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Abstrakt

Vyménnd anizotropie je zajimavy fyzikalni jev vznikajici na rozhrani antiferomagnetick-
ych (AF) a feromagnetickych (FM) materidli, ktery jiz je Siroce pouzivan v elektronickém
prumyslu a magnetickém zaznamu. Prestoze byl tento jev dlouhou dobu intenzivné
studovan, jeho presny mechanizmus zatim nebyl uspokojivé vysvétlen. V této praci je
predstaven prehled studii dokumentujicich vyménnou anizotropii v tenkych dvojvrstvach,
véetné experimentalnich vysledki a teoretickych modelt. Experimentalni tikoly této dip-
lomové préace zahrnovaly jak vyrobu, tak méfeni riiznych modelovych systému vykazujicich
vyménnou anizotropii. Dvojvrstva Fe/FeRh, kde vrstva FeRh prochazi fazovou preménou
z AF faze na FM fazi pri 360 K, poskytuje moznost nastaveni parametri vyménné
anizotropie. Déle byly zkoumany uc¢inky vyménné anizotropie a tvarové anizotropie v
mikrostrukturach Fe/FeRh. Koneéné, pfitomnost vyménné anizotropie byla zkouméana
mezi FM a AF fazi koexistujicimi béhem fazové premény v nanodratech FeRh. Vzorky
byly vyrobeny pomoci magnetronového naprasovani a elektronové litografie. Vsechny
prezentované systémy byly analyzovany pomoci magnetooptické Kerrovy mikroskopie.
Vyménnd anizotropie byla ispésné nalezena v systému Fe/FeRh, pticemz jeji velikost byla
témeér identicka co do rozsahu i orientace s vysledky v literature, prestoze nami vyrobena
dvojvrstva méla horsi kvalitu FM-AF rozhrani. Bylo také prokazano, ze v tomto sys-
tému existuje tzv. tréninkovy efekt (Training effect), coz je vyraznym dikazem existence
vymeénné anizotropie. U nanodrati bylo zméfena vyznamna vyménna anizotropie mezi
koexistujicimi fazemi FM a AF béhem fazové premeény.

Summary

Exchange bias is an intriguing physical phenomenon occuring at the interface of antifer-
romagnet (AF) and ferromagnet (FM) materials, which has already been widely applied
in electronics and magnetic recording industry. Despite being intensely studied for a long
time, the exact mechanism behind it remains an unsettled matter. This work presents an
overview of the relevant studies documenting exchange bias in thin film bilayer systems, in-
cluding both experimental evidence and theoretical models developed. The experimental
tasks of this diploma thesis covered both manufacturing and measurement of different
exchange bias model systems. An Fe/FeRh bilayer (here the FeRh layer features a phase
transition from AF to FM at 360K), provides convenient tunability of the exchange bias.
Next, the exchange bias and shape anisotropy effects were investigated in Fe/FeRh micro-
structures. Lastly, the presence of exchange bias was investigated between the coexisting
FM and AF phases in submicron FeRh nanowires. The samples were fabricated using
magnetron sputtering and E-beam lithography. All the presented systems were analyzed
using Magneto-Optical Kerr Effect microscopy. Exchange bias was successfully found in
the Fe/FeRh system nearly identical in magnitude and orientation to the results in liter-
ature, having an inferior FM-AF interface quality. Training effect as well as rotational
asymmetry were also proven to exist within this system, solidifying the presence of ex-
change bias. In nanowires, significant exchange bias was measured between the coexisting
FM and AF phases during cooling from the FM phase to the AF phase.
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1. Introduction

Exchange bias has been one of the cornerstones of modern HDD technology since
the 1990’s. Despite the widespread applicability and usefulness of this phenomenon,
many questions as to the precise nature of the exchange bias remain and have remained
unanswered for the past 50 years, attributable to the complexity of this phenomenon.

Exchange bias in its simplest interpretation is an effect which takes place when a
Ferromagnet (FM) and an Antiferromagnet (AF) share a common interface. This ar-
rangement, after cooling in an external magnetic field, results in pinning of the FM layer
to the AF layer [1]. This means that as the external field is cycled and the hysteresis loop
is measured, the loop shifts horizontally from the centre. This shift is utilized in readback
heads to make sure that the head magnetisation remains the same even as the stray field
produced by magnetic bits changes sign, or to pin one of two FM layers in a spin-valve
device.

Despite its practical applications, the precise nature of this phenomenon is still under
debate [2]. The consensus reached thus far is that the uncompensated atomic moments
of the AF lattice exist due to local imperfections and defects surrounding them. They
couple via exchange interactions with the neighbouring FM lattice. At the same time,
these AF moments are pinned to the larger AF domain. This means that as we cycle
external magnetic, AF remains unaffected, but the entire FM layer gains unidirectional
anisotropy due to this exchange coupling, preferring one direction of magnetisation over
any other. In turn, we observe shift of the entire hysteresis loop. Even from this rather
simple description, one can appreciate the complexity of the process.

The description above serves the purpose of a qualitative explanation, but on a deeper
level the topic of exchange bias is plagued by nuance: interfacial roughness [3], [1], [0];

chemical disordering [6], [7],[3],[9]; AF anisotropy [10],[11]; training effect [12], [13], [14];
asymmetric reversal [15], [16], [I7]; higher-order anisotropies [18]; to name a few. All
those factors influence exchange bias to a certain degree.A number of theories have been
developed [19], [20], [21], but they do not fit well for all systems. Things become even

more disagreeable on the scale of nanostructures [22].

Useful and not-yet-fully-understood nature of exchange bias makes it a fertile ground
for study. We aim to contribute additional experimental information on its behaviour,
primarily focusing on Fe/FeRh bilayers, but also on Fe/FeRh microstructures. The reas-
oning behind microstructures is a possible control of the local magnetic configurations
(predictable magnetic domain structures). Exchange bias effects are analyzed through
the precise character of magnetisaton reversal measured using a Magneto-Optical Kerr
Effect microscope (MOKE). Moreover, the material system used within this thesis, i.e.
Fe/FeRh bilayers, has very scarce presence in literature, and provides convenient tunab-
ility of the exchange bias close to room temperature as the FeRh layer features a phase
transition from AF to FM at 360K.

In this thesis Chapter 2 is dedicated to the introduction of magnetism, including topics
relevant for understanding of exchange anisotropy. Chapter 3 provides a wide overview
on exchange bias in bilayer systems, including both experimental evidence as well as
theoretical models developed. Chapter 4 will briefly mention the techniques used for
sample preparation and characterisation, and Chapter 5 will encompass the experiments
conducted as set in the goals of this Diploma Thesis. Chapter 6 provides the summary.



2. Magnetism

This chapter introduces different electron exchange interactions responsible for mag-
netic self-ordering in materials, as well as relevant magnetic phenomena in thin films
and heterostructures which may influence exchange anisotropy. This will also be use-
ful when describing specific AF exchange coupling. Although no connection has been
made between exchange bias and particular mechanism of AF ordering yet, it is worth
considering. Moreover, given the nature of exchange anisotropy and its dependence on
temperature-varying behaviour of both FM and AF layers, we will also describe Curie
and Néel temperatures which are the critical temperatures for Ferromagnetic and Anti-
ferromagnetic ordering of the material, respectively.

2.1. Exchange interactions

The long-range ordering of some FM and AF materials can be well described by the
theory of electron exchange interactions, independently discovered by Werner Heisenberg
and Paul Dirac. This section will provide a brief overview of known exchange interactions,
as well as examples of the materials which can be accurately described by them.

Exchange interactions may also play a role in exchange anisotropy, given how much
the mechanism of long-range order varies material by material (for example, AF oxides
vs. AF metals).

2.1.1. Direct exchange

As a first described and most basic exchange interaction, direct exchange occurs
between nearest neighbour magnetic atoms, without an intermediary atom [23]. It hap-
pens due to an overlap of the electron orbitals and can be either bonding or antibonding
in nature (fig. 2.1), depending on the electronic structure of the atom and the lowest

energy configuration.
——antibonding /\
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Figure 2.1: Molecular electron orbitals for a diatomic molecule. Bonding orbital corres-
ponds to the sum of two atomic orbitals. Antiboding orbital corresponds to the difference
of the two atomic oribtals. Taken from [23] and modified.

Direct exchange provides a good description of the interactions between the localized
electrons of the same atom. As the direct exchange interaction depends directly on the
overlap of the electron orbitals, it cannot explain ferromagnetism in rare earth FMs (Gd)
by a direct exchange between the /f orbitals. In rare earths, 4f orbitals are strongly
localized, and possess very limited overlap when considering two separate atoms in a



lattice. Even when transition metal FMs are considered (Fe, Co, Ni) which have 3d
orbitals that extend much further, it is very difficult to quantitatively explain the magnetic
properties by using the direct exchange interaction model only [23].

2.1.2. Indirect exchange

The indirect exchange interaction via a non-magnetic atom (Superexchange) was pro-
posed as one of the possible mechanisms responsible for long-range magnetic order in
some materials.

Indirect exchange in ionic solids, such as FeO, NiO, MnO, FeF,, MnF, is mediated by
a non-magnetic ion which is positioned in-between the magnetic atoms. It arises because
there is a kinetic energy advantage for an antiferromagnetic arrangement (fig. 2.2). In
some very specific cases, ferromagnetic arrangement is preferable [24], but in vast majority
of cases the resulting coupling is antiferromagnetic.

antiferromagnetic
(a)
(b)
(c)

ferromagnetic
(d)
(e)
()

Figure 2.2: Superexchange in a magnetic oxide. For antiferromagnetic coupling of the
moments (a,b,c), the ground state (a) can mix with excited configurations (b) and (c).
For ferromagnetic coupling of the moments (d,e,f), the ground state is (d) and due to the
Fermi exclusion principle it cannot mix with configurations (e) and (f). Taken from [23]

and modified.

2.1.3. RKKY exchange

Another form of indirect exchange was specifically proposed to explain the ferromag-
netism of metals. This kind of indirect exchange interaction could explain long-range
ordering without the need for direct or mediatory orbital overlap, proposing conduction
electrons as the messengers instead.

Indirect exchange in metals occurs by the spin-polarized conduction electrons [23].
Localized magnetic moment can spin-polarize the delocalized conduction electron, and this

4



spin-polarized electron can then interact with a neighbouring localized magnetic moment
at some distance. This interaction is also known as RKKY interaction (Ruderman, Kittel,
Kasuya and Yosida), or alternatively as the itinerant exchange.

This interaction is long range and has an oscillatory dependence on the distance
between the magnetic moments within the lattice. Depending on the separation between
the atoms, it may either be ferromagnetic or antiferromagnetic in nature. This model
works particularly well in systems where both localized and delocalized electrons contrib-
ute to the overall self-ordering behaviour (for example, rare-earth ferromagnets).

2.1.4. Double exchange

For some oxides, ferromagnetic exchange interaction can occur due to magnetic ion
having mixed valency, existing in more than one oxidation state [23]. Examples of this
include compounds with Mn3*t and Mn** ions, as well as Fe?* and Fe?" (in FezOy).

This interaction provides ferromagnetic coupling between these mixed valency ions,
and favours electron transfer only if the neighbouring ions are ferromagnetically aligned
(fig. 2.3).
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Figure 2.3: Double exchange mechanism for a system containing Mns, and Mny, ions.
The electron hopping is favourable if the neighbouring atoms are ferromagnetically aligned
(a) and not favoured for antiferromagnetically aligned (b). Taken from [23] and modified.

2.1.5. Anisotropic exchange

Anisotropic exchange interaction can also play a similar role to that of the oxygen atom
in the super exchange interaction [23]. The excited state in this case is not connected to
oxygen but is produced by the spin-orbit interaction in one of the magnetic ions. Exchange
interaction is then established between the excited state of one ion and the ground state
of the other ion. It is known as the anisotropic exchange interaction, or alternatively as
the Dzyaloshinskij-Moriya interaction.



This effect occurs commonly in antiferromagnets, and then results in a small fer-
romagnetic component of the moments produced perpendicular to the spin-axis of the
antiferromagnet, which is known as weak ferromagnetism. This kind of exchange inter-
action could play a role in exchange-biased bilayer systems, given how the FM is directly
coupled to the AF spins, this weak ferromagnetism could potentially provide an additional
mechanism by which FM and AF materials may couple to one another.

2.1.6. Stoner model

The Stoner model provides a good explanation for self-ordering behaviour in materials
where magnetic long-range ordering is mediated primarily via delocalized electrons (for
example Fe, Co, Ni ferromagnets).

In an applied field, density of states shifts depending on applied field orientation in
what is described as Pauli paramagnetism (fig. 2.4a). The susceptibility increases with
the density of states at the Fermi level [25] and when the susceptibility is high enough, it
becomes energetically favourable for the bands to spontaneously split (fig. 2.4b), leading
to an imbalance of spin-up and spin-down electrons, thus resulting in ferromagnetism.

a) ~ b)/‘
\ 1

T_B' BT-0

Energy

.~~~ Fermi level -

Spin-up Spin-down Spin-up Spin-down

»
>

Density of states / Density of states

Figure 2.4: a) Density of states for a paramagnet in an applied magnetic field; b) density
of states for a ferromagnet in an applied magnetic field. Inspired by [25].

Following this principle, Edmund Clifton Stoner derived a model based on Weiss mean
field theory, which he applied to the free electron gas within the metal. He derived an
expression for susceptibility assuming that the internal magnetic field varied linearly with
a coefficient ng:

X:M/H:XP/(l_nSXP)§ (2.1)

This susceptibility is enhanced when ngxp < 1, and diverges as ngxp approaches 1.
Stoner described this condition in terms of the local density of states at the Fermi level
[25], from which he derived that the material becomes spontaneously ferromagnetic when
the susceptibility diverges. This is known as the Stoner criterion:

INTi(EF) > 1, (22)

where N is the density of states per atom for each spin state, and I is the so-called
Stoner exchange parameter, being roughly 1 eV for 3d ferromagnets and ng being greater



than 10® for spontaneous band splitting. For ferromagnetism to occur, the exchange
parameter must be of comparable magnitude to the bandwidth. Ferromagnetic materials,
in general have narrow bands, with a peak of density of states at or near the Fermi energy.

This theory, while not explicitly describing exchange interactions between localized
electrons, provides a robust theoretical picture of delocalized (itinerant) ferromagnetism.

2.2. Temperature dependence

In this section temperature dependence of both FM and AF materials will be described,
as both possess a critical temperature beyond which the self-ordering is suppressed, and
this temperature plays a pivotal role in exchange anisotropy: once the system is heated
above the ordering temperature of the AF, the exchange anisotropy is destroyed.

2.2.1. Curie temperature

Ferromagnetic order can be described by the Weiss model of a ferromagnet [23]. From
the point of view of this model, FM is merely a paramagnet which has some intrinsic mo-
lecular field present within, which is responsible for the self-ordering within the material.
At low temperatures, this molecular field can arrange the magnetic moments even if there
is no external field present, and this alignment gives rise to the molecular field in the first
place, “chicken-and-egg” style.

As the temperature is gradually raised, the previously self-sustaining magnetic or-
der is gradually disturbed by thermal fluctuations, and at a critical temperature, this
self-ordering is destroyed, the system now being paramagnetic (fig. 2.5). This critical
temperature is known as the Curie temperature 7¢.

J=1/2

0 1
0 0.5 1

T/T¢

Figure 2.5: Mean-field magnetization as a function of temperature, for different values
of the exchange constant J. Taken from [23].



2.2.2. Néel temperature

Antiferromagnetic order can be described by the Weiss model of an antiferromagnet
[23], however in this case the molecular field, due to the exchange constant J being less
than zero, prefers to orient neighbouring atomic moments antiparallel. This antiparallel
arrangement can be conceptually separated into 2 sublattices with 2 opposite magnetic
moment configurations. Then, molecular field of each sublattice follows the same form
as shown in fig. 2.5, and will disappear for temperatures above a transition temperature,
which is known as the Néel temperature Ty. If the coupling between sublattices varies with
temperature at different rates for each sublattice, then the material is called a ferrimagnet.
Despite having antiferromagnetic ordering, it presents a net magnetic moment.

2.3. Magnetism of thin films

Magnetic properties of FM-AF thin film bilayers, specifically the exchange anisotropy
in those bilayers, is critically linked to the parameters and structural characteristics of the
FM and AF films, including the growth conditions. The following section will specifically
adress their impact on anisotropic behaviour of thin films.

2.3.1. Magnetic energies

The processes which govern the behaviour within a magnetic medium can be well
described by continuous vector field approximation. The behaviour within the magnetic
medium can be accurately described based on the sum of four basic energies [26]:

Ey; = —puoM - H; (2.3)
E., = A(Vm)?; (2.4)
E.=Kf(0,9); (2.5)
Ey= —%MOM - Hy. (2.6)

E is known as the Zeeman Energy, which describes the energy relation between the
sample’s magnetization and applied field.

E., is the exchange energy, with A being the exchange stiffness, responsible for the
alignment of neighbouring magnetic moments in the same direction.

E, is the anisotropic energy, with K being the anisotropic constant and f(6,¢) de-
scribing the function of angle between the magnetisation and the easy axis (see section
2.3.2. For a uniaxial anisotropy, for example, this function would be equal to sin?(6).

E; is the dipolar energy (also known as magnetostatic energy), which describes the
energy relation between the magnetization and the stray field.

These energies provide a framework using which micromagnetic textures, such as do-
main walls as well as domains themselves can be described.



2.3.2. Magnetic anisotropies

Magnetic anisotropy (Magnetocrystalline anisotropy) is associated with a tendency of
the sample’s magnetization to lie along certain crystallographic axes (fig. 2.6), dubbed
"easy axes” [20]. On the other hand, there also exist axes along which the material’s
magnetization does not want to orient, known as "hard axes”. This property is rooted
in the crystal-field interaction, as well as the spin-orbit coupling. For a simple case
of uniaxially anisotropic ferromagnet, this kind of behaviour can be described by the
anisotropic energy (eq. 2.5), with f(6, ¢) behaving as a sin?(6) function. It is an intrinsic
property of the material.

hard casy casy
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Figure 2.6: Examples of a) triaxial b) uniaxial and ¢) quadaxial magnetocrystalline
anisotropies.

Shape anisotropy is related to the stray field dependence on the shape of the ferro-
magnet [25]. Long, 1D-like structures will gain an easy axis along the structure length
(fig. 2.7¢), as this orientation of magnetization results in the least amount of stray field.
Containing the magnetic flux within the sample, as opposed to projecting it out in the
form of a stray field, is, generally a less energetically taxing configuration. Likewise, for
2D-like thin films, with the exception of ultra thin films, the anisotropic easy axes (both
shape and magnetic) tend to lie in-plane (fig. 2.7b). It is an extrinsic property.

M
' M
(—p~, &
(a) (b) (c)

Figure 2.7: Examples of a) cubic element shape b) thin film shape and c¢) needle shape
anisotropies.

Induced anisotropy occurs when anisotropic axes (easy and hard) are created by stress-
ing the system. It can be done by magnetic thin film deposition in an applied field, an-
nealing of disordered magnetic alloys, or epitaxial growth of strained or stressed magnetic
thin films [25]. This kind of anisotropy depending on stability of such a material can be
considered either intrinsic or extrinsic.

Typical anisotropic effects in thin films when compared to their bulk counterparts can
differ significantly, and most often the factor that plays the main role is the strain and
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epitaxy induced by the substrate [25]. As an example, in 3d metal thin films, separation
between each surface-parallel plane tends to be slightly greater than in the bulk [25].
Additionally, surface atoms, lacking nearest neighbours, can also obtain perpendicular
anisotropy even if the deeper part of the film is oriented in-plane [25].

2.3.3. Magnetic domains

The magnetization of most ferromagnets tends to break-up into magnetic domains
(fig. 2.8). Magnetic domains are the areas of homogeneous magnetization within a larger
sample [25]. These domains are formed with the sole purpose of minimizing the mag-
netostatic energy (eq. 2.3), and as a consequence, the stray field of the sample. In this
process, a domain wall has to be formed (fig. 2.9), which costs both volume and energy.
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Figure 2.8: Examples of Landau magnetic domain patterns.

This energy (exchange energy, eq. 2.4) dictates how thick a domain wall has to be
to accommodate the change of magnetization direction between two domains. For a
system with high exchange energy, it means that magnetization direction change between
two domains has to be more gradual, as the coupling between neighbouring magnetic
moments is quite strong, resulting in a thick domain wall [27].

Bloch wall [ 77T

Figure 2.9: Examples of domain walls.

Domain formation is a complex process, involving exchange, magnetostatic and aniso-
tropic energies. Generally, magnetic anisotropy decreases the domain wall thickness, as
the magnetization is changing between two easy magnetocrystalline directions [27].
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2.4. Magnetism of heterosystems

Beyond simple model geometries, specific surface, interface, and epitaxial effects in
layered magnetic systems influences magnetic coupling in bilayers, including the exchange
anisotropy. In this section, we cover a variety of ways how two magnetic films may couple
to one another.

2.4.1. Magnetostatic coupling

The simplest form of interlayer coupling, magnetostatic coupling, is the interaction
between layers which is transferred via the stray magnetic field [28]. This kind of coupling
was extensively studied back when the preparation of atomically clean interfaces was
not possible. The coupling can be either parallel or antiparallel depending on how the
magnetisations of each film align with respect to one another (fig. 2.10).

Figure 2.10: a) antiparallel and b) parallel magnetostatic coupling. Taken from [28]
and modified.

Antiparallel coupling is due to stray fields at the edges of the film (fig. 2.10). Tt
is especially significant in single domain films. Parallel coupling is induced by surface
roughness as shown on fig. 2.10b. It is referred to as the Néel or orange peel coupling.
It is caused by stray fields occuring at the rough interface [28]. This kind of coupling
in nanoscale thin film systems is difficult to discern from quantum-mechanical exchange
coupling which could occur due “pinholes” in the interface layer caused by a direct contact
between the magnetic materials [28].

With the advent of atomic characterization and clean crystalline surfaces, it became
possible to define the system more precisely. This spurred a new field of research related
to atomically near-perfect magnetic multilayers. These magnetic layers in direct contact
with one another exhibit direct coupling via exchange interactions.
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2.4.2. Direct coupling

The simplest case of a directly coupled system is the surface layer of a bulk ferro-
magnet. Due to the changing boundary conditions, as we approach the surface of a bulk
magnet, its values of magnetisation and magnetic anisotropy change (fig. 2.11). Moreover,
saturation magnetisation also has a different temperature dependence. The surface effects
can change magnetic interaction and anisotropy values strongly, leading to, for example,
a different ordering (Néel or Curie) temperature at the surface compared to the bulk, or
maybe antiferromagnetic order at the surface as opposed to bulk ferromagnetic order [25].
Surface effects can play a significant role in the magnetism of the material.

o
8 ol
W
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Figure 2.11: The upper picture represents an Fe(100) surface. The lower picture applies
to 3d-4f alloys, such as FeTbh, with surface level being mostly Fe due to the oxidation of
Tb. Taken from [28]

Exchange coupling weakens in a perpendicular direction to the surface, as the lattice
parameter expands in that direction near the surface [28]. Thus, surface magnetic an-
isotropy constant can be very different from the bulk anisotropy constant, being much
stronger than bulk anisotropy and usually promoting a different easy-axis direction (fig.
2.11). The reason for this is related to the orbital moment not being quenched (angular
momentum of an electron remains with the value of one of the electron spin instead of
cancelling out; due to not having enough nearest neighbours) at the surface.

2.4.3. Indirect coupling

Another form of interlayer coupling is mediated through a non-magnetic spacer between
two ferromagnetic layers, and is oscillatory in nature, varying between parallel and anti-
parallel as a function of the non-magnetic spacer thickness [25]. This indirect coupling is
mediated via the RKKY exchange interaction. The periodicity of this coupling is correl-
ated with standing electron waves, referred to as quantum well states in the non-magnetic
interlayer (fig. 2.12).

An analogy can be drawn between a standing electromagnetic wave confined by two
reflecting surfaces, commonly known as a Fabry-Perot interferometer, and an electron
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Figure 2.12: Indirect, thickness-dependent oscillatory interlayer coupling mediated by
standing electron waves. Taken from [25]

captured in a square potential well which is the non-magnetic spacer [28]. Spin-dependent
band gaps at the boundaries of this non-magnetic layer (due to ferromagnetic layers)
generate a potential well that confines only one specific spin state of the electrons.

In contrast to optical Fabry-Perot interferometer, electrons are strongly absorbed by
the medium and the reflection is not as perfect as for an optical system [258]. However, it
was experimentally confirmed that standing waves do exist for one spin state, using spin-
polarized electron spectroscopy. Based on this principle, one can create a system analogous
to an optical interferometer by placing a non-magnetic metallic spacer between the two
ferromagnetic layers. Since it is an interferometer-like device (due to spin-dependent band
gaps at the interfaces), the coupling can be either parallel or antiparallel depending on
the spacer thickness [28].

The Giant Magnetoresistance (GMR) effect is also based on such a system with inter-
mediary non-magnetic spacer layer, where this spin-polarizing effect of both ferromagnetic
layers is used to vary the electrical resistance of the structure. The system is in a low
resistance state for the parallel magnetization in both layers, and in a high resistance
state for the opposite magnetization of both layers.
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3. Exchange bias

This section is dedicated to exchange anisotropy, and includes an extensive literature
search on the topic. First, experimental characteristics will be covered in detail, both
providing insight into how we can observe exchange anisotropy as well as to what hap-
pens in an exchange biased system. Next, we cover the models proposed for exchange
anisotropy, progressively from the least to most descriptive and accurate.

3.1. Experimental evidence

This section is dedicated to experimental evidence and registered behaviours of ex-
change biased systems. It begins with the main characteristic features, namely the uni-
directional and rotational anisotropies, and covers all the significant features of an ex-
change biased AF-FM bilayer system. This section should help to both identify a system
subject to unidirectional anisotropy as well as to show how this unidirectional anisotropy
is generally influenced by varying parameters such as surface roughness, spin configuration
and crystallinity, to name a few.

3.1.1. Unidirectional & rotational anisotropies

The first and foremost property of an exchange biased system is the unidirectional
anisotropy, which is also accompanied by rotational anisotropy. In this part, I covered a
selection of experiments studying this property in different systems.

First experimental evidence of exchange bias as an induced anisotropic effect came
from the article written by W.H. Meiklejohn and C.P. Bean [1], in which they studied a
system of ferromagnetic Co nanoparticles coated by antiferromagnetic CoO shells. They
measured unidirectional anisotropy after cooling the particles in an applied magnetic
field from above the Néel temperature of CoO down to a cryogenic temperature before
measuring an exchange biased hysteresis loop (fig. 3.1).

From the measurement of the magnetization vs applied field, they concluded that the
anisotropy of this system was proportional to sin(f) instead of sin(26), thus displaying
the unidirectionality. They also carried out a measurement of the energy of rotation of
oxide-covered Co nanoparticles, and obtained the energy values as a function of applied
field angle (fig. 3.2).

Two years later in 1958, in a follow-up experiment [29] W.H. Meiklejohn and C.P. Bean
also measured Fe/FeO nanoparticles, in which Fe was the ferromagnetic core and FeO was
the antiferromagnetic shell. They showed another property of an exchange biased system,
namely the rotational hysteresis.

Normally, in systems not subject to exchange anisotropy this rotational hysteresis is
only present for intermediate fields (fig. 3.3a), disappearing at very low applied fields
(because then the magnetization becomes reversible) and at very high fields (applied field
overpowers the magnetic anisotropy). However, for an exchange biased system, with an
application of strong magnetic field the value of rotational hysteresis does not vanish and
remains constant (fig. 3.3b).
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Figure 3.1: Hysteresis loop of oxide-covered Co nanoparticles. Dashed line represents
nanoparticles which were cooled below the Né without an applied field, solid line represents
the hysteresis loop for a material cooled in an applied magnetic field. Taken from [1].
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Figure 3.2: Energy of rotation of Co/CoO nanoparticles in a saturating magnetic field.
Taken from [1].
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Figure 3.3: Rotational hysteresis of 20 nm Co particles with a CoO shell. Curve a) was
taken at 300K and curve b) was taken at 77K. Taken from [1].

The data measured for Fe/FeO nanoparticles exhibited similar behaviour (fig. 3.4).
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Figure 3.4: Rotational hysteresis of 20 nm Fe particles with an FeO shell. The curve
was taken at 77K. Taken from [29].

In another measurement they wanted to verify how rotational anisotropy varied with
increasing temperature. As expected, the rotational hysteresis vanished at Néel temper-
atures of both Co/CoO and Fe/FeO nanoparticle systems (FM-AF coupling ceases once
the AF is heated above its ordering temperature) (fig. 3.5).

Following the discovery of exchange anisotropy in FM/AF nanoparticles, an entire
wave of research into exchange bias was launched, which strangely enough took the turn
for disordered metallic alloys. The reason for it was that in these disordered alloys ferro-

16



&= (ole0

L=]
o

L= ]

ROTATIONAL HYSTERESIS - ERGS/CMI
N
]

T=

Figure 3.5: Rotational hysteresis versus temperature of Fe particles with an FeO shell.
Taken from [29].

magnetic and antiferromagnetic phases could coexist at certain temperatures and chem-
ical compositions, resulting in a measurable exchange biasing of the ferromagnetic parts
of the alloys. Besides, ordered variants of these alloys had already been under active
investigation at the time as potential strong ferromagnets.

To begin with, in 1959 J.S. Kouvel and C.D. Graham, Jr. [30] studied the Nig7Mng 3
disordered polycrystalline alloy. They confirmed the qualitative description of unidirec-
tional anisotropy from the measurements in the same direction in which field cooling was
performed. In the same vein, research done on CoMn [31] and FeAl [32] as well as CuMn
and AgMn [33] disordered alloys showed a near-identical mechanism.

After a brief period of study of disordered alloys, the focus finally shifted to thin
films, in many respects thanks to the developments in surface-sensitive characterization
and fabrication techniques. Among the first such experiments measuring exchange bias
in thin film bilayers was a paper presented in 1979 by a Japanese crew [34] in which they
prepared by evaporation the Co(FM)-CoO(AF) thin film bilayers.

In their systematic study, they discovered that before oxidation, only uniaxial aniso-
tropy was present, the behaviour of which varied as a sin(26) with the amplitude increasing
as the temperature decreased. Unidirectional anisotropy was not present. After oxidation,
uniaxial anisotropy varying as sin(26) behaved in the same manner, but additionally there
now was a unidirectional anisotropy present, varying as sin(#). It appeared only after the
temperature had gone below the so called blocking temperature, and the magnitude of
the loop shift increased with decreasing temperature [34].

This nearly identical behaviour had also been observed in oxidized NiFe [35] thin
films. The only difference present is that in some systems the exchange bias increased
more rapidly with decreasing temperature, whereas in others it did so less rapidly. In all
cases a peak of coercivity near the temperature at which loop shift vanishes was observed.

As mentioned, thanks to the development of thin film technology, the next logical
step was the study of properly layered systems. NiO/NiFe grown on MgO by R.P. Michel
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and A. Chaiken et al. [36] showed the anisotropic behaviour like that of surface oxidized
Cobalt and Nickel films, namely that besides the unidirectional anisotropy, the uniaxial
anisotropy is also present. Next, J. Nogués, D. Lederman, T.J. Moran and Ivan K. Schuller
did work on FeF,/Fe bilayers grown on MgO [37]. The behaviour was like previously
mentioned systems, with the most major difference being that the blocking temperature
of FeFy thin film was remarkably close to the Néel temperature.

During the 1990’s, a demand for new spintronic devices spurred a new direction for
research related to exchange bias, namely bilayers with antiferromagnetic conductors, as
opposed to insulating oxides. Full conductivity of multilayer stacks is an important quality
for functional spin-valves [38]. In a paper studying NiFe/IrMn exchange bias coupling [39],
the conclusions regarding unidirectionality and uniaxiality were identical to [34]. Same
conclusions were drawn by the article investigating NiFe/NiMn and NiFe/IrMn systems
[10]. In the article on epitaxial Fe/MnPd system [!1] additionally to unidirectional and
uniaxial anisotropies, strong cubic anisotropy was present as well.

Main properties of exchange bias (namely unidirectional anisotropy) are nearly univer-
sal across all kinds of exchange coupled FM-AF systems, be it nanoparticles, disordered
FM-AF alloys, oxidized films or epitaxial bilayers. There is, however, some evidence that
in some systems [!1] higher order anisotropies can occur as well.

3.1.2. Magnetization reversal asymmetry

Another important feature of an exchange biased system is the asymmetric magnet-
ization reversal. Under normal circumstances, as the hysteresis loop of a ferromagnet is
measured, the magnetization switches symmetrically by either domain nucleation or by
coherent rotation. When it is exchange biased, however, in the opposition to the cooling
field direction it is preferential to nucleate a ferromagnetic domain and then expand it,
rather than force the magnetization to rotate against the unidirectional anisotropy.

In the article [12] on magnetisation reversal asymmetry in Co/CoO bilayers, they
saw purely rotational behaviour in an exchange unbiased state, where the magnetiza-
tion direction was changed via rotation (in an applied field). In exchange biased state,
this mechanism was predominantly driven by domain wall motion in one direction, and
by rotation in the opposite direction. This behaviour is expected of a unidirectionally
anisotropic system.

In the article studying asymmetric magnetisation reversal [13], they proved that this
magnetization reversal asymmetry is only visible for a range of angles between the easy
axis of the ferromagnet and the magnetization of the sample. As the magnetization of
the ferromagnet approaches the easy axis direction, it, then, finishes with rotation, not
domain wall propagation. This is the reason why if the hysteresis loop is only measured
in the direction parallel to the applied magnetic field, this asymmetry is almost invisible.
Generally, with thicker ferromagnetic layers, this asymmetry is less visible as this “critical
angle” at which magnetization propagation mechanism changes from domain formation
back to rotation is larger.

Another study of asymmetric magnetization reversal was performed by J. Nogués,
Ivan K. Schuller et al. [11]. For this system they showed that biaxial anisotropy was
responsible for enhanced coercivity, and threefold anisotropy component was responsible
for asymmetric reversal (fig. 3.6). This, however, could be something specific to the
system they had been studying, and not a general effect.
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Figure 3.6: Magnetization and magnetoresistance hysteresis loops for Fe/MnF; meas-
ured along the [001] crystallographic direction of the MgO substrate at 40K for the cooling
field magnitude of 100 mT. Asymmetry is evident from the magnetoresistance plot. Taken
from [14].

This property of an exchange biased system was also confirmed by the magnetoresist-
ance measurements [15], further supporting the domain formation vs. rotation picture hy-
pothesized about earlier. Experiments done using Magneto-Optical Kerr Effect (MOKE)
microscopy also confirmed these views [10].

Hence, magnetisation reversal asymmetry is another characteristic feature present due
to unidirectional anisotropy. When the magnetization switches in the same direction in
which the loop is shifted, due to coupling to the AF layer rotation does not happen, as it
is more energetically favourable to create a new domain facing in the opposite direction
to the preferential one, and expand it.

In the end, however, once a massive part of the material is magnetized in that opposing
direction, mechanism can revert to rotation as mentioned in [43], which makes it exceed-
ingly difficult to measure when only taking hysteresis loops with magnetization parallel
or antiparallel to the applied field. It is also worth noting that with thicker ferromagnetic
layers the reversal goes back from domain formation to rotation sooner.

The exact nature and behaviour of an asymmetric reversal can be influenced by higher
order anisotropies due to material properties, however there is good evidence suggesting
that unidirectional anisotropy is a sufficient condition for this asymmetry to happen.

3.1.3. Blocking temperature

Exchange anisotropy, as expected, will disappear whenever the antiferromagnet is
heated above the Néel temperature. Experimentally, however, this can happen at a lower
temperature than the Néel temperature. This temperature is often referred to as the
“blocking temperature”, or Tg. It is, in general, system-specific, with some systems
exhibiting nearly identical blocking and Néel temperatures, and other systems having
blocking temperature significantly lower than the Néel temperature. Responsible for this
behaviour are the finite size effects, such as grain size and layer thickness [17]. If the
grain size and/or layer thickness go below the system-dependent critical AF dimension,
the Néel temperature of the AF is reduced. This is supported by evidence in the form
of bulk and thick film AF layers in which blocking and Néel temperatures coincide [15],
[19], [50]. The systems with very thin AF films have blocking temperature below the Néel
temperature [51], [52].
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Other finite size effects are related to the fact that the anisotropy of the AF layer
depends on its dimensionality. If we assume that the AF anisotropy decreases as the
thickness is reduced, a reduction in blocking temperature would be expected. Compar-
atively, smaller anisotropy means that the magnitude of exchange bias is smaller as well,
and the blocking temperature is lower too.

Blocking temperature for thin films is generally below the Néel temperature. The
main reason for this are the size effects. Very thin films, or very granular films have
blocking temperature significantly lower than the Néel temperature of the bulk material.
Additionally, there usually exists a distribution of blocking temperatures instead of a

universal constant when the films are not homogeneous [53],[54],[55],[56]. Furthermore,
the presence of multiple phases [53] and stoichiometry [57] can also influence the blocking
temperature.

3.1.4. Coercivity enhancement

Another characteristic of an exchange biased system is the coercivity enhancement.
Generally,coercivity is enhanced when the FM /AF bilayer system goes below the blocking
temperature Ty, which is a requirement for exchange anisotropy to occur.

In systems with comparable FM and AF layer thicknesses, and similar AF materials
(FeF2 — MnF2, NiO — CoO), those systems which have smaller AF anisotropy tend to
have a larger increase in coercivity [58], [59].

This increase in coercivity below the blocking temperature can be interpreted in the
following way: for an AF layer with small anisotropy, when the FM layer reorients due to
an applied field it ‘drags’ the AF spins irreversibly with it, thus increasing the FM layer
coercivity. For a large AF layer anisotropy, FM layer decouples as it cannot ‘drag’ the
AF spins. Therefore, the measured coercivity is reduced for systems with high anisotropy
AF films.

One of the consequences of this view is the peak of coercivity close to the blocking
temperature [60],[53],[01],[62],[35] shown in fig. 3.7. The peak is related directly to the
decrease of AF anisotropy close to the blocking temperature. As this anisotropy decreases,
the FM layer can drag more AF layer’s spins, thus increasing the coercivity. Above the
blocking temperature, the FM layer becomes decoupled from the AF layer. The width of
the peak in fig. 3.7 is related to factors disturbing the sample’s homogeneity (spread of
grain sizes, interface couplings, stress), which in turn causes a distribution of AF aniso-
tropies. This distribution of anisotropies reflects itself in the coercivity vs. temperature
curve width, thus containing information on the degree of the sample’s inhomogeneity.

Similar behaviour close to the blocking temperature was also seen in the rotational
hysteresis of some systems [04], which suggests that coercivity enhancement and the
rotational hysteresis are different manifestations of the same effect, namely the losses
during the rotation of the FM layer due to AF layer’s spin drag [07].

The coercivity enhancement can also be viewed in the context of the AF layer thick-
ness, where with decreasing thickness the AF anisotropy decreases as well (fig. 3.10).
Finally, it is also worth bearing in mind that perhaps other pinning mechanisms, such as
inhomogeneities in the FM/AF coupling or thermal fluctuations [35] could be the source
of this behaviour.
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Figure 3.7: Exchange bias Hg and coercivity Hq versus temperature for a FeFy/Fe
bilayer after field cooling as a function of temperature. Taken from [03].

3.1.5. Training effect

Training effect is a property of an exchange biased system, which results in a dimin-
ishing and/or vanishing of exchange anisotropy over the course of several magnetization
hysteresis loops by applied field (fig. 3.8) [66],[67],[68],[09]. In practice what this means
is that each subsequent measurement of a Magnetization vs. Field hysteresis loop will
result in a smaller and smaller shift as well as less and less pronounced magnetization
reversal asymmetry.

Training effect is chiefly present in systems with polycrystalline antiferromagnets, and
is exceedingly small or non-existent in single crystal antiferromagnets [37],[70]. Exper-
imentally, this gradual decrease of loop shift is proportional to 1/4/n, where n is the
number of consecutive loops measured.

The diminishing exchange anisotropy is related to partial reorientation of AF domains
with each FM magnetization reversal. Proposed causes for this include growth induced
metastable spin configuration [71] and thermal fluctuations when Kaptar < kBT [04].
The general view is that AF spins try to find energetically favourable configurations after
each cycle.
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Figure 3.8: Successive hysteresis loops recorded between + 500 Oe and — 500 Oe at low
temperature along the easy axis after cooing from 300K in a field of +500 Oe along the
same direction. a) T = 10K; b) T = 100K. Film thicknesses: FeNi 50 nm; FeMn 20 nm.
Each subsequent loop displays reduced coercivity and approaches closer to the centre.
Taken from [(9)]

3.1.6. FM layer thickness dependence

The ferromagnetic layer’s thickness is one of the important parameters affecting the
exchange bias. It has been observed that for all systems, exchange bias is roughly inversely
proportional to the thickness of the FM layer (fig. 3.9).

This shows that the exchange bias is an interfacial effect to some degree, and this rela-
tion holds for FM layers with thicknesses up to hundreds of nanometres [60],[37],[73],[74],[75],
as long as the thickness is smaller than the FM domain wall size. However, if the FM
layer is too thin, this relationship does not hold, most likely due to holes within the FM
layer. This critical thickness, usually a few nm, varies from system to system and depends
on the structure and growth of the FM layer.

3.1.7. AF layer thickness dependence

For the case of varying AF layer thickness, it was proven that for AF layers above 20
nm in thickness, exchange bias field Hy is independent of the AF layer’s thickness. As
the AF layer thickness is reduced, however, Hg decreases abruptly, and for thin enough
AF layers (usually a few nm) Hg becomes zero, as shown in fig. 3.10.

The exact thickness at which distinct stages of this diminishing effect take place de-

(

pends on the specific system, its microstructure and temperature (fig. 3.11) [77],[78],[79],[20].
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Figure 3.9: Dependence of exchange bias Hg (square symbols) and coercivity Hcg (tri-
angular symbols) on the FM layer thickness for FegyNigy/FeMn at a fixed top = 50nm.
Taken from [72].

This is related to the anisotropy of the AF layer and how it decreases with decreasing
thickness. Moreover, decreasing thickness of the layer influences the Néel temperature,
and consequently the blocking temperature as well. Additionally, the AF’s domain struc-
ture may also affect the coercive field if the thickness becomes comparable to the AF
domain wall size. Finally, decreasing the thickness of the AF layer can influence the AF
grain size, which in turn can influence the critical thickness at which exchange bias field
vanishes.

There are two discrepancies for the picture described above. First, in some cases Hg
decreases for large thicknesses after Hg reached some constant value [77],[21]. This can be
connected to microstructural changes in the AF layer with thickness, for example one kind
of phase becoming no longer stable above certain thickness of the AF layer. Second, in
some systems as the thickness of the AF layer is reduced, there is a peak in Hg before the
main decrease [32]. From theory, this behaviour was predicted for changing AF domain
structure with decreasing thickness [77].

Generally, there exists an optimal AF layer thickness for which exchange bias is max-
imized. For decreasing thickness, exchange bias will gradually diminish until a critical
thickness under which no exchange bias occurs due to changes in anisotropy of the AF
layer, as well as changes in the grain sizes. Above the optimal thickness, a decrease in
exchange bias magnitude can be measured as well, related to different structural phases
existing at varying thicknesses.
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Figure 3.10: Dependence of exchange bias Hg (square symbols) and coercivity Hc
(triangular symbols) as a function of the AF layer thickness for FeggNisg/FeMn at a fixed
tpm = 7nm. Taken from [70].
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Figure 3.11: IrMn thickness dependence of the a) exchange bias field and b) coercivity
for a number of temperatures. Lines between points are guide-to-the-eye. Taken from

[77].
3.1.8. AF spin orientation at the interface

Given how exchange bias is an interfacial effect binding FM and AF layers, naturally
the properties of the interface are of great interest for our understanding of the effect. A
big number of studies have been carried out, focusing primarily on differences between spin
compensated vs. uncompensated AF interfaces, and in-plane vs. out-of-plane interfacial
AF spins.
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Compensated vs. uncompensated interface

In a compensated system, AF spins at the interface between FM and AF films are
fully compensated by their neighbouring spin arrangement. An uncompensated system
is such that the AF spins at the interface are not compensated and have an excess of
spin-up or spin-down arrangements.

The experimentalists who first discovered and then expanded upon exchange aniso-
tropy first assumed that compensated interfaces could not cause exchange bias, therefore
the AF-FM interface, according to them, had to be somehow uncompensated, either
due to roughness at the interface, or something else. Since these first experiments, with
the advent of atomic layer-resolved techniques a flood of evidence to the contrary (CoO
[19],[330,54); NiO [5],[36],[57]; FeF [37),[5],[59]; FeMn [76],[90),[91] as some examples)
came in, comfortably proving that fully compensated systems are just as capable of sup-
porting exchange anisotropy as the uncompensated ones.

Out-of-the-plane interfacial spins

Most theories assume that the AF spin orientation at the interface lies in-plane. For
certain materials, if bulk spin structure is preserved, the spins may lay out-of-plane relative
to the interface (FeFy (101), FeFy (001) [92]; FeMn (110), FeMn (001), FeMn (111)
[76],[90]). In-plane exchange bias for AF interfacial spins pointing out-of-plane of the
interface is zero, while for the in-plane orientation it reaches a maximum, this effect was
studied in a FeFy based system [92]. For an intermediate angle between in-plane and
out-of-plane, the loop shift is roughly half of the one obtained for the in-plane case [63].
This trend is repeated in a FeMn-based system [76],[90], but the analysis is made difficult
due to the complex spin structure.

Compensation at the interface, while capable of affecting the magnitude of exchange
anisotropy, is not a deciding factor of its presence. Counter-intuitively, even systems with
fully compensated, monocrystalline AF layers could bias the FM layer. Furthermore,
some systems with AF layers with fully compensated spins at the interface exhibit loop
shifts larger than those with uncompensated interfaces.

Despite the general assumption by models of in-plane AF spin configuration at the AF-
FM interface, experimentally it was studied and proven that for a perpendicular, out-of-
plane orientation of the antiferromagnetic easy axis the in-plane exchange bias approaches
zero, while for the in-plane orientation of the AF spins it is maximized. This trend was
supported by crystal orientations which had an intermediate orientation between in-plane
and out-of-plane, for which exchange bias was half of the value for in-plane orientation.

Finally, there exist systems which have both FM magnetisation and AF spin axis
oriented out-of-plane, for which out-of-plane field cooling results in the out-of-plane ex-
change bias. As an example, this effect is documented for CoO/Permalloy multilayers [93],
FeMn/FeNi multilayers [91], Pt/Co/NiO multilayers [95], and for the case of CoFe/IrMn
bilayers, [96], which is a relatively new development. From the practical standpoint,
such systems with perpendicular exchange bias may be useful for spin-valves or magnetic
tunnel junctions where perpendicular magnetic anisotropy is needed.
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3.1.9. Disorder at the interface

In the previous section we have touched upon the importance of spin-ordering at the
interface for exchange anisotropy. Ideally, this section should cover the studies which fo-
cused on varying a certain parameter, for example roughness, while keeping others (crys-
tallinity, grain size, impurities) the same. In practice, however, attempting to change
roughness inevitably leads to changes in crystallinity and grain size. This problem is
alleviated for single crystal antiferromagnets, where roughness can be independently in-
fluenced without affecting crystallinity or grain size.

Roughness

In most studies on roughness in the exchange biased FM-AF systems it was con-
cluded that the magnitude of the loop shift decreases with increasing roughness (fig.
3.12) [3],[371],[89],[25],[90],]97],[55] with some systems being insensitive to it [98],[36], and
in some with exchange bias increasing [88]. This general behaviour appears to be inde-
pendent of the interfacial spin structure, whether it is with compensated, uncompensated,
with in-plane or out-of-plane AF spins. An important exception, for which exchange aniso-
tropy increases with increasing interfacial roughness, are the FM coated AF single crystals
(with both compensated and uncompensated surface spins at the interface [18]), which
suggests that the microstructure plays a significant role. The samples with polycrystalline
AF layers appear to be less influenced by roughness [99],[31],[100].
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Figure 3.12: Dependence of the interface energy 0 E at 10K on interfacial roughness o
for FeFy (110)-Fe bilayers. Taken from [39)].
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Crystallinity

For thin film bilayers, AF thin films are textured by the substrate below. The de-
gree of texturing decides the crystallinity of the AF thin film, which can affect exchange
anisotropy. If the texturing occurs in a single orientation, the loop shift increases with
increasing texturing [101],[102],[4],[103],[50],[104],[105],[106],[107], with some exceptions
[108],[62],[109]. As the growth conditions are changed, new emergent crystalline orienta-
tions can change exchange anisotropy drastically without following any trend [110],[90].

This varied behaviour can be explained in part by spin arrangement at the FM-AF
interface, discussed in the previous section. For a larger spread of grain orientations,
exchange biasing is reduced due to that. Another effect, valid for less crystalline samples,
is that the long-range AF behaviour such as anisotropy or domain formation can change,
thus influencing the exchange anisotropy as well.

Grain size

For variations in grain size of the AF layer, no clear trend has been established, and
the information obtained remains very system specific. In some systems, exchange aniso-
tropy increases with grain size [53],[73],[31],[111],[112] while in others, exchange anisotropy
decreases with increasing grain size [ 13],[114],[100],[115].

Impurities

Presence of impurities at the interface, be it oxidation, amorphization or absorption
of the AF layer, tend to decrease the magnitude of exchange anisotropy [116],[117],[115].
In a systematic study, a metal layer of increasing thickness was deposited between the
AF and FM layers [119],[120]. Exchange anisotropy decreased with the presence of this
metal impurity layer; however, it did not go to zero after a few monolayers as one would
expect if exchange bias was indeed an interface phenomenon only. Several nanometres of
the non-magnetic metallic layer were needed to suppress exchange biasing [119],[120].

3.1.10. Perpendicular exchange coupling

While the general assumption is that the coupling between FM and AF layers is parallel
in nature, there also exist perpendicularly coupled systems, which have AF and FM
spins coupled perpendicularly (FeMn/FegNigy [91], CoO/Fez04 [31], CoO/FeyyNigy [121],
FeF,/Fe [122]). Both compensated [91],[81] and uncompensated [121],[122] AF surfaces
were found to be capable of perpendicular coupling. From a theoretical standpoint, this
effect had been predicted for a case where FM anisotropy is low [123].

In a FeF,/Fe system, as it is cooled from room temperature down to 10 K, the FM
easy axis rotates 90 degrees, with the rotation starting around the FeFy Néel temperature
[122]. Contrary to this behaviour, in a CoO/Fe30,4 system it is the AF spins which arrange
themselves perpendicular to the ferrimagnetic lattice [34].
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3.2. Theoretical models

There exists a long list of theoretical models attempting to explain exchange bias. As
is natural in the world of physics, after the first experimental discoveries were made, some
simple models were proposed. At first, the discrepancy between the theoretical models and
the experiments was merely quantitative, but with further, more detailed experiments,
serious qualitative discrepancies started to show, and due to very complicated nature of
exchange bias, theoretical models have been playing catch-up ever since. In this section,
I shall cover the most well-known models from least to most descriptive. At the end of
each subsection, I included a brief critique of each model and described what it cannot
account for or explain.

3.2.1. Early models

First attempt at developing a theory of exchange anisotropy was undertaken by W.H.
Meiklejohn [124], the very same person who discovered it. In his model, he assumed a
coherent rotation of both FM and AF magnetization, which he then wrote down as a
following expression (eq.3.1):

¢ = —H Mg tpcos(f — B) + Kg tpsin®(3) + Kap tar sin?(a) — Jr/ar cos(B —a), (3.1)

where H is the applied magnetic field, Mg is the FM layer’s saturation magnetization
and tp(tar) the thickness of the FM (AF) slab, Kr(Kar) the bulk anisotropy of the FM
(AF) and Jg /ar is the interfacial exchange constant. The alpha angle is between Mg
and the AF anisotropy axis, beta is the angle formed by Mp and the FM anisotropy axis
and theta is the angle between H and the FM anisotropy axis. From this general equation

W.H. Meiklejohn [121] obtained the following formula describing hysteresis loop shift:
Jr /AR
Hg = 3.2
E CLZMFtF ’ ( )

where a is the lattice parameter. The order of magnitude of the exchange bias depends
entirely on the parameter Jr/ar, a common feature of all theoretical exchange anisotropy
models developed. For the assumption Jp > Jr/ar > Jar, the resulting value of loop shift
is orders of magnitude larger than the experimentally observed one [124].

If one were to look at this model as an intuitive guide for exchange anisotropy, the
expectations would include exclusively negative exchange bias systems, uncompensated
interfaces displaying the largest magnitude of loop shift, as well as the roughness of a
compensated interface increasing the loop shift. It is fair to say, when compared against
the experimental behaviour, these qualitative expectations are not validated.

3.2.2. Néel’s model

The next person to step up to the task of describing exchange anisotropy was the
legendary Louis Néel [125](chapter XV). Ten years after the contribution by Meiklejohn,
he created a model applicable to a system which consists of an uncompensated, weakly
anisotropic, interfacial AF layer (fig. 3.13) ferromagnetically coupled (fig. 3.13a) through
the interface to an FM slab.
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Figure 3.13: Parallel magnetic ordering at the interface. a) Ferromagnetic interfacial
coupling (Jr/ar > 0) and b) antiferromagnetic interfacial coupling (Jp/ar < 0)

He also assumed that the magnetization m; of layer 7, both in the FM and AF is
uniform within the layer and parallel to the interface. He, then, adopted lattice parameter
as equal to 1 as the unit of length, the condition for m; to be in equilibrium is (eq. 3.3):

7S [Sin%(@iﬂ _ Gi)sin%(ei_l —0,)] — 2Ksin(6;) = 0, (3.3)
where %Hi is the angle between m; and the easy magnetization axis, and J and K
were defined by (eq. 3.1). If we apply a continuum approximation, this set of difference
equations can be rewritten as a following differential equation (eq. 3.4):
,d%0 )
JS*— — 4Ksin(f) = 0. (3.4)
di?
If we solve this equation for specific values of J and K, assuming uniaxial anisotropy,
we can derive the magnetization profile, and that is exactly what Louis Néel did.
Domains develop in both FM and AF if the conditions are correct, however, continuum
approximation requires a minimum width of the FM and AF slabs to be valid. As an
example, for Néel’s theory to remain valid, an FM Fe slab thicker than 100 nm is required.
Most systems which have been studied have FM layers soundly below the 100 nm minimum
limit needed for this theory to be applicable.

3.2.3. Early random interface models

Another interesting model was proposed by Malozemoff [126], twenty years after Louis
Néel’s work. He proposed a model of exchange anisotropy based on the assumption of
rough FM-AF compensated and uncompensated interfaces (fig.3.14).

The main idea behind this theory was that the interfacial roughness gave rise to
random magnetic field acting on the interface spins, yielding unidirectional anisotropy,
which then causes the hysteresis loop shift. Thinking about exchange bias in these terms
reduced the overestimating discrepancy between experimental data and theory by two
orders of magnitude when using eq. 3.2. The expression for the loop shift given in [120]

is (eq. 3.5):
2 Jar Kar
Hig = . 3.5
B Mete VT @ (3:5)

This estimate differs from the originally proposed one in eq. 3.2 by 2a/+/Jar/aKar,
which is the ratio of twice the lattice parameter divided by the FM domain wall width

29



— — — — e —
—_— — — — e — — F
— — — e — —
— — — — — w—
......._
mraaaes seeemmoeans
-— — e —f | w— ——
— — — — — —
—_— —. —. —. —. —
— — — — — —

Figure 3.14: AF rough interface with frustrated bonds marked by full dots. Dashed line
marks the boundary between the FM and AF layers. Taken from [120]

dy = +/J/aK. The role played by the ratio a/d,, shows that the characteristic length
scale of this problem is on the order of a domain wall width. Further refinements performed
within the same paper reduced the ratio (eq. 3.2) even more, by allowing the formation
of the AF domain walls near the interface.

This model managed to obtain a reasonable estimate for the value of loop shift, how-
ever, it assumes the disorder at the interface, which is not consistent with experiments
(exchange bias occurring in bilayers with atomically resolved interfaces).

3.2.4. AF domain wall models

Shortly after the publication by Malozemoff, an alternative model was proposed by
Mauri et al. [127]. The assumptions made included a) parallel interface coupling across
a perfectly flat interface, b) FM and AF magnetization axes parallel in an absence of
an applied field, ¢) FM slab thickness much thinner than the FM domain wall width,
d) domain wall which develops inside the AF imposes an upper limit on the exchange
coupling energy, in such a manner that it reaches much lower values than those resulting
from eq. 3.2.

Assumptions a),b) and c) are disputable. First, antiparallel interface coupling is not
only possible but probable. Nogués et al. [128] have confirmed experimentally that the
antiparallel interface coupling is necessary for positive exchange bias. This model also
does not explain how compensated interfaces can provide values of loop shift as large as,
or even larger than, the uncompensated ones (more in section 3.1.8). Moreover, in the
magnetic ground state configuration, the FM magnetic moments are orthogonal to the
bulk AF easy axis [123],[122],[24]. To conclude, for a domain wall to develop in the AF
layer, the anisotropy constant of this AF layer must be small; otherwise, it is energetically
favourable for the DW to form in the FM layer [129],[15],[130],[131],[132]. As detailed in
section 3.1.5, for AF layers with small anisotropies, only coercivity enhancement takes
place.
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3.2.5. Perpendicular coupling model

The next person to provide another insight into exchange bias mechanisms was N.C.
Koon [123]. He tried to explain the problem of fully compensated FM-AF interfaces by the
means of a micromagnetic calculation. He established, based on a Heisenberg model, that
the ground state configuration of such a system corresponds to perpendicular orientation
of FM moments relative to the AF’s easy axis direction (fig. 3.15).
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Figure 3.15: Ilustration of the perpendicular FM and AF magnetic interface configur-
ation with spin canting in the first AF layer. Taken from [123]
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N.C. Koon also demonstrated that the magnetic moments at the AF interface exhibited
canting. The minimum energy of the system is realized when the AF spins adopt a small
canting angle, less than 10 degrees, relative to the AF bulk easy axis, with a component
opposite to the cooling field direction.

As pointed out by Schulthess and Butler [133], while this work is relevant to the
FM-AF interface, it fails to yield exchange anisotropy. The canted structure itself is not
sufficient to produce a unidirectional anisotropy.

3.2.6. Random interface field models

Schulthess and Butler [133], [1341] demonstrated that both Malozemoff’s and Koon’s
models can be combined to provide a more descriptive model for exchange bias. Within
their model, besides the usual exchange, they also added Zeeman and anisotropy energies,
the dipolar interaction term Ep (eq. 3.6):

[ - 5 — 3(ps - i) (425 - i)
Ep = Al , 3.6
P2 R — R P 30

]

where u; is the magnetic moment configuration, n;; is a unit vector parallel to R; —

ﬁj. Magnetic properties were found using micromagnetic simulations, solving LLG-K
equations to obtain stable or metastable equilibrium.

When this model is applied to Koon’s orthogonal interface coupling, for flat inter-
faces there is no unidirectional anisotropy; however, there is irreversible magnetization
curves with finite coercivity. This irreversibility is a result of a bifurcation in the solution
of the equation. Additional elements are needed to generate unidirectional anisotropy.
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Now, following the general idea behind Malozemoff’s model [126], surface defects were
introduced. First, an assumption of 4x4 2D interface cell was made, with one interfacial
FM site occupied by an AF magnetic moment. This precise arrangement provided good
agreement for the values of loop shift and coercivity for the CoO/FM system (FM: Co
and Permalloy) [114], if exchange and anisotropy parameters are of reasonable magnitude,
and a canting angle of 10 degrees are adopted.

It is important to emphasize the fact that the relation between surface roughness and
exchange anisotropy is quite complex experimentally. As mentioned in the experiments
section, depending on the system, interfacial disorder can either increase or decrease the
magnitude of hysteresis loop shift.

Zhang et al. [135] theoretically investigated how random fields at the FM-AF interface
influence the coercivity of an exchange biased system. They included domain walls on
the FM side of the interface, and derived temperature dependence of the coercivity 73/,
within the correct order of magnitude.

Another random field model was investigated by Dimitrov et al. [130], with an as-
sumption that the interface exchange interaction between FM and AF magnetic moments
is given by (eq. 3.7):

€ = Jimp - may + Jo(m - mZF)27 (3.7)

where J; and Jy are the normal and biquadratic [137] exchange constants. For .Jj,
either parallel or antiparallel alignment is preferential. For J,, orthogonal (spin-flop like)
FM/AF coupling is preferential. Summation over all the interactions leads to the following
form for the total energy (eq. 3.8):

E = Cl + CQ Jl COS(9> + 03 J2 Sin2(6), (38)

where 6 is the angle formed by the easy axes of the FM and AF; Cy are the coefficients
which can be calculated when detailed interface information is known. With a generous
application of an educated guess, qualitatively correct conclusions were obtained from
this model.

The models in this subsection all hinge on Malozemoff’s assumptions of rough interface,
and quantitative results depend heavily on the nature and concentration of the interface
defects.

3.2.7. Frozen interface model

Kiwi et al. [20],[138],[139] proposed a model for exchange anisotropy which applies
to a large variety of systems which have significant AF layer anisotropy, for which the
energy cost of a domain wall inside of the AF layer is high. Thus, Fe/FeF5 and Fe/MnF,
systems were adopted as prototypes thanks to high AF layer anisotropy as well as ex-
tensive experimental information. Attention was focused on the (110) compensated AF
crystal face, which exhibits the largest exchange anisotropy. The zero applied field AF
spin configuration at the interface is like that in fig. 3.15. This spin configuration is a
consequence of a large difference between AF and FM domain wall widths [110]. While
the domain wall width of iron approaches 100 nm, domain wall width of FeFy or MnF,
is on the order of monolayers [111].
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This model a priori assumes that the AF interface layer freezes into the canted spin
configuration it obtains close to the Néel temperature. Since the FM slab is much thinner
than the FM domain wall width, discrete treatment is an accurate one (eq. 3.9):

H = Har + HF/AF + HF, (3.9)

where Hap,Hr/ar and Hy describe the AF substrate, interface coupling and the FM
slab, respectively.

One can obtain a set of equations for a single magnetic cell [20] from eq. 3.9. This
set of equations can be solved using Camley’s method [112],[143]. The resulting value of
the loop shift, with a single adjustable parameter (the interface coupling constant Jg/ar)
agrees with the experiment [20]. What’s more, the calculations also show the behaviour
of exchange bias inversely proportional to the thickness of the FM layer, as long as the
thickness of this FM layer is below the domain wall width. The energy is reversibly stored
in an incomplete domain wall in the FM layer. This domain wall has a twist smaller than
20 degrees, and is qualitatively compatible with neutron scattering performed by Ball et
al. [129]. Nolting et al. [114] established that the alignment of spins in individual FM
domains close to the interface is determined, domain by domain, by the spin direction in
the underlying AF layer. Another set of evidence supporting this view was provided by
Matsuyama et al. [I15]. They observed Fe domains deposited on the fully compensated
face (001) of NiO, and observed that the Fe spin polarization of each domain is roughly
perpendicular to an easy axis of the NiO. They also suggest that the NiO interfacial spins
are canted against the Fe spins.

What is more, the model set forth by Kiwi et al. provides a simple explanation of
positive exchange bias [139], which was a major point of failure in previous models.

As is customary with exchange anisotropy models, an assumption is made as to the
interfacial structure, in this case having spin-flop-like coupling. The condition of the
AF thin film having very high AF layer anisotropy is a restrictive condition, and as
has been shown experimentally, exchange bias can occur even in systems with weak AF
layer anisotropy, accompanied by th training effect. For this group of models, however,
experimental support has proven to be significant.

3.2.8. AF grain coupling model

In the work done by Stiles and McMichael [110] they approached the problem from a
different angle. Instead of considering individual magnetic moments and their interactions,
they opted for polycrystalline interface AF grains with stable magnetic order as their
“units which couple”. They assumed that the interfacial AF grains in the absence of
the FM layer can order in many different equally energetically favourable arrangements,
but when the FM layer is present, a particular stable energy configuration is chosen
due to contact with the FM layer. Due to the weakness of Zeeman energy, this FM-
AF configuration remains stable and retains a memory of the original FM magnetization
direction, meaning the FM magnetization direction when the AF order first sets in. They
also suggest that due to the polycrystalline nature of the system, even for uncompensated
AF interfaces, there is a substantial compensation of the magnetic moments due to the
fluctuating easy axis direction of each individual grain. Thus, in this model [110] a fraction
of uncompensated spins at the AF-FM interface drives the exchange bias.
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Calculations begin with a single domain AF grain. The energy of each such grain
coupled to the FM layer above is given by (eq. 3.10):

E
Na? a2

where a is the lattice constant, Mgy is the FM magnetization, m(0) is the net sub-
lattice magnetization, and £u are the two easy uniaxial anisotropy directions. J,e is the
average coupling energy to the net moment of the AF grain. Jg is the spin-flop energy,
and sigma is the energy of a 180 degree domain wall in the AF. From this, we conclude
that there is a competition between parallel alignment by J, and a perpendicular align-
ment due to Jg. The similarity between eq. 3.10 and eq.3.7 is quite telling, but with
an important distinction: the former deals with entire grains, the latter deals only with
atomic moments. Additionally, possibility of a domain wall forming in the AF is described
by the term proportional to o.

Based on the description above, they calculated the relevant physical properties of the
system (the magnitude of loop shift, coercivity enhancement, rotational torque and FMR
behaviours). They performed these calculations for a host of different parameter values,
both including and excluding spin-flop-like coupling.

This model requires additional assumptions; to lock the interface spin configuration,
partial domain walls are required to wind up in the AF layer. Furthermore, it is stated
that for some AF grains a critical winding angle exists, and if it is exceeded, can lead to
instability of the AF ordering. This way, the AF grains can either support a particular
AF order, or they may switch between two possible states, meaning, if the critical angle
is not exceeded, we get a reversible behaviour (winding and unwinding of the “exchange
spring”), and if it is exceeded, we get a hysteretic behaviour (coercivity enhancement).

Js

f
a?

Mo 8(0)] + 22 My - RO + Sall ~m(0)- (8], (3.10)

3.2.9. Domain state model

As the final step in the evolution of exchange bias models so far, U. Nowak et al. [110]
developed a model which related AF domains to the concentration of nonmagnetic sites in
the AF layer. As the dilution increases, it leads to an increase in the number of domains
having uncompensated magnetic moments. These uncompensated magnetic moments are
then responsible for the coupling between the AF and FM layers. Such a domain state,
with pinned, uncompensated magnetic moments (PUMSs) is metastable, evolves and finally
becomes frozen over the course of field cooling. Thus, it requires no further assumptions
about the interface, structure or size of the AF domains being formed. In [116] they also
demonstrated that both Ising and Heisenberg approaches to modelling a system give a
strong dependence of the exchange anisotropy loop shift on dilution. Their model is based
heavily on diluted Ising antiferromagnets in an external field model (DAFF model).

The origin of the AF magnetic domain formation was originally investigated by Imry
and Ma [117], where they concluded, that the reason for the domain formation is rooted in
a statistical imbalance between the number of spins of two sublattices of the AF layer due
to impurities and defects (this is now known as the Imry-Ma argument). This leads to a
net magnetization within that region which can couple to the external field. Therefore, a
formation of a domain within that region can lower the energy of the system. The energy
needed to form a domain wall can be minimized if this domain wall passes preferentially
through non-magnetic defects (fig. 3.16).
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Figure 3.16: Schematic illustration of the Imry-Ma argument. Dots denote non-
magnetic defects, grey arrows denote an AF domain area.

The AF layer is modelled as a magnetically diluted Ising system, with an easy axis
parallel to that of the FM layer. Energy contributions in the Hamiltonian can be separated
into the FM layer energy, diluted AF layer energy, and the exchange coupling between the
FM and AF layers, assuming that the Ising spins in the top atomic layer of the AF film
interact with the z-component of the Heisenberg spins of the FM. Another assumption
is made as to the values of FM and AF magnetic moments being identical. They then
derived the following equation to describe the magnitude of the exchange bias field (eq.
3.11):

I Bgg = JinT Mun, (3.11)

where [ is the number of FM layers (in simulations done by [110] it was always I = 1)
and mynt is the interface magnetization of the AF per spin. For an ideal, uncompensated
interface one would expect mnyt = 1 which leads to a much too high bias field, while for an
ideal compensated interface, one would expect miyt = 0, which then leads to no biasing
field whatever. Experimentally, however, there is no big difference between compensated
and uncompensated interfaces. It is also found that Bgg is much smaller than Jiyt/Ip.
The solution to this is the fact that mr does not remain constant through the reversal,
nor is it a simply known quantity [116].

The authors of [116] further performed Monte-Carlo simulations to figure out the
temperature dependence of the exchange bias field. An example is provided for a fixed
dilution of = 0.5 (fig. 3.17). The magnitude of the exchange bias field was almost linearly
decreasing to zero as the system approached the blocking temperature.

This result corresponds nicely to the well-known experimental behaviour of exchange
bias gradually diminishing as one approaches the blocking temperature.

Next, they [146] performed a simulation to explain the training effect (exchange bias
disappearing over the course of multiple hysteresis loop measurements). For the domain
state model, based on the dynamics of DAFF, it is known that the remanent magnetization
of the Domain State (DS) relaxes non-exponentially on extremely long timescales after
the field is switched off [148],[149],[150]. They relate these dynamics of the DAFF to the
decrease of exchange bias due to slow relaxation of the AF domain state.

Experiments to support this model [151] showed a remarkably close correspondence
to what they have modelled, giving further credibility to exchange anisotropy being a
phenomenon fully based around AF domains and atomic magnetic defects which give
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Figure 3.17: Temperature dependence of the EB field for 50% diluted AF. Taken from

[140]

rise to these domains. Additionally, applying defects to the interface in the DS model,
contrary to Malozemoff’s random field model, results in vanishing number of domains
within the AF layer, thus decreasing exchange bias.

For this model type, domain formation is critical for the existence of exchange an-
isotropy. Without domain formation, there would be no EB for compensated interfaces,
and very high EB for uncompensated ones. They have successfully modelled the dilution
dependence of EB, temperature dependence, training effect, positive EB as well as the
dependence of EB on AF thickness.

The DS model considered in this work, however, is designed for systems with strong
uniaxial AF anisotropy, for the Ising approximation to hold valid. For systems with weaker
anisotropies, Heisenberg model would be more appropriate. The authors also claim that
the basic feature of the DS model, namely the formation of AF domains within the bulk
is not restricted to an AF layer with strong anisotropy.

3.3. Summary

This section presents a summary of both experimental and theoretical parts of this
chapter in a concentrated form.

3.3.1. Experimental evidence summary

Unidirectional anisotropy remains the most basic and universal feature of an exchange
biased system, being present across all the systems.

When considering the magnetization reversal dynamics, an exchange biased system
has an asymmetry related to unidirectional anisotropy induced by exchange coupling.
Due to preferential pinning direction, whenever the magnetization must reverse in the
opposite direction from the pinning one, the unidirectional anisotropy component causes
a reversal via nucleation of a new domain additionally to the rotation (fig. 3.18(6-10)).
In contrast, for normal, un-biased FM films reversal happens symmetrically regardless of
the applied field direction(fig. 3.18(1-5)).
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Figure 3.18: (1-5) coherent rotation in the exchange bias direction. (6-10) rotation and
nucleation opposite to exchange bias direction.

When considering the magnetocrystalline anisotropy and its effect on the exchange
bias, then it is clear from the experiments that with increasing AF layer anisotropy, the
magnitude of exchange bias increases as well. In contrast, coupling to a low anisotropy
AF layer results only in an increase of coercivity, as the FM layer would then cause the
AF atomic moments to irreversibly rotate along with the applied field (fig. 3.19).

Low anisotropy High anisotropy

Figure 3.19: Effects of low and high anisotropy AF on exchange bias and coercivity.
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When taking into account the polycrystalline AF systems, during the field cycling of
exchange biased AF-FM bilayer, diminishing of exchange bias occurs due to irreversible
rearrangements of AF grains under the influence of coupled FM layer above (fig. 3.20),
known as training effect. Systems with single-crystal AF films are either not subject to
this behaviour, or negligibly so.

Figure 3.20: AF grain rearrangement under the influence of the FM layer exchange
coupled to individual AF grains. Sequence (1-4) represents the training effect and gradual
decrease in number of the coupled AF grains. Pink double arrows represent the coupling.

Figure 3.21: (a) Compensated AF-FM interface, insensitive to roughness; (b) Uncom-
pensated AF-FM interface. AF tends to separate into domains, thus weakening the
exchange bias.

Figure 3.22: (a) Parallel FM-AF exchange coupling; (b) Perpendicular FM-AF exchange
coupling. Double arrows indicate the coupling.
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Better AF crystallinity generally improves exchange bias (grains having less of a stat-
istical spread of orientations). Interestingly, grain size has not shown any trends in
influencing exchange bias, being very system-specific. This is likely due to being a result
of other factors such as crystallinity or film thickness.

At the interface, AF can either have its spins arranged in a fully compensated, or
uncompensated manner (fig. 3.21). Experimentally it was proven that exchange bias
is, counter-intuitively, stronger for fully compensated interfaces. Those statements only
hold true if the interfacial AF spins are oriented in-plane, as it has also been shown that
interfacial AF spins oriented out-of-plane do not produce any exchange anisotropy for
in-plane magnetization, and systems with AF spins oriented in an intermediate direction
between 0 and 90 degrees in-plane and out-of-plane show exchange anisotropy proportional
to the in-plane component.

The interfacial roughness generally decreases the magnitude of exchange bias in most
systems (by creating areas of uncompensated moments oriented in random directions, fig.
3.21). In the case of single-crystal, fully compensated films, the exchange bias either stays
the same or mildly increases (such interfaces typically remain compensated regardless of
roughness, fig. 3.21a), due to the increased surface area of the AF-FM interface.

Exchange bias is inversely proportional to the FM thickness. In case of AF, there
exists an optimal thickness below which exchange bias gradually diminishes, and above
which it can also decrease. The decrease above the critical thickness is related to new
phases forming in thicker AF layers, being less ideal for exchange anisotropy.

Impurities at the interface decrease exchange anisotropy. Having multiple monolayers
of a non-magnetic spacer at the AF-FM interface still allows for some exchange anisotropy
to happen, even though the decrease is exponential with the thickness of the non-magnetic
spacer.

Perpendicular coupling (fig. 3.22b) occurs in some systems as a favourable arrange-
ment which takes place during field cooling. Both cases of an AF layer arranging itself
perpendicular to FM layer as well as FM layer arranging itself perpendicular to the AF
layer have been found.

For an optimal exchange biased system, one must strive for an FM/AF system in
which the AF has large anisotropy, is single-crystalline, has fully compensated as well as
in-plane oriented interfacial spins. Both FM and AF thicknesses need to be optimized.
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3.3.2. Theoretical model summary

Early models (Meiklejohn, Néel) attempted to describe coupling between the FM and
AF layers from a macroscopic perspective. Meiklejohn focused on the general description
of an FM layer coupling to an uncompensated AF layer (fig. 3.23a), and Néel proposed
a partial domain wall wound up within an FM layer acting as an "exchange spring” (fig.
3.23b). While robust and simple, their theories suffered from the lack of accuracy both
qualitative and quantitative. They also made some rather restrictive assumptions which
are not justified experimentally (a minimum FM layer thickness, for example).
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Figure 3.23: (a) Meiklejohn model, (b) Néel model.

Figure 3.24: Schematic illustration of Malozemoff’s model. Red crosses denote non-
magnetic defects, green arrows denote uncompensated AF moments.

Wﬁn—f lop coupled AF layer

Figure 3.25: A schematic illustration of the frozen interface model.

Random interface field models provided a much better quantitative and qualitative
relation to the experiment. It assumes that the interfacial roughness is chiefly responsible
for exchange bias by creating locally uncompensated AF moments which are then capable
of coupling to the FM layer (fig. 3.24). While these models provide quantitatively good
results, having a rough interface is not a necessary condition for exchange bias to occur.

The frozen interface model was devised for atomically flat interfaces, it however as-
sumed that the interfacial spins were frozen in a spin-flop-like coupling (fig. 3.25). This
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theory showed similar accuracy to random interface field models and also explains per-
pendicular coupling, yet restrictive assumptions regarding both interfacial spin structure
as well as strong AF layer anisotropy were made, neither of which is strictly necessary for
exchange bias.

The local pinning field variation model is based on the idea of entire AF grains coupling
to the FM layer. While quantitatively sound, monocrystalline AF films also show exchange
bias, rendering the assumption of polycrystallinity as overly restrictive.

El Nonmagnetic defect
—p Domain orientation A
Domain orientation B
|  Frustrated bond
¢ Pinned Uncompensated Moment
— Unpinned Uncompensated Moment

Figure 3.26: Schematic illustration of the domain state model.

The Domain State Model is the most accurate model to date. It builds upon the
Imry-Ma argument that any finitely sized AF will have a spin imbalance between the
two AF sublattices. This notion is then extended by modeling the AF domain formation
alongside the defects that are naturally present (fig. 3.26). The AF domains, due to
the presence of these defects, then possess uncompensated magnetic moments near the
boundary (still coupled to the AF domain), which are free to couple to the FM layer
above. This model makes no assumptions about the interfacial structure whatever and
is in an excellent agreement with the experiment for systems with strong uniaxial AF
anisotropy. The main limitation, however, is that the Ising model (up and down atomic
magnetic moments) is only valid for AF layers with strong uniaxial anisotropy. For other
systems with weak AF anisotropy, one must use the Heisenberg model, which, according
to [146], worked just as well.

41



4. Experimental Methods and
Techniques

This chapter will describe the techniques used for preparation of the sample as well
as characterization and measurement, with the main part dedicated to Magneto-Optical
Kerr Effect (MOKE) microscopy.

4.1. Magneto-Optical Kerr Effect

The magneto-optical Kerr effect (MOKE) was discovered by Reverend John Kerr
in 1877. The phenomenon of magneto-optics can be described in the context of either
macroscopic dielectric or microscopic quantum theory. From the macroscopic point of
view, magneto-optic effects occur due to the antisymmetric off-diagonal elements in the
dielectric tensor. Microscopically, the coupling between the electrical field of the light
wave and the electron spin within a magnetic medium occurs through the spin-orbit
interaction.

The classical approach assumes that the optical properties of a medium are determined
by a dielectric tensor that is determined by the motion of the electrons in the medium.
Thus, a microscopic description of the magneto-optic effect is related to different response
of the electrons to different polarization of electromagnetic waves.

There exist three common configurations of measuring Magneto-Optic Kerr Effect
in practice (fig. 4.1). Longitudinal and Polar MOKE modes cause the change of light
polarization (rotation and ellipticity) as a function of the sample’s magnetisation, whereas
the Transverse MOKE is visible by the changing intensity of reflected light.

4.1.1. MOKE microscopy

The experimental setup consists of a ZEISS brand optical microscope, with a multiple
LED white light source, connected to the microscope via optical fibers. The system in-
cludes a polariser as well as an analyser, both of which are necessary to register a change
of polarization. The objective lens is cradled between two horizontally aligned, z-axis
rotatable induction coils with split magnetic poles (used to induce in-plane magnetiza-
tion). A bipolar current source is powering both coils, allowing for the field sweep in both
positive and negative directions. Maximum safe magnetic field which can be achieved for
a short period of time is 0.3 T, with maximum safe continuous field being equal to 0.1 T.

MOKE can be measured in three basic geometries, defined based on the orientaton
of magnetisation with respect to the light plane of incidence (fig. 4.la,b,c). For our
experiments, all measurements were carried out in two different longitudinal MOKE con-
figurations.

4.1.2. Longitudinal MOKE

In longitudinal MOKE (fig. 4.1a), linearly polarised light is incident on the sample
at an angle interacts with the sample’s magnetisation due to the Lorentz force acting on
conduction electrons under acceleration from the EM wave. Upon reflection, a change
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a) Longitudinal MOKE b) Transverse MOKE c) Polar MOKE

Figure 4.1: (a) Longitudinal (b) Transverse and (c) Polar MOKE geometries. Orange
dashed line defines the plane of incidence, yellow dashed line defines the plane of incident
light polarization, M defines the magnetization component measured. In Longitudinal
and Polar MOKE change of polarization in measured, whereas in Transverse MOKE
change of light intensity is measured.

of polarisation (ellipticity and rotation) is measured. As the magnetisation direction is
reversed, this ellipticity and rotation changes direction as well. In our case, all measure-
ments were taken using Longitudinal MOKE mode in directions along the applied field
and perpendicular to the applied field.

4.2. Thin film deposition and basic characterisation

Magnetron sputtering is a physical vapour deposition method of thin film deposition
[152]. It is based on the collision process between the incident ions (typically Argon)
and the target. In our case, once ionized, positive Argon ions then impact the sputter
target, and transfer their energy to the target atoms effectively sputtering them off. This
sputtered material then condenses on the surface opposite to the target, which is where
the substrates are typically positioned.

Vibrating Sample Magnetometry (VSM) technique is used for the analysis of the whole
sample after deposition. Its principle of operation is based on Faraday’s law of induction.
The sample is held vertically in between a set of two coils, one being the induction coil
and the other being the reader coil. As the sample begins to vibrate, the signal received
at the reader coil can be translated into the value of magnetizaion. This technique allows
for the measurement of diamagnetic, paramagnetic as well as FM samples. With strong
enough magnets, it is also possible to measure magnetic signal from AF materials after
the spin-flop transition, or in our case, it is done by heating the sample above the AF-FM
phase transition temperature.

X-Ray Diffraction (XRD) and X-Ray Reflectivity (XRR) techniques are based on X-
rays diffracting/reflecting off the crystalline grid of the sample. Generally, XRD is used
to determine the crystalline structure of the sample, and XRR is used to determine the
sample thickness, and in the case of multilayers the individual thicknesses of each layer.
However, the latter technique can be quite complicated, and requires curve fitting to work,
as well as knowing some material parameters beforehand.
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5. Exchange Bias Measurements

This chapter focuses on sample preparation and experiments performed with the goal
of establishing exchange bias in Fe/Fesy Rhsg bilayers, Fe/Feso Rhsg microstructures, ion
irradiation-induced metastable FM Fesy Rhsy patterns as well as Fesg Rhsg nanowires at
the AF-FM phase coexistence temperature.

5.1. Exchange bias in Fe-FeRh thin film bilayers

The bilayer system chosen for this project is based on the approach by Ippei Suzuki et
al. [153]. In their article, they investigated exchange anisotropy in a Fe/Fesq Rhso system
grown on both MgO and Al,Oj3 substrates, with (001) and (111) film growth orientations,
respectively. The reason why they selected these two particular configurations is that
when FesoRhsg is prepared on the MgO(001) substrate, it is grown in the (001) orientation
and has a G-type AF lattice (fig. 5.1a,c) which leads to a spin-compensated AF surface.
In contrast, when it is grown on Al,O3 (0001) in the (111) orientation, it contains AF
coupled spin-planes parallel to the substrate, with an uncompensated FM surface (fig.
5.1b,c).
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Figure 5.1: (a) Schematic illustrations of a FM/FeRh(001) interface and a hysteresis
curve with no exchange bias and (b) a FM/FeRh(111) interface and a hysteresis curve
with exchange bias. (c¢) Magnetic structure of AF FeRh with the compensated AF (001)
planes and uncompensated FM (111) planes. Taken from [153]

Feso Rhyg is an alloy featuring a metamagnetic (AF to FM) phase transition [151]
at temperatures close to room temperature, at approximately 360 K in the bulk form.
This enables easy-to-perform field cooling, which together with the FeRh high tunability,
including high sensitivity of the phase transition to ion irradiation and subsequent thermal
treatment (induction of a metastable FM phase [155],[156]) makes it an ideal candidate
to investigate different aspects of exchange anisotropy in a single material. The lack
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of understanding of the exchange coupling between the AF and FM phases as well as
coupling to other materials provides a fertile ground for the study of exchange bias with
the possibility of future applications.

5.1.1. Sample preparation

Feso Rhso thin films, 30 nm thick, were epitaxially grown on MgO (001) and Al,O3
(111) substrates using the BESTEC Magnetron sputtering system. After deposition, these
films were annealed at 1070K for 45 minutes to restore the proper crystalline structure
and chemical order, and thus the AF phase. Films were grown by Jon Ander Arregi
Uribeetxebarria.

Due to BESTEC Magnetron system going out of service, the Fe/Fesy Rhso/Al O3
sample was created by modifying an existing Feso Rh5o/Al,O3 sample in a UHV cluster
system (fig. 5.2). Firstly, around 6 nm of Feso Rhsy was sputtered off by Argon ion
bombardment to make sure no impurities or oxides remained before the Fe deposition.
Afterwards, the sample was annealed to restore the crystalline properties, and checked,
within the same UHV cluster, using X-ray Photoelectron Spectroscopy (done by Ing.
Tomas Krajndk) for the presence of any unwanted contamination. Once the surface
purity had been established, a 6 nm thick layer of Fe was deposited on the sample within
the same UHV cluster using E-beam evaporation at room temperature (as to limit the
diffusion of Fe into Feso Rhsg). This work was done by doc. Ing. Jan Cechal, Ph.D. and
Ing. Tomas Krajnak with the help of the author.

]

\ xf
Annealed at T = 1073K

-6 nm sputtered 6 nm of Fe deposited

Figure 5.2: Fe/FeRh bilayer preparation procedure. a) Ar plasma etching to remove
surface contamination. b) Annealing of FeRh to restore the AF phase, c¢) Deposition of
the Fe layer.
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5.1.2. Sample characterization

After sputtering, annealing, and deposition of Fe, Scanning Electron Microscope (SEM)
and Atomic Force Microscopy (AFM) images were taken to gain insight into the character
of the sample surface (fig. 5.3).

e

BN PP

a) 5 um <y

Figure 5.3: (a) AFM image of the Fe/FeRh/Al,O3 sample; (b) SEM image of the
Fe/FeRh/Al,O3 sample.

The sample itself is covered in dewetted areas, valley terraces and has an otherwise
relatively rough surface (fig. 5.3). Dewetted, deep hole areas are a characteristic side
effect of FeRh thin film annealing process, and very likely existed before the Fe deposition
was made. From the AFM data one can extract that the holes are as deep as the film,
around 30 nm. The terraces, on the other hand, are interesting in that they are graduated
in steps of 5 and 10 nm in depth. When measured using longitudinal MOKE, both terrace
areas as well as the rough film showed ferromagnetic behaviour at room temperature, with
terraces having lower coercivity and similar saturation magnetization signal. The terraces
likely formed when the Fe film was deposited over some dewetted areas.

With the help of Jon Ander Arregi Uribeetxebarria, X-Ray Reflectivity (XRR) spec-
trum was measured to find the approximate layer thickness. Using curve fitting it was
found that the thicknesses correspond to 6 nm of Fe and 22 nm of FeRh.

5.1.3. Field cooling

Field cooling (fig. 5.4) was performed in the sample chamber of the Quantum Design
VERSALAB Vibrating Sample Magnetometer (VSM), with the exact conditions men-
tioned in the paper by Suzuki et al. [153], in order to best replicate the results they
achieved. The field cooling sequence has the following steps:

o Heat the sample up to 400 K, above the metamagnetic AF-FM phase transition
temperature.

o Apply magnetic field of 1.5 T.

o Apply magnetic field of 0.8 T.

e Cool the sample down to 250 K in an applied field of 0.8 T.
o At 250 K, stop the application of the magnetic field.

e Return to 300 K and remove the sample.
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5.1.4. Interface coupling configuration of a Fe/FeRh system

The first exeriment addressed the question whether the exchange bias takes place
perpendicular to the Field Cooling (FC) direction or parallel to it. In practice, this
means that if the exchange bias is perpendicular to FC, then the AF film is coupled
perpendicularly to the FM film (fig. 5.4). According to the article by Suzuki et al.
[153], the unidirectional anisotropy for a Fe/Fes;oRhso/Aly O3 system can be seen when
the applied field is perpendicular to the FC direction, which means that the AF moments
couple parallel to the FM layer.

Using MOKE, the problem was approached using 4 different measurement config-
urations (fig. 5.5), in order to establish the presence and orientation of the exchange
anisotropy with respect to the FC direction (fig. 5.4).

Figure 5.4: Field cooling process: a) Sample is heated above the blocking temperature,
b) It is cooled down below the blocking temperature in an applied field, c)e) it is then
cooled down significantly below the blocking temperature and the field is removed. d)f)
Sample is at room temperature, c),d) represent parallel FM-AF coupling, while e),f)
represent perpendicular FM-AF coupling.

Figure 5.5: Possible MOKE arrangements for measuring the exchange biased magnet-
ization components in the Fe film: a) Longitudinal MOKE with FC perpendicular to the
applied field; b) Longitudinal MOKE with FC parallel to the applied field; ¢) Longitud-
inal MOKE of transverse magnetisation with FC perpendicular to the applied field; d)
Longitudinal MOKE of transverse magnetization with FC parallel to the applied field.
The dashed line indicates the plane of incidence.
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Figure 5.6: Comparison between the hysteresis loops measured parallel to FC direction
and perpendicular to FC using longitudinal MOKE. EB,,in, EBmax and EB,,; mark the
maximum, minimum (95% confidence) and average value of the relative loop shift between
the parallel and the perpendicular FC orientations.

The measurements of the longitudinal magnetisation reversal parallel and perpendic-
ular to the FC direction (fig. 5.6) demonstrate that for the perpendicular FC direction,
the loop is visibly shifted to negative values. The shift of the parallel direction loop to
positive values is likely related to an error in the system zero field value. Nevertheless,
calculating the difference between the centres of these two hysteresis loops provides a
value of the loop shift of -5.8 mT (fig. 5.6), and it agrees reasonably well with the value
obtained by Suzuki et al. [153], which is between -4.4 mT and -3.2 mT depending on the
exact FC orientation relative to the sample crystallographic orientation.

Longitudinal MOKE measurements of the transverse magnetization component (per-
pendicular to the external field) in the parallel FC and perpendicular FC configurations
contain information about the rotational asymmetry (fig. 5.7). In a normal, unbiased
system, the magnetization under an applied field changes its direction primarily by rota-
tion (fig. 5.8(1-5)), and this change is symmetric regardless of the magnetization reversal
direction.

However, i the fig. 5.7 for the case of FC-perpendicular applied field, there is a
significant peak asymmetry, which suggests that as the magnetization reverses in the
direction opposite to the biasing field, unidirectional anisotropy pins the magnetization
and makes it more energetically favourable to create a domain facing in the opposite
direction, which is then expanded by the externally applied field (fig. 5.8(6-10)).

48



-1920

21940 Perpendicular
-1960 | e Parallel
-1980

-2000
-2020

-60 -50 -40 -30 -20 -10 0O 10 20 30 40 50 60

Saturation Magnetization [inverted grayscale]

LS LIS LIS ALy
Z 2
-2040 7  ’
A
7z 1 Z
~2060 ? I o
' \ 7 | A
N z I zZ
-2080 / ] 7
A
7 1 Z
Z 1
-2100 1e——»}
Z —
z B Z
7 y
e

A A L

Applied field [mT]

Figure 5.7: Comparison between the reversals of magnetisation component transverse
to the applied field, measured in FC-parallel direction and FC-perpendicular direction.
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Figure 5.8: Scheme of magnetisation reversal asymmetry from an exchange biased thin
film. For diagrams 1-5, magnetization reversal proceeds through coherent rotation. For
diagrams 6-10, as the reversal takes place in the opposite direction to the exchange bias,
it involves a combination of rotation and domain nucleation.

In the case of field applied parallel to FC direction (fig. 5.7), we can also find this pe-
culiar rotational asymmetry, as well as significant peak broadening. The peak broadening
can be explained by the fact that we have a unidirectional anisotropy perpendicular to
the applied field. Given that the transverse magnetisation component coincides with the
exchange bias direction, the magnetization of the sample appears to reverse much earlier
and gets "stuck” in that direction induced by exchange bias. Likewise once the negative
field is applied, the peak keeps on broadening as the magnetic moments are stuck in the
direction set by exchange bias.
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Figure 5.9: Subsequent hysteresis loop measurements of Fe/FeRh bilayer taken at room
temperature, perpendicular to the FC direction; only odd measurements of the series are
shown.

5.1.5. Training effect in the Fe/FeRh system

A series of longitudinal MOKE measurements of magnetisation reversal perpendicular
to the FC direction (fig. 5.9) shows that within the first 3 hysteresis loops, both loop shift
and coercivity dropped significantly (fig. 5.10). This is related to the AF grains reorienting
themselves in a more stable configuration after a few cycles of complete FM layer reversal
(read more in section 3.1.5). The training effect is a common feature of exchange biased
systems with polycrystalline or weakly anisotropic AF films. This suggests that the
epitaxial FeRh films feature AF anisotropy weak enough to present the training effect,
i.e., the AF texture is suspectible to rearrangement by AF-FM exchange coupling.

The magnetisation component transverse to the applied field presents a similar trend
in the evolution of rotational asymmetry, marking the gradual disappearance of exchange
bias. The transverse magnetisation was analysed at even field cycles, yielding a significant
peak asymmetry during the second field cycle. In contrast, the 16th field cycle showed
two nearly symmetrical peaks (fig. 5.11). Plotting the peak asymmetry vs. the number
of field cycles (fig. 5.12) yields a dependence that closely resembles the vanishing of the
loop shift and the decrease of coercivity (fig. 5.10).

5.1.6. Discussion

The presented data agree both quantitatively and qualitatively with the results found
in [153]. Firstly, exchange bias was present in the direction perpendicular to FC, but
not parallel, in full accordance with [153]. Furthermore, the loop shift is quantitatively
very close to the one reported. We have expanded upon the current understanding of the
system by evaluating the training effect in the direction parallel and transverse to the
applied field. The loop shift is accompanied by rotational asymmetry, and as described
in the chapter on experimental evidence of exchange bias (section 3.1.1, it is a convincing
signature of exchange anisotropy.

50



30
— Coercivity

N N - Loop shift

20
15

10

Magnetic field [mT]

Number of field cycles

Figure 5.10: Coercivity and loop shift magnitude as a function of the number of field
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Figure 5.11: MOKE signal of the magnetization transverse to the applied field as a
function of applied magnetic field. The field is applied perpendicular to the FC direction.

It is worth noting that the processes used for preparation of Fe/FeRh bilayers in our
case were different to [153], which used Molecular Beam Epitaxy (MBE) for the entire
deposition process, whereas we used magnetron sputtering for the preparation of FeRh
and e-beam evaporation for Fe after ion irradiation and annealing of the FeRh thin film.
This suggests that both the interface quality as well as the thin film quality in our case
was inferior to the MBE prepared system. Interestingly despite having an uncompensated
spin-plane at the interface, it appears that interface roughness does not play a significant
role, as quantitatively we obtained very similar, even slightly larger, values of exchange
bias.
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Figure 5.12: Transverse magnetization peak height difference as a function of the number
of field cycles. Triangles mark the 95% confidence interval.

It can be concluded that exchange bias in Fe/FeRh/Al,O3 cannot be solely attributed
to highly uncompensated interfacial structure, otherwise there would have been a signi-
ficant discrepancy between our data and those obtained by Suzuki et al. [153] given the
different process of sample preparation. This is also supported by further experimental
evidence hinting at the fact that compensation at the interface is not the deciding factor
of exchange bias presence (more in section 3.1.8).

5.2. Exchange bias in Fe-FeRh microstructures

The next goal was to investigate the exchange anisotropy behaviour in bilayered mi-
crostructures. The general expected behaviour of confined bilayers involves the decrease
of blocking temperature and exchange bias, due to weakening of the magnetocrystalline
aniostropy [157].

5.2.1. Microstructure preparation

Preparation of Fe/Fesy Rhso/Al;O3 microstructures was done using an XMU MIRA3
Scanning Electron Microscope/E-beam writer combined system following the procedure
described in Appendix A.

The geometry of selected microstructures consisted of rectangles, oriented at 0, 90
and 45 degrees and with different aspect ratios, as well as arrays of microdiscs (fig. 5.13).
These shapes were chosen to investigate the effects of shape anisotropy and confinement
in varying directions relative to the field cooling direction and crystallography axes.

5.2.2. Exchange bias measurements

The measurement of the patterned microstructures proved to be difficult, as the
MOKE signal was very weak. Nevertheless, we have measured a series of hysteresis
loops on a 10x8 pum? structure and find the expected loop shift (5.14). The extracted
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Figure 5.13: Optical microscope image of E-beam lithography prepared microstructures.

values of coercivity and loop shift are plotted in fig. 5.15 analogously to fig. 5.10. The
measurements of even smaller structures lead to no ferromagnetic signal whatsoever, so
they were, unfortunately, omitted.

The signal-to-noise ratio in this measurement is generally not enough to suggest any
clear trend, either for the coercivity or loop shift. Following the results on the training
effect in continuous films, one might expect the first hysteresis loop after field cooling to
show the strongest exchange bias, but any loop shift can be discarded within the 95 %
confidence interval. The oscillations in 7th and 9th measurements, are only attributable
to poor signal-to-noise ratio, as it was very difficult to obtain reasonable linear regression
lines for those measurements.
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Figure 5.14: Subsequent hysteresis loops measured on Fe/FeRh microstructures using
longitudinal MOKE.
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Figure 5.15: Coercivity and loop shift measured on a 10x8 pm? structure as a function
of subsequent field cycles. Solid lines define the 95% confidence intervals.

5.2.3. Discussion

Measurements of exchange bias in Fe/FeRh microstructures were inconclusive due to
exceedingly weak ferromagnetic signal from the Fe layer, which prevented measurement of
the FM signal from the patterned microstructures. Exchange bias in such microstructures
likely still occurs, but magnitude may be lower due to shape confinement effects [157]. The
reason for the weak and unreliable signal could likely be traced back to the lithographic
preparation process not being done correctly to completely remove the 60 nm SiO layer,
which could have reduced the signal considerably. In future, the lithography process will
be further optimized.
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5.3. Exchange bias in FeRh nanowires at FM-AF phase
coexistence

This experiment was primarily motivated by the fact that exchange bias was found
to spontaneously form in systems undergoing structural (and as a consequence, mag-
netic) phase transition [158], as well as within chemically heterogeneous systems with FM
and AF phase coexistence [30],[31],[32],[33]. Spatial confinement to the wire geometry is
intended to achieve well defined AF-FM phase boundaries.

5.3.1. Nanowire preparation

The nanowires were prepared using the same procedure listed in Appendix A. Wires
of width of 1 pym, 0.5 pm and 0.25 pm were prepared (fig. 5.16). We selected the 0.5 um
wide wires for the measurements, as they represented a compromise between the step-
wise FM-AF phase transition with large domains at the phase coexistence [159] and the
diffraction limit of our visible light MOKE setup.

a) 10 um b) 10 um C) 10 um

Figure 5.16: FeRh nanowires on the MgO substrate prepared using E-beam lithography;
(a) 1 pm wires, (b) 0.5 pm wires, (c) 0.25 pm wires.

5.3.2. Exchange bias measurements

The first step was to establish the phase coexistence of both FM and AF domains.
Unfortunately, due to weakness of the signal as well as the diffraction limit, direct ob-
servation of domains was not possible. The phase transition was followed by monitoring
the integral MOKE signal with decreasing temperature which marked a decrease of the
saturation magnetization (fig. 5.17). The aim was to obtain a state in which the majority
of the wire transitioned to the AF phase, and minority of the wire remained in the FM
phase. In practice this would mean a point at which the FM signal from the wire was
nearly diminished, which is exactly what happens at T'= 95°C (fig. 5.17).

Once this temperature was reached, the wire was measured in separate sections to
evaluate the local FM content (fig. 5.18). The next step cconsisted in finding an area
where both FM and AF phases coexisted. This was achieved by selecting a region of
interest at the bondary of sections where some FM signal was recorded with that of no
FM signal.

Area E (fig. 5.18) was selected as a candidate for possible exchange bias evaluation.
Performing the measurement in the longitudinal MOKE with field applied along the wire
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Figure 5.17: Relative saturation magnetization as a function of decreasing temperature.

results in recognizable hysteresis loops (fig. 5.19). From this data, we can plot the
coercivity and loop shift (fig. 5.20). Additionally, longitudinal MOKE measurements
with field applied perpendicular to the wire were performed, however the nature of such
hysteresis loops (with ambiguous crossing of the M = 0 line) as well as a poor signal-to-

noise ratio preclude any analysis of either the coercivity or loop shift of that configuration
(fig. 5.21).

Figure 5.18: Map of wires as imaged by the Kerr microscope. Green areas have meas-
urable FM signal, red areas do not show any FM signal, and purple areas show complex
(superposition of two or more hysteresis loops) signal.
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Figure 5.19: Subsequent longitudinal MOKE hysteresis loops measured from the E area
of a 500 nm wide wire at 95°C.
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Figure 5.20: Coercivity and loop shift plotted for each subsequent hysteresis loop taken
at 95°C. Solid lines above and below the measurement denote the 95% confidence interval
of linear regression. Measurement 6 is from the entire wire taken at 127 °C.

5.3.3. Discussion

From the analysis of longitudinal MOKE measurements in suspected areas of FM and
AF phase coexistence, we highlight the following findings. Firstly, as plotted in fig. 5.20,
it is apparent that when compared to measurements of the same wire, the coercivity is
significantly higher, which is an indicative sign of the AF-FM coupling. Secondly, from
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Figure 5.21: Hysteresis loops measured using longitudinal MOKE with field applied
perpendicular to the 500 nm wire axis. Measured at 95°C.

fig. 5.20 it can be deduced that besides the first and the second measured loops, third,
fourth, and fifth have the loop shifted comfortably to the positive values.

This shift appears to be positive likely because all the measurements in this section
finished the scan with the wire left in the negative remanent magnetization state (fig.
5.22a), which could act as a pinning direction reference. In this case, instead of cooling
in an applied field, cooling from an FM state at 127 °C with a well-defined remanent
magnetisation vector may be sufficient for inducing unidirectional AF anisotropy (fig.
5.22b,c,d). This would set the AF uncompensated spins prior to the subsequent field
cycling. The quantitative magnitude of the resulting loop shift can be disputed, but
qualitatively it needs to be positive (see fig. 5.22¢).

Figure 5.22: Explanation of the positive loop shift for FeRh/MgO nanowires. (a) Hys-
teresis loop measurement procedure: starting at the negative applied field, first hysteresis
loop branch is measured going from negative to positive field (1-2); then the second branch
is measured going from positive to negative field (2-3), and then the field is reduced to
zero, leaving magnetization in the negative remanence state (3-4). (b-d) The sample is
gradually cooled across the FM-AF phase transition. (e) Negative exchange bias due to
negative remanence results in the hysteresis loop shifted to positive field values.
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The exchange bias loop shift detected along the wire implies that the AF spin axis is
also oriented along the wire axis. This seems surprising, as FC across the phase transition
from the FM phase results in an AF spin axis perpendicular to the FC direction (see
fig. 5.23a) [160]. In FeRh thin films, the symmetric compressive strain exerted by the
substrate results in biaxial AF anisotropy (fig. 5.23b). However, in nanowires, there is
significant strain relaxation due to the removed material [161] in the in-plane direction
perpendicular to the wire axis (fig. 5.23c). This relaxation means that the atoms are
spaced closer along the wire axis and further apart perpendicular to it (fig. 5.23d).
Because of this, the AF axis orients along the direction of closer atom spacing [162], thus
causing exchange bias in the respective direction. We suggest that this magneto-elastic
effect is behind the exchange bias orientation at AF-FM coexistence in FeRh nanowires.

oo o o
N
]
d)ee o o

a) c)

Figure 5.23: AF axis orientation in FeRh systems: a) FeRh thin film, AF axis orient-
ation perpendicular to the FM magnetization after FC across the FM-AF transition; b)
Laterally symmetric compressive strain exerted by the MgO substrate; ¢) FeRh nanowires,
AF axis orientation is along the wire and parallel to the FM magnetization during the
FM-AF transition; d) FeRh in the form of nanowire experiences strain relaxation in the
direction perpendicular to the wire direction, which causes the AF axis to orient along
the direction of nearest neighbor atoms.
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5.4. Exchange bias in irradiated FeRh stripes

The final experiment aims to create AF-FM bondaries by inducing permanent FM
phase within the FeRh thin film by ion irradiation [155]. This effect is mainly based on
energetic ions creating defects and dislocations via collision cascades which result in the
disturbance of stoichiometry, giving rise to FM behaviour. Such an irradiated area would
be surrounded by the AF film, providing a condition for the exchange anisotropy to occur.

5.4.1. Pattern preparation

The stripe patterns (fig. 5.24) were inscribed using a TESCAN LYRA3 SEM/FIB
dual beam microscope. Gallium ions accelerated to an energy of 30 keV were used, with
an optimal area dose for inducing FM order set at 5 - 10'?ions/cm? according to [155].
Different orientations were defined in order to verify both the possible influence of the
magnetocrystalline anisotropy, as well as the field cooling direction. Patterns of different
widths (500 nm, 1 pgm, 1.5 ym and 2.0 pm) were prepared.

SEM HV: 10.0 kV WD: 25.00 mm LYRA3 TESCAN
View field: 299 pm Det: SE 50 pm
SEM MAG: 1.16 kx | Date(m/dly): 04/30/20 CEITEC Nano

Figure 5.24: Trradiated stripes (2x30 pm?) created by Gallium FIB as imaged in TES-
CAN LYRA3 SEM.

5.4.2. Field cooling

Field cooling (fig. 5.4) was performed in the sample chamber of Quantum Design
VERSALAB Vibrating Sample Magnetometer (VSM), with the following steps and para-
meters:

o Heat the sample up to 400 K, above the metamagnetic AF-FM phase transition
temperature.

» Apply magnetic field of 3 T.
e Cool the sample down to 55 K in an applied field of 3 T.
o At 55 K, remove the magnetic field.

e Return to 300 K and remove the sample.
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5.4.3. Exchange bias measurements

Two primary stripe orientations relative to FC direction were investigated and meas-
ured. First, using longitudinal MOKE hysteresis loops of patterns of different widths
were measured and analyzed for the presence of exchange anisotropy. Then the sample
was rotated by 90 degrees to measure the stripes which were perpendicular to the FC
direction.

For the case of FM stripes oriented both along the FC direction (fig. 5.25) as well as
perpendicular to it (fig. 5.26), no discernible exchange bias was detected (fig. 5.27).
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Figure 5.25: Longitudinal MOKE measurements taken for FIB-patterned FM stripes
along the field cooling direction.
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Figure 5.26: Longitudinal MOKE measurements taken for FIB-patterned FM stripes
perpendicular to the field cooling direction.
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Figure 5.27: Coercivity and loop shift of FIB-induced FM stripe patterns in FeRh
perpendicular and parallel to the FC direction.

5.4.4. Discussion

No exchange bias was detected in FIB-induced FM stripes in FeRh in any of the
selected configurations. This is likely because the Ga ions upon entering the sample
create a disordered interface between the irradiated, metastable FM phase (fig. 5.28b)and
stable AF phase (fig. 5.28a). A study evaluating exchange bias between an FM and
AF layer separated by a non-magnetic spacer [120] shows that exchange bias decreases
exponentially with increasing thickness of the spacer, and is completely suppressed at
a spacer thickness on the order of a few nm. If one considers the intermediate phase
separating the transformed FM and well-ordered AF phase to be also non-magnetic,
spanning on the order of the spot-size of the Ga FIB (around 30 nm), then it is reasonable
to expect that the exchange bias in such a system may be completely suppressed (fig.
5.28¢c). The same FIB irradiation experiment was also performed for FeRh grown on
Al,O3 with identical results, so likely the AF ordering orientation is not the explanation
for the absence of exchange bias in this system.

Figure 5.28: Schematic illustration of (a) AF FeRh thin film and (b) FIB-induced
metastable FM FeRh area with an intermediate disordered phase at the interface induced
by Ga ion irradiation.
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6. Summary

The presented thesis covers multiple approaches of inducing exchange bias in different
model systems along with a detailed literature review on the topic of exchange bias in
bilayers, including detailed experimental evidence to the mechanism of the effect and the
factors which influence it. From experimental evidence, it follows that exchange bias
stems not simply from the interfacial character, but also from the disorder within the AF
lattice, while the AF-FM interface also plays a role.

Chapter 3 also details the most well-known theoretical models, listing their assump-
tions as well as judging their qualitative and quantitative accuracy. According to the
most recent and accurate model (both quantitatively and qualitatively) exchange bias is
a phenomenon that stems from the innate imbalance between the two sublattices of the
AF layer, related to its finite size, which results in the excess of spin-up or spin-down
atomic moments.

In the experimental part, the Fe/FeRh/Al,O3 exchange-biased FM-AF bilayer system
was first investigated. Following a pioneering paper on this system, presence of exchange
bias was confirmed using measurements of magnetization reversal via longitudinal MOKE,
providing the the relative loop shift as well as rotational asymmetry. Moreover, the train-
ing effect was found and analysed in this system for the first time. Furthermore, we
showed that even multiple preparation steps using diffferent approaches likely resulting
in an increased disorder at the Fe-FeRh interface, do not prohibit significant exchange
bias in such a system, as the obtained exchange bias value was of comparable or superior
value to a well-defined system prepared by MBE. This suggests that exchange bias in
Fe/FeRh/Al,O3 bilayers is rather insensitive to interfacial ordering, so the main mech-
anism responsible for coupling simply cannot be solely the fully uncompensated surface
of a (111) oriented FeRh film.

The investigation of Fe/FeRh/Al,O3 microstructures showed that while the litho-
graphy process was overall successful, still needs to be optimized to maximize the MOKE
signal.

Significant exchange bias was found for the FM phase in 500-nm-wide FeRh nanowires
prepared on an MgO(001) substrate at FM and AF phase coexistence. From the results
it appears that remanent magnetization is sufficient to set the orientation of the exchange
bias along the wire axis, while the AF axis is set along the wire because the compressive
strain exerted by the MgO substrate relaxes in nanowires in the direction perpendicular
to the wire.

Finally, FIB irradiation induced FM FeRh stripes surrounded by the AF phase in
FeRh/MgO thin films was investigated for possible exchange bias. However, no exchange
bias was found for different stripe widths and FC orientations, with likely explanation
being a disordered layer between the metastable FM FeRh pattern and the stable AF
FeRh film.

In conclusion, we point out potential future directions of this research. First of all,
it would be useful to verify the dependence of exchange bias on field cooling parameters,
as this information is simply absent for FM/FeRh systems. Also, inducing an exchange
biased system by low dose Helium ion irradiation of FeRh thin films is a promising avenue.

Further opportunities are offered in FeRh nanowires with phase coexistence.

From the applications standpoint, the FM/FeRh systems have the potential to be
applied as temperature-sensitive active parts of recording media, GMR logic gates, tem-
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perature and magnetic field sensors, etc. This work brings forth an array of different leads
to follow up in the research of metamagnetic nanostructures in particular and exchange
biased systems in general.
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A. Lithography processes

Lithographic process used for the preparation of FeRh nanostructures was optimized
by Ing. Michal Horky and Bc. Jan Hajducek, with the following steps:

e Deposition of FeRh.

e Deposition of a 3 nm thick layer of Ti to increase adhesion to FeRh; deposition of
60 nm of SiOs using E-beam evaporator.

o Application of AR-N 7520.07 resist, and consequent spin-coating for 60 s at 4000
RPM, with 1000 RPM /s acceleration in order to achieve a 120 nm thick layer.

» Soft-baking of the resist at 85°C for 1 minute.

« Application of AR-PC 5090.02 protective coating (Electra) in order to provide sur-
face conductivity to an otherwise insulating layer; spin-coating for 60 s at 2500
RPM, with 1000 RPM/s acceleration.

o Soft-baking of the Electra at 90°C for 2 minutes.
« Exposition of the sample to the electron beam with 450 uC/cm? dose.

e Removal of the conductive Electra layer by submerging the sample in distilled water
for 2 minutes.

o Development of the negative resist by submerging the sample into AR 300-47 solu-
tion for 90 s, with consequent neutralization using de-ionized water and drying by
Nitrogen gas.

e Dry etching of the SiO, layer using Reactive Ion Etching, involving combination of
CHF3 + O5 gasses. Parameters of etching are listed in Table A.1.

o Dry etching of FeRh using Ar ions. The material not covered by resist and SiOs is
etched away. Parameters of Ar etching are listed in Table A.1

o Leftover resist and SiO, layer are removed by wet etching in Buffered Oxide Etch
solution by submerging the sample for 960 s.
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Reactive Ion Etching parameters
Mat. 1 (scem) Mat. 2 (sccm) ¢t (min) | p (mTorr) | P(W) | DC bias (V)
CHF3(50) O5(5) 2 95 150 430
Ar (50) - 10 20 200 555

Table A.1: Parameters for SiO, and FeRh dry etching. All dry etching was done in
Oxford Instruments Plasma Technology PlasmaPro 80. The gasses used are listed in the
first two columns followed by their flows in sccm, t is the etching time, p is the pressure in
the chamber, and P is the power of plasma generator while DC bias sets the acceleration
voltage to the electrode on which the sample is positioned.
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