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“You should think about the consequence of your magnetic field being a little too
strong.”

Gorgeous, Taylor Swift

“Only in the darkness can you see the stars.”

Martin Luther King Jr.
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Abstract

In the modern era, new technologies, especially the training of artificial intelligence models,
have caused the demand for energy consumption and storage space to rapidly increase with
each passing year. To meet this growing demand, while maintain a sustainable carbon
footprint, new materials and methods must be explored to reduce energy consumption.
The field of spintronics aims to exploit magnetic materials and topological objects to
address these issues. Through the use of magnetic topological objects such as the skyrmion
and skyrmion bubble, it could be possible to manufacture devices for storage (race-track
memory) or for alternative computational approaches (neuromorphic or probabilistic
computing). Before such technologies can be created, the fundamental behaviours of
skyrmions, their formation/annihilation and interactions with each other must be fully
understood.

Currently, there is a limited selection of materials that can host these objects at room
temperature and in the absence of an applied magnetic field. A material of recent interest is
the centrosymmetric layered compound NdMn2Ge2, which has the ability to host metastable
skyrmion bubbles after undergoing a suitable field-cooling protocol. If these skyrmion
bubbles demonstrate stability for long periods of time and with changing environmental
conditions (temperature and exposure to externally applied magnetic fields), this material
would be an interesting candidate for future spintronic applications. However, the issue with
the use of crystals for such applications is that they have slow growths, are not scalable for
the required use and tend to be expensive. To realistically use NdMn2Ge2 for technological
applications, these points would need to be addressed, one way would be to realise its
properties as a thin film system.

In this thesis, we address both points. First, we begin by investigating the magnetic
properties and configurations of a lamella cut from a single-crystal of NdMn2Ge2 with
several imaging techniques and micromagnetic simulations. Using scanning transmission
X-ray microscopy we confirm that, after a suitable field-cooling protocol, the lamella can
host a lattice of metastable skyrmion bubbles at room temperature in the absence of a
magnetic field. These skyrmion bubbles are robust against temperature changes from room
temperature to 330 K. Furthermore, the skyrmion bubbles can be distorted, deformed,
and recovered by varying strength and orientation of the applied magnetic field. These
measurements were then followed up with nitrogen-vacancy nanoscale magnetic imaging
to map the magnetic stray fields originating from the lamellae and find the stray field
magnitudes on the order of a few mT near the sample surface. In order to obtain a
better understanding of the role of magnetic interactions, the NdMn2Ge2 system was then
modelled using micromagnetic simulations. These showed an overall agreement with the
observed behaviour of the sample under different magnetic field protocols. Finally, the
inclusion of a bulk Dzyaloshinskii–Moriya interaction was not required by the simulations
to reproduce the experimental results. Its inclusion leads to a reversal of the skyrmionic
object core polarity, which is not experimentally observed.

Upon demonstrating the ability to stabilise skyrmion bubbles and their robustness to
environmental factors such as temperature change and magnetic field application, the focus
of this thesis then shifted towards replicating NdMn2Ge2 as a thin film. If successful, thin
films offer a cheaper, quicker and more scalable approach for potential future spintronic
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devices than single-crystals would. To realise the goal of creating a thin film system,
magnetron sputtering was used to deposit various thicknesses of NdMn2Ge2 from a suitable
target, onto an MgO (001) substrate. During and after the growth recipe optimisation, thin
films with varied thicknesses had their structural properties characterised with techniques
such as X-ray diffraction and energy dispersive X-ray spectroscopy. Following this, their
magnetic properties were measured using vibrating sample magnetometry conducted using
a superconducting quantum interference device (SQUID). Using this approach several thin
films of different thicknesses were successfully grown that exhibited magnetic and structural
properties similar to those of the NdMn2Ge2 single-crystal previously discussed.

Following the preliminary characterisation of the successfully grown thin films, the most
promising samples underwent detailed magnetometry and magnetic force microscopy
analysis. These were the samples with properties closest to those of the single crystal
sample. A magnetic phase diagram was constructed for each of the selected thin films,
as well as for the single-crystal sample, based on magnetisation data as a function of
magnetic field and temperature. By comparing these phase diagrams to existing literature,
it was possible to deduce the presence of a specific magnetic state at given temperature
and magnetic field conditions, and to determine the range of external stimuli over which
it remains stable. Furthermore, it was also found that the temperatures at which the
magnetic phase transitions occur are slightly shifted in the films, likely caused by grain
boundaries and crystallographic defects. The next objective of this study was to use
MFM to determine whether magnetic topological objects were present in the films at
room temperature and in the absence of an applied magnetic field (ambient conditions).
Several MFM measurement protocols were used: under ambient conditions, while applying
an external magnetic field to the sample with a random magnetic history and subjecting
the sample to an external magnetic field after it had undergone a field-saturation and
subsequent field-cooling procedure. The results of these measurements indicate that
skyrmion-like objects can form in these thin films and exhibit behaviour similar to that
observed in bulk samples. However, unlike the single-crystal lamella, the core polarity
of these objects in the NdMn2Ge2 thin films can be reversed with a magnetic field
sweep following a field-cooling protocol, a phenomenon not observed in the single crystal.
This switching could be attributed to the grainy structure of the thin films, as well as
crystallographic defects. Further study should be conducted to better understand the
role that these grains and defects have on the magnetic configurations. The knowledge
of these interactions is vital when selecting a suitable candidate for potential spintronic
applications.
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Chapter 1

Introduction

1.1 Magnetism

Magnetism is a fundamental force that pervades the Universe, shaping both natural
phenomena and modern technology. Whilst we mostly take it for granted, it plays an
essential role in our lives, from the simple act of attaching a note to the fridge with a
magnet to the more complex such as the operation of the electrical grid and cloud data
storage. The latter technological advancements, which help to de�ne modern society, arise
from magnetism at the microscopic scale, where it governs the behaviour of electron spin
in materials. Yet, magnetism is also active on a cosmic scale, shielding the Earth from
harmful solar winds through a magnetosphere, without which life on this amazing planet
would not be possible.

Some of the earliest recorded observations of magnetism date back to ancient Greece
(600 BCE) and China (4th century), where people noticed that lodestones�naturally
magnetised pieces of magnetite (Fe3O4)�could attract iron. This would eventually lead
to the appearance of compasses, which used �oating or pivoted steel magnets in the 11th
and 12th century. These compasses helped lead the era in which voyages were undertaken
to map the planet. In the following centuries, further experiments lead to developments
such as the understanding of the relationship between electricity and magnetism in 1819,
the discovery that a time-varying magnetic �ux induces a voltage through a wire loop in
1831 and �nally the development of the Maxwell's equations, a set of equations that uni�ed
electricity, magnetism, and optics into the �eld of electromagnetism.

By the late 19th and early 20th centuries, the understanding of magnetism and
electromagnetism had led to practical applications in power generation, telecommunications,
and early electronic devices. This paved the way for innovations such as magnetic tape
storage in the 1920s, which marked the beginning of using magnetic materials for
information storage. The following decades saw the invention and development of
computers, as well as hard disk drivers being used for data storage, which required the
use of magnetic materials. In the latter part of the 20th century, a new research �eld
called spintronics emerged, leveraging both the charge and spin degrees of freedom of
electrons. The concept of spintronics gained momentum in the late 1980s with discovery
of the giant magnetoresistance e�ect, but its origin can be traced back to the 1970s
when experiments were being conducted to understand the role of tunnelling at the
ferromagnet/superconductor interface [1, 2]. Since then, the �eld has expanded rapidly,
with researchers investigating new materials, novel physical phenomena, and a wide
range of applications from non-volatile memory devices to quantum computing. The
implementation of magnetic materials in computer architectures is not just limited to data
handling, they can also be used for data processing such as logic operation.



2 Chapter 1. Introduction

As progress continues to be made, spintronic device design is driven by taking advantage
of the presence and interplay of di�erent interactions such as the dipolar interaction and
Dzyaloshinskii-Moriya interaction (DMI). In addition to this, di�erent materials are being
investigated, of particular interest are those which host domain walls and non-trivial
magnetic topological objects, such as magnetic bubbles and skyrmions. Skyrmions possess
a topological nature and, in some cases, can exist at room temperature without an
applied magnetic �eld�an essential requirement for potential technological applications.
Furthermore, skyrmions possess topological protection, which enables them to tolerate
changes in their environment such as the application of magnetic �eld and temperature
better than domain walls. Magnetic textures such as these have great potential for dense
and e�cient data storage, due to their small size (often on the scale of 10s ofnm) and
their mobility.

As research into topological magnetic objects progresses, one of the key challenges remains
�nding materials that can stabilise skyrmions under technologically relevant conditions,
such as at room temperature and without an applied �eld. One promising candidate is
the centrosymmetric material NdMn2Ge2, which has recently been shown to host skyrmion
bubbles (SkBs) under these conditions. This thesis contributes to the understanding of
this interesting material through demonstrating the remarkable robustness of the SkBs in
crystals to the fabrication of NdMn2Ge2 thin �lms. By exploring the fundamental properties
of this material and its potential for technological applications, this work aims to provide
valuable insight into the role of magnetic textures in next-generation spintronic devices.

1.2 Scope of thesis

Each chapter of this thesis contains a brief introduction, along with its aims, content and
a summary. The content of this thesis is structured as follows:

Chapter 2 contains the relevant theoretical background this thesis. Starting with the
fundamental concepts of magnetism and magnetic interactions on an atomic scale, and
then progressing to their magnetic ordering on the mesoscopic scale. In addition to this,
the theoretical aspects of domain walls and topological non-trivial spin textures, such as
skyrmions are presented.

Chapter 3 gives the principles for the experimental measurement techniques used in
this thesis. An overview beginning with sample growth techniques, followed by an
introduction to sample characterisation techniques allowing for structural characterisation
such as, X-ray re�ectivity, X-ray di�raction, Scanning Electron Microscopy Energy
Dispersive Spectroscopy. Next, magnetic characterisation techniques such as vibrating
sample magnetometry, magnetic force microscopy and nitrogen vacancy magnetometry are
summarised. Finally, there is a brief summary of the interactions of X-rays with matter,
dichroic phenomena, and a few of the two-dimensions (2D) magnetic imaging modalities
when using X-rays from synchrotron radiation for coherent imaging.

In Chapter 4 we present a detailed study of the robustness of a skyrmion bubble lattice
(SkBL) in a lamella cut from a single-crystal of the centrosymmetric material NdMn2Ge2.
Starting with the structural and magnetic characterisation of the single-crystal, we then
present the results from scanning transmission X-ray microscopy measurements, which
imaged, the successful generation of a metastable SkBL via a �eld-cooling protocol,
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followed by observations of the SkBL's con�guration as a function of applied temperature
and then several subsequent magnetic �eld protocols. Next, using micromagnetic
simulations, we reproduce the experimental observations for the magnetic �eld sweeps,
and demonstrate that it is not possible to reverse the core polarity of the skyrmion
bubble without the addition of a bulk Dzyaloshinskii�Moriya interaction term to the
simulation. We then compare the stray �elds calculated in our simulations to stray
�eld values measured from another lamella of NdMn2Ge2 using nitrogen vacancy (NV)
magnetometry. We then justify why there is a discrepancy in the values for the simulated
and measured stray �eld values. Finally, we demonstrate the stability of the SkBL with time
after it is initialised using magnetic force microscopy and NV magnetometry measurements.

In Chapter 5 we demonstrate the successful growth of several thicknesses of thin �lms
of NdMn2Ge2, which is currently unreported in the literature. After describing the
optimisation of the growth procedure, we characterise the structural properties, surface
quality and element distribution of the thin �lms, using X-ray di�raction and scanning
electron microscopy energy dispersive spectroscopy. Furthermore, we characterise the
magnetic properties using vibrating sample magnetometry to measure the behaviour of the
magnetisation with applied magnetic �eld and temperature. We then compare structural
and magnetic properties to those of the single-crystal reported in Chapter 4 and those
reported in the literature.

In Chapter 6 we present an in-depth investigation into the magnetic properties of selected
thin �lm samples using superconducting quantum interference device-vibrating sample
magnetometry (SQUID-VSM) and magnetic force microscopy (MFM) with a variable
�eld module. First, using SQUID-VSM, we report on the behaviour of the magnetic
susceptibility as a function of temperature and applied magnetic �eld for the single crystal
and thin �lms of varying thicknesses. Next, using MFM, we demonstrate that the thin
�lms can host skyrmion-like objects under an applied �eld and that they remain stable in
the absence of an applied �eld after a �eld-cooling protocol. Furthermore, we investigate
the behaviour of these topological objects under an applied magnetic �eld protocol that
mimics a hysteresis loop. Through this study, we show that skyrmion-like objects forming
towards the end of the protocol have the opposite core polarity compared to those at the
start of the �eld protocol. This phenomena was not seen in the single-crystal study, and
could be due to the presence of grain boundaries and crystallographic defects which result
in di�erent interactions to those present in the crystal and possible pinning points.

Chapter 7 summarises the work presented in this thesis and outlines the future prospects.
First, the imaging the skyrmion bubble lattices in NdMn2Ge2 and their melting into
the antiferromagnetic phase in three-dimensions (3D). Then, improvements and future
experimental investigations for the thin �lms are discussed.
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Chapter 2

Fundamental Concepts of Magnetism

Magnetism has captivated scienti�c curiosity for centuries, with roots tracing back to early
observations of naturally magnetised minerals such as magnetite attracting iron. References
of lodestones, naturally magnetised pieces of magnetite, have been found as far back as
4th-century BCE China. As one of the oldest and most studied physical phenomena,
magnetism has proven essential not only to the understanding of fundamental physics
but also to the development of various technologies. From simple compass navigation to
advanced applications in data storage, sensing, and medical imaging, the role of magnetism
in modern life cannot be overstated.

This chapter will introduce the theoretical foundation of magnetism, covering the classical
and quantum mechanical principles underlying magnetic interactions and behaviours. In
addition to conventional magnetic properties, this chapter will explore the emergence
of topologically protected magnetic states, discussing the energy contributions and
stability criteria that make them attractive for technological applications. By laying
this groundwork, the chapter sets the stage for a deeper exploration of the principles of
magnetic phenomena and their relevance in contemporary material science and device
engineering.

2.1 Atomic magnetism origin

Short range ordering in magnetic systems is driven by exchange interactions. These
interactions along with several other factors in�uence the long range ordering. Although
the exchange interactions have very subtle e�ects, they demonstrate that quantum
mechanics plays an important role in the ordering of magnetic systems. They can also be
seen as electrostatic interactions, arising as charges with the same sign will save energy
when they are separated, but cost energy when they are close together.

This interaction drives the creation atomic magnetism, which arises from unpaired spins
and the orbital motion of electrons. One can therefore derive the energy associated with the
interactions of a pair of electrons, in individual states a(r 1) and  b(r 2), from their joint
wavefunction 	 . This combined state contains both the spin and spatial contributions of
the two electrons, and therefore, must obey exchange symmetry. As electrons are fermions,
due to their 1/2 spin (s = 1=2), the wavefunction of the system must be antisymmetric.
The wavefunction can then take the form of either a singlet state with a spatially symmetric
wavefunction (	 S) with an antisymmetric spin state ( � Asym , s = 0 ), or an triplet state
with an antisymmetric spatial state ( 	 T ), and a symmetric spin state (� Sym , s = 1 ).
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	 S =
1

p
2

[ a(r 1) b(r 2) +  a(r 2) b(r 1)] � Asym

	 T =
1

p
2

[ a(r 1) b(r 2) �  a(r 2) b(r 1)] � Sym

(2.1)

Typically the energy of a state is de�ned as:

Ex =
Z

	 �
x Ĥ 	 xdr 1dr 2 (2.2)

Where the Hamiltonian of the two electron system is Ĥ , and * represents a complex
conjugate. The exchange energyJex, is de�ned as half of the di�erence in energy between
the two states and takes the following form

Jex =
ES � ET

2
=

Z
 �

a(r 1) �
b(r 2)Ĥ  a(r 2) b(r 1)dr 1dr 2 (2.3)

Using this expression, it is possible to write the exchange energy in a spin-dependent form
using the Heisenberg exchange Hamiltonian.

H ex = � 2Jexs1 � s2 (2.4)

Where s1;2 are the spin state of the electrons. We can see that whenJex > 0, the triplet
state is favoured, resulting in a positive exchange constant and the spins aligning parallel
to one another. If Jex < 0 the singlet state is favoured and the spins align anti parallel to
each other.

2.2 Components of ordered micromagnetic systems

So far we have discussed how magnetism arises for a 2 electron system. In order to fully
explain the behaviours and properties of bulk magnetic systems we have to expand our
model �rst, to an ensemble of spins (a collection of discrete spins), which, are typically
treated as individual magnetic moments. Then the model will be further expanded to the
micromagnetic scale to deal with the magnetization as a continuous �eld, thus providing
a mesoscopic description of magnetism. In order to understand and correctly model these
larger systems all interactions and other factors which contribute to the total energy of the
system must be considered. In this section the most relevant of these will be discussed and
note that it is not an exhaustive list.

2.2.1 Exchange energy

A vital and one of the strongest interactions in determining the behaviour of a magnetic
system is the exchange interaction. This interaction results from the Pauli exclusion
principle, which states that no two fermions (such as electrons) can occupy the same
quantum state. For electrons, this principle leads to a correlation between the spatial
and spin wavefunctions, resulting in an e�ective interaction between electron spins,
which we previously explored. For magnetic systems neighbouring spins will interact
through the exchange interaction to either align parallel (ferromagnetism) or antiparallel
(antiferromagnetism) to one another.
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Next, we will extend the Heisenberg exchange Hamiltonian for two spins (Eq.2.4), into one
accounting for multi spin systems. This results in the equation for the total energy of an
extended lattice of spins

H ex = �
X

hij i

J ij si � sj (2.5)

Where J ij is the exchange constant between thei th and j th spins. In the system,
ferromagnetic (FM) alignment is favoured when J ij > 0, and anti-ferromagnetic (AF)
alignment is favoured whenJ ij < 0. si and sj refer to the classical magnetic moment
vectors at sites with index i and j respectively. Calculating the system's energy in this
way works only in discrete systems, such as atomistic models. In the limit of a continuous
material (macroscopic scale), the equation needs to be re-expressed to be suited for
micromagnetics

H ex = A
Z

V
(r mx )2 + ( r my)2 + ( r mz)2 dV (2.6)

Where A is the exchange sti�ness and is the bulk analogue ofJ , the exchange constant.
mi are the components of the continuous magnetisation �eldm which is integrated over
the volume V of the bulk.

2.2.2 Dzyaloshinskii�Moriya interaction

Non-centrosymmetric magnetic systems, such as MnSi [3], Cu2OSeO3 [4], FeGe[5], can
possess a broken inversion symmetry, originating from their crystallographic structure.
This comes from the species of atom existing at positionr di�ering from the one found at
position -r , thereby violating inversion symmetry. When the broken inversion symmetry
of the system is coupled with the spin-orbit coupling (SOC) the spins interact in a more
complex way as dictated by the exchange interaction. An additional interaction term is
required, which has been shown to be antisymmetric in character. This term is called
the Dzyaloshinskii�Moriya interaction (DMI) and can arises in the bulk. This interaction
encourages the magnetisation of a spin to be perpendicular to that of its neighbours. This
leads to spin canting which can be accounted for by adding a spin cross-product term to
the system's Hamiltonian.

H DMI = � D ij �
X

hi;j i

(si � sj ) (2.7)

Where D ij is the DMI vector, which favours non-uniform magnetic structures. The sign
of D arises from the left- or right-hand chirality of the crystallographic system and de�nes
the chirality of the magnetism [6]. Due to asymmetry � D ij = D ij , the direction of this
vector is determined by the local symmetry of the system and reaches a minimum when
adjacent spins are perpendicular to each other. Competition arises between the DMI and
the exchange interaction, increasing the spatial periodicity of the magnetisation canting.
This results in a helical ground state instead of a ferromagnetic one. The strength and
direction of the canting of the spins depends onD ij [7, 8].

Eq. 2.7 can be reformulated for a continuous �eld, by swapping the magnetisation vector
M with the spin vectors si;j . For bulk samples, B20 materials such as MnSi [9] [10]
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H DMI = � D
Z

M � (r � M ) dV

= � D
Z �

my
@mz

@x
� mz

@my

@x
+ mz

@mx

@y
� mx

@mz

@y
+ mx

@my

@z
� my

@mx

@z

�
dV

(2.8)

Where D is the e�ective DMI constant.

DMI can also exist in thin �lm systems, but as an interfacial e�ect and is referred to as
iDMI. This interaction occurs at the boundary where an FM thin �lm is in contact with
a heavy metal thin �lm, such as Pt or Ir, which has a large SOC [11]. At the boundary
between the two �lms, the SOC of the heavy metal layer can induce a non-collinear spin
alignment in the FM layer. For a thin �lm such in the x-y plane interfacial DMI takes the
form [10, 12]

H DMI = � D
Z

(M � r mz � mzr � M ) dV

= � D
Z �

mx
@mz

@x
� mz

@mx

@x
+ my

@mz

@y
� mz

@my

@y

�
dV

(2.9)

2.2.3 Zeeman energy

The total magnetic �eld energy for a magnetic material can be separated in two parts, also
called magnetostatic energies: the energy from an externally applied �eld and the stray �eld
energy (demagnetisation energy) which is generated by the magnetisation in the sample.
The �rst term, also known as the Zeeman energy, comes from the interaction between the
external �eld H ext and the magnetisation vector �eld (M ) for the sample, and is written
as [13]

H Zeeman = � � 0

Z

v
M � H ext dV (2.10)

Where H ext is the applied �eld and � 0 = 4 � � 10� 7 NA � 2 is the permeability of free
space. The Zeeman energy is minimized when the applied �eld is parallel to the material's
magnetisation. When the applied �eld is uniform, the Zeeman energy is not dependent on
the domain structure or shape, but on the average magnetisation.

2.2.4 Demagnetisation energy

The second magnetostatic energy, mentioned previously is the demagnetisation energy. This
energy arises from the magnetic �eld that is created by the magnetisation of the sample,
and is the cause of the dipole-dipole interaction in elementary magnets.

Starting with a two spin model, we can derive the magnetic dipolar interaction energy, the
interaction between two neighbouring dipoless1 and s2 . When the two are separated by a
distance r they will have the following Hamiltonian [14]:

H =
� 0

4�r 3

�
s1 � s2 �

3
r 2 (s1 � r ) (s2 � r )

�
(2.11)
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One can estimate the order of magnitude of this force by inputting two moments ofs �
1 � B (� B = e~=2me), separated by r = 1 Å. As a result, we get an estimated energy of
8:60 � 10� 24 J, which as a temperature is about1 K. This tells us that this interaction is
too weak to cause magnetic ordering within many materials, which typically order at higher
temperatures in the range of100! 1000 K. It is still an important interaction to consider
as it is a key interaction in the creation of magnetic domains, as well as, for materials which
order on the mK scale.

We can extend Eq.2.11 to account for the long-range magnetic interactions between all
pairs of spins in discrete systems.

H =
1
2

X

i 6= j

� 0

4� jr 3
ij j

[si � sj � 3(si � r̂ ij ) (sj � r̂ ij )] (2.12)

Where r̂ ij represents the separation unit vector between spins indexed withi and j .

For a macroscopic magnetic material, which is experiencing an external magnetic �eldHext ,
the energyE to bring a small magnetic moment to a point within the magnetic material is
[15]

�E = � � 0�m � H loc (2.13)

Where the local �eld felt by the moment is equal to the demagnetisation �eld and the
Lorentz cavity �eld, H loc = H d + 1=3M . Now expanding 2.13 we get

�E = � � 0�m � (H d +
1
3

M ) (2.14)

Integrating over the whole sample will give the demagnetisation Hamiltonian.

H demag = �
� 0

2

Z

V
M � H d dV (2.15)

Where the 1=2 factor is used to avoid double counting, as�m acts as a �eld source and
as a moment. The second term is also removed as it acts to align the moments, but is
considerably weaker than the exchange Hamiltonian, which has the same e�ect.

To derive the stray �eld H d, we can review what occurs within and outside of the
ferromagnet in terms of its magnetisation. At the surface of a ferromagnetM has to
suddenly stop, causing a divergence ofM [14]. As Maxwell's equation statesr � H = 0 ,
the divergence of M at the surface is therefore

r � M = �r � H (2.16)

This implies that the surface of the material has a magnetic charge, which act as a source
of H . Inside the material, it is know as the demagnetising �eldH d and is aligned in the
opposite direction to M . H d can become complicated within a ferromagnet, due to the
shape and size of the material. Assuming a uniform ferromagnet it the demagnetising �eld
is written as



10 Chapter 2. Fundamental Concepts of Magnetism

H d = �N M (2.17)

Where N is the demagnetising tensor.

2.2.5 Anisotropy energy

Materials exhibiting anisotropy demonstrate di�erent properties depending on the
direction in which they are probed. Magnetic materials are no exception and can be highly
anisotropic. This anisotropy arises from the asymmetry in a magnetic system is referred
to magnetic anisotropy. Which is the tendency of the magnetisation to lie along a certain
direction û , known as the easy axis, as it is energetically more favourable. Trying to rotate
the magnetisation away from this axis will cost energy. Two categories of anisotropy that
will be discussed here are the shape anisotropy and the magnetocrystalline anisotropy
(MCA). Both have energies associated with them which are expressed as anisotropic
energy densities, denoted asK .

The shape anisotropy is an attempt of the system to reduce the demagnetising �eld
geometrically, which leads to a favoured direction of magnetisation.

Kshape =
1
2

� 0N M 2
s (2.18)

Where M s is the saturation magnetisation of the sample,N is the demagnetisation factor
for the easy axis. The demagnetising factor for the hard directions isN 0 = 1

2(1 � N ).

H shape =
1
2

� 0

Z

V
M � H d dV (2.19)

The MCA arises from a material's crystallinity and contributes to the formation of
magnetic domains, which are separated by sharp boundaries. MCA can be split into
further categories, two of which are relevant for this thesis, uniaxial and cubic anisotropy.

Uniaxial anisotropy refers to systems where a single preferential direction of the easy axis is
found, furthermore, it is a prerequisite for permanent magnetisation. It is typically found
in hexagonal or tetragonal crystal structures. Rotating the magnetisation from the easy
axis to a perpendicular one (hard axis) requires the most energy. This energy depends on
the strength of the MCA ( K ) and the angle between the magnetisation and the easy axis
(� ). The following energy term can be added to the energy of the system to account for
the MCA

H uniaxial
MCA = �

Z

V
K u1(m :u )2 + K u2(m :u )4 dV (2.20)

Where Ku1 and Ku2 are the �rst and second order the uniaxial anisotropy constants,û
indicates the direction of the anisotropy. For Ku1;u2 > 0 the energy of the system is
minimised when the magnetisation is aligned with the easy axis.

Materials containing a cube-symmetric lattice structure naturally features three easy axes,
which are pairwise orthogonal. Examples of such are iron which, has a body-centered cubic
structure or nickel which, has a face-centered cubic structure. The anisotropy term for such
lattice structures becomes cubic and the resulting energy term, to the �rst order, can be
written as
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H cubic
MCA = �

Z

V
K c1

h
(m � u 1)2 (m � u 2)2 + ( m � u 1)2 (m � u 3)2 + ( m � u 2)2 (m � u 3)2

i
dV

(2.21)

Where Kc1 represents the cubic anisotropy constant, i.e. the strength of the cubic
anisotropy. The sign of K c1 determines if the h100i or the h111i direction is the easy axis
of magnetisation [16].

2.3 Basic types of magnetic ordering

Given the possible presence of many interaction terms between spins, it is not a surprise
that di�erent types of magnetic ordering can occur within materials. This can depend on
several factors, one of which is the interaction between the sample's magnetisationM , and
an applied magnetic �eld B . It can be assumed thatM is a continuous throughout the
magnetic material, except its edges.

As there is no magnetisation in free space we can de�neB by the following relation

B = � 0H (2.22)

Where H is the magnetic �eld strength/magnetising force. Eq. 2.22 shows that in free
space,H and B have a linear relation and are just scaled versions of one another.

In a medium such as a material, we now relate the curl ofB (Maxwell's equation) to the
total current density.

r � B = � 0 (j c + j m ) (2.23)

j c is the conduction current in electrical circuits and j m is the Ampèrian magnetisation
current associated with the magnetised medium.j m relates to M through the following

j m = r � M (2.24)

Magnetic materials produce a magnetic �eldH c, which is present in its volume and the
space around it. This �eld can be described as being created by conduction currents and
H m is created by the magnetisation distributions of other magnets and the magnet itself.

This �eld is otherwise known as the demagnetisation �eld H demag. The total magnetic
induction B within the material in the presence ofH ext is given by:

B = � 0 (H + M ) (2.25)

As the applied magnetic �eld is a�ected by the magnetisation of the sample, we can de�ne
the volume magnetic susceptibility of the material as� = M =H . This can be regarded as
the magnetic response of a material, which is a dimensionless quantity. When considering
� � 1, Eq. 2.25, can be rewritten as:

M = �
B
� 0

(2.26)
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The following section, will describe the types of magnetic ordering that arise when an
external magnetic �eld acts on non-magnetic and magnetic materials. Through the use
of � , it will be possible to quantify the strengths of these interactions and compare their
responses to one another.

2.3.1 Diamagnetism

Diamagnetism is the most fundamental and universal form of magnetism. All materials
exhibit diamagnetic behaviour to some degree, though in most cases, it is overshadowed
by stronger magnetic e�ects, such as paramagnetism or ferromagnetism. Diamagnetic
materials are characterized by their tendency to oppose an applied magnetic �eld (� < 0).
This opposition arises from induced changes in the orbital motion of electrons when an
external magnetic �eld is applied. A few examples of diamagnetic materials are shown in
Table 2.1.

Consider a material with a volume V , that is made up of N atoms, all with Z electrons
and massm which are all paired. An assumption can be made that the electrons in the
outer shells all have roughly the same distancer to the nucleus, so that

P Z
i =1 hr 2

i i � Z hr 2i .
Using this model, it is possible to derive the magnetisation at zero Kelvin, from which the
diamagnetic susceptibility can be obtained [14].

� = �
N
V

e2� 0Z
6me

hr 2i (2.27)

Here, e and me represent the the elementary charge and electron mass respectively.hr 2i
represents the mean square distance of the electrons from the nucleus.

Material Susceptibility (� )

Diamagnetic

Superconductor -1

Silver � 2:6 � 10� 5

Neon � 3:9 � 10� 9

Paramagnetic

Platinum 2:6 � 10� 4

Aluminium 2:2 � 10� 5

Oxygen 1:9 � 10� 6

Table 2.1: Table of diamagnetic and paramagnetic susceptibilities. Values shown are for common
materials which exhibit diamagnetic (negative) and paramagnetic (positive) behaviour at 20 � C.
Superconductors entirely expel magnetic �elds from the material, making it a perfect diamagnet
and is included for comparison. Data obtained from Young and Freedman [17]

.

2.3.2 Paramagnetism

Paramagnetic materials are those that have unpaired electrons, resulting in a net magnetic
moment per atom. In the absence of an external magnetic �eld, these magnetic moments
are randomly oriented due to thermal �uctuations, so the material exhibits no macroscopic
magnetisation, shown in Fig 2.1a. However, when a magnetic �eld is applied, the magnetic
moments align parallel to the applied �eld, resulting in a weak but positive magnetisation
(�> 0). A few examples of paramagnets and their corresponding susceptibility can be seen
in Table 2.1.
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The spontaneous magnetisation of paramagnets arises from the total angular momentumJ
of an electron. J , is a combination of the electron's angular momentum (S) and its orbital
angular momentum L .

The degree of alignment between the orientation of the magnetic moments and the
applied �eld, (and thus magnetisation M ) is a balance between the magnetic �eld and
thermal energy. This dependence is a result of the potential for the magnetic moment
to spontaneously �uctuate between the available states (2J + 1 ). The susceptibility of
paramagnetic materials follows Curie's Law, which states that the magnetic susceptibility
� is inversely proportional to the temperature T. This relationship is only valid for the
regime of high temperature and low �eld [14, 18].

� =
N
V

g2
J � 0� 2

B

3kB T
J (J + 1) =

C
T

(2.28)

Where g is the Landé g-factor [19], � B = e~=2me is the Bohr magneton,me is the mass of
an electron andkB is the Boltzmann constant.

2.3.3 Ferromagnetism

Ferromagnetic materials, like iron, cobalt and nickel, exhibit a very strong and sustained
magnetic response to an external magnetic �eld, even after the external �eld is removed.
In ferromagnetic materials, magnetic moments spontaneously align in the same direction
(Jex), below the material's Curie temperature (TC ), even without an external magnetic
�eld (Fig. 2.1b). This alignment produces a spontaneous net magnetisation (M ), which
usually lies along an easy axis direction, determined by the material's crystal structure.

Ferromagnetic (FM) ordering arises due to the previously mentioned quantum mechanical
exchange interaction between neighbouring electron spins (Eq.2.4). Several magnetic
domains can form within di�erent regions of the material, and their magnetisation is
associated with the direction of the strongly coupled parallel spins present in that area.
This di�erence of magnetisation between domains helps to minimize the magnetostatic
energy of the system through the reduction of stray �elds, a feature which will be discussed
later in more details.

In FM materials the alignment of the magnetic moments is resistant to thermal �uctuations
due to strong exchange interactions between neighbouring spins. To disrupt this ordering,
energy must be supplied to overcome these interactions that allow for the cooperative
alignment of spins. Above TC the thermal energy becomes too great and destroys the
alignment of the spins, causing the material to transition into a paramagnetic state. The
temperature dependence of magnetic susceptibility near the Curie temperature is given by
the Curie-Weiss law:

� =
C

T � TC
(2.29)

2.3.4 Antiferromagnetism

In antiferromagnetic (AF) materials, the magnetic moments of adjacent spins align in
an antiparallel con�guration, resulting in no net macroscopic magnetisation (Fig. 2.1c).
This occurs due to the exchange interaction, but in this case, the interaction favours an
antiparallel arrangement of spinsJex < 0.
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A simple model of an antiferromagnet can be considered as two interpenetrating magnetic
sublattices. The spins within each sublattice are ferromagnetically coupled, however, they
are aligned opposite to those on the other sublattice. When the spins on both sublattices
are equal and opposite the material has no net magnetisation and is therefore AF. The
magnetic susceptibility of an antiferromagnet can be de�ned as

� =
C

T + TN
(2.30)

WhereTN is the Néel temperature, below which the magnetic spins order antiferromagnetically.
When a magnetic �eld is applied belowTN , a complex situation arises as the direction of
the �eld matters.

2.3.5 Ferrimagnetism

Ferrimagnetism arises due to the arrangement of magnetic moments in di�erent sublattices
within the crystal structure. In ferrimagnetic materials, di�erent magnetic ions occupy
di�erent positions in the lattice, and the exchange interactions between these ions favour
antiparallel alignment. However, unlike AF, the magnitude of the magnetic moments on
the two sublattices not equal, resulting in a net magnetisation (see Fig. 2.1d). The magnetic
susceptibility of a ferrimagnet can be described, as in FM using Eq. 2.29. Analogous to FM,
the magnetic ordering in a ferrimagnet aboveTC will be that of a paramagnetic state.

Figure 2.1: The spin con�gurations for the magnetic dipole moments in a paramagnet,
ferromagnet, antiferromagnet and ferrimagnet. This illustration represents the case where no
magnetic �eld is applied.

2.4 Complex magnetic ordering patterns and topological
objects

In addition to these bulk magnetic properties, advances in imaging and nanoscale
fabrication have led to the discovery of complex magnetic textures with topologically
protected con�gurations. These structures originate due to the competition between the
many interactions within a magnetic system, as can be seen in the Hamiltonian for the
total system energy Eq. 2.31. Topological objects such as magnetic domains, domain walls,
skyrmions, magnetic bubbles, and hop�ons, provide new opportunities to control magnetic
states with high precision and stability. Topologically stabilized textures, for example,
exhibit enhanced resilience against perturbations, making them promising candidates for
next-generation data storage and spintronic devices.

As this thesis will focus on materials with uniaxial anisotropy, the total Hamiltonian, to
�rst order terms can be written as
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H = H ex + H DMI + H Zeeman + H Demag + H Aniso
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The next sections will use this competition of energies to discuss some of the di�erent types
of topological objects that can be found in magnetic systems.

2.4.1 Magnetic domains and Domain Walls

As previously mentioned, regions with opposite directions of magnetisation lead to the
formation of magnetic domains. This reduces the total energy of the material, which consists
of the exchange energy, magnetostatic energy, and anisotropy energy. These domains are
separated by domain walls, where the magnetisation gradually rotates from the direction
in one domain to the direction in the neighbouring domain. There are two types which will
be discussed here, Bloch walls and Néel walls. Bloch walls are commonly found in bulk
systems and thick magnetic �lms as they minimize volume charges at the cost of surface
charges. Within this wall, the magnetisation rotates in the plane of the wall (see Fig. 2.2a.).
The second type, Néel walls, are typically found in thin �lm systems as they try to minimize
surfaces charges at the expense of volume charges. The magnetisation in this wall rotates
in the plane of the �lm, which is perpendicular to the plane of the wall(see Fig. 2.2b.).

The energy per unit area of a domain wall is a combination of the exchange energy, which
acts to unwind the wall, and the anisotropy energy, which acts to keep the wall tight.

� = JS2 � 2

Na2
| {z }

exchange energy

+
NKa

2| {z }
anisotropy energy

(2.32)

Where J is the exchange constant,S is the magnitude of the magnetic moment,a is
the nearest neighbour distance,N is the number of lattice spacings,K is the anisotropy
constant. If we solve Eq. 2.32 for a stable domain wall (d�= dN = 0 ), then we obtain the
following expression for N.

N = �S

r
2J

Ka 3 (2.33)

Substituting this solution back into Eq. 2.32 gives

� = �
p

KA (2.34)

Where A = 2JS2z=a and z is the number of sites in a unit cell and is equal to 1 for a
simple cubic lattice. From Eq. 2.34 we can then derive the thickness of a domain wall�
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� = Na = �

r
A
K

(2.35)

From these equations the relationship between energy/thickness of a domain wall and the
exchange and anisotropy of the system, can be clearly seen. Domain walls can typically be
on the scale of a few to hundreds ofnm.

Figure 2.2: The con�guration of the magnetic spins for a a) Bloch wall and b) Néel wall.

2.4.2 Topological non-trivial spin textures

Topology is a mathematical concept which is used to describe topological invariants, which
are the properties of geometric objects that are preserved under continuous deformations.
Topology provides insight into geometric problems of how objects are connected and is
independent of the exact shape of the objects. In the context of magnetism, topological
magnetic textures have been classi�ed based on their dimensionality and on topological
invariants, and can be broadly divided in two classes [20]. The �rst class includes systems
where the order parameter, the magnetic moment, is required to vanish at a speci�c
location or "singularity," such as at the centre of a two-dimensional vortex core, which
can be observed in magnetic thin-�lm discs. In contrast, the second class features systems
where the order parameter remains constant throughout the space, with no singularities
present, an example of this is skyrmions. Both classes are distinguished by a non-zero
topological invariant, which describes the mapping of the order parameter from real space to
its manifold. Continuing with the skyrmion as an example, both the real space of the order
parameter and its manifold have dimensiond = 2 , with the manifold being the surface of a
sphere (theS2 sphere). As a result, a skyrmion can be mapped onto the surface of the sphere
once. Consequently, its topological invariant, known as the "charge" or "skyrmion winding
number," is 1. Such invariants confer a degree of protection for the magnetic textures
against perturbations. Meaning that they cannot be deformed into a trivial con�guration
without supplying a signi�cant amount of energy. This makes these textures remarkably
robust and suitable for applications in next-generation spintronic devices.

Skyrmions

First theorised by Tony Skyrme in 1962, in the context of nuclear physics, the skyrmion is
a local, stable, soliton-like solution of non-linear �eld theory. This solution was originally
conceived as a particle like object (baryons in a spinless pion medium) [21, 22]. In the �eld
of condensed matter, they were �rst experimentally observed through the use of neutron
di�raction on the chiral magnet MnSi [3], which is a non-centrosymmetric system. In
such materials and under stable �eld conditions, a magnetic skyrmion is a topological
nanomagnetic con�guration comprised of magnetic moments which point radially away
from a centre point, similar to that of the spines a hedgehog. When projected onto a
2D plane, the magnetisation (spins) rotate smoothly from pointing up/down at the core
to down/up at the edges of the skyrmion. This 2D spin texture has a structure similar
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to a knot, which cannot be destroyed through continuous deformation to form a uniform
magnetised state. Thus providing topological stability for the skyrmion. This allows for
the skyrmion to be thought of as a topologically stable particle and therefore be classi�ed
with a topological integer (Q), otherwise known as the winding number

Q =
1

4�

Z
m �

�
@m
@x

�
@m
@y

�
dxdy (2.36)

Where m is the unit vector representing the direction of magnetisation and @m
@x; @m

@y
represent the partial derivatives of the magnetisation with respect to the spatial
coordinates. For a skyrmion, QS is normally an integer value, often � 1, an example of
a QS = 1 skyrmion can be seen in Fig.2.4a. ConventionallyQ is positive for a counter
clockwise rotating structure, and is negative for a clockwise rotating one.

Due to their topological protection and small sizes, it has been proposed that future
spintronic device architectures could implement skyrmions to improve the speed and
e�ciency of magnetic memory devices [23�26].

Types of Skyrmions

Skyrmions are typically stabilized in non-centrosymmetric materials, these systems can
posses non-zero DMI, which originates due to symmetry breaking in the crystal lattice.
Within these materials the DMI creates a preferred spin twisting con�guration [3, 27].
This bulk DMI enables the formation of stable skyrmion structures, especially in chiral
magnets [28, 29], where the bulk DMI stabilizes helical spin structures.

Within the collection of non-centrosymmetric materials, several types of skyrmions
exist. These include: Bloch skyrmions, Néel skyrmions, antiskyrmions, and biskyrmions.
Depending on the system and its interactions, one or more of these types may form.
Despite the arrangement of their spins being di�erent, Bloch, Néel and Antiskyrmions
share the same non-trivial topology and thus show similar magnetoelectric coupling
properties. As the focus of the results in this thesis will be on Bloch and Néel skyrmions,
more detail on their structure is given here. For further information on the other types of
skyrmions and their structures the 2021 review by B. Göbelet al. provides a nice summary
[30].

The spins in a Néel skyrmion rotate radially from pointing inward/outward at the skyrmion
core to pointing outward/inward at the boundary (see Fig 2.3b.). These skyrmions are
usually stabilized by interfacial DMI in thin �lms which have interfacial asymmetric
magnetic multilayers consisting of heavy metal and ferromagnetic layers. Such thin �lms
that produce strong surface DMI are, Pt/Co [31, 32], Fe/Ir(111) [33] and multilayer stacks
of Ir/Fe/Co/Pt and Ta/[CoFeB/MgO/Ta] [34, 35]. Further examples of systems hosting
Néel skyrmions and the other types can be found in a recent review article written by S.
Li et al. [36].

Bloch skyrmions contain spins which rotate helically around the skyrmion core as seen in
Fig 2.3a. These skyrmions are typically observed in bulk chiral magnets, where bulk DMI
induces a preferred helical spin structure. The �rst observation of a skyrmion was made
with neutrons in the cubic B20 compound MnSi [3]. In the following decade 100s of further
observations have been made with various techniques on many di�erent materials such as,
thin �lms of Fe 0.5Co0.5Si [9], the cubic chiral magnet (� -Mn-type) Co-Zn-Mn alloys [29],
and the insulating chiral-lattice magnet Cu2OSeO3 [28].
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Figure 2.3: a,b) The top down view of the Bloch and Néel skyrmions respectively. c,d) Three
dimensional visualisations of the Bloch and Néel skyrmions which shows how the magnetisation
wraps around the object with changing radius.

Magnetic bubbles

In addition to non-centrosymmetric system another class of materials exists called
centrosymmetric systems. In a centrosymmetric system the DMI is absent as the material
is inversion symmetric, but interesting topological textures can still be found. Such
textures are bubble skyrmions, which are able to form due to a balance between dipolar
interactions and magnetic anisotropy. These skyrmions are generally larger and less stable
than DMI-stabilized skyrmions. However, as the dipole-dipole interactions are achiral [37],
Bloch skyrmions of both helicities are energetically favourable and can even coexist [38].

Magnetic bubbles are commonly found in thin magnetic �lms such as YFeOx [39],
Fe/Ni/W(110) [40]; that energetically favour OOP magnetisation, and have high
perpendicular anisotropy [41, 42]. Their spin con�guration is composed of cylindrical
regions, where the core magnetisation is antiparallel to the one of the outer region, both
separated by a narrow domain wall (see Fig 2.4b,c.). The use of an external magnetic �eld
helps to form and stabilize the bubbles as it aligns the spins within the core of the bubble.
This con�guration allows them to be stable against moderate external disturbances, and
in the 1970s it was thought that this would make them useful in memory and storage
devices, as they can be created, moved, and erased with external magnetic �elds [39] or
electric currents [41].

The size of a bubble domain is governed by the competition of several energy terms, as
previously discussed. These are the Zeeman energy, exchange energy, magnetocrystalline
energy and demagnetisation energy. The static equilibrium equation [43], which describes
a stable bubble with diameter d in a material with thickness t, is written as

� W

M sd
+ H = 4 �= (1 +

3d
4t

) (2.37)
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Where � W is the domain wall surface energyM s is the magnetisation of the material,H is
the applied �eld. From this, the characteristic length can be de�ned asl = �= (4�M s), and
only depends on the type of material used.

The winding number for magnetic bubblesQB can also be calculated using Eq. 4.1. Unlike
the constant winding number for a skyrmion QS = 1 , QB , QB often takes the value of
� 0; 1; 2, but can also take non-integer values caused by defects, (such as Bloch lines)
in the domain wall. Higher order integers would be possible, but they are energetically
unfavourable. A bubble with QB = � 1 is topologically equivalent to a skyrmion and from
this point on be referred to as a skyrmion bubble (see Fig. 2.4b.).

Figure 2.4: a) A skyrmion that is part of a hexagonal lattice with winding number Q = 1 and b)
A magnetic bubble (skyrmion bubble) with Q = 1 c)A magnetic bubble with Q = 0 bubble. d-f)
A pro�le cut through the centre of the skyrmion, skyrmion bubble and bubble respectively. Black
indicates that the magnetisation points into the page, white outward for the z axis, and the rgb
colours show the direction in the x-y plane.

Hop�ons

A higher dimensional magnetic texture which is more structurally complex than the
skyrmion is the hop�on [44]. Unlike skyrmions, which have a two-dimensional swirling
con�guration, hop�ons feature a three-dimensional knotted or toroidal structure (see
Fig. 2.5a.). A way to try to visualize this structure is to take a skyrmion tube and bend
it around a central point and connect its two ends, forming a doughnut like structure (see
Fig. 2.5b,c). The unique topology of hop�ons is quanti�ed by the Hopf index or Hopf
charge, which represents the linking number of �eld lines within the magnetic structure
[45, 46]. A visualization of these �eld lines (red and blue) for a hop�on with Hopf index 1
can be seen in Fig. 2.5a. The Hopf index can be de�ned as

H = �
1

(4� )2

Z
F � A dV (2.38)

Where Fi = � ijk m � (@j m � @km )=2), which i; j; k = x; y; z and � is the Levi-Civita tensor.
A is a vector potential, which satis�es r � A = F . F is known as the gyro-vector �eld
[47], emergent magnetic �eld [30], or topological charge.
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Figure 2.5: a) The magnetic con�guration for a hop�on, along with two isosurfaces shown in
red and blue indicate the winding of constant x-component magnetisation around the hop�on. b)
A top down view in the middle of the hop�on, here black and white represent the magnetisation
into and out of the page for the z component respectively, and the rgb the x-y components. c)
Cross section in the middle of the hop�on showing opposite magnetic con�gurations, similar to the
magnetisations seen at either end of a skyrmion tube. Here the colour scale is changed to better
visualise the skyrmion tube-like properties, black and white represents the magnetisation in and
out of the page for the x component and the rgb represent the y and z components.

Hop�ons require speci�c interactions to stabilize, often including higher-order exchange
interactions and, in certain cases, DMI. The topological stability of hop�ons makes them
robust against external perturbations, similar to skyrmions, but their complexity o�ers
the advantage of representing more complex information states. Hop�ons are currently a
focus of theoretical and experimental research for potential applications in 3D magnetic
storage and spintronic devices. These 3D textures could, in theory, store multiple bits of
information in a single, stable con�guration, o�ering new possibilities for high-density data
storage technologies.
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Chapter 3

Experimental methods

This chapter will provide the necessary technical foundations that allowed us to achieve
the technical objectives of this thesis. After a short introduction Section 3.1, the sample
fabrication is addressed Section 3.2. Subsequently, the techniques used to characterise
samples and imaging them using synchrotron radiation are explained in Section 3.3 and
Section 3.3.4 respectively, to provide a basic understanding on the experimental designs.

3.1 Technical objectives of the thesis

A primary goal of this thesis was the growth and characterisation of several thin �lms
that possessed similar, if not identical structural and magnetic properties to that of its
single crystal counterpart. To grow the thin �lms magnetron sputtering was used, allowing
for control over the growth conditions and thicknesses of the resulting �lms. To ensure
that the thin �lms had properties that closely matched the single crystal, several bulk
characterisation methods such as X-ray di�raction, scanning electron microscopy and
magnetometry measurements were conducted after each growth. Once the properties were
closely matching, magnetic force microscopy was utilised along with a variable magnetic
�eld module, to allow for the manipulation and imaging of various magnetic ordering and
topological structures that arose.

A further goal of this thesis was to initialise and image the same magnetic ordering and
topological structures that form, but within a lamella that was cut from a single crystal
sample. A magnetic structure of particular interest in this thesis is the skyrmion bubble,
which is relevant for spintronic and technological applications, especially when in a stable
state in the absence of an applied magnetic �eld and at room temperature. To visualize
these topological features, verify their existence in real systems, and eventually investigate
their nucleation and magnetization dynamics, several imaging techniques are utilised, such
as magnetic force microscopy, Nitrogen vacancy magnetometry and synchrotron X-ray
techniques. X-rays allow for the probing of materials with signi�cant penetration depths,
providing access to information about the magnetic state within the bulk of the material.

3.2 Sample Fabrication Techniques

3.2.1 Magnetron Sputtering

High-quality thin �lms can be produced using Direct Current (DC) Magnetron Sputtering,
a widely used technique based on physical vapour deposition (PVD). DC magnetron
sputtering is based on the physical ejection of atoms from a solid target material by
bombardment with energetic ions. These atoms are then deposited onto a substrate to
form a thin �lm. This sputtering method o�ers excellent control over �lm composition,
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uniformity, and thickness, making it an indispensable method in materials science,
electronics, and nanotechnology.

For this thesis a commercial sputtering system from AJA International Inc was used. This
setup had a base pressure below3 � 10� 8 Torr ( � 4 � 10� 8 mbar), a high-vacuum chamber
with a base pressure of10� 6 Torr ( � 1:33 � 10� 6 mbar) or lower, is required to minimize
contamination and ensure a controlled environment.

To begin the fabrication process, a substrate is placed onto a puck with electrical tape/silver
thermal paste for room temperature/high temperature depositions. This puck is placed onto
a holder in the loading chamber, which is then pumped down to match the pressure in the
deposition chamber. This chamber is under a high-vacuum, a base pressure of10� 6 Torr
(� 1:33 � 10� 6 mbar) or lower, which, is required to minimize contamination and ensure
a controlled environment. The sample holder is transferred into the chamber so that the
substrate is positioned opposite to the target material, which is mounted on a gun that
serves as a cathode, with a negative voltage on the order of a few hundred volts. The target
material can be a pure element or an alloy, depending on the desired �lm composition. The
substrate can be held at room temperature or heated to a speci�c temperature (up to
800� C) to improve �lm adhesion and crystallinity. During the sputtering the chamber
is �lled with a low-pressure inert gas, typically argon (Ar), at a pressure of 3 mTorr ( �
4 � 10� 8 mbar), which helps to ignite the plasma that is required for the deposition. This
plasma is generated by a DC power supply, which applies a negative voltage (500 V to
1000 V) to the target material to ionize it. This creates a strong electric �eld that accelerates
the free electrons, which collide with the Ar atoms, ionizing them and forming a plasma
nearby the target. This plasma consists of electrons, Ar ions (Ar+ ), and neutral atoms. The
positively charged Ar ions are then attracted to the negatively biased target, bombarding
it. Upon colliding with the target the Ar + transfer their momentum to the target atoms,
causing them to be ejected into the vacuum as neutral atoms or clusters. These ejected
target atoms travel through the vacuum and condense onto the substrate, forming a thin
�lm layer. The �lm's properties (e.g., thickness, uniformity, crystallinity) are controlled by
tuning the process parameters. Such parameters include the gas �ow rate, sputtering power
of the cathode, angle of the substrate with respect to the target during deposition, and the
sputtering rate of the metallic target. This latter parameter can be increased through the
placement of a set of permanent magnets beneath the target to enhance the ionization of
the Ar.

3.3 Sample Characterization Techniques

The structural and magnetic properties of a sample can be characterised using various
measurement techniques. The work in this thesis had the structural properties characterised
using X-ray re�ectivity (XRR), X-ray di�raction (XRD), scanning electron microscopy
(SEM), and atomic force microscopy (AFM, see MFM). Characterisation of the magnetic
properties was conducted using Superconducting Quantum Interference Device Vibrating
Sample Magnetometer (SQUID-VSM), Magnetic Force Microscopy (MFM), Nitrogen
Vacancy (NV) magnetometry, and scanning transmission X-ray microscopy (STXM).

3.3.1 Structural characterisation

X-ray re�ectivity and X-ray di�raction

The structural properties of a sample can be characterised using X-rays. Two regimes can
be probed depending on the angle of incidence� i of the X-rays onto the �lm, allowing
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for di�erent properties to be measured. X-ray re�ectivity (XRR) involves using angles of
small grazing incidence (typically � i < 10� as the re�ected intensity decreases rapidly as a
function of the scattering wave vector). The X-rays re�ect from the interfaces within the
layers of the material and create an interference pattern. Analysis of this pattern yields
features with large length scales, such as sample thickness, interface roughness and density.
At larger angles (� i > 10� ) one can gather further information on the sample structure by
means of X-ray di�raction (XRD). Here the X-rays encounter the crystal lattice and scatter
according to Bragg's law; this generates a pattern, based on the lattice spacing and atomic
arrangement within the sample, which is then analysed. XRD allows lattice parameters,
crystallinity and phase composition to be determined.

Scanning Electron Microscopy Energy Dispersive Spectroscopy

Further structural properties such as the microstructure, composition and crystal structure
can be obtained using Energy Dispersive X-ray Spectrometer (EDS/EDX). Energy
Dispersive Spectroscopy (EDS) is a technique used for elemental and compositional
analysis by detecting X-rays emitted from a material when it is irradiated with electrons.

In this thesis a Hitachi scanning electron microscopy (SEM) was used to conduct SEM
EDS measurements. A sample is mounted onto a holder, and then placed into the vacuum
chamber and the microscope is pumped down to obtain a low pressure environment,
suitable for electrons not to be scattered before interacting with the sample. Using a
camera the sample is optically aligned and then the electron beam is switched on. After the
desired settings, such as energy, exposure time and �eld of view are set-up SEM images can
be made. Here, a primary electron beam irradiates the chosen area of sample, generating
secondary electrons and backscattered electrons. Secondary electrons are low energy
electrons (< 50 eV) and, are generated via inelastic scattering of the primary electrons, on
the atomic core or the electrons of the atomic shell. They originate from a shallow depth
(a few nm) and provide high-resolution images for the surface topography and morphology.
Backscattered electrons have an energy> 50 eV, and are generated by elastic scattering in
a much deeper range of the interaction volume, thereby carrying depth information. The
information content of the backscattered electrons is mostly determined by the so-called
material contrast, this comes from the backscatter coe�cient which strongly depends on
the atomic number of the material present. As the beam is rastered across the sample, the
detector collects these electrons at each point and convert them into greyscale intensity
values. The images provide by this technique give a detailed electronic structure of the
sample's surface, but no chemical information of the elements contained.

Once suitable SEM images have been obtained of the sample's surface, EDS measurements
can be conducted. This process occurs when the incident electron beam excites atoms
within the sample. When an electron from the inner shell of an atom is ejected by the
incident electron, a vacancy is created. To restore stability, an electron from a higher
energy level moves down to �ll the vacancy. As this transition occurs, the excess energy is
released in the form of characteristic X-rays, which provide information about the elemental
composition of the sample. As characteristic X-rays have a unique energy value for each
element, it is possible to identify (within a few seconds) the presence of the elements
within the sample using qualitative analysis. By performing quantitative analysis on
the intensity of the X-rays, it is possible to measure the content of each element and
to analyse segregation within the �eld of view (X-ray mapping). When the qualitative
and quantitative data are further processed it is possible to produce an EDS layered image
(SEM image with the elements present overlaid) and an EDS sum spectrum. A few key
insights that can be obtained from these results include whether the �lm has been deposited
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correctly, the smoothness of the sample surface, the uniformity of the �lm deposition, and
the identi�cation of its constituent elements.

3.3.2 Magnetic characterisation

Superconducting Quantum Interference Device-Vibrating Sample Magnetometry

Superconducting Quantum Interference Device-Vibrating Sample Magnetometry
(SQUID-VSM) is used to measure the magnetic properties of bulk materials and thin
�lms, including magnetisation, magnetic susceptibility, and �eld-dependent magnetisation
curves. By leveraging the quantum properties of superconductors, a SQUID is able to
detect changes in magnetic �ux with extreme precision, this technique is capable of high
sensitivity, making it ideal for measuring weak magnetic �elds, such as those arising from
thin �lm samples. The vibrating sample component is a crucial part of SQUID-VSM as it
enhances the sensitivity by modulating the sample position. By doing this, it generates
an AC signal that can be more e�ectively distinguished from background noise. Typical
measurement modes with a SQUID-VSM include hysteresis loops, magnetic moment as a
function of temperature/applied magnetic �eld. The SQUID-VSM used for the work of
this thesis is a model from Quantum Design, which is capable of measuring the magnetic
properties of the samples between400 K to 2 K in magnetic �elds from 0 T to 7 T.

To characterise a sample, it is commonly placed onto a quartz paddle holder or a brass tube
holder, for in-plane or out-of-plane measurements respectively. The holder is then attached
to a carbon �bre rod and is placed into the sample chamber, which then is evacuated of
air and �lled with helium gas in the mTorr regime. The presence of helium guarantees
the thermalisation of the sample with the sample chamber. The rod and sample are then
oscillated at a �xed frequency between a series of coils. The sample's magnetic moment
produces a stray �eld that causes an electromotive force to act on the electrons within
the coils. This time-varying magnetic �ux ( � ) becomes an alternating current (AC) that
�ows within the coils and is used to calculate the magnetic moment of the sample. This
calculation is possible in this system as the detection coils are inductively coupled to a
SQUID device. This device consists of a ring of superconducting material with a Josephson
junction on either side. A constant bias current is passed across the loop and it is split
equally split between the two branches in the absence of a magnetic �eld. When a magnetic
�eld is present, a screening current �ows around the loop as the superconductor tries to
cancel out the magnetic �eld. Once the critical current (I c) through one of the Josephson
junctions is reached a voltage (V ) forms across the junction. This voltage then passes into a
lock-in ampli�er and the in-phase component of the signal is used to calculate the magnetic
moment. The coupling between the VSM and the SQUID component in this system allows
for lower strength signals to be detected (� 10� 9 emu), thereby increasing the sensitivity of
the magnetometer. The calibration of the system is conducted with a sample with a known
magnetic moment before it is used.

I = I c sin �� (3.1)

Where I is the current through the Josephson junction, I c is the critical current of the
junction.

The induced voltage (Vcoil ) can be calculated with the following, assuming that the sample
vibrates along the z direction
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Vcoil /
d�
dt

(3.2)

Where �( t) is the time-varying magnetic induction through the loop andVcoil is the induced
oscillating voltage across the SQUID. This induction voltage can also be written as

Vcoil = mAfS (3.3)

Where m, A, f , S are the DC magnetic moment of the sample, the amplitude of the
oscillation, the frequency of the oscillation and the sensitivity function of the sensing coils
respectively. From the measured oscillating voltage, the system extracts the magnetic �ux
induced by the sample's moment. Using the prede�ned sensitivity function of the detection
coils, along with calibration factors, the absolute magnetic moment is determined. This
enables precise magnetisation measurements under varying temperature and applied �eld
conditions, o�ering valuable insights into the intrinsic and extrinsic magnetic properties
of the material. The SQUID-VSM's high sensitivity and broad operational range make
it a versatile tool for investigating both strong and weakly magnetic systems, from bulk
materials to nanoscale thin �lms.

Magnetic Force Microscopy

Magnetic Force Microscopy (MFM) is a variant of Atomic Force Microscopy (AFM) [48]
and is used to map the stray �eld emanating from the surface of a magnetic sample with
high spatial resolution and sensitivity [49, 50]. When measuring a sample, the AFM is used
�rst to raster scan the tip is over the sample's surface, producing a topography map either
using the in contact mode or tapping/non-contact mode.

The contact mode, also known as Direct Current (DC) mode, is where the AFM/MFM
tip remains in continuous contact with the sample surface while scanning. The cantilever
bends in response to surface forces, and this de�ection (� z) is measured directly using
Hooke's law (see 3.4).

� z = �
F
k

(3.4)

where k and F are the cantilever spring constant and the static force between the sample's
surface and the tip respectively. This mode provides high-resolution topographical data
but can cause damage to the sample, especially for soft materials. It is commonly used for
hard surfaces, nanolithography, and measuring mechanical properties such as friction and
adhesion. However, the high lateral forces present in this mode can lead to wear on both
the sample and the tip.

In the non-contact mode, also known as Alternating Current (AC) mode, the AFM/MFM
tip oscillates at or near its resonance frequency while scanning the surface. As the tip
interacts with the sample, changes in amplitude, phase, or frequency of oscillations are
detected and used to generate an image. The shift in the resonant frequency of the tip� f
in the small oscillation amplitude approximation is given by the following:

� f = �
f 0

2k
�

@Fz
@z

(3.5)
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where f 0 is the natural resonance frequency of the free cantilever, and@Fz, @zis the
z-derivative of the tip-sample force. This mode reduces sample damage and is particularly
suitable for soft or delicate materials. It is widely used for biological samples, polymers,
and thin �lms where minimal interaction with the surface is essential. While AC mode
generally causes less sample damage, its resolution may be slightly lower than DC mode in
certain cases, and it requires precise control of oscillations for accurate imaging.

The topography and magnetic contrast is measured via a detector that is controlled by a
user computer. An MFM uses a tip that is thinly coated with a magnetic layer, such as
CoCr or Fe, which interacts with the stray �elds of the sample. To obtain a pure magnetic
contrast without surface topography, the MFM will lift the magnetic tip after its AFM pass,
to a de�ned height to avoid the short-range repulsive force; it then retraces the pro�le of
the surface at this constant height. The existence of stray �eld from magnetic domains will
cause the tip's resonance frequency to vary, due to a forceF acting on the tip, originating
from the long-range magnetostatic interaction. These variations are recorded and are used
to reconstruct a map of the magnetic domains and structures on the sample surface. The
reconstruction of the stray �eld H d strength for each point can be found using the following
[16, 51]:

F = �r E;

E = � � 0

Z

tip
m tip � H d dV

F = � 0

Z

tip
(m tip � r ) H d dV

(3.6)

Where m tip is the magnetisation of the tip and E is the interaction energy between the tip
and H d. To retrieve the stray �eld, one must integrate in the vertical direction, assuming
r � B = 0 for lateral �eld components. This is not completely straightforward as this
requires either numerical techniques or analytical approximations due to tip geometry and
�nite measurement resolution. Typically, the tip is magnetized before a measurement to
ensure that it has a uniform magnetization that is oriented perpendicular to the sample
surface. This allows for consistent and accurate detection of magnetic interactions during
the measurement process. Furthermore, it allows the user to calibrate the magnetic contrast
for reference, e.g. when conducting a magnetic �eld sweep and observing the behaviour of
any magnetic domains.

As the tip is magnetised typically along its longitudinal axis (perpendicular to the sample
surface), it interacts most strongly with the stray magnetic �eld produced by OOP (z)
components of the stray magnetic �eld. The result of this is that limited information
can be retrieved about the IP (x-y) components of the stray �eld. This knowledge gap
is especially important when measuring magnetic bubbles or skyrmions, as their chirality
cannot be determined. Furthermore, artefacts can be produced in the stray �eld maps
through the interaction of the tip's stray �eld with the magnetic domains/objects in the
sample. Typically, the perturbations caused by the tip are negligible, but in magnetically
soft systems or when imaging bubbles or skyrmions they are more likely to cause reversible
or irreversible e�ects [51].

An example of a reversible perturbation is domain walls that zig zag with sharp boundaries,
which are due to the stray �eld of the sample overcoming the coercivity of the tip, causing
its magnetisation to switch direction. A further example is the distortion or smearing of
domains in the stray �eld map. This is due to them being dragged by the stray �eld of
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Figure 3.1: Schematic of AFM and MFM experimental setups. The sample surface is represented
by the blocks, the red and blue colouring along with the arrows indicate the direction of the
magnetisation of the domains in the sample. The tip �rst makes a pass of the sample in the AFM
mode to map the topography of the sample's surface. Then the tip is lifted to a user de�ned height
of � z and then the tip makes the same pass of the sample to make the magnetic measurements.

the tip and then jump back to its equilibrium position. This distortion can depend on the
scan direction and speed as well as the tip-sample distance. This type of perturbation can
be mostly mitigated, either by using a lower moment magnetic tip [52] or by increasing the
lift height of the tip [53].

The formation/destruction or the irreversible position change of a magnetic domain during
the MFM data acquisition is considered an irreversible perturbation. A few examples
include, the creation of skyrmions from a helical ground state using the magnetic tip,
in a Ta/[Pt/Co/Ta] 20 multilayer [54], and the movement of individual skyrmions in a
Pt/CoFeB/MgO multilayer [55]. External parameters such as the sample temperature,
tip-sample distance or external magnetic �eld can be appropriately adjusted to prevent
these changes from occurring.

Nitrogen Vacancy Magnetometry

To improve upon the shortcomings of scanning techniques such as MFM, measurements
can be made using single spin nanoscale quantum sensors [56, 57]. These techniques
have atomic scale dimensions, o�er excellent �eld sensitivity and their scanning probes
will not in�uence the magnetic state of the system. An excellent realisation of such a
system is scanning Nitrogen Vacancy (NV) magnetometry [58, 59]. NV magnetometry
leverages the quantum properties of nitrogen-vacancy centers in diamond crystals to achieve
high-sensitivity magnetic �eld detection. In the following section I will describe the basic
principles of this technique, if the reader requires further information please consult the
following reviews [60�62] which are more in depth. A schematic for the NV magnetometer
used for measurements in this thesis is shown in Figure 3.2.

Electronic structure and optical properties of the NV center
An NV center is a lattice defect in a diamond, which consists of a substitutional
nitrogen atom combined with a neighbouring lattice vacancy. Of particular interest for
magnetometry is the negatively charged NV center. This defect behaves as an arti�cial
atom embedded within the diamond matrix and exhibits a broadband photoluminescence
emission.

There are six electrons in the negatively charged NV center, that form a spin triplet (S = 1 )
ground level. This ground state has magnetic sublevelsms = 0 and ms = � 1, that
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Figure 3.2: A schematic of the experimental setup of an NV magnetometer. Initially, the tip
makes a pass of the sample in an AFM mode to map the topography of the sample's surface (see
Fig. 3.1a). Then the tip is lifted to a user de�ned height of � z and then makes the same pass of
the sample to measure the stray magnetic �eld.

are split in energy from each other due to the spin-spin interaction by zero-�eld splitting
D =2 :87 GHz [63]. ms denotes the spin projection along the intrinsic quantization axis of
the NV defect, corresponding to the axis joining the nitrogen and the vacancy, otherwise
called the NV-axis (z) (see Figure. 3.3b).

Application of a magnetic �eld at an angle � , with respect to the NV axis (see Fig. 3.3b),
results in a parallel �eld contribution, BNV along the NV-axis and a perpendicular �eld
contribution Bperp. While Bperp has only a negligible in�uence on the level structure,BNV

leads to a pronounced Zeeman splitting of thems = � 1 sublevels, where the frequency
separation between the two resonances is given by� z = 2 
 NV BNV . Where the NV
gyromagnetic ratio 
 NV = ge� B =h = 28 MHz=mT is given by the NV's isotropic g-factor
ge = 2 :0028and the Bohr magneton� B . This process is visualised in the inset of Figure 3.3a.
The applied magnetic �eld can therefore be monitored by detecting the Zeeman shifts of
these magnetic sublevels as the NV tip scans above the surface of a magnetic material.
The Zeeman shifts between levels are detected using optically detected magnetic resonance
(ODMR), discussed in more detail later in the chapter. The Zeeman shift appears as a
spectral splitting of a single peak into peaks separated by� f zeeman = 2 
 B (see Figure 3.4)

The spin Hamiltonian for the ground-state of the NV defect H NV gs, neglecting hyper�ne
interaction with nearby nuclear spins of the diamond lattice, is written as [61],

H NV gs=h = DS2
z + E

�
S2

x � S2
y

�
+ 
 NV B � S (3.7)

z is the NV defect quantisation axis, h is Planck's constant, D and E are the zero-�eld
splitting parameters, S = ( Sx ; Sy ; Sz) are the Pauli matrices and B = ( Bx ; By ; Bz)
is the applied magnetic �eld. D = 2 :87 GHz is the axial splitting parameter resulting
from spin-spin interaction between the two unpaired electrons of the defect.D is highly
sensitive to temperature �uctuations, which is an important limitation for high-sensitivity
magnetometry. E is the o�-axis splitting parameter resulting from local strain, and
strongly depends on the diamond matrix hosting the defect. AsE � D is always ful�lled
we can rewrite Eq.3.7 as [64]
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H NV gs=h = DS2
z + 
 NV BzSz| {z }

H k =h

+ 
 NV (BxSx + BySy)
| {z }

H ? =h

(3.8)

Where H k is the Hamiltonian for the axial parameters of the applied �eld and zero-�eld
splitting parameter, H ? is the Hamiltonian for the remaining o�-axis terms. By obtaining
the eigenenergies ofH NV gs, the two electron spin resonance (ESR) frequencies� � can be
calculated for any value of magnetic �eld B .

The spin state of the NV centre can be initialized, coherently manipulated and be readout
optically. Using green laser light (� = 532 nm), the NV center can be excited non-resonantly
from the ground state, jgi , to its excited state, jei , which has a lifetime of � 10 ns [65]. In
the absence of other interactions this is a spin-independent process (� ms = 0 ) as optical
transitions are strongly spin conserving. This means that the laser photon can excite any of
the jgi sublevels (ms = 0 ; � 1; 1) to the corresponding jei sublevels with equal probability.
The relaxation process of the NV center can occur in two ways, direct relaxation and
non-radiative relaxation and is therefore spin-dependent. Direct relaxation refers to the
relaxation of from the je; ms = 0 i or the je; ms = � 1i sublevels to the jg; ms = 0 i or the
jg; ms = � 1i sublevels respectively, via the emission of a red �uorescent phonon. The
emission occurs into the zero-phonon line (� = 637 nm) or into the phonon sideband (� =
637� 750 nm) [60]. The process of non-radiative relaxation involves the relaxation from
the je; ms = � 1i to a metastable singlet statejsi , without the emission of a photon. This
process causes spin-polarization as the transition speed from the excited state to the singlet
is spin-dependent. In the metastable state the NV center is trapped for a few100 ns [65]
before preferentially decaying to thejg; ms = 0 i state [60, 61]. This longer and less e�cient
process results in a dimmer �uorescence being emitted when compared to theje; ms = 0 i
to jg; ms = 0 i transition. The optical contrast between these two transitions allows for the
detection of the electron spin resonance of a single NV center by optical means, such as
ODMR [58].

Optically Detected Magnetic Resonance
ODMR is a spectroscopic technique that allows for the measurement of spin properties
in paramagnetic systems using optical and microwave excitations. ODMR exploits the
previously mentioned spin-dependent �uorescence of the NV center, which originates
from the interplay between optical excitation and spin-selective relaxation pathways.
Experimentally, in addition to the application of a green laser to the NV center, an
external microwave �eld is applied using a loop antenna or a coplanar waveguide. The
�uorescence intensity of the NV center is monitored by a photodetector whilst sweeping
the microwave frequency. The frequency at which there is a notable dip in the �uorescence
intensity is called the spin resonant frequency. The dip occurs here because the spin
resonance frequency drives transitions between them = 0 and the m = � 1 states This
depopulates them = 0 state, resulting in a measurable drop in �uorescence in the ODMR
spectrum. From this dip information regarding the magnetic �eld can be obtained using
the value of the frequencies in combination with the following equation [62]

f � = D � � z = D � 
 NV BNV (3.9)

Where 
 NV is the NV gyromagnetic ratio and BNV is the applied �eld along the NV
center axis. There are typically two modes of measurements used, continuous ODMR and
pulsed measurements such as Ramsey and Hahn-Echo. The �rst mode involves continually
applying microwave �elds while monitoring �uorescence. Once at a resonant frequency
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Figure 3.3: a) Diagram depicting the energy levels of the NV center. The ground state is denoted
as jgi , the excited state as jei and the metastable singlet state asjsi . The green wiggly arrows
indicate the excitation of the NV center from the ground to the excited state. The red wiggly
arrows indicate the radiative relaxation of the center back down to the ground state. The blue
arrows show the non-radiative relaxation of the center via the metastable state. Shown in the inset
are three spin sublevels withms = 0 and ms = � 1 at zero and non-zero applied magnetic �eld
(BNV ). At zero-�eld, the sublevel splitting is 2:87 GHz, when a �eld is applied there is a Zeeman
splitting of 2
 NV BNV , where 
 NV is the NV gyromagnetic ratio. b) Visualisation of a magnetic
�eld B applied with an angle of � with respect to the NV axis.

the �uorescence dip produced has the shape of a Lorentzian or Gaussian. This mode is
suitable to steady-state measurements of magnetic �elds, strain, and temperature. This
technique has a magnetic �eld sensitivity typically on the order of 1µT Hz � 1=2 [66, 67]. In
pulsed measurements, microwave pulses are applied in a Ramsey or Hahn-echo sequence
for time-domain spin manipulation. This allows for coherence measurements, such asT �

2
(inhomogeneous dephasing time) andT2 (spin coherence time). This method is more
sensitive to small magnetic �eld variations and has achieved a magnetic �eld sensitivity
of 4:2 nT Hz� 1=2, when T2 = 1 :82 ms [68].

Spatial resolution
The ultimate limitation for the spatial resolution in NV magnetometry is the stando�
distance between the NV center and the sample [67, 69]. This limit has been realised in
reports where NV-sample distances of20 nm to 70 nm were achieved, when using NV-AFM
with single NV centers [70].

3.3.3 X-ray Magnetic Circular Dichroism

X-ray Magnetic Circular Dichroism (XMCD) is an e�ect that exploits the magnetic
dichroic e�ects observed when circularly polarized X-rays interact with electronic structure
of a material, particularly transition metals and rare-earth elements. By tuning the
photon energy close to the energy of an atomic absorption edge, the resonant electronic
transition becomes sensitive to the circular polarization of the X-ray and a di�erence in
absorption arises due to the magnetic splitting of electronic states and the presence of a
sizeable spin-orbit coupling. As XMCD is sensitive to the magnetic orientation of speci�c
atomic orbitals, it can provide information on the magnetization direction, element-speci�c
magnetic (and with some caveat orbital) moments. XMCD can also be applied to imaging
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Figure 3.4: Two examples of optically detected magnetic resonance (ODMR) spectra for an NV
center, whilst out of contact with the sample. a) A single peak indicating the resonant frequency
for the NV center and the absence of an external magnetic �eld. b) Under the application of a
3:1 mT magnetic �eld, using a permanent magnet, the single peak splits into two. These peaks
show the spin sublevels and the separation between the two is de�ned by the Zeeman splitting.

techniques, making it highly versatile for magnetic materials characterisation and magnetic
domain visualisation.

In this paragraph we discuss in more details how the XMCD magnetic contrast arises. When
X-rays interact with a material, they can be absorbed by atoms. This causes core-level
electrons (e.g., 2p electrons in transition metals) to be excited into unoccupied states in
higher orbitals (e.g., 3d states). The probability of absorption depends on the energy and
polarization of the incoming X-ray photons. In XMCD, circularly polarized X-rays are
used to excite the electrons, and the absorption is measured for both� + (right-circularly
polarized) and � � (left-circularly polarized) polarizations.

XMCD measurements are typically performed at the L-edges of transition metals (Fe, Co,
Ni, etc.), which correspond to the 2p ! 3d electronic transitions. Due to the spin-orbit
interaction in the 2p core levels, two distinct energy levels are formed (see Figure 3.5a),
resulting in the following electronic transitions

ˆ L 2 edge (2p1=2 ! 3d) - Higher energy

ˆ L 3 edge (2p3=2 ! 3d) - Lower energy

This splitting occurs following the addition rule for orbital angular momentum J with:

J = L � S (3.10)

L = 1 in the p orbitals and S = 1=2. The total angular momentum of the electron, J can
take the value of either1=2 for the L 2 edge or3=2 in the case of theL 3 edge. When an X-ray
with a positive/negative helicity is absorbed, the photon can transfer its angular momentum
~=� ~ to the orbital momentum of the electron, which then transitions to a higher energy
level. Due to spin-orbit coupling in the core state, the angular momentum of the photon is
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partially transferred to the spin of the excited electron, leading to spin-polarised excitations.
The absorption at these edges is dependent on the polarisation of the X-ray photon and
the available states of the unoccupied3d bands. The XMCD signal at the L 3 edge is
strong because the2p3=2 level has twice the degeneracy of the2p1=2 level. At the L 2 edge
the XMCD signal is often weaker and opposite in sign to the theL 3 edge. This leads
to an energy separation between the two states which is typically on the order of several
eV. Furthermore, has been shown that at theL 2 edge, photons with a positive helicity
generate75%spin-down electrons and25%spin-up electrons. Whereas, at theL 3 edge, the
spin-orbit coupling is the opposite and results in the generation of62:5% spin-up electrons
and 37:5% spin-down electrons [71].

Once excited the electrons can transition into the empty3d states. The 3d band is spin
split due to the exchange interaction, and therefore acts as a detector for spin polarised
electrons. In samples where the net magnetisation is in the 'up' direction, the spin-up holes
outnumber those for the spin-down state, creating a preferential absorption of photons
with a positive helicity at the L 3 edge and of photons with a negative helicity at theL 2.
The opposite is true when the net magnetisation is pointing 'down', an example for this
preferential absorption in Fe can be seen in the right panel of Figure 3.5. Since the3d states
are responsible for magnetism in transition metals, measuring their polarization-dependent
absorption provides direct information about the material's magnetic properties.

The XMCD intensity can be de�ned as:

I XMCD = m � L P h (3.11)

Where m is the magnetic moment andL P h is the angular momentum of the incoming
photon. By taking a measurement in whichm and L P h are alignedI (� + ), and anti-aligned
I (� � ), then subtracting one from the other gives a di�erence of intensity. While this
di�erence is related to the magnetic moment, extracting quantitative information requires
integrating the XMCD signal across the absorption edge and applying sum rules. These sum
rules allow for the separation of spin and orbital contributions, providing a more accurate
determination of the magnetic moment of the system.

� I =
I (� + ) � I (� � )
I (� + ) + I (� � )

(3.12)

3.3.4 X-ray microscopy techniques

X-ray Photoemission Electron Microscopy

X-ray Photoemission Electron Microscopy (X-PEEM) is a surface-sensitive imaging
technique that exploits the photoelectric e�ect using synchrotron-generated X-rays. By
tuning the incident photon energy to core-level absorption edges, X-PEEM enables
chemically speci�c imaging of surfaces with high spatial resolution. When exploiting
the XMCD e�ect, it is possible to directly visualise the magnetic domains, with spatial
resolutions up to 50 nm, limited by the electron-focusing optics. In order to produce a
real-space image for a thin �lm, where the magnetization is typically in-plane, the sample
is illuminated by a grazing incidence X-ray beam, providing a large cross-section. An
avalanche of secondary electrons is produced, which then accelerate towards a set of
electron optics. This produces a signal on the detector that represents a high spatial
resolution image of the probed area. This technique can only probe around5 nm, as the
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Figure 3.5: . Left) The X-ray magnetic circular dichroic e�ect illustrated for the L-edge absorption
in iron. According to the orbital �lling, circularly polarised photons with opposite helicity exhibit
di�erent interaction strengths. Right) The XMCD e�ect demonstrated, with the direction of the
magnetization and the propagation direction of the X-rays shown as insets. Figure from Stöhr and
Siegmann [71] and reproduced with permission from Springer Nature

escaped electrons originate at the surface of the sample. Therefore, other techniques must
be used to reveal the magnetisation structures which are buried within the bulk of the
material.

Scanning Transmission X-ray Microscopy

Scanning transmission X-ray microscopy (STXM) is a transmission-based technique, which
relies on the attenuation of X-rays, due to probabilistic interactions, as they propagate
through a material. In STXM, a Fresnel zone plate is used to focused monochromatic X-rays
into a sub-50 nm point on the sample. The beam is then raster-scanned across the sample,
and the transmitted intensity from the X-rays are detected by a point detector as a function
of position. The contrast in STXM imaging arises from the strength of the interactions
between the sample and an X-ray beam, where the stronger these interactions, the stronger
the attenuation of the X-rays. Furthermore, this technique combines the principles of X-ray
absorption spectroscopy with high-resolution spatial imaging. By tuning the X-ray energy
to speci�c absorption edges of elements present in the sample, STXM enables spatially
resolved chemical and magnetic analysis, with a typical spatial resolution down to20 nm
to 30 nm. The combination of STXM with polarization-dependent imaging techniques,
such as X-ray Magnetic Circular Dichroism (XMCD), enables the resolution of magnetic
domains and domain walls with element-speci�c contrast. Furthermore, XMCD-STXM
can be used to investigate magnetic phase transitions, including temperature-dependent
changes such as the transition from a ferromagnetic to a paramagnetic state. This technique
provides valuable insights into critical temperatures and phase boundaries in magnetic
materials. Understanding these properties is essential for studying the functionality of
magnetic materials, making XMCD-STXM an invaluable tool in the research of magnetic
materials such as a spintronic devices and magnetic storage media.
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X-ray Ptychography and Holography

Another approach to reveal the con�guration of the magnetic moments is to use coherent
di�raction imaging techniques, such as ptychography and Fourier transform holography
(FTH). With such approaches it is possible to reconstruct high-resolution images of
nanostructures without the need for imaging lenses. Both techniques use a highly
coherent X-ray beam to illuminate the sample, and either record di�raction patterns
collected from overlapping scan points (ptychography) or an interference pattern that
also encodes phase information (holography). A reconstruction algorithm is then used
to reconstruct high-resolution images (� 10 nm) which contain nanoscale magnetic and
chemical variations. The experimental setup for this procedure can be seen in Figure 3.6.

Ptychography makes use of multiple small-angle X-ray scattering (SAXS) patterns
measured in regions of overlapping illumination of the sample. The overlapping regions are
crucial to this technique as they help to constrain the phase-space and real-space variables
during the reconstruction process, which then allow for the reconstruction of both of the
real and imaginary parts of the scattering amplitude, as well as the complex shape of
the X-ray beam (probe). The reconstruction algorithm iteratively enforces constraints in
both phase space and real space, re�ning the reconstructed image by ensuring consistency
between the measured scattering intensities measured in the experiment and ones simulated
from the reconstructed image. These constraints help maintain the physical validity of the
sample, ensuring it remains real with a �nite shape. Finally, another bene�t of acquiring
multiple datasets for each overlapping region is the increase in signal-to-noise ratio in the
�nal projection, in turn leading to better spatial resolution.

X-ray Fourier transform holography (FTH) uses a holography mask as well as resonant
X-ray scattering in the transmission geometry. The mask, typically fabricated from Cr/Au
multilayers, only allows the X-ray beam to pass through an aperture and reference hole(s)
or slit(s). The phase information is physically encoded onto the detector once the wave
exiting the sample (originally from the aperture) and the reference wave (originating from
the reference hole) have interfered with one another. Then using a single Fourier transform,
the sample's exit wave, cross correlated with the reference wave is provided [67]. The
spatial-resolution of the measurements depends on the size of the reference hole, which is a
�nite-sized circle that results in blurring when convolved with the object. Phase retrieval
methods have made it possible to mitigate this e�ect and increase the spatial-resolution of
projections [72, 73].
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Figure 3.6: Experimental procedure for coherent di�ractive and magnetic imaging and the key
areas of innovation. Figure from Donnellyet al. in section 8.2 of the publication from Christensenet
al.,"2024 roadmap on magnetic microscopy techniques and their applications in materials science"
[67] is licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/ ).
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Chapter 4

Investigating Skyrmion stability and
Core Polarity Reversal in NdMn 2Ge2

Part of the work in this chapter was published in Scienti�c Reports [74]

In this chapter the study of a NdMn2Ge2 single crystal lamella using X-ray microscopy
and Nitrogen vacancy magnetometry is presented. Initially, it was demonstrated that
the lamella has the ability to host a lattice of metastable skyrmion bubbles at room
temperature in the absence of a magnetic �eld, after applying a suitable �eld cooling
protocol. The skyrmion bubbles are robust against temperature changes from room
temperature to 330 K. Furthermore, the skyrmion bubbles can be distorted, deformed,
and recovered by varying strength and orientation of the applied magnetic �eld. These
X-ray microscopy measurements were then followed up with nitrogen-vacancy nanoscale
magnetic imaging to map the magnetic stray �elds originating from the lamellae and �nd
the stray �eld magnitudes on the order of a fewmT near the sample surface. In order to
obtain a better understanding of the role of magnetic interactions, the NdMn2Ge2 system
was then modelled using micromagnetic simulations. These showed an overall agreement
with the observed behaviour of the sample under di�erent magnetic �eld protocols. Finally
it was demonstrated that the presence of the Dzyaloshinskii�Moriya interaction is not
required by the simulations to reproduce the experimental results. Its inclusion leads to a
reversal of the skyrmionic object core polarity, which was not experimentally observed.

4.1 Candidate materials for skyrmion-inspired applications

Future spintronic device architectures could implement topologically stable spin textures,
such as skyrmions [21, 22] to improve the speed and e�ciency of magnetic memory
devices [23�26]. These topologically non-trivial magnetic textures have been typically
observed [3, 5, 28, 29, 75, 76] in systems exhibiting the Dzyaloshinskii�Moriya spin-spin
interaction (DMI) [7, 8] � an antisymmetric exchange interaction between neighbouring
magnetic moments, which favours non-collinear magnetic con�gurations. The DMI arises
from the spin-orbit coupling between the electron spins and the crystal lattice and is
allowed for systems with broken spatial inversion symmetry. The DMI can induce a
non-collinear spin texture, which in turn can develop into a skyrmion con�guration. This
means that DMI plays a key role in stabilizing skyrmions in di�erent material systems. In
bulk non-centrosymmetric crystals, such as MnSi [3] and Cu2OSeO3 [4], bulk DMI helps
stabilize skyrmions. In thin �lm systems, skyrmions can also emerge due to interfacial
DMI, which arises from symmetry breaking at the crystal structure termination rather
than from the crystallographic symmetry itself [32, 77].
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Among non-centrosymmetric systems hosting skyrmions, single-crystal B20 structures are
particularly interesting. These structures can host skyrmions, but they are typically stable
only within a narrow range of magnetic �elds and at temperatures below room temperature
[4]. However, skyrmion lattices have also been observed at and above room temperature,
even in the absence of a magnetic �eld, in certain single crystals such as Co-Zn-Mn [29, 78]
and Fe-Ni-Pd-P [79] alloys.

For skyrmion hosting systems to be used for technological applications, they should satisfy
a few key criteria [80]. Firstly, they should host stable skyrmions at room temperature,
ideally without the need for an external magnetic �eld to be applied. The skyrmions also
need to exhibit stability over such timescales to prevent data loss.

The search for candidate materials suitable for such applications has revealed that the
presence of topologically non-trivial magnetic con�guration also occurs in materials with
no DMI. Recent studies have led to the discovery of topological magnetic textures in
centrosymmetric non-collinear magnets such as MnNiGa [81], Fe/Gd [82], or Fe3Sn2 [83].
So-called skyrmion bubbles (SkBs) can be stabilised in these systems, provided that a
sizeable uniaxial magnetic anisotropy exists in the system that competes with the magnetic
dipole interaction [84]. SkBs are topologically equivalent to skyrmions, however, contrary
to skyrmions, SkBs can occur in systems that lack DMI. In such systems, only Bloch-type
SkBs can form since their Néel-type counterpart requires DMI to be stabilised [85].

To ensure consistency with the existing literature and for the sake of clarity, a few de�nitions
are presented. When referring to non-collinear magnetic con�guration, we indicate the
following: 1) skyrmions are topological magnetic objects (see Fig. 4.1a) with a well-de�ned
topological winding number and unique chirality that can arise in the presence of the DMI
interaction. 2) SkBs are topological magnetic objects that are stabilized in the absence
of the DMI interaction to satisfy the competition between dipolar interactions, magnetic
anisotropy and Zeeman energy terms (see Fig. 4.1b). 3) magnetic bubbles are isolated,
cylindrical regions of uniform magnetization with trivial topology.

Figure 4.1: Comparison of the magnetisation con�guration for (a), a Bloch skyrmion and (b),
a Skyrmion bubble as obtained from micromagnetic simulations. The colourmap refers to the
magnetization componentmz along the out-of-plane direction.
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4.1.1 NdMn 2Ge2

A material that has lately attracted signi�cant attention for its complex magnetic phase
diagram and non-trivial topological properties is the centrosymmetric layered compound
NdMn2Ge2 [86�88]. NdMn2Ge2 crystallizes in a tetragonal ThCr2Si2-type structure (space
group I 4=mmm) [89], with lattice parameters a= b= 4:110� 0:001Å and c= 10:928� 0:006Å
[90] (see Fig. 4.2). The atomic layers of Nd, Mn, and Ge form an alternating stack along
the c-axis, with their atoms occupying the 2a(0; 0; 0), 4d(0; 1=2; 1=4), and 4e(0; 0; � 0:38)
positions, respectively [90].

Figure 4.2: Crystal structure of NdMn 2Ge2 with the distances between Nd atoms, i.e unit cell
marked.

An interesting characteristic feature of NdMn2Ge2 is the long-range ordering of the Mn
moments. The Mn sublattice maintains its magnetic ordering at temperatures exceeding
300 K, while the rare earth sublattice (Nd) shows magnetic ordering exclusively at lower
temperatures around25 K [90, 91]. Complex magnetic behaviour arises due to the presence
of the two magnetic sublattices and their subsequent competing exchange interactions
(Nd-Nd, Nd-Mn, Mn-Mn). There are several notable magnetic transitions and structures
which exist within NdMn 2Ge2 at di�erent temperatures, these can be seen in Figure 4.3:
When T > 480 K (TN , Nèel temperature) the crystal is in the paramagnetic (PM) state. For
340 K < T < T N (AFI state) the magnetic moments which are hosted by the Mn ions, order
colinear and antiferromagnetically in thea,b-plane [88]. Spontaneous magnetization occurs
at T � 340 K, the Curie temperature (TC ), resulting in an easy axis-canted ferromagnetic
structure. In the range of 240 K< T < T C (Fmc phase), the Mn moments are canted away
from the c-axis with an angle of� � 58� . This canting leads to a small ferromagnetic (FM)
component along thec-axis (see Ref. [90]), in addition to the antiferromagnetic ordering
laying in the a,b-plane. This magnetic phase is stable down toT � 240 K, when a complex
magnetic ordering pattern occurs, including a conical ordering at the Mn sublattice [86,
90]. A conical ferromagnetic state with spiral in-plane antiferromagnetic (AFI) components
occurs between215 K< T < 240 K (Fmi ab phase). For T < 240 K there is a conical
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ferromagnetic state in the Mn sublattice in addition to a ferromagnetic state for the Nd
sublattice [88, 90]. Upon reachingT � 215 K (Fmi ac + FmNd ), the Mn ferromagnetic
components, previously aligned to thec-axis, reorientate to align with the ab-plane [92,
93]. Finally, there is evidence for the ferromagnetic coupling of the Nd sublattice atT �
25 K in the same direction as the Mn sublattice (ab-plane), which contributes to a slight
increase in the magnetization [86, 91, 94].

Figure 4.3: The crystal structure of NdMn 2Ge2 with the behaviour of the magnetic moments of
the Nd and Mn sublattices overlaid. Figure reprinted and adapted from Wanget al. [86]. Copyright
2020 American Chemical Society

A study by Shigeoka et al. measured the crystal �eld in a single crystal of NdMn2Ge2

[95]. At low temperatures, the easy axis of magnetization lies along the(100) direction
due to the dominance of Nd anisotropy. The spontaneous magnetization decreases rapidly
around T � 100 K due to a reduction in the Nd moment, which stems from weak Nd-Nd and
Nd-Mn interactions, while strong Mn-Mn interactions sustain the high Curie temperature.
As temperature increases, the anisotropy in thec-plane vanishes aroundT � 180 K, and
the system becomes nearly isotropic when thec-axis anisotropy disappears atT � 250 K.
Above this temperature, the Mn anisotropy becomes dominant, and the system exhibits
uniaxial anisotropy with the easy axis shifting to the (001) [90]. This transition occurs due
to competing anisotropies: at low temperatures, the Nd moments favour(100) due to the
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crystal �eld e�ect ( B 0
2 > 0), while the Mn moments prefer (001) due to uniaxial anisotropy

(K 1 > 0). As the Nd anisotropy weakens with increasing temperature, the in�uence of Mn
anisotropy grows stronger, causing the system's easy axis of magnetization to reorient from
(100) to (001) around 250 K.

Non-collinear magnetic structures arise from to the sample's magnetic anisotropy and
can result in exotic behaviours such as a non-zero Hall voltage. Indeed, recently a large
topological Hall e�ect (ToHE) was observed in NdMn2Ge2 [86, 88]. The ToHE is typically
associated with the existence of the real-space topologically non-trivial spin textures that
generate an emergent magnetic �eld and the associated extra Hall voltage. Through
the use of Lorentz transmission electron microscopy (LTEM) [86, 87], it was shown that
NdMn2Ge2 can host skyrmion-like magnetic structures at room temperature. These
observations, including an unexpectedly large Hall resistivity� H �� 2:05µ
 cm [86], have
attracted signi�cant interest.

Despite this strong evidence for topologically non-trivial spin-textures in NdMn2Ge2, the
mechanism for their stabilization is still unclear. A possible explanation is the formation of
a quantum Berry phase. While DMI and spatial inversion asymmetry are often associated
with a strong topological Hall e�ect, they are not strictly required. The presence of a
non-collinear spin structure alone can induce a quantum Berry phase, which contributes to
the topological Hall signal [96].

To gather a deeper understanding of the complex magnetic con�guration in NdMn2Ge2

and the mechanisms stabilizing topologically non-trivial spin-textures, we used several
techniques. Using scanning transmission X-ray microscopy (STXM), we veri�ed that a
skyrmion bubble lattice (SkBL) exists at room temperature without an applied magnetic
�eld and remains stable up to TC . Tests with an increasing out-of-plane magnetic �eld
showed that the SkBL remains unchanged with tens of mT applied, and can partially recover
if the �eld's direction is reversed before magnetic saturation. Micromagnetic simulations,
without a DMI term, matched the results of the STXM experiments. Nitrogen-vacancy
imaging provided quantitative information on the stray �elds generated by the SkBL.
Overall, our results con�rm the stability of the SkBL in NdMn 2Ge2 at room temperature
without a magnetic �eld and their robustness against environmental changes. This suggests
NdMn2Ge2 as an interesting candidate for possible spintronic applications.

4.2 Sample growth and preparation

Single crystals of NdMn2Ge2 were synthesized by our collaborators using the Sn-�ux
method. A mixture of elements with an atomic ratio of Nd:Mn:Ge:Sn=1:2:2:10 was sealed
in an evacuated quartz tube and heated to1000� C over 20 h and held at that temperature
for 10 h. The furnace was then cooled to500� C over 100 h, after which the samples were
removed and the �ux was decanted using a centrifuge.

A crystal was chosen from the batch of simultaneously grown crystals. Its crystalline
structure was characterised using a Bruker D8 Discover di�ractometer with monochromated
Cu�K � radiation ( � = 1:54Å). This produced the 2� -! X-ray di�raction (XRD) pattern
presented in Fig. 4.4a. The presence of the(002), (004) and (008) re�ections at the expected
positions, dictated by the c-axis lattice spacing, indicate that the crystal has the correct
chemical composition and lattice spacing, as reported in [86]. The temperature dependence
of the sample magnetisation was determined using a Quantum Design magnetic property
measurement system (MPMS3) superconducting quantum interference device vibrating
sample magnetometer (Fig. 4.4b). These data show the occurrence of all expected magnetic
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phase transitions for NdMn2Ge2 [86] and thereby further con�rm the high quality of
the sample. In particular, the transition temperature to the non-collinear state with a
ferromagnetic contribution was determined toTc � 335 K.

Figure 4.4: NdMn2Ge2 sample characterisation. a) NdMn2Ge2 XRD measurements with Bragg
peaks indexed. The shape and the spacing of the(002), (004), (008) re�ections indicate the good
quality of the crystal structure. b) Temperature dependence of the sample magnetisation recorded
for decreasing temperature in a constant bias magnetic �eld of10 mT applied along the a and c
axes (blue and red, respectively). The inset shows a scanning electron microscopy image of the
terraced NdMn2Ge2 lamella used in the X-ray experiments, placed on a holder equipped with a Pt
wire-circuit for sample heating. The scale bar is10µm.

Preparation of the lamellae for STXM was performed using a gallium Focused Ion Beam
(FIB) Scanning Electron Microscope (SEM), a Thermo Scienti�c Helios 5 UX DualBeam,
equipped with a MultiChem gas injection system and an EasyLift micromanipulator
needle with a motorized rotation axis. The procedure employed is described in [97].
A single crystal was oriented, embedded and polished such that the extracted lamella
is (001)-oriented. 30 kV Ga ions were used to thin down the lamellae to the target
thickness on the manipulator needle. The thickness of the lamella was determined by
FIB imaging top-down as well as the electron energy required for seeing transparency in
SEM imaging. The terraced lamella has three4µm � 6µm sized windows with a thickness
of 189 nm� 10 nm, for the �rst, and 216 nm� 10 nm for the second and third window
(see electron microscopy image in the inset to Fig. 4.4b). To shape a disk, the lamella is
thinned to target thickness all over and rotated such that the FIB incidence is practically
normal to the lamella plane. A small bridge to the disk is left. Finally, the lamella or
disk is mounted onto a 200 nm thick SiNx (silicon-rich nitride) membrane, which acts as
an X-ray transparent sample carrier. This membrane additionally contained electrical
leads for sample heating, consisting of suitably shaped,60 nm thick Pt stripes (see inset of
Fig. 4.4b), fabricated using electron beam lithography. After the lamella or disk is in the
required position it is �xed by depositing carbon using a5 kV Ga ion beam. To release the
lamella or disk from the manipulator, a trench is milled through the lamella rather than
through the manipulator needle to avoid re-deposition of tungsten on the lamella.

4.3 Scanning transmission X-ray microscopy experiments

Scanning transmission X-ray microscopy (STXM) was used to obtain images of the sample's
magnetic con�guration leveraging the X-ray Magnetic Circular Dichroism (XMCD), present
at the Mn L 3 edge (641 eV). The STXM measurements were performed at the PolLux
beamline of the Swiss Light Source (SLS) [98] in a 2D setup con�guration. The X-ray
beam was focused using a Fresnel zone plate with an outermost zone width of25 nm and
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whose �rst di�raction order was selected with an order sorting aperture. A typical STXM
image is composed of100� 100pixels with an acquisition time of 30 msecond per pixel.
A computer-controlled motorised setup with a permanent magnet was used to modulate
the strength of the applied out-of-plane magnetic �eld. The electrical leads on the SiNx
membrane allowed for in-situ heating of the sample aboveTC via the application of currents
in the mA range.

4.3.1 Generation of metastable skyrmion lattice

First, we veri�ed and maximised the XMCD signal for the terraced lamella (see Fig. 4.4b)
using STXM (as described in the previous section) in the saturated state at room
temperature. Then we used the following �eld cooling procedure (identi�ed as FP1).
First, the lamella was heated aboveTC via the application of a mA current through the
Pt heater strips on the membrane at a rate of1:6 
 K � 1. This current was provided and
controlled by a Keithley 2400 source meter and was calibrated using another heater chip.
A small magnetic �eld of 50 mT was applied out-of-plane (perpendicular to the sample's
surface) while the sample was still being heated. This arrangement was maintained for one
minute, after which the current was gradually decreased and then turned o�. The sample
was allowed to cool for an additional 30 seconds to reach room temperature. Finally, the
magnetic �eld was removed and the sample was imaged using STXM.

We observed a regular SkBL, as shown in Fig.4.5a, which remained stable after the
removal of the applied magnetic �eld. Our measurements thereby con�rm the creation
of a metastable SkBL, as previously seen by Houet al. [87], in a single-crystal lamella of
NdMn2Ge2.

FP1 was carried out before each measurement in the experiments (STXM and NV
magnetometry), to reset the magnetic state of the lamella to a skyrmion bubble lattice.

4.3.2 Skyrmion state and temperature sweep

After identifying the conditions required to generate the metastable SkBL at room
temperature and zero �eld, we tested the stability of the SkBL against increasing
temperature. For this, we heated the sample in zero-�eld, from room temperature
towards Tc in 1 K increments, taking an image at each step. Selected images from this
temperature series are shown in Fig. 4.5 and show that the SkBL phase Fig. 4.5a-c, persists
up to T = 327 K , after which it transforms into a helical state Fig. 4.5d,e. This state
was stable up to the TC , at which no magnetic contrast was observed (Fig. 4.5f), as the
sample transitioned into the antiferromagnetic state (AFI). Throughout the temperature
range probed here (300 K to 327 K), the SkBL is seen to be size and shape invariant,
demonstrating its robustness against temperature through a technologically relevant
temperature window. This set of measurements was of particular interest, as it allowed for
the observation of topological melting from the SkBL con�guration to the AFI state. In
the AFI state, the magnetic moments align antiparallel to one another and lie within the
layers of the Mn sublattice, giving null XMCD contrast.

4.3.3 E�ect of external magnetic �eld on the skyrmion state

Next, we explored the stability of the NdMn2Ge2 SkBL against magnetic �eld variations.
Earlier studies have demonstrated skyrmion core polarity reversal under magnetic �eld
sweeps, in systems that exhibit either bulk DMI [99] or interfacial DMI [100]. In contrast,
no reversal has been observed in a system with dipolar SkBLs [101]. This latter work
proposed using the observed magnetic �eld-induced collapsing dynamics and its associated
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