
DOCTOR OF PHILOSOPHY

Topological Structures in Ferroic Materials

Mackel, Jennifer

Award date:
2020

Awarding institution:
Queen's University Belfast

Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use

            • Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
            • Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
            • A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
            • Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
            • When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 23. May. 2023

https://pure.qub.ac.uk/en/studentTheses/577a5487-1993-4d2d-84a1-6add0ebf3094


Topological Structures in Ferroic 
Materials 

 

 

 

 

 

 

Thesis submitted for the degree of 
Doctor of Philosophy 

in the 
Faculty of Engineering and Physical Sciences 

by 
Jennifer Mackel MSci (Hons) 

 
 

School of Mathematics and Physics 
Queen’s University Belfast 

January 2020



 i 

Acknowledgements 

This thesis would not have been possible without the support of my supervisor Prof 
Marty Gregg, who was an endless source of optimism and good advice. Marty was 
always happy for me to drop by and chat about results or even just to talk when things 
were difficult. I chose my PhD project partly on the basis that he would be my supervisor 
after enjoying his undergraduate lectures so much, and I definitely think it paid off! 
 During my PhD I had the opportunity to work with a large number of people 
both in QUB and elsewhere who provided so much support and knowledge, without 
which this project could not have gone ahead. In QUB, special thanks goes to the 
technical staff of ANSIN and the Electron Microscopy Unit; Bill Hendren for all his help 
with the Lesker, VSM and basically keeping the entire ANSIN lab running single-
handedly, Stephen McFarland and Alina Schilling for always being there for help with 
the FIBs and TEMs (and we all know how much trouble they can be!). Thanks to Amit 
Kumar for advice on PFM and for being a great examiner – my viva was much less 
stressful than it could have been thanks to you. Special thanks also must go to my fellow 
PhD students and postdocs at QUB for all their help with learning how to use equipment 
and how to keep going when you lose your 100th lamella...Kristina, Paddy, Jimmy, 
Charlotte, Jade, Joseph and many others who really taught me what I needed to know 
to get the results.  
 To my fellow first-cohort CDT crew, we finally made it! It was a tough road 
sometimes, but we all got through it. Hannah, Jade, Emma, and Matt have been with me 
through the whole project and I feel like we’ve bonded through the battles!  
 Thanks also to all my wonderful friends, some of whom have been with me since 
the first day of undergrad physics 8 years ago – Aaron, Kathy, Steve, Chris, Hannah, 
Rachael, and too many others too mention. This PhD wouldn’t have been the same 
without Friday Parlour Pints and I can’t wait to get back out with you! 
 My wonderful family have been so supportive through this whole process, Mum, 
Dad, Bridget, Christopher and my favourite little lady in the whole world, my niece Lily, 
who never fails to brighten up my day. 
 Lastly and most importantly, the most special thanks go to my wonderful fiancé 
Gavin. I don’t know how you put up with me for all this time, but I’m very grateful that 
you have. I’d never have got this PhD without you, so really, they should be giving you 
the title as well. And of course, thanks to my cat Pabu, for all the cuddles and walking 
across my keyboard at key moments.  
  



 ii 

Abstract 

The study of topological defects in condensed matter involves those regions in which 
the chosen order parameter ceases to vary continuously, such as points, lines, and 
surfaces. In ferroic materials, these defects include planar domain walls, which separate 
regions of uniform orientation of the order parameter, as well as more complex 
structures such as vortices and skyrmions, which are spiralling configurations of the 
order parameter. This thesis investigates topological structures arising in both magnetic 
and ferroelectric structures, highlighting both the similarities and the differences in these 
material systems. 
 The first experiment outlined in this thesis is the growth and characterisation of 
thin films of CoxZnyMnz alloys. Previous work by Tokunaga et al has shown that alloys 

of CoxZnyMnz (x+y+z=20) crystallise in the b-Mn structure, which is non-
centrosymmetric and analogous to the B20 structure of common skyrmion-hosting 
materials such as MnSi. These alloys were shown to exhibit a skyrmion phase at 
moderate fields just below their Curie temperature, which for some compositions was 
close to room temperature; an essential feature for potential skyrmion-based devices. 
Results in the literature also provide evidence that the reduced dimensionality of thin 
plates or films of skyrmion-hosting materials can increase the range of the skyrmion 
phase across the field-temperature phase diagram. Consequently, growing thin films of 
these CoxZnyMnz alloys could prove advantageous. In this thesis, the successful growth 
of polycrystalline CoxZnyMnz thin films using magnetron sputtering on a lattice-matched 
BaF2 single-crystal substrate is demonstrated. Crystal structure was confirmed to be the 

b-Mn structure in polycrystalline form by x-ray diffraction (XRD) and electron 
diffraction performed by transmission electron microscopy (TEM). In addition, the 
stoichiometry of the alloys was confirmed to be the required ratios using energy 
dispersive x-ray spectroscopy (EDX) via both scanning and transmission electron 
microscopy.  
 Having attained the correct crystal structure and chemical properties, the 
magnetic properties of the CoxZnyMnz thin films were investigated using several 
techniques. Vibrating sample magnetometry (VSM) and superconducting quantum 
interference (SQUID) were used to measure hysteresis loops from films of different 
composition as well as the variation of the magnetisation in the samples with applied 
temperature and field. These results enabled the determination of the Curie 
temperature, which was found to vary significantly with film composition. Interestingly, 
above the Curie temperature of the film some magnetic character remains, although at a 
much smaller magnitude. It is believed this is due to a separated cobalt-rich phase in the 
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film, but is expected to account for a very small percentage of the film volume; spectral 
mapping of the films using EDX shows a homogeneous distribution of all three 
elements, so any cobalt-rich regions must be very small. Atomic-scale spectral mapping 
could provide more insight into this phenomenon. 
 The magnetic domain patterns were also mapped directly using Lorentz-mode 
TEM at low temperatures, showing an unusual Lichtenberg-like pattern of domains 
extending throughout the sample. These domain patterns were found to change 
direction as the direction of the applied field was changed and vanish completely at 
higher fields and temperatures.  
 Further analysis of data from VSM and SQUID allowed the production of a 
partial phase diagram for the CoxZnyMnz films, showing a rapid change to a 
ferromagnetic phase as the applied field is increased. Further detailed investigation of 
the region just below the Curie temperature could show interesting features and the 
potential presence of a skyrmion phase. 
 Analysis of different heating and cooling data, both in zero field and applied 
field, identified a thermal hysteresis in the films. Thermal hysteresis is a signature of a 
first-order phase transition, leading to the likely designation of the phase transition in 
these films as first order. Thermal hysteresis is also an indicator of spin-glass character; 
such disordered magnetic structure could be possible in polycrystalline films such as 
these where long-range magnetic order is disrupted. 
 Following the magnetic chapters of this thesis, an investigation into ferroelectric 
lead titanate is described. While magnetic and ferroelectric structures may be quite 
different in some regards, in terms of topological structures they are similar; both exhibit 
structures such as domain walls, and recent research shows the existence of polar 
skyrmion bubbles in ferroelectric thin films which are analogous to magnetic skyrmions 
in terms of their topological properties. In this investigation, essential groundwork is 

laid to further the goal of observing in-wall polarisation within the 180° domain walls of 

lead titanate, as predicted by Wojdeł and Íñiguez. Simulations of these 180° DWs show 
them to have Bloch-type character, with a polarisation developing within the domain 
walls perpendicular to that of the domains. Further work by Gonçalves et al 
demonstrated how nanodomains in lead titanate separated from the bulk material by 

180° DWs with in-wall polarisation form polar skyrmion bubbles; i.e. topologically 
stable objects analogous to the well-established magnetic skyrmions. 
 In this thesis, the domain patterns in bulk lead titanate are mapped using 

piezoresponse force microscopy (PFM) to search for 180° domain walls. When cutting a 
lamella from these regions proved to change the domain patterns, a different approach 
was followed; lamellae were cut from bulk crystal lead titanate, repaired using thermal 
annealing and acid washing, and their domain patterns mapped using PFM. Following 
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this, 180° domains were written in the lamella using a voltage applied through the PFM 

tip, creating the appropriate 180° DW required for this project. This written domain 
remained stable after a number of weeks and even spread through a larger area of the 
lamella, showing it is stable against back-switching. The next step will be to analyse the 
written domains using high-resolution TEM, by which the dipole shifts occurring due 
to polarisation development within the wall can be mapped and hence provide 
experimental confirmation of this phenomenon.  
 During the investigation of lamellae of lead titanate, it was found that a charged 
domain wall junction had formed within the lamella to balance stresses within the 
system. Using HRTEM, the polarisation direction in the visible domains was mapped 
using Fourier masking and dipole shift mapping and determined to be of head-to-head 
character. Such a charged domain junction has never before been observed in a lead 
titanate lamella. In addition, the scanning electron beam was observed to change the 
domain pattern in the lamella during the experiment, demonstrating in-situ switching.  
 The work presented here provides an essential starting point for two very 
promising topological systems. With further work to refine sputtering parameters and 
film growth properties, as well as more detailed magnetic measurements, the thin films 
of CoxZnyMnz alloys could demonstrate even more interesting magnetic properties and 
potentially produce a skyrmion phase. By changing the chemical properties, it is possible 
to tailor the Curie temperature to required values and hence could prove invaluable to 
potential skyrmion-based devices. Similarly, the investigation into the properties of the 
domain walls of lead titanate is a promising starting point for further work; it has been 

demonstrated that 180° domains can be written in repaired lamellae and that the 
domains remain stable after a long period of time without back-switching. Further 
investigation using HRTEM will demonstrate the possible existence of the predicted in-
wall polarisation, paving the way for the realisation of polar skyrmion bubbles in single-
crystal lead titanate. 
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Chapter 1: Introduction 

The study of complex topological orderings in magnetic and electric systems must 
necessarily begin with a discussion on the fundamental aspects of both electricity and 
magnetism as applied to solid state materials. While the macroscale properties of 
ferroelectrics and ferromagnets may seem entirely analogous, an understanding of the 
basic principles of their underlying physics shows that they arise from quite different 
sources; this makes it all the more interesting that both systems show analogous 
topological properties despite their seemingly unrelated origins.  
 To provide a solid starting point for the following discussions on magnetic and 
ferroelectric materials, a brief introduction into the fields of magnetism, ferroelectricity 
and topology are given in this chapter. 
 

1.1 Magnetism 

1.1.1 The Magnetic Dipole Moment 

The magnetic dipole moment is the elementary magnetic quantity. Intrinsic magnetic 
moments are associated with the orbital motion of the electron around the nucleus of an 
atom as well as its spin. The total magnetic moment of a material is therefore the volume 
average of its atomic moments. 
 To fully understand the mechanisms of magnetism, it is necessary to include a 
quantum mechanical (QM) description. Classical arguments can predict some effects 
and are useful in comparing phenomena, for example the similarities between 
ferromagnets and ferroelectrics. However, a full treatment of magnetism is impossible 
without quantum mechanics; classical mechanics cannot fully explain it. The best 
approach is usually a combined classical and QM description, as outlined below. 
 An electron moving in a circular orbit about the nucleus will have an angular 
momentum J given by: 

𝑱 = 𝑚𝑣𝒓 
 

where m is the mass of the electron, v is its velocity, and r is the radius of its orbit (Fig 
1.1). The associated magnetic moment is given by: 

𝝁 = 𝐼𝐴 

(1.1) 

(1.2) 
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where I is the current (i.e. charge/unit time passing a point on the orbit) and A is the 
area of the orbit. The magnetic moment can then be written as: 

𝝁 =
−𝑞!
2𝑚

𝑱 

where −𝑞! is the charge of the electron.  

 

 

 

 

 

 

Since Equation (1.3) is a classical equation, it only describes the orbital moment of the 
electron about the atom; however, the spin of the electron also contributes to the 
magnetic moment. The spin moment is given by: 

𝝁 =
−𝑞!
𝑚

𝑱 

i.e. it is twice as large as the orbital moment. In an atom there are usually several 
electrons, and hence a combination of spin and orbital moments contribute to form the 
total magnetic moment of the atom. The general equation of the magnetic moment for 
the atom is then: 

𝝁 = −𝑔 -
𝑞!
2𝑚

. 𝑱 

where g is the Landé g-factor which for an atom can take values between 1 (pure orbital 
moment) and 2 (pure spin moment).  

The relationship between the magnetic moment and the angular momentum was 
demonstrated experimentally by Einstein and de Haas in 1915 [2] (Fig 1.2). A 
ferromagnetic cylinder is suspended via a thin wire inside a coil; a current passed 
through the coil induces a magnetic field which magnetises the cylinder along its axis. 
The change in magnetic moment of the coil causes a change in the angular momentum 

(1.3) 

(1.4) 

(1.5) 

Fig 1.1: Schematic representation of the orbit of an electron around a nucleus. For any circular 
orbit, the magnetic moment µ is proportional to the angular momentum J. Source: [1] 
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of the cylinder, which then rotates to conserve angular momentum. This rotation is then 
detected via a laser reflected from a mirror attached to the suspending wire.  
 

 

 

 

 

 

 
While classically an atom with a given value of angular momentum could have any 
particular orientation of its rotation axis with the same energy, (i.e. an infinite number 
of states), quantum mechanically, this is not the case: the number of states is finite, and 
it is only possible to define the component of the angular momentum in a certain 
direction (e.g. the z-direction) as well as its total value. 

Any system, including atoms, with a given energy has a quantum number j 
which describes its spin, and its z-component can only take one of a few specific values 
given by:	 

𝑗ℏ, (𝑗 − 1)ℏ,…− 𝑗ℏ 

where ℏ is the reduced Planck’s constant. The value of j can be integer or half-integer (as 
long as the difference between +j and -j is an integer). There are a total of (2j+1) possible 
states for any given j. This ‘quantisation’ of the possible angular momentum means that 
the energy of the system is also quantised; an atom placed in a magnetic field will have 
an additional magnetic energy along the direction of the field according to 

𝑈"#$ = −𝝁 ∙ 𝑩 

 Choosing the direction of the magnetic field arbitrarily to be the z-direction, this gives 

𝑈"#$ = −𝜇%𝐵 

Using Equation (1.5), 

(1.6) 

(1.7) 

(1.8) 

Fig 1.2: Experimental setup of the Einstein-de Haas effect, which demonstrates the 
relationship between magnetic moment and angular momentum. Source: [3] 
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𝑈"#$ = 𝑔 -
𝑞!
2𝑚

. 𝐽%𝐵 

According to (1.6), 𝐽% can only have certain values, which means that 𝑈"#$ can also only 

have certain values, with the maximum energy given by 

𝑈"#& = 𝑔 -
𝑞!
2𝑚

.ℏ𝑗𝐵 

i.e. rather than a continuum of energy values, the energy of the system is quantised, and 
under the action of a magnetic field the energy levels split into discrete values [1]. The 
quantity  

𝑞!ℏ
2𝑚

= 𝜇' 

is the Bohr magneton, the fundamental unit of the magnetic moment of an electron. 

 

1.1.2 Diamagnetism 

The overall response of an atom to a magnetic field depends on its electronic structure. 
All atoms will experience a small repulsive effect (diamagnetism), while some will 
experience a larger attractive effect (paramagnetism).  
 According to Faraday’s Law of Induction, slowly switching on a magnetic field 
in the vicinity of an atom will generate an electric field. Mathematically, this is given by: 
 

<𝑬 ∙ 𝑑𝒍 = −@
𝜕𝑩
𝜕𝑡

∙ 𝑑𝑨 

 
This can be understood by considering the electron orbit around the nucleus as a closed 
loop of radius r. In that case, Faraday’s law states that the line integral of the electric field 
E around the orbit is equal to the rate of change of the magnetic field B through the orbit. 
In other words: 

𝑬(2𝜋𝑟) = −
𝑑
𝑑𝑡
(𝑩𝜋𝑟() 

 
The induced electric field produces a torque on the electron which equals rate of change 
of angular momentum: 

−𝑞!𝐸𝑟 =
𝑑𝐽
𝑑𝑡

 

(1.12) 

(1.13) 

(1.14) 

(1.9) 

(1.10) 

(1.11) 
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Substituting for E from Equation (1.14) and integrating with respect to time from zero 
field gives the additional angular momentum caused by the changing magnetic field in 
the vicinity of the atom: 

Δ𝐽 =
𝑞!𝑟(

2
𝐵 

 
which corresponds to an additional orbital magnetic moment: 
 

Δ𝜇 =
−𝑞!
2𝑚

Δ𝐽 =
−𝑞!(𝑟(

4𝑚
𝐵 

 
This is the induced diamagnetic moment of the atom in response to the applied magnetic 
field. The minus sign indicates that the direction of the induced moment is opposed to 
the applied field. The r2 in Equation (1.16) is the radius along an axis parallel to the 
magnetic field B, so if B is taken to be along the z-axis, then r2=x2+y2. Assuming 
spherically symmetric atoms, the average of x2+y2 is 2/3 of the average of the square of 

the radial distance from the centre of the atom, and hence r2 can be replaced by (
)
〈𝑟(〉#* 

to give 
 

Δ𝜇 =
−𝑞!(

6𝑚
〈𝑟(〉#*𝐵 

 
At this point classical mechanics falls short of a full description of diamagnetism, as it 
has no explanation for what the mean square radius should be. It is necessary to turn to 
quantum mechanics, which states that it is impossible to know the exact position of the 
electron and hence the exact mean square radius of its orbit; all that can be stated is the 
probability of finding the electron in any particular place.  
 

1.1.3 Paramagnetism in bulk materials 

Any atom with an odd number of electrons will have a magnetic moment due to the 
unpaired electrons. However, when forming molecules and compounds outer shell 
electrons are usually paired up and the net moment is zero. Consequently, in most bulk 
materials a net magnetic moment is only present if the atom contains unpaired inner 
shell electrons, such as the transition metals and the rare earth elements. When no 
external magnetic field is applied, these atomic moments will be randomly oriented due 
to thermal fluctuations; the application of a field causes the moments to line up in the 

(1.15) 

(1.16) 

(1.17) 
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field direction and a net magnetisation develops. Materials which exhibit this response 
to a magnetic field are known as paramagnetic. Like all materials, paramagnets also 
exhibit diamagnetic effects which oppose the applied field, though these are usually 
much smaller than the paramagnetic effect.  
 The classical theory of paramagnetism considers a material where each atom has 

a magnetic moment µ, with the overall magnetisation of the material given by 
 

𝑴 = 𝑁𝝁 
 
where N is the number of atoms per unit volume. In a magnetic field, each atom will 

have energy −𝝁 ∙ 𝑩 = −𝜇𝐵𝑐𝑜𝑠𝜃, where 𝜃 is the angle between the field and the moment. 

From statistical mechanics, the probability of an atom having a moment at angle 𝜃 is 
given by 
 

𝑒+,'-./0/2!3 
 
where kB is Boltzmann’s constant and T is the temperature. According to Eq (1.19), more 

moments will be aligned with the field (𝜃 = 0) than opposed to it (𝜃 = 𝜋), leading to a 
net magnetisation aligned with the field. The ratio of the induced magnetisation caused 
by moments aligning with the field to the total possible magnetisation (i.e. when all 
moments are aligned, and the paramagnet is saturated) can be described by the Langevin 
function: 
 

ℒ# = coth(𝑎) −
1
𝑎

 

 

where 𝑎 = 𝑚𝐵
𝑘'𝑇\ . This is demonstrated graphically in Fig 1.3; for small values of B/T 

the Langevin function is linear, whereas for larger values of B/T the magnetisation 
approaches the saturation value. 

(1.18) 

(1.19) 

(1.20) 



 7 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Quantum mechanically, the paramagnetic effect is described somewhat differently. 

Assuming an atom has total spin of 4
(
 for simplicity of discussion, its energy in zero field 

will have one value whereas there are two possible energies under applied field, one for 
each value of Jz: 
 

Δ𝑈4 = +𝑔 ^
𝑞!ℏ
2𝑚_

∙
1
2
∙ 𝐵 

Δ𝑈( = −𝑔^
𝑞!ℏ
2𝑚_

∙
1
2
∙ 𝐵 

 
When no field is present, these two states have the same energy. In a magnetic field, the 
probability of an atom having either spin-aligned (+1/2) or spin-anti-aligned  
(-1/2) is proportional to  
 

𝑒+56/2!3 
 
The number of atoms per unit volume with either spin-aligned or spin-anti-aligned is 
therefore: 
 

𝑁#78$9!: = 𝑎𝑒+,"'/2!3 

𝑁#9;8+#78$9!: = 𝑎𝑒<,"'/2!3 

 

(1.21a) 

(1.21b) 

Jz =+ℏ/2  

Jz =−ℏ/2  

(1.22) 

(1.23a) 

(1.23b) 

Fig 1.3: The Langevin function for a paramagnet shows the ratio between the induced 
magnetisation and the total magnetisation for different values of the ratio between field B 
and temperature T. At low B/T the function is linear with a slope of 1/3, but at higher B/T 
values the function approaches saturation. Source: [4] 
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where 𝜇= = 𝑔 ->#ℏ
("
. ∙ 4

(
 and a is a constant, which can be found be considering the total 

number of atoms N=Naligned+Nanti-aligned: 

𝑎 =
𝑁

𝑒<,"'/2!3 + 𝑒+,"'/2!3
 

 
The average magnetic moment along the z-axis (direction of the field) is the resultant 

moment due to the contributions aligned with the field of -𝜇=	per atom and those anti-

aligned of +𝜇= per atom: 
 

〈𝜇〉#* =
𝑁#78$9!:(−𝜇=) + 𝑁#9;8+#78$9!:(𝜇=)

𝑁
 

 
The total magnetisation of the material is then given by 
 

𝑀 = 𝑁𝜇=
𝑒<,"'/2!3 − 𝑒+,"'/2!3

𝑒<,"'/2!3 + 𝑒+,"'/2!3
 

 
which has the form of a hyperbolic tangent equation: 
 

𝑀 = 𝑁𝜇=tanh	 ^
𝜇=𝐵
𝑘'𝑇

_ 

 
Equation (1.27) is plotted graphically in Fig 1.4. When the applied field is very large, the 

function approaches the limiting value of 𝑁𝜇=, corresponding to every atomic moment 
aligning with the field – the magnetisation saturates. Comparing with Fig 1.3 it can be 
seen that it is very similar to the Langevin function in overall shape, meaning that the 
classical description is quite accurate in terms of predicting the behaviour of 
paramagnets. 
  
 
 
 
 
 
 
 
 

(1.24) 

(1.25) 

(1.26) 

(1.27) 
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At normal temperatures the argument of the hyperbolic tangent is very small, i.e. 

tanh(x)»x, and Eq (1.27) can be written as 
 

𝑀 =
𝑁𝜇=(𝐵
𝑘'𝑇

 

 
The QM theory of paramagnetism can be extended to atoms with any value of total spin 
j as follows: 

𝑀 = 𝑁𝑔(
𝑗(𝑗 + 1)

3
𝜇'(𝐵
𝑘'𝑇

 

 

where µB is the Bohr magneton described previously [5].  
 
 
 

1.1.4 Ferromagnetism 

A ferromagnet will have a net magnetic moment even in the absence of an applied field, 
suggesting the atomic moments are naturally aligned due to an internal effect. This can 
be considered as a fictional magnetic field known as the molecular field BE, with 

associated energy -µ×BE on a magnetic moment µ. The magnitude of the molecular field 
is considerably larger than the average magnetic field due to the magnetic dipoles in the 

(1.28) 

(1.29) 

Fig 1.4: Plot of the variation of magnetisation with applied field in a paramagnet as 
determined via a quantum mechanical approach. Source: [5] 
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material – clearly, some other interaction is at play that classical mechanics cannot fully 
explain.  
 Each atom in the material can be assumed to experience a magnetic field 
proportional to the magnetisation of the material: 
 

𝑩𝑬 = 𝜆𝑴 
 

where 𝜆 is a constant. 
Above a certain temperature, known as the Curie temperature, the spontaneous 

magnetisation vanishes, and the material becomes paramagnetic. In this paramagnetic 
phase, an applied field Ba induces a magnetisation with an associated molecular field BE. 
The magnetisation is then given by 

 

𝑀 = 𝜒(𝐵# + 𝐵A) 
 

where 𝜒 is the paramagnetic susceptibility, given by the Curie law as 
 

𝜒 =
𝐶
𝑇

 

 

where C is the Curie constant. Using this expression for 𝜒 in Eq (1.30) and (1.29) gives: 
 

𝜒 =
𝑀
𝐵#

=
𝐶

(𝑇 − 𝐶𝜆)
 

 

It can be seen from Eq (1.32) that the susceptibility becomes infinite at a temperature 𝑇 =

𝐶𝜆. Below this temperature, a finite magnetisation is possible with zero applied field, i.e. 
a spontaneous magnetisation develops. Eq (1.32) can be rewritten as 
 

𝜒 =
𝐶

(𝑇 − 𝑇B)
 

 

which is the Curie-Weiss law, with the Curie temperature 𝑇B = 𝐶𝜆 [6]. This is a classical 
result; however, classical mechanics cannot explain the origin of the ‘fictional’ molecular 
field which causes the atomic moments to align. Similarly, for temperatures much 
greater than TC Equation (1.34) can only hold true if TC is replaced by a significantly 
higher temperature value. These discrepancies can only be explained using quantum 
mechanics. 

(1.30) 

(1.31) 

(1.32) 

(1.33) 

(1.34) 



 11 

The quantum interaction which results in ferromagnetic ordering is known as the 
exchange interaction. Since electrons are Fermions, the Pauli exclusion principle states 
that they cannot occupy the same state, i.e. they cannot have the same values of position 
and spin orientation. Consequently, if there is a region of space where the electrons are 
likely to overlap spatially, such as a chemical bond between atoms, the exclusion 
principle means that the electrons must have opposite spins. If an inner-shell electron of 
an atom of a magnetic material has spin-up, say, then the free conduction electrons will 
have a tendency to be spin-down due to their proximity. If the spin-down conduction 
electron comes into the vicinity of another atom, it will cause the inner-shell ‘magnetic’ 
electrons to be opposite to itself – hence, with spin-up and therefore aligned with the 
first atom. Consequently, the overall effect is to have the atoms in the magnetic material 
aligned and hence the development of ferromagnetism [7].  
 The form of the exchange interaction as included in the energy expansion (which 
can be described using a Hamiltonian expression) of a system of two electrons with spins 

𝑺𝒊 and 𝑺D is given by: 

 

ℋ!& = −2𝒥𝑺𝒊 ∙ 𝑺D 

 

where 𝒥 is the exchange constant. 
 
 
 

1.1.5 Magnetic Domains and Hysteresis 

In real samples of ferromagnetic materials, there is often no magnetisation detected 
unless a magnetic field is applied. This is contrary to the theory of ferromagnetism which 
suggests that the spontaneous magnetisation should exist at zero field. The reason for 
this is that this magnetisation due to all the moments aligning would create a 
considerable external magnetic field, and hence an energetically unstable state. To 
reduce such stray field energy, the material instead separates into regions of oppositely 
oriented magnetisation known as domains, with domain walls between them (Fig 1.5).  
In the regions between the domains, the domain walls, there are adjacent electrons with 
opposite spins. This introduces more energy into the system, as the ferromagnetic order 
prefers all spins to be parallel. However, in all but the very smallest ferromagnetic 
samples, it is energetically advantageous to form many small domains, as the additional 
energy from forming the walls is offset by the reduction in energy due to external field. 

(1.35) 



 12 

The formation of domains magnetised 
perpendicular, as in Fig 1.5(d) and (e), 
can reduce the external field entirely. 
However, there is also a cost associated 
with these domains due to an effect 
known as magnetostriction. Magnetised 
iron changes its length in the direction of 
magnetisation, so the small 
perpendicular domains can only fit into 
this distorted shape with additional 
mechanical stress.  

 The final domain 
configuration will be the result of the 
balance of all of these energies and more. 
This process is reflected in the 
ferromagnetic hysteresis loop (Fig 1.6). 
Beginning with an unmagnetized, multi-
domain state at zero field (point 1), a 
positive field is applied. The segment 1-2 
corresponds to the domain walls bowing 
slightly but still being pinned in their 
original positions. Removing the field at this 
point preserves the original domain 
structure, i.e. it is reversible. Increasing the 
field further (2-3) involves the domain walls 
moving under the action of the field, 
gradually increasing the size of the most 
favourably oriented domain and shrinking 
unfavourable domains. Section 3-4 involves 
the rotation of the magnetisation of the 
single remaining domain towards the 
applied field direction, until the entire 
sample is monodomain and hence saturates. 
 Reversing the direction of the field will give a value for the remanent 
magnetisation MR as the field passes through zero, i.e. the magnetisation left in the 
sample at zero applied field. Section 4-5 involves the nucleation and propagation of 
reverse domains, eventually reducing the domain to a multidomain state with no net 

Fig 1.5: The formation of domains in a 
ferromagnetic material and the corresponding 
reduction in external field. Source: [7] 

Fig 1.6: Hysteresis loop for a ferromagnet. 
Adapted from [8] 
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magnetisation at the coercive field HC. This is a different multidomain state than was 
present at point 1. Increasing the field further in the reverse direction repeats the process 
of 1-4 in the opposite direction until the sample is saturated in the reverse direction. 
Repeating this process for periodically reversing field builds up the hysteresis loop [8]. 

As mentioned above, there is 
an energy cost to having oppositely- 
oriented spins in a ferromagnetic  
material; to try to reduce this energy,  
the magnetisation rotates continuously 
over an extended range rather than  
changing abruptly from one atom to  
the next. The range over which the 
magnetisation direction rotates is the 
domain wall, which is typically 
between 10-100nm, with the thickness 
determined by the ratio of the exchange and 
anisotropy energy in the material. 
 The type of domain wall present 
describes the plane of rotation of the 
moments between one domain and the next. The two kinds of domain wall found in 
magnets are Bloch walls and Néel walls. In Bloch walls, the magnetisation rotates in the 
plane of the wall between one domain and the next, i.e. out-of-plane with respect to the 
domains themselves (Fig 1.7(a)). In Néel walls, the magnetisation rotates in the plane of 
the domains (Fig 1.7(b)).  
   
 

 

1.1.6     Other magnetic interactions 

It is possible for the moments of electrons to line up in several different ways due to 
various components of the magnetic interactions in the material. One such ordering is 
antiferromagnetism, where the moments are aligned antiparallel in successive atoms 
experiencing a net magnetic moment leading to no net overall magnetism until a field is 
applied to switch more moments to one or the other direction. One interaction which 
can lead to antiferromagnetic ordering is superexchange, which exists in transition metal 
oxides.  

(a) 

(b) 

Fig 1.7: Schematic illustration of the rotation 
of the magnetisation in (a) Bloch- and (b) 
Néel-type domain walls. Source: [9] 
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In insulators like oxides, the electrons are not free to move around as they are in 
conductors; they are localised to the atoms. In transition metal oxides, the 3d-orbitals of 
the metal atoms overlap with the 2p-orbitals of the oxygen atoms. If, say, the metal atoms 
have singly occupied 3d-orbitals, one atom could be ‘spin-up’. Due to Pauli exchange, it 
is more energetically favourable for the overlapping electron on the oxygen atom to be 
opposite to this, i.e. ‘spin-down’. The oxygen atom simultaneously interacts in the same 
way with the second metal atom; if the first electron in the oxygen’s 2p-orbital is spin-
down, the second must be spin-up, and hence the overlapping second metal atom’s 3d 
electron must be spin-down, i.e. opposite the first metal atom. The result is that the two 
metal atoms end up orientated opposite to each other via the superexchange interaction 
transmitted through the oxygen bridge and hence the ordering is antiferromagnetic (Fig 
1.8b). It is possible for superexchange to lead to ferromagnetic ordering if there is little 
or no overlap of the 3d-2p orbitals, but this is a less common and weaker effect. If the 
two magnetic sublattices are unequal, they do not exactly cancel, and a small resultant 
magnetisation can exist in the material – this is known as ferrimagnetism (Fig 1.8c) [8].  
 
 
 
 
 
 
 
 
 
 
 
 
The interactions introduced thus far have all acted to align the electron spins either 
parallel or anti-parallel; however, this is not the only possible orientation. 
Antisymmetric exchange, otherwise known as the Dzyaloshinskii-Moriya Interaction 
(DMI), favours perpendicular alignment of the spins. Dzyaloshinskii first theorised the 
existence of antisymmetric exchange to explain the origin of weak ferromagnetism in 
some antiferromagnets [10]. Later, it was found by Moriya that this antisymmetric 
exchange was partly due to spin-orbit coupling [11] and hence the interaction became 
known as the Dzyaloshinskii-Moriya interaction, which can be understood to arise due 
to lack of inversion symmetry and strong spin-orbit coupling in materials. When it is 
included in the Hamiltonian of the system, it takes the form: 
 

Fig 1.8: The orientations of spins in (a) a ferromagnet, (b) an 
antiferromagnet and (c) a ferrimagnet under an applied field.  

Ferromagnet Antiferromagnet Ferrimagnet 
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ℋEFG = 𝑫8D ∙ m𝑺8 × 𝑺Do 

 

where  𝑫8D is the DMI vector. As 

the exchange interaction is also 
present, the result is canted spin 
orientations, i.e. the spins point at 
an angle somewhere between 
parallel and perpendicular to each 
other, depending on the relative 
strength of the exchange and DMI  
interactions.  
 Fig 1.9 shows schematically 
the relationship between the position 
of the ions and the orientation of the 
DMI vector. The plane of the symmetry breaking determines the orientation of the DMI 
vector and hence the direction of spin canting. In the superexchange mechanism 
described above, the magnetic interaction between the two neighbouring spins (Si and Sj 
in Fig 1.9) is transferred through a third ion; the orientation of the DMI vector can then 
be written as 
 

𝑫8D ∝ 𝒓8 × 𝒓D ∝ 𝒓8D × 𝒙 

 
where the vectors are defined in Fig 1.9. This implies that the DMI vector must be 
oriented perpendicular to the triangle formed by the three ions and equals zero if the 
ions are in a straight line [11]. The presence of DMI in a magnetic system can lead to 
ordering beyond the standard parallel-spin orders, as shown in Fig 1.10; helical, 
cycloidal, and skyrmion states are all made possible due to DMI. These orderings will 
be explored in more detail below. 
 
 
 
 
 
 
 
 
 
 

(1.36) 

Fig 1.9: Schematic of the relative orientations of the 
spins and DMI vector. The spins Si and Sj are 
oriented anti-parallel by exchange, but the action of 
the mutually perpendicular DMI vector adds a 
small canting. Source: [12] 

Fig 1.10(a): Helical and (b) Cycloidal magnetic ordering. The DM 
interaction causes canting of spins, which leads to a long-range spiral 
with (cycloidal) or without (helical) an out-of-plane component. Source: 
[8] 

(1.37) 



 16 

1.1.7 Magnetic Vortices 

Interesting magnetic structures can be observed when the geometry of the magnetic 
material has significant influence. One such example is the magnetic vortex state, which 
is found in ferromagnetic nanodisks of micrometre thickness and below. In thin film 
structures, the magnetostatic interactions tend to force the magnetisation to lie parallel 
to the film plane, and hence a common configuration in a nanodisk is a flux closure 

structure consisting of four triangular domains separated by 90° domain walls. In the 
centre of this structure a magnetic vortex is formed; the magnetisation rotates in-plane 
in a certain sense (clockwise or anticlockwise) apart from a small core region which 
rotates to an out-of-plane direction, which can be either up or down. Fig 1.11 shows some 
possible magnetic vortex or antivortex states. In a magnetic field, the vortex experiences 
in-plane gyration about its equilibrium position, the sense of which is determined by the 
polarisation direction of the core.  

Magnetic vortices are of considerable interest due to their potential as carriers of 
information; a vortex can contain two ‘bits’ encoded in both the sense of rotation of the 
vortex and the polarisation of its core. However, for any potential data storage 
mechanism it must be possible to switch its orientation in a way which is easily 
achievable by the storage device; this is a problem, as magnetic vortices have been 
known to require applied fields of ~0.5T to switch the core polarisation direction. 
However, a method which used short bursts of alternating field of amplitude ~1.5mT 
was able to change the sense of the gyration of magnetic vortices, which is indicative of 
a switch in polarisation direction [13]. This means that the use of magnetic vortices in 
data storage devices is much more achievable without the requirement of large applied 
field values which would make such an approach untenable. 
 

 

 

 

 

 

 

 

Fig 1.11: Three-dimensional and two-dimensional illustrations of magnetic vortices. The 
magnetisation rotates in-plane in either clockwise (b) or anticlockwise (a,c) direction. The 
centre of the vortex rotates out-of-plane either up (a, b, d) or down (c) corresponding to the 
vortex core polarisation. Arrows in the 2D illustrations represent in-plane magnetisation 
components, while out-of-plane components are represented by coloured dots; blue=up, 
red=down. Source: [13]. 
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1.1.8    Skyrmions in Magnetic Materials 

In magnets with non-centrosymmetric crystal symmetry (i.e. lacking inversion 
symmetry), the presence of the Dzyaloshinskii-Moriya interaction in competition with 
ferromagnetic exchange gives rise to spin canting and modulated spin spiral textures 
can be stabilised, such as vortices, bubbles and spirals. A particular class of these 
structures is the magnetic skyrmion. 
 Skyrmions were originally proposed by theoretical physicist Tony Skyrme more 
than 50 years ago to describe topologically stable defects in non-linear field theory [14]. 
Since then, similar modulations of the order parameter have been observed in quantum 
Hall ferromagnets [15], liquid crystals [16], Bose-Einstein condensates [17], as well as  
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig 1.12(a-d): Schematic illustrations of magnetic skyrmions. (a) and (b) show 3D projections of the 
magnetisation wrapping around a unit sphere to form a ‘hedgehog’ (a) or ‘combed hedgehog (b) 
pattern. When projected into a 2D space these form Néel-type (c) or Bloch-type (d) skyrmions. The 
terms Néel and Bloch come from magnetic domain walls, where a Néel type has magnetisation 
rotating in the plane of the wall, and Bloch type has magnetisation rotating perpendicular to the 
plane of the wall. (e) and (f) show possible orientations of the DMI vector arising from different 
sample geometries which give rise to either Néel or Bloch-type skyrmions; in a bulk crystal with 
broken inversion symmetry inherent to the crystal structure, the DMI points out of the plane of the 
sample and Bloch-type skyrmions will form. In a thin film system, where DMI is caused by 
symmetry breaking at the interface between the film and the substrate, DMI points in the plane of 
the sample and Néel-type skyrmions result. Adapted from [19], [20]. 

e
x 

f 
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being theorised in magnetic materials [18]. In magnetic systems, skyrmions present as 
localised vortex-like spirals of magnetisation, with the spins pointing out-of-plane at the 
edge of the spiral and rotating continuously to point out-of-plane in the opposite 
direction in the centre. Similar to domain walls, the plane of rotation of magnetisation 
defines two types of skyrmion: Bloch-type, where the magnetisation rotates clockwise 
or anticlockwise from the edge to the centre in a manner similar to a Bloch-type domain 
wall (i.e. perpendicular to the plane of the wall) (Fig 1.12(b,d)), and Néel-type, where the 
magnetisation rotates in the same manner as a Néel-type domain wall (i.e. in the plane 
of the wall) (Fig 1.12(a,c)). The plane of rotation and hence the type of skyrmion present 
in a magnetic system depends on the direction of the DMI vector; in bulk crystals with 
broken inversion symmetry inherent in their structure, the DMI vector points out-of-
plane and hence the skyrmions will be Bloch-type (Fig 1.12(e)). In systems which 
develop DMI due to the presence of a magnetic film on a substrate, the lack of inversion 
symmetry is not inherent to the crystal structure of the material and is rather present 
due to the interface between the substrate and the film; in this case, the DMI vector points 
in the plane of the film and hence the skyrmions will be Néel-type (Fig 1.12(f)). The 
chirality of the skyrmion (i.e. whether it rotates clockwise or anticlockwise) depends on 
the sign of the DMI coefficient, while the size of the skyrmion is proportional to the 
relative magnitudes of the DMI and exchange interactions in the material [21].  

A common feature of  the above systems is the structure of the phase diagram, 
which is expressed as a function of magnetic field and temperature. A standard 
skyrmion-hosting material is MnSi, with non-centrosymmetric B20 structure. The B/T 
phase diagram for MnSi is given in Fig 1.13; below its Curie temperature of ~29K, with 
no applied field, a helical spin state is stabilised as a result of competition between the 
exchange interaction and DMI. The 
period of the helical spin modulation 

l~190Å is much greater than the lattice 
constant of ~4.56Å, implying there is 
little coupling between the atomic and 
magnetic structures. Applying an out-
of-plane magnetic field leads to a 
conical spin state, i.e. a helical state 
with a uniform magnetisation 
component along the applied field 
direction. Increasing the field further 
leads to a field-polarised ferromagnetic 
state, parallel to the field with all the spins 
aligned . A distinct magnetic phase, 

Fig 1.13: Phase diagram for MnSi, showing the 
various phases of its magnetic structure. The A-phase 
exists just below the Curie temperature of 29.5K at 
moderate applied fields. Source: [22]. 
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known as the A-phase , is also detected in a narrow region just below the Curie 
temperature in a weak applied field. In this magnetic state, several anomalies are noted  
in this region of the phase diagram that the skyrmion state is stabilised.  

.  
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Fig 1.14: Skyrmions detected by a variety of methods. (a) and (b) show data obtained via small-
angle neutron scattering (SANS); (a) corresponds to the Bragg reflections from the helical state of 
MnSi, while (b) shows the six-fold symmetry of the skyrmion lattice under an out-of-plane 
applied field [22]; (c) and (d) show Lorentz TEM images with transmission of intensity (TIE) 
analysis of a real-space skyrmion lattice in Fe0.5Co0.5Si with an applied field of 50mT. The colour 
gradient and white arrows indicate the rotational direction of the magnetisation, with the dark 
areas corresponding to out-of-plane components at the edges and centres of the skyrmions [23]; 
(e)-(h) show MFM data of Fe0.5Co0.5Si at varying magnetic fields. At 20mT, the skyrmion lattice is 
visible (dark/light contrast corresponds to out-of-plane antiparallel magnetisation. As the field is 
decreased the skyrmion phase gradually gives way to a helical magnetic state [24]. 

a b 

e f
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Small-angle neutron scattering (SANS) experiments [22] were used to determine the 
six-fold symmetry of the skyrmion lattice (Fig 1.14(a) ,(b)) and later real-space imaging 
using Lorentz TEM was used to map the magnetic texture of the skyrmion lattice [23] 
(Fig 1.14(c), (d)). In addition to SANS and LTEM, magnetic force microscopy (MFM) 
can be used to image spin textures at the surface of magnetic materials. Fig 1.14(c)-(h) 
shows data obtained using MFM, which is sensitive to the out-of-plane components of 
magnetisation. The regular skyrmion lattice is observed under a field of 20mT and 
gradually becomes a helical spin state when the field is reduced. Simulations suggest 
that this transition involves the merging of individual skyrmions. Due to the 
topological properties associated with skyrmions (see Section 1.3), the merging of 
skyrmions into a helical state implies the creation of an additional topological defect 
which can be considered to be an emergent magnetic monopole [24] 

 

 

1.2 Dielectric Materials 

 

1.2.1 The electric dipole 

An electric dipole arises when there is a separation between the centres of positive and 
negative charge in a system. The dipole magnitude and direction can be quantified by 
the dipole moment, which corresponds to the maximum torque experienced by the 
dipole in a unit electric field.  
 In a dielectric (insulating) material, dipoles can arise from several sources: 
electronic, ionic, dipolar, and space charge. Collectively, they make up the total 
polarisation (or dipole moment per unit volume) P of the material, which is given by 
 

𝑃 = 𝑁𝜇 

where N is the number of dipoles per unit volume and 𝜇 is the moment of each dipole, 

given by 𝜇 = 𝛼𝐸, where 𝛼 is the polarizability of the material and E is the applied field. 
The electronic component of the polarisation arises from the effect of an applied electric 
field on the atoms in the material; the negatively-charged electron cloud is displaced in 
one direction and the positively-charged nucleus is displaced in the opposite direction, 
leaving a separation of the charge centres and hence a dipole. The ionic component exists 

(1.38) 
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in materials with ionic bonding, which inherently contain naturally occurring dipoles as 
their centres of positive and negative charge are naturally separated without the 
application of an applied electric field, although these are usually oriented in random 
directions. The application of an electric field aligns these dipoles and changes the net 
dipole moment in the material. Dipolar contributions arise when existing dipoles in a 
material align to also create a net dipole moment.  

While space charge is not inherent to the material properties of an insulating 
dielectric system, it may provide a large contribution to the polarisation where present; 
it refers to the migrations of mobile charged defect sites under the action of the applied 
field, which can lead to significant dipole moments due to the macroscopic length scales 
involved in the charge separation. 
 Analysis of dielectrics by Mossotti [25] lead to an expression of Equation (1.38) 
that takes into account the local field experienced within a dielectric. This includes the 
applied field as well as the fields induced by the dipoles within the material. The so-
called Mossotti field is then given by 

𝐸H = 𝐸#II +
𝑃
3𝜀=

 

where 𝐸H is the total field, 𝐸#II is the applied field, 𝑃 is the polarisation of the material 

and 𝜀= is a constant known as the permittivity of free space [26]. Consideration of the 
Mossotti field allows Equation (1.39) to be expressed as: 

𝑃 = 𝑁𝜇 

									= 𝑁𝛼𝐸′ 

             = 𝑁𝛼 -𝐸#II +
J
)K"
. 

 

1.2.2  Mossotti catastrophe and ferroelectricity 

The nature of Mossotti’s local field and its contribution to the polarisation of a dielectric 
leads to an interesting phenomenon. The polarisation can be expressed as follows by 
rearranging the implicit function of P in Equation (1.40): 

𝑃 =
𝑁𝛼𝐸

-1 − 𝑁𝛼
3𝜀=

.
 

This leads to the question of what happens when 𝛼 = )K"
L

; according to Eq (1.41), the 

polarisation would become infinite at this point. This is known as the Mossotti 

(1.39) 

(1.40) 

(1.41) 
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catastrophe and predicts the existence of a polarisation in a material when no applied 
field is present – the spontaneous polarisation of ferroelectrics. 
 Polarisability is a measure of the response of a material to an electric field, i.e. 
how likely it is to form dipoles. There are several sources which can contribute to the 
overall polarisability of the material; electronic polarisability, which arises due to the 
effect of the applied field on the electron could around a nucleus; dipolar polarisability, 
which involves the alignment of dipoles in the applied field direction, opposing the 
random thermal fluctuations in the material; and finally ionic polarisability, which is 
attributed to the effect of the applied field on ions in a material.  
 Unlike the electronic and ionic contributions, the dipolar contribution to the 
polarisability is usually taken to be temperature-dependent. Using Eq (1.40) for the 
polarisability (assuming the dipolar contribution is dominant), Eq (1.41) can be written 
as 
 

𝑃 =
𝑁𝜇(

3𝑘'𝑇
v

-1 − 𝑁𝜇
(

9𝜀=𝑘'𝑇v .
 

 

At the critical temperature TC associated with the Mossotti catastrophe, 

1 −
𝑁𝜇(

9𝜀=𝑘'𝑇
= 0 

i.e.  

𝑇B =	
𝑁𝜇(

9𝜀=𝑘'𝑇
 

Rearrangement of Eq (2.11) and including Eq (2.12) for TC leads to 

𝛼 =
3𝑇B
𝑇 − 𝑇B

 

which is the well-known Curie-Weiss relation [26]. The Curie-Weiss law only holds for 
temperatures above TC, i.e. when the material is not in the ferroelectric state.  
 
 

(1.42) 

(1.43) 

(1.44) 
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1.2.3 Landau-Ginzburg-Devonshire Theory of Ferroelectrics 

Ferroelectrics can be considered as a subclass of pyroelectrics, which are themselves a 
subclass of piezoelectrics. A piezoelectric material is one in which a spontaneous 
polarisation is generated, and its magnitude changed as a result of applied mechanical 
stress, or vice versa. If the magnitude of the polarisation is also temperature-dependent, 
the material is classed as a pyroelectric. If the temperature-dependent polarisation can 
also be switched, i.e. its direction reversed with the application of an electric field, the 
material is a ferroelectric. The name ‘ferroelectric’ is clearly a reference to ferromagnets, 
which exhibit similar macroscopic behaviour despite having quite different underlying 
mechanisms (See Section 1.1). 
 Landau-Ginzburg-Devonshire (LGD) theory describes ferroelectrics in terms of 
free energy. A system will try to minimise its free energy by undergoing a phase 
transition from a high-energy state to a lower energy state, usually through a lowering 
of symmetry on cooling from a high-temperature to low-temperature configuration. 
 As the phase transition progresses, the properties associated with it (i.e. 
polarisation) do not fully develop at the critical temperature – instead, the value of the 
polarisation continues to change within the ferroelectric phase. Rather than being time-
dependent, this is instead reflective of the fact that, even within the low-symmetry 
ferroelectric phase, the lowest-energy state which the system tries to adopt has different 
polarisation values as the temperature changes. This progressive polarisation 
development below TC can be mapped by normalising the order parameter – the high-
temperature, high-symmetry phase is given a value of 0, and the fully developed 
polarisation of the low-temperature, low-symmetry phase is given a value of 1.  
 The Landau free-energy function for an order parameter Q is given by 
 

𝐺(𝑄) =
𝑎
2
(𝑇 − 𝑇B)𝑄( +

𝑏
4
𝑄M +

𝑐
6
𝑄N… 

 

Where the prefactors  #
(
 etc. are constants, and the factor (𝑇 − 𝑇B) is included to allow the 

prefactor in 𝑄( to change sign through the phase transition. The expression in (1.45) 
includes only the even terms of a general free-energy expansion due to the nature of 
ferroelectrics: the spontaneous polarisation is switchable and no distinction is made 
between the positive and negative directions, hence odd terms which would give 
different free energy values for the equivalent polarisation directions must be excluded.  
 
 
 

(1.45) 
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At equilibrium, the free energy is at a minimum, i.e. 
 

𝑑𝐺
𝑑𝑃

= 𝑎(𝑇 − 𝑇B)𝑃 + 𝑏𝑃) + 𝑐𝑃O = 0 

 
The different solutions to this equation represent different kinds of phase transition: 

1. 𝑃 = 0: the trivial solution corresponding to the high-temperature state. 

2. If prefactor 𝑏 > 0, then the addition of the higher order P5 term is unnecessary to 
explain the essential physics of the situation and the solution becomes  

𝑃 = |
𝑎
𝑏
(𝑇B − 𝑇)}

4/(
 

 which is known as a second order transition (Fig 1.15(a), (b)) 

3. If 𝑏 = 0, then the P5 term is needed and must also be positive to allow the creation 
of a double-well potential below TC, and hence: 

𝑃 = |
𝑎
𝑐
(𝑇B − 𝑇)}

4/M
 

 which is a tricritical transition. 

4. If 𝑏 < 0, again a positive P5 term is needed.  The solution for P must then be 
framed in terms of a quadratic: 

𝑃( =

−𝑏
𝑐 ± �𝑏

(

𝑐( − 4
𝑎
𝑐 (𝑇 − 𝑇B)

2
 

which is a first-order transition (Fig 1.15(c), (d)). 
 
 
 
 

 
 
 
 
 
 

a b 

d c 

(1.46) 

Fig 1.15: The development of (a,b) second order and (c,d) first order phase transitions. (a) and (c) 
show the free energy with respect to polarisation at temperatures above, at, and below TC: below 
TC, wells of negative free-energy develop at certain polarisation values – these are the stable 
spontaneous polarisation values of the ferroelectric phase. (b) and (d) show the development of 
the polarisation below TC for the two kinds of transition: the second order transition is continuous, 
and polarisation develops smoothly to a maximum value with decreasing temperature. The first 
order transition is discontinuous; polarisation develops suddenly to an elevated value at TC and 
continues to develop smoothly with decreasing temperature. Adapted from [27] 
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LGD theory can also express the onset of the effect observed in the Mossotti catastrophe 
mentioned earlier, i.e. the development of spontaneous polarisation in a ferroelectric, 
and give the same Curie-Weiss relationship for temperatures above TC. An applied field 
modifies the LGD expression to become 

 

𝐺 =
𝑎
2
(𝑇 − 𝑇B)𝑃( +

𝑏
4
𝑃M − 𝐸𝑃 

 
where the -EP term is the energy payoff for the alignment of the polarisation with the 

field.  At equilibrium (𝑑𝐺 𝑑𝑃\ = 0) this can be rearranged to give 

 

𝐸 = 𝑎(𝑇 − 𝑇B)𝑃 + 𝑏𝑃) 
 
The susceptibility of a dielectric is the rate of change of polarisation with respect 

to applied field. Thus, the inverse susceptibility can be given by: 
 

𝑑𝐸
𝑑𝑃

= 𝜒+4 = 𝑎(𝑇 − 𝑇B) + 3𝑏𝑃( 

 
And hence susceptibility is given by: 

𝜒 =
1

𝑎(𝑇 − 𝑇-) + 3𝑏𝑃(
 

 
In the high-temperature phase above TC, this becomes 

 

𝜒 =
1

𝑎(𝑇 − 𝑇-)
 

 
which is the Curie-Weiss relationship also predicted by the Mossotti catastrophe. 

Using Eq (1.47), it is also possible to predict ferroelectric hysteresis using LGD 

theory. Under equilibrium conditions where 𝑑𝐺 𝑑𝑃\ = 0, an expression for the electric 

field is obtained as in Eq (1.48). However, it should be noted that the value for the 
applied field in Eq (1.48) is the same as the gradient of the free energy as a function of 

polarisation ( 𝑑𝐺 𝑑𝑃\ ) in the absence of an applied field, i.e. 

 
𝑑𝐺
𝑑𝑃

= 𝑎(𝑇 − 𝑇B)𝑃 + 𝑏𝑃) 

 

(1.47) 

(1.49) 

(1.50) 

(1.51) 

(1.48) 
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Plotting the free energy with respect to polarisation in the absence of a field for, say, a 
second order transition gives the double-well shown in Fig 1.15 above. Subsequently, 
plotting the gradient of the free energy as a function of polarisation is equivalent to 
plotting the electric field as a function of polarisation, had a field been applied. This 
rather confusing result can be demonstrated as shown in Fig 1.16: taking the free energy 
plot as a function of polarisation of a 2nd order phase transition as in Fig 1.15, it is possible 
to plot the gradient of the free energy as a function of polarisation – this is equivalent to 
the electric field as a function of polarisation had an electric field been applied. When an 
experiment is performed to measure polarisation, a field is applied continuously from 
maximum positive to maximum negative; as such, not all of the LGD P-E function is not 
sampled, which gives the conventional P-E hysteresis curve (i.e. following the dashed 
lines in Fig 1.16(c)). 

 

 

 

 

 

 

 

 

 

 

While LGD theory can qualitatively predict ferroelectric hysteresis, the predicted value 
for the coercive field (i.e. the applied electric field necessary to switch the polarisation 
direction from positive to negative or vice versa) is too large by a significant amount; 
this is known as the Landauer Paradox, and arises because polarisation switching in 
ferroelectrics actually occurs due to the nucleation and growth of domains, which LGD 
theory does not account for. This process is further explained in the following section. 

 

Fig 1.16(a): The plot of the free energy G as a function of polarisation P; (b) Plotting the 
gradient of the free energy as a function of polarisation in the absence of an applied 
field is equivalent to the applied field when one is present; (c) If the E(P) function is 
replotted as P(E), then classical hysteresis can be rationalised. 

a 

b 

c 
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1.2.4 Ferroelectric Domains 

The onset of spontaneous polarisation as a ferroelectric is cooled through the phase 
transition temperature leads to an accumulation of charge at the surface of the crystal. 
This surface charge generates a depolarising field inside the ferroelectric which acts 
opposite to the polarisation due to the spontaneous alignment of dipoles within the 
material. The depolarising field can reach very high magnitudes, and therefore a large-
scale, uniformly polarised ferroelectric crystal is energetically unfavourable. As in the 
case of ferromagnets (with the analogous demagnetisation field), the electrostatic energy 
associated with the depolarising field WE may be minimised by the formation of domains 
in the ferroelectric, i.e. the splitting of the ferroelectric into smaller regions of oppositely 
oriented polarisation. Unlike ferromagnets, the depolarising field may also be 
compensated by electrical conduction through the crystal, though in an insulating 
crystal in an insulating environment (e.g. air) this occurs on long timescales during 
which the electrostatic energy can be very high, hence the formation of domains is 
usually favourable as well (alternatively, the ferroelectric can be connected as part of a 
circuit and thus conduction may be a viable way to reduce the depolarising field, though 
we will not discuss this here) [28]. 
 The regions separating domains are known as domain walls, which have an 
associated energy WW. The final domain configuration will be a result of the 
minimisation of these two energy terms in a free energy expansion, as well as other 
considerations such as crystal symmetry, defect structure, and sample geometry among 
many others. The most common type of domain wall observed in ferroelectrics is the 
Ising-type wall (Fig 1.17); there is no rotation of the electric dipoles, and instead the 
magnitude of the dipole decreases to zero at the wall. This type of domain wall cannot 
exist in magnetics, which instead must have the magnetisation rotate through the wall 

so that the divergence of the magnetic field across the wall is zero, i.e. ∇ ∙ 𝑩 = 0. This 
gives rise to Néel- and Bloch-type walls in magnetic materials rather than Ising-type. 
However, recent studies show the existence of ferroelectric domain walls with Néel- or 
Bloch-type character, where rotation of the polarisation vector occurs alongside a 
reduction in magnitude. These studies will be discussed below. 
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For a multidomain state as in Fig 1.18, the electrostatic energy as a function of the crystal 
dimensions and the resulting equilibrium domain width has been evaluated as: 
 

𝑊A =
𝜀∗𝑑𝑃=(𝑉

𝑡
 

 

where 𝜀∗ is a constant depending on the dielectric constants of the ferroelectric, d is the 
domain width, P0 is the value of the polarisation at the centre of the domain, V is the 
volume of the crystal, and t is the thickness of the crystal [29]. The domain wall energy 
for this multidomain structure is given by 
 

𝑊Q = -
𝜎
𝑑
.𝑉 

 

where 𝜎 is the energy per unit area of the domain wall. Minimising the total energy, WE 
+ WW gives a value for the domain width in equilibrium: 
 

𝑑 = ��
𝜎𝑡
𝜀∗𝑃=(

� 

 
which is known as Kittel’s law [30]. Domains wider than d are suppressed by the 
depolarising field, and narrower domains are suppressed by the wall energy. The 
domain width is also seen to vary quadratically with the thickness of the crystal, and 
when the crystal becomes thin enough that the domain thickness approaches the 
thickness of the domain walls, domain formation can no longer minimise the 
depolarising field and ferroelectricity may vanish. However, this is not always the case; 
recent studies of ferroelectric thin films will be discussed below.  

(1.52) 

(1.53) 

(1.54) 

Fig 1.17: Ising-type domain wall between two oppositely oriented domains 
showing the lack of polarisation rotation and instead that the magnitude of 
polarisation decreases to zero at the wall. Source: [9] 
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A typical example of ferroelectric crystals is the perovskite family. The standard 
perovskite crystal structure has the general formula ABO3, with A being a cation with 
valences from +1 to +3 and B being a cation with valences +3 to +6. The paraelectric 
phase is generally cubic, with A atoms at the cube corners, B atoms at the body centres, 
and oxygen atoms at face centres (Fig 1.19). The ferroelectric transition at TC causes 
perovskites to adopt a tetragonal structure, with polarisation developing along the c-axis 
of the tetragonal unit cell. This causes the unit cell to be spontaneously strained with 

𝑎3 ≤ 𝑎B ≤ 𝑐3, where the subscript T denotes the tetragonal phase and C denotes the 
cubic phase, and a and c are the lattice constants for the a and c axes, respectively. The 
distortion of the crystal can be described in terms of the shifts of the B and O atoms 
relative to the A atoms – in this way the perovskite structure can also be considered in 
terms of BO6 octahedra surrounded by the A atoms.  

Fig 1.18: Multidomain state of a ferroelectric with oppositely 
oriented domains. Source: [29] 
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Lead titanate PbTiO3 (PTO) is a textbook perovskite crystal, undergoing a cubic-to-

tetragonal first-order transition at TC~493°C. The tetragonal phase of PTO has a 
particularly large c/a ratio (i.e., the ratio of the lattice parameters of the a- and c-axes) of 
~1.07, which leads to large values of polarisation. Spontaneous polarisation may develop 
along any of the six equivalent aC axes (i.e. the three orthogonal directions which the 
long c-axis can take, including positive and negative directions) when PTO is cooled 
from the paraelectric to the ferroelectric phase, with equal probability. The transition 
introduces electrostatic energy due to the depolarising field and elastic energy due to 
strain present in the crystal. To alleviate these energies, PTO may develop two types of 

domain: 180° domains (with antiparallel polarisations) and 90° domains (with 

perpendicular polarisations). While both 180° and 90° domains may reduce the 

depolarising field, only the 90° domains reduce the strain of the crystal. Due to their 

close relationship with the structure of the crystal, 90° domain walls in PTO must exist 

in the {100} crystallographic planes of the tetragonal lattice. The 180° domain walls are 
generally not as constrained to certain crystallographic planes. In virgin crystals of PTO 

(i.e. with no history of being subject to large electric fields), a complex pattern of 180° 

and 90° domains is commonly found due to the combination of electric and elastic 
boundary conditions.  

Fig 1.19: The perovskite structure ABO3, with A atoms at the cube corners (green), B atoms 
at the body centres (blue) and oxygen atoms at the face centres (red). The cubic to tetragonal 
phase transition which occurs on cooling through the ferroelectric transition temperature 
results in a distortion of the unit cell so that the c-axis is longer than the other two axes. As 
the other two axes remain equal, they are often termed a1 and a2 rather than a and b.  It is 
this distortion of the lattice which leads to the permanent dipole moment and hence the 
spontaneous polarisation inherent to ferroelectricity. Source: [31] 
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1.2.5 Complex ferroelectric ordering: vortices and skyrmions 

When the dimensions of a ferroelectric are constrained along one or more directions, the 
interactions which take place are significantly affected. This means that in ferroelectric 
nanostructures such as thin films or nanodots the ordered phases which can be stabilised 
may be profoundly different than in the bulk crystal. Examples of such structures are 
stable polarisation vortices of six domains in ferroelectric nanodots [32] and toroidal 
ferroelectricity in PTO nanoparticles [33]. Such ferroelectric vortex states were also 
predicted to occur in thin films of ferroelectric materials [34] and were later observed in 
PbTiO3/SrTiO3 superlattices on DyScO3 substrates (Fig 1.20); nanometre-scale 
vortex/antivortex arrays were produced within the PTO layers of the superlattice. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These vortices exhibit continuous rotation of the local polarisation vector rather than 
separate domains and domain walls as in typical ferroelectric flux closure structures, 
resulting in a character reminiscent of magnetic vortices (see Section 1.1.7). The 
polarisation texture is stabilised by the competition between three interactions in the 
system; elastic energy resulting from epitaxial strain between the PTO and the DyScO3 
substrate, electrostatic energy within the ferroelectric PTO layers, and gradient energy 
required to rotate the polarisation vector [35]. Following this study, cutting-edge 
research has recently been published during the course of this PhD project in which 
PTO/STO superlattices grown on STO substrates were shown to exhibit polar skyrmion 

Fig 1.20: Polar vortices observed in PTO/STO superlattices; (a) Cross-sectional HRTEM 
image with an overlay of polar displacement vectors (yellow arrows) showing the 
vortex-antivortex pairs present in each PTO layer; (b) Close-up view of a vortex-
antivortex pair; (c) Vector curl of the vortex-antivortex pair in (b), showing the 
alternating rotation directions; (d) Polarisation vectors from phase-field simulations of 
the same PTO/STO superlattice, showing results which correspond with experimental 
findings. Source: [35] 

a 
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bubbles at room temperature which exhibited Néel-type winding at the interfaces 
between PTO and STO layers, changing to Bloch-type winding in the centre (Fig 1.21) 
[36]. 
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Fig 1.21a, b: Plan-view dark-field STEM images of PTO/STO trilayer (a) and superlattice (b) showing 
nanometre-scale round and elongated features, the round features being more prevalent in the 
superlattice. Insets show fast Fourier transforms (FFTs) which show evidence of cubic structure also 
seen in XRD studies. (c-h) Second-principles calculations of the polar skyrmion bubble structure in 
the superlattice: (c) Néel-type winding at the top interface between STO and PTO; (d) Bloch-type 
winding at the central plane in PTO layer; (e) Néel-type winding at the bottom interface. (f-h) show 
the Pontryagin densities corresponding to the windings (c-e), with arrows representing the normalised 
electric dipole moments in the x-y plane. Source: [36] 
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1.3. Topology in Ordered Media 

 

1.3.1 Topology in mathematics 

In mathematics, topology is the study of the geometrical properties and spatial relations 
in a system which are unaffected by continuous deformations. This is best understood 
when considered in the context of ordered media, i.e. a region of space which can be 
described by a function f(r) which assigns an order parameter value to every point in the 
region of space. If the function is constant, the medium is said to be uniform, i.e. the 
value of the order parameter is the same everywhere. In nonuniform media, the order 
parameter may vary continuously throughout the space except at certain points. As 
these points constitute a discontinuous region, they can be considered as topological 
defects.  
 Examples of ordered media include ferroelectrics, ferromagnets, and any other 
system which has an order parameter associated with it. Clearly, topology must play 
some part in these systems.  By considering the order parameter as a general feature, it 
is possible to derive topological structures which exist in ordered media regardless of 
the origin of the order parameter, therefore linking structures such as ferroelectrics and 
ferromagnets in a new and exciting way.  
 An important concept in topology is the order-parameter space. This represents 
the total possible values which the order parameter can take in the region. For example, 
planar spins will have an order parameter consisting of a vector of fixed magnitude 
which is constrained to lie in some plane. The order-parameter space is therefore taken 
to be a circle whose radius is the magnitude of the vector and consists of all the possible 

angles the order parameter can take, which obviously add to 2p. If this argument is 
applied instead to ordinary spins which are not constrained to lie in a plane but may 
point in any direction of 3D space, the order-parameter space becomes the surface of a 
sphere.  
 The concept of a topological defect can be understood by considering a medium 
of planar spins (i.e. confined to the x-y plane, with an order-parameter space consisting 
of a circle) which can be described by some field function s(r). If the function is 
continuous everywhere except at some point P, and the explicit form of s(r) is known at 
all points r further from P than some distance d, then it can be shown that the function 
s(r) is discontinuous at the point P and hence P represents a topological defect.  
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To illustrate this, consider a circle centred on the point P with radius larger than d. The 
form of the field s(r) is known on this circle. It is then possible to measure the total angle 
through which the vector s(r) rotates as it traverses the circle, which must be an integral 

multiple of 2p since the function is continuous. This integer n is known as the winding 
number and takes a positive or negative value depending on the direction in which the 
circle is traversed (anticlockwise is taken as positive, clockwise as negative). Figure 3.1 
shows some field configurations which have different winding numbers.  
 If the circle about P is shrunk continuously down to an infinitesimal circle around 
P, the form of the function is no longer known as it is only defined for radii larger than 
d. However, we know that the function is only discontinuous at P and is continuous 
everywhere else. The winding number of the circle measured outside of the region n can 
only change by integer values and hence is discontinuous – the winding number of the 
circle inside the region d must be the same as outside. If n is non-zero, i.e. the angle 

through which the vector s(r) rotates must be at least 2p regardless of how small the 
radius is, the divergence of the function at this point becomes undefined and hence there 
is a singularity of the function at P.  A non-zero winding number therefore leaves a 
signature on the field at arbitrarily large distances from the singularity, affecting every 
circle around it [37].  
 
  
  
 

 

 

 

 

 

 

 

 

If the winding number is zero, it is still possible to have a singular defect in the medium. 
However, the defect can be removed by continuous deformations in the local 
environment of the defect, with no effect on the medium at large distances. This is the 

Fig 1.22: Point singularities of planar spins in two dimensions 
showing different winding numbers. Source: [37] 
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crucial difference between a topologically stable singularity and a topologically unstable 
one: a topologically stable singularity cannot be removed without changing the order 
parameter at large distances from the defect. It is possible in real materials that other 
considerations such as free energy will determine whether the defect is physically stable 
as well as topologically stable, but it is clear that since a topologically stable defect cannot 
be removed by small fluctuations of the order parameter on a local scale it must have 
some measure of physical stability as well.  
 Another way of defining the winding number is by considering the way in which 
the order parameter varies while traversing the closed loop in an anticlockwise sense 
(Fig 1.23a). As mentioned above, the order-parameter space of a system of planar spins 
is a circle and any possible direction the spin vector may have can be defined by an angle, 
which corresponds to a point on the circular order-parameter space (Fig 1.23b). The 
winding number can then be considered as the number of times sequentially 
encountered poles describe complete anticlockwise rotations. It may be expected that a 
winding with clockwise-rotating order parameter may give a winding number of -1, but 
this is not the case – as can be seen in Fig 1.23(c), both clockwise and anticlockwise order 
parameter rotations give a winding number of +1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.23: Illustration of the winding number as the mapping of angles made by order 
parameter vectors around a closed loop in real space (red dashed ellipse) (a) into order 
parameter space (b) in an anticlockwise direction. Both clockwise and anticlockwise 
vortices generate winding numbers of +1 (c). Source: [38] 
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Any mapping with winding number n can be deformed into any other mapping with 
winding number n, but two mappings with different winding numbers cannot be 
deformed into one another. This is known as homotopy: Two mappings are said to be 
homotopic if they can be deformed into one another. Hence, two structures with the 
same winding number are topologically equivalent, even if their structures are quite 
different. The classic example of this is the topological equivalence of a coffee cup and a 
doughnut – a doughnut can be continuously transformed into a coffee cup by creating a 
dimple and gradually enlarging it into the cup itself, with the doughnut hole becoming 
the handle.  
 Another property of topological structures is that if a contour encloses more than 
one topological defect, the total winding number of the structure will be the sum of the 
winding numbers of the individual defects. Consequently, it is also possible to remove 
a topological defect by introducing its opposite to the vicinity, i.e. the combination of a 
defect with winding number +1 with one of winding number -1 will result in the 
annihilation of the original defect. This has important implications for the combination 
of topological defects in real materials as will be discussed later.  
 

1.3.2 Topology in condensed matter 

Rather than being simply a mathematical concept, there are many examples of 
topological defects in nature, such as in cosmology [39], liquid crystals [40], and 
superfluids [41]. Of particular interest are topological defects in condensed matter, 
which can take the form of domain walls, vortices, bubbles and skyrmions in ferroic 
materials, i.e. regions where the order parameter is not continuous. The physical 
properties and origins of these structures has been described in previous sections, but it 
is interesting to also consider them from a topological perspective. 
  

1.3.2(i) Domain walls 

Domain walls represent a planar topological defect in ferroic systems. The winding 
number of a domain wall will depend on the distribution of the order parameter through 
the wall, as shown in Fig 1.24(a, b). Most domain walls are not topologically stable, with 
half-integer winding numbers, but some special cases of chiral domain wall will have an 
integer winding number [42]. In addition, some domain walls can consist of pairs of 
defects with opposite winding numbers, making the total winding number for the wall 
zero [43] (Fig 1.24(c, d)). 
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1.3.2(ii) Vortices 

A vortex has a net rotation of the order parameter of 2p around the vortex core, which 
may be in-plane (Fig 1.25a) or out-of-plane (Fig 1.25b). The nomenclature used to 
describe vortex-like structures varies between sources; in magnetics, a vortex is a 
structure which has a winding number of ½, as seen for the out-of-plane vortex in Fig 
1.25(b). In this case, the value of ½ comes from the mapping of a 2D object (the vortex) 
into the 3D parameter space of ordinary spins, in which case the vortex will only cover 
half of the surface of a sphere and hence gives a winding number of ½. In ferroelectrics, 
the term ’vortex’ is used to describe topologically stable structures with winding number 
1, usually only existing fully in plane as well but since the order-parameter space is 

Fig 1.24: Schematic drawings of ferromagnetic domain walls with winding number (a) 0 and (b) 1; (c) 
Spin distributions of 2D topological defects with different winding numbers – edge defects half-integer 
winding numbers and so are not topologically stable; (d) Transverse domain walls contain a pair of 
defects with opposite winding numbers, with a net winding number of 0. Source: [44] 

(c) 

(d) 

(a) 

(b) 
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considered 2D, the winding number is unity. It is very important, therefore, that the 
topological character of these structures is defined in each instance rather than relying 
solely on the titles assigned to them. 
 The topological density distribution of such structures is given by the Pontryagin 
density q, which is expressed as 

𝑞 =
1
4𝜋

𝒖 ∙ (𝛿&𝒖 × 𝛿R𝒖) 

 
where u is a three-component unit vector describing the normalised local order 
parameter [45]. The topological density distribution is a useful way to visualise the 
difference between outwardly similar structures. Fig 1.26 shows the topological density 
of a magnetic vortex; the topological density is confined to the core and is zero 
everywhere else, i.e. the distribution is local.  
 

 

 

 

 

 

 

 

Fig 1.26: Topological density of a magnetic vortex; Source: [44] 

Fig 1.25: Schematics of two types of magnetic vortex; (a) in-plane and (b) out-of-plane. Source: [44] 

a b 

(1.55) 
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1.3.2(iii) Bubbles 

A bubble domain, whether in magnetics or ferroelectrics, consists of a small domain with 
some direction of the order parameter embedded in a matrix of the opposite order 
parameter, with a narrow domain wall between them as shown in Fig 1.27.  

 

 

 

 

 

 

Bubble domains can be topologically stable or not depending on the winding within the 
domain wall (see Fig 1.27b). The topological density of a bubble domain is shown in Fig 
1.28; the topological density is zero outside of the domain and within the extended core 
region, with the density confined to the domain wall.  

 

 

 

 

 

 

 

 

 

Fig 1.27: Different types of magnetic bubble, showing the antiparallel exterior and core regions with 
the domain wall separating them. (a) shows a bubble with winding number +1, whereas (b) shows a 
bubble with winding number 0 due to the winding present in the wall. Source: [44] 

Fig 1.28: Topological density of a bubble domain. The distribution shows zero topological density 
outside the domain and within the core; topological density is confined to the wall. Source: [44] 
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1.3.2(iv) Skyrmions 

Skyrmions represent a specific structure that is at first glance very similar to vortices or 
bubbles (Fig 1.29). When considering skyrmions, the phrase ‘skyrmion number’ is often 
used interchangeably with the winding number, but they are very distinct; the skyrmion 
number is in fact given by the product of the winding number and the ‘polarisation’, i.e. 
the direction of the order parameter at the origin (up or down in the skyrmion case). 
However, functionally the skyrmion number and the winding number both give a value 
of +1 for skyrmions and -1 for anti-skyrmions so it’s often not of great concern.  
 The skyrmion number is given by: 

𝑆 =
1
4𝜋

�𝑞𝑑(𝒓	,							𝑞 ≡ 𝑴 ∙ ^
𝛿𝑴
𝛿𝑥

×
𝛿𝑴
𝛿𝑦 _

	 

where q is the topological density (Pontryagin density) and M is the unit vector in the 
direction of local magnetisation – this is simply an expression of Equation (1.55) 
particular to the magnetic case of skyrmions. 

 

 

 

 

 

 

 

 

 

 
The key difference between a skyrmion and other vortex-like structures, such as vortices 
or bubbles, is the distribution of the topological density as seen in Fig 1.30. Unlike both 
vortices and bubbles, the topological density of a skyrmion is non-local, with non-zero 
values in the whole plane, the highest value in the centre and the lowest at the boundary. 
Compare this to the topological distributions in Fig 1.26 and Fig 1.28 and it is clear that 

(1.56) 

a b 

Fig 1.29: The two possible types of skyrmion produced by different windings around the surface 
of a sphere in order-parameter space: (a) the ‘hedgehog’ distribution leading to the Néel-type 
skyrmion and (b) the ‘combed hedgehog’ distribution leading to the Bloch-type skyrmion. Source: 
[44] 
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the skyrmion is a distinct type of object. However, as the winding numbers of objects 
such as skyrmions and bubbles and even some vortices are all +1, these structures are 
all topologically equivalent and hence can be deformed into one another continuously; 
as far as topology is concerned, they behave the same. This means that for applications 
in which topological stability is the key factor, skyrmions, vortices and bubbles will react 
in the same way, and so the difference between them is only of limited importance but 
should still be noted. 
 Clearly, the categorisation of spiralling configurations of the order parameter is 
by no means straightforward; nomenclature can differ between areas and sources. For 
example, the ferroelectric vortices in PTO/STO superlattices described in the previous 
section are named at various points vortices, bubbles or polar skyrmions due to their 
topological features, especially the existence of a non-zero winding number – a 
confusing mixture when compared to magnetics where such terms are used to refer to 
different things. In this case, the topological stability is key; if the object has a winding 
number of +1, it is interesting from a topological perspective. 
 
 

 

 

 

 

 

 

 

 
 
When comparing objects such as magnetic skyrmions and polar skyrmion 

bubbles, there will be some differences due to the fact that the underlying physical 
systems are fundamentally different; however, from a topological perspective the 
similarities win out. Arguments and interactions that can be applied to objects such as 
magnetic skyrmions because of their topological features alone may well be applicable 
to ferroelectric structures with similar topological properties.  

 There are a number of implications of the topological stability of objects 
like skyrmions that have been theorised and demonstrated. The majority of this research 

Fig 1.30: Topological density distribution for a skyrmion. Unlike vortices and 
bubbles, the topological density is non-zero throughout the plane and hence is non-
local. Source: [44] 
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is in magnetic materials, but the topological similarities mean that similar arguments can 
be made in ferroelectric systems as well. For example, magnetic skyrmions are protected 
against creation or annihilation by a topological energy barrier; this refers back to section 
1.3.1 where it was discussed that a topologically stable object cannot be removed by 
small local fluctuations of the order parameter. In this case, it means that skyrmions can 
only be created or removed by applying energy to the system in the form of a locally 
applied magnetic field, or by heating the sample. It is also possible to convert a pair of 
domain walls into a skyrmion by moving them through a constricted pathway into an 
extended area [46]; this is possible due to the property of topological objects mentioned 
above where the total winding number of a combination of objects equals the sum of 
their individual winding numbers (see Fig 1.31). 

 

 

 

 

 

 

 

 

 
Another property of topologically stable objects such as magnetic skyrmions is that 
electrons traveling adiabatically (i.e. slowly) across them will pick up an additional 
phase component, known as the Berry phase. This phase difference will cause 
interference between the different paths which the electrons take around the skyrmion, 
and hence a deflection of the overall electron propagation direction, i.e. a transverse 
current. This is detected as an additional component to the Hall voltage of the system, 
the so-called topological Hall effect (THE) [47]. The THE can be used to identify the 
presence of topologically stable ordering in a magnetic system.  
 Magnetic skyrmions have also proven remarkably insensitive to pinning on 
defects when compared to domain walls, which is promising for their use in applications 
such as magnetic racetrack memory (Fig 1.32); originally devised to use domain walls 

Fig 1.31 The conversion of a pair of domain walls into a skyrmion by passing through a 
constricted area into an extended area by means of an applied spin transfer torque. Source: [46] 
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on a nanotrack [48], moved by spin-polarised currents, as a method of data storage, it 
was later observed that skyrmions may also be good candidates due to their topological 
properties [20]. As well as the lack of pinning at defects, skyrmions are found to have a 
critical current density for movement via spin-transfer torque that is five orders of 
magnitude smaller than domain walls [49]; hence, skyrmions would require less energy 
for use in an application such as racetrack memory.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1.32: Micromagnetic simulations of skyrmions on a nanotrack as could be used in 
skyrmion racetrack memory. Skyrmions are moved along using applied spin-polarised 
current. The values of applied current are shown in MAcm-2, as well as the corresponding 
velocity in ms-1. The positions of the skyrmions are measured at various times, given in ns. 
(a) shows individual skyrmions in perfect tracks, (b) shows stripes with pinning as shown 
by the shaded triangle. (d) shows a chain of skyrmions, which are noted to have the same 
velocity as individual skyrmions. The spacing of the skyrmions may be as little as a 
skyrmion diameter, which allows a large data storage density. The spacing between 
nucleated skyrmions can be maintained, which is useful for patterns of bits as read by a 
computer. Source: [20] 

a 

b 

c 
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Chapter 2: Experimental Methods 
 

This chapter outlines the experimental apparatus and techniques used to produce 
samples and perform characterisation and analysis in this investigation. Key 
instruments used throughout every experiment described here such as the focused ion 
beam (Section 2.1), scanning electron microscopy (Section 2.2), transmission electron 
microscopy (Section 2.3), and scanning probe microscopy (Section 2.6) are described in 
some detail due to their importance to this work. Other techniques such as magnetron 
sputtering (Section 2.4), X-ray diffraction (Section 2.5) are also described, as well as a 
brief description of some magnetic characterisation techniques which provided key 
steps to the sample preparation process (Section 2.7).  

 

2.1 Focused Ion Beam 

The focused ion beam (FIB) is an instrument that is used to prepare thin cross-sectional 
lamellae from bulk samples for a number of purposes, most commonly the analysis of 
the material in the TEM. The FIB has been used extensively in this project to prepare 
lamellae not only for TEM, but also for AFM and PFM analysis. This section gives an 
overview of the FIB instrument as well as the process of sample preparation for further 
analysis utilised in this work. 

 

2.1.1 The focused ion beam instrument 

The system used in this project is the Tescan Lyra 3 Dual-Beam FIB/SEM [1], which 
consists of a focused ion beam system and a scanning electron microscope within the 
same device (the working principles of the SEM are described in Section 2.2). 
 The standard FIB instrument (single- or dual-beam) consists of a vacuum 
system/chamber, a liquid metal ion source (LMIS), the ion/electron beam columns, the 
sample stage, detectors, and gas injection system (GIS). 
 The basic operating principle of the FIB with regards to TEM sample preparation 
is as follows: The sample is placed in the chamber, which is then evacuated. The ion 
beam, which consists of Ga+ ions, is then used to mill out specified patterns from the 
material, with the SEM used for non-destructive imaging. By varying the ion beam 
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energy and current density, a cross-sectional lamella can be cut from the bulk sample 
with thickness less than 100nm, as required for TEM analysis.  

 

2.1.2 The dual-beam FIB/SEM system 

The dual-beam FIB/SEM allows the user to combine the advantages of both the ion beam 
and the electron beam to produce cross-sectional samples for TEM much more easily 
and precisely than a single-beam FIB system – the electron beam can be used to image 
the cross-section while the ion beam is used to mill normal to the sample surface. In this 
way, greater control can be exerted during sample preparation than is possible with a 
single-beam system. 
 The typical configuration of the FIB/SEM system consists of a vertical SEM 

column and a FIB column tilted at an angle to the vertical, in this case 55°. (Fig 2.1) This 
means that, in order for the FIB to mill normal to the surface, the sample stage must be 

tilted to 55° - this gives the advantage that the angled view of the SEM allows imaging 
of the cross-section during the milling process. 
 The FIB and SEM have a coincident point where the beams intersect, allowing 
both beams to interact with the same area of the sample. This is the normal working 
position of the system, with other auxiliary systems such as the gas injection system 
(GIS) also calibrated to work at this position. For the Lyra 3 system, this is set at 9mm 
from the sample surface.  
 While in dual-beam systems the SEM is most often used for imaging, the FIB 
itself can form an image by detecting the secondary electrons produced from the sample, 
using a multi-channel plate or an electron multiplier. However, imaging using the FIB 
has the drawback of milling the sample during imaging, requiring the use of very small 
beam currents only to minimise this effect [2].  
 Ion implantation is also of significant concern in sample preparation using FIB; 
implantation of Ga+ ions can cause a damaged region several tens of nanometres thick 
on the surface of the sample [3]. Steps can be taken to avoid this damage; for example, 
minimising the use of the ion beam to image the sample and instead relying primarily 
on the SEM. Additionally, reducing the beam current for the final thinning stages of 
lamella preparation can reduce beam damage to the final lamella surface. Post-
processing techniques such as thermal annealing and acid wash can also be used to 
repair ion beam damage, as will be discussed later.  
 The Lyra 3 FIB/SEM has two vacuum pumping regions to accommodate the 
atmospheric requirements of separate parts of the device. The ion/electron sources and 
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columns require a vacuum of around 10-8 Torr to prevent contamination of the sources 
and electrical discharges due to high voltages. The sample chamber, which also contains 
the detectors, is able to be used at pressures of 10-6 Torr [4].  

 

 

 

 

 

 

 

 

 

 

2.1.3 Generation of the ion beam 

The LMIS consists of a reservoir of source material (usually Ga) attached to a tungsten 
needle. Gallium is chosen for a number of reasons, such as its low melting point 

(~29.8°C) and its low volatility, which conserves the metal and increases source lifetime. 
The Ga is heated and flows down to the tip of the tungsten needle, which has a diameter 

of approximately 2-5µm. The small diameter of the tungsten needle allows the 
application of an electric field of the order of 1x108 Vcm-1; at these magnitudes of electric 
field, the Ga on the tip surface starts to deform from the shape it originally assumes due 
to surface tension. As the effect of the electric field increases to the point where its effect 
is of a similar magnitude to the surface tension, a cone shape begins to form; this is 
known as a ‘Taylor cone’ [6], the tip of which is around 2-5nm in diameter. When a 
certain threshold voltage is reached, a jet of Ga ions is released with a current density of 
ions of around 108 Acm-2. These ions are then accelerated down the column to the sample 
by a potential difference, which in typical instruments ranges from 5-30kV. The ion 
column contains two lenses: the condenser lens, which forms the beam probe, and the 

Fig 2.1(a): Schematic diagram of the dual-beam FIB/SEM system. The SEM is oriented 
along the vertical axis, with the FIB at an angle to the vertical (55° in the Lyra 3 system). 
The SEM and FIB probes, as well as other features such as the GIS are optimised to 
coincide at an optimum working position of 9mm. (b) The interaction of the ion beam 
with the sample surface when milling. (c) The interaction of the ion beam with the surface 
during deposition of platinum using the gas injection system. The ion beam breaks down 
the deposited precursor adsorbed on the sample surface, leaving behind the Pt to build 
up on the surface. Adapted from [5] 

Sample stage 
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objective, which focuses the ion beam onto the sample surface. A series of apertures with 
different diameters can also be used to alter the probe size and therefore control the 
beam current reaching the sample, which is essential for the different stages of the 
sample preparation process – large beam currents of the order of 12nA can be used for 
bulk milling of samples, while smaller currents of a few pA can be used for final 
thinning. 

 

2.1.4 Depositing material using ion beam-assisted chemical vapour deposition 

FIB systems can also include a gas injection system (GIS) which allows site-specific 
deposition of various materials, such as Pt, W or C, by ion beam-assisted chemical 
vapour deposition of a precursor organometallic gas.  
 The GIS in the Lyra 3 consists of a number of capillary needles that are moved 

into position above the sample at close working distances (~100µm from surface). The 
material to be deposited, usually Pt in the case of lamella preparation, is then introduced 
to the sample chamber by opening the valve for the Pt reservoir. The Pt gas molecules 
are adsorbed onto the surface of the sample, where the region exposed to the ion beam 
is decomposed to leave a residual build-up of Pt on the surface. This process of 
adsorption and decomposition is repeated until a layer of Pt with the desired thickness 
is deposited on the sample surface. In addition, the electron beam can also be used to 
deposit materials by exposing the deposited region to the electron beam as the Pt vapour 
is adsorbed– this is generally performed before the ion beam deposition, in order to 
protect the surface from any potential ion beam damage which could occur during 
deposition; the electron beam does not affect the surface to the same extent as the ion 
beam even at low beam currents. This is especially important if the region of interest is 
close to the sample surface. 

 

2.1.5. Lamella preparation 

There are several steps involved in preparing a thin cross-section, or lamella, from a bulk 
sample, as demonstrated in Fig 2.2. First, a layer of platinum is deposited via electron 
beam and then ion beam on the surface to protect it from the ion beam during the 
subsequent milling process. Trenches are then milled on either side of the platinum bar 

using a relatively high current (5-12nA) to a depth of around 8µm. The lamella is then 
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thinned at a lower current (1-3nA) until a thickness of approximately 1µm is achieved, 
at which point an undercut is made to partly separate the lamella from the trench. 
 At this stage, the next step depends on whether the lamella is to be lifted out of 
the trench in-situ (i.e. while the sample is still inside the vacuum chamber of the FIB) or 
ex-situ (i.e. the sample is removed from the FIB and the lamella is removed manually). 
For in-situ liftout, the next step is to make a small trench to the side of the lamella where 
the tungsten needle will be brought in; the needle is attached to a nanomanipulator 
system that allows very fine movements, enabling the user to precisely position the tip 
at the corner of the lamella and use the GIS system to deposit platinum at the joining 
point, securely welding the lamella to the needle. The lamella is then cut free from the 
trench and the sample is moved away, leaving the lamella attached to the needle. The 
needle is brought to a pre-inserted TEM grid and the lamella is attached using more 
platinum, and the needle is cut away. The lamella can now be thinned using 
progressively lower energies of ion beam until it has achieved electron transparency for 
analysis in the TEM. 
 
 
 

 

 

 

 

 

 

 

 

 

 

b 

d e 

a c 

f

Fig 2.2: The process of preparing a lamella using focused ion beam. Platinum deposition using 
electron beam and ion beam (a) protects the surface during milling. Bulk trenches are milled at 
high current (b) while the lamella is thinned at lower currents (c). For in-situ lift-out, another 
trench is cut at the side to allow the needle to be moved in, and an undercut is made (d). The 
needle is attached to the lamella using ion-beam platinum (e) and removed from the trench to be 
attached to the TEM grid and thinned to electron transparency (f).  
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Ex-situ lift-out is the traditional method of lamella preparation. The lamella is undercut 

at 1µm as in the in-situ case, but no side trench is required. The lamella is thinned using 
progressively smaller beam currents as in the in-situ case, except it remains in the trench 
until electron transparency is achieved. The sides of the lamella are cut to free it from 
the trench, then the sample is removed from the FIB entirely and brought to an optical 
microscope which is set up with a sharp glass needle. The static present on this needle 
can attract the lamella, lifting it from the trench and allowing it to be deposited where 
the user desires, for example a TEM grid or substrate. 
 Regardless of the method used to remove the lamella from the bulk sample, the 
process of gradually reducing beam current as the lamella is thinned is essential to 
ensuring the final lamella surface is as free of ion beam damage as possible. Residual ion 
beam damage can be repaired in a number of ways: 

1. Thermal annealing & acid washing: Ion beam damage leaves an amorphous layer 
at the surface of the lamella and implanted Ga ions, which affect the chemical 
properties and crystal structure of the material [7]. Thermal annealing of the 
lamella in an atmospheric furnace above a certain recrystallisation temperature 
causes the crystal structure to regenerate and pushes the implanted Ga to the 
surface, where it forms bubbles [8]. Hydrochloric acid can be used to remove this 
Ga from the surface, after which the lamella is washed using acetone, 
isopropanol and deionised water to remove the acid. The resulting lamella 
surface is significantly improved; this is especially important for lamella 
designed for probe microscopy, where the surface quality must be as good as 
possible (see Chapter 5). 

2. If the lamella has been attached to a TEM grid, it can be inserted into a plasma 
cleaner which removes residual hydrocarbons from the surface. This is especially 
important for high-resolution TEM, where lamellae must be as defect-free as 
possible to allow atomic-scale resolution. 

The preparation method outlined above produces cross-sectional lamellae from the bulk 
sample, which is the standard when using the focused ion beam. However, in some cases 
it is necessary to prepare a ‘plan-view’ sample, i.e. to cut the lamella in the plane of the 
sample; for example, when the surface layer is of interest as in a thin film deposited on 
a substrate (see Chapter 3). To prepare plan-view samples in the FIB requires careful 
sample positioning; rather than placed flat on a sample stub, the sample must be stood 
on its end so that the side is pointing vertically upwards towards the SEM column, with 
the face of interest (i.e. the thin film face) pointing towards the ion column. A platinum 
bar is deposited on this top side, and a trench is milled into the side of the sample to 
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leave a micron-thick lamella which consists of the thin film layer as well as some amount 
of substrate. This lamella can be transferred to a TEM grid using the in-situ method 
outlined above and then thinned down using progressively lower beam currents until a 
<100nm thick lamella consisting solely of the thin film layer is produced [9] (Fig 2.3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2.3: The process of preparing a plan-view lamella using focused ion beam. The region 
of interest in the sample is the surface layer; to create a plan-view lamella, the sample is 
stood on its end so that the top edge faces the SEM column and the side of interest faces 
the FIB column. Pt is deposited on the top surface (a) and a trench is cut into the side 
surface (b) to create a lamella containing the surface plane required (c). The lamella is 
thinned to 1µm and cut partially free from the trench (d) and the in-situ liftout procedure 
is used to remove it from the trench and attach it to a TEM grid for further thinning. 

a b 

c d 

D 
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2.2 Scanning Electron Microscope 

 

2.2.1 Resolution in optical and electron microscopes 

The resolution limit of a microscope is the smallest distance between two objects where 
they can still be distinguished as separate, distinct structures. According to Abbé’s 

equation [10], this minimum distance, 𝑑, is given by 

d=
0.612λ
nsinα 	 

where 𝜆 is the wavelength of the illuminating radiation, 𝑛 is the refractive index of the 

medium between the lens and the illumination source, and 𝛼 is half of the aperture angle 

(𝑛𝑠𝑖𝑛𝛼 is also called the numerical aperture NA). Essentially, this means that the 
resolution of the microscope is limited by the wavelength of the radiation used to image 
the sample. In standard optical microscopes, the best resolution [11] which can be 
achieved is around 200nm, which in terms of nanostructured media is relatively large – 
to image the fine structure of materials, better resolution is required. 
 Electron microscopes overcome this issue by using electrons as the illuminating 
radiation rather than photons. Electrons have much smaller wavelengths than visible 
light (around a thousand times smaller), so the maximum resolution is correspondingly 
increased [12]. Using a series of electromagnetic lenses, an electron beam can be focused 
into a fine probe on the surface of the sample, and subsequently forms an image of the 
surface in incredible detail. 

 

2.2.2 Electron beam/sample interactions 

The interactions of the electron beam with the sample material can be divided into two 
categories: 

• Elastic interactions are characterised by a negligible change in electron energy 
during collision with the sample. They result from the scattering of the electron 
beam by nuclei or outer-shell electrons in the sample, usually through a wide 

scattering angle. If the electron is scattered by an angle greater than 90° it is 
known as a back-scattered electron 

 (2.1) 
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• Inelastic interactions are characterised by the transfer of a significant amount of 
energy to the sample during collision. This energy transfer leads to the 
generation of low energy (<50eV) secondary electrons from the sample, as well 
as characteristic X-rays, Auger electrons and cathodoluminescence. 

The various species produced during electron-sample interactions are emitted from 
different penetration depths in the sample, as demonstrated in Fig 2.3. The size and 
shape of the penetration region is generally determined by the electron beam energy and 
the atomic number of the sample material; a higher beam energy increases penetration 
depth as the electron is able to penetrate further into the surface before scattering, while 
increasing atomic number decreases the penetration depth as there are more particles to 
scatter the incident electrons. 
 The signals produced during beam-sample interaction can be detected and 
analysed to form images of the sample surface and perform crystallographic and 
chemical characterisation. Secondary electrons are emitted when the electron beam 
causes the ionisation of atoms in the sample, releasing loosely bound, low-energy 
electrons. They are produced from a region only a few nanometres within the sample 
surface and are therefore a good source of topographical information with good 
resolution (~10nm). Backscattered electrons are produced in elastic collisions between 
the electron beam and the sample, causing the incident electrons to be scattered at a large 
angle and retain a large proportion of their energy. Their higher energy prevents them 
being absorbed as readily by the sample, and therefore they are produced from a deeper 
region of the sample than secondary electrons. While the topographical resolution of the 

 

 

 

 

 

 

 
 
 
 

Fig 2.3: Illustration of several signals generated by the interaction of the 
electron beam with the sample material. Each signal is generated by a particular 
region within the sample surface. Source: [13] 
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back-scattered electron signal is less than that of secondary electrons (~10µm), they are 
also able to give elemental contrast; elements with higher atomic numbers will have 
more positive charges in their nuclei, causing more back-scattering of incident electrons 
and hence a higher back scattered electron signal.  
 In addition to electron signals, characteristic X-rays are also produced when the 
electron beam interacts with the sample. The incident electrons can displace inner-shell 
electrons from the atoms in the sample, causing outer-shell electrons to drop down to 
the lower energy level and emit x-ray photons. The energy of these x-rays is 
characteristic of the element which produced them, and hence can be used to identify 
the presence and quantity of the element in the sample. This is the basis for the analysis 
technique known as energy dispersive x-ray spectroscopy (EDX), which is discussed in 
Section 2.2.5. 

2.2.3 Configuration of the scanning electron microscope 

The basic setup of the scanning electron microscope is shown in Fig 2.4. An electron gun 
at the top of the column produces electrons and accelerates them using an applied 
voltage, usually around 5-30kV. A series of electromagnetic lenses focus the beam to 
form a small probe at the sample surface. The products of the beam-sample interaction 
are analysed using detectors and scanning coils. The electron gun, column and sample 
chamber must be kept under high vacuum to ensure the electron beam is not scattered 
by air molecules and to prevent contamination.  

 

2.2.3(i) Electron Guns 

The original SEM systems used thermionic emission guns made of tungsten or LaB6 
cathodes, which depend on high temperatures to ionise the metal and hence emit 
electrons. This led to short source lifetimes and relatively low brightness, with a large 
spread in the energy of the electron beam. These limitations were overcome by the 
introduction of field emission guns (FEGs). 
 FEGs consist of a tungsten wire with a sharp tip, to which a strong electric field 
is applied. The electrons are drawn from the sharp tip towards the anodes and then 
accelerated down the column. The type of electron gun present in the Lyra 3 FIB/SEM 
dual-beam system is a Schottky Emission (SE) source, which enhances the emission of 
electrons by operating at elevated temperatures to reduce the work function of the tip. 
This also reduces contamination of the tip due to absorbed gases. 
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2.2.3(ii) Electromagnetic lenses, apertures and beam parameters 

While optical microscopes use glass lenses to focus the beam of light, electron 
microscopes use electromagnets to focus the electron beam. An electromagnetic lens 
consists of two iron pole pieces with a hole in the middle through which the electron 
beam is transmitted. A copper coil is wound around the pole pieces, thus providing a 
magnetic field when a current is applied. The magnetic field alters the trajectories of the 
electrons in a manner controllable by varying the lens current. The SEM uses several 
condenser lenses and an objective lens to demagnify the electron beam and hence form 
a small probe on the surface of the sample. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
When the electron beam is emitted from the source it diverges, and the first condenser 
lens is used to converge the beam until it is relatively parallel. The second condenser 
lens can also provide more control of the electron beam. The electron beam diverges 
again after the condenser lenses, and so the final focusing is achieved by the objective 
lens to produce a small probe on the sample surface. A series of apertures within the 

Fig 2.4: Illustration of a scanning electron microscope, showing key components such as the 
electron gun, lens system, and detectors. Source: [14] 
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electron column are also used to exclude scattered electrons and adjust the beam shape. 
Defects in the lenses and contamination of the column can lead to astigmatism, which 
causes the beam profile to be elliptical rather than circular. A series of coils surrounding 
the beam, known as a stigmator, can be used to correct this and increase the resolution 
of the image. 

 

2.2.4 Image formation in the SEM 

To form an image, the electron beam probe spot is scanned across the surface of the 
sample using scanning coils, which deflect the electron beam to move it along the 
surface. The signals generated when the electron beam interacts with the sample, such 
as secondary electrons, backscattered electrons, and characteristic X-rays, can be 
collected and analysed using specialised detectors, giving a variety of information on 
the sample.  
 Secondary electron images give good topographical information due to their 
origins in regions close to the sample surface, and are the main image-formation signal 
used in SEM. They are detected using an Everhart-Thornley detector [15], which consists 
of a scintillator to convert the incident electron signal into light, a light pipe to transmit 
the light, and a photomultiplier tube to convert the light signal back to an electron signal. 
In this way, the detector can make use of the benefits of a photomultiplier with a high 
amplification factor and a logarithmic response, which gives it a large signal intensity 
processing range. A bias is applied to the detector to attract the secondary electrons, with 
a Faraday cage placed over the front of the detector to prevent beam deflection at low 
beam energies.  

 

2.2.5 Energy-Dispersive X-ray Spectroscopy (EDX) 

In addition to electrons, characteristic X-rays are also produced in beam-sample 
interactions and can also be used to determine the elemental composition of the sample 
material. While back-scattered electrons can give qualitative information about 
elemental differences in the materials, characteristic x-rays can give quantitative data on 
the abundance of different elements in the sample. This technique is known as energy-
dispersive X-ray spectroscopy (EDX). Traditional EDX systems use Si(Li) detectors, with 
more modern systems employing silicon drift detectors due to their higher count rates, 
improved resolution, and faster analysis [16]. The detector is placed very close to the 
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sample and measures the energy of the incoming X-ray photons, which is characteristic 
of the element that produced them. A spectrum is produced with peaks corresponding 
to the elements present and can also be used to determine the atomic percentage of each 
element (See Chapter 3). 

 

 

2.3 Transmission Electron Microscopy 

 

2.3.1. The Transmission Electron Microscope 

The transmission electron microscope (TEM) shares a number of characteristics with the 
SEM, but with notable exceptions; most importantly, while the SEM uses the electron 
beam to interact with the surface of a bulk sample, the TEM accelerates electrons through 
a thin sample to obtain information and form images.  
 The design of the TEM is shown in Fig 2.5. Similar to the SEM, the TEM consists 
of an electron gun, a series of electromagnetic lenses, a sample stage and a vacuum 
system; however, the layout of these components is quite different.  

 

2.3.1(i) Electron guns in TEM 

The electron guns used in most TEMs are similar to those used in SEM, with the 
difference that the electrons are accelerated to a much higher energy; a standard TEM 
accelerates electrons at 200kV, while standard SEM acceleration voltages are between 5-
30kV. This higher energy is required to transmit electrons through the sample. The TEM 
used in this investigation, the FEI Talos, uses a Schottky field emission gun (see Section 
2.2). 

2.3.1(ii) Lenses and apertures 

As the electron beam is accelerated down the column, it is focused by a series of 
electromagnetic lenses. The first of these are the two condenser lenses, C1 and C2, which 
provide the first focusing of the electron beam. The C2 lens also contains the C2 aperture, 
whose diameter can be changed to limit the angles by which incident electrons can  
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deviate from the optic axis and still pass through. A larger C2 aperture diameter allows 
more electrons through and hence provides a higher intensity TEM image. The 
condenser lens system also contains a stigmator to correct astigmatism of the C1 and C2 
lenses, which can reduce the maximum intensity of the final image. 
 In most TEM designs, the sample is inserted into the middle of the column, with 
the condenser lenses above and the imaging lenses below. The objective lens is the first 
of the imaging lenses in the TEM. In fact, the sample most often sits inside the magnetic 
field of the objective lens. To preserve the high vacuum of the column, the sample is 
inserted via an airlock chamber, which is brought to vacuum before being opened to 
allow the sample entry into the column itself. 
 The objective lens also contains the objective aperture, which can be inserted into 
the back focal plane of the lens. This is where the diffraction pattern is first produced 
from the sample. By varying the diameter of the objective aperture, electrons which are 

Image recording system

Fluorescent screen

Binoculars

Intermediate aperture
Diffraction lens

Intermediate lens

Projector lenses

Specimen port

Condensor aperture

Objective aperture

Objective lens

Electron gun

Fig 2.5: Schematic diagram of the transmission electron microscope (TEM). Electrons 
are generated in the electron gun and accelerated through the column under vacuum, 
through the condenser and objective lenses to the sample. The beam passes through 
the sample and on to the intermediate lenses and finally the projector lens, which 
generates an image of the sample on the screen. Source: [17] 
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scattered over various angles by the sample can be blocked, giving scattering contrast in 
the final image.  
 The objective lens has its own associated aberrations which can affect the final 
resolution of the image. A modern 200kV TEM can achieve resolution better than 0.2nm 
[18], allowing atomic resolution to be achieved in the right conditions. However, without 
aberrations this could be improved significantly. Recent developments in aberration-
correction allow resolution down to <100pm [19]. In addition, objective astigmatism can 
also affect final image resolution, so an objective stigmator is used to correct this. 
 Between the objective and projector lenses, there are a series of intermediate 
lenses which serve two important functions. The first is to change the magnification of 
the image over a large range by varying the focal length of the lens. The second is to 
allow the TEM to be operated in diffraction mode, as described below.  
 The projector lens is used to produce the final image or diffraction pattern at the 
TEM screen. Modern TEMs also use charge-coupled diode (CCD) cameras to record the 
images, which provide electrical signals in proportion to the local intensity level at the 
CCD which is converted to an image. The sensitivity of these devices mean they are 
easily damaged by the high energy electron beam, so they are protected by a screen. 

 

 

2.3.2. Imaging Modes in TEM 

2.3.2(i) Diffraction mode 

A diffraction pattern can be produced from a sample by reducing the current to the 
intermediate lens so that the electron beam is focused at the back focal plane of the 
objective lens rather than the image plane, as shown in Fig 2.6. It is often desirable to 
obtain a diffraction pattern from only a small part of the sample; to facilitate this, a 
selected area aperture can be inserted into the image plane of the objective lens to limit 
the region of the specimen from which the diffraction pattern is recorded. 
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2.3.2(ii) Bright and dark field TEM 

The fundamental imaging modes used in TEM are bright- and dark-field. When a 
selected area diffraction pattern is projected onto the viewing screen, it will consist of a 
bright central spot (the direct, un-scattered beam) and a number of diffraction spots or 
rings, attributed to scattered electrons. The selected area aperture can be moved so that 
only the direct beam is allowed through to form an image – this is known as bright-field 
imaging. If, instead, the selected area aperture is positioned at a diffraction spot or part 
of a diffracted ring, the image will be formed only of electrons scattered at that angle. 
This is known as dark-field imaging. 

Fig 2.3.2: Lens configuration for imaging mode and diffraction mode in the TEM. The strength of 
the intermediate lens determines whether the electron beam is focused at the image plane of 
(imaging mode) or the back focal plane (diffraction mode) of the objective lens. This leads to 
either an image of the sample or a diffraction pattern being produced on the screen. Source: [20] 
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2.3.2(iii) High Resolution TEM (HRTEM) 

Through careful sample preparation and microscope alignment, it is possible to achieve 
better than atomic-scale resolution in the TEM – this is known as high-resolution TEM. 
Samples prepared using FIB must be considerably thinner than is required for standard 
TEM (as low as 10nm thickness), and considerable care must be taken to minimise ion 
beam damage and hydrocarbon contamination of the lamella surface. Precise alignment 
of the microscope lenses and apertures allows the resolution of atomic columns. Some 
modern microscopes, such as the Titan at University of Limerick utilised in part of this 
investigation, also contain aberration correction systems which increase resolution even 
further, allowing the imaging of atomic shifts, for example in the development of 
polarisation [21]. 

 

 

 

 

Fig 2.7: Bright field (a) and dark field (b) images of a plan-view TEM lamella of a 
polycrystalline CoxZnyMnz film such as those investigated in Chapters 3 and 4 of this 
thesis. The bright field image comes from the direct electron beam through the sample, 
while the dark field image is formed from scattered electrons; in this case, the bright 
regions of the sample correspond to those from one particular spot in the diffraction 
pattern. 

a b 
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2.3.2(iv) STEM  

While TEM imaging modes involve the selection of a portion of the electrons emerging 
from the specimen and project their distribution onto the screen, scanning TEM (TEM) 
works by scanning the electron beam across the sample by adjusting the scan coils, with 
the electron detector converting the electron signal coming from the sample to an image 
on the screen. This is the same principle used in the SEM, the difference being that in the 
case of STEM, the electrons are transmitted through the sample as they are scanned 
rather than being scattered from the surface.  
 Similar to TEM mode, STEM can be used to obtain bright- or dark-field images 
by only selecting either the direct or scattered beams to form the image, as seen in Fig 
2.7. In STEM, an electron detector is used in the same way as the selected area aperture 
in TEM, collecting a signal from only the desired electrons. Due to the layout of the 
objective lens and apertures, the microscope must be operated in diffraction mode to 
obtain a STEM image to prevent interference with these components. The bright field 
detector at the centre is surrounded by a series of annular dark field detectors which 
detect scattered electrons. In particular, one of these annular detectors picks up electrons 
scattered at high angles via Rutherford scattering and hence provides Z-contrast -this is 
known as high-angle annular dark field (HAADF) imaging. This is especially useful for 
chemical analysis of samples using techniques such as EDX. 
 Notably, STEM images are not magnified in the same way as TEM images, i.e. 
using the lens systems. Instead, the magnification is controlled by the dimensions of the 
scan on the specimen – for example, a 10mmx10mm area scanned on a sample will be 
magnified 10x if it is displayed on a screen with an area of 100mmx100mm. By scanning 
successively smaller areas of the sample, high magnifications can be achieved. 
Importantly, as the magnification of the STEM image is not dependent on the lenses, 
they are not affected by imaging lens aberrations. However, aberrations in the beam 
probe are still significant, and STEM resolution can be improved using aberration 
correction to the illumination system [22]. 
 
 
2.3.2(v) Lorentz-mode TEM 

Electrons in the TEM column experience a Lorentz force as they pass through the 

magnetic fields of the lenses, proportional to v´B, where v is the electron velocity and B 
is the magnetic field. The Lorentz force deflects the electron beam from the optic axis. 
 If a sample contains magnetic domains, they will deflect the electron beam in the 
same way. This phenomenon can be used to image the magnetic textures in samples, in 
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a mode known as Lorentz Transmission Electron Microscopy. In order to perform 
Lorentz TEM, the field strength of the objective lens must be decreased to prevent the 
domination of the sample’s internal field. Consequently, either the intermediate lens or 
a special Lorentz lens must be used to focus the image [22].  
 Lorentz TEM can be used to form two types of image: 
 
1. Foucault images (Fig 2.8b): If the electron beam illuminates several domains within 

a sample, the beam will be deflected by different domains in different directions. 
This leads to splitting of the diffraction spots, with the direction of the splitting being 
perpendicular to the direction of the Lorentz force. Using the split direct beam spots 
will give a bright field image in which domains which have bent electrons to that 
spot will appear bright, and other domains will appear dark. 

2. Fresnel images (Fig 2.8c): Under- or over-focusing the electron beam gives images 
in which domain walls will appear either bright or dark, depending on whether the 
electrons passing through the domains are deflected towards or away from each 
other. Contrast reverses when moving through the focus condition.  

 
Lorentz TEM is useful in characterising the magnetic texture of a sample, from simple 
domain walls to complicated magnetic objects such as skyrmions. In this investigation, 
Lorentz TEM was performed at University of Glasgow to determine the magnetic 
properties of various samples, as will be discussed in Chapter 4. 

 

 

 

 

 

 

 

 

 

Fig 2.8: Schematic of ray diagram showing the paths followed by electrons passing through 
a thin magnetic specimen with 180° domain walls when the sample is in focus (a) or as 
observed in Fresnel (b) or Foucault (c) imaging modes. Source: [23] 

a b c 
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2.4 Physical Vapour Deposition: Magnetron Sputtering 

Physical Vapour Deposition (PVD) refers to several methods in which material is 
removed from a source target using mechanical, electromechanical or thermodynamic 
processes, known as sputtering, and subsequently deposited on a substrate to form a 
thin film [24]. Techniques which use high-energy ions to remove the material from the 
target include diode sputtering, ion beam sputtering, and magnetron sputtering.  
 Magnetron sputtering was used extensively in this investigation to prepare thin 
film samples. The basic principles of this technique are outlined below. 

 

2.4.1. Magnetron Sputtering 

The process of sputtering to obtain a useful thin film requires several criteria to be met. 
Ions are directed towards the surface of a target material and must have sufficient energy 
to eject atoms from the target – the ejected atoms must then have enough energy to reach 
the substrate. It is therefore essential that sputtering take place in a vacuum 
environment, to maximise the mean free path of the sputtered atoms.  
 To generate the high-energy ions required, a voltage is applied to a cathode, 
which releases electrons to be accelerated towards the positive electrode. With sufficient 
energy, these electrons ionise the surrounding gas molecules (usually argon), producing 
a plasma. The obvious issue is that, while vacuum is required for the sputtered material 
to reach the target, a quantity of gas molecules must remain to generate the plasma [25]. 
To ameliorate this issue, the magnetron is used (Fig 2.9). 
 The magnetron applies a specially shaped magnetic field to the surface of the 
cathode to create an electron trap in the shape of a closed loop. They are therefore much 
more likely to encounter a gas atom and ionise it, hence increasing ionisation efficiency. 
The plasma is localised and concentrated at the target, reducing the volume of gas 
required for plasma sustainability and hence improving the quality of the vacuum.  
 Several steps can be taken to improve the quality of the film produced. The 
substrate can be heated using a built-in heating system, which promotes diffusion of 
atoms across the surface of the substrate. The substrate is also rotated throughout the 
deposition to ensure an even coating. The power applied to the magnetron and the time 
allowed for the deposition can be carefully tailored to produce films of specific chemical 
composition and thickness, which is essential for applications which have very strict 
tolerances on these factors.  
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2.4.2 Epitaxial film growth 

Epitaxy refers to the nucleation and growth of a crystalline phase in a structure-
dependent manner onto another crystalline phase; it is a particular form of thin film 
growth which utilises the structural properties of the substrate to determine the 
structure of the film. Atoms or molecules ionised from the target impact the substrate 
and become loosely bound. Atomic ordering processes then lead to the creation of the 
initial atomic or molecular monolayer and are dependent on the structure and chemical 
activity of the substrate surface. As more atoms/molecules impact the surface, the film 
grows in one of several modes which are dependent on the materials involved, the lattice 
mismatch between the substrate and the film, growth temperature, adhesion energy, 
and the flux of atoms available to the growing film [26]. While this is the case for any 
film grown via sputtering, epitaxial growth is differentiated by the key influence of the 
substrate on the initial film growth; misfits, defects, and thermal stresses present at the 
film-substrate interface affect the subsequent film growth process. Fig 2.10 shows the 
stages of growth of an epitaxial film. 

Fig 2.9. Schematic diagram of the magnetron sputter system. Electrons are accelerated to 
sufficient energies by the magnetron source to ionise the surrounding argon gas. The 
electrons and argon ions are trapped at the target surface by closed magnetic field loops. 
Argon ions impact the surface of the target and eject atoms from its surface, which are 
subsequently accelerated towards the substrate to form a film. A water-cooling system is 
generally employed due to significant heat build-up from the plasma. 
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2.5 X-Ray Diffractometry 

X-Ray Diffractometry (XRD) is one of several methods of structural characterisation of 
materials utilised in this investigation. In this section, the basic principles of X-ray 
interactions with samples, the XRD device and the techniques it can perform, and the 
interpretation of diffraction patterns are outlined. 

 

2.5.1 Interaction of x-rays with materials 

From classic studies in optics, it is known that light waves incident on a periodic 
structure (such as a diffraction grating) produce diffraction effects if the periodic length 
is comparable to the wavelength of the incident light. If we consider the atoms in a 

crystal to be periodic spacings (0.15-0.4nm), by using X-rays (l=0.01-10nm) the 

Fig 2.10: The process of epitaxial film growth. (a)Initially, the atoms/molecules from the target 
material form a metastable phase A (e.g. vapor) at the surface of the substrate B; (b) The film 
starts to nucleate, forming the first monolayer by lateral movement of atoms/molecules via 
surface migration; initially, this consists of a transition layer between the target 
atoms/molecules and the substrate; (c) Film growth progresses, forming an epilayer at the 
substrate interface;  (d) Atoms/molecules continue to impact the growing film. As thickness 
increases, the growth mode moves from heteroepitaxial (i.e., driven by the different chemical 
and structural properties of the growing film and the substrate material) to a homoepitaxial 
mode (i.e. driven by interactions with the already-formed epilayers of film material). Adapted 
from [26] 

a b 

c d 
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diffraction effects resulting from x-ray scattering from atoms can be analysed to give 
information about the structure of the crystal. 
 When X-rays are incident on a material, they may scatter elastically in a process 
known as Thomson scattering; the incident x-rays cause electrons in the target material 
to oscillate at the incident x-ray frequency and the x-rays lose no energy in the scattering 
process. When the x-ray beam is incident on a crystalline material, it is scattered in all 
directions; however, in most directions the x-rays destructively interfere and cancel each 
other out. In some directions, the x-rays will constructively interfere and reinforce each 
other, producing a pattern of intensity peaks. This is described in the Bragg equation: 

2𝑑sin𝜃 = 𝑛𝜆 

where n is an integer, 𝜆 is the wavelength of the incident x-rays, d is the spacing between 

atomic planes in the crystal and 𝜃 is the incident angle of the x-ray beam.  
 For constructive interference to occur and hence for a reflection to be observed, 
the magnitude of the phase shift must be an integer multiple of the incident wavelength, 
and hence the Bragg condition is fulfilled. This is a very useful result, as the Bragg 
condition is applicable to any lattice structure [27].  
 By observing the angles at which reflections occur from a crystal, it is possible to 
determine the inter-planar spacing and hence comparison can be made between, for 
example, X-ray diffraction patterns and electron diffraction patterns – the distances 
between spots in an electron diffraction pattern are given by the inter-planar distances 
between the planes concerned. These complementary techniques can therefore be used 
to determine the crystal structure of the material under consideration, as demonstrated 
in Chapter 3. 

 

2.5.2 The X-Ray Diffractometer 

The key components of the X-Ray diffractometer, for the purposes of obtaining 
diffraction patterns, are shown schematically in Fig 2.11. While there are a few possible 
configurations available, the figure shows a simplified representation of the XRD setup 
used in this investigation (Bruker D8 Discover). The sample is positioned in the centre 
of the instrument. X-rays are generated in an X-ray tube, in a similar manner to that 
utilised in EDX (See Section 2.2) – electrons are generated thermionically and accelerated 
through a potential to strike a chemically pure anode, which causes X-ray emission of a 
specific wavelength corresponding to that element. In the setup used here, the anode is 

composed of copper, producing the characteristic Cu Ka line at 0.154nm. The X-ray 

(2.2) 
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beam strikes the sample at an angle q, then the detector measures the scattered beam at 
the same angle after reflection from the sample surface. 

 

 

 

 

 

 

 

 

To build up a diffraction pattern, the angles of the source and detector are continuously 

varied, while maintaining the same relative angles throughout the scan, i.e. qin=qout. If 
the path of the incident beam is extrapolated and the angle of the reflected beam 

measured with respect to the incident beam, it is found to make an angle of 2q - hence, 

this type of scan is known as a q/2q scan.  
 As the source/detector angles are varied, the detector measures the variation in 
intensity of the reflected beam and builds up a pattern of intensity variation with respect 

to 2q. This diffraction pattern will consist of the peaks in intensity obtained when a 
reflection satisfies the Bragg condition and the structure factor considerations for the 
material under investigation. By considering the angle at which the peak occurs and its 
intensity, conclusions can be drawn about the crystallographic structure of the material. 
An example of a diffraction pattern for polycrystalline 500nm film of aluminium is 
shown in Fig 2.12; aluminium crystallises in an fcc structure, which means that 
reflections such as 110 etc (i.e. hkl mixed even/odd) will not be present in the diffraction 
pattern [27]. 

 

 

Fig 2.11: Schematic representation of the key components of an X-ray 
diffractometer. The sample sits in the centre of the goniometer circle, and 
the X-ray tube source and detector move around the circle, one clockwise 
and one anticlockwise. During a q/2q scan, the moving source and detector 
maintain constant angles of q and 2q respectively. 
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2.6 Scanning Probe Microscopy 

Several of the characterisation methods utilised in this work fall under the umbrella term 
of scanning probe microscopy (SPM); they involve the use of a very sharp probe to scan 
the surface of a sample and infer its properties from the interaction between the tip and 
the surface. Of the wide variety of SPM techniques available, those used extensively here 
are atomic force microscopy (AFM) and piezoresponse force microscopy (PFM), which 
will be described in detail. 

 

2.6.1 Atomic Force Microscopy 

The main components of an atomic force microscope are shown in Fig 2.13. These consist 
of a sharp tip at the end of a flexible cantilever, a laser which is focused on the back of 
the cantilever and reflected onto a split photodetector, feedback controls and a 
piezoelectric scanner. Piezoelectrics are used to control the motion of the probe; a 
piezoelectric is an electromechanical transducer, i.e. an applied electric potential causes 
a mechanical motion, and conversely a change in the dimensions of the piezoelectric 
material induces an electric potential. Hence, the motion of the tip can be controlled by 
the voltage applied to the piezo. The laser reflected from the back of the cantilever strikes 
a position-sensitive photodetector which consists of four quadrants; the differences 
between the signals received from the different quadrants indicate the position of the  

Fig 2.12: X-ray diffraction pattern for a 500nm polycrystalline film 
of Al using Cu Ka radiation. Note that the peaks visible all follow 
the structure factor constraints for the fcc lattice, i.e. hkl must be 
either all even or all odd. Adapted from [27] 
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laser spot on the detector and hence the angular deflections of the cantilever can be 
measured with a high degree of accuracy. If the tip encounters a change in topography 
as it scans over the sample surface, the force between the tip and the sample changes 
and induces vertical or lateral displacement of the cantilever. This changes the position 
of the laser spot on the photodetector, which is detected by the feedback controls, which 
then signal the piezo scanner to move the tip so as to maintain a constant force setpoint 
between the tip and sample [28]. If the topographical feature is higher than the setpoint, 
the change in force is represented as bright contrast on the resulting image; similarly, a 
region of the sample which is lower in height will cause a corresponding movement of 
the tip and registers as darker on the image. As the tip scans in a raster pattern across 
the sample, an image is built up line by line which gives a representation of the 
topography of the sample with high resolution.  
 It is possible to operate the AFM in either contact mode (i.e. tip remains in contact 
with the sample surface throughout the scan), tapping mode (tip oscillates and contacts 
the surface intermittently), or non-contact mode (tip maintains a separation from the 
surface throughout the scan). These modes can be best understood with reference to a 
force-distance curve, as shown in Fig 2.14. 
  At large tip-sample separation distances, there is no appreciable force between 
the tip and the sample. As the tip is brought closer to the surface, it begins to feel an 
attractive force which pulls the tip into contact with the surface. If the tip continues to 
be driven into the surface, the interaction becomes repulsive – the tip applies a force to 
the sample, but the sample now applies an opposite force to the tip.  

Fig 2.13: Schematic diagram of an atomic force microscope. The tip scans the 
sample surface in a raster pattern. A laser spot is reflected from the back of the 
cantilever – changes in sample topography cause a change in the optical path of 
the laser to the photodetector. Feedback controls drive the piezo to maintain a 
constant force between tip and sample. The change in force between tip and 
sample is recorded as bright/dark contrast and hence build an image of sample 
topography.  
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The different imaging modes occur in different regions of the force-distance curve; in 
non-contact mode, the tip maintains a small separation from the sample and so remains 
in the attractive force regime before contact is made. Contact mode takes place in the 
repulsive regime where the tip maintains contact with the surface throughout the scan. 
Tapping mode is achieved by oscillating the cantilever at its resonant frequency, causing 
the tip to oscillate between the attractive and repulsive regimes as it scans across the 
surface; it is therefore also known as intermittent contact mode.  
 The use of a particular imaging mode is determined by a number of factors. 
Contact mode allows the tip to remain in constant contact with the surface, which is 
useful for certain applications such as PFM (see below). However, the constant contact 
can wear down the sharp tip, requiring more frequent tip changes and requiring care to 
be taken not to scan over large changes in topography. It is also possible to pick up a 
signal due to the lateral movements of the tip, which can interfere with the required 
measurement. These issues can be somewhat alleviated by using tapping mode; the tip 
is only intermittently in contact with the sample and so will not wear down as quickly, 
and lateral forces on the tip are almost eliminated due to the perpendicular motion of 
the tip as it scans.  
 The choice of tip is also important in the various SPM modes. Most tips are made 
from silicon with a coating of some metal, usually platinum. For certain applications it 
may be desirable to use magnetic coatings such as CoPt or permalloy (for example in 

Fig 2.14: Force-distance curve showing the different contact regimes used in AFM. At large 
distances from the sample, the tip is said to be in a zero-deflection regime, i.e. there is no 
force between tip and sample. As the tip moves closer to the sample, an attractive force is 
experienced – it is in this regime that non-contact imaging is performed. Moving the tip 
even closer to the sample changes the tip-sample interaction from attractive to repulsive. 
Contact-mode imaging takes place in the repulsive regime, while intermittent contact or 
tapping mode oscillates between repulsive and attractive interactions. Source: [29]. 
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magnetic force microscopy or MFM), harder coatings such as diamond to apply more 
force to the sample without damaging the tip, or cantilevers with different spring 
constants. The choice of tip can have a significant effect on the quality of the data 
produced and must be made carefully.  

 

2.6.2 Piezoresponse Force Microscopy 

Piezoresponse Force Microscopy (PFM) is a variation of the standard AFM technique 
used to investigate samples with ferroelectric properties. An alternating voltage is 
applied between the tip and the sample, which induces surface displacements in the 
domains of a ferroelectric sample due to the converse piezoelectric effect (i.e. an applied 
electric field produces a change in dimensions of the sample). The tip is scanned in 
contact mode, and the deflection produced by scanning across the differently polarised 
ferroelectric domains causes a change in the light path of the laser beam on the 
photodiode. In this way, the out-of-plane components of polarisation can be measured 
from the sample by the vertical displacement of the laser spot on the photodiode, and 
in-plane components by the lateral movement of the spot. Feedback mechanisms similar 
to that utilised in AFM maintain a constant force between the tip and sample, and an 
image is built up not only of the topography of the sample, but of the amplitude of the 
piezoresponse as well. In addition, the phase of the oscillation induced by the polarised 
sample with respect to the tip driving oscillation gives information on the direction of 
polarisation in the domain; if the applied field is positive in the z-direction and the 
polarisation is negative in this direction, i.e. the field is parallel to the polarisation, the 
sample expands due to the converse piezoelectric effect. The cantilever is pushed away 
by the feedback mechanism, which registers on the photodiode. The alternating applied 
field and the piezoelectric signal are said to be in phase. Conversely, if the polarisation 
points in the negative z-direction, the domain contracts and the tip moves closer; the 

applied field and the piezoresponse signal are out-of-phase by 180°. This mode of PFM 
is known as vertical PFM, or VPFM. 
 It is also possible to detect in-plane polarised domains using lateral PFM, or 
LPFM. The polarisation of the domain causes the tip to experience torsion in the 
direction perpendicular to the polarisation of the sample; hence, by scanning in two 

perpendicular sample directions (i.e., rotating the sample by 90° between scans), it is 
possible to determine the in-plane polarisation of the sample. Combined with the 
vertical polarisation information, this leads to a 3D model of the polarisation of the 
sample, in a process known as vector PFM. However, the determination of the 
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polarisation of the sample is not straightforward, as a number of factors need to be taken 
into account in the analysis of the data. For example, it is possible that in-plane polarised 
domains can cause a torsional motion of the tip during vertical PFM and hence give 
contrast which can be interpreted falsely [30].  
 A sample may have domains which are polarised at an angle which gives both a 
vertical and lateral component. In this case, the relative magnitudes of the signals can 
determine the direction of polarisation. Fig 2.15 shows the responses of the tip and 
sample in PFM scans of domains polarised in different directions.  
  

 

 

 

 

 

 

PFM can be used to not only image the domain structure of a ferroelectric material, but 
to modify it as well. By applying a small dc voltage between the tip and the sample, a 
very large electric field can be generated due to the small diameter of the PFM tip. This 
field can overcome the induce the domains in the ferroelectric material to switch 

orientations by 180°; hence, domain patterns can be written and erased using PFM (Fig 
2.16) and read using the same technique, providing an analogous system to magnetic 
storage and read-write capabilities.  

 

Fig 2.15: Tip-sample interactions in PFM. (a) An electric field is applied in the negative Z-direction 
to a piezoelectric sample polarised in the negative z-direction. The sample expands due to the 
converse piezoelectric effect and the tip moves up, causing a positive deflection of the laser light 
path onto the photodiode; (b) The sample is polarised in the positive z-direction, the negative field 
causes the sample to contract, the tip moves down and a negative deflection is registered on the 
photodiode; (c), (d) The sample is polarised in-plane, electric field is applied perpendicular to 
polarisation direction. The transverse piezoelectric effect causes a shear deformation of the domain 
which leads to a torsional movement of the cantilever and a lateral movement of the laser spot on 
the photodiode. (e) Sample is polarised in the X-Z plane and hence has both vertical and lateral 
polarisation components. Laser spot is deflected both vertically and laterally on photodiode. Vector 
PFM can be performed to determine polarisation direction. Source: [30] 
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2.7 Magnetic Measurement Techniques: VSM & SQUID 

The magnetic properties of materials can be investigated in a number of ways which fall 
under the definition of magnetometry; in particular, this investigation made use of 
Vibrating Sample Magnetometry (VSM) and Superconducting Quantum Interference 
magnetometry (SQUID). While both of these approaches measure the magnetic 
characteristics of samples, they do so in fundamentally different ways as will be outlined 
below.  

 

2.7.1 Vibrating Sample Magnetometer (VSM) 

The principle of the VSM is quite simple and relies on Faraday’s law of induction, i.e. a 
changing magnetic flux inducing a voltage. The magnetic sample is centred between two 
electromagnets which apply a uniform magnetic field, thus inducing a magnetic 
moment in the sample. On either side of the sample are also present two sensing coils. 
The sample is vibrated sinusoidally, causing the magnetic field from the sample to 
oscillate. This causes a voltage to be generated in the sensing coils which is proportional 
to the magnetisation of the sample [32]. In this way it is possible to measure the change 
in magnetisation at different values of applied magnetic field and hence plot hysteresis 
loops. The inclusion of a heater also allows hysteresis loops to be measured at different 
temperatures, which leads to the determination of the Curie temperature for the 
magnetic sample. The key components of the VSM are shown in Fig 2.17.  

Fig 2.16: AFM and PFM images of a 16nm-thick BaTiO3 film poled by applying a voltage using 
the PFM tip. (a) shows the AFM topography, (b) the PFM amplitude and (c) the PFM phase after 
applying +5V, -5V and +5Vover 3µm, 2µm, and 1µm regions, respectively. Images were taken 
over a 4.5µm x 4.5µm region. The colour bar in (a) is in nanometres, (b) is arbitrary units, and (c) 
is phase degrees. Source: [31] 
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2.7.2 Superconducting Quantum Interference Device (SQUID) 

While the VSM makes use of a classical effect to measure changes in magnetic field, the 
SQUID uses a quantum effect; namely, the superconducting Josephson junction [34].  
 The SQUID uses two Josephson junctions connected in parallel in a 
superconducting loop. According to the Josephson effect, below a certain threshold 
current value and with no applied magnetic field, an input current will circulate in the 
loop as a ‘supercurrent’, i.e. without a voltage being induced. Applying a small magnetic 
field to the loop induces a screening current which in turn generates a magnetic field to 
cancel the applied field. In one branch of the superconducting loop, this induced current 
is in the same direction as the applied current, while it is in the opposite direction in the 
other branch. Increasing the current beyond the critical value causes a voltage to appear 
across the junction.  
 Due to the quantum nature of the device, the flux contained in the loop is 
quantised in units of the magnetic flux quantum. The induced flux will alternately act to 
reduce the applied flux value to an integer value or to increase the applied flux value to 
reach the next integer value, with a zero induced current when the flux is at an integer 
value. Hence, the current changes direction in a periodic manner. The voltage induced 
(provided the current has exceeded the threshold) is a function of the applied magnetic 
field – therefore, the SQUID is an intrinsic flux-voltage transducer [35]. 
 The SQUID is incredibly sensitive to changes in magnetic field, with the ability 
to detect fields as small as 10-18T. To maintain superconductivity, the device must be 

Fig 2.17: Schematic representation of the vibrating sample magnetometer 
(VSM). The sample is vibrated perpendicular to the applied magnetic field, 
creating a voltage in the pickup coils due to Faraday’s law of induction. The 
induced voltage is proportional to the magnetisation of the sample. Source: 
[33] 
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cooled with liquid helium to close to absolute zero. Standard operation allows a field 
range of up to 7T and temperatures between 1.8-400K. 
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Chapter 3: Growth and 
Characterisation of CoxZnyMnz  
Thin Films 
 

In this chapter, the process of successful growth of ordered thin films of CoxZnyMnz 
alloys is described. Using magnetron sputtering, films were grown by co-deposition of 
Co, Zn, and Mn and were subsequently characterised using a range of techniques to 
determine their crystallographic and chemical properties. X-ray and electron diffraction 

data show that the films have the required b-Mn structure in a polycrystalline form and 
are highly ordered as influenced by the lattice-matched single-crystal substrate. 
Additionally, the films have the correct chemical stoichiometry as determined by EDX 
analysis and are homogeneous in terms of elemental distribution throughout the film as 
shown by spectral imaging. These results represent the first successful examples of thin 

film CoxZnyMnz b-Mn alloys which have previously only been demonstrated in bulk 
crystal form. 

 

3.1 Motivation 

Most of the observed skyrmion systems have what is known as the B20 crystal structure; 
it is non-centrosymmetric (space group P213) and as such gives rise to large DMI, 
resulting in long-period helimagnetic states rather than ferromagnetic ground states. 
Magnetic B20 crystals have been found to exhibit skyrmions in the typical A-phase 
region regardless of whether they are metallic (e.g. MnSi) or insulating (e.g. Cu2OSeO3). 
However, a common feature of the B20 skyrmion-hosting materials is that their Curie 
temperatures are cryogenic; MnSi has TC = 29.5K, for example. The highest known Curie 
temperature in a B20 material is TC = 278K for FeGe. There is a growing interest in 
skyrmion-based nanotechnology due to their topological stability (see Chapter 1, Section 
1.3). For any real device to utilise skyrmions, they must persist to room temperature. 
 The B20 structure is not the only one which gives rise to spin helices and hence 
could support magnetic skyrmions; it was discovered that alloys of cobalt, zinc and 

manganese crystallise in the b-Mn crystal structure (Fig 3.1a), which is also a cubic, non-
centrosymmetric structure (space group P4132 or P4332). Through the preparation of 
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alloys of varying composition (with formula CoxZnyMnz, x+y+z=20), it was found that 
several hosted a skyrmion phase at and beyond room temperature (Fig 3.1b-d) [1]. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The stability of the skyrmion phase is also dependent on the thickness of the material, as 
demonstrated in Fig 3.2(a). For samples of FeGe of varying thickness, the skyrmion 
lattice state is stabilised down to a much lower temperature as sample thickness 
decreases, covering a significantly larger region of the B-T phase diagram [2]. This can 
be understood to arise from the destabilisation of the conical phase when the sample 
thickness is smaller than the helical modulation period, resulting in relative stability of 
the skyrmion state. This thin-sample phase diagram with its extended skyrmion phase 
has been observed in other skyrmion-hosting materials, notably the CoxZnyMnz system 
(Fig 3.2(b), (c)).  

d
 

b
 

c
 

Fig 3.1(a): Prototype b-Mn Co10Zn10 structure showing two possible unit cells with space 
groups P4132 or P4332. CoZnMn alloys based on this prototype should have a similar 
structure. (b) Skyrmion lattice observed in thin plates of single crystal Co8Zn10Mn2 at 345K 
and 650Oe applied field using Lorentz TEM; (c) Skyrmion lattice analysed using 
transmission of intensity (TIE) methods to give a visual representation of the magnetisation 
direction.  Scale bar 200nm; (d) Magnetisation curves for various CoxZnyMnz alloys, showing 
the variation of Curie temperature (i.e. where magnetisation drops to zero) with composition 
Source: [1] 
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To decrease the thickness of a skyrmion-hosting material, the previous studies 
mentioned here used methods such as focused ion beam (FIB) to cut a thin slice from a 
bulk crystal; however, it is also possible to increase the temperature/field range of the 
skyrmion phase by depositing a thin epitaxial film of a skyrmion-hosting alloy [3]. Such 
films will have more stability than a free-standing thin plate, and hence should be more 
useful for potential applications.  
  
 
 

a b 

   c 

Fig 3.2(a) Extended skyrmion phase with decreasing sample thickness t in FeGe [2]; 
(b) Phase diagram of bulk single crystal Co8Zn9Mn3, showing a small skyrmion lattice 
(SkX) range just below the Curie temperature of ~320K; (c) Skyrmion density across 
the H-T phase diagram for a <150nm plate of Co8Zn9Mn3, showing the extended 
skyrmion phase at film thicknesses comparable to the helical modulation length 
(~150nm) [1] 
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3.2 Calibration of chemical properties 

3.2.1 SEM EDX analysis of elemental composition 

Successful growth of CoZnMn alloys with the correct elemental ratios was achieved 
through a careful process of experimental calibration of the magnetron sputter settings 
and other key properties, such as substrate choice and temperature.  

The deposition rates for each element were determined first by depositing 
individual element films on glass substrates and determining thickness using x-ray 
reflectometry (XRR), which provided initial estimates for co-deposition recipes. These 
recipes consisted of the dc power applied to each magnetron gun for the individual 
elements to achieve the correct amount of each element in the final alloy. For example, 
an alloy of Co8Zn8Mn4 requires a relative atomic composition of 40% Co, 40% Zn, and 
20% Mn to achieve the correct stoichiometric ratio. A feedback system was developed 
whereby films of various CoxZnyMnz alloys were grown and the relative atomic 
percentages of each element were determined using energy dispersive x-ray 
spectroscopy (EDX) in the SEM, which were then used to further fine-tune the recipes to 
bring the alloys closer to the required composition. Initially, glass substrates (i.e. an 
amorphous growth surface) were used due to easy availability and the fact that at this 
stage crystal structure was not necessary.  

 Fig 3.3 shows an EDX spectrum of a CoZnMn film with the corresponding 
relative atomic percentages of each element. 

 
 

 
   

 
 
 

Fig 3.3: EDX spectrum of a CoZnMn alloy with relative atomic percentages of each element. Based 
on the elemental ratios, this alloy has the formula Co9Zn6Mn5 (i.e. 45% Co, 30% Zn, 25%Mn) 
which fits the required stoichiometry of CoxZnyMnz, where x+y+z=20. 
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It is often required in the growth of epitaxial films that the substrate be heated during 
deposition to ensure good crystal growth [4]. To investigate the effect of increased 
temperature on film composition, two approaches were taken: the first was to heat the 
substrate in the deposition chamber prior to and during the deposition, while the second 
involved depositing the film at room temperature and then post-annealing in a vacuum 
chamber. The advantage of in-situ annealing is that the substrate is heated as the film 
grows, and therefore influences the growth mode from the beginning. It also has the 
advantage of not exposing the film to the atmosphere before heat is applied, preventing 
the formation of surface impurities. However, the temperature applied in the magnetron 

chamber was limited to 600°C, so if higher temperatures were required, post-annealing 
was necessary. Post-annealing solves this issue by directly heating the sample with 
greater control over both the temperature at the film and the absolute temperature which 
can be achieved.  

However, experiments using films deposited on silicon substrates coated with 

SiO2 (i.e. amorphous) showed that at temperatures above 200°C, the low vapour 
pressure of zinc caused it to evaporate from the film. This occurred whether the film was 
deposited on a heated substrate or deposited at room temperature and post-annealed; 
EDX measurements before and after the annealing process show the clear absence of Zn 
in the heated films, as seen in Fig 3.4. 
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In order to grow films with the correct crystal structure, a lattice-matched single-crystal 
substrate was selected. Barium fluoride was found to have a close match to the structure 
required (see Section 3.3), and further experimentation focused on maintaining the 
correct chemical composition on this substrate. 

The change from an amorphous substrate such as Si:SiO2 to single-crystal BaF2 
introduced changes to the deposition rates of the alloys, particularly Zn as seen in Fig 
3.5. This required re-calibration of the recipes with particular emphasis on reducing the 
power applied to the Zn gun to better align with the new predicted deposition rates and 
achieve the correct composition on the lattice-matched substrate.  
 From the literature available on BaF2 as a growth substrate, it is recommended 

that the substrate be heated to between 400-600°C in order to reduce oxygen coverage 
on the surface before film deposition [5]. However, as mentioned above, films deposited 

above 200°C suffered from Zn evaporation. A compromise was reached whereby the 

substrates were pre-baked in the sputter chamber for 5mins at 500-600°C, after which 

the temperature was dropped to 200°C for film deposition.  
  
 

Fig 3.4: EDX spectra from CoZnMn films grown on Si:SiO2 substrates. (a) Film deposited at 
room temperature with no post-annealing shows strong Zn peaks. (b) Film deposited at room 
temperature then post-annealed in vacuum at 600°C for 1hr. Zn peaks are absent in the 
spectrum due to evaporation of Zn from the film on heating. Similar results were obtained for 
film deposition on heated substrates above 200°C. Unlabelled peak at ~1.7keV attributed to Si 
from the substrate (Si Ka = 1.739keV). Significant oxygen peaks are also present, suggesting 
oxidation at the film surface due to the exposure of the film surface to atmosphere between 
deposition and heating as well as the contribution from the SiO2 substrate surface layer. 

a 

b 
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Fig 3.5: Calibration curves for applied magnetron gun power vs resultant normalised 
atomic percentage of (a)Co, (b) Zn, and (c) Mn in CoZnMn alloys. Each point corresponds 
to a particular alloy. Results obtained for films on Si:SiO2 substrates are shown in red, 
while those deposited on BaF2 are shown in blue. Polynomial trendlines are shown which 
were used to calibrate magnetron sputter recipes from previous compositional data. It is 
clear that Co and Mn deposition rates did not change significantly between substrates, but 
that Zn was greatly affected. 
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3.2.2 TEM EDX analysis 

To further investigate the thin films, lamellae were cut from the samples in both cross-
sectional and plan-view orientations using focused ion beam and imaged using TEM 
(see Methods, Chapter 2). A conventional lamella will provide a cross-section of the film 
which can be used to measure the thickness as well as chemical properties. A plan-view 
lamella (i.e. a free-standing section of the film plane) is more difficult to produce, but 
allows a larger film area to be investigated (Fig 3.6). 
 

 
The TEM can also be used to acquire EDX data from samples, with the advantage of 
being able to select only the film layer for analysis; SEM will collect data from a region 
penetrating into the sample surface and hence unavoidably contains contributions from 
the substrate when the film is sufficiently thin. In addition, the TEM also has the ability 
to produce spectral maps of samples which indicate the region from which the elemental 
peaks are produced; in this way it could be determined if the Co, Zn, and Mn were 
evenly distributed in the film or if any separation had occurred. Fig 3.7 shows the 
spectral maps produced for both cross-sectional (Fig 3.7a) and plan-view (Fig3.7b) 
lamellae; it can be seen that the three elements are evenly distributed throughout the 
films, suggesting the successful formation of an alloy.  
 
 

 

Fig 3.6(a) Cross-section and (b) plan-view lamellae cut from CoZnMn films grown on BaF2 
substrates. The film layer is indicated in (a), while (b) has been milled with the ion beam so 
that the majority of the lamella consists of the film with just a small amount of substrate 
remaining in thicker regions. 

a b 

Film layer ~ 50nm 
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Fig 3.7: Spectral imaging determined from EDX data in TEM for cross-sectional (a-d) and 
plan-view (e-h) lamellae taken from CoZnMn films on BaF2 substrates; (a) HAADF image 
of the film (centre layer) with the presences of Co, Zn, and Mn shown in (b), (c), and (d), 
respectively; (e) TEM image of a plan-view lamella with the elemental spectral images 
shown for Co, Zn, and Mn in (f), (g), and (h) respectively.  

ion-deposited Pt 
e-beam-deposited Pt 

CoZnMn film layer 
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3.3 Crystal structure determination 

3.3.1 XRD and TEM diffraction of 1µm-thick CoZnMn films 

To achieve the correct crystal structure, it was necessary to find a growth substrate with 

a lattice constant closely matching that of the required CoZnMn b-Mn alloy. Based on 
the data from Tokunaga et al on bulk crystal CoZnMn [1], the lattice constant of the 
prototype Co10Zn10 alloy is 6.33580Å. Common growth substrates such as Si (a = 5.4307Å) 
do not sufficiently match for epitaxy, and the novel choice of using barium fluoride (a = 
6.20010Å) was arrived at after extensive investigation of potential crystals. While not a 
commonly used substrate for thin film growth, there do exist in the literature a small 
number of examples of its use in the growth of Pb, Cd and Te compounds [5] [6] [7]. A 
small amount of lattice mismatch (~2.2%) between the substrate and the film indicates 
that some strain will exist in the system and affect film properties, however successful 
film growth has been achieved in other systems with even greater lattice mismatch 
values [8]. 

 Initial growth recipes produced films of ~1µm thickness as seen in Fig 3.8(a). 
Cross-sectional TEM samples show columnar growth throughout the film, suggesting a 
polycrystalline structure. This was further confirmed by electron diffraction (Fig 3.8(b)) 
where a large number of reflections are seen, indicative of a large number of crystallites.  

Fig 3.8: Cross-sectional lamella taken from an early CoZnMn film on BaF2 substrate. (a) Bright-
field TEM showing film thickness ~1µm. Contrast within the film layer suggests large grains are 
present, resulting in a disordered polycrystalline film; (b) Electron diffraction pattern taken from 
a region within the film. Many spots are present with no lattice structure, suggesting a somewhat 
randomly oriented polycrystalline structure is present. Brighter spots indicate a large number of 
crystallites oriented in the same direction. Dark object to the right is the beamstop which blocks 
the bright central spot from damaging the sensitive CCD of the TEM. 

Film layer 

BaF 2
 substrate 

e-beam Pt i-beam Pt a b 
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To investigate the crystal structure further,  q-2q x-ray diffraction scans were performed 
on the thick films. The resulting pattern was compared against that produced by a bare 
BaF2 substrate to determine which peaks could be attributed to the film and which to the 
substrate, as seen in Fig 3.9(a) While the clearest peaks are observed to be the BaF2 (111) 

reflections, there is a clear peak at a 2q value of ~42° which does not appear in the 
substrate pattern, and hence must come from the film structure. Comparison with 
simulated powder diffraction for the prototype Co10Zn10 structure (Fig 3.9b) suggests this 

peak is attributable to the (221) reflection of the desired CoZnMn b-Mn crystal structure. 
Consideration of the structure factor obtained from the simulated powder diffraction 
also confirms that the (221) peak is the highest intensity peak for this crystal structure 
with random orientation. In combination with the above electron diffraction patterns, 
this suggests that the thick films have the desired structure on a small scale, but the 
thickness of the film has allowed the crystallites to become more randomly oriented as 
the influence of the substrate on the growth mode is no longer significant, resulting in a 
pattern more closely resembling the powder diffraction pattern. 

 

Fig 3.9: X-ray diffraction pattern obtained from BaF2 (111) substrate (red) and CoZnMn film on BaF2 
(111) (black). The majority of peaks observed are attributed to the BaF2 (111) reflections; however, a 
clear peak is observed at ~42° 2q which is not present in the substrate pattern. Comparison with 
simulated powder XRD of the prototype Co10Zn10 alloy suggests this peak is the (221) reflection of the 
CoZnMn structure (2q = 42.78°).  

a 

b 
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3.3.2 Indexing TEM diffraction patterns of CoZnMn thin films  

Further calibration of sputter recipes allowed thinner films to be produced, which were 
more likely to maintain the correct crystal structure before the crystallographic 
relaxation seen in thicker films. Using focused ion beam, both cross-sectional and plan-
view lamellae were cut from films of 100-150nm thickness and electron diffraction was 
performed in TEM. Fig 3.10 shows the resulting diffraction patterns from the cross-
sectional (Fig 3.10a, b) and plan-view (Fig 3.10c) samples; the cross-sectional diffraction 
pattern in Fig 3.10(a) contains a significant contribution from the single-crystal substrate, 
visible as an ordered array of reflections. The contribution of the film is visible as rings 
containing bright spots, suggesting an ordered polycrystalline film. This is further 
confirmed by selected-area diffraction from solely the film layer (Fig 3.10b) which shows 
just a few reflections in rings around the centre spot. Fig 3.10(c) shows the diffraction 
pattern obtained from a plan-view lamella of the same film; no substrate lattice 
reflections are seen as the lamella contains the film layer only (<100nm). The diffraction 
pattern consists of clear rings composed of many reflections, further indicative of a 
highly ordered polycrystalline film. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Using the BaF2 lattice reflections as a scale, it is possible to index the diffraction pattern 
of the film. The BaF2 substrate structure and orientation is known and hence the 
reciprocal lattice can be indexed by comparison with simulated single-crystal diffraction 
patterns produced using CrystalMaker software. Rather than the isolated spots seen in 
a single-crystal diffraction pattern, an ordered polycrystalline film will instead show a 
ring of reflections, the radius of which corresponds to the d-value at which that reflection 

Fig 3.10: Diffraction patterns obtained from CoZnMn thin films (~100nm thickness). (a) Cross-
sectional lamella with diffraction pattern obtained from the whole sample including the single-
crystal BaF2 substrate for scale purposes. Film contribution can be seen as a ring pattern with bright 
spots indicating a large number of crystallites oriented in the same direction; (b) Selected-area 
diffraction of a cross-sectional lamella, showing just the reflections from the film layer. The same 
bright spots are seen as in (a); (c) Plan-view lamella consisting solely of the film. Several rings 
consisting of many small bright spots suggest a highly ordered polycrystalline film. 

a b c 
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would be seen in a single crystal. Thus, for example, if the (111) diffraction spot in the 
experimental single-crystal BaF2 pattern is a distance of X mm from the centre spot on 
the image, this can be compared with the real-space distance of the d-spacing of the (111) 
reflection for BaF2 in that orientation produced using CrystalMaker to provide a mm-to-

Fig 3.11: Indexing the diffraction pattern of a CoZnMn thin film on a single-crystal BaF2 substrate. (a) 
The distance from the centre spot to one of the diffracted spots from the single-crystal substrate is 
measured in mm on the image; (b) The same spot is identified on the simulated single-crystal diffraction 
pattern in the from CrystalMaker (since the substrate structure and structure is known) and the distance 
from the centre in inverse-angstroms is determined (this is measured in units of inverse distance as it 
corresponds to the reciprocal lattice of the crystal). From these values it is possible to produce a scale for 
the original experimental diffraction pattern from mm to Å-1; (c) The distance of the diffracted ring 
produced by the thin film from the centre spot is measured on the image by overlaying a circle which 
matches its radius; this can then be compared to the simulated diffraction pattern for the b-Mn CoZnMn 
single-crystal in the [𝟏"𝟎𝟏] viewing direction (d) and the closest match identified. From the scale 
produced by the substrate, it is thus possible to index the diffracted rings of the film; the clearest 
reflection observed here is the {221} family of planes, which is corresponds with previous XRD 
measurements 

c
 

d
 

a b 
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nm scale for that diffraction pattern. By measuring the radius of the diffracted rings 
associated with the film in the experimental diffraction pattern and using this scale, the 
associated experimental d-spacing value can be compared with the theoretical values of 

the CoxZnyMnz b-Mn structure and the matching reflection identified. This process is the 
outlined in Fig 3.11. 
 Based on these measurements, the cross-sectional sample is seen to have just a 
couple of reflections present in a ring structure, while the plan-view sample is more 
complex, with several rings visible (Fig 3.12). Indexing this diffraction pattern is more 
difficult, as there is no single-crystal substrate with which to calculate a scaling factor. 
Instead, some assumptions must be made; first, the cross-sectional lamellae have been 

indexed accurately and corresponded to a single-crystal b-Mn CoZnMn structure along 

a [1�01] viewing-direction. As the plan-view lamella is cut perpendicular to a cross-
sectional lamella, it follows that the viewing direction of this lamella is also 

perpendicular. The planes at 90° to the {1�01} plane are the {111} planes; this makes sense 
when it is considered that the BaF2 substrate is oriented along the [111] direction, such 
that a plan-view lamella will have a viewing direction of [111] if the substrate orientation 
has influenced its growth. Thus, by comparing the simulated single-crystal diffraction 

pattern of the b-Mn CoZnMn structure along the [111] viewing direction with the plan-
view lamella diffraction pattern, it may be possible to index the rings.  
 

 

Fig 3.12(a): Diffraction pattern obtained from a plan-view lamella of a CoxZnyMnz film. The visible 
rings correspond to reflections produced by a large number of crystallites oriented in a particular 
direction; an amorphous film (i.e. with no crystal structure present) would instead produce much more 
diffuse rings, while a more randomly oriented film would produce random reflections as observed in 
Fig 3.8(b). This diffraction pattern has been indexed by referring to the simulated pattern for single-
crystal CoZnMn in the [111]-viewing direction (b), as this is the direction in which the BaF2 (111) 
substrate has constrained the film to grow. 

a
 

b
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Table 3.1 shows the measured radii of the rings in the diffraction pattern in Fig 3.12. By 
taking the {112} reflection as a prototype (i.e. using its measured distance as the scale by 
which the others are measured), it is possible to convert these values from mm to inverse 
angstroms, and thus compare them with the reflections of the simulated diffraction 
pattern. There is some error to be considered in these calculations; as the radii of the 
rings was measured manually, a difference even 1mm in the measurement corresponds 
to around 0.02Å-1. In addition, the use of one of the unidentified rings as a scale precludes 
the calculation of any error in that particular measurement, which could then be passed 
on as an error to the rest of the measurements. Regardless, the values calculated are 

remarkably close to the simulated values for a single crystal b-Mn CoZnMn structure 
along the [111] viewing direction; conclusively, these films have developed a 
polycrystalline structure with a preferred direction along the [111] axis as influenced by 
the single-crystal BaF2(111) substrate. 
 

Reflection Experimental/mm Experimental/ Å-1 Theoretical/ Å-1 
{112} 19.6 0.387* 0.387 
{202} 24.65 0.487 0.446 
{132} 26.75 0.527 0.591 
{224} 38 0.749 0.773 
{314} 42.4 0.835 0.805 
{404} 46.85 0.923 0.893 

*Used as a scale 
 
 
 

 

3.4 Conclusions 

The successful growth of ordered polycrystalline b-Mn CoZnMn films is demonstrated. 
Through careful calibration of magnetron sputter recipes, growth temperatures and 
substrate choice, the structural and chemical properties have been refined to produce 
the desired alloys. Chemical analysis by energy-dispersive x-ray spectroscopy has 
shown that the final film samples have the correct stoichiometry of CoxZnyMnz 
(x+y+z=20), and that the elements are homogeneous throughout the film. Analysis using 
x-ray diffraction and electron diffraction has yielded significant crystallographic data; 
indexing of diffraction patterns has been achieved with reference to simulated results to 
provide accurate identification of the crystal structure of these films. 

Table 3.1: Comparison of experimental and theoretical values for the b-Mn CoZnMn structure; by 
measuring the radii of the rings in the diffraction pattern in Fig 3.12 and using one of these rings 
as a scale, it is possible to index the pattern by comparing against the theoretical values from the 
single crystal b-Mn CoZnMn structure along the [111] viewing direction. 



 98 

3.5 References 

[1] Y. Tokunaga et al. (2015). A new class of chiral materials hosting magnetic 
skyrmions beyond room temperature. Nat. Comms., 6(7638). 

[2] X. Z. Yu et al. (2011). Near room-temperature formation of a skyrmion crystal in 
thin-films of the helimagnet FeGe. Nat. Mat., 10, 106-109. 

[3] S. X. Huang, C. L. Chien (2012). Extended Skyrmion Phase in Epitaxial FeGe(111) 
Thin Films. Phys. Rev. Letters, 108(267201). 

[4] M. A. Herman, W. Richter, H. Sitter (2004). Epitaxy: Physical Principles and 
 Technical Implementation. Berlin Heidelberg: Springer-Verlag.  

[5] H. Clemens et al. (1990). Influence of the BaF2 substrate preparation on the 
 structural perfection of epitaxially grown IV-VI compounds. Journal of Crystal 
 Growth, 102, 933-938. 

[6] W. Faschinger, H. Sitter, P. Juza. (1988). Atomic-layer epitaxy of (111)CdTe on 
 BaF2 substrates. Appl. Phys. Lett., 53(2519). 

[7] G. Springholz et al. (1996). Spiral growth and threading dislocations for 
 molecular beam epitaxy of PbTe on BaF2 (111) studied by scanning tunneling 
 microscopy. Appl. Phys. Lett., 69(2822). 

[8] E. Karhu, S. Kahwaji, T. L. Monchesky. (2010). Structure and magnetic properties 
 of MnSi epitaxial thin film. Phys. Rev. B, 82(184417). 

 

 

 

 

 

 

 

 



 99 

Chapter 4: Magnetic properties of 
CoxZnyMnz thin films 
 

In this chapter the magnetic properties of CoxZnyMnz thin films are investigated. Using 
vibrating sample magnetometry (VSM) and superconducting quantum interference 
(SQUID), the magnetic behaviour of these thin films with changing temperature and 
applied field is determined. In addition, Lorentz-mode transmission electron 
microscopy (LTEM) is implemented to visualise the magnetic structures in plan-view 
lamellae of the thin films in different field and temperature regimes.  

 

4.1 Hysteresis measurements and TC determination using VSM and 
SQUID 

To begin an investigation into the magnetic properties of the CoxZnyMnz thin films, 
vibrating sample magnetometry (VSM) was used to perform hysteresis measurements 
at various temperatures and hence give a value for the Curie temperatures of different 
film compositions. Fig 4.1 shows magnetisation ( measured as the magnetic moment per 
unit volume) as a function of temperature for different values of applied field obtained 
from two films of different composition: Fig 4.1(a) was measured from a film consisting 
of ~50% Co, ~25% Zn, ~25% Mn (Co10Zn5Mn5) while Fig 4.1(b) consisted of ~45% Co, 
30% Zn, ~25% Mn (Co9Zn6Mn5).  
 It is possible to determine the Curie temperature from the M(T) data of the films. 
The free energy of the system in the presence of an applied field H can be taken to be 
 

𝐹 = 𝐹= + 𝑏𝑚M + 𝑎𝜏𝑚( −𝑚𝐻 
 
where m is the order parameter given by MS(T)/MS(0) (MS=saturation magnetisation) 

and 𝜏 = (𝑇 − 𝑇B) 𝑇B⁄ , F0 is a constant and a, b > 0. Due to time inversion symmetry of 
Maxwell’s equations, F contains no odd terms in m. At the minimum of F, dF/dm=0 which 
leads to 

4𝑏𝑚) + 2𝑎𝜏𝑚 = 𝐻 
 

(4.1) 

(4.2) 
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The parameters m and H can be rescaled to give mscaled=sm and h=s/(2a)H (s2=2b/a) and 
Equation (4.2) can be written as 
 

𝑚) + 𝜏 = ℎ 
 

After rescaling, the derivatives m’ and m’’ with respect to 𝜏 fulfil the equations 
 

3𝑚(𝑚H +𝑚 + 𝜏𝑚H = 0 
and 

3𝑚(𝑚HH + 6𝑚(𝑚′)( + 2𝑚H + 𝜏𝑚HH = 0 
 

At an inflection point with 𝑚HH = 0 and 𝑚H ≠ 0, Equation (4.5) yields 3mm’= -1, which 

substituting into Equation (4.4) yields 𝜏 = 0, i.e. the Curie temperature. This implies that, 
in the presence of an applied field, the Curie point corresponds to the temperature where 
the magnetisation has an inflection point where m’’= 0 and m’ is at a minimum [1]. 
 Fig 4.1 (c) and (d) show the variation of dM/dT as a function of temperature for 
the two films; the temperature at which the minimum dM/dT value occurs is hence the 
Curie temperature of these films. For the Co10Zn5Mn5 this is around 390K, whereas for 
the Co9Zn6Mn5 it is around 200K. As the VSM lacks a cooling system it is only able to 
access temperatures at room temperature or above, so films with Curie temperatures 
below RT could not be fully investigated using this technique. To perform cooled 
measurements, SQUID magnetometry was performed on the second sample 
(Co9Zn6Mn5).  

(4.3) 

(4.4) 

(4.5) 
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It should also be noted that some magnetisation remains in the samples beyond the 
Curie temperature, as can be noted from the fact that the M(T) curves in Fig 4.1 do not 
go to zero beyond TC and the samples exhibit hysteresis even beyond TC as seen in Fig 
4.2; this suggests that another magnetic phase may be present which has a higher Curie 
temperature than the rest of the film and remains magnetised until its own, higher Curie 
temperature. It is possible that a separate phase with a high-cobalt content could be 
present in small amounts within the film; as cobalt has a Curie temperature of 1388K this 
could account for remaining magnetic behaviour above the Curie temperature of the 
majority phase of the film. As spectral imaging of the films using STEM showed a 
uniform and homogeneous distribution of the elements throughout the films (see 
Chapter 3, Section 3.2), this separate phase is likely to constitute only a small percentage 
of the final film; atomic-resolution STEM may give further insight into the presence of 
high-cobalt regions within the film and is a possibility for future work. 

a b 

c d 

Fig 4.1: Magnetisation as a function of temperature for (a) a Co10Zn5Mn5 film and (b) a Co9Zn6Mn5 film 
measured at an applied field of 20 Oe. By measuring the gradient of the M(T) curves, the Curie 
temperature can be found by plotting the gradient dM/dT against temperature, as seen in (c) and (d) 
for the M(T) data in (a) and (b), respectively. The Curie temperature for the material is the point at 
which the dM/dT plot is a minimum; for the Co10Zn5Mn5 film in (c) this is seen to be ~390K, while for 
the Co9Zn6Mn5 film it is ~200K. Data in (a) and (c) were measured using VSM and (b) and (d) measured 
using SQUID. 
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4.2 Lorentz TEM studies of plan-view lamellae 

Lorentz-mode TEM provides a method of observing magnetic contrast in TEM samples 
via manipulation of the strength of the objective EM lens. By over- or under-focusing the 
sample image and varying the lens field, the effect of an applied perpendicular field on 
the sample’s magnetic structures can be seen by the contrast in the TEM image. By 
varying the tilt of the sample, it is also possible to apply a certain amount of in-plane 

field, though as the alpha-tilt of the TEM is limited to around 35° it is not possible to 
apply a fully in-plane field. 
Standard TEM samples provide a cross section of a sample; in the case of a thin film on 
a substrate, the lamella will contain a cross-section of the substrate and film and hence 
the viewing direction will be in the plane of the film and a magnetic field applied in 
LTEM will be in the plane of the film. However, in skyrmion-hosting materials the field 
is usually applied perpendicular to the sample, in order to stabilise the skyrmion phase. 
To achieve this, a plan-view sample was prepared using FIB (see Chapter 2, Section 2.1) 
wherein a lamella was produced which contained only the film layer, and hence a field 
applied in LTEM mode will be perpendicular to the film plane as required.  

 Fig 4.3 shows Lorentz TEM images of a plan-view Co9Zn6Mn5 film at (a) 0° tilt 

and (b) 30° tilt, both at a temperature of 100K which is significantly below the measured 

Fig 4.2: M-H hysteresis curves for (a) a Co10Zn5Mn5 film and (b) a Co9Zn6Mn5 film both below and 
above their respective Curie temperatures (~390K in (a) and ~200K in (b)) measured using VSM. The 
presence of hysteresis beyond the Curie temperatures of the film alloys suggests the presence of an 
additional magnetic phase in the film, which could be indicative of high-cobalt regions which 
remain magnetised when the rest of the film alloy has become paramagnetic.  

a b 
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Curie temperature of this film (~200K, see Fig 4.1) with zero applied field to observe the 
remanent magnetic structure. The domain pattern in the sample is visible as lines of 
contrast running through the sample, the pattern of which changes as the in-plane 
component of the applied field increases; the domains are long and branching, 
reminiscent of the Lichtenberg figures produced by electrical discharge through an 
insulating sample [2]. Fig 4.3(c) shows a schematic drawing of the domain pattern visible 
in (a), while (d) shows this schematic overlaying the original image. 

 
 

 

Fig 4.3: Lorentz TEM images of Co9Zn6Mn5 at 100K and zero field with (a) 0˚ and (b) 30˚ tilt. 
The domains are observed as dark/light lines, with the pattern changing between (a) and (b) as 
the electron beam is deflected in different directions by the in-plane or out-of-plane 
components of magnetisation in the sample. (c) shows a schematic drawing of the domain 
pattern in (a) to emphasise the branching, lightning-like nature of the domain pattern. This 
schematic is overlaid on the original data in (a) for comparison in (d). 
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By varying the strength of the objective lens, the change in the domain structure of the 
sample can be observed as the applied magnetic field changes. Fig 4.4 shows the same 

sample at 0° tilt with various applied field values; the magnetic structure changes visibly 
with increasing field and eventually disappears as the sample becomes saturated in the 
out-of-plane direction. There is clearly some magnetic structure in the form of domain 
walls visible in the film via LTEM, but the nature of the phase is difficult to determine 
from these images. The film itself is composed of many small crystallites which 
themselves produce contrast in the image, which can make determination of which 
features are associated with magnetic contrast and which with grain boundaries 
difficult.  

 
 
One method of removing the contribution from the grain boundaries from the image is 
to produce a difference image by overlaying LTEM images taken at different fields and 
subtracting one from the other, thus removing the features which remain constant (i.e. 
grain boundaries) and leaving only those which change between the images (i.e. the 
magnetic contrast produced by the changing field). Such difference images are shown in 
Fig 4.5; it is clear that some features are present which can only be associated with 

Fig 4.4: LTEM images of Co9Zn6Mn5 lamella under different applied fields at 0° tilt.  Magnetic 
structures gradually become less visible with increasing field and are completely absent at high 
field as the sample is saturated out-of-plane.  Image shift with increasing field is due to the fact 
that the field is applied by changing the strength of the objective lens, which of course has an 
effect on image properties and causes image drift. 
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magnetic features. However, the effects of the changing lens field on other features such 
as image rotation make such difference imaging difficult – to be truly effective the two 
images must be taken from the same sample position so that features such as grain 
boundaries do not change.  
 

 
 

 
 
 
 
 
 
 
The polycrystalline nature of the film may also have an effect on the long-range magnetic 
ordering; in studies of skyrmion-hosting materials the standard sample is a single-
crystal lamella, where there will be no interference with the magnetic ordering from 
grain boundaries or defects. In a polycrystalline film such clear determination of 
magnetic structure is much more difficult, especially in films like those shown here 
where the grain size is of the order of the expected skyrmion diameter based on bulk 
crystal measurements (~50-100nm, see Chapter 2, Fig 2.7). As such, images taken at 
different temperatures (Fig 4.6), which in a single crystal may show the clear 
development of a skyrmion phase, do not show such obvious development of a new 
phase due to the interference of grain contrast. The magnetic signal itself is also very 
weak in this sample, so at temperatures higher than 100K the contrast is difficult to 
observe, and any potential development of a new phase could be missed. 

Fig 4.5: Difference image produced by overlaying LTEM images of the sample at 
(a)zero field and 460Oe field and (b) zero field and 912 Oe field. The lightning-bolt 
style lines from the LTEM images in Fig 4.3 are clearly visible here, reinforcing their 
magnetic origin. However, the image still contains some grain contrast despite the 
best possible subtraction between the images; rotation of the image with increasing 
field as well as changes in focus makes precise overlaying difficult so some grain 
contrast will remain. 

5µm 5µm 



 106 

 
 
 
 

 

The overall magnetic structure of this film seems to be a mixture of in-plane and out-of-
plane components, determined by the change in the magnetic contrast when a purely 
out-of-plane or some in-plane field is applied. The stripe domains of a helical phase are 
not clearly visible, likely due to the polycrystalline nature of the film interfering with 
long-range ordering. While some ‘spotty’ granular structure exists that resembles 
individual skyrmions, the fact that these features are unchanged with changing 
magnetic field strength and direction, as well as the lack of a regular skyrmion lattice 
structure, suggests that these are not magnetic in origin; rather the granular contrast is a 
physical, topographical feature associated with crystallite grain boundaries and defects.  
Further investigation involving higher resolution images at higher magnification could 
shed more light on this issue. 
 A study by Ahmed et al [3] used LTEM to investigate cross-sectional lamellae 
taken from an epitaxial FeGe/Si(111) film grown by molecular beam epitaxy (MBE); a 
helical phase is observed at zero field which develops into a skyrmion phase with 
applied field. There are a number of key differences between this experiment and the 
one outlined in this thesis: firstly, the method of film growth (i.e. MBE as opposed to 

Fig 4.6: LTEM images at zero field (A) and at 200Oe field (B) at different temperatures. In a bulk 
crystal, a skyrmion phase would be seen to develop as the sample approached its Curie 
temperature with moderate applied field. While the magnetic structure is observed to change in 
the thin film with increasing temperature, both at zero field and with an applied field, the 
presence of skyrmions is difficult to ascertain; the granular appearance of the film means that 
features like skyrmions could well be missed. The magnetic signal from the film is relatively weak 
even at low temperatures (compared to a ferromagnetic film, for example), and as the Curie 
temperature is approached this effect becomes even more pronounced; as such, any magnetic 
contrast at elevated temperatures is difficult to separate from the granular texture. 

A 

B 
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sputtering) will have an effect on the film properties; the films were measured using 
reflection high energy electron diffraction (RHEED) during growth to ensure epitaxial 
growth was obtained, which was further assisted by the formation of an FeSi seed layer 
by deposition of Fe on the substrate. Secondly, the film produced was significantly 

thicker (1µm) while maintaining the single-crystal quality, which could not be achieved 
with the CoxZnyMnz films deposited by sputtering. Lastly, the lamellae produced were 
cross-sections of the film, which means that the field applied in LTEM imaging is in the 

plane of the film, i.e. along the [11�0] direction rather than the perpendicularly applied 
field along the [111] direction. The single-crystal quality of the FeGe films coupled with 
the thicker film and the different sample orientation provide some explanation why a 
similar helical-to-skyrmion phase transition was not clearly observed in the CoxZnyMnz 
films, but importantly this experiment provides evidence of the direct observation of a 
skyrmion phase in a thin film of a material which has been shown to exhibit a skyrmion 
phase in the bulk; the majority of thin film studies have so far relied on indirect methods 
such as the detection of the topological Hall effect; it is a matter of some debate whether 
or not it is a proof of a definite skyrmion phase [4]. With further improvements to the 
growth conditions of the CoxZnyMnz films, perhaps with the use of MBE as opposed to 
sputtering, good quality thick films of these alloys could potentially show similar clear 
helical/skyrmion phases in LTEM imaging.  

 

4.3 Further investigation of magnetic properties: phase diagram and 
thermal hysteresis 

To further characterise the magnetic properties of the CoxZnyMnz thin films, SQUID 
magnetometry was used to measure the variation of magnetisation with field (i.e. 
hysteresis loops) at regular temperature intervals from 10K up to 300K for the 
Co9Zn6Mn5 sample (as it is possible to cover its entire majority magnetic phase with the 
temperature range of the SQUID). In this way it was possible to construct a field-
temperature phase diagram to visualise the variation of dM/dH per cm3 with field and 
temperature, as seen in Fig 4.7(a). To better highlight some of the features, Fig 4.7(b) 
shows the same field-temperature range with a colour map corresponding to 
log(dM/dH per cm3). Fig 4.7(c) shows the equivalent phase diagram from the bulk 
Co9Zn8Mn3 taken from the paper by Tokunaga et al [5] for comparison. Notably the phase 
diagram from Tokunaga is of a much higher resolution; time constraints meant that only 
a preliminary scan with noticeably discrete step sizes was possible to show the broad 
features present in the magnetic phase, but further work with slower scans and an 
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increased number of measurement points would be beneficial to increase the resolution 
of the phase diagrams produced.  

Some similarities can be seen between the phase diagrams of the bulk crystal and 
thin film. The gradual decrease in the magnetic moment approaching the Curie 
temperature from low T, low H is of the same character, with the absolute value 
difference attributable to the different chemical composition of the alloys (i.e. Co9Zn8Mn3 

vs Co9Zn6Mn5; the data presented by Tokunaga et al shows a large variation in magnetic 
properties with the relative percentage of each alloy present in the film – see Chapter 3, 
section 3.1). At the bottom of the phase diagram in (a), i.e. at low field, a higher value of 
dM/dH is observed at moderate temperatures (i.e. 50K-175K) which corresponds to a 
similar region of the bulk phase diagram, where it is identified as a conical phase, albeit 
over a much larger range of field than in the thin film. The magnetisation saturates at a 
significantly lower field in the thin film than in the bulk; at fields higher than 100Oe 
there is no significant change in magnetic 

 
 
 
 

 
 
 
 
 
 
 

 
 
 
 

 

moment, a point that is reached at around 400Oe in the bulk crystal. This suggests that 
the film has significant ferromagnetic character and that any conical or helical phase 
present may be limited to a small region of field, but due to the higher magnetic 

Fig 4.7(a): Field-temperature phase diagram of Co9Zn6Mn5 film determined from hysteresis 
loops at regular temperature intervals from 10K-300K in a field range of 0-100Oe. The Curie 
temperature of ~200K is clearly visible as a drop in magnetic moment. Colour map 
corresponds to dM/dH per cm3. Apparent drop in magnetisation at lowest temperature is 
attributed to the fact that SQUID measurements begin at 4K, introducing an artefact from 0-
4K; finer measurements with smaller step sizes could limit the effects of this issue; (b) The 
same phase diagram as in (a) with the colour map corresponding to a logarithmic scale of 
dM/dH per cm3 to show more detail; (c) The phase diagram for the bulk crystal of Co8Zn9Mn3 
from Tokunaga et al [5] is shown for comparison. 
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anisotropy of thin films it is expected it would saturate at lower fields. There is no clear 
skyrmion phase in the thin film phase diagram, but it is possible that such fine detail 
may be missed due to the finite step sizes involved in the data; a more detailed look at 
the region around the Curie temperature could provide more insight but is beyond the 
scope of this thesis due to time constraints and must be considered future work.  
 An interesting feature is observed when comparing magnetisation variation with 
temperature at constant field under different conditions, as shown in Fig 4.8. Three 
measurement conditions are plotted; in the first case, the sample was zero-field cooled 
(ZFC), then a field of 100Oe was applied as the temperature was raised gradually to 380K 
and the magnetisation measured. In the second case, the field of 100Oe was maintained 
and the sample was cooled from 380K-10K while magnetisation was measured, i.e. a 
field-cooled cooling curve (FCC). Finally, the field of 100Oe was maintained and the 
sample was again heated from 10K-380K, i.e. a field-cooled heating curve (FCH). 
Notably, there is some thermal hysteresis observed with temperature in the data; the 
FCC and FCH curves do not match up exactly, with a difference in the temperature at 

which the magnetic phase transition takes place of DThys=6K. Such thermal hysteresis is 
seen as a signature of a first-order phase transition [6] [7]; it is therefore possible that the 
magnetic transition with temperature of the Co9Zn6Mn5 film is of first-order character. 
Additionally, thermal hysteresis is also observed in magnetic spin ices [8], in which the 
magnetic moments present in the material are disordered and prevented from aligning 
due to geometric constraints, in a process known as frustration. Further research may 
determine whether the polycrystalline nature of these films has introduced frustration 
into this system and the resemblance to spin-ices may provide some insight into the true 
magnetic character of these films. 
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4.4 Conclusions 

There is clear evidence of interesting magnetic behaviour in these thin films; LTEM 
images show unusual domain wall patterns existing at low temperatures which are 
reminiscent of Lichtenberg patterns of electrical discharge through insulating materials. 
The Curie temperatures of several alloys of differing composition have been determined, 
demonstrating the possibility of tuning the Curie point to a required temperature by 
varying the percentages of each element present in the film. In addition, a preliminary 
H/T phase diagram has been obtained for one particular alloy in thin film form, which 
can easily be expanded upon with further investigations to provide more detail and 
perhaps identify subtle phase changes. The identification of thermal hysteresis also 
provides evidence for a first-order phase transition. As these results are the first 
magnetic study into thin films of CoxZnyMnz alloys, they provide essential groundwork 
for future development towards the realisation of a clear skyrmion phase. 

 

 

 

Fig 4.8: M(T) curves for zero-field-cooled (heating) (ZFC), field-cooled 
(cooling) (FCC) and field-cooled (heating) (FCH) from Co9Zn6Mn5 thin 
film. A thermal hysteresis is observed, suggesting a structural phase 
transition occurring with temperature. 
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Chapter 5: Investigation of topological 
structures in PbTiO3 

 
5.1 Motivation 

Investigating low-dimensional ferroelectric objects produces fascinating results that 
differ from what is seen in the bulk material, such as the ferroelectric vortices 
discussed in Chapter 1, Section 2. Interestingly, ferroelectric domain walls can also 
show properties which differ from the rest of the bulk material, such as conductive 
domain walls in otherwise insulating crystals [1]. Studies into STO have shown 
potential polar character of domain walls at low temperatures driven by the 
competition between the ferroelastic and ferroelectric ordering in the crystal [2]. 
PTO shows similar interactions between its ferroelastic and ferroelectric ordering, 
with even greater magnitude than STO [3]. Using first-principles predictive models, 

Wojdeł and Íñiguez simulated 180° domains of PTO and observed the development 
of polarisation confined to the plane of the wall, oriented perpendicular to the 
polarisation in the domains (Fig 5.1(a)-(c)). Further investigation suggests that this in- 
wall polarisation is switchable in direction with the application of field, and hence 
can be considered to have ferroic character. The authors then investigated the 
evolution of this in-wall polarisation with temperature and found a distinct phase 
transition within the ferroelectric phase of PTO, well below the bulk ferroelectric 
transition temperature (Fig 5.1(d), (e)) [4]. 
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Considering the change in polarisation direction as one moves from one of these 
domains through the wall to the other domain, the rotation out of plane can be 
considered Bloch-type, and hence at low temperatures PTO may have domain walls 
which are a mixture of Bloch- and Ising-type (as the magnitude of the polarisation 
is also seen to decrease at the wall, see Fig 5.1(b) and (c)). Elaborating on this concept, 
Gonçalves et al. presented guidelines on how one may utilise this property of PTO’s 
180° domain walls to create polar skyrmion bubbles in bulk crystals, as opposed to 
the thin film superlattices of the studies mentioned above. In essence, a nanodomain 
embedded in a bulk matrix of opposite polarisation would be reminiscent of the 
structure of a magnetic skyrmion, with the polarisation rotation at the wall leading 
to Bloch-type winding (Fig 5.2). The authors show the results of second-principles 
simulations suggesting these electric skyrmion bubbles may be stable for a variety of 
sizes and shapes of nanodomain, allowing the creation of very small skyrmion 
bubbles on the scale of nanometres. When subject to an applied in-plane electric field 

Fig 5.1(a) Sketch of simulated 180° domains showing polarisation directions within the domains 
and the walls, axes corresponding with principal directions of the perovskite lattice; (b), (c) 
Polarisation profile corresponding to the domain structure in (a) showing the development of 
polarisation within the domains in the x-direction and within the walls in the y-direction. 
PBEsol(I) data corresponds to the unconstrained first principles structural relaxation and 
PBEsol(II) with constraints matching those of the model potential; (d) Temperature-dependent 
polarisation at the centre of the first domain (blue) and at the centre of the domain walls (red); (e) 
Diagonal components of the dielectric permittivity tensor. A clear transition temperature is 
evident at around 335K, below which polarisation develops within the domain walls, within the 
ferroelectric phase of the bulk crystal (which develops at ~510K). The absolute temperatures differ 
from experimental values of TC for PTO due to issue with modelling absolute temperature. Source: 
[4] 
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along the [1,1] direction, the centre of the skyrmion bubble moves along the [1,-1] 
direction (Fig 5.2(e, h)). This response to fields is reminiscent of some magnetic 
skyrmions [5]. For larger applied field values, the system undergoes a discontinuous 
transition into a state where the wall of the nanodomain becomes polarised in plane 
and forms a metastable state (Fig 5.2(f, i)). The authors also noted that by considering 
an epitaxial film of PTO rather than a bulk crystal, similar polar skyrmion bubbles to 
those seen in Fig 5.2(e) can be stabilised without the application of a field by the effects 
of epitaxial strain [6]. 

The prediction of in-wall polarisation in PTO and the subsequent theoretical 
guidelines to utilise this property to generate polar skyrmions in a bulk crystal 
formed the motivation behind the ferroelectric component of the investigation in this 
thesis. 

Fig 5.2: Sketch of the 180° DW of PTO at high temperature (a) and low temperature (b), as 
predicted in [4]; (c) a nanodomain (green) nucleated inside a matrix of opposite polarisation 
(pink) will have a closed domain wall which could show Bloch-type rotation and hence the 
nanodomain may be considered a Bloch-type electric skyrmion bubble; (d)-(i) Data obtained 
using second-principles calculation for a nanodomain structure as in (c). (d)-(f) show the 
polarisation and (g)-(i) the corresponding Pontryagin density (see Chapter 1, Section 3) for 
the nanodomain in the ground state (d, g), subject to an in-plane electric field along [1,1] (e, 
h), and the nanodomain-wall-polar state stabilised for large electric fields (f, i). Colour scale 
gives out-of-plane Pz component while the arrows correspond to the in-plane Px and Py. 
Source: [6] 
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5.2 Mapping of bulk PbTiO3 domain structure using piezoresponse 
force microscopy 

As observed in Fig 5.1, the polarisation within the domain walls of PTO is expected to 
develop somewhat below the Curie temperature within the ferroelectric phase. While 
the temperature at which this polarisation should develop has been estimated, absolute 
phase transition temperatures produced by the first-principles modelling in [4] are 
possibly inaccurate; for example, the Curie temperature produced by this model is 510K, 
which is significantly lower than the experimentally observed Curie temperature of PTO 
of 760K. Such variance between estimated and actual phase transition temperatures 
could affect the transition temperature of in-wall polarization in the same way, making 
a precise statement of the temperature range in which the in-wall polarisation exists 
difficult (see Supplemental material of Ref [4]). As such, to ensure that the system is 
observed well within this temperature range, it was decided that performing low-
temperature measurements had the best chance of success.  
 Observation of the in-wall polarisation at low temperatures in lead titanate (PTO) 
requires careful experimental design. One method of physically mapping polarisation 
development which has been successful in past studies is the measurement of the 
relative displacement of Ti cation columns and O anion columns using aberration-
corrected high-resolution TEM (HRTEM), as demonstrated by C. L. Jia et al. [7]. The 
relative displacements of the anion and cation sublattices is indicative of the presence of 
a dipole in the unit cell and hence the spontaneous polarisation characteristic of the 
ferroelectric phase. While this method has been used so far to map the polarisation 
within domains, the same principle can be applied to observing the relative ionic 

displacements within the domain wall in PTO. By cooling the sample during HRTEM 

imaging, the low-temperature behaviour can be observed, including the phase transition 
within the ferroelectric phase at which the in-wall polarisation is predicted to develop. 
 However, the mapping of polarisation development within the domain wall is 
far from trivial. A particular difficulty arises in the choice of sample orientation from 
which to perform the imaging to best observe the effect, as demonstrated in Fig 5.3. 
Measurement of the relative ion column displacement requires that the dipole be 
oriented in the plane of the sample; if one wanted to measure simply the polarisation 
development within the domains this would be a simple matter. However, the 

polarisation within the wall is predicted to develop perpendicular to the domain 

polarisation. Hence, in order to observe the in-wall ionic displacement, the wall 
polarisation must be in the plane of the sample and the domains out-of-plane. This poses 
a problem; domain walls in ferroelectrics are only a few unit cells thick, so the location of 
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the wall when the domain polarisation is invisible (as it is out-of-plane) is extremely 
difficult. Therefore, depending on the orientation chosen for the sample, either the 
domain polarisation is visible and the wall is easy to locate, but the in-wall polarisation 
is invisible (Fig 5.3a), or the wall polarisation is observable but the lack of visible domain 
polarisation makes the wall very difficult to find (Fig 5.3b). A possible solution is a sample 
oriented at an angle to the wall and the domain, in which case the projection of the 
polarisations of both the domains and the wall would be visible (Fig 5.3c). However, this 
approach has its own issues; the projections along the observable direction would make 
distinguishing between the domain and wall polarisations difficult (Fig 5.3d). 

 

Fig 5.3: Schematics of various possible lamella orientations which can be used to search for in-wall 
polarisation with HRTEM. (a) a (100) orientation lamella with a 180° domain wall would have the domain 
polarisations (red, blue) in-plane and the wall polarisation (black) out-of-plane. In this orientation, the 
displacements of the ion columns would be visible in the domains, but not in the wall; (b) in a (001)-
orientation lamella, the domains would be polarised out-of-plane and the wall in-plane – the 
displacements in the wall would be visible but not the domains, so finding the wall (a few unit cells thick) 
could be very difficult; (c) By cutting along the (110) direction, a lamella is produced which is at an angle 
to both the domains and the wall; (d) The domain and wall polarisations will all have polarization 
components both in- and out-of-plane in a (110) lamella, so in the TEM projections of the in-plane 
components will be visible for both domains and wall. However, there is now no clear distinction between 
the left-hand domain and the wall as both have components in the same direction with only a difference 
in relative magnitude (e), which may be hard to detect. 

 

 (100) lamella  (001) lamella 

  

(110) lamella 
Side view 

(110) lamella 
Top view 
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A method was devised to attempt to solve some of these issues; if a (100) lamella was cut 

precisely through a 180° domain wall, its location would be known fairly accurately and so 
could potentially be mapped without the need to see the ion displacements within the 
domains. To achieve this, it was necessary to map the domain structure present in the PTO 

bulk crystal and identify 180° domains using piezoresponse force microscopy. Fig 5.4 shows 

the bulk PTO crystal and the domain structure observed in PFM; a complex pattern of 90° 

and 180° domains exists throughout the material. Using physical markers such as existing 
cracks in the material which are visible in the SEM/FIB, it was possible to precisely 

align the lamella location across a 180° domain wall without being able to see the domain 

patterns in the SEM. Unfortunately, when a lamella was cut from this area no 180° domain 
wall was found; it is likely that the act of cutting the lamella changed the domain pattern in 
the material by changing the mechanical stress and dimensions. Lamellae cut from the bulk 
PTO crystal showed new domain patterns, formed as a result of the mechanical stress acting 
on the lamella during the ion beam thinning process; these new domains were subsequently 
investigated by HRTEM and PFM. 

 

 

Fig 5.4: Mapping the domain structure of bulk PTO single crystal. (a) optical image of the surface of the PTO 
crystal; lateral PFM was performed in the indicated area with tip scanning horizontally as indicated (black 
arrow); the torsional motion of the tip enables the observation of piezoresponse from the sample 
perpendicular to scan direction (red arrow); (b) Lateral PFM phase data overlaying the optical image of the 
chosen region showing a complex domain pattern consisting of both 90° (straight, regularly spaced) and 180° 
domains (more irregularly shaped); (c) A closer view of the PFM image; (d) Simplified schematic diagram of 
the domain pattern in (c) with polarization directions indicated. Note that the polarization direction within 
the 90° domain walls switches when the 180° pass through them to ensure that the domains remain head-to-
tail (see Section 5.3).The polarisation within the 180° domain walls in this case will be out-of-plane; by cutting 
a cross-sectional lamella through the wall (indicated in dashed grey rectangle), the wall polarisation would 
be in the plane of the lamella and hence the ion displacements would by visible in HRTEM.  

d 
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5.3 Charged domain walls observed in PbTiO3 lamellae using HRTEM 

 

5.3.1 Charged domain walls in ferroelectrics 

In collaboration with the University of Limerick, lamellae of single-crystal lead titanate were 
investigated using a Thermo Fisher Scientific Titan Themis TEM, which is doubled corrected 
for aberrations and monochromated; these additions to the TEM allow sub-Ångstrom 
resolution and therefore the ability to resolve the ionic displacements characteristic of 
ferroelectric polarisation. While the principle plan for this technique is to observe the in-wall 

polarisation development in 180° DWs in PTO, other interesting results were found in 
preliminary PTO lamellae; namely, the existence of charged domain walls. 

Domain walls can carry bound charge when there is a change in the normal 
component of polarisation on crossing the wall from one domain to the other. For two 
adjacent domains 1 and 2 with polarisation P1 and P2, the surface density of the bound charge 
at the wall will be 

 
𝜎J = (𝑷( − 𝑷4) ∙ 𝒏4 

where n1 is the wall normal unit vector in domain 1. Any bound charge present in a domain 
wall will create an electrostatic field, which increases the energy of the system and hence is 
unfavourable in most cases; hence most domain walls do not carry any bound charge and 
are termed neutral domain walls (NDWs). Domain walls with non-zero bound charge are 
called charged domain walls (CDWs) and arise when the adjacent domains have either a 
head-to-head (H-H) (Fig 5.5a, b, d) or tail- to-tail (T-T) configuration, as well as some cases 
of head-to-tail orientation (Fig 5.5c). The deviation of the domain wall from the electro-
neutral position determines how charged the wall will be; small angles will result in weakly 
charged domain walls (WCDWs) whereas larger angles result in strongly charged domain 
walls (SCDWs) [8]. 

(5.1) 
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PTO, like all tetragonal perovskite ferroelectrics, forms both 180° and 90° domains. In bulk 

perovskite crystals, 90° DWs respond to both electrical and mechanical stress, whereas 180° 
DWs only respond to electric fields. The polarisation direction within a domain corresponds to 

the longer c-axis of the unit cell. For 90° domains, this means that there will be a discontinuity in 
the lattice spacing at the domain wall as the c-axis changes direction between domains, leading 
to significant strain at the wall, with a strain gradient away from the wall; this enables the wall 
to be identified using STEM. 

 

5.3.2 Polarisation mapping using Fourier masking 

The strain produced at 90° walls is particularly pronounced in PTO due to its high c/a ratio in 
the tetragonal phase (~1.07). This makes the mapping of polarisation within the domains using 
atomic shifts difficult; the technique is very sensitive to the zone axis orientation of the sample 
and can therefore fail when significant strain is present. As such, precise polarisation mapping 
can only be performed on relatively unstrained areas of the sample (see Fig 5.9) 
 Another method of determining the axis of polarisation, though not its particular 
direction, is known as Fourier masking (Fig 5.7). This makes use of the splitting of diffraction 
spots in a diffraction pattern taken from multiple domains of differing orientation. Consider 

two 90° domains separated by a domain wall, as shown schematically in Fig 5.6(a). The {110}pc 

Fig 5.5: Schematic of charged domain wall configurations in tetragonal perovskite 
ferroelectrics such as PTO. Arrows show direction of spontaneous polarisation. (a) 180° DW 
(red line) is at a slight angle to the electro-neutral position (dashed line) resulting in a small 
normal component of polarisation across the wall; hence this wall is weakly charged 
(WCDW). (b) 180° H-H wall, which is strongly charged (SCDW). (c) 90° H-T domain wall 
with a small deviation from the electro-neutral configuration, i.e. weakly charged. (d) 90° 
SCDW. The 180° DWs are non-ferroelastic and hence exhibit no strain change across the 
wall, whereas 90° DWs are ferroelastic and hence a difference in spontaneous strain occurs 
between the domains, shown schematically by the twist in (c) and (d). Source: [8] 
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planes parallel to the domain wall in both domains have the same periodicity, and hence the 
diffraction spots associated with the {110}pc planes from both domains superimpose and no 
splitting is observed. However, the {110}pc planes which lie approximately perpendicular to the 
domain wall in each of the domains do not lie parallel to each other (though they do have the 
same periodicity). In the diffraction pattern, the reciprocal lattice vectors perpendicular to these 
planes do not superimpose and hence there is a splitting of the diffraction spots associated with 
these planes [9].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

To determine polarisation axes within domains in a sample, a HRTEM image is taken of 
two or more domains where the <001> and <010> lattice planes have been resolved (Fig 
5.7a). A fast Fourier transform (FFT) is then performed; splitting of the spots in the 
diffractogram indicates the presence of multiple domains in which the lattice has rotated, 

i.e. 90° domains (Fig 5.7d). The <010> diffraction spot closest to the centre is identified and 
masked, then an inverse Fourier transform is performed on the masked FFT. A real space 
image is produced where the brightest area corresponds to domains with the c-axis in the 
<010> plane. This process is then repeated for the <001> diffraction spots in the FFT and the 
two images are combined. The resulting image can be coloured to show the different axes 
of polarisation present in the domains in the original HRTEM image (Fig 5.7c). This method 
is particularly robust for PTO due to the strong link between the lattice and the polarisation 
[10]. 

 

Fig 5.6(a): Schematic diagram of an a-a 90° domain structure with a domain wall (yellow) separating 
two regions with unit cells and hence polarisation separated by 90°- q. This q deviation from 90° 
manifests in the simulated diffraction pattern (b) as a splitting of the 𝟎𝟏"𝟏 reflection associated with 
the lower-left domain in (a) and the 𝟏"𝟎𝟏 reflection of the upper right domain in (a). The real-space 
vectors separating the (011) planes of the lower-left domain and the (101) planes in the upper-right 
domain are parallel across the domain wall and hence corresponding reciprocal lattice vectors (orange) 
are parallel; the spots are superposed and no splitting is observed in the diffraction pattern. Adapted 
from [9]. 
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The Fourier masking technique was applied to a domain wall junction observed in a PTO 

lamella as shown in Fig 5.8. A number of 90° DWs have formed perpendicular to each other, 
which has resulted in an array of kinked junctions; similar junctions have been reported in lead 
zirconate-titanate [9]. 
 Once Fourier masking has determined the polarisation axes in the junction, it is possible 
to deduce some more information using prior knowledge of the energetics of domain wall 

formation. 90° DWs in PTO tend to form H-T ‘herringbone’ patterns and hence will be 
uncharged, for example the wall between the domains A1 and A2 indicated in Fig 5.8(a). 
However, in this case the A3 domain cannot form an in-plane H-T wall with both the A1 and 
A2 domains; it must be either H-H or T-T with one of them, most likely the smaller A2 domains 
so as to minimise the area of opposing polarisation – this leads to a strongly charged DW 
junction between the A2 and A3 domains. The junction is only ~5nm wide, so can be effectively 
considered as a 1D charged feature through the thickness of the lamella. In addition, the 
inclination of some of the A1-A2 domains suggests that they will also be weakly charged (see 
Fig 5.5). 

Fig 5.7: Process of Fourier masking to identify polarisation axes in HRTEM images; (a) HRTEM 
image of 90° DWs with polarisation axes indicated; (b) Inset shows atomic detail at the domain 
walls; (c) Colour mix image of the two inverse FFTs of the spots masked in (e); (d) FFT with length 
labels showing the lattice rotates by ~94° across the domain wall; (f) FFT of HRTEM image in (a) 
with the masked spots circled and inverse Fourier transformed to create the corresponding 
coloured regions in (c). Source: [11]. 
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5.3.3 Polarisation mapping using dipole shifts 

The exact polarisation direction can be determined by mapping the dipole shift. In PTO, the 
polarisation develops because the centres of negative charge (i.e. oxygen sites) are shifted 
further than the centres of positive charge, i.e. the Ti4+ ions; thus, a dipole is formed with 
average polarisation in the unit cell pointing in the opposite direction to the Ti4+ ion shift. The 
oxygen ions are not visible in ADF imaging mode due to their low atomic number compared 
to the metal ions.  
 Fig 5.9 shows an attempt at mapping the Ti shifts in the DW junction of Fig 5.8. The 
mapping has been significantly affected by the presence of strain around the junction, causing 
the zone axis of the crystal in that domain to rotate, blurring the Ti atomic column and hence 
inhibiting mapping of that region. For accurate polarisation mapping, only relatively 
unstrained areas can be considered. Some regions of Fig 5.9, such as the top right and bottom 
left of Fig 5.9(b) as indicated, are sufficiently unstrained to allow such mapping and hence 
determine the polarisation directions within the domains; in the A3 domain (see Fig 5.8) the 
Ti4+ ion moves to the right with respect to the Pb ion ‘corners’ and hence the polarisation 
points in the opposite direction, i.e. towards the DW junction. In domain A2, mapping of 
Ti4+shifts away from the strained area at the junction indicates the polarisation is opposite to 

Fig 5.8(a): HR-STEM ADF (annular dark field) image of domain wall junctions observed 
in a PTO lamella; (b) Corresponding Fourier masked image which maps the polarisation 
axes in the domains. Indicated area shows a strongly charged DW junction due to 180° 
oppositely polarised domains, with weakly-charged H-T DWs connected to the junction; 
(c) Section of the FFT of (a) showing the spots corresponding to the coloured regions in 
(b); (d) Enlarged section of (b) showing detail of the DW junction. Source: [11] 
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that in A3, i.e. also pointing towards the DW junction. Hence, the charged DW junction 
between domains A2 and A3 is H-H type. 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.4 Domain structure manipulation using STEM 

An interesting phenomenon observed while imaging these domain junctions was a changing 
domain configuration due to the action of the electron beam itself, i.e. the occurrence of in-situ 
switching. Fig 5.10(a) shows the domain pattern in the lamella at the beginning of the TEM 
session, while Fig 5.10(b) shows the new pattern developed after multiple STEM scans. The 
scanning electron beam generates secondary electrons which act as local free charges. By 
changing parameters such as the scan dwell time and the beam current during STEM imaging, 
the creation and control of dynamic charge gradients. In a ferroelectric sample, these dynamic 
charge gradients can act as a switching mechanism for unstable domain configurations. As seen 

in Fig 5.10, after multiple STEM scans the majority of the A4 domain switched by 180° and the 

neutral 180° domain wall moved down to the A2 domain near a significant crack in the lamella 
(visible on the right of the image). The movement of this DW caused the central A2 domain to 
become H-H with respect to the A3 domain and hence strongly charged; to reduce the charged 

area, the domain wall between A2 and A3 narrowed and caused the 90° DWs between the A1 
and A2 domains to bend slightly away from their electro-neutral positions and hence become 
weakly charged themselves. 

  
 

 

Fig 5.9: Mapping of Ti ion shifts to determine polarisation direction in the charged DW junction. (a) HR-
STEM HAADF (high angle annular dark field) image of charged DW junction analysed using Atomap 
software to map Ti4+ ion shifts. Domain A1 (left) and the junction itself cannot be successfully mapped 
due to high strain in these regions. Indicated regions in blue and red have less strain and can therefore 
be used to map the Ti4+ shifts in domains A2 (red) and A3 (blue); (b) Schematic indicating the 
relationship between the direction of Ti ion shifts and corresponding polarisation direction; (c) Enlarged 
image of unstrained region of domain A2; (d) Enlarged image of the unstrained region of domain A3. 
Source: [11] 
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The domain pattern adopted in this sample is likely due to the unusual stresses within the lamella. 
In bulk single crystal PTO, arrays of alternating a-c and a-a domains form in the characteristic 
‘herringbone’ pattern (Fig 5.11a). The compensation of strain at the interface between these 
perpendicular arrays can cause severe distortion of the domain wall pattern (Fig 5.11(b)) and 
even the formation of cracks, suggesting there is a significant cost to the transition between a-a 
to a-c domains. In addition, in thin samples such as the lamellae considered here, consideration 
of Kittel’s equation (See Chapter 2, Section 2) indicates that domains are constrained to only 
form in-plane. The combination of these strain mechanisms in the lamellae considered here 

results in the formation of perpendicular arrays 90° DWs with charged 180° DWs at the meeting 
points of the arrays. 

 

 

 

a b 

Fig 5.10: In-situ switching of DWs in a PTO lamella by the electron beam. (a) Initial domain 
configuration featuring a neutral 180° DW between domains A3/A4 which allows the central 
A2/A4 junction to remain uncharged (polarisation directions indicated by arrows, domain 
walls highlighted by yellow lines); (b) Final domain configuration in which the neutral 180° 
DW has moved to the bottom right of the image, causing the central A2/A3 DW junction to 
become charged. The A2/A3 DW narrows to reduce the charged area, causing the A1/A2 90° 
DWs to bend towards the junction and hence become weakly charged. Source: [11] 

  

Fig 5.11(a) SEM image of bulk single crystal PTO showing characteristic ‘herringbone’ pattern often seen 
in perovskites. Cracks are observed at the interfaces between a-c and a-a domains as well as between 
perpendicular a-c domain arrays (indicated in blue boxes); (b) Magnified image of the transition 
between a-c domains (top) and a-a domains (bottom), with stress-induced bending evident at the 
interface. Source: [11] 
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5.3.5 Charge screening in PTO lamellae 

A key property in the stability of charged domain walls is the screening of the bound charge by 
free charges, i.e. electrons, holes and/or mobile ions. Without charge screening, strongly 
charged domain walls could not exist as the electric field of the bound charge would destabilise 
the ferroelectricity in the system. Weakly charged domain walls may exist without screening, 
but it is much more likely that they will also be screened [8].  
 Several possible charge carriers could exist in the system which could act to screen the 
bound charge of the CDWs, such as free electrons, Pb vacancies (VPb

2-), oxygen vacancies (VO
2+) 

or oxygen interstitials (i.e. defects where an oxygen atom assumes a normally unoccupied site 
in the lattice). In PTO, oxygen interstitials are considered unlikely as the perovskite unit cell is 
already close-packed and the possible interstitial sites are bounded by positive and negative 
ions [12].  
 At H-H domain walls there is a bound positive charge (whereas T-T walls have bound 
negative charge) which attracts negative charge carriers; these will be either free electrons or 
VPb

2-. To identify which is present at the wall, an intensity profile was taken across the junction 
and a decrease of the Pb atomic column was observed at the DW junction, indicating the 
presence of VPb

2- at the wall. The presence of these negative charge carriers is then expected to 
be screened by the presence of positive VO

2+ carriers. 
 In systems where free electrons are responsible for screening the charged domain wall, 
bending of the conduction and valence bands leads to a population of free electrons or holes 
which act to screen the charge at the wall. However, in systems were ionic screening is also 
possible, as in PTO, this band bending is not significant enough to push the valence/conduction 
bands above/below the Fermi level and hence the numbers of electrons and holes present are 
not sufficient to screen the charged domain wall; a combination ionic/free charge screening 
occurs [13].  
 This type of charged domain wall junction has not been previously observed in lamellae 
of PTO. The conditions required for such a charged junction seem to be that the ferroelectric 
material be sufficiently thin and defect free and exposed to largely in-plane stress along both 
the [100]pc and [010]pc directions. The techniques used by the microscopists at the University of 
Limerick proved invaluable in identifying such a novel phenomenon in these samples and are 
expected to produce similarly impressive results in the search for developing polarisation in 

180° PTO domain walls. 
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5.4 Vector PFM and domain writing on PbTiO3 lamellae 

5.4.1 Surface repair of lamellae 

PFM on lamellae has been demonstrated in the past [14] and involves a careful preparation 
method different from that required for the usual TEM imaging; the lamella is lifted from the 
bulk sample using a glass microneedle and deposited on a platinised Al2O3 substrate. It is then 
annealed in an atmospheric furnace to recrystallise the surface layers which have been damaged 
by the ion beam and push any implanted Ga ions to the surface, where they react with oxygen 
to form a gallium oxide layer. After annealing, hydrochloric acid is used to remove the surface 
gallium leaving a smooth, crystalline lamella surface (Fig 5.12). This surface repair of the lamella 
is essential for PFM, as it is a surface-sensitive technique; even a few nanometres of damaged 
surface could be enough to impede piezoresponse information being obtained from the sample. 

 

 
 

 

 

 

 

 

 

 

 

 

For PbTiO3 a recrystallisation temperature of 600°C was sufficient to repair ion damage, and an 
acid etch using 1M HCl for 3 mins removed the oxide layer sufficiently for clear piezoresponse 
to be detected.  

 

   b  

  

Fig 5.12: Atomic force microscope height (a, c) and z-amplitude (b, d) images 
of PTO lamellae before (a, b) and after (c, d) repair via annealing and acid 
washing. 
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5.4.2 Vector PFM of PTO lamellae 

To determine the domain structure present in the lamellae, vector PFM was performed by 
scanning the lamella in vertical PFM mode as well as lateral PFM mode in two perpendicular 

directions, achieved by rotating the sample by 90° between scans. In this way it is possible to 
build a three- dimensional map of polarisation directions within domains in the lamella. 
However, interpretation of the PFM data can be difficult due to the various possible sources of 
signal obtained in the scan. Fig 5.13 shows some of the possible types of cantilever deflection in 
PFM; while in theory vertical PFM should only be sensitive to out-of-plane polarisation and 
lateral PFM sensitive to in-plane, in reality this is not always the case. Flexural ‘buckling’ of the 
cantilever caused by in-plane polarisation can cause a deflection in vertical PFM which can be 
mistakenly interpreted as out-of-plane polarisation. It is therefore important to not only perform 
careful PFM scans of the material, but also use prior knowledge of the material to accurately 
identify the polarisation orientations in the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.14 shows PFM data obtained from a PTO (010) orientation lamella which had been 
annealed and acid washed to repair the surface. Both vertical and lateral PFM were performed 

across the whole lamella, then the sample was rotated by 90° and scanned again to provide two 

   

Fig 5.13: Schematic illustration of possible cantilever deflections in PFM. (a) Standard VPFM signal 
originates from out-of-plane piezoresponse, resulting in vertical cantilever deflection and hence 
vertical motion of the laser spot on the photodiode; (b) Flexural buckling caused by in-plane 
piezoresponse can give a vertical deflection on the laser diode, leading to the incorrect 
identification of an out-of-plane response; (c) Standard LPFM signal originates from in-plane 
piezoresponse, resulting in cantilever twisting and hence a lateral motion of the laser spot on the 
photodiode. Red arrows in the figure correspond to the motion of the laser spot, black to the motion 
of the cantilever, blue to the motion of the sample surface in response to the cantilever in each case. 
Source: [15]. 
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perpendicular orientations for LPFM. Based on this data, it is possible to make an attempt at 
identifying the direction of polarisation in the domains visible in the lamella. 
 When the lamella is in horizontal orientation, the vertical PFM amplitude data shows 
straight, regular domains; the corresponding phase data shows that the phase is ‘locked’ (i.e. a 
strong piezoresponse) only for the domains which are light-coloured in the amplitude, 
suggesting that these domains could be out-of-plane c-domains. Lateral PFM taken from the 
same area in the same orientation would be sensitive to in-plane polarisation perpendicular to 
the tip scan direction. Amplitude data shows the same pattern of domains as the vertical PFM, 
but with opposite domain contrast, which is also reflected in the phase data. Based on this 
information, it can be proposed that the lamella contains an a-c domain pattern. 

 To confirm the polarisation orientation, the sample was rotated by 90° and vertical and 
lateral PFM repeated. In this way it should be possible to identify flexural contributions to the 
vertical PFM signal as well as identify which in-plane direction polarisation may occur; the 
cantilever scans in a direction perpendicular to the first scan and hence is sensitive to in-plane 
polarisation in a perpendicular direction in LPFM. The VPFM signal is stronger in this 
orientation, with the bright areas corresponding to the phase-locked areas of the horizontal 
VPFM scan. The LPFM data at first appears to show very clear piezoresponse, but inspection of 
the attached scale bar shows that the range is quite large, indicating ‘phase wrapping’ may have 
occurred; in this case, the measured phase passes through the extreme of one end of the scale 
and hence ‘wraps’ immediately round to the other end of the scale, indicating a large difference 
in phase between domains when in reality only a small relative angle may exist between them. 
Coupled with the fact that the LPFM data in this orientation contains a lot of noise, it is unlikely 
that significant in-plane response exists in this orientation. 
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Tip scan direction 
Fig 5.14: PFM data obtained from a (010) orientation PTO lamella in (A) horizontal and (B) vertical 
orientations, i.e. rotated by 90°. Numbered images show the following data: 1. Height; 2. Deflection; 
3. Vertical PFM Amplitude; 4. Vertical PFM Phase; 5. Lateral PFM Amplitude; 6. Lateral PFM Phase, 
for both sample orientations. 
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Based on the data obtained from multiple scans of the entirety of this lamella (of which 
a small selection is presented here), a likely vector map of polarisation for this lamella is 
shown in Fig 5.15. An a-c domain pattern is consistent with the (010)pc orientation of this 
lamella, and some slight variations of the actual zone axis of the lamella with the true 
(010) axis may have resulted in a slight angle in the polarisation away from the normal, 
contributing to the somewhat complicated PFM data. Nevertheless, the suggested 
polarisation map in Fig 5.15 is consistent with what is known of domain growth in PTO 
and is supported by the PFM data. 

 

  

 

 

 

 

 

 

 

 

 

 

5.4.3 Domain writing on PTO lamellae using PFM 

As the aim of this experiment is to observe in-wall polarisation of 180° domain walls, the 

90° a-c domains of this lamella are not sufficient; an out-of-plane domain must be written 

on the lamella so as to create a 180° domain wall with the existing out-of-plane domains. 
By applying an out-of-plane voltage of -15V via PFM tip with the sample grounded via 
a connected wire, it was possible to write a square domain on the lamella as seen in Fig 
5.16(a, b). Interestingly, when PFM was performed on the lamella a few weeks later, it 
was observed that the written domain had spread out over a larger area of the lamella, 
suggesting that it represents an energetically stable configuration (Fig 5.16(c, d)).  

Fig 5.15: Vertical PFM phase image from Fig 5.14 with added markers showing 
likely polarisation direction; the lamella contains a pattern of a-c domains, i.e. 
alternating in-plane and out-of-plane domains. This polarisation map was 
deduced based on the vector PFM performed in two perpendicular orientations of 
the sample and previous knowledge of the domain patterns previously observed 
in PTO. 
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A potentially enlightening result could be obtained by performing lateral PFM on the 
written domain; since the domain has polarisation out-of-plane, if the domain wall 
contains perpendicular polarisation at room temperature it may be possible to detect this 
in-plane polarisation using lateral PFM in the correct orientation. Fig 5.16 shows LPFM 
data taken from the region of the written domain on the lamella; it is noticeably much 
more complex than the vertical PFM given in Fig 5.15. While the vertical signal is 
dominated by the strong out-of-plane polarisation of the written domain, the lateral PFM 
signal is interfered with to a greater extent by surface topography, hence making 
identification of true in-plane polarisation sources difficult. Further LPFM scans of the 
domain wall regions at higher magnifications could limit the effect of large-scale surface 
topography, and perhaps show evidence of in-wall polarisation without the complicated 
additional sample processing required for HRTEM of these lamellae; unfortunately, time 
constraints prevented further investigation in this thesis and it remains an open 

  

  

Fig 5.15: Vertical PFM of PTO lamella with written out-of-plane domain. An out-of-
plane voltage of -15V was applied via the PFM tip in a square pattern which switched 
the polarisation direction within this region. (a) shows the amplitude and (b) shows the 
phase obtained via vertical PFM just after writing. The original domain pattern of the 
lamella can still be seen around the written region. After several weeks, the lamella was 
scanned again using vertical PFM. The amplitude (c) and phase (d) images obtained 
show that the out-of- plane domain has relaxed and extended throughout a greater area 
of the lamella, suggesting it is an energetically stable configuration. The domain wall 
between the written domain and the as-grown c-domains will be a 180° wall suitable for 
further HRTEM study. 
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question. In addition, if the in-wall polarisation is indeed only present at cryogenic 
temperatures, it would be necessary to perform low-temperature lateral PFM scans to 
observe the effect; the experimental setup used in this investigation does not allow for 
cooled measurements, but this route does provide an opportunity for future 
collaboration with other institutions who may be able to provide the necessary 
apparatus. 

 

The lamella on which the domain was written was approximately 300nm thick at this 
stage - too thick for TEM analysis. In order to perform HRTEM imaging on the domain 
walls in the lamella, it must be of the order of tens of nanometres thick. The next stage 
in the process therefore must be to further thin the lamella after the domain has been 
written. This would involve lifting the lamella from the surface of the substrate via in-
situ nanomanipulator in the FIB and attaching it to a TEM omniprobe grid, where it can 
then be thinned down using the ion beam in the usual manner. Of course, this presents 
the obvious risk of the action of the ion beam changing the domain pattern, as was seen 

in the attempt to cut a lamella through an already existing 180° domain wall. However, 
it is hoped that since the dimensionality of the lamella will not be changing so drastically 
as would be experienced on cutting a thin lamella from a bulk crystal, and the fact that 
the ion beam currents used would be much less (bulk milling currents of the ion beam 
are of the order of nA, with 30kV accelerating voltage whereas the beam currents used 
to reduce the lamella to electron transparency would be of the order of pA with 5kV or 
less accelerating voltage), the lamella may retain the domain pattern sufficiently to 

maintain a 180° domain wall for study. 

Fig 5.16: Lateral PFM scans showing (a) amplitude and (b) phase of the region of the lamella containing 
the written out-of-plane 180˚ domain as shown in Fig 5.15. The extent of surface damage caused by the 
writing process can be seen more clearly here than in the vertical PFM of Fig 5.15, due to the latter signal 
being dominated by the out-of-plane written domain.  
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5.5 Conclusions 

The domain structures in lead titanate have been investigated to identify appropriate 

180° domain walls in which to search for in-wall polarisation. PFM was used to map the 

domains present in the bulk crystal and FIB used to cut lamellae from existing 180° 
domains. When the cutting of the lamella proved to change the domain pattern, an 
alternative approach was devised; the lamella would be cut first, its domain pattern 

mapped using PFM and 180° domains written using a voltage applied using the PFM 

tip. This process has been demonstrated to produce 180° domains in a lead titanate 
lamella. In addition, HRTEM analysis of lead titanate lamellae has identified a charged 
domain wall junction, a structure which has so far not been reported in lead titanate 
lamellae. The action of the scanning electron beam has also been shown to result in 
electron-beam mediated switching of the domain pattern in the lamellae. These results 
not only demonstrate previously-unseen properties of lead titanate lamellae, but also 
provide essential ground work for the experimental identification of in-wall polarisation 
in lead titanate. Further work would involve imaging of the domain walls in the domains 
written in lead titanate lamellae using low-temperature HRTEM to determine the 
presence of in-wall polarisation using dipole-shift mapping. Once this in-wall 
polarisation has been determined, there is a clear path forward to the creation and 
manipulation of polar skyrmion bubbles in this material.  
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Chapter 6: Conclusions and Future 
Work 
 

This thesis demonstrates the initial investigations required to determine the presence of 
topologically stable objects in two important systems; namely, thin films of CoZnMn 
alloys and single crystal lamellae of lead titanate. While the results presented here are 
promising, significant work remains to be done to conclusively state whether or not it is 
possible to realise such topologically stable objects in these materials. 
 The extensive experimentation already performed to calibrate and improve the 
growth of CoZnMn thin films using magnetron sputtering means that it is likely that the 
improvements necessary to develop a skyrmion phase in these films are unable to be 
made using the above methods. However, there are several methods which could 
significantly improve the growth of the films and potentially result in the required 
properties, such as larger grain sizes or even single-crystal films. For instance, the 
substrates used for epitaxial growth were optically-polished BaF2 with no additional 
surface preparation other than the pre-deposition anneal in the magnetron chamber; 
several methods exist to improve surface quality, such as further polishing or acid 
treatment, which could lead to improved epitaxy and hence give the substrate more of 
an influence over the growth of the film, limiting random growth and encouraging 
order.  
 In addition, other film growth technology exists which may produce better 
results than magnetron sputtering; as mentioned above, growth of FeGe films using 
molecular beam epitaxy resulted in thick single crystal films which demonstrated a 
skyrmion phase. MBE can be much more tightly controlled during film deposition as it 
is usually paired with reflection high-energy electron diffraction (RHEED) 
measurements to ensure the film is growing in the required orientation; as such, growing 
CoZnMn films using such a technique may prove more profitable. Other techniques 
such as pulsed laser deposition (PLD) are also possible.  
 While preliminary magnetic measurements are presented here, more work needs 
to be done to obtain a clear picture of the magnetic character of these CoZnMn films. 
One interesting feature is the residual magnetisation present beyond the Curie 
temperature; this may be due to a separate cobalt-rich phase present in small quantities 
in the film. While no such regions were observed in large-scale STEM spectral imaging 
(see above), it is possible that cobalt-rich regions may exist in the films on the nanoscale. 
Careful sample preparation would allow atomic-resolution STEM to be performed on 
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plan-view lamellae of the films, which would enable the observation of any small cobalt-
rich regions and help identify the source of the residual magnetisation beyond TC. 
 The Lorentz TEM images presented here form only the first step in a thorough 
investigation of the magnetic structures of these films using this technique. Equipment 
availability and time constraints meant that only a small amount of data was able to be 
collected, but it is clear which direction the next steps should take. Higher magnification 
scans with higher resolution would give a more detailed picture of the magnetic patterns 
in the films. Given more time, a more thorough investigation using LTEM of films of 
differing compositions would give a more robust data set to enable more concrete 
conclusions to be made. 
 The polycrystalline nature of these films, with grain sizes of the order of the 
expected skyrmion diameters, very likely interferes with long-range magnetic ordering 
and prevents the formation of a skyrmion phase. As mentioned above, improved film 
growth recipes could lead to the realisation of a skyrmion phase in these films. 
 The magnetic phase diagrams presented here could be significantly improved 
with longer SQUID scan times and more data points obtained for each scan; this would 
enable the creation of a much more detailed phase diagram such as that presented in the 
bulk crystal CoZnMn paper by Tokunaga et al. However, even a rough phase diagram 
like those presented here represents a significant amount of machine time for the 
collection of data, and such an increase in data points would require a lot more time than 
was possible in this project. Such high-resolution phase diagrams could provide 
valuable insight into the magnetic character of these films at different temperatures and 
fields, especially in the region of the Curie temperature where any skyrmion phase 
would be present. 
 While ferroelectric lead titanate is a much more widely-studied material than the 
CoZnMn alloys discussed above, the experiment outlined here is no less ambitious, not 
least because of the difficulties in sample preparation. There are a number of open 
questions which must be answered to bring this experiment to fruition: firstly, which 
orientation would be best to cut a lamella from the bulk crystal so as to observe the in-
wall polarisation? Experimentation into different orientations of lamella would give 
insight into this question, though the larger question of whether the in-wall polarisation 
is even present must be answered first. 
 The task of writing a domain on a lamella using PFM and then imaging the 
domain pattern to look for in-wall polarisation using HRTEM is far from trivial. The 
lamellae used here for PFM experiments were of the order of 300nm thick, whereas for 
HRTEM samples are usually less than 10nm thick. It was seen that cutting the lamella 
from the bulk crystal caused a change in the domain pattern; it is possible that 
attempting to thin a written lamella to HRTEM requirements could change the domain 
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pattern and erase the written domain. In addition, it was observed that the STEM probe 
could switch the domain pattern in a lamella in-situ; however, the pattern observed in 
the lamella in Section 5.3 was very unstable and such was easily changed to a more stable 
configuration using the applied electric field of the probe beam, whereas the written 
domain in Section 5.4 is demonstrably more stable as it had persisted for many days after 
writing. It is hoped that this stability may prevent switching by the STEM probe during 
HRTEM measurements; in addition, there are measures which can be taken to limit the 
effects of the electron beam on the sample, such as short scan times and lower beam 
currents. 
 Another question is if HRTEM is even required to observe the in-wall 

polarisation; if the lamella contains a 180° domain which is observed by vertical PFM, it 
may be possible to observe the perpendicular in-wall polarisation using lateral PFM. 
While LPFM data is presented here in Section 5.4.3, it is by no means conclusive; it is a 
large-scale scan covering the whole lamella and as such contains a lot of contrast due to 
the sample surface buckling which occurred during the writing process. Through careful 

measurements on a small scale, focusing on the domain wall of the written 180° domain, 
it may be possible to limit the large-scale topographical contribution and observe in-wall 
polarisation without the need for the complicated sample preparation required for 
HRTEM. As mentioned above, it is not clear at which temperature the in-wall 
polarisation is predicted to develop in a real sample; as such, it may be necessary to 
perform cooled PFM measurements. While such apparatus was not available in this 
investigation, this experiment has already benefited greatly from collaboration with 
other research institutions and this is another area which could deliver promising results 
by utilising techniques available in the wider ferroelectrics community. 
 In conclusion, the work presented in this thesis is the culmination of extensive 
experimentation to start the research required to observe topologically stable objects in 
these two fascinating material systems. A lot of work remains to be done, but I believe 
that this investigation presents an important first step and will prove invaluable to 
future researchers. 
 

 

 

 

 


