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Abstract
Warnatz, T. 2021. Magnetic Properties of Epitaxial Metal/Oxide Heterostructures. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 2049. 64 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1221-7.

The work in this dissertation is devoted to tailoring and studying magnetic properties of epitaxial
metal/oxide heterostructures. The aim is to understand the fundamental principles governing
these properties and how they affect each other. The acquired knowledge can prove useful
for the development of future spintronic devices. A variety of experimental techniques is
used to fabricate and characterize the epitaxial structures. For fabrication, a combination of
direct-current and radio-frequency sputtering is used, whereas x-ray reflectivity and diffraction
measurements are the main tools for the structural characterization of the heterostructures. The
magnetic characterization of these structures is done by a combination of longitudinal magneto-
optical Kerr-effect measurements, Kerr-microscopy and polarized neutron reflectometry.

First, it is shown how strain affects the magnetic properties of metal/oxide heterostructures
by comparing Fe/MgO and Fe/MgAl2O4 superlattices. Subsequently, an antiferromagnetic
interlayer exchange coupling in  Fe/MgO superlattices is revealed and attributed to a spin-
polarized-tunneling mechanism. The coupling strength can be tuned by changing the MgO
thickness leading to the stabilization of different remanent states as well as to different
reversal mechanisms. It is shown that the interlayer exchange coupling in Fe/MgO superlattices
is a consequence of two distinct components. These components can be interpreted as
beyond-nearest-neighbor interactions and a contribution arising from the total thickness of the
heterostructures.

The interlayer exchange coupling is further investigated via temperature dependent
magnetization measurements. It is shown that different remanent states and reversal mechanisms
occur at different temperatures. Furthermore, a large increase in interlayer exchange coupling
strength with reduced temperature is revealed.

Finally, it is shown that Fe84Cu16/MgO superlattices exhibit a reduced magnetocrystalline
anisotropy and interlayer exchange coupling strength, as compared to pure Fe/MgO
superlattices. Patterning such Fe84Cu16/MgO superlattices in circular islands leads to an
increased saturation field with decreasing island diameter.
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CHAPTER 1

INTRODUCTION

Thin gold films (<0.3 μm) were already used as decorative coat-
ing by Egyptians in the first golden age of thin films (∼5000
years ago) [1]. The second golden age of thin films (mid-1600s
to early 1900s ) began with the development of advanced vac-
uum technology and electrical power. New deposition pro-
cesses were developed, which led to the fabrication of thin-
ner and purer films of novel material combinations. Since
then, thin film applications have become not just limited to
decorative coatings, but serve also as protective and antire-
flective coatings and are used in batteries and electronics [1].
We are now in the third golden age of thin films, which is
defined by the availability of state-of-the-art characterization
tools, modeling and strong commercial driving forces allowing
us to study and manipulate films down to single atoms thick
[1].

One major breakthrough during the newest age of thin
films was the discovery of the giant magnetoresistance (GMR)
effect by Fert and Grünberg in 1988 [2, 3]. Two ferromag-
netic layers separated by a metallic spacer layer exhibit a much
smaller resistance if their magnetization is aligned parallel as
compared to an antiparallel alignment (Fig. 1.1). The mag-
netoresistance ((Rhigh − Rlow)/Rlow) of the structures prepared
by Fert and Grünberg can be much larger (∼ 80% at room tem-
perature [4]) than the previously discovered anisotropic mag-
netoresistance (AMR) effect (∼ 3% [5]). The AMR effect was al-
ready used to read out digital information stored in hard drives
(bit 0 and 1 corresponding to low and high resistance values,
see chapter 7), but large structures were required to distinguish
the high and low resistance states from noise. The much larger
effect discovered by Fert and Grünberg led to a rapid miniatur-
ization of digital storage devices, wherefore both received the
Nobel Prize in Physics 2007.
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The quest for higher magnetoresistance values led finally
to the discovery of the tunnelmagnetoresistance (TMR) effect
in Fe/MgO/Fe structures by Yuasa and Parkin [6, 7]. Key
for this discovery was the replacement of the characteristic
metallic spacer layer found in GMR structures by the insula-
tor MgO. Unprecedented magnetoresistance values (∼600% at
room temperature [8]) could be reached and led to a rapidly
growing interest in the ferromagnet/MgO system. However, it
was not possible to smoothly implement the TMR effect found
in the Fe/MgO system in the GMR scaffold of existing devices.
The electronic industry spent more than a decade optimizing
the GMR scaffold, which made the necessity to develop a new
TMR scaffold unacceptable [9]. This problem was solved by
replacing Fe with CoFeB, which led to a smooth integration
with the existing device fabrication structure and the interest
in such systems exploded (Fig. 1.2). The subsequent device
miniaturization started to reveal physical limitations (e.g. su-
perparamagnetism) and new concepts needed to be developed
in order to drive technological advances further. Hence, simul-
taneously to the increase of digital storage density, multiple
novel devices (magnetoresistive random-access memory, do-
main wall racetrack memory, multilevel storage schemes, etc.)
were proposed [10–13].

Inspired by the proposed device concepts, the heart of this
thesis is the investigation of magnetic properties of ferromag-
net/insulator multilayer nanostructures. For that, the fabrica-
tion of single crystalline samples is key. Hence, the structure of
Fe/MgO superlattices is discussed in chapter 2. Such struc-
tures can exhibit fascinating magnetic properties, which are
summarized in chapter 3 and structural as well as magnetic
characterization tools are presented in chapter 4. Finally, the
results are presented in chapter 5. The thesis is based on the
appended articles, which are organized as follows: First, the
effect of the MgO layer thickness in Fe/MgO superlattices on
the magnetic properties is investigated. Different reversal se-
quences and remanent states are found depending on the MgO
thickness. The observed phenomena are an indication for long-
range magnetic interactions, which are investigated in the sec-
ond article. Here, two contributions to the interlayer exchange
coupling in Fe/MgO superlattices have been untangled. Fi-
nally, the lateral extension of ferromagnet/MgO multilayers
has been tuned. A reduction in the lateral dimensions led to
structures dominated by stray fields arising from the sample
edges.

2
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CHAPTER 2

EPITAXIAL FILMS AND
SUPERLATTICES

Films can be amorphous (no crystalline order), polycrystalline
(composed of many crystal grains with different orientations)
or single crystalline (epitaxial). Epitaxy (from Greek epi ’upon’
and taxis ’order’) refers to a crystal, which grows in atomic reg-
istry on a single crystalline substrate (Fig. 2.1). The crystalline
structure of an epitaxial film can be represented by the so-
called unit cell (see e.g. Fig. 2.3). Meaning, the periodic, atomic
arrangement of an epitaxial film can be fully reproduced by
repetitive translation of the unit cell.

Materials with compatible unit cells can be epitaxially
grown on top of each other leading to the formation of a
superlattice. A superlattice consists of a periodic material vari-
ation in the growth (out-of plane) direction, which can be de-
scribed by the superlattice period Λ (Fig. 2.2). The first super-
lattice structure was identified by Johansson et al. in 1925 [15],
but almost 5 decades passed until a first superlattice effect was
reported. In 1972, Esaki et al. observed negative resistance in a
GaAs/GaAlAs superlattice, which stimulated the discovery of
additional superlattice effects [16]. In this thesis, (superlattice)
effects in metal/oxide heterostructures are investigated.

2.1 Fe films

Single crystalline α-Fe has a body-centered cubic (bcc) structure
(Fig. 2.3) with a lattice constant a of 2.86 Å. This structure does
not seem to match MgO’s lattice constant of 4.21 Å. However,
Kanji et al. discovered in their 1973 pioneering work [17] that
a 45◦ rotation of the Fe lattice on top of MgO (Fig. 2.4) enables

3



2.1 Fe films

Schematic
illustration of a bcc unit cell
with the lattice constant a.

Schematic
illustration of the tetragonal
Fe/MgO structure formed by
a 45◦ rotation of the Fe layer
on top of MgO.

the expitaxial growth of Fe. Due to this rotation, the lattice
mismatch is accommodated for (aMgO/aFe ∼ 4 %). Other possible
substrates for the epitaxial growth of Fe via a 45◦ rotation of
the lattice are SrTiO3 (aSrTiO3/aFe= 3.7 %), TiN (aTiN/aFe= 4.8 %) or
MgAl2O4 (aMgAl2O4/2aFe= 0.001 %).

The magnetic properties of single crystal and polycrys-
talline Fe differ substantially. Polycrystalline Fe is magnetically
isotropic and no preferred magnetization direction can be iden-
tified. Single crystalline α-Fe exhibits preferred magnetization
directions, which are related to the symmetry of iron’s bcc crys-
talline structure. Spin-orbit coupling paired with the sym-
metry of the crystalline structure leads to magnetocrystalline
anisotropy. As a result, iron’s easy axes (preferred magnetiza-
tion directions) are oriented along the <100> axes (Fig. 2.4) and
the hard axes (energetically unfavorable magnetization direc-
tions) are along the <111> crystalline axes. Hence, magnetic
and structural properties of Fe are strongly related.

Epitaxial Fe thin films exhibit magnetic dipolar (or shape)
anisotropy. Long range dipolar interactions are disturbed by
the outer boundaries of the thin film [18] creating an out-
of-plane magnetic hard axis, while still maintaining the in-
plane four-fold magnetocrystalline anisotropy. That means
that in thin Fe films, the <110> crystallographic axes will be the
in-plane hard axes. The manifestation of magnetocrystalline
anisotropy is illustrated in figure 2.5. A much larger external
field (∼ 60 mT) is needed to to force the film’s magnetization
along the in-plane hard axis, as compared to the easy axis. The
saturation field Hs of the in-plane hard axis is proportional to
iron’s anisotropy constant K1, which can be calculated with the
following equation [19]:

K1 = 1/2Hsμ0Ms (2.1)

Since the magnetocrystalline anisotropy is connected to the
crystalline structure, it is logical that changes in the struc-
ture (due to e.g. strain) can lead to changes in magnetocrys-
talline anisotropy. This effect is called magneto-elastic anisotropy.
Substrates with different lattice constants can lead to differ-
ent strain states of Fe thin films (due to different lattice mis-
matches). Hence, iron’s magnetocrystalline anisotropy can
be influenced by the choice of substrate (strain engineering).
However, the biaxially strained Fe film relaxes when grown
above a critical thickness (2-3 nm for Fe grown on MgO at 570
K [20]). The relaxation to iron’s original lattice constant can oc-
cur via defects (for example dislocations). In order to prevent
the relaxation, multiple repeats of thin (below the critical thick-

4
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ness) Fe and (for example) MgO layers can be grown on top of
each other.

2.2 Fe/MgO superlattices

To grow Fe/MgO superlattices not only the growth of Fe on
MgO, but also the growth of MgO on Fe has to be optimized.
In 1990, Yadavalli et al. contributed to the endeavor of growing
Fe/MgO superlattices by demonstrating the epitaxial growth
of MgO on Fe [21]. In 1996, Vassent et al. built upon their
research and showed that MgO grown on Fe can relax af-
ter 4-5 monolayers. Hence, it can be assumed that different
kinds Fe/MgO superlattices can be grown: superlattices with
strained Fe layers, strained MgO layers or both.

Finally, Keavney et al. was one of the first to combine
the acquired growth knowledge and produced an epitaxial
Fe/MgO/Fe trilayer [22], but the trilayer’s magnetic proper-
ties were dominated by structural defects (pinholes) in the
MgO layer. However, growth optimization led finally to the
discovery of tunnelmagnetoresistance (TMR) in such structures
[6, 7], as described in chapter 1. It was known that the interface
quality is critical to obtain a high TMR effect and interface re-
search gained importance. Already before the TMR discovery
in Fe/MgO/Fe trilayers Meyerheim et al. studied the Fe/MgO
(MgO grown on Fe) interface. They identified the formation
of an FeO interface layer, which may affect the magnetoresis-
tance. Recently, Conlon et al. followed up on their research
and investigated the interfaces of an epitaxial [Fe/MgO]9 mul-
tilayer. They confirmed the formation of an FeO interface layer
at the Fe/MgO interface, but could not identify an FeO inter-
face layer at the MgO/Fe (Fe grown on MgO) interface.

Apart from that study, not much work has been done on the
growth of Fe/MgO superlattices beyond trilayer structures.
Another one of the few studies was performed by Raanaei et
al., who presented a growth recipe for epitaxial [Fe/MgO]15
multilayers with exceptionally high structural quality [23]. The
quality of these samples is the foundation of this thesis and led
to the discovery of remarkable properties like discrete switch-
ing of the magnetic layers [14].

5





CHAPTER 3

INTERLAYER EXCHANGE COUPLING
IN LAYERED STRUCTURES

The development and optimization of new deposition tech-
niques (e.g. molecular-beam epitaxy) allowed the creation of
smooth interfaces in thin multilayered structures. The inter-
face quality is one of the key requirements for intrinsic in-
terlayer exchange coupling. Antiferromagnetic interlayer ex-
change coupling was first observed in an epitaxial Fe/Cr/Fe
system [24] and rare earth multilayers [25, 26] in 1986.

The next breakthrough occurred in 1990, when Parkin et
al. observed an oscillatory interlayer exchange coupling in epi-
taxial Co/Ru, Co/Cr and Fe/Cr multilayers [27]. The coupling
leads to an oscillation between ferromagnetic and antiferro-
magnetic alignment of adjacent magnetic layers as a function
of the spacer layer thickness. Parkin determined an oscilla-
tion period of ∼ 10 Å in several multilayers with nonmagnetic
spacer layers and ∼ 18 Å in multilayers separated by the an-
tiferromagnet Cr [28, 29]. His observations were in stark con-
trast to the emerging Ruderman-Kittel-Kasuya-Yosida (RKKY)
theory [30], which predicted a much shorter and spacer mate-
rial dependent oscillation period [29]. The longer oscillation
period observed by Parkin et al. was quickly attributed to an
aliasing effect [31, 32].

Later, Unguris et al. discovered the predicted short-range
oscillation periods and also observed that short and long os-
cillation periods depend on the spacer material [33–35]. This
work demonstrated the importance of having atomically flat
interfaces, as any roughness would wipe out the short (∼2
monolayers) oscillation period [29]. Additionally, the quan-
tum well (or hole confinement) model [36, 37] emerged as an

7



3.1 Interlayer exchange coupling in metallic heterostructures

a)

c)

b)
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 Schematic
illustration of a) orange-peel
b) anticorrelated dipole-dipole
and c) magnetostatic coupling
in a magnetic/nonmagnetic
(orange/blue) trilayer.

alternative explanation for oscillatory interlayer exchange cou-
pling. Measured quantum well states in Cu/Co and Ag/Fe
superlattices have been connected to their interlayer exchange
coupling oscillation periods [38]. The quantum well model is
additionally supported by experimental studies finding that
the capping layer [39] and also the magnetic layers [40, 41] af-
fect the interlayer exchange coupling in metallic multilayers.
In 1995, Bruno presented a model based on quantum inter-
ference with which it was possible to describe interlayer ex-
change coupling in systems with metallic and also insulating
spacer layers [42]. Although nowadays this model is gener-
ally accepted, interlayer exchange coupling in metallic systems
continues to be called RKKY coupling.

3.1 Interlayer exchange coupling in metallic
heterostructures

Interlayer exchange coupling of magnetic layers through a
metallic, non-magnetic spacer layer can be mediated by four
known main mechanisms [43].

(i) Orange-peel (Néel) coupling
Correlated roughness together with a constant spacer
layer thickness (waviness) can lead to a distribution of
magnetic dipoles close to the magnetic/non-magnetic
metal interface (Fig. 3.1 a). Such a distribution can lead to
orange-peel (also called Néel) coupling, which is charac-
terized by a ferromagnetic ordering of the magnetic layers.

(ii) Anticorrelated dipole-dipole coupling

Such dipole-dipole interactions (Fig. 3.1 b) are similar to
orange-peel coupling, but originate from a periodic vari-
ation of the spacer layer thickness (anticorrelated rough-
ness). The magnetic dipole distribution is therefore dif-
ferent as compared to orange-peel coupling leading to an
antiferromagnetic ordering of the magnetic layers [44, 45].

(iii) Magnetostatic coupling

Magnetostatic (or stray field) coupling refers to magnetic
flux closure at the edges of a multilayer (Fig. 3.1 c). Mag-
netostatic interactions are negligible for structures with
large lateral extensions (∼ 1 cm2) [45] and usually lead to
antiferromagnetic ordering of the magnetic layers.

(iv) Indirect exchange coupling

Indirect exchange coupling is mediated by conduction
electrons, which establish an interaction of two magnetic

8



Interlayer exchange coupling in layered structures

layers through a metallic, non-magnetic spacer layer. As
mentioned in the introduction of the chapter, this interac-
tion depends on the thickness of the layers and can lead
to either ferromagnetic or antiferromagnetic ordering of the
magnetic layers.

The coupling mechanisms discussed above can be heavily
influenced (or even overshadowed) by pinholes. Small holes
in the thin spacer layer (pinholes) can lead to a direct con-
tact between the magnetic layers. The direct contact acts like
a short-circuit and leads to ferromagnetic ordering of the mag-
netic layers independent of the spacer material and thickness.
However, thin layers tend to have a larger pinhole density
and can therefore be more affected by this effect. The mag-
netic properties of samples discusses in chapter 5 are not ex-
pected to be heavily influenced by pinholes. The thickness of
their oxide spacer layers is always above a critical thickness at
which pinholes are shown to impact the magnetic properties
[46]. Also roughness induced coupling mechanisms are un-
likely, due to the smooth superlattice interfaces. The interlayer
exchange coupling arising from magnetostatic interactions can
be relevant in certain cases and is therefore discussed in section
5.7. Consequently, the most relevant coupling mechanism dis-
cussed in this thesis is indirect exchange coupling through an
oxide (instead of metal) spacer layer, which is discussed below.

3.2 Interlayer exchange coupling in metal/oxide
heterostructures

Many experimental and theoretical studies have been devoted
to the understanding of interlayer exchange coupling in metal-
lic heterostructures. It is therefore surprising how few stud-
ies exist on interlayer exchange coupling in metal/oxide het-
erostructures. The first two (extrinsic) coupling mechanisms
mentioned above are due to deviations from perfect samples
and are therefore equally relevant for metal/oxide heterostr-
cutures. However, the indirect exchange coupling mechanism
has to be slightly modified to remain relevant for metal/oxide
heterostructures.

One of the first theoretical studies was carried out by Slon-
czewski in 1989 [47]. He predicted a nonoscillatory interlayer
exchange coupling, which decreases in strength as a function
of the spacer layer thickness. The same behavior was pre-
dicted by Bruno (quantum interference model) [42]. Simply
speaking, Bruno considers a spacer layer of a certain width
and a potential V=0 sandwiched between two potential per-
turbations A and B with certain widths and potentials. An

9



3.2 Interlayer exchange coupling in metal/oxide heterostructures

electron wave within the spacer layer is reflected between the
A/spacer and spacer/B interfaces. The multiple interferences
within the spacer layer induce an increase (decrease) in the
density of states for constructive (destructive) interference [42].
The quantum interference model can also be used to describe
systems with an insulating spacer layer by simply defining the
potential of perturbation A and B to be negative. This one-
dimensional model can be generalized to solve realistic three-
dimensional problems, which are effectively a sum of one-
dimensional problems [42].

The temperature dependence of the coupling is predicted
to be different for metallic and insulating spacer layers. Rais-
ing the temperature in case of a metallic spacer layer leads to a
blurring of the coupling oscillations and therefore to a decrease
of interlayer exchange coupling strength [42]. On the other
hand, raising the temperature in case of an insulating spacer
layer leads to a higher tunneling probability due to the thermal
population of excited electronic states and therefor an increase
in interlayer exchange coupling strength [48]. However, using
first-principle calculations Butler et al. found that "interfacial
resonance states can, through their effect on the wave func-
tion matching at the interface, significantly enhance the tunnel-
ing probability" [49]. The temperature dependence of Fe/MgO
heterostructures may therefore not be as trivial as stated above.

Arguably the first experimental result on interlayer ex-
change coupling through an oxide spacer (Al2O3) layer was
reported by Kumagai et al. in 1997 [50]. Here, the magnetore-
sistance measurements could only be explained by invoking an
antiferromagnetic interlayer exchange coupling. A more direct
experimental proof of interlayer exchange coupling through an
oxide spacer (MgO) layer was presented by Faure-Vincent et
al. in 2002 [51]. Here, magnetic hysteresis loops were used to
deduce the interlayer exchange coupling strength J as a func-
tion of MgO thickness. In the simple case of a magnetic trilayer,
where the magnetic layers are identical and the anisotropy is
negligible, the saturation field Hs is the field required to over-
come the exchange coupling. The saturation field Hs is there-
fore directly proportional to the interlayer exchange coupling
strength J, which can be calculated with the following equation
[52]:

J = −1/2Msμ0Hsd (3.1)

with the saturation magnetization Ms and magnetic layer
thickness d. In case of a multilayer with many repetitions, the
factor 1/2 has to be replaced by 1/4 to account for the increased
amount of nearest neighbors of each magnetic layer. Subse-

10



Interlayer exchange coupling in layered structures
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quently, other groups reported similar findings in Fe/MgO
structures [14, 53]. Increasing the MgO thickness reduces the
probability of spin polarized tunneling and therefore the inter-
layer exchange coupling strength, as shown in figure 3.2. The
results of Faure-Vincent et al. seemed in good agreement with
Slonczewski’s spin-current model [51]. However, it was found
that the fitting parameters used were only valid for larger MgO
thicknesses [48]. As a result, Zhuravlev et al. proposed an
impurity-assisted interlayer exchange coupling. Defects (e.g.
oxygen vacancies in a MgO spacer layer) may enhance the anti-
ferromagnetic interlayer exchange coupling (IEC) strength and
lead to a decreased IEC strength with temperature, which is in
contrast to Bruno’s quantum interference model. The nega-
tive temperature dependence based on the impurity-assisted
model was recently confirmed in epitaxial Fe/MgO/Fe trilay-
ers by Bellouard et al. [54]. However, slightly different tem-
perature dependences have been observed depending on the
thicknesses of the MgO spacer layer. Bellouard et al. suggested
therefore a crossover from metallic (thin MgO) to insulating
(thick MgO) behavior based on a progressive energy gap open-
ing in the MgO with increasing thickness [54].

Much fewer studies exist on the interlayer exchange cou-
pling in Fe/MgO superlattices beyond Fe/MgO/Fe trilayers.
However, this relatively new research area led to the dis-
covery of various phenomena. For example, changing the
MgO thickness in [Fe/MgO]10 superlattices can lead to dif-
ferent remanent states (perpendicular or antiparallel align-
ment of neighboring Fe layers) [14]. The reason for that is
believed to be the interplay between iron’s four-fold magne-
tocrystalline anisotropy and the interlayer exchange coupling
through the spacer layer [55]. As a result, the development of
three-dimensional spintronic-devices was suggested [14]. This
suggestion is backed by an observed discrete layer-by-layer
switching in [Fe/MgO]10 superlattices [14], which may lead to
the development of three-dimensional shift registers. Further
phenomena of Fe/MgO superlattices are discussed in chapter
5.
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CHAPTER 4

EXPERIMENTAL TECHNIQUES

Röntgen’s discovery of x-rays had an immense impact on al-
most all fields of science and technology (including medicine).
His publication "On a New Kind of Ray, A Preliminary Com-
munication" [56] addresses many properties of x-rays and
stimulated numerous subsequent studies. One of the ad-
dressed properties concerned the reflectivity of x-rays, which
he summarized as follows: "The preceding experiments, and
others which I pass over, point to the rays being incapable
of regular reflection. It is, however, well to detail an ob-
servation which at first sight seemed to lead to an opposite
conclusion."[56]. More than 2 decades later, Compton chal-
lenged Röntgens conclusion on the reflectivity of x-rays [57],
which marks the starting point of x-ray (and neutron) reflec-
tivity [58]. In 1931, Kiessig demonstrated that x-ray reflec-
tion (XRR) from metallic thin films gives rise to fringes (Kies-
sig fringes), which can be used to determine film thicknesses
[58, 59]. Finally, Parratt presented a recursion algorithm, which
laid the foundation to extract quantitative values from multi-
layer reflectivity curves [60, 61]. Now, the structural character-
ization of magnetic thin films was possible, but a convenient
way to measure their magnetic properties was still lacking. The
solution was to utilize an effect, which was already discovered
in 1877 by Kerr. Kerr observed that plane polarized light re-
flected from a smooth magnetic surface experiences a rotation
of polarization [62], but it took almost 100 years until the dis-
covered effect was practically used to study thin films. One of
the first thin films studied were Fe films epitaxially grown on
Au [63]. Nowadays, the so-called magneto-optical Kerr effect
(MOKE) is widely used to obtain hysteresis curves of various
material systems.

13



4.1 Structural characterization

Detector

i f

2

Figure 4.1: Schematic illustration of an x-ray reflectivity setup.
Here, the path difference (red) of the reflected x-rays leads to
destructive interference.

4.1 Structural characterization

X-ray reflectivity (XRR) is a characterization method, which
can be used to obtain precise thickness values of individual
layers. The experimental condition is illustrated in figure 4.1.
When having the x-ray source in a fixed position, 2θ − ω−
scans are performed by rotating the sample by an angle ω and
simultaneously rotating the detector by an angle 2θ, which is
twice as large as ω (Fig. 4.1). In this case, it is ensured that
the angle between the incident x-rays and the sample is iden-
tical to the angle between the reflected x-rays and the sample
(αi = α f , specular scans). Monochromatic x-rays (often cop-
per Kα) illuminate a sample under small angles (Fig. 4.1). The
x-rays are reflected at interfaces of different materials and are
subsequently detected. Depending on the incident angle, the
x-ray wavelength and the sample’s layer thicknesses, differ-
ent path differences of the reflected x-rays occur (red line in
Fig. 4.1). The path differences can lead to either constructive
or destructive interferences, which lead to different intensities
registered by the detector. The measured intensity is usually
shown as a function of the angle (2θ) or momentum transfer
(Q), whereas both can be converted by Q = 4π/λ · sin(θ). The
advantage of plotting the XRR data as a function of Q is that
reflectivity data obtained at different wavelengths λ (e.g. neu-
trons or Cu Kα) can be compared. Furthermore, the distance
between two peaks (ΔQ) can be easily converted to a thickness
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Figure 4.2: Simulated XRR data of an Fe (41nm) film (top) and
an [Fe (2nm)/MgO (1.7nm)]10Pd (4nm) superlattice (bottom).
The gray lines correspond to simulated XRR data of a rough
substrate.

t in real space (t = 2π/ΔQ).
To illustrate how information can be extracted from XRR

data, simulated XRR data of an Fe film and an [Fe/MgO]10Pd
superlattice is shown in figure 4.2. Short oscillation periods
are observed in both cases. These oscillations are called Kies-
sig fringes and can be used to calculate the total thickness of
the sample. Since the total thickness of the Fe thin film and
Fe/MgO superlattice is identical (41 nm), the Kiessig fringes
have the same oscillation period in both cases. The decay of
such oscillations depends on interface roughnesses. As an ex-
ample, simulated XRR data of a rough substrate is shown in
gray lines (Fig. 4.2). The interface roughnesses of both samples
was defined to be identical, leading to an identical decay of the
measured XRR intensities.

In case of the Fe/MgO superlattice high intensity peaks
with a larger spacing between them (as compared to the Kies-
sig fringes) arise. These peaks are called Bragg or multi-
layer peaks and correspond to the repetition thickness Λ (here:
thickness of an Fe and a MgO layer). Finally, another beat-
ing can be observed. This oscillation is characterized by a
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much broader peak and the mimima can be used to calculate
the thickness of the capping layer (here: Pd). By using fitting
software (e.g. GenX [64]), more information can be extracted
from an XRR measurement. Fitting the experimental data leads
to the scattering length density (SLD) profile of the measured
sample (Fig. 4.3) making it possible to, for example, extract in-
dividual layer thicknesses.

As mentioned above, XRR measurements are performed at
low incident angles. However, much smaller length scales of
the sample can be investigated, when increasing the incident
angle to larger values. This technique is called x-ray diffrac-
tion (XRD). Via XRD it is possible to probe atomic plane dis-
tances, whereas via XRR layer distances can be obtained. An
XRD measurement of an Fe/MgO superlattice in a small an-
gular range around the Fe(002) (or 0th order) peak is shown in
figure 4.4. The peak position can be used to calculate the out-
of-plane lattice constant a of Fe (a = 2π/QPeak). Additionally,
satellite peaks of negative (-1) and positive (+1, +2) order are
observed around the Fe main peak. Such peaks can only occur
in superlattices and are similar to the Bragg peaks discussed
previously. These peaks arise when x-rays reflected from Fe
lattice planes of different Fe layers interfere constructively. The
distance between the peaks corresponds to the superlattice pe-
riod Λ (here: Fe/MgO bilayer thickness). In contrast to Bragg
peaks observed via XRR, these peaks only occur when Fe lat-
tice planes are equally spaced throughout the superlattice. Due
to the large (47%) difference of the out-of-plane lattice constant
of Fe and MgO and inevitable atomic steps, superlattice peaks
around the Fe(002) peak are only observed for certain Fe and
MgO thicknesses in Fe/MgO superlattices [23]. Furthermore,
the full-width-half-maximum (FWHM, in rad) and position (in
Θ) of the Fe(002) peak can be used to estimate the out-of-plane
coherence length lcoh via the Scherrer equation:

lcoh =
0.9 · λ

FWHM · cos(Θ)
. (4.1)

Finally, also the spread of crystal plane orientations (mo-
saicity) can be measured. For that, the 2θ value is kept constant
and only the ω value is changed (αi �= α f , off-specular scans).
For a perfect single crystal, constructive interference of the x-
rays can only be achieved for one ω value. However, imper-
fections in the crystal plane orientations (Fig. 4.5) will lead to a
spread of ω angles where constructive interference occurs. The
data of such an ω (or rocking curve) measurement is shown in
figure 4.6. The full-width-half-maximum (in degrees) of this
peak corresponds to the spread of crystal plane orientation.
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Kerr microscopy
image of an [Fe/MgO]8
superlattice.

Figure 4.7: Schematic illustration of a L-MOKE set-up. The
external field H changes the in-plane magnetization direction
(red arrow) of the sample. The polarization direction of inci-
dent and reflected light is illustrated by blue arrows.

4.2 Magnetic characterization

The longitudinal magneto-optical Kerr effect (L-MOKE) can be
utilized to obtain hysteresis curves of a sample. For that, po-
larized light is reflected from a magnetic sample. The magne-
tization of the sample induces a rotation of the reflected light’s
polarization (blue arrows in Fig. 4.7). The change in polar-
ization direction is proportional to the sample’s magnetization
and can subsequently be detected. By applying an alternating,
magnetic field H parallel to the scattering plane it is possible
to measure the magnetization of the sample as a function of
external field H (the hysteresis curve). It is worth mentioning,
that via L-MOKE measurements only a magnetization paral-
lel to the scattering plane can be measured and that the region
of interest is limited to the light’s spot size (usually ∼ 1mm2).
Furthermore, the acquired signal when measuring multilayers
is a weighted average of all magnetic layers (and their domain
structures). Disentangling the contribution of each layer with
possible complex domain structures is a huge challenge and
calls for alternative techniques.

The magneto-optical Kerr effect can also be used in a mi-
croscopy set-up to image the magnetic domain structure. The
set-up is similar to a traditional optical microscope, but with
linearly polarized incident light. The sample can induce a ro-
tation of the incident light’s polarization (as described above),
which is again proportional to the magnetization. Hence, do-
mains with different magnetization directions change the rota-
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Scattering
geometry of PNR
measurements. Neutrons
(dark blue) are initially
polarized along the 0◦ axis
(parallel to the applied field
H). The magnetization
direction of magnetic layers is
indicated by red arrows. A
spacer layer is illustrated in
light blue.

tion of the reflected light differently and can therefore be dis-
tinguished, as illustrated in figure 4.8. By applying a magnetic
field, it is even possible to follow the changes in domain struc-
ture during a hysteresis sweep at different length scales. De-
pending on chosen lenses, domain sizes between tens of μm
and a few mm can be imaged. Though Kerr microscopy is a
powerful technique to reveal a sample’s domain structure, it
can still be difficult to interpret a Kerr microscopy image of a
multilayer. The imaged domain structure is still a weighted
average of multiple layers, which calls again for a complemen-
tary technique.

Polarized neutron reflectometry (PNR) is a highly special-
ized technique suitable for the characterization of magnetic
multilayers. The whole sample area (here: 1 cm2) can be char-
acterized and the weakly interacting neutrons provide a much
larger penetration depth compared to e.g. photons used in L-
MOKE. By fitting PNR data, it is possible to quantitatively de-
termine magnetization directions of individual layers in multi-
layer structures. The PNR technique is similar to the x-ray re-
flectivity technique described in section 4.1. However, instead
of x-rays (photons), neutrons with a predefined polarization
with respect to the scattering plane (polarized neutrons) are
used. The physical principle of this technique is summarized
in equation 4.2 [65]:

(
Vuu Vud
Vdu Vdd

)
=

2πh2

m
N

[(
bn 0
0 bn

)
+

(
by bx
bx −by

)]
(4.2)

bx = bm · sinγ (4.3)

by = bm · cosγ. (4.4)

with the neutron scattering potentials V, the neutron mass
m, the atomic number density N, the nuclear scattering length
bn, the magnetic scattering length bm and the angle between
the layer’s magnetization and the polarization of the incom-
ing neutrons γ. Vuu (up-up) denotes the scattering potential
of incident and reflected neutrons with spin-up polarization,
whereas Vud (up-down) corresponds to the scattering poten-
tial of neutrons, which have changed their spin polarization
from up to down after being reflected from the sample. Hence,
four different spin channels can be measured. Two spin chan-
nels are called non-spin-flip (NSF) channels (up-up and down-
down) and two are called spin-flip (SF) channels (up-down and
down-up). The NSF channels are sensitive to a change of nu-
clear density (x-rays are sensitive to a variation of electronic
densities) and to a magnetization perpendicular to the scatter-
ing plane. Thus, the NSF channels can be used to investigate
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Schematic
illustration of an Fe/MgO
(gray/blue) superlattice’s
magnetic alignment during a
PNR measurement at
saturation. The magnetic (red
arrows) and structural
(gray/blue layers) periodicity
is the same.

Figure 4.10: XRR and NSF PNR (inset) data (black dots) and
fits (solid lines) of an [Fe/MgO]10Pd superlattice at saturation.
Adapted from [66].

structural (nuclear density distribution) as well as magnetic
properties. In contrast, the SF channels are solely sensitive to a
magnetization parallel to the scattering plane (90◦ axis in figure
4.9). To illustrate similarities and differences of XRR and PNR,
measurement results of both techniques are discussed below.

XRR and up-up PNR data of an [Fe/MgO]10Pd superlattice
is shown in figure 4.10. The NSF (up-up) data was acquired at
saturation (along the 0◦ direction), as illustrated in figure 4.11.
Hence, the structural periodicity (alternating Fe and MgO lay-
ers) and magnetic periodicity (alternating magnetization along
0◦ direction from Fe and no magnetization from MgO) is iden-
tical. That relation can be noticed by comparing the position
of the first Bragg peak between XRR and PNR measurements.
The position of both peaks is almost identical, corresponding
to the repetition thicknesses Λ of the Fe/MgO bilayer. Thus,
the PNR signal is a combination of a structural and a magnetic
contribution. If the composition of the sample is known, fitting
software (e.g. GenX [64]) can be used to determine the scatter-
ing length density (SLD) profile of both contributions, as illus-
trated in figure 4.12. Here, the variation of nuclear SLD profile
bn as well a magnetic SLD profile along the 0◦ direction by has
the same periodicity as the variation of the electronic density.
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by
bn

Figure 4.12: Scattering length density (SLD) profile of the
[Fe/MgO]10Pd superlattice’s XRR and PNR data shown in fig-
ure 4.10 at saturation. The SLD profile obtained from XRR is
illustrated in blue, the structural bn and magnetic by non-spin
flip PNR SLD profile is green and orange respectively. The
magnetic and structural periodicity is identical, as illustrated
in figure 4.11.
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 Schematic
illustration of an Fe/MgO
(gray/blue) superlattice’s
magnetic alignment during a
PNR measurement at
remanence. The magnetic (red
arrows) periodicity is twice
the structural (gray/blue
layers) periodicity.
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Figure 4.13: Non-spin-flip (NSF) and spin-flip (SF) PNR data
(black dots) and fits (solid lines) of an [Fe/MgO]10Pd superlat-
tice at remanence. Adapted from [66].

PNR measurements on the same sample at remanence are
shown in figure 4.13. The emergence of so-called Q/2 peaks (at
around Q = 0.08 and 0.23 Å−1) is observed. The Q/2 peaks oc-
cur due to a periodicity which is twice as large as the structural
periodicity, as illustrated in figure 4.14. Here, Fe layers have a
magnetization direction alternating between 0◦ and 90◦, which
is exactly twice the structural periodicity. The Q/2 peaks occur
in the NSF (SF) channel since this channel is sensitive to Fe
layers with a 0◦ (90◦) magnetization direction. This relation
is once again visible in a plot of the scattering length density
(SLD) profile shown in figure 4.15.

To summarize, L-MOKE measurements are a fast way to
measure a sample’s magnetization as a function of external
field (hysteresis loop). Since the hysteresis loop of a multilayer
is a weighted average of the magnetization of all layers, the in-
terpretation of the loop is not always unambiguous. However,
the acquired hysteresis loop can be used to identify regions of
interests (e.g. occurring reversal events). These regions can be
probed via PNR to reveal the magnetic alignment of individ-
ual layers (depth dependent). If the magnetic layers consist of
domains, the acquired PNR data can be an average of all do-
mains, which can complicate the result interpretation. In this
case, Kerr microscopy can be used to determine the sample’s
lateral domain structure and simplify the interpretation once
again.
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bn
bxby

Figure 4.15: Scattering length density (SLD) profile of the
[Fe/MgO]10Pd superlattice’s PNR data shown in figure 4.13.
The structural bn (magnetic by) SLD profile of the NSF channel
is green (orange), whereas the magnetic bx SLD profile of the
SF channel is illustrated in black. The magnetic periodicity is
twice the structural periodicity, as illustrated in figure 4.14.
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CHAPTER 5

RESULTS AND DISCUSSION

This chapter is devoted to the understanding of magnetic prop-
erties (especially the interlayer exchange coupling) exhibited
by metal/oxide heterostructures. The interlayer exchange cou-
pling in Fe/MgO systems is not completely understood (see
section 3.2) and new phenomena continue to be discovered.
Taking into account how widely ferromagnetic/oxide multi-
layer systems are used (for example in digital storage devices),
it seems surprising how much is still unknown about their
magnetic properties. The aim with this chapter is to illustrate
how structural and magnetic properties of such systems are
entangled as well as to shed light on previously unexplored
areas of their interlayer exchange coupling. Additionally, var-
ious ways on how to tune the magnetic properties of Fe/MgO
superlattices are presented and discussed. The presented re-
sults belong to a fundamental research area, but ferromag-
net/oxide multilayer systems are already used in commercial
devices. Hence, the presented results will hopefully stimulate
further theoreticians and experimentalists to unravel some of
the remaining mysteries buried in such systems. Understand-
ing ferromagnet/oxide superlattice systems better is therefore
appealing from a fundamental as well as applied point of view.

5.1 Fe films on MgO and MgAl2O4 substrates

To investigate the impact of strain and relaxation on structural
and magnetic properties, Fe films have been simultaneously
grown on substrates with different lattice constants (MgO and
MgAl2O4). Almost identical x-ray reflectivity measurement re-
sults of both samples (Fig. 5.1) attest comparable layer thick-
ness (dFe) and interface roughness (σFe/capping and σsubstrate/Fe)
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Figure 5.1: X-ray reflectivity data (black dots) and GenX fits
(red lines) of a 19 nm thick Fe film on a MgO and MgAl2O4
substrate.

values of the Fe films independent of the substrate (Tab. 5.1).
Hence, the different substrates have a limited impact on the
layering quality of the Fe film.

To analyze differences in the crystalline structure of both
films, x-ray diffraction (XRD) measurements in a small angu-
lar range around the Fe(002) peaks were performed (Fig. 5.2).
The apparent shift of the peak center reveals slightly different
out-of-plane lattice constants of the Fe films (Tab. 5.1). Though
the lattice constant difference of the MgO and MgAl2O4 sub-
strates is around 4 %, the difference of the Fe out-of-plane lat-
tice constants is below 0.5 %. This can be explained by tak-
ing relaxation of Fe layers into account. Strained Fe grown on
MgO relaxes after a few nanometers [20] via defects (like dis-
locations).

This interpretation can be verified by estimating the co-
herence length of the Fe films using equation 4.1. An out-of-
plane coherence length of 13.8 nm (MgO/Fe) and 20.4 nm1

(MgAl2O4/Fe) is obtained. Hence, the larger coherence length
of the MgAl2O4/Fe film (as compared to the MgO/Fe film) is
in line with a fully coherent Fe film on MgAl2O4 and an Fe film
with limited coherence on MgO. That means that the majority
of the Fe film grown on MgO is in a relaxed state, which is com-
parable to the unstrained Fe film grown on MgAl2O4. To con-
firm this interpretation, rocking curve measurements of both
Fe films were performed (Fig. 5.3). A large difference of the

1The Scherrer equation generally yields to too large values of the coher-
ence length [67]
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Table 5.1: Layer thickness dFe and root-mean-square rough-
ness values of the Fe top (σFe/capping) and bottom (σsubstrate/Fe)
interface obtained from the fits shown in figure 5.1. Fe(002)
peak position, out-of-plane lattice constant aFe and FWHM ob-
tained from the fits shown in figure 5.2.

MgO/Fe MgAl2O4/Fe
dFe 19.5 nm 19.2 nm

σFe/capping 0.7 nm 0.7 nm
σsubstrate/Fe 0.3 nm 0.2 nm

Fe(002) Peak 65.15◦ 2Θ 64.83◦ 2Θ
aFe 2.863 Å 2.876 Å

FWHM 0.68◦ 2Θ 0.47◦ 2Θ
lcoh 13.8 nm 20.4 nm
K1 5.2·104 J/m3 5.2·104 J/m3

mosaic spread of both Fe films (0.86◦ for MgO/Fe and 0.014◦
for MgAl2O4/Fe) is revealed. The difference in mosaicity is in
line with a higher dislocation density of the Fe film grown on
MgO as compared to the Fe film grown on MgAl2O4.

To further investigate the relaxation of the Fe film grown
on MgO, magnetization measurements of both films were
performed (Fig. 5.4). The change of crystalline symmetry
due to strain would lead to an increased magnetocrystalline
anisotropy resulting in an increased saturation field of the hard
axis (compared to an unstrained Fe film). As seen in the figure,
both films exhibit the same saturation field (∼ 60 mT) along
the magnetic hard (Fe[110]) axis. The anisotropy constant of
the films can be calculated with equation 2.1, leading to a value
of K1=5.2·104 J/m3 similar to the anisotropy constant of bulk Fe
(K1=4.7 ·104 J/m3 [68]). That means that the Fe films on both
substrates are largely unstrained. Additionally, a remanent
magnetization of ∼ 0.7Ms is observed for both Fe films. When
reducing the field below saturation, the sample’s magnetiza-
tion direction coherently rotates towards the magnetic easy
(Fe[100]) axis. Since L-MOKE measurements are only sensitive
to a magnetization parallel to the scattering plane (here parallel
to the Fe[110] axis), a reduction in magentization is observed.
At remanence, the sample’s magnetization lies is parallel to the
magnetic easy (Fe[110]) axis leading to the observed remanent
magnetization of sin(45◦)Ms. The Fe film grown on MgAl2O4
exhibits a discrete jump after reversing the field, whose origin
is not clear yet.

Furthermore, the Fe film grown on MgO exhibits a slightly
larger coercivity along the easy (Fe[100]) axis as compared to
the film grown on MgAl2O4 (Fig. 5.4 inset). Defects in the Fe
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Figure 5.4: Magnetization measurement results along the mag-
netic hard (Fe[110]) axis of a 19 nm thick Fe film on a MgAl2O4
(black lines) and MgO (orange lines) substrate and schematic
illustration of the sample’s magnetization direction at satura-
tion (M ‖ Fe[110]) and remanence (M ‖ Fe[100]). Hysteresis
loops of the same samples along the magnetic easy (Fe[100])
axis are shown in the inset.

film grown on MgO may act as pinning centers and lead to
the increased coercivity as compared to the Fe film grown on
MgAl2O4.

In summary:

• Similar interface roughness of Fe films on MgO and
MgAl2O4 substrates

• Fully coherent Fe film on MgAl2O4 substrate

• Limited coherency length of Fe film on MgO substrate

• Same anisotropy constant of Fe films on MgO and
MgAl2O4 substrates
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Figure 5.5: X-ray reflectivity data (black dots) and fits (red
lines) of an [Fe/MgO]10 and [Fe/MgAl2O4]10 (black) superlat-
tice of similar layer thicknesses.

5.2 Fe/MgO and Fe/MgAl2O4 superlattices

In the previous section, it was shown that the magnetic prop-
erties of Fe films grown on MgO and MgAl2O4 substrates are
similar, which has been attributed to strain relaxation of the
Fe film grown on MgO. The strain relaxation can be prevented
by growing Fe/MgO superlattices with thin (2-3 nm) Fe layers
[20]. Hence, by comparing [Fe(2nm)/MgO(1.7nm)]10 (strained
Fe) and [Fe(2nm)/MgAl2O4(1.7nm)]10 (unstrained Fe) super-
lattices, the impact of strain on iron’s structural and magnetic
properties can be explored.

To confirm the thickness values quoted above, XRR mea-
surements were performed on both superlattices (Fig. 5.5).
Again, the almost identical XRR measurement results attest to
similar Fe and oxide thickness and interface roughness values
of both superlattices (Tab. 5.2). Thus, the layering quality and
thicknesses of both superlattices is comparable.

To investigate the crystalline quality of both superlat-
tices, XRD and rocking curve measurements were performed
(Fig. 5.6). XRD measurements of both samples reveal the ab-
sence of superlattice peaks as well as a broadening of the
Fe(002) peak (Fig. 5.6 a) compared to the Fe(002) peak of
the Fe films (Fig. 5.2). The absence of superlattice peaks in
epitaxial Fe/MgO structures has already been explored by
Raanaei et al. and was attributed to a continuous variation in
the distance between atomic planes due to incompleted layers
(atomic steps) [23]. That means that the scattering from each
layer is independent from the rest of the sample wiping out
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figure 5.5 illustrating similar
crystallinity and mosaicity,
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Table 5.2: MgO/MgAl2O4 layer thicknesses doxide, Fe layer
thickness dFe and root-mean-square roughness values of the
Fe top (σFe/oxide) and bottom (σoxide/Fe) interface obtained from
the fit shown in figure 5.5. Fe(002) peak position, out-of-plane
lattice constant aFe and FWHM obtained from the fits shown in
figure 5.6a.

[Fe/MgO]10 [Fe/MgAl2O4]10
dFe 2.0 nm 2.0 nm

σFe/oxide 0.4 nm 0.4 nm
σoxide/Fe 0.3 nm 0.3 nm

doxide 1.7 nm 1.7 nm
Fe(002) Peak 64.85◦ 2Θ 64.44◦ 2Θ

aFe 2.875 Å 2.892 Å
FWHM 3.70◦ 2Θ 4.34◦ 2Θ

lcoh 2.5 nm 2.2 nm
K1 7.0 ·104 J/m3 5.2·104 J/m3

superlattice peaks and leading to a broadening of the Fe(002)
peak. Indeed, using equation 4.1 reveals an out-of-plane co-
herence length close to the thickness of an individual Fe layer
(Tab. 5.2) consistent with the interpretation above.

To verify if the interpretation of Raanaei et al. also holds
for the Fe/MgAl2O4 superlattice, rocking curve measurements
around the Fe(002) peak of both samples were performed
(Fig. 5.6 b). Both samples exhibit a broad rocking curve peak,
consistent with a similar mosaicity of the iron layers. On top of
the broad rocking curve peak, a much narrower peak is ob-
served in both cases. This sharp peak indicates a low mo-
saicity possibly arising from the first Fe layer (grown on the
MgO/MgAl2O4 substrate). Hence, the crystalline quality of
both superlattices seems comparable. The difference between
iron’s out-of-plane lattice constant of both superlattices is only
∼0.6% and therefore similar to the difference determined for
the 19 nm thick Fe films. The reason for that could be the
broadening of the Fe(002) peaks (Fig. 5.6 a), which makes it
difficult to precisely determine differences. However, even
small structural changes will lead to a change of the sample’s
electronic structure and therefore to a change of the magnetic
properties. Thus, magnetization measurements of both sam-
ples were performed.

Magnetization measurements along the in-plane hard axis
(Fe[110]) of both superlattices reveal different saturation fields,
as illustrated in figure 5.7. The saturation field of an Fe/MgO
superlattice is roughly 50% larger than the saturation field
of an Fe/MgAl2O4 superlattice, which corresponds to an
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Figure 5.7: Magnetization measurement results of
[Fe/MgAl2O4]10 (black) and [Fe/MgO]10 (orange) super-
lattices along the in-plane hard axis (Fe[110]). Magnetization
measurement results of the same samples along the in-plane
easy axis (Fe[100]) are shown as an inset.

anisotropy constant K1 of 7.0 ·104 J/m3 (Equ. 2.1). These re-
sults are consistent with different strain states of the Fe layers
in both samples (see above). The lattice mismatch between Fe
and MgO leads to strained Fe layers, which in turn lead to an
increased saturation field. On the other hand, the negligible
lattice mismatch between Fe and MgAl2O4 leads to close to
unstrained Fe layers as observed for the 19 nm thick Fe film
on MgAl2O4. This behavior is in stark contrast to the magnetic
properties presented in section 5.1, where both films exhibited
similar magnetic properties. The Fe layers grown on MgO do
not relax, since they are below the critical thickness, and re-
main therefore in a strained state increasing the hard axis satu-
ration field.

Magnetization measurements along the in-plane easy axis
(Fe[100]) reveal an antiferromagnetic interlayer exchange
coupling (IEC) of the Fe/MgO superlattice (Fig. 5.7 inset). No
such coupling is found in case of the Fe/MgAl2O4 superlattice.
Bulk MgO as well as bulk MgAl2O4 have a huge band gap of
7.8 eV [69, 70]. Hence, the coupling mechanism (spin polarized
tunneling) of both structures should be the same. However,
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 Kerr-microscopy
images of an [Fe(2.0
nm)/MgO (1.7 nm)]8
superlattice at different
magnetic fields illustrating
giant domain sizes as well as a
clear, magnetic reversal.

the different strain states of Fe may lead to different band
structures in both superlattices, which may lead to different
tunneling probabilities [49].

In summary:

• Similar interface roughnesses of Fe/MgO and
Fe/MgAl2O4 superlattices

• Absence of superlattice peaks in Fe/MgO and
Fe/MgAl2O4 superlattices

• Different Fe anisotropy constants for Fe/MgO and
Fe/MgAl2O4 superlattices

• Antiferromagnetic interlayer exchange coupling in
Fe/MgO superlattice

5.3 Magnetic reversal sequences of Fe/MgO
superlattices

The magnetization measurement of an Fe/MgO(001) superlat-
tice presented in section 5.2 exhibits clear magnetization steps
along the easy axis (Fig. 5.7 inset). The discrete steps have
been attributed to the magnetic reversal of individual Fe lay-
ers [14], but the exact reversal sequence of theses samples can-
not be determined by L-MOKE measurements alone. To illus-
trate the reversal mechanism, Kerr-microscopy measurements
were performed on an [Fe(2.0 nm)/MgO (1.7 nm)]8 superlat-
tice (Fig. 5.8). Giant, magnetic domains with an area compa-
rable to L-MOKE’s probing area (∼1mm2) are visible. That
means that most of the L-MOKE signal originates from sin-
gle domains of each Fe layer. Hence, with just L-MOKE mea-
surements it cannot be distinguished between the reversal of
one domain and the reversal of the whole Fe layer. The Kerr-
microscopy images also illustrate how the domains of differ-
ent Fe layers are connected. A clear reversal of the magnetic
domain is seen in figure 5.8, but the same domain shape is re-
tained after the reversal process is completed. That means, that
different Fe layers can exhibit the same domain structure due
to their interlayer exchange coupling. However, even via Kerr-
microscopy it cannot be unambiguously determined which Fe
layer undergoes a magnetic reversal.

Thus, revealing the exact reversal sequence of Fe/MgO su-
perlattices is a complex task. All magnetic layers have the
same thickness and are composed of the same element (Fe).
Therefore, polarized neutron reflectometry (PNR) is one of the
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a)
Magnetization measurement
results along the easy axis of
an [Fe(2.2 nm)/MgO (2.0
nm)]10 superlattice. b) Zoom
in the descending hysteresis
loop indicating the external
fields (black arrows) used in
the PNR measurements
(Fig. 5.9). Adapted from [66]

IIIIII

III

I

Figure 5.9: PNR data (black dots) and GenX fits (red lines) of an
[Fe/MgO]10 superlattice at external fields indicated in figure
5.10 b). For clarity, the measurements at step 1 and 2 are shifted
by 10−3 and 10−6, respectively. Adapted from [66].

few methods to untangle the reversal sequence of such struc-
tures. PNR is depth dependent and the magnetic Fe and non-
magnetic MgO lead to a strong magnetic contrast. PNR mea-
surements (Fig. 5.9) were performed at three external fields in-
dicated in figure 5.10 b. At remanence R, a clear peak around
0.08 Å−1 is visible in the non-spin-flip as well as spin-flip chan-
nel. This peak is a so called Q/2 peak and illustrates a magnetic
periodicity, which is twice the structural periodicity. This peak
appears in both spin channels, consistent with a 90◦ magnetic
alignment of adjacent Fe layers. Increasing the external mag-
netic field (step 1 and 2) leads to a broadening of both Bragg
peaks in the spin-flip channel as well as a reduction of the num-
ber of total thickness oscillations (III -> I). More layers align
with the external magnetic field and become "invisible" for the
spin-flip channel. The reduced periodicity has the same effect
for the SF channel as reducing the amount of layers in the sam-
ple.

To quantitatively infer the magnetic alignment of individ-
ual Fe layers, GenX [64] was used to fit the PNR data. An illus-
tration of the fitting results2 is shown in figure 5.11. A periodic
90◦ alignment between adjacent Fe layers is observed at rema-
nence. The even number of layers leads to different magneti-

2For quantitative magnetization angles see [66]
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5.3 Magnetic reversal sequences of Fe/MgO superlattices

R 1 2

Figure 5.11: Schematic illustration of the [Fe/MgO]10 super-
lattice’s magnetic alignment at external fields shown in figure
5.10 b. The magnetization directions (rounded to nearest easy
axis) are determined from fitting the PNR data shown in figure
5.9. Adapted from [66].

zation directions of the outermost layers at remanence. Hence,
increasing the field to step 1 leads to the switching of only one
of the outermost layers (top). This layer has only one near-
est neighbor, which corresponds a weaker interlayer exchange
coupling (due to missing neighbors) as compared to the inner
layers. Since the other outermost layer (bottom) already points
in the direction of the external field, only the switching of one
single layer is observed. Increasing the field further (to step
2) leads again to only the switching of one single layer (third
layer from the top). The reversal of only this layer cannot be
explained by a weaker interlayer exchange coupling due to
missing nearest neighbors. Now (step 1), every layer point-
ing perpendicular to the external field direction has 2 near-
est neighbors. Taking only nearest neighbor interactions into
account, one would expect a simultaneous reversal of all in-
nermost layers when increasing the external field (step 1 to 2).
However, this peculiar switching behavior can be rationalized
by assuming ferromagnetic, next-nearest neighbor interactions
additionally to the nearest neighbor antiferromagnetic interac-
tions. Thus, the switching of the top layer breaks the degen-
eracy of layer 3 compared to all other odd layers. One can
therefore expect a layer-by-layer switching starting from one
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a)
Magnetization measurement
results along the easy axis of
an [Fe(2.0 nm)/MgO (1.7
nm)]4 superlattice. b) Zoom in
the descending hysteresis loop
indicating the external fields
(black arrows) used in PNR
measurements.

R 1 2

Figure 5.13: Schematic illustration of the [Fe/MgO]4 super-
lattice’s magnetic alignment at external fields shown in figure
5.12 b. The magnetization directions (rounded to nearest easy
axis) are determined from fitting PNR data (see [71] supple-
mentary information).

outermost layer and sequentially propagating inwards.
To test the aforementioned interpretation, [Fe/MgO]4 su-

perlattices with stronger interlayer exchange coupling (thin-
ner MgO spacer layers) were investigated. The hysteresis loop
of an [Fe(2.0 nm)/MgO (1.7 nm)]4 superlattice (Fig. 5.12 a) re-
veals zero remanence, consistent with a completely antiparal-
lel alignment of adjacent layers. The first step (R->1) is twice as
large as the remaining steps, which indicates the simultaneous
reversal of two layers. PNR measurements were performed at
external fields indicated in figure 5.12 b. Fitting these measure-
ments revealed the simultaneous switching of the outermost
layers when increasing the field from R to step 1, as illustrated
in figure 5.13. This reversal behavior is in contrast to the results
obtained for a weakly coupled system (illustrated in Fig. 5.11),
since both outermost layers point now perpendicular to the ap-
plied field direction at remanence. Increasing the field further
(step 1->2) leads only to the reversal of layer 3. Hence, there
has to be a difference between the innermost layers making it
energetically more favorable for only one of the layers to re-
verse its magnetization.

In order to investigate further the switching behavior, a
similar analysis was performed on a strongly coupled [Fe(2.0
nm)/MgO (1.7 nm)]8 superlattice. Reducing the external
field from saturation S to step 2 (Fig. 5.14 b) leads to the
simultaneous switching of all odd innermost layers. Reducing
the field further (step 2->1) leads to the simultaneous reversal
of all even innermost layers. Again, this reversal mechanism
is a strong indication of a ferromagnetic next nearest neighbor
interlayer exchange coupling on top of the nearest neighbor
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a)
Magnetization measurement
results along the easy axis of
an [Fe(2.0 nm)/MgO (1.7
nm)]8 superlattice. b) Zoom in
the descending hysteresis loop
indicating the external fields
(black arrows) used in PNR
measurements.

1 2 S 

Figure 5.15: Schematic illustration of the [Fe/MgO]8 super-
lattice’s magnetic alignment at external fields shown in figure
5.14 b, with S denoting saturation. The magnetization direc-
tions are determined from fitting PNR data (see [71] supple-
mentary information).

antiferromagnetic interlayer exchange coupling. Further-
more it is found that the saturation field of an [Fe/MgO]8
superlattice (Fig. 5.14 a) is notably smaller than the satura-
tion field of an [Fe/MgO]4 superlattice (Fig. 5.12 a). This
finding points towards a more complex behavior of the pre-
sented samples, which is discussed in the following section 5.4.

In summary:

• 90◦ remanent magnetic alignment of adjacent Fe layers in
weakly coupled Fe/MgO superlattices

• Antiparallel remanent magnetic alignment of adjacent Fe
layers in strongly coupled Fe/MgO superlattices

• Different reversal sequences in weakly/strongly coupled
Fe/MgO superlattices
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a) Switching
fields (ascending hysteresis
loop) as a function of bilayer
repetitions N. Switching fields
of samples with N = 2, 4 and 8
are labeled corresponding to
the labeling of the
magnetization steps in
Fig. 5.16. b) The highest
switching field HH divided by
the lowest switching field HL
of each sample, the orange
line is a fit to illustrate beyond
nearest neighbor interactions
c) The highest switching field
HH divided by the fit above,
the red line is a fit to illustrate
the impact of the total
thickness on the IEC. Adapted
from [71]

5.4 Influence of the number of Fe/MgO bilayer
repetitions on interlayer exchange coupling
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Figure 5.16: Magnetization measurement results along the
easy axis of [Fe(2.0 nm)/MgO (1.7 nm)]N superlattices. The
outline of the blue areas corresponds to the measured hystere-
sis loops whereas in the black curves the coercivity of the Fe
layers has been removed. Some of the switching fields pre-
sented in figure 5.17 are marked by numbers and red arrows.
Adapted from [71]

The hysteresis loops presented in section 5.3 are shaped
by their interlayer exchange coupling as well as the coerciv-
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5.4 Influence of the number of Fe/MgO bilayer repetitions on interlayer exchange coupling

ity of the Fe layers. To highlight the interlayer exchange cou-
pling, the coercivity of the Fe layers has been removed, as il-
lustrated in figure 5.16. The switching field (field at a step)
is directly proportional to the interlayer exchange coupling
strength of the switching layer(s). The switching fields of as-
cending hysteresis loops of [Fe(2.0 nm)/MgO (1.7 nm)]N su-
perlattices (2≤ N ≤10) have been summarized in figure 5.17.
The lowest switching field of each sample corresponds to the
switching of the outermost layer(s), as confirmed by the PNR
measurements in section 5.3. A change in coupling strength of
the outermost layer(s) is revealed (gray region I in Fig. 5.17
a). If the interlayer exchange coupling is restricted to near-
est neighbors, a constant switching field (dashed blue line in
Fig. 5.17 a) would be expected. Additionally, most samples
exhibit three switching fields. These switching fields seem to
correspond to the switching of the outermost layers (lowest
switching field), odd inner layers (middle switching field) and
even inner layers (highest switching field), as confirmed for
N = 4 and N = 8 by PNR measurements in section 5.3.

On top of the change in interlayer exchange coupling (IEC)
strength of the outermost layer(s), a pronounced change in IEC
strength of the strongest coupled layer(s) (highest switching
field) is observed. The clear maxima in coupling strength at
N = 4 and beyond cannot be explained by nearest neighbor
or even next nearest neighbor interactions. One possible ex-
planation for these maxima is the existence of quantum well
states defined by the total thickness of the sample. It has been
shown that the thickness of the magnetic layers in Co/MgO
multilayers leads to an oscillation of coupling strength [72],
which has been attributed to the interference of electron Bloch
waves at the metal/oxide interfaces [73]. Hence, it is not incon-
ceivable that interference of electron Bloch waves at multiple
metal/oxide interfaces lead to a similar behavior.

Thus, two main contributions responsible for the evolution
of the switching fields as a function of N are identified. First,
beyond nearest neighbor interactions, as proposed in section
5.3. Here, the increase in coupling strength with N is attributed
to an increased number of next-nearest neighbors of each layer.
Second, an oscillatory interlayer exchange coupling strength
with N arising from the change in total thickness of the sam-
ple. These contributions are displayed in figure 5.17 b and c,
respectively.
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In summary

• Beyond nearest neighbor interactions in [Fe/MgO]N su-
perlattices established

• Total number bilayer repetitions N affects interlayer ex-
change coupling strength in [Fe/MgO]N superlattices

5.5 Influence of temperature on interlayer
exchange coupling of Fe/MgO superlattices

To understand better the nature of the interlayer exchange cou-
pling in Fe/MgO superlattices and the root of the magnetic
properties described in previous sections, temperature depen-
dent magnetization measurements were performed. Hystere-
sis curves of an [Fe(2.0 nm)/MgO(1.7 nm)]10 superlattice at
6 different temperatures are shown in figure 5.18. Multiple,
magnetization steps in the hysteresis curves are observed from
∼180 K up to at least 335 K. Reducing the temperature from
335 K down to 180 K also leads to an increased saturation field,
as shown in figure 5.19. The increased saturation field indi-
cates an increased interlayer exchange coupling strength of the
strongest coupled layers with decreasing temperature. This be-
havior is consistent with a model proposed by Zhuravlev el al.,
where impurities in the tunnel barrier (e.g. oxygen vacancies)
lead to a negative temperature dependence of the interlayer
exchange coupling strength [48] (see section 3.2).

For temperatures below ∼180 K, the hysteresis curves ap-
pear more S-shaped and the magnetization steps start to van-
ish (Fig. 5.18). Simultaneously, a much steeper increase of the
saturation field is observed. In fact, the increase in saturation
field is so strong, that an applied field of 175 mT is not suf-
ficient to saturate the sample for temperatures below ∼135 K
(Fig. 5.19). The S-shaped hysteresis curves (paired with the
increased saturation field) can be rationalized by a coherent
magnetization reversal process. That means, that the inter-
layer exchange coupling at these temperatures is now strong
enough to overcome the magnetic hard axes via a coherent ro-
tation. Hence, a transition from a domain wall motion (> 180
K) to a coherent rotation (< 150 K) dominated reversal process
emerges, as illustrated in figure 5.19. The change in shape also
leads to an increase in remanence (Fig. 5.20) indicating a dif-
ferent remanent alignment of the Fe layers at low (< 150 K)
temperatures as compared to e.g. at room temperature.

From these measurements it is clear, that the temperature
dependence of Fe/MgO superlattices is not trivial. Hence,
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Figure 5.19: Saturation field of an [Fe(2.0 nm)/MgO(1.7 nm)]10
superlattice as a function of temperature. The dashed, gray line
marks the transition to S-shaped hysteresis loops possibly due
to a change from a domain wall motion dominated (right hand
side) to a coherent rotation dominated (left hand side) reversal
mechanism.

changes in the remanent state with temperature are investi-
gated first. For that, polarized neutron reflectometry (PNR)
measurements were performed at various temperatures close
to remanence (Fig. 5.22). During the measurements, a neutron
guide field (perpendicular to the scattering plane) of 1.5 mT, 5
mT and 20 mT was used for 295 K, 165 K, 10 K respectively (see
dashed, gray lines in Fig. 5.18). At room temperature (295 K),
the non-spin-flip (NSF) channel exhibits faint Q and Q/2 peaks
(gray shaded areas), whereas the spin-flip (SF) channel exhibits
a pronounced Q/2 peak. That means that the magnetic layers
are mainly antiparallel aligned (parallel to the scattering plane,
± 90◦), as illustrated in figure 5.21. The small deviation from
a perfect antiparallel alignment parallel to the scattering plane
can be due to domains pointing perpendicular to the scattering
plane (the other easy axis). Reducing the temperature to 165 K
leads to an increased intensity of the Q and Q/2 peak in the NSF
channel. At the same time, the intensity of the Q/2 peak in the
SF channel is decreased and a Q peak emerges in the SF chan-
nel. This trend continues down to 10 K, where pronounced
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295 K 

10 K 

295 K 

Schematic
illustration of an Fe/MgO
(gray/blue) superlattice’s
magnetic alignment (red
arrows) close to remanence, as
obtained from fitting the data
shown in figure 5.22.

QQ
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Figure 5.22: Non-spin-flip (NSF) and spin-flip (SF) PNR data
(black dots) and fits (solid lines) of an [Fe(2.0 nm)/MgO(1.7
nm)]10 superlattice at various temperatures close to rema-
nence.

Q and Q/2 peaks are visible in the NSF as well as SF channel.
Hence, a periodic, remanent 90◦ alignment of adjacent Fe lay-
ers is revealed (Tab. 5.3), as illustrated in figure 5.21.

Thus, it can be concluded that above ∼180 K the rever-
sal mechanism is due to domain wall motion and the rema-
nent state is an almost perfect antiparallel alignment of adja-
cent magnetic layers. After a transition region (roughly be-
low 150K), the reversal mechanism is attributed to a coher-
ent rotation of the magnetization and close to remanence a 90◦
alignment of adjacent Fe layers is present. It is worth stress-
ing again, that the PNR measurements at 165 K and 10 K were
done at higher guide fields as compared to at 295 K. As a result,
the outermost layers (Fe 1 and Fe 10) already point along the
guide field direction (0◦) at 165 K (Tab. 5.3). That is one of the
reasons why fewer Kiessig fringes (total thickness oscillations)
are observed in the spin-flip (SF) channel at 165 K as compared
to the SF channel at 10 K and 295 K (Fig. 5.22).

To illustrate the large interlayer exchange coupling strength
at low temperatures, PNR measurements with an applied field
of 500 mT were performed. At 165 K, no Q/2 is visible in the
SF channel (Fig. 5.23). That means all magnetic layers are
saturated perpendicular to the scattering plane and no SF
scattering occurs (Fig. 5.24). Reducing the temperature to 65 K
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Table 5.3: Magnetization directions of individual Fe layers
close to remanence obtained from the PNR fits shown in fig-
ure 5.22.

Layer 295 K 165 K 10 K
Fe 1 -93◦ 1◦ 2◦
Fe 2 90◦ 110◦ 52◦
Fe 3 -92◦ -2◦ 7◦
Fe 4 103◦ 76◦ 58◦
Fe 5 -78◦ -5◦ 29◦
Fe 6 115◦ 85◦ 93◦
Fe 7 -70◦ -15◦ -14◦
Fe 8 98◦ 62◦ 125◦
Fe 9 -85◦ -80◦ 13◦

Fe 10 95◦ 14◦ 78◦

leads to the emergence of a Q/2 peak in the SF channel. Hence,
500 mT is not enough to force the magnetization perpendicular
to the scattering plane and a signature of a periodic magnetic
alignment parallel to the scattering plane is retained. This Q/2

peak is larger at 10 K illustrating that an even larger magnetic
component parallel to the scattering plane exists.

In summary:

• Saturation field of the Fe/MgO superlattice at 65 K more
than 50 times larger as compared to at 335 K

• Transition from antiparallel (180 K - 335 K) to 90◦ (10 k -
130 K) alignment of adjacent Fe layers with temperature

• Transition from magnetic switching due to domain wall
motion (180 K - 335 K) to coherent rotation (10 k - 130 K)
with temperature

5.6 Effect of composition on interlayer exchange
coupling and magnetocrystalline anisotropy

To investigate how the composition of the magnetic layers
affects the magnetic properties of Fe/MgO superlattices, an
[Fe84Cu16 (2nm)/MgO (1.7nm)]9Fe84Cu16(3.5nm) and an [Fe
(2.2nm)/MgO (1.7nm)]10 superlattice are compared. Both sam-
ples were terminated with a protective Pd layer. Fits of the
XRR data (Fig. 5.25) reveal a larger interface roughness of the
Fe84Cu16/MgO superlattice as compared to the pure Fe/MgO
sample (Tab. 5.4). The shift of the Bragg peak positions is
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Figure 5.25: X-ray reflectivity (XRR) data of [Fe/MgO]10 and
[Fe84Cu16/MgO]9Fe84Cu16 superlattices of similar layer thick-
nesses.

due to the difference in magnetic layer thickness between both
samples.

To explore how alloying the magnetic layers with Cu af-
fects the crystallinity, XRD measurements around the Fe(002)
and FeCu(002) peak were performed (Fig. 5.26). Clear super-
lattice peaks around the Fe(002) peak are observed. These
peaks are less pronounced (broader) in case of the FeCu/MgO
superlattice. That means that the coherence length lcoh of
the Fe84Cu16/MgO superlattice is smaller as compared to the
Fe/MgO superlattice. The shift in position of the FeCu(002)
peak (as compared to the Fe(002) peak) corresponds to an
out-of-plane lattice constant difference (aFeCu − aFe) of 0.06 Å
(∼ 2%). Face-centered cubic Cu has a larger lattice constant
(3.59Å) than bcc Fe (2.87Å) [74]. Alloying Fe with Cu might
therefore lead to a larger unit cell, which accommodates for
the Fe and MgO lattice mismatch better. Hence, the magnetic
layers of the Fe84Cu16/MgO superlattice are less strained as
compared to the Fe/MgO superlattice.

To observe how alloying the magnetic layers affects the
magnetic properties of the superlattices, magnetization mea-
surements were performed (Fig. 5.27). Magnetization mea-
surements along the in-plane hard axis reveal a more than
twice as large saturation field of the Fe/MgO superlattice, as
compared to the Fe84Cu16/MgO superlattice. As discussed
above, the Fe and Fe84Cu16 layers are in different strain states
leading to different anisotropy constants of the magnetic lay-
ers. To explain the large difference of the saturation fields (43
to 100 mT), the contribution of the paramagnetic Cu on the
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5.6 Effect of composition on interlayer exchange coupling and magnetocrystalline anisotropy

Table 5.4: Fe/Fe84Cu16 layer thicknesses dFe/FeCu, root-mean-
square interface roughness values σtop and σbottom and MgO
layer thickness dMgO obtained from the fit shown in figure 5.25.
Fe / Fe84Cu16(002) peak position, out-of-plane lattice constant
aFe/FeCu and FWHM are obtained from the XRD fits shown in
figure 5.26.

Fe/MgO FeCu/MgO
dFe/FeCu 2.2 nm 2.0 nm

σmetal/MgO 0.2 nm 0.4 nm
σMgO/metal 0.1 nm 0.2 nm

dMgO 1.7 nm 1.7 nm
Fe/FeCu(002) Peak 66.48◦ 2Θ 64.92◦ 2Θ

aFe/FeCu 2.813 Å 2.873 Å
FWHM 0.85◦ 2Θ 2.30◦ 2Θ

lcoh 11.2 nm 4.1 nm
K1 8.74·104 J/m3 3.16·104 J/m3

J1 -2.16·10−5 J/m2 -0.44·10−5 J/m2

saturation field (proportional to the anisotropy constant) has
to be taken into account as well. The anisotropy constant K1
of both films can be calculated with equation 2.1. For that,
the saturation magnetization Ms of Fe84Cu16 is estimated to be
0.84Ms of Fe leading to an anisotropy constant of 8.74·104 J/m3

(3.16·104 J/m3) for the Fe/MgO (Fe84Cu16/MgO) superlattice.
Thus, the strained Fe/MgO superlattice exhibits an increased
anisotropy constant compared to bulk Fe (4.7 ·104 J/m3 [68]),
whereas alloying Fe with small amounts of Cu leads to a re-
duced magnetocrystalline anisotropy.

Furthermore, the saturation field Hs along the easy axis
of the Fe84Cu16/MgO superlattice is more than three times
smaller, as compared to the Fe/MgO superlattice (Fig. 5.27 in-
set). To quantitatively compare the coupling strength of both
superlattices, the interlayer exchange coupling strength J can
be calculated with J = −1/4Msμ0Hsd [52] (Equ. 3.1 for multi-
layers). The magnetic layer thickness d was obtained from the
fit of the XRR data and the saturation moment Ms of Fe84Cu16
was estimated to be 0.84Ms of Fe. An interlayer exchange cou-
pling strength of -2.16·10−5 J/m2 (-0.44·10−5 J/m2) is obtained for
the Fe/MgO (Fe84Cu16/MgO) superlattice.

Thus, the Fe84Cu16/MgO superlattice has an almost five
times smaller interlayer exchange coupling (IEC) strength
as compared to the pure Fe/MgO superlattice. The reduced
IEC leads additionally to different remanent states for both
samples. The Fe/MgO superlattice displays zero remanence,
consistent with a completely antiparallel alignment of adjacent
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Figure 5.27: Magnetization measurement results of
[Fe84Cu16/MgO]9Fe84Cu16 (green) and [Fe/MgO]10 (or-
ange) superlattices of comparable thicknesses along the
in-plane hard axis. Magnetization measurement results of the
same samples along the in-plane easy axis are shown as an
inset. Adapted from [75].

Fe layers. Whereas the Fe84Cu16/MgO superlattice displays
a remanent magnetization close to 0.5Mr, indicating a 90◦
alignment between adjacent magnetic layers. Alloying Fe
with 16% Cu leads therefore to a roughly three times smaller
magnetocrystalline anistropy, but simultaneously also to an
almost five times smaller interlayer exchange coupling (IEC)
strength. The relatively weaker IEC of the Fe84Cu16/MgO
superlattice leads therefore to the metastable 90◦ alignment of
adjacent Fe layers.

In summary:

• Anisotropy constant decreased by a factor of three when
alloying Fe with 16 % Cu

• Interlayer exchange coupling strength decreased by a fac-
tor of five when alloying Fe with 16 % Cu

• Different remanent states of Fe84Cu16/MgO and
Fe/MgO superlattices
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5.7 Influence of lateral extension on the magnetic saturation field

������ ��	
� Atomic force
microscopy image of a
patterned Fe84Cu16/MgO
superlattice. Adapted from
[75].

MgO
Fe84Cu16

Pd

Figure 5.28: Schematic illustration of patterned
Fe84Cu16/MgO superlattices. The magnetic alignment and
stray field of the Fe84Cu16 layers (black arrows) is illustrated
on the right hand side. Adapted from [75].

5.7 Influence of lateral extension on the
magnetic saturation field

So far, only the magnetic properties of metal/oxide het-
erostructures with large lateral dimensions (10x10 mm2) have
been investigated in this thesis. When reducing the lateral ex-
tension of such structures, an additional mechanism has to be
considered: the stray field at the edges of the magnetic layers
(Fig. 5.28). To investigate this effect, Fe84Cu16/MgO superlat-
tices (section 5.6) were patterned into circular islands of vari-
ous diameters (Fig. 5.29). The circular islands are spaced suffi-
ciently far from each other to prevent interactions between the
islands. Hence, measuring the magnetic response of a large ar-
ray of islands is representative to the magnetic response of a
single island.

Magnetization measurements of an unpatterned superlat-
tice and patterned, circular Fe84Cu16/MgO superlattice islands
along the magnetic easy axis are shown in figure 5.30. Decreas-
ing the island diameter leads to an increase in the saturation
field, which corresponds to a gradually increasing impact of
magnetostatic (stray field) interactions (see chapter 3.1). A sim-
ilar trend is observed along the magnetic hard axis. In fact, the
magnetic response of circular Fe84Cu16/MgO superlattice is-
lands with 150 nm in diameter is identical along the magnetic
easy and hard axes, as illustrated in figure 5.31. This isotropic
behavior is different from the anisotropic behavior of the un-
patterned Fe84Cu16/MgO superlattice presented in the previ-
ous section 5.6. Hysteresis loops of the unpatterned superlat-
tice display a strong magnetocrystalline anisotropy (seen along
the magnetic hard axes) and a relatively weaker interlayer ex-
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change coupling (observed along the magnetic easy axes).
The saturation field is influenced by magnetostatic inter-

actions (proportional to the outer surface of the layers), but
also by the torque exerted from the external field on the lay-
ers (scaling with the volume). The ratio of both contributions
leads therefore to an inverse island diameter dependence (1/d)
of the saturation field, as illustrated in figure 5.32. However,
this relation only holds when the magnetic layers are in a sin-
gle domain state and the magnetization reversal is due to a
coherent rotation of magnetization. The 1/d dependence of
the saturation field clearly does not hold for islands with di-
ameters above 450 nm. The reversal process in larger islands
(and unpatterned superlattices) is expected to be due to do-
main wall motion rather than coherent magnetization rotation.
A signature of such domain wall motion is found in the easy
axis hysteresis curve of an unpatterned Fe84Cu16/MgO super-
lattice (Fig. 5.27). The abrupt steps correspond to fast reversal
processes, which are characteristic for the sweeping of domain
walls.

Hence, the linear 1/d dependence of the easy axis saturation
field Hs collapses for large (>450 nm) island diameters. This
interpretation is additionally supported by the y-axis intercept
of the fit (corresponding to Hs of an unpatterned superlattice)
shown in figure 5.32. If the magnetic layers of an unpatterned
superlattice would be in single domain states and if their mag-
netization reversal would occur through a coherent rotation of
their magnetization, then the largest energy barrier to over-
come would be the in-plane magnetic hard axis (Fig. 5.33). As
seen in figure 5.32, the intercept resembles the in-plane mag-
netic hard axes saturation field of an unpatterned superlattice
(dashed, blue line), in line with the model stated above.
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5.7 Influence of lateral extension on the magnetic saturation field

Schematic
illustration of a coherent
magnetization reversal in a
single domain island. The
magnetization (black arrow)
has to overcome the magnetic
hard axes (dashed, orange
lines).
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Figure 5.32: Easy axis saturation field of patterned
Fe84Cu16/MgO superlattices as a function of the inverse
island diameter, with the saturation field value of the in-plane
hard (dashed blue line) and easy (dotted green line) axis of an
unpatterned Fe84Cu16/MgO superlattice. Adapted from [75].

In summary:

• Increase of saturation field with reduced lateral extension

• Magnetic switching due to coherent rotation for circular
Fe84Cu16/MgO superlattice islands with small (<450 nm)
diameters

• Magnetic switching due to domain wall motion for circu-
lar Fe84Cu16/MgO superlattice islands with large diam-
eters
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CHAPTER 6

SUMMARY & CONCLUSION

Humanity has come a long way since the first fabrication of
thin films ∼5000 years ago and discovered fascinating phe-
nomena in multilayer structures. These discoveries (e.g. giant
magnetoresistance) substantially contributed to technological
advances. Following in the footsteps of great pioneers, novel
phenomena of metal/oxide heterostructures are presented and
discussed in this thesis. It is shown that the magnetic proper-
ties of 19 nm thick Fe films grown on MgO and MgAl2O4 sub-
strates exhibit similar magnetic properties, even though their
crystalline quality is different. This result is attributed to strain
relaxation of the Fe film grown on the MgO substrate. Strain
relaxation can be prevented by growing Fe layers below a crit-
ical thickness (2-3 nm). Thus, it is found that Fe/MgAl2O4 and
Fe/MgO superlattices with 2 nm tick Fe layers exhibit differ-
ent anisotropy constants, which is attributed to different strain
states. Furthermore, the Fe/MgO superlattice exhibits an an-
tiferromagnetic interlayer exchange coupling, which is absent
in the Fe/MgAl2O4 superlattice. Differences in the electronic
structure of the MgO and MgAl2O4 spacer layers or the Fe lay-
ers (due to different strain states) might be responsible for the
(absence of) antiferromagnetic interlayer exchange coupling.

Discrete magnetization steps are observed in the hystere-
sis curve of the Fe/MgO superlattice. It is shown that these
steps correspond to a sequential switching of the magnetiza-
tion direction of Fe layers. By tuning the MgO spacer layer
thickness, different remanent states and switching sequences
are achieved. The different remanent states (as a function
of MgO thickness) are attributed to an interplay of antiferro-
magnetic interlayer exchange coupling and strong four-fold
magnetocrystalline anisotropy. However, the switching se-
quences cannot be explained without invoking long-range in-
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teractions between the Fe layers. Beyond nearest neighbor in-
teractions are confirmed via a systematic study on the number
of Fe/MgO bilayer repetitions N, together with changes in the
coupling strength with the total thickness of the sample. These
findings are consistent with a more complex coupling mecha-
nisms in metal/oxide superlattices than anticipated.

Therefore, temperature dependent magnetization measure-
ments were performed to grasp the mechanism of the coupling
more reliably. A transition from an antiparallel magnetic align-
ment (> 180 K) to a perpendicular magnetic alignment (< 150
K) of adjacent Fe layers close to remanence is found. Simulta-
neously, a transition from a reversal mechanism dominated by
domain wall motion (> 180 K) to coherent rotation (< 150 K) is
revealed. A domain wall motion dominated reversal mech-
anism is attributed to a large magnetocrystalline anisotropy
and a relatively weaker, antiferromagnetic interlayer exchange
coupling strength J. That means that the antiferromagnetic
coupling of adjacent Fe layers is not strong enough to over-
come the magnetic hard axes via a coherent rotation. At 65
K, the saturation field along the magnetic easy (Fe[100]) axis
(∝ J) is more than 50 times larger as compared to at 335 K.
Hence, the increased interlayer exchange coupling strength at
low temperatures is strong enough to overcome the magnetic
hard (Fe[110]) axis via a coherent rotation.

Finally, it is shown that the interlayer exchange cou-
pling strength and magnetocrystalline anisotropy of an
Fe84Cu16/MgO superlattice is reduced as compared to a
pure Fe/MgO superlattice. The reduced magnetocrystalline
anisotropy is attributed to the diamagnetic nature of Cu as well
as different strain states (as compared to the Fe/MgO superlat-
tice). Patterning theses samples into circular islands of various
diameters reveals different reversal mechanisms and satura-
tion fields for different island sizes. The increased saturation
field (when decreasing the island diameter) as well as different
reversal mechanisms are associated with an interplay between
the four-fold magnetocrystalline anisotropy, the stray field at
the edges and the external magnetic field.

The results in this thesis illustrate the lack of an adequate
theory to fully describe the coupling mechanisms found in
metal/oxide superlattices. Understanding and utilizing the
magnetic interactions in such structures is important for the
development of next-generation magnetoresistance devices. I
hope this thesis will stimulate theoreticians and experimental-
ists alike to address some remaining questions and I’m anxious
to see which new technological advances the future holds.
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Read head

������ ��	
 Picture of a
record player with vinyl disk
and read head (needle).

b)

c)

a)

d)

������ ���
 Illustration of a
vinyl with low (a) and high
(b) storage density as well as
the read head (needle) viewed
normal (c) and parallel (d) to
the path.

CHAPTER 7

POPULAR SCIENCE SUMMARY

One of the early storage devices was a vinyl (or phonograph)
record (Fig. 7.1). For that, grooves are engraved in polyvinyl
chloride (plastic) and a small needle (read head) is dragged
along the path. The needle follows the record grooves (Fig.
7.2 d) and vibrates. These vibrations are then translated to
the sound we experience when listening to a vinyl record. The
storage density (minutes of music per area) relates to the width
of the path, as illustrated in figure 7.2 a and b. If the path is nar-
rower, a longer path fits on a standard vinyl record and more
information can be stored. However, if the path becomes nar-
rower, the needle needs to be smaller to still be able to follow
the record grooves. Hence, a smaller read head (needle) is key
to a larger storage density.

A standard hard-drive used in computers is very similar to
such a vinyl record (compare Fig. 7.1 and Fig 7.3). The infor-
mation on a hard drive is not stored as grooves, but as small
magnetic domains (regions with an up or down magnetiza-
tion direction). To read out this information, the needle is re-
placed by thin magnetic layers, as illustrated in figure 7.4. The
magnetization of the strong magnetic layer (black arrow) al-
ways points in the same direction and the magnetization of the
weaker magnetic layer (white arrow) follow the magnetization
direction of the magnetic domain structure of the hard-drive.
Hence, the two layer have either a parallel or antiparallel ori-
entation, which corresponds to either bit 1 or 0. To increase
the storage density, the magnetic domains need to be smaller
(more domains per area), which leads (similar to the vinyl) to
the need of a smaller read head. It is clear, that we cannot re-
duce the size of such structures indefinitely, because we will
start to encounter physical limitations. Already now, the bit
length (domain size) is just 17 nm, which is roughly 3000 times
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Read head

������ ��	
 Picture of a
(broken) hard-drive with disk
and read head to illustrate
qualitative similarities to a
record player.

a)

b)

������ ���
 a) Illustration of
the domain structure of a hard
drive and a read-head. One
layer of the read-head is fixed
(black arrow) and the other
one (white) is free to follow
the magnetization of the
domain structure below.

smaller than the thickness of a hair. Hence, we need to find
other possibilities to push technological advances further.

In this thesis, similar structures as the ones used in hard-
drive read heads are studied. Instead of just two magnetic
layers used in commercial read heads, multiple back-to-back
magnetic layers are investigated. The so-called multilayers ex-
hibit unique magnetic properties, which might be exploited in
future devices. One of these properties is the possibility to
change the magnetization direction of individual magnetic lay-
ers in a controlled and reproducible way. This is in contrast to
the commercial structures, where the magnetization direction
of only one of the layers is changed. Hence, instead of dis-
tinguishing only between bit 0 and 1, it might be possible to
distinguish between more states. A major part of this thesis is
devoted to understand why it is possible to control the mag-
netization direction of multiple magnetic layers in such struc-
tures. It is found that quantum mechanical effects seem to be
responsible for this unique behavior. The quantum mechani-
cal effects in such structures can span over much larger length
scales than initially expected, which illustrates that there are
still many surprises buried in such systems.

It is worth stressing that the findings presented in this the-
sis are of fundamental nature and the application potential is
purely speculative. However, the nowadays used read heads
also started as a fundamental research project.
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Läshuvud

����� ���	 Bild av en
skivspelare med skiva och
läshuvudet (nål).

b)

c)

a)

d)

����� ��
	 Illustration av en
skiva med låg (a) och hög (b)
lagringstäthet, samt
läshuvudet (nålen) som visas
vinkelrätt (c) och parallellt (d)
till spåren.

CHAPTER 8

POPULÄRVETESKAPLIG
SAMMANFATTNING

En föregångare till moderna lagringsenheter är vinylskivan (el-
ler grammofonskivan, Fig. 8.1). En vinylskiva är i grunden en
skiva gjord av polyvinylklorid (plast) med smala ingraverade
spår. När skivan börjar rotera följer en liten nål (läshuvudet)
räfflorna (spåren) vilket leder till vibrationer i nålen (Fig. 8.2
d. Dessa vibrationer översätts till det ljud vi upplever när vi
lyssnar på en vinylskiva. Lagringstätheten (minuter musik per
area) korrelerar med spårets bredd, illustrerat i figur 8.2 a) och
b). Om spåret är smalare får ett längre spår plats på en stan-
dard vinylskiva och mer information kan lagras. Om spåret blir
smalare måste nålen däremot också vara mindre för att fortfa-
rande kunna följa räfflorna. Det vill säga, ett mindre läshuvud
(nål) är nyckeln till en större lagringstäthet.

En vanlig hårddisk som används i datorer är mycket lik en
sådan vinylskiva (jämför figur 8.1 med figur 8.3). Informatio-
nen på en hårddisk lagras inte som räfflor utan snarare som
små magnetiska domäner (regioner med magnetisering pekan-
des uppåt eller nedåt). För att läsa ut denna information ersätts
nålen med tunna magnetiska skikt, illustrerat i figur 8.4. Mag-
netiseringen av det starka magnetiska skiktet (svart pil) pekar
alltid i samma riktning medan magnetiseringen av det svaga
magnetiska skiktet (vit pil) följer magnetiseringsriktningen av
den magnetiska domänstrukturen på hårddisken. Följaktligen
har de två skikten på läshuvudet antingen parallell eller anti-
parallell ordning, vilket motsvarar antingen bit 1 eller 0. För
att öka lagringstätheten måste man reducera storleken på de
magnetiska domänerna (fler domäner per area), vilket leder
(liknande vinylskiva) till behovet av ett mindre läshuvud. Det
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Läshuvud

����� ���	 Bild av en (trasig)
hårddisk med magnetisk
skiva och läshuvudet för att
illustrera de kvalitativa
likheterna med en vinylskiva.

a)

b)

����� ��
	 Illustration av
domänstrukturen på en
hårddisk och ett läshuvud. Ett
skikt av läshuvudet har en
fast magnetiseringsriktning
(svart pil) och det andra
skiktet har en variabel
magnetiseringsriktning (vit
pil). Den variabla
magnetiseringsriktningen
följer
magnetiseringsriktningen av
domäner.

är tydligt att vi inte kan minska storleken på sådana struktu-
rer hur mycket som helst, eftersom vi börjar stöta på fysikaliska
begränsningar. Redan nu är domänstorleken endast 17 nm, vil-
ket är ungefär 3000 gånger mindre än tjockleken på ett hårstrå.
Därför måste vi hitta andra möjligheter för att driva tekniska
framsteg ytterligare.

I denna avhandling studeras liknande strukturer som de
som används i hårddiskläshuvuden, men istället för endast
två magnetiska skikt som används i kommersiella läshuvu-
den, har flera magnetiska skikt undersökts. De så kallade fler-
skiktsstrukturerna har unika magnetiska egenskaper, som kan
utnyttjas i framtida enheter. En av dessa egenskaper är möj-
ligheten att ändra magnetiseringsriktningen för enskilda mag-
netska skikt på ett kontrollerat och reproducerbart sätt. Detta
står i kontrast till de kommersiella strukturerna, där magne-
tiseringsriktningen av endast ett skikt ändras. Istället för att
endast skilja mellan bit 0 och 1 kan det således vara möjligt
att skilja mellan flera olika tillstånd. En stor del av denna av-
handling ägnas åt att förstå varför det är möjligt att kontrolle-
ra magnetiseringsriktningen av flera magnetiska skikt i sådana
strukturer. Det har visat sig att kvantmekaniska effekter verkar
ligga bakom detta unika beteende. Kvantmekanikens effekter i
sådana strukturer kan sträcka sig över mycket större längdska-
lor än ursprungligen förväntat, vilket illustrerar att det fortfa-
rande finns många överraskningar begravda i sådana system.

Det är värt att betona att resultaten som presenteras i den-
na avhandling är av grundläggande karaktär och att tillämp-
ningspotentialen är rent spekulativ. Med det sagt är även
ursprunget till läshuvuden i dagens hårddiskar baserat på
grundläggande forskning.
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Lesekopf 

��������� 	
�� Bild eines
Plattenspielers mit
Schallplatte und Lesekopf
(Nadel).

b)

c)

a)

d)

��������� 	
�
Veranschaulichung einer
Schallplatte mit geringer (a)
und hoher (b) Speicherdichte,
so wie des Lesekopfes (Nadel)
im Querschnitt (c) und
Längsschnitt (d) zu den Rillen.

CHAPTER 9

POPULÄRWISSENSCHAFTLICHE
ZUSAMMENFASSUNG

Eines der ersten Speichermedien war die Schallplatte (oder Vi-
nyl, siehe Abb. 9.1). Eine Schallplatte ist eine Scheibe aus Po-
lyvinylchlorid (Plastik), in welcher schmale Rillen eingraviert
sind. Die gespeicherten Informationen (z.B. Musik) können
mittels einer Nadel (Lesekopf) ausgelesen werden. Die Nadel
folgt der Rillenstruktur (siehe Abb. 9.2 d) und vibriert. Die-
se Vibrationen entsprechen den gespeicherten Informationen
und können als z.B. Musik wahrgenommen werden. Die Spei-
cherdichte (Musik pro Fläche) hängt mit der Breite der Rillen
zusammen (siehe Abb. 9.2). Schmale Rillen führen zu einem
längeren Pfad (mehr Informationen pro Fläche). Falls die Ril-
lenstruktur schmaler wird, muss jedoch auch ein schmalerer
Lesekopf (“spitzere” Nadel) verwendet werden, um die Infor-
mationen weiterhin auslesen zu können. Ein schmalerer Lese-
kopf macht demzufolge eine höhere Speicherdichte möglich.

Eine handelsübliche Festplatte (HDD) und ein Schallplat-
tenspieler haben einen qualitativ ähnlichen Aufbau (vergleiche
Abb. 9.1 und 9.3). Informationen werden auf einer Festplat-
te jedoch nicht in Form von Rillen, sondern in Form von ma-
gnetischen Domänen gespeichert. Magnetische Domänen sind
winzige Regionen mit unterschiedlichen Magnetisierungsrich-
tungen. Um die hier gespeicherten Informationen auszulesen,
muss die Schallplattennadel folglich mit einem magnetischen
Lesekopf ersetzt werden. Dieser Lesekopf besteht aus einer
Schicht mit fester Magnetisierungsrichtung und einer Schicht
mit variabler Magnetisierungsrichtung (siehe Abb. 9.4). Die
Schicht mit variabler Magnetisierungsrichtung passt sich der
Magnetiserungsrichtung der Domänenstruktur an. Folglich
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Lesekopf 

��������� 	
�� Bild einer
(kaputten) Festplatte mit
Magnetscheibe und Lesekopf
um qualitative
Gemeinsamkeiten mit einer
Schallplatte zu
veranschaulichen.

a)

b)

��������� 	
�
Veranschaulichung der
Domänenstruktur einer
Festplatte und eines
Lesekopfes. Eine Schicht des
Lesekopfes hat eine feste
Magnetisierungsrichtung
(schwarzer Pfeil) und die
andere Schicht hat eine
variable
Magnetisierungsrichtung
(weißer Pfeil). Die variable
Magnetisierungsrichtung folgt
der Domänenstruktur der
Festplatte.

können die Magnetiserungsrichtungen der Schichten parallel
oder antiparallel zu einander stehen, welches binären Informa-
tionen (Bit 0 oder 1) entspricht. Um die Speicherdichte einer
Festplatte (Domänen pro Fläche) zu erhöhen muss die Größe
der Domänen reduziert werden. Folglich wird auch ein schma-
lerer, magnetischer Lesekopf benötigt. Die Miniaturisierung
solcher Strukturen kann nicht unendlich lange fortgesetzt wer-
den, da wir letztendlich an physikalische Grenzen stoßen. Be-
reits jetzt ist eine Domäne nur 17 nm groß, was ca. 3000 mal
kleiner ist als ein Haar. Folglich, müssen andere Möglichkei-
ten gefunden werden um den technischen Fortschritt voran zu
treiben.

In dieser Dissertation werden Strukturen untersucht, wel-
che magnetischen Leseköpfen in Festplatten ähneln. Anstatt
der zwei magnetischen Schichten, welche in handelsüblichen
Festplattenleseköpfen verwendet werden, wurden in dieser
Arbeit mehrere (bis zu 10) magnetische Schichten untersucht.
Solche Mehrschichtsysteme weisen einzigartige magnetische
Eigenschaften auf, welche in zukünftigen Geräten genutzt
werden könnten. Zum Beispiel konnte die Magnetisierungs-
richtung individueller Schichten geändert werden. Im Gegen-
satz zu handelsüblichen Leseköpfen könnte so mehr als nur ei-
ne binäre Information ausgelesen werden. Ein Großteil dieser
Arbeit befasst sich mit den Effekten, welche es ermöglichen die
Magnetisierungsrichtung mehrerer magnetischer Schichten in
solchen Strukturen individuell zu steuern. Quantenmechani-
sche Effekte scheinen dafür verantwortlich zu sein. Einige
quantenmechanische Effekte in solchen Strukturen können an-
scheinend über viel größere Entfernungen miteinander wech-
selwirken als erwartet. Dies veranschaulicht, dass noch viele
Überraschungen in solchen Systemen verborgen sind.

Letztendlich sind die Ergebnisse dieser Arbeit eher der
Grundlagenforschung zuzuordnen und jegliches Anwedungs-
potential ist rein spekulativ. Jedoch muss hervorgehoben wer-
den, dass auch die handelsüblichen Festplattenleseköpfe einst
zu der Grundlagenforschung gehörten.
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