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Abstract

In this thesis the electronic structure of Fe/MgOx and Co/MgOx ferromagnet-insulator inter-
faces, representing material systems which are widely used in magnetic tunnel junctions, is
studied by means of spin- and angle-resolved photoemission spectroscopy. The photoemission
studies focus particularly on the response of the ferromagnetic electronic system in contact
with MgO of varying stoichiometries, as this reflects the mechanisms of metal-oxide bonding
at real ferromagnet-insulator interfaces. The correlation between chemical bonding and elec-
tronic structure formation is analyzed by combining information from core- and valence-band
photoemission spectroscopy. The spectral features are compared to band structure calcula-
tions, which are performed using the SPR-KKR method.

The Fe/MgO and Co/MgO systems are prepared by molecular beam epitaxy under ultra-
high vacuum conditions on well-defined (4x6) GaAs(001) substrates. A structural analysis by
means of low-energy electron diffraction (LEED) reveals their body-centered cubic crystalline
structure, whereas the chemical characterization by Auger electron spectroscopy is used to
quantify the chemical environment at the sample surfaces. The magnetic analysis, using the
magneto-optical Kerr effect, reveals the uniaxial anisotropy of the ferromagnetic layers. A
crucial parameter is given by the MgO degree of oxidation, which is addressed by means of
core-level spectroscopy and quantified by suitable fitting procedures of the Mg 2p core level.

The results of the photoemission experiments show, that the electronic structure of the
Fe/MgO and Co/MgO ferromagnet/insulator interfaces and, consequently, the interfacial spin
polarization are sensitively controlled by the interface chemistry. In particular, three distinct
scenarios are identified: the nearly stoichiometric, the oxygen-deficient and the over-oxidized
ferromagnet/MgO interface. Each case is defined by innate characteristics of the electronic
structure at the Fermi level: While the spin polarization is conserved for nearly stoichiometric
MgO overlayers, a beneficial and detrimental impact on the latter is manifested for oxygen-
deficient and over-oxidized MgO/ferromagnet interfaces, respectively. The modifications of
the electronic structure are interpreted with regard to possible models of the interface atomic
environment, which reflect the types of chemical bonding mechanisms at the ferromagnet-
insulator interfaces.



Zusammenfassung

In dieser Arbeit wird die elektronische Struktur von Fe/MgO und Co/MgO Ferromagnet-
Isolator-Grenzflächen mittels spin- und winkelaufgelöster Photoemissionsspektroskopie un-
tersucht. Diese Materialsysteme werden typischerweise in magnetischen Tunnelkontakten
eingesetzt. Die Photoemissionsuntersuchungen zielen im Besonderen auf Änderungen der
elektronischen Struktur des Ferromagneten ab, die durch den Kontakt mit Magnesiumox-
idschichten variierender Stöchiometrie, wie sie an realen Ferromagnet-Isolator Grenzflächen
magnetischer Tunnelkontakte hervorgerufen werden. Die Korrelation zwischen chemischer
Bindung und elektronischer Struktur wird durch die Kombination von Rumpfniveau- und
Valenzbandphotoemissionsspektroskopie analysiert. Die spektralen Charakteristiken werden
mit theoretischen Bandstrukturen verglichen, für deren Berechnung die SPR-KKR Methode
eingesetzt wird.

Die Fe/MgO und Co/MgO Systeme werden mittels Molekularstrahlepitaxie unter Ultra-
hochvakuum-Bedingungen auf wohldefinierten 4x6-GaAs(001) Substraten deponiert. Zur
Analyse der Struktur wird die Beugung niederenergetischer Elektronen (LEED) eingesetzt,
die eine kubisch-raumzentrierte Kristallstruktur der ferromagnetischen Schichten verifiziert.
Augerelektronenspektroskopie wird zur quantitativen Analyse der chemischen Beschaffenheit
der Probenoberflächen verwendet. Die uniaxiale magnetische Anisotropie der ferromagnetis-
chen Schichten wird mit Hilfe des magneto-optischen Kerr-Effekts bestimmt. Ein wichtiger
Parameter ist der Oxidationsgrad der Magnesiumoxidschichten, welcher durch geeignete Fit-
Prozeduren des Mg 2p Rumpfniveaus klassifiziert wird.

Die Ergebnisse der Photoemissionsexperimente zeigen, dass die elektronische Struktur
an Ferromagnet-Isolator Grenzflächen – und mit ihr die Spinpolarisation des Systems –
empfindlich von der chemischen Beschaffenheit der Grenzfläche abhängt. In diesem Zusam-
menhang werden drei Systeme untersucht, die in experimentell hergestellten Ferromagnet-
Isolator Schichtsystemen auftreten können: die stöchiometrische, die unteroxidierte und die
überoxidierte Fe/MgO und Co/MgO Grenzfläche. In den jeweiligen Fällen können charak-
teristische Eigenschaften der elektronischen Struktur an der Fermienergie definiert werden.
Dabei hängt die Höhe der Spinpolarisation vom Oxidationsgrad der Grenzfläche bzw. der
Oxidschicht wie folgt ab: Während die Spinpolarisation im Fall einer stöchiometrischen MgO
Bedeckung erhalten bleibt, wird eine Erhöhung bzw. Reduktion der Spinpolarisation für unter-
bzw. überoxidierte Grenzflächen beobachtet. Die Modifikationen der elektronischen Struktur
werden im Zusammenhang möglicher Modelle der atomaren Struktur der Grenzfläche inter-
pretiert, die die Mechanismen der chemischen Bindung an der Grenzfläche widerspiegeln.
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Chapter 1

Introduction

Half a century of magnetic data storage has changed the world. A constantly increasing
storage density has provided the basis for exciting innovations. In nowadays life, we take
advantage of small portable devices like laptops or iPods providing hard disc capacities of up
to some hundreds of Gigabytes. This stunning technological progress has become possible
by experimental achievements that are intimately connected to the basic research on the
magnetism of thin films and surfaces. Initially, this research was driven by scientific curiosity
to understand the quantum mechanical processes which are governing the magnetic behavior
in confined magnetic systems. The results had a direct impact on the magnetic data storage,
by improving the materials itself and developing novel storage functionalities.

The last decade has witnessed further progress in information technology, which was ini-
tialized by two fundamental discoveries being closely connected to the magnetism in ultrathin
magnetic layers. The discovery of the phenomenon of interlayer exchange coupling in 1986
by P. Grünberg and Co-workers [1] and the giant magnetoresistance (GMR) effect in 1988,
by the groups of P. Grünberg and A. Fert [2, 3] mark the advent of the field of spin-based
electronics (‘spintronics’), in which magnetism and solid state electronics are joining to ex-
ploit spin-dependent transport processes [4]. The GMR effect is based on the arrangement
of two successive magnetic layers, separated by a very thin non-magnetic layer. The relative
orientation of the magnetization in the adjacent layers can be easily switched by applying a
weak magnetic field, with the magnitude of the electric resistance being affected in an dis-
parately way: An electric current can flow rather freely, if the layer magnetization is oriented
parallel, while a high resistance results if they are anti-parallel. The GMR effect in magnetic
multilayers can be studied in so-called spin-valves, in which the direction of the magnetic
moment of an magnetic reference layer is fixed by the phenomenon of exchange bias. Today,
the field of spin-based electronics drives the progress in magnetism and provides the basis
for novel electronic functionalities that in part are already conversed into technology. The
GMR effect, for instance, has completely revolutionized the magnetic recording industry: the
very high sensitivity of GMR-based read heads has allowed a reduction of the bit size, and
hence an enormous increase in the storage capacity of magnetic hard-disk drives. Now, about
twenty years after its discovery, all hard-disks in computers are equipped with read heads
based on the GMR effect.

In the two decades since the discovery of GMR, the magnitude of the GMR signal in spin
valve structures has changed very little. The resistance of such structures is typically about
10-15% higher, if the reference magnetic moments are oriented antiparallel in comparison to
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4 CHAPTER 1. INTRODUCTION

the parallel case. Partly for this reason, interest has been turned towards magnetic multilayer
thin film stacks, which are based on two ferromagnetic electrodes magnetically decoupled by
a thin insulating layer. The virtue of these so-called magnetic tunnel junctions (MTJs) is
a much larger change in resistance from the parallel to the antiparallel magnetization state,
which is known as tunneling magnetoresistance (TMR). Since the first observation of large
reproducible TMR at room temperature in amorphous aluminum oxide based MTJs, there
has been a surge in research in this field [5,6]. Recently, magnetic tunnel junctions have been
significantly improved with the discovery of much higher magnetoresistive ratios of several
hundred percent using magnesium oxide tunnel barriers and 3d transition metal ferromagnetic
alloy electrodes [7, 8]. And this is certainly not the end of the development: In contrast to
the metallic GMR sensors, there is – at least theoretically – no limit for the magnitude of
the tunnel magnetoresistance in MTJs [9, 10]. Therefore, magnetic tunnel junctions look
promising for magnetic memory storage elements (MRAM) and highly sensitive magnetic
field sensors. A further progress, however, is tied to an improved understanding and control
of the physical processes governing the TMR.

Scientific groups all over the world are pushing forward research on the electronic and
transport properties of MTJs in search of a systematical understanding of the complex phys-
ical mechanisms which underly the TMR effect. The phenomenon of TMR is a consequence
of spin-dependent tunneling (SDT), which is an imbalance in the electric current carried by
spin up and spin down electrons tunneling from the ferromagnetic electrode through the tun-
neling barrier. The magnitude of TMR is thereby determined by the spin polarization of
the tunneling current. A detailed understanding of the relationship between the tunneling
magnetoresistance and the corresponding spin polarization of the tunneling current to the fer-
romagnetic and tunneling barrier materials is still developing. Interestingly, the magnitude
of the TMR signal is found to be rather insensitive to the ferromagnetic electrode material.
For many years, the tunneling spin polarization was considered to be only related to the fun-
damental electronic structure of the ferromagnetic electrodes and, in particular, to the degree
of spin polarization of the density of states at the Fermi level of the electrodes [11]. It has be-
come clear, that this model is too simplified and that the properties of the tunnel barrier and
its interface with the magnetic electrodes are extremely important in determining the degree
of spin polarization of the tunnel current and, consequently, the tunneling magnetoresistance.

Indeed, the most important physics in SDT is mainly related to the interfaces of the
ferromagnet-insulator-ferromagnet systems. Recent theoretical studies provided new insights
into this aspect by deducing the spin dependence of the tunneling current in single-crystalline
MTJs from the symmetry of the Bloch states in the bulk ferromagnetic electrodes and the
complex band structure of the insulator [12,13]. By identifying those bands in the electrodes
that are coupled efficiently to the evanescent states decaying most slowly in the insulating
barrier, one can draw conclusions about the spin polarization of the tunneling current. In
other words, the tunnel barrier can act as a spin filter. However, it has turned out that
symmetry considerations alone are not always sufficient to predict the spin polarization of
the tunneling current, because they assume perfectly sharp and well-ordered interfaces, which
are hardly realized in real MTJs.

An important mechanism by which the interfaces affect the spin polarization of the tun-
neling conductance is the bonding between the ferromagnetic electrodes and the insulator.
The interface bonding determines the effectiveness of transmission across the interface, be-
cause it can be different for electrons of different orbital character carrying an unequal spin
polarization. Experimentally, the effect of bonding at the ferromagnet-insulator interface is
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proposed to explain the inversion of the spin polarization of electrons tunneling from Co
electrodes across a SrTiO3 and an Al2O3 barrier, respectively [14]. Moreover, theoretical
studies predict that an atomic layer of iron oxide at the interface between Fe and MgO layers
strongly reduces the TMR in Fe/MgO/Fe tunnel junctions due to the bonding between iron
and oxygen [15,16].

These findings suggest, that the magnitude of the tunneling spin polarization and, con-
sequently, the tunneling magnetoresistance depends on several factors, such as the chemical
composition of the insulating barrier and the atomic structure and bonding at the metal-oxide
interfaces. Due to the difficulties in the atomic scale characterization of the magnetic tunnel
junctions, there is only limited information on the structure and bonding at ferromagnet-
insulator interfaces available so far. The situation is complicated by the fact, that in most
cases the oxide layer is formed by first depositing a metallic layer on top of the ferromag-
netic electrode and then oxidizing it by exposing the system to ambient oxygen or oxygen
plasma [17]. This may result in the formation of an oxide layer with numerous defects and
deviations in local stoichiometry at the interface. The oxidation time is critical for producing
MTJs with oxide barriers: An over-oxidation produces a ferromagnet-oxide layer at the in-
terface, that is unfavorable for transmitting spin polarization of the ferromagnetic electrode
across the interface. An under-oxidation, in turn, leads to the presence of oxygen vacancies
at the interface. Their impact on the spin-dependent tunneling process is not yet clear. It is
therefore crucial to investigate ferromagnet-oxide interfaces with different oxide stoichiome-
tries, as this approach provides the most realistic insight into the fundamental mechanisms
ruling the metal-oxide bonding at real ferromagnet-insulator interfaces.

The physics of the ferromagnet-insulator interface largely relies on the nature of the inter-
face electronic states close to the Fermi level. Generally, even small variations of the atomic
potentials and bonding near the interface have a strong impact on the interfacial density of
states. Such variations are common for real interfaces, and they are intimately reflected by
the interface density of states formed by the 3d electronic structure of the transition metal
electrodes. Hence, these effects influence the spin polarization of the tunneling current in real
MTJs, and are directly related to the chemical bonds formed at the interface with the tunnel
barrier. This, in turn, can improve the possibilities for altering the properties of MTJs. In
particular, by modifying the electronic properties of the ferromagnet-insulator interface it
seems to be possible to engineer MTJs with properties desirable for application.

However, the atomic-scale characterization of the complex interplay between the electronic
structure and chemical bonding formation at ferromagnet-insulator interfaces poses an exper-
imental challenge. A suitable experiment has to provide detailed information on the electronic
structure of the ferromagnetic electrode as a function of the overlaying oxide composition.
This endeavor requires elemental and surface sensitive information both for the ferromagnetic
and the oxide electronic structure. As a matter of fact, the measurements have to provide a
spin resolved picture of the electronic states.

In this thesis, the role of the interface bonding at ferromagnet-insulator interfaces will
be elucidated by probing the electronic states of ferromagnetic iron and cobalt films covered
with ultrathin magnesium oxide barriers by means of spin- and angle-resolved photoemission
spectroscopy. With its ability to investigate the electronic and magnetic properties of the
ferromagnetic band structure with high surface sensitivity, low-energy photoemission spec-
troscopy is a suitable tool to investigate the interface with different MgO stoichiometries to
quantify the effect of bonding and oxidation on the interfacial ground state electronic struc-
ture. The interplay between chemical bonding and electronic structure formation can be
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analyzed by combining elementally sensitive results from core-level and valence-band pho-
toemission. Thus, the direct relation between the oxidation ratio of the MgO layer and the
interfacial spin-polarization can be revealed. Moreover, this thesis aims at characterizing
possible bonding mechanisms which rule the intrinsic electronic properties of the ferromag-
net/insulator interfaces. It is organized as follows:

Chapter 2 reviews the fundamental physical aspects, which arise when discussing the
interfacial properties of the ferromagnetic electronic structure in contact with ultrathin MgOx

overlayers. Primarily, we address the main properties of the spin-split electronic structure
of the 3d ferromagnets. The occupied electronic states of the latter are probed by a spin-
and angle-resolved photoemission experiment. The fundamental physical processes yielding
the excitation and emission of spin-polarized electrons are discussed in the framework of
the three-step model. The photoemission results are compared to ab-inito bandstructure
calculations, which are performed in the framework of density functional theory. Finally, we
will discuss the relation between the ferromagnetic bandstructure and the spin-dependent
transport properties in magnetic tunnel junctions in more detail. Moreover, we will point out
the necessity to investigate ferromagnet-insulator interfaces beyond simple model systems and
highlight the decisive role of the interfacial properties for the tunneling spin polarization.

The experimental techniques, which are extensively employed to investigate the struc-
tural, chemical and magnetic properties of the ferromagnet/insulator surfaces and interfaces
are presented in chapter 3. Different physical aspects have to be considered to conduct a
successful spin- and angle-resolved photoemission experiment: Clean, single-crystalline sam-
ples with flat surfaces can be prepared by molecular beam epitaxy and provide the basis for
angular-resolved photoemission studies of the electronic band structure. The knowledge on
the magnetic anisotropy is necessary for the spin-detection process. We will address selected
practical details of data acquisition and interpretation of the several experimental methods
and briefly sketch the layout of the experiment.

In chapter 4, the successive preparation steps yielding the MgOx/Fe(001) and MgOx/
Co(001) systems are reviewed in detail. We will present and discuss results on the crystalline
structure of the substrate and the ferromagnetic films and analyze the magnetic anisotropy
of the latter. The chemical environment at the surface of the substrate and the ferromagnetic
film, as well as of the ultrathin MgOx overlayer is quantified. A crucial parameter is given by
the MgO degree of oxidation, which is addressed by means of core level spectroscopy.

In chapter 5, the experimental results on the electronic structure at MgOx/Fe(001) and
MgOx/Co(001) interfaces obtained by spin- and angle resolved photoemission spectroscopy
are presented in detail. The studies thereby focus on the response of the ferromagnetic
electronic structure in contact with MgO overlayers, which deviate from a well-balanced oxide
stoichiometry. By combining results from core-level and valence-band spectroscopy, the close
connection between the chemical bonding and electronic structure formation is unraveled.
We will discuss the results with regard to possible atomic environments, which reflect the
type of bonding mechanism governing the interfacial electronic structure. We will show, that
the electronic structure of ferromagnet/insulator interfaces is sensitively controlled by the
interface chemistry. A beneficial influence on the interfacial spin polarization is manifested
for oxygen-deficient MgO layers on ferromagnetic substrates. This finding is supposed to have
a significant influence on the spin-dependent tunneling process in magnetic tunnel junctions.

Finally, a concluding discussion of the main results of this thesis is given in chapter 6.



Chapter 2

Fundamental Aspects

The present chapter gives an overview about the general physical aspects, which are ex-
tensively employed in this thesis. The overall aim of this work is to explore the spin-split
electronic structure of ferromagnetic materials in contact with ultrathin insulating overlayers.
Several physical and experimental aspects come into play, which are addressed in the follow-
ing.
The first part of the chapter introduces the occurrence of 3d ferromagnetism within the
framework of band magnetism. The spontaneous magnetic order of itinerant electrons is a
consequence of the minimization of the total energy of the correlated many-particle system.
The electronic structure of a magnetic solid is separated into majority and minority states by
the so-called exchange energy. An intrinsic parameter of a ferromagnet is its spin polarization,
which is a measure for the spin imbalance of the occupied electronic states.
The most suitable method to determine the spin-split electronic structure of a ferromagnet
experimentally, is a spin- and angle-resolved photoemission spectroscopy experiment. If oper-
ated in the low-energy regime, the short probing depth makes it particularly suited to study
surfaces and interfaces. The basic theory of photoemission in terms of single-electron exci-
tations is discussed in the second part of this chapter. Theoretical calculations of the band
structure on the basis of spin-polarized density functional theory are employed to compare
experimental results with ab inito predictions on the spin-split electronic structure. The basic
ideas of spin-polarized DFT are sketched and discussed with respect to their applicability to
describe the relevant experimental systems.
The electronic structure of a ferromagnet in contact with an insulator is an important issue in
the lively field of spinelectronics. This branch of research investigates the spin dependence of
electronic transport, with the main parameter given by the transport spin polarization of the
electric current. In a magnetic tunnel junction, the tunneling spin polarization (TSP) gives
rise to the tunneling magnetoresistance (TMR) effect. The electronic properties at the ferro-
magnet/insulator interface thereby are recognized to mainly determine sign and magnitude of
the TSP. In particular, the ferromagnetic bandstructure in contact with its complex insulator
counterpart acts as a spin filter for the tunneling electronic states. Thus, the ground state
spin polarization does not equal that of a tunneling current. We will consider the various
factors controlling the spin polarization of the tunneling current and emphasize the decisive
role of the interface bonding beyond simple ferromagnet-insulator-ferromagnet systems.
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8 CHAPTER 2. FUNDAMENTAL ASPECTS

2.1 Electronic structure of 3d ferromagnets

2.1.1 Ferromagnetism of 3d transition metals

The characteristic property of ferromagnetism in a solid is the spontaneous long-range order
of magnetic moments in absence of an applied magnetic field and below a critical temperature.
Ferromagnetic materials are usually divided into two classes, the localized and the itinerant
ferromagnets. In localized ferromagnets, which are represented by the 4f or 5f rare-earth
metals, the magnetic moment is carried by localized electrons, which are only weakly involved
in interaction processes. These materials are successfully treated by spin-lattice models, which
consider the isolated magnetic moments as being fixed at particular lattice sites [18]. The
magnetic moments of the 3d elements Fe, Co and Ni, in contrast, are carried by the strongly
delocalized valence electrons close to the Fermi level. These itinerant electrons play the crucial
role in any interaction, like e.g. bonding, hybridization or transport processes. In order to
describe the phenomenon of itinerant ferromagnetism, the valence electrons have to be treated
collectively. The ferromagnetic ground state of such a many-electron system favors the parallel
alignment of neighboring spins [19]. The origin for this collective ordering phenomenon is the
quantum mechanical exchange interaction, which basically reflects a balance of electrostatic
energies of electrons by taking into account their spin character. The Pauli principle correlates
electrons with parallel spins by excluding that two electrons possess the same set of quantum
numbers and thus occupy the same electronic state. As a consequence, electrons have to be
promoted into higher energy states, since every state can be occupied by only one electron in
comparison to the non-magnetic case. The parallel orientation of electron spins is therefore
followed by an increase in kinetic energy. At the same time, as another consequence of the
Pauli principle, the density of electrons close to another electron with the same spin orientation
is reduced, and the particular electron is surrounded by a so-called exchange hole. By keeping
particles with the same charge apart, the Coulomb repulsion is reduced. This reduction of
electrostatic energy for the parallel spin alignment in comparison to the antiparallel situation
is called exchange energy. For the total energy balance, this means that whenever the gain
in exchange energy exceeds the increase of kinetic energy, the many-electron system can
minimize its total energy by aligning spins parallel in a magnetically ordered ground state.

In the present case of itinerant ferromagnetism, the energetic states of the valence electrons
correspond to electronic band states in the solid. This particular aspect is of great importance
in order to finally formulate the criterion for the occurrence of itinerant ferromagnetism, the
so-called Stoner criterion. The Stoner criterion relates the energy balance between kinetic
and exchange energy to the electronic structure of the ferromagnet. A formal description of
the Stoner model is usually given in the frame of density functional theory (DFT) including
spin polarization [21]. The basic ideas of this approach are discussed in the following.

Stoner criterion

According to the Stoner model, the interaction between the itinerant electrons is mediated
by a molecular field, which arises from the exchange interaction [20]. If the molecular field
is treated in a mean field approach, the local magnetization M , which is induced by the
exchange interaction, is the same for each atom [21]. M thus can be defined as the difference
between the density of states of spin-up and spin-down electrons D↑(E) and D↓(E) in one
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atomic unit cell according to

M =
∫ EF

(D↑(E)−D↓(E)) dE. (2.1)

In the spin-polarized DFT formalism, all spin-dependent interactions enter into the so-called
exchange-correlation potential V ↑,↓

xc , which is one part of the total effective potential within
the Kohn-Sham-equations (see chapter 2.2.4 for a basic introduction to the DFT formalism).
The interaction between the magnetization M with the electronic system is only a small
parameter [21]. V ↑,↓

xc can thus be expanded and written in the approximated form as

V ↑,↓
xc = V 0

xc ∓ Ṽ ·M. (2.2)

V 0
xc thereby denotes the exchange-correlation potential for the non-magnetic case. Since the

mean value of Ṽ is positive, the spin-up electrons (↑) feel a stronger attractive potential (-) as
in the non-magnetic case, while the minority electrons (↓) feel a stronger repulsive potential
(+). In the Stoner model, this enhancement or decrease of the potential is simulated by a
constant

V ↑,↓
xc = V 0

xc ∓
1
2
I ·M. (2.3)

I represents the exchange integral or Stoner parameter, which averages over the Coulomb
interactions in the many-particle system. It is a measure for the exchange interaction strength
between the atoms. In the course of a further procedure, this approach leads to a sufficient
condition for the occurrence of ferromagnetism [19], by self-consistently relating the energy
shift (2.3) to the magnetization (2.1). Ferromagnetic solutions exist, if

I ·D(EF ) > 1. (2.4)

This relation is known as the Stoner criterion. It connects the exchange integral I of the many-
particle system to the density of states D(E). The condition for the ferromagnetic instability
is fulfilled for those materials, in which the Coulomb effects are strong and the density of
states D(EF ) at the Fermi energy is large. Since the value of the exchange interaction is very
similar for all 3d transition metals (I ∼ 1 eV), the density of states D(EF ) represents the
most important parameter in the Stoner criterion [22].

Nevertheless, the Stoner criterion for itinerant ferromagnetism is only fulfilled for the 3d
transition metals Fe, Co and Ni. Their density of states are calculable in the framework of
spin-polarized density functional theory. The mean field approach for the exchange interaction
enters the DFT calculations by the local spin density approximation (LSDA), which contains
all spin- and many-particle interactions of the exchange-correlation potential Vxc. Figure 2.1
shows the spin-split density of states for Fe, Co and Ni, calculated by employing the SPR-
KKR method developed by Ebert et al. [23]. Obviously, the density of states directly at the
Fermi level is dominated by large contributions of localized 3d bands of either majority (Fe) or
minority (Co, Ni) character, which is the main reason for these materials to fulfil the Stoner
criterion.

2.1.2 Spin-split electronic bands

An important result, which arises from the Stoner model, is the occurrence of a spin splitting
of the electronic structure of the 3d ferromagnets. It can be derived from equation (2.3),
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Figure 2.1: Spin-split density of states calculated for ferromagnetic bcc-Fe, bcc-Co and fcc-Ni.
Whereas the spin-projected DOS at the Fermi level reveals a positive sign for Fe, a negative
value is observed for Co and Ni.

that the constant change I ·M/2 of the potential V ↑,↓
xc does not act on the spatial part of the

electronic wavefunctions ψ↑,↓(r) = ψ0(r) in comparison to the non-magnetic case [21]. The
energy eigenvalues εσ(k) (σ =↑, ↓), however, are shifted by this constant value. The presence
of the exchange interaction thus lifts the two-fold degeneracy of the electronic states and
formally results in a spin-splitting of the electronic structure according to

ε↑,↓(k) = ε0(k)∓ 1
2
I ·M. (2.5)

In the absence of spin-orbit coupling, majority and minority bands can be viewed as two
independent sets of bands, which are separated by the constant exchange splitting ∆xc = I ·M .
At this point, the Stoner model provides a rather simplified picture, since in most systems, the
exchange splitting ∆xc is not always a constant, but may vary with the electron wavevector
k and the symmetry of the bands. To underline this fact, the spin polarized band structure
of bcc-Fe has been calculated within the LSDA approximation according to [23]. Figure 2.2
shows the dispersion E(k, ↑) and E(k, ↓) along the Γ-∆-H high symmetry line. It reveals
the typical features of the 3d bandstructures: On the one hand, the region in the vicinity
of the Fermi level is characterized by weakly dispersive d bands, which are embedded into
strongly dispersive sp-bands on the other hand. The exchange splitting between spin-up and
spin-down bands of the same symmetry is obvious, but shows that ∆xc is much larger for the
d states than for the s, p-type bands. The orbital representation of the electronic states is
linked to the symmetry of the crystal, as will be introduced in chapter 2.1.3.

As the atomic number increases from Fe to Co and Ni, the d bands become increasingly
filled and move down below the Fermi level. By considering again the spin-resolved DOS in
Figure 2.1, it is obvious that the majority density of states D↑(E) is not completely filled
for Fe, but it is already for Co and Ni. The minority density of states D↓(E), in contrast, is
partially occupied for all three 3d ferromagnets. As a consequence, the spin-projected DOS
of Fe reveals a larger majority DOS at the Fermi level, in contrast to Co and Ni, where a
large minority spin DOS dominates the region below the Fermi level (see Fig. 2.1).
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Figure 2.2: Spin-resolved bandstructure for bcc-Fe along Γ-∆-H. Black lines: majority spins,
grey lines: minority spins. The symmetries are labeled according to the single-group repre-
sentation.

Spin polarization

An important parameter characterizing the occupied states of the 3d ferromagnets Fe, Co and
Ni is the spin-imbalance between spin-up and spin-down electrons. This quantity is referred
as the ground state spin polarization PD. The spin polarization of a bulk ferromagnet can be
defined via the spin-dependent density of states Dσ (σ =↑, ↓), which is expressed in terms of
the electronic bandstructure according to

Dσ =
1

(2π)3
∑
α

∫
δ(Ekα σ) d3k, (2.6)

with Ekα σ being the energy of an electron in the band α and with a spin σ [24]. The
spin polarization PD is defined as the normalized difference between spin up and spin down
electrons and takes the form

PD(E) =
D↑(E)−D↓(E)
D↑(E) +D↓(E)

, (2.7)

with D↑ and D↓ being the electronic density of states for spin-up and spin-down electrons,
respectively. It is often assumed erroneously, that this very definition of PD is measurable in
a spin-resolved photoemission experiment [24]. In fact, as will be presented in the following
section, photoemission is essentially a many-particle process and the photoemission spectrum
reflects rather an excited state than the ground state of the electronic structure. Another
discrepancy between the ground state polarization of a ferromagnet and the spin polarization
measured in a photoemission experiment arises from the fact, that every optical transition
has to be considered with respect to the dipole selection rules. The latter determines the
spectral weight of the photoelectron transition and consequently influences the measured
polarization (see chapter 2.2.2). Generally, any interpretation of a spin polarization obtained
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Figure 2.3: Left: Brillouin zone of a bcc cubic lattice. The (001) high symmetry line is denoted
as the ∆-line and ranges from the high symmetry point Γ to the edge H. Right: Symmetries
along the ∆-line in a bcc cubic lattice with the corresponding orbital representations in terms
of spherical harmonics. The notation of the x, y and z axis refer to the cubic directions in
the bcc lattice.

by a particular experimental method has to be considered under the special experimental
restrictions, as will be further pointed out in chapter 2.3.1.

2.1.3 Excursus: Symmetry and electronic structure

The symmetry of a lattice is directly connected to the symmetries of the electronic bands,
which are observable in the bulk band structure. The spatial symmetry of the lattice is mir-
rored by the crystal potential V (r), which enters the Hamiltonian of the electronic system.
Thus, only these electronic wavefunctions ψ(r) solve the corresponding Schrödinger equation,
which possess the the same spatial symmetry as the crystal potential V (r). Therefore, elec-
tronic bands are usually denoted with respect to the particular crystallographic symmetry
direction, which, for instance, can be probed by a photoemission experiment.

In terms of group theory, the sum of all possible symmetry operations in a lattice, i.e.
translation, rotation and reflection, forms a mathematical group. At a particular point k in
the Brillouin zone, this group is described by a set of irreducible representations, which can be
used to classify the different electronic states E(k), as the number of representations equals
that of the different electronic states. It is thus possible to label the individual electronic
states according to the irreducible representations of the point group of a particular direction
within the cubic lattice.

In the following, the high symmetry direction (001) of bcc cubic crystals is considered in
detail, since it is of particular interest in the context of this thesis. The cubic (001) axis is
also denoted as the ∆-line and connects the Brillouin zone center Γ with the zone edge H as
shown in Figure 2.3. The (001) direction is a fourfold axis and refers to the C4v symmetry
group, which preserves the bcc crystal structure under all symmetry operations. This group
consists of four irreducible representations, which are indexed as ∆1, ∆2, ∆2′ and ∆5. Thus,
the electronic structure along (001) of a cubic lattice consists of these four distinguishable



2.1. ELECTRONIC STRUCTURE OF 3D FERROMAGNETS 13

electronic states in terms of their spatial symmetry. In the case of a magnetic solid, the spin
orientation can simply be added to the notation, if spin-orbit interaction is negligible. This
aspect will be further elucidated in chapter 2.2.2.

In a further step, the symmetry of an electronic state can alternatively be expressed in
terms of its angular-momentum representation. The electronic wave functions are denoted
as ψnlm(r) in terms of the spherical harmonics Yl,m [25]. The angular momentum number
l = 0, 1, 2, ..n− 1 represents states of s (l = 0), p (l = 1) and d (l = 2) character, whereas the
magnetic quantum number ml = −l, .., 0, .., l gives the component of the angular momentum
vector in direction of the z-axis (e.g. px (l = 1,ml = −1)). Strictly speaking, this single-
electron notation cannot be applied to a solid, which does not possess a continuous rotational
symmetry, i.e. the deviation from the spherical symmetry is not negligible. However, there is
an analogy between the irreducible representation and the orbital momentum notation [22].
By considering again the (001) orientation of a bcc lattice, one finds the most symmetric state
given by a ∆1 symmetry, which can alternatively be described by a s (l = 0)-like state. The
∆5 symmetry states can be viewed as composed of wavefunctions of pd-character (see Table
2.3).

The angular symmetry of the electronic states has consequences for the bonding in a cubic
crystal [25]. The d states, for instance, can be divided into two different classes, the so-called
t2g and eg orbitals. In a cubic lattice, these orbitals reveal a bonding- or antibonding character,
respectively, depending on the strength of electrostatic repulsion between each other. The t2g

orbitals are represented by the dxy, dxz and dyz orbitals, which are aligned along the diagonals
between the x, y and z cubic axes. The eg orbitals, in contrast, are orientated along the main
axes dz2−r2 and dx2−y2 . In a bcc crystal lattice, the d orbitals of adjacent atoms will overlap
and this process leads to an energetic splitting: The t2g orbitals are lowered in energy due to
their small orbital overlap and low electrostatic repulsion, thus revealing a bonding character.
The eg orbitals, in contrast, are raised in energy due to a large overlap in x, y, z-direction,
which leads to an antibonding character. Bonding and antibonding states of a particular
element are distinguishable e.g. in a calculated density of states, since the contributions are
shifted on the energy scale.
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2.2 Basic Aspects of Spin- and Angle-Resolved Photoemission
Spectroscopy

Photoemission spectroscopy is an established method to explore the electronic structure of
a solid. Due to its short probing depth, low-energy photoemission is particularly suited
to study surfaces and interfaces, as well as thin films in the monolayer regime. The main
objective of the experiment is to retrieve information on the occupied electronic states through
the analysis of the photoemitted electrons. The experimental quantities, which have to be
determined for this purpose, are the photoelectron’s kinetic energy and momentum, which
yield direct information on the binding energy and the wavevector. Therefore, the theory
of photoemission is primarily a description in terms of angle-resolved photoemission, which
maps out the dispersive electronic band structure with k-resolution E(k).

In ferromagnets, however, a complete characterization of the electronic structure includes
the analysis of electrons also with respect to their spin σ (σ =↑, ↓). The information is
provided by a measurement of the spin polarization P of the photoelectrons. A combined
spin- and angle-resolved photoemission experiment hence enables one to exploit the complete
information on the spin-split ferromagnetic electronic states E(k, ↑), E(k, ↓). For an ex-
tended analysis, the experimentally determined photoemission results can be compared with
theoretical band structure calculations.

Phenomenologically, the photoemission process is based on the photoelectric effect as
formulated by Einstein in the early 20th century. Due to the quantum nature of light, an
electron, which is bound in a solid and hit by monochromatic light of the energy hν, can
absorb the energy of the incident photon as a whole. The process causes the excitation of the
electron. If the transferred energy is high enough to overcome the binding energy EB and
the work function Φ, the electron may leave the solid and can be analyzed as a function of
its kinetic energy Ekin,

Ekin = hν − EB − Φ. (2.8)

Due to the energy conservation principle, the binding energy of the electron EB with respect
to the Fermi level can thus be determined from a measurement of its external kinetic energy,
provided that the initial photon energy and work function are known. Beyond this mere
energy balance, the following sections deal with the various fundamental processes, which
lead to the excitation and emission of photoelectrons in a ferromagnet.

2.2.1 The three step model

The common approach to describe the photoemission process is based on the so-called three-
step-model, initially proposed by Berglund and Spicer [26]. This model represents a semi-
classical treatment of the photoemission process, because it divides the underlying physical
mechanism into three successive events. The steps are treated independently and are for-
mulated by separate theoretical models. A non-approximative approach has to consider the
photoemission process as an one-step event. The underlying theories provide the basis for
one-step photoemission calculations, which yield spectra that can be compared to the ex-
perimental ones. However, such a treatment requires considerable computational effort and
has been carried out only for few selected examples. It turns out, that the simplified pic-
ture is usually more suitable for a quantitative interpretation of the experimental results.
The successive events resulting in the three-step model are briefly outlined in the following
paragraphs.
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I. Interband transitions. The initial step in photoemission involves the excitation of
an electron from an occupied state into an empty state above the vacuum level within the
electronic bandstructure of the solid. In a single particle picture, the states are termed as
initial and final states. The process follows the laws for energy and momentum conservation,

Ef = Ei + hν and kf = ki + G. (2.9)

By employing low photon energies in the ultraviolet regime (in this work: hν ≤ 40 eV), the
momentum of the incoming photon can be neglected, kf = ki + kph ≈ ki, and the transition
can be viewed as taking place vertically at one particular k value within the reduced zone
scheme. The photoexcitation is considered as the most important step during the photoe-
mission process. The quantum mechanical description of this process as well as its extension
towards the spin state of the electrons are discussed in more detail in chapters 2.2.2 and 2.2.3.

II. Transport to the surface. The transport of the excited photoelectrons towards the
surface is accompanied by inelastic scattering events, which may change the electron’s mo-
mentum. However, a direct relation between the momentum of the detected photoelectron
and an interband transition inside the solid is only permitted for those electrons, which have
not been scattered inelastically during their transport to the surface.

In the context of this work, an important aspect of the transport process concerns the
fact, that the scattering processes limit the mean free path λ of the photoelectrons trav-
eling within the solid. The mean free path thereby depends on the kinetic energy of the
photoelectrons [51]. In this work, photon energies between 34 and 40 eV have been used for
valence-band photoemission experiments. The inelastic mean free path for electrons with such
kinetic energies is smaller than 10 Å, with equals 3-4 lattice constants of a 3d ferromagnet
single crystalline sample. This short probing depth is a main prerequisite for photoemission
experiments at surfaces and interfaces, as will be illustrated in chapter 5.

Taking into account the spin character of the transported photoelectrons, it has been
shown that the inelastic mean free path can reveal an asymmetry for spin-up and spin-down
electrons in ferromagnetic materials [27]. The scattering rate for minority spin electrons
thereby is enhanced with respect to that of the majority spin electrons because of the excess
of minority spin holes. However, the effect is mainly relevant for very low kinetic energies,
i.e. below Ekin = 5 eV, if electrons scatter into the unoccupied d-states [28]. For electron
energies above 30 eV, practically no spin-dependence of the inelastic mean free path can be
observed (see Figure 5 in Ref. [27]).

III. Transmission and escape. The transmission of the escaping electrons through the
surface involves a diffraction process at the potential barrier of the interface. This event
changes the perpendicular component k⊥ of the wavevector k. In the in-plane direction, in
contrast, the potential is periodic and the wave vector component k‖ is conserved modulo a
reciprocal wave vector G‖.

This transmission step does not necessarily conserve the spin polarization of the photoelec-
trons. This is due to the fact, that every atom provides a scattering potential which includes
spin-orbit contributions. Beside the exchange coupling, spin-orbit interactions represent a
further spin-dependent interaction in a solid. The presence of spin-orbit coupling results in a
spin-dependence of the diffraction process. The spin-dependent scattering changes the elec-
tron spin polarization upon transmission though the surface, if the emission direction does not
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equal that of the surface normal [29]. Since the photoemission experiments in this work have
been performed in normal emission geometry, we can conclude, that the spin polarization is
mainly preserved.

In the following sections, the mechanism, which actually leads to the excitation of spin-
polarized photoelectrons from ferromagnets is discussed in more detail.

2.2.2 The photoexcitation process

The photoexcitation process is defined as the interband transition of an electron from an
occupied (initial) state Ψi below the Fermi energy into an unoccupied (final) Ψf state above
the vacuum level. The incident electromagnetic radiation causing this excitation can typically
be considered as a small perturbation for the electron system of the solid. This allows for
the theoretical description of the process in first order perturbation theory. Whereas the
excitation and emission of one photoelectron reflects a single-particle process, the remaining
N − 1 electron system does not represent a ground state anymore and will respond to the
perturbation. Formally, the involved initial and final states therefore have to be expressed as
many-particle eigenfunctions | Ψi〉 and | Ψf 〉.

The interaction of the photons with the N -electron system is derived from the non-
relativistic Schrödinger equation. The ground-state Hamiltonian of the undisturbed solid,
H0 = p2/2m− eφ, thereby has to be replaced by the operator of the disturbed system,

H =
1

2m
(p +

e

c
A)2 − eφ =

1
2m

p2 +
e

2mc
(A · p + p ·A) +

e2

2mc2
| A |2 −eφ, (2.10)

with A(r, t) denoting the vector- and φ the scalar potential of the electromagnetic field. The
quadratic term describes two electron processes, which can be neglected. Using the Coulomb
gauge ∇ ·A = 0, we have [A,p] = 0, and the Hamiltonian can be rewritten as

H =
1

2m
p2 +

e

mc
A · p− eφ. (2.11)

In the energy regime in question (hν ≤ 40 eV), the wavelength λ of the light (∼ 300 Å) is
always much larger than the atomic distances in a solid. The vector potential A is therefore
assumed to be spatially constant A(r, t) = A0(t) in surface regions of the solid, where the
photoelectrons come from. This leads to the dipole approximation of the perturbation,

∆H =
e

mc
A0 · p, (2.12)

if external electrostatic potential contributions φ are ignored.

In the photoexcitation process, each particular transition of a photoelectron between the
initial and final eigenstate contributes to the total photocurrent I(hν). The latter is propor-
tional to the transition probability w according to Fermi’s Golden Rule,

I(hν) ∝ w ∝ |〈Ψf |∆H|Ψi〉|2 δ(EN
f − EN

i − hν), (2.13)

where the δ function guarantees the energy conservation of the process. So far, the formalism
comprises many-particle eigenstates of the N -electron system. In order to reduce the com-
plexity of this approach, the so-called sudden approximation is usually applied. It assumes a
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nearly negligible interaction between the photoelectron and the remaining N −1 electron sys-
tem during the excitation. In principle, this means neglecting many-body correlation effects
between the photoelectron hole state and the interacting (N −1) electron system. Hence, the
eigenstates can be expressed in terms of one-electron states |ψi〉 and |ψf 〉. The photocurrent
then has to be summed over all possible initial and final states

I(hν) ∝
N∑

i,f=1

I(hν,Ei, Ef ) ∝ |〈ψf |∆H|ψi〉|2Ai (Ef − hν). (2.14)

The term Ai is called the spectral function of the hole state and contains the correlation
effects of the interacting many-body system [32]. These correlation effects are often expressed
by means of a complex self-energy

∑
(hν,Ei) of the hole state. In this case, the spectral

function becomes

Ai(Ef − hν) ∝ Im
∑

(hν,Ei)
[hν − Ei − Re

∑
(hν,Ei)]2 + [Im

∑
(hν,Ei)]2

, (2.15)

where Re
∑

(hν,Ei) and Im
∑

(hν,Ei) denote the real and imaginary part of the self-energy,
respectively. This correction results in a broadening and energy shift of the peak observed
in a non-interacting single-particle picture. If the correlation effects can be neglected, the
self-energy corrections Ai(hν,Ei) reduce to a series of δ functions. Finally, the expression for
the excitation process in a one-electron picture can be expressed by

I(hν) ∝ |〈ψf |A0 · p|ψi〉|2 δ(Ef − Ei − hν). (2.16)

The strength of each transition is determined by the dipole matrix element m = |〈ψf |A0 ·
p|ψi〉|2, which also decides whether a photoelectron transition can take place (see section
2.2.2). The energy conservation leads to particular transitions between initial and final states,
obeying hν = Ef − Ei, within the bandstructure of the solid. This energy balance has to
be distinguished from the energy conservation in equation (2.8), since in the present case the
electron has not yet left the crystal. The interband transitions, which lead to the spectral fea-
tures observed in the photoemission experiment, can be compared to the dispersion relation
E(k) obtained by a theoretical band structure calculation (see chapter 2.2.4). It has to be
taken into account, that the band structure calculations are usually carried out for the ground
state, i.e. T = 0 K, whereas the experiment is performed at room temperature. Moreover, the
photoemission process probes the excited electron system and not the undisturbed ground
state. Although the comparison between experiment and theory yields correct results, a per-
fect agreement can usually not be expected. In particular, the intensity of the photoelectron
transitions, i.e. their spectral weight, is not accessible in this qualitative approach. In an ex-
tended analysis, the photoemission intensities may be modeled by a one-step photoemission
calculation.

Symmetry selection rules

The intensity of each particular photoemission process as well as the probability of the latter
are contained in the one-electron dipole matrix element m = |〈ψf |A · p|ψi〉|2. The matrix
element introduces dipole selection rules since both the electronic states and the field operator
have a well-defined symmetry. A non-vanishing matrix element m gives rise to an optical
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Initial state Final state Polarization
∆1 ∆1 A · p ⊥ n
∆2 -
∆′

2 -
∆5 A · p ‖ n

Table 2.1: Dipole selection rules for optical transitions along the ∆ line in cubic systems
(normal emission). The orientation of the light polarization A · p with respect to the surface
normal n decides whether a particular initial state symmetry can be observed in a direct
interband transition.

excitation process and determines uniquely the symmetry of the states that are involved in a
direct interband transition [30,31].

The symmetry of the final state |ψf 〉 is defined by the emission geometry of the experiment.
In case of a normal emission along one of the three high-symmetry directions (001) (∆),
(110) (Σ) and (111)(Λ), the final state must possess the same symmetry as the outgoing
spherical wave and thus has to be totally symmetric relative to the surface normal n [30]. The
experiments in the present work have been carried out on (001) surfaces. In the corresponding
Brillouin zone, this line is denoted as ∆ = Γ−H and has a C4v symmetry (see chapter 2.1.3).
The group C4v consists of four irreducible representations, which are written as ∆1,∆2,∆2′

and ∆5. This requires that the excitation takes place into a ∆1 final state, which posses
the highest symmetry among the operations of the C4v point group, coming closest to a
free-electron state.

A non-vanishing dipole element m implies, that the symmetry of the field operator and
the initial state cannot be chosen independently. In fact, the dipole operator must have the
same symmetry as the initial state in order to observe an allowed optical transition [32].
This practically restricts the possible initial states to ∆1 and ∆5 for the (001) surface, if the
orientation of the field operator is normal (A · p ‖ n) or parallel (A · p ⊥ n) to the surface,
respectively. The complete set of dipole selection rules along the ∆-line is given in Table
2.2.2. It is remarked, that the irreducible representations of the initial and final states are
listed in the non-relativistic single group notation. A rigorous specification would require the
relativistic double group notation, which takes into account also relativistic effects due to
spin-orbit coupling.

Spin-orbit coupling is present in all materials, but its influence increases for heavy ele-
ments, since it strongly depends on the atomic number Z. Usually, the presence of spin-orbit
interactions can already not be neglected for the 3d or 4f transition metals. A special case,
however, is found for the 3d ferromagnets Fe and Co. Here, the spin-dependent interaction
mechanisms are dominated by the exchange interaction of the itinerant electrons (see chapter
2.1.1), because its influence is significantly larger than that of spin-orbit coupling1. This re-
duces the effects to hybridization between electronic bands at particular crossing points [22].
It is therefore widely accepted to neglect the relativistic effect in these materials.

1For the 3d electrons in ferromagnets, the band splitting due to the exchange interaction is about 1 eV,
whereas the spin-orbit coupling is of the order of 0.1 eV [42].
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2.2.3 Spin-resolved photoemission from ferromagnets

So far, the spin character of the photoelectrons is not taken into account within the model
of the photoexcitation process as presented in section 2.2.2. In a ferromagnet, however, the
electronic wavefunctions depend not only on the spatial, but also on the spin coordinate
ψ = ψ(r, σ). In a rigorous formal treatment, the two spin-dependent interactions, i.e. the
exchange interaction and the spin-orbit coupling, would enter the Hamiltonian (2.10), asking
for a Dirac description. As discussed in the previous section, we can approximately neglect
the relativistic effects in terms of spin-orbit interaction for the 3d ferromagnets Fe and Co.
The non-relativistic Schrödinger equation, with the Hamiltonian being augmented by the
exchange interaction Hxc, thus still represents a meaningful description of the photoelectron
transitions [27].

As has been discussed in chapter 2.1.2, the presence of the exchange interaction in ferro-
magnets lifts the energetic degeneracy between spin-up and spin-down bands and separates
them by the exchange splitting ∆xc. In the absence of spin-orbit coupling in Fe and Co, the
exchange interaction is viewed to act only on the spins, but not on the spatial part of the
wavefunction. Thus, according to the Stoner model, the exchange splitting results in two in-
dividual electronic structures for spin up and spin down electrons E(k, ↑) and E(k, ↓), which
can be treated separately.

In this model, the excitation of photoelectrons yields interband transitions, which take
place in the subbands of either majority or minority character (see Figure 2.4). Due to the
energetic splitting of the initial and final states, the transitions take place at different k
values. It is assumed, that the spin orientation is conserved during this process. Thus, the
total photocurrent is composed of majority and minority spin contributions according to

I(hν) ∼
∑

i,f,si,sf

|〈ψf |H|ψi〉|2 δ(εf − εi − hν) δsi,sf
. (2.17)

The introduction of the spin component has no influence on the transition probability of the
photoexcitation. Since the dipole operator acts only on the spatial part of the wave function
and is not coupled to the spin component, the dipole selection rules can be applied in the
above sense of a single-group representation (see chapter 2.2.2). The particular irreducible
representation is thus simply expanded by an index for the particular spin direction.

In the spin-resolved photoemission experiment, the transitions of spin-up and spin-down
electrons lead to separate features in an integrated photoemission spectrum. A spin-analysis
yields the spin-polarization of the photoelectrons from the ferromagnetic electronic structure,
if the spin components are aligned along a quantization axis, which by convention is provided
by the magnetization direction of the sample. Therefore, the spin-resolved photoemission
experiments require remanently magnetized samples, with the photoelectrons ideally origi-
nating from a single domain state in order to reveal the actual spin character of the spin-split
electronic bands.

According to the above considerations, the spin integrated photoelectron intensity I(E)
contains the sum of all spin-up and spin-down contributions I↑(E) and I↓(E). By additionally
measuring the spin polarization spectrum P (E), the necessary quantities to analyze a spin-
resolved photoemission spectrum are at hand. The spin polarization P is defined as the
normalized quantity

P (E) =
I↑(E)− I↓(E)
I↑(E) + I↓(E)

. (2.18)
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Figure 2.4: Photoexcitation process in a ferromagnet. The electronic bands are spin-split due
to the exchange interaction E↑(k) 6= E↓(k). The interband transitions give rise to spectral
features, with the spin polarization being detected simultaneously.

As the spin polarization is an immanent quantity of the electronic system, the spin-polarization
of the transitions should yield a value of P = 100%. In an real experiment, however, the ac-
tual spin polarization is usually lower, because the remanent magnetization of the sample
does not necessarily coincide with the saturated magnetization of a single domain. Beside,
thermal and electron correlation effects as well as spin-orbit coupling can lead to a certain
overlap of the spectral features, which reduces the spin polarization, too.

The so-called partial intensities I↑ and I↓ are obtained from the spin-integrated intensity
I(E) and the spin polarization spectrum P (E) according to the equations

I↑ =
1
2
I(E) (1 + P (E)) and I↓ =

1
2
I(E) (1 + P (E)). (2.19)

The technical details on the spin detection process and data acquisition are discussed in
chapter 3.4. By coupling the spin-polarized photoemission to its angle-resolved counterpart,
the experiment finally yields all observables of the electronic state of a ferromagnet, i.e. the
binding energy E, the wavevector k and the spin character σ.

2.2.4 Basic ideas of spin-density functional theory

A common approach to interpret photoemission results is to compare the spectral features to
ab initio bandstructure calculations. The latter are performed in the framework of density
functional theory, which was developed by Hohenberg and Kohn in 1964 [33]. Its success
relies on the idea, that instead of solving the many-particle Schrödinger equation for a solid
by 3N -dimensional electron wave functions Ψ(r1, ..., rN ), the complexity of the problem can
be significantly reduced by determining the 3-dimensional electron density n(r). This step en-
ables one to calculate large electronic systems. The theoretical determination of the electronic
structure is based on ab initio considerations, i.e. the calculations are carried out without as-
suming parameters derived from experiments, just on the basis of the underlying fundamental
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physical laws. Despite the exact mathematical description, the final solution of the problem
in practice requires the application of suitable approximations.

The fundament of DFT is based on the theorem by Hohenberg-Kohn, which states that
the ground state energy E of a many electron system can be uniquely expressed as a functional
of the electron density n(r). It is proved, that minimizing the functional E[n(r)] yields the
exact ground state energy [34].

The energy functional contains three contributions, a kinetic energy Ts of independent
electrons, a Coulomb energy U due to the electrostatic interactions between the charged
particles in the system and a term called exchange-correlation energy Vxc, that captures all
many-body interactions,

E[n(r)] = Ts[n(r)] + U [n(r)] + Vxc[n(r)]. (2.20)

In an approach by Kohn and Sham [35], the problem can be reformulated and expressed in
terms of single-particle wave functions ψi(r) and corresponding single-particle Schrödinger
equations

(−∇2 + Veff )ψi(r) = εiψi(r) with n(r) =
N∑

i=1

|ψi(r)|2. (2.21)

By this approach, the ground state energy can be found by solving an effective single-particle
problem with an effective potential Veff , instead of addressing the 3N -dimensional problem.

The formalism can be extended to the spin-polarized DFT by introducing the magneti-
zation m(r) as a second independent quantity besides the electron density n(r). The total
electron density is given by the sum of majority n(r)↑ and minority n(r)↓ spin densities
according to

n(r) = n↑(r) + n↓(r) and m(r) = µB(n↑(r)− n↓(r)). (2.22)

The Kohn-Sham equations in (2.21) are then expressed in terms of the spin dependent single-
particle wave functions ψ↑,↓i (r) and energy eigenvalues ε↑,↓i (r). The spin-dependence is com-
pletely included in the exchange-correlation potential V ↑,↓

xc .
The only quantity of the energy functional, which is not exactly known, is the exchange-

correlation energy. In a mean field approximation, the functional is replaced by the energy of a
homogenous, spin-polarized electron gas with a constant spin density n↑,↓. This is the so-called
local spin-density approximation (LSDA), which yields good results for many ground-state
properties and a good agreement with experimental results especially for metallic materials.
Although the energy eigenvalues, which are obtained by the calculations are not identical
with the single-particle energies, the resulting band structures agree well with experimental
data, e.g. obtained by a photoemission experiment.

In practice, the Kohn-Sham equations have to be solved iteratively. Many ab initio meth-
ods are based on efficient basis sets for the single-particle wave function ψi(r), which solve
the Kohn-Sham equations. Another possibility is to solve the Kohn-Sham equations for the
single-particle Green’s function, which contains the complete information about the electronic
system. In this so-called KKR2 approach, the electronic structure is viewed as the stationary
state of the multiple diffraction of the wave functions at the atoms, or in other words, at the
effective potentials of the Kohn-Sham equations. Within the Green’s function approach, the
electronic system is divided into a contribution related to the free electron gas (H0 ∼ −∇2)
and an inhomogeneity, which is described by the effective potential Veff .

2KKR: Korringa-Kohn-Rostoker
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In the case of relativistic ferromagnets, both the exchange interaction and spin-orbit cou-
pling enter the description in sophisticated fully-relativistic formalisms (SPR3). This is done
in the framework of the Dirac equation, instead of the Schrödinger equation. In analogy
to the non-relativistic calculations, the relativistic formulation leads to a set of relativistic
Kohn-Sham equations, which have to be solved to find the ground state energy. The rela-
tivistic calculations reveal the increased complexity of the electronic bands, if the influence
of spin-orbit coupling is large. If the formalism is applied on materials with negligible spin-
orbit coupling, however, the electronic structures resemble that obtained by conventional
spin-polarized DFT.

2.3 Electronic structure and spin polarization in FM/I sys-
tems

In this final part of the chapter, the fundamental relation between the ferromagnetic electronic
structure and the phenomenon of spin dependent transport (SDT) is discussed. The main
parameter in SDT is the spin polarization of the electric current, which e.g. gives rise to the
tunneling magnetoresistance (TMR) effect in magnetic tunnel junctions. It turns out, that
the tunneling spin polarization is determined by the electronic properties of the ferromagnet-
insulator (FM/I) interface. In order to draw a comprehensive picture of the physics involved,
we will approach this issue from the angle of the electronic structures of ferromagnet and
insulator. The proper definition of a transport spin polarization is a major difficulty, since
it relates properties of the spin-split electronic structure to the transport properties of the
electric current. It is important to clearly distinguish the origin of the transport polarization
from that of the ground state polarization of a bulk ferromagnet. Moreover, the tunneling
spin polarization (TSP) in a tunnel junction is affected by more sophisticated mechanisms:
By taking into account the particular symmetries of the coupling electronic wavefunctions at
the FM/I interface, the slowest decaying wavefunctions will give rise to sign and magnitude of
the TSP. Nevertheless, the wavefunction matching reacts very sensitive to any modification
of the electronic structure at the FM/I interface. Both experiments and theory highlighted
the role of interface bonding, which can result in strong modifications of the tunneling spin
polarization. Although the oxidized FM/I interface is known as acting detrimental on the
TSP of a tunnel junction, up to now only little attention has been paid to another interface
imperfection, which considers the degree of oxidation of the oxide barrier.

2.3.1 Spin dependent transport

Although the notion of a spin polarization of a ferromagnet is frequently used in the context
of this thesis, in fact it is not equivalent to the spin polarization of an electrical current,
which denotes how many different spins contribute to the transport. The transport spin
polarization thereby mirrors the spin-split electronic structure of a ferromagnet, but cannot
be expressed in terms of equation (2.7), which is the unique definition for the polarization of
the ferromagnetic ground state. Spin polarized electron transport occurs e.g. in the current
through a bulk ferromagnet, in a current crossing a ferromagnet/nonmagnetic metal interface
or in the current which is tunneling through an insulating barrier in a tunnel junction. The

3SPR: spin-polarized relativistic
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spin polarization of an electric current is defined as the imbalance of spin up and spin down
electrons according to

Pj =
j↑ − j↓

j↑ + j↓
, (2.23)

with j↑ and j↓ denoting the separate spin-up and spin-down contributions to the total current
density, respectively. Equation (2.23) is the general definition of a transport spin polarization
and applies to any electrical current.

Spin dependent transport in bulk ferromagnets

In the simplest case of spin polarized electron transport in a bulk 3d ferromagnet, the current
is carried by the itinerant conductance electrons just at the Fermi level. In this case, the
current density j can be supposed to be proportional to the density of states D(EF ) at
the Fermi level. This aspect may be incorporated in the Drude model, which is a suitable
description for nearly free electron systems, and yields a current density

j ∝ D(EF ) e2 τ
meff

· E, (2.24)

with e being the electron charge, τ the electron-lattice scattering time andmeff the effective
electron mass. Thus, substituting equation (2.24) into (2.23) yields an approximate spin
polarization of a current flowing in a ferromagnetic bulk material

Pt ∝
D↑(EF )/m↑

eff −D↓(EF )/m↓
eff

D↑(EF )/m↑
eff +D↓(EF )/m↓

eff

. (2.25)

This basic derivation underlines the fact, that spin-dependent transport phenomena usually
are not defined solely by the spin-split DOS D(EF ) of the ferromagnetic ground state. If this
was the case, the transport polarization Pt for the 3d ferromagnets would reveal a positive
sign (Pt > 0) for Fe on the one hand, and a negative sign (Pt < 0) for Co and Ni on the
other hand. This is due to the fact, that in Fe the DOS in the vicinity of the Fermi level is
dominated by spin up contributions, whereas in Co and Ni we find larger contributions from
the spin down electrons close to EF (see chapter 2.1.2). An information on the transport
polarization originating from a ferromagnet can be obtained by an experiment proposed by
Tedrow and Meservey [36]. In this setup, one measures the tunneling currents for both spin
polarizations at a ferromagnet/superconductor contact4. A detailed overview on the method
is given in [36]. These experiments show, that the transport spin polarizations for Fe, Co
and Ni actually have a positive sign [36], in contrast to their ground state polarizations. This
finding suggests, that the effective mass meff and its spin dependence cannot be neglected, as
it is indicated in equation (2.25). By translating the concept of an effective mass into terms
of the ferromagnetic electronic bandstructure,

1
mσ

eff

=
1
~2

d2Eσ

d2k
, (2.26)

4By determining the spin polarization at a ferromagnet/superconductor (FM/SC) contact, not the intrinsic
transport polarization of the bulk ferromagnet is measured, since the interface can modify this parameter, as
will be shown in the following section.



24 CHAPTER 2. FUNDAMENTAL ASPECTS

the inverse effective mass represents the curvature of the dispersion E(k) of the spin-split
ferromagnetic bands (σ =↑, ↓). The positive sign of the measured transport polarization Pt

according to [36] implies, that spin-up electrons are transported more efficiently and mainly
carry the spin-polarized current in a bulk ferromagnet. By considering the current flowing
e.g. in (001) direction of the ferromagnetic crystal, a view into the corresponding band struc-
tures E(k, σ) in Figure 2.2 gives further insights. In a rough approximation, the ∆1 states
are supposed to possess the lowest effective mass of all majority states due to their strong
delocalized character. Although this simple picture completely neglects the k-dependence of
the spin-polarized current, one may nevertheless conclude, that the spin-polarized transport
in ferromagnets can basically be considered as being dominated by ’light s-electrons’. This
gives rise to a positive transport spin polarization, which actually does not equal that of the
intrinsic ferromagnetic ground state.

Spin dependent tunneling in magnetic tunnel junctions

The phenomenon of spin dependent transport is also widely exploited in magnetic tunnel
junctions (MTJs). A MTJ consists of two ferromagnetic layers (electrodes), which are sep-
arated by a thin insulating layer. It was discovered by Tedrow and Meservey [36], that the
tunneling current reveals a spin imbalance between spin-up and spin-down electrons. The
spin polarization of this tunneling current gives rise to the tunnel magnetoresistance (TMR)
effect, i.e. the resistance R of the junction depends on whether the electrodes have a parallel
(p) or antiparallel (a) magnetization, and is defined as

TMR =
Ra −Rp

Rp
=
jp − ja
jp

. (2.27)

In view of the high technological relevance of the TMR effect, it is desirable to theoretically
understand the origin of the tunneling spin polarization in these devices. In fact, the transport
mechanisms, which are responsible for a spin-polarized tunnel current in a MTJ or the spin-
polarized current in a bulk ferromagnet are different in nature. In a MTJ, the complexity
of the transport process is enlarged, because the conduction electrons face the insulator as
a potential barrier. Only those electrons, which can pass through the barrier with a high
probability will contribute to the tunneling current. The tunneling spin polarization (TSP)
in a MTJ thus may be considerably changed in contrast to that of a current in a bulk
ferromagnet.

Recalling the considerations from above, it seems not very conducive for a further under-
standing to relate the TSP to the density of states D(EF ) of the ferromagnetic electrodes.
This, however, is done in a model proposed by Jullière, who suggested that the tunneling
probability and current are proportional to D(EF ) [11]. Jullière’s model predicts that

TMR =
2P

′2

1 + P ′2
. (2.28)

The main shortcoming of this model is, that it is not clear how the polarization P ′ should
be defined. As has been shown, the ground state polarization of the ferromagnetic electrodes
does not represent a meaningful quantity for this purpose. However, the model in many cases
can explain the experimental trends, if the values for the ground state polarization are already
known. If e.g. the tunneling polarizations obtained in [36, 37] are used for equation (2.28),



2.3. ELECTRONIC STRUCTURE AND SPIN POLARIZATION IN FM/I SYSTEMS 25

Figure 2.5: The electronic states of different symmetries (∆1, ∆5 and ∆2′) decay with different
rates within the MgO barrier in k‖ = 0 direction. Actually, the ∆1 state reveals the smallest
decay rate and is therefore supposed to carry the tunneling current in the barrier. From [10].

the calculated values of the TMR ratio are in agreement with experimental values5 [5]. It has
to be kept in mind, however, that any coincidence of the magnitude of TMR with equation
(2.28) seems to be rather accidental than systematic.

In order to clarify the physical meaning of the tunneling spin polarization in MTJs, it was
soon recognized that the properties of the insulating barrier have to be taken into account.
Pioneering results by de Teresa et al. indicated, that the tunneling polarization of a MTJ
is not only determined by the properties of the ferromagnet but also by the particular insu-
lating material itself [14]. This is a consequence of the fact, that the tunneling conductance
depends not only on the number of electrons at the Fermi level, but also on the tunneling
probability, which is different for various ferromagnetic electronic states and symmetries in
single-crystalline barriers. This aspect is elucidated in the following section, which approaches
the issue on the basis of the electronic structures of ferromagnet and insulator.

2.3.2 Bandstructure and TMR

An improved approach to the understanding of SDT in tunnel junctions is provided by theo-
retical studies, which state that the spin dependence of the tunneling current can be deduced
from the symmetry of the electronic states of the bulk ferromagnetic electrode and the com-
plex band structure of the insulator [12, 13]. By identifying those bands of the ferromagnet,
which couple as evanescent states and decay most slowly within the barrier, one can draw con-
clusions on the sign and magnitude of the spin polarization of the tunneling current. For tech-
nical reasons, the theoretical formulations are always based on perfectly epitaxial junctions.
Largely related to the topic of this thesis are the systems bcc-Fe(100)|MgO(100)|Fe(100) and
bcc-Co(100)|MgO(100)|Co(100), which are therefore considered exemplarily in more detail.

In order to identify those ferromagnetic bands, which are mainly involved in the tunneling
process within the barrier, it is not necessary to examine the whole DOS D↑(EF ) and D↓(EF ),
as is predicted in Jullières model. Instead, one has to find the wavevector k in the electronic
bandstructure, at which the exponential decay of the electronic states inside the barrier will

5Actually, the polarization measured in a tunnel junction does not equal that obtained from a FM/I/SC
experiment. This is due to the fact, that every interface is supposed to influence the TSP.
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(100)
Fe ↑ ∆1, ∆2′ ,∆5

Fe ↓ ∆2, ∆2′ , ∆5

Co ↑ ∆1

Co ↓ ∆1, ∆5

Table 2.2: Symmetries of the Bloch states with k‖ = 0 near EF for Fe and Co for the (001)
crystal face. The corresponding orbital symmetry of these bands are ∆1(s, p, d), ∆5(p, d) and
∆2(d).

be the less fast compared to others6. It was found, that the exponential decay parameter
κ = κ(k‖) is minimal for the direction k‖ = 0 [10].

In the following, one has to identify the states in the ferromagnetic electrodes which exist
at k‖ = 0, because these states will couple to states in the (MgO) barrier with a minimal decay
rate κmin = κ (k‖ = 0). The symmetry of the incident electronic states of the ferromagnetic
electrode is conserved during tunneling through the barrier as evanescent states [13]. As
discussed in chapter 2.1.3, there are electronic states with symmetries ∆1,∆5 and ∆

′
2 for the

majority and ∆2,∆5 and ∆
′
2 for the minority bands around the Fermi level for cubic bcc

crystals in the (001) direction. It was proposed, that the slowest decaying evanescent Bloch
state in the barrier is typically the one with the highest symmetry [10]. As a consequence,
the slowest decay rate is expected for electronic states, which posses a ∆1 symmetry.

As an illustration of these considerations, Figure 2.5 shows the electronic Bloch states
with different symmetries and decay rates within the insulating MgO barrier [10]. Here, k2

represents the Bloch state quasi-momentum in the complex MgO bandstructure, which is
plotted as a function of the energy for states traveling in the (100) direction. The negative
values of k2 determine the strength of the exponential decay rate for the tunneling states.
Ev labels the top of the MgO valence band and Ec is the bottom of the conduction band.
Whereas the valence band is a combination of ∆1 and ∆5 states, the conduction band is a
pure ∆1 state. Obviously, it is the ∆1 state, which propagates through the MgO gap as an
evanescent state with a relatively small (negative) value of k2 and thus reveals the slowest
decay rate among all participating states.

As mentioned above, both bcc Fe(100) and bcc Co (100) have the property of a high
symmetry ∆1 state at k‖ = 0 for the majority states, but not for the minority states. This
is due to the strong exchange splitting between the ∆↑

1 and ∆↓
1 bands. Since only the ∆↑

1

band crosses the Fermi level, this leads to a spin selection of the tunneling current: Figure 2.6
illustrates, that the ∆1 majority conductance is larger compared to all other symmetries in
a Fe/MgO/Fe tunnel junction. However, also small contributions from ∆↑

5 for k‖ = 0 can be
observed, which leads to moderate TMR values in Fe-based junctions [8]. For a bcc Co(001)-
based electrode, an even higher magnetoresistance ratio is supposed in contrast to Fe-based
electrodes [7]. This is due to the fact, that Co(001) has only one single majority state in (001)
direction and this state is of ∆1 symmetry (see Table 2.3.2). This has the consequence of
an enhanced spin-filtering effect, because the ∆5 tunneling channel is completely suppressed.
These arguments go along with very recent experiments on Co-based MTJs, which reported
on extraordinary high TMR ratios [40].

6In the case of a perfect FM/I interface, the wavevector k‖ is conserved during the scattering at the interface.
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Figure 2.6: Tunneling DOS for k‖ = 0 in a Fe/MgO/Fe(001) junction, in which the magne-
tization of the FM electrodes is aligned parallel. The ∆1 majority state decays most slowly
inside the MgO barrier and thus contributes dominantly to the tunnel current. From [10].

The symmetry arguments for the electronic states explain nicely the large values of TMR
predicted for epitaxial Fe/MgO/Fe and Co/MgO/Co junctions [9,10]. The main improvement
in the understanding of SDT is given by the idea, that the spin polarization in a MTJ is
mainly controlled by the electronic structure of the ferromagnet and the insulator. The
compatibility of spatial symmetries decides, which ferromagnetic wavefunctions are able to
couple efficiently into the insulating barrier. This spin-filtering effect is held responsible for
the actual magnitude and sign of the spin polarization of the tunneling current.

Although these findings are of high relevance for the recent understanding of SDT in
tunnel junctions, these symmetry considerations apply to pure bulk materials only. This
is not always sufficient to predict the tunneling spin polarization, because the theoretical
studies are based on perfectly sharp and well-ordered interfaces, which are hardly realized
experimentally. It was thus soon considered as critical to take into account the electronic
structure of ferromagnet/barrier interfaces, which reveal modifications of the FM/I interface
electronic structure.

2.3.3 Beyond simple FM/I/FM model systems

The electronic structure of ferromagnet and insulator determines, how effective electrons are
transmitted across the interface, with the transmission probability being different for electrons
of different orbital character or symmetry. It is reasonable to assume, that every modification
of the FM/I interface results in changes of the tunneling process, i.e. of sign and magnitude of
the TSP and magnetoresistance. One can imagine a variety of interface imperfections, among
which are the oxidation of the ferromagnetic electrode, the presence of interface roughness
or a deviating or defective oxide stoichiometry. In the context of this thesis, we will mainly
focus on the aspect of the electronic structure at the FM/I interface due to modifications of
the chemical bonding. Two realistic situations of modified FM/I interfaces are exemplarily
discussed in the following.
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(a) (b)

Figure 2.7: (a) Tunneling conductance of a Fe/FeO/MgO junction as a function of the O
composition in the interface FeO layer. (b) Partial density of states for the ∆1 majority
states in the interface region for an ideal Fe/MgO interface and an oxidized Fe/FeO/MgO
system [38].

The oxidized FM/I interface

It is obvious, that an FeO layer may form at the interface between Fe and MgO, when MgO is
deposited onto a Fe(001) surface. Since this aspect was proven experimentally by Meyerheim
et al. [16], the question arises, whether this modification is the reason for the differences
between the calculated TMR ratios and the lower ones observed in experiments. Indeed, it
is shown theoretically, that an FeO intralayer has a detrimental effect on the spin-polarized
tunneling process, because it reduces the tunneling current of the majority spins [15].

This reduction is mainly ascribed to the modification of the interface bonding. It has been
shown in the previous section, that the dominant contribution to the tunneling conductance
arises from the ∆1 majority state, since this state is able to couple most efficiently to the
complex MgO bandstructure. In order to clarify the actual bonding mechanism for the ∆1

states in the case of a Fe-O interlayer, the partial ∆1 density of states in the interface region
is calculated for a sharp Fe/MgO interface and a Fe/FeO/MgO system, in which O atoms
have been introduced into the bcc-hollowsites of the Fe top layer [15]. Figure 2.7 (b) shows,
that in the case of a non-disturbed interface, the ∆1 DOS is concentrated vertically between
the Fe and on-top oxygen sites. This leads to an orbital overlap, which is the main reason for
the strong coupling of ∆1 wavefunctions to the MgO barrier. The situation is different for
the Fe/FeO/MgO system: Here, the ∆1 electron density is strongly reduced in comparison
to Fe/MgO and is basically concentrated horizontally within the Fe-O plane. Since the Fe-O
bonds are mainly composed of s, p-like electrons, the d-like electrons are not affected by the
presence of the O atoms of the FeO layer. Thus, the impact of the Fe-O bonds on the majority
spin tunneling is much larger than on the minority spin current. Indeed, the reduction of the
∆1 partial density of states results in a reduction of the tunneling conductance as a the
function of the oxygen concentration in FeO, which is shown in Figure 2.7 (a). In contrast to
the weakly interacting Fe/MgO system, the changed bonding in the Fe/FeO/MgO involves
a charge transfer between the Fe atom and the O atom within the FeO layer [15]. It was
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Figure 2.8: (left) Schematic drawing of one O vacancy in the middle of a MgO slab, sandwiched
between two Fe electrodes and corresponding charge density (red: high and blue: low density).
(right) Majority conductance in Fe/MgO/Fe(001) with one O vacancy. The latter induces
a tunneling resonance -1eV below EF . Directly at EF , the conductance is reduced due to
off-resonant scattering processes. Taken from [39].

found, that a significant magnetic moment is transferred on the O sites of the FeO layer,
which indicates a strong hybridization between the O atoms and the neighboring Fe atoms.

Oxygen deficiency in FM/I/FM systems

By taking the opposite view of a strongly modified interface, one can imagine an oxygen
deficiency at the FM/I interface instead of an oxygen excess. This aspect is currently under
vivid discussion, since it has been completely neglected in the first-principle models proposed
so far. Nevertheless, it has been recognized, that this situation reflects a rather realistic
situation with respect to the preparation conditions experimentalists usually are dealing with:
In order to avoid an oxidation of the ferromagnetic layers, the deposition of the barrier can be
initialized with a reduced oxygen supply, which is increased to the correct amount after some
monolayers [17]. Unfortunately, this kind of information up to now is only rarely available [8],
so that no general conclusions on the impact on the tunneling process can be drawn so far.

On the theoretical side, very recent theoretical studies reported on the influence of oxygen
defects on the spin-dependent tunneling in Fe/MgO/Fe(001) junctions [39]. These investiga-
tions consider a neutral oxygen vacancy, which is positioned in a bulk-like MgO slab being
sandwiched between two Fe electrodes. A neutral oxygen vacancy traps two electrons of
opposite spin character [104], which gives rise to a modification of the electronic structure
surrounding this vacancy. As shown in Figure 2.8, the charge density of one O vacancy extends
up to the nearest neighbors. By considering the transport properties, which are predicted
for the defective MgO layer, it was stated that the vacancy gives rise to a resonance peak in
the conductance of the ∆1 majority channel, which is positioned below the Fermi energy as
shown in Figure 2.8. The authors stated, that this resonance is not of practical interest due
to its location away from EF [39]. Just at EF , however, the majority transmission is reduced
in comparison to an ideal MgO barrier, due to a non-resonant scattering from vacancies [39].
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This results in a larger decay rate for the ∆1 state in the defective MgO, which in turn lowers
the spin polarization of the tunneling current in the bulk barrier.

This theoretical model, however, does not consider the influence of O vacancies directly at
the FM/I boundary. In view of the major modifications, which arise from the introduction of
an oxygen excess at the FM/I interface, it is natural to expect a strongly modified interface
bonding also at the oxygen deficient interface. So far, there are no theoretical studies available,
which investigate the oxygen-deficient FM/I interface as a counterpart to the studies on the
Fe/FeO/MgO system proposed by Zhang et al. [15]. At this point, we may speculate about a
non-negligible influence of the oxygen defects on the ∆1 partial density of states in the interface
region. It is thus of great interest to study the electronic structure of oxygen-deficient FM/I
interfaces in order to predict prospective consequences on the tunneling process.



Chapter 3

Experimental Methods

In this chapter, the experimental methods which are intensively employed to investigate the
properties of ferromagnet/insulator surfaces and interfaces are reviewed. As a matter of
course, the experiments have to take place in situ under ultrahigh vacuum (UHV) conditions.
Different physical aspects are of high relevance in order to conduct a successful spin- and
angle-resolved photoemission experiment: Whereas clean, single-crystalline samples with flat
surfaces provide the basis for angular-resolved photoemission studies of the electronic band
structure, the knowledge of the magnetic anisotropy is necessary for the spin-detection process.

The ability of preparing clean and high quality single-crystalline samples under UHV
conditions is provided by molecular beam epitaxy. The continuative characterization of the
samples involves the investigation of the surface structure by means of low-energy electron
diffraction (LEED), the determination of the magnetic anisotropy of the ferromagnetic sam-
ples by magnetooptical Kerr effect (MOKE) and the chemical surveillance by Auger electron
spectroscopy (AES), including surface cleanliness and composition. Moreover, AES is em-
ployed to calibrate the material growth rate.

On such well-defined FM/I samples, the electronic structure is investigated by spin- and
angle resolved photoemission spectroscopy. Whereas the physical processes, which lead to the
excitation of spin-polarized photoelectrons, are discussed in chapter 2.2, the present section
deals with the technical details of the spin detection. In the last part of this chapter, the
photoemission process from core-levels is discussed with respect to its elemental sensitivity.
This method is extensively employed to study the oxidation state of the capping oxide layer.

After a brief glance on the general instrumentation of the experiment, the addressed
methodologies and selected practical details of data acquisition and interpretation are pre-
sented in the following.

3.1 Layout of the experiment

The technical requirements for the preparation of thin films, their characterization and sub-
sequent photoemission measurements are provided by a two-part ultrahigh vacuum (UHV)
system. It consists of a preparation chamber equipped with standard analysis tools, which
is connected to the spin- and angle-resolved photoemission experiment via a gate valve. The
photoemission vacuum chamber mainly houses the photoelectron spectrometer with the spin
polarization detector. A load-lock with a capacity for eight holders is mounted on a transfer
arm, which allows the transport of samples between both devices under UHV conditions.

31
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Details are indicated in Figure 3.1, which shows the stationary setup of the experiment at the
storage ring DELTA (Dortmund University, Germany), where all photoemission experiments
have been conducted.

The preparation chamber is equipped with several evaporation cells and two commercial
UHV electron beam evaporators for material deposition. The samples can be cleaned by Ar-
ion sputtering and thermally treated by resistive electron heating up to max. 580◦C. Oxygen
and argon can be introduced into the preparation chamber via a leak valve. The in-situ
analysis facilities consist of a low-energy electron diffraction (LEED) optics and an electron
gun with a cylindrical mirror analyzer (CMA) for Auger electron spectroscopy. Magneto-
optical Kerr effect measurements are performed ex-situ in an IFF in-house facility.

The photoemission chamber is connected to the beamline 5 (U-250-PGM) at the storage
ring DELTA. The undulator provides the beamline with linear p-polarized light and photon
fluxes of about 1013 1/s/100mA/0,1% BW. The maxima of the photon fluxes, which are
determined by the storage ring current (I ∼ 1.5 GeV) and the so-called K-value of the
undulator, lie between photon energies of 14 eV and 76 eV. The actual photon energy employed
in the photoemission measurement is set by means of a plane-grating monochromator (PGM)
with a 300 lines/mm grating. Two focussing mirror units allow the vertical and horizontal
positioning of the beam focus onto the sample inside the photoemission chamber. The samples
are probed in a normal emission geometry with the photons impinging at an angle of 45◦

with respect to the surface normal. The kinetic energy of the photoelectrons is measured by a
cylindrical sector analyzer (CSA) operating in a constant pass energy mode. The spin-analysis
is performed by a spin-polarized low-energy electron diffraction (SPLEED) detector.

A base pressure of 1 × 10−10 mbar is maintained in both chambers. During a typical
experimental cycle, each sample is freshly prepared and transferred from the preparation to
the photoemission chamber immediately after deposition.

3.2 Molecular beam epitaxy

Photoemission studies on surfaces and interfaces require clean and monocrystalline samples,
which are ideally prepared by molecular beam epitaxy (MBE). For simple physical reasons,
the epitaxial growth of thin films onto a crystalline substrate is only possible, if the lattice
mismatch is low. A common substrate class, on with stable phases of magnetic 3d transition
metals can be deposited, are the III-V semiconductors single crystals [77].

Generally, the process of film growth determines the structure and morphology of the
deposited film. The growth mechanism thereby depends on several parameters, e.g. on
the deposition rate and the substrate temperature. Since atoms are evaporated from ther-
mal sources, the mechanism of (epitaxial) film growth is determined by the surface kinetics.
Several individual atomic processes influence the film growth in the non-equilibrium initial
stage [41]. Phenomenologically, local equilibrium conditions hold in the case of low deposition
rates and a high atomic mobility.

Under these assumptions, the growth mode is principally determined by the interaction
between substrate and adsorbate. Whether an adsorbate sticks to the surface depends on the
surface free energies of the adsorbate, γa, the substrate, γs and their interface, γi as discussed
by Bauer [43]. In a simple model, the morphology of an adsorbate, deposited on an substrate,
is determined by the balance of the surface free energies under thermal equilibrium conditions.
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preparation chamber

photoemission experiment

Figure 3.1: Stationary setup of the two-part UHV experiment at the beamline U250-PGM
of the storage ring DELTA (Dortmund, Germany). The preparation chamber houses the
evaporation cells and surface analysis tools. The photoemission experiments are operated by
a CSA photoelectron analyzer with SPEED detector.

If
γs ≥ γa + γi, (3.1)

a wetting adsorbate lowers the surface energy and creates a smooth first layer if the lattice
mismatch is small. Any subsequent layer grows only after completion of the first one for
sufficiently fast atomic rearrangements. This layer-by-layer growth mode is known as Frank-
van der Merwe growth. In case of a considerable difference in lattice constants of the substrate
and the adsorbate, the layer-by-layer growth is no longer favorable with increasing thickness
due to an increasing misfit strain between the adsorbed material and the substrate. The
growth proceeds with the formation of islands on a flat layer (Stranski-Krastranov growth).
This mode leaves as much as possible of the first layer exposed and reduces the strain, because
the islands can relax laterally. It is therefore important to choose suitably matched substrates
and adsorbates in order to obtain a layer-by-layer growth. In the opposite case of a low surface
free energy of the substrate,

γs < γa + γi, (3.2)

the adsorbate will tend to form three-dimensional islands from the beginning of the deposition
in order to minimize the surface energy. This growth mode is termed Vollmer-Weber growth.

A list of approximate, experimentally measured surface free energies for materials of par-
ticular interest in this work is given in Table 3.2 [42]. Generally, materials with a high surface
free energy (e.g. Fe, Co) are supposed to achieve a layer-by-layer growth on top of a low
surface free energy substrate like GaAs, only if the interfacial free energy γi is negative and
overcompensates γa. Materials with a low surface free energy, like MgO, in turn provide a
tight capping layer on ferromagnetic materials.

The above arguments are intended to serve as a rough guide for understanding trends in
growth morphologies. They serve as important physical premise for the thickness calibration
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Material GaAs Fe Co MgO
Surface Energy γ (103 erg/cm2) 0.9 2.9 2.7 1.2

Table 3.1: Approximate surface free energies from Himpsel et al. [42].

via Auger electron spectroscopy. Moreover, they are important for the sample preparation
(see chapter 4) and consequently for the material selection.

3.3 Structural, magnetic and chemical characterization tech-
niques

3.3.1 Low energy electron diffraction (LEED)

A standard method for studying the surface structure of epitaxial films is based on elastic
scattering or diffraction of low-energy electrons (LEED). The technique can be employed
to determine the periodic two-dimensional arrangement of atoms on a crystalline surface.
In a LEED experiment, an electron beam with a primary energy between 30 and 500 eV
impinges normally onto the sample. Since the incoming electrons are strongly scattered inside
the crystal, the mean free path of the electrons is in the order of some Ångstrøms, which
makes the method very surface sensitive. The elastically backscattered electrons give rise to
diffraction spots which are imaged on a spherical screen. The condition for the occurrence
of a diffraction spot is given by the Laue relation, K‖ = k′‖ − k‖ = G‖, i.e. the component
of the scattering vector parallel to the surface must be equal to the two-dimensional surface
reciprocal lattice vector [19]. This condition is fulfilled for every intersection point of the
real-space Ewald sphere with a reciprocal lattice rod. From the LEED pattern, one can
thus deduce the symmetry of the reciprocal lattice and extract information on the quality
of the sample. In particular, the presence of sharp diffraction spots indicates a high surface
long-range crystalline order.

3.3.2 Magneto-optical Kerr Effect (MOKE)

The magneto-optical Kerr effect (MOKE) is the change of the polarization state of light,
which is reflected at a ferromagnetic surface. The magnitude of this effect is controlled by
the magnetization. It is used to identify the principal axes of the magnetic anisotropy [77].

The electromagnetic wave impinging on the surface is partially reflected and transmitted
through the interface. Since the thickness of thin films is in the range of the penetration depth
of the light, the measured response comprises contributions from the reflected wave at the
ferromagnetic surface and from the light transmitted through the thin film and reflected from
the non-magnetic substrate. For the transmitted wave, the effect is known as the Faraday
effect. The light reflected from the magnetic surface acquires an additional polarization
component, which is not present in the incoming light. Phenomenologically, the incoming
linear polarized light can be described as a linear combination of left- and right polarized light.
By traversing the magnetic solid, the propagation velocities for both rotation directions are
different. The resulting phase shift leads to an elliptical polarization of the reflected light. The
angle between the main axis of the polarization ellipse and the incoming linear polarization
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is referred as the Kerr angle. The Kerr ellipticity is the length ratio of the major and minor
axes. In the experiment, both quantities are used as the magnetic Kerr signal.

Depending on the geometry of the experiment, the Kerr effect is characterized as polar,
longitudinal or transversal. In this work, the longitudinal geometry is employed, in which the
magnetization lies in the reflecting surface parallel to the plane of the light incidence. Linear
s-polarized light is created by focusing the light of a laser diode through a polarizer onto the
sample. After reflection from the sample surface, the light passes a second polarizer, whose
optical axis is rotated by 90◦ with respect to the first one. The photoelectric modulation of
the incident light and detection with a lock-in amplifier reduces the influence of stray-light
contributions.

This set-up is used to determine the magnetic anisotropy (hard/easy axes of magneti-
zation) of the ferromagnetic films. It allows one to measure the in-plane component of the
magnetization, by assuming that the Kerr intensity is proportional to the sample magnetiza-
tion. Sweeping the magnetic field yields a hysteresis loop, which is used to extract information
on the magnetic properties.

3.3.3 Auger electron spectroscopy (AES)

A standard method to study the growth of thin films and the surface chemical concentration
is based on the analysis of Auger electrons. The advantage of AES is its elemental sensitivity,
which relies on the physical mechanism of the emission of Auger electrons: At first, an
electron beam ionizes an atom from a core level shell. In a second step, the hole created in
the inner shell is filled by an electron of an outer shell. The gained energy is transferred to
a second electron which can be emitted from the atom at a well-defined kinetic energy. A
measurement of this kinetic energy can be used to identify the particular atom, because of
the unique core-level energy signature.

Since the Auger signals are small, the spectrum of emitted Auger electrons is detected as a
function of the first derivative of the kinetic energy dN/dE to suppress the large background
of secondary electrons. An electron multiplier is operating in a voltage regime, in which the
amplified signal is proportional to the original Auger signal. The differentiation is performed
by modulating the voltage and detecting the signal from the electron multiplier with a lock-in
amplifier.

On the basis of this detection mode, the measured signal is proportional to the atomic
concentration of a surface. Therefore, AES is commonly used to check the cleanliness of
a surface, with a sensitivity of about 1% of a monolayer [41]. Moreover, information on
the quantitative concentration of an element at a surface can be obtained from the Auger
peak intensity, which is proportional to the peak-to-peak height in the derivative count mode
[85]. The measured Auger intensity thereby depends on atomic parameters, the experimental
geometry as well as on properties of the electron analyzer [51]. If the measurements are
obtained under the same experimental conditions, the Auger intensity I is assumed to be
proportional to the atomic density n of the element and its element specific sensitivity S,
with I = n · S [85]. The comparison of two Auger peaks of element A and element B thus
yields the relative concentration,

nA

nB
=
SB

SA

IA
IB
, (3.3)

with SA,B denoting the elemental specific sensitivity factors, which can e.g. be taken from [85].
Equation (3.3) is applied to study the chemical composition of the prepared sample surfaces.
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Material Cu Fe Co Mg
Auger transition (eV) 922 705 716 1188

λSD (Å) 16.4 14.3 14.4 18.6
λexp (Å) 13.5± 0.6 9.6± 0.6

Table 3.2: Empirical and experimental values for the attenuation length λ for particular
Auger transitions. The empirical values λSD depend only on the kinetic energy [50]. The
experimental data λexp has been obtained by overlayer-film experiments [54].

Furthermore, AES is employed in this thesis to estimate the film thickness of a material
deposited on a substrate. For this purpose, the intensities of Auger signals emitted from the
substrate and the film are recorded during the deposition process. In practice, the necessity
of a constant growth rate is guaranteed by an automatical regulation of the evaporant’s flux.
By this, the evaporation rate is directly related to the evolution of the film thickness.

The underlying physical mechanism involves the scattering of Auger electrons originating
from the substrate within the deposited film material. The Auger intensity I of the substrate
depends exponentially on the overlayer film thickness d and is characterized by the attenuation
length of the Auger electrons λ,

I(d) = I0 · exp(−d/λ). (3.4)

To reasonably estimate the film thickness d, the growth mode of the deposited film has to
be taken into account. In the case of a Stranski-Krastanov growth mode, the total film
thickness d is composed out of the wetting film thickness df and the 3-dimensional island
height di. In practice, this approach is limited by the fact, that the relation between df

and di is usually unknown. To overcome this difficulty, a substrate/film combination should
ideally be chosen for the thickness calibration, for which a 2-dimensional layer-by-layer growth
is confirmed experimentally. The expression for the thickness of the overlaying adsorbate d
thereby reduces to di = 0 and df = d. By applying this assumption, the integrated Auger
intensities of substrate Is and film If take the form

Is = I0 · Ss · exp (− d

λs
) and If = I0 · Sf (1− exp (− d

λf
)), (3.5)

with Ss and Sf being the sensitivity factors for the corresponding Auger transitions [56].
Furthermore, λf and λs denote the attenuation lengths of the Auger electrons originating
from film and substrate, respectively. The primary intensity I0 is eliminated from equation
(3.5) by considering the Auger signal ratio IR

IR =
Is
If

=
Ss

Sf

exp (− d
λs

)

1− exp (− d
λf

)
. (3.6)

The experimental data set IR consists of the peak-to-peak signal ratio of the correspond-
ing Auger transitions of film and substrate, as illustrated exemplarily in Figure 3.2, with
the Auger signal ratio IR being plotted versus the deposition time t. The film thickness is
thereby expressed as d = R · t, with R denoting the material deposition rate. The values
for R/λs are determined by a fit of the theoretical curve according to equation (3.6) to the
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Figure 3.2: Correlation between Auger signal ratio IR = Is(E)/If (E) and deposition time t,
as determined from the corresponding Auger peak-to-peak heights of film and substrate.

experimental data points. Equation (3.6) reveals, that the attenuation length λ is actually
the key parameter in this quantitative analysis, which sets the length scale of the film width
and the deposition rate. In a further step, the ratio λf/λs is fitted as a separate parameter
and an improved matching of the experimental data and the fit curve is achieved.

The attenuation length of electrons in a solid depends on their kinetic energy as well as
on the electronic structure and atomic arrangement. The energetic dependence of λ is usually
derived from the so-called universal curve proposed by Seah and Dench [50]. This universal
curve, expressed by

λ[Å] =
14.3√
E

+ 0.54
√
E, E in eV, (3.7)

has been obtained from a best fit for the experimental attenuation length of a large set
of electron energies and materials. By this approach, an approximation for the order of
magnitude of the attenuation length can be derived. Table 3.2 lists the calculated attenuation
lengths according to equation (3.7) for the relevant materials.

Although the energy dependence of λ is reflected quite well in this approach, the material
dependence is not accessible. In fact, the data set in [50] reveals a scatter of the attenuation
lengths for different materials by almost one order of magnitude for a specific energy. We
therefore use experimental values for λs, which were obtained for the investigated materials
in a comparable experiment [54] and are given in Table 3.2. In comparison to the calculated
data according to equation (3.7) these values are smaller by more than 20%. We note, that
the fitted value λs/λf is in agreement with the data taken from [54].

It should be remarked, that it is inadequate to employ the inelastic mean free path (IMFP)
instead of the attenuation length in this quantitative analysis. In fact, both quantities are
often used interchangeably, which makes it important to distinguish their proper meaning:
The attenuation length is related to the opacity of a solid for an electron of a certain energy,
which arises from both elastic and inelastic scattering events. It can be obtained by overlayer-
film experiments and is based on equation (3.4). The IMFP, in contrast, is defined as the
mean distance an electron can travel in a solid until it undergoes an inelastic collision and can
be predicted by theoretical calculations, which derive the element specific IMFPs at discrete
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electron energies [52]. It is found, that the IMFP is usually systematically larger than the
attenuation length by about 15-30%, which is due to the fact, that the elastic scattering
contributions are neglected.

An intrinsic uncertainty in the thickness determination may originate from the growth
morphology. If, for instance, the adsorbate tends to adopt a 3-dimensional growth mode
instead of a layer-by-layer mode, the film thickness will be underestimated since the same
amount of material yields a smaller attenuation of the substrate signal. This is why the
calibration of the film thickness is performed on a fcc Cu(100) single crystal substrate, on
which a layer-by-layer growth is reported for fcc Fe and fcc Co [53]. In the case of a Mg
thickness calibration on Cu(100), the actual deposition rate may be slightly underestimated
due to the possible island formation during the deposition process.

3.4 Operating the spin- and angle-resolved PES experiment

The following section introduces the practical aspects of a spin- and angle-resolved photoe-
mission experiment. The physical mechanisms, which lead to the excitation of spin-polarized
photoelectrons, have been previously discussed in chapter 2.2.

The aim of a spin-and angle-resolved photoemission experiment is to analyze the kinetic
energy, the momentum and spin polarization of the photoelectrons, which have been excited
from the ferromagnetic sample under investigation. This endeavor requires a suitable elec-
tron detector which allows to measure all quantities simultaneously. The momentum of the
photoelectrons can be selected by a defined small angle of collection at the entrance of the
spectrometer unit. The kinetic energy of the incoming photoelectrons is selected by retarding
electromagnetic fields in the energy analyzer. In order to measure the degree of spin polariza-
tion of the electron beam, a spin detector converts this quantity into an intensity asymmetry
of the spin-polarized photoelectrons. Basically, all methods to analyze the spin polarization
of an electron beam rely on the spin-dependent scattering at solid surfaces [48].

The basic setup of the instrument employed in this work is schematically sketched in Fig.
3.3. The electron detector consists of three main parts: the transfer lens system, the energy
analyzer and the spin-polarization detector. The incoming photoelectrons are collected from
the lens system within an angle of ≈ 6◦ and are focused on the entrance slit of the energy
analyzer. During their transfer through the lens system, the electrons are accelerated or
decelerated to a constant kinetic energy, the so-called pass energy. The experimental energy
resolution is defined by the angular acceptance of the entrance slit optics, the pass energy of
the analyzer as well as the entrance and exit slit width.

After having left the energy analyzer, the monoenergetic electrons are accelerated onto
the (100) surface of a tungsten single crystal, which represents the main part of the spin-
polarization detector [44, 45]. The basic principle of operation relies on the fact, that the
scattering probability for spin up and spin down electrons at the W(100) surface differs,
if they are scattered in off-normal directions [46]. The spin-dependent contribution to the
scattering potential of the tungsten atoms arises from the strong spin-orbit coupling, which is
present in all materials, but increases with the atomic number Z. This results in a difference
of the scattering cross sections σ↑,↓ for spin-up and spin-down electrons as a function of
the scattering angle Θ. In particular, spin- up and spin-down electrons are scattered with
different probabilities in opposite directions σ↑,↓(Θ) 6= σ↑,↓(−Θ). This gives rise to a left-
right asymmetry of the intensity of the scattered beam, which is directly proportional to the
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Figure 3.3: Schematic layout of the photoelectron detector combined with the SPLEED spin-
polarization detector. Taken from [22].

polarization of the primary beam. This intensity asymmetry of the scattered electron beam
can be measured by a LEED-type detection system, as illustrated in Figure 3.3. Each spot pair
is thereby sensitive to the component of the spin polarization vector, which lies perpendicular
to the scattering plane: The spin polarization component, which lies parallel to the sample
surface is thus detected by the (0,2) beams, whereas the component perpendicular to the
surface leads to an intensity asymmetry in the (2,0) spots.

The maximum efficiency for the spin asymmetry detection is achieved, if the incoming
electrons hit the W(100) surface at normal incidence and at a scattering energy of 104.5 eV.
However, only a small fraction of the incident beam finally reaches the channeltrons of the
LEED system. The spin sensitivity, which is a measure for the analyzing power between the
measured asymmetry A and the spin polarization P of the incoming beam, reaches a value
of just S = 20%. In order to compensate this low efficiency of the spin detector, high photon
fluxes are essential to operate a spin-resolved photoemission experiment.

The sensitivity of the asymmetry measurement is strongly influenced by the cleanliness
of the W(100) surface. It is therefore necessary to provide an UHV environment for a proper
functioning of the spin detector. Prior to each measurement, any carbon and other contam-
inations are therefore removed by flash treatments, which heat the crystal and desorb the
contaminants.

In order to define a quantization axis for the spin of the electrons, it is necessary to
remanently magnetize the sample under consideration. The direction of the remanent mag-
netization thereby should be aligned with one of the spin-sensitive axes of the spin detector
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to achieve a maximum signal. The investigated epitaxial ferromagnetic thin films are ideally
magnetized as a single domain. The magnetizing field is obtained from a permanent magnet
which is approached next to the sample, thereby magnetizing it in in-plane direction parallel
to the sample surface. To minimize any stray fields, the permanent magnet is completely re-
moved from the setup after the magnetization process and the measurements are made with
the sample in the remanent magnetic state.

To eliminate any error introduced by apparatus related asymmetries, two measurements
of the spin polarization are performed, one with the sample magnetized in ”M=+x” direction
and the one with the magnetization in ”M=-x” direction (see Figure 3.3). The number of
electrons scattered from the W(100) surface into the (0, 2) and (0, 2̄) channels are denoted by
the intensities I+

(0,2), I
+
(0,2̄)

and I−(0,2), I
−
(0,2̄)

, respectively. By assuming that the incident beam
does not move between the two measurements, the instrument asymmetry can be removed
by combining the four data sets. The spin polarization P is then given by

P =
1
S
·A =

1
S

√
I+
(0,2)I

−
(0,2̄)

−
√
I−(0,2)I

+
(0,2̄)√

I+
(0,2)I

−
(0,2̄)

+
√
I−(0,2)I

+
(0,2̄)

. (3.8)

The individual partial intensities I of the spin-up and spin-down spectra are obtained from
the polarization P according to equation (2.19),

I↑ = I0(1 + P ), I↓ = I0(1− P ), with I0 =
I+
(0,2) + I−(0,2) + I+

(0,2̄)
+ I−

(0,2̄)

4
. (3.9)

3.5 Core-level photoemission spectroscopy

Core-level photoelectron spectroscopy is a suitable method to determine the chemistry of a
surface, since the spectrum of binding energies is unique for each element. In a solid, the
difference in binding energies between two chemical states of the atoms is of special interest,
because it reveals modified bonding states. This energy difference is referred as the chemical
shift.

The underlying physics of the photoemission process in a solid is discussed in chapter 2.2.2.
The binding energy EB of a core-level line is characteristic for the chemical environment of
the atom, because any chemical bonding results in a redistribution of charge. Thus, one
can distinguish between atoms of the same element with non-equivalent occupancy of the
atomic sub-shells due to a measurably difference in the binding energy [55]. Obviously, with
increasing positive charge of an ion, the binding energy increases, whereas with increasing
negative charge, the binding energy decreases.

In this work, core-level photoemission spectroscopy is employed to investigate the sto-
ichiometry of ultrathin MgOx films. In particular, we distinguish between under-oxidized
MgOx, x<1 films and nearly stoichiometric MgO layers, because the oxidation of Mg to Mg2+

is accompanied by an increase of the binding energy. The core-level measurements are per-
formed in a spin-integrated mode and the recorded spectra are analyzed with respect to the
energetic position and shape of the feature in question.

Any quantification of the core-level features, however, requires a physical model which
serves as an input for a standard fit procedure [60]. In the present context, the fit procedure
is used to extract information on the degree of oxidation of the Mg 2p level. The main
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parameters for the interpretation of the core-level features are their energetic position, spin-
orbit splitting, line shape and their integrated peak area. It is therefore necessary to subtract
the secondary electron background from the original spectrum. These particular issues, which
are required for the fit procedure, are addressed in the following.

Secondary electron background Every photoemission feature is accompanied by an in-
creased background intensity in the region of higher binding energies. This background signal
corresponds to electrons, which have undergone inelastic scattering in the sample. Since only
unscattered photoelectrons carry direct information on the electronic structure, this primary
peak signal has to be separated from the measured spectrum.

In this work, the model of Shirley is used to correct the spectra from the inelastic scat-
tering background [57]. It assumes that each unscattered electron is associated with a flat
background of energy losses. The background intensity within a peak is assumed to be pro-
portional to the integrated intensity at higher energy, with the condition that the background
matches the measured spectrum outside the region of the peak. By dividing the total peak
area in the regions P and Q according to Figure 3.4, the background intensity B(E) at the
energy E is expressed as

B(E) = I(E1) + α
Q

P +Q
= I(E1) + α

∫ E1

E I(E′)dE′∫ E1

E2
I(E′)dE′

, (3.10)

where α = I2 − I1 defines the step in the background [61]. Since B(E) is initially unknown,
the calculation of a Shirley background is an iterative procedure. The integrated areas P and
Q must initially be calculated for each point on the background using an approximation to
B(E), then they are redefined using the first approximation as an input to improve the values
of P and Q:

In+1(E) = I0(E)− I(E1)∫ E2

E1
I(E′)dE′

∫ E2

E
In(E′)dE′. (3.11)

The method of Shirley is well-suited for the case, that the energy loss of scattered electrons
is low and nearly constant in the region of the corrected energy interval.

Chemical shift Shifts in the binding energy of peaks follow the changes of the chemical
environment of the same atom. The value of the chemical shift is usually of the order of a
few or even less than one eV [85]. The analysis of a particular core-level allows in principle to
trace back the oxidation state of the atom by modeling the peak by a distinct number of lines.
These lines are positioned at the corresponding binding energy positions, which are available
in the literature [85]. In this work, the Mg 2p level is modeled by taking into account the
neutral Mg0 and the double-charged Mg2+ state in a fit procedure. The integrated peak areas
of the fitted Mg0 and Mg2+ lines are related in order to estimate the degree of oxidation of
the MgOx layers. No contributions from Mg+ states are included, because the large difference
in electronegativity between Mg and O suggest a full charge transfer in the case of a ionic
bonding.

Spin-orbit coupling In terms of a coupling between orbital and spin moments in an atom,
electrons ejected from states with a non-zero orbital momentum l ≥ 1 can leave the core
into two excited states. These doublet states are characterized by the total quantum number
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Figure 3.4: Schematic drawing of the Shirley background substraction method and definitions
for the calculations. Here, B(E) is the background intensity.

j = l ± s which defines the 2j + 1 degenerated fine structure. The relative intensities I of
these doublet pairs is thus given by

Ij=l−s

Ij=l+s
=

2(l − 1/2) + 1
2(l + 1/2) + 1

=
l

l + 1
. (3.12)

In the case of p electrons (l=1), the relative intensities p1/2 : p3/2 are thus calculated as 1 : 2.
This intensity ratio is applied in the Mg 2p core-line modeling.

Core-level shapes The line shape of a core-level peak is determined by the physics involved
in the ionisation process. In order to model a core level feature, one chooses appropriate
functions which are fitted to the peak in a least-square refinement. The basic shape of a core-
level peak is of Lorentzian-type, which takes into account the peak broadening due to the
finite core-level lifetime. The influence of the measurement process (e.g. thermal broadening)
may be modeled by a Gaussian contribution. Both functions are symmetric with respect to
the peak maximum.

In case of metallic elements, the observed spectral features may reveal a peak asymmetry,
which can be modeled by a synthetic line shape (Doniac-Šunijć (DS)) [51]. The asymmetry of
the core lines of metallic samples is caused by electron-hole excitations near the Fermi level,
which are directly proportional to the density of states. In semiconductors and insulators, no
asymmetry in core-level peaks is observed, because the band gap eliminates the possibility
of exciting low-energy electrons just below the Fermi level. The critical issue related to
asymmetric line shapes is that the asymmetric tail shifts the intensity away from the peak
maximum towards higher binding energies. If a DS-line shape is used to quantify chemical
states, the need to calibrate the intensity becomes important [61]. For a standard analysis,
fit expressions based on mixed Gaussian-Lorentzian functions are most suitable for intensity
quantifications [61].

As will be shown in chapter 4.4, the analysis of the Mg 2p core-levels originating from
MgOx films reveals an almost symmetric shape of the peaks and thus indicates the evolution
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of an – at least partially – oxidized state. In the practical fitting procedure, the Mg 2p level
is therefore modeled by two Gaussian-Lorentzian sum functions for the Mg0 and the Mg2+

level, respectively. This approach yields a good agreement between the fitted curve and the
experimental data.

Quantifying atomic concentrations The photoemission intensity of core levels can be
employed to determine the concentration of an element. As has been discussed in chapter
3.3.3, the total intensity I(E) of the core level line depends on the atomic properties of the
sample, the experimental geometry and the properties of the analyzer [85]. Geometry and
instrumental contributions are eliminated by referring all quantifications of the core level
intensities to the same reference. According to chapter 3.3.3, the relative intensities of the
core-level lines of elements A and B, which have been recorded under similar conditions, can
be written as

nA

nB
=
σB

σA

IA
IB
, (3.13)

with σ denoting the energy-dependent photoionization cross-section and nA,B the density of
atoms in the sample.

The analysis of the Mg p core levels, as presented in chapter 4.4, relates the relative
intensities of the Mg0 and the Mg2+ lines to the degree of oxidation of the MgOx layer.
Hence, the energetic position of the Mg 2p peak is a reliable measure, since the peak is very
symmetric.
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Chapter 4

Sample Preparation and
Characterization

In the present chapter, the successive preparation steps yielding the particular MgOx/Fe(001)/
GaAs and MgOx/Co(001)/Fe/GaAs systems, which are extensively investigated in this thesis,
are presented in detail.
Due to the strong link between structural and electronic properties, a main aspect concerns
the determination of the crystal structure of the prepared samples. The knowledge of the
crystalline structure of the system under investigation enables a correct interpretation of the
photoemission results. Low-energy electron diffraction (LEED) experiments are employed to
identify the type of surface reconstruction of the semiconducting GaAs substrate. In a second
step, the crystalline structure of the thin Fe and Co films, which are deposited subsequently
on the GaAs substrates, is monitored.
The chemical characterization of the samples involves the surveillance of surface cleanliness
for the successive preparation steps. AES has been employed to investigate the atomic ter-
mination of the GaAs surface. Moreover, the analysis of the core-levels of substrate and film
constituents can reveal a possible intermixing of substrate atoms into the Fe film, which is
typically observed in thin ferromagnetic films grown on semiconductors.
One main prerequisite for a successful spin-resolved photoemission experiment is the knowl-
edge of the magnetic anisotropy of the ferromagnetic samples. In order to achieve a maximum
spin asymmetry signal, the remanent magnetization should be aligned with one of the spin-
sensitive axes of the spin-polarization detector. Magnetization loops are recorded ex situ by
means of magneto-optical Kerr effect.
Special attention is drawn to the chemical properties of the MgOx overlayers. The main
parameter concerns the MgOx degree of oxidation, which will be related to the electronic
structure of the FM/I interfaces. In order to quantify influences induced by the MgO sto-
ichiometry, the actual chemical state of the MgO covering layers is examined in situ by
core-level photoelectron spectroscopy. It will be shown, that a reasonable estimation of the
oxidation state is possible by employing suitable fitting procedures.

4.1 GaAs substrate preparation

The MgOx/Fe and MgOx/Co thin films investigated in this thesis are grown on well de-
fined GaAs (001) crystal surfaces. GaAs has a zincblende structure with a lattice constant
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(a) (b)

Figure 4.1: (a) Auger spectra recorded from a GaAs substrate (a) as inserted and (b) after
the second annealing process. The principal surface contaminants oxygen and carbon are
removed by the employed preparation procedure. (b) LEED pattern of a (4x6) reconstructed
GaAs surface, taken at E=113 eV.

aGaAs = 5.654 Å. The zincblende structure can be viewed as composed of two face-centered
cubic (fcc) lattices with two separate atom bases, one formed by the Ga atoms, the other by
the As atoms. The two lattices are shifted along the diagonal by 1/4 aGaAs

√
3 which gives

rise to the tetrahedral coordination. The structure consists of alternating and evenly spaced
monoatomic planes in (001) direction, which makes the GaAs (001) surface either Ga- or
As-terminated. The Ga-bonds are thereby oriented along the (110)- and the As-bonds along
the (1̄10)-direction. This asymmetry of the GaAs surface has consequences for the mag-
netic properties of ferromagnetic films grown on GaAs, which results in an in-plane magnetic
anisotropy as discussed in section 4.2.1.

Due to the absence of neighboring atoms, the symmetry of the surface is lowered and
a redistribution of the surface atoms may become energetically favorable. In tetrahedrally
bonded semiconductors like GaAs, the breaking of the strongly directional sp3 covalent bonds
yields so-called dangling bonds, which follow the principle of energy minimization and saturate
by creating new surface reconstructions [25]. A number of reconstructions have been observed
for GaAs and are dependent on parameters like temperature and preparation conditions
[62]. In general, the As-terminated surfaces are obtained at lower temperatures than Ga-
terminated surfaces, since As is more volatile. In the order of decreasing As content, the
following reconstructions are reported for GaAs(001) surfaces: c(4x4), 2x4, 1x6, 4x6, 4x2 and
c(8x2) [62]. In practice, the process of surface reconstruction counteracts with the elimination
of the desorbed native oxides from the surface, which are removed by ion-bombardment.
Therefore, sputtering at low energies is required to minimize the damage created by this
process. A subsequent annealing is necessary to recover the surface crystallography. Scanning
tunneling microscopy (STM) studies showed that 500eV Ar+ sputtering with postannealing
results in a respectable surface quality with terraces of 50nm width [63]. Care must be taken
when elevating the temperature of GaAs, because it decomposes at the surface at too high
temperatures. In the following, we present a procedure to obtain a Ga-terminated, (4x6)
reconstructed GaAs substrate surfaces. It has been shown, that this GaAs face is particulary
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suited to grow epitaxial Fe(001) films [71].
The GaAs substrates which have been employed in this work are taken from commercial

GaAs wafers (Crystec, Te-doped n-type). Basically, they are treated by two subsequent sput-
tering and annealing processes, with each step being followed by Auger electron spectroscopy
to monitor the evolution of the surface contamination. As a preliminary procedure, the GaAs
templates of a size of (8 x 11) mm are cleaned in two separate ethanol and acetone ultrasonic
dips and inserted into the UHV without further chemical treatment. A typical Auger analysis
of the GaAs surface in Fig. 4.1 indicates the principal surface contaminants to be oxygen (O)
and carbon (C). The oxide is largely removed by a first low-energy 500 eV Ar+-sputtering of
20 minutes. The sputter process is performed at room temperature at an angle of 45◦ with
respect to the surface normal. Subsequently, the sample temperature is gradually raised with
a rate of r ≈ 20◦C/min to a temperature of roughly 500◦C to degas the GaAs plate and des-
orb remaining contaminants. The temperature of 500◦C is held until the base pressure drops
below a value of p ∼ 3× 10−9 mbar. After the sample has cooled down below a temperature
of 100◦C, a second low-energy sputtering cycle at 500 eV for 10 minutes is performed in order
to achieve a final removal of rest O and C contaminants. The procedure is followed by a
second annealing process at a temperature of roughly 560◦C for 45 min or longer to promote
the formation of the healing surface reconstruction. The temperature is again ramped up
and down at a rate of r ≈ ±20◦C/min. After the GaAs substrate is cooled down below a
temperature of 100◦C, no C and O contaminations on the surface are observed within the
AES detection limit (see Fig. 4.1(a)).

A qualitative tendency concerning the evolution of the Ga and As content within the GaAs
surface during the successive preparation steps can be extracted from analyzing the intensities
of the Ga and As LMM Auger transitions. The analysis involves the determination of the
peak-to-peak heights of the Ga LMM transitions at 1069 eV and 1096 eV and the As features
at 1229 eV and 1264 eV in the differential AES spectrum dN/dE. The estimated peak-to-
peak heights are corrected by the corresponding elemental sensitivity factors [56]. The relative
intensities Ga(1069 eV)/Ga(1096 eV) and As(1264 eV)/As(1229 eV) are found to coincide
with an error of about ±10%. The analysis of the relations Ga(1069eV)/As(1264 eV) and
Ga(1096 eV)/As(1229 eV) exhibits the following tendency: Basically, after each sputtering
process, the Ga content increases by approximately (40±5)%, because arsenic is preferentially
sputtered. The Ga content is again slightly reduced by (15±5%) after each annealing process,
because As atoms are able to diffuse from the inner part of the sample towards the surface.
In comparison to an unprepared GaAs surface, the total Ga content is found to increase by
(30± 5)% after both sputtering and annealing processes1.

The crystalline structure of the GaAs substrate surface is investigated by low-energy
electron diffraction. The representative LEED pattern in Fig. 4.1 (b), taken at E = 113 eV,
displays a well-ordered (4x6) reconstruction of the surface at room temperature. The crystal
axes are orientated along the (110) and (1̄10) directions. The symmetry of the pattern is
known to deplete considerably the As compared to the As terminated surface [64], which
is confirmed by the analysis of the corresponding Ga and As Auger transitions. The sharp
diffraction spots indicate a high quality long-range order of the GaAs (4x6) surface. On this
well-prepared substrates, the deposition of thin iron films is performed, which is presented in

1The mean free path λ of Auger electrons with kinetic energies between 1000 eV and 1200 eV is in the
range of 17 to 19 Å. The surface probing depth of the Auger electrons thus involves the first 4 ML of the GaAs
cell size (aGaAs = 5.654 Å). In comparison, the mean free path in the UV-photoemission experiments (hν ≤ 40
eV) is less than λ =10 Å.
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(a) (b)

Figure 4.2: (a) LEED picture of a 27 ML thick Fe film recorded an an energy of 52 eV. (b)
Core-level spectrum of a 27 ML thick Fe film recorded at a photon energy of hν=88 eV.

detail in the following section.

4.2 Fe growth on GaAs(001)

It has already been shown in the early eighties, that Fe grows epitaxially on the GaAs (001)
surface and thereby adopts a bcc lattice structure (aFe = 2.866 Å) [65,66]. This is due to the
fact that the lattice constant of bcc Fe is almost exactly half that of GaAs (aFe = 5.654Å),
with a lattice mismatch of 2aFe/aGaAs = 1.013. In the following, the thickness is given in
monolayers (ML) corresponding by convention to the Fe(001) lattice spacing of 1.43 Å.

Various studies reported on the epitaxial growth of Fe onto the (4x6) reconstruction of
the GaAs (001) surface [63, 71, 74]. In the initial stage, a three-dimensional Volmer-Weber
growth mode is consistently observed for the first 1-3 monolayers [71], followed by a gradual
smoothing of the Fe surface turning into a quasi layer-by-layer growth. A coalescence of the
islands begins at thicknesses of 3 to 5 ML [68, 70]. The layer-by-layer growth is reported to
persist up to a coverage of 70 ML [70]. The temperature regime during the deposition of
the Fe layers thereby ranges between room temperature [62], slightly elevated temperatures
(T = 50◦C) [70] and higher temperatures of up to T = 175◦C [66]. Generally, clear LEED
patterns develop at higher Fe coverages (5 ML) for room temperature deposition [62] than
at higher growth temperature [71]. This is consistent with several studies, which propose the
optimum growth temperature being around 170◦C [66,71].

The morphology of thin Fe films on the GaAs (4x6) and (2x4) surface has been investigated
by scanning tunneling microscopy (STM) by Monchesky et al. and Thibado et al. [63,75]. A
moderate roughness of the Fe film is observed, being partially introduced by the initial GaAs
surface morphology, which is not completely flat. Their investigations reveal an island width
of 40 Å for a 20 ML thick Fe film grown on (4x6)-GaAs (001) (Ref. 14 in [63]) and a average
island size of 50× 80 Å2 for a 35 ML thick Fe film on GaAs(2x4)2 [75].

2The GaAs(2x4) reconstruction is even more Ga-rich that the GaAs(4x6) surface. The Fe growth process
on both surface reconstructions proceeds nearly similarly [67].
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Although the lattice constant of Fe(001) is well matched to GaAs(001), interdiffusion of As
and Ga into deposited Fe layers presents a general difficulty [76]. Arsenic is known to segregate
to the Fe surface for all Fe growth mechanisms on GaAs(100), regardless of the substrate
reconstruction or preparation. A deposition of Fe on GaAs(4x6) at room temperature is
therefore supposed to diminish the interdiffusion into the Fe layer. Moreover, a post-annealing
of the Fe films in order to achieve a smoother surface is not advised for the same reason3.

In practice, Fe is deposited onto the (4x6) reconstructed GaAs(001) substrates from an
electron-heated Fe rod in a base pressure of 2× 10−10 mbar. The deposition rate is approxi-
mately 4 Å/min, as determined by AES calibration of (fcc) Fe deposited on a (fcc) Cu(001)
single crystal (for details see chapter 3.3.3). The Fe films are grown at slightly elevated tem-
peratures of about T =100◦C, which represents a compromise between good structural growth
conditions observed at higher temperatures and an attempt to reduce the interdiffusion of
the substrate components. The Fe surface is investigated by AES after growth to monitor
the cleanliness of the film. No oxygen and minimal carbon traces are detectable within the
AES detection limit.

The crystalline structure of the deposited Fe films is determined by means of LEED.
Figure 4.2 (a) displays the LEED pattern of a 27 ML thick Fe film taken at an energy of
E = 52 eV. The first order diffraction spots indicate a fully epitaxial matching. The existence
of a bcc structure of the Fe film is deduced from the sequences of higher order diffraction
spots. A moderate roughness of the Fe film is deduced from the slightly broadened spot size
compared to the spot-to-spot distance.

In order to determine the extent of segregation or intermixing of substrate atoms into the
Fe film, the Fe 3p, Ga 3d and As 3d low-energy core levels are monitored after Fe deposition.
Photons of hν =88 eV are used to excite the photoelectrons which posses a very high surface
sensitivity due to their low kinetic energies. Figure 4.2 (b) displays the corresponding core
level spectrum for a 27 ML thick Fe film on (4x6)-GaAs. Beside the Fe 3p peak located at
a binding energy of EB = 52.3 eV, the Ga 2p and As 3p core levels located at 18.7 eV and
41.7 eV, respectively, indicate that As and Ga are located in the surface region4. Each peak
intensity is integrated after a Shirley background subtraction and weighted by the energy-
dependent photoionization cross sections [58,59]. We thus obtained an As content of roughly
6±5% and a Ga content of 0.06±5% within the upper 4 monolayers. This result is consistent
with studies by Carbone et al., who monitored the core level intensities as a function of the
Fe coverage (0-75 ML) on a GaAs(110) substrate [72]. The GaAs(110) face is not known to
form reconstructions, in contrast to the Ga(001) surface. The authors investigated the Ga
and As content of the surface with increasing Fe film thickness and found the attenuation
of the As 3p core level being much slower than the emission from Ga 2p levels, indicating
an As out-diffusion and surface segregation. Nevertheless, the authors stated that a small
amount of As was still detectable at the surface at the highest coverage of 75 ML. Comparing
these findings our results, the (4x6) reconstruction of the GaAs face is found to reduce the

3An epitaxial growth of bcc Fe(001) is also reported on single crystalline MgO substrates [83]. In this
system, a postannealing of the deposited Fe is possible because no intermixing is observed at the substrate/film
interface. The insulating character of the MgO substrate, however, prevents its application in a photoemission
experiment due to charging effects.

4An approximation of the probing depth is deduced from the corresponding mean free path: Electrons
excited from the As 3p level have a kinetic energy of about 40 eV, from Ga 3p about 65 eV and from Fe 3p
approximately 32 Å. The inelastic mean free path ranges from 5.6Å to 5.8 Å, according to equation 3.7. We
are thus probing the first 3-4 monolayers of the bcc Fe sample.
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As content by more than a factor of two.

4.2.1 Magnetism of Fe/GaAs(001)

The magnetic measurements of the Fe(27ML)/GaAs films are intended to reveal the orien-
tation of easy and hard axis of the ferromagnetic film in order to define a quantization axis
for the spin detection during the PES experiment. It has been found by a number of groups,
that a large in-plane uniaxial magnetic anisotropy is present in thin Fe films, which have
been epitaxially grown on GaAs(001) [68, 69]. Usually, a cubic bcc material like bulk Fe has
a four-fold anisotropy, which arises from the four-fold crystalline anisotropy and becomes
dominant for increasing Fe film thickness. If thin Fe are grown on a GaAs surface, however,
the two-fold symmetry of the (001) surface of the zincblende crystal structure has to be taken
into account [77]. It is assumed, that the orientation of the magnetic axes should be related
to the alignment of the dimer rows at the reconstructed surface. One common feature of all
types of reconstructions is that the uniaxial easy axis is perpendicular to the direction of the
dangling bonds. Ga-terminated and As-terminated surfaces have easy uniaxial axes along
(1̄10) and (110), respectively [77]. The in-plane anisotropy strongly depends on the thickness
of the ferromagnetic layer since it reflects the reduced dimensionality of the film (interface
anisotropy), compared to the four-fold anisotropy which is observed in bulk bcc Fe [77]. It
has been found by Brockmann et al., that beyond a Fe thickness of 75 ML on (4x6)-GaAs,
the fourfold (cubic) easy axes of bulk Fe along (100) and (010) superimpose onto the uniaxial
component [69].

The magnetic measurements in this work on the Fe(27ML)/GaAs(001) system are per-
formed with a protective capping layer of 15 ML MgO. Magnetic hysteresis loops M(H) are
measured using the longitudinal magneto-optical Kerr effect at room temperature as shown in
the Figures 4.3a and 4.3b. The magnetic field is applied along the (11̄0) and (110) direction,
respectively. No MOKE signal is expected from the semiconducting substrate5 [62]. The loop
in Figure 4.3 clearly shows a hysteresis, indicating a full development of the ferromagnetic
phase. The small coercive field Hc = 1 · 10−3 T (10 Oe) indicates a good crystalline film
quality [70]. We identify the (1̄10) direction as the easy axis, which is in accordance with
previous studies. The magnetization loop along (110) is referred to the hard axis. This result
clearly reveals the presence of a two-fold uniaxial anisotropy of the Fe(27ML)/GaAs films.
We find no hints for the four-fold anisotropy being superimposed to the two-fold anisotropy
by applying the magnetic field in (100) and (010) direction.

4.3 Co growth on Fe/GaAs(001)

In the context of this work, we investigate the electronic structure of bcc Co, which is closely
related to that of the bcc-Fe system. Bcc-Co, however, is not a known thermodynamic phase
which occurs naturally. The stable bulk phase at room temperature is the hcp structure,
which persists up to a temperature of 425◦C, at which it transforms to the face-centered
cubic (fcc) structure [77]. Under specific geometrical and preparation conditions, bcc-Co can
be stabilized as a thin epitaxial film.

5The complete measured signal originates from the Kerr signal of the FM film and the Faraday signal of
the non-magnetic substrate, from which the light is reflected. The only magnetic response, however, arises
from the thin ferromagnetic film.
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Figure 4.3: Magnetization loops of MgO(15ML)/Fe(27ML)/GaAs-(4x6) for the magnetic field
applied along the (1̄10) (easy axis) and (110) direction (hard axis), respectively.

Theoretical calculations predicted a minimal total energy for bulk bcc-Co at a lattice
constant of 2.82 Å [125]. It has been shown, that this bcc phase is unstable against a volume-
conserving tetragonal distortion. The energetic minimum of this metastable bct6 phase is
predicted for a distortion ratio of c/a = 0.92, where c is the lattice constant in growth direction
and a is the in-plane lattice constant [124]. Consequently, epitaxial growth can stabilize the
bct phase, until it reaches a critical thickness, at which the system structurally relaxes into the
hcp structure. In practice, it is thus very difficult to stabilize a pure bcc Co film. The fact, that
epitaxial bct-Co phases are usually strain-induced results in a variation of the experimentally
observed distortion ratios c/a. For similar growth on the same substrates, different lattice
parameters have been observed, which means that the exact structure depends strongly on
the experimental conditions [124]. It is thus difficult to state a precise experimental lattice
parameter for Co growth on Fe(001)/GaAs(4x6) from the literature.

There is some controversy on the maximum stability of bcc-Co. Most groups show stability
limits in the range of 10-20 ML for various substrates and crystal orientations [124]. The exact
value thereby depends on the growth method, interface preparation and deposition rate. A
frequently used substrate is Fe(001), which provides a very small mismatch of 1.4% with
respect to the in-plane bcc-Co lattice constant a. The highest stability for Co growth on Fe
is found for deposition temperatures between room temperature and 200◦C [124].

In our preparation procedure, we evaporated Co from an electron heated high-purity Co
rod with a deposition rate of about 1.3 Å/min onto 27 ML thick Fe seed layers. The Co films
are deposited at slightly elevated temperatures of about 80◦C.

In order to determine the crystalline structure of the Co films as well as its stability, we
take LEED images at various stages during the Co deposition. Figure 4.4 shows the LEED
pattern of 3 ML, 11 ML, 15 ML and 17 ML thick Co films on Fe(001) taken at primary energies
of about 52 eV. These first-order diffraction spots indicate the full epitaxial relation of Co on
top of the Fe substrate. An increase of the background intensity is attributed to an enhanced
surface roughness. It is found, that under the present preparation conditions, the Co lattice
conserves its crystalline structure up to a coverage of about 16 ML. Beyond this thickness, we

6bct: body-centered tetragonal
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(a) (b)

(c) (d)

Figure 4.4: Left: LEED images of Co deposited on 27 ML thick Fe(001) films of bcc structure.
The Co thickness varies from (a) 3 ML, (b) 11 ML, (c) 15 ML to (d) 17 ML Co. Right: MOKE
magnetization loops of MgO(15ML)/Co(12ML)/Fe(27ML)/GaAs-(4x6) for the magnetic field
applied in (1̄10) (easy axis) and (110) direction (hard axis).

can observe the spots fading away, which indicates a loss of structural order of the Co film.
The critical thickness of the Co layers in our investigations is in very good agreement with
determinations of previous studies [123]. We mention, that the LEED analysis gives insights
to the in-plane surface conditions, but provides no access to the vertical lattice dimensions.
These restriction has to be kept in mind with regard to the interpretation of the electronic
structure results in chapter 5.3.

Magnetism of Co/Fe/GaAs(001) It has been shown in section 4.2.1, that 27 ML Fe
on (4x6) GaAs(001) exhibit a uniaxial anisotropy, which is caused by the asymmetry of the
GaAs interface bonding. In order to investigate the magnetic properties of the Co/Fe/GaAs
multilayer samples, magnetization curves are measured by MOKE on 12 ML Co/27 ML
Fe/GaAs with 15 ML MgO on top. By applying the magnetic field in (1̄10) direction, the
magnetization loop shown in Figure 4.4 reveals the presence of an easy axis, with a coercive
field of about Hc = 3.5 · 10−3 T (35 Oe). As expected, the magnetization behavior is mainly
that of the Fe/GaAs(001), with the coercive field Hc being enhanced. Generally, the latter
depends on the structural perfection of the film, which in turn is determined by the growth
conditions. An increase of Hc can be interpreted in terms of structural defects, which are
supposed to hinder the motion of domains during the magnetization reversal.

The hard axis of the system is identified by applying the magnetic field in (110) direction
(see Figure 4.4). The double-loop structure is due to the occurrence of quadratic MOKE-
effects [77]. The Co/Fe/GaAs sample saturates at a magnetic field of about 0.03 T, which
is obviously smaller compared to that measured for the Fe-based samples. The reduction of
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H(MS) is related to the smaller influence of the interface anisotropy, which decreases with
increasing film thickness.

4.4 Ultrathin MgOx on Fe(001) and Co(001)

The final preparation step involves the coverage of the Fe(001) and Co(001) surfaces with
ultrathin MgOx layers. Due to the very similar conditions of Fe(001) and Co(001) concerning
lattice geometry and surface free energies, the main aspects of MgO epitaxy and growth are
exemplarily discussed for MgO deposited onto a Fe(001) surface, since this material system is
studied to a larger extend in the framework of this thesis. In the case of noteworthy differences
regarding the Co(001) surface, these are explicitly mentioned in the text.

Several previous studies reported on the epitaxial matching between stoichiometric MgO
and Fe [79–81]. The MgO lattice is found to be oriented with a 45◦ rotation between the
Fe(001) and the MgO(001) unit cell axes (MgO[100] ‖ Fe[110]). The relatively small lattice
mismatch between MgO and Fe of 3.8% in this configuration allows epitaxial growth in the
initial stage. Structure studies suggested, that the Fe atoms are positioned on top of the
oxygen atoms [83]. Due to the large difference of the surface free energies of Fe (2.9 J/m2)
and MgO (1.2 J/m2), the initial stage of growth favors in principle a layer-by layer mode [84].
This two-dimensional growth is actually reported for smooth Fe surfaces, which have been
postannealed after deposition [80]. The growth is predicted to proceed pseudomorphically up
to a thickness of 4-6 monolayers [80,84].

In our preparation process, granular Mg material is evaporated from a molebdynum cru-
cible with a deposition rate of about 1.8 Å/min. The deposition is carried out at slightly
elevated temperatures between 60◦C and 80◦C. Simultaneously, oxygen is let into the prepa-
ration chamber via a leak valve in order to systematically control the oxygen supply. The
actual amount of oxygen is estimated from the ion gauge reading. In comparison to an evapo-
ration of MgO from polycrystalline material, we are thus able to consciously prevent an excess
of atomic oxygen over Mg, which would favor the oxidation of the Fe(001) surface during the
first stages of growth [16]. We find the evaporation of the pure Mg material being always
accompanied by the evaporation of a non-negligible amount of MgO. This effect is reasonable,
because the granular Mg material posses a large surface, which has been completely oxidized
during its exposition to air. This causes a partial evaporation of MgO and thus gives raise to
a small partial oxygen background. During the thermal evaporation process, the pressure in
the UHV chamber rises up to 2× 10−9 mbar.

A comment should be made on the film morphology, which is expected after the deposition
of MgO and MgOx. The first aspect concerns the Fe surface. As discussed in section 4.2,
any postannealing of the Fe layer in order to smooth the surface has a detrimental effect
due to a substrate/film intermixing. If the Fe film is not postannealed, as being the case in
this work, the surface may reveal the presence of three-dimensional islands. The subsequent
growth of MgO layers, although considered as layer by layer-type from thermodynamical
considerations [84], covers the Fe surface by enveloping the three-dimensional island or forming
new ones. In the case of very thin coverages in the monolayer regime, parts of the Fe layer
may thus remain uncovered. Another aspect concerns the actual growth mechanism of under-
oxidized MgO onto the Fe surface. To our best knowledge, this process has not yet been
studied by suitable methods. One might suppose, that the surplus of metallic magnesium
enhances the surface free energy of the MgOx composition (see Figure 2 in Ref. [82]) and
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Figure 4.5: Auger spectra acquired with a primary energy of E = 3 keV after the deposit
of 10ML MgO on Cu(001). (a) Oxygen KLL transitions and (b) magnesium KLL Auger
transitions. From the comparisons of the corresponding peak-to-peak heights, the Mg/O
ratio is obtained.

thus makes a layer-by-layer growth on bcc Fe less favorable. From energetic considerations,
however, it still seems reasonable to assume an identical positioning of Mg and O atoms on
top of the bcc Fe surface. Nevertheless, these considerations have to be kept in mind for the
valence band photoemission experiments.

The crucial parameter regarding the ensuing experiments at the MgOx/Fe and MgOx/Co
interface is given by the MgO degree of oxidation. Depending on the amount of oxygen atoms
which are provided during the growth of the MgOx layers, a partial, a complete or an over-
oxidation will take place. These situations, an oxygen deficiency (=excess of magnesium) and
excess of oxygen are not equivalent, since in case of an over-oxidation, the remaining oxygen
atoms may be able to interact with the Fe surface layer.

As a preliminary experiment, an estimate of the oxygen dose, which has to be applied
in order to obtain a nearly stoichiometric Mg:O composition, is obtained by AES. Mg is
evaporated onto a Cu(100) substrate at a rate of 1.8 Å/min with a partial oxygen pressure of
about pO2 = 1× 10−8 mbar. Figure 4.5 displays the corresponding O KLL transition at 510
eV and the Mg KLL Auger line at 1191 eV at a coverage of 10 ML MgO. A comparison of
the O(KLL)/Mg(KLL) Auger intensity ratios, which are weighted by their sensitivity factors,
reveals a Mg:O ratio of 47%:53%. Thus, nearly the same amount of oxygen and Mg atoms
are present in the surface near area.

The degree of oxidation at the MgOx/Fe and MgOx/Co interface is investigated by core-
level photoemission spectroscopy. The Fe 3p and Mg 2p core levels, located at 52.2 eV and 49.8
eV, are excited with photons of an energy hν = 88.3 eV. Due to the very low kinetic energy of
the photoelectrons of about 35 eV, a surface sensitivity of approximately 4 Å probing depth
is provided by the experiment. Since the photoionization cross section σi is much higher for
the Mg 2p level (σi = 60 mbarn) than for the Fe 3p level (σi = 1 mbarn) [58], the Mg 2p
feature dominates in intensity even at low coverages. As has been discussed in chapter 3.5,
the oxidation of the Mg atoms leads to a chemical shift of the Mg0 2p level towards higher
binding energies. The quantification of the oxidation ratio Mg2+/Mg0 is easily accessible from
the peak areas of the fitted Mg2+ and Mg0 features. A quantitative conclusion, whether a
partial oxidation of the Fe surface has taken place, can only inadequately be deduced from
the Fe 3p peak position and shape7. As we will see in chapter 5.2.2, the interaction between

7The beamline 5 at the storage ring DELTA, where all photoemission experiments have been performed,
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Figure 4.6: Core-level photoemission spectra of the Fe 3p and Mg 2p levels recorded at a
photon energy of hν = 88.3 eV. (a) Oxygen-deficient MgO layer, (b) nearly stoichiometric
MgO and (c) subsequently oxidized (over-oxidized) MgO capping layer.

oxygen and the Fe surface can be unambiguously deduced from an induced exchange splitting
on the oxygen 2p valence bands.

Oxygen-deficient MgO If Mg is deposited with just minimal additional oxygen supply
(less than pO2 < 2 × 10−9 mbar), the analysis of the Mg 2p and Fe 3p core levels reveals an
oxygen deficiency of the MgO layer. The corresponding core-level spectrum of an oxygen-
deficient MgO layer is exemplarily shown for a one ML thick MgOx film in Figure 4.6. The
secondary-electron background is subtracted from the spectrum by applying the Shirley al-
gorithm. The position of the Mg 2p feature indicates a partial oxidation of the Mg layer due
to the leftward shift of the Mg 2p peak center towards a higher binding energy EB relative to
the Mg0 2p level. Furthermore, the unshifted position of the Fe0 3p level indicates, that no
oxidation of the Fe interface layer has taken place. The oxidation ratio is quantified by fitting
two spin-orbit split Gaussian/Lorentzian line shapes for the Mg2+ and Mg0 state. Figure
4.7 clearly displays a nearly equal distribution of oxidized Mg2+ and metallic Mg0 atoms.
The Mg0 peak position is thereby fixed to EB=49.8 eV whereas the remaining parameters,
Mg2+ position, relative intensity and full-width at half maximum (FWHM) are allowed to
vary within reference-based intervals [85]. Exemplarily, the oxidation ratio for under-oxidized
MgO was estimated from the ratios of the peak areas as being Mg2+/Mg0 ≈ 0.52/0.48.

Nearly stoichiometric MgO In order to obtain a nearly stoichiometric composition Mg:O,
an approximate estimation of the partial oxygen pressure (pO2 ≈ 1× 10−8 mbar), which has

gives no access to photon energies higher than 400 eV. Therefore, the Fe 3p level instead of the more intense
Fe 2p peak at 720 eV was observed.
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Figure 4.7: Core-level photoemission spectra of the Fe 3p and Mg 2p levels recorded at a
photon energy of hν = 88.3 eV. (a) Mg 2p peak of an oxygen-deficient MgO layer. By fitting
the Mg0 and Mg2+ areas an oxidation ratio of Mg2+/Mg0 ≈ 0.52/0.48 was obtained. (b) Mg 2p
peak of a nearly stoichiometric MgO layer with an oxidation ratio of Mg2+/Mg0 = 0.88/0.12.

to be supplied during Mg deposition, is obtained by AES (see previous section). In order
to prevent the formation of a premature FeO layer, Mg is evaporated in the submonolayer
regime (approx. 0.2-0.4 ML), before the oxygen is admitted into the chamber. The result of
this procedure yields a completely oxidized MgO layer, as can be deduced from the complete
leftward shift of the Mg 2p feature in Figure 4.6. In order to quantify the amount of oxygen
atoms, which have been oxidized by this preparation step, a representative Mg peak fit is
shown in Figure 4.7. In comparison to the under-oxidized MgO layer, a clear difference of the
corresponding peak areas A and B is observable. In agreement with the further leftward shift
of the peak maximum, a displacement of intensity takes place and results in an enhanced
oxidation ratio of Mg2+/Mg0 ≈ 0.88/0.12. This results stand representative for a nearly
stoichiometric MgO composition.

Over-oxidized MgO An oxygen excess at the Fe(001)/MgO interface is generated, if the
deposition of under-oxidized MgOx is followed by a subsequent oxygen exposure of approxi-
mately 1 L (1 langmuir (L)=10−6 torr for 1 sec). This procedure yields a complete oxidation
of Mg atoms, as visualized by the chemical shift of the Mg peak maximum towards the Mg2+

2p level in Figure 4.6. Moreover, the broadening of the Fe 3p peak is a first hint for the
presence of partially oxidized Fe 3d atoms within the Fe surface layer. This finding stands
in agreement with theoretical and experimental studies, which report that during adsorption
of low oxygen coverages, O2 molecules spontaneously dissociate on the sample surface and
partially incorporate below the Mg top layer [86,87].

The preceeding experiments revealed the probability of classifying the actual MgO de-
gree of oxidation for each sample uniquely by employing low-energy core-level photoelectron
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spectroscopy. In the following experiments, we will refer to three different classes: i) the
under-oxidized, ii) the nearly stoichiometric and the iii) over-oxidized FM/I interface. The
electronic structure of these systems will be investigated in the following chapter.

4.5 Summary

In the previous sections, the successive preparation steps yielding the MgOx/Fe(001) samples,
which are designed to determine the electronic structure of their FM/I interface, have been
presented. An analysis of the crystalline structure, the magnetic anisotropy of the thin
ferromagnetic films and the chemical environment at the surface and of MgOx give access
to various parameters being relevant for a thorough characterization of the samples.

All films are prepared on well-defined GaAs(001) crystal surfaces. The preparation of
GaAs was discussed with respect to the actual type of surface reconstruction. The presented
preparation method results in a Ga-rich surface of (4x6) symmetry. The Ga-termination of
the GaAs substrates has been confirmed by Auger electron spectroscopy.

On these (4x6)-GaAs(001) substrates, the deposition of thin Fe films of a thickness of
27 ML has been performed. The crystalline structure of the 27 ML thick Fe films has been
investigated by LEED and displays a well-ordered cubic lattice. The difficulty of As segrega-
tion was addressed by monitoring the 3p core levels of Fe, Ga and As by means of low-energy
core-level spectroscopy. As was reported in previous studies, a small amount of arsenic is
found to segregate to the Fe surface region.

Magnetic measurements on 15ML MgO/27ML Fe/GaAs, using the magneto-optical Kerr
effect, reveal a two-fold in-plane anisotropy of the ferromagnetic layer, which is typically
observed for thin ferromagnetic films grown on a semiconducting surface. We find no contri-
butions of the four-fold anisotropy being superimposed to the two-fold anisotropy. Thus, we
are able to perform spin-resolved photoemission experiments with respect to the quantization
axis, which is given by the easy axis of the thin Fe film.

The structural analysis of Co films deposited on 27 ML Fe reveals a full epitaxial match
on the latter. We observed the crystalline structure being conserved up to a critical thickness
of about 16 ML, which is in close agreement with previous experiments. The magnetic
measurements on a 12 ML thick Co film indicate a magnetization behavior comparable to
that of the Fe-based system.

The degree of oxidation of the MgOx overlayers represents a crucial parameter in the
context of this thesis. It is addressed by means of core level spectroscopy which monitors the
Mg 2p and Fe 3p levels. The chemical shift of the Mg 2p level towards higher binding energies
is found to indicate a good measure for the degree of oxidation. A quantification of the latter
is deduced from fitting the Mg 2p core levels by Gaussian-Lorentzian sum functions. This
enables one to classify each particular sample concerning its interface chemistry.



58 CHAPTER 4. SAMPLE PREPARATION AND CHARACTERIZATION



Chapter 5

Electronic Structure of
MgOx/Fe(001) and MgOx/Co(001)
Interfaces

It is a well established fact, that the spin-dependent tunneling process in magnetic tunnel
junctions is an extremely interface sensitive phenomenon. Important insights into the physi-
cal mechanisms involved are provided by theoretical studies, which recognized the electronic
structure of ferromagnet/insulator boundaries as acting crucial in controlling the matching
of electronic wavefunctions and the magnitude of the tunneling spin polarization in epitaxial
FM/I/FM junctions. These considerations, however, hold for perfectly sharp and well-ordered
interfaces, which cover the experimental situation only to a minor extent. A real interface
prepared, for example, by molecular beam epitaxy usually exhibits deviations from ideality.
In particular, oxygen defects or oxygen excess must play a key role at FM/I interfaces in real
MTJs with oxide barriers.
It is reasonable to assume, that a modification of the interface stoichiometry can significantly
affect the chemical bonding between ferromagnet and insulator. As a consequence, a redis-
tribution of the interfacial spin-polarized electronic states can take place, which changes the
properties of the electronic structure at the interface. This, in turn, is directly reflected by
the interfacial ground state spin polarization at the Fermi level and has direct consequences
for the spin-dependent tunneling process.
In order to gain deeper insight into the electronic states of real interfaces and the physical
mechanisms, which govern the interfacial spin polarization, this thesis addresses in detail
the electronic structure of ferromagnet/insulator interfaces on the basis of spin- and angle-
resolved photoemission spectroscopy. The photoemission studies presented in this chapter
focus in particular on the response of the electronic system of the ferromagnetic layer in con-
tact with MgO overlayers of different oxide stoichiometries. The interplay between chemical
bonding and electronic structure formation is analyzed by combining results from core-level
and valence-band photoemission spectroscopy. By relating the MgO degree of oxidation ex-
tracted from the Mg 2p core level shifts to modifications of the ferromagnetic 3d valence
bands, a profound dependence of the interfacial spin polarization on the interface chemistry
becomes evident. The complex behavior of the electronic structure is interpreted with regard
to possible models of the interface atomic environment, which reflect the type of interfacial
bonding mechanisms.

59
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5.1 Introductory remarks

The idea underlying the following photoemission experiments is based on the fact, that the
electronic structure of a ferromagnetic sample can be probed through an ultrathin MgO over-
layer, since the valence bands of ferromagnet and insulator are located at different energetic
positions with respect to the Fermi level. Whereas the valence states of Fe and Co are en-
tirely dominated by 3d contributions at the Fermi energy, electronic states attributed to MgO
valence bands are located at binding energies of about EB = −3.5 eV and below [102]. This
behavior reflects the metallic and insulating character of both material classes, and enables
an observation of the ferromagnetic 3d states in contact with MgO within an energy window
between the Fermi level and the onset of the MgO valence band maximum.

With increasing MgO thickness, however, the photoemission signal arising from the ferro-
magnetic layers is attenuated. In order to be particularly sensitive to the interface of FM/I
samples, the overlayer thickness and the photoelectron’s attenuation length have to be del-
icately balanced. In the following experiments, the FM or FM/I systems are probed by
photons with energies between 34 eV and 40 eV. According to equation (3.7), the attenuation
length λ of photoelectrons originating from the ferromagnetic 3d states is approximately 4
monolayers. The total number of photoelectrons that leave the crystal depends exponentially
on the thickness d of the traversed film I = I0 exp (−d/λ). Thus, the major contribution of
the photoelectron signal for an uncovered Fe or Co film is indeed originating from the very
first atomic layers. By choosing the MgO coverage in an ultrathin monolayer regime (1-2
ML), modifications induced by the MgO overlayer on the ferromagnetic 3d electronic states
at the interface are observable within the energy window below the Fermi level, because the
MgO layer conserves the orientation of the photoelectron spin.

All photoemission experiments presented in the following chapter have been performed
under similar conditions. The excitation of photoelectrons is accomplished with p-polarized
light, which impinges on the sample at an angle of 45◦. The electrons are collected in normal
emission direction. According to the dipole selection rules introduced in chapter 2.2.2, the
experiments provides access to initial states of ∆1 and ∆5 symmetry along the Γ-∆-H line of
the bcc reciprocal lattice space. The final state possesses a ∆1 symmetry, into which both
electrons of either ∆1 or ∆5 symmetry are excited. The energetic resolution is set to 200 meV,
which is sufficient to clearly separate the exchange split valence bands. An angular acceptance
of ±6◦ allows the data interpretation in terms of normal emission (k‖ = 0). We assume a
constant secondary-electron background of the order of 5% and normalize the spectra to the
count rate maximum.

In the present geometry, the photoemission experiment probes ferromagnetic electronic
states, which are considered as being involved in a tunneling transport process in Fe- and
Co-based MTJ devices with MgO barriers. As has been discussed in chapter 2.3.2, the spin-
tunneling process in these systems involves electrons with a wavevector k‖ = 0. Thus, photoe-
mission along the ∆-line can probe relevant initial states and extract information about their
spin polarization. Moreover, the experiment aims at being particularly sensitive to changes
of the electronic structure of MgOx/Fe(001) and MgOx/Co(001) interfaces evoked by mod-
ifications of the chemical bonding. It is therefore reasonable to address those ferromagnetic
3d bands, which lie closest to the Fermi level. For this purpose, the photon energy has to be
chosen adequately. In the following sections, we will show that the spin polarization of these
electronic states is sensitively controlled by the stoichiometry of the overlaying MgO barrier.
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Figure 5.1: Photoemission spectra and spin polarization distributions from bcc-Fe(001)
recorded in normal emission geometry. The samples have been excited with p-polarized light
(hν = 34.2 eV (a) and 39.2 eV (b)) incident at 45◦ with respect to the surface normal. Solid
line: spin-integrated data, N denotes majority spin electrons (↑), H denotes minority spin
electrons (↓).

5.2 The MgOx/Fe(001) interface

5.2.1 Electronic structure of bcc-Fe(001)

The initial experiments are dedicated to characterize the spin-resolved 3d electronic structure
of the uncovered Fe(001) surface. The knowledge of the energetic positions, spin character
and spectral weight of the valence band features is of major importance, since any MgOx-
induced modifications of the electronic structure at MgOx/Fe interfaces will be compared to
the Fe(001) reference. In particular, we are interested in the sign and magnitude of the spin
polarization of electronic states directly at the Fermi level.

The photoemission experiments are carried out on 27 ML thick bcc-Fe films, which have
been deposited on well-defined (4x6)-GaAs(001) surfaces. Further details on the preparation
steps and the in situ characterization can be found in chapter 4.2. Figure 5.1 shows exemplar-
ily the results of the spin-resolved photoemission experiments on bcc-Fe(001). The spectra
have been recorded at photon energies of hν = 34.2 eV and 39.2 eV, respectively. The spin-
integrated intensities (full lines) and spin polarization spectra are displayed together with the
partial intensities of majority and minority spin electrons, which have been calculated using
equation (3.9). In the energy regime ranging from −4 eV up to the Fermi level, the entire
electronic structure can be attributed to the spin-polarized Fe 3d valence bands. Whereas the
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features at the Fermi level do not exhibit any dispersion with k⊥, a weak dispersive peak is
observed at higher binding energies above EB = −3 eV.

By comparing the experimental binding energies of the partial intensities to a band struc-
ture calculation within the three step model, the spectral features can be associated with
particular initial states. Moreover, this procedure enables one to assign a symmetry charac-
ter to the observed peaks, which is of interest for the interpretation of bonding mechanisms
in the following sections. However, a constriction of this procedure should be mentioned in
advance: Whereas the band structure calculation refers to the electron ground state, the pho-
toemission experiment samples an excited state of the (N -1) electron system. Therefore, the
unoccupied states computed in a bandstructure calculation cannot be interpreted as excited
states of the system, as well as the occupied states do not give the real binding energies. In
order to identify the initial states of the spin-resolved spectra, the comparison with the bulk
bandstructure seems to be appropriate despite these limitations.

For this purpose, the spin-polarized bandstructure of a bulk Fe(001) system has been
calculated in an energy interval of −10 eV < EF < 40 eV (see Figure 5.2) by assuming the
experimental lattice constant of aFe = 2.86 Å. The symmetries of the bands are labeled in
the notion of a single-group representation, which has been introduced in chapter 2.1.3. The
unoccupied band structure at higher binding energies is supposed to resemble that of the
dispersion of nearly free electrons, and thus has at least the correct topology of the real final
states.

The comparison of the partial intensities in Figure 5.1 and the bandstructure shown in
Figure 5.2 leads to the following identification of the initial states: In the order of increasing
binding energy, the first peak below the Fermi energy is of minority character and located at
a binding energy of EB = −0.3±0.2 eV. This feature is ascribed to the direct transition from
the ∆↓

5 band lying flatly below EF (henceforth labeled B). The following features appear in
the majority spectra: One peak is located at a binding energy of EB = −0.7±0.2 eV (labeled
A) and a peak shoulder is positioned at EB = −2.5± 0.2 eV (labeled C). These features are
assigned to photoemission contributions from ∆↑

1 and ∆↑
5 symmetry bands, respectively. Since

they do not exhibit a dispersion with k⊥, they are observable simultaneously in the spectra
recorded at 34.2 and 39.2 eV. Finally, a feature labeled D is located at EB = −3.4 ± 0.2
eV and EB = −4.5 ± 0.2 eV in the spectra recorded at 34.2 eV and 39.2 eV, respectively.
It originates from a strongly dispersive ∆↓

1 band, which starts at the Γ-point. The peaks at
EB = 0.3± 0.1 eV (B) and EB = −2.4± 0.2 eV (C) are due to emission from the exchange-
split ∆↓

5 and ∆↑
5 bands, which are separated by a value of ∆xc = 2.1 ± 0.2eV. The above

findings are in good agreement with previous photoemission studies on Fe(001) as presented,
for example, in Ref. [91]. Moreover, the observed average exchange splitting of the ∆5 bands
is in agreement with theoretical predictions in Ref. [92] and [93] at the Γ-point. The results
indicate, that the agreement of experiment and theory is very reasonable.

An important issue concerns the question, whether a surface state contribution might
be superimposed on the observed 3d bulk-related features. These states are by definition
localized at the surface of a sample and confined to two dimensions [95]. This implies, that
the binding energy does not depend on the photon energy for a fixed value of k‖. Moreover,
surface states are strongly affected by the surface conditions, i.e. small doses of adsorbants
will effectively quench a surface state. In our experiments, none of these indications are
observed: In particular, as will be shown in section 5.2.2, no particular peak of the spectra is
noticeably suppressed when the surface is exposed to small doses of gaseous oxygen. Moreover,
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Figure 5.2: Bulk Fe(001) band structure calculated by using the SPR-KKR method [23]. Inset:
Zoom into the valence band region around the Fermi level. Under the present experimental
conditions, the ∆1 and ∆5 initial state can be addressed. Black lines: majority spin, grey
lines: minority spin. The possible initial states are denoted by red (hν = 34.2 eV) and green
(hν = 39.2 eV) dots.
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results from scanning tunneling spectroscopy (STS) experiments identify localized dz2 surface
features at Fe(001) surfaces at +0.17 eV above the Fermi energy, which shift to even higher
energies upon contact with isolated oxygen impurities [96,97]. Further surface resonances are
found to be located more than 2 eV below the Fermi level [98]. We thus exclude that any
surface state is superimposed on the observed Fe 3d valence bands and conclude, that the
Fe(001) samples reveal a fully bulk-like electronic structure.

The spectra of the spin polarization distributions P (E) in Figure 5.1 reveal a positive
value of P at the Fermi level EF . This is due to the high spectral weight of the majority spin
feature of ∆1 symmetry, which overlaps with the minority peak originating from the ∆↓

5 band.
Summarizing all measurements on Fe(001) surfaces, the typical spin polarization P within
an interval of −2eV < EB ≤ EF is found to be positive with a magnitude of the order of
40% < P < 50% for spectra recorded at photon energies hν =34.2 eV, and 30% < P < 40%
for hν =39.2 eV.

Obviously, the magnitude of the spin asymmetry P decreases with increasing photon
energy. This behavior was also observed in previous photoemission studies on Fe(001) by
Kisker et al., who found strong changes in the spectra between photon energies of 20 and
60 eV [91]. In this study, the intensity of the minority ∆5 peak just below the Fermi level
suddenly drops at photon energies below 33 eV. This effect is due to the fact, that the band
of ∆↓

5 character is only partly filled and intersects the Fermi level around k⊥ ≈ 0.5, as can
be seen in Figure 5.2. Hence, direct interband transitions will occur only at k⊥ < 0.5 and
require photon energies above 33 eV to reach the final state parabola, which starts at H. From
this finding we can draw the conclusion, that the photoemission experiment probes electronic
states of the ∆1 and ∆5 bands along Γ-∆-H, which are directly located at the Fermi level.

In summary, the photoemission experiments on uncovered bcc-Fe(001) samples reveal the
spin-split electronic structure of the 3d valence bands. We demonstrated the absence of
surface-related features, which indicates the presence of a fully bulk-like electronic structure.
An analysis of the spin polarization indicates that we probe electronic states in the left half
of the Brillouin zone along Γ −∆− H, which are located directly at the Fermi energy. This
finding is in good agreement with previous photoemission studies on bcc-Fe(001) [91]. The
magnitude of the spin polarization P at the Fermi level serves as a reference for the following
experiments on MgOx/Fe(001) interfaces.

5.2.2 Electronic structure of MgOx/Fe(001)

The following photoemission experiments focus on the investigation of the Fe 3d electronic
structure in contact with ultrathin MgOx overlayers, with the degree of oxidation x thereby
representing the critical parameter. Beyond the idealistic model of FM/I interfaces with nearly
stoichiometric MgO coverages, the idea of examining more realistic interfaces is connected to
the question, which modifications should be expected from an oxygen deficiency or oxygen
excess at the FM/I boundary.

In order to gain a deeper insight into the physical mechanisms involved, the electronic
structures of nearly stoichiometric, over-oxidized and oxygen-deficient MgOx/Fe(001) inter-
faces are investigated in the following sections. Since the samples are also analyzed with
respect to a Mg 2p core-level shift (see chapter 4.4), the experiments allow one to extract
detailed information on the electronic structure as a function of the interface chemistry.
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Nearly stoichiometric MgO on Fe(001): The model system

In the present section, we focus on the evolution of the Fe 3d electronic structure in contact
with nearly stoichiometric MgO. As discussed in chapter 4.4, we identify the MgO stoichiom-
etry from the shift of the Mg 2p level towards the Mg2+ 2p binding level. No preliminary
hint for an oxidation of the Fe surface can be deduced from the energetic position of the Fe
3p core-levels.

The modification of the electronic structure of the MgO/Fe(001) system is investigated at a
photon energy of hν = 34.2 eV. Figure 5.3 a-c displays the spin-resolved photoemission spectra
of MgO/Fe samples as a function of the thickness of the nearly stoichiometric MgO. The latter
thereby ranges from (a) 1.25 ML, (b) 1.65 ML to (c) 2.05 ML. All spectra are normalized to
the ∆↑

1 feature (A). Due to the increasing overlayer thickness, the Fe 3d valence states close
to the Fermi level are increasingly attenuated in intensity in comparison to the uncovered
Fe film. The energetic positions of the ∆↑

1 and ∆↓
5 feature thereby remain unchanged. A

comparison of the spectra with that of an uncovered Fe layer (see Figure 5.1 a) indicates
the existence of additional spectral features below a binding energy of -3.5 eV, which can be
ascribed to the MgO valence band (labeled O) [101]. It is assumed, that the Fermi level lies
in the middle of the MgO band gap. Thus, our findings are in good agreement with previous
studies, which reported on an experimental MgO band gap of about Eg = 7.9 eV [84].

In order to identify an electronic interaction between the oxygen atoms of the MgO over-
layer and the Fe surface, it is appropriate to analyze the spin-resolved photoemission contri-
butions of the O 2p peaks (labeled O): Any occurrence of an induced exchange splitting in
features, which originate from non-magnetic atoms in contact with a ferromagnet, represents
a clear indication for a magnetic interaction between both atomic species [109]. Figure 5.3
a-c demonstrates, that the MgO valence band features do not exhibit any exchange splitting,
i.e. the peak maxima of the minority and majority O features are centered about a binding
energy of EB = −6 eV. In the present case, we can thus exclude a magnetic interaction at
the MgO/Fe interface.

We find the spin polarization distributions P in the energy window -3.5 eV < EB <
EF being remarkably similar to that of an uncovered Fe film (Figure 5.1 a). In particular,
the magnitude of the spin polarization at the Fermi level remains practically unchanged.
Generally, any formation of an interfacal chemical bond is associated with a modification of the
electronic structure. In particular, the bonding process would involve the 3d valence electrons
of the ferromagnetic layer, and consequently, the most significant charge rearrangement is
expected to occur directly at the Fermi level. Since this is obviously not the case in the
spectra investigated, we are led to conclude, that there is only a negligible interaction between
the Fe and MgO overlayer. One can easily understand this finding from a chemical point of
view: Saturated MgO bonds are known for a low reactivity and a weak tendency to oxidize
an adjacent metal [102]. The strong ionicity of the bonding minimizes an interfacial electron
transfer and limits the influence of one material upon the other.

These results are in good agreement with theoretical studies. Li and Freeman calculated
the electronic structure of one monolayer of Fe on top of a MgO(001) substrate, standing rep-
resentative for an ideally epitaxial Fe/MgO system [101]. The authors predicted a negligible
hybridization between Fe and MgO. It was found, that the charge density of both substrate
and overlayer remains nearly unchanged (with a charge transfer of less than 0.02 e/atom),
thus forming an extremely noninteractive interface. The lack of electronic interaction between
Fe and MgO could additionally be deduced from the shape of the spin density of the oxygen
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Figure 5.3: Photoemission spectra and spin polarization distribution for nearly stoichiometric
MgO on Fe(001) for different overlayer thicknesses, recorded at a photon energy hν = 34.2.
Solid line: spin-integrated data, N denotes majority spin electrons, H denotes minority spin
electrons.

2p states at the interface, which is only slightly influenced by the magnetic Fe overlayer.
Thus, the studies ruled out a sizeable direct magnetic and chemical interaction between Fe
and MgO, in accordance with our observations.

On the experimental side, the presented results can be discussed with regard to two other
independent photoemission studies on the electronic structure of bcc Fe(001) covered by
stoichiometric MgO. Experiments by Matthes et al. were performed in a spin-resolved mode,
whereas the studies by Sicot et al. were obtained in a spin-integrated experiment [99, 100].
The spin-resolved measurements by Matthes et al. support the proposed picture of a weak
interacting MgO/Fe interface: The measured Fe spin polarization in these studies is not
destroyed by a top MgO barrier. Beside, both authors reported on the following mechanism:
With increasing thickness of the MgO layer, the attenuation of spectral weight for the direct
transition from the ∆↓

5 band (feature B) is stronger than that originating from the ∆↑
1 states

(feature A).
In agreement with their findings, our experiments indicate a comparable behavior for

nearly stoichiometry MgO coverages as illustrated in Figure 5.3. Apart from a general atten-
uation in intensity, the spectra for 1.25 ML and 2.05 ML MgO coverage show a small relative
intensity difference of the 3d ∆↓

5 (B) compared to the ∆↑
1 (A) spectral features. The energetic

positions thereby remain unchanged. The relative attenuation of the ∆↓
5/∆↑

1 peaks is of the
order of 13%, if the MgO thickness is enlarged by about 60%. This is in accordance with the
results by Matthes et al., who found a relative reduction of the ∆↓

5/∆↑
1 states of almost 20%

for an increase of the MgO thickness by a factor of 2.
We point out, that this behavior is not understandable by only considering the particular

initial state symmetries of the photoelectrons involved in the photoexcitation process. The
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Figure 5.4: Normal-emission spectra for oxygen-deficient MgOx/Fe(001) interfaces ((a) hν =
34.2 eV and (b) hν = 39.2 eV). The spin polarization P is strongly enhanced in the vicinity of
the Fermi level. Solid line: spin-integrated data, N denotes majority spin electrons, H denotes
minority spin electrons.

photoelectrons excited from the two initial states in question, the majority ∆1 and minority
∆5 states, each possess the same probability of being excited into a ∆1 final state with
increasing MgO thickness. This argument is based on the fact, that the strength of a particular
photoelectron transition is determined in the corresponding transition matrix element, which
describes an intraatomic process. Once the excited photoelectrons reach the final state and are
released into the crystalline (Fe) system, they form a spin-polarized current which propagates
through the MgO barrier, before entering the vacuum. While passing the MgO layer, it is
reasonable to exclude spin-flips or a spin-selective scattering of the photoelectrons.

At this point, one may speculate about possible mechanisms, which lead to the enhanced
attenuation of the Fe 3d ∆↓

5 feature with increasing MgO thickness. One may draw an analogy
to the ideas discussed in chapter 2.3.2: It is known, that ferromagnetic wavefunctions couple
with different strength to the MgO electronic structure at Fe/MgO interfaces. Theoretical
predictions report on a preferred transmission for ∆1 states through the MgO band gap,
since they possess the slowest decay rate among all participating states. Although these
considerations concern the energy regime around the Fermi level, it is tempting to assume an
analogue mechanism in the unoccupied band structure, which is interspersed with energy gaps
as well. We propose, that the observed attenuation of ∆↓

5 spectral weight could be related to a
reduced transmission probability of the corresponding electronic states of the photoelectrons
while passing the unoccupied band structure of the MgO layers.

In summary, we find that the Fe(001) electronic structure is mainly chemically and mag-
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netically conserved by being covered with nearly stoichiometric MgO. This finding is in good
agreement with theoretical predictions and comparable experiments. The effect of a dispro-
portionate reduction of the Fe 3d ∆↓

5 state in comparison to the ∆↑
1 state with increasing

MgO thickness is suggested to originate from the symmetry selective electron transport in
oxide layers, in analogy to theoretical predictions. Although this effect is relatively small, it
can influence the magnitude of the measured interfacial spin polarization. For this reason,
the following experiments on MgOx/Fe(001) systems are performed for comparable MgOx

overlayer thicknesses.

Fe(001) in contact with oxygen-deficient MgOx (x < 1)

The preparation and chemical analysis of MgOx samples with an oxygen content x < 1 is
discussed in detail in chapter 4.4. Basically, the degree of oxidation is derived from the
partial shift of the Mg 2p core levels towards the fully oxidized state. A quantification of the
oxidation ratio Mg2+/Mg0 is carried out by means of a standard peak fit procedure. In case
of the most under-oxidized MgOx overlayers, a degree of oxidation of Mg2+/Mg0 ≈ 0.5% is
estimated from the fitted parameters.

The spin-resolved photoemission spectra and spin polarization distributions for oxygen-
deficient MgOx/Fe interfaces are exemplarily displayed in Figure 5.4, recorded at photon
energies of hν = 34.2 eV and 39.2 eV, respectively. In the region of interest close to the
Fermi level, we observe a clear difference of the spectral weights of the ∆↓

5 (B) and ∆↑
1 (A)

features in comparison to the electronic structure of nearly stoichiometric MgO/Fe interfaces
or uncovered Fe. The energetic position of both initial states does not change under this
redistribution of the spectral intensity. The spin polarization in an interval of −2eV < EB <
EF below the Fermi level thereby exceeds values of 70% and 50%, respectively. Obviously, the
coverage of Fe(001) with oxygen-deficient MgOx leads to an enhancement of the interfacial
spin polarization in comparison to the uncovered Fe surface or the nearly stoichiometric
MgO/Fe interface.

The analysis of the oxygen 2p states (labeled O) below binding energies of -3.5 eV does not
reveal any hint for an exchange splitting between majority and minority states. This is a clear
indication for a negligible interaction at the oxygen-deficient MgOx/Fe interface. Obviously,
we can deduce a general preference for a Mg-O bonding instead of a Fe-O interaction in the
case of the preparation of oxygen deficient MgO. This is due to the gain of electrostatic energy
in the highly ionic MgO system (Mg2+(3s0) O2−(2p6)), which stabilizes the Mg2+ and the
O2− ions within the crystal field of the structure. In the case of a smaller amount of oxygen
atoms compared to the amount of Mg atoms, one can imagine that due to the high reactivity
(small electronegativity) of the Mg atoms, a Mg-O bonding will be energetically much more
favorable for the oxygen atoms (high electronegativity) compared to a bonding with the less
reactive Fe surface.

The presented results provide the first clear evidence for a major change in the electronic
structure at MgO/Fe interfaces, if the ferromagnetic layer is covered by an off-stoichiometric
MgO layer. In the present case it is reasonable to assume, that the oxygen deficiency of
the MgOx overlayer involves a statistical distribution of vacancy centers at the oxygen sites
in the ultrathin MgO layers [102]. One of the most important issues at this point concerns
the question, how the existence of these so-called F -centers within the MgOx layer modifies
the electronic structure of the latter and whether an influence on the interfacial electronic
structure with the ferromagnetic Fe layer can be expected.
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Figure 5.5: (a) Density of states of bulk MgO (shaded area) and F center s and p states for
a 32-atom supercell calculation. E=0 is the position of the Fermi level. (b) Charge density
of a MgO F center s state. The vacancy is positioned in the middle, the sites of the Mg(+)
and O(-) atoms are indicated for one unit cell. From [39].

The presence of oxygen defects in oxides is of particular interest in quantum chemistry,
because they are common in all oxides and determine their chemical properties [102]. Gener-
ally, a neutral oxygen vacancy (F center) attracts two electrons from the Mg atoms, which are
trapped by the unbalanced Coulomb potential associated with the vacancy. If one of these
electrons is removed, this generates the so-called F+ center, which represents an unpaired
singly charged state. It was shown, that the number of oxygen vacancies in metal oxides sim-
ply increases with decreasing oxygen partial pressure during preparation [103], in accordance
with our results in chapter 4.4.

The electronic structure of defective oxides is modified in contrast to stoichiometric ones:
The oxygen defects give rise to electronic levels within the bandgap of the oxide, which are
clearly split-off from the continuous bands [104]. Numerous theoretical studies determined the
electronic structure of F states induced by MgO oxygen vacancies in bulk materials [104–106].
Their energetic position was determined by means of LDA-based calculations, which are
known to systematically underestimate the width of calculated bandgaps (see chapter 2.2.4).
Nevertheless, there are various indications that a bound F -center state is typically located in
the middle of a calculated bandgap [104,108].

Very recent interest focused on the properties mediated by defects in MTJs with oxide
barriers. Velev et al. studied the electronic structure of F centers in a bulk MgO barrier layer
in Fe/MgO/Fe MTJs [39]. In accordance with the previous studies, the authors found, that
the O vacancy creates two new electronic states, one above and one below the Fermi level as
illustrated in Figure 5.5 (a). The first one is an unoccupied p-like state, which appears at the
bottom of the MgO conduction band. The second state is occupied by two electrons on the F
center site, therefore has an predominantly s-like character and is located about -1 eV below
the Fermi level. The s character of this neutral F -center state is evident from the spherically
symmetric charge density on the vacancy site, as can be seen in Figure 5.5 (b).

On the experimental side, very recent studies investigated F centers in thin MgO films
using electron paramagnetic resonance [110] and scanning tunneling microscopy [111, 112].
The experiments identified two defect levels in the band gap of MgO, which coincide with
the theoretical predictions. One defect state is centered a few eV above the valence band
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maximum and another is overlapping with the conduction band minimum. The first level can
be identified with a s-like F center ground state, while the second corresponds to the p-like
F center exited state (see Figure 3 in [111] and [112], respectively). It seems worthwhile to
mention, that the occupied level is unlikely to represent a neutral Mg vacancy, as suggested
in Ref. [112], because the formation energy of an so-called V center is larger than that of an
F center [113]. The precise position of the levels varies in the experiments, since they depend
on the exact environment of the vacancy and the size of the gap. Nevertheless, the s-like,
bound F center state of a thin defective MgO film has been found to be positioned about -1
eV below the Fermi level [111], as has been predicted also by theory.

We finally link these considerations to the question, how a bound F center state located
at a FM/I interface may interfere with the underlying ferromagnetic electronic structure.
The first aspect concerns the localization length scale of the F center. It has been shown
theoretically, that the s-like state is spatially localized within the two nearest neighbors of
the vacancy site [107]. A slightly shorter extension is predicted in Figure 5.5 (b), which shows
that the charge density of the O vacancy interacts at least with the neighboring layers [39].
Both predictions reveal, that the interaction between an F -center, located at the interface
and the neighboring Fe surface layer, is actually possible.

The second aspect concerning the interaction between F -centers and the Fe surface at
a MgOx/Fe interface is essentially of geometrical nature. Due to the spatial orientation of
the atomic orbitals, the strength of an orbital overlap is strongly geometry dependent. It is
well established, that it is energetically favorable for the oxygen atoms to sit on-top of the
surface Fe [83]. The interaction along the surface normal usually involves the O 2pz and the
Fe d3z2−r2 + sp orbitals, whose shapes are directly pointing towards each other. In a further
step, we assume, that the oxygen vacancies are positioned at the same lattice sites. As a
consequence, in the case of an interaction between a F center with the underlying Fe atom,
the s-like F center state will interact with an highly symmetric Fe 3d state. It thus seems
reasonable to assume, that the oxygen defect state hybridizes with the Fe 3d ∆↑

1 level. This
orbital overlap may result in an increased charge density of majority electrons, which in turn
can enhance the spin polarization at about -1 eV below the Fermi level. This qualitative
assumption is in accordance with the above photoemission data.

Oxygen excess at the MgOx/Fe (x > 1) interface

In the following section, we study the electronic structure and interfacial spin polarization of
over-oxidized MgOx/Fe interfaces (x > 1). As discussed in chapter 4.4, the oxygen excess is
accomplished by offering about 1 L oxygen gas to an under-oxidized MgOx layer (1 langmuir
(L) = 10−6 torr/1 sec). Before analyzing the consequences of this preparation procedure
for the ferromagnetic 3d valence states at the Fermi level, we have to identify the chemical
conditions at the MgOx/Fe interface in a preliminary step. In particular, it is important to
clarify, whether the Fe surface is partially oxidized under the present preparation process.

Based on the analysis of the Mg2+ 2p core level shifts in chapter 4.4, we find, that the
subsequent oxygen exposure of about 1 L onto the under-oxidized MgOx/Fe(001) system
yields a complete oxidation of the deposited Mg atoms. Nevertheless, an over -oxidation of
the MgO layer cannot be deduced from the Mg2+ 2p core-level shifts. We tentatively assume,
that the surplus of supplied oxygen molecules can dissociate and partially incorporate below
the MgOx layer. In this case, it is energetically favorable for the oxygen atoms to be positioned
within the bcc hollow sites of the bcc-Fe surface [115]. Due to the very low photoemission
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cross section of the Fe 3p core level, we are not able to extract a possible chemical shift of the
latter and thus draw an unequivocal conclusion on the oxidation state of the Fe surface layer.

In order to acquire more information on the chemical environment at the MgOx/Fe in-
terface, a qualitative analysis of the work function of the samples may serve as a measure
for modifications of the electrostatic potential at the surface. In particular, a chemical in-
teraction of oxygen ions with the Fe surface atoms leads to an increase of the surface dipole
moment [117]. We can verify these considerations by comparing the work functions of an
under-oxidized MgOx/Fe system to that of an over-oxidized MgOx/Fe interface. The change
of the work function ∆Φ may be extracted from a shift of the onset on the low energy side
of the photoemission spectrum, which in the present case shifts by a value of more than
+0.05 eV. This shift lies below the energetic resolution, but we suppose, that it is an accurate
indication of a basic alteration in the surface dipole, which is in accordance with previous
photoemission studies on O/Fe systems [117]. Thus, we take the increase of the work function
as a first fingerprint, that excess oxygen atoms are partially adsorbed below the top MgOx

layer.
In order to get further insights into the chemical state of the interface, we focus on the

properties of the O 2p valence states. In the case of an Fe-O interaction, the exchange split
3d ferromagnetic electronic structure should be mirrored by the oxygen 2p levels [109]. An
inspection of the photoemission spectra in Figure 5.6 in the energy regime below EB = −3.5
eV reveals, that the oxygen minority and majority features are not centered around a certain
binding energy, but do exhibit an induced exchange splitting. The oxygen peaks are thereby
ferromagnetically aligned with the Fe surface, i.e. the majority O 2p contributions lie deeper
on the energy scale by about ∆xc = 0.5 eV in comparison to the minority features. This value
is in good agreement with studies by Vescovo et al., who found similar magnitudes for ∆xc

for the O/Fe(110) system [109]. The finding confirms, that the Fe surface is in contact with
excess oxygen atoms, which are not involved in saturated Mg-O bonds.

At this point it is not yet clear, which type of chemical bonding at the MgOx/Fe interface
actually prevails. For the sake of argument we may distinguish between two different types of
interaction of the oxygen atoms in the bcc-hollow sites with the Fe surface: On the one hand,
the oxygen atoms can hybridize with the Fe atoms, which may be classified as a covalent
interaction driven by orbital overlap, but without a significant charge transfer. On the other
hand, the formation of Fe-O bonds in a ionic type of bonding is accompanied by a charge
redistribution between both species. As long as the Fe surface is not completely oxidized,
i.e. magnetically alive, both types of interaction can principally lead to an induced exchange
splitting of the O 2p peaks.

We will now turn to the analysis of the Fe 3d valence states, which we believe to reflect
the actual chemical bonding at the over-oxidized MgOx/Fe interfaces. We observe a con-
verse modification of the interfacial electronic structure in comparison to the under-oxidized
MgOx/Fe interface: As displayed in Figure 5.6, the photoemission contributions of the Fe
3d ∆↑

1 (A) and ∆↓
5 (B) features converge. This behavior is apparent in both spectra, being

recorded at hν = 34.2 eV and 39.2 eV, respectively, and leads to a noticeable reduction of
the spin polarization at the Fermi level below values of 30%.

Obviously, the chemical bonding at over-oxidized MgOx/Fe interfaces is characterized by
the presence of an exchange splitting, which is linked to a redistribution of spectral weights
at the Fermi level. We thus assume, that the chemical bonding at the over-oxidized MgOx/Fe
interface is essentially ionic in nature, because of the significant modifications of the electronic
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Figure 5.6: Photoemission spectra for MgOx/Fe(001) interfaces with an oxygen excess (x >
1), recorded at photon energies of (a) hν = 34.2 eV and (b) hν = 39.2 eV. An electronic
interaction between the excess oxygen atoms and the Fe surface can be derived from the
exchange splitting of the oxygen 2p features (labeled O). Solid line: spin-integrated data, N
denotes majority spin electrons, H minority spin electrons.

structure at the Fermi level.
In order to understand the detailed mechanism, we draw an analogy to theoretical cal-

culations by Zhang et al., who studied the influence of the Fe-O bond formation on the
ferromagnetic 3d electronic structure in Fe/FeOx/MgO/Fe systems. As has been discussed
in detail in chapter 2.3.3, the Fe-O bond formation is followed by a reduction of the partial
∆1 charge density in the interface region (see Figure 2.7). We suggest, that this mechanism
can be responsible for the convergence of the Fe 3d ∆↑

1 (A) and ∆↓
5 (B) features, as it can

basically reflect a reduction of the ∆↑
1 spectral weight. Consequently, the partial oxidation

of the Fe surface layer is thus accompanied by a significant decrease of the interfacial spin
polarization.

Interlude: Electronic structure of the O/Fe(001) system

The subsequent exposure of about 1 L of oxygen onto an oxygen-deficient MgOx film is
found to change the latter into an oxygen-excess MgOx/Fe(001) interface. Moreover, the
presence of excess oxygen atoms considerably affects the Fe 3d valence band properties and
leads to a reduction of the spin polarization at the Fermi level. In the present section, we
study the influence of oxygen adsorbates on top of a clean bcc Fe(001) surface, in order
to compare the mechanisms of bonding and spin polarization at O/Fe and oxygen excess
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MgOx/Fe interfaces. It is reasonable to assume, that the oxygen-exposed Fe surface could
reflect the bonding mechanisms at the over-oxidized MgOx interfaces. We performed spin-
resolved photoemission studies of a bcc-Fe(001) film and supplied oxygen doses ranging from
1 L to 11 L (1 langmuir (L) = 10−6 torr for 1 sec).

The oxygen exposures are accomplished by admitting high purity gas via a leak valve into
the preparation chamber. The actual oxygen dose is determined from the ion-gauge reading.
Within the above range of oxygen exposure, previous structural studies revealed the formation
of a c(2x2) structure for O coverages below 4 L and a more dense p(1x1) structure for higher
oxygen supply [117]. It was consistently reported, that single oxygen atoms incorporate into
the four-fold bcc hollow sites of the (001) iron surface [115].

Figure 5.7 shows the spin-resolved photoemission spectra recorded at 34.2 eV for the
different stages of oxygen exposure onto a clean Fe(001) surface. The oxygen contribution
is found to be centered at about -6 eV below EF , and gradually increases with continuous
oxygen exposure. Since for molecular oxygen (O2) one would expect to see several molecular
orbitals, the single oxygen level at EB = −6 eV is attributed to the 2p orbitals of atomic
oxygen [117]. The Fe 3d valence band emission near EF does not reveal significant changes.
The spin polarization P of the clean Fe film is mainly preserved for an oxygen amount of
about 1 L. In the case of an oxygen dose of 6 L, P increases by more than 15%. According to
structural studies, this oxygen dose corresponds to a single-atom coverage of about 1 ML [116].
For the double amount of oxygen atoms (11 L), the spin polarization again decreases to the
value of a clean Fe surface.

The oxygen supply of about 1 L on top of a clean Fe(001) surface and on an oxygen-
deficient MgOx film obviously results in a completely different modification of the electronic
structure. The adsorption of about 1 L oxygen does not affect the spin polarization of a clean
Fe(001) surface, which is complementary to the results presented in section 5.2.2. Here, a
reduction of P was observed with a subsequent exposure of about 1 L of oxygen onto the
oxygen-deficient MgOx layers, as the excess oxygen incorporates below the MgOx film. We
believe, that this discrepancy may be related to a different sticking probability of the oxygen
atoms at the clean Fe and MgO-covered surface. In the latter case, we can distinguish between
two different situations, caused by the presence of unbonded Mg atoms in an under-oxidized
MgOx layer on the one hand and saturated MgO bonds on the other hand. We suggest,
that the existence of Mg atoms strongly promotes the dissociation of molecular oxygen due
to the large gain of binding energy, if a Mg-O bond is formed. In the case of saturated
MgO, we assume, that the strong dipolar character of the ionic bonds enhances the sticking
probability for oxygen atoms in comparison to the clean Fe(001) surface. Although these
two mechanisms may actually differ in their efficiency, both can lead to an enhanced effective
coverage of oxygen atoms on the MgO/Fe surface compared to the clean Fe(001) surface, if
the same nominal dosage of oxygen is provided.

In order to analyze the chemical bonding mechanisms at O/Fe and MgOx/Fe interfaces,
it is thus necessary to study both systems under comparable conditions, i.e. with an approx-
imately similar amount of oxygen atoms at the Fe surface. We suggest, that the supply of 6
L oxygen, which refers to roughly 1 ML oxygen coverage, can reflect the partial occupancy of
oxygen atoms in the bcc-hollow sites at the oxygen excess MgOx/Fe interface. By compar-
ing the corresponding photoemission spectra recorded at 34.2 eV in Figures 5.7 and 5.6, the
fundamental differences in the chemical bonding mechanisms for the O/Fe and over-oxidized
MgOx/Fe interface become obvious. It can be observed, that the spectral weight of the Fe
3d features is not significantly altered at the O/Fe interface, indicating that practically no
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Figure 5.7: Spin-resolved photoemission spectra and spin polarization distributions recorded
at hν =34.2 eV for an uncovered Fe(001) surface and oxygen-exposed O/Fe(001) samples,
offering oxygen doses of 1L, 6L and 11L. N denotes majority spin electrons, H denotes minority
spin electrons.
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charge transfer is involved in the bonding process. However, the presence of an O 2p exchange
splitting indicates a magnetic interaction between the oxygen and Fe atoms. Thus, we can
exclude a simple physisorption state and conclude on a chemisorption of the oxygen atoms,
which involves a hybridization of the electronic states. In contrast, a clear reduction of the
∆1 spectral weight is found at the oxygen excess MgOx/Fe interface. This fact supports the
assumption of an Fe-O formation in the in-plane direction at the MgOx/Fe interface, which
is accompanied by a charge redistribution in the valence state regime.

The modifications induced by chemisorbed oxygen on the Fe(001) electronic structure have
been subject of a number of photoemission studies [116–120]. To our best knowledge, however,
no spin-resolved photoemission data on the development of the Fe(001) spin polarization as a
function of small doses of adsorbed oxygen have been published so far. From the theoretical
point of view, the electronic structure of the (001) surface of bcc Fe covered by one monolayer
oxygen has been investigated by Tsymbal et al. [121]. It was found, that the spin-polarized
density of states of the O/Fe(001) system exhibits a small, induced positive spin polarization
in comparison to a free Fe surface [121] (see inset in Figure 5.8). The authors assigned
this mechanisms to a hybridization between Fe the 3d and O 2p orbitals at the Fermi level
due to an induced exchange splitting of the antibonding oxygen states. This process can
be understood from Figure 5.8, which displays the calculated densities of states (DOS) for
bulk Fe, the Fe surface- and O overlayer, according to [121]. The DOS of the surface layer
is different from the bulk because of the reduced symmetry. We are not able to resolve this
behavior in our photoemission experiments due to strong contributions from the sub-surface
layers. The DOS of the oxygen layer has pronounced features located below the Fe 3d bands,
which are attributed to the bonding O 2p orbitals. In addition to the bonding levels, the
oxygen DOS displays a broad band of antibonding (AB) states extending up to 3 eV above
the Fermi level (see inset in Fig. 5.8). The antibonding character of these electronic states is
reflected by the fact, that there is not much charge density shifting from the O atom to the
nearest Fe atoms [122]. The exchange splitting between the d orbitals of Fe and the bonding
between the d orbitals of Fe and the p orbitals of oxygen induces a splitting of these AB
states. They are partially occupied for the majority and almost unoccupied for the minority
spins. This leads to an induced positive spin polarization at the Fermi level. We believe,
that this mechanism can be held responsible for the enhancement of the spin polarization of
the O/Fe(001) system at an oxygen dose of 6 L. Thus, the slightly enhanced positive spin
polarization observed in photoemission indicates the hybridization between antibonding O 2p
and Fe 3d valence states.
As a final remark, we note that for higher oxygen exposures the chemisorption stage passes
into the formation of iron oxide [117]. This process is accompanied by a constant decrease of
the spin polarization, as is already initialized at an oxygen dosage of 11 L (see Figure 5.7).

5.2.3 Interface chemistry and spin polarization

From the experiments presented in the last sections, we observed that the interfacial spin
polarization strongly depends on the amount of oxygen atoms and their bonding conditions
at the MgO/Fe interfaces. To compile the results, a complete overview of all data sets
taken at hν = 34.2 eV, which illustrate the dependence of the spin polarization on the MgO
stoichiometry is given in Figure 5.9. As a measure of the degree of oxidation of the MgO
layer, the Mg 2p core level peak maximum position of each sample is plotted versus the
corresponding maximal spin polarization in an energy interval of -2 eV < EB < EF .
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Figure 5.8: Local densities of states of the O/Fe(001) slab as a function of the electron energy.
Spin up electrons are denoted by the red and spin-down electrons by the green color. The
exchange-split antibonding oxygen states at EF (see inset) induce a positive spin polarization
in the oxygen layer. After Ref. [121].

We thus find a kind of phase diagram, separating Fe/Mg/MgO-type systems characterized
by high spin polarizations (55% < P < 75%) from Fe/MgO-samples with an Fe-like spin
polarization (40% < P < 50%). The degree of oxidation of the MgO layer in these systems
can be distinguished by the amount of the Mg 2p core level shift. A separate class is formed
by the Fe/FeO/MgO-type samples with smaller spin polarization (P < 35%) due to oxidation,
which are distinguished by the appearance of an oxygen 2p exchange splitting.

5.3 The MgOx/Co(001) interface

In this second part of the chapter, we present first results on MgOx/Co(001) interfaces. The
shape of the valence band structure of ideal bcc-Co is comparable to that of bcc-Fe, but
the energetic bands are shifted towards higher binding energies. This is due to the fact,
that the (n+1) higher electron occupancy of Co leads to a [Ar 3d 7] electronic configuration,
in comparison to the Fe electronic structure with an [Ar 3d 6] occupancy. We thus expect
particular differences of the valence band electronic structure at Co-based FM/I interfaces.
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Figure 5.9: Spin polarization P close to the Fermi energy for the systems Fe/Mg/MgO (�),
Fe/MgO (�) and Fe/FeO/MgO (•). The interface structure is schematically sketched in the
insets. For uncovered Fe films, a spin polarization P of about 40% to 50% was obtained. A
clear dependence of P on the Mg 2p peak maximum is observable.

5.3.1 Electronic structure of bcc-Co(001)

The first set of photoemission experiments aims at characterizing the valence band features
of bcc-Co along the (001) direction. In analogy to the analysis of bcc-Fe(001) (see chapter
5.2.1), we choose the photon energy such that the measurements probe electronic states in
the direct vicinity to the Fermi level, i.e. in the left half of the Γ-∆-H line.

The experiments are performed on 6 ML and 12 ML thick Co(001) samples, which are
deposited on 27 ML thick Fe seed layers. In chapter 4.3, the preparation procedure is described
in more detail. The results of the spin-resolved photoemission experiments are exemplarily
displayed in Figure 5.11, with the spectra being recorded at a photon energy of hν = 39.2
eV. The 3d valence band electronic structure is dominated by two broad features for majority
and minority spin electrons within an energy interval of −3 eV < EB < EF , which in each
case comprise of a double-peak structure. Below a binding energy of EB = −3 eV, a single
minority feature of low spectral weight is observed.

The corresponding initial states and spatial symmetries of the partial intensities can be
identified from an analysis of a band structure calculation. As has been discussed in chapter
4.3, the experimental structure of the Co films is not exactly bcc, but should contain a slight
tetragonal distortion of the lattice resulting in the so-called bct-structure. In this case also
the bct band structure is slightly different from the bcc one. Therefore, the influence of the
crystalline distortion on the Co electronic structure can not be neglected in the analysis of
the present photoemission results. In order to quantify this aspect, the corresponding band
structures have been calculated for a bulk bcc Co system, employing the lattice constant of
a = 2.82 Å, and for a bct-Co lattice, using a distortion ratio of c/a = 0.92 (see chapter
4.3) [124, 125]. The results of the calculations are shown in Figure 5.10. Obviously, the
consequence of a lattice compression along the c-axis is to change the energetic position of
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Figure 5.10: Bulk Co(001) band structure calculated by using the SPR-KKR method [23].
(a) Calculation for a bcc lattice and (b) for a bct structure. Under the present experimental
geometry, the ∆1 and ∆5 initial states can be addressed.

the electronic bands. The modifications reveal a symmetry dependence: Compared to the
bcc band structure, the sp-like bands of ∆1 symmetry in a bct lattice shift towards slightly
higher binding energies at the Γ-point. This finding is in accordance with calculations on bct
Co by Duò et al. [123]. The d-like bands of ∆5 character, in turn, are bent upwards towards
EF at the Brillouin zone center Γ. The shape of the ∆1 and ∆5 bands is not significantly
influenced by the bct lattice compression.
Considering the energy region around the Fermi level, an important difference of the valence
band structures between bcc-Co and bct-Co becomes evident: Whereas in bcc-Co, the ∆↓

1

band lies about +0.2 eV above the Fermi energy, it moves downwards on the energy axis and
intersects the Γ-point at a binding energy of about EB = −0.2 eV in bct-Co. The structural
deviation of the bcc lattice from ideality thus results in a modification of the valence band
occupancy at the Fermi level. In view of the (experimental) uncertainty concerning the
distortion ratio c/a, the actual energetic shift of the ∆↓

1 band might be different from the one
modeled in the calculation (see Figure 5.10). A quantitative analysis of this aspect requires
the knowledge of the distortion in a monolayer-resolved manner and as a function of the Co
film thickness. This requires extensive I(V) LEED investigations, which have not yet been
performed.

Taking into account the above considerations, we choose the bct Co band structure for a
further analysis. In Figure 5.11, we observe a peak of minority character, which lies closest
to the Fermi level at a binding energy of EB = −0.5 ± 0.2 eV (labeled B). Obviously, this
photoemission contribution cannot be related to the bcc Co valence band features in the left
half of the Brillouin zone along Γ-∆-H. By comparing it to the bct Co band structure, we
conclude, that the photoemission from feature B can originate from the ∆↓

1 energy band just
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Figure 5.11: Normal-emission spectra from Co(001) for a Co thickness of (a) 6 ML and (b)
12 ML. The excitation was accomplished with p-polarized light (hν = 39.2 eV) incident at
45◦ with respect to the surface normal. Solid line: spin-integrated data, N denotes majority
spin electrons, H denotes minority spin electrons.

below the Fermi level. One has to keep in mind, however, that the tetragonal compression
varies with the film thickness and becomes more significant at lower coverages. Indeed, peak
B reveals a small decrease in spectral weight by increasing the Co coverage from 6 ML to 12
ML. This is attributed to a relaxation of the crystal lattice in c-direction with increasing film
thickness, such that the ∆↓

1 state can shift towards or above the Fermi energy, as it is found
for bcc-Co.

By comparing the partial intensities of the 6 ML thick Co film to the bct band structure
in Figure 5.10 (b), further initial states can be identified in the order of decreasing binding
energy: The weak minority feature located at EB = −4.7±0.2 eV (labeled E) can be ascribed
to a dispersive ∆↓

1 parabola, which starts at the Γ-point. A majority feature labeled C is
positioned at a binding energy of EB = −1.4±0.2 eV. It originates from a weakly dispersive ∆↑

1

valence band below the Fermi energy. A ∆↓
5 band lies above the latter at slightly lower binding

energies. It gives rise to the peak observed at EB = −1.1 ± 0.2 eV, which in the following
is labeled D. The partial intensities E and D for emission from a 12 ML thick Co film are
nearly independent of the film thickness and thus are positioned at similar binding energies.
Only the feature labeled C exhibits a slight energetic downward shift and is positioned at
EB = −1.6± 0.2 eV.

A question arises about the origin of a majority feature located at EB = −0.8 ± 0.2
eV (labeled A). On the basis of the present band structure data, we cannot assign it to a
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particular interband transition in the bct Brillouin zone. Considering the fact, that the LEED
investigations in chapter 4.3 indicate a noticeable roughness of the Co layers, which increases
with the Co film thickness, we should take into account the influence of crystalline disorder.
The latter can favor the photoemission from regions of the three-dimensional density of states
and thus masks direct interband transitions. We thus tentatively attribute the majority
feature A to emission events from a point of a high density of states, i.e. the high-symmetry
point H↑

25 in the bulk Brillouin zone. We note, that peak B cannot be assigned to a surface
state, because it also preserved by a top MgOx layer, as will be shown in the following sections.

The energy distribution of the spin polarization P reveals a characteristic topology within
an interval of −2 eV < EB < EF : It has a negative value of about -10% to -20% in direct
vicinity of the Fermi level, but changes its sign at approximately −0.5 eV. Finally, P increases
to values of about +20% at a binding energy EB = −2 eV. The arrows in Figure 5.11 indicate
a characteristic valley feature, which arises from the strong photoemission contributions of
peak D.

In summary, the photoemission experiments on Co(001) reveal characteristic 3d valence
band features of the bct Co bandstructure. In contrast to an ideal bcc structure, we can
observe photoemission contributions from a ∆↓

1 state close to the Fermi level. Theoretical
calculations emphasize, that changes of the lattice distortion can lead to a shift of the actual
∆↓

1 band position. The spin polarization close to the Fermi level exhibits a negative sign,
with a magnitude of about -10% to -20%, but changes its sign at a binding energy of about
EB = −0.5 eV.

5.3.2 Electronic structure of MgOx/Co(001)

In analogy to the studies on MgOx/Fe systems, the experiments presented in the last section
of this chapter investigate modifications of the bct-Co valence bands in contact with a MgOx

overlayer. The thickness of the Co thickness is fixed to 12 ML, in order to study the interfacial
electronic states and spin polarization under comparable conditions. Thus, the following data
sets on MgOx/Co always have to be compared to the photoemission spectrum of the uncovered
12 ML Co(001) surface shown in Figure 5.11 (b).

Stoichiometric MgO on Co(001) The spin-resolved photoemission spectra and spin po-
larization distributions for a nearly stoichiometric MgO overlayer on Co(001) are shown in
Figure 5.12. Considering the energy regime in the direct vicinity of the Fermi level, we find
the spectral weights of the peaks A and B to be comparable to that of the uncovered 12
ML Co film. This leads to a comparable rise in the spin polarization spectrum from a neg-
ative value of about P = −15% to P = +20% in the region between −1 eV and EF . The
analysis of the O 2p features indicates, that no noticeable magnetic interaction between the
Fe layer and oxygen atoms can be discerned. From this finding, we can exclude a significant
chemical interaction between the top MgO layer and the Co surface in the case of a nearly
stoichiometric MgO coverage, in analogy to the results on the MgO/Fe(001) system.

Moreover, we can assume, that the vertical lattice spacing c of the crystalline surface is
not significantly altered upon coverage with MgO. This is due to the fact, that any shift of the
bct lattice would have a direct impact on the energetic position of the ∆↓

1 band. In particular,
a structural relaxation would lead to a reduction or even reversal of the negative sign of the
spin polarization at EF by shifting it above the Fermi level.
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In comparison to the uncovered 12 ML Co(001) surface, a minor change of the spectral
distribution of the features C and D takes place in the energy regime below EB = −1
eV. The ∆↓

5 state (feature D), located at a binding energy of about EB = −1.1 eV, is
stronger suppressed in comparison to the other photoemission contributions. This effect is
reflected in the spin polarization spectrum, which indicates a slightly enhanced polarization at
EB = −1 eV indicated in Figure 5.12 (b). We note, that an analogue effect of a disproportional
reduction of the ∆↓

5 state has been previously observed for the MgO/Fe(001) system and we
refer to chapter 5.2.2 for a further discussion of this issue.

The over-oxidized MgOx/Co(001) interface Finally, we present the results obtained
for an over-oxidized MgOx/Co(001) interface. The corresponding photoemission spectrum
is displayed in Figure 5.12. In analogy to the over-oxidized MgOx/Fe(001) system, we can
clearly identify a Fe-O interaction from the distinctive exchange splitting of the O 2p peaks of
about ∆xc ≈ 0.4± 0.2 eV in the energy regime below EB = −3.5 eV. The enhanced spectral
weight of the minority O 2p is possibly due to an overlap with the ∆↓

1 feature E, leading
to a noticeable hybridization effect. The partial oxidation of the Fe surface is accompanied
by a convergence of the majority and minority features close to EF , which is followed by a
reduction of the interfacial spin polarization in the interval −2 eV < EB < EF . This finding
agrees with the results obtained on the corresponding Fe-based interfaces.

Concluding remarks The particular aspects studied at bct Co(001) and MgOx/Co inter-
faces reveal both analogies and differences compared to their bcc-Fe counterparts. We thus
briefly address some remaining questions, which could not be addressed within the time frame
of this thesis.

The results on over-oxidized MgOx/Co interfaces indicate a comparable behavior to the
Fe-based system. It would be interesting to clarify, if the mechanisms of oxygen bonding
can be compared that of the oxygen-exposed O/Co(001) surface. We note, that to our best
knowledge no spin-resolved photoemission experiments on the valence states of O/bct-Co(001)
systems have been performed so far. On the theoretical side, we are aware on a study of the
bonding mechanisms at O/Co interfaces for the Co(111) direction [126].

Moreover, the question arises, which influence on the electronic structure can be expected
from an under-oxidized MgO overlayer. The presence of the localized bound F -center states
below the Fermi level is suggested to lead to a hybridization with the Co 3d states in analogy
to the Fe system. On the basis of the present data, however, it is not possible to conclude on
its particular influence on the interfacial spin polarization in more detail.

In view of the sensitive interplay between the crystalline and electronic structure mani-
fested in bcc and bct Co(001), the question arises, if an induced strain on the bcc Fe(001)
lattice would lead to a significantly modified valence band occupancy as well. Indeed, struc-
tural studies on bcc-Fe/GaAs(001)-(4x6) reported on a slight tetragonal lattice distortion for
thin Fe films (d ≈ 10 Å) [74]. However, due to the high structural stability of bcc Fe, the
distortion is significantly smaller compared to that of the metastable bct Co phase. Moreover,
due to the (n-1) lower electron occupancy of the 3d states, the ∆↓

1 state in bcc-Fe(001) is lo-
cated at higher binding energies above the Fermi level (EB = +1.4 eV at Γ), which excludes
a shift of the latter below EF in the case of a bct lattice distortion. Thus, no significant
modification in the Fe 3d valence band structure is expected.
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Figure 5.12: (a) Photoemission spectra for nearly stoichiometric MgO on 12 ML Co(001) and
(b) for an over-oxidized MgOx/12 ML Co(001) interface. Solid line: spin-integrated data, N
denotes majority spin electrons, H denotes minority spin electrons.

5.4 Summary

In this chapter, the electronic structure of MgOx/Fe(001) and MgOx/Co(001) interfaces has
been investigated by means of spin- and angle-resolved photoemission spectroscopy, recorded
at photon energies between hν = 34.2 eV and 39.2 eV. By combining results from the Mg
2p core-levels with the analysis of the ferromagnetic 3d valence- and the oxygen 2p states,
consistent pictures of the particular chemical environment could be proposed for the differ-
ent FM/I systems. The distinct interface bonding conditions are sensitively reflected by the
interfacial spin polarization.
As a prerequisite for the subsequent investigations, in a first step the Fe(001) electronic struc-
ture was investigated. The uncovered Fe(001) samples revealed a fully bulk-like electronic
structure. We identified the possible initial states from the calculated band structure of a
bulk Fe(001) system. The energetic position of the observed photoemission features as well as
the measured spin polarization P are in good agreement with previous photoemission studies
on the Fe(001) system.
The results of the electronic structure of the Fe(001) system served as a reference for the
following experiments, in which possible modifications of the interface due to a MgOx cover-
age were investigated. We focused on three different cases of a MgOx/Fe(001) interface: the
nearly stoichiometric, the oxygen-deficient (x < 1) and the oxygen excess interface (x > 1).
Special attention was paid to MgOx stoichiometries deviating from the nearly stoichiometric
case.
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The nearly stoichiometric MgO/Fe(001) interface was found to exhibit only a very weak inter-
action between ferromagnet and insulator. No significant changes in the electronic structure
close to the Fermi energy were detected, which goes along with a conservation of the interfa-
cial spin polarization. This finding is in good agreement with theoretical predictions of a weak
interaction between ferromagnet and insulator in case of a well-balanced oxide stoichiometry.
If the ferromagnetic sample was covered with under-oxidized MgOx, the modification of the
Fe 3d electronic structure was accompanied by an enhancement of the spin polarization close
to the Fermi level. This result represents an important finding, since it demonstrates for
the first time, that an MgO coverage deviating from the ideal stoichiometry has a strong
impact on the interfacial electronic structure. This unexpected increase of P is qualitatively
explained by taking into account the electronic structure of the defective oxide layer and we
proposed a hybridization between s-like, bound F center states with the Fe 3d ∆↑

1 valence
band.
In the case of a MgOx/Fe interface with an excess of oxygen atoms (x > 1), a detrimental
influence on the electronic structure was observed. In contrast to the previous cases, a reduc-
tion of the spin polarization was detected in the vicinity of EF . We attribute this behavior to
a redistribution of ∆1 states, which are supposed to form a sub-stoichiometric FeO intralayer
at the interface. The experimental confirmation for this Fe-O interaction was deduced from
the induced exchange splitting of the O 2p levels. This result is in qualitative agreement with
theoretical calculations [15], which predict a decrease of the partial ∆1 majority density of
states at the Fe/FeO/MgO interface.
The adsorption of oxygen atoms onto a Fe(001) surface was investigated, in an effort to elu-
cidate possible bonding mechanisms involved at an over-oxidized interface. Surprisingly, a
slight enhancement of the spin polarization P was found, if the Fe(001) surface was covered
by roughly one monolayer of oxygen. By increasing the oxygen dose, the effect is reversed. We
were able to relate this finding to an induced exchange splitting of the antibonding oxygen 2p
levels. In contrast to the over-oxidized interface, the chemisorption of 1 L of oxygen atoms is
not accompanied by a reduction of the spin polarization, which clearly points out the different
bonding mechanisms at the MgOx/Fe interface.
We finally propose a phase diagram, which summarizes the dependence of the spin polariza-
tion on the amount of oxygen atoms at the MgOx/Fe interface.
In the second part of the chapter, the investigations extended towards the MgOx/Co interface.
In a first step, the valence band structure of Co(001) was investigated at a photon energy
of hν = 39.2 eV. The results were discussed with regard to a tetragonal distortion of the
bcc lattice, which gives rise to a shift of individual band positions. A theoretical modeling
indicates, that the ∆↓

1 band moves across the Fermi level at the Γ-point under a bct lattice
compression. We could identify photoemission contributions of the ∆↓

1 states in the close
vicinity of the Fermi level, suggesting the presence of a strain-induced bct Co structure.
The photoemission experiments on MgOx/Co(001) interfaces revealed a nearly conserved in-
terfacial electronic structure for a stoichiometric MgO coverage and a reduction of the spin
polarization at the over-oxidized interface. These observations perfectly agree with the results
on MgOx/Fe interfaces.
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Chapter 6

Conclusions and Outlook

The thesis at hand represents the first detailed study on the electronic structure of MgOx/Fe
and MgOx/Co ferromagnet-insulator interfaces – material combinations that are widely used
now in magnetic tunnel junctions. The systems have been investigated by means of spin-
and angle-resolved photoemission spectroscopy, addressing the Mg 2p core levels as well as
the ferromagnetic 3d and oxygen 2p valence states in order to elucidate the correlation be-
tween electronic structure and chemical bonding formation. The results reveal, that the
ferromagnetic 3d states at the interface and, consequently, the interfacial spin polarization
are sensitively controlled by the interface chemistry. In particular, we could identify three
distinctive scenarios: the nearly stoichiometric, the oxygen-deficient and the over-oxidized
MgOx/ferromagnet interface. Each case is defined by innate characteristics of the electronic
structure at the Fermi level: While the spin polarization is conserved for nearly stoichiometric
MgO overlayers, a beneficial and detrimental impact on the latter is manifested for oxygen-
deficient and over-oxidized MgOx/Fe interfaces. An analogue mechanism was observed at
stoichiometric and oxygen-excess MgOx/Co interfaces.

These findings provide an important new aspect of the electronic structure at ferromagnet-
insulator interfaces and we suggest, that they may also have direct consequences for the
spin-polarized electron transport in single-crystalline, MgO-based magnetic tunnel junctions
(MTJs). The results underline, that details of experimentally realized ferromagnet-insulator
interfaces can be crucial, and the assumption of an ideal MgO composition may be oversimpli-
fied in theoretical descriptions. By focussing particularly on the influence of a varying MgO
stoichiometry, the results obtained in this thesis provide important insight into electronic
structures of real ferromagnet-insulator interfaces in magnetic tunnel junctions.

The impact of this aspect becomes evident by considering the various experimental ap-
proaches to prepare MTJ structures with MgO barriers, which can easily lead to an oxygen
excess or deficiency at the ferromagnet-MgO interface. A common method is to evaporate
MgO from polycrystalline material. It is known, that in this case an FeO layer can form at the
interface between Fe and MgO, leading immediately to a deviation from the ideal interface
structure [16]. Therefore, the trick to prevent the oxidation of the ferromagnetic electrode by
covering it with a thin layer of pure Mg before the evaporation of MgO in an O2 atmosphere
is frequently used [17]. However, our results show that this approach fails if an excess of
oxygen is provided.

Our experiments reveal, that any deviation from a stoichiometric MgO composition can
have an enormous impact on the electronic ground state properties of the ferromagnetic
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electrode. If too much oxygen is provided during the post-oxidation of a magnesium layer,
we find that the presence of unoxidized Mg atoms promotes the dissociation of molecular
oxygen. Thus, the presence of Mg can even enhance the probability for an FeO formation
at the partially covered ferromagnetic interface, although it was initially intended to prevent
it. Our studies reveal, that this mechanism is followed by a reduction of the interfacial spin
polarization. By considering the opposite situation, in which not enough oxygen atoms are
provided during a post-oxidation of Mg to form stoichiometric MgO, the system ends up
with an oxygen deficient interface and MgO barrier. In this situation, we could manifest a
significant enhancement of the spin polarization at the interface.

By taking the reversed view, our results demonstrate, that it is actually feasible to care-
fully control the magnitude of the ground state spin polarization by ‘chemically engineering’
the bonding conditions at the ferromagnet-insulator interface. It is apparent, that this aspect
is of high relevance for an extended understanding of the mechanisms, which can deter-
mine the magnitude of the tunneling spin polarization beyond simple ferromagnet-insulator-
ferromagnet model systems.

In a more detailed picture, the electronic structure at ferromagnet-insulator interfaces in
a tunnel junction determines the properties of the spin-polarized tunneling current, which is
carried by the spatially least decaying wavefunctions. In the special case of Fe/MgO/Fe(001)
and Co/MgO/Co(001), the tunneling probability is largest for electronic states with a ∆1

symmetry along the (001) direction. Thus, the partial ground state polarization of the ∆1

symmetry states at the Fermi level is decisive for the tunneling spin polarization. As an
important result of our experiments, the reduction of the interfacial spin polarization at the
over-oxidized MgO-ferromagnet interface can be assigned to a reduction of the ∆1 majority
spectral weight, which is in perfect agreement with theoretical studies. The importance of the
∆1 ground state properties is evident by considering the insertion of a FeO (CoO) interlayer
into a magnetic tunnel junction: Due to the partial reduction of the ∆1 density of states,
the tunneling magnetoresistance (TMR) signal is significantly reduced. More generally, the
chemical bonding at the interface has direct consequences for the electronic ground states,
which in turn influence the properties of the spin-polarized tunneling current.

As a central outcome of our experiments, the occurrence of an enhanced spin polarization
at under-oxidized MgO/Fe interfaces is related to an enhanced ∆1 majority occupancy, caused
by the presence of oxygen vacancy states. By taking into account this experimental finding and
the recent theoretical predictions discussed in chapter 2.3.3, the oxygen vacancies apparently
have both beneficial and detrimental influence on the TMR, depending on where they are
placed. On the one hand, being located at the Fe/MgO interface, they are able to enhance
the Fe interfacial spin polarization of the ∆1 states, thereby enhancing the TMR. On the
other hand, oxygen vacancies in the bulk of the MgO barrier may lead to a decrease of the
∆1 majority conductance, thus decreasing the TMR. On the basis of this picture, one may
suggest, that the high TMR in understoichiometric Fe(001)/MgO is affected by a delicate
balance of position and density of oxygen vacancies.

These findings may support recent experiments by Yuasa et al. [8] on single crystalline
Fe(001)/MgO/Fe magnetic tunnel junctions, which exhibited remarkably high TMR values:
It was reported, that while MgO(001) was grown by electron-beam evaporation from a stoi-
chiometric MgO source material, some of the evaporated MgO released O atoms, that formed
O2 molecules. The authors conclude, that the deposited MgO contained some oxygen vacancy
defects. The experimental results give substance to the speculation, that the magnitude of
the tunneling spin polarization might have significantly increased by introducing a MgO bar-
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rier of under-oxidized stoichiometry into Fe-based TMR devices. According to the picture
proposed in this discussion, the enhancement should be most effective, if the oxygen vacancy
defects are mostly located at the Fe/MgO interface.

The spin-split electronic structure in bcc Co-based MTJs is known to yield an improved
spin-filtering effect, leading to even higher TMR ratios compared to Fe-based systems. Our
experiments on the electronic structure of Co(001) emphasize the necessity to stabilize a
bcc lattice in Co-based MTJs, since the presence of a strain-induced bct phase gives rise
to a valence band occupancy of ∆1 minority states, thus reducing the TMR. It is therefore
of major importance to provide a bcc structure close to ideality in order to optimize the
tunneling efficiency.

The results presented in this thesis leave various questions open, which ask for further
investigation. The experimental realization of MTJs with an under-oxidized MgO interface
and a stoichiometric bulk MgO barrier opens up a new and highly topical pathway for study-
ing a new kind of MTJs. It should be accompanied by theoretical studies of under-oxidized
MgO/Fe interfaces to enlarge the understanding of the fundamental mechanisms, which orig-
inate from interfacial oxygen vacancy states and may act beneficial on the TMR. Moreover,
it would be interesting to study the correlation between electronic structure and chemical
bonding in magnetic tunnel junctions with other electrode materials. For example, the elec-
tronic structure of ferromagnetic manganese perovskite materials like LaSrMnO3 with its
half-metallic behavior is suggested to provide an enhanced ground state spin polarization. It
is interesting to clarify, which modifications of the electronic ground state properties are in-
duced by the chemical bonding at such interfaces and which consequences can be expected for
the spin-dependent tunneling process. A further important aspect to be investigated concerns
the morphology of ultrathin Mg and under-oxidized MgO layers grown on ferromagnetic bcc
(001) surfaces. It is particularly important to reveal the actual growth mechanisms in order
to estimate the consequences of a post-oxidation process on the under-oxidized MgO barrier.
In addition, this aspect may allow deeper insight into the electronic properties of transition
metal-Mg interfaces from a fundamental point of view. A wide field of study is opened up by
exploring the electronic and structural properties of bcc and bct MgO/Co(001) systems. Sev-
eral questions come to the fore: Is it possible to optimize the stability of the bcc phase? Does
the Co(001) surface reveal an analogue behavior concerning an oxygen exposure compared
to Fe(001)? Can we expect an influence on the TMR for under-oxidized MgO overlayers as
well?
This thesis has added some tiles to the mosaic of our understanding of the material-dependence
in TMR systems. Answering some of the questions raised above will lead to a refined compre-
hension of the relationship of the tunneling magnetoresistance and spin polarization to the
ferromagnetic and tunnel barrier electronic structures in the near future.
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