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Abstract

The first order phase transition from antiferromagnetic to ferromagnetic state in Feso)Rhsy at 370
K makes it a suitable material for next generation spin electronic devices with a low power
consumption.

This work deals with the ways how the phase transition temperature of iron-rhodium (FeRh) can
be tuned locally in thin films, using focused ion beam (FIB) and thermal annealing. FIB
irradiation approach was chosen due to the fact that FeRh displays magnetic sensitivity to the
degree of its chemical ordering. Thermal annealing enables the relaxation of the structure and
restoration of its crystallinity. The magnetic patterns were manufactured using gallium-based FIB
and annealed under ultra high vacuum. The topography as well as magnetic behaviour of these
ion irradiated patterns were investigated using atomic and magnetic force microscopies at
different temperatures, showing a clear dependence between ion irradiation dose and the
magnetic response in pre- and post-annealed states.

Keywords

FeRh, iron-rhodium alloy, thin film, ion irradiation, annealing, focused ion beam, magnetic
force microscopy, phase transition

Abstrakt

Fazovy ptechod prvniho fadu z antiferomagnetického do feromagnetického stavu v FesoRhso z
n¢j ¢ini vhodny material pro novou generaci spintronickych zatizeni s nizkou spotiebou.

Tato prace se zabyva zpusoby, jak Ize teplotu fazového ptechodu zelezo-rhodia (FeRh) lokaln¢
ovlivnit pomoci fokusovaného iontového svazku (FIB) a zihani. FIB byl zvolen vzhledem k
tomu, Ze slitina FeRh vykazuje magnetickou citlivost na stupei jejiho chemického uspotradani.
Tepelné zihani umozituje obnoveni krystalografického uspofadéani, a uvolnéni mfizkovych
defektt a dislokaci. Magnetické vzory byly vyrobeny za pouziti FIB na bazi galia a zihany ve
vakuu. Topografie a magnetické chovani téchto iontoveé ozéatenych vzorl byly zkoumany
pomoci mikroskopie atomarnich a magnetickych sil pfi rtiznych teplotach, a ukdzaly jasnou
zavislost mezi davkou iontového zareni a magnetickou odezvou ve stavu pied a po zihani.

Klicova slova

FeRh, slitina Zelezo-rhodia, tenka vrstva, ozafovani ionty, fokusovany iontovy svazek,
mikroskopie magnetickych sil, fazova preména.
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Introduction

FesoRhso, both bulk and thin film samples have been an object of great interest in the recent years,
specifically due to the first order, anti-ferromagnetic to ferromagnetic phase transition which
takes place close to room temperature (370 K) [1]. FeRh has a potential to be used in
temperature and magnetic field-dependent sensors, and also as the recording media material for
magnetic recording technology (Heat-Assisted Magnetic Recording) [2].

In FesoRhsy thin film, phase transition takes place close to 370 K [1]. During the first-order phase
transition, a symmetric hysteresis loop occurs, as a result of difference in energetic preferences
for antiferromagnetic and ferromagnetic phases’ existence (Figure 2.1); both phases can coexist
during the transitiion [3]. This phase transition is also accompanied by a change in the electronic
structure, during which the resistivity drops sharply (Figure 2.1). FeRh is also set among other
binary alloys of ferromagnetic and paramagnetic metals which are magnetically sensitive to the
degree of their chemical order. Examples include FeAl and FeV which show similar dependency
to FeRh of their magnetism on the degree of their chemical ordering [4,5]. As the degree of
chemical disorder increases, the Fes)Rhsy alloy exhibits increasingly ferromagnetic behaviour at
room temperature, and remains meta-stable. As we increase the disorder even further, the alloy
loses its ferromagnetic properties and behaves paramagnetically.
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Figure 2.1: FeRh thin film phase transition probed by
magnetometry and electrical resistance (transport)
measurements. Taken from [15].

This work investigates the effects of ion irradiation and thermal annealing of FeRh thin films, as
well as experimental evaluation of locally ion irradiated and thermally annealed patterns. The
literature review included within this work covers the state-of-the-art for FeRh thin film ion
irradiation and thermal annealing. The experimental part is focused on verifying the behaviour of
FeRh thin film for locally ion-irradiated and globally annealed FeRh thin film. The magnetic
behaviour was investigated using magnetic force microscopy at different temperatures.

Section 3 focuses on the introduction to magnetism in solid matter, followed by the more in-
depth look at the properties of FesoRhs, thin films, which also includes the information obtained
from the literature search. Section 4 describes the instruments and methods used, as well as
experiments devised. In Section 5, the results are provided and discussed.



2 Introduction to magnetism

This section covers basic quantities in magnetism — magnetic moment and magnetization.
Moreover, it also describes classes of materials according to their magnetic ordering in an
external magnetic field. These include: paramagnetic, diamagnetic, ferromagnetic and anti-
ferromagnetic materials. Greatly expanded and complete description can be found in the
textbooks (Blundell, 2001; Kittel, 2005).

2.1 Magnetic moments

In classical mechanics, a magnetic moment is defined as a current flowing around infinitesimal
loop (Figure 3.1).The magnetic moment du is then defined as:
du=IdS (3.1)

ds

Figure 3.1: Magnetic moment
where I is current in Amperes, and dS is an element of the surface, with its vector normal to the
loop (Figure 2.1). The magnetic moment is measured in A.m’.

This object is also equivalent to a magnetic dipole, and it can be described as an object consisting
of two magnetic monopoles of opposite “charge” separated by a small distance in the same
direction as vector dS [6].

Motion of the electron around the atom is also the cause of angular momentum, meaning that
there is a direct association of non-zero mass charge motion with both magnetic moment and
angular momentum. Magnetic moment i lies in the same axis as the angular momentum L
of the electron, and is proportional to it [6]. It can be written down as:

i=yL (3.2)
where y is known as gyromagnetic ratio.
As a consequence of the angular momentum and magnetic moment relationship, atom with an
orbiting electron in an external magnetic field will precess, as the magnetic moment vector

attempts to orient itself towards the direction of the external magnetic field in order to reduce its
magnetic potential energy, given by the following equation:

E=—1u-B (3.3)

In order for the vectors of both magnetic moment and external magnetic field to face the same

-

direction, torque moment G is generated:

G=mxB (3.4)



For the case of a massless charge, the magnetic moment is oriented in the same direction as
magnetic field. In contrast, for a massive particle precession would occur. As the torque G is
equal to the rate of change of angular momentum, Eq. 3.4 can be re-written as:

d - - e

— =y uxXB 3.5
Ry H 3.5)
Which points out that change in magnetic moment is perpendicular to both the magnetic moment
and external magnetic field B , causing precession.

Another factor that plays a role in the overall magnetic moment of an atom is the electron’s
property called intrinsic magnetic moment, which is associated with an intrinsic angular
momentum. This property is called spin, which is described by a spin quantum number s, which
for an electron can have the values of +(1/2) [6].

The angular momentum of an electron always takes half-integer or integer multiples of reduced
Planck constant (h = 1.054 571 800x10* J.s). Angular momenta (orbital angular momentum and
intrinsic angular momentum) can combine [6].

2.2 Magnetization

The magnetization M is defined as the magnetic moment per unit volume, and is an
approximation of an environment in which the number of magnetic moments is large enough for
us to approximate the sum of individual magnetic moments by a continuum. This makes M a
vector field that 1is continuous throughout the solid, excluding the edges[6].

In free space, the magnetic field can be described by the vector fields B and H , their
relationship being:

B=u,H (3.6)

i

Where 10 is a constant called permeability of free space (  p,=1.25663706-10 *mkgs *A™> ).

The two magnetic fields B and H are related by a scaling factor, measured in Tesla and A/m
respectively[6].

For the case of magnetic solids, the connection between B and H becomes more
complicated, as the two fields can vary in both magnitude and direction. Generally, this
relationship can be written as:

B=u,(H+M) (3.7)

If the magnetization M is related to the field H linearly, as in the case of free space, the
solid in which it occurs is called a linear material [6], and we can describe this relation as:

M=yxH (3.8)

In which y is a dimensionless quantity called magnetic susceptibility.



In analogy to the Eq. 3.5, the relation describing the precession of the magnetization and the
damping of it, is called the Landau-Lifshitz equation [6]:

d - Lo S
aM:—;yM><Heff—mM><(M><Heff) (3.9)

where v is the gyromagnetic ratio of an electron, and x is a phenomenological damping
parameter. H . is the effective field, combination of the external magnetic field and other
contributions.

Figure 3.3: Visualized Landau-Lifshitz-Gilbert equation. Precession term (orange), damping term
(blue), trajectory of the magnetization (green). Unlike Landau-Lifshitz equation, damping term is
a function of time derivative of magnetization. Effective field is considered to be constant.

2.3 Diamagnetism

Diamagnetism is a weak and negative magnetic susceptibility, meaning that the external
magnetic field induces a magnetization which is opposite to it, and it is present in all materials to
some extent.

In Langevin’s theory of diamagnetism, which is valid for non-conducting solids, it is explained
that the interior of the material is shielded from the external field by outermost atoms, which in
analogy to Lenz’s law, have their orbital electrons precess to create a magnetic moment opposite
to the external magnetic field [7].

In order to describe diamagnetism of solids with conducing electrons, Landau’s theory of
diamagnetism is used, which takes the conducting electrons into account [§].

2.4 Paramagnetism

Paramagnetism corresponds to a positive susceptibility to an external magnetic field, causing the
magnetic moments to align in the same direction as the external magnetic field. Paramagnetism
occurs in materials which have randomly oriented magnetic moments due to very weak magnetic
interaction between the neighbouring atoms, the magnetic moments being effectively
independent. The application of a magnetic field lines them up, the degree of this “lining up”,
and, hence, induced magnetization depends on the strength of the applied magnetic field [6].

In semi-classical treatment of paramagnetism the fact that magnetic moments can point only



along certain directions as an effect of quantization is ignored. Using this assumption Curie’s law
can be derived, which states that the magnetic susceptibility is inversely proportional to the

temperature [6]:

Cewi
— urie 3,8
X=—7— (3.8)

Where y is magnetic susceptibility, T is the absolute temperature, and Ccusic 1s the Curie constant.
2.5 Interactions

This section will cover the mechanisms which enable the existence of ferromagnetism and anti-
ferromagnetism as such.

The first interaction that can be of interest is called magnetic dipolar interaction. Two magnetic
dipoles i, and [i, separated by distance 7 have a dipolar energy equal to:

“(4xr?)

u e o 3 s\ s -
c Ml.tuz_ﬁ(ul.r)(MQ'r) (3.10)

It is governed by the degree of their separation and mutual alignment (Figure 3.4).

Exchange interaction is a mechanism that enables the long-range ferromagnetic and anti-
ferromagnetic ordering. In its core, exchange interactions are electrostatic interactions of charges
which are lead down the path of least resistance, to the local minimum of energy (Figure 3.5). As
such, the charges find the position in which they are repulsing one another the least, by being
positioned as far away from one another as possible [6].

@A)@C
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Figure 3.5: Exchange Figure 3.6: Direct exchange interaction
interaction

Direct exchange occurs when electrons of neighboring magnetic atoms interact with one another
by the means of an exchange interaction (Figure 3.6). As the name suggests, the interaction
happens without an intermediary. It is of limited magnitude due to the fact that the electron
orbitals are located very close to the atomic nucleus, limiting the effectiveness of the direct
exchange interactions as they are simply unlikely to happen [6].



Indirect exchange in metals can be mediated by the conduction electrons. A localized magnetic
moment spin-polarizes the conduction electrons, and this polarization in turn couples to a
neighboring localized magnetic moment a distance 7 away. It is called RKKY(Ruderman,
Kittel, Kasuya and Yoshida) interaction [6].

o @ o

O
O
\0 O

Figure 3.7: RKKY interaction. Conducting, spin-polarized electrons (blue) are magnetically
coupled to the orbital electron (red).

Anisotropic exchange interaction, also known as spin-orbit interaction, can also play a role in
magnetic properties of ferromagnets. The exchange takes place between the excited state of one
ion, and the ground state of the other ion. This interaction is known as Dzyaloshinskii-Moriya
interaction [6,9].

2.6 Ferromagnetism

Main property of a ferromagnet is its spontaneous magnetization in presence or in absence of an
external magnetic field. All magnetic moments are locally arranged along a single unique
direction, these local spots are called magnetic domains. This effect is caused by the exchange
interactions [6,9]. For a ferromagnet in an external magnetic field B, the appropriate Hamiltonian
to solve is:

H=-)7,5:S+guy>. SB (3.11)
ij i

i

which is also known as Heisenberg Hamiltonian. The first term on the right is called Heisenberg
exchange energy, the second term on the right is called Zeeman energy.

where H is the Hamiltonian operator, which describes the total energy of the system (sum of
potential and kinetic energies).

J_:.j(rl.j) is called the exchange integral, for ith and jth atoms, with r;; denoting the radius

vector joining the ith and jth lattice sites. Ferromagnetic behaviour is signified by the positive
value of the exchange integral in Eq. (3.11).

S ;. and S ; are are the atomic spins at ith and jth lattice positions

g is so-called g-factor, a dimensionless proportionality constant that describes the relation
between magnetic moment of a particle and its angular momentum quantum number [6].
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Mg is the Bohr magneton, a physical constant and the natural unit used for the expression of

magnetic moment of an electron caused by its orbital or spin angular momentum.
(us = 9.274.107-24 J/T).

In order to make progress solving the eqn(10), the approximation has to be created, which results
in a conception of the so-called Weiss molecular field. After the appropriate steps are taken [26],
the Heisenberg Hamiltonian is reduced to:

H=gp,2, S-(B+B,) (3.12)

Which is equivalent to a paramagnet in an external magnetic field l§+B_>mf The assumption

underlining this approach is that all magnetic ions experience the same molecular field, which
may not hold true at temperatures close to a magnetic phase transition [6].

Since the molecular field describes the effect of the ordering of the system, one can assume that:
B, =AM (3.13)

where A is a constant that relates the molecular field and magnetization. For a ferromagnet, it is
greater than zero. Due to large Coulomb energy (energy associated with electrostatic forces)
involved during exchange interactions, the molecular field is often found to be large in
ferromagnets [6,9].

At low temperatures, the moments are aligned by the molecular field, without any external field
present. The alignment of these magnetic moments causes the internal molecular field which
causes the alignment in the first place, creating a self-reinforcing loop [6,9].

At low temperatures, this magnetic ordering is self-sustaining. As the temperature is raised, this
ordering is disturbed by thermal fluctuations, and at a critical temperature, called Curie
temperature, this magnetic ordering will be destroyed (Figure 3.8). This phenomenon is

described by the Weiss-Curie law:

_ CCurie (3 14)
Ar-T,) |

Cecuric 18 the Curie constant, Tc is the Curie temperature, and T is the temperature of the solid.

. Paramagnetic
Ferromagnetic

>

T

1
1
I

Figure 3.8: Saturated magnetization as a function of temperature of a
ferromagnet. The saturated magnetization drops sharply at Curie
temperature. Ferromagnetic ordering is lost.
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2.6.1 Magnetic domains

Magnetic domains are areas of ferromagnetic material in which the magnetization has local
orientation with respect to other domains (Figure 3.9). The formation of these domains saves
energy. Due to the relationship between magnetization and the external magnetic field, the
magnetic field starts to diverge at the edges of the sample, producing demagnetizing field, which
costs energy to maintain [6,9].

Formation of the domains is a balancing act between the energy required for the formation of a
domain wall, and the energy required for a demagnetizing field (Figure 3.10).
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Figure 3.9: local ferromagnetic Figure 3.10: Formation of magnetic domains
domains (Inspired by Blundell, 2001)

2.6.2 Magnetocrystalline anisotropy

In certain crystallographic directions, crystal magnetization is more preferable than in others.
This leads to the separation of these axes into an easy axis and a hard axis [ ].

Easy axis is the one in which anisotropic energy reaches its minimum, with uniaxial anisotropic
energy (simple particular case) being defined as:

E,=K,sin’(6) (3.15)

where K, is uniaxial anisotropy constant, and 0 is the angle of deviation from the easy axis.
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2.6.3 Magnetic hysteresis

Magnetic hysteresis occurs in ferromagnetic and anti-ferromagnetic materials as a functi n of
external field H. After magnetic saturation of the ferromagnet by an applied field (Figure 3.11,
curve o-a), reducing the external magnetic field to zero (Figure 3.11, curve a-b) return the
ferromagnet to the state of remanent magnetization Mg. In order to change the direct on of the
magnetization, a coercive field Hc is needed.. In order to demagnetize the sample, oscillating

decaying external magnetic field must be applied [6].

e =t>= n-o
2 _‘;Q —>
—_— —
— —
cf o f >
— v
B /e 72 H.= max.

Figure 3.12: Magnetic domain
growth as a function of external
(coercive) magnetic field. (Adapted
from [6])

Figure 3.11: Magnetization as a function of external
(coercive) magnetic field

One of the main processes that take place during this change of magnetization is domain-wall
motion. Favourably-oriented domains tend to grow in size at the expense of other domains

(Figure 3.12).

In a sufficiently high external magnetic field, domains can change their orientation to the one
pointing in the direction of crystallographic easy axis closest to the field direction [6].

Within an even stronger magnetic field, the domains will be oriented in the direction of the
magnetic field, irrespective of crystallographic easy axis [6].
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2.7 Anti-Ferromagnetism

If the exchange integral for Eq. 3.11 is negative, the molecular field is oriented in such a manner
that it is favourable for nearest magnetic moments to position themselves antiparallel to one
another, thus causing antiferromagnetism.

This occurs frequently in systems which are said to have two interpenetrating sublattices (Figure
3.13), on one of which the magnetic moments point in one direction, and on the other in the
opposite direction [6].

ﬁﬂ, AT S
— 1. ......... 1‘ ..... + ‘lrw‘vir

..... TT

Figure 3.13: Antiferromagnet as two supersposed ferromagnetic sublattices.

In this case, if the symmetry is not broken by a strong external magnetic field, or introduced
internal defects, the total (net) magnetization is zero.

Susceptibility of an anti-ferromagnet is described by the previously mentioned Weiss-Curie law
(Equation 3.14), with the main difference being that the term -Tc describing curie temperature is
replaced by +Tn describing Neel temperature (Figure 3.14) [32 '4].

x4

>
I(K)

Figure 3.14: Dependence of magnetic
susceptibility on the temperature for an
antiferromagnet, where Ty denotes the
Neél temperature.
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2.7.1 Strong magnetic field effects

In the case of a strong enough magnetic field acting on an antiferromagnet, the internal
molecular field will be overpowered, and the magnetic moments will be forced to align parallel
to one another. As the external field is increased, the effects are similar to the ones discussed in
the section dedicated to magnetic hysteresis, but the process strongly depends on the orientation
of the applied field in relation to the initial sub-lattice magnetization direction [6].

For the case of applied field being perpendicular to sub-lattice magnetization directions, as the
external field increases, the magnetic moments become increasingly deflected, until they are
aligned with the external magnetic field [6].

In the scenario of parallel alignment, for weaker magnetic fields the sub-lattice’s magnetic
moments stay aligned in their original direction irrespective of varying external field. At a critical

field intensity, the sub-lattice magnetization changes into a different configuration, this is known
as spin-flop transition (Figure 3.15) [6].

a) A b) M\ M.

M.

v

Figure 3.15: sub lattice magnetizationalignment. a) initial
configuration b) spin-flopped configuration

The antiferromagnetic phase corresponds to 6 = 0, and ¢ = =. (Figure 3.15, a) the spin-flop phase
corresponds to 0 = ¢, the exact angle of this alignment is influenced by the exchange coupling,

magnetic anisotropy, as well as crystallographic easy axis orientation [6].

For the antiferromagnet, the energy required for the maintenance of the antiferromagnetic
arrangement can be described as:

E=—AM’—A (3.15)

Where A is a constant related to exchange coupling, M is magnetization magnitude, and A is the
term accounting for the crystallographic easy axis [6].

Spin-flop occurs when spin-flop phase becomes less energy demanding than antiferromagnetic
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phase (Figure 3.16).

A
E Bspin-ﬂap
» B
0 spin-flop phase
) antiferromagnetic
-AM’™- A phase

Figure 3.16: antiferromagnetic and spin-flop phase energy
requirements as a function of external magnetic field

There is largely no effects of external field on anti-ferromagnet until this spin-flop transition
takes place. After spin flop, the magnetization will keep on increasing up to the point of magnetic
saturation.

However, in the case of anisotropy effect contribution (A) being significant, and the external field
being aligned with the magnetization axis, no spin-flop takes place. In this case, spin-flip (not
flop) transition happens, whereas one sub-lattice’s magnetization reverses when B reaches a
critical value, and the system’s magnetic moments become aligned, resulting in a ferromagnetic
state [6].

2.7.2 Antiferromagnetic ordering

Antiferromagnetic ordering can include several arrangements(Figure 3.17), with the end result
being influenced only by the fact that amount of opposing moments has to be equal in both “up”
and “down” positions. The number of these possible arrangements depends on the crystal lattice
on which the moments are arranged. For FeRh, type G is the most common.

type A type C type E type G

sifiafriada

Figure 3.17: Different antiferromagnetic arrangements, red and blue denote different sub-
lattice magnetization directions, with + (red) pointing upwards and - (blue) pointing
downwards.
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3 FeRh

FeRh alloy possesses unusual properties, namely the first order magnetic transition from anti-
ferromagnetic (AF) to ferromagnetic (FM) state at a temperature of 370 K, which is also
accompanied by a decrease of resistivity and expansion in the lattice parameter [10].

3.1 FeRh Alloys

In FeRh alloys, first order AF-FM transition take place only for rhodium concentrations within
the range from 48% to 55%, with the concentrations closer to 50% showing a complete transition
(Figure 3.18) [11]. Upon reaching the Curie temperature of the alloy, further ferromagnetic to
paramagnetic transition occurs, this temperature lies in the vicinity of 670 K [11].
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Figure 3.18: Close-up of FeRh phase diagram near 50% Rh concentration. Adapted
with modifications from [11].

3.2 FeRh Structure

From the investigation by M. Vries, et al. [12] into the topic, it was determined that this transition
for the described range of rhodium concentration (48% < x < 0.54%) is a magneto-structural one,
meaning that the lattice constant value increases by approximately 0.3% in each linear dimension
post-transition . The crystalline structure of this alloy is body-centered cubic, with Fe atoms
occupying the corner positions (atomic position (0,0,0)), and Rh atoms occupying the central
position (1/2,1/2,1/2) (Figure 3.18).

When in ferromagnetic state (above 370K) (Figure 3.18, B2 FM), the magnetic moments of both
Fe and Rh had been measured to be pr.= 3.2 pg,and prn= 0.9 pgrespectively [13,14]. When in
anti-ferromagnetic state (Figure 3.18, B2 AF), magnetization contribution from Fe is pr.= 3.3 s,
while the contribution from Rh is pry= 0.8 pg [13].
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3.3 FeRh phase transition

First order phase transition (Figure 3.19) is typical for all AF-FM transitions, during which
coexistence of both phases is permitted (Figure 3.18, B2 FM + AF). The order parameter
experiences a sudden change during the transition, which is related to change between zero and
non-zero magnetization of the material (Figure 3.19) [3].
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Figure 3.19: Fe Rh first-order phase AF-FM phase transition. Adapted from [15]

This transition can be influenced by external magnetic field, which, when applied, shifts the
hysteresis loop to lower temperatures [15]. Mechanical pressure can also influence this transition
temperature [16]. Furthermore, FeRh belongs in the category of alloys the magnetism of which is
influenced by the degree of their chemical order. As the chemical order is decreased, the
transition temperature shifts to a colder one [4,5].

The mechanism of the AF-FM phase transition itself was first theorized by Kittel, based on the
relationship between lattice parameter and the value of exchange integral. However, later this
model was proven to be false due to discrepancies between the total entropy and the change in
lattice entropy during the transformation. Excess of entropy causes the ferromagnetic phase to be
more stable than anti-ferromagnetic, which causes hysteresis [17].
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3.4 FeRh thin films

For FeRh thin films, the crystalline structure is
primarily governed by the substrate it is based on,
with research done by Castiella, et al. [18] showing
that the lattice parameter is influenced not only by
the substrate on which the FeRh thin film is grown,
but also by the deposition temperature (Figure 3.20).

473K 973K

Figure 3.20: FeRh thin film growth as a
function of temperature. light blue represents
oxygen, dark blue represents magnesium,
cyan represents iron, and red represents

rhodium. Adapted from [18].
3.4.1 Ion irradiation of FeRh thin films

This section covers ion irradiation of FeRh thin films, including the basic principles behind ion
irradiation as well as literature search regarding recent developments.

Ion-sample interaction

The basis of the ion irradiation principle, and how it affects the structure of thin films, is based
around ion-sample collisions. These collisions are separated into elastic and inelastic collisions.
The interaction is a function of energy, with nuclear interactions being significant at low ion
energies, and electronic collisions being significant at high ion energies(Figure 3.21). The critical
energy A at which the electronic interaction is more significant than nuclear is equal to the
parameter A, the relative atomic mass of the ion [19].
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Figure 3.21: Energy loss as a function of
ion energy., Taken from Frey, 20135,
Particle Beam Sources.
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The interaction which is of particular interest to us is the ion implantation. This interaction
involves collision cascades, which create many dislocations as a mechanism of energy exchange
between the fast moving ion and the material surrounding it, before finally being implanted
(Figure 3.22) [19].This is one of the core mechanisms behind the ion irradiation-induced
disordering, which is a method of thin film tuning that I investigated.

Figure 3.22: FeRh thin film ion irradiation by gallium
ions. The interactions displayed are: back-scattering,
charge transfer, milling, collision cascades, ion
implantation. Adapted from[19].

FeRh thin film ion irradiation

K. Aikoh, et al. [20] investigated how 30 keV gallium ion irradiation affects AF-FM phase
transition in FeRh thin film (30 nm). They confirmed that as a result of Ga ion irradiation there
was a change in the phase transition, crystalline structure, as well as change in magnetic
properties of the film at cryogenic temperatures. Furthermore, the experiments performed by A.
Tohki, et al. [21] who used 50 keV argon ions, and 60 nm thick FeRh thin film showed
converging data.

In another paper, investigated by K. Aikoh, et al. [22] they proved the viability of micrometer-

scale ion microbeam magnetic structure patterning, using 10 MeV lodine ions as their source,
obtaining similar results to their work on full sample irradiation by 30 keV gallium ions.
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FeRh thin film ion irradiated structure

X-ray diffraction scans for the initial and irradiated samples (Figure 3.23;3.24), showed slight
decrease in B2 (BCC) crystalline structure (Figure 3.18) signal taking place up to 5 x 10"
ions/cm?, after which the signal from B2 (BCC) structure started to decline rapidly, with the
doses of 1 x 10" Ions/cm* and upwards showing little to no signal from B2 (BCC) structure

[20,21].

Q& o > = =
< I L S =2 =3
T o=k ¢ s & g8 3z =
L 23 = T = © = o = = o =
N =35 < e o =) w =3 & g S N =
— m N oo ) Q _ — s Q b= 3
: Qw9 o~ = 3 — - iy
S s x| S om < 5] | o s 2
< =] S = « =~ ~ L Mm J\ M 1X10" cm <
7= S x g . = ‘
o~ ~r 3
:_g o 1X10%/cm S 43 10" em’ t
& ) %‘ 110" em™ "
E 1X10"/cm o B2
w0 L ~ A 5X10 " cm
3 = 110" em® t
B, ot cm
5X10%/cm
o axi02em® .
11 -2 k
unirradiated LRI0 o
unjrradiatgd . "
T T T T T 1
40 60 80 100 120 40 60 80 100

n
o

20 (degree)

Figure 3.24: X-ray diffraction scan of FeRh
thin film (30 nm) as a function of ion
irradiation dose (30 keV, Ga).

(K. Aikoh, et al. [20])
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Figure 3.23: X-ray diffraction scan of FeRh
thin film (60 nm) as a function of ion
irradiation dose (50 keV, Ar).

(A. Tohki, et al. [21])

Saturated magnetization of FeRh film after ion irradiation

Saturated magnetization increased with irradiation dose, reaching a maximum at 5 x 10"
Ions/cm?” in the work done by K. Aikoh, et al.(Figure 3.26; 30 keV, Ga; 30 nm film), and reaching
a maximum just below 1 x 10" ions/cm” in the paper written by A. Tohki, et al.(Figure 3.25;
50 keV, Ar; 60 nm film). Beyond the maximum, the saturated magnetization starts to decline.
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Figure 3.25: Saturated magnetization as
a function of ion dose (50 keV, Ar; 60 nm

film) .
(A. Tohki, et al. [])
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FeRh thin film ion irradiated phase transition

In the research done by K. Aikoh, et al. [20], phase transition takes place only for ion doses
lower than 5 x 10" Ions/cm? , after which the hysteresis loop disappears completely, and the
material behaves as a typical ferromagnet, with a drop in magnetization with increasing
temperature (Figure 3.26, dose 1 x 10'*'ons/cm?). With the ion dose increasing even further to

4 % 10" Ions/cm” and onwards, the behaviour can be considered paramagnetic in nature, with no
pronounced drop of magnetization with temperature.

Unirradiated sample non-zero magnetization can be explained by the manufacturing process
during which the defects are created within the thin film, which is related to FeRh sensitivity
towards chemical ordering, which means that residual ferromagnetic phase is present [59].

Magnetization [emu/g]

|
200
Temperature [K]
Figure 3.26: Magnetization of FeRh thin film as a
function of temperature. Lower part of each loop is

heating, upper part is cooling (30 keV, Ga; 30 nm film)
(Aikoh, et al. [20])

|
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FeRh thin film ion irradiation literature search summary

The presence of ferromagnetic behaviour from the disordering of the film increases saturated
magnetization, which in turn enables the first-order phase transition to take place at lower
temperatures, at the expense of the quality of this transition, making it less pronounced and more
stretched, up to the point of disappearing completely [20].

3.4.2 Thermal annealing of FeRh thin films

A. Tohki, et al. [21] investigated how thermal annealing affects FeRh thin film irradiated by the
ion dose of 1 x 10'® Ions/cm?. In their case, as mentioned previously, the ion irradiation was
performed using argon ions at 50 keV energy, the sample thickness was recorded to be 60 nm.
Their results regarding the irradiation were quite similar to the ones in the work done by K.
Aikoh, et al. [20], and we can safely assume that the ion irradiation dose of 1x 10' ‘'ons/cm?
results in paramagnetic disordered state for FeRh thin films.
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Thermal annealing principle

Thermal annealing of thin films can enable the diffusion, relaxation and recrystallization
processes to take place within a reasonable time-frame. Depending on the conditions, annealing
can help decrease the internal strain of newly-made epitaxial thin films. Ordinarily, the amount
of internal defects decreases with annealing, which also corresponds to the increase of the grain
size. However, for gold thin films, as a counter-example, research done by G.M. Alonzo-Medina
et al. [23] shows that surface roughness increases alongside with grain size decrease as a function
of annealing time (Figure 3.27), this relationship being logarithmic. The behaviour of grain size
increase or decrease depends greatly on annealing temperature ramp as well as annealing time.
This effect of different temperature ramps was also demonstrated by S.C. Chen, et al. [24] using
FePt thin films.

Annealing temperature can also affect thin films by enabling surface tension to overtake internal
forces, causing porosity, or nucleation of blobs to occur. One of such FeRh thin films which was
prepared by my colleague M.Sc. Jon Ander Arregi Uribeetxebarria, showed such behaviour,
known as dewetting (Figure 3.28).
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Figure 3.27: grain size as a function of annealing Figure 3.28: SEM scan of FeRh thin film defects
time, Au thin film. Taken from [23] caused by thermal annealing (55° inclined)
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Influence of thermal annealing on FeRh thin film structure

In their investigation into FeRh thin film annealing, A. Tohki, et al. [21] demonstrated that
annealing of ion irradiation disordered (1 x 10'° Ions/cm?®) FeRh thin films does restore the
previously vanishing body-centered cubic B2 structure. However, they were also able to show
that annealing from the ion irradiation dose of 1 x 10'® ions/cm® does not show any significant

restructuring taking place if the sample is annealed at a temperature lower than 200°C (Figure
3.29).
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Figure 3.29: X-ray diffraction measured structure after each
annealing temperature (50 keV, Ga, 60 nm thick film [21]).

Influence of thermal annealing on FeRh thin film magnetization

A. Tohki, et al. [21] have also demonstrated that in-line with the restoration of structural
properties, the magnetic properties are also restored gradually with an increase of the annealing
temperature (Figure 3.30). This corresponds to the maximum saturated magnetization achieved
after annealing at a temperature close to 400°C, and with partial restoration of AF behaviour at
annealing temperatures greater than 400°C, with near-complete restoration of the
antiferromagnetic state prior to irradiation appearing near 800°C.
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Figure 3.30: Saturated magnetiyation as a function 24

of annealing temperature, measured at 5K (50 keV,
Ar; 60 nm thick film. Taken from [21])



Influence of thermal annealing on FeRh thin film phase transition

In the same vein, A. Tohki, et al. [21] discovered that annealing affected the thin film behaviour
in a manner opposite to ion irradiation(Figure 3.31). The maximum saturated magnetization
correlates with fully ferromagnetic behaviour of the material in question, being in good
agreement with the research done by K. Aikoh, et al. [20].
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Figure 3.31: Magnetization as a function of temperature,
measured at 5K. (50 keV, Ga; 60 nm thick film. Taken from
121).

FeRh thin film thermal annealing literature search summary

FeRh thin film properties can be modified in a manner opposite to ion irradiation by thermal
annealing. However, caution must be taken in the following of the proper regime for annealing in
order to avoid unfortunate destruction of the thin film.

Furthermore, grain size and annealing temperature relationship in FeRh thin films is unclear,
possibly limiting the overall number of cycles that can be achieved via repeated ion irradiation
and annealing, warranting further literature search on this topic [23,24].

4. Methods and Experiments

This section will go over methods and instruments used as well as experiments designed for the
testing of magnetic properties of the locally ion-irradiated and thermally annealed FeRh thin
film.

4.1 Instruments

This section will go over the instruments used in the course of my research into the topic, going
over the principles at work of Scanning Electron Microscope(SEM), Focused Ion Beam(FIB)
with a Liquid Metal Ion Source(LMIS). Atomic Force Microscopy(AFM) will also be covered,
including different modes of operation that were used during the course of this work in order to
evaluate the magnetic field of the irradiated areas on FeRh thin film.
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4.1.1 Vacuum scanning electron microscope

Scanning electron microscope creates magnified images of a sample by the means of a focused
beam of electrons scanning over the surface of the sample. The electrons interact with the sample
(Figure 4.1), as a result of which the secondary electrons, back-scattered electrons, Auger
electrons, as well as characteristic, fluorescent and continuum X-rays are produced. Imaging is
done primarily by using secondary and back-scattered electrons, although chemical imaging is
also possible by using an appropriate Auger electron detector [25]. Similarly, the generated X-
rays can also be used for chemical imaging using a method called energy-dispersive X-ray
spectroscopy [26].
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Figure 4.1: Possible interactions between the electron beam and the surface
Electron gun, which is situated at the top of the column(Figure 4.2), is a source of electrons
which are then accelerated via a series of electromagnetic lenses. The lenses then focus the beam
of electrons. The beam of electrons is controlled by the deflection coils which perform the
scanning of the sample surface.
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Figure 4.2: Typical construction of a SEM. Taken from 26
commons.wikimedia.org/wiki/File:Schema MEB_(it).svg



3.1.2 Vacuum focused ion beam

In our case, a Liquid Metal lon Source (LMIS) Focused Ion Beam (FIB) was used (Figure 4.3).
One of the main reasons being availability, but also convenience due to the fact that it is paired
up with a scanning electron microscope, allowing us to direct the FIB without having to bombard
the surface with ions. It also operates at lower energies than gas field ionization source, has less
penetrative ability, and also allows for smaller spot sizes [27].
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Figure 4.3: LMIS FIB internal structure. Taken from: orsayphysics.com/what-is-fib

Heated gallium wets the tungsten needle and flows to the tip, where surface tension and electric
field form the gallium into a Taylor cone (Figure 4.4). The electric field, which is greater than 10®
V/em, causes ionization and field emission of the gallium ions. lons are then can be accelerated
to an energy of 1 to 30 keV, and focused onto the sample by the means of electrostatic lenses.

FIB can also be used for imaging, as the collisions emit secondary electrons which can be
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Figure 4.4: Liquid Metal Ion Source (LMIS) needle.
Taken from http://www.orsayphysics.com/what-is-fib



detected following a similar principle as seen in SEM. It is significantly more destructive during
continuous scanning, making it unusable for long exposure, high magnification observations.

3.1.3. Atomic Force Microscope

Atomic Force Microscope, also known as Scanning Force Microscope, is a high resolution
measurement instrument, which allows for the recording of topography of a surface. Its special
resolution is superior compared to optical microscopy, allowing for sub-nanometer resolution
[28]. It works on principle of measuring force interactions between the probe and a sample. The
force interactions between the tip and the sample include: strong force, Van deer Waals forces,
dipole-dipole interactions, electromagnetic and electrostatic forces, as well as other interactions.

In order to scan the surface, a very sharp tip located at the end of a cantilever is used as a probe,
which is then controlled by piezoelectric elements in 3 axes. In our case, optical detector is used:
the cantilever's surface which is opposite to the tip is polished, so that the laser can be directed at
it. The reflected signal is collected at a 4-part photosensitive detector, which converts light into
electric potential (Figure 4.5). This gives us the information as to the movement of the tip
relative to its starting position, indicating a change in amplitude of periodic oscillations, or
deflection, depending on the mode of operation. It also allows to see the changes in torsion,
thanks to 4-part detector which registers to which quadrant the shift occurs.

o] Photodetector
Laser

Probe

Sample
Figure 4.5: AFM with laser detector setup

Contact mode

In this mode the tip stays in contact with the sample as it is moving across the surface (Figure
4.6). In order to avoid undesired effects of the tip “sticking” to the sample, considerable
deflection of the cantilever has to be used in order for the forces between the tip and the sample
to be predominantly repulsive. The measurement can be conducted either from the deflection of
the cantilever directly, or, when a more gentle approach is desirable, using a feedback loop which
keeps the deflection constant at the expense of the probe’s positioning in the z-axis. It is also
worth mentioning that when scanning samples with very pronounced topography and low
mechanical resistance, scarring can occur.
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Tapping mode

In this mode of operation, instead of keeping the tip in the contact with the surface features of the
sample, the cantilever with the tip is instead oscillated near its resonant frequency, with an
amplitude equal to the distance between the tip and the sample in the initial position (Figure 4.7).
In this case, the tip is more sensitive to sharp topographical features. The change in amplitude,
caused by a change of distance between the set point and the surface is then registered by the
feedback loop, and the cantilever-sample distance is adjusted so that the amplitude prior to this

change is achieved.

Non-Contact Mode

Contact Mode Tapping Mode

Figure 4.6: Different scanning modes

Non-contact mode

It is similar in principle to the tapping mode, but in this case, the tip does not directly interact
with the surface, limiting the force interactions only to relatively long-range forces, such as
electrostatic and electromagnetic forces (Figure 4.6). As in the previous case, the change in
amplitude of oscillations is measured, and the feedback loop is used to return to the original
value of the amplitude.

Magnetic force microscopy

Magnetic Force Microscopy (MFM), in our case, combines non-contact and tapping modes, in
so-called lift mode (two-pass imaging), where the first pass is done measuring the topography,
and the second pass is done oscillating the needle at a higher altitude (to avoid surface
interactions), replicating the previously scanned terrain and registering the tip attraction or
repulsion relative to the previous data.

In order to measure the magnetic response from the sample, the tip used for this scanning mode
should be magnetic (typically Si tip with a thin magnetic coating). The sample can also be placed
in an external magnetic field in order to align the magnetization direction, and make evaluation
easier.
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4.1. Deposition of FeRh thin film

Deposition of FeRh thin film was performed by Bc. Lucie Motyckova using magnetron
sputtering. The deposition took 8 minutes at 450 °C, nominal thickness was 16 nm. Post-

deposition sample was annealed for 80 minutes at 760°C under high vacuum.

In a magnetometry measurement performed by my supervisor, Dr. Ing. Michal Stano, the
transition temperature for the film is shown to be above 400 K, especially considering that it was

measured in an external magnetic field of 3 Tesla (Figure 4.1).
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Figure 4.7: Initial phase transition measurement for the
FeRh thin film (16 nm)
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4.2 Local ion irradiation of FeRh thin film

An array of 2 X 2 um squares for FIB irradiation was created using Atlas DrawBeam software
(Figure 4.8), with following doses:
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Figure 4.8: Focused lon Beam irradiation patterns

The irradiation was performed using Tescan Lyra scanning electron microscope with an installed
Gallium-based LMIS FIB under high vacuum. AFM and MFM measurements were performed
using the Bruker Dimension Icon atomic force microscope. Heating of the sample was performed
using custom-built heating stage using peltier cells.

4.1 Thermal annealing of FeRh thin film
Thermal annealing was performed by my supervisor Dr. Ing. Michal Stano at a temperature of

410°C, for a period of 70 minutes in a preparation chamber (Scienta Omicron nanoSAM
instrument) under initially ultra high vacuum (less than 10~ Pa).
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5. Results & Discussion

5.1 Locally ion-irradiated FeRh thin film

This section will go over the obtained measurements of FeRh thin film which underwent local
ion irradiation by FIB using Gallium ions.

5.1.1 AFM measurement of the structure
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Figure 5.1: Topograhy measured by AFM measurement of locally FIB-
irradiated FeRh thin film, 16 nm thick on MgO substrate.

For the lower doses, namely 1x10", 5x10", and 1x10'* ions/cm” no significant topography was
measured. For higher doses, namely 5x10", 1x10", and 1x10' ions/cm? an increase in
topography of a few nanometers can be observed. This is very likely related to the swelling effect
connected to the phenomenon of Gallium ion implantation in the MgO substrate [29], as the film
manufactured was noticeably thinner than originally planned for, meaning that more significant
amount of ions was implanted into the substrate. For even higher doses, namely 5x10", 1x10",
and 5x10" ions/cm? a decrease in topography can be seen, corresponding to the milling of the
thin film starting to occur at the doses of 5x10" up to 5x10" ions/cm*. The rise of elevation
around the ion irradiation dose of 5x10" ions/cm* could represent re-deposition effect, or the
residual swelling of the substrate, or the combination of the two. The effects of thin film milling
and MgO substrate swelling can combine, diminishing the milled depth.
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5.1.2 MFM measurement of the magnetic response
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Figure 5 4: MFM ion irradiated sample measurement performed at 60 °C
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Response to constant external magnetic field vs. vs. ion dose
at different temperatures
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Figure 5.5: Magnetic response from the irradiated areas as a function of ion dose and
temperature.

For the lower doses at 20°C (Figure 5.2), namely 1x10", 5x10", and 1x10" ions/cm? the
magnetic response is attractive (negative) and weak, and with increasing temperature it appears
to stay more or less constant.

For the area dose values of 5x10'> and 1x10" ions/cm’, strongest magnetic response can be
observed among all irradiated areas. The vertical edges of these areas also show bright and dark
contrast, indicating in-plane part of the magnetization of the area. With increasing temperature,
the area dose of 1x10" ions/cm* demonstrates an increase in the value of phase shift, indicating
that the attraction is stronger at higher temperature (Figure 5.5). This can be explained by first
order phase transition taking place, where the antiferromagnetically ordered part of the thin film
begins it’s transition to ferromagnetic state at a lower temperature than the sample. This
converges with the research done by both A. Tohki, et al. and K. Aikoh, et al. [20,21], where they
received similar behaviour for the values of ~5x10'* ions/cm* and ~5x10" ions/cm? respectively.

For even higher doses, namely 1x10", 5x10",1x10" and 5x10" ions/cm? we receive a positive
response irrespective of temperature, signifying that repulsion is taking place (Figure 5.2; 5.3;
5.4). Given that this value is well above background, it is likely to be due to electrostatic
charging of the substrate or of the disordered FeRh thin film, making evaluation of magnetic
response complicated for higher doses.

The spots which quantitatively represent the strongest magnetic attraction of the cantilever tip to
the sample are represented as borders of the areas irradiated by the doses of 1x10", 5x10",
1x10" and 5x10" Ions/cm* (Figure 5.2;5.3;5.4). This behaviour can be mostly attributed to the
FIB partially irradiating the sample near the border, but it could also be connected to the
interfacing of disordered paramagnetic phase and ordered anti-ferromagnetic phase, though this
cannot be confirmed as the measurement of higher doses were inconclusive due to electrostatic
repulsion.
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5.2 Thermally annealed FeRh thin film
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Response to constant external magnetic field vs. vs. ion dose
at different temperatures
(sample annealed at 410°C)
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Figure 5.9: Magnetic response from the irradiated and thermally annealed areas as a function of
ion dose and temperature.

For the most magnetically pronounced doses of 5x10'? and 1x10'3 Ions/cm?, it is hard to evaluate
if there is any significant difference at room temperature for pre- and post-annealed sample, as
the conditions were different, so was the magnitude of the phase shift (Figure 5.9). However,
temperature-dependent behaviour shows that the first order phase transition does take place
within our range of measured temperatures. Moreover, the magnetic response difference between
measurement taken at 40°C and 60°C is minimal, signifying that the thin film irradiated with ion
dose of 1x10'3 ions/cm? and annealed at a temperature of 410°C largely finished its first-order
phase transition before it was heated to the temperature of 60°C (Figure 5.9).

For the more irradiated areas, namely 1x10'4, 5x10'* and 1x10' ions/cm?,which previously were
obscured by repulsive forces, are now clearly observed enacting an attractive force upon the tip
(negative response). Given this change in behaviour across all highly irradiated areas, this is
likely the signifier that annealing had an effect in restoring their structure from the disordered
state, to body-centered cubic ferromagnetic, similar to what A. Tohki, et al. [21] have observed.
Diftusion could play a role during the annealing of the sample, as the relaxation could occur in
the substrate, causing a decrease in repulsive forces.

However, the highest irradiation dose of 5x10!5 ions/cm? still interacts in a mostly repulsive
manner with the MFM tip, showing that the electrostatic contribution is likely still present across
all areas of higher (5x10'3 to 5x101) irradiation doses to some extent (Figure 5.8). It also shows
strong ferromagnetic response not only on the border of the square, but also within the square in
the shape of grains and lines, signifying that even for the highest irradiation dose, there was a
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change of structure and magnetic properties post-annealing. Whether it was partial or complete is
hard to evaluate.

6. Conclusions

This work focused on on literature review and experimental evaluation of local ion irradiation
and thermal annealing as a method for tuning the phase transition and magnetization of FeRh
thin films.

In the literature, the magnetic properties and transition temperature of FeRh thin film varies with

the ion dose [20]. For the case of 30 keV, gallium FIB and 30 nm thick FeRh thin film, and the
doses up to 5x10'3 ions/cm?, the phase transition moved to lower temperatures, and saturated
magnetization increases at low temperatures. The maximum saturated magnetization was
achieved at ion dose of 5x10'3 ions/cm®. Here, the phase transition was faint, and it disappeared
completely at a dose of 1x10'* ions/cm?; the material was fully ferromagnetic and saturated
magnetization was decreasing with temperature. At even higher irradiation doses, the material
was paramagnetic. A. Tohki, et al. [21] observed an increase in saturated magnetization with ion
irradiation dose up to, roughly 5x10'2 ions/cm?.

Annealing of an excessively-irradiated FeRh thin film (1 x10'¢ ions/cm?) showed that with the
increasing temperature, the film first obtains ferromagnetic behaviour (up to 400°C), and with an
even further increase it would obtain its original antiferromagnetic phase (up to 800°C).

Our experiments consisted of local ion irradiation (2 % 2 um squares) of 16nm-thick film using
30 keV Ga FIB with doses ranging from 1x10!! ions/cm? to 5x10'5 ions/cm?. Irradiated (and later
annealed) areas were probed by magnetic force microscopy in constant magnetic field at
different temperatures. Due to the sample’s relatively high phase transition temperature (above
400K), the full transition curve could not be measured. However, we did obtain data for
temperatures from 20°C to 60°C. The irradiated sample was measured again after annealing at
410°C, which corresponds to the maximum saturated magnetization for an irradiated film as
reported by A. Tohki, et al. [21].

For our conditions (30 keV gallium FIB, film thickness 16 nm, locally irradiated 2 %< 2 um
squares) the maximum saturated magnetization ion dose was determined to be 1 x10'3 ions/cm®.
Highly ferromagnetic borders around irradiated areas were formed for doses above 5x10!3
ions/cm®. After the annealing, we obtained an increase of ferromagnetic response across higher
irradiation doses (5%10'3 ions/cm*up to 5x10' ions/cm?), with a possible slight decrease for the
ion doses of 1 x10'3 Tons/cm? and less, signifying a possible partial restoration of the AF phase.

As a result of the experiments, we have qualitatively confirmed the validity of work done by K.
Aikoh, et al. [20] as well as A. Tohki, et al. [21] regarding FIB irradiation and annealing of FeRh
thin films. For further experiments, the FeRh thin film should have a greater thickness to
prevent MgO substrate from swelling and charging, ideally the thickness should be close to 27
nm, as simulated in SRIM 2008 code. Greater care should be exercised during the irradiation
process, especially calibrating the actual FIB spot size and the one selected in the software, to
avoid unfortunate situations where instead of an irradiated area, an array of irradiated dots is
created.
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In order to expand on this research in quantitative manner, greater variety of doses should be
used, but most importantly the sample should have transition temperature around 370K so that
the whole transition can be verified for each dose. Polarized light optical microscope was
considered for the measurements, but unfortunately the structures were not discernable. For
larger structures this should not pose a problem. Temperature drift largely did not pose a problem
during our MFM measurements, but it may have influence at higher temperatures. Additionally,
investigating the structures of varying size and shape could also prove useful.
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8 List of abbreviations

AF — Antiferromagnetic, Antiferromagnetism;

AF-FM — Antiferromagnetic to Ferromagnetic (phase transition);
AFM — Atomic Force Microscopy;

FeRh — Iron-Rhodium alloy;

FIB — Focused Ion Beam;

FM — Ferromagnetic, Ferromagnetism;

LMIS — Liquid Metal Ion Source;

MFM — Magnetic Force Microscopy;
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