucleation ΔG(j) for
different saturations Δμ.
At negative ΔG(j), nucleation of the de-
posit is thermodynamically favored to pro-
ceed. A maximum of the curvature in a
positive energy regime constitutes a nucle-
ation barrier. The curves are to scale for
the surface free energy term X = 4, and
for Δμ = −1, 0, 1, or 2. ΔG(j), Δμ, and X
are chosen to be in the unit kBT in agree-
ment with Weeks and Gilmer (1979).202

Adapted from J. A. Venables (1999).203

Reaction balances are thermodynamic in nature and ignore reaction kinetics. Thus, processes

that we have predicted to be favorable by the Gibbs free energy balances in Ellingham dia-

grams can still be slow– or be enhanced by molecular kinetics. Therefore, we expand our

picture of the EuO/Si interface by means of the classical growth kinetics on surfaces: the nu-

cleation theory.203 For the substrate–deposit heterosystems, we revisit the concept of surface

and interface energies.� The predictions of the classical nucleation theory are dependent on

the knowledge of the saturation, the surface energies γ , and the geometry for each deposit. A

measure for the thermodynamic probability of a cluster nucleation containing j atoms is the

�See section “MBE growth” in chapter 3.1.
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Figure 5.15.: Surface processes for a magnetic oxide (MO) on Si deposition. First, MO atoms are sup-
plied and arrive on the Si surface. Either desired processes may proceed (b,c,d) which form a
stoichiometric and heteroepitaxial MO layer; or undesired chemisorption or contaminations may
form with the Si surface (a,e). Adapted from Venables (1994).204

nucleation energy,

ΔG(j) = −jΔμ+ j
2/3X, X =

∑
k

Ck γk︸�����︷︷�����︸
surface energy of k

faces of the deposited cluster

+ CSF (γ
∗ −γF)︸����������︷︷����������︸

interface energy
between substrate S

and film F

. (5.3)

Herein, Ck and CSF are geometrical constants depending on the shape of the cluster of size j .
The saturation factor Δμ of the deposit is discriminated between

Δμ

⎧⎪⎪⎨⎪⎪⎩ < 0, undersaturation, and

> 0, supersaturation of the deposit.

Typical shapes of ΔG(j) curves for different Δμ are shown in Fig. 5.14. In case of an under-

saturation of the deposit, nucleation is unfavored (red lines). If, however, a supersaturation

is eminent (Δμ� 0), the thermodynamic behavior of ΔG(j) predicts growth of clusters of the

deposit. Thereby, the cluster size j allowing for a nucleation reduces to a few atoms.

Now, we apply the classical nucleation theory to obtain comparisons of cluster formation

probabilities at the EuO/Si interface. In the EuO/Si heterosystem, however, for EuO and

the interfacial contaminants EuSi2, Eu(OH)3, and SiO2 the nanostructure of nucleation sites

directly on Si (001) is unknown to date. This hampers a numerical evaluation of ΔG(j) by
eq. (5.3), and thus predictions have to be taken with a grain of salt.

First, we consider the initial stage of EuO growth which is a Eu seed layer in the monolayer

regime. This means supersaturation and a large Δμ. Moreover, Eu has an extremely low sur-

face energy� (γEu = 0.46 J/m2 < 1
2 ·γSi). Thus, for Eu on Si (001), the factor X in eq. (5.3) is

small and allows for negative energies ΔG(j) of the nucleation, independent from the cluster

size j : Eu wets the Si surface.

�see Table 3.1 on p. 37.
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Second, a possible H supply from a H-passivated Si surface motivates an analysis of the hy-

drate Eu(OH)3. An extreme undersaturation of H far from equilibrium is given at the H-Si

surface. Given Δμ� 0 for H and Δμ ≈ 0 for limited O2 supply, the nucleation theory predicts

a large formation barrier for Eu(OH)3 clusters (either 2D or 3D), corresponding to red or or-

ange lines in Fig. 5.14. Thus, from the classical nucleation theory, Eu(OH)3 is not predicted

to form clusters.

Finally, the remaining compounds are the desired magnetic oxide EuO, and the interfacial

contaminants EuSi2 and SiO2. However, as mentioned before, a nucleation of these com-

pounds cannot be evaluated due to the lack of nano-structural and surface energy data.

Besides the classical nucleation theory, many kinetic surface effects between Si and the de-

posit will likely proceed at elevated temperatures of synthesis. These are sketched in Fig. 5.15.

In particular, special kinetics at substrate imperfections and edges (the Ehrlich-Schwoebel

barrier205), as well as interdiffusion of the deposit with Si layers change the stoichiometry,

structure and even magnetism, and render themselves as major antagonists to a functional

transport interface. This motivates a comprehensive experimental study, in which we deter-

mine conditions for which the functional EuO/Si interface remains structurally sharp and

chemically clean: nowadays often referred to as interface engineering.7

5.3. Interface engineering I: Hydrogen passivation of the EuO/Si interface
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Figure 5.16.: Si (001) surface reconstructions. Clean Si (001) reconstructs as (2 × 1) dimers (a) and
would have the least dense H-termination. The bulk (1 × 1) surface has the most dense H-
termination (b). However, mixed variants like (3×1) are energetically favorable (c), and in reality,
a canted (1× 1) H-Si surface is usually observed (d). After Northrup (1991).206

Dangling bonds of the Si (001) bulk (1 × 1) surface will either form a reconstructed (2 × 1)
surface under clean UHV conditions, or react with air or organic adsorbates to form a bulk-

like yet contaminated surface layer. Here, we discuss the in situ hydrogen passivation of the

Si (001) dangling bonds. Predicted reconstructions of the Si (001) surface with H-termination

are compiled in Fig. 5.16. Experimentally, this is achieved in situ by a special atomic hydrogen

supply as introduced in the experimental chapter (Ch. 3.3).

Routinely, the Si wafer pieces of prime quality are treated with an in situ flashing proce-

dure at a background pressure better than 5 × 10−10 mbar, this yields a superior clean and

atomically smooth Si (001) surface, as controlled by Auger electron spectroscopy and LEED.
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Figure 5.17.: Hydrogen termination of the clean Si (001) surface as observed by RHEED (blue), LEED
(green), and simulated by LeedPat224 and SSD226. The flashed Si (001) surface (a) shows diffrac-
tion pattern of the bulk and the (2x1) surface reconstruction dimers as indicated orange.

These cleaned Si substrates show a (2 × 1) reconstruction dimers aligned along the [100] as

well as [010] axes of the Si (001) single-crystal, as observed in Fig. 5.17a. After applying the

in situ hydrogen passivation procedure, the surface reconstruction completely vanishes and

only the (1 × 1) bulk structure of Si is observed by electron diffraction (Fig. 5.17b). Remark-

ably, the RHEED and LEED spots of the passivated H-Si (001) surface are equally sharp as for

the freshly flashed Si surface, and no polycrystalline fraction is emergent. The latter would

be indicated by diffuse circular intensities in LEED.� A chemical characterization by Auger

electron spectroscopy of the H-Si surface in comparison with other surface treatments can be

found in the appendix (Ch. A.2).

Structural optimization of EuO and the EuO/Si interface

With a chemically clean and structurally crystalline H-passivated Si (001) surface at hand,

we proceed to the synthesis of EuO on top of H-Si and as a reference on clean Si (001).

We recorded electron diffraction pattern during EuO deposition (RHEED) and after EuO

growth has finished (LEED), as compiled in Fig. 5.18. For bare Si (001), the clean and single-

crystalline surface allows for an initial heteroepitaxial growth of EuO, as indicated by streaks

in the RHEED pattern (Fig. 5.18a). The EuO diffraction pattern, however, develops verti-

cally aligned spots and a diffuse background from non-crystalline scattering already after

2 nm growth. Finally, after 7 nm EuO synthesis, the crystalline pattern are largely replaced

by circular intensities as expected for a polycrystalline film. No LEED is observed after

EuO growth. High-resolution transmission electron microscopy (HR-TEM) provides a cross-

sectional view of the EuO/Si heterostructure in the nanometer regime. In Fig. 5.18b, the

Si substrate shows a perfect diamond structure, but in the 10 nm-thick EuO slab, a poly-

crystalline EuO layer of 3 nm thickness is identified in contact with the Si surface. Above

this intermediate layer, crystalline EuO is observed. However, bulges of lateral dimension

�However, we remark that such a clean hydrogen passivation needs weeks of bake out of the H2 supply lines

and a cryo trap system for residual vapors such as oxygen or organics. The H2 cracker itself must be properly

cleaned and degased, too.
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Figure 5.18.: Surface and interface structure development of EuO on Si (001) and on H-passivated Si
(001). RHEED photographs elucidate the EuO surface structure when grown on clean Si (001) (a),
the cross-section is depicted by HR-TEM in (b). EuO growth on hydrogen-passivated Si (001) is
documented by RHEED and LEED in (c), and the cross-section in real space and selected images
of the reciprocal space are depicted in (d).
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10–20 nm in the Si substrate occur frequently, and one is shown as an example in the TEM

micrograph (Fig. 5.18b). We interpret these bulges as Eu diffusion regions, containing prob-

ably Eu silicides. The EuO/Si diffusion regions not only alter the Si and Eu chemistry readily

towards metallic silicides, but also dramatically change the crystal structure affecting the

EuO/Si interface (bulge), the lower EuO layer (polycrystalline layer), and also the upper EuO

layer (instability with the EuO/Al interface).

If, however, a complete hydrogen-passivation is applied to the Si (001) surface, the successive

EuO growth steps are depicted in Fig. 5.18c. From the initial bulk-like Si (001) (1×1) pattern,
first diffraction streaks of EuO are already observable at 1 nm EuO synthesis. Unlike the EuO

growth on bare Si, here with H-passivated Si the EuO surface structure develops towards

good crystallinity, as indicated by streaks in the RHEED photographs representing the EuO

reciprocal lattice. After 10 nm EuO synthesis on H-Si (001), we observe the crystal struc-

ture of EuO (by RHEED and LEED) to be of a crystal quality comparable with EuO on cubic

substrates under biaxial tensile strain (as discussed in Ch. 4.2). A cross-sectional HR-TEM

study of the EuO/H-Si interface in Fig. 5.18d proves the successful prevention of diffusion
effects, which were, in contrast, observed for EuO on bare Si (001). A 3 nm polycrystalline

EuO layer forms in contact with Si, as indicated by the circular intensity of the Fourier trans-

form picture. On top of this polycrystalline EuO, a single-crystalline EuO phase constitutes

the residual EuO slab. However, the crystal structure of this EuO phase coincides best with

Eu2O3 which is deduced to be formed during sample transfer through ambient air. Without

doubt, during MBE synthesis we observed divalent epitaxial EuO by its fcc rocksalt lattice,

and this allows one to interpret the Eu2O3 in the HR-TEMmicrograph to represent the initial

divalent EuO morphology.

Thus, a complete hydrogen-passivation of Si (001) allows for persistent heteroepitaxial growth

of EuO/H-Si structures with no indication of large diffusion areas in Si or the EuO slab. Only

a polycrystalline EuO layer of about 3 nm remains in direct contact with Si. EuO layers above

this poly-EuO layer are deduced to grow largely single-crystalline.

Chemical optimization of the EuO/Si interface

In order to achieve a minimization of the interfacial EuSi2 in EuO/H-Si (001) heterostruc-

tures, we investigate the impact of two parameters: (i) the in-situ hydrogen passivation of the

clean Si (001) surface “H-Si”, and (ii) the temperature of synthesis “TS” as the general thermo-

dynamic driving force. We vary the temperature between TS = 350 ◦C and TS = 450 ◦C, and
we use the silicon (001) substrate either in situ hydrogen-passivated or with a clean (flashed)

surface. These two parameters permit four variants of combinations, which we investigate in

the following.

For a correlation of passivation steps with the surface crystallinity, we first analyze the RHEED

pattern: Figure 5.19b depicts the RHEED pattern after growth of the ultrathin EuO films

(d = 2 nm) at an electron energy of 10 keV and the beam along the [100] direction. We ob-

serve RHEED patterns of the EuO fcc lattice at TS = 350 ◦C only in the absence of hydrogen

termination. The higher substrate temperature (TS = 450 ◦C) allows one to observe sharper

RHEED patterns than for the lower synthesis temperature. Here, the impact of H-passivation

is a roughening of the surface as indicated by dot-like intensities inside the RHEED streaks.

Thus, we conclude that excess Eu from an incomplete Eu distillation at lower TS hinders
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Figure 5.19.: The EuO/H-Si interface analyzed by least-squares peak fitting of the Si 2p core-levels.

the epitaxial growth mode of thin EuO films on Si, while at higher TS heteroepitaxy of EuO

directly on Si (001) is generally possible.

A chemical insight into the buried EuO/Si (001) heterointerface is obtained by a HAXPES

analysis of the Si orbitals from the interface. We select an interface-sensitive geometry by

tuning the excitation energy to a minimum of 2.3 keV together with off-normal emission. The

recorded Si 2p peaks are shown in Fig. 5.19c–d for the different interface treatments. With a

chemical shift of −0.6 eV, the silicide component can be clearly identified on the low binding

energy side of the bulk Si doublet peak. The silicide fraction shows a clear development: an

increase of substrate temperature as well as the hydrogen passivation of Si reduce the silicide

thickness.

In order to quantify the silicide reaction at the EuO/Si interface for every set of passivation

parameters, we conduct a peak fitting analysis based on the least squares method. The result-

ing thicknesses of the buried interfacial silicide layer are summarized in Fig. 5.20. Compar-

ing the diminishments of the interfacial silicide, the impact of synthesis temperature from

350 ◦C to an optimum of 450 ◦C on the EuO/Si interface reaction is larger (−38% silicide)

than the application of hydrogen termination (−14% silicide) to the clean Si surface. The

advantage of a higher synthesis temperature can be understood from a thermodynamic anal-

ysis of EuSi2 (Ch. 5.2): this silicide favors a disappearance reaction during EuO distillation

growth (Fig. 5.10) yielding EuO and Eu. Any excess Eu, however, is readily re-evaporated at

higher TS, thus minimizing the available constituents for silicide formation. The advantage

of a hydrogen passivation, although smaller than for the temperature variation, is explained

by its larger thermodynamic stability compared to the silicide (Fig. 5.8). In conclusion, the

parameters for a minimized interfacial silicide formation (dmin(EuSi2) = 0.14 nm) are the ap-
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Figure 5.20.: �uantitative results of the EuO/H-Si silicide analysis by HAXPES.

plication of a higher synthesis temperature (450 ◦C) and a complete hydrogen passivation of

Si (001).

The thin film magnetic properties were investigated by S�UID magnetometry. Three mag-

netization curves are depicted in Fig. 5.21a, which originate from polycrystalline bulk-like

EuO on Si (001) with a native oxide SiO2 layer at the interface, and two ultrathin EuO layers

(∼2 nm) on in situ hydrogen-passivated Si (001), which exhibited epitaxial growth. Coin-

ciding with the HAXPES results, the dominating effect of the temperature of synthesis on

the silicide formation is observed in the ferromagnetic properties of the EuO/Si heterostruc-

Figure 5.21.:Magnetic properties of EuO on Si, dependent on synthesis temperature and H-
passivation.
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tures: (i) we clearly observe a Brillouin-shaped magnetization curve for the bulk EuO film

with the native silicon oxide as diffusion barrier (green curve). The blue and red lines rep-

resent the M(T ) curves of ultrathin EuO on H-passivated Si (001) with the only difference
being the temperature of synthesis: a low temperature of 350 ◦C vs. a high temperature of

450 ◦C are chosen in order to provide consistency with the EuO/Si heterostructures inves-

tigated by HAXPES. Both curves of ultrathin EuO exhibit a reduced Curie temperature of

TC = 58 K for the high TS heterostructure (blue curve) and TC ≈ 10 K for the low TS structure
(red curve). The TC of the high temperature EuO (TS = 450 ◦C) agrees well with the mag-

netic results obtained for 2 nm-thin EuO films on Si from a previous work;48 therefore, we

ascribe the reduction of the magnetic ordering temperature to the reduced nearest-neighbor

(NN) interaction in ultrathin EuO films. The high magnetic moment at T → 0 K may be

partly induced by residual EuSi2 which is predicted to be paramagnetic.191 Moreover, the

specific magnetic moment per EuO formula unit (f.u.) shows a moderate reduction to about

4.4μB/f.u. for the high TS sample, whereas the low temperature EuO (TS = 350 ◦C) shows a

clearly reduced magnetic moment, saturating at only 0.15μB/f.u. This is in agreement with

the HAXPES quantification of interfacial silicides (Fig. 5.19) and conveys the crucial influ-

ence of the interfacial silicide on the magnetic properties of ultrathin EuO on H-Si (001).

In conclusion, an optimized magnetic EuO/Si (001) heterostructure should be treated with a

complete in situ hydrogen passivation and a high temperature of synthesis (450 ◦C) at which

the Eu distillation condition is perfectly maintained.

5.4. Interface engineering II: Eu monolayer passivation of the EuO/Si interface

In this section, we aim to minimize the interfacial SiOx which – from all reaction products

considered in this thesis – is chemically most stable on the Si surface. From its thermody-

namic stability,� a hydrogen-passivated Si (001) surface is not stable enough to prevent SiO2

formation. Thus, the only remaining approach is to shift the chemical regime at the begin-

ning of EuO synthesis away from any oxidation regime, in order to render an SiOx formation

least probable. In the Gibbs triangle (Fig. 5.8), consequently this means a shift towards Eu-

rich EuO growth regimes II or III in the initial stage. In practice, we apply one up to three

monolayers (ML) of metallic Europium to the Si surface immediately before EuO synthesis.

In order to analyze, whether an Eu monolayer coverage of the Si (001) surface is energetically

favorable at all, we carry out a simulation of Eu monolayers on the Si (001) surface after

the solid-on-solid model including surface diffusion. The two-dimensional hopping ratio per

time is referred to as surface diffusivity and defined as

ν = ν0 ·e
− Ebarrier

kBT . (5.4)

In Fig. 5.22, the images for 0.5 up to three monolayers Eu coverage of the Si (001) surface are

depicted. We present calculated meshes of 50×50 cells, in which one cell corresponds to the

area of one atomic site of the Si (001) surface. The ratio of Eu surface diffusivity over arrival

of new Eu atoms is ν/F = 1250. Larger values of ν which may be apparent in Eu–Eu will in-

�as depicted in Fig. 5.7 on p. 96.
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Figure 5.22.: Eu monolayers on top of the Si (001) surface under surface diffusion. The simula-
tion is carried out for vanishing Eu–Si surface diffusion (top row), and for Eu–Si surface diffu-
sion assumed to be equal with Eu–Eu self diffusion (bottom row). Programmed in HT-Basic by
Ibach (2013).207

crease island sizes but their large scale distribution does not change.� As Eu is highly mobile

near its sublimation point during the Eu distillation condition (TS = 450 ◦C), a distinction

between Eu–Eu diffusivity (ν large) and Eu–Si (ν small) is realistic. Therefore, in the upper

row of Fig. 5.22 we assume the very first Eu layer in contact with the Si surface to show no

surface diffusion. For comparison, in the second row the Eu–Si surface diffusivity is the same

as for Eu–Eu.

For vanishing Eu–Si surface diffusion (top row), a characteristic difference for 0.5 an one

monolayer Eu is that Eu atoms on Si (001) form many single nucleation sites which are ran-

domly distributed and will form islands upon ongoing coverage. The difference between the

two initial values for surface diffusivity vanishes already after 1.5 monolayers Eu. Remark-

ably, no islands of height two are identified. In the pictures of the second Eu layer, no larger

islands form, but the Eu atoms are rather diffusing and settling in sites with larger coordina-

tion number (holes, sites with only one ML Eu).

From twomonolayers Eu on, a closed coverage of the Si (001) surface is confirmed and the dif-

ference in island height is mostly not exceeding one monolayer. We consider Eu this coverage

as a promising basis for an oxygen-protective passivation of the Si (001) surface.

In Fig. 5.23b, we analyze the the surface crystal structure of 2 nm EuO/Eu-Si (001) het-

erostructures (Fig. 5.23a) by RHEED (E = 10 keV) pattern recorded immediately after EuO

growth. As a reference, the clean (flashed) Si (001) surface exhibits a clear pattern of (1 × 1)
�No diffusion barrier at island edges (Ehrlich-Schwoebel barrier) is included in the calculation, this is a rea-

sonable assumption for the highly mobile Eu ions.
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Figure 5.23.: The EuO/Eu-Si interface analyzed RHEED and by peak fitting of the Si 2p and 1s core-
levels measured by HAXPES.

bulk diamond structure as well as an interstitial pattern of the Si (001) (2× 1) surface recon-
struction.

The EuO/Si heterostructure with 1 ML protective Eu shows a streaky pattern of the EuO fcc

lattice, whereas the rods have a larger distance in the upper region (θ = 2◦ “grazing”) of the
pattern than in the lower region (θ = 6◦). From the lower end of the diffraction rods to the

upper end the information depth of diffraction is altered from a few lattice parameters to the

topmost layer. The diffraction features from the surface agree nearly with the EuO reciprocal

lattice parameter, while the diffraction from deeper layers agrees with the lattice of Si (001).

This is an example of strained growth (6% difference) of EuO on Si (001) maintaining epitaxy,

where with the fourth ML of EuO (i. e. 20 Å EuO) the EuO lateral lattice parameter relaxes.

The RHEED pattern for samples with 2ML protective Eu at the EuO/Si interface also displays

streaky rods of EuO. Here, EuO mainly adapts the Si (001) lattice parameter and shows only

small relaxation. The EuO lattice parameter from the surface layer is determined as 5.3 Å

which indicates the EuO lattice is only partially relaxed to the literature value of 5.144 Å.

For the EuO/Si heterostructure with 3 ML protective Eu, the RHEED pattern of EuO consists

of smooth rods and EuO is homogeneously strained in the lateral dimension adapting the Si

(001) cubic lattice parameter. From these electron diffraction results we conclude that epi-

taxial growth of smooth EuO on clean Si (001) is feasible, where EuO mainly adapts the Si

cubic lattice parameter.

A detailed picture of the interfacial electronic structure is obtained from HAXPES core-level

spectra of the EuO/Eu-Si (001) interface. In order to tune the information depth to selectively

probe the EuO/Si interface layer, the low excitation energy of hν = 2.7 keV and off-normal
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Figure 5.24.: �uantitative results of the SiOx analysis in EuO/Eu-Si.

emission are used (Fig. 5.23a). By increasing the off-normal emission angle further than to

α = 30◦, the information depth underruns the minimum for an acquisition of Si 1s spectra;
this indicates thus the threshold of probing exclusively the Si interface layer. Two core-level

photoemission spectra of Si, Si 2p and 1s, are inspected as depicted in the two panels of

Fig. 5.23c. A quantitative analysis, however, that demands for a smooth and well-resolved

curve of the SiOx components is only feasible with the Si 1s deep core-level, as compiled in

Fig. 5.23d.

The chemical shifts of the silicon oxide are reduced due to final state effects, in agreement

with a comprehensive SiOx/Si PES study139 for ultrathin SiOx films in the 2 nm range. Eval-

uating the chemical shifts of the SiOx in detail reveals the shift to be not compatible with

solely Si4+ (SiO2), but rather a mixture of oxidation states of Si. If one or two ML Eu were

applied, the fraction of Si3+ ranges from 33% to 38%, whereas this fraction is increased up to

54% on the cost of Si4+ if three ML protective Eu were applied. The redistribution of the sili-

con oxide to the valency Si3+– different to the native oxide which is always Si4+– points out a

characteristic low oxidation of the silicon wafer, which takes place during the oxygen-limited

(1.5 × 10−9 Torr) synthesis of EuO.

In order to quantify the interfacial SiOx formation, we apply a least-squares peak fitting

analysis after Levenberg-Marquardt for the three EuO/Si heterostructures with one up to

three ML of protective Eu at the EuO/Si interface. The minimization of interfacial SiOx in

the EuO/Si heterointerface with Eu passivation monolayers (ML) results in 0.67 nm SiOx for

one ML Eu, 0.43 nm SiOx for two ML Eu, and a minimum of 0.42 nm SiOx if 3 ML Eu were

provided onto Si (001) just before EuO synthesis (summarized in Fig. 5.24). The residual

silicon oxide from a flashed clean silicon wafer was determined to be only 0.11 nm and is

included in all heterostructures.

In conclusion, two ML of protective Eu the silicon (001) surface has been passivated with

are sufficient to limit the total thickness of interfacial Si oxidation to 0.43 nm. Moreover, the

dominant oxidation state of the Si interface changes from Si4+ to the Si3+ valence state, and a

EuO/Si (001) heteroepitaxy with adaption of the Si lattice parameter can be maintained.
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Combination of Eu- and H-passivation of Si (001) to maintain a minimum of interfacial

contamination

Figure 5.25.: The EuO/Si
interface with a
combined optimiza-
tion against silicides
and SiOx. Both H-
passivation of the Si
(001) are applied and
oxygen protective Eu
monolayers. As a free
parameter, the tem-
perature of synthesis
TS is varied. After
EuO growth, RHEED
pattern are recorded
(inset).
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In this section, we optimize the EuO/Si interface by means of two complementary methods:

(i) the hydrogen-passivated Si (001) surface is capable to avoid silicides but has shown to

allow for a certain Si oxidation, and (ii) the Eu monolayer-passivated Si interface shows a

minimized SiOx contamination but establishes an environment for silicide formation. Thus,

combining these two passivation techniques from the previous sections promises a simulta-

neous minimization of silicides as well as SiOx at the EuO/Si (001) interface.

Taking the optimum set of interface passivation parameters for the silicide and the silicon

oxide minimization from sections 5.3 and 5.4 into account, we point out the optimum pa-

rameters to be two monolayers of oxygen-protective Eu combined with a complete in-situ

hydrogen passivation of Si (001). As a free parameter, we choose the temperature of syn-

thesis TS, which constitutes the thermodynamic driving force for the exchange of heat and

entropy, while the volume and system pressure are constant. Thus, a temperature increase

pushes the possible interface reactions towards their thermodynamically expected results (as

discussed in Ch. 5.2), but also promotes kinetics such as interdiffusion of Eu or Si atoms. The

temperature of EuO synthesis TS is kept in a range in which the Eu distillation condition is

still valid. We chose TS to vary around TS = 450 ◦C, at which an optimum structural quality
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of EuO was observed in EuO on cubic oxide studies (Ch. 4). In this way, we prepare three

EuO/H-Si heterostructures with two monolayers oxygen-protective Eu at temperatures

TS = 400 ◦C, 450 ◦C, or 500 ◦C.

After synthesis of the EuO/Si (001) heterostructures, we analyze the surface structure of the

EuO magnetic oxide layer by RHEED. The pattern of an fcc rocksalt lattice of EuO (001) is

clearly observed after 2 nm EuO growth, with a lattice constant matching the silicon cubic

lattice parameter. In the EuO reciprocal rods, the vertical intensities are distributed dot-like,

which indicates an epitaxial growth with three-dimensional structures on the passivated Si

(001).

A quantitative analysis of the chemistry at the EuO/Si heterointerface with combined pas-

sivations is obtained from Si 2p spectra by HAXPES, in a geometry adjusted to probe pre-

cisely down to the Si interface. This is achieved by using the minimum excitation energy

of hν = 2.3 keV of the HAXPES beamline (KMC1, see Ch. 3.4.3) and an off-normal emission

angle of 30◦. The Si 2p doublet provides the advantage that both the silicides and oxides can

be well distinguished from bulk Si and quantitatively analyzed in one core-level (Fig. 5.25).

For the silicides, the temperature variation does not affect the interfacial thickness of EuSi2,

which we determined as dEuSi2 = 0.2 nm for all three heterostructures, in good agreement

with the optimum value of the silicide optimization series (Ch. 5.3). The oxidation of the Si

interface exhibits a minimum value of dSiOx
= 0.69 nm for the heterostructure synthesized at

TS = 450 ◦C, while a maximum oxidation of the Si interface is observed for the EuO/Si in-

terface exposed to the highest temperature of EuO synthesis, TS = 500 ◦C. Interfacial silicide
and SiOx thicknesses are summarized in Fig. 5.26.

We identify a general shift to slightly higher values of interfacial SiOx in this study of com-

bined Si passivation when compared to the explicit optimization regarding SiOx by protective

Eu monolayers in Ch. 5.4. This can be explained by the additional hydrogen termination pro-

cedure of Si (001), which systematically introduces a fraction of at least 10−6 oxygen in the

hydrogen gas during the in-situ H-annealing process. The largest oxidation of the EuO/Si

interface at TS = 500 ◦C can be understood by an increased diffusion of Si surface atoms in

the high temperature regime, changing the interface morphology and thus providing more

reactive faces in contact with the EuO synthesis.

In conclusion, we carried out three comprehensive HAXPES studies in order to investigate

and optimize the chemical properties of the passivated EuO/Si interface by a quantitative

analysis of silicon core-level spectra. The HAXPES results for the EuO/Si interface are com-

piled in Fig. 5.26. In a first step, the interfacial silicide was minimized by an increase of

synthesis temperature from 350 ◦C to 450 ◦C (black spheres in Fig. 5.26), while the applica-

tion of H-passivation to the Si (001) surface yields only a smaller reduction of the silicide

content (red spheres in Fig. 5.26), resulting in a minimum of 0.14 nm silicide at the EuO/Si

interface. In a second step, the SiOx contamination at the EuO/Si interface is diminished

by oxygen-protective Eu monolayers, resulting in a minimum of 0.42 nm interfacial oxide

(golden spheres). Finally, a combination of the advantageous passivation parameters from the

silicide and the SiOx optimization studies reveal an optimum set (blue spheres in Fig. 5.26)
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Figure 5.26.: Summary of EuO/Si interface optimization including silicides, SiOx, and the combina-
tion of them. The aim of the optimization is to reduce interface contaminants into the green-
shaded slot of silicide and SiOx thicknesses.
(I) Silicide minimization is accomplished by the tuning of the synthesis temperature and the sur-
face hydrogen termination of Si (001). (II) Silicon oxides are diminished by protective mono-
layers of Eu on Si (001). (III) Finally, optimum parameters including H-Si and a protective Eu
monolayer are checked against synthesis temperature to yield a combined optimization account-
ing for both the silicides and SiOx.

for the synthesis of EuO on passivated Si (001) heterostructures:

H-passivated Si (001), 2 ML protective Eu, a medium TS = 450 ◦C.

During all three studies, EuO on Si (001) could be observed to grow heteroepitaxially on Si

(001) by RHEED. The sharpest EuO diffraction pattern are observed in the combined passi-

vation series – this is due to the net contamination (EuSi2 + SiOx) being smallest only in this

combined interface optimization series.

5.5. Interface engineering III: SiOx passivation of the EuO/Si interface

The challenge to prevent metallic contaminations at the EuO/Si interface involves two ma-

jor aspects: the avoidance of (i) silicides due to Eu–Si reactions, and (ii) excess Eu from a

seed layer for EuO synthesis in order to initialize the Eu distillation growth. We address

these issues by an alternative passivation method, the in situ application of ultrathin SiOx in
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Figure 5.27.:Magnetization behavior of 4 nm EuO on passivated Si (001) with interfacial silicide. Si
(001) is passivated with hydrogen, SiO2, or left clean after flashing. In (i), the change of magneti-
zation from hydrogen passivation to ultrathin SiO2 is highlighted, and in (ii) from ultrathin SiO2

to the thick native SiOx.

the sub-nanometer regime to the clean Su surface. This approach shifts the thermodynamic

environment at the EuO/Si interface towards the oxygen-rich regime.�

We characterize the SiOx passivation by presenting magnetic properties of four different
EuO/Si heterostructures, as compiled in Fig. 5.27. By excess Eu and an elevated EuO syn-

thesis temperature, we pursue a significant formation of interfacial silicide which is para-

magnetic191 at T → 0 K. As a result, we find a gradual optimization of the Si passivation

methods with respect to their chemical stability as against silicide formation: while EuO/H-

Si preserves a TC of the magnetization curve only 2 K higher than for EuO/flashed Si, we ob-

serve a significant increase of TC for the EuO on 1 nm SiOx-Si hybrid structure – from ∼12 K

to ∼40 K. A Brillouin-shaped magnetization curve without any paramagnetic contamination

is observed only for EuO on natively oxidized Si (dSiOx
� 2 nm). This preservation of fer-

romagnetism motivates the study of this section, which combines chemical (by HAXPES),

structural (by RHEED) and magnetic (by S�UID) optimization of EuO/Si hybrid structures

using ultrathin in situ SiOx passivation of the Si (001) surface.

HAXPES analysis of the SiOx-passivated EuO/Si interface

First, we clean Si (001) by thermal flashing (TSi � 1100 ◦C), followed by the in situ surface

passivation with either molecular oxygen (p ∼ 10−7 mbar, TSi = 700 ◦C) or atomic hydrogen

(p ∼ 10−2 mbar, TSi = RT). We confirmed the chemical cleanliness after the Si passivation

step using Auger electron spectroscopy. The crystalline structure of the passivated Si surface

is checked by LEED which reveals exclusively a (1×1) Si (001) bulk diamond structure, in

contrast, a flashed Si (001) surface would show the (2×1) surface reconstruction.
Second, 4 nmEuO thin films are grown directly on the Si (001) substrates. In order to stabilize

stoichiometric EuO, a low oxygen partial pressure (pO2
∼ 1.5 × 10−9 Torr) and the Europium

distillation condition32,45 are applied, in agreement with the optimum EuO synthesis yield-

ing stoichiometric EuO in Ch. 4. During EuO synthesis, the surface crystal structure is mon-

�referred to as thermodynamic region “I” in the Gibbs triangle (see Fig. 5.8 on p. 97).
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Figure 5.28.: Consistent peak fit analysis of the SiOx-passivated EuO/Si (001) interface using Si and
Eu core-levels of the HAXPES experiments.

itored by RHEED. Finally, the EuO/Si heterostructures are capped with 5 nm air-protective

Al. In order to investigate the electronic structure at the EuO/Si interface, we conducted

HAXPES studies of the EuO/Si hybrid structures at the undulator beamline P09 at PETRA III

(DESY, Hamburg),97 and at the KMC-1 dipole beamline at BESSY II (Berlin) with the HIKE

endstation.98 The Fermi edge of Au foil on the sample serves as calibration for the binding

energy. Tougaard-type backgrounds are used to account for inelastic photoelectron scatter-

ing.

Interface-sensitive HAXPES spectra of the EuO/Si heterostructures are depicted in Fig. 5.28a, b.

Stable silicon oxide is observed at chemical shifts of 3.2 and 4.1 eV in the Si 1s spectrum,

which identify Si3+ (Si2O3) and Si4+ (SiO2), in good agreement with recent PES studies of ul-

trathin SiO2/Si (001).
139,208 Another component at the EuO/Si interface with a chemical shift

to lower BE is observed in the Si spectra as well as in the Eu3d, 4d, and 4f spectra, which is

identified as a metallic Eu silicide (EuSiy). Due to the small chemical shift of EuSiy (−0.65 eV

for Si 2p), only the Si spectra and the narrow Eu 4f multiplet allow for a quantitative decon-

volution of the entire silicide fraction silicide components. In case of the complex Eu 3d and

4d multiplets, we can separate only the silicide component of one J final state at the lower

binding energy side. A quantitative thickness determination of the SiOx passivation at the

Si (001) interface and of the resulting silicide reaction layer is accomplished by consistent

least squares peak fitting after Levenberg-Marquard of the HAXPES spectra. The thickness

c of the interfacial passivation (SiOx) and EuSiy reaction layers are determined from their

relative spectral weight, as derived in equations (3.16) and (3.19) (in Ch. 3.4.4 on p. 51). The

results are compiled in Fig. 5.29. Regarding the chemical reactivity of the EuO/Si interface

we found interfacial silicides to exceed 10 Å thickness for flashed Si (001), however by apply-

ing an ultrathin SiOx interface passivation (dSiOx
= 10–13 Å) silicide formation is suppressed
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Figure 5.29.: �uantification of the SiOx passivation and silicides at the EuO/SiOx-Si interface.

to dEuSi2 � 7.5 Å. The effect of additional hydrogen passivation shows a small reduction of

EuSiy of about 9%, whereas the SiOx passivation (increased from 11 Å to 13 Å) reduces the

silicide formation by ∼68%. The optimum value for the quasi-contamination free EuO/Si in-

terface is achieved with 13 Å passivation with SiOx: the silicide is diminished down to 1.8 Å,

well below one monolayer of interface coverage.

In a further step, we use RHEED to investigate the crystalline structure of the EuO thin films

grown on passivated Si (001) (Fig. 5.29 inset), revealing a clear dependence on dSiOx
: for a thin

SiOx passivation (dSiOx
= 10 Å), a sharp EuO (001) fcc pattern is observed, with separations of

the reciprocal rods indicating an island-like (3D) growth mode. For thicker SiOx passivation

(dSiOx
= 13 Å), a RHEED pattern of the EuO (001) fcc lattice is still observable, however,

circular intensities indicate a polycrystalline fraction of EuO. In the case of an additional

hydrogen passivation of the Si, an increased disorder of the H-passivated Si (001) surface206

leads to the growth of mainly polycrystalline EuO.

Magnetic properties of the SiOx-passivated EuO/Si heterostructures

Finally, we investigate how the magnetic properties of the EuO/Si heterostructures depend

on the SiOx interface passivation. Figure 5.30 summarizes the in-plane magnetic properties

M(T ) and M(H) of 4 nm EuO/Si (001) samples with varying SiOx passivation thicknesses.

First, EuO thin films grown on flashed Si (001) without any SiOx passivation show a strongly

reduced magnetic moment and Curie temperature of 10 K (bulk EuO: TC = 69 K). As we de-

duce from the HAXPES results, the formation of a EuSiy reaction layer largely alters the EuO

ferromagnetic behavior towards paramagnetic.191 Remarkably, such a contamination would

significantly reduce the spin filter functionality of magnetic oxide EuO/Si tunnel junctions.7

Second, applying an SiOx interface passivation clearly improves the magnetic properties of

the EuO thin film. The most effective interface passivation of 13 Å SiOx yields an Ms of

∼5μB/EuO and a TC of 68 K, close to the EuO bulk values 7μB/EuO and TC = 69.3 K. Finally,
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Figure 5.30.:Magnetic properties of epitaxial EuO/Si hybrids with SiOx passivation.

with increasing SiOx passivation thickness, the polycrystalline nature of Si oxide and surface

defects cause an increase of the EuO coercive field up to 180 Oe.

In conclusion, we combined the chemical and structural optimization of the functional EuO/Si

(001) interface by applying the robust in situ passivation with monolayer-thin SiOx on clean

Si (001) surfaces. The SiOx passivation layer is quantified by interface-sensitive HAXPES,

which reveals SiOx thicknesses in the lattice constant regime. In particular, an only 13 Å-

thick SiOx passivation layer reduces the interfacial silicide contamination down to 1.8 Å, and

a heteroepitaxial growth of EuO (001) is observed, with bulk-near EuO magnetic saturation

MS and TC. The results of this section are published in Caspers et al. (2013).6

Towards EuO tunneling. . .

The desired tunnel functionality of EuO has recently been demonstrated in a EuO/SiO2/Si

tunnel contact (not shown) by Flade (2013).128 While the thick native oxide of Si in this

particular tunnel junction permits one to observe the spin-selective tunneling, the crystal

structure of the EuO/Si interface and EuO tunnel barrier is completely polycrystalline (not

shown). A complementary study of EuO tunnel contacts on flashed Si and on H-Si shows het-

eroepitaxy, but no tunnel behavior due to ohmic conduction, most likely caused by metallic

silicide contaminations. Between these two extremes, our current research is proceeding with

the fine tuning of SiOx passivations of the Si (001) surface – aiming towards both a quenched

interface diffusion keeping it chemically clean and a EuO-on-Si (001) heteroepitaxy for pos-

sible coherent tunnel functionality (also band engineering7).

5.6. Summary

We discussed EuO integrated directly on Si (001) with the aim of understanding and opti-

mizing the spin-functional EuO/Si (001) heterointerface. First, we established a synthesis of

bulk-like polycrystalline EuO directly on HF-cleaned Si (001) by Oxide-MBE using two dif-

ferent oxidation parameters. This yielded two complementary EuO valency phases: either

mainly divalent EuO, or oxygen-rich Eu1O1+x as characterized by 66% Eu3+ ions by a HAX-

PES study. For divalent EuO/HF-Si, which is necessary for magnetic EuO tunnel contacts,

bulk-like magnetic properties could be confirmed by S�UID.
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Going one step further, for spin-functional interfaces allowing for an advanced tunnel ap-

proach (“coherent tunneling”) from EuO directly into silicon, we aim towards the the epitaxial

integration of ultrathin EuO directly with Si (001). Thus, we focus on interface engineering

of the chemically challenging EuO/Si (001) heterointerface. In response to the extremely

high reactivity and surface kinetics of Eu, EuO, and Si during EuO synthesis at elevated

temperatures, we conducted a thermodynamic analysis of the EuO/Si interface. Thereby,

we selected three in situ passivation procedures for the Si (001) surface in order to prevent

metallic and oxide contaminations at the EuO/Si interface, both being the main antagonists

for spin-functional tunneling.

As a first step, we engineer the functional EuO/Si interface with an in situ hydrogen passi-

vation of clean Si (001), which is thermodynamically suited to prevent metallic silicides. We

optimized interface-passivated EuO/H-Si (001) heterostructures under a variation of the syn-

thesis temperature and hydrogen passivation procedure. By interface-sensitive HAXPES, we

controlled the minimization of interfacial silicides: at higher temperature of EuO synthesis

(TS = 450 ◦C) and for a complete H-passivation of the Si (001) surface, theminimum thickness

of interfacial silicides is determined from Si 2p core-levels to equal dopt(EuSi2) = 0.16 nm–

clearly below now monolayer coverage of this metallic contamination. The second interface

contamination, SiO2, is treated by the consequent application of the Eu-rich growth regime.

For this, we chose a Eu seed layer in the thickness regime 1–3 monolayers, in order to passi-

vate the Si surface against oxidation. Those EuO/Si (001) heterostructures were fabricated by

Oxide-MBE and quantitatively analyzed by HAXPES. Using Si 1s core-level spectra, we deter-

mined a minimization of interfacial Si oxide down to dopt(SiOx) = 0.42 nm. The silicide EuSi2
and silicon oxides are contaminations originating from complementary growth regimes, ei-

ther Eu-rich or oxygen-rich. Hence, these contaminants cannot simultaneously be diminished

by a shift towards one of these chemical regimes. In order to optimize both contaminants,

we combined the beneficial parameters of H-passivation, higher synthesis temperature, and

Eu passivation in the monolayer regime. Using HAXPES, we evaluated Si 2p spectra and

found an optimum of dopt(SiOx) = 0.69 nm simultaneously with dopt(EuSi2) = 0.20 nm, both

of which clearly in the subnanometer regime.

An alternative route to a chemical passivation of the EuO/Si interface is the application

of ultrathin SiOx in the Ångström regime. This approach benefits from the high chem-

ical and structural stability of SiO2 and its electrical insulation, thus principally concor-

dant with the intended tunnel functionality. We applied an in situ SiOx passivation to the

clean Si (001) surface, and investigated the passivation and resulting contaminants at the

EuO/Si heterointerface by HAXPES. The thickness of the SiOx passivation to ranges from

10–13 Å. In this passivation regime, we observed a clear reduction of interfacial silicides

down to dopt(EuSi2) = 0.18 nm. With increasing SiOx passivation, the magnetic properties of

EuO/SiOx-Si (001) heterostructures developed stepwise towards the EuO bulkmagnetization

with a maximum specific magnetic moment of 5μB/EuO for 13 Å SiOx passivation.

For all EuO/Si (001) heterostructures with optimized interface passivation in our studies, the

EuO and Si reciprocal patterns could be observed by RHEED and indicate heteroepitaxial,

yet partly three-dimensional growth with an adaption the Si (001) lateral lattice parame-

ter. This is the first time, that a direct integration of EuO on silicon was experimentally

realized –without additionally deposited oxide buffer layers. Such chemically and struc-

turally optimized EuO/Si (001) heterostructuresmay be effectively utilized as spin-functional

tunnel contacts for silicon spintronics devices such as a spin-FET in the near future.



6. Conclusion and Outlook

In the thesis at hand, we explore ultrathin films of the magnetic oxide europium oxide (EuO)

with two complementary goals. First, we investigate fundamental structural and magnetic

properties of EuO as a model Heisenberg ferromagnet. We tune the lateral lattice parame-

ter of EuO, which allows us to elucidate the response of the ferromagnetic coupling of the

localized 4f magnetism by biaxial strain.

Our second goal is to establish ultrathin EuO layers for spin-functional tunnel contacts on

silicon. Until today, a challenging bulk and interface chemistry of the highly reactive materi-

als EuO and Si has hampered a seamless integration into silicon heterostructures. Therefore,

we develop the integration of ultrathin EuO directly with silicon focusing on the structural

and chemical control of the spin-functional EuO/Si interface.

In the first part of this thesis, we discuss the synthesis and throughout characterization of

high-quality ultrathin EuO films on cubic oxides for our fundamental studies. We established

the growth of epitaxial EuO thin films on cubic oxides by Oxide-MBE from bulk-like thick-

nesses down to one nanometer. By a precise control of synthesis parameters, we achieved a

sustained layer-by-layer growth of EuO on conductive YSZ (001). During MBE growth, we

verified the single-crystalline quality and epitaxy of the ultrathin films by electron diffrac-
tion techniques, and confirmed a bulk-like magnetization down to 2 nm thickness. We deter-

mined a nearly perfect stoichiometry of themetastable EuO thin films by HAXPES for various

EuO thicknesses down to 1 nm. Thus, we could establish EuO ultrathin films as a magnetic

oxide with reference quality. This is an important prerequisite for our further studies on

fundamental electronic and magnetic properties.

In order to further investigate the nature of the ferromagnetic coupling in EuO, we exper-

imentally realized to apply tensile and compressive biaxial strain in epitaxial EuO/LaAlO3

(100) and EuO/MgO (001) heterostructures, respectively. We compare their magnetic prop-

erties obtained by the SQUID technique – yielding an averaged macroscopic moment –with

the local and element-sensitive magnetic circular dichroism (MCD) in photoemission; this

technique gives insight into the intra-atomic exchange coupling of EuO. Tensile biaxial strain

causes a larger reduction of the core-level MCD asymmetry than of the averaged magnetic

moment of the ultrathin strained EuOfilm as observed by SQUID. Thus, by strain-engineering

we could tune the magnetic exchange in ultrathin epitaxial EuO, and quantify this effect by
MCD in hard X-ray core-level photoemission, which is significantly different from the aver-

aged macroscopic magnetization.

In the second part of this thesis, we investigate heterostructures of ultrathin EuO grown di-

rectly on silicon. EuO is the only binary magnetic oxide thermodynamically stable in direct

contact with silicon, and it also permits up to 100% spin filter efficiency due to its exchange-

split conduction bands. Thus, we are aiming towards a controlled integration of ultrathin

EuO tunnel barriers directly with Si (001) without additional buffer layers. In particular,
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124 6. Conclusion and Outlook

we focus on the characterization and careful optimization of the spin-functional EuO/Si het-

erointerface.

First, we explore how to stabilize metastable EuO on Si using Oxide-MBE. We adapt a com-

mon strategy from silicon technology, the surface etching with hydrofluoric acid (HF), in

order to remove native SiO2 and chemically passivate the Si surface (H-Si). On such passi-

vated Si substrates, we synthesized polycrystalline EuO using different growth parameters.

By means of HAXPES, we clearly distinguished two EuO valency phases: stoichiometric EuO

and over-oxidized Eu1O1+x. For the stoichiometric EuO heterostructures, we confirmed a

bulk-like ferromagnetism– this is an important prerequisite for magnetic EuO tunnel con-

tacts. This result paves the way for a following interface study of ultrathin EuO tunnel barri-

ers directly on Si (001).

In the next step of our integration of ultrathin EuO directly with silicon, we focus on experi-

mentally realizing a high structural and chemical quality of the EuO/Si heterointerface. Such

atomically sharp interfaces of high crystalline quality may lead to coherent tunneling. Thus,

we carefully studied how to chemically control the highly reactive EuO/Si heterointerface

in order to permit an epitaxial integration of EuO on Si (001). Our thermodynamic analysis

of the EuO/Si interface – taking into account the high chemical reactivity of Eu, EuO, and

Si during EuO synthesis at elevated temperatures – gives us a guideline of probable reaction

paths. In this way, we decided to compare three complementary in situ passivation proce-

dures of the Si (001) surface: (i) hydrogen passivation, (ii) Eu passivation in the monolayer

regime, and (iii) SiOx formation in the Ångström regime. We apply these passivations selec-

tively against interfacial silicon oxides and silicide formation – both being major antagonists

to efficient spin filter tunneling.

In order to quantify the impact of different chemical passivations of the Si (001) surface

on the EuO/Si interface properties, we conducted optimization studies comprising the con-

trol of surface crystalline structure and chemical interface properties by electron diffraction
techniques and HAXPES, respectively. We conclude, that the respective Si surface passiva-

tions have minimized silicon oxides to below 1 nm and interfacial silicides to 2 Ångströms,

which is clearly in the sub-nanometer regime. In particular, for an optimum passivation

using the SiOx method, the ultrathin EuO layer showed a magnetic saturation moment of

5μB/EuO, comparable to that of bulk EuO. Thus, our work demonstrates how to success-

fully apply chemical passivations to the Si (001) surface and – at the same time –maintain a

mainly heteroepitaxial integration of EuO with the Si (001) wafer. This is an important result

for possible spin-dependent coherent tunneling in EuO/Si contacts. Such optimized EuO/Si

heterointerfaces may be used as spin-functional EuO tunnel contacts for silicon spintronic

devices in the near future.
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Outlook and perspectives

In the course of ongoing research in our group, polycrystalline EuO tunnel contacts with a

native SiO2 diffusion barrier on silicon have recently shown spin filter tunneling in electri-

cal DC transport. In view of silicon spintronics, this result is a proof of principle for the spin

filter effect in EuO tunnel barriers on silicon. This motivates a further improvement of the in-

terface chemical properties which enables a simultaneous heteroepitaxial integration of EuO

directly with Si (001). With regard to the thermal sensitivity of the passivated Si surface and

pronounced surface kinetics of Si and Eu atoms, we propose a reduction of the synthesis tem-

perature. Due to our thermodynamic analysis, a reduced temperature is suitable to maintain

the hydrogen passivation of the Si surface in order to avoid interfacial silicides – the main

antagonist to any tunnel functionality. Indeed, by a synthesis temperature of EuO as low as

200 ◦C, very recently crystalline EuO could be stabilized.209 We consider this approach as the

most promising route towards a further improvement of the chemical quality of the EuO/Si

heterointerface.

Moreover, coherent tunneling may be feasible in epitaxial tunnel contacts of EuO on Si (001).

In order to compare experimental findings of epitaxial EuO/Si (001) tunnel junctions –which

are experimentally feasible, as concluded by the thesis at hand –with predictions for the spin

filter efficiency, an appropriate modeling is needed. This motivates to launch spin-dependent

density functional theory calculations for coherent tunneling through epitaxial EuO/Si (001)

tunnel contacts.

The magnetic oxide EuO is a model system to propel fundamental research on localized 4f
ferromagnetism. One approach is strain engineering, which modifies the magnetic coupling

of EuO by lateral tension or compression, as shown in this thesis. This renders ultrathin

epitaxial EuO films interesting for further investigations using the MCD effect in hard X-

ray photoemission spectroscopy, since this technique yields element-specific information on

intra-atomic exchange coupling in EuO, and in addition permits a depth-selective profiling.

Using the MCD in hard X-ray photoemission, one can selectively investigate properties of

buried interfaces, the bulk EuO layer, or identify possible magnetic dead layers – thus pro-

viding access to a complete set of the chemical and local magnetic properties of a layered

magnetic heterostructure.

Furthermore, recent calculations predict that epitaxial EuO becomes ferroelectric under biax-

ial strain (tensile � 4%, or compressive � 3%).21 Very recently, indeed a magnetization mod-

ulation in EuO by ferroelectric polarization pinning is reported for strained ferromagnetic–

ferroelectric EuO/BaTiO3 heterostructures.
20 Thismotivates further studies on epitaxial EuO

under sufficient biaxial strain by suited substrates. Thereby, EuO may even provide a route

to a multiferroic functionality, that combines ferromagnetic and ferroelectric order. For this,

high-quality EuO thin films need to be epitaxially integrated with cubic substrates providing

an appropriate biaxial strain, as has been successfully initiated in this thesis.

In that, future research on magnetic oxides like EuO offers exciting perspectives both for

fundamental physics and silicon spintronics applications.



A. Appendix

A.1. Properties of EuO-related phases and cubic oxide substrates

EuO ismetastable and easily reacts to thermodynamically competing compounds. In Tab. A.1,

we provide an overview of the most common Eu reaction products which are possibly related

to EuO during synthesis.

One objective of this thesis is the investigation of single-crystalline EuO epitaxially integrated

on different cubic substrates providing biaxial strain,m =
aS−aF
aF

. In order to allow for a grada-

tion of available substrates, in Tab. A.2, we compile lattice parameters and strain with respect

to single-crystalline EuO for different temperatures: at liquid helium, liquid nitrogen, room

temperature, and duringMBE synthesis of EuO. For the substrates used in this thesis, Fig. A.1

illustrates the cubic cells of EuO relative to underlying oxide substrates with an indication of

biaxial strain, m, and interface reactivity.

For lattice-matched EuO growth, one may consider SrO (a = 5.161 Å, m = +0.4%) as well

as SrxBa1−xO, in which the cubic lattice parameter a is tunable by composition x (Lettieri

et al. (2003)),24,217 but these two are not commercially available due to their high reactivity

in air and with humidity. The cubic ITO substrate allows for coherent EuO growth, yet tends

to reduce its lattice constant for lower doping (e. g. 6% Sn). In this case, ITO would provide a

small compressive strain with respect to EuO, if integrated epitaxially on cubic planes. Also

the ITO crystals or films need to be synthesized on-site.

For moderate tensile strain, comparable to Si (001), CeO2 (a = 5.412 Å, m = +5.2%) would be

an option.

Among the commercially available substrates, cubic CaO (a = 4.815 Å, m = −6.3%) would

be suited for a moderate compressive strain provided to EuO (001). CaO is chemically reac-

tive with water and also carbon, which destroys the surface crystal structure immediately.

Thus, we estimate its thermodynamic stability: CaO has a Gibbs free energy of formation of

−636 kJ/mol which is larger than for EuO (ΔfG(EuO) ≈ −500 kJ/mol). This predicts the ther-

modynamic stability of CaO in contact with EuO synthesis. However, during oxygen-limited

EuO synthesis at elevated temperatures, the reaction CaO + 3EuO −→ Eu3O4 + Ca results

in a Gibbs free energy balance near zero. Thus, EuO may reduce CaO to propel its own oxi-

dation, however the energy gain for that reaction is small which renders the reaction in the

reversible regime (see Fig. 2.2). In conclusion, CaO is promising by means of its compressive

strain, but chemically challenging due to its air-sensitivity and comparable thermodynamic

stability with EuO.
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Table A.1.: Eu compounds chemically adjacent to EuO and their properties at a glance. Sorted descen-
dent by chemical stability. Applications in brackets are under development or suggestions by the
author.

formula magnetism color application

Eu2O3 PM147,210 redish fluorescence color in displays

Eu3O4 AF148,149, TN = 5.4 K white white fluorescence bulb

Eu(OH)3 transparent

EuC2 FM211, TC = 15 K yellow

EuC6 spin frustration212, TN = 42 K

EuO FM18,213, TC = 69 K blue fluorescence color in displays

(spintronics)

EuS FM18,189, TC = 16 K black spintronics

EuSiy PM191 / AF214 (metallic electrodes)

Eu AF215, TN = 90 K / spin spiral191 grey neutron absorber,

(hydrogen storage216)
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Figure A.1.: EuO in relation to the substrates YSZ (001), MgO (001), LAO (100), and Si (001). Biaxial
strain acting on EuO is indicated by arrows. Interface reactivity may occur for the Si substrate.
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Figure A.2.: Structure and (001) plane of yttria-stabilized zirconia (YSZ).

In the following, we describe the crystal structure of substrates used in this thesis. Yttria-

stabilized zirconia (YSZ) is used as a seed for coherent EuO growth of reference quality. Pure

zirconium dioxide (ZrO2) undergoes a phase transformation from monoclinic (stable at the

room temperature) to tetragonal (at about 1000 ◦C) and then to cubic (at about 2370 ◦C). A
stabilization of the desired cubic phase of zirconia can be accomplished by substitution of

some of the Zr4+ ions (ionic radius of 0.82 Å, too small for ideal cubic lattice) in the crystal

lattice with slightly larger ions, e. g. those of Y3+ (ionic radius of 0.96 Å). The result is cubic

yttria-stabilized zirconia (YSZ). Doping with Y3+ ions produces oxygen vacancies, as three

O2− ions are bound to Y3+ rather than four O2− ions in case of Zr4+. This permits YSZ to con-

duct O2− ions (and thus conduct an electrical current), provided there is a sufficient vacancy

site mobility, a property that increases with temperature.227
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Figure A.3.: Rhombohedral structure, conversion, and pseudocubic structure with (001) plane of
LaAlO3 (LAO).

Pseudocubic LaAlO2 (LAO) is used for epitaxial EuO/LAO (100) heterostructures with ten-

sile biaxial strain. The transformation between rhombohedral and cubic structure for LAO

is illustrated in Fig. A.3b.218 The LAO (100)cubic plane is parallel to the (01̄2)rhomb plane,

and [011̄]cubic ‖ [100]rhomb and [011]cubic ‖ [121]rhomb. The LAO substrates are cut along

(100)cubic planes. We will use the cubic indexing for LAO in this work. LAO is rhombohedral

(pseudocubic) at room temperature, and undergoes a structural displacement transition at

∼540 ◦C.164
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The MgO and Si cubic unit cells rely on the well-known rock-salt and diamond lattice, re-

spectively, and are not further discussed.

A.2. In situ analysis of the Si (001) surface after different treatments,

conducted by Auger electron spectroscopy

In order to control the chemical quality of Si (001) surfaces in our studies, we conduct Auger

electron spectroscopy (AES) routinely on clean (i. e. after a flashing procedure) and in situ

surface-passivated Si substrates. The results of AES are summarized in Fig. A.4. Untreated Si

(“as introduced”) shows a large fraction of oxidized silicon (a). Here, the Si peak is hardly ob-

servable, according to a closed native SiO2 surface layer. DHF-etched Si has a reduced oxide

signal (b), however, this procedure introduces C contaminations. Flashed Si (c) is observed to

be chemically clean and serves as a reference. The same is true for Si after an in situ hydrogen

passivation (d, e), whereas an oxygen contribution near the detection limit can be observed.
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Figure A.4.: In situ analysis of the Si (001) surface with different types of hydrogen passivation, con-
ducted by Auger electron spectroscopy in the Oxide-MBE system.
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