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Abstract
Magnetic nanoparticles represent a promising platform for a vast number of biomedical
applications in continuously developing domains of diagnostics and therapeutics. Novel
magnetic nanoscale technologies based on metamagnetic materials may provide significant
benefits, for instance, in terms of easily controllable actions on biological species in the
human body. This thesis investigates the growth mechanisms and magnetic properties of
supported nanoparticles made of the iron-rhodium (FeRh) alloy on the MgO substrate.
The FeRh compound was chosen for its specific transition from the antiferromagnetic to
ferromagnetic phase occurring slightly above room temperature, thus allowing the control
of magnetic properties of nanoparticles in the temperature range close to the human body.
The presented nanostructures have been fabricated via magnetron sputtering using the
bottom up preparation approach. The morphology and magnetic behavior of such de-
posited nanostructures have been investigated via atomic and magnetic force microscopy,
which provide spatially resolved antiferromagnetic and ferromagnetic domain structure in
the individual nanoislands.

Keywords
biomedicine, metamagnetic nanoparticles, FeRh, nanoislands, growth modes, magnetron
sputtering, magnetic force microscopy

Abstrakt
Magnetické nanočástice představují perspektivní prostředek pro široké množství biomedi-
cínských aplikací v neustále se rozvíjejících oblastech diagnostiky a léčebné terapie. Využi-
tí magnetických nanočástic z metamagnetických materiálů by mohlo poskytnout výrazný
přínos například z hlediska zlepšení ovladatelnosti biologických subjektů uvnitř lidského
těla. Tato práce se zabývá růstovými mechanismy a magnetickými vlastnostmi nanočástic
ze slitiny železa s rhodiem (FeRh) ukotvených na substrátu MgO. Slitina FeRh byla vy-
brána pro její specifickou fázovou přeměnu z antiferomagnetické do feromagnetické fáze
nastávající v blízkosti pokojové teploty, což umožňuje ovládání magnetických vlastností
nanočástic v teplotním rozsahu blízkém lidskému tělu. Prezentované nanostruktury jsou
vyráběny magnetronovým naprašováním využívajícím přístup samouspořádání “bottom–
up”. Morfologie a magnetické chování připravených nanostruktur jsou vyšetřovány pomocí
mikroskopie atomových a magnetických sil, které umožňují získat prostorové rozložení fe-
romagnetických a antiferomagnetických domén v jednotlivých nanoostrůvcích.

Klíčová slova
biomedicína, metamagnetické nanočástice, FeRh, nanoostrůvky, růstové módy, magnetro-
nové naprašování, mikroskopie magnetických sil
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Introduction
An effort to prevent, diagnose and treat diseases has been always in the center of scientific
research. In the last years, a novel direction of medical exploration is moving towards
employing nanoparticles which may play a crucial role in terms of manipulation within
the human body. In this context, magnetic nanoparticles are remarkable for their rich
functionality and their ability to be remotely controlled to act on biological species. So
far, the vast majority of studies in this direction deal with nanoparticles based on ferro-
magnetic materials, taking mostly advantage of their superparamagnetic properties which
brings a negligible agglomeration tendency.

In the present study, we want to consider the employment of another type of magnetic
material, presenting metamagnetism, which exhibits a phase transition from antiferromag-
netic to ferromagnetic state. For this purpose, the iron-rhodium (FeRh) alloy has been
chosen for its metamagnetic transition occurring slightly above human body temperature
and for the documented background about synthesis of metamagnetic continuous films.
The benefits and promising applications rely on the significant change in magnetization,
controllable via various driving forces, as well as on the extraordinary amount of latent
heat released across the transition in the cooling direction. In addition, FeRh is antiferro-
magnetic at human body temperature, showing zero net magnetization in the absence of
an externally applied magnetic field, thus avoiding undesired particle agglomerations as
in the case of superparamagnetic nanoparticles.

This thesis focuses on the fabrication of FeRh particles and the subsequent investi-
gation of their magnetic properties. We explore the preparation via sputter deposition
due to a large scale production allowed by this bottom up fabrication technique. Since
the nanoparticles grown here are supported on a substrate, the term “nanoislands” will
be often used to refer to them. Their resulting topography and magnetic properties are
studied via atomic and magnetic force microscopy.

Chapter 1 provides an overview of selected ongoing research topics based on appli-
cations of magnetic nanoparticles in biomedicine. Additionally, we suggest the possible
biomedical applications of the metamagnetic nanoparticles we attempt to produce in this
thesis. Chapter 2 serves as an introduction to fundamental theory of magnetism required
for understanding the experimental results. In Chapter 3, the attention is concentrated
on the FeRh compound which constitutes the material of interest in this thesis. Chap-
ter 4 discusses basic concepts associated with processes during nucleation and subsequent
growth of thin films on a substrate. In Chapter 5, the experimental techniques utilized
in this thesis are presented. Finally, Chapter 6 and Chapter 7 report on the morphology
and magnetic properties of the prepared structures supported FeRh nanoparticles.
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1 Magnetic nanoparticles for biomedicine
Nanoparticles may be construed as an intermediate stage between bulk materials and
separate atoms or molecules. Their properties significantly differ from the corresponding
bulk material or discrete structures at the atomic level, thus representing an independent
scientific branch and one of the most important research topics in modern materials
science. Moreover, magnetic nanoparticles (MNPs) can be remotely controlled by applied
magnetic field and therefore offer attractive functionalities for a vast number of scientific
research areas and technical applications.

nm
Nanoparticles

10-1 100

Water Glucose Antibody Virus Bacteria Cancer cell

101 102 103 104 105

Figure 1.1: Characteristic size of biological entities. Adapted from several sources.1

One of the domains comprising intensive research on MNPs is biomedicine. Novel mag-
netic nanoscale technologies potentially provide important developments in disease preven-
tion, diagnosis and treatment. A first advantageous feature of nanoparticles for medicine
consists in their controllable size ranging from a few up to hundreds of nanometers, which
in turn enables to maneuver them in larger environments such as a vessel in the human
body [1, 2]. In a similar way, it is possible to design nanoparticles with appropriate
properties for interaction with biological entities of comparable size, such as cells, viruses,
proteins or genes (see Figure 1.1). Secondly, their magnetic functionality subsequently
allows to manipulate them by an external magnetic field gradient and thus be transported
to a specific location in the body. In this manner, a package of drugs may be delivered to
a region of cancerous tissue, for instance. Third, medicine may also benefit from the char-
acteristic response of MNPs to an alternating magnetic field. As a result of the transfer
of energy from the field, nanoparticles can be heated, and therefore induce damage to
malignant tumor cells. MNPs can also be used for cell labeling, magnetic separation and
purification of biomolecules and cells, as well as for biodetection of pathogens and pro-
teins. An additional promising research field that benefits from nanoscale materials is that
concerning tissue engineering, which aims for organ transplantation. MNPs have already
been widely used as contrast agents for magnetic resonance imaging as well [3]. There-
fore, MNPs are distinguished by an unified design capability which promotes their use as
a multifunctional platform for simultaneous diagnosis and therapy, resulting into a novel
paradigm for precision medicine termed as theranostics (therapeutics + diagnostics) [4].
A brief discussion of the most relevant biomedical applications of MNPs follows in the

1Credit for the figure of the antibody corresponds to A. Friboulet (Sorbonne Université),
in https://www.utc.fr. Credit for the figure of the bacteria corresponds to L. Boness, in http:
//scienceillustrated.com.au. The rest of the figures employed are of public domain.
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1 MAGNETIC NANOPARTICLES FOR BIOMEDICINE

next sections. Finally, the scope of this thesis is explained in the last section of this
chapter.

1.1 Magnetic separation
Since MNPs can be designed to be of a comparable size as biological entities like proteins,
they are suitable for biotagging or cell labeling and subsequent magnetic separation [1,
2]. In order to separate specific entities from their native environment, one must start
by binding the desired biological entity to a magnetic material (labeling). For this pur-
pose, it is advantageous to use superparamagnetic iron oxide nanoparticles (SPIO) since
they do not alter the cell behavior and the background about particle synthesis and sur-
face modification is extensively documented [5]. As a way to ensure safety for their use
within the human body, MNPs are coated by biocompatible molecules. For highly accu-
rate cell labeling, it is required that a given nanoparticle binds to the specific biological
entity. This can be achieved by antibodies, which target specific sites on the surface of
cells by binding to the matching antigen. The motion of the tagged material is mainly
influenced by the magnetic force, caused by a tailored magnetic field gradient at a partic-
ular region, as well as by the hydrodynamic drag force acting on the magnetic particle in
the flowing solution. The magnetic force depends also on the effective susceptibility of the
particle relative to the ambient diamagnetic medium (whose magnetic signal is negligible
compared to the much larger signal from the injected particles). The hydrodynamic drag
force is given by the viscosity of the surrounding medium, by the radius of the magnetic
particle, and by the velocity of the cell relative to the velocity of the medium. If the
magnetic force overcomes the hydrodynamic drag force, the tagged material is captured
in the carrier medium and therefore separated from the unwanted biomaterials that are
at the same time removed by the hydrodynamic drag force. The tagged particles can be
subsequently released by the removal of the applied magnetic field. This kind of mag-
netic separation method is often employed for the selection of infrequent tumor cells from
blood. A similar approach is employed in the magnetic immunoassay, a procedure which
gently targets specific macromolecules such as proteins or peptides to measure their con-
centration. The magnetic immunoassay allows the detection of cancer biomarkers, which
is an extremely significant step for the early clinical diagnosis and monitoring of cancer
diseases [6].

1.2 Drug and gene delivery
One of the most exciting contribution of MNPs to medicine is their use for drug delivery.
The aim of all drug delivery methods is to distribute undamaged medications to specific
parts of the human body. For this purpose, magnetically targeted therapy uses magnetic
nanoparticle carriers which comprise a magnetic core covered with a protective biocom-
patible coating and organic linkers ensuring strong bonds to the active biomolecules [1, 7].
Once the medicament has been attached to the carrier, the therapeutic agent complex is
injected into the bloodstream. Subsequently, a properly designed high-gradient magnetic
field is used to capture and extravasate the complex at the target area within the human
body. Then, the active biomolecules with medicinal effect, which are bound to the surface
of the nanoparticle carriers, may be released via enzymatic activity or changes in physio-
logical conditions such as pH, osmolality, or temperature (see Figure 1.2). This technique
is of an enormous potential for medicine and holds particularly promising prospects for

4



1.3 TISSUE ENGINEERING

Protective
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enzymatic activity

Figure 1.2: Schematic illustration of drug loading and release based on magnetic carriers.

cancer treatment [8]. For example, the method has been already applied to deliver cyto-
toxic drugs to brain tumors or hepatocellular carcinoma. Another auspicious application
is based on the delivery of therapeutics to the local inflammation of the musculoskeletal
system within the human body (such as the site of a joint), therefore reducing side effects
on patients suffering from chronic arthritis.

A similar principle is used for gene delivery [7]. The utilization of target specific
linkers, binding magnetic nanoparticle carriers and deoxyribonucleic acid (DNA), is not
always possible; thus, one must consider an alternative approach for attaching DNA to
the surface of carriers. Since DNA is negatively charged due to the phosphate groups in
the phosphodiester bonds, target specific linkers may be replaced by positively charged
molecules. The advantages of nonviral gene delivery using nanoparticles as carriers, as
compared to usual viral gene delivery, are the easy preparation of nonviral vectors, their
lower immunogenicity and oncogenicity, as well as the impossibility of virus recombina-
tion [9]. However, the efficacy of DNA trasfection is not ideal for in vivo applications, thus
being a subject of current research efforts. Gene delivery may be favorably used for treat-
ing both acquired and inherited diseases such as severe combined immune deficiencies,
chronic granulomatous disorder and hemophilia [10]. Alternatively, this technique may
also be employed to treat diseases such as cancer, neurodegenerative or heart diseases,
and diabetes.

1.3 Tissue engineering
Promising investigations on delivery via MNPs are performed also in tissue engineer-
ing [11]. The primary goal of this therapeutic branch is to repair or replace damaged
tissue. Most techniques, consisting in the development of equivalent anatomical entities,
aim for the growth of functional tissue outside the body and for subsequent delivery of
the substitutional tissue to the targeted area. The top-down approach relies on a 3D
biodegradable structure called a scaffold, to which the cells are seeded. This complex is
often equipped with growth factors that promote a better proliferation of the cells, as
well as with biomaterials for direct differentiation. In the case of magnetic scaffolds, the
complex may be remotely manipulated via magnetic fields. The technique offers prospec-
tive opportunities mainly for bone tissue formation. An alternative bottom-up approach
patterns the individual components of a given tissue according to a predefined organi-
zation. Magnetic materials may again be involved in this methodology since they are
profitable for cell labeling. Applications of this method include preparation of skeletal
muscles, retinal pigment epithelium and vascular tissue for graft survival.

5



1 MAGNETIC NANOPARTICLES FOR BIOMEDICINE

1.4 Cancer treatment via alternating magnetic fields
The most intense current research efforts engaging a wide range of scientific disciplines
focus on cancer treatment. Cancer invasiveness is caused by the ability of cancer cells
to incessantly grow and spread from a nascent tumor into surrounding tissues or even
distant parts of the body. The major disadvantage of chemotherapy, considered as a con-
ventional method for cancer treatment, is its non-specificity of medication delivery. Since
the therapeutic drugs cannot be precisely manipulated within the body, healthy tissue
is additionally affected, which results in severe toxic side effects such as alopecia, nau-
sea, diarrhea, anemia, infertility, or failure of the immune system [12, 13]. Furthermore,
cancer cells tend to develop resistance to chemotherapy. Therefore, a major objective of
scientific research is to reduce the amount of the cytotoxic medication by more efficient
targeting of the drug or to replace the use of the therapeutic medicaments by an alter-
native method. MNPs can assist into novel therapeutic approaches by virtue of their
properties. Two of those innovative techniques that are still undergoing clinical or preclin-
ical trials are magnetic hyperthermia and the magneto-mechanical cancer-cell destruction
via biofunctionalized magnetic-vortex microdiscs.

Hyperthermia is a type of cancer treatment in which the body tissue is exposed to
elevated temperatures to heat malignant cells [1, 14, 15]. While whole-body hyperther-
mia (used for treating metastatic cancer) or regional hyperthermia (such as in an organ)
are performed to increase the sensitivity of cancerous tissue to radiation or chemother-
apy, local hyperthermia aims to destroy and kill tumor cells while sparing surrounding
healthy tissue, such that higher temperatures must be applied. For localized hyperther-
mia applications, MNPs can be advantageously used. Magnetic hyperthermia requires
at first dispersing MNPs throughout the target tissue. Once scattered throughout the
tumor tissue, MNPs are exposed to externally applied alternating current (AC) magnetic
fields with frequencies in the range 100 kHz – 1 MHz in order to generate heat spreading
into the surrounding affected tissue. In case of maintaining the temperature above the
therapeutic threshold (∼ 42 ◦C– 45 ◦C) for sufficient time (∼ 30min), this technique leads
to cancer cell destruction. The most suitable materials for this method are classified into
two classes, namely (i) ferromagnetic or ferrimagnetic (FM) particles and (ii) superpara-
magnetic (SPM) particles. FM materials present a large net magnetization even in the
absence of a magnetic field. However, interparticle interactions may cause agglomeration
of the particles, which complicates their manipulation. In SPM nanoparticles, magne-
tization can randomly flip direction via thermally activated processes. Therefore, their
magnetization appears to be in average zero in the absence of a magnetic field. Hyperther-
mia based on FM particles profits from hysteresis heat loss under alternating magnetic
field, whereas hyperthermia induced by SPM nanoparticles consists in Néel and Brownian
relaxation processes [1]. Most of the clinical trials of magnetic hyperthermia are carried
out on bone metastasis, brain tumor and prostate cancer.

On the other hand, biofunctionalized magnetic-vortex microdiscs represent another
medium for cancer-cell destruction [16, 17]. A magnetic vortex, consisting of an in-plane
flux-closure spin and a perpendicular spin in the center of the core, may appear in confined
disc-shaped thin ferromagnetic samples. In the absence of in-plane magnetic field, the mi-
crodiscs show only a tiny perpendicular magnetic moment and behave as a compass while
suspended in a fluid. Biofunctionalized magnetic-vortex microdiscs have been employed,
for instance, to destroy glioma cancer cells. For this purpose, ferromagnetic microdiscs
are equipped with antibodies whose matching antigens are overexpressed on the surface
of glioma cells. Once magnetic-vortex microdiscs have been delivered to the region of
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1.5 MAGNETIC RESONANCE IMAGING
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Figure 1.3: Schematic representation of magnetic hyperthermia.

cancerous tissue, an external AC magnetic field is applied. This causes a periodic spatial
shift of the vortices that mechanically rotates the discs, which in turn exert a mechani-
cal force on the membrane of the cells. Thus, the integrity of the cellular membrane is
disrupted, leading to the selective induction of apoptosis (programmed cell death). Over
magnetically induced hyperthermia methods, this technique is distinguished by smaller
required field intensity (∼ 100 times smaller) and by reduced treatment time (∼ 10 min).
Furthermore, agglomeration of particles, which may occur in case of using ferromagnetic
particles for magnetic hyperthermia, is avoided due to zero net in-plane magnetization in
the absence of an applied magnetic field.

1.5 Magnetic resonance imaging
Since medical imaging techniques enable monitoring the living body, their development
has a crucial influence on treating diseases and injuries. Significant improvements may be
achieved by employing MNPs into traditional biological imaging methods. This approach
has been successfully applied to magnetic resonance imaging (MRI), which provides three-
dimensional noninvasive scans of various regions of the body [18]. MRI is based on the
analysis of hydrogen atoms by magnetic resonance spectroscopy. Despite the relatively
small magnetic moment of the proton, a substantial signal is still measured due to the
large quantity of hydrogen atoms naturally present in the tissue [1]. The body is placed in
a strong static external magnetic field, which leads to the alignment of magnetic moments
in the parallel direction. Subsequently, a time-varying magnetic field is applied perpen-
dicular to the static field. This radiofrequency pulse results in the precession of magnetic
moments in the plane parallel to the time-varying field. Once the oscillating field has
been removed, nuclear spins return back to the initial conformation. The process is char-
acterized by the longitudinal (T1) and transverse (T2) relaxation times. Small natural
differences in the relaxation times between healthy and diseased tissue can be increased by
magnetic contrast agents. Currently, the most commonly used enhancement agents are
paramagnetic (PM) molecules, whose principle effect is based on enhancing T1-weighted
sequences. These contrast agents are profitably used for imaging areas such as the kidney
or the brain. Conversely, SPM nanoparticles have been recently discovered as effective
enhancement agents for T2-weighting. Intense research focuses on SPIO nanoparticles,
which have been used to visualize, for example, bone marrow, liver, the vascular system,
or the central nervous system. Moreover, SPIO particles have a contributive effect on
metastases detection and on the monitoring of gene expression.

7



1 MAGNETIC NANOPARTICLES FOR BIOMEDICINE

1.6 Scope of this thesis: Metamagnetic particles for medicine
In the domain of biomedicine, the current applications as well as the vast majority of
research studies based on MNPs consist in employing FM materials, where their design is
largely oriented to fulfil the SPM limit, thus providing a negligible undesired agglomera-
tion tendency. Significant progress may be achieved by engaging metamagnetic particles,
profiting from their specific magnetic behavior controllable not only by magnetic fields
but also via various driving forces such as temperature, hydrostatic pressure, strain or
optical pulses. An extraordinary characteristic of metamagnetic materials consist in their
phase transition from the AF ground state, associated with zero net magnetization, to the
FM state, possessing a certain value of magnetization. In addition, one may profit from
the substantial amount of latent heat released across the transition upon cooling. Besides,
metamagnetic nanoparticles are generally in AF phase at human body temperature, thus
showing zero net magnetization which avoids particle agglomerations.

For instance, the potential applications of synthetic AF particles, consisting of stacks
of antiferromagnetically exchange coupled ferromagnetic layers, have already been ex-
ploited by Leulmi et al. [19], in which an effective AF-to-FM can be triggered via external
magnetic fields.

However, the possible applications of metamagnetic nanoparticles have not been thor-
oughly investigated. The existence of an easily controllable AF-FM phase transition
render metamagnetic nanoparticles promising for biomedical development, as they offer
remote actions on biological entities while submitted to various driving forces. This com-
fortably achievable change in magnetization provides the possibility to possess better
control in the domains of diagnostics and sensing, as well as to provide more efficient
disease treatment. In addition, the significant latent heat production, in comparison to
SPM nanoparticles, may be favorably utilized, for instance, to facilitate and accelerate
cancer cell destruction via magnetic hyperthermia.

This thesis investigates growth mechanisms as well as magnetic behavior of supported
nanoparticles made of the iron-rhodium alloy which is of a great interest due to a meta-
magnetic phase transition slightly above human body temperature.
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2 Fundamentals of magnetism
This chapter introduces selected basic concepts of magnetism in order to provide a back-
ground required for further study in this thesis.

2.1 Magnetic quantities
The fundamental magnetic quantity is the magnetic dipole moment m. The magnetic
moment of a free atom consists of contributions relating to (i) the orbital motion of
electrons circulating the nucleus and (ii) the spin of each electron, associated with an
intrinsic angular momentum [20].

The magnetization M is defined as the magnetic moment per unit volume.1 This mea-
surable quantity depends on the individual magnetic dipole moments of the constituent
particles and on the mutual interactions of these dipole moments.

The magnetic field is described by the vector fields B and H. The magnetic induc-
tion B, the magnetic field strength H, and the magnetization M are related by [22]

B = µ0(H + M) (2.1)
where µ0 is the permeability of free space. Another relationship between the magnetic
field H and the magnetization M is [23]

M = χ̂H (2.2)
where χ̂ is a second-rank tensor called the magnetic susceptibility, which describes material
response to the presence of an external magnetic field. In case of linear isotropic materials,
the magnetic susceptibility is a dimensionless scalar quantity, and therefore the magnetic
induction B and magnetic field strength H are collinear vectors.

2.2 Energy contributions in magnetism
Magnetism at the nanoscale is often represented by means of continuum theory, based on
the premise of mesoscopic continuous magnetic quantities such as the magnetic field H
or the magnetization M [21]. The specific ordering of magnetic moments in a magnetic
material is dictated by the result of minimizing the total free energy. The most marked
contributions to the total energy at the micro- and nanoscale are introduced below.

Exchange energy
The exchange energy arises from quantum mechanical interactions between spins, which
are responsible for long range magnetic ordering. The coupling between two spins can be
described by the Hamiltonian [22]

Ĥex,ij = −2JijŜi · Ŝj (2.3)

1Detailed investigations show that the local magnetic moment density fluctuates disorderly due to
thermal perturbations. Therefore, the local magnetization M must be understood as a mesoscopic average
of the magnetic moment density over a distance of order a few nanometers, and over time of order a few
microseconds [21].
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2 FUNDAMENTALS OF MAGNETISM

where Ŝi and Ŝj are the spin angular momenta of the ith and jth spins, and Jij is the
corresponding exchange constant. According to the Heisenberg model, the Hamiltonian
in Eq. (2.3) may be generalized to a many-body system [22]

Ĥex = −
∑
i,j ̸=i

JijŜi · Ŝj. (2.4)

The positive exchange constant Jij in Eq. (2.3) and (2.4) indicates favorable parallel
alignment of neighbor magnetic spins, characteristic for a ferromagnetic interaction. In
contrast, the negative exchange constant Jij in Eq. (2.3) and (2.4) signifies preferable
antiparallel alignment of neighbor magnetic spins as a result of an antiferromagnetic
interaction.

In the continuum approximation, the exchange energy may be written as [21]

Eex =
˚

V

A

(
∇ M

Ms

)2

d3r (2.5)

where M is the local magnetization, Ms is the saturation magnetization2, A is the exchange
stiffness, and the integral is taken over the volume V of the sample.

Magnetocrystalline anisotropy energy
In the microscopic volume of a crystalline material, the magnetization may preferentially
align along certain crystallographic directions, termed as the easy axes. The principle
behind this phenomenon lies on the orbit-lattice coupling and on the spin-orbit interac-
tions. When considering the simplest case of uniaxial anisotropy to the lowest order of
approximation, the magnetocrystalline energy term is [21]

Emc =
˚

V

K sin2 ϑ d3r (2.6)

where ϑ is the angle between the preferred anisotropy direction and the magnetization,
K is the anisotropy constant, and the integral is taken over the volume V of the sample.

Magnetostatic energy
The magnetostatic energy originates from dipolar interactions, dependent on the displace-
ment between the moments. One may construct the interaction energy between the mag-
netic dipoles mi and mj as an energy of the dipole mi in the magnetic field Bij induced
by the dipole mj at the position of the dipole mi. The corresponding energy contribution
for a many-body system can be written as

Ems = −1
2
∑
i,j ̸=i

mi · Bij. (2.7)

In the continuum approximation, the magnetostatic energy in Eq. (2.7) may be rewritten
as [21]

Ems = −1
2

˚

V

µ0M · Hd d3r (2.8)

2The saturation magnetization is defined in Section 2.3.
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where M is the local magnetization, Hd is the internal field induced by the dipolar inter-
actions and termed as the demagnetizing field, and the integral is taken over the volume
V of the sample.

Zeeman energy
In the presence of an external magnetic field Hext, the magnetic moments of a system
of the volume V described by its magnetization M tend to align with the applied field
orientation, leading to a decrease in energy, termed as the Zeeman energy [21]

EZ = −1
2

˚

V

µ0M · Hext d3r . (2.9)

2.3 Magnetic ordering
Materials are classified into the following categories according to the structure achieved
by energy minimization and to the response to externally applied magnetic field.

Diamagnetism
Diamagnetism, exhibited to some degree by all materials, alters orbital motion of elec-
trons due to an external applied field. Since this phenomenon is negligible in the presence
of other interactions, only materials without other magnetic behavior are classified as dia-
magnetic. Once a material has been placed in an external magnetic field Hext, magnetic
dipole moments directed opposite to this field are induced, thus developing an internal
magnetic field opposing the external field. The magnetization M is therefore antiparallel
to the applied field Hext and the magnitude of the magnetization M is inversely propor-
tional to the magnitude of the field Hext (see Figure 2.1a), according to Eq. (2.2). After
removal of the applied field, induced magnetic dipole moments and the internal field disap-
pear. Diamagnetic susceptibilities are negative scalars, usually significantly temperature
independent.

Paramagnetism
Paramagnetism is exhibited by materials containing atoms with unpaired electrons, and
thus with a resultant magnetic dipole moment also in the absence of an external magnetic
field. These magnetic moments are only weakly coupled to each other, therefore pointing
in random directions due to thermal energy, which results in no net spontaneous magne-
tization. When placed in an external field Hext, the moments will partially align with the
field, resulting in a net magnetization M generally pointing parallel to Hext. Thus, the

(a)

M

Hext

T1,T2

T1≠T2

(b)

M T1

T1<T2

T2

Hext

Figure 2.1: The dependence of the magnetization on the external field for (a) a diamagnet;
(b) a paramagnet.
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relation in Eq.(2.2) will imply direct proportionality between the magnetization M and
the magnetic field Hext (see Figure 2.1b). Paramagnetic materials feature positive scalar
susceptibilities that are temperature dependent, since thermal agitation tends to random-
ize the constituent magnetic dipole moments aligned by the field. For low magnetic fields
the susceptibility is related to the temperature T by the Curie law [22]

χ(T ) ∝ 1
T

. (2.10)

Ferromagnetism
The characteristic feature of ferromagnetic materials is a spontaneous net magnetization
even in the absence of an external field. The mechanism behind this phenomenon con-
sists in positive exchange interactions, which cause parallel alignment of the magnetic
moments along a single easy axis in small regions of a ferromagnet [22]. The existence
of these regions, termed as magnetic domains, is the result of dipolar interactions [20],
which are responsible for magnetostatic energy contributions. The shape and the size
of constituent domains are defined by minimizing the free energy, which includes the
contributions mentioned in Section 2.2.

The behavior of ferromagnetic materials is associated with the specific dependence of
the magnetization M on the external magnetic field Hext, described by the hysteresis loop
(see Figure 2.2). Initially, magnetic domains can arrange such that the net magnetization
of the system is zero (see Figure 2.2a). As the external field Hext is increased, the magnetic
moments of the constituent domains tend to align with the field, while domains oriented
with the field grow at the expense of adjacent domains. The magnetization projection in
the field direction M increases up to the value Ms, called saturation magnetization (see
the green curve in Figure 2.2), in which all magnetic moments are parallel to the field (see
Figure 2.2b).3 As Hext is reduced from saturation, the magnetic moments of constituent
domains deflect from the applied field direction, with the net magnetization acquiring
the remanent magnetization value Mr in the absence of applied fields (see Figure 2.2c).
Additionally, a reversed field equal to the coercive field −Hc is required to reduce the
magnetization M to zero. As Hext is further decreased, the material becomes magnet-
ically saturated in the reverse direction (see Figure 2.2d). Upon sweeping the field in
the opposite direction, an analogous magnetization reversal path is followed, traversing
negative remanence as well as the positive coercive field (see Figure 2.2e), ending up in
the positively saturated state and thus closing the hysteresis loop.

The magnetization of ferromagnetic materials is extremely temperature dependent
since thermal fluctuations tend to randomize the constituent magnetic moments. When
heated above a certain critical temperature TC, called the Curie temperature, the ferro-
magnetic order collapses and the material undergoes a second-order (continuous) phase
transition to the paramagnetic state [22]. Ferromagnetic susceptibilities are strongly tem-
perature dependent as well, which in the low applied field limit follow the Curie-Weiss
law above TC [22]

χ(T ) ∝ 1
T − TC

. (2.11)

The phenomenon concerning enough small ferromagnetic particles is termed as super-
paramagnetism. Energy minimization of the small ferromagnetic particles results in the

3Eventually, the external field may be sufficiently high to remove all the walls between the constituent
domains, therefore leaving a single domain, with the magnetization parallel to the applied field.
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Mr
Ms

Hc

M

(a)

(b)(c)

(d)

(e)

Hext

Figure 2.2: The hysteresis loop of a ferromagnet: (a) the initial unmagnetized, virgin
state; (b) the saturated state; (c) the remanent state; (d) the saturated state in the
reverse direction; (e) the coercive state.

formation of single-domains [22]. As a result of magnetocrystalline anisotropy as well as
demagnetizing fields, the resultant magnetic moment of such a particle tends to lie along
a particular easy axis direction. However, thermal agitation can spontaneously reverse
the moment to other directions if the anisotropy energy becomes comparable to the ther-
mal energy kBT . Assemblies of such particles exhibit a similar magnetization behavior to
paramagnetic materials.

Antiferromagnetism
Antiferromagnetic ordering is a result of negative exchange interactions, tending to align
adjacent moments antiparallel to each other. Antiferromagnetic systems can usually be
interpreted as two equivalent, interpenetrating sublattices with oppositely oriented mo-
ments (see Figure 2.12) [22]. In the absence of an external magnetic field, this structure
shows a net magnetization of zero.

At a certain critical value of temperature TN, called the Néel temperature, the an-
tiferromagnetic order disappears and the material undergoes a phase transition to the
paramagnetic state [22]. The behavior of an antiferromagnet may be described by the tem-
perature dependence of susceptibility, plotted in Figure 2.4. At temperatures below TN,
the magnitude of the susceptibility depends on the direction of the applied magnetic field
with respect to the spin axis of the antiferromagnet [22]. In case of fields parallel to the

Figure 2.3: Antiferromagnetic ordering.

13



2 FUNDAMENTALS OF MAGNETISM

χ χ⊥

χ∥

TTN

Figure 2.4: Temperature dependence of the antiferromagnetic susceptibility.

spin axis, the susceptibility χ∥ at T = 0 equals to zero, since the ground state has already
been achieved by the parallel alignment of moments in one sublattice with the field. As
the temperature is increased, thermal fluctuations promote the net magnetization to ori-
ent parallel to the external field, with χ∥ increasing up to the value associated with the
susceptibility at TN, at which the antiferromagnetic state collapses (see the green curve
in Figure 2.4). In contrast, if the field is applied perpendicular to the spin axis, the mo-
ments in both sublattices tilt slightly towards the field direction, such that a modest net
magnetization parallel to the external field develops. As the thermal agitation affects the
magnetization of both sublattices equally, the perpendicular susceptibility χ⊥ remains
constant up to TN (see the blue line in Figure 2.4). In the paramagnetic state above TN,
the susceptibility is field direction independent, decreasing for increasing temperatures
(see the red line in Figure 2.4). In the low field approximation, it follows the analogue of
the Curie-Weiss law introduced in Eq. (2.11) [22]

χ(T ) ∝ 1
T + TN

. (2.12)

Other types of magnetic ordering
The specific combination of energies (see Section 2.2) leads to a high number of types
of magnetic order, for instance, ferrimagnetism, helimagnetism, amorphous magnets, or
spin glasses [21].
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3 The iron-rhodium alloy
The B2-ordered iron-rhodium (FeRh) alloy near the equiatomic composition is the subject
of great scientific interest due to the existence of a first-order (abrupt) metamagnetic phase
transition from antiferromagnetic (AF) to ferromagnetic (FM) order upon heating slightly
above room temperature (∼ 360K) [24, 25]. The FeRh compound constitutes the material
of interest in this thesis.

3.1 Metamagnetic phase transition in FeRh
The equilibrium phase of the FeRh compound depends particularly on temperature and
compositional ratio of Fe to Rh. This dependence is described by phase diagram shown
in Figure 3.1.
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Figure 3.1: Phase diagram of FeRh: L – liquid, γ – face-centered cubic (fcc) PM phase,
δ – high-temperature bcc phase, α – low-temperature body-centered cubic (bcc) phase,
α′ – B2-ordered FM phase, α′′ – B2-ordered AF phase. Adapted from [26].

In the narrow compositional range of 48-54 atomic % Rh, the system exhibits a phase
transition from AF to FM state (see the region inside the red frame in Figure 3.1). The
transition is accompanied by a thermal hysteresis of about 10 K between heating and
cooling cycles. In addition to temperature, the transition can be controlled by several
external driving forces such as magnetic field, strain, electric currents, hydrostatic pressure
or optical pulses [24, 25, 27]. Eventually, the transition temperature can also be tuned by
chemical doping.

The crystallographic structure of both phases is termed as B2-ordered (bcc-like) struc-
ture, which may be interpreted as two interpenetrating simple cubic (sc) sublattices, each
occupied by one species of atoms (see Figure 3.2). In the AF phase, the Fe sublattice
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heating

cooling

(a) (b)
mFe
→ mFe

→

mRh
→

mFe=3.3μB
mRh=0

mFe=3.2μB
mRh=0.9μB

Figure 3.2: (a) The AF structure of FeRh; (b) the FM structure of FeRh.

exhibits antiparallel alignment of adjacent magnetic moments with 3.3µB per atom, while
Rh atoms show no magnetic moment (see Figure 3.2a) [24]. In the FM phase, the mag-
netic moments of Fe and Rh atoms are coupled parallel to each other, possessing 3.2 µB
and 0.9 µB per atom, respectively (see Figure 3.2b). The AF-FM transition is also ac-
companied by a large isotropic volume expansion (∼ 1%) and a decrease in resistivity
(∼ 50%). Another remarkable property of FeRh consists in the extraordinary amount of
latent heat released across the transition in the cooling direction [28].

3.2 Epitaxial FeRh films on MgO substrate
The FeRh compound has been heretofore discussed in the context of its structural and
magnetic properties in the bulk form. In fact, the properties and thus the onset and
character of the metamagnetic phase transition are considerably influenced by the surface-
to-volume ratio or the deformation state of a given FeRh sample. In the case of a thin film,
for instance, an enhanced surface-to-volume ratio strengthens the effect of the substrate
on an FeRh overlayer, which leads to an imposed crystalline texture and therefore induced
strain in the FeRh film.

All FeRh samples fabricated in this thesis were grown on magnesium oxide (MgO)
substrates. The lattice parameters for bulk FeRh (in the AF phase) and MgO are 2.988Å
and 4.212Å, respectively [25, 29]. Since the nearest distance between two Mg atomic sites
along the [110] in-plane direction is

√
2

2 · 4.212 Å ∼= 2.978 Å, the MgO substrate promotes
epitaxial growth of FeRh, achieved through an in-plane 45◦ rotation of the FeRh unit
cell with respect to the MgO unit cell (see Figure 3.3). Due to the imposed reduction
of the in-plane lattice parameter, FeRh films on MgO substrates are slightly expanded
out-of-plane to preserve the volume of the unit cell.1 This positive out-of-plane strain
promotes an in-plane easy magnetization direction for the AF state and an out-of-plane
magnetocrystalline anisotropy for the FM state [30]. As each Fe atom in the B2-ordered
FeRh lattice is surrounded by six equally distant Fe atoms, the tensile perpendicular strain
decreases the interatomic distance of four of six Fe atoms, thus stabilizing the AF phase
in FeRh layer and resulting in an increase of the transition temperature in comparison to
unstrained, bulk FeRh [24].

Detailed magnetometry and transport data of a 120-nm-thick FeRh film grown onto a
MgO(001) substrate are shown in Figure 3.4. As the film is heated through the transition,
FM domain nucleation occurs, which leads to the coexistence of AF and FM regions given
that individual regions of the film possess slightly different transition temperatures as a

1Such induced strain is discussed in Section 4.1.

16



3.2 EPITAXIAL FERH FILMS ON MGO SUBSTRATE

result of composition heterogeneity and the presence of defects [27]. Upon further increas-
ing the temperature, a complete transformation to FM state is observed, resulting into
a transition extending over 20 K. An analogous procedure is reproduced during cooling.
The temperature dependence of the net magnetic moment is plotted in Figure 3.4a. At
400 K, the film exhibits a saturation magnetization value of approximately 1.17 · 106 A/m.
The metamagnetic transition is accompanied by a concomitant increase in the lattice pa-
rameter (see Figure 3.4b) and a decrease in the resistivity (see Figure 3.4c) upon heating.

Fe

Rh

Mg

O

45° rotated lattice

4.212 Å

2.978 Å

2.988 Å

(a) (b)

(c)

45°

Figure 3.3: (a) Schematic representation of the relative orientations of the FeRh and
MgO lattices where the FeRh unit cell is rotated 45◦ in-plane relative to the MgO unit
cell; (b) interatomic distance in the AF phase of bulk FeRh; (c) atomic configuration at
the FeRh/MgO interface.

(a) (b) (c)

Figure 3.4: Data of 120-nm-thick FeRh film grown onto MgO(001): (a) lattice parameter
vs temperature hysteresis; (b) magnetization vs temperature hysteresis; (c) resistance vs
temperature hysteresis. Data from J.A. Arregi.

17



3 THE IRON-RHODIUM ALLOY

18



4 Nucleation and growth
This chapter is devoted to the nucleation and growth of thin films or islands on a substrate
comprising usually different atoms than those going to form an overlayer.

4.1 Epitaxy
The term epitaxy refers to the growth of a crystal on the surface of a crystalline substrate,
where the crystallographic orientation of the overlayer is altered due to the crystalline
order of the substrate [31]. Homoepitaxy concerns the growth of a crystalline film on the
substrate of the same material (see Figure 4.1a). By contrast, if the film and substrate
materials are different, the growth is denoted as heteroepitaxial (see Figure 4.1b). In
this case, since the lattice parameters mostly differ, the crystallographic structure of the
substrate is not necessarily preserved in the growing overlayer (as shown in Figure 4.1a).
In contrast, provided that the film and the substrate have the same crystal lattices but
different lattice parameters, the substrate will initially impose the dimensions of the unit
cell contained in the interface. In order that the volume of the unit cell is preserved, this
will result in the length change of the lattice parameter perpendicular to the substrate
surface (see the prolongation of the vertical planes in Figure 4.1b).

Due to the change in shape of the unit cells, the film grows under strain. One may
characterize the lattice mismatch by the relative quantity termed as misfit strain

ε = aS − aF

aF
(4.1)

where aS is the lattice parameter of the substrate and aF is the lattice parameter of the
film (see Figure 4.1d). In the case in which the difference between the lattice parameters is

+ ++

(a) (c)(b)

Crystalline substrate

Epitaxial layer

aF

aS

(d)
2x Zoom

Figure 4.1: (a) Homoepitaxial growth; (b) strained heteroepitaxial growth; (c) relaxed
(incommensurate) growth; (d) unit cells of the film and of the substrate (twice magnified
in comparison to unit cells in the pictures on the left).
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small, the deposited film will adapt to the substrate by means of elastic stresses. However,
for larger misfit strains, dislocations can be formed during growth which can then partially
propagate towards the interface and thus relax the accumulated stress (see Figure 4.1c).
During growth, it may happen that the film is initially pseudomorphically grown on
the substrate by elastic deformation, while undergoing a posterior relaxation due to the
formation of dislocations above a critical thickness.

4.2 First condensation and growth at the atomic scale
A constant flux of atoms of a given material is usually produced in order to form a thin
film on the substrate [31, 32]. At the moment in which one of the first incoming atoms
reaches the substrate several situations may occur (see Figure 4.2):
(i) The atom may be reflected from the surface; continuing its motion in a direction away
from the substrate or colliding with an incoming atom, and thus changing in direction
once more.
(ii) The atom may become physisorbed on the surface of the substrate. Weakness of the
bonding is caused by low binding energy of the secondary bonds. The major contribu-
tion to the energy release originates from the van der Waals interaction; therefore, the
physisorption energy is generally temperature independent [33].
(iii) Subsequently, surface diffusion or desorption of the physisorbed atom may follow.
(iv) Finally, the atom may become chemisorbed to the substrate atoms. A convenient
place for a strong bond is found in close proximity to defects or steps of a substrate
material.

DesorptionSurface
diffusion

Reflection

Strongly bonded atoms
Van der Waals
bonded atomsSubstrate atoms

Incoming atoms

Figure 4.2: Possible situations at the beginning of condensation. Adapted from [32].

During the subsequent growth of a layer, the situation is basically similar. Strong
bonds keep arising in proximity to irregularities, which may be now caused, for example,
by already chemisorbed atoms. However, an additional process may also occur, in which
an incoming atom possessing the sufficient amount of energy to penetrate into the growing
layer simultaneously ejects previously physisorbed atoms [32].

4.3 Growth modes
In the initial stages of growth, the first incoming atoms aggregate into stable nuclei on
the surface of the substrate [34]. Subsequent growth of nuclei is provided by capturing
further incoming atoms. The shapes acquired by the clusters of atoms are not casual. To
describe the behavior of atoms in nuclei, it is convenient to start dealing with a comparable
situation concerning a water droplet in a homogeneous environment. Since each molecule
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of water is mostly influenced by adjacent molecules, the molecules in the bulk are pushed
equally in every direction, and thus exposed to a zero net force [35]. In addition to this,
the molecules at the surface are also influenced by neighboring water molecules, as well
as interface atoms or molecules from the second phase. Since the attraction to water
molecules usually predominates, the molecules at the surface are pulled into the bulk of
the deposit, which gives rise to an internal pressure. For the purpose of minimizing this
surface tension, a water droplet tends to gain the smallest surface area for a given volume,
which is theoretically reached in the form of a sphere. In the case of a water droplet on
a solid surface, three phases should be taken into consideration - the liquid droplet, the
solid surface and usually the gas in the environs (above the solid phase and around the
liquid droplet). Under this situation, the water droplet will again adjust its morphology
to minimize the surface tension. Generally, the most suitable shape corresponds to that
of a truncated sphere.

In order to describe the growth of a nucleus, one may proceed analogously to the
case of the water droplet on a solid surface, considering three phases (solid state of the
nucleus, solid substrate and gas in the environs) and assuming that each cluster of atoms
is a truncated sphere of radius R on the surface of the substrate (see Figure 4.3) [32]. The
equilibrium shape of the nucleus, described by the contact angle ϑ, is obtained when the
total free surface energy is minimum. Since the surface energy is proportional to the area
of a surface, it is convenient to define the surface tension γ as the work per unit area that
must be performed to build a surface [36]. In case of a nucleus on the substrate, three
interfaces occur, and therefore three surface tensions must be taken into consideration:
the surface tension γNS of the nucleus/substrate interface, the surface tension γNG of the
nucleus/gas interface, and the surface tension γSG of the substrate/gas interface. Then,
the total free surface energy may be expressed as

E = γNSANS + γSGASG + γNGANG (4.2)

where ANS = π(R sin ϑ)2 is the circular area between the nucleus and the substrate, ASG
is the contact area between the surface of the substrate and the gas phase, and ANG is
the area of the nucleus/gas interface which may be expressed as the curved surface area
of the spherical cap, such that ANG = 2πR2(1 − cos ϑ). The area ASG may be written as
ASG = A∞−ANG where A∞ is the area of the substrate without the nucleus on the surface.
Since the radius R and the angle ϑ are related by the volume V = πR3

3 (1−cos ϑ)2(2+cos ϑ)
of the nucleus, which remains unaltered for a given cluster of atoms, it is convenient to
express the radius R as a function of V and ϑ.

R

nucleus
substrate
gas

θ

γSG

γNG
γNSθ

ANG

ANS

ASG

Figure 4.3: Water droplet model for a nucleus of a deposited material on a substrate.
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Consequently, in order to determine the contact angle of the equilibrium state, one
must find the minimum of the total free surface energy

E =
[

9πV 2

(1 − cos ϑ)(2 + cos ϑ)2

] 1
3

[2γNG + (γNS − γSG)(1 + cos ϑ)] + γSGA∞, (4.3)

which is obtained by differentiation with respect to the contact angle ϑ

dE

dϑ
= 2 sin ϑ(γSG − γNS − γNG cos ϑ)

(cos ϑ − 1)2 [−(cos ϑ − 1)(cos ϑ + 2)2]−
2
3 (cos ϑ + 2)3

= 0, (4.4)

leading to Young’s equation

γSG = γNS + γNG cos ϑ. (4.5)

One may now look to Figure 4.3 and Eq. (4.5), and interpret the surface tension γ
also as a force per unit length of boundary [36]. In case of a water droplet, the horizontal
component of the surface tension γNG would be balanced by the Laplace pressure (dif-
ferential pressure between the inside and outside of the curved surface) [37]. While the
situation is more complicated when considering a cluster of atoms, solid, spherical shaped
nanostructures also reveal this type of pressure [38].

The contact angle ϑ, formed by the nucleus on the substrate, indicates the degree of
wetting, which is a crucial parameter during growth. Three principal growth modes are
generally distinguished [36]:
(i) The layer-by-layer, or Frank–van der Merwe, growth mode (see Figure 4.4a) corre-
sponds to the situation when

γSG ≥ γNS + γNG, (4.6)

and in which the deposit completely wets the substrate. For the case of Frank–van der
Merwe growth, the condition (4.6) for smooth film is satisfied during the whole period of
the growth; thus, the deposit grows only in the form of continuous layers.
(ii) The island, or Volmer–Weber, growth mode (see Figure 4.4b) refers to the case when

γSG < γNS + γNG, (4.7)

which means that the deposit partially wets or does not wet at all the substrate, since it
is energetically more favorable that the deposited material forms clusters of atoms rather
than a smooth, continuous layer.
(iii) The layer-plus-island, or Stranski–Krastanov, growth mode (see Figure 4.4c) repre-
sents the intermediate case between the two preceding growths. The condition in Eq. (4.6)
is initially fulfilled, hence the deposit forms a layer in the early stages of growth. However,
as the balance of surface tensions is altered during growth [39], and after one or more
complete layers are formed on top of the substrate, the condition in Eq. (4.7) may be
rather satisfied, thus promoting subsequent island-like growth. The mechanism behind
this transition consists in the relaxation of misfit strain, given by Eq. (4.1), during growth
due to the lattice mismatch between the substrate and the film. The surface tension γNS
strongly depends on the elastic energy, which increases with thickness in the early stages
of growth [39]. Above a certain critical thickness, the growth continues through nucleation
of unstrained islands on top of the last layer by the introduction of misfit dislocations.
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(a) (b) (c)

Figure 4.4: Three main growth modes: (a) layer-by-layer (Frank–van der Merwe)
growth mode; (b) island (Volmer–Weber) growth mode; (c) layer-plus-island (Stranski–
Krastanov) growth mode.

The growth process is also crucially influenced by temperature. Two phenomena
based on the temperature effects on growth should be considered. First, temperature
alters the surface tensions, which generally decrease with increasing temperature. Second,
temperature is a fundamental factor at the interplay of thermodynamics and kinetics [36].
Film growth has been heretofore discussed in terms of thermodynamic approach, such as
the balance of surface tensions. However, growth occurs under non-equilibrium conditions,
and kinetic principles must be considered. For the purpose of minimizing the total free
energy of a system in thermodynamic non-equilibrium, certain driving forces induce mass
transport, achieved through diffusion processes. Generally, kinetic theories are associated
with the probability of occurrence of a microscopic event. This probability P is directly
proportional to the Boltzmann factor

P ∝ e
− Ea

kBT (4.8)

where Ea is the activation energy1 of an event, T is the thermodynamic temperature and
kB is the Boltzmann constant.

4.4 Wulff construction
The Wulff construction is a method used to determine the equilibrium shape of nanostruc-
tures with anisotropic surface energy [40]. Anisotropy in the surface energy leads to the
formation of crystal facets. To predict the shape of a crystal, one may start construct a
Wulff plot which represents the dependence of the interfacial energy on the surface plane
orientation. In this gamma plot, each lattice plane is identified by a normal vector (h,k,l)
and possesses an associated surface energy γ(h,k,l) where h,k,l are Miller indices forming
a notation system. If the plot shows the surface normals only in two dimensions (see the
green curve in Figure 4.5a), and therefore one Miller index does not change at any plotted
crystallographic orientation, one may describe the lattice plane by a surface normal vector
(h,k) and its associated surface energy as

γ(h,k) = c · |(h,k)| (4.9)

where |(h,k)| is the magnitude of the vector (h,k) and where c is a scaling constant. As
mentioned above, every structure adjusts the shape to minimize the surface tension. Thus,
in turn, the facet of the crystal with a surface energy distribution such as the one shown
in Figure 4.5a would be favorably formed at the crystallographic orientation identified by
(h1,k1) rather than by the plane (h2,k2). To obtain the equilibrium shape from the Wulff
plot, one must draw a tangent to each cusp and find the inner envelope of such tangents

1The activation energy of an event is the minimum energy required to start the process associated
with the event.
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Figure 4.5: (a) The Wulff plot showing the magnitude of the surface energy of a crystal
plotted for all directions (in 2D) of surface normal; (b) the equilibrium shape of a crystal
identified from the Wulff plot; (c) the equilibrium shape of a crystal on a substrate
identified by Winterbottom construction.

(see Figure 4.5b). Then, the facets are formed at directions of local minimum surface
energy (in Figure 4.5b, for example, by the planes (h1,k1) and (h3,k3)).

The knowledge of the gamma plot for the surface tension γCG of a crystal/gas in-
terface, as well as of the difference between the surface tensions γCS (crystal/substrate
interface) and γSG (substrate/gas interface), provides the equilibrium shape of a crystal
on a substrate by the Winterbottom construction (see Figure 4.5c).
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5 Experimental techniques
This chapter introduces the experimental techniques utilized for sample fabrication as
well as the morphology and magnetic characterization performed in this thesis.

5.1 Magnetron sputtering
Magnetron sputtering is a physical vapor deposition (PVD) technique used for the depo-
sition of materials onto a substrate in order to form thin films. Over other deposition
techniques, magnetron sputtering is distinguished by uniform distribution and excellent
adhesion of deposited material on a substrate, as well as by the possibility to deposit a
wide range of coatings [41]. Magnetron sputtering requires the use of a clean, ultra-high
vacuum (UHV) chamber to prevent contamination of samples and to obtain high-purity
films.

The process consists at first in creating a gaseous plasma, which is achieved by generat-
ing and maintaining a voltage between two electrodes in the main chamber (see Figure 5.1)
in order to increase the frequency of collisions of free electrons with the atoms of an inert
gas (for this purpose argon is usually used) [42]. As a result of each of these collisions,
an electron knocks out another electron from the outer shell of a gas atom (Ar), such that
a cation (Ar+) emerges. At this moment, the cation is attracted to the negatively charged
cathode located under the target of the desired deposition material. Consequently, the
cation approaches the surface of the target, strikes the surface and is reflected in other
direction during simultaneous erosion of the target, which may lead to ejection of one or
more target atoms (and of secondary electrons). If the sputtered target atom, moving
directly at the angle of the ejection, reaches either the substrate or a film of already de-
posited atoms, it rests attached to them, resulting into film growth. The cation of the
gas can easily capture an electron, thus changing back to the neutral state. The surplus
energy of the gas atom is released in the form of light, such that the plasma appears to
be glowing.

For increased efficacy of sputtering, magnetic fields are generated around the tar-
get [42]. Magnets are set under the cathode (see Figure 5.1) to force free electrons to
concentrate in the region above the target. Consequently, the substrate is not overheated
by excessive electron bombardment. In addition, ionizations events are more frequent,
which becomes evident in an increase of the deposition rate.

In order to create and maintain the plasma, a direct current (DC) or radio frequency
(RF) energy source is used [43]. To deposit metallic materials, DC sputtering is sufficient
since the target is directly conducting electricity. However, a RF power supply is required
to sputter insulating target by using alternating current (AC) at high frequencies.

All depositions performed in this thesis were realized at the CEITEC Nano research
infrastructure, using the UHV magnetron sputtering system BESTEC. This system in-
corporates two vacuum chambers (a load lock chamber and a main chamber), several
vacuum pump systems and an argon inlet system. The load lock chamber is used for
transferring substrates from atmosphere into the vacuum environment inside the main
chamber, which allows preservation of vacuum in this process chamber. The main cham-
ber includes eight magnetron sputtering guns, enabling subsequent deposition of different
materials without necessity of breaking the vacuum for changing targets. Furthermore,
the magnetron sputtering guns are placed in a confocal geometry in order to facilitate
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Figure 5.1: Magnetron sputtering process.

simultaneous sputtering from more than one target. An argon inlet is placed near each
magnetron sputtering gun. Required pressures in the chambers are achieved by turbo
molecular pumps. The base pressure in the main chamber reaches values of the order
10−9 mbar. The sputtering pressure, controlled by a gate valve, is of the order 10−3 mbar.
The magnetron sputtering system is also equipped with a quartz crystal monitor, which
determines the deposition rate in situ.

For uniform distribution of deposited material on a substrate, the rotation of the sam-
ple holder is crucial during deposition. Presputtering of the target is required after each
contact with the contaminating atmosphere to get rid of oxides and other contaminants
from the surface of the target [43]. For this purpose, shutters are placed between the
target and the substrate. The thickness of a deposited material depends on the deposi-
tion rate and on the deposition time. While the deposition time is directly controlled,
the deposition rate may be adjusted via several parameters. For instance, the deposition
rate is usually directly proportional to the sputtering power and decreases with increasing
pressure in the main chamber (the higher the pressure, the more gas atoms are in the
chamber, thus increasing the number of collisions of the sputtered target with the gas
atoms). However, the plasma may not be ignited in case of exceeding a lower or upper
limit for the gas pressure. The deposition rate also depends on the source-to-substrate
distance and on the tilt of the magnetron gun.

In order to sputter binary alloys such as FeRh, one may adopt two different approaches.
One possibility is to perform co-sputtering, in which different atomic species are sputtered
simultaneously from individual targets. The stoichiometry is controlled mainly by opti-
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5.2 ATOMIC AND MAGNETIC FORCE MICROSCOPY

mizing the sputtering power and the tilt of each gun. Alternatively, one may use a target
with the desired composition of the given binary alloy. The stoichiometry is then influ-
enced by the sputtering pressure as well, due to the different sputtering yield or efficiency
of the two atomic species. For epitaxial growth of films, it is convenient to heat the
substrate. Our BESTEC system allows heating the substrate holder to temperatures in
the range between 200 ◦C and 1100 ◦C. Heating prior to growth is usually performed to
remove contamination from the substrate surface, while during growth it helps to achieve
the correct epitaxial texture of the growing film. The sample can also be annealed after
growth in order to obtain a well-ordered crystal structure. In the case of FeRh, heating
at temperatures around 450 ◦C during growth promotes epitaxy between FeRh and the
MgO substrate and provides the desired B2-ordered (bcc-like) structure, while posterior
annealing at 800 ◦C improves crystallographic order.

5.2 Atomic and magnetic force microscopy
These scanning probe microscopy based techniques consist in the measurement of inter-
active forces between the sample surface and the sharp tip of a probe mounted on an
elastic cantilever. Magnetic force microscopy (MFM) is a secondary mode derived from
atomic force microscopy (AFM), utilized for the acquisition of the magnetic force gradient
distribution while simultaneously mapping topographic structure [44]. In order to detect
the tip-sample magnetic interactions, the probe must be coated with a thin ferromagnetic
layer which enables the tip to be magnetized [45]. Generally, MFM is operated in contact
mode, which relies on detection of the cantilever deflection, or in dynamic mode, based
on the cantilever oscillation.

In the conventional dynamic mode, referred to as tapping mode, the cantilever is driven
to oscillate close to its resonant frequency. When the vibrating cantilever is brought
close to the sample, the tip experiences attractive and repulsive forces which vary the
vibration amplitude as well as shift the phase response of the cantilever oscillations by
changing the cantilever resonant frequency. The changes in the oscillation amplitude and

photo diode

lift height motion of the probe

laser

magnetic probe

domains of a sample

stage

magnetic field lines

topography scanning

magnetic signal scanning

lift height

cantilever

fixed end of the cantilever

piezoelectric transducer

Figure 5.2: Two-pass MFM technique of the topography and magnetic signal acquisition
(the shown trajectory of the probe does not reflect the cantilever oscillations).
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5 EXPERIMENTAL TECHNIQUES

phase provide the separate acquisition of topographic and magnetic structure, respectively,
during a two-pass technique termed as lift mode (see Figure 5.2). During the first pass,
the sample topography is recorded along a line close to the sample surface where long-
range magnetic forces may be neglected (see the green curve in Figure 5.2). This is
usually achieved by slight variations in the tip-sample spacing to maintain a constant
cantilever vibration amplitude without changing the drive frequency [46]. Before the
second pass, the cantilever is lifted to a certain height above the surface where short-range
topographic interactions are negligible and the cantilever oscillations are thus altered only
by long-range magnetic forces. During the second pass, the trajectory corresponding to
the topography is retraced at the elevated height and magnetic structure data are collected
(see the blue curve in Figure 5.2).

The cantilever oscillations are driven by the feedback system and operated by a special
transducer made of a piezoelectric material, providing control of the tip-sample spacing
and motion of the tip over the sample surface with high accuracy [45]. The precise motion
relies on the piezoelectric property consisting in a size change due to applied voltage.
The displacement of the free end of the cantilever, altered by tip-sample interactions, is
recorded by means of optical methods. Generally, a laser beam is focused on the cantilever
and reflected into a four-segmented photo diode.

All AFM andMFMmeasurements presented in this thesis were realized at the CEITEC
Nano research infrastructure, using the microscope Dimension Icon from Bruker Corpora-
tion. The data were acquired by employing MESP probes manufactured by the aforemen-
tioned company. These hard Cobalt-Chromium coated probes have resonant frequencies
of approximately 75kHz and spring constants of about 3N/m. A special measurement con-
figuration designated as PeakForce Tapping was utilized where the cantilever is oscillated
at a frequency well below the resonance (∼ 2 kHz) while operating similarly to tapping
mode by intermittently contacting the sample which prevents damaging due to lateral
forces [46, 47]. Instead of the linear ramping employed in tapping mode, the PeakForce
Tapping ramping is modulated by a sine wave (see Figure 5.3a). When the tip-sample
spacing is decreased, the tip velocity approaches zero, thus protecting the tip and sample
from damage. The time dependence of the force acting on the tip during approach and
withdrawal is plotted in Figure 5.3b. As the tip approaches the surface, the cantilever
is pulled down toward the sample surface by long-range van der Waals attraction. After
contact, the short-range repulsive forces rapidly increase until the preset value of repul-
sive peak force is reached. The probe then starts to withdraw, going through an adhesion
minimum and finally becoming free.

approach withdraw

force on the tip

van der Waals attraction
adhesion

time

repulsion

sample

(b)(a)

probe
trajectory

Figure 5.3: PeakForce Tapping ramping: (a) the probe trajectory; (b) force time curve.
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6 Growth and morphology study of FeRh
nanoislands

This chapter starts with an initial observation of island-like morphology of FeRh films.
Then, two different strategies with the aim of fabricating FeRh metamagnetic nanoislands
are introduced, continued by the topographic study of prepared samples.

6.1 Initial observation of island-like growth
FeRh films are commonly grown via magnetron sputtering on top of MgO substrates,
since epitaxial growth is required to ensure the right crystal structure of FeRh which is
essential for the metamagnetic transition. In this manner, the deposit usually grows in
the form of continuous layers. The scanning electron microscopy (SEM) image of such a
smooth FeRh film is shown in Figure 6.1a. However, it was observed that during growth
at high temperatures, FeRh may also tend to form nanoislands instead of continuous
layers. This phenomenon was initially noticed on the samples Obs-1a and Obs-1b, which
display a discontinuous architecture comprised of well-separated, regular shape islands
(see Figure 6.1b).

The deposition of the particular samples Obs-1 was realized by J.A. Arregi. Prior to
sputtering, the substrates were preheated to approximately 450◦C. The same temperature
was maintained during the first 3 minutes of deposition. Subsequently, the temperature
was ramped up to 800 ◦C. After 17 minutes of additional deposition, the films were
annealed at 800◦C for 45 minutes. Once the samples had cooled down, the FeRh films were
capped by thin protective capping layers of platinum. The preparation of these particular
samples only differed in the argon sputtering pressure, ranging from 2.8·10−3mbar (sample
Obs-1a) to 3 · 10−3 mbar (sample Obs-1b).

For the present study, all further performed figures displaying film morphology were
acquired utilizing atomic force microscopy (AFM) and adjusted in the program Gwyd-
dion 2.50. AFM images of the samples Obs-1 are shown in Figure 6.2.

(a) (b)

Figure 6.1: A 10 × 10 µm2 SEM image of (a) a smooth FeRh film; (b) an FeRh film
segregated into islands of few-hundred-nm size. Images were taken by J. Liška.
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Figure 6.2: A 5×5µm2 AFM image of initially observed samples with discontinuous archi-
tecture: (a) sample Obs-1a (deposited at Ar pressure of 2.8·10−3mbar); (b) sample Obs-1b
(deposited at Ar pressure of 3 · 10−3 mbar).

Provided that the deposition temperature was high enough to ensure relative equilib-
rium for the formation of energetically favorable shapes even during growth, one may ex-
plain the island-like morphology evident in Figure 6.2 by Young’s equation (see Eq. (4.5)),
promoting the Volmer–Weber or the Stranski–Krastanov growth mode. Due to the bal-
ance of surface tensions during growth, it was energetically more favorable for the de-
posited material to form clusters of atoms rather than a smooth, continuous layer, such
that islands were nucleated.

One may also observe that the FeRh islands display square shapes that are oriented
approximately at ±45◦ from the horizontal direction in the AFM scans, which corresponds
to the MgO [100] crystallographic orientation (see Figure 6.2). The appearance of these
crystallographic facets can be explained in terms of the surface minimization energy that is
given by the Wulff construction, introduced in Section 4.4. The fact that the FeRh facets
are found to be oriented along MgO ⟨110⟩ directions can be understood when considering
the in-plane 45◦ rotation of the FeRh unit cell with respect to the unit cell of the MgO.

It was tested via vibrating sample magnetometry (VSM) that the samples displayed
in Figure 6.2 are ferromagnetic in the temperature range 100 – 400K, therefore not under-
going the metamagnetic transition. The most probable reason for such a behavior may
consist in a gradient of the lattice parameter from the inner to the outer region of the
islands [48], or in the presence of a compositional heterogeneity across the volume of the
islands as a result of growth at high temperatures. However, we envision that one could
now try to tune the morphology as well as magnetic properties by varying the deposition
conditions in order to obtain supported nanoparticles featuring a metamagnetic behavior.

6.2 Deposition temperature strategy

All epitaxial FeRh films presented in this thesis were grown onto 5 × 5 mm2 MgO(001)
substrates by DC magnetron sputtering from a single equiatomic FeRh alloy target, using
a power of 50 W and an Ar pressure of 2.7 · 10−3 mbar. The resulting deposition rate at
these conditions is 0.33 Å/s, or 2 nm/min. During growth, we followed two strategies with
different temperature profiles with the aim of fabricating supported FeRh metamagnetic
nanoislands:
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Figure 6.3: Schematic of the temperature development during (a) the strategy consisting
in deposition at a fixed temperature, and (b) the strategy consisting in a temperature
ramp in the course of the deposition process.

(i) The first approach consists in the deposition at a fixed temperature on a preheated
substrate ensuing by a temperature increase up to 760 ◦C during an 80 minutes annealing
process (see Figure 6.3a).
(ii) The second strategy is to start the deposition at 450 ◦C on a preheated substrate,
followed by the activation of a temperature ramp to 760 ◦C after a specific interval (at
time t*). The same temperature is held during the 80 minutes of the subsequent annealing
process (see Figure 6.3b).

In our attempts, t* = 3 min was chosen, since a layer of nominally 5 – 6 nm thickness
should be formed on top of the MgO substrate at this stage of the deposition. This is
estimated to be the threshold thickness at which a continuous layer is already formed at
a deposition temperature of 450 ◦C. By sitting at this limit, one can explore the possible
different morphologies arising from a subsequent temperature ramp during deposition.

In contrast to the way in which the samples Obs-1 were prepared, two changes were
done. First, a different sample holder with better thermal properties was employed to
avoid bending of the sample holder during annealing. Second, the full area of the ce-
ramic heater element in the sputtering system was used, in order to improve temperature
uniformity over the entire sample holder.

6.3 Morphology of deposited samples
The purpose of this section is to present the AFM characterization of the samples grown
via the two deposition strategies introduced in Section 6.2 and to identify the physical
mechanisms behind the film morphology.
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6 GROWTH AND MORPHOLOGY STUDY OF FERH NANOISLANDS

Samples deposited at fixed temperature
All films prepared by deposition at a fixed temperature were sputtered for 20 minutes.
(i) The first sample, sample FT-550, was deposited at a temperature of 550◦C and features
a completely continuous film (see Figures 6.4a–b).
(ii) The second sample, sample FT-650, was prepared at 650 ◦C and is formed by a rough
FeRh film with only a few higher nanoislands on top (see Figures 6.4c–d).
(iii) The deposition of the third sample, sample FT-760, was performed at 760 ◦C and
led to the formation of an extensive number of well-separated island structures of various
shapes and sizes (see Figures 6.4e–f).
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Figure 6.4: AFM image and selected cross-sections for samples grown at (a)–(b) 550 ◦C
(sample FT-550); (c)–(d) 650 ◦C (sample FT-650); (e)–(f) 760 ◦C (sample FT-760). The
arrows in the AFM images indicate the position of the cross-section in the right panel.
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6.3 MORPHOLOGY OF DEPOSITED SAMPLES

When comparing the samples deposited at different fixed temperatures, it is evident
that the deposition temperature has a significant influence on the resultant film mor-
phology. We first see that a growth temperature of 550 ◦C results in the formation of
continuous films with slightly increased surface roughness (see Figures 6.4a–b and 6.5).
On the other hand, further increasing the growth temperature to 650 ◦C produces a differ-
ent film morphology, with the appearance of single, isolated islands of sub-micron width
on top of a continuous film. These isolated hillocks protrude about 20 – 30 nm from the
FeRh film below, which features even a larger roughness level (see Figures 6.4c–d). Fi-
nally, we observe that deposition at 760◦C leads to the formation of well-separated islands
with arbitrary shapes and curved boundaries (see Figures 6.4e–f).

As discussed in Section 4.3, the growth mode depends on a detailed balance between
the surface tensions as well as on the importance of thermodynamically driven processes
against kinetically driven ones. Thus, the observation of a more pronounced island-like
architecture at higher deposition temperatures is supported by two possible phenomena.
On one hand, the temperature-induced changes in surface tensions can influence the
wetting angle of the deposit, thus changing the balance in Young’s equation (Eq. 4.5)
and strongly favoring the island-like growth. On the other hand, the predominance of
equilibrium thermodynamics during growth at higher temperatures allows the formation
of island-like shapes due to the increased energy of the atoms arriving to the deposit,
which then rest at the most stable sites in the growing film.

Therefore, the observation of a progression from continuous films to that of islands
on top of films and finally well-separated islands is remarkable, the demonstrating that
thermodynamically driven growth gains relevance at higher growth temperatures. We
can interpret that the layer-by-layer growth in sample FT-550 originates from the limited
surface diffusion of deposited atoms or from energy minimization according to Eq. 4.6.

In the case of sample FT-650, the prevailing thermodynamic control during prepa-
ration is proven by the overall increase in roughness and the presence of a few islands
emerging from an otherwise continuous surface. The growth here cannot be primarily
kinetically driven, as a closer look at the rough surface reveals hillock formation (see Fig-
ure 6.5b) which could not arise via diffusion limited processes. Thus, one can conclude
that the Stranski–Krastanov growth mode was favored against the Volmer–Weber mode.

(a) (b)

Figure 6.5: 3D images corresponding to the AFM images in Figure 6.4 for (a) sample
FT-550; (b) sample FT-650 (for the purpose of discernible film structure at lower heights,
the color range does not correspond to the full high-depth range).
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Figure 6.6: Sample FT-760: (a) a 10 × 10 µm2 AFM image; (b) 3D image corresponding
to the AFM image in Figure 6.4e.

Finally, the island-like architecture is well visible in sample FT-760 (see Figure 6.6),
deposited at an even higher temperature. At this temperature, the growth should be
primarily thermodynamically driven and the FeRh deposit should preferably grow by the
Volmer–Weber or Stranski–Krastanov modes, a reasoning that is supported by our results.
However, one can notice that the islands feature arbitrary shapes which at first sight do
not look like stable structures formed in thermodynamic equilibrium. This absence of
crystallographic facets makes them substantially different from the square-shaped islands
found in samples Obs-1. One possible explanation consists in that while island-like growth
mode was promoted, the islands started to interconnect in the course of deposition, due to
the large amount of deposited material. The shape irregularity may also be caused by the
inhomogeneous stoichiometry of the FeRh deposit at specific positions on the substrate
during growth, hence varying surface tensions during the formation of nanoislands.

Samples deposited in the course of a temperature ramp
The films deposited according to the second strategy, which consists in ramping the tem-
perature during the sputtering process, differ in their nominal thickness.1

(i) Sample R-40 possesses a nominal thickness of 40 nm (t* = 3 min, t1 = 20 min). The
deposition resulted into a quasi-continuous film whose smoothness and integrity are dis-
rupted by the presence of square-shaped holes (see Figures 6.7a–b).
(ii) Sample R-20 with a nominal thickness of 20 nm (t* = 3 min, t1 = 10 min) contains
islands whose density on the surface and degree of interconnection depend on the par-
ticular location on the sample surface (see the comparison between Figures 6.7c–d and
Figures 6.7e–f, for instance).
(iii) Sample R-20-rep consists in a repetition of the same procedure used to grow sample
R-20, with a nominal thickness of 20 nm (t* = 3 min, t1 = 10 min). However, the result-
ing morphology differs from the previous sample in that the film displays a discontinuous
architecture comprised of tiny, sub-100 nm particles (see Figures 6.7g–h). We argue that
this difference is due to the fact that the source FeRh target was changed in between the
two identical depositions, thus leading to variations of the deposition rate.

1The equivalent thickness of a continuous film sputtered for the same time if it had been done at
lower temperatures (for instance, ∼ 450 ◦C).
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Figure 6.7: AFM image and selected cross-sections for samples grown in the course of
temperature ramp with nominal thickness of (a)–(b) 40 nm (sample R-40); (c)–(d) 20 nm
(sample R-20); (e)–(f) 20 nm (sample R-20: different location on the surface); (g)–(h)
20 nm (sample R-20-rep). The arrows in the AFM images indicate the exact position of
the cross-section in right panel.
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Figure 6.8: Sample R-40: (a) an 1 × 1 µm2 AFM image; (b) the associated 3D image.

We found that sample R-40 exhibits a rather unexpected architecture, since the for-
mation of grooves and holes in the film (see Figures 6.7a–b and Figure 6.8) can neither
be explained by the thermodynamic equilibrium situation previously discussed, promot-
ing the growth of smooth films or nucleated islands, nor only by a kinetically driven
growth of metastable continuous layers. We argue that instead of forming during deposi-
tion, such groove and hole structures (see Figure 6.7a) emerged as a consequence of the
post-annealing process at 760◦C, with the continuous film evolving from a metastable to a
more energetically favorable state after growth. This phenomenon is termed as dewetting.

The dewetting process, by its nature, can only occur in the case of non-equilibrium
structures. This is not hard to achieve since usual preparation techniques very often limit
the directional mobility of atoms deposited onto the substrate, thus being restricted due
to kinetic principles [40]. In this way, the deposit firstly grows in the form of a continuous
layer and stays in a metastable state (see Figure 6.9a). An equilibrium state may be
achieved by heating the system to higher temperatures, therefore increasing the mobility
of constituent atoms and enabling them to form more energetically favorable shapes.
When heated, the film adopts equilibrium contact angles along triple phase lines. Thus,
to initiate dewetting, the deposited layer must contain areas where the substrate is exposed
to the gas in the environs. This may occur through two different mechanisms: thermal
fluctuations or nucleation of holes [49].

For the mechanism based on thermal fluctuations, perturbations must completely
penetrate the film, in a phenomenon known as spinodal dewetting. The mechanism lies
on van der Waals forces acting through the thickness of the film due to the interaction
between the top and bottom surfaces. However, spinodal dewetting has only been observed
in low-viscosity polymer and liquid metal films, therefore not being apparently crucial for
solid metal films such as FeRh.

On the other hand, the most frequent mechanism for hole formation in polycrystalline
films occurs at grain boundaries, especially at grain boundary triple junctions. The line
where two or more grains meet with the ambient is exposed to the surface tension γCG
induced by the interface between crystal grains and the gas phase, as well as to the surface
tension γCC of the grain boundaries interface. The surface of the film will develop and
deepen grooves along such lines so as to balance the net force acting on the common
frontier of the grains and the ambient phase, thus reaching equilibrium shapes, described
by the root angle φ (see Figure 6.9b). The ambient phase will contact the substrate if
the film thickness h is smaller than the equilibrium depth of the groove δ, relative to the
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Figure 6.9: Schematic of the dewetting process: evolution from (a) a metastable continu-
ous film to (b) an equilibrium state.

position of the original planar film surface, and given by the angle φ and by the size of the
grain. Once the substrate has been locally uncovered, the dewetting process continues via
hole growth. Additionally, voids may also be formed due to vacancies or contaminants in
the film material.

Growth of holes in thin solid films is mainly governed by mass transport occurring
through surface diffusion [50]. Due to surface self-diffusion, the material accumulates along
the edge of the hole, which leads to the development of a rim. Further edge retraction
causes rim thickening, resulting in the formation and subsequent deepening of a valley.
Eventually, the bottom of the valley may impinge on the substrate, therefore creating new
triple lines. An additional process may also occur, in which a retracting edge undergoes
a fingering instability. The instability is largest in the region near the contact line where
the film is thinner compared to the surrounding film material. This region grows the
most rapidly, thus resulting in the formation of fingers (strands of the material), that may
subsequently decompose into islands.

As mentioned above, the predominant influence of posterior evolution during annealing
on the morphology of sample R-40 is clearly visible by the appearance of holes, as well
as on the small region with worm-like void structures formed via dewetting. We can
assume that during the growth at lower temperatures, the structure was stabilized as a
continuous film, with subsequent formation of continuous layers as well during deposition
in the course of the temperature increase. However, we argue that during the temperature
ramp, as well as in the early stages of annealing, several grooves along grain boundaries
were developed. As the annealing process continued, the primary grooves were deepened,
which possibly lead to the formation and subsequent growth of holes in the film, with
new grooves continuously emerging on the surface. It is evident from Figures 6.7a and 6.8
that small dips with sizes even below 100 nm prevail over worm-like structures extending
over few-100-nm distance, which means that the majority of grooves probably did not
penetrate the film all the way down to the interface with the substrate. One may also
notice that the edges of grooves are oriented preferably along MgO ⟨110⟩ directions (see
Figure 6.8) which may be explained, in the same way as the edges of square islands of
samples Obs-1, by the in-plane 45◦ rotation of the FeRh unit cell relative to the unit cell
of the MgO.

Our dewetting hypothesis is confirmed by the specific morphology of sample R-20,
possessing a reduced nominal FeRh thickness of 20nm if compared to sample R-40 (40nm).
The film morphology consists now on well-separated islands, with a worm-like structure,
most probably formed via dewetting process, being well recognizable (see Figures 6.7c–
d and 6.7e–f). The comparison between the samples grown at the same conditions but
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possessing different nominal thickness gives a strong evidence for a more pronounced
dewetting in case of having a thinner film on the substrate. This is consistent with
the theory introduced by Thompson [40], who presented a crucial influence of the film
thickness on the temperature at which dewetting occurs, as well as on the size and spacing
of the islands formed as a result of this process. It is in fact generally seen that the
threshold temperature at which dewetting is observed increases with film thickness. In
addition, one can see that the higher the film thickness, the larger islands with wider
spacing are formed through dewetting.

One may clearly see the advanced stage of dewetting in Figures 6.7c–d as compared
to Figures 6.7e–f, taken at different regions of the same sample R-20. This is probably
caused by a slight difference in the perceived annealing temperature at these particular
sites, where it might have been higher at the place of the islands displayed in Figure 6.7e
than for the ones in Figure 6.7c.

An additional deposition in the same conditions of sample R-20 was performed to
study the reproducibility of the process. However, prior to the deposition of the replicated
sample R-20-rep, the FeRh target in the magnetron sputtering system was changed, and an
island-like architecture with a high density of particles with reduced size (generally below
100 nm) was obtained instead (see Figure 6.7g–h). The different morphology compared
to sample R-20 may be explained by the lower deposition rate which apparently could
not ensure a continuous layer on top of the substrate while still performing deposition at
450 ◦C in the early stages of growth. In the course of subsequent temperature increase,
thermodynamic control probably promoted island-like growth, similarly as for the islands
on the surface of samples Obs-1. On the basis of this assumption, the Volmer–Weber
growth mode was favored in comparison to the Stranski–Krastanov mode.

In order to summarize the foregoing considerations, one can thus conclude that contin-
uous films are usually grown at lower temperatures,2 while equilibrium shapes can often
be produced at higher deposition temperatures, as a result of the interplay of thermo-
dynamics and kinetics. It was found that the posterior annealing, originally performed
to improve the crystallographic order in FeRh, has a strong impact on the resulting film
morphology, via the dewetting process, for films grown during the course of a temperature
ramp. We directly associate the emergence of dewetting in our films with the tempera-
ture ramp during growth, as a mechanism to provide grooves in the film and enhance the
hole-growth process during the posterior annealing. It is also possible to notice that the
thinner the film is, the more advanced the stage of dewetting upon annealing is visible on
the surface. The threshold between the predominance of equilibrium growth and kineti-
cally driven growth (and thus more visible influence of dewetting process) differs for each
equiatomic FeRh target.

6.4 Topographic estimations
This section offers a quantitative morphology analysis of the prepared samples which
is based on a combination of the grain-related algorithms implemented in the software
Gwyddion 2.50 as well as independent computations performed in Matlab R2016a. The
calculations of average island size, effective volume, average island height and thickness
of the corresponding continuous film are discussed for the samples grown in this thesis.

2Such a growth is probably kinetically driven (it does not originate from energy minimization, when
satisfying the condition in Eq. 4.6), since the observed dewetting process during posterior annealing
requires a metastable state.
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In order to estimate the average island size, one should determine the number of islands
on an AFM image and the approximate surface coverage (the area filled by islands). The
latter may be acquired by quantifying the scan area above a defined height threshold in the
AFM image. An important task is to define well this threshold height. If the threshold is
too low (see the green line in Figure 6.10), the surface coverage will be hundred per cent,
which is in contradiction with an island-like architecture. Furthermore, since the dips
between particular islands generally do not share the same minimum height, the effective
island volume could also be overestimated if we include the volume of a quasi-continuous
film placed below the islands (see the area between the green and red lines in Figure 6.10).
By contrast, it is also evident that estimations based on a too high threshold (see the
blue line in Figure 6.10) do not consider well the volume of islands below this threshold
height (see the area between the blue and red lines in Figure 6.10). Therefore, one should
look for a compromise between the two described cases (see the red line in Figure 6.10).
The projected average island area of a sample may be determined by dividing the surface
coverage of an AFM image by the number of islands. Provided circular shapes, one may
estimate the characteristic size of the islands as the diameter of a circle enclosing the
projected average area. The effective volume of islands on an AFM image of a given
sample will thus be determined as the volume of the marked surface structures above
the threshold height, subsequently converted to the total effective volume of the sample.
The estimation of an average island height is then based on the effective volume and the
projected area above a defined value. Alternatively, one may determine the thickness of
a continuous film which corresponds to the volume of islands on the sample by dividing
the effective volume by the area of the AFM image.

Distance across surface [µm] 

H
ei

gh
t 

[n
m

] 

Figure 6.10: The cross-section of an discontinuous sample surface. The blue and green
lines are associated with improperly selected threshold heights, while the red line deter-
mines well the selected threshold.

The estimated topographic values for the prepared samples are listed in Table 6.1,
where the total number of islands on the 5 × 5 mm2 MgO substrate (as extrapolated from
AFM scans), the surface coverage ratio, the average island diameter, the total effective
island volume, the average island height, as well as the thickness corresponding to a
continuous film of the same effective volume are shown.

Calculations were performed on 5 × 5 µm2 AFM images. The only exception was
made for sample R-20-rep, where due to very tiny islands on the surface, 3 × 3 µm2

AFM images were used. The data from each image were shifted in order to associate
the minimum height with the plane z = 0. The threshold height was chosen as the

39



6 GROWTH AND MORPHOLOGY STUDY OF FERH NANOISLANDS

Sample
Total
number
of islands

Surface
coverage
ratio
[%]

Average
island

diameter
[nm]

Total
effective
volume
[mm3]

Average
island
height
[nm]

Thickness of
corresponding
continuous
film [nm]

Obs-1 a
b

3.8 · 108 97 2.8 · 102 7.6 · 10−4 69 30
2.9 · 108 86 3.1 · 102 6.9 · 10−4 61 28

FT-650 5 · 103 0.5 1.8 · 102 2.6 · 10−6 28 0.1
FT-760 8 · 107 91 6.1 · 102 6.8 · 10−4 66 27
R-40 - 91 - 7.0 · 10−4 44 28

R-20 - 74 - 6.6 · 10−4 46 27
2 · 107 52 9.3 · 102 7.0 · 10−4 63 28

R-20-rep 2.3 · 109 99 1.2 · 102 4.4 · 10−4 42 18

Table 6.1: Topographic estimations for the prepared samples.

Figure 6.11: Visual inspection of the samples.

half of the average height of a given image. If such defined threshold was lower than
9 nm, only segments with a height above this value were considered for the analysis of
topographic estimations. In such a case, the effective volume was determined as a volume
between the top of such marked structures and the half of the average height of a given
sample.3 Regarding samples Obs-1, the calculation was performed for sample Obs-1a,
prepared at an Ar pressure of 2.8 · 10−3 mbar, and for sample Obs-1b, deposited at an
Ar pressure of 3.0 · 10−3 mbar. Sample FT-550 was not considered here, as it does not
exhibit an island-like architecture. As for sample R-40, the number of islands and related
parameters could not be estimated due to the presence of holes rather than of islands.
The surface coverage, effective volume and average island height are associated in this
case with the sample region without the holes. Additionally, the estimations for the two
different regions displayed for sample R-20 were made separately. As Figure 6.7c displays
mainly interconnected islands, the calculation of number of islands and their associated
diameter are missing for this particular region of sample R-20.

The thickness of a continuous film corresponding to the total effective volume of island-
like structures in samples Obs-1, FT-650, FT-760, and R-40 is lower than their nominal
thickness of 40 nm. One may then suppose that the remaining volume of the sputtered
material can be found under the island-like architecture in the form of continuous layers.
However, this is not generally supported by visual inspection of the samples, which often
show a transparent behavior across the MgO substrate (see Figure 6.11). It might also be
that the estimated thickness values in Table 6.1 suffer from a slight degree of inaccuracy

3The average island height was determined from the effective volume and the projected area above the
average height of a given sample. Alternatively, if the average height was lower than 9 nm, the projected
area considered in this calculation was taken above the height of 9 nm.
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based on the simplifying assumptions made above.4 On the other hand, the estimated
film thickness corresponding to the total effective volume of the structures in sample R-20
(see Table 6.1) is in the both estimations at different regions higher than the nominal
thickness of 20 nm. Finally, the estimated thickness of an analogous continuous film for
sample R-20-rep is approximately 20 nm.

Interestingly, the influence of Ar pressure on the morphology of films can also be
inspected on the samples Obs-1. Provided negligible volume difference between the com-
pared samples,5 one may notice that the coverage ratio is weakened with increasing deposi-
tion pressure, which may be explained by an enhanced rhodium concentration in the films
sputtered at higher Ar pressure [51]. FeRh alloys with an increased atomic percentage
of rhodium exhibit higher transition temperatures (see the phase diagram in Figure 3.1)
and weaker wetting of the MgO substrate compared to FeRh films with an enhanced iron
concentration [52].

4Another reason for this might be that the density of material in the edges and the central part of
the MgO substrate (where the AFM images were taken) can be highly inhomogeneous.

5Regarding samples Obs-1a and Obs-1b, the difference in volume of discontinuous structures is
around 10 %.
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7 Magnetic properties of FeRh nanoislands
This chapter presents the magnetic characterization of selected samples grown via different
mechanisms. Initially, their magnetic behavior is studied at room temperature, followed
by a temperature dependent analysis of magnetic ordering for FeRh nanoislands featuring
metamagnetic behavior.

7.1 MFM measurements at room temperature
During all MFM measurements, a permanent magnet was placed below the measured
sample for the purpose of exposing it to an out-of-plane magnetic field of 0.25 T. In the
presence of this field, the magnetic properties of different samples at room temperature
were investigated in order to observe the dependence of magnetic ordering on the particular
growth mechanisms of the FeRh nanoislands. The AFM and MFM data were processed
using the program Gwyddion 2.50. The AF and FM phases in FeRh can be discerned by
the relative contrast levels in the MFM images, which are associated with the phase shifts
of the cantilever oscillations. Positive phase shifts correspond to differential attractive
magnetic forces applied to the tip, as compared to negative phase shifts [53].

A first MFM measurement at room temperature that was performed on sample Obs-1a
is displayed in Figures 7.1a–b, which we considered to have grown via island nucleation
throughout an equilibrium process. The MFM signal shows a large presence of adjacent
regions displaying positive and negative phase shifts on a zero phase shift background
(represented by the green color), an observation that reveals prevailing FM ordering of
the vast majority of nanoislands. In fact, several islands reveal a phase shift contrast
across their width, thus indicating a preferential in-plane magnetization direction. We do
not appreciate a preferential in-plane orientation that is common to all nanoislands, as
this orientation most probably results from the interplay of magnetocrystalline anisotropy,
Zeeman energy and magnetostatic energy terms, the latter strongly depending on the
particular shape of a given nanoisland. An analogous MFM measurement performed on
similar nanoislands in sample R-20-rep confirms the predominant ferromagnetic ordering
at room temperature, thus indicating that the FM phase is stabilized in FeRh samples
with discontinuous morphologies formed via nucleation of islands since the very early
stages of the growth.

A second MFM measurement presented in this thesis was acquired at room tempera-
ture on sample FT-760, which shows again prevailing FM behavior as in the case of the
previous sample (see Figures 7.1c–d). Compared to the MFM image of sample Obs-1a, the
current sample features nanoislands that often display either positive or negative phase
shifts over their entire area, suggesting preferential out-of-plane magnetization orienta-
tion. We interpret this result in terms of the presence of a magnetocrystalline anisotropy
energy contribution favoring an out-of plane orientation of magnetization, which together
with an applied field perpendicular to the sample is able to overcome the magnetostatic
energy terms, rather favoring in-plane magnetization configurations.

A third MFM measurement was done on the sample R-20, formed via a dewetting
process during annealing (see Figure 7.1e–f), which features a markedly different behav-
ior if compared with the previous samples. One can notice that a fraction of the islands
shows FM ordering (see the regions with significantly negative phase shifts in Figure 7.1f).
However, the predominant region reveals a zero contrast (represented by the green color
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in Figure 7.1f), associated with a zero value of the phase shift. The absence of magnetic
signal arising from the majority of FeRh nanoislands in this sample indicates their zero
net magnetization which may result from either PM ordering, or from the antiparallel
alignment of magnetic moments in a well-ordered FeRh lattice within the nanoisland,
thus having achieved AF ordering.1 The hypothesis of a possible PM phase is unlikely,
since the PM phase can only be seen in the phase diagram of FeRh well above room
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Figure 7.1: AFM (left panel) and MFM (right panel) images for (a)–(b) sample Obs-1a;
(c)–(d) sample FT-760; (e)–(f) sample R-20.

1At room temperature and under an applied field of 0.25T, one would not see a sufficiently significant
tilt of moments towards the field direction in the AF arrangement as to lead to a detectable MFM signal.
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temperature, or in alloys with significantly rhodium-rich concentrations, relative to the
equiatomic composition of FeRh target used for deposition. Moreover, the existence of AF
ordering is supported by the out-of-plane magnetization direction of the remaining islands
showing FM ordering, which is again a balance of the out-of-plane external magnetic field,
magnetocrystalline anisotropy and magnetostatic energy terms. This clear out-of-plane
magnetization of the FM nanoisland gives a hint about the possible good ordering of the
FeRh lattice, as strained FeRh on MgO should develop a relevant perpendicular magne-
tocrystalline anisotropy [30], as introduced in Section 3.2. In the same way, one cannot
find a criterion based on the shape, size or the thickness of the nanoislands that would
discriminate whether they should show the FM ordering or not (see Figures 7.1e–f). This
observation suggests that the FeRh nanoislands in sample R-20 could show metamagnetic
behavior, with a smaller fraction of islands being already FM at room temperature and
a majority of them still being AF. However, one should perform temperature dependent
measurements in order to test this hypothesis.

To summarize the MFM measurements at room temperature, we observed stabilized
FM ordering in FeRh nanostructures formed via island nucleation during growth, while the
island-like architecture developed via dewetting during annealing resulted in coexisting
nanoislands with either FM or non-magnetic ordering. For the nanoislands that do not
show a magnetic moment at room temperature, the ordering could be either PM or AF,
while the impossibility to assess whether one island should be FM or not (based on their
morphology, for instance) inclines our view for this second scenario.

In the last years, a few studies have also investigated the magnetic properties of
FeRh islands on MgO substrates, especially arising from the deposition of ultrathin films
(< 10 nm). For instance, Loving et al. [48] reported about stabilized ferromagnetism in
tiny epitaxial FeRh nanoislands, similar to those on the sample R-20-rep. Another study
presented by Liu et al. [54] gave evidence for the SPM behavior of an assembly of nanois-
lands with sizes of the order of 10 nm. Recently, Barton et al. [55] presented ultrathin
FeRh layers with nanoisland-like morphology that undergo the metamagnetic phase tran-
sition. This study, however, did not show spatially resolved magnetic measurements of
the transition in single nanoislands.

7.2 Temperature dependent MFM measurements

In order to observe the effect of temperature on magnetic behavior of selected FeRh
islands, one must be able to control the temperature of the sample during a MFM mea-
surement. For this purpose, a sample stage based on a series of Peltier modules, providing
regulation of temperature in the range 290 – 370 K, was implemented into measuring sys-
tem. The table incorporates four Peltier cells, which heat or cool down the surface of the
sample stage depending on the polarity of electric current flowing through the module.
A heat sink, allowing energy thermal transfer with the environment in order to facili-
tate the temperature gradient created by the Peltier modules, a temperature sensor and
a permanent magnet located below the measured sample are also incorporated into the
system (see Figure 7.2b). The principle behind the temperature stabilization consists in
a feedback mechanism introduced by a proportional–integral–derivative (PID) controller,
which calculates the current required to achieve a desired temperature on the basis of the
difference between this setpoint and the measured value of temperature. A more extensive
description of the sample stage based on Peltier modules can be found in the work [56].

45



7 MAGNETIC PROPERTIES OF FERH NANOISLANDS
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Figure 7.2: MFM measurement of the sample R-20 during heating: (a) AFM image at
room temperature; (b) the Peltier heating table; (c) MFM image at room temperature
(∼ 23 ◦C); (d) MFM image at 60 ◦C; (e) MFM image at 70 ◦C; (f) MFM image at 80 ◦C.
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A more detailed investigation of the magnetic behavior at different temperatures was
performed on sample R-20 in order to study whether the non-magnetic islands at room
temperature could undergo the metamagnetic phase transition during a temperature in-
crease. After repeating a measurement at room temperature, topography and MFM data
were successively recorded at temperatures of 60 ◦C, 70 ◦C and 80 ◦C (see Figure 7.2a and
7.2c–f).

Figure 7.2a shows a topography image of a 4 × 4 µm2 area in sample R-20, where
sub-micron FeRh islands as well as connected islands with sizes between 1 – 2 µm can be
seen. The MFM signal recorded at room temperature (23 ◦C) is shown in Figure 7.2c.
In order to distinctively recognize the magnetic signal from a particular island in the
MFM images, the outlines of island-like structures are displayed on top of the magnetic
signal. The outlines were acquired from corresponding AFM images utilizing the program
Matlab R2016a. The MFM data at room temperature reveals a similar scenario as found
before, where a fraction of islands shows a marked magnetic signal, while approximately
about the half of them do not show any magnetic contrast. As temperature increases, we
see from the MFM data from 60 ◦C through 80 ◦C that practically all islands switch to
exhibit FM ordering at the highest temperature, which is evident from the regions with
negative phase shifts in Figure 7.2f. Hence, the MFM observation during temperature
increase definitively reveals that a large fraction of FeRh islands shows the metamagnetic
transition from AF to FM state. Compared to the observation at room temperature,
the images taken at higher temperatures are slightly distorted as a result of thermal
destabilization of the MFM measurements. Moreover, one may discern a drift of the
sample at the bottom of Figure 7.2f, which occurred during the measurement.

Besides the expected AF-to-FM transition upon heating, one may also notice a sur-
prising behavior of some islands exhibiting first a FM-to-AF transition when heated from
the room temperature to 60 ◦C, while subsequently undergoing the expected AF-to-FM
transition during a further temperature increase to 70 ◦C (see the islands marked in red
in Figures 7.2c–e). This observation can be in fact explained by a phenomenon termed
as supercooling, in which a metastable FM ordering of such FeRh islands is kept upon
cooling even below the phase transition temperature. In fact, this phenomenon has been
already reported by Uhlíř et al. [57] in sub-micron FeRh stripes via electrical transport
measurements and, by its nature, exhibits similar features as the behavior of supercooled
water [58]. A qualitative schematic of the temperature dependence of magnetization for
an FeRh island showing this unexpected behavior is displayed in Figure 7.2a. The dot in
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Figure 7.3: Transition from a metastable to stable magnetic ordering due to thermal
activation: (a) metastable FM state upon cooling; (b) shift on magnetization curve due
to a temperature increase (energy addition) which immediately leads to (c) a stable AF
state.
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the cooling curve of the thermal hysteresis is associated with a metastable FM state of
the island at room temperature, indicating an unrealized transition to a more stable AF
state even below its actual transition temperature. The whole system remains in such a
metastable state as long as an AF nucleation site does not emerge in the homogeneous FM
phase, thus promoting the propagation of transition. In such a case, the magnetization
will undergo the phase transition to the AF phase by an abrupt change in temperature
(see the black dotted lines in Figure 7.2a). This collective behavior of magnetic moments
upon cooling can be explained by long-range ferromagnetic exchange correlations at the
mesoscale which, prior to the FM-to-AF transition, stabilize the parent FM phase [57].
In contrast, a reverse superheating process in FeRh is rare due to the ever present defects
and inhomogeneities of FM character which compromise the integrity of antiferromagnetic
exchange correlations, resulting in uncorrelated regions.

Nevertheless, a temperature decrease after annealing down to room temperature was
not sufficient to induce the metamagnetic transition of the islands marked in red in Fig-
ure 7.2c. Instead, the islands stayed in FM metastable phase at room temperature at
conditions close to the abrupt transition (see the yellow dot near the edge of a sharp
magnetization decrease in Figure 7.3a). A posterior heating in the course of MFM mea-
surements (see the short violet line in Figure 7.3b) could probably bring a subtle amount
of thermal energy to the system, that was sufficient to overcome the activation energy
barrier separating the metastable FM state from the more stable AF phase of the is-
land, thus immediately inducing an abrupt FM-to-AF transition (see the vertical violet
line in Figure 7.3b). Upon further heating, the FeRh islands follow the heating curve
of the magnetization vs. temperature loop back to the FM state (see the red curve in
Figure 7.3c).

In summary, we managed to fabricate metamagnetic FeRh islands, as concluded from
the spatially resolved phase transition which is for the first time visualized under the
island geometry. Unfortunately, we could not acquire complementary data during cooling
due to thermal destabilizations leading to unclear signal in the MFM image as well as
to frequent drifts of the sample. Such measurement would have been useful to further
confirm supercooling and an abrupt transition to the low temperature AF phase. However,
our observations constitute an interesting inspection which could be performed to study
thermally activated processes in confined metamagnetic systems.
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Conclusions
This thesis has firstly introduced the potential of magnetic nanoparticles as a promising
platform for the development of biomedicine, in the domains of therapeutics, diagnostics
or sensing. While primarily magnetic nanoparticles based on ferromagnetic materials have
been considered so far, biomedicine could profit from a new class of nanoparticles based
on metamagnetic materials due to their specific magnetic behavior, which is controllable
not only by magnetic fields but via various driving forces (e.g. temperature, hydrostatic
pressure, pulsed illumination). A convenient and reliable fabrication method for obtaining
such nanoparticles is not available so far. Here, we have presented magnetron sputtering as
a possible bottom up fabrication approach for the preparation of metamagnetic supported
nanoparticles of FeRh, and investigated the growth mechanisms behind this process. The
topographic and magnetic properties of the obtained FeRh nanoislands have been studied
via atomic and magnetic force microscopy at room temperature, as well as upon heating.

Our AFM and MFM observations have shown a strong dependence of the morphology
and magnetic behavior of FeRh on the growth mechanism of particular samples. We have
reported about two principal phenomena leading to the formation of island-like architec-
ture, namely, (i) the direct growth in form of island-nucleation and (ii) hole nucleation
and deepening upon dewetting during annealing. The first approach generally results into
FM nanoislands, while via the latter mechanism, we have managed to fabricate assem-
blies with a majority fraction of metamagnetic islands. The AF-to-FM phase transition
of this metamagnetic island-like morphology has been observed upon heating from room
temperature up to 80 ◦C. In addition, we have reported about an unexpected FM-to-
AF transition in sub-micron sized islands upon heating, as a result thermally activated
processes from metastable, supercooled FM phases.

For further progress, a better understanding of the interplay between the growth
mechanism, morphology and magnetic properties is needed. Then, we plan to focus on
the control and optimization of island sizes and shapes in order to obtain regular metam-
agnetic nanoislands of sizes below 200 nm, which constitutes a requirement, for example,
for injection of such particles into the venous system of the human body. For the pur-
pose of reaching this step, the islands will need to be released from the substrate into
solution in order to obtain nanoparticles that could freely interact with biological entities
in their natural environment. A crucial issue that needs to be addressed towards this
step is the biotoxicity of the material. In fact, one should consider the poor biocompat-
ibility of rhodium compounds [59], and follow either the approach of encapsulation of
FeRh nanoparticles into protective coatings made of gold, for instance, or employ similar
Fe-based materials featuring metamagnetic behavior in the close proximity of close tem-
perature, too. We envision that the nanoisland fabrication on oxide substrates developed
in this thesis can be adapted to a variety of binary or ternary alloys with multifunctional
magnetic properties as well.
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List of abbreviations

AC alternating current

AF antiferromagnetic

AFM atomic force microscopy

bcc body-centered cubic

DC direct current

DNA deoxyribonucleic acid

fcc face-centered cubic

FM ferromagnetic or ferrimagnetic

MFM magnetic force microscopy

MNPs magnetic nanoparticles

MRI magnetic resonance imaging

PID proportional–integral–derivative

PM paramagnetic

PVD physical vapor deposition

RF radio frequency

sc simple cubic

SEM scanning electron microscopy

SPIO superparamagnetic iron oxide

SPM superparamagnetic

UHV ultra-high vacuum

VSM vibrating sample magnetometry
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