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Abstract

This thesis is an exploration of the growth and properties of thin film FezSnjy.
Through precise stoichiometric deposition, this frustrated kagome ferromagnet
can be grown with minimal impurities and intergrowths from the other Fe-Sn
intermetallic alloys. The frustrated spin texture within the Fe3Sny, and the reori-
entation these spins undergo with changes of field and temperature, have been
predicted to produce the spin frustration needed to stabilise magnetic skyrmions.
These skyrmions in turn have potential applications in new architectures for
magnetic data storage and the development of neuromorphic computing. Beyond
this, the electronic band structure of Fe3zSn; is predicted to have many novel prop-
erties such as flat bands and Dirac-points within tantalising reach of the Fermi
surface. The resulting contribution to the anomalous Hall effect as well as unique
magnetoresistance curves could also feature in future spintronic devices in order
to improve the energy efficiency of our already highly optimised computation
methods.

To begin, high quality 80 nm to 100 nm epitaxial films of Fe3Sny are fabricated
through sputter deposition on to heated single crystal sapphire substrates with
a seed layers of epitaxial Pt. Using X-ray diffraction these films were found to
be strongly orientated in the (001) direction with large 30 nm grain sizes. Scan-
ning transmission electron microscopy, combined with a custom phase matching
technique, allows for spatial maps of these thin films to be produced covering
100s of nm of the film’s cross section and with spatial resolution of 3 nm by 3 nm.
This large scale crystal characterisation confirms the ability to control the phase
content of the ferromagnetic FezSny and the antiferromagnetic FeSn through
the growth process. The ratio of power fed to the Fe and Sn magnetron guns
alone, as opposed to temperature or growth rate, is found to be the determining
factor that changes the resulting film composition, due to the precise control of
growth rate that can achieved from each gun, that can then in turn lead to specific
stoichiometries in the resulting films.

The highly pure, with over 97% crystalline content, Fe3Sny films were found
to have saturation magnetisation of 777 emu/cm® * 9 emu/cm? and very soft
coercivity of 1.5 mT * 0.2 mT. Analysis of the magnetic properties of the resulting
films showed expected reduction in saturation magnetisation with increasing

FeSn intergrowth, but an unexpected minima behaviour in the coercivity of highly
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mixed FgSrp and FeSn Im with changing temperature, indicating a strong
ferromagnetic-antiferromagnetic coupling. Fitting to the BIo%‘nlaw allows

a spin wave stiness of4:1 0:2) 10 40 J/n? to be extracted. Further high
temperature measurements reveal that a temperature of 750 K results in g&rfe
irreversibly breaking down, which in turn causes the appearance of a hitherto
unseen magnetic transition at 120 K in the ZFC/FC measurements.

The electronic properties of ultra-thin 5nm thick E8rp Ims are also ex-
plored, with surprisingly no orbital contribution to the anomalous Hall e ect
observed despite being strongly suggested in the literature. Instead, a carrier type
change-over is con rmed by the change of sign of the ordinary Hall e ect at 75
K. This critical temperature was found to correspond closely to the point of spin
reorientation and an observed change in the scaling of the anomalous Hall e ect.
Along with this, a linear negative magnetoresistance that is observed to have
its gradient decrease with increasing temperature is observed, with currently no
established theoretical explanation with potential applications of such consistent
linear magnetoresistance being part of the detector system in a high eld magnetic
sensor.
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Chapter 1

Introduction



When the work on this thesis began in 2021, humanity was emerging from a pandemic that
had lasted two years and killed 5.2 million people [1]. These direct mortalities, as well as the
associated measures the world took to mitigate there being more, were predicted to have long
term impacts on the economy, education and society for the coming decale®Many of
these e ects are no doubt present, but tangibly the world before and after the pandemic does
not seem that drastically di erent.

In 2022 a reasonably small company called OpenAl released a chatbot called ChatGPT.
History has yet to vindicate this view, but | believe that this development will be as signi cant
to humanity as Johannes Gutenberg's invention of the printing press. In just a few months,
ChatGPT, and other similar generative Al systems, had reached more than 100 million users
[3,4] and as of 2025, it has become the fth most visited website on the inter@gwfith over
5 billion visits a month. These generative Als have already found their way into industry,
with one survey showing 71% of businesses now use an Al as part of one of their ser@jces [
with sectors such as health care, nancial services, and educational technology already being
heavily in uenced [7].

This advancement comes saddled with an associated cost. The training and the implement-
ation of these Als are likely to be consuming massive amounts of electricity, with the exact
amount not currently being disclosed by companies like Microsoft and GoogjleRough
estimates for ChatGPT alone put the electricity consumption in the region of 40 million kWh
a day ] which would make a ChatGPT nation the 95th most power consuming country in
the world (roughly the same energy consumption as Slovenia). Along with the direct power
supply, there is also an associated expense of fresh water that is required to cool the data
centres during use]0 11], which is predicted to be roughly 5 billion cubic metres of water
per annum by 2027, or approximately half the water consumption of the entire UK [12].

Methods and materials that o er the possibility of reducing the energy wastage in electrical
devices would both o er a reduction in direct energy cost, and a reduction in water required to
cool the waste heat that is produced. Spintronics, a portmanteau of spin and electronics, aims to
use both the spin and the charge of the electron as a method of information transpdtgnd in
doing so, create these high e ciency devices. This eld has brought us Giant Magnetoresistance
[14], Tunnel Magneto Resistancd¥, and Magnetic Random Access Memorg which
have all contributed to the development of more e cient data storage devickg.[In more
recent years, there has also been a push towards neuromorphic compufiBgwhich aims
to emulate the complex and evolving interplay that neurons in the brain use to make highly



1.1 Thesis Outline

e cient calculations.

Itis interesting to be able to observe these spintronic e ects in the bulk material, i.e. when
the material samples' dimensions are so large that the material can e ectively be treated as
having in nite extent, but this is often not very conducive for an application in industri 4.
There, smaller devices down to the nano-scale are preferred due to their ability to be integrated
into highly compact electronics that have become the standard in computer engineering. This
means that it is of key interest to keep exploring spintronic and quantum materials in a thin

Im form [ 20. The search is always active for new materials that can demonstrate unique
spin-orbit, anomalous, spin texture based properties. A new candidate for these e ects, that
has become a focus of recent urry of publications, is the kagome ferromagng$ie

1.1 Thesis Outline

The work that this thesis reports had one aim, that being, the production and measurement
of high-quality thin Ims of Fe3Sn, and the measurement of their magnetic and electronic
properties.

As was discovered over the course of this work, producing phase pugSReo ers a
signi cant challenge in and of itself.

In chapter 2 a brief theoretical overview is provided of magnetism, magnons, domain walls,
and magnetic skyrmions. A literature review is provided covering what is currently known
about the crystallographic, magnetic and electronic properties @fStg and the closely related
alloy, FeSn.

In chapter 3 the experimental methods used to produce the work in this thesis are discussed.
A brief overview of the principles behind the techniques is explained and then the methods of
analysis used are described.

In chapter 4 the reader will nd the growth and characterisation of three thin Ims with
composition varying from pure FeSn to pure %p. Evidence of the Ims' crystallographic
guality is provided using standard X-ray measurements as well as indications of phase purity
through the use of Scanning Transmission Electron Microscopy (STEM).

In chapter 5 the magnetic properties of the same three Ims in chapter 4 are reported,
showing distinct magnetisations and coercivity behaviours. The potential in uence of the
crystallographic structures and their qualities discovered in chapter 4 are discussed in relation
to these results.

In chapter 6 ultra thin Ims of FgSn, have their transport properties reported. Longitudinal



1.2 Credit and Acknowledgement

and transverse magnetoresistance measurements are shown for a range of temperatures and a
carrier type change indicating a potential novel band structure is reported.

Finally, in chapter 7, all previous results are summarised and a possible future for this
work is discussed.

1.2 Credit and Acknowledgement

In this thesis, the work attributed solely to the author was all sample depositions, sample
optimisations, X-ray measurement and characterisation, loading and operation of the vibrating
sample magnetometer and cryostat, as well as analysis and data selection of all TEM and
STEM data included. Initial growth parameters were suggested by N. Satchell with reference
to the work of D. Hong R1. STEM measurements were performed in collaboration with S.M.
Collins, Z. Aslam and A.P. Brown from the Leeds Electron Microscopy and Spectroscopy centre
(LEMAS) with lamella preparation performed by S. Micklethwaite, also of LEMAS. Aberration-
corrected TEM measurements were performed by T. Almeida at the University of Glasgow.
All clean room optimisation and fabrication was performed by the author, with assistance in
the ion milling step provided by R. Gilroy of the Leeds Nanotechnology Cleanroom.

Figures that are not the author's own work are described as either reproduced, indicating
an exact copy from the source, adapted from , indicating some slight alterations to layout or
labelling have been made to improve legibility, or inspired by, which indicates the original
concept for a diagram can be found in the referenced source, but signi cant development has
been provided by the author.

[20] [22] [23] [24] [25]
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Theory and Literature Review



2.1 Introduction

2.1 Introduction

In this chapter an introduction to the theory of magnetism is provided. The theory of ferro-
magnetism and antiferromagnetism is discussed rst in general and then with a speci c eye
towards the Fe-Sn intermetallic magnets. Also accompanying this is a detailed discussion of
current experimental and theoretical research in the literature as well as highlighting which
underdeveloped areas this thesis intends to go some small way toward lling.

The theory of magnetism (as well as a broad overview of condensed matter physics) is
discussed in the books of S. Simadf]; N. Ashcroft and N. Mermin27]; and C. Kittel Rg. An
in depth focus on magnetism is provided by the book of S. Blund&d] end a solid basis for
the quantum mechanics required can be found in the book of J. Binney and D. Skinner [30].

2.2 Magnetism

Magnetism and its associated phenomena are the clearest manifestations of the quantum
nature of our world. The Bohr-van Leeuwen theorem (independently developed by both Niels
Bohr and Hendrika van Leeuwen in the 1910s) tells us that classical statistical mechanics
forbids any system from having a net magnetisation. If this were true then ferromagnets, those
materials that have some magnetisation in the absence of any external eld, would certainly
not exist. Along with them, paramagnets, materials that gain a magnetisation in the direction
of an applied eld, and diamagnets, those materials that gain a magnetisation opposing an
external eld, would also not be possible. To avoid such a contradiction to reality, quantum
mechanics has to be introduced.

2.2.1 The Exchange Interaction

In general, if we want to describe a multi-particle system, we write the resulting wavefunction
as a tensor product of the single particle wavefunctions. For example, for the two particle state
of particles A and B, we could write:

ji=jalj B =]aA8l: (2.1)
wherej i is the overall wavefunction, a g are the wavefunctions of the particles A and B, and

indicated the tensor product between the two. However, it is not obvious that all products
of the one particle states can lead to a valid two particle state, especially when both particles
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are indistinguishable from each other. In this situation, if we consider the application of the
exchange operatoP', whose action is to exchange the real space locations of these identical
particles with each other, then it is apparent that there can have been no overall change to any
observable associated with the wavefunction (i.e. the wavefunction only gains a phase under
the action of this operator). Applying the operator twice should just return us to the initial
wavefunction. It therefore follows that:

Pjiiz=ejiandP’jiz=e ji=ji: (2.2)
Since we knowe?! = 1 we can immediately conclude that the eigenvalues of the exchange
operator are 1. This means any multi-particle wavefunction of identical particles has to
either be symmetric (eigenvalue 1) or antisymmetric (eigenvalue -1) under the action of the
exchange operator.

For the case of fermions, the spin statistics theorem says that their wavefunction must
always be antisymmetric, but we should also consider that a wavefunction is made up of the
product of a spatial and spin component. For 8r= % particle like the electron, there are four
possible direct product states with spin ups and downs symbolise@'by; j"#i ; j#"i ; j##i :

We can observe that the rst and the last are symmetric under exchange, but for the middle
two, a superposition is required. Depending on choice of how we superimpose we can either
create a third symmetric state (that with the other two is known as the spin-triplet) or the
antisymmetric state which is known as the spin-singlet:

8
%j""i s=1
j Ti — i +§j#"ij“#i s=0
T s= 1
CL T
j SI:J J HEJ s=0: (2.3)

Our total antisymmetric wavefunction can then be written as:

C o a) s(x9i ] A s(X)i L
] sl = P35 ] sl

PRECEGTEG G "

where we have paired the symmetric spatial wavefunction with the antisymmetric spin wave-

(2.4)

function and vice versa to ensure the total antisymmetry is preserved. The singlet state above
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hasx = x%as a completely valid choice for the spatial coordinates, implying the particles
can be arbitrarily close to each other provided their spins are antisymmetric. The triplet
however would vanish to 0 ik = x°and so in general the particles in a spin triplet will avoid
each other's proximity. If theS = % particle were a neutron, then this is where the story
ends. However, for charged particles like the electron we nd that the restrictions put on
the spatial wavefunction often have a very signi cant e ect acting to (generally) push the
Coulomb energy of the spin singlet state higher than the spin triplet. If we imagine many such
interacting electrons, that all have the same exchange energy and are also physically locked
to a particular position, we can capture this interaction qualitatively using the Heisenberg
Hamiltonian [26]:
1 X
H = > JSi Sj; (2.5)
hij i
whereJ is the exchange interaction energy ar] represents the angular momentum on
sitei (it is important to note that although almost universally notated &S , this term will
in the case of electrons orbiting atoms also contain contributions from the orbital angular
momentumL ). The summation is being performed over ajl that are neighbours to each
other, indicated by the chevroned brackets. This Hamiltonian captures the idea that there will
be some energy reduction from havir);,S; aligned and an energy increase in having them
anti-aligned, provided thad is a positive number. In some systendsis in fact negative and
in this case anti-alignment, i.e., antiferromagnetism is preferred.

If all systems obeyed this maxim perfectly then the world would be full of spin-triplets
all perfectly aligning their moments with each other and ferromagnets would abound. We
know in reality that only three elements are ferromagnetic (at room temperature). Fe, Co
and Ni. A simple argument that complicates things is shown in Figure 2.1 where we see that
the combination of two atomic potentials (modeled as in nite potential wells) containing an
electron each will cause these spins to anti-align if the electrons are allowed to spread their
wavefunction over both atoms evenly. An even further complication comes from the itinerant
(moving) nature of these spins as the electrons providing them are often free to ow through
crystal structures they inhabit if the magnetic material is a metal.

It was the work of Edmund Stoneid]] that rst showed that a spontaneous magnetisation
could form in a material provided that the energy reduction from the exchange interaction
aligning the spins was greater than energy gain from the increase in kinetic energy that having
an imbalance of spin up and spin down produces. The famous Stoner criterion is:
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Figure 2.1: Toy model for the formation of a covalent bond between two atoms. Allowing the
electron to delocalise across both atomic sites (represented as in nite potential wells) causes a
reduction in energy but also causes both electrons to anti-align their spins so they can occupy
the degenerate ground state. This argument is taken from the book of S. Blundell [29].

JD(Ep) > 1 (2.6)

whereJ is the exchange interaction energy per unit volume aDdEF ) is the Density of States
(DoS), the number of states per energy per volume at the Fermi surface. At room temperature,
only the aforementioned Fe, Co and Ni have su ciently high DoS and exchange interaction to
be naturally ferromagnetic. Some elements such as Pt are very close to satisfying the Stoner
criterion and so in the presence of a ferromagnet will actually gain a proximity magnetisation
themselves. This magnetisation and its relevance in this work is calculated in section 4.3.

2.2.2 Domains, Domain Walls and Hysteresis

Even when we nd lumps of iron containing minerals in nature, it is very rare for these to have
an overall net magnetisation. The basic reason for this is that the energy stored in an external
magnetic eld is proportional to the strength of that magnetic eld squared. At some point, it
may become more energetically favourable for the moments within a material to not align
with each other (sacri cing the stability they gained from the exchange interaction) if this will

in turn reduce the overall magnetic eld strength. This leads to the development of regions
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Figure 2.2: lllustration of (a) a magnetised sample in which all the domains are aligned to
produce an external magnetic eld (b) a sample in which the domains have relaxed into an
arrangement that produces no net external magnetic eld and (c) a zoomed in view of the
domain wall between domains. It is worth noting a domain wall width will typically be many
hundreds of atoms.

within a material called domains. Within a domain, the exchange interaction is dominant and
all the moments more or less align. The sample overall, however, may be made of millions
of domains that do not align with each other. The regions between domains, called domain
walls, are places where moments will gradually re-orientate over many hundreds of atoms to
transition from one domain's direction to another. A simpli ed illustration is shown in Figure
2.2. It is worth noting that although the domain shapes and sizes remain the same between
(a) and (b) in the gure, this is not necessarily the case. When an external magnetic eld is
applied to a sample, domains will often grow or shrink and the corresponding domain walls
will sweep through the sample (unless something like a crystal defect happens to pin them to
a speci c site). The dynamics of domain walls, including their ability to be manipulated by
current, temperature gradient and mechanical stress, is a topic entirely to itself. For a review
of this topic focusing on its use for data storage see the review article of S. Parkin [32].

This behaviour is key to understanding the features of a magnetic hysteresis loop. When a
strong magnetic eld is applied to any material we would expect this to dominate any internal
interactions and produce a (more or less) uniformly magnetised state with all the moments
aligned. At this point, there are no more available moments to be aligned with the eld and so

10



2.2 Magnetism

Figure 2.3: A diagram of (a) a ferromagnetic hysteresis loop showing the key features. Starting
at A, the fully saturated state, a reduction in external magnetic eld introduces some magnetic
disorder and a corresponding reduction in magnetisation until we reach B, the remanent
magnetisation in no external eld. If the external magnetic eld is large and negative we reach
the saturated state in the opposite direction at point C. The label D indicates the intermediate
state where the external magnetic eld opposing the magnetisation has just introduced enough
disorder to result in zero net magnetisation. In (b) there is the paramagnetic response in which
no hysteresis can be observed.

11



2.2 Magnetism

we have reached what is called the saturation magnetisatibg where any further magnetic
eld will not increase the sample's magnetic moment further. If the external eld is then
reduced back to zero at a temperature below the Curie temperature, some of these aligned
domains will remain aligned and so the material will maintain some remanent magnetisation
M,. If the external eld direction is reversed, it will take some nite magnetic eld to begin
reorientating and changing the size of the domains to reduce the magnetisation of the sample
back down to zero which is known as the coercive elgHg.

The Curie temperature, as mentioned above, is the temperature above which a material
loses its ferromagnetic properties. According to the model proposed by W&igse should
think of each moment in a ferromagnet experiencing a net magnetic eld from all the moments
that surround it. Then, as thermal agitation is introduced (generally causing some non-zero
percentage chance for a given moment to ip direction), this overall molecular eld will
reduce in strength until eventually becoming insu cient to maintain a xed direction for our
considered moment. Since this argument applies across all moments in the sample, they have
all lost their coherence and no net magnetisation remains.

2.2.3 Magnons and the Bloch-g Law

In a crystal, excited lattice vibrations are known as phono2§]| If these phonons are acoustic
and described by the dispersion relation:

| = ck= 2C . 2.7)

where! is the phonon's frequency is its wavevector, and is its wavelength, then it should
hopefully be clear that it requires arbitrarily small energy aboVe= 0 K to excite an arbitrarily
large wavelength phonon.

In an analogous way, af = 0 K all the moments of a ferromagnet will align with each
other but if any thermal energy is introduced, it will act to ip the moments and we can think
of this as a boson called a magno2d. It is worth noting that this ipping should be thought
of as a single ipped moment that then due to interatomic transport can delocalise across
many atoms, which is distinctly di erent from large regions of uniformly orientated moments
that make up a domain.

If we start with the Heisenberg Hamiltonian in equation 2.5, then for a one-dimensional
chain, with the initial assumption thaf = 0 K it is possible to write:
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2.2 Magnetism

H = X_ J SIS+ %(STS+1 +S; Sh) (2.8)
i

where we have made use of the fact that on a one-dimensional chain all the interactions are
contained in the sum between the sp#) and the spinS;.; . If we consider the action of this
Hamiltonian on the ground stat@di where all the spins align, it's clear the lowering operators
in the 2nd and 3rd term of 2.8 will reduce these termdand so all that is left is théN spins of
the chain each returning the eigenvall® from the rstterm leading to the energy eigenvalue
Eo = NS?2J. If we now consider the statgi which we will de ne as the ground state,
but where then™ spin has been ipped, it is possible to see that the lowering operators will
now have a chance to return a non-zero contribution (and the associated neighbour raising

operator will lift that state) leading to:

Hijni =( NS2J+2SJ)jni SJjn+1i SJjn 1i: (2.9)

It is clear thatjni is not an eigenvalue of the Hamiltonian. In order to progress, we can move
into momentum space and look at the Fourier seriesjpnde ned as:
- 1 X o i1
jni=p= e "™ jki: (2.10)
N
Substituting this in, and remembering that in real spacg:.1 = Xp + a (wherea s the lattice
constant of the chain), we can show with some algebra that the dispersion relation is given by:

E= NS2J+2SJ SJek gJe@; (2.11)

where this rst term is the ground state energy eigenvalue as mentioned above. Taylor
expanding these exponentials we can nd the Idwexcitations from the ground state go as:

E = Dk?; (2.12)

whereD = SJa?, is known as the exchange interaction sti ness or spin wave sti ness. A lot of
assumptions have already gone into extracting this result, but it is actually remarkably robust so
long as the material supports plane wave solutions allowing for the substitution 2.10. Neutron
spectroscopy measurements have con rmed a quadratic dispersion relation existg8r-e
[34], providing evidence that this theory so far is at least a reasonable approximation. Now,
since each magnon reduces the total overall moment, it's possible to relate the magnetisation,
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M, related to the number of magnonswith:
M = gTB(NS n); (2.13)

whereg is the g-factor, g is the Bohr magneton, an¥ is the total volume.
Since we have the dispersion relation 2.12 we can use the DoS as well as Bose-Einstein

statistics to write:
Z,

Njw
NI

kBT X
n=D —
~ o & 1

where the integral evaluates to 0:678 Here, we have shifted from a one-dimensional initial

dax; (2.14)

model to a three-dimensional density of states. This can be easily justi ed since the dispersion
relation 2.12 is actually independent of dimension, but in reality we actually want to model
three-dimensional magnets. Combining 2.13 and 2.14 we can conclude that the magnetisation
goes as:

M = Mo(1l bT2); (2.15)

which is known as the BIoch} law. It is worth noting that three major assumptions have
gone in to producing this result. The rst, that being the existence of plane wave solutions
that lead directly to the quadratic dispersion relation, has already been mentioned as being
remarkably robust across many di erent materials. The second, the implicit assumption of
isotropy is weaker and often adjustments might need to be made to consider the exchange
interaction sti ness along di erent crystallographic axis. The third, and most important, is
that these calculations rely on low temperature linear excitations of the magnon spectrum. At
temperatures above about a third of a material's Curie temperathe)(e ects like magnon-
magnon interactions will signi cantly alter the magnetisation curve, so equation 2.15 should
be seen as a low temperature expansion only.

2.2.4 Electron-Magnon Scattering

The e ect of introducing a magnetic eld to the Hamiltonian 2.8 is to eventually produce a
gapping in the dispersion relation 2.12, which in turn results in a reduction in the magnon
population density integral 2.14 for increasing eld strength. It can be intuited that a higher
magnetic eld will therefore reduce the number of magnon-electron scattering events that
happen in a ferromagnet, and produce a negative Magnetoresistance (MR). This is a large
simpli cation, and in practice the theoretical calculations for a reéad ferromagnet require
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Figure 2.4: Change in resistivity in an 80 nm Fe thin Im under a magnetic eld over a range
of temperatures. The inset shows the di erence between the experimental and theoretically
predicted slopes in the linear high eld region. Reproduced from the work of B. Ragtiat

[35].

considerations of interband di usion and magnon mass renormalisation which is presented
in the work of B. Raquett al [39. Figure 2.4 shows the change in resistivity with eld
across a range of temperatures for a Fe sample, providing evidence for the intuition above,
that a higher magnetic eld will suppress magnon-electron scattering events, and therefore
decrease the resistivity of the ferromagnet. Reports of negative MR are present {8nFe
with a particularly distinct work being that of N. Kumaet al [3§ which measures the MR

of single crystals of F£5ny along di erent crystal orientations. They report a competition
between the regular Lorentz MR which is quadratic and positive and a linear negative MR
which they associate with magnon suppression as described by B. Raquet.
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2.2.5 Frustration

Frustration in a material is the situation in which the magnetic moments cannot simultaneously
minimise the energies associated with each of their interactions. The simplest example would
be 1D chain of moments in which nearest neighbours experience a ferromagnetic exchange
and the next nearest neighbours experience an antiferromagnetic exchange. This would be
described as frustration arising from competing interaction; a slightly more subtle example
would be the geometric frustration that can arise due to the structure of the underlying crystal
lattice. The classic example is the triangular lattice (or the Kagome structure discussed in
2.3). For moments arranged on a lattice of triangles, such that each moment experiences
antiferromagnetic nearest neighbour interactions, no orientation can be provided that will
anti-align all three spins on the triangle simultaneously. This means that some compromising
frustrated state ends up forming that attempts to minimise the overall total of the interaction
energy while each individual moment is itself not minimised.

To formalise this concept of frustration further, the concepts of symmetry and order
parameters have to be invoked. As a general rule, if the symmetry of a magnetic system
does not forbid a non-collinear alignment (alignment along a single axis, whether that is
ferromagnetic or antiferromagnetic) in the ground state, then frustration of some magnitude
will be present in the magnetic structure.

2.2.6 Skyrmions

Skyrmions, originally named after Tony Skyrme who proposed a topological solution to pion
elds in particle physics Bg, are a quasi-particle that can exist within the spins in a magnetic
material (the arrangement of these spins is often called the magnetic texture of the material).
The most simple magnetic texture has already been discussed in the preceding section, the
situation where all moments align with each other in a given region which could be called
topologically at.

In Figure 2.5 we see three examples of spin textures on a 1D chain of spins. The rstis the
at case as mentioned and the second, although appearing twisted at rst glance, is actually
also topologically at as this twisting can be unwound through an anti-clockwise rotation
of all the central spins. The third example does have a non trivial topology as the rotation
cannot be unwound. Any attempt to rotate the central spin will only act to push the twist
along the chain (a clockwise rotation will shift the texture left, an anticlockwise rotation will
shift the texture right). Only by breaking the exchange interaction and forcing two spins to
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Figure 2.5: Spin textures in 1D. (a) a topologically trivial at spin texture where all the
spins align. (b) a spin texture that at rst seems more complicated but in fact has the same
topology as (a) due to the fact that the rotation changes direction at the midway point. (c) a
truly topological texture. There is no way to remove the twisting from the spin chain through

gradual rotation.

Figure 2.6: Cartoon illustrations of skyrmions in both (a) 2D and (b) 3D, with the spikes
indicating spin direction. Reproduced from the work of M. Ho mann [37].
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undergo opposite sense rotations can this texture be unwound. This concept can be extended
upwards into two and three dimensions where the resulting texture is known as the magnetic
skyrmion which is shown in Figure 2.6. The idea that such a topological quasi-particle could
exist in a magnetic material was rst suggested by A. Bogdanov and U. Réyler in the early
2000s B9 40. In 2009, S. Muhlbaueat al showed the rst experimental results for skyrmions

in MnSi at temperatures below 29.5 K] and they have since been found in a wide array of
material systems and at a wide range of temperatures [42 45].

In the initial theory, in order for a twisting between magnetic moments to form a stable
structure, the system would have to have preference for moments to orientate with some angle
between them. In the discussion of exchange interaction in section 2.2.1, only the situation of
complete aligning or anti-aligning was discussed. It was the work of I. Dzyaloshinskii and
T. Moriya [46 47] which showed that an antisymmetric term could exist in the exchange
interaction as the result of spin-orbit coupling (the coupling of an electron's spin to the
magnetic eld it experiences due to moving at relativistic speeds around the charged nucleus.
See the textbook by J. Binney and D. Skinna@[for more details). This interaction, often
called the Dzyaloshinskii-Moriya Interaction (DMI), introduces an extra term to the Heisenberg
Hamiltonian in equation 2.5, with the qualitative form:
1X .
éh‘;j i Dij (Si S§j): (2.16)

Howmi =

Here,D ;; provides the magnitude and sign of the antisymmetric exchange. The cross product
favours orientations of spins that are perpendicular to each other, and so when combined
with the regular symmetric exchange the result is a rotation to some canted angle. It's worth
noting that in crystals that are inversion symmetric, the magnitude®f; is 0 and so DMI
sometimes needs to be induced through the presence of boundaries that break this symmetry
[48 49. The presence of DMI is often described as stabilising the skyrmions as without it a
skyrmion state would not be energetically favourable.

Over the last two decades the creation, destruction and movement of skyrmions in both
2D and 3D has been a highly studied topeJ 54 with a particular eye towards the compact
and energy e cient storage of magnetic datébp 57, as well as applications in neuromorphic
computing [58 61].
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Figure 2.7. Computed phase diagram for the Fe-Sn intermetallic compounds reproduced from
the work of H. Giefers and M. Nicoldd. Originally based on the phase diagram presented by
H. Kumar [63].

2.3 The Crystallography of Fe 3Sn, and FeSn

Due to FgSrp and FeSn being the two key phases discussed in this work, it is worth taking
a moment to fully appreciate their crystallographic structure. There are in fact ve Fe-Sn
intermetallic alloys: FeSn FeSn, F&np, FeSms, and FeSn [22 62 whose unit cells are
presented in appendix A. The phase diagra#?,[63 for Fe-Sn is shown in Figure 2.7. Itis
worth noting that the FgSrp phase is not stable at room temperature while the FeSn and
FeSn phases are. In this work, materials will be grown at elevated temperatures above 700 K
to try and position within the F@Sn, region of the phase diagram.
FeSn is a hexagonal crystal with tH6=mmm space group and lattice constards= b=

5:298Aandc = 4:448A[27. Itis formed of two distinct layers that stack alternatelf]. The

rstis a pure Sn layer arranged in a honeycomb of hexagons (when isolated, this individual
layer is sometimes called a stanene layer as an analogy to graph6ig [The other layer

has the chemical composition £8n and has a more complicated structure with Sn atoms
being found at the corners of each cell of the repeating rhombe§.[The more interesting
feature is that this results in the Fe atoms being held in a kagome structure, a structure of
regular triangles separated by hexagons as shown in Figure 2.8. Since Sn atoms have no net
moment, the magnetic properties are completely determined by the spins in tg&rand
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2.3 The Crystallography of Fe 3Sn, and FeSn

Figure 2.8: Diagrams of (a) the pure Sn stanene layer with its clear hexagonal structure; (b)
the FgSn layer with its rhombohedral Sn and kagome Fe structure. A hexagon of Fe atoms
has been indicated to help draw the eye to the similarities to (c), an illustration of the kagome
pattern originally illustrated by T. Piesk [64].
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Figure 2.9: Diagrams of (a) the crystallographic unit cell of FeSn and (b) the magnetic unit cell
formed by repeating the regular unit cell along the c-axis to produce an A-type antiferromagnet.
Magnetic moments are restricted to Fe atoms and are represented by arrows. Notice that the
basis of this unit cell is a parallelogram and not a square structure and so the layers form the

structures as seen in Figure 2.8.

Figure 2.10: Diagrams of (a) the crystallographic unit cell of&® and (b) the temperature
dependent spin orientation from the simulations performed by L. Fenner [65].
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