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Abstract

In this thesis, the magnetic proximity effect (MPE) in highly-ordered transi-
tion metal oxide (TMO) heterosystems composed of single crystals of ferrimag-
netic (FIM) Fe3O4 and thin antiferromagnetic (AF) NiO layers has been inves-
tigated by Photoelectron Emission Microscopy using polarized soft x-rays (X-
PEEM). The systems have been prepared in-situ by Molecular Beam Epitaxy
on single crystalline Fe3O4 substrates polished to various crystallographic sur-
face orientations and conditioned by Ar sputtering and annealing in O2 back-
ground. The magnetic order was determined by vectorial magnetometry exploit-
ing XMCD and anisotropic XMLD for single crystalline systems of cubic symme-
try.

Two major contributions to the MPE were identified: First, short-ranged interfa-
cial exchange interactions create an ultrathin zone of altered magnetic structure
near the interface. Second, long-ranged magnetoelastic interactions lead to a
change of the magnetic structure on a larger scale, affecting the whole NiO ad-
layer. The influence of directional lattice strain on the magnetic order via magne-
toelastic coupling was studied by means of samples with different crystallographic
interface orientations. The strain appears to affect the AF stacking-directions in
NiO as well as the coupling behaviour at the NiO/Fe3O4 interface. Additionally,
the in-plane bonding anisotropy of the films leads to variations of the uncompen-
sated magnetization induced in the NiO AF layer via exchange coupling. It was
found, that the uncompensated magnetization resides directly at the interface,
and the bulk of the NiO layers is compensated. XMCD sum-rule analysis of a
NiO wedge on Fe3O4 (110) revealed extremal values for the Fe and Ni orbital
moments for 1ML, possibly related to the reconstruction of the interface layer
to NiFe2O4. Temperature-dependent measurements of the XMD contrast reveal
lowered critical temperatures for both NiO and Fe3O4 due to finite size effects
and interfacial coupling.

Fits of the theoretically expected XMLD contrast to profiles of the exchange-
induced AF domain walls yielded a wall structure consistent with a simple coher-
ent in-plane rotation model of the NiO spin-axis. In magnetically-annealed sam-
ples, the anisotropy of the Fe3O4 (110)/NiO interface was found to be altered,
leading to non-crystallographic easy-axes. In a simple picture, the effect may
be explained as a superposition of bulk and interfacial magnetocrystalline and
magnetoelastic anisotropies. A highly-ordered Fe3O4 (110)/NiO[51 Å]/Co[15 Å]
trilayer-system was found to exhibit the same composite anisotropy as mentioned
before, and in addition a possibly roughness-driven perpendicular interlayer cou-
pling between Co and Fe3O4.
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Zusammenfassung

In dieser Arbeit wurde der Magnetische Proximitätseffekt in hochgeordneten
Übergangsmetalloxid-Heterosystemen bestehend aus ferrimagnetischen (FIM) Fe3O4

Einkristallen und dünnen antiferromagnetischen (AF) NiO Schichten mittels
Weichröntgen-Photoemissions-Elektronenmikroskopie untersucht. Die Schichtsysteme
wurden in-situ mittels Molekularstrahlepitaxie auf einkristallinen Fe3O4-Substraten
hergestellt, welche durch Ar-Sputtern und Tempern in Sauerstoff vorbereitet wurden.
Die magnetische Ordnung wurde mittels vektorieller Magnetometrie unter Ausnutzung
des Magnetischen Zirkulardichroismus (XMCD) und des anisotropen Lineardichroismus
(XMLD) bestimmt.

Zwei Hauptbeiträge zum Magnetischen Proximitätseffekt konnten identifiziert werden:
Erstens wird durch kurzreichweitige Austauschwechselwirkung eine ultradünne Zone
veränderter magnetischer Struktur nahe der Grenzfläche induziert. Zweitens führen
magnetoelastische Wechselwirkungen zu einer Veränderung der magnetischen Ordnung
auf größerer Skala, wodurch meist die gesamte NiO Schicht betroffen ist. Der Ein-
fluss gerichteter Gitterverzerrungen auf den Magnetismus mittels magnetoelastischer
Kopplung wurde an Hand von Proben mit verschiedenen kristallographischen Grenz-
flächenorientierungen untersucht. Die Verzerrung scheint sowohl die AF Stapelrich-
tungen in NiO als auch das Kopplungsverhalten an der Fe3O4/NiO Grenzfläche zu
beeinflussen. Des weiteren führt die Bindungsanisotropie in der Grenzflächenebene zu
Variationen der durch den Grenzflächenaustausch induzierten unkompensierten Magne-
tisierung in NiO. Ferner wurde beobachtet, dass die unkompensierte Ni-Magnetisierung
direkt an der Grenzfläche lokalisiert ist, während das Innere der NiO Schichten kom-
pensiert ist. Analyse der XMCD Summenregeln in einem NiO-Keil auf Fe3O4 (110)
zeigte extremale Werte für das Fe- und Ni- Bahnmoment für etwa 1ML Schichtdicke,
möglicherweise in Verbingung mit der Rekonstruktion der Grenzflächenlage zu NiFe2O4.
Tempearaturabhängige Messungen des dichroischen Kontrastes zeigen erniedrigte kriti-
sche Temperaturen sowohl für NiO als auch für Fe3O4, in Folge von Finite-Size Effekten
und Grenzflächenaustauschkopplung.

Fits des theoretisch erwarteten XMLD Kontrastes an Linienprofile der austauschindu-
zierten AF Domänenwände in NiO ergaben, dass die Wandstruktur konsistent ist mit
einem einfachen Modell einer kohärenten Spinachsenrotation in der Schichtebene. In ma-
gnetisch getemperten Proben wurde eine veränderte Anisotropie der Fe3O4 (110)/NiO
Grenzfläche festgestellt, welche nichtkristallographische leichte Achsen aufwies. In ei-
nem einfachen Modell könnte dieser Effekt als eine Überlagerung von Volumen- und
Grenzflächenanisotropien magnetokristalliner und magnetoelastischer Natur angesehen
werden. Schließlich wurde in einem Fe3O4 (110)/NiO[51 Å]/Co[15 Å] Dreifachschicht-
system die gleiche zuvor erwähnte Gesamtanisotropie gefunden, zusätzlich jedoch eine
möglicherweise rauhigkeitsinduzierte senkrechte Zwischenschichtkopplung von Cobalt
und Fe3O4.
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Introduction

Within 5000 years, mankind has taken a giant leap in information technology.
Since the development of writing, a search for better and denser recording tech-
nologies has continued over the centuries. In short: Papyrus, parchment1, paper2,
print3 , PDF4. The latter has become a symbol for the digital era, where informa-
tion is decomposed into combinations of only two values – 0 and 1. About 2500
years ago, first signs of another marvelous development emerged: The discovery of
magnetism. Thales of Miletus observed about 600 B.C. that iron is attracted
by ”lodestone” (or more commonly known as magnetite)[151, 156]. Around 100
B.C., lodestone was used in China for geomantic purposes, and around 1100, first
navigation devices are reported by Chinese astronomers – the compass was born
[156].

About 50 years ago, both branches of human progress should mingle in a most
fascinating manner. It was the birth of digital magnetic storage technology, which
caused a boost of storage density and velocity unpreceded in human history. Since
the end of the 19th century, magnetic media were used to record analogous signals,
for example for voice recording. In the 20th century, the step towards digital
recording was made. In 1940 magnetic core memory was used for nonvolatile
storage and fast processing of data in IBM’s first computing machines. The
use of magnetic tapes for data archiving was first introduced in 1951. Finally,
1952 the first device comparable to the modern harddisk was constructed, the
IBM RAMAC, a set of 50 magnetic disks whith a total capacity of 5 MByte,
corresponding to a data density of about 5 kBit/square-inch. For the first time,
random data access was achieved by means of read/write heads hovering the
surface of the rotating disc stack on an air cushion[109].

1In the middle age, papyrus was replaced by the more durable parchment.
2The first paper was manufactured around 100 A.D. in China [113, 117].
3Printing technology by letters was invented in the 15th century by Johannes Gutenberg

and subsequently became the main reproduction method for written documents [58]. Earlier
attempts to implement this technique have been reported from China and Korea (11th-12th
century), but obviously did not prevail [118].

4The Portable Document Format, nowadays the most widespread format for electronic docu-
ments.

xv
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The next milestone was marked by the discovery of Interlayer Exchange Coupling
by Grünberg et al.. [56] in 1986, and two years later the Giant Magnetoresis-
tance (GMR), which was independently confirmed by the groups of Grünberg
(Binasch et al. [13]) and Fert (Baibich et al. [11]). It should not take long
until the first harddisk read head based on this phenomenon would enable a multi-
plication of the storage density to more than 1GBit/square-inch. Briefly sketched,
the GMR effect manifests, when a current is passed through a stack of two ferro-
magnetic layers separated by a nonmagnetic conducting spacer, and the relative
orientation of the magnetization in the two ferromagnets is changed. It was found
that antiparallel alignment increases resistance as compared to parallel alignment,
typically by a few tens of percent. In a magnetic field sensor, one of the two layers
must be a stable reference in terms of magnetization direction, while the other
should rotate freely with external field. In order to achieve this, both ferromagnets
must be different in some way, which first was achieved by different thicknesses
and/or materials. The ferromagnet with the higher coercivity then served as
reference for a limited range of external field strengths. However, the need for
miniaturization of magnetic read heads soon put limits to this design, since the
demagnetizing fields made the reference layer unstable.

To overcome this obstacle, it was not necessary to invent something new, but
rather make use of an ”old” effect discovered already in 1956 by Meiklejohn
and Bean [97]. For magnetic Cobalt particles superficially oxidized, they found
that cooling them down from high-temperature in a magnetic field resulted in a
unidirectional anisotropy along the cooling field direction. This means that even
after the field was switched off, the particles resisted the attempt to turn the mag-
netization out of this direction, manifesting in a shifted hysteresis loop. The au-
thors concluded that the effect was caused by interfacial exchange interaction, and
called the loop shift ”exchange bias”. Exchange bias was subsequently used to pin
the magnetization of the reference layer to a fixed direction, returning to the same
orientation even after disturbance by a strong external field. The technological
potential motivated a great number of studies aimed at finding a comprehensive
microscopic description [107]. The present situation is probably most strikingly
and humorously described by a statement of Ivan K. Schuller and Gernot
Güntherodt in the ”Exchange Bias Manifesto” [133]:

There is a time in the life of scientists when it is important to
consider: What is the Grand Purpose of it all? In this case, we started
wondering, why all papers in Exchange Bias start by stating something
like: ”Although exchange bias was discovered more than 40 years ago,
the origin of this phenomenon is still not clear.”

The reason may be that there is not a single origin, and that highly material-
specific mechanisms are often at work. This thesis touches the field of exchange
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bias, as it is aimed at investigating the more general phenomenon called the
magnetic proximity effect, i. e. the alteration of the magnetic structure of two
magnetic materials in contact with respect to the uncoupled case. The latter
can have various origins, and exchange-interaction at the interface is only one
of them. To name a few others: The first and most important is the breaking
of translational symmetry near the interface, which introduces additional elec-
tronic states not present in the bulk materials, and which can also lead to new
higher-order exchange interactions as, for example, the Dzyaloshinsky-Moriya
interaction [37]. A second mechanism is interfacial hybridization between com-
patible electronic states in the two materials. Besides the aforementioned effects,
which tend to be short-ranged, there are longer-ranged contributions arising from
the mechanical coupling of the two layers: The epitaxial lattice strain and mag-
netostriction lead to a mutual influence of the two materials in contact. It is
important to note, that the latter effects up to now have not found their way
into the theoretical framework describing exchange-bias. In this thesis, we will
present evidence that the magnetoelastic influences cannot be neglected in the de-
scription of magnetic interface coupling, and may even be a vital factor in some
cases.

The advance in a comprehensive understanding of the magnetic proximity effect
is often hampered by the difficulties in manipulating and analyzing the antiferro-
magnet – due to its vanishing net moment. However, its secrets can be unveiled
by using polarized neutrons or x-rays. While neutrons possess a magnetic mo-
ment, which can be oriented by spin-filtering at the cost of flux, in order to
become sensitive to the spin-order inside the solid, x-ray photons can be gen-
erated with high fluxes and a well-defined polarization of their electromagnetic
field. While both techniqes allow for suitable scattering experiments on bulk-like
samples in order to determine magnetic form- and structure factors, x-rays gen-
erated in modern synchrotron sources have three big advantages over neutrons:
(i) The available photon energies cover a wide range, allowing for spectroscopy
and chemical sensitivity; (ii) They exhibit a much higher interaction cross section
with matter. (iii) Their degree of polarization is usually higher than the one of
neutrons, and polarization can be manipulated more conveniently. This opens
the way for a wide range of magnetic spectroscopies, adressing different types of
magnetic order. While X-ray Magnetic Circular Dichroism (XMCD) is suitable
for ferromagnets, since it requires a nonvanishing average over atomic magnetic
moments, X-ray Magnetic Linear Dichroism (XMLD) is not bound to this re-
striction, being sensitive to the square of the magnetic moment per atom. Thus,
sufficiently collinear magnetic structures can be investigated, too, among them
many types of antiferromagnets.

All the aspects mentioned above allow to focus the investigation down to single
magnetic layers, surfaces, interfaces and nanostructures. The latter can be conve-
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niently adressed by the growing field of x-ray microscopy and microspectroscopy,
allowing to collect spatially resolved information down to nanometer-resolution.
This is the reason for the choice of X-ray Photoelectron Emission Microscopy (X-
PEEM) as primary investigation technique throughout this thesis. Combining
microscopy with magnetic spectroscopies, vectorial magnetometry can be per-
formed on a spatial-resolved basis, i.e. the true orientation of the spin-order
in real space can be determined for both ferro- and antiferromagnetic domains.
Being able to study the latter is a vitally important factor, since by XMLD spec-
tromicriscopy, one can directly look at the antiferromagnetic domain state, which
has a major influence on exchange bias. However, particularly the analysis of the
antiferromagnetic order by XMLD is still a hard and demanding task, as will be
sketched in the following.

Scope

This thesis is organized as follows: In Chap. 1, we thoroughly discuss magnetic
spectroscopy using x-rays, since it is the key to unravel the magnetic structure
of a solid. Especially, the x-ray magnetic linear dichroism (XMLD) allows to
investigate the structure of antiferromagnets, which is only accessible to few tech-
niques due to the vanishing net moment. We put explicit weight on incorporating
the recent insights into the effect for crystalline systems, which show that the
XMLD is ”anisotropic” [82, 32, 8, 9], therefore rendering many studies based on
an ”isotropic” modelling of the effect questionable (see, for example, the discussion
of Arenholz et al. on this issue in Ref. [9]). We avoid this pitfall by a thorough
analysis of the experimental geometry and the crystalline orientation of the sam-
ple. Consequently, we are, for the first time, in the position to perform reliable
vectorial magnetometry in crystalline antiferromagnets.

Chap. 3 gives some details about the electronic and magnetic properties of the
materials used in this thesis, namely NiO and Fe3O4. For NiO the concept of
antiferromagnetic domain walls will be introduced, which in bulk NiO are of
magnetoelastic origin. The antiferromagnetic domain walls found in exchange
coupled NiO layers, however, are determined by exchange anisotropy rather than
magnetoelasticity and thus represent a new type of antiferromagnetic domain
wall, which has not been modelled up to now.

In Chap. 4, we will briefly explain, how polarized x-rays are generated, and how
Photoelectron Emission Microscopy (PEEM) employing soft x-rays works. Subse-
quently, we give a brief overview about the magnetic proximity effect in Chap. 5,
putting some weight on the question about the occurence of spin-flop coupling,
which is a main subject of our investigation.
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We will commence the presentation of our results with the Magnetite/NiO (110)-
interface in Chap. 6, where it will be shown that the interfacial proximity zone
is ultrasharp and comprises only a few monolayers near the interface. The sur-
prising result is that the interface, which should be compensated, exhibits no
spin-flop coupling as predicted by the theory of Koon [75]. This finding is dis-
cussed in detail in terms of the magnetocrystalline structure of the interface.
Temperature-dependent measurements are presented, which show that the order-
ing temperatures in both NiO and the interfacial region of magnetite are lowered,
possibly due to finite size effects and an altered magnetic structure near the in-
terface.

In Chap. 7 we will compare the magnetic proximity effect for different crystalline
interface-orientations. Strong variations in the uncompensated magnetization
are found, which will be discussed with respect to the particular bonding sit-
uation and magnetic anisotropy expected for the three orientations. The cou-
pling scheme (collinear or spin-flop) is not always consistent with the current
theoretical framework and we will give an explanation in terms of magnetoelastic
interactions.

After this comparative analysis, we will come back to the (110) interface in Chap. 8
and focus our view on the constrained antiferromagnetic domain walls that form
in the exchange-coupled NiO adlayer. The fitting of the domain wall profiles by
a simple model yields valuable information not only about the walls themselves,
but also about the general magnetic anisotropy in the coupled system. Finally,
a system corresponding to a trilayer with an AF spacer is formed by deposi-
tion of a Co layer on top of NiO. The Co layer inherits part of the magnetic
anisotropy of the Fe3O4/NiO system, but shows a strict spin-flop configuration
with respect to the magnetite substrate. We will provide two explanations for
this behaviour, one in accordance with roughness-driven interlayer coupling, the
other basically assuming a completely separable coupling of magnetite and Co to
the NiO spacer.

Finally, we will conclude our analysis and stress the main results, whereafter we
will dare a glimpse into the future in order to show potential applications and
experimental roadmaps in Chap. 9.
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1. Magnetic spectroscopy using
X-rays

In the following chapter the physics of X-ray Absorption Spectroscopy (XAS) and
magneto-optical effects in the x-ray regime will be explained. Since the focus of
this thesis lies on vectorial magnetometry, i.e. the extraction of the orientation of
magnetic moments in space from the spectroscopic data, special weight is put on
the symmetry properties of the dielectric tensor and the XAS process. This can
be conveniently done in a classical approach, and the link to quantum mechanics
is finally made by the Kubo-formula [20, 36], which relates the dielectric tensor
to the quantum mechanical transition matrix elements.

1.1. Classical description of absorption and
magnetooptical phenomena

The formal description of the x-ray absorption and dichroism roots in the classical
theory of electromagnetism in continuous media. Although ”classical”, they can
be combined with the quantum description by first calculating the dielectric tensor
from quantum mechanical principles and then applying the classical formalism to
describe scattering and absorption as derived by electrodynamics. For simplicity,
we will here mostly concentrate on the absorptive processes.

1.1.1. Absorption

The following sections make use of the CGS system, which is a convenient choice
for electrodynamics. For conversion of the relevant quantities into the SI sys-
tem, please refer to Appendix A.2. If energy dissipation occurs, i.e. in an
absorptive medium, then the dissipated or absorbed energy is given by the di-
vergence of the Poynting vector (Poynting’s theorem – see, for example,

3
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[1]):

1

4π

(
E

∂D

∂t
+ H

∂B

∂t

)
= − c

4π
div(E×H) (1.1)

1

4π

∫
V

E
∂D

∂t
+ H

∂B

∂t
dV = − c

4π

∮
(E×H)ndS (1.2)

Assuming no magnetic losses, the absorption intensity of a XAS spectrum
can then be calculated from the imaginary part of the dielectric tensor
like:

µXAS =
1

4πV

∫
E

∂D

∂t
dV

=
iω

16π
(E0D

∗
0 − E∗

0D0)

= − ω

8π
Im {E∗

0ε̂E0} . (1.3)

In the last steps we have substituted the plane wave solutions for E and D 1 with
the complex amplitudes E0 and D0, carried out the high-frequency averaging · · ·,
which corresponds to dropping all terms containing e±2ıω, and finally used the
Maxwell dielectric displacement field in a medium, which is commonly written
as

D = ε̂E (1.4)

where ε̂(ω,k) is the complex dielectric tensor.

1.1.2. Dielectric tensor and optical effects

The dielectric tensor can be generally written as an expansion including higher
order optical effects (see, for example, [116]). The expansion is made in terms of
E and H, but we will here use M, the magnetization, instead of H, the internal
magnetic field, i. e. the magnetic induction B = H + 4πM is set to zero. Note
that in contrast to the optical regime, for x-ray absorption, the quantity M does
not represent the magnetization, but the atomic magnetic moment, which is why
for x-ray absorption, the expansion is only valid on the atomic scale. To lowest
orders, the series expansion then looks as follows:

εik = κ
(s)
ik︸︷︷︸

isotr. + NLB + NLD

+ α
(a)
iklkl︸ ︷︷ ︸

NCB + NCD

+ β
(a)
ikl Ml︸ ︷︷ ︸

MCB + MCD

+ γ
(s)
iklmMlMm︸ ︷︷ ︸
MLB + MLD

· · · .2 (1.5)

1E = 1
2 (E0e

ı(k·r−ωt) + E∗
0e

−ı(k·r−ωt)), D analogous.
2Here we have omitted higher-order terms in k and M, which are responsible for additional

contributions to dichroism and birefringence. For example, terms with odd products of the
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In the following, we will explain the meaning of the tensors of this expan-
sion:

• κ
(s)
ik is a complex symmetric tensor and contains the isotropic part and

additional anisotropic effects like natural linear birefringence (NLB) and
natural linear dichroism (NLD) in its real and imaginary part, respectively.

• α
(a)
ikl is a totally antisymmetric third rank tensor which contains gyrotropic

effects caused by spatial dispersion, i.e. the inhomogeneity ∂E
∂xl

= klE of

the electromagnetic field on a length scale a/λ, i.e. if the wavelength λ
is in the order of the lattice constant a. Spatial dispersion is responsible
for Natural Circular Birefringence (NCB) and Dichroism (NCD). Note that
this term goes beyond the dipole approximation, since the condition λ � a
is not fulfilled. We will see later on that spatial dispersion is responsible
for X-ray Natural Circular Dichroism, which originates from mixtures of E1
(dipole) and E2 (quadrupole) transitions. In terms of symmetry, the effects
of natural circular dichroism can be formally described in a very similar
manner as the effects of magnetic circular dichroism, which is why we ex-
plicitly included them into our discussion, although all magnetooptic effects
important for this thesis are well described within the dipole approximation.

• β
(a)
ikl , totally antisymmetric, is a magneto-optic contribution caused by gy-

rotropic effects β
(a)
ikl Ml, which are linear in the magnetic field H = B−4πM,

or simply the magnetization M when no external field is applied.

• γ
(s)
iklm is a symmetric fourth rank tensor, which describes effects that are

quadratic in M and therefore responsible for the quadratic magnetooptic
effects like Magnetic Linear Birefringence (MLB) and Dichroism (MLD) 3.

We will now carry out the contraction of the tensors in Eq. 1.5, in order to derive
a compact form of the dielectric tensor comprising all magnetooptic effects. The
magnetooptic tensor βikl can be contracted by the definition of a so-called complex
gyration pseudotensor gml and the definition of the magnetization vector M =
MM′ = M [x, y, z]:

Mβikl = MEikmgml (1.6)

magnetization vector components will contribute to the MCB/MCD, whereas even products
will contribute to the MCB/MLD. Mixtures of k and M describe so-called magneto-spatial
dispersion effects, as for example magneto-chiral dichroism (MχD).

3Note that for XMLD, the macroscopic value of the magnetization cannot be used. Since
XAS is a local probe, the XMLD is proportional to the square of the local magnetic mo-
ment in the excited atom. For a collinear ferromagnet, averaging over all atoms in a test
volume, one yields 1/V

∑N
i=1 µ2 = N/V µ2 6= M2 = (1/V

∑N
i=1 µ)2. For collinear ferri- or

antiferromagnetic systems, analogous inequalities can be derived.
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and a complex gyration pseudovector by

gi = gikM
′
k . (1.7)

It is interesting to see the analogy between gyration by spatial dispersion (NCD)
and magnetic effects (MCD), so we show here for comparison the contribution in
terms of k: For a plane wave with k = k′ω/c, one can define a similar gyration
pseudotensor, which is defined as

ω

c
αikl =

ω

c
Eikmfml (1.8)

and a complex gyration pseudovector by

fi = fikk
′
k . (1.9)

For practical purposes (with respect to the materials NiO and Fe3O4 used in this
thesis) we write down gik in cubic symmetry, which is diagonal with only one
element g. We then yield the important relation,

g = g [x, y, z] , (1.10)

i.e. the gyration vector is always parallel to the magnetization unit vector. This
has important consequences for the angular dependence of circular dichroism,
which in cubic symmetry can be described by a simple relationship (). If the
symmetry is lower than cubic, g and M are not necessarily parallel any more,
and the angular dependence gets more complicated. Finally, we contract the
tensor γik(l)(m)M(l)M(m), and for cubic symmetry it takes the form (in Voigt
notation):

M2γ̂(M′) = M2


γ11 γ12 γ12 0 0 0
γ12 γ11 γ12 0 0 0
γ12 γ12 γ11 0 0 0
0 0 0 γ44 0 0
0 0 0 0 γ44 0
0 0 0 0 0 γ44




x2

y2

z2

yz
xz
xy


= M2

 γ12 + (γ11 − γ12)x
2 γ44xy γ44xz

γ44xy γ12 + (γ11 − γ12)y
2 γ44yz

γ44xz γ44xz γ12 + (γ11 − γ12)z
2


. (1.11)

Equation 1.11 is very important, since it contains the angular dependence of the
MLD upon rotation of the magnetization M, which must be known, if one wants
to perform vectorial magnetometry using MLD, i.e. if one wants to conclude back
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on the orientation of the spin-axis M from measurements of the dielectric tensor
components. Furthermore it is important to know that if γ44 = (γ11 − γ12), the
MLD is ”isotropic”4, i.e. does not depend on the orientation of M with respect
to the cubic principal axes. We will come back to this important aspect later.
Fully contracted, equation 1.5 then takes the form

D = κ̂E− ı
ω

c
f × E− ıMg × E + M2γ̂E (1.12)

= ε̂E , (1.13)

and we can now write down the dielectric tensor for cubic crystal symmetry and
optical activity due to magnetism as follows:

ε̂(M′) =[
κ+M2{γ12+(γ11−γ12)x2} M2γ44xy+ıMgz M2γ44xz−ıMgy

M2γ44xy−ıMgz κ+M2{γ12+(γ11−γ12)y2} M2γ44yz+ıMgx

M2γ44xz+ıMgy M2γ44yz−ıMgx κ+M2{γ12+(γ11−γ12)z2}

]
. (1.14)

The antisymmetric non-diagonal elements are responsible for the MCD, which is
only observed using circularly polarized radiation. With the polarization e de-
fined as E(k, t) = E0eeı(k·r−ωt) , e+ = − 1√

2
(x + ıy) means right circular and

e− = 1√
2
(x − ıy) means left circular polarization for photons incident along

positive z direction 5. Using Eq. 1.3, one finds that the complex gyration vec-
tor g will cause a contribution to the absorption, but differently for left and
right circularly polarized light. The difference in absorption, the MCD signal, is
then

µMCD = µ+ − µ− = −Im(−2Mgz) . (1.15)

Apparently, in cubic symmetry, the angular dependence of the MCD can be
desribed by the simple relationship

µMCD = 2Mgk′ ·M′ , (1.16)

which means that the size of the MCD signal depends on the cosine between
the wave-vector and the magnetization. Remind, that this simple relationship
is only strictly valid for cubic or higher symmetry. In the x-ray regime, de-
viations in other symmetries are related to the magnetic dipole operator (see
Sec. 2.1.3).

4We write the terms ”isotropic” and ”anisotropic” XMLD, which are used now throughout
in literature in quotation marks, for the following reason: By definition, any dichroism is
an anisotropic property, so the XMLD can, in principle, not be called isotropic. However,
the term isotropic is used in literature whenever it is meant that it does not depend on
the crystalline symmetry of the sample, i. e. the XMLD yields the same value for arbitrary
choice of the quantization axis S, and otherwise orienting E in the same way. The ”isotropic”
XMLD then depends only on (E · S)2.

5the e± are eigenfunctions of the angular momentum operator Lze± = ±~e±.
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Whereas the antisymmetric non-diagonal elements are responsible for the MCD,
the imaginary symmetric elements are the origin of the linear dichroism, since for
linear polarization, which is a real quantity, all the antisymmetric non-diagonal
elements will cancel.

1.1.3. Link between electrodynamics and quantum mechanics
- the Kubo-formula

If we redefine the dielectric tensor ε̂ using the complex optical conductivity tensor
σ̂ we obtain

ε̂(ω) = δ̂kl + ı
4π

ω
σ̂(ω) (CGS) (1.17)

According to linear response theory, σ̂ is the response function of the cur-
rent density within the solid to a driving external electric field (see for ex-
ample [36]). The Kubo-formula then relates the elements of the conductiv-
ity tensor to the Fourier transformation of current densities within the solid
[20]:

σkl = ı
Ne2

mω
δkl +

1

ω

∫ ∞

0

〈[jk(t), jl(0)]〉 eıωtdt (1.18)

This many-particle relation can be transformed into a single-particle form us-
ing a Hartree-Fock approximation, where the wavefunctions are composed
of Slater-determinants of single-particle wavefunctions. Expressing the current
operator in terms of the single-particle momentum operator, one arrives at the
form [112]

σkl(ω) = −ı
e2

m2V ~
∑
nn′

f(En)− f(En′)

ωnn′

Πk
n′nΠl

nn′

ω + ı/τ − ωnn′
(1.19)

where Πk
nn′ = 〈n|pk|n′〉 are the matrix elements of the k-component of the

momentum operator and |n〉 are single-particle states with energies En, which
are occupied according to the Fermi-Dirac distribution f(En). Furthermore,
~ωnn′ = En − En′ is the excitation energy, and τ was added as a relaxation time
to assure convergence. If discrete states are involved, Eq. 1.19 can be rewritten
as a sum over initial and final states:

σkl(ω) = − ıe2

m2V ~

occ.∑
i

unocc.∑
f

1

ωfi

(
Πk

ifΠ
l
fi

ω + ı/τ − ωfi

)
, (1.20)



1.2. X-ray absorption spectroscopy (XAS) and its application to magnetism 9

which in the limit of τ −→ ∞ together with the Lorentzian representation
of the Dirac δ-distribution yields a more general version of Fermi’s Golden
Rule

σkl(ω) = − ıe2π

m2V ~ω

occ.∑
i

unocc.∑
f

Πk
ifΠ

l
fiδ(ω − ωfi) , (1.21)

If we now describe the optical processes in dipole approximation, the Π’s become
the familiar dipole transition matrix elements Πk

fi = ımω〈f |ek · r|i〉, which enter
in this way into the dielectric tensor.

1.2. X-ray absorption spectroscopy (XAS) and its
application to magnetism

When an x-ray photon is absorbed by an atom, its energy and momentum is
transferred to the inner shell electron distribution around this atom in the first
place. This is the most important thing to realize – the x-ray absorption process
is a local probe. By choosing the right excitation energies, element-specific quan-
tities can be determined, such as the number of electrons/holes in specific shells,
or in case of magnetic atoms the atomic spin- and orbital momenta. Moreover, if
the atoms are embedded into a solid, solid state properties influencing the local
atomic environment can be analyzed, such as crystal fields, orbital symmetry and
magneto-crystalline anisotropy. In the following, the relevant mechanisms that
both help and hamper the analysis of the solid will be discussed, with special
weight on the magnetic spectroscopies.

1.2.1. The x-ray absorption process

Simply spoken the x-ray absorption process can be described by the promotion
of a single electron from its ground state, let’s say a localized core level, into an
excited state of higher energy (see Fig. 1.1). The drawback of this picture is that
it neglects the influence of the remaining electrons, simply assuming that they
don’t participate in the process. This single particle picture is thus not always
an appropriate approximation, albeit it may serve as a ”rule of thumb” due to
its simplicity. In general, it is better to argue in a ”configuration picture”, where
the whole atomic arrangement of electrons/holes before and after the excitation
process is taken into account. For example in a Nickel atom (which is also a subject
of this thesis), an absorption process from the 2p core levels into the 3d states
will be labelled 2p63d8 → 2p53d9. In this case, the transition can be conveniently
described by holes instead of electrons (2p03d2 → 2p13d1). One can imagine that
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Figure 1.1: Atomic multiplet calculations
for Nickel. The top spectrum corresponds
to a case without exchange and correlation
effects (U(p, d) = 0). The bottom case is
the other extreme where the spin-orbit in-
teraction of the core hole is zero. While
metals resemble the topmost spectra due to
their efficient screening, insulators like NiO
are located in the intermediate region, as
shown by the small arrow in a). b) Experi-
mental spectrum of Ni-oxalate, where Ni2+
is high-spin in an Oh-crystal field. (picture
taken from [162]).

.... Ni oxalate
__ theory

both holes in the final state will influence each other – by Coulomb and exchange
interactions. Furthermore, the core hole will have an angular momentum and thus
exhibit a spin-orbit splitting, in contrast to the closed 2p shell in the initial state.
Looking at the XAS spectra, one will thus find a so-called multiplet structure due
to exchange and correlation effects in addition to the spin-orbit splitting. The
interplay of spin-orbit and multiplet splitting is modelled in Fig. 1.1, where the
top spectrum corresponds to the case where exchange-correlation is turned off and
the bottom spectrum is valid for zero spin-orbit coupling of the core hole. Due
to the better screening of the Coulomb interaction in metals, their spectra will
look more like the top spectrum, while, for example, the insulator NiO represents
an intermediate case shown by the small horizontal arrow. Multiplet effects play
an important role in magnetic XAS, since they can enhance magnetic effects like
linear or circular dichroism.

Another important aspect is the polarization (or: angular momentum ) of the
photon. During the absorption process, it is transferred to the initial electronic
configuration, leaving behind a (spin-, orbitally) polarized core hole and produc-
ing (spin-, orbitally) polarized photoelectrons. Selection rules (dipole radiation),
symmetry and spin orientation of the final states then decide over which of the
final states can be reached by those electrons. Thus the clever choice of the light
polarization is the essence of magnetic x-ray spectroscopy.



2. Dichroism

Dichroism is a term derived from Greek and basically means ”two colours”. In the
optical regime it describes the effect of a solid changing its color when irradiated
with light of different incidence angle or polarization. It is a consequence of optical
anisotropy in the material, i.e. of an optical symmetry lower than cubic. Depend-
ing on the light polarization one distinguishes linear or circular dichroism. Be-
sides the optical regime, both effects also occur under excitation with x-rays. De-
pending on the symmetry breaking element, one distinguishes x-ray nonmagnetic
(natural, XNCD) and magnetic circular dichroism (XMCD).

2.1. Circular Dichroism

2.1.1. X-ray natural circular dichroism (XNCD)

In the x-ray regime, XNCD is observed in optical biaxial crystals without a center
of inversion. The main source are interference terms between electrical dipole (E1)
and quadrupole (E2) transitions [55, 23] in the presence of an anisotropic charge
density of lower than cubic symmetry. The effect is parity odd and time even. In
contrast to the mechanisms described in the following, XNCD is an effect beyond
the dipole approximation and thus generally much less pronounced than the first
order effects.

2.1.2. X-ray magnetic circular dichroism (XMCD)

XMCD is caused by directional symmetry breaking of magnetic origin, for ex-
ample in a material with spontaneous spin-alignment like a ferromagnet or a
paramagnetic substance in high magnetic fields. It is parity even and time odd,
i.e. the effect reverses also when the magnetization is inverted, which is of great
practical use. Theoretically, it has first been predicted in 1975 by Erskine
and Stern for the M2,3 edges of Nickel [39]. Experimentally, XMCD was first
found in 1983 by Schütz et al. at the iron K edge (see [135] and references
therein).

11
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Figure 2.1.: XMCD transition´intensities in a single electron picture with large
exchange-splitting in the d-bands (majority-band full, minority-band empty). This
special electronic configuration produces only a spin-moment, but the atomic orbital
moment vanishes because the d-shell is exactly half filled. The left and right side of
the diagram show transitions excited by photons with positive (σ+) and negative (σ−)
helicity, respectively. For each of the spin-orbit split core-levels, the XAS initial states
are drawn with a hypothetical core-valence exchange-splitting. They are labelled in
|mc ms〉 basis, mainly for pedagogic reasons, since the correct basis-set consists of spin-
orbit wavefunctions |j mj〉. Allowed transitions into existing final states are symbolized
by colored arrows, transitions forbidden due to missing final states by white arrows
bearing a red ”x”. For every transition, the relative XAS intensity calculated by Eq. 2.8
is given in % of the total cross section, i.e. the sum over transitions into the complete
set of final states (empty d-shell). For simplicity the exchange-splitting of the core-hole
has been neglected when calculating the XAS spectra and the XMCD signal (shown in
the center plot on the vertical energy axis).

In a simple one electron model1, the effect can be thought of as a two step process,
where circularly polarized x-rays excite spin-polarized photoelectrons from a core
level, which in turn are transferred to an exchange split higher shell, acting as a
spin-detector for those electrons. In the following, we will look at this process in
detail.

The first issue is to briefly sketch how a net spin-polarization is created when
exciting photoelectrons out of let’s say a 2p core level: The photon transfers
its angular momentum to the photoelectron. Without consideration of further

1For its limitations, see Sec. 1.2.1.



2.1. Circular Dichroism 13

effects, the electron spin could have an arbitrary orientation with respect to the
orbital momentum. It is only by spin-orbit interaction that the spin orientation
is related to this angular momentum.

To quantify the effects of spin-polarization, we will calculate the relative transition
intensities 2p1/2,3/2 → 3d in an atomic single-particle model and have to invoke
the selection rules for dipole radiation ∆l = ±1, ∆ml = 0,±1, ∆ms = 0 as well
as the Fermi’s golden rule for x-ray absorption:

µabs = AM 2
fi δ(ωf − ωi − ω) , A = 4π2αω (2.1)

where Mfi is the dipole transition matrix element 〈f |e · r|i〉, A is a nor-
malization factor containing α, the fine structure constant. Based on the
atomic wavefunctions, one can carry out a separation into a radial and angu-
lar part

Mfi = δ(m′
s, ms) 〈n′ l |r|n c〉 〈l ml |e| c mc〉 , (2.2)

where c, mc are the angular momentum quantum numbers of the core level and
l, ml the ones for the final state. One finds that the radial part does not depend
on the polarization effects, which change ml, and the important physics inherent
in the dichroic effects is contained in the angular part. Using the spherical tensor
notation for the angular part of the dipole operator, one ends up with the eval-
uation of matrix elements consisting of spherical harmonics only. These can be
conveniently solved using the Gaunt-formula [33]

〈Ylml
|Yλq|Yc mc〉 = (−1)ml

√
(2l + 1)(2λ + 1)(2c + 1)

4π

(
l λ c

ml q mc

)(
l λ c
0 0 0

)
,

(2.3)

where the last two terms are Wigner 3j symbols. With l = c + 1 for a 2p → 3d
transition, λ = 1 and q = +1, (−1) and ml = mc + 1, (mc − 1) for circular right
(left) polarization we end up evaluating

〈c + 1 mc + 1|C(1)
+1 |c mc〉 =

√
(c+mc+2)(c+mc+1)

2(2c+3)(2c+1)

〈c + 1 mc − 1|C(1)
−1 |c mc〉 =

√
(c−mc+2)(c−mc+1)

2(2c+3)(2c+1)
, (2.4)

where C
(1)
+1 and C

(1)
−1 are Racah’s spherical tensor operators for circularly polar-

ized light[28].
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But we are not finished yet, since the final state of the transition will be spin-
orbit split. Thus we have to describe the spin-orbit split |j mj〉 states with total
angular momentum j by the uncoupled basis states |cmcsms〉 using the Clebsch-
Gordan coefficients:

|j mj〉 =
∑

mc,ms=mj−mc

Cj mj |c mc s ms |c mc s ms〉 . (2.5)

Those can be derived recursively by application of the angular momentum ladder
operators, or can alternatively be described in terms of Wigner 3j symbols
like

Cj;mj |c;mc;s;ms = (−1)−(c−s−mj)
√

2j + 1

(
c s j

mc ms mj

)
. (2.6)

With the special values c = 1, s = 1/2, j = c ± 1/2 these can be simplified as
[136]:

ms → 1
2

−1
2

j ↓
c + 1

2

√
c+m+1/2

2c+1

√
c−m+1/2

2c+1

c− 1
2

−
√

c−m+1/2
2c+1

√
c+m+1/2

2c+1

. (2.7)

Every transition matrix element from a |c mc〉 state must thus be weighted by its
Clebsch-Gordan coefficient and then be squared to get the relative intensity
contribution:

Ic mc q ∝ |Cj mj |c mc s ms〈Yc+1 mc+q|Y1 q|Yc mc〉|2 (2.8)

The relative intensities are summarized in Fig. 2.1. There we have assumed a
scenario of a strong ferromagnet with completely filled majority band. Since
transitions are only allowed to the minority band in this case, the relative transi-
tion intensities are the same as in the atomic model, and have to be multiplied by
the integrated unoccupied DOS in the spin-down band, which is equivalent to the
number of holes per atom nh. For RCP light , we then get for the L2 edge (2p1/2)
IL2 = 3/9 and also for the L3 edge IL3 = 3/92. Using LCP light or reversing the
magnetization yields IL2 = 1/9 and IL3 = 5/9. If we now calculate the difference
intensity IMCD = I(−) − I(+) at both edges, we see that IMCD(L2) = 2/9, while
IMCD(L3) = −2/9.

2Values are in units AR2nh, where A = 4π2αω
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2.1.3. XMCD sum rules – charge, orbital- and spin-moment

In the last paragraph we have seen that we can probe the unoccupied density of
states in the exchange-split d-bands in a ferromagnet by polarized photoelectrons
via a XAS-process. This mechanism can be used to conclude back on properties
of the occupied density of states in the d-bands, for example to extract the spin-
and orbital moment per atom. Therefore, we have to calculate integrals over
spin-orbit split edges, which are defined as follows:

A =

∫
L3

(µ+ − µ−)dE (2.9)

B =

∫
L2

(µ+ − µ−)dE (2.10)

(2.11)

For convenience, the spin- and orbital polarizations of the photoelectrons created
by σ+-light in the 2p1/2 and 2p3/2 manifolds are summarized again in Table 2.1
(they can also be extracted from Fig. 2.1. There we directly see that the spin-

2p3/2 2p1/2

multiplicity 4 2
spin pol. 1/4 −1/2
orbital pol. 3/4 3/4

Table 2.1.: Spin and orbital polarization parameters (I ↑ −I ↓)/(I ↑ +I ↓) of photo-
electrons created by σ+-light.

polarization inverts sign for both edges, and is twice as large for L2 (−1/2) than
for L3. The orbital polarization is the same, however, for both edges. Since the
intensity (multiplicity) is twice as large for L3 than for L2, the spin-part of the
XMCD spectrum shows a dip for L3 and a peak for L2, which are of equal intensity.
The orbital part, however, shows two peaks of the same sign, the L3 peak being
twice as high as the L2 peak. To cancel out the orbital part of the spectrum, we
thus have to subtract twice the L2 edge integral (2B) from the L3 edge integral
(A), which leads us to the spin-momentum sum rule. Consequently, to cancel
the spin-part, we only have to integrate over both edges (A + B), which yields
then only the orbital momentum. The sum rules can therefore be summarized as
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follows:

− 〈A− 2B〉 =
K

µB

·mspin (2.12)

−〈A + B〉 =
3K

2µB

·morb . (2.13)

To remove the unknown constant K and to compute the magnetic moment per
hole, we have to divide by the integral over the isotropic intensity, which is defined
as:

〈C〉 = 〈µ(L3)
iso + µ

(L2)
iso 〉

=
1

3

∫
L3+L2

(µ(0) + µ+ + µ−)dE

=
1

2

∫
L3+L2

(
µ+ + µ−) dE

= Knh , (2.14)

where (0), +,− defines z−linear, right and left circular polarization, respectively.
Thus, we arrive at the sum rules for the 2p → 3d transition:

morb = −4

3

〈A + B〉
〈C〉

· nh (2.15)

mspin = −2
〈A− 2B〉
〈C〉

·
(

1 +
7

2

〈Tz〉
〈Sz〉

)
· nh . (2.16)

〈Tz〉 is the expectation value of the z-component of the magnetic dipole operator
T = S−3r′(r′ ·S), which reflects a quadrupole term in the anisotropic spin density
of the 3d final states [150]. This term is zero in absence of a charge quadrupole
moment, which is the case for systems with cubic or higher symmetry. For lower
symmetry, for example at surfaces or epitaxially strained films, T can contribute
to the magnetic dichroism. The equations Eq. 2.15 have been derived in more
general form by Thole et al. [153] for the orbital moment in 1992 and Carra et
al. [24] for the spin moment one year later. Experimentally, the sum rules have
been first confirmed by Chen et al. for the transition metals iron and cobalt
[26].

Limitations of the sum rules

In the atomic multiplet approach, a number of approximations have been made
that can affect the accuracy of the atomic magnetic moments predicted by sum
rule analysis, which have been summarized, for example, in [36, 104]. These will
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A B A B

orbital part

spin part

sum

Figure 2.2.: A general XMCD spectrum contains two contributions, one caused by
the orbital polarization of the electrons which probe the orbital polarization of the
final states, and one from the spin-polarization, which probe the exchange-split spin-
density. At each edge, the polarization of the d-states is weighted by the respective
spin-polarization of the photoelectrons times the multiplicity of the edge (see Table 2.1).
To separate spin- and orbital contribution, one has to integrate both edges separately
(2p2/3 → A and 2p1/2 → B) and calculate the sum (A+B) to get the orbital part.
Analogously one gets the spin-part by calculating the weighted difference (A-2B).

be discussed in the following. First, dipole transitions c → l = c − 1 have been
neglected. For 3d transition metal compounds, this would be 2p → 4s transitions,
for example. A second issue is that intra atomic hybridization is not taken into
account. Experimentally, those ”parasitary” transitions must be accounted for
by subtracting a suitable background from the spectra. This procedure is to
some extent arbitrary, since, for example, a branching ratio for the spin-orbit
split edges must simply be assumed. In absence of further information, often the
standard branching I(L3)/I(L2) = 2 : 1 is assumed. Due to intra- and interatomic
hybridization effects, this is not necessarily correct. A further obstacle is posed
by the post-edge background of the edge-jump, which is sometimes difficult to
determine due to NEXAFS and EXAFS multiple-scattering resonances in the
signal.

A second simplifying assumption by theory is that any energy dependence of the
wave functions has been neglected. First, the radial part of the wave functions is
assumed energy-independent, which is not exactly true, and second, the prefactor
A is in the transition matrix elements is energy dependent (see Eq. (2.1)). In
total, this approximation introduces an error up to 2% for the 3d transition
metals. A third important limitation is posed by the partial overlap of the spin-
orbit split edges, which have been assumed completely separated in the models.
The overlap introduces errors mainly in the spin-moment, since its contribution
to the XMCD signal has opposite signs at both edges. However, not only overlap,
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but also mixing of the two spin-orbit split edges by core-valence exchange and
correlation effects affect the accuracy [138], since the branching ratio between
I(L3)/I(L2) deviates from the ideal atomic value of 2:1. The deviation reduces,
however, towards the late transition metals, and is only ≈ 10 % for Fe, Co and
Ni. Furthermore, the number of holes/electrons in the 3d states is unknown a
priori and must be gained from theoretical calculations, for example by Density
Functional Theory. Last but not least we mention the magnetic dipole operator T,
which is zero in all compounds of cubic symmetry with inversion center. However,
especially at surfaces, symmetry is broken. Stöhr and König showed that for
a crystal symmetry higher than D2h and small spin-orbit interaction in the 3d
states, the influence of T can be eliminated by averaging over measurements
with the wavevector k oriented along three orthogonal directions [150]. A second
possibility useful for surfaces is to orient both S and k along the ”magic” angle
of 54.73 ° with the surface normal, which is a direct consequence of the trace-free
quadrupole operator [110]. In this geometry, T ⊥ S, thus the size of the spin-
moment derived from sum rule analysis is not affected. It currently is common
consensus in the scientific community that – because of the limitations stated
above – even the most careful evaluation cannot yield orbital moment values with
a relative error smaller than ≈ 10 %.

2.2. Linear Dichroism

2.2.1. Introduction and Terminology

Since several different microscopic mechanisms can cause linear dichroism in x-
ray absorption, it is recommendable to discuss the different origins separately.
First, the Natural Linear Dichroism is not caused by magnetism and can arise
only if the crystalline symmetry is lower than cubic. The term X-ray Magnetic
Linear Dichroism (XMLD) is a superset for different effects. It can be caused
by spin-only effects via exchange-correlation, but also by magnetically (spin-)
induced orbital effects via spin-orbit coupling. To summarize, XLD can be caused
by:

1. Orbital ordering, i.e. a charge quadrupole moment (XNLD)

2. Spin-induced orbital moments via spin-orbit interaction

3. Orbitally-induced spin-moments via spin-orbit interaction

4. Pure spin effects (exchange-correlation)
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2.2.2. X-ray Natural Linear Dichroism (XNLD)

X-ray Natural Linear Dichroism results from a charge quadrupole moment in the
initial state, if the crystal symmetry is lower than cubic. In other words certain
orbitals are selectively populated, because their energies become nondegenerate,
when the symmetry is lowered. In most cases this orbital ordering is caused
by a ligand- or crystal-field of lower than cubic symmetry, wherefore the XNLD
is also often called crystal-field dichroism. The key to understand how linear
dichroism works is to know that – in a one electron picture – by orienting the linear
polarization e in space, one can change the transition probability into certain
orbitals, thereby probing their unoccupied density of states. One can directly find
out the transitions with nonzero intensity, since quantum mechanics and group
theory dictate that the parity condition must be fulfilled:

〈f |C(1)
q |i〉 6= 0 ⇒ P (f)P (C(1)

q )P (i) = even . (2.17)

The magnitude of the nonzero matrix elements is computed in analogy to Sec. 2.1,
now with the linear polarization operator. Qualitatively, one can state the rule of
thumb that the transition intensity will be higher, if E points along a lobe feature
of the final state orbital, and lower along a nodal feature (see Fig. 2.6). This rule
of thumb was introduced originally by Stöhr and he called it the search light
effect [151]. As a practical example, which is of value in our later investigations,

xy xz yz

3z -r
2 2

x -y
2 2

6Dq

-4Dq

t2g

eg

Figure 2.3: Crystal field splitting in a cu-
bic crystal field. On the right hand side,
the charge distribution in the irreducible eg

and t2g representations is drawn separately,
showing that each representation is of cubic
symmetry. Note that the charge distribu-
tion in the two irreducible representations
is complementary, which means that sum-
ming up the two contributions yields spheri-
cal symmetry – as is expected for a full shell.
Note that electrons in the eg orbitals are less
strongly bound, since their orbit is oriented
along the bond direction with the screen-
ing electronegative ligands. Conversely the
t2g electrons are more strongly bound, since
their orbitals point away from the ligands.

we will consider here the crystal field dichroism of a Ni2+ ion in a tetragonal
crystal field, for example with compression along the z-axis. Then the formerly
degenerate orbitals in the eg representation split into a1(dz2 , higher energy) and b1
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Figure 2.4: Crystal field splitting in a crys-
tal field of tetragonal symmetry. Now the
eg representation splits up into a1 and b1,
the t2g representation splits into e and b2.
In the sketch, a vertical compression is as-
sumed, thus the z2 and xz, yz orbitals shift
up in energy (less strongly bound), since the
screening ligands are closer. Conversely, the
x2 − y2 and xy orbitals shift down in en-
ergy, since the influence of the ligands gets
weaker.

xy

xz yz

3z -r
2 2

x -y
2 2

a1

b1

b2

e

Figure 2.5: Shift of the L3 peak energy due
to a tetragonal crystal field in a strained
NiO film on Ag[001] (Taken from [60]).

(dx2−y2 , lower energy), while the t2g orbitals split into two degenerate dxz, dyz (e)
of higher energy and dxy (b2) of lower energy (see Fig. 2.4 for details). Assuming a
high-spin d8 state, only the dz2 and dx2−y2 states will contain holes, i.e. contribute
to the XAS spectra. The E and b2 representations will be completely filled and
cannot be reached by optical transitions. Using the Gaunt-formula to calculate
the transitions from the px,y,z orbitals into the d-orbitals, one finds that only the
following transitions produce nonvanishing intensity:

|〈dz2|C(1)
0 |pz〉|2 = 4

15

|〈dx2−y2| 1√
2
(C

(1)
+1 + C

(1)
−1)|px,y〉|2 = 3

15

|〈dz2| 1√
2
(C

(1)
+1 + C

(1)
−1)|px,y〉|2 = 1

15
. (2.18)

From this we can conclude that using z-polarized light, we probe the dz2-orbital
exclusively. Using light polarized along x or y, we mainly probe the dx2−y2-orbital
(75%), but also dz2 with a weight of 25%. If now the two orbitals are split due to
a tetragonal crystal field (see Fig. 2.4), the maximum transition intensity will shift
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Figure 2.6.: Nodal features of the p- and d-orbitals. By orienting the linear polar-
ization e of the photons along certain lobe (nodal) features, transitions into certain
d-orbitals can be enhanced (suppressed). The core hole will be polarized along the
direction of e.

in energy by approximately the amount of the splitting. This effect has been mod-
elled and measured by Haverkort et al. [60] (see Fig. 2.5).

2.3. X-ray Magnetic Linear Dichroism (XMLD)

Historically, X-ray Magnetic Linear Dichroism has first been predicted in 1985
by Thole et al. for the M4,5 edges of rare earth materials with their localized
4f final states using atomic multiplet theory[154]. Experimentally, the effect was
observed one year later by van der Laan et al. for the rare earth material
Tb3Fe5O12 (Terbium Iron Garnet, TbIG) [161]. The first experimental results
for 3d transition metal compounds were reported in 1993 by Kuiper et al. for
antiferromagnetic α-Fe2O3[81]. In 3d transition metals, XMLD was not observed
until 1998, where Schwickert et al. found a small dichroism signal for Co, Fe,
Cr and V [137].

2.3.1. X-ray Magnetic Linear Dichroism by
exchange-correlation effects

To understand how magnetic linear dichroism arises from spin-only effects, we
can apply again the simple model used already for the XMCD. We assume again
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exchange split d-bands in a simple Stoner model, neglecting the crystallographic
structure of the sample. Thus the symmetry of the problem will be axial. We
will see later that there can be additional effects caused by the site symmetry of
the excited atom due to its surrounding neighbours, which lead to the so-called
anisotropic XMLD, i.e. the shape of the XMLD signal depends on both the
orientation of the spin and the photon polarization with respect to the crystal
lattice. In our simple model, the XMLD only depends on the angle between the
magnetization and the polarization. Since the effect is observed with linearly
polarized x-rays, we need the transition matrix elements for polarization parallel
to M, i.e. along z

〈l + 1 ml|C(1)
0 |l ml〉 =

√
(l + 1)2 −m2

l

(2l + 3)(2l + 1)
(2.19)

as well as for polarization perpendicular to M, which can be constructed from
Eq. 2.4 as

M
(xy)
fi =

1√
2
〈f |C(1)

+1 + C
(1)
−1 |i〉 . (2.20)

To get the transition intensities depicted in Fig. 2.7, these elements need to be
squared and multiplied by the square of the respective Clebsch-Gordan coef-
ficients, which are the same as for the XMCD. The resulting XMLD spectrum
I|| − I⊥ is depicted in the center of Fig. 2.7. The signal closely resembles the
energy-derivative of the XMCD signal, however, with a reversed sign at the L2

edge. According to Kunes̆ and Oppeneer this is a direct consequence of the
spherical symmetry of the d-DOS [82] and the core-valence exchange-interaction
3.

The spectral integral over the XMLD is zero in this case, since we have neglected
3d spin-orbit coupling. Note that in order to observe XMLD in such a simple
system, a sufficiently large energetic splitting of the core hole mj sublevels is nec-
essary, for example by core-valence exchange interaction. For the 3d transition
metals, the exchange-splitting of the 2p core hole is in the order of 0.1 eV (for
example 266meV for fcc Co [82]), which makes the effect small (≈ 1 % of the
white line). Its observation therefore requires a soft x-ray beamline with good
resolution, which is why the XMLD effect in transition metals was detected af-
ter the XMCD, and after the more pronounced XMLD in correlated materials.
Schwickert et al. measured the spectra for for Co, Fe, Cr and V in 1998 by
TEY XAS[137]. Mertins et al. observed the X-ray magnetic Voigt effect for

3Kunes̆ and Oppeneer expanded the spin-split unoccupied density of states functions f↑ and
f↓, which determine the XAS lineshape, into a Taylor series in terms of ∆pd, considering only
the linear term (f(ω ±∆pd) = f(ω)± df

dω ∆pd). Computing the XMLD difference spectrum
then just yields the energy-derivative of the XMCD spectrum.
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Figure 2.7.: XMLD single particle transition intensities with large exchange-splitting
in the d-bands (majority band full).

Cobalt, i.e. the polarization rotation by Magnetic Linear Birefringence in trans-
mission with transversal magnetization [98]. It should be emphasized that this
simple model is insofar incomplete, as it introduces the exchange splitting of the
core hole as a necessary ”ingredient”, but does not explain the intrinsic origin of
this effect. A configuration interaction approach will lead to a more realistic –
and more complicated picture: There, the polarized photon couples to the spatial
part of the electron wave function, producing an orbitally polarized core hole,
which will also have a spin-polarization due to the spin-orbit splitting. In the
final state this core hole interacts via exchange and correlation effects with the
target shell of the transition, which now contains one extra electron. Both effects
together are responsible for the XMLD, and are generally related to the magnetic
symmetry (crystal field + spin) of the sample.

2.3.2. XMLD in the presence of orbital degrees of freedom

A magnetic solid which has orbital degrees of freedom can exhibit a repopulation
of atomic orbitals by spin-orbit interaction, if the spin is oriented along a par-
ticular direction. This effectively corresponds to an electric quadrupole moment,
which is caused by and linked to the spin S. For the cubic high-spin 3d transition
metals, orbital degrees of freedom exist for all electronic configurations except
high-spin d3, d5 and d8. This can be understood qualitatively looking at Fig. 2.8.
There, we have assumed that the exchange-splitting is larger than the crystal field
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splitting and we have a high-spin ground state. It immediately becomes clear that
in all configurations where the exchange-split eg and t2g subshells (or bands) are
not exactly full, half-full or empty, additional holes or electrons exist, which can
be located in any of the degenerate orbitals within their irreducible representa-
tion. If now the degeneracy is lifted or the orbitals are mixed by a perturbation,
the electrons can be relocated, leading to a change in the charge distribution.
Let’s consider the simple example of a d1 configuration in the case exchange >
crystal field > 3d-spin-orbit interaction:

The t2g spin-up subshell contains one electron, the latter can – without spin-
orbit-interaction – be in any of the three degenerate dxy, dxz, dyz orbitals, so the
overall symmetry is cubic and no linear dichroism is produced. Now we switch
on a small spin-orbit perturbation with a spin along z, and assume for simplicity
that due to the large 3d exchange interaction, thermally only the energetically
most favourable |j, mj〉 sublevels with ms = 1/2 are occupied (|5/2, 5/2〉 and
(|3/2,−3/2〉). We can express the perturbed spin-orbit wavefunctions in terms of
the (undisturbed) d-orbitals as follows [47, 146]:∣∣∣∣52 ,

5

2

〉
=

1√
10

1√
5
{i |dxy ↑〉+ |dx2−y2 ↑〉} (2.21)∣∣∣∣32 ,−3

2

〉
=

1√
10
{−2i |dxy ↑〉+ 2 |dx2−y2 ↑〉+ i |dxz ↓〉 − |dyz ↓〉} .(2.22)

Since the spin-orbit interaction creates complex wavefunctions, a finite orbital
moment is reestablished, whereas in the undisturbed case (cubic symmetry), the
orbital moment was quenched. From the types of the mixed orbitals it directly
becomes clear that spin-orbit interaction favours to orient the electrons within the
xy-plane. This is equivalent to the creation of a charge quadrupole moment, i. e.
linear dichroism can occur due to a charge symmetry lower than cubic. Since spin-
orbit induced orbital mixing is one of the main sources of the magneto-crystalline
anisotropy (MCA), x-ray absorption can also deliver information about the MCA.
Van der Laan derived a sum rule for linearly polarized XAS, which allows to ex-
tract the expectation value of the 3d spin-orbit interaction and also its anisotropy
by varying the polarization direction [159]. This sum rule was confirmed exper-
imentally by Dhesi et al. [35]. Finally, it should be mentioned that the inverse
effect, the orientation of the spin-moment by orbital ordering, has also been ob-
served experimentally by Haverkort et al. [31]. There, a tetragonally expanded
CoO layer (high-spin d7) exhibits orbital relocation of the t2g hole in the dxz and
dyz orbitals, thereby orienting the spin-moment preferentially along the z-axis.
In this case the distortion causes XNLD, but the spin-orbit interaction induces
a spin-alignment and thus XMLD. Both contributions can in this case only be
separated by temperature dependent measurements.
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Figure 2.8.: 3d high-spin configurations in a cubic crystal field. The d3, d5 and d8

configurations are special, since they possess no orbital degrees of freedom. While d5

is spherically symmetric with zero angular and orbital momentum, in both d3 and d8,
the eg and t2g subshells are exactly full or half full. All other configurations posses
extra electrons or holes which can be relocated via spin-orbit interaction. This is the
reason why the cubic d3, d5 and d8 configurations show only XMLD by exchange and
correlation effects, (like, for example, NiO), while for other configurations the XMLD
is caused both by spin-induced orbital ordering and exchange-correlation.

2.3.3. ”Anisotropic” XMLD in 3d transition metal compounds

If the symmetry of the final states is not spherical anymore, the general XAS
spectra cannot be described by means of a single angle anymore. While in the
spherical case, the angle γE,S between E and S was sufficient to calculate an
arbitrary XAS spectrum from two fundamental spectra, in the cubic case, the
angles of E (θE, φE) and S (θS, φS) with respect to the crystal basis frame have to
be considered. Whereas ”isotropic” XMLD produces a single XMLD spectrum,
which scales with cos2(γE,S), the spectral shape and amplitude of ”anisotropic”4

XMLD has a complicated dependence on the crystallographic angles of E and
S.

4However, in the course of recent scientific publications, the terms ”isotropic” and ”anisotropic”
XMLD have been introduced in order to differentiate between XMLD, which is independent
of the material symmetry (”isotropic”) and XMLD, which depends on the crystalline sym-
metry in the sample (”anisotropic”). In principle, XMLD is by definition an anisotropic
quantity. Therefore, we use quotation marks for ”isotropic” and ”anisotropic” XMLD.
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Simple picture

First, we will discuss the XMLD in the presence of a crystal field of cubic (Oh)
symmetry, which causes a splitting of the 3d final states into an eg and a t2g irre-
ducible representation. Now the ”classic” rule of calculating the XMLD spectrum,
namely µXMLD = µE||S−µE⊥S makes only sense for two special spin-quantization
axes, namely [001] (C4) and [111] (C3-symmetry). Only for those cases, a unique
µE⊥S-spectrum exists for arbitrary polarization-directions within the plane per-
pendicular to S. For all other quantization axes, this method of calculating the
XMLD is of little value, since the results are difficult to interpret. Consequently,
Kunes̆ and Oppeneer [82] calculated the XMLD spectra for the aforementioned
two different spin-quantization axes, for the transition metals (Fe, Co, Ni). They
found that the XMLD spectra look different in both cases, which was explained
in their model by a different weighting of transitions into final states belong-
ing to eg and t2g representation, respectively. We will now briefly outline their
model:

The starting point is again a spin-split, but spherical density of unoccupied states,
i.e. zero crystal field. Spin-orbit interaction in the 3d states is not a necessary
ingredient to explain anisotropic XMLD and can be neglected5. As mentioned
earlier, XMLD can only be observed, if the core-levels are split by the core-
valence exchange-interaction ∆pd. This splitting was considered in a mean field
picture of all the d-electrons producing an effective exchange-field acting on the
core-electron spin:

∆j =
2

3

∫
r2R2

j (r)b(r)dr , j =
1

2
,

3

2
(2.23)

∆j is taken into account by a first order approximation, treating the exchange-
interaction as spherically symmetric, i. e. independent of the spin orientation with
respect to the crystalline lattice. By the introduction of an exchange-splitting
and the fixing of the spin direction, the formerly spherical symmetry is broken,
and the quantization axis is consequently chosen along the spin direction. To
describe the imaginary part of the dielectric tensor in terms of single-particle
transition matrix elements, they applied the Kubo linear response theory and

5However, the accordance to experiment is improved by considering it. It is worth noting that,
since the spin-orbit interaction is not a necessary ingredient for anisotropic XMLD, the term
”magnetocrystalline anisotropy” used in [82] is somewhat misleading, when referring to the
anisotropic nature of the XMLD due to the crystal symmetry. Since magnetocrystalline
anisotropy is caused by the spin-orbit interaction, it is not a major origin of anisotropic
XMLD
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arrive at

µq(ω) = Im{εq(ω)} ∝
∑
m,s

αq
γs(j)fms(ω ±

γ

2
∆) (2.24)

γ

2
= m− q + s (2.25)

q = 0 , ±1 the polarization . (2.26)

The fms are the d partial densities of unoccupied states (Fermi functions) and
the αq

γs(j) denote the angular parts of the transition probabilities 2pjγ/2 → 3dms,
which are the squared products of the Clebsch-Gordan-coefficients and the
transition matrix elements in |Cj γ/2|1 m−q 1/2 ms〈Y2 m|Y1q|Y1 m−q〉|2, as already dis-
cussed before in Sec. 2.1.2. The shift ±γ/2∆ is caused by the core-valence-
exchange-interaction and has different signs for L2 (+) and L3 (-) (see [151],
Chapter 6.2.2). Approximating the Fermi-function by the linear part of a Tay-
lor expansion around ∆ = 0, the energy-derivative of the Fermi-function enters
the model:

f(ω ± γ

2
∆) = f(ω)± γ

2
∆

∂f

∂ω
. (2.27)

Calculating now the differences µ+1−µ−1 (XMCD) and µ||−µ⊥ = µ(0)−1/2(µ+1+
µ−1) (XMLD), one finds that

• the XMCD depends on the difference of the unoccupied partial DOS
µXMCD ∝ D↑ − D↓, as we have already seen before, and to first approxi-
mation it does not scale with ∆. Note that in experimental XMCD spectra,
core-valence exchange interaction does change the shape of the spectra.

• the XMLD µXMLD ∝ ∆ ∂
∂ω

(D↑−D↓) depends on the energy derivative of the
unoccupied partial DOS and scales linearly with ∆.

Up to now, the crystalline symmetry is still spherical, and we have no
”anisotropic” XMLD. But if a cubic crystal field is ”switched on”, the d-states will
split into eg and t2g irreducible representations. The consequence is that for differ-
ent spin directions, i.e. quantization axes, different combinations of the spin-split
unoccupied DOS in the eg and t2g representations will be probed, consequently
the XMLD looks like:

µXMLD ∝ ∆
∂

∂ω
{α(t2g↑ − t2g↓) + β(eg↑ − eg↓)} . (2.28)

For different quantization axes, the weighting factors will change, for example for
S||[001] α = −1, β = 2 and for S||[111], α = 1, β = −1 [83]. It should be pointed
out that this simple model accounts only for the two particular high-symmetry
cases mentioned above, and that no general transformation of the XMLD for
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arbitrary quantization axes is given here. Also, the crystal field splitting is as-
sumed ad-hoc, and the effect of its size is not considered. Furthermore, the model
contains assumptions, which are only true for the two special cases presented,
and allow no general formulation [82]. Thus, the model is still not sufficient
for vectorial magnetometry, where the XMLD must be predictable for arbitrary
spin-quantization axes.

For a comprehensive theory, further aspects have to be taken into account. For
example, the single-electron approach has to be replaced by a configuration-
interaction picture, where exchange-correlation effects can be treated cor-
rectly. Atomic multiplet calculations can thus provide a more accurate pic-
ture, as will be shown later. Summarizing, ”anisotropic” XMLD is caused
by:

1. A crystal field, which lifts the spherical symmetry of the atomic potential.

2. Anisotropic exchange and correlation effects: In the XAS final state the core
hole is orbitally polarized (polarized light!) and also spin-polarized due to
the 2p spin-orbit interaction. It interacts via exchange-correlation effects
∆pd and Upd with the 3d states. If the crystalline symmetry is not spherical,
∆pd and Upd will strongly depend on the orientation of the spin-quantization
axis.

3. Orbital moment anisotropy: The anisotropy of the 3d spin-orbit interaction
〈ξ(3d)

a 〉 and consequently the orbital moment, i.e. the magnetocrystalline
anisotropy. Depending on the spin orientation, the orbital moment will
generally not be parallel to the spin-moment and also vary in size. In cubic
symmetry, both the orbital moment and the spin-orbit interaction in the d-

states are small (morb. ≈ 0.1 µB and Es.o.,d−band ∝ ξ4
s.o.

Wd−band.
= 1 µeV/atom),

so this is only a minor contribution to the XMLD. Nevertheless, sum rule
analysis of XMLD spectra as described by van der Laan et al. [159] al-
lows the extraction of the orbital moment anisotropy 〈ξa〉. However, the
anisotropies determined in that way are generally much larger than the
experimental values and hence not useful to determine the MCA quantita-
tively.

2.3.4. Angular dependence of XMLD - a phenomenological
description

In the following we will try to provide a classic derivation of the ”isotropic”
XMLD due to a magnetically induced charge quadrupole moment rotating along
with the spin. For simplicity, we will consider nongyrotropic media (no XMCD)
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with g = 0 (see Eq. 1.12). The formula will then be compared to the angu-
lar dependence of the ”anisotropic” XMLD found by atomic multiplet calcula-
tions.

2.3.5. ”Isotropic” XMLD

In the following, we will classically derive the linear dichroism caused by an electric
quadrupole moment Q̂ in the ground state, which, for example, is induced via
spin-orbit interaction when orienting the spin in an external field. We further
make the simplifying assumption that the magnetic anisotropy in the sample
is low, i.e., the crystal field and the anisotropy of the spin-orbit interaction is
negligible. Then the orbital and spin-moment will be approximately parallel,
along the external field direction. In that case, the quadrupole moment Q̂ will
follow the spin orientation and its size q will be proportional to the square of the
magnetic moment M2.

For a system with cubic or higher symmetry without any optical activity, the
dielectric tensor will look like

ε̂iso =

 εxx 0 0
0 εxx 0
0 0 εxx

 , (2.29)

and the sample will be optically isotropic. If the crystal symmetry is now reduced
below cubic by a magnetic spin-quantization axis, which can be arbitrarily ori-
ented, the problem gets more complicated. However, two fundamental elements of
ε̂ are sufficient to describe ε̂ for all possible orientations of S.

Since the XMLD may be caused by a (magnetically induced) charge quadrupole
moment, we hypothetically represent it by a tensor of rank k=2, called the
quadrupole tensor, which is defined as [46]

Q̂ =

 Qxx Qxy Qxz

Qxy Qyy Qyz

Qxz Qyz Qzz


=

 1− 3x2 −3xy −3xz
−3xy 1− 3y2 −3yz
−3xz −3yz 1− 3z2

 , (2.30)

where S = (x, y, z) is the unit vector along the spin quantization axis. Note that
the quadrupole tensor is symmetric and trace-free (Qxx + Qyy + Qzz = 0). In the
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presence of linear dichroism, ε̂ can be written as a combination of the isotropic
and quadrupole part like

ε̂ = ε̂iso + q · Q̂ (2.31)

ε̂ =

 εxx + q(1− 3x2) −3qxy −3qxz
−3qxy εxx + q(1− 3y2) −3qyz
−3qxz −3qyz εxx + q(1− 3z2)

 (2.32)

Orienting S along the z direction makes ε̂ diagonal, with only two independent
elements:

ε̂(S||z) =

 εxx + q 0 0
0 εxx + q 0
0 0 εxx − 2q


=

 ε⊥ 0 0
0 ε⊥ 0
0 0 ε||

 . (2.33)

Consequently, orienting the spin along the x direction, we will
get:

ε̂(S||x) =

 ε|| 0 0
0 ε⊥ 0
0 0 ε⊥

 . (2.34)

Using linear polarization along z, the two independent elements ε|| and ε⊥ can
be measured in the geometries (S||E||z) and (x||S ⊥ E||z), respectively. The
corresponding XAS spectra are the fundamental spectra. Since the dielectric ten-
sor has the same angular dependence as the quadrupole moment, it can now be
computed for arbitrary orientations of S = (x, y, z):

ε̂MLD =

 ε⊥ + (ε|| − ε⊥)x2 (ε|| − ε⊥)xy (ε|| − ε⊥)xz
(ε|| − ε⊥)xy ε⊥ + (ε|| − ε⊥)y2 (ε|| − ε⊥)yz
(ε|| − ε⊥)xz (ε|| − ε⊥)yz ε⊥ + (ε|| − ε⊥)z2

 .(2.35)

Note that replacing ε|| = −2 and ε⊥ = 1, one recovers exactly the definition of the
quadrupole tensor, i.e. this pair of values corresponds to a purely quadrupolar
charge distribution. Comparison of Eq. 2.35 to the general dielectric tensor in
cubic symmetry given in Eq. 1.11, one can identify γ12 = ε⊥, γ11 = ε|| and γ

(iso)
44 =

+(ε|| − ε⊥). Following the ”standard rule” for the calculation of XMLD spectra,
namely

µMLD = µ(S||E)− µ(S ⊥ E) , (2.36)

we will now always yield the difference of the two fundamental spectra, no matter
in which direction S is pointing:

µMLD = ε|| − ε⊥ ∝ q ∝ M2 , (2.37)
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M2 being the squared magnetization in the sample.

Conclusion: Deriving the XMLD from a quadrupole moment that is locked
to the spin direction and does not change its magnitude would imply that the
XMLD in cubic or higher symmetry would only depend on the relative orien-
tation of E and S , but not on the crystalline orientations of E and S!. Con-
sequently the ”anisotropic” XMLD found experimentally indicates that the sit-
uation is more complicated: In general, the charge quadrupole moment is not
locked to the spin orientation and additional effects like exchange-correlation are
present.

2.3.6. ”Anisotropic” XMLD in cubic symmetry

Interestingly, in Oh symmetry one finds both experimentally and by atomic
multiplet calculations that XMLD caused by exchange-correlation effects is
”anisotropic”, i.e. depends on the orientations of both E and S relative to the cu-
bic basis frame (and not on their relative orientation only). As calculations show,
however, still two fundamental spectra are sufficient to describe the effect for ar-
bitrary directions of S. The approximate6 angular transformation of the dielectric
tensor as found from the calculations [59] looks as follows:

ε̂MLD =

 ε⊥ + (ε|| − ε⊥)x2 −(ε|| − ε⊥)xy −(ε|| − ε⊥)xz
−(ε|| − ε⊥)xy ε⊥ + (ε|| − ε⊥)y2 −(ε|| − ε⊥)yz
−(ε|| − ε⊥)xz −(ε|| − ε⊥)yz ε⊥ + (ε|| − ε⊥)z2

 .(2.38)

Comparison of Eq. 2.35 to the general dielectric tensor in cubic symmetry given
in Eq. 1.11 now yields γ12 = ε⊥ and γ11 = ε|| as for the ”isotropic” XMLD, but

γ
(aniso)
44 = −(ε||−ε⊥). The nondiagonal elements now have an negative sign, which

is why the XMLD manifold, i.e. the set of all XMLD spectra for all possible
polarizations does not rotate along with S any more. Currently, the origin of
this property cannot be properly explained, but the findings are consistent with
measurements and atomic multiplet calculations for various spin quantization axes
[82, 83, 32, 8, 9, 77].

Fundamental spectra and important symmetry properties

In Fig. 2.9, the fundamental spectra calculated by Haverkort for 0K are shown
for the two cases Cz

4 ||S||E ( I (0°) ) and Cz
4 ||E ⊥ S||Cx

4 ( I(90°) ). Clearly, the

6Interestingly, the angular transformation is nearly, but not exactly correct. The degree of
deviation depends on crystal field and exchange energies as well as the overall electronic
structure in the d-states.
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Figure 2.9.: Fundamental spectra. (A) Calculations of Haverkort for T = 0K. From
these two spectra, is is possible to compute XAS spectra for arbitrary orientations of S
and E (at 0 K).(B) Experimental results of Alders et al. for MgO(001)/NiO[20 ML]
at room temperature. Coincidentally, Alders et al. had a NiO domain distribution
with only [±1± 1± 2]-type spin-axes, which yields an XMLD signal axially symmetric
to the sample normal due to integration over a large number of domains. This is why in
their work, the anisotropic nature of the XMLD in single crystalline samples remained
undetected [2].

redistribution of spectral weights between the multiplet-split double peaks can
be seen. Furthermore, the direction of the weight-transfer is the same for both
edges. Comparing to the results of Alders et al., the situation is quite similar,
however, not as pronounced due to the elevated temperature (300K) and the fact
that a polarization angle of 0 ° with the sample normal is unfeasible (where should
the light come from?). The particular domain distribution in their strained NiO
layers on MgO(001) lead to a preference of only [±1± 1 2]-type spin-axes. Since
the experiment was not spatially resolved, the integration over a large number
of domains yielded an XMLD characteristics, which was axially symmetric about
the sample normal. This is why they could successfully describe the XMLD by
an angular dependence of cos2 ∠(E,n), where n is the sample normal, or, so
to speak, an effective spin-axis. This is the main reason, why the anisotropic
nature of the XMLD in their epitaxial samples remained undetected, because the
geometry was similar to the highly symmetric case S||C4. Generally, one cannot
hope to find exactly such a domain distribution, and indeed the simple relation
does not hold true in the general case. Many results based on this theory have
to be reconsidered, and indeed some of them have already been proven incorrect
(see, for example, comments in Ref. [9]).
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The first and most important thing in this context is to notice, that the simple rule
of calculating ”XMLD” spectra, namely Eq. 2.36, in general is not a good choice
when dealing with anisotropic XMLD. This is because for arbitrary orientations
of S, there is generally not a unique spectrum for E ⊥ S anymore. Only for the
special cases S||〈111〉-type directions and S||〈001〉-type directions the standard
rule is recovered. Then and only then, the MLD can be described as a simple
cos2(E,S) dependence, as done by Alders et al. [2]. For all other cases, the
situation is unnecessarily complicated when considering differences of two XAS
spectra. It is therefore better to use a single XAS spectrum for each geometry,
and compare it to atomic multiplet calculations.

In the following, we will now take a closer look at the symmetry properties of the
”anisotropic” XMLD. Although, in principle, the system may possess no symme-
try at all for an arbitrary spin-quantization axis, one finds that the manifold of
XAS spectra for fixed spin direction and arbitrary polarization directions MS(E)
generally retains a minimal symmetry, even when the spin does not point along
any symmetry direction. This minimum symmetry can be generally described as
mmm (orthorhombic with inversion centre) (see, for example, the case S||[112] in
Fig. 2.10). This means that XAS measurements along at least three linearly inde-
pendent polarization directions (ideally along the main axes) allow for a complete
determination of the manifold.

Even a complete experimental determination of the XMLD manifold, however,
leaves some ambiguity for the spin-axis orientation. Exchanging S and E in
Fig. 2.10, we can, for example, consider the worst case, namely E||[100]. Then,
for all orientations of S on a cone around the [100]-axis, the same value will
result, and only the angle of S with the [100]-axis can be derived. To find out the
actual spin orientation, additional information has to be provided, for example
known easy-directions in the material or the confinement of the spins within the
sample plane by dipolar (shape-)anisotropy. Generally, choosing E along non-
high-symmetry-directions and measuring along as many different directions as
possible reduces the ambiguity by the aforementioned symmetry-reduction of the
XMLD manifold.
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S|| [112] S||[111]

S||[110] S||[100]

Figure 2.10.: Polarized-XAS-manifold MS(E) in cubic symmetry for several fixed spin
directions. The manifold is calculated by setting ε|| = 0 and ε⊥ = 1 and represents the
XAS intensity at a given energy for the full solid angle of polarization orientations.
From the plots, it is directly apparent that the manifold possesses rotation symmetry
around the spin direction only for the two cases S||〈111〉 and S||〈100〉. Thus only
for those directions the classical calculation of the XMLD signal makes sense. For a
general spin orientation, the symmetry is mmm. Note that in cubic symmetry, E and
S commute, which means that the manifolds are the same when interchanging both
vectors (MS(E) = ME(S)).



3. Transition Metal Oxides -
Electronic and magnetic
properties

3.1. NiO: Electronic structure and magnetic
interactions

NiO is an antiferromagnetic charge transfer isolator with a cubic rocksalt structure
above its Néel temperature of 523-5K (lattice parameter a=4.176 Å) [103, 148,
95]. If we make the simplifying assumption of NiO being an ionic crystal, it has
the formula Ni2+O2−. The Ni cations are then in a 3d8 ground state. In the free
ion we can apply Hund’s rules and obtain a ground state 3F4 (S=1, L=3, J=4).
Neglecting the magnetoelastic distortions, which will be discussed in the next
section, we can approximate the crystal field as octahedral Oh. The 3d states are
then separated into two irreducible representations eg and t2g, of which the t2g

representation possesses the lower energy (compare Fig. 2.3). Assuming a high-
spin ground state (first Hund’s rule still applicable), we end up with a filled t2g

subshell and two spin-up electrons in the eg orbitals (d↑x2−y2d
↑
z2), which add up to

S = 1.

Taking Hund’s second rule for granted, we still
O

2-

TM
2+

TM
2+

Figure 3.1.: 180° superexchange
interaction.

have L = 3 and the possible irreducible repre-
sentations are then A2 + T1 + T2. Multiplet
ligand field theory finally yields that 3A2 has
the lowest energy [151]. Since NiO is an in-
sulator, all itinerant or direct interactions to
convey a magnetic order are weak, leaving as
only effective mechanism the so-called superexchange, i.e. the hopping of elec-
trons between two cations via a ligand bond [5]. In the case of NiO, the 3d
eg orbitals have a good overlap with the oxygen 2p t1u orbitals. Since the lat-
ter are occupied by two electrons with antiparallel spins according to the Pauli
principle, the formation of a covalent bond with a cation on either side of the

35
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oxygen atom leads to antiparallel spin alignment of the neigbouring cations (see
Fig. 3.1).

3.2. Antiferromagnetic structure and
magnetoelastic domains in NiO

Below the Néel temperature, the crystal will exhibit antiferromagnetic ordering
due to the 180° superexchange interaction discussed in the previous section. The
rocksalt structure then leads to ferromagnetic (111) planes which are stacked
antiferromagnetically along the corresponding [111]-direction (AF II-structure,
[139]). The easy axis within those planes have been determined to be the 〈112〉-
type directions [74, 103], i.e. the spins are confined to the (111)-planes. Since
there are four 〈111〉-type directions and three easy directions for each (111) plane,
in total 12 antiferromagnetic domains are possible within the crystal: Four so-
called (T)win-domains classified by the corresponding AF stacking vector and
within each T-domain three (S)pin-domains for the three easy axes. In principle,

S

�x'x' �y'y'

�x'z'

�zz

x'

y'

z'
z

Figure 3.2.: Left: Antiferromagnetic structure of NiO with ferromagnetic (111) sheets
(oxygen atoms not shown). Right: magnetoelastic distortions.

without further interactions, any crystal can be in an arbitrary multidomain state.
However, NiO exhibits pronounced exchange- and magnetostriction, which puts
further limits to the possible domain configurations. Upon antiferromagnetic
ordering, a single domain crystal, let’s say, with stacking along [111] will exhibit
several distortions: The largest one is rhombohedral with a relative size of ηzz =
−1.5 · 10−3 as shown in Fig. 3.2 [140], which is caused by exchange-striction, i.e.
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100010

p s

100

Figure 3.3.: PEEM images of antiferromagnetic domains at the (001) surface of a
freshly cleaved NiO single crystal (measured at the SLS, Switzerland). In p-contrast,
the domains bounded by walls running along 〈100〉 and 〈110〉-type directions are clearly
visible. In s-contrast, the walls along [100] ([010]) become visible as dark (bright) lines.

the dependence of the superexchange constant on internuclear distance ∂J
∂r

≈
−4 µeVÅ

−1
[171].

For the remaining distortions, it is convenient to introduce a coordinate system
adapted to the new symmetry of the crystal, which would be defined as z′||[111],
x′||[112]||S the spin axis and y′||[110] perpendicular to the spin axis. The dipolar
anisotropy and magnetostriction within the ferromagnetic sheets will then lead
to a contraction along the spin axis of ηx′x′ = −2.7 · 10−4 and an expansion of
ηy′y′ = +2.7 · 10−4 perpendicular to it. Last but not least there will be a canting
of the [111] axis towards the spin axis of ηx′z′ = 0.91 · 10−4, making the overall
symmetry monoclinic. In real crystals, the magnetoelastic distortions together
with the sample shape and defects will generally lead to a metastable multidomain
state.

3.2.1. Antiferromagnetic Domain walls

The possible walls separating two domains have to comply to stress compatibility,
i.e. the condition

η̂ = −n× (ê1 − ê2)× n
!
= 0 (3.1)

must be fulfilled, where ê1,2 are the spontaneous strain tensors on both sides of
the wall and n = [x, y, z] is the unit wall normal [167]. In this case there will be
no contribution to the elastic energy η̂ĉη̂. As an example, we will consider here a
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wall between a T1 ([111]) and T2 ([111]) domain. Then we get

η̂ ∝


0 −2 z2 + 2 yz 2 yz − 2 y2

−z (2 z − 2 y) −4 zx 2 zx + 2 xy

y (2 z − 2 y) 2 zx + 2 xy −4 xy

 , (3.2)

and η̂ = 0 for n along [100] or [011], which define mirror planes of the two do-
mains. In a similar fashion, (001)- and (110)-type mirror planes are obtained for
the other T-domains. Yamada showed, that for the walls separating two different
S-domains within the same T-domain two orientations are possible. For example,
the boundary between [112] and [121] domains can run along the (110) or the
(211) plane. The latter has not been observed experimentally, possibly because it
is not fully compatible to the crystal symmetry due to the monoclinic deformation
ηx′z′ . Of course, the transition zones between different antiferromagnetic domains

a)

b)

Figure 3.4.: Structure of a hypothetical 90 °-wall inside of NiO. (a) model after Ya-
mada [171] with anticyclic rotation, (b) coherent rotation of both sublattices. The mag-
netoelastic distortion has been exaggerated. In (a), the wall core exhibits a strongly
noncollinear magnetic structure, which would lead to a higher pseudodipolar energy
than the configuration shown in (b), where an essentially collinear spin-alignment is
retained throughout the wall. Our results in Chap. 8 indicate that type (b) is real-
ized in the constrained AF domain walls of an epitaxial NiO layer exchange coupled to
magnetite.

are not infinitely narrow, but the change in magnetic (and crystalline) structure
will take place over a finite distance in the solid. The physics of the naturally oc-
curing magnetoelastic domain walls in NiO was the subject of several theoretical
studies by Yamada [171, 173, 172, 174]. It should be pointed out that the anti-
cyclic rotation of both sublattices inside the wall – as postulated by Yamada –
has never been confirmed experimentally, and furthermore contradicts intuition,
since the resulting noncollinear spin-alignment inside the wall-core would lead
to a high pseudodipolar energy . A more likely scenario is the rotation of both



3.3. Fe3O4: Electronic and magnetic structure 39

sublattices as a ”rigid” spin-axis. This model has been successfully applied to de-
scribe the wall profiles at the NiO (001) surface [167]. Experimentally, an upper
limit of 160 nm was found for the width of T-walls, in contrast to the postulation
of only 8 nm made by Yamada. For the S-walls, a larger value of 200 nm was
found, which is consistent with the lower in-plane anisotropy for rotations of the
spins within the ferromagnetic (111)-planes. It should be noted that in contrast
to the magnetoelastic walls described here, chapter 8 deals with another type of
antiferromagnetic domain wall, which is induced in a thin AF layer by the in-
terfacial exchange coupling to a ferrimagnet (Fe3O4), which thereby imprints its
domain pattern into the antiferromagnet. Since the thin AF layer must obey the
strain boundary conditions dictated by the substrate, the walls are not dominated
by magnetoelastic effects anymore but rather by exchange interaction and mag-
netocrystalline anisotropy, just as ferromagnetic domain walls. One important
difference is, however, that stray fields don’t play a role in the minimization of
the wall energy.

3.3. Fe3O4: Electronic and magnetic structure

Magnetite crystallizes in the inverse spinel structure. In a simple ionic picture, it
has the formula [Fe3+]A[Fe3+Fe2+]BO2−

4 , or

[Fe(d5)]A[Fe(d5)Fe(d6)]BO4

i.e. the Fe3+ ions occupy the tetrahedral (A) sites and half of the octahedral
(B) sites. The lattice constant is 8.396 Å [53] and thus almost twice as large as
the one of NiO. Below 120K (Verwey temperature TV ) it exhibits a transition
from the high-temperature conducting to the low-temperature insulating phase
(for a review see [165, 49] and references therein). This metal-insulator transition,
which coincides with a monoclinic distortion, is thought to be accompanied by
charge ordering mainly on the octahedral sites, thereby preventing the hopping
mechanism between Fe2+ and Fe3+ cations that leads to the finite conductivity.
All cations are in a high-spin state, and the A and B sites interact with each other
by 124.5 °-superexchange via an oxagen atom, which orients their net moments
antiparallel. The B-site cations interact by ferromagnetic 90 ° double-exchange
via oxygen [6]. The 3d electronic configuration is thus

[Fe(t2g↓)3(eg↓)2 ]A [Fe(t2g↑)3(eg↑)2 Fe(t2g↑)3(t2g↓)1(eg↑)2 ]BO4 ,

resulting in a net spin moment of 4 µB. Experimentally, a spin-moment close to
4 µB has indeed been found [169, 50].
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This means that the electrical conductivity by electron hopping on B sites has
almost purely minority spin character, i. e. Fe3O4 is a ferrimagnetic half-metal
with ideal properties for spin-electronics. The Curie temperature is ≈ 850 K and
the magnetic anisotropy constant K=

1 −1.1·104Jm−3, thus the bulk easy-directions
are along 〈111〉 [87].

In the iron-oxide system, there are other

Figure 3.5.: Crystal structure of
magnetite.

phases with different physical properties,
which we will discuss here for the sake of com-
pleteness. It is important to know their prop-
erties and the conditions for their formation, in
order to be able to prepare samples with the
right stoichiometry and interpret the effects of
surface reconstruction.

When going towards lower oxygen content,
there is Fe1−xO (Wüstite), which is a rocksalt-
type antiferromagnetic insulator (TN ≈ 198 K)
with a lattice constant of a = 4.305 Å. In
its single-domain state it orders – similar to
NiO – with ferromagnetic sheets stacked along 〈111〉, but the spins also point-
ing along the stacking axis [88]. Wüstite is nonstoichiometric with defect
clusters in the cation lattice, which locally resemble the structure of Fe3O4

[164].

For higher oxygen content, two phases are possible, namely γ-Fe2O3 (Maghemite)
and α-Fe2O3 (Hematite). Maghemite (γ-Fe2O3) has the same inverse spinel struc-
ture as magnetite, however with only one type of cation on the B sites, namely
Fe3+. For the sake of charge neutrality, vacancies are introduced, which also reside
mainly on the B lattice, so one can write Fe3+

A [Fe3+
5/3]BO4 or Fe2.67O4. Varying the

number of vacancies per formula unit, a gradual phase change from magnetite to
maghemite takes place.

Hematite (α-Fe2O3) is a mineral, which was known (up to several years ago)
as the worst enemy of car owners. In contrast to maghemite it crystallizes
in the corundum-structure. Hematite is antiferromagnetic with a quite high
TN = 950 K. An interesting feature is the so-called Morin-transition at 260K,
where the spin-axis reorients from the low-temperature c-direction by 90 ° into
the (001)-plane. Due to the Dzyaloshinsky-Moriya-interaction, the moments
become canted in the high-temperature-phase, producing weak ferromagnetism
[37, 101].
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4.1. Generation of polarized x-rays – synchrotron
radiation

Today, materials science relies to a large extent on the use of x-rays of variable en-
ergy and polarization, because of to their versatility in determining chemical and
structural order. Without high brilliance x-ray sources such as synchrotrons, the
recent advances in this field would not have been possible. In the following, a brief
introduction into the generation and use of synchrotron radiation will be given,
based on the monographs and reviews in Refs. [10, 151, 29].

In the early days of x-ray physics, scientists had a very hard task in waiting days
and weeks for their experiments to be finished. Be it x-ray diffraction, absorption
or fluorescence, the sources – conventional x-ray tubes based on the principle
detected by Wilhelm Conrad Röntgen – simply did not posses enough flux
to allow for convenient measurement times. Admittedly, detectors were not as
efficient as today, but still the major drawbacks were intensity – and tunability.
For some applications – like spectroscopy – monochromatized x-rays were needed.
This was usually achieved by a grating- or crystal monochromator or a filter,
cutting the flux further. The way out was offered by a phenomenon, which first
occurred as a parasitary effect in big particle storage rings like, for example,
DORIS [34]. There, charged particles are accelerated until they almost reach
the speed of light, and then fed into a storage ring, conserving their energy by
microwave feedback. Keeping them on their orbit requires transversal acceleration
by bending magnets and beam-shaping devices (sextupole-, octupole-magnets),
intermitted by straight sections where so-called insertion devices can be installed
(this will be discussed later). As electrodynamics predicts, every charged particle
experiencing acceleration emits electromagnetic radiation [46]. Since the emitted
power depends on the particle energy as

P =
2e2c

3R2

(
E

m0c2

)4

, (4.1)

the effect becomes very pronounced at relativistic energies [10, 29]. Another fea-
ture that comes with relativistic motion is, that the ”classical” Hertzian dipole

41



42 4. Experimental Methods

radiation, having a ”doughnut”-like characteristics with axis along the propaga-
tion direction, is distorted into a narrow cone along the propagation direction,
with an angle θ = 1/2γ, γ = 1/

√
1− v2/c2. This means, that synchrotron sources

have a very high brilliance. With γ = 1.96 · 103 · Ee[GeV ], which takes values
around γ ≈ 3000 for common synchrotron sources, the full emission angle is as
small as 0.1 mrad.

Looking at a charged particle moving on a circular trajectory, it is directly appar-
ent that according to the laws of momentum conservation, the photons emitted
must possess a defined angular momentum, since the electron does so, too. In this
sense, the synchrotron is like a giant atom. This picture, though a bit unprecise,
provides an easy rule of thumb to predict the polarization type depending on the
emission direction relative to the orbital plane [151]. Since during emission, the
amount ~ sgn(̂l · k̂) of the electron angular momentum is transferred to the pho-
ton, one can directly conclude on its helicity. This means that for the common
case of electrons circulating clockwise in a synchrotron, photons emitted above
the orbit plane are left circularly polarized (σ = −1) and below right circularly
polarized (σ = +1). Emission exactly within the ring plane consequently leads to
horizontal linear polarization. Such polarization characteristics is usually emitted
by bending magnets, and as one already can see, the linear vertical polarization
component is not accessible.

Applications that need a higher flux and variable polarization require a special
type of insertion device, the so-called undulator. One of the most versatile designs
is the APPLE-II type undulator, which contains four independent magnet arrays
[128]. By adjusting the phase relations between the four arrays properly, it is
possible to force the electrons passing in between into arbitrary helical or linear
sinusoidal trajectories, thus allowing for variable polarization [176]. One of the
features important for vectorial magnetometry using XMLD is the free rotation
of the linear polarization around the beam axis (see Sec. 7.3.2), which becomes
possible with this type of undulator.

4.2. Photoemission microscopy using soft x-rays

In the following, the primary measurement technique and instrumentation used
in this thesis, Photoemission Electron Microscopy (PEEM) will be outlined, with
regard to the special circumstances when using polarized x-rays for the generation
of photoelectrons as compared to excitation by UV radiation or low energy elec-
trons reflected from the sample surface (LEEM). The details given here are based
on the review articles in Refs. [12, 130, 131] about electron and photoelectron
microscopy.
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An early electron microscope based on photoelectrons emitted from the sample
itself has been proposed by Brüche in 1934 [19], and worked essentially like an
electrostatic loupe with only one (magnetic) lens for focussing and a phosphor
screen to transform the electron distribution into visible light. The new concept
was that the sample was now itself part of the optical system, emitting the par-
ticles to be imaged. Modern versions of the PEEM have a more complex design,
partly analogous to an optical microscope:

Photoelectrons are emitted from the sample by a light source of sufficient energy
to overcome the sample’s work function. They are subsequently accelerated by
a so-called electrostatic immersion lens – an analogy to the optical immersion
objective, where high numerical apertures are achieved by special tricks, i. e.
inserting a material with high refractive index.

The trick with PEEM is to strongly accelerate

500 µm
200

100
75

50
25

0 5 10 15

energy / eV

tr
a
n
s
m

is
s
io

n
/
a
rb

.
u
.

Figure 4.1.: PEEM transmission
of secondary electrons excited by
synchrotron radiation, measured
for various aperture diameters (af-
ter [4]).

the electrons by fields of +10 kV/mm on a very
short distance (1-2mm) in order to achieve a
high acceptance angle. A second consequence
of the high acceleration voltage is to reduce the
relative energy spread ∆E/E0 (polychromatic-
ity) of the electrons, thereby reducing chro-
matic aberration and increasing the final res-
olution. In addition, also the angular spread
will be narrowed down, leading to a reduc-
tion of spherical aberration. The resolution
can be further improved by additional optical
elements like electron mirrors, energy analyz-
ers or apertures. While mirrors belong to the
class of compensation elements, involving no
loss of intensity, analyzers and apertures work
as filters, reducing the total flux. For simplicity we will only discuss the effect of
an aperture here. Placed into a crossover of the electron trajectories, an aperture
can be used to diminish the angular distribution of the photoelectrons, caused by
their energy spread, and therefore select electrons with a smaller energy band-
width. This leads to improved resolution at the cost of intensity. Apertures are
usually placed in the back focal plane or a suitable image of it, working as an
energetic low-pass filter. The typical energy distribution of the photoelectrons
is shown in Fig. 4.1 (A). It has a smooth background peaking at low kinetic en-
ergies of only a few eV, then decreasing strongly towards higher energies. This
background is caused by secondary electrons generated during the photoemission
process. The function of the aperture is to cut out all the high-energy elec-
trons, limiting the kinetic energy to a narrow range at low values (B). A typical
PEEM optical setup is shown in Fig. 4.2. Besides the immersion lens (extractor),
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there are at least two more projector lenses which produce a magnified version
of the intermediate image directly on a phosphor screen, or – as in most mod-
ern versions – on an image intensifying system, for instance, a multi-channel plate
stack with subsequent scintillator. Focal stigmators are included to improve focus
quality, removing astigmatism due to any spurious field distributions, which are
non-centrosymmetric with respect to the optical axis. Finally, optional deflector
units allow for a convenient alignment of all optical elements to a single optical
axis. A well aligned microscope can typically reach a resolution down to 20 nm
using threshold photoemission by a Hg lamp. In LEEM mode, where strongly
reflected low-energy electrons with a small energy spread are used for imaging,
an even better resolution down to 10 nm can be obtained. Excitation by x-rays
does not directly allow such high resolutions, since the energy-spread of the pho-
toelectrons is considerably larger. Typical values here are (for our experiments)
below 70 nm.

Contrast using UV light and x-rays can arise

Figure 4.2.: PEEM optics (after
Ref. [131]).

from several effects. (i) Topographic features
on the sample surface cause a deflection of the
photoelectrons at field inhomogeneities (such
as steps), which produce variations in the local
photoelectron yield; (ii) material-dependent
work functions can lead to laterally varying
electron yield in chemically inhomogeneous
samples; (iii) using x-rays, chemical sensitivity
can be achieved by tuning the photon energy
to specific absorption edges. The selected ele-
ment will then produce a high amount of pho-
toelectrons via primary and secondary pho-
toionization processes.

(iv) Additionally, in a sample with magnetic
order, various contrast mechanisms are possi-
ble. Lorenz contrast, for example, is caused
by a deflection of the photoelectrons in inho-
mogeneous surface stray field patterns of a ferromagnetic domain structure. This
contrast requires no special illumination technique, unpolarized UV light is suffi-
cient. Using polarized or even unpolarized UV light, magnetic contrast can also be
achieved by the MLDAD effect. One of several possible contrast mechanisms is,
for example, that the electron yield is influenced by the magnetization component
transversal to the plane defined by the light incidence direction and the PEEM
optical axis. Field reversal along this direction changes the angular distribution
of the photoelectrons excited by p-polarized photons, which is then transformed
into an intensity variation by the acceptance angle cutoff in the PEEM (see,
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for example, Ref. [94]). Finally, we come to the most important and versatile
type of contrast, which is produced by Circular and Linear Dichroism (XMCD,
XMLD). Tuning the x-ray energy while recording image sequences, microspec-
troscopy can be performed in so-called Total Electron Yield (TEY), or better:
Partial Yield (PY), since the electrons are low-pass filtered. Magnetic dichroism
will then manifest in a local variation of the electron yield depending on the local
magnetic order. In this way, ferromagnetic as well as antiferromagnetic domain
states can be imaged by XMCD resp. XMLD. The usual procedure to enhance
magnetic contrast and remove inhomogeneous image backgrounds is to compute
ratio-images (I1/I2) or asymmetry-images (I1 − I2)/(I1 + I2) of measurements at
two different helicities (XMCD) or x-ray energies/polarizations (XMLD). In this
way, any effects caused by inhomogeneous illumination of the sample of the de-
tector sensitivity pattern are eliminated, provided that the illumination is stable
between two images.
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5. Magnetic Proximity Effect and
Related Phenomena

When two different magnetic materials are brought into contact, their magnetic
structure may be altered near the interface. This effect is generally referred to
as ”magnetic proximity effect” [72]. There are various reasons for this alter-
ation:

1. exchange interaction across the interface

2. broken translational symmetry normal to the interface, which has sev-
eral consequences: (i) Additional electronic interface states/bands, which
do not exist in the bulk, in analogy to surface states (see, for example,
Refs. [86, 70]). (ii) Altered bonding anisotropies and anisotropic exchange
interaction at the interface, which modify the orientation and sizes of spin-
and orbital momenta ( for example [170]). (iii) additional magnetic in-
teractions like the Dzyaloshinsky-Moriya interaction, which is related
to broken translational symmetry or the absence of a crystalline inversion
center [37, 101].

3. interfacial reconstruction, i. e. a per se different geometric and hence also
electronic and magnetic structure within each constituent material near the
interface ( for example [70]).

4. hybridization effects between different species across the interface, which do
not occur inside the bulk (i.e. in [119, 155]).

5. Magnetoelastic interaction between the two materials arising from both epi-
taxial lattice strain and magnetostrictive effects (this aspect will be dis-
cussed in more detail in Chap. 7).
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5.1. Interfacial exchange coupling and exchange
bias

Almost exactly 50 years ago, Meiklejohn and Bean made a discovery, which
should prove 30 years later as invaluable for spintronics and magnetic storage
technology. In a very simple system, namely cobalt nanoparticles with a surface
shell oxidized to CoO in air, they found a peculiar and ”new anisotropy” (such
was the title of their work). By hysteresis and torque measurements they found
that the magnetization loop of field-cooled particles, i.e. samples which had been
cooled through the Néel temperature of CoO in an external magnetic field, exhib-
ited a characteristic shift on the field axis as compared to the high temperature
state. The second peculiarity was the torque curve,

T = −∂E

∂θ
= −Ku sin(θ) , (5.1)

where E is the energy and θ is the angle between the cooling field direction and the
magnetization. This torque did not resemble the shape for a free ferromagnetic
particle

T = −∂E

∂θ
= −K1 sin(2θ) , (5.2)

and integrating the torque curves, it directly became apparent that a unidirec-
tional anisotropy −Ku cos(θ) emerged, besides the uniaxial anisotropy K1 sin2(θ)
of the Co particles in the field-cooled case. This anisotropy tended to pin the
particle magnetization along the cooling field direction, leading to a shift (bias)
of the hysteresis loop towards the negative field axis. Meiklejohn and Bean
concluded that the most probable origin was a spin-effect between the Cobalt
and its oxide and termed the phenomenon exchange anisotropy and the loop shift
exchange bias. Without this ”magnetic glue” it would have been incomparably
more difficult to construct GMR sensors with sufficient stability of the magnetic
reference layer.

5.1.1. Models and their limits

Coherent rotation model by Meiklejohn and Bean

To explain their results, Meiklejohn and Bean invoked a model, where a uni-
axial ferromagnet was coupled to an ideal layered and uniaxial antiferromagnet
(see Fig. 5.1 (B) ). The interface was assumed completely uncompensated, i.e.
all AF interface spins belong to the same antiferromagnetic sheet. Furthermore,
the AF was assumed completely ”rigid”, i.e. its anisotropy was set to infinity,
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confining the moments within the sample plane along the easy axis. The strictly
simplifying assumptions were appropriate to explain the basic features of the phe-
nomenon, i.e. the loop shift and torque behaviour, but failed in estimating the
size of the exchange field. Naively assuming a difference between high- and low
energy state

σint. = E↑↓ − E↑↑ =
2Jint.S

2

a2

or in terms of the bias field

Heb = σint./(MFtF) =
2Jint.S

2

a2MFtF

yields values about three orders of magnitude too high (for instance ≈ 17 Jm−2

for a Co surface [152]) as compared to the experimental findings (≈ 10−2 Jm−2

[107]).

Approaching reality...

Subsequently, several approaches have been pursued to better meet the experi-
mental reality. The main improvements to name here were (i) a more physical
picture of both the AF and the FM with variable anisotropies and planar domain
walls, (ii) the account for interface roughness, (iii) the inclusion of higher-order
magnetic interaction such as biquadratic exchange. Further improvements were
the account for systems with variable defect densities (diluted ferromagnets and
antiferromagnets, DAFF) and a more realistic domain-state in both the FM and
the AF.

Planar domain walls

One of the first ”remedies” found to get rid of unrealistically high exchange
anisotropies was the assumption of a less rigid antiferromagnet. Mauri et al.
developed a model,[96] which contains a coupling parameter, defined as the ratio
between the interfacial coupling energy density σint. and the domain wall energy
of a Néel-type partial domain wall in the antiferromagnet

λ =
Aint./ξ

2
√

AAFKAF

, (5.3)

where Aint. is the interfacial exchange stiffness Jint./a, and ξ is the spacing between
FM and AF, i.e. at least one atomic distance a. In the limit of weak coupling (λ �
1), the results of Meiklejohn and Bean are restored, and the AF spins keep
their direction, the bias field becoming Heb = −Aint./(ξMFtF) = −Jint./(a

2MFtF).
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For strong coupling λ � 1, a partial domain wall (exchange-spring) forms in the
antiferromagnet, with typical energy 2

√
AAFKAF. In this case, the exchange field

becomes

Heb = 2

√
AAFKAF

MFtF
. (5.4)

Such exchange-springs really exist in the non-ground state of the system, i.e. with
the FM not pointing along its easy direction, as has been shown experimentally,
for example, in Refs. [175, 132, 125]. The width of the planar domain wall forming
in the strong coupling case can be large, in the order of more than 100 nm, as has
been shown experimentally in Ref. [175], where a spin-spiral has been identified by
AF thickness variation of NiFe/FeMn/Co trilayers. The ground state proximity
zone will – in general – be much narrower, as will be discussed in the following
sections and the experimental part of this thesis. An important improvement of
the partial-domain-wall model is that the disappearance of the exchange bias for
AF thicknesses lower than the critical domain wall width π

√
AAFKAF is predicted

correctly.

Random fields

Thirty years later the discovery of exchange bias, Malozemoff introduced a
model accounting for surface roughness, which lead to realistic values for Heb

[92]. He assumed a randomly rough boundary between the ferromagnet and the
antiferromagnet, which introduces statistical variations in the magnetic order at
the interface. For an uncompensated interface like in Fig. 5.1 (B), it is directly ap-
parent that any roughness will decrease the magnitude of the exchange anisotropy,
since spins of the unfavourable AF sublattice meet the interface, leading to an
increased amount of spin frustration. For a compensated interface, defects can
lead to a locally enhanced or reduced exchange energy, i.e. the interface becomes
locally uncompensated, with a random field pointing along the local excess-spin
direction. This random field will then introduce a domain state in the antiferro-
magnet in such a way as to minimize the interfacial spin frustration by introducing
antiphase domains (see Fig. 5.1(G-H)). The typical length scale was assumed to
be similar to ferromagnetic domain-wall widths, i.e. L ≈ π

√
AAFKAF, where

AAF = JAF/alatt. is the exchange stiffness and KAF is the antiferromagnetic vol-
ume anisotropy. If in an area of L2 around the defect a reorientation of the
antiferromagnet occurs, one can expect that the amount of spin frustration and
thus the energy is reduced by a factor of 1√

N
, where N = L2/a2 is the number of

lattice sites in the area.
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Figure 5.1.: Various scenarios at the FM/AF interface: (A) at a fully compensated
interface, collinear alignment leads to 50% spin frustration; (B) energetically favoured
configuration at an uncompensated interface; (C) if the FM is reversed, the energy
increases by 2J/a2; (D) The AF can respond by formation of a planar domain wall,
lowering the energy again by 2J/a2, but at the cost of domain wall energy 4

√
AK; (E)

some AF defect spins have a high energy configuration and can reverse parallel to the
FM (F) producing an uncompensated magnetization in the AF. (G) local fields acting
on the AF can lead to confined regions of high interface-exchange energy; (H) Those
can be removed by formation of antiphase domains inside the AF, especially in case of
strong interface coupling and low AF anisotropy.
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Spin-flop coupling: Necessary preconditions and relation to exchange bias

In analogy to investigations of Hinchey and Mills [63] for superlattices, Koon
developed a theory for the interesting case of a perfectly compensated interface.
The motivation for his work was the finding of a perpendicular alignment of the
FM and AF easy axes in NiFe/FeMn [69] and a large exchange bias for a compen-
sated interface of 0.11 Jm−2 in FeF2/Fe [108]. At the same time, perpendicular
coupling was also detected for the FeF2/Fe system, both for the compensated
(110) and the uncompensated (001) interfaces [100]. In this work it was already
pointed out that spin-flop coupling at an uncompensated interface is unusual and
interactions other than exchange might be at work. The conclusion at hand was
that magnetoelasticity might play a role in the systems tendency for collinear
respective perpendicular alignment.

Irrespective of the mysteries in this effect, Koon modeled a (110) oriented bcc
system very similar to FeF2/Fe, assuming a constrained in-plane anisotropy and
a perfectly compensated interface with strong exchange coupling. The mean-field
numerical calculations indeed revealed a 90°orientation of the FM with respect
to the AF, with both the FM and the AF-spins canted by a small angle out of
their purely perpendicular alignment. The canting angle was found to diminish
as a function of distance from the interface, and was reduced to zero within only
5-6 monolayers. This means, that the proximity zone turned out to be ultrathin
in this model, a direct consequence of the restriction to only nearest neighbour
exchange interactions. For fluorides and oxides, in which exchange and conduc-
tion usually is mediated via short-ranged hopping mechanisms, this is indeed
a good approximation. We will discuss this aspect later in more detail when
presenting the experimental details. Interestingly, the reduction of the overall
interfacial exchange energy by spin-flopping as compared to a fully uncompen-
sated interface with collinear coupling was only 6%, and thus much smaller than
expected.

To test the system for exchange bias, the FM was simplified as a macrospin, i.
e. a layer with homogeneous spin orientation under neglect of canting. Then,
the energy minimum was calculated for different in-plane angles θ with respect
to the easy direction. The consequence was a formation of a partial domain wall
in the antiferromagnet (so-called exchange-spring), and the typical characteristics
of the energy curves contained an ”unwinding” instability for angles greater than
a certain threshold, where the antiferromagnet flipped back to a lower energy
branch. The instability angle increased rapidly with increasing AF thickness, ap-
proaching 180 ° for tAF > 50 ML. This means that for thicker AF layers the energy
curves are completely reversible for simple switching of the FM, i.e. exchange bias
occurs.
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The artificial in-plane constraint of the model was later discovered to overestimate
the tendency for exchange bias with spin-flop coupling. It was found, for exam-
ple, by Schulthess and Butler,[134] that a so-called transversal instability in
the AF can always occur (which is different from the ”unwinding” instability in
Koon’s model). If the FM direction is reversed by an external field, the canted
AF spins can always change into the low energy mirror-symmetric configuration
making a movement similar to the paddles of a rowing boat (see Fig. 5.2). By
this effect, exchange bias should be impossible in single-domain spin-flop systems.
Consequently, Schulthess and Butler had to introduce uncompensated defect spins
to re-establish a finite exchange bias. Interestingly, Finazzi found in calculations
on the Fe(001)/NiO system that defects are not only related to the occurrence of
exchange bias, but can also decide whether a spin-flop or a collinear state develops
in the system [42].

Usov et al. resolved the issue of missing exchange
A)

B)

Figure 5.2.: Transversal
instability during field re-
versal of a spin-flop cou-
pled system.

bias in calculations of spin-flop systems by allowing
a domain state in the antiferromagnet, where sev-
eral AF easy axes in different domains coexist. In
this way, exchange bias, which was nonexistent in the
single domain state, could be re-established for suffi-
ciently strong interface coupling [157]. Experimentally,
Fitzsimmons et al. investigated the relation between
the occurrence of exchange bias and spin-flop coupling
for different crystalline structures of the antiferromag-
net in poly-Fe/MnF2 and poly-Fe/FeF2 systems [45].
For untwinned single crystalline AF substrates, they
found considerable exchange bias by field cooling par-
allel to the AF easy axis, while field cooling perpen-
dicular to the AF easy axis produced a pure spin-flop
state and no exchange bias. In twinned and textured
AF layers, however, always a unidirectional anisotropy

was found. They concluded that (i) spin-flop coupling is neither a required nor a
necessary condition for exchange bias, however, (ii) frustrated spin-flop coupling
in a twinned or multidomain AF can lead to considerable bias. In this sense, their
findings comply to the theory of Usov et al..

Noncollinear exchange bias and training effects

In all the model mentioned above (except the one by Usov) it was assumed that
both the FM and the AF anisotropies are uniaxial, with the easy axes being
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collinear. This situation is generally not realistic. A generalized Meiklejohn-
Bean approach by Binek et al. [14], for example, accounts for a possible angle
between the two easy axes, and calculations by Hoffmann [64] consider multi-
ple easy axes inside the AF, identifying metastable non-collinear magnetism at
the F/AF interface as the origin of training effects. The non-collinearities are
then successively removed by repeated field cycling, thereby altering the mag-
netic structure at the interface. Consequently, exchange bias, coercivity and the
shape of the hysteresis curve change in subsequent field cycles until stability is
achieved. The hypothesis that a multi-axis antiferromagnet may be responsible
for training effects is – according to Ref. [64] – supported by the fact that training
effects were not observed for uniaxial F/AF systems, like untwinned FeF2/poly-Fe
and MnF2/poly-Fe [45].

Microscopic details of the proximity zone

Up to now we have assumed that the materials in contact possess their bulk mag-
netic and crystalline structure at the interface, which means that, for instance,
the antiferromagnet can have a multidomain state, but all the domains exhibit
the bulk antiferromagnetic order right up to the interface. Any uncompensated
magnetization is either caused by defects, a random-field driven redistribution
of bulk AF domains with net spin-polarization at the interface or spin-canting
of a spin-flop state. Due to the proximity effects mentioned at the beginning of
this chapter, however, it is also likely that the interfacial region possesses com-
pletely new properties different from the bulk, for example, a different intrinsic
AF order. This could mean that totally different stacking vectors and types of
AF structure may exist, and a transition to the bulk structure must somehow
be achieved in the vicinity of the interface. Calculations of Jensen et al. [68]
and Finazzi [42] indicate that due to the boundary conditions at the interface,
a secondary magnetic order is superimposed onto the bulk order of the antiferro-
magnet near the interface. An interesting feature of this superposition is that the
uncompensated magnetization per layer can change its sign with respect to the
direction of the FM magnetization. The behaviour resembles a strongly damped
oscillation of the uncompensated moment as a function of distance from the inter-
face. This oscillation is mediated via the 180 ° superexchange interaction, which
favours antiparallel spin alignment between nearest neighbours. De facto, one
could speak of a second type of AF order which coexists with the bulk AF order
near the interface. This interesting aspect was part of the motivation for the
measurements of the interfacial magnetic structure in Fe3O4(110)/NiO presented
in Chap. 6.
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Magnetoelastic coupling

A detail generally neglected in exchange bias theory is the magnetoelastic coupling
between the two magnetic layers in contact. Two major effects of magnetoelastic-
ity have to be distinguished in this context: (a) the epitaxial lattice strain, which
is introduced in both materials in case of a lattice misfit. This strain can lead to a
zone of altered magnetization via magnetoelastic interactions, until finally strain
relaxation occurs via dislocation defects, or it can affect the whole layer in case of
unrelaxed growth. (b) Magnetostriction and exchange-striction lead to crystal dis-
tortions dependent on the spin orientation in the two materials. At the interface,
the strictions of both materials can be compatible (low-energy state) or incom-
patible (high-energy state). Depending on what spin-directions are preferred for
compatible strain in both materials, magnetoelasticity can support or counteract
the spin-configuration favoured by interfacial exchange interaction. As mentioned
earlier, a first speculation towards this direction has been made in Ref. [100], but
up to now more detailed investigations are rare1.

In contrast, there exist several studies about the influence of epitaxial strain on
the magnetic structure of antiferromagnets, for example Refs. [60, 31]. The usual
stray field arguments valid for ferromagnets do not apply to compensated antif-
eromagnets, when trying to find out if the anisotropy is in-plane or out-of-plane.
There is, however, some kind of shape-anisotropy inside these layers, which can
have two different origins. One origin is a pseudodipolar anisotropy analogous
to ferromagnets, as for example postulated by Finazzi. An alternative explana-
tion by Gomonay and Loktev assumes a shape anisotropy by magnetoelastic
surface strains [52].

An important fact that should be mentioned here is that in the absence of
complete relaxation the magnetoelastic interactions and strains are generally
long-ranged, over dimensions of hundreds of lattice constants, while the ex-
change effects are generally very short-ranged. This may have interesting conse-
quences on the thickness-dependence of the proximity effect respective exchange
bias.

The question whether there is an interplay between exchange coupling and mag-
netoelasticity will be addressed in Chap. 7, where different interface orientations
are compared with respect to the magnetic structure that develops at the inter-
face.

1In fact, the author did not find a single one
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6. Proximity effect in Fe3O4
(110)/NiO

6.1. Introduction

In this chapter, the alteration of the interfacial magnetic structure in the oxidic
heterosystem Fe3O4/NiO will be discussed in detail. As an example, the (110) ori-
entation is considered, since the proximity effect manifests here more drastically
than in other crystalline interface orientations. We will employ all available con-
trast mechanisms to provide an almost complete picture of the material-specific
magnetism. Circular dichroism provides information about the substrate net mag-
netization (Fe-edges) and the uncompensated magnetization in the NiO layer
(Ni-edges). The influence of natural linear dichroism will be discussed in terms
of epitaxial lattice strain, and temperature-dependent measurements will be pre-
sented to identify the magnetic contributions to the contrast and to reveal finite
size effects in the sample. Magnetic linear dichroism at the Ni L2 edge provides
information on the spin-axis orientation in NiO. Finally, by thickness dependent
measurements on a NiO wedge, the development of the interfacial magnetic struc-
ture will be monitored, permitting depth-dependent analysis.

6.2. Sample preparation

A synthetic single crystal of magnetite (Fe3O4), oriented and polished to yield
a (110)-surface served as substrate. To obtain a stoichiometric and well-ordered
magnetite template, substrates were prepared as described by Jansen et al. [67].
Surface conditioning consisted of several cycles of sputtering with 1 keV Ar-ions
and subsequent annealing in 10−6 mbar O2 pressure at 1100K. It is interesting
to note, that Jansen et al. report a one-dimensional reconstruction of the sam-
ple surface, with lines of 1-2 ML height and a spacing of 3-4 times the lattice
constant (8.396 Å) running along [110]. According to this study, the lines are B-
terminated (only octahedral cation sites) and the grooves are A-terminated, i.e.
both octahedral (B) and tetrahedral (A) sites are present.

59
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To check the surface phase in our sample, it was transferred in-situ to the mi-
croscope chamber in order to record local XAS and XMCD spectra. Information
about sample stoichiometry can be gained by fitting the sum of the site- and
valency-dependent contributions to the XMCD as obtained by atomic multiplet
calculations. The method is described, for example, in ref. [129]. For stoichio-
metric magnetite the ratio of Fe3+

tet.:Fe3+
oct.:Fe2+

oct. should be 1:1:1. Since no atomic
multiplet calculations were at hand, data were taken from Ref. [129] by digitizing
the graphs. The analysis was restricted to the L3 region, since the accordance of
theory and experimental spectra is usually best in this region. As can be seen in
Fig. 6.1, there are considerable differences between the calculations and the ex-
perimental data outside that region. It has to be pointed out that the accuracy of
this method depends on the quality of the theoretical calculations as well as on the
structural model assumed for the non-stoichiometric magnetite. The contribution
of those aspects to the overall uncertainty can only be estimated, and the results
gained by this analysis should therefore be interpreted with care. The relative
error in the determination of stoichiometry might thus be as high as ±20 %. Nev-
ertheless, the method provided the only accessible way to perform a comparative
analysis of the sample surface composition, since no additional in-situ techniques
like Auger- or photoemission spectroscopy were available.

The sample was only slightly non-stoichiometric according to this analysis, cor-
responding to Fe3−δO4, δ = 0.032 (see Fig. 6.1). After this analysis, NiO was de-
posited onto the sample by MBE at room temperature in an oxygen background
pressure of 10−6 mbar. The molecular beam was directed onto the sample under
normal incidence, in order to avoid deposition-induced contributions to the mag-
netic anisotropy. As described later, the experiment was repeated several times,
each time with a removal of the NiO layer by Ar-sputtering and re-preparation
of the substrate surface. Complete removal of the NiO was also checked by XAS.
To ”freeze” a domain state into the antiferromagnet, the sample was heated for
several minutes to 573K – high enough to exceed the bulk NiO Néel tempera-
ture of 523K [95] and low enough to prevent thermal intermixing at the interface
[121]. Cooling down slowly without application of an external field resulted in
large homogeneous domains in both materials. As will be shown in Sec. 6.3.4, the
interface resulting from the overall preparation procedure is indeed atomically
sharp.
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Figure 6.1.: Comparison of the experimental Fe3O4-XMCD to atomic multiplet cal-
culations (taken from ref. [129]). Ideal Fe3O4 has the structure Fe3+

Td
Fe3+

Oh
Fe2+

Oh
O4. Non-

stoichiometric magnetite corresponds to Fe3+
Td (1−γ)Fe3+

Oh (1+2δ+γ)Fe2+
Oh (1−3δ)O4, where δ

is the amount of octahedral vacancies and γ is the transfer of Fe3+ ions from tetrahedral
to octahedral sites. The sum of three site-valency spectra fitted to the experimental
data (circles) is shown at the bottom. According to the fit, the sample is slightly
non-stoichiometric with δ = 0.032.

6.3. Vectorial magnetometry using PEEM
microspectroscopy

In the following section the local magnetic structure of the sample constituents will
be extracted from the spatially resolved soft x-ray microspectra measured with
PEEM. To discriminate between interfacial and bulk magnetic structure of the
antiferromagetic layer, different film thicknesses/coverages have been prepared,
namely, a fractional NiO coverage corresponding 0.5ML thickness, a thick 35ML
film (51 Å) and a stepped wedge with step heights of 2.5 Å. A 0.5ML partial
coverage of NiO will exhibit no antiferromagnetic order, but rather consist of
islands coupled parallel to the substrate net magnetization. It can thus provide
information on the magnitude and signature of the Ni-XMCD upon complete
alignment of the Ni-spins. The thicker 35ML film shows antiferromagnetic order
and serves as a reference to extract the total amount of spin-polarization induced
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by the exchange coupling. At last, the wedge sample provides detailed information
about the development of the interfacial magnetic structure depending on the
layer thickness. From the growth process, conclusions about the depth-dependent
magnetic structure can be made.

6.3.1. Determination of the substrate magnetization map

To extract information about the magnetic coupling between FIM and AF, first
the local magnetization directions in the substrate must be known. This can be
achieved by using the cos ∠(k,M)-dependence of the XMCD magnitude, where
k is the photon wavevector and M the local magnetization direction. In prin-
ciple, measurements along three linearly-independent directions are necessary to
extract the vector orientation. This was, however, not possible due to the fixed
measurement geometry. In order to be able to perform a reliable analysis in spite
of the fixed experimental geometry, additional information has to provided and
the conditions for the applicability of the angular relation mentioned above have
to be checked.

Eq. 1.16 is not generally applicable because of the magnetic dipole operator T aris-
ing from a quadrupole moment in the spin density distribution [150]. Though T
vanishes in the bulk of our samples due to cubic symmetry, at surfaces/interfaces,
a nonzero contribution may occur. In the case of the Fe3O4/NiO interface, the
effect of T on magnetization mapping by XMCD-PEEM is small for two reasons:
(i) The oxygen sublattice is continuous across the interface, providing a bulk-like
environment for the B-site cations. Since – as we will see later, Ni2+ favours octa-
hedral sites, no magnetic dipole contribution will arise for the Ni-XMCD. (ii) In
case of a bulk-like interface termination of Fe3O4, the tetrahedral A-sites within
the interface unit cell will add up to cubic symmetry, too. Thus, the interfacial
magnetic dipole contribution to the XMCD should be negligible. At the mag-
netite (110)-surface, in principle the situation should be more complicated due
to incomplete oxygen coordination of the cations and reconstruction. However,
as we will see later, the XMCD analysis without consideration of the magnetic
dipole term results in a magnetization map consistent with the expected easy
directions.

Having ruled out spurious effects by the magnetic dipole term, we can proceed our
XMCD analysis. Fortunately, the drawback of fixed measurement geometry can
be overcome by providing additional information about the magnetization orien-
tation: Due to the demagnetizing field at the surface (shape anisotropy), the mag-
netization is in-plane, and besides this, two easy directions of 〈111〉-type lie in the
Fe3O4 (110) surface. Hence, an in-plane magnetization is a reasonable assump-
tion, making a measurement of the normal component obsolete. Another helpful
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Figure 6.2.: Least-squares sum versus angle-difference between magnetizations in the
two domain-sets I and II. The fit minimum is close to twice the ”magic” angle 54.7 °,
which means that in both sets the magnetization points along 〈111〉-type directions.

feature are the traces of the closure-domain walls, which run along crystalline
high-symmetry directions 〈111〉,〈110〉 and 〈001〉. Two sets of domains exist: Set
I with directions [111] and [111] and set II with directions [111] and [111]. This
corresponds well to the four gray levels seen in the PEEM image of Fig. 6.3.1. The
brightest and darkest value corresponds to set I, while the intermediate gray levels
correspond to set II, where the magnetization is almost perpendicular to the light
incidence direction. Furthermore, a comparison of the domain wall traces to crys-
tallographic directions obtained from a Laue-orientation of the crystal yielded
very good agreement with the directions assigned above.

The correct magnetization directions can be verified by comparing the magnitude
of the XMCD-contrast in different domains. For this purpose, a 〈111〉-type orien-
tation was simply assumed for M(set I ) , while the XMCD spectrum of set II was
scaled and fitted to the contrast of the first one, using the magnetization direction
M(set II ) as a free parameter. For the fitting process, only the L3-structure of
the spectra was taken into account, since this region is well above the noise level
in both domain sets. As can be seen in Fig. 6.2, the fit converged for M(set II )
also pointing along a 〈111〉-type direction (error approximately ±1 ◦). The re-
sulting angle agrees well with the theoretical expected angle of 109.47 ° (twice the
”magic” angle). Furthermore, this good accordance allows the important conclu-
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sion, that the magnetic dipole contribution to the XMCD is negligible, and the use
of Eq. 1.16 for vectorial magnetometry is justified. We speculate, that in contrast
to the (110) orientation, for other interfaces like (111) and (001), the accuracy is
even better due to the higher in-plane symmetry.
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Figure 6.3.: (A) Fe3O4-XMCD microspectra derived from the regions of interest
(ROIs) shown in the PEEM image. The y-scale shows the magnitude of the XMCD
signal normalized to the peak height of the isotropic L3 white line. To enhance the
signal-to noise ratio of the XMCD, not a single ROI was used for generation of the
XMCD spectrum, but the difference of XMCD spectra from two antiparallel domains
was calculated by the rule XMCDenh. = (XMCDROI1−XMCDROI2)/2. The vertical line
in the plot indicates the energy chosen for calculation of the XMCD ratio image. (B)
Fe3O4: XMCD ratio image σ+/σ−. The numbers represent regions of interest (ROIs)
for the spectra.

6.3.2. Coupling of the interfacial Ni-moments to Fe3O4

While bulk NiO is antiferromagnetic and produces no circular dichroism due to
the vanishing net moment, this is not necessarily true for the Fe3O4/NiO interface.
There, a net Ni magnetization can exist, due to the influence of the interfacial
exchange interaction, or if there is a gradual phase transition from ferrimagnetic
Fe3O4 via NiFe2O4 to fully compensated NiO at the interface. Fig. 6.4 (B) shows
a PEEM image of the Ni-XMCD contrast calculated as the ratio of two images
with different helicity. It is directly apparent, that the pattern in Ni-XMCD
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contrast is a perfect replica of the domain structure seen in magnetite substrate.
The corresponding nickel dichroism spectra are shown in Fig. 6.4 (A) for both
the 0.5ML coverage and the 35ML film. The fractional coverage layer exhibits a
maximum dichroic signal amounting to 54% of the isotropic L3 white-line peak
height. The spectral signature closely resembles the data of van der Laan et
al. for NiFe2O4 [160] with a maximum signal of 53%, as indicated by the solid
line in Fig. 6.4 (A).

The good accordance of the experimental data with the atomic multiplet cal-
culations shows that that the Ni2+ cations strongly prefer sites with octahedral
oxygen coordination, and that no metallic Ni is present at the interface. Note,
that the spectral XMCD signatures of metallic and oxidic Ni differ considerably
[27]. At the L3 edge, the XMCD signal of octahedrally coordinated Ni exhibits
a pronounced positive spin-flip peak located 2 eV above the energy for the main
negative XMCD peak [160]. This peak arises from the large spin-orbit coupling
of the core-hole and strong correlation effects due to oxidation, causing a large
core-valence exchange-splitting of ∆pd = 2 eV. For metals, ∆pd is much smaller,
hence the spin-flip peak is not observable in the XMCD spectrum of metallic Ni.
Consequently, the existence of this peak and its good accordance with the data of
NiFe2O4 show, that the amount of metallic Ni is negligible.

From the sign of the XMCD at the Ni edges, one can further conclude that
the induced magnetization is parallel to the net moment in Fe3O4, since the
main L3 peak for Ni is negative, just as the two peaks ascribed to octahedral Fe
cations in the magnetite XMCD (remind that the octahedral Fe sites determine
the net magnetization direction and compare Figs.6.1 and 6.3.1). If the interface
layer reconstructs to NiFe2O4, then the interfacial monolayer contains an ordered
arrangement of octahedral Ni cation sites and octahedral vacancies as shown in
Fig. 6.7. Since Ni cations favour octahedral sites, they are always connected to
tetrahedral (”A”) sites via antiferromagnetic 124 ° superexchange bonds, while
the connection to the octahedral (”B”) sites is mediated by 90 ° double-exchange,
which is ferromagnetic. Thus, the overall coupling to the net moment in Fe3O4,
which is determined by the B site spins, is parallel. Looking at the dichroism of the
35ML film in Fig. 6.4 (A), a reduction of the maximum dichroic contrast to 2.7%
is observed. From the comparison of the dichroism magnitude in both films we can
roughly estimate the fraction of the thick NiO layer exhibiting an uncompensated
magnetization. First, the magnitude of the unnormalized XMCD in a completely
ferromagnetic film scales linearly with thickness d:

AXMCD = N · µtot. · d . (6.1)

Second, the isotropic white line intensity for a general film scales linearly with
d:

I0 = C · d (6.2)
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What is known from experiment are the two film thicknesses dthin and
dthick and the XMCD spectra normalized to the isotropic white line inten-
sity:

athin =
N · µtot. · dthin

C · dthin

(6.3)

athick =
N · µtot. · dprox.

C · dthick

(6.4)

From this, we can estimate the thickness of the proximity zone dprox., as-
suming an abrupt transition to the compensated AF structure for simplic-
ity:

dprox. = dthick
athick

athin

. (6.5)

This calculation results in a thickness of about 1.7ML (2.6 Å) – a very small
value that indicates not only an ultrathin proximity zone, but also a very sharp
interface.
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position for ratio image. (B) Ni-XMCD ratio image and (C) magnetization map derived
from the spectra. Ni moments in the 0.5 ML layer are fully parallel to Fe3O4.
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6.3.3. Orientation of the spin-axis in NiO – determination of
the coupling type

In the last section we found that the domains seen in Ni-XMCD are the same as
in the Fe3O4 substrate, and the interfacial Ni spins are coupled parallel to the
net magnetization in Fe3O4. The question is now, how the antiferromagnet will
respond to the domain formation in the substrate. It is tempting to conclude
that from this situation a collinear coupling of the remaining antiferromagnet will
result. Such a conclusion, however, would be premature, since it would derive the
coupling type solely from the direction of the ”uncompensated” magnetization
of one interfacial monolayer. One should be aware, that besides the direction of
the interface exchange anisotropy there are other important factors which influ-
ence the coupling, such as magnetoelasticity. Since in the experiment, collinear
coupling of the antiferromagnet was indeed found, a detailed explanation for its
origin must be given in terms of the interface structure and additional magnetoe-
lastic effects. Anticipating that the Fe3O4/NiO interface possesses a particular
magnetic structure with a 1:1 matching of magnetic periodicities, there is no need
for invoking random magnetic defects at the interface, in order to explain collinear
coupling via the random-field effect.

In the antiferromagnet, the magnetic order cannot be accessed by circular dichro-
ism due to the vanishing net moment. In case of collinear magnetism, however, the
X-ray magnetic linear dichroism can provide information about the orientation
of the spin-axis. Nevertheless, care has to be taken in single-crystalline systems,
because the XMLD is generally ”anisotropic” and depends on the spin-axis orien-
tation with respect to the crystal lattice, as has been pointed out by Arenholz et
al. [8]. For a more detailed explanation of the ”anisotropic” XMLD, please refer
to Sec. 2.3.3.

In a pioneering work, Alders et al. used the XMLD contrast at the NiO L2

edge to determine the spin-axis orientation in epitaxial NiO/MgO(001) [2]. They
found a special statistical distribution with only [±1±1±2] type spin-axes, which
is possibly caused by the epitaxial strain via magnetoelastic effects [60]. The
XAS signal averaged over all these domains yields an angular dependence of the
XMLD, which is axially symmetric to the film normal (z-direction). The problem
can thus be modelled in Oh symmetry, with the spin pointing along the C4 axis,
and the dichroism magnitude is reduced as compared to the case S||z by the factor
sin(54.73◦) = 0.82. In this case, the XMLD contrast obtained from the ratio of the
L2-double peak can be described by the simple relationship

IXMLD = A + B
{
3 cos2 ∠ (E,S)− 1

}
, (6.6)
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where A represents the isotropic part and B the angular part of the spectrum. At
this point it should be emphasized that this formula is applicable if and only if the
overall symmetry of the Hamiltonian is axial, i.e. the crystal symmetry is either
averaged out by integration over a large number of statistically oriented grains, or
the sum over all magnetic domains yields rotational symmetry with respect to a
C4 or C3 axis or if S points along an axis of at least C3 symmetry. In the general
case, a complicated dependence of the spectral shape on the orientation of S and
E with respect to the reference frame (in the easiest case: the crystal lattice) will
result. In the case of NiO, we have to deal with Oh symmetry, since the material
is crystalline cubic with uniform epitaxial orientation.

Cubic NiO has a particular electronic configuration which allows a relatively sim-
ple theoretical construction of arbitrary polarized XAS spectra from only two
fundamental spectra. Since the ground-state is high spin d8, the t2g subshell
is completely filled, while the eg representation is half filled with only spin-up
electrons. First, this means that each representation possesses cubic symmetry,
and there is no need to consider additional orbital degrees of freedom (compare
Fig. 2.8 and Sec. 2.3.3). Because of the cubic symmetry, the orbital moment itself
will be strongly quenched and the orbital moment anisotropy will not contribute
substantially to the XMLD. The dominant mechanism will thus be XMLD by
exchange and correlation effects (see Sec. 2.3.1). This is why atomic multiplet
calculations neglecting the 3d spin-orbit coupling in the initial state describe the
effect fairly well1. The calculations together with the spin orientation-dependent
dielectric tensor given in Eq. 2.38 make it possible to extract the spin-axis ori-
entation from given NiO XAS spectra taken with different linear polarization
orientations.

At this point, it should be emphazised that in the case of Fe3O4, the situation is in
principle more complicated due to the presence of different cation site symmetries
(tetrahedral and octahedral) and valencies. However, summing over all sites in
the unit cell must yield a cubic symmetry, and again the formalism used for NiO
describes the experimental results fairly well. Consequently, the Fe3O4-XMLD can
be used for vectorial magnetometry as well. What remains to be shown is, that
the observed contrast in NiO is indeed of magnetic origin.

Ruling out the Crystal field dichroism...

If the symmetry of the material under investigation is exactly cubic, no crystal-
field dichroism will occur, and thus any observed contrast is due to the magnetic

1Again it should be noted, that because the effect is described well without considering the 3d
spin-orbit interaction, the ”anisotropic” XMLD has no direct relation to the magnetocrys-
talline anisotropy in the sample.
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order in the material. However, the growth of an epitaxial NiO layer on top of
a substrate with a lattice mismatch will introduce a distortion, which induces
an energy splitting of the two degenerate eg-orbitals and the three degenerate
t2g-orbitals. Since Ni2+ is high-spin d8, the t2g orbitals are completely filled and
XAS transitions from the 2p core levels involve only the two z2 and x2 − y2

orbitals of the eg irreducible representation. Ergo, allowed transitions (with their

relative intensities) are |〈dz2 |C(1)
0 |pz〉|2 = 4

15
, |〈dz2 | 1√

2
(C

(1)
+1 + C

(1)
−1)|px,y〉|2 = 1

15

and |〈dx2−y2| 1√
2
(C

(1)
+1 + C

(1)
−1)|px,y〉|2 = 3

15
, as already discussed in Sec. 2.2.2. As

one can directly see from the numbers, z-polarization exclusively probes the dz2-
orbital, while xy-polarization mainly probes dx2−y2 . If there’s an energy splitting
between the two, for example, by crystal-field effects, switching between the two
polarizations will result in an energy shift of the maximum transition intensity,
which can be observed best at the sharp L3 peak [60].

While the bulk structure of NiO deviates very little from cubic symmetry, thin
films grown onto a substrate can experience significant distortions due to lattice
strain, if they are not relaxed. In case of a (001)-oriented interface, there will be
a tetragonal distortion, which can be very sensitively determined by the method
described above, since the film will, for example, expand along the z-direction,
while it contracts in the xy-plane, strongly affecting the eg-orbitals, which have
lobes along the cubic axes. For the (110) oriented sample, the strain in that plane
will, however, result in a symmetry lower than tetragonal (monoclinic). This case
cannot be described easily by theory, which might be the reason, why to date
no calculations exist that quantify the splitting. If the monoclinic distortion is
small, the d orbitals for cubic symmetry will still be a good basis, but the en-
ergetic splitting of the states within the different irreducible representations is
substantially different from tetragonal symmetry. As can be seen in Ref. [119],
in any case the dz2 and dx2−y2 orbitals will split, so a shift should be observable
in the L3 peak energy. Since the strain does not work in the direction of specific
d orbitals, but rather linear combinations between them, the energy-shift in the
spectra might, however, not be as pronounced as in the case of a tetragonal distor-
tion. In Fig. 6.5, two spectra with s- and p- polarized light are compared for the
Fe3O4 (110)/NiO[35ML] sample. Obviously, within the experimental resolution
(0.2eV), there is no shift in the L3 peak position, which is an indication that the
crystal field effects are indeed very small.

For the application of vectorial magnetometry, it is important to determine
whether the observed contrast vanishes above the ordering temperature of the
material. In that case, one can conclude that the contrast is related to the mag-
netic order. Such a measurement in shown in Fig. 6.11, where the difference in
the L2 ratio for two different AF domains is plotted versus temperature. One can
directly see that the contrast vanishes around 480K, which is lower than the bulk
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Figure 6.5.: Vanishing crystal field dichroism. Spectra with p- and s-polarized light
show no shift in the maximum of the L3-peak. Thus the crystal field dichroism resulting
from the small in-plane lattice mismatch of 0.5 % is negligible.
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Néel temperature of 523K due to the finite size and blocking effects in the thin
AF film. Thus, the contrast is indeed related to magnetism, but is it also mag-
netic? In principle, one might argue, that the origin may just as well be XNLD
related to magnetoelastic domains caused by exchange-striction. Different distor-
tions in adjacent domains would then locally break the cubic crystal symmetry ,
producing domain contrast by natural linear dichroism. However, one should keep
in mind, that exchange-striction is generally small in NiO (for example only about
10−3 relative contraction along [111])[172, 174] and that – if present – such effects
only provide a small contribution to the overall contrast. Hence, one can tacitly
assume that the observed contrast is – to the largest extent – XMLD, which is
directly related to the presence of long-range antiferromagnetic spin order in NiO.
The main mechanism is the probing of the exchange-split density of states in the
3d shell by the polarized XAS-process, amplified by the exchange and correlation
effects in the 2p core hole.

Experimental results: Collinear vs. perpendicular coupling

Having discussed the necessary prerequisites for a straightforward interpretation
of the magnetic contrast, we will now turn to further experimental results. In
Fig. 6.6 (G) and (H), the microspectra of the NiO L2-peak are shown for the
domain sets I and II, taken from the same image regions 1-5 as used previously
for the Fe3O4-XMCD. In (E) and (F), the corresponding parameter images of
the L2-ratio R = I(L2a)/I(L2b) are shown. In the s-polarized case, the reduced
number of gray-levels catches the eye. Now, each domain-set is represented by a
single gray value, since the linear dichroism contrast is only sensitive to an axis,
not a direction, as would be the case for circular dichroism.

In Fig. 6.6, the experimental XMLD contrast is compared to plots of the the-
oretical L2 asymmetry. Panels (A) and (B) show the XMLD manifold for the
full solid angle of spin orientations, in p- and s-polarized geometry, respectively2,
while in panels (C) and (D), only the in-plane anisotropy is plotted. It is im-
mediately clear that the simple cos (E,S)2-dependence Eq. 6.6 is not valid in the
general case, since the symmetry of the XMLD manifold is not axial around the
polarization direction (shown as green arrows in (A) and (B) ). Only if either
E or S is parallel to an axis of C3 or higher symmetry, the latter is recovered,
however, with different pre-factors for a C3 axis 〈111〉 or a C4 axis 〈001〉. By
comparing the observed XMLD contrast for p- and s-polarization to the theo-
retical spectra, it is possible to discriminate between collinear and perpendicular
coupling.

2θ′s = 106 ◦ and φ′s = 62 ◦ in surface coordinates xs|| [110], ys|| [001] and zs|| [110]
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Although atomic multiplet calculations performed by Maurits Haverkort
were available, the XMLD values theoretically calculated by Eq. 2.38 were cal-
ibrated to earlier experimental data, employing the fundamental L2 ratio values
derived by Alders et al. in MgO(001)/NiO layers. These data have the advan-
tage, that they were measured for room temperature (the same as in our measure-
ments), whereas atomic multiplet calculations at present are only available for 0K.
To briefly repeat the matter: In the work of Alders et al., a domain distribution
with only [±1±1±2]-type domains led to an effectively uniaxial sample compat-
ible with the case S||z, the C4 sample normal. This is why the XMLD could be
described by the simple relationship given in Eq. 6.6, and the values of the L2-ratio
extrapolated for the incidence angle with respect to the surface normal θ = 0 °
(E ⊥ S) and θ = 90 ° (E||S) represent the fundamental quantities ε⊥ = 1.25 and
ε|| = 0.82, respectively. Using those values, it is again possible to calculate the
expected contrast for the most probable spin orientations, which are given in Ta-
ble. 6.1. Note, that because we calculate the contrast from reference data derived
in a different experiment on a different material system (MgO(001)/NiO), the
values for the L2 ratio may not be exactly comparable for the same experimental
geometry. Discrepancies can arise from (i) additional strain in the MgO/NiO
layers, i.e. a crystal field contribution, (ii) a different experimental resolution or
(iii) a slightly deviating evaluation technique. The anisotropy of the contrast, i.e.
the relative contrast between different domains should, however, solely depend on
the general relation of Eq. 2.38 as well as the temperature, which is the same in
our experiment (room temperature).

Let’s start with s-contrast and domain-set II, for example, where the sub-
strate magnetization is parallel to [111]. In the PEEM image for s-contrast in
Fig. 6.6 (F), domain-set II showing a high L2 ratio of 1.27 is considerably brighter
than domain-set I, as can be seen in microspectra from that region in (H). Com-
paring to (B) and Table. 6.1, such high contrast values are only expected for
S||[111] (in-plane collinear) and S||[112] (in-plane quasi-collinear), but not for
S||[112] (in-plane spin-flop), and not for S||[211], [121] (out-of-plane spin-flop).
For domain-set I, one finds experimentally a considerably lower contrast of 1.04
from (F) and (H). Since the substrate magnetization is parallel to [111], we are
left with the possible coupling directions shown as red arrows in (B) and tab-
ulated Table 6.1 (quasi-collinear:[112], in-plane spin-flop:[112] and out-of-plane
spin-flop:[211],[121]). In-plane spin-flop would produce a high contrast, which
is not observed, and would lead to a contrast inversion between set I and set
II as compared to experiment, while out-of-plane spin-flop coupling would lead
to a difference value much lower than the one found experimentally. As a re-
sult, in-plane as well as out-of-plane spin-flop coupling can be directly ruled
out.

For p-contrast, the outcome of the analysis is quite similar. In-plane collinear



74 6. Proximity effect in Fe3O4 (110)/NiO

and quasi-collinear coupling produce realistic contrast differences between set I
and set II, while spin-flop coupling would lead to either inverted contrast or
unrealistically large values. Hence, it can finally be concluded that the NiO
spin-axis tends to align in the sample plane, collinear to the substrate magneti-
zation.

When describing the results of the Ni-XMCD measurements, it was concluded
that only a very thin zone near the interface produces XMCD, i. e. the un-
compensated moments reside near the interface and are coupled parallel to the
substrate magnetization. The question is now, how far the influence of the sub-
strate extends into the NiO layer. One could, for example, speculate that the AF
has an uncompensated magnetization at the interface, but the rest of the layer has
a magnetic order that is completely unrelated to the substrate domain pattern. In
this (extreme) case, also the XMLD contrast would only stem from the interface
region, and nothing (or little) could be said about the bulk of the NiO layer. Such
a situation can be identified by looking at the magnitude of the XMLD contrast.
Any inhomogeneity leads to a deviation of the contrast characteristics from that
of a bulk crystal or a homogeneous thin layer of NiO. Looking at Table 6.1, one
can indeed see a very good accordance of the contrast difference between the two
domain-sets to values characteristic for a homogeneous film. This means, that
essentially the complete NiO layer exhibits the AF domain pattern, and not just
a part of it.

After we gained information about the possible interface reconstruction phase and
the coupling type, we are left with the intriguing question, which mechanisms lead
to the favouring of collinear coupling over a spin-flop state. It is well-known, that
in case of a fully compensated interface, spin-flop coupling should result, as first
postulated by Koon [75] and found experimentally, e. g., for PtMn(001)/Fe [48].
At first glance, the [110] interface is fully compensated, as far as NiO is concerned.
However, an interface always has two sides and thus that conclusion would be too
rash.

Since Fe3O4 has twice the lattice constant of NiO, it is possible that the two
magnetic sublattices S1 and S2 of the antiferromagnet couple differently to the
ferrimagnet. To make this clear, a sketch of a possible crystalline structure of the
interface is given in Fig. 6.7, where a reconstruction of the interfacial monolayer
to NiFe2O4 is simply assumed. As will be discussed in a later section (Sec. 6.3.4),
there are good reasons for this assumption: First, in this way the inverse spinel
structure of the substrate is retained also at the interface. Second, this struc-
ture provides a way to place the Ni cations on strongly preferred octahedral sites.
This has been verified experimentally by the Ni-XMCD signature, which is con-
sistent with calculations of a NiO6 cluster. In order to retain charge neutrality,
charge ordering at the octahedral cation sites might occur, with the iron cations



6.3. Vectorial magnetometry using PEEM microspectroscopy 75

s-pol. set I dir./L2-ratio set II dir./L2-ratio diff.

exp 1.04 1.27 -0.23

theo
in-plane coll. [111]/1.05 [111]/1.39 -0.34

in-plane quasi-coll. [112]/1.02 [112]/1.35 -0.33
in-plane SF [112]/1.35 [112]/1.02 0.33

out-of-plane SF [211]/ 1.02 ; [121]/1.02 [211]/0.94 ; [121]/ 0.94 0.08

p-pol. set I dir./L2-ratio set II dir./L2-ratio diff.

exp 1.09 1.07 0.02

theo
in-plane coll. [111]/0.99 [111]/0.96 0.03

in-plane quasi-coll. [112]/1.11 [112]/1.09 0.02
in-plane SF [112]/1.09 [112]/1.11 -0.02

out-of-plane SF [211]/1.30 ; [121]/1.11 [211]/1.17 ; [121]/1.26 0.13 ; -0.15
[121]/1.11 ; [211]/1.30 ” ; ” -0.06 ; 0.04

Table 6.1.: Experimentally determined and theoretically predicted values for the NiO
L2 ratio for the cases of in-plane collinear coupling, in-plane and out-of-plane spin-flop
coupling in the (110) interface orientation.

favouring the Fe3+ valency, which would lead to an enhancement of the octahe-
dral Fe magnetic moment by 125% from 4 to 5µB. This effect could account for
the enhancement of the observed Fe-XMCD (later in this chapter). In Fig. 6.7,
two possible terminations A and B are shown, which both have in common that
there is an ordered array of octahedral vacancies and Ni2+ sites. Comparing to
the structure of a NiO like surface, it is directly obvious that NiO can assume a
magnetic order in which the two antiferromagnetic sublattices experience different
coupling environments. In a simple model, one can show that for a simple coupling
of a two sublattice antiferromagnet to a ferromagnet with coupling constants J

(1)
F

and J
(2)
F , collinear coupling wins over spin-flop coupling, if the difference between

J
(1)
F and J

(2)
F exceeds a certain threshold.

This can be made clear in a simple picture of one AF monolayer coupling to
a ferromagnetic substrate [51]. If we assume that there are two sublattices S1

and S2 in the antiferromagnet, we can introduce the exchange coupling con-
stants

J
(1)
F = J̄F +

∆J

2
, J

(1)
F = J̄F −

∆J

2
. (6.7)

Assuming that the rotation of the spins is confined to the film plane by some
kind of dipolar anisotropy, a simple energy functional can be written down as
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follows:
F = −J

(1)
F S1 ·M− J

(2)
F S2 ·M + JAFS1 · S2 (6.8)

Assuming further that each sublattice site bears the same magnetic moment |S1| =
|S2| = S, then Eq. 6.8 can be rewritten in terms of the in-plane rotation angles
as

F = −J
(1)
F cos φ1 − J

(2)
F cos φ2 + JAF cos(φ1 − φ2), (6.9)

where φ1,2 are the respective angles of the sublattice spins with respect to the
substrate magnetization M. A critical point in the free energy exists, if the
gradient vanishes:

J
(1)
F sin φ1 − JAF (sin φ1 − φ2) = 0 , J

(2)
F sin φ2 + JAF (sin φ1 − φ2) = 0 (6.10)

Minimum and stability conditions are given for the case of positive diag-
onal elements and a positive determinant of the Hesseian matrix, respec-
tively

J
(1)
F cos φ1−JAF cos(φ1−φ2) > 0 , J

(2)
F cos φ2−JAF cos(φ1−φ2) > 0 . (6.11)

(
J

(1)
F cos φ1 − JAF cos(φ1 − φ2)

)(
J

(2)
F cos φ2 − JAF cos(φ1 − φ2) > 0

)
−J2

AF cos2(φ1 − φ2) . (6.12)

The gradient vanishes for collinear coupling, i.e. φ1 = 0 and φ2 = −π. In this
case, Eq. 6.10 and Eq. 6.12 yield

J
(1)
F +JAF > 0 , JAF −J

(2)
F > 0 , JAF (J

(1)
F −J

(2)
F )−J

(1)
F J

(2)
F > 0 . (6.13)

It is directly clear that if J
(1)
F = J

(2)
F , collinear coupling is unstable. In this case, a

possible solution is φ1 = π
2
+γ and φ2 = π

2
−γ (spin-flop coupling), where γ is the

canting angle of the sublattices towards the net magnetization. Of course, this
model accounts only for the coverage of one monolayer, but a similar approach is
possible for thicker films, requiring numerical computations.

6.3.4. Ultrathin proximity zone at the interface

To have a closer look at the magnetic structure directly at the interface, a wedge
experiment has been performed, from which quasi depth-dependent information
can be gained. For this purpose, a NiO stepped wedge was prepared onto the
bare Fe3O4 (110) substrate, with a step height of 2.5 Å and 50 µm wide steps3.

3The steps were created by retraction of a shutter directly in front of the sample.



78 6. Proximity effect in Fe3O4 (110)/NiO

The preparation resulted in 20 µm wide step slopes, which allow a convenient
thickness-resolved measurement in PEEM. It turned out that the crucial changes
in magnetic structure happened already at the first step slope, i.e. within the
first few monolayers at the interface. This verifies the earlier finding that the
proximity zone is only a few lattice constants wide.

PEEM images and line profiles of that area are shown in Fig. 6.8. Clearly, the
Ni-XMCD increases up to a coverage around one ML, then drops down again
and remains constant for thicknesses greater than 1.5ML. Fig. 6.9 shows closeup
images and lineprofiles of the slope region around 1 ML. The extremal contrast
can be observed in all contrasts, the Ni-XM(C/L)D and Fe-XMCD. While the
Ni-XMCD is enhanced up to 20% as compared to thicknesses greater than 1.5
ML, the Fe-XMCD is only enhanced by about 3%. The Ni-XMLD shows a sharp
dip at the extremal location. In Fig. 6.8 (G), the sharp dip cannot be observed
maybe due to its small size, and the contrast gets darker with thickness, which
corresponds to increased XMLD. The behaviour is generally linear with thickness,
besides a small nonlinearity at coverages smaller than 0.25 Å.

The PEEM images alone do not allow for a separation of spin and orbital moment,
since the contrast derived by computing the asymmetry at one particular energy is
always proportional to a weighted sum of morb and mspin. Therefore, microspectra
from PEEM image stacks have to be used for a sum rule analysis. This has
been done for the Ni-XMCD as shown in Fig. 6.10. Note that in the inset, the
total moment shows a similar behaviour as the Ni-XMCD line profile, an increase
up to one ML and then a slight decrease with approximately constant values
above 1.5ML. Looking at the separated moments, it appears that the extremum
at one ML is caused by the orbital moment, while the spin-moment increases
up to one ML and varies little for greater thicknesses. This means that the
uncompensated spin moments reside directly at the interfacial monolayer, and all
further material deposited on top is almost fully antiferromagnetic. The orbital
moment enhancement in the Ni cations – and possibly also the enhanced Fe
(orbital) moment can have three possible origins:

First, the low dimensionality at one ML coverage creates a strong bonding
anisotropy lower than cubic, which might lead to an enhancement of the orbital
moment, which is strongly suppressed in cubic symmetry. Similar effects have
been observed earlier in ultrathin film wedges [149]. Looking at the L/S ratio,
the maximum value is, however, around 0.21, which is close to the experimental
and theoretical values (0.27) for NiFe2O4 or Ni2+ Oh [160]. This might imply that
the orbital moment has its full value only at the interface or at one ML coverage
and drops down considerably (almost to zero) inside the following layers. This
could be a consequence of the re-established cubic symmetry, but contradicts the-
ory and earlier experiments on NFO, where a strong orbital moment was observed
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Figure 6.8.: Thickness dependent dichroism of a NiO wedge on top of Fe3O4 (110). A)
Fe3O4-XMCD contrast (profile not shown). B) NiO-XMCD C) NiO-XMLD (s-pol.) D)
NiO-L3 white line intensity (used for normalization and determination of coverage).
E) Depth dependent NiO magnetization d

dz IXMCD ∝ M(z). F) Total NiO-XMCD
IXMCD =

∫ d
0 m(z)dz at film thickness d. G) Total NiO-XMLD.While the XMCD shows

a clear maximum around 1 ML, the XMLD increases almost linearly with thickness.
Note that there is a sharp and small dip at one ML which can only be seen in Fig. 6.9.
The derivation of the XMCD signal yields a quasi-depth-dependent magnetization (E),
which seems to be confined to the first interfacial monolayer.
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in spite of cubic symmetry, obviously reinstalled by the 3d spin-orbit interaction
(see Ref. [160] and references therein).
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Figure 6.9.: Closeup of the slope region around one ML. Clearly, all dichroism signals
exhibit an extremum near one ML. Sum rule analysis suggests that the effect is caused
by the orbital moment (see Fig. 6.10).

A second explanation for the decrease of the orbital moment towards the second
monolayer could be that the latter possesses no spin, but an orbital polarization,
which is antiparallel to the first layer, thus compensating the orbital moment. In
this context, it is interesting to note that in Fig. 6.10 there is a minimum in the
Ni orbital moment at 2.2ML, where morb is almost zero. For higher thicknesses,
it increases again to finite (positive) values. Since only a single data point is
affected, one might consider this an artifact. However, the spectra do not give
evidence for any anomaly, so we believe this to be a real effect. Therefore, one
can speculate that there is an oscillation in the orbital moment for successive
monolayers near the interface. That could actually explain the compensation of
the orbital moment at two monolayer thickness. In this context it is interesting to
note that theoretically, an alternation in the AF uncompensated magnetization
direction near the interface has been postulated in at least two studies [42, 68].
There, however, the spin-moment oscillates, since orbital effects have not been
taken into account by the models. Third, the interface layer can reconstruct
to a Nickel-ferrite phase NiFe2O4, which is isostructural to Fe3O4 and contains
Ni cations only on octahedral sites. As a consequence, there is an electronic
interaction between Fe and Ni cations. This might have significant influence
on the magnetic structure. For example, redistribution of charge between Fe
and Ni cations could lead to a significant change in the magnitude of their net
spin moments. Nevertheless, charge ordering will also influence the size of the
respective orbital moments.
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6.4. Temperature-dependence of the magnetic
contrast

6.4.1. Introduction

A free (uncoupled) layer of NiO should have a temperature dependence of its
order parameter similar to the bulk material, but it also exhibits finite size effects
from the limited thickness, if it is very thin (see Ref. [2] for details). In a layer
which is magnetically coupled to a substrate, however, two contributions to the
temperature dependence should be observable: One contribution stems from the
volume material in the layer, which does not experience the short range interface
exchange interaction. A second contribution may arise from the interfacial region,
showing a different characteristics due to its reduced dimension (quasi 2D) and
the different interface exchange coupling. The so-called blocking temperature is
usually seen as the critical point at which the AFM anisotropy barrier is overcome,
the correlation length of the internal fluctuations becomes greater than the AF
domain dimensions and any local exchange bias vanishes. In the PEEM images
this corresponds to the disappearance of any domain contrast in the AF layer.
Note that above TB, the antiferromagnet still possesses long range order, which
vanishes at TN ≥ TB, but is effectively single domain.

6.4.2. Experimental procedure

To obtain the temperature dependence of the magnetic contrast for the ferri-
and antiferromagnet, PEEM images were computed as described earlier – now
at different sample temperatures after an appropriate settling time. The sub-
strate contrast was generated by the Fe-XMCD signal, and the NiO contrast by
the NiO L2 ratio. After careful subtraction of an eventual nonlinear background
in the images, arising, for example, from x-ray mirror interference patterns, and
inhomogeneous illumination, the difference between the magnetic contrast in dif-
ferent domains was computed. In the antiferromagnet, different T-domains were
chosen, whereas in the ferromagnet, two 180°-domains yielded maximum contrast.
The sample temperature was allowed to stabilize, sometimes for hours to minimize
thermometry errors and to avoid thermal sample drifts.

The results of the measurements are shown in Fig. 6.11. Half the data points
were gained on the upward ramp until no domain contrast was visible anymore
in the images4, the remaining intermediate values were collected during cooling

4It turned out later that after background subtraction and contrast enhancement, a (very)
small contrast became apparent.
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Figure 6.11.: Temperature dependence of the AF domain contrast. The values rep-
resent the difference between the NiO L2 ratio for ROIs in different T-domains. The
contrast decreases as the temperature approaches the blocking regime. A second heat-
ing/cooling cycle results in a reduction of TB. Fits with a simple linear relationship
show that TB is around 483K and 459 K for the first and second measurement, respec-
tively. This value is well below the bulk Néel temperature of NiO (523 K), but close to
the reduced TN found in NiO films of comparable thickness on MgO(001)[2]. For com-
parison, the substrate domain contrast is also shown. The black open circles represent
the contrast difference of two ROIs located in a pair of 180 °-domains. Astonishingly,
the magnetite contrast reduces considerably, as the temperature is increased. A linear
extrapolation (dotted line), which should overestimate Tc, yields a Curie temperature
lower than the bulk. Note: The vertical error bars represent the sum of the gray-level
standard-deviations in the two ROIs.
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down. Besides slight variation of the domain topology with temperature, up-
and down-ramp values seem to lie on the same curve, implying that during the
heating process nothing changed irreversibly in the magnetic characteristics of
the sample. Two heating measurements were performed with an interval of about
two weeks in between, the sample being kept in UHV. Interestingly, the second
measurement yielded a lower blocking temperature than the first, with each of
the data sets showing a single characteristics for heating and cooling. The re-
duction in TB between successive measurements implies that the sample is not
left unaffected by the heating process, but is magnetically annealed. Since during
each single measurement run, no change in the blocking temperature has been
observed, the alteration seems to be due to some kind of thermally activated
magnetic aftereffect, similar to a thermal training effect reported in Ref. [168].
The reduction in TB can be caused by a decrease of pinning centers for the AF
domain walls, thereby facilitating the removal of the domain state by domain wall
creeping. Another possible origin could be a reduced interface coupling strength
or a different interfacial anisotropy. In Chap. 8 it will be shown that the interfacial
anisotropy – and driven by it also the AF anisotropy – is indeed changed by the
annealing.

In Fig. 6.12, mean-field calculations of the temperature-dependent behaviour of
three important quantities are plotted: (i) The expectation value of the mag-
netic moment 〈µ〉, which determines the magnitude of the XMCD contrast. (ii)
The squared expectation value 〈µ〉2, which is measured for example in neutron-
scattering experiments. This quantity also describes the nearest-neighbour spin-
spin correlation function, which can contribute to the XMLD as shown in Ref. [3].
(iii) The expectation value of 〈µ2〉 − 1/3J(J + 1), which provides the major
contribution to the XMLD contrast [154]. As can be clearly seen, the XMLD
contrast follows an almost linear relation when the temperature is greater than
0.6TN .

In order to quantify the Néel and blocking temperatures, the NiO XMLD
data were fitted to the a linear function like ∝ (TB − T ) (Fig. 6.11) as well as
adapted to the universal curve of 〈µ2〉 − 2/3, which accounts for the NiO-XMLD
(Fig. 6.12). The NiO XMLD data are in good accordance with the 3D mean
field picture, where the expectation value of the magnetization near TB scales like
〈µ〉 ∝ (TB − T )β, β = 0.5. Since XMLD measures 〈µ2〉, the contrast scales like
(TB − T )2β.

Although the 3D mean-field model yields a good agreement to the data, it is
mandatory to briefly discuss other models for the critical behaviour. A 2D mean
field characteristics with β = 1 – as found for the surface of a NiO(001) crystal
[99, 105] – can definitely be excluded, since fitting the contrast with a parabola
yields a TB > TN,bulk, which is unlikely due to the finite size effects in the AF,
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Figure 6.12.: Mean-field calculations for the thermal expectation value of the atomic
magnetic moment 〈µ〉 (XMCD), the squared expectation value 〈µ〉2 (for example neu-
tron scattering) and the expectation value of the squared moment 〈µ2〉. The XMLD
contrast is proportional to 〈µ2〉minus the isotropic value 1/3J(J+1). Temperatures are
normalized to the critical temperature, expectation values to 1 at 0 K. The experimental
XMLD contrast values from the first and second heating cycles have been fitted to the
universal relationship of 〈µ2〉−1/3J(J+1), J = 1. Clearly, the accordance is very good,
and the blocking-temperatures obtained from this procedure are 483± 20(445± 20) K
for the first (second) heating cycle. The Fe3O4 XMCD contrast has been adapted to
〈µ〉, which yielded an approximate Curie temperature much lower than in the bulk
(TC ≈ 560 K). Due to the low probing-depth of the XMCD (≈ 10 Å [50]), the reduced
critical temperature probably exists only near the Fe3O4/NiO-interface and is caused
by the magnetic proximity effect.
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which lower TN [2]. A 2D Ising behaviour can be ruled out, since the exponent
β = 1/8 would yield a much steeper descent at TB. 3D Heisenberg with β ≈
1/3 cannot definitely be excluded, but it would yield a slightly lower TB and a
nonlinear temperature-dependence near the critical temperature (〈µ2〉 ∝ (TB −
T )2/3). As a result, the data suggest that the critical exponent lies somewhere
between 1/3 and 1/2, probably closer to 1/2, which strongly hints a 3D mean-field
behaviour at the blocking temperature.

The fits yielded TB = 483± 10 K(445± 10 K) for the first (second) measurement,
respectively. These values are considerably lower than the bulk Néel temperature
of NiO (523K), but comparable to TN -values of thin films of similar thickness on
MgO(001) [2]. A determination of the NiO L2 ratio, which is a measure for the
long range order in NiO, yields a value around 1.12 at TB, which is close to the
isotropic value of 1.06. This means that the film is still antiferromagnetic, but
only slightly below its Néel temperature. Consequently, TB and TN are very
close, possibly even identical.

Although the system under consideration represents the reverse case of exchange
bias, namely an antiferromagnet dominated by the coupling to a ferrimagnet, it is
interesting to note that a linear behaviour of the exchange bias field near TB has
been found in many systems [22, 163, 57, 90]. In most of them this characteristics
was observed over a very large temperature range of more than 0.6− 1 TB. This
may be explicable by the interface exchange energy responsible for exchange bias.
It is defined as σint. ∝ HebMF ∝ 〈µAF〉 · 〈µF〉 ∝ 〈µeff.〉2, where µeff. is an effective
magnetic moment. Therefore, one can expect an approximately linear behaviour
of σint. at least in the range 0.75 − 1 TB according to Fig. 6.12. The interfacial
exchange-energy has the character of a nearest-neighbour spin-spin correlation
function 〈Si ·Sk〉, or – in other words – a short-range order-parameter. This quan-
tity has been investigated by Alders et al. [3] for the bulk of NiO layers. Their
data were fitted to a mean-field 〈µ〉2 in the range of 0.4−1 TN, showing a slightly
more linear behaviour than the model suggests. From this, we conclude, that our
temperature-dependent XMLD-contrast might contain an additional contribution
linear in temperature, stemming form the interfacial nearest-neighbour spin-spin
correlation function. However, because of the similarity to the mean-field be-
haviour of the XMLD, we cannot separate this contribution.

Last but not least one observes in Fig. 6.11 and Fig. 6.12, that also the Fe3O4

XMCD contrast strongly decreases with increasing temperature. Due to the neg-
ative curvature of the mean-field 〈µ〉, extrapolation of the data with a linear fit
in Fig. 6.11 should strongly overestimate TC . Astonishingly, this analysis yields
values around 770K, considerably lower than the bulk Tc ≈ 850 K [87]. A more
accurate value is gained from the adaptation of the XMCD contrast to the uni-
versal mean-field behaviour of 〈µ〉 as shown in Fig. 6.12. As expected , an even
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lower TC of only about 560K results. This implies that either the TC is lower
than for the bulk at the Fe3O4 (110) surface (interface), or that the enhanced Fe
interface moment discussed in Sec. 6.3.4 shows a temperature dependence, which
is more related to the AF layer than to magnetite – and thus has a TC closer
to the AF’s TN . The temperature dependence of the interfacial moment may
then be related to the interfacial nearest-neighbour spin-spin correlation function
discussed in the previous paragraph. In Chap. 8 we will provide more evidence
that the Fe3O4-XMCD is indeed very sensitive to the topmost monolayers of the
Fe3O4, which have a different magnetic anisotropy than the bulk – and probably
also a different temperature dependence.

6.5. Summary

In this chapter, PEEM measurements of the Fe3O4 (110)/NiO system have been
presented. The thin AF adlayer couples collinearly to the substrate, with the
interfacial Ni spins parallel to the Fe3O4 net moment. At a NiO wedge, thickness-
dependent measurements have been performed in order to extract quasi-depth-
dependent information about the interfacial magnetic structure. At the interface,
a maximum in the magnetization was found for Ni as well as for Fe at a thickness of
exactly one monolayer. Explicit sum rule analysis of the thickness dependent Ni-
XMCD spectra indicates that the enhancement is caused by the orbital moment,
which peaks at one ML and drops down by 20% towards higher thicknesses. The
fact that the L/S ratio of Oh Ni d8 is of the same size implies that the orbital
moment is nearly quenched in the bulk, in contrast to theoretical predictions[160].
The interfacial Fe moment is enhanced by a factor of 120-200% depending on the
assumed probing depth. Transferring the results for Ni, also here the orbital
moment could be the the cause. It is well known that reduced dimensionality can
enhance the orbital moment via bonding anisotropy effects. The results indicate
that a monolayer of NiFe2O4 is formed at the interface. Temperature dependent
measurements of the XMLD and XMCD contrast prove that the antiferromagnetic
contrast is indeed of magnetic origin. The blocking temperature in the 35ML
NiO film is lower than the bulk Néel temperature due to finite size effects in the
ultrathin layer. The XMLD contrast exhibits a linear temperature dependence in
a wide range of 0.6−1 TB, which can be explained by a mean-field behaviour and
possibly also by the temperature-dependence of the interfacial short-range order-
parameter. The Fe3O4-XMCD contrast suggests a TC of about 560K – much
lower than the bulk value. The effect is very likely restricted to the vicinity of the
interface, since XAS measurements at the Fe edge have a low probing depth of
only 10 Å [50]. The lowered TC might be related to the temperature-dependence
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of the interface coupling and a crossover of the critical temperatures in Fe3O4 and
NiO.



7. Influence of interface orientation
on the coupling type

7.1. Introduction

A central aspect of the magnetic proximity effect is the interfacial crystallographic
structure, which influences the coupling in two ways:

1. First, electronic effects will arise due to the breaking of translational sym-
metry, like, for example, anisotropic exchange, altered crystal-field symme-
try and hybridization between the neighbouring materials. Those will be
in general short-ranged, in particular for the oxidic materials used in our
study. Thus, the purely electronic proximity effects are generally restricted
to a very narrow region of a few atomic layers near the interface (see, for
example, ref. [72] and references therein).

2. Second, in case of epitaxial lattice mismatch, magnetoelastic effects will
depend on the orientation of the planar epitaxial strain with respect to the
crystal lattice. In contrast to the short-ranged electronic interactions at the
interface, the strain-induced effects will extend farther. In the two systems
Ag(001)/NiO [60] and MgO(001)/NiO [2], the strain changes the ratio of
the out-of-plane and in-plane lattice parameters c and a, respectively. This
results in a preferred spin-arrangement in-plane for c/a > 1 and out-of-plane
for c/a < 1. This effect has also been predicted theoretically by calculations
of the dipolar anisotropy energy of NiO [43]. Moreover, magnetostriction
in one of the constituents leads to magnetization dependent strain, which
in turn influences the magnetic structure in the other via magnetoelastic
coupling.

The importance of the crystallographic interface orientation has already been
pointed out by Nogués et al., who experimentally found a dependence of the
exchange bias field Heb on the crystallographic orientation in single crystalline
FeF2-Fe systems [106]. In their study, magnetoelastic effects were first considered
to contribute to the overall magnetic behaviour, but not discussed in great de-
tail. Qian et al. predicted theoretically, that the orientation-dependent crystal

89
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field splitting has an important influence on the electronic and magnetic proper-
ties of the interface region [119]. Despite numerous other theoretical calculations
of the proximity effect at interfaces (see, for example, Ref. [72] and references
therein), still experimental studies are scarce, partly because only few techniques
are able to investigate buried interfaces with high selectivity and/or depth reso-
lution.

This chapter will provide some insights into how the crystallographic orientation
influences the FM/AF magnetic proximity effect via exchange coupling and mag-
netoelastic effects. Experimentally, some discrepancies to the simple model pro-
posed by Koon [75], were found, which predicts that for perfectly compensated
interfaces, spin-flop coupling should result, while for (sufficiently) uncompensated
interfaces, a collinear FM/AF alignment would be stabilized. It will be shown
that those discrepancies do not mean that Koon’s model is wrong, but rather
that additional effects, such as magnetoelasticity, have to be considered in order
to make the right predictions. In the author’s opinion, magnetoelasticity has been
underestimated so far in relation to exchange coupling, and more work has to be
done for a quantification of both contributions.

Reliable conclusions in this context, however, will only be possible in highly-
ordered systems. Thus, the choice of a well-ordered epitaxial system of low
lattice mismatch is mandatory, as already explained earlier, and a good can-
didate for investigation is the Fe3O4/NiO system used throughout this the-
sis.

The chapter is structured as follows: In Sec. 7.2, the method of sample preparation
will be described. In sections 7.3.1-7.3.3, the experimental data of the three inter-
faces are presented and evaluated. In section 7.3.4, a quantitative comparison of
the uncompensated magnetization arising at the three interfaces due to the inter-
facial exchange interaction and possible phase reconstructions will be performed.
Finally, the results will be discussed in terms of exchange and magnetoelastic
effects in Sec. 7.4, followed by a final summary.

7.2. Sample preparation

In this section, the preparation methods will be summarized and deviations
in the recipes for different crystallographic surface orientations will be dis-
cussed.
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7.2.1. Substrate and interface conditioning

All samples were prepared in situ and measured directly after preparation to
study the as-grown magnetic structure and to avoid the necessity of capping. We
used synthetic magnetite single crystals as substrates, which were polished to the
respective crystallographic orientation to typically better than 0.5 °. In UHV,
they were treated by Ar-sputter- and annealing cycles at 850-1100K in typically
10−6 mbar O2 background pressure to obtain large and homogeneous domains and
the right interface phase. Note that according to the phase diagram compiled in
Ref. [84], stoichiometry should result in 10−6 mbar O2 pressure in the whole range
from 850-1200K, which is not in accordance with our findings. Annealing times
were usually several hours, followed by careful cooling in oxygen pressure (same as
during annealing). The magnetic domain topology and surface stoichiometry was
verified by PEEM images and fitting of local XMCD spectra to atomic multiplet
calculations (for a description of the method, see Ref. [129] and Sec. 6.2 on page
59).

For the (110) interface, we adopted the recipe reported by Jansen et al., who
found stoichiometry and good crystalline order for the (110) interface under treat-
ment by sputter-anneal cycles up to 1200K, both with and without oxygen back-
ground [68]. Annealing our samples at 1100K in 1.4 · 10−6 mbar resulted in large
homogeneous domains and a sufficiently good surface stoichiometry Fe3−δO4, with
δ = 0.03 as determined by fits of the Fe3O4-XMCD to atomic multiplet calcula-
tions Fig. 7.3 (B). The sample for the NiO wedge was annealed at a slightly lower
temperature (1065K). Astonishingly, the fits yielded a surface with a decreased
contribution of octahedral cations in favour of tetrahedral cations (negative γ in
Fig. 7.3 (C) ).

For the Fe3O4 (111) surface, preparation conditions had to be optimized in several
steps to obtain the proper surface stoichiometry. Throughout the annealing runs,
we applied an O2 background pressure of 1.3 · 10−6 mbar. Choosing the annealing
temperature too high (1100K) resulted in a mixed surface phase with triangular
islands, (see Fig. 7.1). The surface is partly reduced and the islands have been
confirmed to be of the FeO phase (see Fig. 7.2). Evaporating NiO on such a
surface resulted in a noncontiguous NiO layer, which showed an island growth
behaviour as well, possibly because surface irregularities disturbed the growth.
PEEM images at the NiO L2 edge confirm a NiO depletion on top of the FeO
islands, as indicated by the lowered intensity in those areas (Fig. 7.1 (C-D) ).

Finally, choosing a slightly lower annealing temperature 1000K, no islands were
observed anymore. The sample shows the typical ”coathanger” quasidomain-
pattern (see Fig. 7.1 (E) ), which is typical for the low-anisotropy Fe3O4 (111)-



92 7. Influence of interface orientation on the coupling type

C) D)

10µm

10µm

A) B)

10µm

E) F)

Figure 7.1.: (A) XAS contrast at the Fe edge of a freshly tempered Fe3O4 (111) crystal.
Triangular islands can be seen, producing no XMCD contrast in image (B), which shows
the Fe-XMCD contrast at 711 eV. The underlying domain pattern is partly correlated
to the islands due to exchange coupling between the antiferromagnetic FeO islands and
the Fe3O4 phase below. (C) Fe-XMCD contrast, now with a NiO layer evaporated on
top. The NiO layer is noncontiguous, as can be seen in the PEEM image (D), which
was taken at the NiO L2 edge at 872 eV. The FeO islands are avoided by the NiO, as
can be seen by the low intensity in these areas. (E) Annealing at only 1000 K yielded a
homogeneous surface of Fe3O4-phase, which shows the typical quasidomain pattern of
the (111) surface [177]. Evaporation of NiO yields a homogeneous film which couples
well to the substrate, as can be seen in the NiO-XMLD image (F). Coloured bars show
the spots for the lineprofiles discussed in section 7.3.3, page 101.
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Figure 7.2.: If the annealing temperature is too high, FeO islands form on the Fe3O4

(111) surface. Yellow rectangles show the ROIs for the microspectra. Spectra taken
inside one of the islands (ROI0) show a good accordance to theoretical calculations of
Fe2+

Oh
as in FeO [30]. The islands show only minimal circular dichroism, possibly due

to exchange coupling to the substrate, whereas the remaining sample area (ROI1) is of
Fe3O4-type and showed the proper XMCD signal.
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surface, as described in Ref. [177]. The final stoichiometry of the sample was
nearly perfect (compare Fig. 7.3 (A) ), but with an increased weight of the tetrahe-
dral Fe3+. Evaporating NiO onto this surface resulted in a contiguous layer, which
shows homogeneous XMLD contrast in PEEM (Fig. 7.1 (F) ).
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Figure 7.3.: Comparison of the stoichiometry for three different crystalline sur-
faces. The L3 region of the experimental XMCD spectra (yellow background)
has been fitted to the sum of the site-valency contributions calculated by atomic
multiplet theory (see Sec. 6.2 on page 59 for details). The stoichiometry pa-
rameters have been derived according to the ionic model reported in Ref. [129]:
Fe3+

Td (1−γ)Fe3+
Oh (1+2δ+γ)Fe2+

Oh (1−3δ)vac.Oh δO4, where γ describes the transfer of 3+
cations from tetrahedral to octahedral sites and δ describes the amount of vacancies on
octahedral sites and is a direct indicator for stoichiometry (δ = 0).

For the (001) surface, a considerably lower annealing temperature was chosen,
in accordance with the procedure given in Ref. [102], where a stoichiometric and
well-ordered surface was obtained by annealing at 850K. Jordan et al. report
the formation of a clean

√
2×
√

2R45°-reconstructed (001) surface after annealing
at 850±20 K in 5·10−6 mbar O2. The conditions chosen in the present experiment
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were T = 870 K, and pO2 = 1.4 · 10−6 mbar. Fits to atomic multiplet calculations
yielded a negative δ = −0.07, which indicates a surface with a slight excess of
octahedral iron as compared to stoichiometric magnetite. This may be inter-
preted as a reduction of the sample to FeO. Since in Ref. [93], this only occurs
for UHV annealing, a reduction is thought to be unlikely. Most likely, the sam-
ple is simply B-terminated, as reported under the given preparation conditions
[93]. Since the probing depth is only ≈ 10 Å [50], the topmost layer contributes
most to the XMCD signal, and the XMCD spectrum of a B-terminated sam-
ple will then tend to resemble FeO, due to the 1:1 stoichiometry of the surface
layer.

Interestingly, the deposition of NiO did not induce substantial changes the mag-
netite’s interface composition, as can be compared in Fig. 7.3 (D-E). Therefore,
one can assume that the interface is indeed chemically inert. The (001) surface of
magnetite shows a complicated quasidomain pattern, in analogy to the (111) sur-
face, since no easy directions lie in the surface plane (see Fig. 7.4). Summarizing,

h�

[010]

A) B) C)

[100]

Figure 7.4.: Quasidomains at the magnetite (001) surface: A) Fe3O4-XMCD contrast.
B) NiO-XMLD s-pol. C) Bitter image of a magnetite (001) viewing plane taken from
Ref. [25]. Since no bulk easy axes are in-plane, a complicated quasidomain pattern
results, which contains ”fir tree” structures as well as straight features running along
〈100〉-directions, probably related to bulk domain walls.

the preparation yielded a surface stoichiometry close to magnetite in all surface
orientations, but never the perfect phase. This is not astonishing, since even in
case of a bulk truncation of the crystal – for example after cleavage – the topmost
atomic layers may reconstruct and therefore assume a different phase. For the
(001) surface of magnetite, a B-termination will even naturally produce a FeO
surface layer. It should be emphasized that the type of termination influences the
magnetic properties of the interface most drastically, whereas slight deviations
from ”stoichiometry” within a larger substrate volume may not have such a sub-
stantial influence. Particularly, the large deviations in the uncompensated magne-
tization of the NiO layer between the different orientations may be strongly related
to interface termination and reconstruction ( see Sec. 7.4.2).
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7.2.2. NiO deposition by MBE

In general, systems like CoO/Fe3O4 [66, 65], NiO/Fe3O4 [16, 17] or
Fe3O4/MgO[86] show good epitaxial growth due to the similar structure and low
lattice mismatch, and have been successfully used to create highly-ordered mag-
netic multilayers. In HRTEM studies, Recnik et al. verified that Fe3O4/NiO
multilayers can be grown with atomically flat interfaces, if the temperature is
kept below ≈ 573 K [121]. In addition, Wang et al. found by UPS/XPS that
depositing NiO on top of Fe3O4 at moderate temperatures (< 573 K) resulted in
an atomically sharp transition from the Fe3O4 to the NiO phase [166]. They point
out that atomically sharp in this sense means that a monolayer-thick reconstruc-
tion of the interface to NiFe2O4 is likely due to structural similarity (inverse spinel
phase), but cannot be discriminated by their technique. Lazarov et al. applied
HRTEM measurements and DFT calculations to demonstrate for the quite simi-
lar MgO(111)/Fe3O4 system, that even at a polar interface like (111), atomically
sharp interfaces can be retained without substantial reconstruction or intermixing
[86]. This finding is astonishing, since in a simple ionic model, one would expect
that the interface reconstructs or mixes due to the strong dipolar forces acting on
the ions. From the calculations it was concluded that the electrostatic mismatch
due to interface polarity can be removed within the first few interface layers, ob-
viously by strong electronic screening without the need of atom rearrangement.
In particular, metallic interface states were found in the MgO gap, as well as
strong Fe-O-Mg bonding across the interface, providing effective mechanisms for
screening.

For our experiments, we deposited NiO layers by oxygen-assisted MBE imme-
diately after substrate preparation and characterization onto the clean surface.
As deposition parameters, we chose 10−6 mbar O2-background pressure and tem-
peratures slightly above room temperature (due to the residual heat load of the
evaporator). After evaporation of the NiO layer, the system was heated briefly
above the NiO Néel temperature (525K) and then cooled down to room tem-
perature within several minutes in order to ”freeze” the substrate domain pattern
into the AF. For the (110)-interface we monitored the growth of the adlayer by
XAS on a NiO wedge and found sharp extrema for the magnetic XMCD signals
at the Fe- and Ni-edges for a coverage of one monolayer [78]. From this it is con-
cluded that the system grows with an atomically sharp interface, predominantly
in a layer-by-layer fashion. Moreover, the short heating time of < 15 min for zero
field cooling of the NiO obviously did not lead to interfacial intermixing. Also for
the other two orientations, we conclude that we have sharp interfaces, since the
uncompensated Ni magnetization is very small. If, for example, Ni cations were
to diffuse into the substrate, this would result in a strong Ni-XMCD signal. In
fact, the signal is only 10 % the size obtained for the (110)-interface, hence we
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conclude that intermixing is negligible and we have only about one reconstructed
layer at the interface, which presumably has NiFe2O4-structure. This result is
particularly astonishing for the (111)-oriented sample, and we conclude that the
screening mechanisms described by Lazarov et al. may indeed lead to good
growth characteristics in this case.

7.3. Experimental results

7.3.1. (110)-interface

The measurements at the (110)-interface have already been presented in the previ-
ous chapter and shall only briefly be summarized here: Evaluation of the magnetic
dichroism yielded that the magnetic moments in the substrate are parallel to the
in-plane easy-axes and the antiferromagnet couples collinearly to the substrate
magnetization. At the interface, an enhanced total Fe- and Ni-moment was found,
which is possibly in both cases is caused by the orbital part.

7.3.2. (001)-interface

The magnetic structure of Fe3O4 (001)/NiO was determined by angle dependent
XMLD measurements at the SIM beamline SLS in Villigen. The possibility to
rotate the linear polarization direction around the beam axis gives reliable results
for the spin-axis orientation without the need of further assumptions. In fig. 7.5,
the theoretical curves for XMLD and XMCD contrast are plotted for a hypo-
thetical full in-plane rotation of the Fe3O4 net moment and the NiO spin axis
in the collinear as well as 90 ° coupling situation. Two regions were chosen for
contrast extraction, where the substrate spin-orientation approximately differs by
90 °, one with the spin perpendicular to the in-plane beam projection (D1) and
one parallel to it (D2) (compare fig. 7.5). Note that in XMCD contrast, this
corresponds to an intermediate and maximum signal, respectively, as can be seen
in fig. 7.6 (C). A comparison of the NiO-XMLD images in s-polarization (fig. 7.6)
to the polar plots in fig. 7.5 yields a coarse estimate of the coupling angle: The
scenario of perpendicular coupling is more realistic, because the NiO XMLD then
produces almost maximum contrast for (D1) and minimum contrast for (D2) –
in accordance with the PEEM data – whereas collinear coupling would yield the
opposite.

Note that the XMLD contrast also exhibits a phase shift with respect to the
XMCD, as can be seen in fig. 7.5. Whereas the XMCD is maximum along
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the light propagation direction (or its in-plane projection), the maximum of
the XMLD signal is shifted away by 14 ° from this direction. This is a con-
sequence of the anisotropic nature of the XMLD, as will be explained in the
following:

The angular dependence given in equation 2.38 yields an astonishing result: If
the polarization is coplanar with a C4 plane (i.e. the sample surface), the XMLD
manifold ME(S) includes a C∞-axis within the same plane (compare Fig, 2.10).
If the polarization additionally points along a C4 axis, the C∞-axis coincides with
polarization direction. Rotating the polarization away from this axis by an angle
φ within the (001)-plane results in a simple rotation of the XMLD manifold by
−φ, hence the in-plane XMLD anisotropy exhibits a phase shift of 2φ with respect
to the polarization direction. Since in our case, with s-geometry, the polarization
E forms an angle of +7 ° with the C4 axis [100], the maximum XMLD will occur
for S parallel to an axis deviating by -7 °.

The anticyclic rotation of the polarization E and the XMLD manifold ME(S)
also explains, why the XMLD has only half the period of the XMCD. Another
important consequence is that the contrast levels for the two cases E||S and
E ⊥ S are interchanged, when going from S||[110] to S||[100]. This is why some
of the findings in (001) oriented systems have to be reconsidered, if they were
interpreted on the basis of the ”isotropic” XMLD theory. It could easily happen
that spin-flop coupling is mistaken for collinear coupling, as has already been
pointed out by Arenholz et al. [9]. Therefore, it is absolutely necessary to apply
the formalism of ”anisotropic” XMLD for vectorial magnetometry in crystalline
systems.

After definition of the regions of interest, angular scans of the light polarization
from p- to s-geometry were performed. The corresponding contrast for Fe3O4 and
NiO is shown in Fig. 7.6. Comparing the Fe3O4 and NiO XMLD, a contrary be-
haviour of the XMLD contrast in D1 and D2 is apparent. While D1 shows a weak
angular variation for NiO, it changes strongly for Fe3O4. For D2, the behaviour
is opposite. From this one can already conclude on a different orientation of the
two spin axes.

A more precise picture is finally gained from the explicit comparison to theory
of anisotropic XMLD. For this purpose the theoretical MLD contrast produced
by Eq. 2.38 was fitted to the experimental curves, taking the spin-directions of
D1 and D2 gained from the XMCD as starting values and assuming either an
in-plane spin-flop coupling or – for cross checking – a collinear arrangement.
While for the collinear case the fit yielded a negative scaling parameter for the
NiO MLD (which would contradict the atomic multiplet calculations) together
with poor convergence, the parameter is positive for the spin-flop case and the
fit converges well. The curves of the relative domain contrast D1/D2 show the
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Figure 7.5.: XMLD anisotropy calculated for p- and s-geometry in our experiment.
The test ROIs for the angular scans are labelled D1 and D2, respectively and are chosen
as follows: In D1, the magnetization in the substrate is perpendicular to the in-plane
projection of the light propagation direction, while in D2, it is parallel. If the NiO layer
couples spin-flop, the spin-axis-directions then point into the directions given by the
red arrows. Region D1 then produces almost maximum XMLD contrast, while region
D2 shows nearly minimal signal. Note that for collinear coupling, the labels D1 and
D2 would simply be reversed. Since the in-plane light projection forms an angle of 7 °
with the [100]-axis, the maximum of the XMLD anisotropy deviates by -7 ° from that
direction. Hence, the maxima of the XMLD are shifted by 14 ° with respect to the
extrema of the XMCD. Due to the anisotropic nature of the XMLD, XMCD contrast
and XMLD contrast are not necessarily in phase!!

good fit quality, since all correlated noise present in the separate measurements
of D1 and D2 is removed1. Together with the coupling angles derived from the
fits (αD1 = 58 ± 10 ◦ and αD2 = 103 ± 10 ◦), one can directly conclude that
collinear coupling can be ruled out and a spin-flop state is realized in the FM/AF
system! Furthermore, the results show that the NiO spins are not oriented out-
of-plane, as could be expected from the deformation of the NiO-layer due to the
tensile in-plane strain [43, 60], but are in-plane, very likely due to the interfacial
exchange coupling to the substrate magnetization, which is forced to be in-plane
due to shape anisotropy. Our results at the (001)-interface are in accordance with
the findings for Fe3O4 (001)/NiO-superlattices, where spin-flop coupling has been
found as well [16, 17].

1The scatter of the data points is thus due to (nonmagnetic) intensity fluctuations possibly
caused by imperfect undulator control. A normalization to the primary intensity I0 measured
at the refocussing mirror could not eliminate the scatter.
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Figure 7.6.: Angular polarization scans from a 43 Å (21ML) NiO layer on Fe3O4 (001).
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Fe3O4-XMLD PEEM image (C) Fe3O4-XMCD. Angular scans: (D) NiO XMLD (E)
Fe3O4-XMLD. From the fits (solid and dashed lines), the tendency for spin-flop coupling
can be derived (see text).
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7.3.3. (111)-interface

Measurements for this interface have been performed at the BESSY beamline UE
56/1 SGM, where no free rotation of the polarization was possible. Fortunately,
the intrinsic domain pattern of the Fe3O4 (111)-surface offers a convenient way
to work around this limitation. The quasidomain pattern at the (111) surface
consists of lamellar structures, in which a quasi-continuous rotation of the mag-
netization in the film plane takes place2. Due to the presence of all possible
in-plane magnetization directions in one PEEM image, the data can be treated
as a quasi -rotation experiment, and turning the sample or polarization becomes
obsolete. XMCD line profiles perpendicular to the lamellae record a full in-plane
turn of the substrate magnetization, and the corresponding XMLD profiles show
the related behaviour of the spin-axis in NiO. What remains to be done is to
compare the calculated NiO-XMLD to the experimental profile. This has been
performed in Fig. 7.7. On the left hand side the profiles for NiO-XMLD (p- and
s-geometry) as well as Fe3O4-XMCD are shown. It is directly apparent that the
minima of the s-polarized XMLD coincide in most of the cases with the extrema
of the XMCD, whereas the maxima tend to coincide with the zero-crossings of
the XMCD. This situation corresponds to the simulation of collinear coupling
shown to the right. Perpendicular coupling would just result in the opposite be-
haviour. Note that the p-polarized contrast has a slight phase shift with respect
to the s-polarized data – as stated earlier – because E points along crystalline
non-symmetry directions. The tendency of p-contrast to have maxima near the
minima of the s-contrast can also be observed experimentally, however, the data
quality is worse than that of the measurement for s-contrast. To conclude, the
(111)-interface in the Fe3O4/NiO system leads to collinear coupling, just as the
(110)- and contrary to the (001)-interface.

7.3.4. Amount of uncompensated magnetization in the three
orientations

After finding out, that the interface orientation can make a difference in the
coupling scheme, it is natural to presume that there should be some differences
in the amount of uncompensated magnetization at the interface, too. To cor-
roborate this hypothesis, the NiO-XMCD signal is evaluated for the three ori-
entations by scaling it to the respective size of the Fe3O4-XMCD. In this way,
we get scaling factors that vary with interface orientation, which are shown in
Fig. 7.8.

2Since the anisotropy in the (111)-plane is very low, there are practically no regions of homo-
geneous magnetization, and the sample consists only of ”walls”.
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Since the (110) interface exhibits the largest uncompensated magnetization in the
AF, we use it as a reference, assuming that the Ni spins at the (110) interface
are aligned fully parallel to the substrate magnetization – for simplicity. The sec-
ond simplifying assumption is that only one interfacial monolayer will contribute
to the NiO-XMCD. Although in reality the proximity zone may spread over 2-3
monolayers, the integrated signal will roughly be equivalent to one monolayer,
since the effects decay quickly with distance from the interface. Hence, our sim-
plification is justified. Last but not least, the signals have to be corrected for
the slightly different film thicknesses by taking into account the electron escape
depth λe, and the normal x-ray absorption length λ′x = λx sin(θ), where θ is the
incidence angle to the plane (16 °). The NiO XMCD signal from a buried region
ranging from the depth τ to τ − dl is proportional to

IXMCD,NiO ∝
∫ dl

0
e−µeff(τ−z)dz∫ τ−dl

0
e−µeffzdz

= −
e−µeffτ

(
1− e+µeffdl

)
1− e−µeff(τ−dl)

, (7.1)

µeff =
λe + λ′x
λeλ′x

,
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while the escaping electrons from Fe3O4 have to travel through the NiO layer of
thickness τ and are reduced in number by a factor exp {−µeffτ}. Thus, relating the
NiO contrast to the Fe3O4 contrast will result in an escape-absorption dependence
like

γ =
IXMCD,Fe3O4

IXMCD,NiO

∝ −
(
1− e+µeffdl

)
1− e−µeff(τ−dl)

(7.2)

Correcting with 1/γ from Eq. 7.2, the scaling values of the (001) and (111) in-
terface can now be related to the results for (110), yielding the amount of un-
compensated magnetization in %3. For the (111) interface, we obtain 13.8± 7 %,
while for the (001) interface the value is 9.8 ± 3 %. Since spin-flop coupling oc-
curs at the (001) interface, we can also assign a canting angle of the sublattice
spins towards the substrate magnetization direction, which is only about 5.6±2 ◦

3As electron escape depth in NiO, λe = 30 Å was assumed [122]. The x-ray absorption length
was determined to be 555 Å at the energy of 855.8 eV.



104 7. Influence of interface orientation on the coupling type

– a typical value for spin-flop systems as found by Koon [75]. Of course, this
is only an upper limit, since it is always possible, that magnetic defects play a
role, and not canting alone is responsible for the uncompensated magnetization.
Those defects can be located at step edges or inside antiphase boundaries in the
antiferromagnet, usually have a lower anisotropy and can align more freely with
the substrate magnetization.

7.4. Discussion of the results

7.4.1. Magnetoelastic influence on the coupling type

NiO has a lattice mismatch of +0.5% as compared to Fe3O4, which means that
a NiO layer coupled to magnetite is expanded in the interface plane and com-
pressed along the surface normal by the epitaxial strain. Choosing different in-
terface orientations, the directions of the strain are varied with respect to the
crystal lattice, and thus different magnetoelastic effects should occur. To discuss
those, we estimate the layer distortions along the possible stacking directions (T-
domains [124, 172, 174]) in NiO by elastic continuum theory (see for example
Ref. [127]). For the (111)-interface, the NiO-layer is compressed along the sur-
face normal [111] by about 0.24%. Since the natural exchange-striction in NiO
also leads to a compression of 0.15% along the 〈111〉-type stacking vectors [140],
NiO should favour T-domains with a stacking vector normal to the surface [171].
Consequently, the NiO easy-plane will be coplanar with the (111)-interface and
a fairly low in-plane anisotropy should result. Kurosawa et al. report an ex-
tremely low value of only 29.5 Jm−3 for well-annealed single crystals [126]. Our
experimental situation, however, might be more compatible with a layer coupled
to a single crystal, as for example reported by Lai et al. for NiO(111)/NiFe [85].
There, a considerably higher value of 1360 Jm−3 has been reported for the NiO
anisotropy within the (111)-plane, which might be more realistic due to the in-
teraction with the coupled layer. Lai et al. found that the tensile epitaxial strain
by the Permalloy orients the Ni surface moments in-plane , which is quite similar
to our situation.

It is also important to note that the anisotropy of magnetite within the (111)-
plane is only about 302 Jm−3 and thus comparable to the value in NiO [177], or
even lower. Thus, it is possible that the Fe3O4/NiO interface is topographically
compensated, partly compensating the topmost magnetite layer as well: Since
locally ferromagnetic sheets of NiO couple parallel to the net moment of Fe3O4,
the interface is microscopically (on dimensions of the lattice parameter) uncom-
pensated with mesoscopic antiphase boundaries due to interface terraces (with
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dimensions of the order of tens to hundreds of lattice constants). As a conse-
quence, a microscopic parallel coupling should result, but with macroscopically
compensated magnetization due to the mesoscopic antiphase domains. Of course,
besides those frozen spins there is another class of magnetic moments with a
low anisotropy [120, 111]: Interfacial spins inside the antiphase boundaries are
able to rotate more freely due to their frustrated coupling environment, and may
align parallel to the net magnetization in the substrate. The same argumentation
holds for defect spins. In this way, a small uncompensated magnetization in NiO
is retained.

A) B)

90°35.3°

[ 1 ]1 1

[ 1]11

[ 12]1

[ 10]1

Figure 7.9.: Magnetoelastic situation at the (110)-interface. A) The tensile in-plane
strain leads to an out-of-plane compression, which favours stacking along out-of-plane
〈111〉-directions. The in-plane easy axis in this case is along [110]. B) If the stacking
were to occur in-plane along the magnetite easy axis, the easy planes would be perpen-
dicular to that axis, leading to spin-flop coupling. Since, however, the in-plane stain is
tensile and moreover the magnetostriction in magnetite is positive along its easy axis,
this situation is highly unlikely.

In the (110) interface, in-plane expansion of 0.5 % makes the in-plane [111] and
[111] stacking directions unfavourable. Stacking along those would lead to spin-
flop coupling, since the easy planes of NiO would then be perpendicular to the
interface plane, leaving as only intersections the in-plane [±1 ∓ 12] easy direc-
tions. Consequently, spin-flop coupling is unfavourable. The out-of-plane [11± 1]
directions, however, are favoured by the out-of-plane compression (for example
1.25 · 10−4 along [111]). Thus, the NiO stacking will take place along those direc-
tions, and the NiO easy-planes form an angle of 35.27 ° with the interface. The
intersection axis is then [110], which forms a smaller angle with the [±1∓11] axes
than with [±1∓12]. Consequently, the coupling of NiO will be basically collinear
to Fe3O4, but with an admixture of a uniaxial anisotropy along [110]. This situ-
ation is comparable to noncollinear exchange bias, where the easy axes of the F
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Figure 7.10.: Magnetoelastic deformations of NiO and magnetite within the (001)-
interface plane (situation exaggerated by a factor 2 · 103). Using the magnetostriction
constants of NiO [114] and Fe3O4 [73] one obtains that the deformations in both mate-
rials match only for spin-flop coupling.

and AF differ [115]. While in our as-grown samples, we could find no significant
deviation from the [±1∓11] easy directions in the substrate, annealing our layers
induces a sizeable deviation of the easy directions towards [110], showing that our
assumption is reasonable [79].

Finally, we will discuss the situation at the (001)-interface, where all 〈111〉-
stacking directions are affected equally by the lattice strain (expansion by about
0.2%, as calculated from the relations given in the Appendix A.1). Thus, weaker
magnetoelastic effects by origins other than lattice strain can come into play, for
example, magnetostriction. From our data we know that spin-flop coupling is
realized, in frappant contrast to the other interfaces. Considering, that the easy
directions at the Fe3O4 (001)-surface are in-plane along 〈110〉 directions, we can es-
timate the magnetoelastic deformation at the interface from the magnetostriction
constants of Fe3O4 [73], NiFe2O4 [145] and NiO [114]. Since the easy directions of
bulk magnetite are 〈111〉, the in-plane projections in the surface domains will be
along 〈110〉. In table 7.1 we summarize the distortions according to Eq. A.7 along
the [110] substrate magnetization direction and perpendicular to it ([110]) for the
two cases of collinear and spin-flop coupling of NiO. As is directly apparent, the
signs of the distortions in NiO along [110] and [−110] for spin-flop coupling match
with the respective signs of magnetite, while the signs for collinear coupling are
inversed. Thus, spin-flop coupling of NiO is strain-compatible with the magnetoe-
lastic deformation of Fe3O4, while collinear coupling is not.

Although the strain due to magnetostriction is small (of the order of 10 −5), we
calculate a considerable energy gain of ∆EMS ≈ 3560 Jm−3 of the spin-flop state
as compared to the collinear state (for details, see appendix A.1.2). For this
estimation we assumed that the NiO layer simply follows the magnetostricive



7.4. Discussion of the results 107

strain of the substrate. We first calculated the magnetostrictive deformation of
magnetite for S||[110] by Eq.A.7. Then we used the magnetostriction constants
for NiO from Ref. [114] together with the strain tensor induced by the substrate
in order to calculate the magnetoelastic energy from Eq.A.8 (see, for example
Ref. [127]). Comparing the values for S||[110] (collinear) and S||[110] (spin-flop),
the magnetoelastic energy gain by spin-flop coupling turns out to be of the same
order of magnitude as other anisotropies in the sample (for comparison: see the
anisotropy in the (111)-plane of NiO and magnetite as given earlier in this sec-
tion). To check the possibility, that this energy overcomes exchange coupling, we
estimate the total magnetoelastic energy in our film in relation to the interfacial
exchange energy at the Fe3O4 (001)/NiO-interface. Taking the strongest Ni-Fe
exchange constant in NFO, namely the 124°superexchange of JAB = −25kB [71],
we can estimate the interfacial exchange energy as Eex. ≈ 8 · 10−3 Jm−2 in case of
completely parallel coupling (uncompensated interface). This value is well within
the parameter range for NiO(100) as reported in Ref. [107]. If the interface is
partially compensated, however, this value is further reduced, and in the extreme
case of full compensation it is smaller by approximately sin(γ), with γ being the
canting angle. Since this angle is low (5-10 °, compare our results), the interfa-
cial exchange energy can be as low as 10−4 Jm−2. If we now estimate the total
magnetoelastic energy in our thin film (thickness 43 Å), we arrive at an energy of
≈ 1.6·10−5 Jm−2, which is one to two orders of magnitude lower than the estimated
exchange energy. It is possible, however, that the exchange energy at the inter-
face is further lowered, for example, if instead of superexchange, the weaker and
ferromagnetic 90°-double exchange is the dominating mechanism. Another reason
is that both Fe3O4 and NiFe2O4 are ferrimagnetic, i.e. it is possible that antifer-
romagnetic superexchange and ferromagnetic double-exchange partly compensate
each other at the interface, depending on the termination/reconstruction. Thus,
both the magnetoelastic energy and the interfacial exchange energy can indeed
be of the same order. It should further be pointed out, that – since the magne-
toelastic strains are long range – the total magnetoelastic energy gain increases
with the volume, i.e. the layer thickness, while the interfacial exchange energy
is constant. Hence, it is reasonable, that at a certain thickness the magnetoelas-
tic energy will overcome the interfacial exchange energy. This means that there
should be a thickness threshold for a spin-reorientation in the AF, if exchange
and magneoelasticity favour different coupling geometries.

Spin reorientation transitions observed in other studies [44, 76], especially for
Fe(001)/NiO [44] can possibly be interpreted in this way, too. Finazzi et al.
observed a swiching of the spin-axis orientation from spin-flop to collinear in
Fe(001)/NiO(R45°) above a NiO thickness of about 20 Å, but interpreted their
results exclusively by an increase of defects with film thickness. The reorientation,
however, could also be explained by strain relaxation effects: At low thicknesses,
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material [110] ×10−5 [110] ×10−5

Fe3O4 (S||[110]) +5.5 −6.5
NiFe2O4 (S||[110]) −2.8 +0.5

NiO (S||[110], collinear) −9.4 +0.2
NiO (S||[110], spin-flop) +0.2 −9.4

Table 7.1.: Magnetoelastic distortions in the Fe3O4 (001)/NiO system.

strain leads to spin-flop coupling . Note that the situation is quite similar to
ours, as the magnetostriction in bcc-iron is positive along the iron [100] axis [7],
which is the [110]-axis in NiO. Consequently, the NiO layer is expanded along the
substrate magnetization direction, just as in Fe3O4 (001)/NiO. If now at some
higher thickness strain relaxation occurs, the spin-axis orientation will switch
back to collinear arrangement, for instance, in case that some uncompensated
magnetization is mediated via defects (see results of Finazzi et al. [44]). We
further mention, that the hypothesis of strain relaxation effects has also been
supported by Krishnakumar et al. for Ag(001)/NiO/MgO systems [76]. We
thus conclude that magnetoelastic effects can indeed lead to spin-flop coupling at
the (001)-interface, provided that the magnetoelastic energy gain dominates over
interfacial exchange coupling. Finally, we note that for NFO coupled collinearly to
magnetite, the situation would be the same as for NiO, so spin-flop coupling could
result even for a NFO reconstructed zone at the interface.

Other influences

In addition to magnetoelastic effects, one can speculate at least for the (110)-
interface about a third influencing factor – the substrate surface and interface
reconstruction. Jansen et al. found a one-dimensional reconstruction of the
magnetite (110) surface into rows and grooves running along [110] [67], as men-
tioned earlier in Sec. 7.2. Since the (110)-oriented samples for this thesis were
treated in a similar way, this opens the interesting possibility that – in case the
reconstruction persists upon deposition of another oxide – the one-dimensional
structure might introduce a uniaxial anisotropy along [110]. As will be shown in
Chpt. 8, indeed such a uniaxial contribution is found upon annealing of a Fe3O4

(110)/NiO-sample (see Sec. 8.2). Thus, actually two possible sources for this effect
exist: interface reconstruction and magnetoelastic coupling.
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7.4.2. Amount of uncompensated magnetization

While the (111) and (001) interfaces yield almost the same low value for the
uncompensated magnetization in NiO, the (110) interface shows a considerably
higher value. There can be several reasons for this behaviour. First, the (110)
interface is the only one, which has easy axes of the substrate lying in the plane.
This means, that the in-plane anisotropy is larger than for the other orientations,
stabilizing the Ni interface moments, which are exchange coupled to the sub-
strate. Second, interfacial bonding may affect the stability of the uncompensated
magnetization, too. In the (110) interface, the bonding anisotropy is the largest
one among the three interfaces , since the rotation symmetry about the surface
normal is only C2, while in (111) it is C3 and C4 for (001). Furthermore, while in
the (110) interface, two bonds connect a Ni atom to the underlying ferrimagnet
at an angle of 45 ° to the plane, at the (001) interface, there’s only one bond
oriented perpendicular to the surface. So one may expect the exchange coupling
and thus the amount of uncompensated magnetization to be lower in the (001)-
orientation than for the (110) case. In the (111) interface, there should be three
bonds with out-of-plane components, so one might expect the induced moment
to be stronger than in the other two cases. However, as discussed in section 7.4.1,
the stacking is out-of-plane in NiO, leading to a topographic antiphase domain
pattern in NiO, with a macroscopic compensation of the interface magnetization.
The residual Ni-XMCD might be caused by frustrated spins inside the antiphase
boundaries or defect spins. Additionally, the in-plane anisotropy of NiO(111) is
very low.

Last but not least, the third influencing factor is a possible interface reconstruc-
tion after deposition of the antiferromagnet. While the data for the (110) interface
allow conclusions about the interfacial phase and thus its structure, this is not
possible for the other two interfaces due to the lack of thickness dependent mea-
surements. It can thus not be finally excluded that the absence of an interfacial
NiFe2O4 phase in the (001) and (111) case is responsible for the drastically re-
duced Ni-XMCD. It remains to note, that in analogy to the previous section one
can speculate about the (110) interface having the largest uncompensated Ni-
magnetization due to the one-dimensional Fe3O4 surface reconstruction reported
in Ref. [67].

7.5. Summary and Conclusion

Summarizing, the influence of the crystalline oriention of the FIM/AF interface
on the magnetic proximity effect has been investigated for the three low index
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orientations (001), (110) and (111). Exploiting XMCD to map the substrate mag-
netization as well as ”anisotropic” XMLD to extract the NiO spin-axis orientation,
we found collinear coupling between the FIM and the AF for the (111) and the
(110) interface, while the (001)-interface exhibits spin-flop coupling. In all three
orientations, we observed an uncompensated magnetization in the AF near the
interface by Ni-XMCD. Comparison of the size of that magnetization yields the
largest value for the (110)-interface, while the (111) and (001)-interfaces exhibit
only 10% of that value. The coupling type can be explained by a strain-induced
AF stacking asymmetry in the NiO AF domain pattern. In the (111)- and (110)-
orientations, out-of-plane stacking leads to collinear coupling, while in the (001)
orientation, the epitaxial strain does not prefer any particular stacking vector.
In this case, magnetostrictive deformations induced by the magnetite substrate
would favour spin-flop coupling, while the exchange coupling prefers collinear
coupling. A weak interfacial exchange coupling in this system may thus lead to
spin-flop coupling via magnetoelastic effects.



8. Tailoring antiferromagnetic
domain walls and anisotropy

8.1. Motivation

In the previous chapter we have investigated the influence of the interface ori-
entation on the magnetic structure at the interface. In this chapter, we will
revisit the (110) oriented sample. This time, however, the sample is not in its
as-grown state any more. It was already mentioned in the previous chapters, that
the magnetic properties of the sample have been altered during temperature-
dependent measurements, namely by the extended time at elevated temperatures
above the Néel temperature of the NiO layer (483K) (see Sec. 6.4). We ob-
served, that between two temperature-dependent measurements, which de-facto
also acted as an annealing procedure, the blocking temperature of the sample
had changed. In fact, this parasitary effect can never be avoided, but in this case
allowed some interesting insights into the interplay of anisotropies in a coupled
layer system.

The present chapter is thus dedicated to the magnetic structure of the sample
that formed after the first temperature treatment. The particular focus lies on
two main aspects: (i) the ”peculiar” anisotropy that developed after the annealing
and (ii) the constrained magnetic domain walls in the coupled antiferromagnetic
NiO layer.

Addressing point (i), it will be shown that the new anisotropy appearing in the
sample can be understood by an interplay between the bulk anisotropies of the
constituents, the magnetoelastic interaction between the two and the interfacial
exchange anisotropy, which to a large extent may also be influenced by the par-
ticular interface reconstruction.

Aspect (ii), namely antiferromagnetic domain walls, is a subject of great interest
by itself, because it has rarely been investigated (due to a shortage of suitable
techniques). Many studies deal with the AF domain state indirectly, making
use of integrating techniques like neutron and x-ray diffraction [66, 65, 16, 17,
40]. However, in this way, only information about the average domain-size can

111
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be obtained, and the detailed microstructure of the separating walls cannot be
studied. Few microscopy studies exist, which are focussed on the wall-structure,
among them some STM studies in iron monolayers [15] and PEEM studies of NiO
crystal surfaces [167, 80]. Besides those works, antiferromagnetic domains have
been studied almost exclusively in bulk crystals of NiO, where they are determined
by the interplay between crystal shape, stress minimization and internal defects
[171, 173, 172, 147, 62, 52]. In our case, however, the AF domain topology is
dictated by the exchange coupling to the substrate, although the wall-orientations
are the same as in the bulk due to the perfectly registered epitaxial growth of
NiO and magnetite. Besides exchange, magnetostriction of the substrate, which
is transferred to the AF layer, may have an effect on the magnetic order inside the
AF layer, too. The ability to induce domain walls in our NiO layer quasi at will
by means of exchange coupling to a ferromagnetic substrate opens up unpreceded
possibilities for the detailed investigation of their microstructure. Since the wall-
planes are identical to bulk NiO, the results may be partly transferable to the
bulk-situation.

In the following, we will now discuss the measurement and evaluation procedure.
All information about magnetic anisotropies and the structure of domain walls in
this chapter can be gained from the fitting of domain wall profiles in XMCD and
XMLD contrast to theoretical calculations using the angular relations in Eqns. 1.3,
1.14 and Eq. 2.38.

In Fig.8.3 the PEEM images of the Fe3O4-XMCD and the NiO-XMLD are shown.
Clearly, the Fe3O4 domain pattern is imprinted into the thin NiO layer by the in-
terfacial exchange interaction. Consequently, the domain state in the AF induces
constrained antiferromagnetic domain walls, which follow the wall orientations
in magnetite and exhibit a rotation of the NiO spin system from one domain to
another. These walls are different from the ordinary type of walls, which would
form in a bulk NiO crystal due to magnetoelastic effects [167]. Since the condition
of strain compatibility plays only a minor role in the coupled thin film of NiO, the
walls expected in this case are dominated by the interfacial exchange interaction
and can exhibit a completely different magnetic structure. The physics of the an-
tiferromagnetic sublattice structure inside such walls is new and has rarely been
investigated up do date – in contrast to ferromagnetic domain walls, which are
well understood by theory and micromagnetic simulations.

The mode of rotation as well as the spin-axis orientations inside the domains
can be extracted by exploiting the anisotropic XMLD, which depends on the
orientation of the polarization and the spin-axis with respect to the crystal lattice
[82, 83, 32, 8, 9]. Since the site symmetry of Ni2+ in NiO is cubic, only two
fundamental spectra of an Oh NiO6 cluster are needed to construct the NiO XAS
spectra for arbitrary polarization and spin orientation [8]. Those are gained from
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atomic multiplet calculations using the XTLS 8.0 code (see for example [60]). The
angular dependence of the XMLD is a direct consequence of the site symmetry at
the excited atom, which in a solid is linked to the crystal symmetry. Since NiO
has only one type of magnetic cation (Ni2+ in Oh symmetry), the two fundamental
spectra Iperp = −Im{ε⊥} and Ipar = −Im{ε||} are naturally gained when the light
polarization E and the spin vector S point along high symmetry C4 axes, ε|| for
E||S||z and ε⊥ for x||E⊥S||z. The spectra for arbitrary orientations of S and E,
are then obtained by Eq. 2.38. Experimentally, the intensity ratio R of the NiO L2

double peak was used to generate the XMLD PEEM contrast, and was then fitted
to the respective parameter gained from the calculations.

For Fe3O4, it is not straightforward to understand why there is the same angular
dependence of the XMLD. Clearly, the electronic configuration and site symmetry
in Fe3O4 are more complex than for NiO (magnetite possesses Fe cations Oh d6, d5

and Td d5). Although no calculations for Fe3O4 have been performed, fitting the
angular dependence obtained from NiO with a negative sign, however, resulted
in astonishingly good matching. Although the site symmetry of the Td cations is
lower than cubic, a glimpse at the magnetite’s inverse spinel structure shows that
in the unit cell, all Td sites must add up to cubic symmetry as well. Thus, finally
the anisotropic XMLD in a solid is linked to the crystalline symmetry. Note
that similar results have also been obtained experimentally by Arenholz et al.
for NiFe2O4 and Fe3O4 [8, 9]. It should be noted, however, that for a general
compound, the relation in Eq. 2.38 is not necessarily correct. In fact, for NiO
and magnetite it is correct only to a good approximation, as stated already in
Sec. 2.3.6.

For magnetite, the contrast was generated by calculation of PEEM ratio im-
ages at different energies. In Fig. 8.1, typical shapes of XMLD spectra are
shown for several types of XMLD. Ratio images were computed as I(E1)/I(E2)
for the energies shown in the plot as vertical lines E1 = 724.2 eV and E2 =
725.4 eV.

8.2. Results of the fitting process

The fitting routine for the XMLD contrast is schematically shown in Fig. 8.2. The
experimental input data are line profiles derived from PEEM images, which have
been averaged over a certain width (20 pixels) perpendicular to the line to reduce
noise. To achieve maximum accuracy, a combined fit of all three domain wall
types in all possible contrast mechanisms (XMCD, XMLD p/s) has been per-
formed, comprising a full 360 ° rotation of the magnetization in a locally strongly
confined area. This local measurement minimizes any long-range artifacts such
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Figure 8.1.: Different XMLD spectra for magnetite: Spectrum (b) represents the
”standard” method of calculating the XMLD, which is also called XMLD contrast of
the first kind [151]: For a given direction of S, the difference I(E||S) − I(E ⊥ S) is
evaluated. In (b), IROI1

p−pol.(S ⊥ E||[110])−IROI1
s−pol.([111] ≈ ||S ≈ |||E) was evaluated, which

approximately corresponds to the standard method . The spectrum consequently looks
very similar to the (inverted) XMLD spectrum of Arenholz et al. for the magnetite
(110) surface with φS = 45 − 60 °, since the angle of the [111] direction with [001] is
54.73 °. Spectrum (a) looks similar to (b), however with a smaller contrast. In spectra
(c) and (d) one can directly see that choosing a different method of XMLD calculation
directly leads to completely different XMLD spectra. Here, the so-called XMLD of the
second kind was computed, i.e. the difference of spectra with S||E − S ⊥ E. This
has been achieved by subtracting the spectra of two different domains for the same
polarization). The energies for generation of the PEEM contrast shown as vertical lines
had first been chosen to maximize the XMLD contrast of first kind. Domain contrast
gained from PEEM images with a single polarization orientation, however, represent
the XMLD contrast of the second kind. which – as is directly apparent – is considerably
weaker at the chosen energies, however still sufficient for a good signal-to-noise ratio.
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as inhomogeneous background intensity or energy dispersion errors 1. In case
of a full in-plane rotation of the magnetization, another advantage is that the
XMCD profile comprises the entire dynamic range of the contrast, thus allowing
self-calibration.

For the domain wall structure, a simple in-plane rotation was assumed in both
materials, using a tanh(α(x))-model, where α is the in-plane rotation angle. In
terms of micromagnetic theory, this may be a crude approximation, but experi-
mentally is justified, because the transition width is close to the PEEM resolution.
Therefore, slight local deviations between model and experiment concerning the
differential rotation angle dα

dx
inside the wall cannot be determined. The most

important implication of this model is that the AF spins of different sublattices
rotate as a rigid spin-axis, retaining their collinearity throughout the wall (i.e.
the situation shown in Fig. 3.2.1 (b) ). Despite its simplicity, the model allows to
reproduce all features of the XMD contrast. Any severe deviations of theoretical
and experimental contrast can therefore help to identify a non-in-plane rotation
or non-collinear magnetism.

Fe3O4 and NiO XMLD were measured in p- and s-geometry. The final fit
was performed including all three contrast mechanisms into one χ2 at equal
weights. While for the XMLD the complex relations of anisotropic XMLD were
used as described earlier, for the XMCD, a simple cos(∠σ,S) relation was suffi-
cient.

The number of fit parameters has been reduced to a minimum by assuming a
constant domain wall width of 200 nm and using a single scaling parameter for
the angular part in the XMLD for each material. The spin-axis orientations inside
the domains have been initialized to the easy directions of magnetite [±1∓ 1 1],
but this choice lead to poor convergence of the fit and the XMCD signal was not
reproduced correctly. Finally, a tilt of the magnetization towards the [110]-axis
resulted in good convergence and the characteristics of all domain wall profiles
was reproduced correctly.

Note that in all the fits the theoretical magnitude of the contrast peaks in the walls
is larger than the one observed experimentally, as becomes apparent in Fig. 8.3
especially for the 180°-walls in all contrast types and for the other types predomi-
nantly manifests in the peaks in XMLD p-contrast. With p-polarization, the NiO-
XMLD contrast gets extremal each time the spin-axis crosses near a [001] or [110]-
axis, as can be compared in Fig. 6.6 (A). The peaks in the line profiles of Fig. 8.3
thus indicate the approximate position of the wall-core.

1In the dispersive direction of the image, there can be a contrast variation since the energetic
condition for maximum XMD is only fulfilled for a narrow line parallel to the exit slit
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Figure 8.3.: (color) Domain wall profiles comprising all three types of walls in the
Fe3O4 (110)/NiO system. Right hand side: PEEM images and profiles positions in
the different contrast mechanisms. Lower right: Yellow arrows denote the deviation
of the spin-axis (magnetization) at the interface from the crystallographic [±1∓ 11]
directions. Note that the deviation is always directed towards 〈110〉, which is a sign of
an additional uniaxial contribution along that axis.
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A contrast reduction near the wall-core can have several reasons, which will be
discussed in the following: (i) There may be a resolution problem due to to limi-
tations stemming from the PEEM apparatus function and the profile generation
process, yielding an effective resolution around 100-200 nm. The true width of the
domain walls must then be below that value. On the other hand, it appears that
especially the 180 °-domain walls are very wide (> 200 nm assumed in the fits),
thus in principle the observed contrast should not be reduced as compared to
theory. (ii) If the resolution is sufficient, the reduction might be caused by either
a deviation from pure in-plane rotation or the formation of a partly non-collinear
spin-structure near the wall-core, which should reduce both XMLD and XMCD.
Both possibilities are very interesting and will be subject of further investigations.
In general, however, the good matching of the theoretical profiles to the experi-
mental data suggests that a collinear rotation equivalent to Fig. 3.2.1 (b) may be
the dominant mechanism.

The best χ2 was finally found for a tilt of τ1 = 16 ◦ and τ2 = 11 ◦ from the respec-
tive 〈111〉-axis towards the [110] direction (see Fig. 8.3). This clearly indicates
that an additional uniaxial anisotropy along the [110]-direction is present in the
system. Astonishingly, the best fit also accounts for the Fe3O4 XMCD and XMLD
data. On first glance, one may expect a more bulk-like behaviour, when the prob-
ing depth λe of the electrons is large. In fact, Goering et al. [50] have recently
found a very small λe of only 0.8 Å in Fe3O4 single crystals, in contrast to earlier
measurements of Gota et al. [54], who reported 50 Å in thin films. This suggests
that the magnetite XAS is very sensitive to the topmost (interfacial) monolayers,
thus probing mainly the interface anisotropy, and not the bulk. Furthermore,
the magnetite and NiO XMLD show the same characteristics in the domain wall
profiles, only the angular parameter has different signs, which is a consequence of
the arbitrary choice of the spectral features for contrast generation. This means
that the NiO spin-axis follows the interface anisotropy and collinear coupling
is realized. Having a closer look at the separate bulk anisotropies of the two
constituents, the interfacial anisotropy can be explained by a combination of the
former with the collinear exchange coupling at the interface: While the magnetite
bulk anisotropy prefers the in-plane [±1∓ 1 1]- directions at the surface [177, 77],
the easy planes of NiO are of (111) type. As already discussed in Sec. 7.4.1, the
interfacial coupling situation forces out-of-plane stacking vectors along [1 1 ± 1]
in NiO. So the easy planes form an angle of 35 ° with the interface plane, and the
intersection is the [110] axis. Thus, it is very likely, that the NiO contribution to
the interface anisotropy is uniaxial and favours the [110]-axis. Consequently, at
the interface, a tilting of the spin-axis (magnetization) towards the [110]-direction
may be expected. The good fit quality for the XMLD in the thin NiO layer clearly
shows that this interface anisotropy is projected into the whole NiO layer via the
strong interface coupling (compare discussion in Sec. 6.3.3). Again, it should be
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Figure 8.4.: Analysis of the long axes of the Co domains.

emphasized, that the Fe3O4 (110) surface itself may provide a uniaxial template
along [110], namely by reconstruction. Jansen et al. report the formation of
2.8 Å high stripes (two atomic layers) , running along [110] with a spacing of two
to four times the bulk lattice constant (8.397 Å) [67]. Since we applied a similar
preparation method, such a reconstruction is likely to occur also in our samples.
If the reconstruction persists upon deposition of the NiO layer – or is formed by
the annealing process – the interface contains a uniaxial ”structure” along [110],
possibly also manifesting in the magnetic anisotropy.

An additional confirmation of this ”strange” anisotropy induced in the antiferro-
magnet by the exchange coupling is found in the data of a 15 Å Co layer, which
has finally been deposited on top of the Fe3O4/NiO system (Fig. 8.5). The cobalt
magnetization forms an angle of 90 ° with respect to that of magnetite, as can be
seen from the respective PEEM images: 4 gray levels can be discerned both at the
Fe and Co edge, which belong to the four possible easy directions. Domains show-
ing the maximum (minimum) contrast in Fe-XMCD exhibit intermediate contrast
values at the Co edge, while domains with intermediate contrast levels in mag-
netite XMCD show the extremal values in the Co-XMCD. This directly indicates
a tendency for mutual perpendicular orientation of the Co and Fe3O4 magneti-
zation. We’d like to postpone the discussion of the reasons for this behaviour to
the next section in order to finish our discussion of the magnetic anisotropy in
our trilayer system first. With respect to the magnetic anisotropy in our sample,
the shape of the Co domains in our sample provides valuable information. The
topology tends to consist of 180°-domains with an elongated shape along a partic-
ular direction. The long axis coincides with the easy axis of the coupled Co layer,
because in this way charged 180°-walls are avoided. If the magnetite’s interface
anisotropy were along [±1∓1 1], this easy axis should point along [∓1±1 2], al-
ways perpendicular to the respective direction in magnetite. However, evaluation
of a sufficient number of small domains (shown in Fig. 8.4) yields a direction,
which always deviates from [∓1± 12] towards [001] by some angle. Turning sense
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and magnitude of the deviation (≈18 °) are consistent with the findings at the
Fe3O4/NiO interface (≈13.5 °). Hence, we conclude that the interface anisotropy
created by the coupling between NiO and Fe3O4 is transferred to the Co via
the antiferromagnet and leads to the same deviation and turning sense from the
respective crystallographic directions.
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Figure 8.5.: (color) PEEM pictures of the Fe3O4/NiO[51 Å]/Co15 Å system. Directly
after deposition the Co-XMCD contrast shows a large number of elongated small do-
mains. Analysis of the long axis yields directions deviating from [±1∓1 2] towards the
〈001〉-axis (γ1 ≈22 ° and γ2 ≈14 °). Thus the deviation is consistent with the one ob-
served at the Fe3O4/NiO interface, and the Co magnetization forms an angle of ≈90 °
with the Fe3O4 magnetization.

8.3. Origin of the perpendicular FM orientation

We have, on purpose, avoided the term perpendicular interlayer exchange cou-
pling in the headline of this section, since it directly provokes the association of bi-
quadratic coupling between to FM layers via a non-insulating spacer layer. In our
case, however, the spacer is an insulating NiO layer of 50 Å thickness, which should
prevent any interlayer exchange coupling and tunneling effects [144, 142, 143]. In
the systems described in this thesis, the typical length scale of exchange interac-
tions was found to be of the same size as the lattice parameter. Thus, intrinsic
mechanisms based on RKKY-type interactions responsible for bilinear and bi-
quadratic interlayer coupling in conductors can be ruled out.

Slonczewsky proposed a second mechanism producing biquadratic interlayer
coupling [141]. In his model, he assumed a trilayer system with conducting or
tunneling spacer and a direct exchange mechanism between the two ferromagnets
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via the spacer. Assuming imperfect interfaces with terraces, lateral fluctuations
in the interlayer coupling parameter were introduced, leading to a biquadratic
term via torque fluctuations acting on the two ferromagnets. It was found that
the biquadratic coupling parameter J2 increased with the terrace width L, up to a
critical dimension, where the model breaks down. This theory has been confirmed
by measurements on metallic Fe/Cu/Fe trilayers with detailed roughness analysis,
where the increase of J2 with L has indeed been observed [61].

It is worth noting that the model assumes a direct coupling of two ferromagnetic
layers across the spacer. At first glance, one might therefore think, that it cannot
account for the case of thick insulating spacer layers, where the decay length of the
tunneling states is much shorter than the barrier width. If, however, the spacer
is insulating but antiferromagnetic, a short-range internal exchange coupling can
mediate magnetic information through the barrier, as long as its width is not too
large.

Investigating this aspect, Camerero et al. experimentally found a 90 ° angle be-
tween the easy axes of (111) textured NiFe and Co layers separated by 40-250 Å
thick polycrystalline NiO spacers [21]. They invoked a numerical 3D Heisenberg
model, which tried to explain the coupling in terms of monatomic steps at the
interfaces – in analogy to Sloncewsky’s theory, but with a correct treatment
of the spacer considering only nearest neighbour exchange. The AF spacer was
modelled as a layered antiferromagnet with ferromagnetic sheets parallel to the
interface, somewhat idealizing the (111) textured polycrystalline NiO. Interfacial
terraces at both sides of the AF then cause partial internal spin frustration, since
locally the AF cannot always satisfy the coupling conditions at both interfaces si-
multaneously. As a consequence, the model resulted in a perpendicular alignment
of both ferromagnets. In the following, we shortly outline our interpretation of
this effect:

In case of spin frustration inside the AF by collinear alignment of both FM’s
together with monatomic interface steps, the system has two possibilities to lower
its energy. The first one is, that the AF assumes a spin-flop state with respect to
the two – still collinear – ferromagnets. Thereby the internal spin frustrations are
removed, and transferred to the interface, where the energy may be lowered by a
spin-flop state with spin-canting. However, the canted spin-structure will extend
into the AF layer, forming an artificial AF superstructure as well, which means
that even the spin-flop state in the AF will appear as a layered antiferromagnet
when looking at the net moment induced by canting. Thus, the unfavourable situ-
ation is not fully resolved. Only if the AF is thick enough, the superstructure will
vanish inside the bulk before reaching the other interface. If this is not the case,
the energy can be further lowered if the two ferromagnets align perpendicular to
each other, forcing the AF to assume spiraling spin structures. These structures
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are equivalent to a locally fluctuating indirect coupling between the two ferromag-
nets, in analogy to the fluctuating direct coupling assumed in Slonczewsky’s
model. In sufficiently thin insulating AF spacers with interface roughness, the in-
terlayer coupling can therefore still be modelled by a locally fluctuating interlayer
exchange constant.

The observation of perpendicular interlayer coupling for spacer thicknesses as high
as 250 Å was ascribed by Camarero et al. to the low anisotropy of the NiO layer,
which is polycrystalline and (111)-textured. We share this opinion, and speculate
that, if the AF anisotropy were larger, canted spin-structures and spirals would
not extend far into the AF layer. In this case, perpendicular interlayer coupling
would only be observed for low spacer thicknesses, while for higher thicknesses, the
magnetization of both ferromagnets may align collinear again.

This hypothesis is indeed supported by experimental findings: Van der Hei-
jden et al. found perpendicular alignment in single-crystalline (001)-oriented
Fe3O4/NiOFe3O4-trilayers for spacer thicknesses of 7-50 Å, which they ascribed
to the effect of interface roughness[158]. For thicknesses greater than 50 Å, a grad-
ual collinear realignment of the two layers was observed, in accordance with the
thoughts formulated above. Similar findings are reported by Bambrilla et al.,
who observed a collinear realignment for tNiO > 40 Å in (001)-oriented Fe/NiO/Fe-
trilayers [18].

We’d like now to discuss the situation in our samples on the background of the
facts we have compiled above:

Since the Fe3O4/NiO system grows with high epitaxial order and sharp inter-
faces, we have every reason to assume that our interfaces are of good quality
[121, 16, 166, 77], and an idealized situation as described in the model by Slon-
czewsky can be assumed in interpreting our results. In particular, the terrace
width L is definitely considerably larger than in amorphous or polycrystalline
samples, leading to a large biquadratic contribution in the coupling energy ac-
cording to the model. Hence, we consider it possible that a roughness-driven
perpendicular coupling is realized in our system as well, although the occurrence
is astonishing in view of the high insulating spacer thickness of 51 Å. Comparison
to the results of van der Heijden et al. indicates – as far the different crys-
talline orientation allows – that we may still be in the range, where perpendicular
coupling occurs.

However, we can provide a second hypothesis, in which perpendicular coupling is
ascribed to the different individual coupling behaviour of Fe3O4 respectively Co
to NiO: Arenholz et al. recently found spin-flop coupling for the Co/NiO(001)
interface, in contrast to earlier works, which erroneously came to the conclu-
sion of parallel coupling in this system, since the effects of ”anisotropic” XMLD
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had not been considered [2]. The recent results at the (110) [77] and (001) in-
terface suggest that spin-flop coupling in the Co/NiO system is a result of the
compensated nature of those interfaces, as expected from Koon’s theory [75].
The NiO(110)/Co interface would then favour spin-flop coupling in contrast to
the Fe3O4 (110)/NiO interface, for which we have confirmed collinear coupling.
The overall outcome is a perpendicular alignment of both layers. This is a pos-
sibility, which has not been considered for heterogeneous trilayers, yet. To test
the validity of this theory, spacer-thickness-dependent measurements have to be
performed. If a reorientation transition back to parallel is absent for higher thick-
nesses, the effect is caused by the individual coupling of the two layers to the
NiO-spacer.

8.4. Summary

To summarize, in the Fe3O4 (110)/NiO
[
51 Å

]
system, fits of domain wall profiles

have been performed in the AF as well as in the substrate. The good accordance
of the experimental data with a simple in-plane rotation model suggests that the
spin-axis is coupled collinearly and rotates coherently along with the substrate
magnetization. Deviations in the maximum contrast arising especially with p-
polarized light may point to a small amount of out-of-plane rotation or non-
collinear spin-order inside the wall-core.

The easy axes found in the coupled AF as well as in the interface-near substrate
layers deviate from the 〈111〉 directions preferred by bulk magnetite. The devia-
tion is directed towards 〈110〉, which indicates that by interface coupling, an ad-
ditional uniaxial anisotropy along that axis is introduced. In a simple picture the
interface anisotropy is thus a combination of several effects

• the magnetite’s bulk cubic anisotropy preferring 〈±1∓1 1〉 easy axes at the
surface,

• the collinear interface coupling,

• the AF anisotropy with (1 1±1) easy planes

• the magnetoelastic coupling due to epitaxial strain favouring out-of-plane
stacking vectors, thus the intersection of the NiO easy planes with the in-
terface is [110]

• possibly a surface/interface reconstruction with one-dimensional structures
running along [110]
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This interpretation is strongly supported by the deposition of a 15 Å Co layer on
top of NiO, which then shows the same angle and turning sense of the deviation
in its easy direction: The Co layer magnetization is oriented perpendicular to
the magnetization in the substrate, and its crystallographic easy axes would be
along [±1 ∓ 1 2]. The Co magnetization thus deviates by 10-20 ° towards [001],
whereas the Fe3O4 magnetization and the NiO spin-axis deviate by the same
amount towards [110]. The perpendicular interlayer coupling between Fe3O4 and
Co via the NiO layer can be explained by a roughness-driven effect as described
in Refs. [141, 158, 21]. We think, however, that an individually different coupling
behaviour for magnetite and cobalt may lead to the same effect, since cobalt
couples spin-flop to NiO, magnetite collinearly.
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In this thesis, the magnetic proximity effect in highly-ordered transition metal
oxide (TMO) heterosystems composed of single crystals of ferrimagnetic (FIM)
Fe3O4 and thin antiferromagnetic (AF) NiO layers has been investigated. The
method applied was Photoelectron Emission Microscopy using polarized soft
x-rays (X-PEEM), providing spatially-resolved and element-selective informa-
tion about the crystalline and magnetic order in the sample. Important
progress was made in the interpretation of ”anisotropic” XMLD, allowing for
vectorial magnetometry of collinear magnetic structures in singly crystalline
systems. In contrast to the ”isotropic” effect, ”anisotropic” XMLD occurs
whenever the crystalline symmetry of the sample is not spherical any more
[82, 83, 32, 8, 9].

It was found, that two major contributions to the MPE exist: First, interfacial
exchange interactions, which are generally short-ranged in TMO’s, create an ul-
trathin zone of altered magnetic structure near the interface. Second, long-ranged
magnetoelastic interactions lead to a change of the magnetic structure on a larger
scale, sometimes affecting the whole NiO layer. The influence of directional lattice
strain on the magnetic order via magnetoelastic coupling has been investigated
by means of samples with different crystallographic low-index orientations of the
interface. For all samples, the magnetic domain pattern of the ferrimagnetic sub-
strate is imprinted into the thin antiferromagnetic NiO layer. Due to the surface
demagnetizing field of the substrate and the interface exchange coupling, the NiO
spin-axis is oriented within the film-plane for all samples. Dependent on the type
of the interface, however, a difference in the in-plane coupling behaviour of the
antiferromagnetic NiO layer to the ferrimagnetic Fe3O4 substrate was observed.
While NiO couples collinearly to Fe3O4 for the (111) and (110) orientations, spin-
flop coupling was observed for the (001)-interface. At first glance, this finding
contradicts the theory of Koon [75], which postulates spin-flop coupling for ev-
ery compensated interface, i.e. both for (110) and (001). An explanation for
the deviating results is given in terms of the microscopic interface structure and
additional magnetoelastic effects.

In addition to the different coupling scheme, the amount of uncompensated mag-
netization varies in the three orientations, with the (110)-interface showing the
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largest value and the two other orientations only a small amount of 10% as com-
pared to the value for (110). This behaviour can be explained in terms of the
bonding situation and in-plane anisotropy of the different orientations. For a
NiO wedge on Fe3O4 (110), extremal values for the Ni and Fe- orbital moments
near 1ML thickness were found. For higher thicknesses, the Ni- orbital moment
reduces almost to zero, indicating a quenching or compensation as soon as cu-
bic symmetry is established. The thickness-integrated spin-moment, however,
remains constant, suggesting that the uncompensated magnetization in NiO re-
sides directly at the interface and is induced by the exchange coupling to Fe3O4,
whereas the bulk of the NiO layer is compensated.

Temperature-dependent measurements of the XLD contrast reveal a lowered
blocking temperature of the NiO layer as well as a reduced Fe3O4 Curie tem-
perature near the interface. While the former arises from finite size effects, the
latter is probably a consequence of the interfacial coupling to NiO, which has a
lower critical temperature than magnetite. The scaling of the NiO XMLD con-
trast with temperature follows shows a linear behaviour in a wide temperature
range of about 0.6− 1 TB, which is consistent with mean-field calculations of the
expectation value 〈µ2〉 of the magnetic moment.

Finally, the AF domain state in Fe3O4 (110)/NiO was investigated in more detail,
fitting profiles of constrained antiferromagnetic domain walls to the theoretically
expected XMLD contrast. The results are consistent with a simple in-plane ro-
tation model of the NiO spin-axis, ruling out the anticyclic sublattice rotation
postulated by Yamada. Furthermore, a peculiar magnetic anisotropy was found
in the system, with easy axes turned from the [±1∓11]-orientation towards [110]
by about 15 °. This anisotropy can be understood as a composition of different
contributions. The magnetocrystalline anisotropy of Fe3O4 favours 〈111〉 easy-
directions, of which two are coplanar with the sample interface, namely [±1∓11].
The magnetic and magnetoelastic anisotropy of NiO prefers (111) easy planes and
〈111〉 AF stacking vectors. The epitaxial lattice strain in NiO favours out-of-plane
stacking, leading to easy planes, which are not coplanar with the sample interface.
The energetically most favourable NiO spin-axis orientation is thus the intersec-
tion of the easy plane with the sample interface, i. e. [110]. The interfacial
exchange coupling tends to orient NiO and Fe3O4 spins collinear, thus leading to
a weighted mixture of the Fe3O4 [±1∓1 1] easy-axes with [110] preferred by NiO.
As a result, the overall easy-axis deviates from its orientation in Fe3O4 towards
the [110]-axis, as observed experimentally.

In a further step, we investigated a Fe3O4 (110)/NiO/Co trilayer system, which
exhibits perpendicular interlayer coupling via the antiferromagnetic spacer. The
easy directions of the Co layer is determined by the anisotropy of the Fe3O4

(110)/NiO system as well as its tendency for mutual perpendicular alignment
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with Fe3O4. Accordingly, the Co magnetization is tilted from the [±1∓1 2] easy
directions perpendicular to the ones in Fe3O4 towards the [001]-axis – exhibit-
ing the same tilt angle and turning sense as observed for the Fe3O4 magnetiza-
tion.

For the perpendicular interlayer coupling, we found two possible explanations:
(i) as proposed by Slonczewsky [141], roughness-driven fluctuations in the ef-
fective interlayer exchange coupling lead to perpendicular coupling. Note, that
the spacer layer is an insulating antiferromagnet of high thickness (51 Å), which
means that interlayer coupling is not a direct mechanism as assumed by Slon-
czewsky, but mediated indirectly via the short-range superexchange in NiO.
(ii) There is evidence, that Fe3O4 and cobalt exhibit a different coupling be-
haviour to NiO: while Fe3O4 couples collinearly – as found in our experiments –
cobalt may exhibit a spin-flop coupling when evaporated onto NiO, as reported
by [9].

This thesis uncovered some important aspects of the magnetic proximity effect
in highly-ordered systems. There are, however, still many unanswered questions,
and more work has to be done in the future to obtain a clearer picture. The main
goal is to obtain more detailed information on the magnetoelastic contribution to
the proximity effect, for example, by measuring samples under application of vari-
able stress in well-defined crystallographic directions. The influence of epitaxial
strain may be estimated by growth on substrates with variable lattice mismatch,
too. Furthermore, more materials have to be investigated. A comparison of the
simple antiferromagnets MnO, FeO and CoO, when coupled to suitable transi-
tion metal oxides, may provide more insights in to the interplay of exchange- and
magnetoelastic coupling as-well.

For the first time, results have been presented concerning the micromagnetic order
of constrained antiferromagnetic domain walls. These very exotic magnetic struc-
tures deserve a more detailed investigation, the major challenge being a micro-
scopic study with higher resolution well below the domain wall width of ≈ 200 nm.
On the background of the recent insights into the ”anisotropic” nature of XMLD
in single crystals, also the bulk NiO AF domain walls should be revisited, which up
to now have only been investigated once by Weber et al. [167]. Since their analy-
sis was based on the ”isotropic” XMLD theory, important details of the magnetic
wall-structure might have been missed or misinterpreted.

Finally, the interlayer coupling across conducting and insulating antiferromag-
netic spacer layers is a highly interesting topic, for which theories are just in their
nascent state and experimental studies are sill rare [158, 38, 21, 91]. By measure-
ments in highly-ordered transition metal oxide systems, varying spacer thickness,
interface-orientation and magnetoelastic strain, important new insights into the
microscopic origins of interlayer coupling in highly correlated systems may be
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gained, possibly with high technological value for the design of spin-valves or
tunnelling devices.

All the ideas presented above may rely on soft x-ray photoemission microscopy
as the main tool for structural, chemical and magnetic analysis with high resolu-
tion.



A. Appendix

A.1. Epitaxial strain and magnetoelastic distortions
in different interface orientations of the
Fe3O4/NiO system

A.1.1. Epitaxial strain of the NiO layer

In the following, we derive the strain that is induced in NiO by epitaxial growth
on magnetite in various crystallographic interface orientations. The epitaxial
strain is determined by the lattice mismatch and the interface orientation induces
a particular strain configuration in the crystal lattice of NiO, thereby lowering
its symmetry. Due to the magnetoelastic anisotropy of NiO, which is linked
to the crystal lattice, different magnetic properties will arise for different inter-
face orientations. This has important consequences on the magnetic coupling of
the two substances. We begin by writing down the formulae for the epitaxial
in-plane and out-of-plane strain dependent on crystallographic orientation, as de-
rived by Sander in ref. [127]. For the (001) surface, the epitaxial strains are
given by

η3 = −c12 (η1 + η2)

c11

, (A.1)

where η3 is the out-of-plane strain and η1,η2 are the in-plane strains. If we
assume that the NiO assumes the maximum in-plane strain determined by the
lattice mismatch of +0.005, then taking the elastic constants for NiO as given in
table A.1, we yield η3 = 4.04·10−3, a compression along the surface normal. Shear
strain components are zero in this orientation, since the strain works along the
C4 axes. For the (110) surface, one obtains the following result after transforming
the strain tensor into surface coordinates:
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What remains is to express the out-of-plane strain by the in-plane
strain:

η
(s)
3 = −(c11 + c12 − 2 c44) η

(s)
1 + 2 c12η

(s)
2

c11 + c12 + 2 c44

. (A.3)

In the (110) orientation, the shear strain η12 is nonzero and the NiO film will
have monoclinic symmetry. Assuming again the full in-plane lattice distortion
of 0.5%, the film is compressed along the surface normal [110] by −2.78 · 10−3.
Finally, for the (111) surface, the strain tensor and out-of-plane strain are defined
as

η
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3 = −
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(
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(A.4)
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The out-of-plane compression resulting from the epitaxial strain in the (111) ori-
entation is −2.44 ·10−3, i.e. the NiO layer is compressed along the surface normal.
Note that the distortion along arbitrary directions in the sample can be calculated
if the complete strain tensor is known:

ηn = nT η̂ n , n unit vector (A.6)

A.1.2. Magnetoelastic coupling

The substrate, which has cubic symmetry in the paramagnetic state, will expe-
rience a deformation by magnetostriction in its ferromagnetic state, which leads
to a (small) deviation from cubic symmetry. This deformation, as well as the
epitaxial strain is then transferred to the NiO layer, in case of a non-relaxed
pseudomorphic growth. Thus the NiO layer itself will experience an additional
distortion, which changes its magnetoelastic energy. In cubic symmetry, the mag-
netoelastic strain in a sample with unit magnetization direction M′ = (α1, α2, α3)
along a particular direction n = (β1, β2, β3) is defined as [73]

λn(M′) =

3

2
λ100
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α2
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2
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2
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3β
2
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+ 3λ111 (α1α2β1β2 + α2α3β2β3 + α1α3β1β3) .

(A.7)



A.1. Epitaxial strain and magnetoelastic distortions in different interface
orientations of the Fe3O4/NiO system

131

The magnetoelastic energy of the material as given in [127] is

Eme(M
′) = B1

(
η1α

2
1 + η2α

2
2 + η3α

2
3

)
+ B2 (η4α2α3 + η5α1α3 + η6α1α2) + · · · ,

(A.8)
with the strain components denoted in Voigt-notation ηl (l = 9− (i + k)). The
magnetoelastic coupling constants B1 and B2 are related to the magnetostrictive
deformations λ100 and λ111 via the elastic constants:

B1 = −3

2
λ100 (c11 − c12) , B2 = −3λ111c44 (A.9)

In principle, the equilibrium strain in the material system should be calculated by
the minimization of the magnetoelastic energy contributions of both constituent
materials – the Fe3O4 substrate and the NiO layer. This is a very complex problem
and exceeds the scope of this thesis, since in principle finite element or slab
calculations have to be performed in order to account for inhomogeneous strain
along the sample normal. Instead a simpler approach has been chosen by assuming
the substrate magnetization direction as fixed along the surface easy-direction.
The second simplifying assumption is that the substrate dominates the thin layer,
which then experiences the same in-plane distortions as the substrate. An elastic
feedback of the NiO layer on the substrate was neglected. If one grossly assumes
the elastic constants of magnetite and NiO as equal (which indeed is the case), the
true strain of the material (and Eme, which depends linearly on it) is overestimated
roughly by a factor of 2.

This does not pose a major problem, since
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Figure A.1.: On the calculation
of the shear strain.

we are interested in the order of magnitude
of the magnetoelastic energy – anyway, the
microscopic magnetoelastic properties are ex-
pected to deviate from the continuum pic-
ture applied here. Since magnetoelastic ef-
fects are thought to be significant only for
the (001) interface, where epitaxial strain does
not lift the energetic degeneracy of different
NiO T-domains, calculations have been re-
stricted to this crystallographic orientation.
For the calculations we use the elastic pa-
rameters and magnetostriction constants in ta-
ble A.1.

Since the bulk easy directions in magnetite are 〈111〉, we assume the magnetiza-
tion to point along [110]. Our goal is now to get an estimate of the magnetoelastic
energy difference between a collinear and a perpendicular spin-arrangement of the
two materials Fe3O4 and NiO. The strain along the C4 axes is easy to calculate:
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material c11/GPa c12/GPa c44/GPa Ref. λ100/10−6 λ111/10−6 Ref.

NiO 270 105 125 [41] −140 −79 [114]
NiFe2O4 - - - - −46 −22 [145]

Fe3O4 261 148 63 [123] −20 80 [73]

Table A.1.: Elastic and magnetoelastic properties of NiO, NFO and magnetite.

η1 = λ110
100, η2 = λ110

010 and η3 = λ110
001. What remains is to calculate the shear strain.

For this one needs the in-plane substrate distortions λM
n parallel and perpendicu-

lar to the magnetization, i.e. λ110
110 and λ110

110 (see Fig.A.1). With those values, the
shear strain η6 in the NiO layer can be calculated as

tan γ12 = η6 ≈
|A1 + A2 −B|

|B|
, (A.10)

where the vectors are defined as shown in Fig.A.1:
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2
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B = [1 , 0] . (A.11)

The remaining shear strain components are zero, since shearing is restricted to
the surface plane. With the complete set of strain components inside the NiO
layer, the magnetoelastic energy can be calculated for the NiO-spin parallel and
perpendicular to the substrate magnetization. The values are E

||
me = −648 Jm−3,

E⊥
me = −4203 Jm−3 and the the energy gain is ∆Eme = −3555 Jm−3 as given in

chapter 7.4.1.

A.2. Confusion and conversion – the SI and CGS
systems

There is a lot of confusion caused by different systems of units used by experi-
mentalists and theoreticians. While, for example, theoretical descriptions related
to electrodynamics frequently make use of the CGS system (centimeter, gram,
second), international conventions prefer the SI (MKS) system (meter, kilogram,
second) to provide a standard for all physical quantities. Usually, we keep to the
SI system, when presenting our experimental results. However, the theoretical
explanations in Chap. 1 were carried out in CGS system, which is more conve-
nient for electrodynamics. Therefore, we provide here some conversions between
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SI and CGS systems for the relevant quantities. A more detailed discussion of the
system-free Maxwell equations can be found in Ref. [89]. Table A.2 summa-
rizes the conversion constants and relevant quantities in system-free, CGS- and
SI-definition.

quantity general CGS SI

”Jackson”-constant kE 1 1
4πε0

”Jackson”-constant kB
1
c

µ0

4π

”Jackson”-constant kF
1
c

1
”Jackson”-constant kD 1 ε0

”Jackson”-constant kM c 1
”Jackson”-constant kH 1 1

µ0

diel. displacement D = kD(E + 4πkEP) E + 4πP ε0E + P
= kDε̂E ε̂E ε0ε̂E

optical conductivity σ̂ σ̂ σ̂

diel. tensor ε̂ = 1 + ı4πkEσ̂ 1 + ı4πσ̂
ω

1 + ı σ̂
ε0ω

fine structure constant α = kE
e2

~c
e2

~c
e2

4πε0~c

XAS-intens. normal. fact A = 4π2αω 4π2 e2

~c
ω 4π2 e2

4πε0~c
ω

magnetic field H = kH(B− 4πkBkMM) B− 4πM 1
µ0

B− 1
4π

M

Table A.2.: Conversion of some important quantities from CGS to SI system.
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An dieser Stelle möchte ich allen danken, die auf verschiedenste Weise zum Ge-
lingen meiner Dissertation beigetragen haben

Herrn Prof. Claus Michael Schneider möchte ich für die Motivation
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liener noch Österreicher oder Bayer, aber seine Intonationen waren stets
authentisch! Ganz zu schweigen von seinem Hamburger Original-Akzent
(
”
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