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Abstract

Skyrmions are topologically protected magnetic textures that are predicted to be excellent
candidates for future spintronic devices. Skyrmion dynamics under the influence of the
interfacial spin-transfer torque (ISTT) and the well-established spin-orbit torque (SOT)
are investigated in terms of the skyrmion Hall angle (SkHA), which is the angle at which
a skyrmion deviates from the applied current direction, and the skyrmion velocity. The
ISTT arises in thin magnetic layers due to a spin accumulation generated at magnetisation
gradients resulting in a diffusive vertical spin current, whereas the SOT originates from
the spin Hall effect in non-magnetic layers resulting in a torque on the local

magnetisation.

Currently, micromagnetic studies typically involve modelling only the SOT as the main
driving force in skyrmion motion which leads to a reasonable agreement with
experimental results at large skyrmion diameters, however, when smaller skyrmions are
considered (< 100 nm) the agreement reduces significantly unless unreasonable damping
parameters (a > 0.5) are used. Furthermore, the SOT-only Thiele model is used to
compare results which correspond well to SOT-only results but do not accurately describe

experimental findings.

When the ISTT is taken into account, skyrmion motion is considerably altered for
skyrmion diameters < 100 nm. This is observed for skyrmion motion in which, for a
skyrmion diameter of ~ 75 nm, the SKHA is reduced by ~ 25°, and the velocity is reduced
by ~ 40 ms™! with the inclusion of the ISTT resulting in a very good comparison to
experimental observations. Furthermore, this trend is shown in ideal systems, systems
with surface roughness, systems with thermal fields included, as well as in synthetic
antiferromagnetic and ferrimagnetic systems. The Thiele model is also altered to include
the ISTT, as well as the SOT, resulting in much better alignment with simulated and
experimental results. Further work is also proposed to experimentally verify the existence

of the ISTT utilising SAF structures to eliminate the SOT.

The findings in this thesis provide valuable insight into the significance of the role of the
ISTT in terms of the SKHA and skyrmion velocity as well as the importance of including
the ISTT in micromagnetic modelling for a complete model of current-driven

magnetisation dynamics.
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1 Introduction

1.1 Introduction and motivation

Magnetic skyrmions are topologically protected non-trivial spin textures with quasi-
particle-like properties. Although skyrmions were predicted a long time ago, it is only in
the recent decade that skyrmions have gained significant traction in the scientific
community. This is not surprising when looking at the number of published articles
containing the keyword skyrmion: up until 1990, there were only 116 publications, which
rose to approximately 4,000 as of 2023 (according to the Web of Science database). This
surge in the number of publications is not surprising however: not only are they very
interesting from an industrial perspective due to their wide range of possibilities in
applications for numerous technologies, but they also provide an interesting avenue from

an academic perspective as they are still a relatively fresh scientific area.

The global demand for faster and larger information devices, such as data transfer and
storage, respectively, as well as discovering more energy-efficient ways of moving
information — in terms of computer bits — are important for the technological age we
currently live in and also for the near future. The increased demand for technology devices
such as home computers has surged from 13% in the mid-1980s up to a plateau of 88%
in 2018. This does not include other devices such as phones and cameras to name just
two. For example, to paraphrase, the first moon landing was achieved with less computing
power than a modern-day calculator. Furthermore, devices are becoming smaller and
faster with the number of transistors in devices following Moore’s law which predicts the

number of transistors doubles in devices every two years.

Magnetic skyrmions have a variety of potential applications in data transfer and storage

devices; devices such as skyrmion racetrack memory (RM)'* in which skyrmions are

generally written by a write-head and then driven across a magnetic surface through a
reading-head mechanism. They are based on a simple abacus. The devices typically vary

by driving and reading method. Skyrmions also have applications based on logic

)7—9 10,11.

devices™S, magnetic tunnel junctions (MTJs)”® and neuromorphic computing

This thesis presents a variety of skyrmion-based studies to advance the computational
modelling of skyrmion motion by modelling a new torque: the interfacial spin-transfer

torque (ISTT). Presented first is an investigation into isolated skyrmion motion, with the
1



inclusion of the ISTT alongside the spin-orbit torque (SOT), in a Co/Pt bilayer structure
with cases of no roughness and included surface roughness. Furthermore, the spin-mixing
conduction ratio between the real and imaginary components in ideal structures is
investigated and determined. All skyrmion motion is then compared to literature and the
Thiele model. These results allow some insight into the skyrmion mechanics as small

skyrmion diameters at which the ISTT has a large effect.

The second study follows from the first study by investigating the skyrmion motion for a
skyrmion collection — defined as a group of interacting skyrmions — in Pt/Co/Ir
multilayers with landscape disorder in the form of surface roughness. The modelling
results are then compared to experimental results obtained in collaboration with The
University of Leeds, Bragg Centre for Materials Research and Paul Scherrer Institut.
These results again allowed insight into the effect the ISTT has on skyrmion motion,
especially at small diameters, but also experimentally validated the ISTT as a strong

candidate as a skyrmion driver.

The third study progresses the thesis into the effect of a finite temperature, below the
Curie temperature, on skyrmion motion in magnetic systems, in which the Monte Carlo
algorithm is applied to obtain the Curie temperature of the systems. This study transitions
from micromagnetic modelling to atomistic modelling. Furthermore, a new algorithm for
tracking skyrmion motion is developed, as methods used in micromagnetic modelling

were no longer applicable.

The final study involves the preliminary investigation into skyrmion motion in synthetic
antiferromagnetic (SAF) and ferrimagnetic structures (SYF) under the influence of the
SOT and ISTT. The structure modelled is Pt/Co/Ir/Co/Pt in which the upper layer of Co
is varied in thickness, causing the balancing of the SAF into an SYF. Thus, the effect of
the ISTT and varying the Co thickness are explored. Furthermore, an experimental system

is proposed to isolate the ISTT to experimentally verify its existence.

To introduce this work, a research context is provided, beginning with a short history of
magnetic skyrmions. A discussion of the methods for creation, stabilisation and
annihilation which moves into the mechanism of driving skyrmions then follows. Finally,

moving into the detection methods of skyrmions and their applications.



1.2 A brief history

12.13 jnitially as a topological soliton in a

Skyrmions were originally proposed by Skyrme
pion field as a model of high-energy physics, however, unbeknownst to Skyrme this
would affect and have many uses in other branches of physics, one of which is condensed
matter. To that extent, even though skyrmions, as they are known now, were predicted by
Skyrme in 1962, the field of skyrmionics — the study of skyrmions — did not gain much
attention, as shown in the number of publications, until much later. The topologically
non-trivial structure of a skyrmion can be distinguished by the characterising of the field.

For magnetic systems, the topology quantifies how many times the local spins wrap a unit
sphere given as, W = i [ dxdym - (6xm X aym). The topological nature of skyrmions

is captured by the above equation and is deemed the winding number where m is the unit
vector in the direction of the local magnetisation for a skyrmion occupying the xy-plane.
For W =1 an object exists with a skyrmion topology, whereas W = 0 results in uniform
magnetisation. Interestingly, systems with a skyrmion topology are observed in systems
including liquid crystals!#, quantum Hall systems'> and Bose-Einstein condensates!¢. It
wasn’t until 1989, many years after Skyrme’s publication, that skyrmions were predicted
to exist in magnetic materials with competing interactions by Bogdanov and Yablonskii
(1989)!7:18, Up to this point, skyrmions were solely a theoretical postulate which had no
experimental evidence or material-specific prediction that they could exist, and it was
assumed that skyrmions could not form spontaneous ground states in magnetic materials.
That was until a prediction of skyrmion stabilisation was made in 2006 in a helical
magnetic MnSi'®. It was shown within a phenomenological continuum model with few
experimentally determined parameters that a spontaneous ground state skyrmion lattice
not only existed in a large range of materials, including surfaces and thin films, but also
bulk compounds where there was a lack of inversion symmetry such as B20 MnSi.
Following this exceptional discovery, Miihlbauer et al. (2009)*° conducted an
experimental study on MnSi. Based on pressure-dependent MnSi parameter studies?! 23,
an additional phase was discovered, namely the 4 phase, in which Bragg spots are located
perpendicular to the applied magnetic field and displayed a six-fold symmetry. Further
development was carried out, resulting in the conclusion that the Bragg spots observed in
the A phase of MnSi was a chiral spin crystal. Finally, the skyrmion density was
determined by the winding number, remembering that W = =£1 indicated a skyrmion

topology. It was found that the winding number oscillated between W = -2 and W = 0.5,
3



however, when a unit cell was determined, the winding number summed to W = -1, thus
the first experimental skyrmion was observed. This was quickly followed by further
observation in the helical magnet FesCoo.5Si** and a change in nomenclature from the 4
phase to the Skyrmion lattice phase. What followed was a surge of skyrmion observations

and development.

1.3 Skyrmions

When considering localised spin texture with forms like those shown in Figure 1-1, a
clarification of these spin structures can be based on their topology, given by the winding
number. A magnetic skyrmion is a localised spin texture with a form like that shown in
Figure 1-1(b-d), since there is a variety of skyrmion-like spin textures, a stricter
description is defined for this work which follows consensus?>-2°. Therefore, a skyrmion
is defined as any spin structure with a central magnetic core which opposes the boundary

magnetic moment direction and can be mapped to a unit sphere such that W = 1.
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Figure 1-1 An array of topological spin textures with varying winding numbers. (a) Hedgehog, (b) Néel-
skyrmion (|W| = 1), (c) Bloch-skyrmion (|[W| = 1), (d) anti-skyrmion (|{W| = 1), (e) skyrmionium (trivial),
() biskyrmion (|W| = 2), (g) example of in-plane skyrmion (|W| = 1), (h) skyrmion in the helical
background (|W|| = 1), (i) chiral bobber. (a), (i) are 3D and thus determining the winding number does not

apply. Image accreditation — Ref.?6.

Focused in this work are Néel-skyrmions realised in magnetic thin-film systems in which
for an out-of-plane magnetised thin film the central core of a skyrmion opposes the bulk
magnetisation of the thin film. At the circular boundary of the skyrmion, all spins point
opposite the core and in the direction of the thin-film magnetisation. Traversing the
diameter of the skyrmion through the central core, there is a continual rotation of the spins
about 360°, the chirality of which is dependent on the Dzyaloshinskii-Moriya interaction

(DMI)?"-?8, Beyond the standard spin structures such as skyrmion-type spin textures, a
4



range of other spin textures have been discussed: skyrmionium, in Figure 1-1(e),
consisting of a large base skyrmion with a much smaller skyrmion of opposite chirality?-
3. biskyrmions, in Figure 1-1(f), which can be considered as a bound pair of skyrmions
with a winding number, W = 2, each with oppositely non-central core spiralling spins*?-
34; in-plane skyrmion, in Figure 1-1(g), in which there is a mirror symmetry in the x-axis
but not in the y-axis. A simple description is a vortex and anti-vortex pair*>-7; Skyrmion
in a helical background, in Figure 1-1(h), in which a helical background provides a natural
channel along which a skyrmion can traverse rapidly**4°; Chiral bobber, in Figure 1-1(i),
which is a localised 3D magnetisation configuration, terminated by a Bloch-point*! .
They can be considered skyrmion tubes with a finite length. Note for any twisting
magnetic spin texture there is always at least one interaction that favours alignment of
neighbouring spins, such as the exchange interaction or anisotropy, and one that favours
a continual rotation of neighbouring spins such as the DMI. The topic of skyrmions does
not simply open up to study a skyrmion’s characteristics in magnetic materials; as
discussed above, there can be many types of skyrmion-type spin textures but also non-

trivial spin textures.
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Figure 1 2 Images of skyrmion spin structures usmg dlfferent bulk and thin film materials. Scale is not

consistent for all images. Bloch-skyrmions are shown in (a)-(d) and Néel-skyrmions in (e)-(g). Bloch-
skyrmions present in bulk (a) MnSi, (b) Cu20SeOs3, (¢) CosZnoMn4 and (d) simulation of P4332 space group.
Néel-skyrmions are shown in (e) Ta/Pt/[Pt/CoB/Ir]xPt, (f) Ni/Co/Ni, symmetric stacks and (g) a series of
skyrmion images in Pt/Co/Ir progressing in time down each image. Current direction towards the left.
Images are adapted for (a) from Ref. 2, (b) from Ref. %!, (c, d) from Ref. ¥/, (e) from Ref. %, (f) from Ref. 7
and (g) from Ref. 7.



1.4 Verification of skyrmions

Material science has also developed significantly with the evolution of skyrmions due to
the dependence on several interactions and conditions. Much effort has been put into
material research that allows for the stabilisation of skyrmions, such as the DMI and
anisotropy, as well as the thickness of magnetic systems, as Bloch-skyrmions and Néel-
skyrmions are realised in bulk and thin film structures, respectively, some of which are
shown in Figure 1-2. The former is mainly found in bulk (> 15 nm) materials favoured
by the lack of inversion symmetry which breaks the standard bulk DMI and has been
observed in bulk MnSi?%*46 Cu,0Se03*" 2, FeGe’? and CosZnoMns>* where for thin
films observations of MnSi (~ 50 nm)*, Cu20SeOs (~ 150 nm)>!*%, CosZnoMns (~ 150
nm)*’ and FeCoo.sRhosMo3N (110 nm)>® have also shown Bloch-skyrmions. The latter is
characteristic of interfacial DMI. The interfacial effect can also play a significant role in
spin-texture development, for example, a magnetic layer interfaced with a heavy metal
layer of sufficient thickness and strong spin-orbit coupling, such as Pt, can cause a strong
interfacial DMI, as shown in Figure 1-4(c). Néel-skyrmions have been observed in thin
films such as PdFe/Ir>°-%4, [Pt/Co/Ta]x ©-¢7 and Pt/Co/Ir% 7! with more complex structures
such as Pt/GdFeCo/MgO’?, Ta/CoFeB/TaOx”® and Ta/Pt/[Pt/CoB/Ir]xPt™* as well as
symmetric stacks’>7°, A very common structure that is used involves a Co/Pt interface
which exhibits strong DMI and spin-orbit coupling through the interface’”-’®, due to this

Co/Pt interface is exclusively investigated in this work.

1.5 Skyrmion temperature dependence

On the other hand, with the increased research into material and structure composition,
as discussed above, there has also been a significant drive into skyrmion stabilisation at
larger temperatures more akin to room temperature. It is well documented that skyrmions
are to be the next large innovation in storage devices, however, this will never be released
if skyrmions can not be stabilised at ambient temperatures. We know from the Curie law
that for temperatures far below the Curie temperature, a magnetic material holds
magnetisation well, however, when close to the Curie temperature, the material loses its
permanent magnetic properties. Herein lies an issue: due to thermal fluctuations,
skyrmions have the potential to spontaneously generate and annihilate. A generic phase

diagram for skyrmion hosting materials is shown in Figure 1-3(b), which is akin to the 4



phase found in MnSi. Much of the early skyrmion study occurred for temperatures far
below room temperature (< 300 K), especially in bulk materials resulting in Bloch-
skyrmions?®#4-32 however, Bloch-skyrmions have been observed at larger temperatures
5334 Conversely, Néel-skyrmions have a much larger range of stabilisation temperatures
(50 K — 300 K)5>68.7-82 due to the DMI inverse dependence on thickness in bilayer
structures when interfaced with heavy metal (HM). Quessab ef al. (2020)%* show that as
thickness decreases, in a Pt/CoGd system, the interfacial effects become more important
and the DMI increases. Over the entire range of thickness studied, the interfacial effects
were significant. This is partly why skyrmions in ferromagnetic (FM)/HM systems can
be stabilised at these larger temperatures, however, this is usually accompanied by an
applied magnetic field opposing the core of the skyrmion. Woo et al. (2016)% observed a
wide range of spin textures including skyrmions in 400 nm Pt/Co/Ta disks. Furthermore,
an excellent description of the importance of DMI in skyrmion stability was devised,
shown in Figure 1-3(a), which shows a phase diagram of DMI strength as a relationship

of magnetisation and predicts the type of spin structure as set values.
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Figure 1-3 Magnetic equilibrium states. (a) DMI strength as a function of the magnetisation saturation for
Pt/Co/Ta thin-film disks. The colour scale represents the spin-structure type from Bloch to Néel. (b) A
generic magnetic phase diagram for materials hosting skyrmions up to the Curie temperature. Images

adapted from (a) Ref.% and (b) Ref.3*.

1.6 Nucleation of skyrmions

A material’s ability to host magnetic skyrmions is a very important characteristic of a
skyrmionic system, however, skyrmions typically need a helping hand to be generated.
There have been many methods of generating and annihilation skyrmions purposed both
voluntarily, through magnetic fields and spin torques, and involuntarily, such as

nucleation at a strong pinning site under a driving force.
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Generating skyrmions by utilising a magnetic field is a common method of creating and
stabilising skyrmions. By appropriately tuning the applied magnetic field, the spin
textures in a material can reach its lowest energy for that system. This can be seen in
Figure 1-3(b) where spin textures are dependent on the applied magnetic field allowing
skyrmions to be dialled into. Thus, skyrmions can spontaneously form directly due to the
material parameters and applied magnetic being in the perfect balance, or, form as a result
of a phase change in the system from a stripe domain or Bloch bubble. Localised fields
have also been shown to nucleate skyrmions using magnetic force microscopy tips which
can be accomplished as the probe stray field interacts with existing domain structures

resulting in a contraction into a skyrmion without an increase in external field strength®.

Figure 1-4 Mechanisms of magnetisation rotation. (a) Illustration of the SOT in a Pt/CoFe, governed by the
SHE in the Pt layer creating a pure spin current. (b) A spin-polarised current is injected into an FM layer.
The incident electron interacts with the magnetisation causing an alignment of the spin to the magnetisation
resulting in a field-like torque and a rotation for the magnetisation. The red and blue arrows represent spin
and magnetisation, respectively. (c) Sketch of the interfacial DMI at an HM/FM interface with strong spin-
orbit coupling in the HM layer. Ref.!% for (a) Ref.!% for (b) and Ref.!"” for (c).

Spin torques are another method of generating skyrmions mainly due to being an effective
manipulator of skyrmion motion, such as the SOT, therefore methods for nucleation of
skyrmions have been devised!*63#6-8°  Spin torques utilise spin currents which can
accumulate causing local rotation of the magnetisation in an FM material due to the
conservation of total angular momentum. Similar to generating skyrmions via a phase
change utilising a magnetic field, Liu et al. (2020)°° demonstrated that the SOT resulted
in a local rotation of the magnetisation. For a Pt/Co/Ir system with a stripe domain
equilibrium state, injection of spin current results in a dissection of the stripe domain into
a skyrmion lattice state. To date, using spin torques through current pulse is a very

common method and used widely’*7>-1-94,

There are other methods for skyrmion creation, but for brevity, not all will be discussed.

95,96

To name a few, further methods include: using temperature®>®, joule heating®’, laser

8



98,99 101-104 ;

pulse®®® and surface acoustic waves!%. Furthermore, electric fields inducing strain
in a material resulting in altered DMI and anisotropy parameter can also be incorporated

to generate skyrmions.

1.7 Moving skyrmions

As will be discussed in detail in later chapters, driving skyrmions is fundamental if they
are deemed for future spintronics devices. Following is a discussion on the method of
driving Néel-skyrmions in ultra-thin magnetic films using spin torques such as the spin-
orbit and spin-transfer torques. Other methods of driving skyrmions and other spin-
textures exist but are not discussed due to their relevance to this work which includes
driving via electric fields, magnetic field gradients, spin-waves, temperature gradients

and thermal fluctuations.

Spin torques are the most widely used method for driving skyrmions in thin films which
are induced by a polarised spin current which has the effect of rotating the magnetisation
and thus moving magnetic textures such as domain walls, vortex domains and skyrmions.
Interestingly, from both a dynamic and application point of view, spin torque-driven
skyrmions experience a transverse motion resulting in a deviation from the required path,
parallel to the applied current direction. This motion is due to the topological Magnus
effect, similar to the macroscopic Magnus effect on a ball. The reaction of the skyrmion
to this Magnus force results in a trajectory towards the boundary of the material, which
is well documented by both experimental and computation observation, and is deemed
the skyrmion Hall effect. Regardless, the transverse motion that skyrmions obtain is not
ideal for future applications as it leads to the inevitability of annihilating skyrmions at the
boundary of materials, thus skyrmion motion with an eliminated Magus effect is a
necessity. Therefore, the angle of deviation between an applied current and transfer
skyrmion motion, otherwise known as the skyrmion Hall angle (SkHA), should be

negligible.

An approach to eliminating the SKHA is with the use of coupled skyrmions in SAF and
SYF structures consisting of two ferromagnetic layers, or opposite magnetisation,
coupled through a spacer layer via the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction, resulting in an effective antiferromagnet when both FM layers are balanced

and ferrimagnet when unbalanced. The benefit of an SAF structure is the net elimination
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of the Magnus force effect as the coupled skyrmions in the FM layers have equal and
opposite transverse motion, thus eliminating the SkHA. However, experimental
observation of skyrmions in SAF structures is difficult due to the lack of a net magnetic
moment to measure, so it is typical to unbalance the SAF into an SYF, resulting in a net

moment and slight skyrmion Hall angle.

108,109

Even though the spin-transfer torques were predicted to move domain walls and

N0 “gpin-transfer torques (STTs) did not gain significant

then observed experimentally
traction due to the massive applied currents required. A visualisation of the STT is shown
in Figure 1-4(b), in which a spin-polarised current is injected into an FM layer. The
electron spin interacts with the local magnetisation and aligns with the direction of
magnetisation, resulting in a slight change in direction of the magnetisation and thus an
STT. The study was then advanced by the discovery of giant magnetoresistance
(GMR)!!2!13 by Griinberg and Fert groups in particular with current flow perpendicular
to the plane (CPP) of magnetic multilayers, however, arguably the most significant
studies came from Slonczewksi!!*!!'> and Berger!'®!!” who discovered that CPP in
multilayers generated significant STT to rotate the magnetisation in a layer. For STT-
driven skyrmions in magnetic multilayers, the FM layers are thin, resulting in small bulk
STT contribution. Compared to the SOT rising from the HM/FM interface in materials
with strong spin-orbit coupling, the bulk STT is typically overpowered by the SOT.
However, there have been studies suggesting that STT could theoretically drive
skyrmions solely!!®122, There have been vigorous mathematical studies into modelling
the STT contribution which has been achieved through the use of adiabaticity and non-

adiabaticity parameters, the most notable being by Zhang-Li STT!?3124,

This thesis studies the effect of an interfacial STT#+!2%:126 which is mathematically similar
to the Zhang-Li bulk STT, this being small in thin layers, however, due to an inverse
relationship on FM thickness, the ISTT can have a significant contribution to skyrmion

movement given there is a sharp enough magnetisation gradient.

The SOT is widely accepted to be the most significant contribution to skyrmion motion
when driven by an applied current. It is governed by the spin Hall effect (SHE) which
results in a spin accumulation, at lateral boundaries of a current-carrying material due to
both extrinsic effects such as spin-dependent Mott — spin diffusion in opposite direction

due to a collision with impurities — and intrinsic effects due to the spin-orbit interaction
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as a consequence of asymmetry in the material. The SHE is prominent in Pt, Ta and
W!27%128 The asymmetry leads to a deflection of spin-up and -down electrons in opposite
directions leading to the transverse spin current. The spin current produced by the SHE is
orthogonal to the charge current and spin polarisation with the transverse components
being absorbed in the interface of an HM/FM layer resulting in the SOT, thus a transfer
of angular momentum to the magnetisation of the FM layer; this is shown as an illustration
in Figure 1-4(a). Therefore, this effect can be significant in the dynamics of skyrmion and
other spin texture. Reversal of the magnetisation due to SOTs has been observed!?*!3%in
CoFeB3l132 and  Pt/Co/AlOy!313* as  well as domain wall motion in

Ta/CoFeB/MgO!3%13% and Ta/CoFe!3.
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Figure 1-5 (a) Phase diagram of the skyrmion Hall angle as a function of applied cul('ren)t density (sign
signifies direction). Several tens of skyrmions were tracking in as a subset of a larger sample. Skyrmion
diameters ranged from Ds = 800 nm to 1,100 nm. (b) The velocity as a function of applied current in
Pt/Co/MgO. (c) The SKHA as a function of velocity. The black point shows experimental data with red
lines showing the predicted Thiele motion with different damping parameters. Images adapted from Ref.!*3

for (a) and Ref.!* for (b,c).

Skyrmion motion under the influence of SOTs was first observed, at room temperature,
in Pt/Co/Ta and Pt/CoFeB/MgO by Woo ef al. (2016)% with an applied field for
stabilisation. Velocity is dependent on applied current strength, however, velocities < 1
ms™! and > 50 ms™! have been shown which resulted in skyrmion motion regimes being

defined based on velocity and motion characteristics, namely, pinned, creep and flow
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regimes. The pinned regime describes skyrmion that does not have the required driving
force to overcome the local energy landscape; the creep regime describes a skyrmion in
motion with a heavily distorted path as it sporadically jumps between local pinning sites;
and the flow regime, in which a skyrmion has a significant driving force so it is minimal
effect by the local energy landscape. The regimes are evident in Figure 1-5(a) which
shows how the SKHA varies with applied current strength. For driving current, there is
no SkHA as the skyrmions are pinned, then with increasing current, the SKHA linearly
increases, which indicates the flow regime. In this case, the creep regime range is small.
These regimes have been well documented experimentally as well as through vigorous
theoretical predictions!*’-142, To this extent, the driving force, or applied current density,

74,143,144

has been observed to vary the SKHA significantly which is not reproduced by any

analytical models in ideal structures as seen in Figure 1-5(b, c).

While material imperfections play a very important role, there are many gaps in the
literature, and a full understanding of how the SKHA varies with driving strength,
skyrmion diameter, skyrmion chirality, and varying levels of magnetic and non-magnetic
imperfections is required. In recent experimental work, a SkHA largely independent of
skyrmion diameter has been observed’; however, analytical results based on the Thiele
equation predict a significant increase in SKHA with decreasing skyrmion diameter, and
this discrepancy is significantly pronounced for small diameters below 100 nm. In another
study’3, experimental results were also compared to modelling based on SOT for very
large skyrmions with diameters above 800 nm. Experimental results and SOT simulations
show good agreement for large skyrmion diameters, which showed slightly larger SKHA
value for the SOT model; however, the SOT model predictions deviate significantly from
the experimental results at small skyrmion diameters’* even when very large damping

values are assumed.

1.8 Damping inconsistencies

In recent work, the SKHA was investigated in Pt(3 nm)/Co(1.2 nm)/MgO(1.5 nm)

multilayered tracks, also as a function of skyrmion diameter, and using skyrmion

collections!4. The experimental results are remarkably similar to those shown here, also

showing small SkHA values, nearly independent of skyrmion diameter and small

velocities under 10 ms™!. Previous works on multilayers incorporating HM/FM layers,

e.g. Pt(3 nm)/Co(0.9 nm)'** and Pt(3.2 nm)/CoFeB(0.7 nm)’°, have also shown small
12



SKHA values at skyrmion diameters ~ 100 nm to 150 nm. Similarly in Ref.!*¢, low SKHA
values were obtained (average ~ 15.2°) in Pt(2.7 nm)/CoFeB(0.86 nm)/MgO(1.5 nm)
multilayers, with skyrmion diameters ~ 150 nm. These values could be reproduced by
SOT-only modelling, only by assuming very large damping values, up to « = 0.5. This
results®* in the SOT-only SKHA values closer to those found in experiments, however, a
monotonic increase in SKHA with decreasing diameter persists, with discrepancies
remaining for sub-100 nm diameter skyrmions. Moreover, a large body of work with
measurements of damping in ultra-thin Co, CoB and CoFe films interfaced with Pt, reveal
values of @= 0.1 and lower’+!4>:147-157 for typical FM layer thicknesses used for skyrmion
studies. With an emerging consensus pointing to damping values o < 0.1, large

79,144,146 and

quantitative discrepancies would arise between experimental SKHA values
SOT-only modelling, particularly for small skyrmion diameters. The large values of
damping used in these works are derived from domain wall mobility measurements, for
example, as shown in Ref.!3®, although some experimental evidence for large damping
values was also obtained for Pt/Co/Pt trilayers in Ref.!*°, These damping values, however,
stand in sharp contrast with those obtained from other measurement techniques. For
example, in Ref.!*, FMR measurements have shown a = 0.05, for Co(1.2 nm) on Pt(3
nm). Other FMR measurements were obtained « in the range of 0.02 to 0.1 for stacks
containing Co with thickness in the range of 1.1 nm down to 0.6 nm respectively, on Pt(3

nm)7, a = 0.03 for [Pt(1.5 nm)/Co(1 nm)/W(1.5 nm)|x'¥’, a = 0.02 for [Co(0.5
nm)/Pt(0.3 nm)]x6'>®, o< 0.1 for [Co(1.4 nm)/Pt(1 nm)]s'*8.

Spin-torque FMR measurements on stacks incorporating Co(1 nm)/Pt(4 nm) and CoFe(1
nm)/Pt(4 nm) have obtained < 0.1'!. Brillouin light scattering (BLS) measurements on
Pt(2 nm)/Co(0.6 nm — 3.6 nm)/Ir(2 nm), have shown a < 0.1'°°, Time-resolved magneto-
optical Kerr effect measurements have shown a between 0.1 and 0.13 for [Co(0.4
nm)/Pt(0.8 nm)]n'%°, whilst values in the range 0.03 to 0.06 were obtained for Pt(3
nm)/Co(0.8 nm)/HM trilayers (HM = W, Ta, Pd)!*. In stacks containing Pt(2.7
nm)/CoB(0.8 nm)/Ir(0.4 nm), as in the current work, we’ve also previously determined «
= 0.07 by analysing larger diameter skyrmions’®. A review of experimental results on

damping in ferromagnetic thin films and multilayers is found in Ref.!®,

At large skyrmion diameters, the SOT-only model is close to the full spin torque model

in terms of SkKHA, and SOT-only modelling can reproduce experimental values in this
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diameter range with realistic damping values. Thus, in Ref.!43

, skyrmion diameters were
~ 800 nm and larger, and experimental SKHA values were close to those obtained from

SOT-only modelling with &= 0.02, in Ta(5 nm)/CoFeB(1.1 nm).

1.9 Skyrmion applications

Up to this point, magnetic textures such as skyrmions have been explored. More
specifically, the method of generating skyrmions and driving skyrmions has led to the
development of skyrmion-based applications from theoretical predictions. Following is a
summary of skyrmionic devices suitable for the industry. Early device prediction will be
explored, as well as current technologies, furthermore, future theoretical devices will be
discussed. Skyrmions possess improved features compared to domain walls with the most
exciting being the significant reduction in the energy required to move them in thin films,
as well as their ability to traverse material defects which have led to a large push in applied

research.

The most renowned technology is skyrmions in racetrack technology which has already
been realised and involves the alignment of skyrmions in a long wire, however, this
technology was originally developed for domain walls (DWs), but the advancement of
STT and SOT has proven very beneficial from skyrmions development. Domain wall RM
was theorised by Parkin et al. (2008)!%! by using an array of magnetic nano-wires
arranged on a silicon chip. Each wire would hold individual reading and writing devices
which are used to modify or read a line of DWs representing ‘0’ and ‘1’ bits. Figure 1-6(a)
shows the theorised racetrack device in vertical construction. A current is applied to the
wire which causes all DWs to traverse along the wire through a read or write phase

depending on what is required.

However, DWs pose certain issues, such as: constant connection with the boundary of a
carrying medium leading to significant effects due to defects at the edges and requiring a
significant driving force to traverse along the wire. Skyrmions can overcome these issues
of RM with skyrmion RM, as shown in Figure 1-6(f), as they are free objects within a
magnetic media — stable with no boundary connections. Skyrmion RM consisted of an
ordered line of skyrmions separated by fixed distances. The present skyrmions can then
act as information carriers. Skyrmions overcome the issues of DWs as they possess the

ability to transverse around pinning sites as well as require a significantly reduced driving
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strength. This was shown by Zhang et al. (2016)? experimentally however it was also
shown that skyrmions can annihilate at regions with surface defects or severe surface
roughness. The main issue with skyrmion RM is due to the effect of the SOT and STT,
namely, the SKHA where skyrmions deviate from the applied current direction as
discussed earlier, which not only leads to interaction with the boundaries of the material,
but can result in a non-uniformity of skyrmion-skyrmion separation resulting in a large

read error rate.

(b)

Skyrmion

(f) Skyrmion-based memory -
_ Read head~ /
Write head
X

Figure 1-6 Applications fof curre;t 7and future skyrmionics devices. (a) A vertical configuration of a single
node of RM. The red and blue stripes represent DWs opposite in orientation which are moved by an applied
current through read and write devices at the bottom of the ‘U’ track. (b) Schematic of an artificial
skyrmion-based synapse. (c-e) Logic gates for (c) duplication of a skyrmion, (d) logical OR gate and (e)
logical AND gate. (f) A proposed skyrmion racetrack. Data is encoded by a chain of magnetic skyrmions.
Images adapted from Ref.!®! for (a), Ref.!?? for (b), Ref.’ for (c-€) and Ref.3 for (f).

The ability to read skyrmions in RM is paramount with multiple methods devised. A
promising method is electrical reading by harnessing the topological Hall effect
(THE)*-33:163.164 ariging from a charge carrier interacting with an emergent magnetic field,
through a skyrmion. The transverse deflection of charge carriers with the emergent

magnetic fields results in the THE. The THE was shown to have a large electrical signal
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for skyrmion lattices, however, isolated skyrmions were also demonstrated to have a
signal through electrical Hall measurement®*°165 Furthermore, Hall conductance
measurements'®® have shown peaks and reductions when a skyrmion is present and
vacant, respectively. Another method utilises MTJs by measuring the

166-169

magnetoresistance with signals representing present skyrmions at the MTJ. This

was proposed by Tomasselo ef al. (2017)'%° by measuring the tunnel magnetoresistance

in an MT]J.

Table 1-1 Logic gate operations on a skyrmion. For a skyrmion representing a ‘1’ bit and the lack of a
skyrmion representing a ‘0’ bit, i.e. for a set of inputs with a skyrmion in input 1 and a blank in input 2.

The result of an AND operation is 0 and OR is 1.

Input 1 Input 2 AND result  OR result

0 0 0 0
0 1 0 1
1 0 0 1
1 1 1 1

Many other applications have been suggested and demonstrated using skyrmions by
utilising their stability, low energy requirements and small size. A field that has a lot of
attention at the moment is neuromorphic computing!’® which is inspired by the brain’s
natural ability to compute massive workloads to a high degree of accuracy with minimal
energy required. Artificial skyrmionics synapses!! were shown micromagnetically by
Grollier ef al. (2016)!7° and later it was shown skyrmions could mimic the potentiation
and depression behaviour of biological synapses experimentally by Song et al. (2020)'%2,
A visualisation of a skyrmionics synapse is shown in Figure 1-6(b). This has logical
progression in the skyrmion neural networks!”!!72, Further advancement into information
carrying via skyrmion motion has resulted in logical gate operations. Logic operators such
as AND and OR, Figure 1-6(c-¢), allow a skyrmion representing a ‘1’ bit to be

manipulated which is shown in Table 1-1.
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1.10 Modelling skyrmions

In the study of magnetism the development of tools such as micromagnetic software
rapidly progressed the field. Micromagnetic software has aided research massively post-
1998 as before this the Landau-Lifshitz-Gilbert (LLG) had to be solved numerically
which was difficult to achieve for complex systems. Micromagnetic and atomistic
modelling allows for quantum- to macro-scale magnetisation studies to occur without the
absolute requirement of expensive and time-consuming experimental methods to
synthesise magnetic systems and then validation of the structure and also to proceed with
the intended experimental process for a given hypothesis. The experimental process can

take upwards of months to fully complete, whereas modelling can take a matter of hours.

Modelling spintronic devices, like those in this thesis, the phenomenological LLG
equation, or some slight variation, see Chapter 2, is solved using methods such as the
Runge-Kutta (RK) methods in the picoseconds timescale range. The diversity of the LLG
is quite astonishing due to the additions that can be incorporated to model different
effects. For example, additional torques describing the effect of spin current on
magnetisation can be incorporated, namely the SOT, or the inclusion of thermal
fluctuations to model the effect of temperature with the use of the stochastic LLG or
Landau-Lifshitz-Bloch (LLB) equation. Furthermore, simplification can be made to ease
resource use for simple problems such as finding an equilibrium state of a system. In
Chapter 2 & 3, different variations on the LLG are discussed, as well as different methods
of solving the magnetisation equations of motion. Another benefit of micromagnetic
modelling is the number of magnetic interactions that can be included, such as the
exchange interaction, dipole-dipole interaction, magnetocrystalline anisotropy and DMI,
to name a few. This allows a unique perspective into these types of interactions as each
can be individually tuned as well as completely negated which, although physically

impossible, allows for a great insight into magnetic mechanisms.

Micromagnetic modelling has allowed for a more accessible method of understanding
magnetic system dynamics compared to solving the LLG numerically: not only for
designing simulations but also for simulation total time, however, other more advanced
software is now freely available. In modern micromagnetic software, alongside the
backend equation of motion solvers that provide the data, is a graphical interface that

visualises the magnetic system in question. The most notable are: Object Oriented
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Micromagnetic Framework (OOMMF)!3 (1998), Magpar!’* (2003), Nmag'”> (2007),
Mumax!7® (2014), Mumax'”’ (2015) and Grace (2015). Throughout this thesis, Boris
Computational Spintronics'’®'" (2019) is used due to its multifunctional nature as it
allows for different magnetisation equations of motion including the LLG, stochastic
LLG and LLB which can be solved via many methods by utilising not only the central
processing unit (CPU) but also the graphics processing unit (GPU). Furthermore, it
includes in-depth design capabilities for magnetic systems as well as accurate methods of
tracking skyrmion motion. Alongside the graphical visualisation of magnetisation
dynamics, this then allows for direct comparisons between modelling results and
experimental observations. Due to this, micromagnetic modelling now goes hand in hand

with experimental observations.

1.11Summary

This thesis focuses on skyrmion dynamics under the influence of the interfacial spin-
transfer torque (ISTT). In Chapter 2, the fundamental theory of modelling skyrmions
including the LLG, drift-diffusion model, magnetic effects and the ISTT are discussed
and implemented in Boris Computational Spintronics. In Chapter 3, the methods and
techniques involved throughout this work are explored, including methods of solving the
LLG, data acquisition, skyrmion tracking and the experimental processes used. This is
followed by four results chapters. In Chapter 4, isolated skyrmion motion under the
influence of the ISTT is investigated, with and without surface roughness. In Chapter 5,
collective skyrmion motion is investigated. In Chapter 6, the study of isolated skyrmion
motion with the inclusion of a stochastic thermal field is shown. In Chapter 7, the
foundations for further development are introduced for skyrmion motion in synthetic
antiferromagnetic and ferromagnetic structures. Finally, Chapter 8 concludes this thesis

and discusses possible further work.
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2 Theory

In the previous chapter, the topic of skyrmions was introduced with a brief history and
background literature discussed. In the chapter that follows, the magnetic equations of
motion used in the thesis are explored, followed by a brief description of the drift-
diffusion model. Furthermore, the modules used in Boris Computational Spintronics are
explained in both physical and mathematical terms. Finally, the interfacial spin-transfer
torque (ISTT) and spin-orbit torque (SOT) used to drive skyrmion throughout this work

are discussed and shown mathematically.

2.1 Introduction

Micromagnetism is the basis used to understand magnetisation phenomena on lengths
scales including nano- to micro- to macro-scale. The most relevant length scales for
understanding magnetic mechanics are down to the nano-scale for applications including
memory devices, magnetic sensors, multilayer compositions, tunnel junctions, logic gates

and skyrmionics devices.

To model spintronic devices, the Landau-Lifshitz-Gilbert (LLG) equation is almost
always used with the inclusion of various contributions such as additional torques to
model the interactions of spin currents on magnetisation. These torques can be due to an
in-plane injected polarised charge current in a thin magnetic layer, namely the spin-
transfer torques (STTs), or alongside the SOTs which utilise the spin-orbit interactions in

heavy metal (HM) metals, in HM/ferromagnetic (FM) interfaces.

Before micromagnetic software was developed, the LLG needed to be solved numerically
which is difficult to accomplish due to the effective magnetic field containing multiple
contributing energies. Despite the rapidly advancing computational technology in terms
of central processing unit (CPU) and graphics processing unit (GPU) resources, in a given
workstation, it was still very challenging to obtain a significant amount of information in
a reasonable time. Today, however, there has been significant development not only of
both computational hardware but also software and programming languages which has
given rise to much more user-friendly interactive software. One of the original free
software to take advantage of the advances was OOMMEF!, which appeared in 1998, and

Mumax? 2 in 2014, allowed for a more accessible method of micromagnetic modelling:
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not only for designing simulations but also for simulation total time, however, other more

advanced software is now freely available.

Boris Computational Spintronics®~S, from here onwards Boris, is one such software. Boris
is a multiphysics software designed to solve simple and complex three-dimensional
magnetic dynamics problems. It is coupled with a self-consistent charge and spin
transport solver and heat flow solver for temperature-dependent materials. A major
strength of Boris is the computational routines that are designed to run efficiently on
CPUs but moreover GPUs using Nvidia CUDA cores. Furthermore, Boris uses a seamless
integration with Python that allows for full simulation scripts and control of the software,
allowing scripts to be created and run easier, and allowing for more advanced procedures
and methods to be created. A simple script to create, relax and drive a skyrmion is shown

in Appendix A: Skyrmion Motion Script.

Boris is used throughout this work to model skyrmion motion in ultra-thin magnetic
devices under the influence of an applied charge current. Various conditions are also
considered including zero-temperature, temperatures above the Curie temperature,
systems with multilayers and stacks repetitions, synthetic magnetic systems and much

morce.
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2.2 Ordinary differential equation

Modelling magnetisation dynamics is based solely on solving magnetisation equations of
motion such as the LLG equation. Following are the most used equations in this work and
also the magnetism communities’8. All the functions used in this work are based on the
Landau-Lifshitz>!° equations with adaptations from Gilbert'! and Bloch!? and also

include mathematical assumptions to achieve simplistic, yet effective solutions.

2.2.1 Landau-Lifshitz-Gilbert

The effect of spin torques on skyrmion motion is modelled using the LLG*!!:13 equation:

om om 1
Wz—ymxHeff+amX—+

T Eq. 2-1
at Mg S 1

Here, y = uogr|vel, where y, is the electron gyromagnetic ratio, g, is a relative
gyromagnetic factor, a is the Gilbert damping and M, is the saturation magnetisation.
H.sr is the effective field term consisting of several additive terms, namely the
demagnetisation field, exchange interaction including the interfacial Dzyaloshinskii-
Moriya exchange interaction in the xy-plane, applied magnetic field and uniaxial
magnetocrystalline anisotropy. T is the total spin-torque term'4, which includes
contributions from SOT, STT and ISTT, and can be computed self-consistently using the
drift-diffusion model®.
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2.2.2 Landau-Lifshitz-Gilbert static assumption

The static LLG, LLGstatic 3, is an equation used for static problems only when the relaxed
magnetisation state is required. It is the explicit LLG equation without the processional
term, as well as zero damping and no additional torques. The derivation is given below

beginning with Eq. 2-1 with a cross-product of the existing LLG.

om H N om Ea. 2.2
mx —=—ymxm X am X m X — q.2-
ot 14 eff ot

Using the triple cross-product identity A X B X € = B(A.C) — C(A. B) on the damping-

) ) ) d .. )
like term, am X m X a—T, noting also that m. a—T = 0, the following is obtained:

om ( am) am( ) om Eq.23
XmX——= —)—-——=—(mm) = ——— - 2-
MMy =M M) " M ot
Then equation Eq. 2-2 becomes:
om om
= —a— Eq. 2-4
mxat ymXxXmX Hzs aat
Finally substituting Eq. 2-4 into Eq. 2-1.
om om 1
E——meHeff-FaI:—]/mmeHeff (XE +VSTS Eq.2-5
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As this is a stationary problem a = 1 and T, = 0, as well as the assumption that the

processional motion does not exist, thus the field-like term —ym X H.¢r = 0. Hence,

Finally, the LLG with static assumptions is realised:

am y
EZ—memXHeff Eq. 2-7

This is the final form describing the static LLG equation, which is a very powerful
adaptation as, even though the LLG is significantly simplified due to the assumptions
discussed above, it allows for complex systems to be relaxed to their lowest energy state
or equilibrium state quickly. This method cannot be used to gain any magnetisation
dynamics information but would be used to create a system with the correct starting

conditions.
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2.2.3 Landau-Lifshitz-Gilbert with spin accumulation

The LLG can also include a spin accumulation term which can be included in an
additional term T given below. What arises from a calculated spin accumulation are bulk
and interfacial torques which are included additively in Eq. 2-1. The bulk spin torque is

given by3,5,14,15

D D,
mxS——mxmxs$§ Eq. 2-8

T,= ——
22 22,

Here, D, is the electron diffusion constant, § is the spin vector, 4, is the exchange rotation
length and A, is the spin dephasing length. This is included into a H.sf term in the

explicit form of the equation, given below:

H, = De (2 +m><S Eq. 2-9
STyMI\ 2 T2 -

This leads to the final equation including the effective field term, H ¢, and the bulk spin

torque Hj.

am om
—_— = —me(Heff+Hs) +am X —

ot ot Eq. 2-10
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2.2.4 Landau-Lifshitz-Gilbert with STT

When considering spin current effects on magnetisation, the LLG can also include the
STT, more specifically the Zhang-Li STT!¢"!°. The STT in this case requires a spin
accumulation to be calculated which is accomplished following the method in the

previous section (see Section 2.2.3). The Zhang-Li STT can be expressed as:

T,=u-Vym—-pmx [(u-V)m] Eq. 2-11

Here, [ is the non-adiabaticity parameter obtained via a fitting procedure, and u is the

spin-drift velocity given by’

P u 1
_]CMS e 1+ B2

Eq.2-12

Here, J. is the charge current in vector form and P is the polarisation fitting constant.

Finally, the LLG can be complemented by the Zhang-Li STT in implicit form as:

m .+ om
—=—ymxX mXx —
)4 eff TQ ot

at + (u-V)m — pm x [(u-V)m] Eq. 2-13

Note here the factor of M that precedes T; in Eq. 2-1 is absorbed into #. The application
of Eq. 2-13 is shown in Chapter 4 to Chapter 7.

2.2.5 Stochastic Landau-Lifshitz-Gilbert

It is well documented that temperature can have a significant effect on magnetisation

21,22 23,24

dynamics such as the damping?!?2, magnetisation saturation?*-** and exchange stiffness?>

27to name a few. Therefore, including a form of temperature in micromagnetic modelling
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is imperative and can be achieved by including an additive thermal field term, Hjermais

which follows a gaussian distribution with zero mean and standard deviation given by?:

0.5
H = (M) Eq. 2-14
7 YuoMsVAL

Here, kj is the Boltzmann constant, T is the temperature, V is the volume of the stochastic
computation cell and At is the time step used to update the stochastic fields. By default,
V' is the mesh cell size and At is the evaluation method time step. Therefore, the Hpermar

can be included in the explicit LLG according to Eq. 2-14 as:

om
at —ymXx (Heff + chermal) tTmX (m X (Heff + chermal))
Eq. 2-15
Ly
+oTs
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2.2.6 Landau-Lifshitz-Bloch equation

The Landau-Lifshitz-Bloch (LLB)'>?2° equation of motion for macroscopic
magnetisation dynamics has become a well-used approach in temperature-dependent
systems, especially when 7 approached the Curie temperature, T.. For non-zero

temperature simulations, the LLB equation is given by, in implicit form, as:

om °+ a, 6m+yd"( o o 216
= — X —— X —— - . L 2-
oc . /m ™" e T Y™ 1

Here, the terms @, and @, are the normalised transverse and longitudinal damping terms

a . M|
;”, respectively, where m = v The transverse and

. ~ _ ~
given by @, =— and & = v

longitudinal terms are temperature specific depending on if 7 is larger or smaller than T,

which are given below.

2T
. 3. T<T,
! 2T ' T >T,
3T,
Eq. 2-17
T
. “(“ﬁ) T<T,
L 2T ' T>T,
3T,

Note that for T > T,, a, = a; = g Finally, considering longitudinal susceptibility and

temperature-dependent equilibrium magnetisation, the explicit form of the LLB can be

expressed as:

oM &
— Y MxH+— MxMxH)+

K. vai
ot 1+a? 1+ ad)|m|

(M-H)M  Eq.2-18
|M|
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2.3 Drift-diffusion model

The drift-diffusion model>2%33 is a powerful method used to understand the important
physics behind the phenomena of spin current and spin accumulation in magnetic
systems. In this chapter, the spin current and spin accumulation as well as transport
parameters such as spin polarisation, the spin-flip, exchange rotation and spin dephasing

length scales are introduced.

(a)

N
v

(b) 1

FM1 HM : FM2

Figure 2-1 Illustration depicting the mechanism of tl:e (a) continuous drift-diffusion model and (b) the
interfacial drift-diffusion model. FM1 and FM2 are FM layers with different thicknesses and HM is a non-
magnetic layer. The white arrows state the magnetisation orientation of the corresponding FM layer. The
black arrow signifies the direction of propagation and the coloured points and arrows show the orientation

of the spin as passing through the system.

In particular, two approaches of the drift-diffusion model are defined: the continuous and
interfacial approach, both of which are shown in Figure 2-1. The continuous approach, as
shown in Figure 2-1(a), utilised an unpolarised charge current, which when passed into a
magnetic layer, FM1, aligns to the local magnetisation over a displacement according to
the material parameters such as the spin-flip, exchange rotation and spin dephasing
length. In general, the transverse components of spin are absorbed by the local
magnetisation thus applying a torque, and yielding a polarised charge current exiting
FM1. However, if the charge current was to pass into an insufficiently thick FM layer
such as FM2, the transverse spin component of spin cannot be fully absorbed by the local
magnetisation which can cause an issue in terms of torque parameters fitting. On the other
hand, the interfacial effect, as shown in Figure 2-1(b), takes into account the interface
between the HM/FM layer. When an unpolarised charge current is injected, all of the

transverse spin components are absorbed in the interface instantaneously, resulting in an
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instantaneous spin torque and rotation of the spin moment. This is an advantage over the
continuous method as layer thickness will not affect the transverse spin absorption due to

the instantaneous nature of the absorption in this method.

From this point onwards, the simple derivation of the drift-diffusion model is completed

and discussed. To begin, the charge current model is defined as>%34:

e e
J. = 0E + BpD, ™ (VS)m + 64D, ™ (VxS) Eq. 2-19
B B

The charge current is given by Eq. 2-19. Here, J is the charge current density which
includes four distinct contributions: the first term is the usual Ohm’s law, where E and o
are the electric field and the electrical conductivity, respectively, the second term is the
giant magnetoresistance (GMR) term arising in current perpendicular to the plane’®3!,
where D, is the election diffusion constant, S, is the diffusion polarisation, m is the
magnetisation direction and S is the spin accumulation. The third term is the contribution
due to the inverse spin Hall angle where 6,4 is the spin Hall angle which describes the
ratio of deflected current and injected spin current®. The spin current density is also

required as it is a consequence of in-plane charge current injection and is given by>3:

Js = =2 B,0(E @ m) = D,VS + 05,14 -2 eoE Eq. 220

Here, J 5 is a rank-2 tensor such that Jg;; regards the direction i of the j component of spin
polarisation following the convention used by Dyakonov3®. Eq. 2-20 includes three spin
current contributions; the first term is the flow of spins carried by a spin-polarised charge
current in a magnetic layer due to an external field E, where f, is the diffusion of spin
polarisation. The second term is the diffusion of spins caused by the local spin
accumulation gradient. The final term is the spin current generated by the spin Hall effect
(SHE) in which a pure spin current is generated perpendicular to the plane of an injected

current density, where ¢ is the rank-3 antisymmetric tensor.
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Next, the effect of the exchange interaction between the spin accumulation and the local
magnetisation is considered. When a spin interacts with local magnetisation a torque is
generated between the two components only if there is a difference of direction between
them, therefore, only the transverse spin accumulation to the magnetisation creates a
torque. Thus, to upkeep the conservation of spin angular momentum, the transverse spin
components are absorbed, but are dictated by the length scales, namely: the spin-flip

length, As which describes the diffusive decay of the longitudinal spin accumulation

process, the exchange rotation length, A;, which describes the relaxation of the transverse

spin accumulation given by A; = % where ] is the exchange interaction energy

strength®®?! and the spin dephasing length, 1, = 4, \/llz, where [, and [; are the spin
L

coherence and spin precession lengths®3? respectively. The spin accumulation equation

of motion is given by:

s v D S+S><m+m><(S><m) e 291
o = Vs TP\ 2 2 e

The torque on the magnetisation is obtained from the divergence of the spin currents by

considering the conservation of total spin angular moments®!. This is achieved via a

as .
steady state where Pl 0 and results in:

D D
TS': emXS——e

7z 2 mx(mxs) Eq. 2-22
] @

The equation of motion for magnetisation is now an altered LLG equation, including Eq.

2-22, given by Eq. 2-1.

Using the relations V- J. = 0 and E = —VV, the following Poisson equation®”-** for the
electric potential is obtained from Eq. 2-19. It should be noted that the timescales of m

and § have vastly different timescales, ps and fs, respectively.
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W) (o) BoD

e
V- (VS)m Eq.2-23
o Ol

V) =

Eq. 2-23 is evaluated for a set spin accumulation and potential boundary conditions on a
set of electrodes and thus using the calculated electric potential, the spin current density

1s obtained as:

Js = ~Bo "2 o(E @ m) = 5D ((VS)m) @ m — D,VS

+ OSHA M?BSO_E

Eq. 2-24

And finally, from Eq. 2-1 and Eq. 2-24, the spin accumulation equation of motions

becomes:
A Up
= = —B, ?G(EV)m — BoBoD.[((VS)mV)m + mV - (VS)m|
Up 2
— Osya ?O'V -(eE) + D,V*S Eq. 2-25
S Sxm mx(Sxm)
- D, AT + 22 12
sf ] 7

. . . . aS
Here, the equation is solved to obtain a steady state spin accumulation, Pyl 0.

For a multilayered geometry, it is important to consider the mesh and interface boundary
conditions. Boundary conditions are derived from the physical concept that both charge
and spin currents perpendicular to a boundary not containing electrodes are zero such that
Jc'n=0andJs-n = 0, where n is normal to the boundary®. Applying these physical
properties to Eq. 2-19 and Eq. 2-20 the following non-homogeneous Neumann boundary

conditions are obtained, respectively, where VV - n is a boundary with an electrode.
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OsyaDee
Vv.nZSHA—e(sz).n
Olp
Eq. 2-26
O5HAO B
VS)  n=——(¢E)-
(VS) m = = (E)

For cases without interfacial spin-orbit coupling, values of /" and § at the interface can be
derived by strictly applying both J¢ - m and Js - n **%°. For this case, the length scales A,
and A, govern the absorptions of the transverse components of a spin accumulation.
However, another method utilises the complex spin-mixing conductance, G™, when the
absorptions of transverse spin are confined to the interface, this follows the
magnetoelectronic circuit theory*!. The boundary conditions at an NM/FM interface for

charge and spin currents are given as:

Jo nly =Jc-nlr =—(6"+6Y)AV + (6" - G*) AVs-m

2
Js nly —Js nlp = % [Re{G™}m x (m x AV) + Im{G™m x AVs]  gq 227
Js - nlr = 2 [~(6" + G*) @V - m)m + (6" — G*)aVm]

Here, AV is the potential drop across the NM/FM interface where AV = Vi, — Vy and AV

Dee

is the chemical spin potential drop, where AV = ( )S . G'and G' are the interface

OUB

conductances for the majority and minority spin carriers, respectively. Using Eq. 2-27
alongside Eq. 2-19 and Eq. 2-24, the potential and spin accumulation on both sides of the
boundary can be calculated. The transverse spin current absorbed at the boundary gives
rise to a torque in addition to any other resulting torques due to the transverse spin

accumulation in Eq. 2-22, to give:
Tinterface — % [Re{G™}m x (m x AVS) + Im{G™ }m x AVs] Eq. 2-28
F
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2.4 Thiele equation

A very common model used when considering skyrmion motion is the Thiele model*?
and the set of equations obtained for a skyrmion’s velocity and angle of deviation from
the applied current direction, namely the skyrmion Hall angle (SkHA). As skyrmions are
considered stable quasi-particle objects it is commonly assumed that a rigid-body
description is sufficient so the dynamics can be analysed using the Thiele equations?%4*-
47. This has been relatively successful in driving current-induced skyrmion motion,
yielding good agreements at large skyrmion diameters at zero temperature. The Thiele
equation is used throughout this work with contributions from the SOT and ISTT?%*, as

discussed later. The Thiele equation®’ is given below:
GXv+aD - v+4nB-J. =0 Eq. 2-29

Here, the skyrmion velocity is © = (vx,vy). The first term in the above equation is
known as the Magnus force term in which G = (0,0,47W) is the gyromagnetic coupling
vector. This term is akin to the macroscopic Magnus effect (like that of a spinning ball in

the air) which tends to cause an object to deviate from the path of a driving force. The

skyrmion topological charge is given as*’4%:

0
(— X — Eq. 2-30
m-( o X y)dxdy q

The second term in Eq. 2-29 is the dissipative force term which includes the dissipative

tensor that describes the effect of the force on a moving skyrmion given as:

D
D:4n< x xy) Eq.2-31
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Where D;; are determined via an integral of the region containing the skyrmion. When

considering rigid body skyrmions Dy, = D,,, = D and Dy, = D,,, = 0.

The final term in Eq. 2-29 is the driving force term where J, = (jx, jy) is the charge

current in a HM substrate layer and D is a dissipative tensor. Through an extensive
mathematical process which has been completed by numerous authors, the Thiele
equation outputs under the assumptions above the velocity and SkHA as given below,

respectively?20-4449-50

1
1 Usor — Dugrr)? + uérr \2
P = (_U)? + U;)Z — <( SOT ﬁSTT STT STT

1+ (aD)?
Eq. 2-32
vy Uusor + (@ — Bsrr) Dugrr
tan(Osgpa) = — = 1 2
vy  aDugor — (1 + afsrrD?)ugrr
0 R. . . .
Here, ugor = Jum lf:, ef:‘zef /™%is the SOT spin drift velocity and ugyy = % is the
sUF N

STT spin drift velocity. Furthermore, D = %, where R is the skyrmion radius as A, is the

domain wall width. Each velocity component, v(,,) has SOT and ISTT components

included such that v,y = vi00y + V(L)
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2.5 Modules

Modules in Boris are vitally important to the success of simulations. Various modules can
be included in the system, by a simple command, that allows for a large amount of
customisability for simulations. Listed below are the modules that have been used either
singularly or in some combination throughout this work. In micromagnetic modelling, all
modules are included via an effective field such that they are captured within the H, ¢
term in the LLG. In this section, italicised phrases are directly related to Boris — for

example, demag is the demagnetising module in Boris.

2.5.1 Demagnetisation field

Magnetic dipoles interact via the dipole-dipole interaction, which tends to align magnetic
dipoles anti-parallel to each other, causing a magnetic field to oppose the magnetisation
internally, avoiding free poles. In magnetic materials, the dipole-dipole interaction results
in the demagnetising field which opposes the magnetisation in a magnetic media as shown
in Figure 2-2(a). The demagnetising field is highly dependent on the shape of the material

which can be described by a demagnetising factor.

(a)

Figure 2-2 (a) The demagnetising field in a magnetic film with an out-of-plane magnetisation, represented

by the red arrow. For uniform magnetisation, the demagnetisation component factors are for (b) a thin film,

N, =N, =0,N; =1, (c) athinrod, N, = N, = 1/2,N, = 0 and (d) a sphere N, = N, = N, = 1/3.

More importantly, for flat planes such as magnetic thin films, which are exclusively
investigated in this work, the in-plane demagnetisation factors are zero and solely out-of-

plane as shown in Figure 2-2(b). Therefore, for uniform magnetisation in-plane the
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demagnetisation factor is zero but equal to the magnetisation strength for magnetisation
out-of-plane, but in the opposite direction. The demagnetisation factors for uniform

magnetisation in a thin rod and sphere are shown in Figure 2-2(c,d).

The demagnetisation term>'32, demag, is a standard term that is included in all simulations
and allows for the determination of the demagnetisation or stray field. It can be shown

that for a magnetic body, the magnetostatic energy is given by:

Eq. 2-33
Ed:—%ﬁfM-HddV 1

Here, M is the magnetisation vector, H; is the demagnetisation field and V is the
integration region which is the volume of the magnetic body. Thus, H; is dependent on
the shape of the material, for example, for simple ellipsoids H; = —NM, however, a more

general form is given below.

Eq. 2-34
H,;(ry,) = —f N(r—ry)M(r) dr

revV

Here, 1, is the position for the current demagnetising field and 7 are position vectors in

the mesh and V is the symmetric demagnetisation tensor, given as>*:
Eq. 2-35

Thus, for the demagnetisation field in the cell ry the sum in Eq. 2-34 runs over all cells r

in the discretisation mesh. This is a convolution sum evaluated using a fast Fourier
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transform, based on the convolution theorem, as it requires a significant amount of

computation resources for each iteration!-2,

The demagnetisation field is also included in atomistic modelling, however, now a sum
of all spins in a microcell of size 4 is incorporated such that M = (ug/h®)Y; §; which
leads to the adapted version of Eq. 2-34 given as:

Eq. 2-36
Hy(ry) = —z_l; LEVN(T - ro)ZSi dr
2.5.2 Dipole-dipole interaction

The dipole-dipole interaction is an effect that occurs between all spins within a magnetic

body and as such can only be considered in atomistic modelling, given as>>:

_ ”_BZ 3(8; - 74)Py = S; Eq. 237

41 r3

i%) i

Where 1;; = 13;7;; is the distance vector from spin 7 to spin j. However, the dipole-dipole
interaction may also be calculated using macrocells where M; = Y.; S; is the total moment

of the microcell in units of up and the sum runs over all spins in a microcell i with size 4.

Therefore, the macrocell adaptation of the dipole-dipole interaction is given by:

_ :“_BZ 3(M;-#y)fy —M;  up M, Fq. 2-38
41 r3 3 h3
i#j Y

2.5.3 Exchange interaction

The exchange interaction between electrons is fundamental in ferromagnetism. In
contrast to the magnetostatic term, the exchange interaction acts to align neighbouring
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electron spins and the competition between these two terms gives rise to many domain

structures.

When considering electrons intra-atomically — electrons in the same atom — the exchange
interaction is described by Hund’s rule®®, where electrons sharing the same orbital fill the
orbital with the same spin quantum number taking into account Pauli’s exclusion
principle®’, in which no two fermions can occupy the same quantum state. Furthermore,
the interatomic exchange interaction tends to align electron spins located in neighbouring

atoms, macroscopically resulting in a net magnetic moment.

The exchange interaction, exchange, is the term considered for interaction between

neighbouring magnetic moments. In general, the exchange energy between spins is given

by the Heisenberg exchange Hamiltonian3>-38,

Hy; = —2JS; S Eq.2-39

Here, ] is the direction exchange integral in Joules, S; and S; are the spin operators in

vector form. Thus, the exchange energy is given in terms of the energy between the

neighbouring spins such that,

E;; = —2]S% cos(6) Eq. 2-40

Where E is the energy in units of Joules, S and 6 are the magnitude and the angle between

S; - S;, respectively. Note for J > 0 ferromagnetism results. Finally, the field term® that is

included in H ¢ is given as:

Eq. 2-41

2A
— VZM_

H, = VZ(IM|?
TN E ( |>)

2|MJ?
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Here, V? is the Laplacian operator which requires homogenous Neumann boundary
conditions to evaluate. The exchange interaction term can also be determined

atomistically by considering all spins such that,

—~ Eq. 2-42
HUolpHls

JEN

Here, S = u S in units of g and the summation runs over all neighbouring spins ;. J is
the atomistic exchange energy which is a conversion from 4 in energy density units (J/m)

such that] = 24a (J) and p is the atomistic magnetic moment in units of Bohr magneton

3
such that u, = M;—a, where a is the lattice discretisation.
B

2.5.4 Interfacial Dzyaloshinskii-Moriya exchange interaction

The Dzyaloshinskii-Moriya interaction (DMI)>*, or asymmetric exchange, is similar to
the Heisenberg exchange interaction, however, instead of aligning neighbouring magnetic
moment parallel or antiparallel, the DMI tends to align magnetic moments perpendicular
or canted spins. It was originally proposed to explain weak ferromagnetism in
antiferromagnetic systems, however, it is not a general interaction that exists in many
systems as it requires specific conditions. The existence of DMI has prompted many
studies and is now vitally important for manipulating magnetic structures and dynamics,
such as magnetic skyrmions. There are two main situations in which DMI may arise: at

an interfacial boundary and in bulk magnetic materials.

Interfacial DMI arises in FM/HM bilayers at the interface between which an interfacial
asymmetry combined with a strong spin-orbit coupling exists and results in a canting of
neighbouring spins as shown in Figure 2-3(a). Figure 2-3(a) shows an HM/FM bilayer in
which the direction DMI factor is shown with spins becoming unaligned from one
another. It should be noted that this effect is in constant competition with the exchange

interaction. The bulk DMI arise in thicker magnetic media with a strong spin-orbit
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coupling and non-centrosymmetric crystal structures which lack an inversion centre, as

shown in Figure 2-3(c), for example, the B20 compound MnSi¢!.

The DMI is crucial for chiral magnetic structures such as magnetic skyrmions as the
continual rotation of neighbouring moments causes a full rotation over a given length
dependent on the strength of the DMI. An example is shown in Figure 2-3(b) in which
there is a continual rotation of the spins due to the interfacial DMI resulting in a skyrmion-

like configuration, thus making skyrmion stability highly dependent on the DMI.

(a)

Figure 2-3 Illustration for the DMI. (a) The interfacial DMI due to a lack of inversion symmetry across the
HM/FM interface, (b) the resultant effect of the interfacial DMI at an HM/FM boundary which resembles
a Néel-skyrmion and (c) the bulk DMI, resulting from an internal asymmetry. D, represents the DMI
constant and directions between spins S; and S,. The blue and green circles represent magnetic moments
in FM media. The purple arrows display the direction of the DMI constant. The grey circles show strong

spin-orbit coupling sites in HM media.

The effect of DMI?*® interactions between the surfaces, iDMexchange, of connected HM
and FM layers is vital in this work as Pt/Co layers are predominantly considered. Similar
to the Heisenberg exchange Hamiltonian®? the DMI can be expressed as a Hamiltonian

given as:

}[i?MI == DU " (Sl X Sj) Eq 2-43

Here, D;; is the Dzyaloshinskii-Moriya vector. The energy is thus given by Eppy; =

Yix iDij (S i XS j). Finally, the field term can be expressed as*:
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2D

¢ . Eq. 2-44
Hppy = — .UOI\:IISZ ((V-M)z —VM,)

Where D is the DMI constant and M, is the out-of-plane magnetisation. Furthermore, for
atomistic modelling Hp); becomes #;; is the unit vector from the current spin i to the
neighbouring spin j. D,; is the atomistic DM energy which is a conversion from D in

energy density units (Jm™) such that D,, = Da? where a is the lattice discretisation.

2.5.5 Roughness

It is well-known that surface roughness in magnetic structures has a significant effect on
magnetic textures, for instance, the pinning of skyrmions and domain walls, due to the
changes in the physical behaviour of the magnetic system. For finite difference modelling,
roughness is typically mapped on to the rectangular mesh, however, this leads to the
staircase approximation which can become problematic for small roughness levels as very
small cell sizes are required to represent the roughness. A 3D simulation with a cell-size
reduction from 5 nm to 1 nm can increase the simulation complexity by two orders of
magnitude, resulting in massive simulation periods even for modern-day processing
power, however, there is a fine equilibrium to be found between cell size and simulation
time. Figure 2-4(a) shows a large cell size for a roughened body resulting in a fast
simulation time but neglects the roughness due to the resolution, conversely Figure 2-4(b)
shows the same roughened body with a small cell resulting in a higher resolution
simulation but a significant increase in time, the reciprocal effect of Figure 2-4(a). Finally,
Figure 2-4(c) combines the latter two methods by increasing the resolution in the
roughened region but using a much lower resolution in the bulk of the body where the

changes in the magnetisation are minimal.

The method in Figure 2-4(c) can be implemented by introducing a new energy term which
will accommodate the roughness without the requirement of mesh refinement. For a
magnetic body with a uniform magnetisation direction, the magnetostatic energy can be

obtained from the magnetostatic field, given as:
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Eq. 2-45
H;(ry) = —f N(r —r1y) X M(r) dr

reVv

Uo M.S? Eq. 2-46

&(sL, ST, SP) = 2 ZNxx(r —19) (1e€V)

rev

Where M is the saturation magnetisation, r and ro are the cell position vectors inside the
magnetic body V, M is the magnetisation vector function and N is the demagnetising
vector. The demagnetising vector contains three diagonal elements, Ny, N, and N,,,

where the off-diagonal elements are Ny, = Ny, Ny, = Ny andN,, = Ng,,.

Figure 2-4 Representation of a roughened body with a discretisation (a) larger than the roughness depth,
(b) sufficiently small to capture the resolution of the roughness and (c) a combination of the methods (a)
and (b).

The equations above only describe smooth surfaces and do not include the added
roughness energy terms, &g, rr rp, Which are obtained in all magnetisation directions for
the roughened body from Eq. 2-46 with V replaced with V. . These terms are then

superimposed on to the smooth body, the full expansion and validation are not shown for
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brevity but can be found in Ref*’, which leads to a final field-like equation for a

roughened body, given by:

Hgp(ry) = —

Z N(r —19)G (T Ty) ] M(ry) (roeV) Eq. 2-47

rev

Here, G(r, 1) is used as a simplification given by:

G = -1 TATED Eq.2-48
(rer)_ NVT TVTOEV—Vr q. 2-

Here, N, and Ny, are the number of cells containing magnetic moments, counted in the
same finite difference mesh. Note, Ny, < Ny, as the roughened magnetic body will always

be smaller than the smooth body.

2.5.6 Uniaxial magnetocrystalline anisotropy

Many magnetic materials have well-defined crystal structures, for example, hexagonal
close-packed and body-centred cubic for Co and Ir, respectively, resulting in periodic
lattice potential which electron spins can couple to through the spin-orbit interaction. As
such, there is an additional energy term which varies locally with the orientation of the
magnetic moments. As a result, a preferential direction for magnetic moments arises,
which is known as magnetocrystalline anisotropy (MCA), and is dependent on the crystal

structure.

The simplest form of MCA is uniaxial MCA which is characterised as having one
rotational symmetry axis. As such, the standard nomenclature describing the direction of
the rotational symmetry axis, which also happens to be the direction of lowest anisotropy
energy, is deemed the easy axis with the largest anisotropy energy deemed the hard axis.

Typically, the hard axis is perpendicular to the easy axis. MCA is essential in permanent

58



magnets as it dictates magnetic characteristics. For example, magnetic moments in
materials with weak MCA break in domain structures due to the demagnetising field on
the macro-scale, resulting in a significantly reduced magnetic moment at remanence.
Furthermore, due to the reduced coercivity, the material is easy to demagnetise. On the
other hand, materials that show a strong anisotropy typically have a large coercivity and
remanence, allowing the magnetic media to have a strong net magnetic moment which is

typically showcased by the strongest magnetic media.

The uniaxial MCA, aniuni, is present in all magnetic bodies. Uniaxial anisotropy is the

simplest type of MCA as it is characterised as having a single rotational symmetry axis®*.

2K1 4’K2 Eq 2-49
Hy = m(m ey)e, + oM, [1—(m-ey)?](m-ese,
Where m = |1:/1w_s|’ K; and K, are uniaxial constants, and e, is the easy axis direction.
Which can be expressed atomistically as:
2K Eq. 2-50
Hyn = —=[e;a(B? +y?) + €,8(a? +y?) + ey (a® + p2)]
HolpHUs

_ 2K; q¢
Holpls

[eyaB?y? + e,a?By? + esa®B?y]

Here,a =S e, =5-e,,y =5 e;. Also S = u,S. K, q¢ 1s the atomistic anisotropy

in units of Joules and is given by K,, 4, = K,a®.
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2.5.7 Spin-orbit torque field
The SOT is given by?:

g el
Tsor = Osnaers ?d—c(m X (mXxp)+remxp) Eq. 2-51
F

Here, p = d X e;., where d is the spin current direction incident on the interface, and e,

is the current density direction, dr is the thickness of the FM layer. The additive field-

like term is given by:

1 Up I]cl
Heor =——- 0 — — (mxp+r,
sor VM, SHAeff ~, dy ( p+7:Dp) Fq.2.52

Here, ¥ = uoly.lg, where y, is the electron gyromagnetic ratio and g, is a relative
gyromagnetic factor. The quantity Osy4 5 1s the effect SHA, proportional to the real or

intrinsic SHA and r; being the FL-SOT coefficient. Both are given by:

, .y <1 1 ) Re{ﬁ}z - Im{é}z + NpRe{G}
suaeff = Osna cosh(dy /A%, (1\//1 + Re{G}Z) + Im{G}’
Eq. 2-53
_ Mim{G)” + 2Re(G)im(GY’

" NuRe{G) + Re{G} — Im{G}’

tanh(dy/AY, ~ 2N
Here, N =—( Sf) and G = —.
5 A AN o
sf N

2.5.8 Zeeman interaction

An externally applied magnetic field on magnetic material will exert a torque on the
magnetic poles within the media. The Zeeman effect describes the displacement of energy

levels resulting in the uniformly spaced multiplet splitting of spectral lines. An example
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of this is shown in Figure 2-5 which describes the splitting of energy levels of an electron
in an externally applied magnetic field. The electron separated into two possible energy
states: spin-up or spin-down. As expected, the electron spin-down (opposite direction to
the field in this case) has much larger energy than an electron aligned parallel to the field.
In micromagnetism, the Zeeman effect is simply the inclusion of an applied magnetic

field which tends to align magnetic moments in the same direction as the field.

Energy
I
>
sl

W

Applied field strength

Figure 2-5 An arbitrary energy relationship on applied field strength on spin alignment. Increasing the
applied magnetic field, represented by the gradient-shaded arrows, causes the splitting of spectral lines into
two components — spin-up and spin-down — with a resulting change of energies between these states

increasing with field strength.
2.5.9 Ruderman-Kittel-Kasuya-Yoshida interaction

The Ruderman-Kittel-Kasuya-Yoshida®-¢7 (RKKY) interaction occurs in metals with
localised magnetic moments, however, unlike the Heisenberg and DMI exchange
interaction, it is not a direct interaction as it is mediated across valence electrons. The
effect is an exchange coupling over a long range and is also anisotropic which can lead
to complex domain structures. Interestingly, the RKKY interaction has an oscillatory
behaviour which is dependent on the thickness of a non-magnetic spacer layer in multiple
structures, as shown in Figure 2-6. When the exchange constant is positive, ferromagnetic
couple occurs across the boundary, however, when it is negative, antiferromagnetic
coupling exists, with the behaviour oscillating between the two states with increasing
thickness. Note that this sign’s dependence on the exchange constant is akin to that of the

exchange interaction.
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The RKKY interaction is thus extremely tuneable and allows for complex but elegant
magnetic structures to be realised. A highly studied topic utilising this is synthetic
antiferromagnets and ferrimagnets which allow for the stabilisation of skyrmions and zero

SkHA in theory.

Figure 2-6 Visualisation of the RKKY interaction in a magnetic multilayer with a middle spacer layer,
FM/HM/HM. Shown is the exchange constant, /, as a function of NM layer thickness. When J > 0 and

J < 0, ferromagnetic and antiferromagnetism results, respectively.

2.6 Interfacial spin-transfer torque

The ISTT is the main focus of this work and, as the later results suggest, is a significant
contribution to skyrmion motion. The ISTT is an unrecognised spin-torque contribution
with no in-depth research conducted, however, it works alongside the SOT and in

conjunction with the bulk STT, namely the Zhang-Li STT!7:1%:68,

The ISTT arise due to an imbalance in the spin accumulation on either side of the HM/FM
interface, which is shown in Figure 2-7. The spin imbalance arises due to the spin
accumulation generated at magnetisation gradients and is due to the non-zero divergence
of the in-plane spin current in the FM layer, as well as the spin mistracking effect due to
the exchange rotation and spin dephasing processes. The imbalance gives rise to vertical
spin current acting towards the HM layer, which contains both longitudinal and transverse
spin components. However, it is the transverse spin currents that are absorbed in the
interface due to the conservation of angular momentum resulting in the interfacial spin-
torque. It is therefore similar to the SOT, however, instead of originating in the HM layer,

this interfacial spin-torque originates in the FM layer.
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The generated transverse components of the vertical spin current are the same transverse
components from the spin accumulation which give rise to the Zhang-Li adiabatic and
non-adiabatic STTs, however, the ISTT has a strength inversely proportional to the FM
layer thickness. The ISTT is given below in the same form as the Zhang-Li STT.

TISTT
MS

= —[(wisrr - V)M — Brgrrm x (u j5rr - V)m] Eq. 2-54

Here, W;srr = Pisrr i) rm/2eMs(1 + Birr) where the non-adiabaticity parameter
Pisrr are effective interfacial terms that can differ significantly from their bulk

counterparts given in Eq. 2-11.

Figure 2-7 shows a representation of the ISTT effect. For an in-plane current injection
into an HM/FM bilayer, yellow circles and electron spins accumulate at a magnetisation
gradient such as a skyrmion, or other domain wall structure, shown in blue, which then
diffuses into the HM layer. A sharper magnetisation gradient results in a larger spin
accumulation and thus a stronger spin diffusion across the interface, and vice versa for
shallower magnetisation gradients. Given that the FM layer is sufficiently thin enough to
overcome the bulk STT, for magnetic textures (magnetisation gradients) such as
skyrmions and domain walls, the ISTT will have a significant effect given that the
magnetic textures are also small (and magnetisation gradients sharp). As shown in
Ref.24 when the skyrmion diameters are less than 100 nm, the ISTT has a significant
effect which causes a deviation from the expected Thiele model but also aligns
simulations closer to experimental results. The effect of the ISTT then is pronounced for
skyrmions under 100 nm due to the magnetisation gradients being sharp enough for the

ISTT to be significant enough to overcome the Zhang-Li STT.
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Figure 2-7 Illustration visualising the ISTT and the SOT in a magnetic multilayer consisting of HM and
FM layers. A current is applied in-plane, from left to right of the figure. The white arrows represent the
orientation of the local magnetisation in the FM layer and the coloured circles represent electron spins in a
different configuration. The ISTT arises in the FM layer and diffuses into the HM layer due to spin-
mistracking effects. The SOT arises in the HM layer due the SHE resulting in a vertical spin-current incident

on the FM layer. Both effects result in a torque on the local magnetisation in the FM layer.

2.7 Spin-orbit torque

Another spin torque that is significant in current-driven magnetics is the well-understood
SOT, which is typically the main contribution to skyrmion motion. The SOT is governed
by the spin Hall effect (SHE) which is a phenomenon analogous to the classic Hall effect.
However, the SHE considers electron spin accumulation at the lateral edges of a material
and not electrons solely due to Lorentz force. The SOT is given by Eq. 2-51 with the
field-like given by Eq. 2-52.

The physical origin of the SHE arises from two possible mechanisms, in which an electric
current is converted into a spin current. The first is the extrinsic effect which consists of
spin-dependent Mott scattering®, where carriers with opposite spin diffuse in opposite
directions when colliding with impurities in the material. The second is due to the intrinsic
properties of the material, where the carrier’s trajectories are distorted due to the spin-

orbit interaction as a consequence of the asymmetries in the materials.

The SHE governs SOT via the accumulation of spins at the boundaries, as shown in a
current-carrying sample due to the generation of a spin current. The spin current produced

by the SHE is orthogonal to both charge current and spin polarisation, which results in
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SOT, as the transverse components of the spin current are absorbed in the HM/FM
interface. Figure 2-7 shows an illustration of SHE resulting in the SOT. SHE exploits the
spin-orbit coupling (SOC) in an HM to convert the unpolarised charge into a pure spin
current, which arises from both intrinsic and extrinsic effects, and gives rise to
asymmetric scattering of conduction electrons. The asymmetry leads to deflections of
spin-up and spin-down electrons in opposing directions leading to the transverse spin
current. Due to the conservation of angular momentum, a resultant spin torque on the
magnetisation in the FM occurs from absorbed itinerant electron spins which are

converted to lattice and localised electron spins, and thus resulting in the SOT.

2.8 Conclusion

Presented in this chapter is the fundamental backend and theory of micromagnetic
modelling in Boris. Starting with the LLG equation various adaptations including the spin
accumulation, STT, stochasticity and temperature were shown, as well as an LLG with
static assumption, all of which are crucial magnetisation equations of motion for work

discussed later in Chapter 4 up to Chapter 7.

The drift-diffusion model was derived in brief to illustrate the methods of describing the
interaction of a spin current with local magnetisation, namely the continuous and
interfacial methods, both of which had advantages and disadvantages due to interface

boundary assumptions.

With the LLG and solving method explained, the modules that Boris allows to be
incorporated into the LLG could now be explained. Due to the nature of micromagnetics,
all terms are included in an effective field term that can be simply added to the existing

field term in the LLG.
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3 Methods and Techniques

In the previous chapter, the magnetic equations of motion were explored alongside the
drift-diffusion model and magnetic interactions used in Boris. In this chapter, the methods
used to solve the magnetic equations of motion are outlined and explained. Following
this, the algorithms used to track skyrmion motion in simulations as well as experiments
are discussed. The experimental techniques used to create and analyse (Ta(3.2)/
Pt(2.7)/[Cogg B3, (0.8)/Ir(0.4) )/Pt(0.6) |]xg/Pt(2.2) are then outlined. Finally, a

discussion on the damping parameter discrepancies of similar structures is carried out.

3.1 Introduction

By its very nature, skyrmionics is an interdisciplinary field. The techniques for obtaining
skyrmion information span over a large range of experiential methods such as scanning
tunnel X-ray microscopy and time-resolved magneto-optical Kerr effect, to name two,
but also computation methods with the use of a wide range of software packages. Some
packages have been in development since micromagnetic modelling has been possible,
namely, OOMMEF', however, in recent years software has taken a massive innovative and

technological leap forward, such as Boris?.

All computational data in this project has been obtained using Boris with the use of its
self-consistent spin transport solver, graphical processing unit (GPU) capabilities and
seamless Python integration allowing for complex simulation to be designed.
Furthermore, some experimental work has been completed in collaboration with the
University of Leeds, Bragg Centre for Material Research and Paul Scherrer Institut. This
work involves the creation of a magnetic system capable of sustaining magnetic
skyrmions using direct-current magnetron sputtering, with material and skyrmion
measurements conducted via electron beam lithography, scanning tunnel X-ray

microscopy, X-ray reflectivity and the TrackMate algorithm.

These methods are outlined below alongside methods of solving the magnetic equations

of motion, required for micromagnetic modelling.
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3.2 Ordinary differential equation solver

There are many methods of solving ordinary differential equations (ODE), such as the
Landau-Lifshitz-Gilbert (LLG) equation or in more general forms, Eq. 3-1. Following is
a set of methods which can be used to find a numerical solution to the above equation.
All are available in Boris.

dy(t) Eq. 3-1

P y'(@®)=f&y), y() =y

3.2.1 Steepest descent method

Most micromagnetic software solves the LLG, over some time frame, typically with
additions such as additional torques, for example, the spin-orbit torque (SOT), interfacial
spin-transfer torque (ISTT) and Zang-Li bulk spin-transfer torque (STT). There have been
many successful attempts at optimising the solvers in terms of energy minimisation,
however, numerical optimisation has taken the solving of the LLG to a heightened step,

for static cases only (see Chapter 3.2.1).

For systems that require an initial ground state or energy equilibrium, the steepest descent
method®* can be used to obtain these states by only considering the static system at hand.
The steepest descent or gradient descent is an iterative algorithm for finding the local
minimum of an ODE which is accomplished by taking repeated steps in the opposite
direction of the gradient of the function at the current point. Hence why this method is
called the steepest descent as it is opposite to the steepest ascent which favours the

direction of the gradient.

The process of determining the minima of a function, f(t, y), can be achieved iteratively
using the following procedure. Firstly, a point given by the initial conditions is located,
as shown by the purple point in Figure 3-1, then the direction of the sharpest slope is
required, and given that the function is differentiable this is given by Vf (¢, y), however,
as we required the direction towards the minima, the opposite direction of this is taken,
therefore, —Vf (¢, y), the direction is shown in Figure 3-1 by a black arrow for each new
point. A step is then taken in the direction of the steepest slope given by h which is
predefined. A second point is then obtained, and this process is then repeated until the
rate of change of slope has converged. Therefore, for some initial point f(t,,V,), as
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shown by the purple point in Figure 3-1, the next point at which the procedure is repeated
is given as f (t1,y1) = f(to,¥o) — hVf(ty,¥o), shown as a red spot.

.f(tl’yl.)~~

ft,y2)

f(y)

f(tn’y;\N

Figure 3-1 An illustration showing the steepest descent method for a simple case of a contoured function,

akin to the contour lines on an ordnance survey map. The coloured points represent the points at which a
new slope is determined for the next iteration. The arrows show the direction of the slope, and the dotted

lines show the paths of length /.

Therefore, the steepest descent method can be generalised for n number of iterations as

f& 1 = f@E&Y)n — hVF (6, Y)n Eq. 3-2

The steepest descent algorithm would then follow the above rule, where for each iteration,
the direction Vf(t,y), always has the steepest slope. That is, the method continues to
search in the direction which tends to minimise the value of the function at the given

point.
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3.2.2 Euler’s method

Euler’s method is a simple first-order numerical procedure for solving first-order
differential equations with given initial conditions, also known as the Runge-Kutta 1°'-
order method. The method can be used to obtain a solution to an unknown function, given
the initial conditions, by determining the slope from the differential equation and the
tangent line. A small step / is taken along the tangent line and the process is repeated.
Furthermore, it is assumed that the unknown curve does not change over a small step size,
thus the estimated point, determined from the initial conditions, is assumed to lie on the
unknown function. Therefore, the accuracy of the process is dependent on the step size
At. The step size At is the difference between the successive steps / such that At = h; —

h;_ywhere i is the current step.

In essence, Euler’s method, the approximation of the curve and subsequent curves can be

determined by a sequence of short line segments expressed as

Vier = ¥i + [t y)At Eq. 3-3

Here, y;,, is the next estimated solution, y; is the current value, 4 is the constant interval
between steps and f(t;, y;) is the value of the derivative at the current point. Thus, with
initial conditions the starting point is y, and the slope f (¢, y,) is evaluated. After deciding
on a step size At, yi this is expressed as y; = y, + f(¢t, yo)At.

3.2.3 Heun’s method

Heun’s method is very similar to Euler’s method above, however, in this procedure, a
predictor and a corrector are included. The predictor step is identical to Euler’s method
and, as the name suggests, gives a prediction to the next point, given by Eq. 3-3.
Therefore, the point (¢, ., yi+1) is the new value from Euler’s method where t;,; = t; +
At and the slope of the new point can be evaluated. This is where the similarities stop,
and the corrector step is introduced. The corrector step involves returning to the original
slope f(t,, yi) with the predictor slope from the first step f(¢,, ,, yi+1) and taking the

average. This is called the corrector, given below.
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b = [f(tltyl) +f(ti+1lyi+1)]/2 Eq. 3-4
Therefore, the general formula for Heun’s method is

[f(ti,yi) +];(ti+1:Yi+1)] At = Vi + DAL Eq 3-5

Yiv1 =Yi +

3.2.4 Runge-Kutta 4™ order

The Runge-Kutta (RK) are a family of methods deemed some of the most effective and
widely used methods for solving first-order differential equations given some set of initial
conditions, for example. In the previous section, it was shown that using one estimate of
the slope can give a reasonable prediction, namely Euler’s method, otherwise known as
the Runge-Kutta 1%'-order method. It would be logical to assume that more estimates for
the slope would result in a more accurate prediction, which is true in general and results
in the higher-order Runge-Kutta method. Note that there is a Runge-Kutta 2"-order
method which is commonly used, however, here the Runge-Kutta 4™-order method
(RK4)>¢ will be discussed as it is an extension of the RK2 method with more steps of
estimation. In essence, the RK4 method used four approximations to the slope. RK

methods are all of the forms.

y(to + At) = y(ty) + pAt, ¢ = (1/6)[ky + 2k, + 2k3 + k,] Eq. 3-6

Where 1o is the current ¢, At is the interval step and ¢ is the weighted average of predicted
slopes of the function f(t,y) and kn is the prediction of each step. It is clear now from
this that the term fourth order originates from the four slope estimates of the function.
The method also takes the average of the estimated slope and determines a weighted

average which is shown by the integer values preceding kn as well as the factor of 1/6
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from the sum of these integers (1+2+2+1).The expression for the slope predictions 4, is

shown below, as represented in Figure 3-2.

ki = f(to,¥o) Eq. 3-7

ky,=f (to +8t/, v, + klAt/z) Eq. 3-8
ky=f (to +88/, 50+ sz”L/Z) Eq. 3-9
ky, = f(ty, + At, yo + k3At) Eq. 3-10

The method is as follows, with reference to Figure 3-2. To begin, an initial point is
selected, determined from the given initial conditions y(t,) = y,, and the slope is
determined, in this case k1 given by Eq. 3-7. The slope at this point is known, due to y(t,),

as it is an approximation to the derivative y’(t) of the function over the next period.

Next, as an assumption is made over a small step the unknown function can be considered
linear over that step. Thus, a forward half step is complete t, + At/ o. This process isn’t

perfect, however, the results are very accurate. Now the derivative of the function at the
new point, a half step forward along the slope of ki, is required, therefore, the new point
is dependent on k; and can be expressed as k> by Eq. 3-8. The second prediction should
be better than the previous estimate at the midpoint, rather than the value of the slope, at

the first point.

For the third prediction a similar approach is in use, however, another step forward is not
taken, instead another prediction is made at the midpoint t, + At/ o using the slope of k2

from the initial point determined. This is shown in Figure 3-2 by the blue dashed line

which is the same slope as the predicted blue solid line for k>. The estimate is then made
att = ty + At/ o for k3, which is dependent on k2, given by Eq. 3-9. This now gives a

new estimate for the midpoint. Finally, a full step at t = At from the original point is

taken along the slope k3. The point at t = At can then be estimated for k, via Eq. 3-10.
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Four estimates have now been determined for t = t, — At which can now be weighted
and averaged for ¢ in Eq. 3-6 and hence a solution for f(t, + At) is found with a
reasonable accuracy. An example Python script for dy/dt = t%,y(1) = 1,At = 0.4 is
shown in Appendix B: RK4 simple python, which compares the Euler’s and the RK4
method.

Ay)

to tO:tO+At / 2 tOZAt
Figure 3-2 shows an illustration of the Runge-Kutta 4"-order method on a simple unknown function shown
as the solid black line; the specifics of the function are, however, not important. The coloured dashed lines
represent the prediction of the slope corresponding to the colour text indicating the order of the predictions.
The black point is a point in the unknown function given by a set of initial conditions and the uncoloured

points are the point at which the slope is predicted for kn+1.
3.2.5 Runge-Kutta-Fehlberg of orders four and five

The Runge-Kutta-Fehlberg®~’ method (RKF45) is a self-consistent method of solving
ODE:s based on the RK4 method. Both methods are of the fourth order, however, the
RKF45 also includes an error estimate of the fifth order, hence the term RKF45.

Referring to the RK4 method, one major issue with this method is determining the best
step size — too large results in reduced accuracy and too small results in a significant
amount of computation. The RKF45 method can overcome this issue by introducing an

extra procedure into the RK4 method. This procedure is used to determine the most
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suitable step size at each step by comparing two estimates made for the solution. If the
comparison lies within a certain tolerance, then the estimate is excepted with that step
size, however, if the result is above the tolerance, then the step size is reduced. This loop
is repeated until an estimate is accepted. Furthermore, if an estimate is accepted but to an
unreasonably large accuracy or significant figures then the step size is increased. Herein
lies the brilliance of this method as it internally self-adjusts the step size. For example, in
a 1 ns simulation, the RK4 and RKF45 can be used to evaluate the LLG. The RK4 requires
a set time step, which is in essence a guess unless multiple repeats of the system are
completed, which is a waste of resources®. Whereas the RKF45 can be simply initialised
with no set initial time step. A comparison of each method per iteration can result in a
faster interaction, with a reasonable estimate for the time step, but using the RKF45 over

the time of a simulation will result in a typically faster and more accurate evaluation.

Using a similar method to the RK4 the RKF45 method can be expressed as

6
Yn+1 =Yn t Z ciky Eq. 3-11
i=1
-1
ki = Atf t, + aiAt, VYn + z ﬁl]kl , i=1,..,6 Eq. 3-12
=1

Here, c; are found by expanding y,,,, in powers of At. The coefficients k,are determined
by Fehlberg® and are given in Table 3-1 The Butcher tableau proposed by Fehlberg for
the coefficient in Eq. 3-11 and Eq. 3-12, B;; and c; are weighting coefficients. In this case,
as the time step may differ between interactions such that At = t,,,; — t,,. The values of
k can be thought of as the change in slope, as in the RK4, as At varies. As shown above,
i =1, ...,6 requires that this method has six function evaluations per step. The first four
functions relate to the evaluation of the function such that this method becomes O(At*),
however, due to six function evaluations the accuracy O(At®) as the expansion in the sixth
order does not match. Fehlberg’s addition does still allow for the exploitation of the sixth

function.
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Table 3-1 The Butcher tableau proposed by Fehlberg for the coefficients in Eq. 3-11 and Eq. 3-12

a; Bi j Ci
0 16/135
1/4 1/4 0
3/8 3/32 9/32 6656/12825
12/13 1932/2197 -7200/2197 7296/2197 28561/56420
1 439/216 -8 3690/513 -845/4104 -9/50
12 -8/27 2 -3544/2565 1859/1404 -11/40 2/55

3.3 Data acquisition

Obtaining information from simulations is vitally important for obvious reasons, with
Boris allowing for multiple methods of recording for a given system. Specific and detailed
data, such as the iteration step, time step, magnetisation solver step, relaxations step and
more can be obtained. Furthermore, magnetisation, charge and spin current, spin
accumulation, temperature and contribution energy-specific data can be acquired. By far
the most important for this work is the skypos and skyshift algorithms that allow tracking

of skyrmions using different methods.

3.3.1 Skyshift algorithm

A simple yet resource-effective method of tracking skyrmions is the skyshift algorithm
which allows the skyrmion position to be tracked to the accuracy of the discretisation.
Figure 3-3 shows an illustration of the skyshift procedure which works by averaging the

out-of-plane component of magnetisation in four quadrants of a tracking box.

Initially, the position of a skyrmion is determined so that a tracking box can be placed
around the centre of the skyrmion, as shown in Figure 3-3(a), which is split into four
quadrants My, My, M and Miy which are the average magnetisation inside the quadrants.
M1, M, M and Myy are all equal at initialisation (signified by the green colour). If a
skyrmion shifts over the next time step, it moves relative to and thus becomes off-centre
to the tracking box, as shown in Figure 3-3(b). The average magnetisation in each

quadrant becomes uneven such that in this case M; > My > Mu > Mm. The tracking
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algorithm will then shift the tracking box such that each quadrant is again equal, which is
repeated every iteration. This then outputs the skyrmion position in terms of an x and y
coordinate which doesn’t necessarily start at (0,0) as the coordinate system is relative to
the position in the mesh, therefore, the offset is typically removed. Although this
algorithm is easy on computational resources, the output information is lacking as only
the position is obtained, furthermore, the resulting skyrmion path possesses an algorithm
artefact in the form of a staircase path. If more information is required, the skypos

algorithm is better suited.

y

(a)

Figure 3-3 An illustration of the skypos algorithm tracking a skyrmion through an arbitrary magnetic media.
(a) An initialisation of the skyrmion and tracking box, (b) the end of an iteration in which the skyrmion has
moved in the xy-plane and (c) the tracking box centred on the skyrmion. The blue circle shape surrounded
by a black dashed box signifies a skyrmion inside a tracking box, respectively. The tracking box is split
into four quadrants M1, Mu, Mm and Miv with the colour of the quadrant representing the total area of the
skyrmion in the corresponding quadrant (red and green meaning lowest and largest area as a comparison
between all quadrants — yellow and orange are intermediate colours). When all quadrants are equal then all

are coloured green.
3.3.2 Skypos algorithm

The skypos algorithm is more involved than the skyshift algorithm as more intensive steps
are carried out and there is no averaging of magnetisation quadrants, however, instead of
obtaining the position solely, skypos outputs the xy-position, xy-diameters, the domain
wall width and the magnetisation saturation alongside the corresponding fitting errors,
therefore eight output parameters compared to the previous two. The procedure is shown

in Figure 3-4.
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The initialisation of this system is the same as the skyshift algorithm in which a skyrmion
is located and a tracking box is defined around the skyrmion, the size and centre positions
are not as crucial as skyshift for reasons that will become clear. The skyrmion, when
driven, will then shift relative to the tracking box as shown in Figure 3-4(b). From this

point on, the algorithms are different in the procedure.

2=

M;(x) = Mg cos| 2 arctan| sinh Eq. 3-13

sinh (x ;on)

Next, a magnetisation line profile — a one-dimensional strip of magnetic moments — is
taken in the x-direction along the black dashed line of the tracking box in Figure 3-4(b).
An out-of-plane magnetisation vs x-position curve is obtained which allows a numerical
solution to be obtained from Eq. 3-13. Where R is the skyrmion radius, w is the domain
wall width, x is the dependent variable of x-position and x, is the skyrmion centre, are all

fitting parameters to be obtained from the magnetisation line profile.

Given this information, the tracking box is shifted along the x-plane by the difference in
the original position and x,. This results in a tracking box centred on the skyrmion in only
the x-plane, as shown in Figure 3-4(c). Note at this point the skyrmion diameter is not
taken as R does not give an accurate representation. This is then repeated y-plane so that
the tracking box can be adjusted in the y-direction, shown in Figure 3-4(d). However, the

skyrmion diameter Dy, = 2R is saved to be returned to the user.

The final step involves taking another line profile in the x-plane with the sole purpose of
obtaining the skyrmion information in the x-plane, namely, the now accurate
representation of the diameter. Now, the algorithm has the x-y position, relative to the
starting position and not relative to the mesh coordinates, and the x-y diameters which are
then output to the user directly or saved to a file. To finish, the tracking box is adjusted
to fit the skyrmion, so the algorithm runs more efficiently, as shown in Figure 3-4(e). This

algorithm provides the majority of the data obtained in the work.
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(a)

Figure 3-4 A representation of the skypos algorithm. (a) The skyrmion tracking initialisation in which the
tracking box is set about the skyrmion centred. (b) Skyrmion transition through the magnetic media. (c) A
line profile is taken in the x-direction to align the tracking box to the centre of the skyrmion with a step in
the x-plane. (d) A line profile is taken in the y-direction to align the tracking box to the centre of the
skyrmion with a step in the y-plane. (e) A final x-line profile is taken as a check and the excess space
between the edges of the skyrmion and tracking box is reduced. The blue circle shape surrounded by a black
dashed box signifies a skyrmion inside a tracking box, respectively. The black dotted line aims to give a

guide to the centre of the tracking box.

3.3.3 TrackMate algorithm

The TrackMate package!®!! is software that goes hand in hand with experimental
observations and is used as a post-experimental method of analysis. It is perfectly adapted
for skyrmion observations given that the images taken are of high enough resolution.
Simply, the TrackMate package takes time-resolved images gathered from techniques
such as scanning transmission X-ray microscopy (STXM) to highlight all circular objects
within a single static image with a unique identifier. The specificity of the circular object
tracked is highly tunable and will be unique for each set of images. This is then completed

for the following image with the tracked objects.
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Each image is then compared for object locations with the assumption that like-positioned
objects are the same. This is completed for all images such that each object is tracked

through multiple images. Thus, giving post-experiment tracking capabilities.

3.4 Experimental methods

Although a small portion of this work, various experimental techniques have been used
to create magnetic systems capable of sustaining skyrmion stabilisation and skyrmion
motion. Furthermore, methods of imaging skyrmions in real time, such as scanning tunnel
X-ray microscopy, are required to capture skyrmion motion for extrapolation using

tracking software.

Experimental methods in this work were used by the University of Leeds and Bragg
Centre for Material Research whom obtained the silicon nitride membranes, fabricated
the magnetic multilayer and used the TrackMate algorithm to obtain positional data of
skyrmions from experimental imaging. The Paul Scherrer Institut conducted the
skyrmion manipulation and imaging. The data analysis on the TrackMate algorithm data
was conducted by MacKinnon., C. The methods used by the aforementioned groups is

discussed below.

3.4.1 Direct-current sputtering

Direct-current (DC) sputtering!?-14

is a deposition technique used for creating thin-film
structures, such as magnetic multilayers. It utilises a target material, the material required
for deposition, which is liberated and attracted to a substrate; an illustration of DC

sputtering apparatus is shown in Figure 3-5.

A basic DC sputtering set-up consists of a vacuum chamber that encases the entire system,
a substrate to be coated and a target sample to liberate the material. Figure 3-5 shows a
simple illustration of DC sputtering in effect. Initially, the vacuum chamber is evacuated
to a base pressure which is then backfilled with high-purity Ar gas, as shown by the purple
points; other gases can be used as long as they are inert. A DC electrical current is then
applied to create an anode on the substrate and a cathode on the target material resulting
in a potential gradient in the system. Violent collisions between the target material surface
and the neutral argon atoms occur, resulting in the liberation of negatively charged target

atoms which conglomerate into localised plasma. The positive anode, or charge bias,
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attracts the ionised argon, free electrons and vaporised target atoms, and condenses on

the substrate forming a thin film of the target.

Magnets can also be included behind the cathode which is used to reduce electron
collisions with the substrate coated in the target materials, which allows for fast

deposition rates.

$ 3 Ionised
3 ? 3\\Ar
SR H

Figure 3-5 Illustration showing a basic DC sputtering system. The target material is the required material
for a thin-layer adhesion to the substrate. The system itself is encased in a vacuum which is flooded with

Ar which is ionised by a potential gradient.
3.4.2 Electron beam lithography

It is very common when designing nano-scale structures for more complex and intricate
systems to be created, such as electrical contacts, which require a very accurate method
for creation. Electron beam lithography!>-!7 (EBL) is one such method which involves
transferring a pattern on to a substrate by scanning the surface of a layer of resist by an
accurate electron beam. The choice is then made to remove the exposed or non-exposed

regions of the resist in a solvent. The benefit of using this method is that it allows for very
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precise actions to be made, resulting in very small distinct features in the range of um to
nm. As with all methods, there are advantages and disadvantages compared to other
methods. In essence, EBL uses a very small wavelength of electrons compared to higher
wavelength optical methods, allowing for greater precisions but leading to significantly

larger development times.

3.4.3 X-ray reflectivity

X-ray reflectivity (XRR)'®20 is a method of measuring the thickness, density and
roughness of both crystalline and amorphous multilayer structures. Furthermore, XRR

can be used for single layers as well as multilayers.

XRR utilises X-rays which are applied to systems, ideally, flat surfaces at a very low
incident angle such that total external reflection occurs at or below the critical angle. That
critical angle itself is highly dependent on the material parameters, namely, the electronic

density.

For XRR in single layers, the reflection on a substrate can be described as the interference
of the reflection at two interfaces and requires the Fresnel equations of transmission and
reflection. In essence, the principle of XRR is to reflect an X-ray beam from a flat surface
and then measure the intensity of the reflected X-rays. This can become difficult if there
is significant roughness on the surface such that the intensity profile will deviate from the
predicted Fresnel law. The resulting intensity profile can be used to determine the density
profile of the interface normal to the surface. For multilayers, the same process is
followed for single layers, however, there is now a significantly different intensity profile
as the reflections show many oscillations, namely Kiesseg fringes, akin to the Fabry-Pérot
effect. The periodicity of these oscillations is then used to obtain the layer thickness,

interlayer roughness and more.

3.4.4 Scanning transmission X-ray microscopy

The ability to image ever smaller objects in equally small structures is always increasingly
important in research, not only in magnetism but in chemistry and biology. There are
several cutting-edge techniques available for different length scales, maximum
resolutions and imaging capabilities such as time-resolved and static methods. These

included electron, soft-X-ray and light microscopy.
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STXM?!"23 is one relatively simple method. An X-ray beam is incident on a zoning plate
that focuses the X-ray beam into a small point source, then a sample is scanned in the
plane of the zoning plane and then transmitted X-ray intensity is measured as a function
of position on the sample. The use of soft X-rays®* gives a high resolution of the surface
of the sample, however, this then only takes into account the static systems. To take
images of dynamic magnetic systems, the STXM must be converted to a time-resolved
STXM system by using a stroboscopic scheme in which the magnetic circular dichroism

(XMCD) effect is utilised as a contrast mechanism.

Skyrmion dynamics were imaged using STXM at the PolLux beamline of the Swiss Light
Source. The X-ray magnetic circular dichroism (XMCD) effect was utilised as a contrast
mechanism. The X-ray incident angle was chosen to be perpendicular to the sample,
resulting in out-of-plane magnetisation sensitivity. This is discussed more in Section 5.2

in which the details of fabrication, imaging and tracking are detailed.

3.5 Conclusion

In this chapter the methods by which Boris solves magnetic equations of motions were
discussed. An important method, the steepest descent method, which allows for complex
and large simulations to be relaxed to a minimum or equilibrium energy state quickly,
was discussed. Although this would never be used for dynamic magnetisation
simulations, such as skyrmion prorogation, it does provide a very quick and effective
method for relaxation to ensure correct initial conditions, thus saving computational

resources albeit very situational.

Following this, the development of the main methods of solving the equations of motion
was explored. Beginning with Euler’s method, which involves making a prediction at a
half step forward and then using this prediction to determine the result at the next full
interaction point. Although this method is simple in execution it lacks accuracy. This was
then developed into Heun’s method which is markedly similar to Euler’s, however, a
corrector step is included for the final result which takes the average of previous
predictions. Again, this is a quick method but lacks accuracy. Up to this point, the
methods had been quick but lacked accuracy, however, the RK4 method was developed
which is a commonly used method of solving differential equations. It involves following

a similar procedure as Euler’s method, however, four predictions for the function slope
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are determined, weighted and averaged, resulting in a significant advancement in the
accuracy. Up to this point, all the methods discussed were highly dependent on the step
size selected before solving equations. This caveat was eliminated by using the RKF45
method which follows the RK4 method but uses a comparative step in which the slopes
determined are compared to a set tolerance. The result is a highly efficient method which

always determines the most efficient step size for the iteration at hand.

Data acquisition was then discussed, namely, the skyshift and skypos algorithms which
allow for skyrmion information to be tracked during simulations. Whilst the skyshift
algorithm was simple and resource-kind, it did not allow for detailed descriptions of a
skyrmion with only the positions available. On the other hand, the more resource-
intensive skypos algorithm allows for serval parameters to be probed at any time, and as

a result is the method used to track skyrmions motion in the project herein out.

The experimental techniques used in this project were then outlined from the creation of
the samples using direct-current magnetron sputtering and electron beam lithography.
XRR was also used to determine the thickness of the individual layers in a multilayer
system. Finally, time-resolved scanning tunnel X-ray microscopy was used to take images
of the magnetic system containing skyrmions by utilising circular dichroism which was
then fed into the TrackMate algorithm to track the position and size of multiple

skyrmions.
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4 Varying Surface Roughness Coherence Length for Isolated

Skyrmion Motion

Skyrmions have emerged in recent years as potential information carriers for future
spintronic devices, such as in random access and racetrack memory (RM), due to their
topological stability and reduced energy requirements compared to traditional domain
wall devices. Studying the behaviour of current-driven isolated skyrmion motion is
important for a variety of information storage, transport and stability applications.
Current-driven skyrmion motion is currently hindered by the skyrmion Hall angle
(SkHA), in which the skyrmion path deviates from the direction of the applied charge
current!, which poses problems for these spintronics applications. Very recently, it has
been proposed that interfacial spin-transfer torques (ISTTs)? may also be important, and
thus a more complete model based on both spin-orbit torque (SOT) and ISTT can be

formed.

Presented in this chapter is the study of the effect of including an additional ISTT term
on skyrmion motion in a Co(1 nm)/Pt(3 nm) bilayer with and without surface disorder in

the form of surface roughness as a function of skyrmion diameter.

4.1 Introduction

Skyrmions are topologically protected quasi-particle-like magnetic structures®, which are
of great interest as they can be efficiently manipulated using spin torques due to applied
currents in ultra-thin magnetic multilayers, thus opening the possibility of a new class of
spintronics devices* . Skyrmions have been observed at room temperature in systems

with broken inversion symmetry’!!

, stabilised by the interfacial Dzyaloshinskii-Moriya
interaction (DMI)'>!3, and more recently current-induced skyrmion motion has been
demonstrated in ultra-thin magnetic multilayers!-'*2° by utilising spin currents due to the
spin Hall effect (SHE) which gives rise to SOT?'"?°. The SHE governs SOT via the
accumulation of spins at the boundaries of a current-carrying non-magnetic (NM)
metal/ferromagnetic (FM) bilayer due to the generation of transverse spin currents. The
SHE exploits the spin-orbit coupling in an NM to convert the unpolarised charge into a
pure spin current which arises from both intrinsic and extrinsic effects, and gives rise to

an asymmetric scattering of conduction electrons. Irrespective of the underlying origins

of the SHE, and thus spin accumulation at the NM/FM interface, the SOT exerted on the
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FM magnetisation can be broken down into two components, namely the damping-like
(DL) SOT and the field-like (FL) SOT. The two terms are shown in Eq. 2-51 in which
the first term is ascribed as the DL-SOT which tends to eliminate the processional motion
to align the spin towards the effective field. The seconds term in Eq. 2-51 is the FL-SOT
which drives processional motion of magnetisation. Both FL- and DL-SOT are competing

Pprocessces.

Current-driven skyrmion motion is currently hindered by the SkHA, Oskua, in which the
skyrmion path deviates from the direction of the applied charge current!, which poses
problems for spintronics applications. Furthermore, the SKHA has been shown to vary
with the applied current strength!!7-2 and this effect is not reproduced by analytical or
numerical models in ideal structures. Whilst material imperfections play a very important
role?%, there are many gaps in the literature, and a full understanding of how the SkHA
varies with driving strength, skyrmion diameter, skyrmion chirality, and varying levels

of magnetic and non-magnetic imperfections are required.
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Figure 4-1 A simulated comparison between (a) a 600 nm skyrmion that has not been relaxed in the current
system, thus has not reached the equilibrium state, and (b) the same skyrmion as (a) but has reached an
equilibrium state during relaxation and a diameter of 165 nm skyrmion. An out-of-plane field, H, =3 kAm"
!, was applied. Relaxation was achieved using the steepest descent method. The cell size for (a) and (b) is
(2x2x1) nm in a (1000 X 1000 X 1) nm mesh size, however, (a) and (b) have different visual

resolutions.
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In recent experimental work, a largely independent SKHA on skyrmion diameter has been
observed!®, however, analytical results based on the Thiele equation predict a significant
increase in SkHA with decreasing skyrmion diameter, and this discrepancy is
significantly pronounced for small diameters below 100 nm. In another study’,
experimental results are also compared to modelling based on SOT for very large
skyrmions with diameters above 800 nm. Experimental and SOT simulations show good
agreement for large skyrmion diameters, which showed slightly larger SKHA values for
the SOT model, however, the SOT model predictions deviate significantly from the
experimental results at small skyrmion diameters'®, even when very large damping values
are assumed. Reducing the SKHA is paramount, and it has been theoretically shown that
the spin-orbit coupling in an FM/FM bilayer can be used to tune the skyrmion Hall effect
by controlling gate voltages to steer skyrmions?’, furthermore, changing the strength of
the Rashba spin-orbit coupling has been shown to result in a negligible SKHA?3. Here it
is shown, using micromagnetics modelling coupled with a self-consistent spin transport
solver in multilayers, the addition of ISTT results in a significantly reduced discrepancy
between experimental and modelling results, and a good agreement is obtained with
recent experimental results which have demonstrated a nearly diameter-independent

SKHA!S.

4.2 Method

4.2.1 Initialisation

To begin, a system is designed so that the effect of the ISTT can be studied. The first step
is to create a 1,000 x 1,000 nm mesh with two layers of 3 nm and 1 nm which correspond
to Pt and Co, respectively, after the corresponding parameters are set as shown in Table
4-1. The magnetisation of the Co layer is aligned out-of-plane — the expected direction of
magnetisation for ultrathin Co?’ — then a Néel-type skyrmion with a given core direction,
chirality and diameter is generated in the centre of the FM mesh. Dirichlet boundary
conditions are also implemented in the x-y direction to provide a wraparound effect for
the demagnetisation field. If the boundary conditions were not included then skyrmions
would interact with the boundaries of the mesh, however, with the wraparound effect of
the included boundary conditions the system can effectively model a much larger and

longer system. The system is then set to relax to equilibrium by minimising the steady
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state precession, using the steepest descent method (see Chapter 3.2.1). Relaxing using
this method is completed for a number of out-of-plane applied magnetic field values,
allowing for skyrmions of varying diameters in an equilibrium state as shown in Figure

4-1.

Computations are completed using cell-centred finite difference discretisation. For
magnetisation dynamics, the computational cell size used is (2 nm, 2 nm, 1 nm). For spin
transport calculations the computation cell size is (2 nm, 2 nm, 0.5 nm) for both the Co
and Pt layers. The Landau-Lifshitz Gilbert (LLG) equation is evaluated using the RKF45
evaluation which is an adaptive time step method. All computations are completed on the
graphical processing unit (GPU) using the CUDA C framework. Roughness profiles are
generated using a jagged granular generator algorithm. Equally spaced coefficients at 20,
40 and 60 nm spacings in the x-y plane are randomly generated. The remaining
coefficients are obtained using bi-linear interpolation from the randomly generated
points. These values are selected as they represent surface roughness profiles seen
experimentally. Whilst it is important to study the effect of the ISTT on ideal structures,
it is also paramount that surface roughness is considered as this can alter skyrmion motion

significantly®.

Finally, a skyrmion is placed in the centre of the Co layer and the system is relaxed to
equilibrium using the steepest descent method after which the simulation is saved for

electrical manipulation.

(a) (b)

Figure 4-2 A Néel-skyrmion with minimised steady-state precession in a Co/Pt bilayer (a) with no surface

roughness and (b) with an applied surface roughness with a maximum penetration depth of 1A and

coherence length of 40 nm. Both skyrmions are stabilised with an out-of-plane field of 1,600 Am™.
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Table 4-1 Material parameters used to model the Pt/Co bilayer. |D| is the DMI constant; Mg, the saturation

magnetisation; A, the exchange stiffness; K,,, the magneto-crystalline energy; «, the gilbert damping; g,.,

the relative gyromagnetic ratio; o, the electical conductivity; D,, the electron diffusion constant; Ay ; ,, the

spin flip, spin exchange rotation and dephasing lengths, respectively; Re(G”) and [ m(G“), the real and

imaginary components of the spin-mixing conductance, respectively; 6gy, 4, the spin Hall angle and [, the

exchange length.

Parameter Value References
|D| (Co) 1.5 mJm? 14
M;s (Co) 600 kAm'! 14
A (Co) 10 pJm’! 14
K, (Co) 380 kJm™ 14
a (Co) 0.03,0.1 30-36
gr (Co) 1.3 37
o (Co) 5 MSm'! 38
D, (Co) 0.0012 m?3s™! 39
D (Pt) 0.004 m?s’! 40
Asy (Co) 42 nm 37-39.41
A; (Co) 2 nm 42
Ay (Co) 3.2 nm 43
Asp (PY) 1.4 nm 44
o (Pt) 7 MSm'! 44
Re(G™) (Pt/Co)  1.5+i0.45 20,4445
Im(G™ ) (Pt/Co) ~ 0.45 PSm x
Osna (PY) 0.19 44
lex 6.8 nm ok

* Value is obtained using Ref.? in conjunction with Eq. 4-1 (given later in this section) which can be solved

for Im(G™).

** Value obtained using [, = =y
0Ms
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4.2.2 Driving isolated skyrmion

After the completion of the initialisation phase, the manipulation of the skyrmions
through a range of out-of-plane applied magnetic fields, current densities and, as
discussed above, roughness coherence lengths, can begin. All permutations of these

variables are handled within a Python script connected to Boris.

To begin, electrodes are attached to the lateral edges of the bilayer (y-z direction) so a
chosen current density may be applied, as shown in Figure 4-3, thus the transport module

must be enabled in both the Co and Pt layers.
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Figure 4-3 Diagram illustrating the attachment of the electrodes to the bilayer via an anode and cathode.

The electrodes span the entirety of the y-z lateral boundaries of the bilayer.

The selection of the ordinary differential equation is a crucial step and is dependent on
the spin torque combination chosen to drive the skyrmion, namely the SOT, ISTT, the
bulk spin-transfer torque (STT) and all permutations of the torques. When the sole driving
force is the SOT (using P =0, f = 0, Osyacrs # 0, 15 # 0) the LLG equation is used,
solved via the RKF45 method***’. Note that the SOTField module is enabled when
considering the SOT. When the ISTT and/or the STT is used, the LLG-STT (using P # 0,
B #0,Osyaers =0, 16 = 0) is set with the RKF45 method. Finally, if all the torques are
considered, the LLG-STT (using P # 0, B #0, Osya 55 7 0, 7 # 0) is set with the RKF45
method with the SOTField module.

4.2.3 Skyrmion field sweep

The skyrmion diameter is controlled using an out-of-plane magnetic field in the +z
direction ranging from |H,| = 0.875 kAm™! to |H,| = 54 kAm™!, which yielded diameters

ranging from 396 nm to 21 nm, respectively, which is shown in Figure 4-4.
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An isolated skyrmion is set in the centre of a disorder-free Co(1 nm)/Pt(3 nm) bilayer and
allowed to relax. Relaxation is achieved by evaluating the LLG equation with the steepest
descent method to the order of [mxH|=1x107°. The value selected for [mxH| will finish
the stage/simulation when the normalized maximum torque, calculated as |mxH|/M2,
falls below that value. After this initial relaxation phase, a small out-of-plane applied
magnetic field is applied (+z direction) and the skyrmion is allowed to relax under the
new field. Once the equilibrium state is achieved, the diameter of the skyrmion is obtained
by taking the mean of a one-dimensional magnetisation profile through the centre of the
skyrmion in the x and y directions. The skyrmion diameter dependence on the applied
magnetic field is shown in Figure 4-4. There are two characteristics shown; at small field
values there is a large change in the diameter with a constant field step, thus a strong
dependence is shown. Also, at larger field values, a plateau in the skyrmion diameter

begins and the field dependence vanishes.
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Figure 4-4 Skyrmion diameter dependence on the out-of-plane magnetic field, computed for the a system

with no surface roughness and with not thermal fields.
4.2.4 Obtaining fitting parameters

For the spin torques obtained with the self-consistent spin transport solver, there are two
distinct contributions and the combined torque effect. The contributions observed are the
SOT due to SHE, as well as another important contribution obtained due to the interlayer

diffusion of spin currents, namely the ISTT. To obtain solutions for these contributions,
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spin carrier polarisation, P, non-adiabaticity parameter, £, field-like spin torque, 7; and
effective spin Hall angle, Oy 4 ¢ 5, are obtained numerically. Thus, the spin accumulation
is computed using the spin transport solver, and the total spin torque is obtained from Eq.
2-28. Then, Eq. 2-51 and Eq. 2-54 for the SOT and ISTT respectively, are used to obtain
the above constants as fitting parameters to the total spin torque. Whilst Ogy 4 .r and 75
do not depend on the skyrmion diameter, P and [ are not constant, and show a small
dependence on skyrmion diameter due to spin diffusion, similar to the enhancement of
Zhang-Li non-adiabaticity obtained for vortex cores*®*°. Sharp magnetisation gradients
cause a spin mistracking effect in which spin cannot track to the local magnetisation
which results in a enhancement of P and f, even more so for sharper gradients. The

dependence of these parameters on skyrmion diameter is shown in Figure 4-5.
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Figure 4-5 The dependence of modelling (a) effective spin Hall angle, (b) field-like spin coefficient, (c)
effective spin polarisation and (d) effective non-adiabaticity parameters respectively, on skyrmion diameter

in a disorder-free Co/Pt bilayer for a range of imaginary to real spin-mixing conductance ratios, G, =

Im(G™)/Re(G™).
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4.3 Driving skyrmion through a disorder-free system

Figure 4-6(a) shows three clear distinct curves which are identified by the dashed, solid
and dash-dot lines which represent the SOT, the full spin torque and ISTT, respectively.
There is a clear difference in each line, suggesting each component has a significant
contribution to the skyrmion motion. The ISTT has a significant effect on the SKHA for
small skyrmion diameters which is only applicable for ultra-thin films due to the inverse

thickness dependence.
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Figure 4-6 Relationship between the skyrmion Hall angle and skyrmion diameter for different imaginary to
real spin-mixing conductance ratios, G, . (a) Individual SOT and ISTT contributions for each ratio
represented by a dashed and dash-dot line, respectively, as well as the full spin transport solver solution
including both SOT and ISTT shown by the solid lines. (b) Skyrmion paths for G, = 0.33 and 0.5. The
individual SOT and ISTT contributions are shown alongside the full spin transport solver path. The current
is applied along the x-direction, 0°. To obtain these results a damping value of a = 0.1 is used. The black

dashed line represents the applied current direction.

Figure 4-6(b) shows the skyrmion path for each component, which shows that the SOT
has the largest effect on the skyrmion motion compared to the ISTT component, as can
be deduced from the SOT and ISTT skyrmion displacements. For large diameters, the
SOT and full torque dependencies tend towards each other and become nearly identical.
This is an important result as it shows the SOT-modelled results for the skyrmion motion

to be a good assumption for large diameters. However, for small skyrmion diameters, the
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two trends deviate rapidly, which would explain discrepancies between experimental and
theoretical results. The combined torque results correspond well with results obtained

experimentally both for small skyrmion diameters'® as well as for large diameters!-!%!7,

The ISTT is not confined to Néel-type skyrmions alone as the ISTT arises from spin
accumulation at magnetisation gradients and is therefore applicable for any magnetic
texture including antiskyrmions, skyrmionium* and domain walls. In the case of the
different magnetic textures, Figure 4-6 may display different ISTT characteristics, which

is not in the scope of this work, but this investigation would be insightful.

The imaginary part of the spin-mixing conductance, Im(G ™ ), is commonly neglected
with an effective spin-mixing conductance used instead. The imaginary component is
usually assumed to be much smaller than the real component, however imaginary to real
spin-mixing conductance ratios, G, = Im(G” ) / Re(G”), larger than one has been
measured recently®®. Figure 4-6(a) shows the dependence of SKHA on the spin-mixing
conductance ratio with a clear influence from the ratio apparent. The SOT is not affected
by G, in terms of the SKHA, but skyrmion velocity is affected by the G, ratio, as is
apparent in Figure 4-6(b) in which the velocity is larger for G, = 0.33. The velocity is
inferred as the length of each line as the simulation time is constant. Furthermore, the
G, ratio affects the ISTT contribution of both velocity and SkHA. The peaks of the
combined torque curves range from 44° to 57.3° for G, =1 and G, = 0.125, respectively.
Figure 4-6(b) shows the skyrmion paths for each component for G, = 0.33 and 0.5,
illustrating further the velocity dependence on G,. The ratio used in all subsequent
modelling throughout this paper is determined using both DL- and FL-SOTs components,
values of which are given in Ref.?° for a Pt/Co(0.9 nm) bilayer, which are used to obtain
the field-like torque coefficient. The imaginary component of the spin-mixing

conductance can then be determined numerically, given below.

Im{é}
—(N; + 2Re{G}) £ \/ (N, + 2Re{5})2 + 4 12Re{G}(N, + Re{G}) Eq. 4-1
B 21y
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From Eq. 4-1, Im(G™ ) = 4.49x10'* Sm? and hence G, = 0.3 is obtained. It should be
noted that there is a possibility for another reverse, back reflection, effect due to the

transmitted spin-mixing conductance®*-!

. This has been theoretically investigated in
ultra-thin heavy metal (HM)/FM/HM layer in which the drift-diffusion model is modified
to describe the spin transport in systems with comparable FM layer thickness and spin
dephasing length. For a spin dephasing length smaller than the FM thickness, the spin
transmittance from the HM to the FM layer is absorbed entirely, however, when the spin
dephasing length is larger than the FM layer thickness, the spin transmittance is not
entirely absorbed. The unabsorbed spin caused the rise of a SOT, as well as the inverse
SHE in the current direction, in the second HM layer causing a back reflection into the
FM layer. The exact quantitative dependence of the SKHA on skyrmion diameter is
expected to change, qualitatively the conclusions are unaffected, namely, the ISTT

generated at magnetisation gradients in multilayers needs to be taken into consideration

in addition to the SOT.
4.4 Skyrmion characteristics on disordered surfaces

4.4.1 Skyrmion roughness

In-depth theoretical investigations of skyrmions interacting with defects have shown
significant changes to the skyrmion path!-?627-52-36 with further investigations showing

2.16,18,20.57 There is also

disorder to have a large effect on the SKHA and skyrmion velocity
an inherent problem when using the Thiele equation for comparison due to the inability
to incorporate skyrmion malleability. Furthermore, the effect surface disorder has on the
SkHA with the ISTT component included in the simulations is investigated. Figure 4-7(a)
illustrates the SOT and ISTT components acting on a current-driven skyrmion with the
combined effect displayed, which is a vector addition of the two torques. This is
accomplished by using a similar method to that used for the disorder-free results,
however, in this case, a surface disorder is applied which is accomplished using a jagged
surface roughness profile?’. To investigate the effect of disorder on skyrmion motion,
three surface roughness variation periods are applied, with 20 nm, 40 nm and 60 nm
average spacing respectively between peaks and troughs. Figure 4-7(b) shows a disorder

variation period of 60 nm. Furthermore, in the ideal case, a single applied current is used

as the SKHA values are independent of the applied current density, but in the disordered
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case a range of applied current densities are used, ranging from J. = 6 GAm2up to J, =

625 GAm™.

To incorporate roughness, the roughness module is enabled which allows a roughness to
be applied to a mesh and then refined (see Chapter 2.5.5). In this instance, the inbuilt
roughness generator is used to generate a roughness on to the surface of the Co layer by
varying the algorithm parameters, namely the roughness depth, roughness coherence
length, a seed for the pseudo-random number generator and mesh surface. The roughness
depth controls the maximum penetration depth for the roughness, the coherence length
controls the spacing between roughness nodes, the seed allows different roughness
profiles to be generated, but more importantly allows for replication of a disordered
landscape, and the mesh surface selects which surface of the layer has roughness applied.
The roughness is controlled by using the surfroughenjagged command with the above-
discussed parameters. A set of uniform random values between 0 and the roughness depth
are generated on the specified body surface with the given roughness coherence length.
The roughness is then generated via a bi-linear interpolation of the pseudo-generated

points.
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Figure 4-7 (a) A snapshot of a 400 nm diameter Néel-skyrmion, showing the z magnetisation component.

The magenta, orange and cyan arrows represent the direction in which the SOT, ISTT and the combination
of these two torques in the spin transport solver act on the skyrmion when a current is applied, respectively.
The black arrow indicates the conventional current direction, /.. (b) Skyrmion motion in a bilayer system
displaying pinned, creep and flow regimes in cyan, orange and yellow, respectively. The contoured effect
outlines the disordered pattern on the surface of the sample with depth displayed by the heatmap. All paths
are obtained using a damping constant o = 0.03 and a disorder variation period of 60 nm.
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It is clear then there is a large amount of tunability for surface roughness which is utilised
by using roughness coherence lengths of 20, 40 and 60 nm. Figure 4-2 shows a
comparison between a perfectly smooth surface and a surface with a 40 nm coherence
length. Figure 4-7(b) shows three simulated skyrmion paths which display three regimes:
pinned, creep and flow regime. These have been defined when being driven by current
as: (1) the pinned regime in which the skyrmion is confined within a potential well due to
the energy landscape surrounding the skyrmion, and displays an orbiting path inside the
pinning potential. (ii) The creep regime, in which the skyrmion has a large enough driving
force to overcome the energy barrier and unpin itself, however, the skyrmion is heavily
affected by the local energy landscape resulting in a significantly distorted path via
sporadic jumps between pinning sites. (iii) The flow regime, in which the skyrmion

displays a near-linear path across the disorder landscape, close to that obtained in the ideal

case.

100 PR S B B R — 6.25
~ 8 (@) = e o | @=0.03 108
-
g or -2.50
{ L s
= 40+
T L 1.35
g I WAL Ut 090
= 0F L A '
=z - ACA A { <
T 20t W ﬁ A 20 1l 050
| D AN I oy 4 * S=20nm ||
S 40t e (STT + SOT | | ® S=40nm | 0.25
z I L == SOT | A A S=60nm |

6057750 100 150 200 250 0 50 100 130 200 250 | (]01.0;)6_,)

. m™

Average Skyrmion Diameter (nm)

Figure 4-8 Skyrmion Hall angle dependence on skyrmion diameter for damping values of (a) a = 0.03 and
(b) @ = 0.1, with varying surface disorder periodicity in a Co(1 nm)/Pt(3 nm) bilayer. Star, circle and
triangle correspond to 20, 40 and 60 nm disorder periods, respectively. The colour map corresponds to the
applied current density in the +x direction of the Co/Pt system. The solid black lines display the full spin
transport solver results in the ideal case. The dashed black lines show the SOT dependence obtained from

the Thiele equation solution.
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4.4.2 Skyrmion diameter dependence

Figure 4-8 shows the relationship between the SKHA and skyrmion diameter for & = 0.03
and a = 0.1. The solid black line is the trend obtained in the ideal (no surface roughness
and at absolute zero) case for the full spin torque, and the dashed black line shows the
expected behaviour under SOT using the rigid skyrmion model. The SKkHA increases
rapidly with skyrmion diameter up to 100 nm, after which a flattening of the trend occurs.
The maximum SkHA obtained is Ogyy4 = 75° for @ = 0.03, and Ogpp4 = 55° for o = 0.1.
At small driving currents, skyrmions experience high deflection due to the local energy
landscape, which is typical for the creep regime®® where skyrmion motion occurs via
sporadic jumps between pinning sites. In this regime, the SKHA is nearly independent of
the skyrmion diameter, in agreement with experimental observations'¢. At larger driving
currents, a more defined SKHA behaviour becomes apparent, tending towards the ideal
case and entering the flow regime. There are two distinct regions at larger driving
currents: (i) skyrmions with diameters of 100 nm and less which show a rapid SkKHA
increase with increasing diameters due to the combined action of the SOT and ISTT, and
(i1) skyrmions with diameters greater than 100 nm that show a saturation of the SKHA,
which becomes near-constant. Thus the effect of the combined SOT and ISTT model is
in sharp contrast to the Thiele equation solution in Eq. 2-32 which predicts a monotonic

increase in the SKHA with decreasing skyrmion diameter.
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Figure 4-9 Skyrmion Hall angle-dependence on the skyrmion velocity for three disorder variation periods.
Two damping values in (a) @ = 0.03 and (b) a = 0.1 are used to obtain the dependence. The colour map
details the diameter bin ranges from the minimum range of less than 30 nm up to a maximum of 250 nm.
The points labelled in (a) and (b) correspond to the disorder variation periods on the Co(1 nm)/Pt(3 nm)
bilayer. Star, circle and triangle correspond to 20, 40 and 60 nm spacings, respectively. The solid black line

shows the Savitzky-Golay trend line.
4.4.3 Skyrmion Hall angle

Figure 4-9 shows the SKHA as a function of the skyrmion velocity, with the skyrmion
diameter colour-coded as shown in the legend, for the three different disorder variation
periods. The black line shows the Savitzky-Golay fit to the data to illustrate the average
trend of the SkHA. There are two distinct velocity behaviours apparent in Figure 4-9.
Initially, there is a steep increase in the SKHA with an increasing velocity at mainly small
skyrmion diameters, indicative of the creep regime, which agrees well with established
defect theory! and experimental works!'®!32° Following this initial steep increase in
SkHA, a flattening of the behaviour occurs at which a much more gradual increase is
observed over a much larger velocity range. These results for a range of skyrmion
diameters suggest a collapse on to a universal SKkHA versus skyrmion velocity
dependence which is nearly independent of the surface roughness characteristics, similar

to experimental results obtained in similar systems!-16:18:20,
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4.4.4 Skyrmion velocity

Figure 4-10 shows the velocity dependence on the applied current. The relationship for
the ideal case is shown by the colour-coded dashed lines. A current-velocity relationship
is subsequently established for both & = 0.03 and 0.1, indicating a monotonic increase of
the average skyrmion velocity, dependent on the applied current density. The disordered
simulations correspond very well to simulations of no disorder in which the effect of
surface roughness mainly affects the SKHA by deflecting skyrmions and does not have
an appreciable influence on the skyrmion velocity. Furthermore, the damping values have
a significant effect on the skyrmion velocity which is predicted by the Thiele equation
and is most evident in the 250 nm bin at the largest applied current, where for a = 0.03
and a = 0.1, the skyrmion velocities are v= 191 ms™! and v = 163 ms™! respectively. As
pinned skyrmions are not shown, the skyrmion velocity at low driving current displays
slight stochasticity for J. < 1x10'" Am, after which the skyrmions have a well-defined
velocity with respect to the applied current. Furthermore, for /. > 2.5x10!'! Am? the
skyrmion velocity tends to the linear profile of the disorder-free case. This behaviour
corresponds well with experimental behaviour'2%*. A more detailed depiction of the
velocity-current-density relationship at small current densities is shown in Figure 4-11
which shows a more stochastic behaviour due to skyrmions being in a week creep regime
thus resulting in large fluctuations in the average skyrmion velocity. Furthermore, for
larger current densities there is little variation in the average skyrmion velocity for all
three disorder periods due to skyrmions traversing in the flow regime. However, for
smaller current densities this variation increases between the disorder periods. Although,
the velocities for each period are quite sporadic, it can be seen that S = 60 nm typically
yields larger velocities than that of S = 20 nm which is most likely due to the sharpness
of the local energy landscape with S =20 nm having larger roughness gradients than that

of S =60 nm.
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4.4.5 Threshold current density

Figure 4-12 shows the relationship between the skyrmion threshold current and skyrmion
diameter for ¢ = 0.03 and a = 0.1. In this work, the threshold current is defined as the
current required to change the skyrmion from the pinned regime to the creep regime
which has been referred to as the depinning current. For a = 0.1, the required current to
unpin the skyrmions is larger than for a = 0.03 at small skyrmion diameters, however, for
larger diameters the threshold currents for both @ = 0.1 and @ = 0.03 tend towards each
other. Typically for small skyrmions, the threshold current density is significantly greater
than for larger skyrmions, which is most likely due to greater skyrmion rigidity at smaller
diameters. Thus, as the diameter increases, the skyrmions become more malleable and
start to deform as diametrically opposite points on the skyrmion border experience
different pinning energies. This helps to reduce the threshold current, as the exchange
energy built up through skyrmion deformations assists in depinning the skyrmion border
for skyrmions much larger than the disorder variation period. It should be noted that the
method for obtaining the threshold current is a combination of data and image analysis
techniques. The threshold current is defined when a skyrmion unpins from the local
energy landscape, however, as already discussed, smaller skyrmions pin to the local
energy landscape much easily than larger skyrmions, resulting in a possible behaviour
shown in Figure 4-12 for a skyrmion diameter ~50 nm and a disorder period of S = 40
nm where there is a jump. This jump maybe due to the skyrmion being in a stronger
pinning site compared to other simulated skyrmions resulting in a larger calculated

threshold current.
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Figure 4-12 Skyrmion threshold current for damping values @ = 0.03 and a = 0.1 represented by the solid

and dashed lines, respectively. Varying applied disorder variation periods of 20, 40 and 60 nm are also used

which are represented in red, green and blue, respectively.

4.5 Discussion

Current-induced Néel-skyrmion movement has been observed in asymmetric stacks
including [Pt/Co/Ta]x'4, Pt/GdFeCo/MgO'>, Ta/CoFeB/TaOx>’, Pt/Co/Ir!® as well as more
complex stacks such as Ta/Pt/[Pt/CoB/Ir]«Pt!¢ and symmetric stacks®’. To study the effect
of the SOT and ISTT on skyrmion motion, a Pt(3 nm)/Co(1 nm) bilayer thin-film%%¢!
structure is chosen for this work, using periodic boundary conditions for the
demagnetising field. Ref.?° reported on the current-driven motion of Néel-skyrmions with
diameters of the order 100 nm in a Pt/Co/MgO trilayer, with and without disorder.
Micromagnetics simulations are carried out to validate experimental results and the drive
dependence of the skyrmion Hall effect is not observed to be accounted for by the FL-
SOT. An analytical model is shown for damping coefficients a = 0.43, 0.30 and shows a
relatively good agreement with the experimental results. It was suggested that a recreation
of the SKHA could be achieved using the description of SOT only with the use of large
damping factors, whereas if a smaller damping factor was used the result would be

significantly different due to model relation given by Eq. 2-32.

Ref.!¢ observed skyrmion characteristics experimentally and analysed using a range of

damping factors. Using the Thiele equation, significant discrepancies are observed
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between modelling and experimental results. In particular, the experimental results show
a SKHA largely independent of skyrmion diameter, whereas the model based on the
Thiele equation predicts a significant increase in SKHA with decreasing skyrmion
diameter, and this discrepancy is significantly pronounced below a diameter of 100 nm
and has not been reproduced using micromagnetics simulations to date. The results
obtained here show the ISTT contribution is particularly important for small skyrmion
diameters, which can lead to a near-diameter independent SkHA as observed

experimentally, particularly when defect energy landscapes are taken into consideration.

Ref.!® shows interesting skyrmion temperature characteristics in which skyrmion velocity
is strongly dependent on temperature due to the increase in the temperature-dependent
DL-SOT. However, the temperature is shown to have little effect on the SkHA, based on
a model of spin structure deformations due to the FL-SOT, as the relationship between
velocity and SKHA collapses on to a universal trend line. This behaviour has also been
simulated? in which the skyrmion path and SKHA deviate insignificantly at T = 0 K and
T =297 K in a Pt/Co/Ta stack. When considering both ISTT and SOT components in our
model, the SKHA and skyrmion velocity show similar characteristics to the experimental

results, as shown in Figure 4-9.

The results shown in this investigation so far could explain the additional unidentified
driving torque suggested in Ref.”® which was found to oppose the STT resulting in domain
wall motion along the current direction. Eq. 2-54, which is similar to the Zhang-Li STT

and opposite, could explain the additional driving torque.

4.6 Conclusion

Isolated skyrmion motion in ultra-thin Pt/Co bilayers with and without disorder for a large
range of skyrmion diameters has been studied utilising micromagnetics simulations
coupled with a self-consistent spin transport solver. As well as SOT acting on the Co layer
arising from the SHE, the ISTT is also shown to have a significant contribution to
skyrmion motion. The included ISTT term is shown to significantly reduce the
discrepancy for the SKHA between experimental results in the literature and SOT-only
modelling for skyrmion diameters less than 100 nm. The SOT-only model is shown to
agree with large skyrmions, whilst for smaller skyrmions, the inclusion of the additional

ISTT term results in decreasing SKHA with decreasing skyrmion diameter. The results
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obtained for a range of skyrmion diameters are shown to collapse on to a universal SkHA-
velocity dependence, nearly independent of the surface roughness characteristics. Surface
roughness was also included with the ISTT again showing to have a significant effect on
the SKkHA and velocity with results markedly similar, qualitatively, to published
experimental works by other authors. The SOT-only model resulted in a SKHA of ~ 88"
for a skyrmion diameter of ~ 65 nm, whereas, with the ISTT included resulted in a SKHA
of ~ 60°. In addition to this, the spin mixing conductance ratio for Co/Pt was determined
numerically, using literature-obtained values resulting in a G,= 0.3. When considering a
skyrmion of ~ 65 nm, the ratio of the spin-mixing conductance resulted in SkHAs of ~

38" and ~ 60" for G,= 1 and G,= 0.125, respectively, when including the ISTT.

These results shed light on the current-induced skyrmion dynamics for a large range of
diameters and highlight the current shortfalls of using a purely SOT-based model in

micromagnetics modelling.
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5 Skyrmion-Rich Arrays Under the Influence of the Interfacial

Spin-Transfer Torque

In the previous chapter, the interfacial spin-transfer torque (ISTT) was investigated, in
addition to the spin-orbit torque (SOT), on isolated skyrmions — a singular skyrmion in a
magnetic body. Experimentally this can be rather difficult to achieve, with skyrmions
typically being created in clusters with varying diameters due to geometrical constraints
and neighbouring skyrmion interactions, all leading to possible changes in the skyrmion

motion.

5.1 Introduction

It is well-known that the movement of isolated skyrmions, as well as skyrmion collections
— a group of skyrmions dense enough to undergo collective dynamics — is strongly
influenced by disorder, pinning sites and boundaries'. Skyrmions moving near the
boundary of a magnetic multilayer have also been shown to be repelled away from the
boundary?. Furthermore, skyrmions interacting with neighbouring skyrmions have also
been shown to repel each other due to the dipole-dipole and exchange interactions, thus
leading to the possibility of skyrmion-skyrmion interaction®* and constraint of skyrmion
diameter when a layer is saturated by skyrmions’; the extreme case being a skyrmion
crystal. Moreover, the interaction of a skyrmion collection with the boundaries of a
multilayered track was recently shown to result in a reshaped skyrmion Hall effect®.
Driving individual skyrmions through a disordered landscape has been extensively
studied under the effects of SOT from a heavy metal (HM) layer’®, spin transfer torque
(STT) in the ferromagnetic (FM) layer®, and as shown previously, the ISTT!%!!

In this work, the effect of the additional ISTT term is investigated, alongside the STT and
SOT, on skyrmion collections — defined as a group of interacting skyrmions — in HM/FM
multilayers with landscape disorder in the form of surface roughness. Modelling results
are compared to experimental results on skyrmion Hall angle (SkHA) and velocities, for
skyrmion collections with a range of diameters. Through micromagnetic simulations
coupled to a self-consistent drift-diffusion spin transport solver, it is shown that the
SkHA-diameter dependence is in quantitative agreement with experimental results,
contrary to modelling results which consider the SOT as the sole driving spin torque,

particularly for small skyrmion diameters. Moreover, skyrmion collections are shown to
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move approximately at an average group velocity, independent of diameter, and the
experimental velocities are close to those obtained from modelling when the ISTT is

included, whilst SOT-only modelling again shows discrepancies with experimental data.

5.2 Method

To begin, the geometrical constraints on skyrmions in a collection, whilst relaxing the
system to an equilibrium state is discussed. A selected number of skyrmions were placed
randomly within the FM mesh and relaxed using the steepest descent method, as shown
in Figure 5-1(a) for a skyrmion density of N=12.5 Sk/um?. Periodic boundary conditions
along the x-axis are incorporated into our model. This allows us to simulate over a much
larger effective length, which is useful in the case of many skyrmions, but also allows for
y-boundary interactions as in the experimental samples. Therefore, as the skyrmions are
not interacting with the x-boundaries of the FM layer, the skyrmions can traverse large
distances and can interact with the y-boundary. The skyrmion diameters are strongly
influenced by adjacent skyrmions, in addition to y-boundary interactions, such that there
is confinement of diameter as the sample becomes saturated with skyrmions'?. The
simulation space also incorporates landscape disorder, in the form of surface roughness,
with 1 A maximum depth and a 40 nm in-plane coherence length, as detailed previously
obtained results, as shown in Chapter 4'!. A 40 nm in-plane coherence length is chosen
to coincide with results obtained in Chapter 4 as well as being a mid-range value between
previous values for the coherence length (S = 20, 40 and 60 nm). During the relaxation
phase, skyrmions collectively adjust to the most energetically favourable diameter, which
is strongly influenced not only by interactions with neighbours but crucially by landscape
disorder which results in a variation of the effective out-of-plane anisotropy, as explained
in Chapter 2.5.5. The skyrmion-skyrmion interaction has been studied in great detail and
is known to result in a repulsive force between neighbouring skyrmions!3~13, dependent
on the distance between them, the exchange interaction and the Dzyaloshinskii-Moriya
interaction (DMI)?. Without disorder, the skyrmions relax to a regular hexagonal lattice.
This is not the case when disorder is introduced, and a skyrmion collection will typically
contain a range of diameters as indicated in Figure 5-2(a,b), for example in Figure 5-2(a)
the diameters range from 70 nm to 180 nm, with a median of 110 nm. Here, the smallest
diameter skyrmions tend to arrange into local hexagonal lattice clusters, with the larger

diameter skyrmions showing significant distortions. This is in agreement with
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experimental images of skyrmion collections in the studied samples — for example, Figure
5-2(b) shows a scanning transmission X-ray microscopy (STXM) image, obtained by the
University of Leeds, of a skyrmion collection in a
Ta(3.2)/Pt(2.7)/[CoesB32(0.8)/1r(0.4)/Pt(0.6)]xs/Pt(2.2) which is 2 pum wide wire. Here the
diameters range from 72 nm to over 475 nm, with a median of 164 nm, and as for the
simulated skyrmion collection the smaller skyrmions arrange into approximately
hexagonal clusters, whilst the largest skyrmions appear significantly distorted and

elongated.

It should be noted that in the experimental set-up, over 4,500 skyrmions are analysed of
which over 3,500 are not pinned, and 75% of skyrmions are in the diameter range 70—180
nm, as shown in Figure 5-1(c), which span the entirety of the skyrmion diameter range

achieved via modelling. This is discussed more in the next section.
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Figure 5-1 Skyrmion collections. (a) A simulated system with skyrmion density N = 12.5 Sk/um?, with a

range of diameters stabilised by an out-of-plane field of H = 1.2 kAm'!. Blue indicates in-plane
magnetisation and red is out-of-plane. (b) STXM image of a skyrmion collection after a current pulse, J. =
45x10'"  Am? in a 2 um wide wire. The system  composition  is
Ta(3.2)/Pt(2.7)/[CoesB32(0.8)/1r(0.4)/Pt(0.6)]xs/Pt(2.2). Bright contrast indicates skyrmions. Images are
shown at zero field. (c) Cumulative probability as a function of diameter, where around 75% of skyrmions

in experiments are in the diameter range 70 — 180 nm.
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5.2.1 System parameters

Direct current (DC) magnetron sputtering at a base pressure of 2x10® mbar and a target-
substrate separation of ~ 7 cm was used to deposit the thin-film heterostructure with
typical growth rates of around 0.1 nms!. During the growth, the argon pressure was 3.2
mbar. The heterostructure studied consists of
Ta(3.2)/Pt(2.7)/[ CossB32(0.8)/Ir(0.4)/Pt(0.6)]xs/Pt(2.2) (thicknesses are in nm). The
patterned samples, 2-pm-wide wires, fabricated using electron beam lithography, were
grown on X-ray transparent, highly resistive 200 nm thick silicon nitride membranes. An
identical thin film was simultaneously sputtered on to a thermally oxidised Si substrate
with a 100 nm thick oxide layer to enable the characterisation of the materials properties

using standard techniques. X-ray reflectivity was used to measure the layer thicknesses.

The 2-pm-wide wires were fabricated using a bilayer electron-beam-sensitive resist
process with a bottom layer of methyl-methacrylate (MMA) and a top layer of
polymethylmethacrylate (PMMA). The spun and baked resist bilayer was exposed using
a 100 kV Vistec EBPG 5000Plus electron beam writer with a writing dose of 1,650 uC
cm, The pattern was developed for 90 s in a 1:3 methyl-isobutyl-ketone and isopropyl
alcohol solution (by volume), and rinsed for 60 s in isopropyl alcohol. The unpatterned
regions were lifted off in acetone following the heterostructure growth procedure
described above. Thermally evaporated 200-nm-thick Cu electrodes were fabricated
using lift-off electron beam lithography (EBL) with the same exposure procedure as for
the magnetic wires. The electrodes were designed to achieve an electrical impedance

close to 50 Q, minimising unwanted reflections of the injected current pulses.

The magnetic configuration of the wires was imaged using STXM at the PolLux beamline
of the Swiss Light Source!®. The X-ray magnetic circular dichroism (XMCD) effect!” was
utilised as a contrast mechanism. The X-ray incident angle was chosen to be
perpendicular to the sample, resulting in out-of-plane magnetisation sensitivity.
Skyrmions in the wire were nucleated after initial saturation at 80 kAm™, by two current
pulses with a width of 22 ns and a peak current density of 4x10!! Am~ at -8 kAm™!, using
a combination of thermal, spin torques and field effects to randomly nucleate skyrmions
in the nanostructure!®!?. An example of the experimental skyrmion path measurement is
shown in Figure 5-2. After the nucleation pulse, the initial magnetic state was imaged, as
shown in Figure 5-2(b), with analysed skyrmions identified using circles. Then, the
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motion image sequence was taken by applying three 22-ns-long current pulses, shown in
Figure 5-2(a), separated by a delay of 2 s, with a maximum current density of 4.6x10!!
Am~ and an average value of 2.0x10!'' Am™. Subsequently, static single helicity STXM
images of the magnetisation state of the wire were taken. This sequence was repeated 19
times. The TrackMate algorithm?® was used to identify the skyrmions’ centre coordinates
and the best-fit diameter. Using the change in the centre position of each skyrmion, its
velocity and SkHA were evaluated. Brillouin light scattering (BLS) measurements,
performed on samples grown in identical conditions and with the same layer thicknesses
(but with five stack repetitions), have obtained a DMI constant?! of D = -1.1 mJ/m?. This
exceeds the critical value to enforce homochiral Néel walls around spin textures.
Moreover, the generated structures move with a finite SkHA when driven, which is
dependent on skyrmion diameter, as discussed extensively in Chapter 4. This shows that
they cannot be trivial bubbles but must possess topological charge and hence a
gyrovector. Micromagnetic simulations were also performed using the same stack with
eight repetitions as used in experiments and have confirmed the stabilisation of

homochiral Néel-skyrmions in the multilayered stack as well.

Figure 5-2 Experimental measurements of skyrmion movement. (a) Current pulse used to drive skyrmions,
(b) STXM image of skyrmions, identified using circles, with skyrmion paths identified using different
colours, extracted using the TrackMate algorithm from multiple STXM images. An out-of-plane field of H

=1.2 kAm™ was used here.
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5.3 Predicted skyrmion behaviour

Skyrmion behaviour can be predicted reasonably well using the Thiele equation as
previously discussed, furthermore, the spin torque contributions can be individualised and
subsequently, the skyrmion behaviour can be explored in more depth. To begin, the
predicted skyrmion behaviour with multiple FM layer thicknesses is explored with the
spin torques taken into account, namely, the ISTT, SOT and STT. To achieve this, the
numerical spin torques are obtained for each torque contribution, as discussed earlier, for
a predetermined FM layer thickness. The numerical torque values and layer thickness are

then used in conjunction with the Thiele equation to determine the skyrmion behaviour.

— SOT ISTT+STT+SOT == ISTT+STT =——— ISTT =—— STT
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Figure 5-3 Effect of individual torques on a 100 nm diameter skyrmion, and combined effect, for Co layer

of different thickness, (a) 5 A, (b) 8 A and (c) 13 A. A damping value of o = 0.1 was used here, with a

driving current density of J, = 2.5x10'! Am™. The polar plots show the skyrmion velocity, obtained using

the Thiele model.

The effects of different spin torques acting on a single skyrmion, in a Pt(2.7
nm)/Co(dco)/Ir(0.4 nm) multilayer with dc, ranging from 5 A to 13 A, are shown in Figure
5-3 for a skyrmion with 100 nm diameter. The different spin torques are computed self-
consistently using the spin transport solver for each value of dco, and skyrmion velocities
and SKHA at J, = 2.5x10'"" Am™ are shown as polar plots, for the individual spin torques
and combinations. As expected, the paths under the combined spin torques are exactly
those obtained by vector addition of the paths taken under the individual spin torques.
The effect of the bulk STT is independent of Co layer thickness and significantly smaller
than those of SOT and ISTT. However, SOT and ISTT are strongly dependent on the Co
layer thickness and rapidly decrease in strength with increasing Co layer thickness, as

expected from the interfacial spin torque in Eq. 2-28. For d, = 8 A, as used for the results
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that follow, both SOT and ISTT are significantly stronger than bulk STT, and it may be
seen from Figure 5-3(b) how both the SkKHA and skyrmion velocity are affected for the

full spin torque model when compared to the SOT-only model.
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Figure 5-4 Variation of (a) SKHA and (b) skyrmion velocity, with skyrmion diameter for the individual spin

torques and combinations, obtained using the Thiele model for Co layer thickness of 8 A. A damping value
of a@ = 0.1 was used here, with a driving current density of J, = 2.5x10!! Am. SkHA and velocity as a

function of diameter are obtained using the Thiele model.

The effect of the different spin torques is also strongly dependent on the skyrmion
diameter. The SKHA and skyrmion velocities are shown in Figure 5-4 as a function of
diameter, obtained using the Thiele model of Eq. 2-32. As expected, the SOT-only model
shows a monotonic increase in SKHA with decreasing diameter. On the other hand, the
full spin torque model shows a much flatter SkHA-diameter dependence, and for
diameters below 100 nm shows a decrease in SKHA with decreasing diameter. Moreover,
skyrmion velocities under the full spin torque are much smaller than those of the SOT-

only model and closely align with experimental results.
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Figure 5-5 Variation of SKHA as a function of skyrmion diameter for FM layer thickness of 8 A, where the

dashed lines are the SOT-only contribution, whilst the solid lines are the full SOT+ISTT+STT results. The

damping value is varied from 0.1 up to 0.5, with Thiele model results compared with the experimental data.

Furthermore, isolated skyrmion velocities obtained in other experiments align closely
with the full spin torque model, whilst the SOT-only model predicts much larger
velocities at damping values of = 0.1 and lower, although disorder also plays a part in
reducing velocities. For example, Litzius et al. (2017) shows ~ 40 ms™ at . = 2.5x10!!
Am? with skyrmion diameters 100—150 nm, Litzius et al. (2020) shows <30 ms™! at J. =
5x10'"" Am™ and room temperature, with skyrmion diameters 100150 nm, Juge et al.
(2019) shows ~ 30 ms™! at J, = 5x10'"" Am? with skyrmion diameters 100—-150 nm, and
Woo et al. (2016) with stacks containing Pt(3 nm)/Co(0.9 nm)/Ta(4 nm), and also for
Pt(4.5 nm)/CoFeB(0.7 nm)/MgO(1.4 nm), shows ~ 20 ms™! at J. = 2.5x10'" Am™ with

skyrmion diameters 100 — 150 nm.

Finally, the effect of damping on the SkHA is shown in Figure 5-5. As shown
previously!!, increasing damping results in smaller SKHA values as expected, both for the
SOT-only as well as the full spin torque models. However, even for large values of o =
0.3, the SOT-only model cannot explain the small SKHA values obtained for small-
diameter skyrmions, showing instead a rapidly increasing SKkHA as the diameter

decreases. The full spin torque reproduces experimental results with a realistic damping
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value (o = 0.1) when comparing modelling results in the elastic depinning regime to
experimental results at the same current density, whilst the SOT-only model results in ~

50° discrepancy.

5.4 Effect of multiple stacks

It is known that stacks with multiple FM layer repetitions can result in a hybrid skyrmion,
where the chirality changes between the bottom and top layers??. With the DMI constant
of -1.1 mJm2, a skyrmion is stabilised in a stack with eight Co layers, each 0.8 nm thick,
and with 1 nm spacing, as for the measured stack. The dipolar field between the layers
was computed exactly using the multilayered convolution algorithm previously
developed?. The magnetisation profile through the centre of the skyrmion is plotted in
Figure 5-6, showing the m, component for different layers. These results confirm the

homochiral Néel-skyrmion structure expected for samples with a high DMI constant.
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Figure 5-6 Normalised x component of magnetisation profile through the centre of the skyrmion along the
same direction. A stack with eight repetitions of Co layer is used here, and the profile is plotted for different

layers (numbered 1 through 8).

As the number of stack repetitions increases, another expected effect is an increase in the
skyrmion diameter for the same external field, due to the decrease in the effective
anisotropy?*. When a skyrmion collection is considered, however, this effect is not as
pronounced, due to a confinement effect from repulsive interactions with neighbouring
skyrmions. To analyse this, the average skyrmion diameter was calculated, as well as
spread, for skyrmion collections as a function of the number of stack repetitions in a

Pt(2.7)/[Co(0.8)/Ir(0.4)/Pt(0.6)]xn/Pt(2.2) stack. Results are shown in Figure 5-7. As may
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be seen, the average skyrmion diameter increases as the number of stack repetitions is
increased, reaching a constant value after five repetitions. This effect is relatively small,
however, with an increase in the average skyrmion diameter of ~ 50 nm. As shown in
Figure 5-1, the experimental samples have on average larger skyrmions and the inclusion

of a stack repetition would more closely align the experiment and modelling data.

Finally, the effect on spin torques from stack repetition is discussed. For a multi-stack
repetition, the spin torque parameters are extracted by fitting the self-consistent computed
spin torque. The fitting parameters for a single stack and eight stack repetition are shown

in Table 5-1.
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Figure 5-7 Average skyrmion diameter computed for skyrmion collections with densities N = 12.5 Sk/um?
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and 25 Sk/um? respectively, and out-of-plane field of H = 1.2 kAm!, as a function of the number of stack
repetitions in Pt(2.7)/[Co(0.8)/Ir(0.4)/Pt(0.6)]xn/Pt(2.2). The error bars indicate the quartile 1 to quartile 3

spread.

The bulk STT values are P = 0.42 and 8 = 0.002 (P = 0.42) in all cases. A very small
decrease in the effective spin Hall angle is obtained since the value is largely set by the
thicker Pt(2.7 nm) underlayer. The effect of the thinner Pt(0.6 nm) layer from the next
repetition is to reduce the SOT strength, however, this effect is negligible. With the ISTT,
vertical spin currents generated at skyrmions in one Co layer, traverse the adjacent Ir and
Pt layers, reaching the neighbouring Co layer from the next stack repetition. The effect
on the total ISTT is small, however, as may be seen by comparing the extracted spin

torque parameters above, for two reasons: (i) the spin-flip lengths of Pt and Ir are small,
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which results in a rapid exponential decay of spin accumulation. Thus, whilst the diffusive
spin currents originating in the Co layer are large close to the interface, they are smaller
when reaching the neighbouring Co layer. (ii) Transverse components of spin
accumulation are absorbed at the interface, resulting in ISTT, and thus these diffusive
spin currents in Ir and Pt are largely of longitudinal polarisation. The additional ISTT
contribution between interacting Co layers is negligible due to a very good approximation

of like magnetisation textures within the layers themselves.

Table 5-1 Comparison of the spin torque parameters, extracted by fitting the self-consistent computed spin

torque, for a singular stack and eight stack repetitions.

Spin torque Parameter Singular Stack 8 Stack repetitions

Ostiness 0.048 0.046
e 0.45 0.47
Pisrr -1.34 -1.25
Brorr -0.96 -0.95
Prorr ** -0.69 -0.66
P 0.42 0.42
i 0.002 0.002
p ok 0.42 0.42

* The net change results from the singular stack minus the 8-stack repetition

**The effective ISTT polarisation is determined by Pygpp = 1::; T
ISTT
*** The effective bulk STT polarisation is determined by P = 1+Pﬁ >
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5.5 Contributions of the individual spin torques

The material parameters used to model spin transport in the Pt(2.7 nm)/Co(dc,)/Ir(0.4
nm) multilayer are shown in Table 5-2. In order to investigate the effect of various
material parameters and layer thicknesses on the SkHA and skyrmion velocities, the
parameters having a marked effect on skyrmion motion are explored: Pt and Co layer
thicknesses, Pt spin-flip length and spin-mixing conductance at the Co/Pt interface; the
effect of magnetic damping has been discussed previously. The bulk and interfacial

contribution from the Ir layer is small compared to that from Pt.

A 100 nm diameter skyrmion is set, and for each combination of material parameters the
spin transport solver is used to compute the various spin torques self-consistently using
the equations already discussed. The SOT, STT and ISTT are then fitted to the computed
spin torques in order to extract their respective spin torque parameters. Using the spin
torque parameters, the Thiele model — Eq. 2-32 — is then used to compute the SKkHA and
skyrmion velocities. The results are shown in Figure 5-8 to Figure 5-11. It must be
emphasised, the results shown below are obtained for ideal and isolated skyrmions,
without landscape disorder, and are thus limiting cases. However, this analysis is useful
for understanding the effect of the different spin torques and combinations, for

experimentally relevant material parameters and associated uncertainty ranges.

Varying the Co layer thickness results in an inverse dependence of the spin torque
strengths, as expected Eq. 2-28 which leads to an inverse dependence of the skyrmion
velocity as shown in Figure 5-8(b). By comparing the velocities obtained with ISTT+STT
and ISTT-only, the effect of the bulk STT on skyrmion velocities is relatively negligible.
For SOT-only and ISTT-only, the SKHA value is constant — Figure 5-8(a) — however,
when the full spin torque is considered, a linear dependence on the Co layer thickness
results. This arises since the motion under the combined spin torques is obtained as vector
addition of the motion under the separate spin torques; thus, a variation in their relative

velocities results in a variation of the SKHA under the combined spin torques.

130



Table 5-2 Transport parameters used to model spin transport in the Pt/Co/Ir stack

Transport Parameters (Co) Value

o 5M S/m 2
D, 0.001 m?/s 26
Asf 42 nm »

A 2 nm ?’

A 3.2nm2

Transport Parameters (Pt)

o 7 MS/m %

D, 0.004 m?/s 26

Ast 1.4 nm %

Osta 0.19 %

¢™ (PyCo) 1.5 + i0.45 PS/m? 11:29:30
Transport Parameters (Ir)

o 1.4 MS/m 3!

D, 0.0002 m?/s 2

Ass 0.5 nm *?

Ostia 0.02 32

6™ (Co/r) 0.35 + i0.045 PS/m? 33
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Figure 5-8 Effect of Co layer thickness, dc,, on (a) SKHA and (b) velocity (at J, = 2.5x10"" Am™) for
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only.

Varying the Pt layer thickness results in a change in the SOT and ISTT strength, primarily
due to a change in the spin accumulation at the Pt/Co interface, which is strongly
dependent on the spin-flip length to layer thickness ratio. For the SOT, the change in
thickness results in a change in the effective SHA, G4 .5, Obtained by solving the drift-
diffusion model as Eq. 2-53!!. Thus, for example, with an intrinsic Pt SHA value of G4
=0.19, Gspaerr = 0.048 at 2.7 nm thickness, but this decreases to Gy 55 = 0.006 at 0.5
nm thickness. This results in a monotonic dependence of the skyrmion velocity with Pt
thickness under SOT, and similarly for ISTT as shown in Figure 5-9(b). As the Pt layer
thickness is decreased, eventually the velocity contribution from ISTT becomes dominant
(noting that an ISTT contribution from the 0.4 nm thick Ir layer is also present). This
explains the marked change in SKHA seen in Figure 5-9(a). These results show it is
possible to control the SKHA by varying the relative strengths of the contributing spin
torques. However, the desired zero SKHA for applications occurs close to the point when

the effects of SOT and ISTT nearly cancel out and is thus accompanied by very low
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skyrmion velocities. Synthetic structures such as synthetic antiferromagnets and
ferrimagnets could provide structures to achieve the net cancellation of the SOT and

ISTT, which is further discussed in Chapter 7.
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Figure 5-9 Effect of Pt layer thickness, dp,, on (a) SKHA and (b) velocity (at J. = 2.5x10'! Am2) for various

spin torques and combinations. The dashed vertical line shows the value used for the results in the main

text. The ISTT+STT is not shown in (a) as there is little to no change in SKHA compared to ISTT only.
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Similar remarks also apply to the dependence on Pt spin-flip length, shown in Figure
5-10. The ISTT depends inversely on the spin-flip length since smaller values result in
larger spin accumulation gradients at the interface, and thus stronger diffusive vertical
spin currents resulting from the shorter diffusion length scales. The SOT strength also
depends on the spin-flip length, as given by Eq. 2-53, noting that &y, .rr depends not

just on the dp;/Asf p; Tatio, but also on Ay p; separately.

¢

The spin-mixing conductance, , also has an important effect on interfacial spin

torques, Eq. 2-28. Experimental data on the real part of G N are readily available in the
literature, as in Zhang et al. (2015) for Pt/Co interfaces. On the other hand, data on the

imaginary part of G™, are scarcer. In this work, Im{GN, } is obtained using experimental
data from Juge et al. (2019) on the FL-SOT to DL-SOT ratio. The FL-SOT coefficient,
ré, may be obtained by solving the drift-diffusion model to give Eq. 2-53. From

experimental values of 7, this can be solved to obtain Im{GN,}. The effect of the

imaginary part of the spin-mixing conductance is shown in Figure 5-11, by plotting the

SkHA and velocity as a function of the ratio G, = Im{G N }/Re{G N }. Decreasing 7
results in stronger SOT and ISTT. At the same time, the interfacial non-adiabaticity

parameter, 3, also depends on 75 10" which results in a change of the SKHA under ISTT-

only, unlike for SOT-only. For very small values of 7, the effect of SOT and ISTT is
nearly opposite, which results in skyrmion velocities tending towards zero under the

combined spin torque.

5.6 Results

There are three skyrmion motion regimes for a single skyrmion: (i) the pinned regime, in
which skyrmions are pinned by the local energy landscape and cannot move, (ii) the
depinning regime, in which skyrmions jump intermittently between pinning sites with a
net motion, and (iii) the flow regime in which the motion is not heavily impeded by the
local energy landscape and appears near linear**. The presence of these regimes is also
found in a skyrmion collection, which is discussed in relation to Figure 5-12. It should be
noted that skyrmions in the pinned regime are not included, for all figures here and
onwards, as they have a net zero velocity and thus an undeterminable SKHA. For a
skyrmion collection, the depinning regime can be subdivided into elastic and plastic

depinning®, the former occurring for a weak disorder and is characterised by skyrmions
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retaining their original neighbours throughout the motion, and the latter occurring for a

strong disorder such that skyrmions continuously change their neighbours over time.

Modelling results shown in Figure 5-12 are given for a skyrmion density of (a) N =12.5
Sk/um? and (b) N = 25 Sk/um?. The skyrmion density in experiments is estimated to be
in the range of 10-15 Sk/um?. At low current densities (1.0x10'"" <J.<4.0x10'" Am™2),
skyrmions are largely in the elastic depinning regime and are strongly influenced by the
local landscape disorder, as well as repulsive interactions with neighbouring skyrmions,
resulting in a pronounced dependence of the SKHA on driving current density. This is
especially evident for results obtained using the full spin torque (ISTT+STT+SOT), and
to a lesser extent for the results obtained using SOT alone. For the full spin torque, due
to the combination of ISTT, STT and SOT, the net effect is a significantly smaller driving
force for the same current density when compared to SOT-only, which helps to explain

the more pronounced variation in SKHA under the effect of landscape disorder.

The spread of SKHA is further enhanced for the skyrmion collection with higher density,
observed by comparison of Figure 5-12(a,b), expected due to the increased effect of
repulsive interactions with neighbouring skyrmions. At larger current densities (/. >
4.0x10'"" Am2) skyrmions are largely in the flow regime, with SKHA approximately
described by the ideal SkHA-diameter dependence obtained using the Thiele equation.
This is shown in Figure 5-12 for the full spin torque as a solid line, and for the SOT-only
model as a dashed line. The experimental SKHA values, bin-averaged over skyrmions in
the collection for the observed diameter range, are shown as diamonds. At the current
density used in experiments (average J. = 2.0x10'! Am2), the skyrmions also move
largely in the elastic depinning regime. Thus a large discrepancy arises between the
results obtained using the Thiele model, although it should be noted this is more

pronounced for the SOT-only model.
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This discrepancy persists for the SOT-only model even at large damping values of a =
0.3, as discussed above, where the effect of varying the damping constant is also
considered. Instead, to compare with experimental results, the SKHA values of skyrmions
in the collection are shown in Figure 5-12(c) for J, = 2.0x10'"" Am™, thus in the elastic
depinning regime. The experimental SKHA is largely independent of skyrmion diameter,
and the overall mean is indicated as a dashed line. The inner blue band shows the standard
error on the mean, whilst the outer lighter blue band shows the overall spread of
experimentally measured SKHA values (defined as quartile 1 to quartile 3). As mentioned
earlier, 75% of skyrmions are in the diameter range of 70—180 nm, overlapping with the
range obtained in modelling. A very good overlap is seen with the modelling results for
the full spin torque, whilst for the SOT-only results a large discrepancy of over 50° is
observed. Thus, whilst both the full spin torque and SOT-only models reproduce the
nearly diameter-independent SKHA trend qualitatively, only the full spin torque model is
able to reproduce the SKHA values quantitatively. Moreover, the full spin torque model
also reproduces the relatively large spread of experimental SKHA values in the skyrmion
collection, as shown in Figure 5-5(¢c), with an excellent overlap between the two regions.
Also, the negative SKHA values observed in the spread of experimental results are only
reproduced when the ISTT is included, which is due to the significant reduction in average
SkHA, as well as a reduction in velocities in the depinning regime. The spread of SkKHA
values is larger for skyrmion collections, compared to isolated skyrmion motion'!, since
skyrmions interact not only with the local landscape disorder but also with neighbouring
skyrmions. As noted above, the spread in SKHA is reduced for the SOT-only model, since
skyrmion velocities are significantly larger at the same current density — skyrmion
velocities and a comparison with experimental results are discussed later in this chapter.
The measured samples consist of eight stack repetitions, thus eight FM layers, whereas
the simulated geometry contains one FM layer. The results shown in this chapter would
not be feasibly obtained for eight stack repetitions in terms of simulation time, due to
current software parallelisation limitations. A stack repetition has the effect of further
reducing the SKkHA, as discussed previously!, both for SOT and ISTT+STT+SOT
models, however, this is not enough to explain the experimental SKHA values with the
SOT-only model'®. Indeed, as the stack repetition is increased, the skyrmion diameter
increases due to the reduction in effective anisotropy?*. However, this effect is much
weaker for a skyrmion collection, where the skyrmion diameter is constrained by

repulsive interactions with neighbouring skyrmions. The average skyrmion diameter is
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calculated for a collection as a function of a number of stack repetitions, and for eight
repetitions as used in the experiment, the increase in the average skyrmion diameter is ~
50 nm as shown in Figure 5-7. Furthermore, the stack repetition does not significantly
alter the spin torques, as the SOT is largely generated through the thicker Pt underlayer,
and the ISTT is due to vertical spin currents flowing away from the Co layer, generated
by spin-dependent scattering at skyrmions. Other factors which result in a decrease of the
SkHA include damping value, with larger values resulting in lower SKHA, both for SOT
and ISTT+STT+SOT models, as may be obtained in Eq. 2-32, as shown above.

It is well-known the SKHA depends on the driving force when the effect of disorder is
taken into acouunt3*3#36, This is also reproduced for skyrmion collections, as shown in
Figure 5-13, both for the SOT-only results, and the full spin torque, although the effect is
more pronounced for the latter. These results show an initial increase in the SKHA with
increasing velocity, indicative of the depinning regime. At larger velocities, the SKHA
tends to a constant value, indicative of the flow regime, reaching the limiting SkHA
values obtained using the Thiele model as expected. Whilst for the collective skyrmion
motion a large spread of SKHA is obtained, as may be seen in Figure 5-12, the results in
Figure 5-13 are velocity-bin-averaged. The spread in SKHA values is larger for the full
spin torque model in agreement with experimental results shown in Figure 5-12(c), since
the combination of the various spin torques results in lower skyrmion velocities and is,
therefore, more strongly influenced by the local landscape disorder compared to the SOT-
only case. In experiments containing over 4,500 skyrmion paths, just over 3,500
skyrmions are not pinned. From these, the average SKHA is ~ 24° + 12°, with velocities
ranging up to 2.5 ms™! and a mean of 0.5 ms!. These values are in agreement with the
trend obtained with ISTT+STT+SOT in Figure 5-13 and is again in disagreement with
SOT-only modelling. To obtain larger velocities in experiments, larger current densities

are required, however, these degrade the samples over repeated measurements.
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colour bar. The solid and dashed lines are Savitzky-Golay-fit trend lines, for ISTT+STT+SOT and SOT

respectively, acting as a guide to the eye.

The skyrmion velocity-diameter dependence is shown in Figure 5-14 for (a)
ISTT+STT+SOT and (b) SOT only. The symbols show results obtained for collective
motion, whilst the dashed lines are obtained from the Thiele model, thus for isolated
skyrmions without landscape disorder. For the isolated skyrmion motion, the velocity
increases monotonically with the diameter as expected. For the skyrmion collection,
however, it is observed the velocity is nearly independent of diameter. This is to be
expected since the skyrmions move elastically, and due to repulsive interactions with
neighbouring skyrmions, an average group velocity is established. Thus, the larger
diameter skyrmions, which in isolation move with larger velocities, are slowed down by
smaller diameter skyrmions in the collection, and conversely the smaller diameter
skyrmions move faster than they do in isolation, as they are pushed by the larger diameter

skyrmions.
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skyrmion at the respective current density, using the same colour coding.

This holds both for the SOT-only case, as well as the full spin torque case. Experimental
skyrmion velocities recorded reach up to ~ 2.5 ms™! with a mean of ~ 0.5 ms™! which are
lower than the values obtained in simulations. This is possibly due to the multilayer
composition, interface quality and multilayer stack repetition. However, with the
inclusion of the ISTT and STT (noting again that the Thiele model predicted a much
larger ISTT effect compared to the STT), the skyrmion velocities align closer to those
found experimentally, compared to the SOT-only case, as may be seen in Figure 5-14.
Thus, for the full spin torque case at J, = 2x10'! Am™2, the average velocity obtained from
modelling is ~ 10 ms™!. On the other hand, for the SOT-only case, the average velocity at
this current density is > 40 ms™'. Also, Tan ef al. (2021) reported average collective
skyrmion velocities ranging up to ~ 10 ms™! (for J, up to ~ 5.5x10!! Am2), which is again
close to the values obtained here using the full spin torque but is in disagreement with the
SOT-only model. Moreover, Legrand et al. (2017) reported on stacks based on Pt(3
nm)/Co(0.6 nm — 1 nm)/Ir(1 nm), also containing skyrmion collections with sub-100 nm
diameter skyrmions, with velocities of less than 0.5 ms™! observed for /. up to 3.0x10!!
Am=2. Once again, this is in disagreement with the SOT-only model, even when the

disorder is taken into account, but the values obtained here by including ISTT are closer
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to the experimental values. These results, put together with the SkKHA values in Figure
5-12(c), show the SOT-only model does not adequately account for the experimental data.
Moreover, these results also highlight the importance of the ISTT, which helps to account
for the discrepancy between the experimental results and the SOT-only model,
particularly for SKHA values, but also helps to explain the small experimental skyrmion

velocity values.

Finally, it must be noted that ISTT should also be present for domain walls in multilayers
since any magnetisation gradients in FM layers will result in diffusive vertical spin
currents towards adjacent metallic layers. Furthermore, experimental evidence for a huge
negative STT was obtained for ultra-thin Co layers interfaced with Pt*’. This torque was
found to be much larger than the bulk STT, act in the opposite direction to the bulk STT
(thus with a negative spin polarisation), and scale inversely with the Co layer thickness.
These features are remarkably similar to those discussed here in relation to ISTT for
skyrmions, and the origin of such a huge negative STT could be the ISTT arising from
diffusive vertical spin currents. Investigation of ISTT for domain walls in multilayers,
however, is left for future work. Finally, evidence for an STT with effective negative spin
polarisation was found by Ummelen et al. (2018), for skyrmion bubble motion. As
remarked by the authors, this is not compatible with SOT, but with a negative STT. Again,
the observed negative STT could be the interfacial contribution to the total STT, which
indeed acts with an effective negative spin polarisation. A possible further experiment to
directly demonstrate the presence of ISTT is to investigate a stack with broken inversion
symmetry, e.g. Pt/Co/Cu/Pt, but with Pt layers of equal thickness. Such a structure may
allow cancellation of the SOT from the Pt layers, due to the long spin-flip length in Cu,
whilst maintaining the inversion asymmetry, and hence non-zero DMI, required to
stabilise Néel-skyrmions. In such a structure, any skyrmion movement cannot arise from
SOT, allowing for a direct comparison of skyrmion movement and ISTT modelling. This

is discussed and implemented in Chapter 7.

5.7 Conclusion

In this chapter, the motion of skyrmion collections in ultra-thin HM/FM multilayers with
landscape disorder, utilising micromagnetic simulations, has been studied with spin
torques computed with a self-consistent spin transport solver and compared to

experimental results and numerical modelling using the Thiele equation. The SOT, ISTT
143



and STT have been considered, and for ultra-thin films, the bulk STT effect on skyrmion
motion is negligible compared to the SOT and ISTT. The SKHA is strongly dependent on
the effect of the combined torques, and the small SKHA values observed in experiments
are in good agreement with modelling, which includes the ISTT, also explaining the
observed diameter-independent SKHA and spread of experimental SKHA values at the
same current density. This is in contrast to the model which considers the SOT as the only
driving torque, where large discrepancies in SKHA of 50° are observed. The collective
skyrmion motion is found to be described by an average group velocity over the diameter
range, which stands in marked contrast to the velocities obtained from isolated skyrmion
motion. Furthermore, the group velocities obtained with the inclusion of ISTT are
comparable to those found in experiments. This is not the case for the SOT-only model,
which again shows large discrepancies of over 40 ms™! with the experimental data. Our
results shed further light on collective current-induced skyrmion motion, and highlight
the significance of the ISTT in understanding current-induced skyrmion motion in

magnetic multilayers.
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6 Driving Skyrmion in the Presence of Stochastic Thermal Fields

In the previous chapter, a skyrmion collection was driven by a current in a multilayer
system experimentally, which was then replicated using Boris. The interfacial spin-
transfer torque (ISTT), alongside the spin-orbit torque (SOT) and bulk spin-transfer
torque (STT), was shown to have a significant reduction in the skyrmion Hall angle
(SkHA) and velocity, aligning computational results much closer to experimental results.
Whereas, when the SOT was the only torque considered in driving the skyrmions, large

discrepancies were observed, highlighting the significance of the ISTT.

Presented in this chapter is the study of the effect of a finite temperature when driving
skyrmions in ultra-thin magnetic multilayers, in which the Monte Carlo algorithm is
applied to obtain the Curie temperature of multilayers, and then a skyrmion is driven with
a finite temperature set. Due to temperature effects, Eq. 3-13 can no longer be used as
there are multiple magnetisation switching points, meaning the skyrmion information
cannot be deduced, therefore a new method for tracking skyrmions is developed and
implemented, which works even when stochasticity is present. The SOT and ISTT are
simulated and discussed as one and not individually from this point on, as the previous

chapters have thoroughly discussed the spin torques independently.

6.1 Introduction

Micromagnetic modelling is excellent for understanding the dynamics of a spectrum of
magnetic systems due to the ability to probe certain parameters to gain a vast amount of
information, and this extends when including temperature as well. However, when
temperature is included in simulations it becomes much more difficult to model thermal
effects as the parameter dependence needs to be known for the specific sample — for
example, the Landau-Lifshitz-Bloch (LLB) equation used in micromagnetic temperature
modelling!-? assumes the temperature dependence of magnetic parameters, unless the
temperature dependences are numerically known or imported from atomistic modelling.
In atomistic modelling, the LLB is not needed as the stochastic Landau-Lifshitz-Gilbert
(LLG) can be used directly. Therefore, atomistic modelling is used in which each
individual atomic spin can be modelled with temperature dependencies determined self-

consistently over every iteration.
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Figure 6-1 (a) Hysteresis loop for a Co/Pt ferromagnetic contact at different temperatures. Image is taken
from Ref.”. (b) Hysteresis loop for La (Fei0.5C01.4Si1.1) for increasing temperatures close to T,.. Image is

taken from Ref.®

The magnetisation of a ferromagnet has long been known to be strongly dependent on
temperature, as with increasing temperature the thermal energy overcomes the exchange
interactions between neighbouring spins, with an increasing effect, to a critical point at
which the permanent magnetic properties are lost, namely the Curie temperature. The
magnetisation of a material arises due to the thermodynamic average of atomic spins, thus
with increasing temperature, the average value of the magnetisation decreases. The effect
of temperature on the saturation magnetisation can also be shown via a hysteresis loop,
for which, as the temperature of a magnetic body increases towards the Curie temperature,
the maximum magnetisation decreases. This is shown by Grenet ef al. (2009) in Figure
6-1(a), in which hysteresis loops are obtained for a Co(1.6 nm)/Pt(3 nm) contact at
different temperatures. The saturation magnetisation is shown to decrease by 30.5% and
the coercive field decreases by 88.3% when increasing the temperature from 77= 5 K to
T =300 K. It should be noted here that the predicted Curie temperature of the Co(1.6
nm)/Pt(3 nm) is 7. = 900 K, therefore, given a larger temperature range, thus approaching
T., the expected decrease in the saturation magnetisation will be larger. This is shown in
Figure 6-1(b) for La (Fei05Co014Si1.1), with 7. = 330 K, whereas T approaches 7. the
saturation magnetisation vanishes to near negligible value as expected; other works have
also shown this trend®*=. Furthermore, the temperature dependence of the magnetisation
can be obtained directly from the magnetisation-temperature curve, which can be

modelled using Eq. 6-1 below®.

150



M(T) = <1 — TZ)X Eq. 6-1

Here, T'is the variable temperature, 7. is the Curie temperature and y is the Bloch constant.
Eq. 6-1 can be fit to an M — T curve using 7. and y as fitting constants, and thus the full

temperature dependence can be used in simulations.
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Figure 6-2 Temperature dependence on the Gilbert damping of permalloy thin films with TaN capping. The
temperature dependence on the Gilbert damping is shown for permalloy film thicknesses of 3, 5, 10, 15,
20, 30 and 50 nm. Image is taken from Ref."”.

Another important parameter that is strongly dependent on temperature is the Gilbert
damping, o, which is a crucial factor in magnetisation dynamics and has many
applications in spintronics devices, such as magnetic random-access memory and high-
frequency microwave devices’!3. The Gilbert damping can be understood to be the
relaxation of spin processional motion towards equilibrium and is used in the LLG
equation to describe spin dynamics'*!>. Verhagen er al. (2016)!® show for a Co(10

151



nm)/Pt(10 nm) the Gilbert damping at 7=30 K, a =0.0123 and at 7= 300 K, o = 0.0062.
Zhao et al. (2016)"7 experimentally show the damping is temperature dependent, as
displayed in Figure 6-2, furthermore, the damping is revealed to be strongly dependent

on thickness as well, as discussed earlier.

The Gilbert damping temperature dependence can also be obtained using
T
— <1 _ _) Eq. 62

Where ay is the damping at absolute zero (0 K), temperature is the variable temperature
and T is the Curie temperature. Similar to the magnetisation dependence, Eq. 6-1, T.is

used as a fitting parameter but ay is used as well in Eq. 6-2. The equation above

encompasses multiple contributions to damping such as spin pumping!'®2° when heavy
metals are adjacent, magnon damping and two-magnon damping?!~2,
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Figure 6-3 (a) Temperature dependence of the exchange stiffness coefficient. Image accreditation Ref.?’.
(b) Magnetocrystalline anisotropy, K, , overlayed on M, data and the Dzyaloshinskii-Moriya interaction

strength Dp,,;. Image accreditation Ref.?®,

The exchange interaction is a fundamental mechanism in ferromagnetic (FM) materials
as it aligns neighbouring spins. The strength of the exchange stiffness is represented by
the exchange stiffness coefficient, A,,, which has been shown to be temperature
dependent® 27, As temperature increases, so do thermal fluctuations, which reduces the
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degree of ordering of neighbouring spins, lowering the effective value of A,,. This is
shown by Vértesy and Toma$ (2003)?’ in which the exchange parameter and its
temperature dependence were determined for epitaxially grown magnetic thin garnet
films which is shown in Figure 6-3(a). As the temperature increases there is a nearly linear

decrease in A,,, a trend which is also shown by Moreno et al. (2016)>.

The Dzyaloshinskii-Moriya interaction (DMI), as already discussed, is akin to the
exchange interaction, however, instead of aligning neighbouring atoms parallel, the DMI
tends to align neighbouring spins perpendicular. The strength of the DMI mechanism is
represented by the DMI coefficient Dp,,; and is crucial for stabilising skyrmions in a
magnetic system. Schlotter et al. (2018) studied a Ta(3 nm)[Pt(2 nm)/Co(1.1 nm)/Cu(1
nm)]15/Pt(2 nm) structure finding that the interfacial DMI is dependent on temperature
but varies more strongly with temperature than M; and the bulk DMI, indicating a higher
sensitivity to temperature and thermal fluctuations. This is shown in Figure 6-3(b), in
which Dpy; decreases almost linearly with increasing temperature. Furthermore, R6zsa
et al. (2017)® derived a temperature dependence of DMI and found that the dependence
scales with the exchange interaction strength. Zhang et al. (2022)*° also conducted an in-
depth investigation on Co(1.5 nm)/Pt(1.5 nm) structures for 7=293 K up to 7= 393 K,

finding also a strong linear Dpy; dependence as well as for M and K.
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Figure 6-4 (a) Temperature dependence on the uniaxial MCA, in NiFe>O4, the blue points represent the
experimental observations. Image adapted from Ref3!. (b) Temperature dependence of the uniaxial

anisotropy for a thin magnetic garnet film. Image adapted from Ref.?’.

Lastly, magnetocrystalline anisotropy (MCA) is discussed. In essence, the MCA gives
rise to a preferred orientation of the magnetic moments in a magnetic body and the term,
K, is known as the MCA energy. There are various forms of anisotropy, depending on
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the crystal structure, the most common of which are the uniaxial and cubic anisotropy,
however, more complex anisotropies exist such as tetragonal, hexagonal and
rhombohedral anisotropy. MCA arises due to electron spins coupling to the periodic
potential of well-defined magnetic crystal structures through the spin-orbit interaction
leading to an additional energy term which varies locally with the orientation of the
magnetic moments. The MCA is strongly dependent on temperature, reducing quickly as
temperature increases towards the Curie temperature. The dependence is evident in heat-
assisted magnetic recording®-* in which the magnetic media writing is achieved by
heating the material, such that the MCA decreases, leaving set information as the media
cools*37. The theoretical description of the temperature-dependent MCA was developed
by Callen and Callen (1966)8 which yields a power law scaling correlating K, (T) and
M, (T) at low temperatures (7 << T¢) as

Ku(T) _ [Ms(D]" Ea 6.3
K0~ M0 N
Where My(T) is the temperature-dependent saturation magnetisation, n = DS the

2

exponent depending on the crystal symmetry and degree of correlation between the
direction of adjacent spins®! and / is the order of the anisotropy. Therefore, for uniaxial
anisotropy with order [ = 2340, then the ideal scaling of K,, is M3 where M(T) is the
magnetisation temperature dependence. Experimental evidence of the decrease of K, with
temperature is shown in Figure 6-3(b) for Ta(3 nm)/[Pt(2 nm)/Co(l.1 nm)/Cu(l

nm)]15/Pt(2 nm) which is also evident in Figure 6-4(a).
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6.1.1 The Curie temperature

As is well-known, magnetic materials only possess their permanent magnetic properties
when below the Curie temperature, also known as the Curie point. In a FM material, the
magnetic moments align parallel to their neighbouring moments, due to the exchange
interaction causing spontaneous magnetisation, however, this is only when the
temperature of said material is below the Curie temperature. When the temperature of a
FM material becomes larger than the Curie temperature, thermal disorder overcomes the
weak exchange interaction, resulting in a breakdown of alignment between neighbouring
moments, causing a phase transition of the material to a paramagnetic state. In the
paramagnetic state, the material does not have a net magnetic moment compared to the

FM order phase.

Table 6-1 Micromagnetic material parameters for Co

Parameter Value

Exchange stiftness, A 10 pJ/m

DMI exchange constant, Apy;  -1.5 mJ/m”2

Magnetisation, M 600 kKAm'!
Uniaxial anisotropy, K; 380 kJ/m"3
Damping, a 0.1
Relative gyroscopic ratio 1.3

Lattice constant, a 0.25 nm

To determine the Curie temperature of a magnetic body for use in micromagnetic
simulations, multiple methods can be used, however, requiring significant computational
resources and time. Spin dynamics use the LLG equation supplemented with a stochastic
field. It is possible to obtain the magnetic parameters’ temperature dependences by
bringing the magnetic body in thermodynamic equilibrium and then obtaining the
required information from many stochastically generated spin collections, but this is very
inefficient when using large systems with very small time steps. A better method of

obtaining the temperature dependences is using the parallel Monte Carlo algorithm to
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generate spin collections that follow an expected Boltzmann distribution*!. This method
consists of randomly probing atomistic spins and rotating the spin in a small cone about
its original positions, called a Monte Carlo move, and a new orientation of the spin is
accepted given by the Boltzmann distribution below. The Monte Carlo move is accepted
with a probability based on the Boltzmann distribution, otherwise, the move is rejected,
and the spin orientation is not changed, which is attempted for all spins in the mesh such

that once all spins have been trailed one Monte Carlo iteration is completed.

AEi )

Eq. 6-4
kT 1

P; = exp <—

The energy between the original spin and new spin orientation — the Monte Carlo move
— is given by AE; which is obtained from a spin Hamiltonian including numerous

interactions, given below for E; for spin i moment g and direction S;

x,i0y,i
JeN; Eq. 6-5

~ o~ N2 o A o A ao A
E; = z]ijsi '8 — Kui(Si @) +Kei(S7:5: + 82852 +83,5%)

— Hotts,iS7  Hg

The energy change between the original spin orientation and the Monte Carlo move is
obtained from a spin Hamiltonian, which includes four terms. The first is the isotropic
exchange interaction, the second and third terms are the uniaxial and cubic anisotropy
with energies K, ; and K_ ;, respectively, and the fourth is the external field contributions.

It should be noted that uniaxial and cubic contributions are not present together.

Parallelisation of the Monte Carlo algorithm can be easily and efficiently achieved using
the standard red-black checkerboard ordering approach method*!*4, which separates non-
interacting spins into two sets: red and black. This eliminates data race conditions in
which multiple threads in a single process access the same memory locations and at least
one thread is accessing for a write operation, however, this is only the case in this situation

if only the near neighbour spins are included in the exchange interaction for a simple
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cubic structure. Furthermore, a realistic body-centred cubic (bcc) structure can be
considered as two interpenetrating simple primitive lattices*> and thus the red-black
checkerboard ordering method can be applied to each sub-lattice in turn which allows
consideration of exchange interactions between any number of spins in different sub-
lattices*!. Thus, for bec, there are four sets of non-interacting spins, each containing one-
quarter of the total of atomistic spins, i.e. from the initial separation of non-interacting
spins, then the splitting into two sub-lattices. For a face-centre cubic (fcc) structure, as
for Co, four interpolating simple primitive lattices can be used, leading to eight sets of
non-interacting spins, each containing one-eighth the total atomic spins. It must be noted
that this is a very efficient parallelisation if there is a large enough number of spins in
each subset. Lepadatu et al. (2021) show that introducing the red-black checkerboard
scheme into GPU computations is significantly faster than standard CPU computations.
Furthermore, for systems with 1 million spins and above, the parallel Monte Carlo
algorithm is over 200 times faster compared to the serial version, and scales linearly with

increasing problem size #!.

To determine the magnetisation temperature scaling the parallel Monte Carlo algorithm
is used in a Co fcc mesh. The material parameters for Co are shown in Table 6-1. It should
be noted that temperature dependences are determined atomistically, therefore certain
material parameters must be converted from energy density to energy units, as the former

is no longer applicable for atomistic modelling. These are given below.

Mga3
hs = " Eq. 6-6
K =Ka3 Eq. 6-7
D = Apya® Eq. 6-8
] =24 Eq. 6-9

Here, a is the lattice constant of a = 2.5 A, therefore the following conversions can be
made: the magnetic moment using Eq. 6-6, atomistic anisotropy using Eq. 6-7, atomistic

DMI using Eq. 6-8 and atomistic exchange with Eq. 6-9. To obtain a temperature
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dependence for the magnetisation of Co, a temperature sweep from 0 and beyond 7 is
completed such that each temperature has a normalised to zero temperature value, as
shown in Figure 6-5 for smooth Co surface and a roughened Co surface. To obtain T,
from Figure 6-5, Eq. 6-1 is fit to the magnetisation profile using y and T,. The Curie
temperature with no roughness is T, = 423.7 K, y = 0.57. When a surface roughness is
applied, with a depth of d;oygn = 5 A and a roughness spacing Srough = 20a, the Curie
temperature is reduced T, = 345.67 K, y = 0.44. Roughness has been shown to decrease
the Curie temperature of a material as shown by Zhao et al. (2000) and Zeng et al.

(2011)*47 with layer thickness also having a significant effect 3.
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Figure 6-5 The relationship between normalised magnetisation and temperature for a Co(200 x 200 x 1)
(nm) layer, obtained using the parallel Monte Carlo algorithm. The magnetisation scaling is fitted using the
Bloch law resulting in (a) T, = 423.67 K with no roughness and (b) T, = 345.67 K with roughness (depth =
5 A, and spacing = 50 A).
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6.2 Results and discussion

To begin, the geometrical constraints on an isolated skyrmion, whilst relaxing the system
to an equilibrium state, are discussed. As the simulations in this chapter are being
completed using atomistic modelling, the dimensions of the system now become limited
due to the computational resources required. The systems dimension used are 50 nm x 50
nm x 1nm with periodic boundary conditions in the xy plane allowing the simulation over
a much larger effective area which is very useful in the case of a much smaller mesh area.
Due to the smaller mesh dimensions, smaller skyrmions are simulated in the range of ~
15 nm up to ~ 30 nm. A skyrmion is then placed in the centre of the mesh and relaxed in
three stages: (i) the initial relaxation phase with no roughness, (ii) the second phase with
an applied roughness and (iii) the final stage with all the previous stages and a set
temperature, all relaxed using the steepest descent method. Note that when the
temperature is included in the final stage reaching a predetermined minimum |m X H| is
difficult due to the thermal fluctuations resulting in large fluctuations in the normalised
maximum torque, given as |m X H|/MZ, so a time-step-iteration constraint is also
included as a timeout so the simulation does not run indefinitely. The skyrmion size,
controlled via an out-of-plane magnetic field and mesh size were tuned such that the
skyrmion has limited interactions with its projection, a consequence of the Dirichlet xy
boundary conditions. The landscape disorder, in the form of surface roughness, used in

this simulation has a maximum roughness depth of 0.375 A and 5 A coherence length.

(a) (b)

Figure 6-6 A simulation view of a skyrmion at rest after the three relaxation stages at (a) T =0 K and (b) T

=100 K.
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As the temperature is now included in the modelling process, thermal fluctuations are an
obvious occurrence, even more so when nearing the Curie temperature. This can be seen
in Figure 6-6 in which a skyrmion has been placed in the centre of the magnetic body for
T =0K and T = 100 K, then relaxed through the three stages as detailed above.
Furthermore, from Figure 6-6, the skyrmion has moved during the relaxation phase
evident as the skyrmion centre is no longer centred in the square mesh (where it was
created during the simulation design) due to the effects of the thermal fields and local

energy landscape, suggesting an equilibrium state has been achieved.

In the previous chapter, the skyrmions were modelled micromagnetically with the
skyrmion information gathered using the skypos algorithm (see chapter 3.3.2), however,
now that temperature stochasticity is included and modelling is carried out atomistically,
the skypos algorithm cannot be used. The skypos algorithm is not valid in this case as it
relies on the crossing points — regions of magnetic moment reversal — of the z-component
of the magnetisation to obtain the diameter and position (see moment reversal in Figure
6-11(b)). Typically, there are multiple sites of magnetic reversal when stochasticity is
included. The skyrmion information must then be gathered manually which alongside
atomistic modelling increases the computational demand. To determine the skyrmion
information the diameter and centre position in the x and y directions are required. This
can be achieved by taking magnetisation profiles through both directions, however, due
to thermal fluctuations these profiles become more distorted with larger temperatures
making the centre point and diameter very difficult to accurately determine. The solution
to this is simply to average a number of line profiles with the aim to reduce the noise
which can be achieved by taking a line profile at regular time steps over a reasonably
short time period. For a full simulation period of 3 ns and a timestep of 2 fs, there are
1,500,000 iterations — here a line profile is taken every iteration for 10,000 iterations (20
ps), thus 10,000-line profiles for x and y directions, independently of each other, which
are then averaged. Figure 6-7(a) shows one set of line profiles for 7= 100 K which is
then averaged to one line profile shown in Figure 6-7(b). An ideal skyrmion typically has
a much more defined magnetisation profile akin to a step function, as shown by Wang et
al. (2018)*, which is not clear in Figure 6-7(b). Thus, the diameter is taken as the
difference in averaged magnetisation profile length between the two-moment reversal
points, and the centre point of the skyrmion is taken as the centre point between the

reversal points, illustrated by the red and blue lines in Figure 6-7(b), respectively.
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With this information, a pseudo-tracker for the skyrmions has been created akin to the
skypos algorithm, however, the method described above is not dynamic as it will not track
amoving skyrmion. The tracker can be made to track a skyrmion in Python using a current
x and y position variable, that can be updated with every averaging step. Note the
averaging step size is large enough to eliminate noise but small enough as to not lose
resolution in the skyrmion path. The position of the skyrmion is incremental with each
profile average such that the difference between the known starting point and the new
centre point can be used to update the current position variables. On the next iteration,
the magnetisation profile position is adjusted according to the current position variables

and repeated until the end of the simulation.
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Figure 6-7 (a) Multiple magnetisation line profiles (in the x direction in this case) as shown by the solid
lines in a spectrum of colours taken each time step. (b) Shows the average of all the line profiles in (a)

which can be used to determine the skyrmion’s centre point, in blue, and diameter, in red.

The diameter effect will now be discussed. The skyrmion diameter as a function of the
applied magnetic field is shown in Figure 6-8. The method for determining the average
diameter was discussed above. Furthermore, the average in Figure 6-8 is determined over
all applied current densities such that each point contains a range of current density J. =
100 GAm2 to 800 GAm™. Note that this may seem conflicting as there is evidence of
skyrmion inflation with increasing current density. However, Figure 6-9 shows for a large
and small applied fields the difference in diameter at each temperature is minimal for both
smaller and larger diameters. Thus, taking averages of the diameters across all current

densities is valid in this case.
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As expected, Figure 6-8 displays a decreasing trend, where with a larger applied magnetic
field there is a decrease in the skyrmion diameters; this is also displayed in Figure 4-4.
Interestingly, the trend shown in Figure 4-4 does not exist here as it now becomes a linear
relationship. Furthermore, there is clear evidence that with an increased temperature the
diameter increases which is displayed in Figure 6-8 where for H = 7 kAm™! the average
diameters for T =0 and 150 K are ~ 22 nm and ~ 26 nm, respectively. The rate of change
of diameter also decreases with larger temperatures where for T = 0 and 150 K the rate of

changes is ~ -0.106 and ~ -0.080 m2/A, respectively.
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Figure 6-8 Average skyrmion diameter as a function of applied out-of-plane magnetic field for T = 0, 25,

50, 100, 150 K. Error bars have been omitted as to keep the figure understandable and readable.

Figure 6-9 shows the averaged diameter for H = 7 and H = 45 kAm™! as a function of
temperature. Again, it is clear, as stated above, there is a diameter-temperature
dependence such that with increasing temperature the diameter also increases with the
trend almost linear. However, the key point apparent in Figure 6-9(a,b) is that the diameter
averages of J. = 200 and 800 GAm™ are very similar and overlap strongly with error
analysis suggesting little to no change in the skyrmion diameter across different flow
regimes. The diameter can also be analysed over the simulation, as shown in Figure 6-10
which shows the change in skyrmion diameter over a 3 ns simulation time. Comparing
Figure 6-10(a) and Figure 6-10(e) for T = 0 and 150 K, respectively, it is clear there is a
significant difference in the spread of diameter. For T = 0 K the diameters over time are
much more defined than larger temperatures, as with increasing temperature the spread

in diameter increases in noise due to the increased thermal fluctuations.
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Examples of skyrmion paths extracted using the stochastic skypos algorithm (the newly
created method) are now discussed. There are three skyrmion motion regimes, as
discussed in earlier chapters, namely, the pinned, creep and flow regimes, for an isolated
skyrmion. It is also well established that the local energy landscape of a magnetic body
heavily influences the threshold current densities, thus the three regimes, however, this is
even more so when the temperature is modelled. The effect of temperature on skyrmion
motion regimes is shown in Figure 6-11. Note in Figure 6-11, each regime is shown for
the largest driving current at which the regime is clearly displayed. In the pinned regime
panel, the skyrmion at lower temperatures is immediately pinned, whereas the larger
temperature is eventually pinned after falling from the creep regime into the pinned
regime. Interestingly, the applied current density here is not the same for both skyrmions
as they are driven using a 200 GAm and 100 GAm driving current for T = 25 K and
T= 100 K, respectively. For the creep regime, the driving currents are 400 GAm and
300 GAm? for T =25 K and T = 100 K, respectively. Finally, in the flow regime, the
driving currents are 650 GAm~and 500 GAm™ for T=25K and T = 100 K, respectively.
It is clear that when a larger temperature is applied to the magnetic system, not only the
threshold current is reduced but also the threshold for the remaining regimes. Reduced
threshold currents are expected for larger temperature as the thermal fluctuations have
adverse effects on skyrmion stability>’, as shown in Figure 6-6. Furthermore, it is well
established that skyrmion threshold currents, and thus velocity, are strongly dependent on
the local energy landscape with heavily roughened surfaces requiring larger driving
current to unpin a skyrmion. Litzius et al. (2020)°! show driving skyrmions becomes more
efficient for higher temperatures and thus yields faster skyrmion motion, further

suggesting larger temperatures reduce regime threshold currents as shown in Figure 6-11.

Figure 6-12 shows the velocity dependence on the applied current density similar to that
of Figure 4-10 in which a linear dependence is displayed, however, included is the
temperature dependence at different applied field strengths. It is clear that for all applied
field strengths, i.e. the skyrmion diameter, there is a strong dependence on temperature
with larger temperatures yielding faster skyrmions as shown by Litzius et al. (2020)!.
Larger temperature result in larger skyrmions due to the stability of the skyrmions and
the increased energy of the system. Figure 6-12 shows a marked difference between T =
0 and T = 150 K for larger applied current densities. For H = 7 kAm™! there is little
difference in velocity for J, = 100 GAm™ between T = 0 and 150 K, however, when J,. =
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800 GAm™ there is a difference of ~ 46 ms™!. Furthermore, when a larger out-of-plane
field is applied, such that a smaller skyrmion is created, there is a slight reduction in the

change of velocity between the smallest and largest temperature ~ 40 ms!.
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Figure 6-11 Simulated skyrmion paths illustrating the pinned, creep and flow regimes for (navy blue) T =
25 K and (cyan) T = 100 K. From left to right, for T = 25 K the corresponding current densities are 200,
400 and 650 GAm?, and for T = 100 K the corresponding current densities are 100, 300 and 500 GAm?,
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The SkHA is also strongly affected by the applied current density, as already discussed
in previous chapters, as with an increasing driving current the skyrmion velocity also
increases, as also shown in Figure 6-12, thus flow regimes and hence skyrmion paths have
decreased variability with larger driving currents. Figure 6-13 shows the relationship not
only between the skyrmion Hall and the applied current density but also the temperature
and diameter dependence. As for Figure 6-12, the out-of-plane fields are H = 7, 14, 22
and 45 kAm™! with T = 0, 25, 50, 100 and 150 K. Again, it is clear that temperature has a
strong effect, however, unlike skyrmion velocity, there is a large difference between small
driving currents. For example, in Figure 6-13(d) at /. = 300 GAm™ the change in the
SKHA between T =25 and T = 150 K is ~ 17°. This is mainly due to the skyrmion flowing
in the creep regime where it sporadically jumps between weak pinning sites, therefore

making the determination of the SKHA difficult.
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Figure 6-13 Relationship between skyrmion Hall angle and applied current density for (a) H = 7 kAm'!, (b)
14 kAm'!, (¢) 22 kAm™ and (d) 45 kAm'. The coloured points correspond to temperatures T = 0 K, 25 K,
50K, 100 K and 150 K.

The most effective method of determining the SKHA is a linear fit to the path, between

the initial and final points. On the other hand, as the driving current increases to /. = 800

GAm?, the SKHA tends towards a single value which is clearly evident in Figure 6-13(a)
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and (c) as the skyrmion traverses in the flow regimes and is minimally affected by surface
roughness. Interestingly, skyrmions in Figure 6-13 show a similar trend to that shown by
Jiang et al. (2017)>? in which the skyrmion has an initial flat SKHA dependence due to
pinned skyrmions followed by a steep linear increase in the SKHA as the skyrmion passes
the pinning threshold current and velocity increases. Finally, the skyrmion reaches a point
at which its SKHA flattens to a nearly constant value as it has a strong flow motion. These
characteristics are clearly shown in Figure 6-13(c,d) for all temperatures, however, the
characteristics become more difficult to visualise with increasing diameters, Figure
6-13(a,b), where at the largest diameter the trend becomes a more gradual change — the

convergence of the SKHA occurs over a much larger /. range than smaller diameters.

Figure 6-14 shows the relationship between the SKHA and velocity with both temperature
and diameter displayed. Figure 6-14 confirms the above-mentioned effects in Figure 6-12
and Figure 6-13 in which at small driving currents, thus small velocities, the skyrmions
experience high deflection due to the local energy landscape, which is typical of the creep
regime, after which the SKHA flattens to an almost constant value which has been shown
experimentally>->3>4, Interestingly, the flattening of this trend is apparent for all
temperatures. There are two distinct velocity behaviours here: (i) the creep regime up to
~ 12 ms™! and (ii) the flow regime above 12 ms™!. The results for a range of temperatures
suggest a collapse on to a universal trend for temperature-dependent SkHA-velocity
relationship, which is nearly independent of surface roughness, corresponding well
qualitatively with Litzius ef al. (2020)°!. Interestingly, these results show characteristics
of an independent SkHA-velocity relationship on diameter as all diameters shown have
very similar initial sharp increases which then flatten at approximately equal SkHAs,
further suggesting a collapse into a universal trend, similar to experimental results in
similar systems®'4. Furthermore, it can be deduced from Figure 6-14 that larger
temperatures require a smaller velocity to enter the flow regimes as discussed earlier,
evident when comparing T = 0 and T = 150 K. In all cases, in Figure 6-14, for T = 150
K, nearly no skyrmions appear in the initial sharp increase but reside in the second phase
when the trend flattens and all points for T = 150 K appear to exhibit a linear trend, due
to the increased thermal fluctuations, unlike 7 = 0 K where skyrmions regularly appear

in the initial sharp increase.
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Ideally, the Thiele equation would be used to verify these results, however, an in-depth
derivation of a stochastic field Thiele equation is beyond the scope of this work and is
proposed work for the future. However, in the meantime, some simple changes can be
made to the Thiele equation to incorporate some temperature terms, namely the
magnetisation and the damping terms, both of which are well established to be
temperature dependent. The magnetisation and damping temperature dependence® can
be modelled using Eq. 6-1 and Eq. 6-2, respectively. Ideally, the incorporation of these
dependences will align the Thiele model better to simulated results. Therefore, a
simplistic temperature-dependent Thiele equation from Eq. 2-29 with Eq. 6-1 and Eq. 6-2

becomes

(usor — BsrrDusrr)? + ulry
T 2 Eq. 6-10

1+(a0(1—3—TC)D)

v(T) =
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Usor + (@ — Bsrr)Dugrr
aDugor — (1 + afsrrD?)ugrr

tan(Osya) =

UBOsHAerfTRIHM
4e(1-T/THX dp

where ug,, (T) = and Uy (T) = Psrr9iplrm i However, these

(3e(1-T/T)%(1+B2r7)

inclusions into the temperature dependence parameters of the Thiele equation do not align
with the simulated results for the velocity. This is highly likely as only @ and M have
temperature dependent models implemented into the Thiele model in this instance. Thus,
it is suggested that a stricter model be fully explored from first principles. Weilenhofer
et al. (2021)°° demonstrated a temperature-dependent model using a skyrmion couple to
a magnonic heat bath which led to an additional dissipative friction term, however, even
though the model aligns with simulated results there is a large diameter discrepancy
between the two methods. Albeit this work provides a strong framework for future

development.

6.3 Conclusion

In this chapter, the temperature dependence of skyrmion motion has been studied in ultra-
thin Pt(3 nm)/Co(1 nm) magnetic bodies with landscape disorder, utilising atomistic
modelling to self-consistently determine temperature dependences or magnetic

parameters.

To begin, a new tracking method was devised and implemented as the skypos algorithm
was no longer applicable for modelling thermal fluctuations due to temperatures as it
requires two magnetisation reversal points. The new method averaged line profiles in the
x and y directions over multiple time steps, thus eliminating thermal noise. This then
allowed critical points of a magnetisation profile to be determined, such as the central

point, for calculation of the new centre point and the diameters.

The Curie temperature for the bilayer structure was then determined for a smooth and
roughened surface using the Monte Carlo algorithm, resulting in a decrease of ~ 78 K for
the roughened surface. Skyrmions were then driven under various driven currents,
temperatures and out-of-plane applied magnetic fields. The diameter increased nearly
linearly with temperature but did not change between different current densities.
Furthermore, the diameter fluctuations were relatively small but did increase with
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temperature as expected. The SkKHA was shown to have a markedly similar result to the
literature with skyrmions having an initial flat trend which then passes the pinning
threshold and jumps linearly and rapidly to a maximum SkHA with a near-constant trend.
There was a slight dependence of the skyrmion size where at the largest diameters the
trend became a more gradual change — the convergence of the SKHA occurs over a much
larger J. range than smaller diameters. This chapter was further able to shed light on the
ISTT but under the influence of thermal fluctuations. Results compared well to

experimentally obtained results in the literature and this shows the significance of the

ISTT.
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7 Synthetic Antiferromagnetic Skyrmions: Initial Work and
Analysis

In this chapter, an initial investigation into skyrmion motion in synthetic
antiferromagnetic (SAF) and ferrimagnetic structures (SYF) is presented. SAFs and SYFs
are very exciting prospects when considering skyrmion motions because the transverse
motion to the applied current direction can be almost eliminated, making them very
promising for future skyrmionics devices. Much more work needs to be completed on

this work as it is a new field, however, the result shown in this chapter is still useful.

7.1 Introduction

It is well-known by now that magnetic skyrmions are localised 2D spin textures that exist
in magnetic systems due to the Dzyaloshinskii-Moriya interaction (DMI)!, and interfacial
DMI in ultra-thin multilayer systems, produced from a broken inversion symmetry. As
shown in previous chapters and other works, isolated skyrmions can be created, stabilised
and manipulated in ferromagnets due to the DMI 2”7 and, crucially, an externally applied
field perpendicular to the plane of the skyrmion. Detectable skyrmions are also becoming
much smaller and more work is being conducted, which is very promising for skyrmionics
devices, however, further decreasing skyrmion size reduces stability due to thermal

fluctuations® in ferromagnetic (FM) structures.

Remembering one of the most important difficulties of skyrmions is the transverse motion
with respect to the current direction, the skyrmion Hall effect leading to the skyrmion
Hall angle (SkHA), it may be suggested that a progression from FM structures should be
made. For one interesting alternative to FM, see Figure 7-1(a), structures are
antiferromagnetic (AFM) structures as shown in Figure 7-1(b) — systems of alternating
orientations of magnetic moments which can be considered two coupled subsystems of
anti-aligned magnetic moments. AFMs not only compensate for the skyrmion Hall effect
and thus the SKHA, but also nearly eliminate the dipolar fields allowing for smaller
skyrmions to be created, stabilise and manipulate AFM skyrmions®!?. AFM skyrmions
are then very exciting prospects as they eliminate the major issues highlighted above,
however, due to the nature of AFMs having no net magnetic moments it becomes difficult

to control and detect skyrmions in these structures.
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True AFM skyrmions have been difficult to realise due to the arrangement of magnetic
moments but have been recently observed!!, however, SAFs, as seen in Figure 7-1(d), the
structure can be used as a substitute that can be composed by a typical heavy metal
(HM)/FM bilayer with strong interfacial DMI coupled to another antiferromagnetically
through a non-magnetic spacer layer, via the Ruderman-Kittel-Kasuya-Yoshida (RKKY)
interaction'?. Legrand et al. (2019)'3 showed the stabilisation of AFM skyrmions in SAF
structures at room temperature. Also, spin states existed in a SAF with vanishing
perpendicular magnetic anisotropy which was turned into AFM skyrmions utilising the
interlayer electronic coupling. Furthermore, Juge et al. (2022)!* report on the observation
of isolated skyrmions in compensated synthetic antiferromagnets at zero field and room
temperature using X-ray magnetic microscopy using micromagnetic modelling to

confirm this’.

Like AFMs, SAFs also produce near to no dipolar interactions. Another structure is a
SYF, as seen in Figure 7-1(d), which is akin to the SAF, however, a typical ferrimagnet
has similar magnetic arrangements to an AFM but there is a magnetic bias in the structure

in a preferred direction and thus a net magnetic moment exists.
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Figure 7-1 Simple schematics of magnetic moment orientations in (a) ferromagnet, (b) antiferromagnet, (c)

S

(c

e

ferrimagnet, (d) synthetic antiferromagnet with non-magnetic spacer layer, (e) synthetic ferrimagnet with

non-magnetic spacer layer.

7.2 Method

To begin, a method of procedurally generating SAF/SYF structures is created so that the
thickness of an individual layer in a SAF/SYF stack could be easily changed. This is
required as Boris uses spatial coordinates to define the bounds of multiple layers, but also
allows a singular Python script to create and drive a skyrmion system. The structure

created is a Pt(3 nm)/Co(1 nm)/Ir(1 nm)/Co(x)/Pt(3 nm) where x is the varying thickness
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of the upper Co2 layer — an illustration is shown in Figure 7-2. From this point on, the
lower Co layer and upper Co layer will be referenced as Col and Co2 as shown in Figure
7-2, respectively. Due to the increase in net thickness of the magnetic body compared to
previous structures used, the in-plane xy dimensions were set to 400 x 400 nm with non-
and magnetic cell size (1 nm, 1 nm, 0.2 nm). For both FM layers the interfacial DMI,
uniaxial anisotropy and surface exchange interactions were enabled and all layers had the
transport module enabled. The alignment of the magnetic moments is set out-of-plane in
the +z direction for Col and the -z direction for Co2, thus replicating Figure 7-1(d).
Periodic boundary conditions are set in the xy directions to provide a wraparound effect
for the stray field. The material parameters for this system are shown in Table 7-1. A
skyrmion is placed in the centre of both Co layers with opposite core and chirality
directions, and the system is set to relax using the LLGStatic with the steepest descent

(SDesc) solving method.

The spin torques of the system can now be determined, however, unlike with a Co/Pt
bilayer system, for SAF/SYF the procedure is much more involved due to the increased
number of FM layers. This is accomplished by first condensing each FM layer
independently such that the system is effectively composed of two subsystems: a
Pt/Col(1 nm)/Ir and an Ir/Co2(x)/Pt system. Furthermore, to simplify this system and
calculations further, the spin Hall angle for Ir is set to zero as the true value is near
negligible. As in previous chapters, a small potential must be applied so spin

accumulation is generated in the system which is used to determine the fitting parameters.

Pt
3 nm|
Co2 x nm|
Ir ] nm
Col 1 nm
Pt
3 nm

Figure 7-2 Illustration of the SYF/SAF structure designed for simulations. The system is considered a SYF
when unbalanced (Col#Co2) and SAF when balanced (Co1=Co2). x is the thickness of Co2 measured in

nm.
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For the spin torques obtained with the self-consistent spin transport solver, the
contributions observed are the spin-orbit torque (SOT) due to the spin Hall effect (SHE),
as well as the interfacial spin-transfer torque (ISTT) due to interlayer spin diffusion. To
obtain solutions for these contributions, P, 8, 75 and Oy, .r5 are obtained numerically.
Thus, the spin accumulation is computed using the spin transport solver and the total spin
torque is obtained — Eq. 2-28. Then, Eq. 2-51 and Eq. 2-54, for the SOT and ISTT
respectively, are used to obtain the above constants as fitting parameters to the total spin
torque. Whilst Osy4 . and 7 do not depend on the skyrmion diameter, P and 8 are not
constant and show a small dependence on skyrmion diameter due to spin diffusion,
similar to the enhancement of Zhang-Li non-adiabaticity obtained for vortex cores!®!”.
The ISTT can be simply determined by setting fg 4 in both Pt layers equal to 0, thus
eliminating any SOT contribution, then using Eq. 2-54 to obtain P and £ for each Co
layer separately. The system is then set back to its original state with intrinsic material
parameters so that the determining r; and Oy 05 can be determined. As sy, in Ir is
equal to zero, only the Pt/Co interfaces need to be considered, thus for the Col/Pt interface
P, B, Ospaers and 1 in the upper Co2(x)/Pt are set to 0, respectively, then Eq. 2-53 can
be used to determine 7 and Osy 4 o ¢. This vice-versa process can then be carried out to
determine the fitting parameters for the upper Co2(x)/Pt. The process is then repeated for
varying layer thickness for the up Co2(x) layer.
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Table 7-1 Material parameters used to model the Pt/Co/Ir/Co/Pt bilayer. (a) Value is obtained using Ref '8

in conjunction with Eq. 4-1 for Im(GN)

Parameter Value References
|D| (Co) 1.5 mJm= 19

M; (Co) 600 kAm™! 19

A (Co) 10 pJm’! 19

Ky (Co) 380 kJm 19

a (Co) 0.03, 0.1 2026
gr (Co) 1.3 27

a (Co) 5 MSm’! 28

D, (Co) 0.0012 m?s-! 29

D, (Pt) 0.004 m%s! 30

Asg (Co) 42 nm 272931
45 (Co) 2 nm 32

Ay (Co) 3.2 nm 33
Ass(PY) 1.4 nm 34

o (Pt) 7 MSm’! 34

Re(G™) (Pt/Co)  1.5+i0.45PSm> 8343
Im(G™ ) (Pt/Co)  0.45 PSm (a)
Osya (PY) 0.19 34
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7.3 Smooth structures

In this section, preliminary results are shown for a skyrmion in SAF/SYF systems. As
there are now two skyrmions in the system, both skyrmions are tracked and recorded.
Figure 7-3 shows the relationship between the SKHA and the skyrmion diameter for
varying Co thickness as shown by the colour bar. The spots, crosses and triangles are the
full torque, SOT-only and ISTT-only contribution, respectively. The diameter is
determined as an average of both Col and Co2 skyrmions, i.e. each skyrmion’s x and y
diameter is averaged, and the total mean is determined from this. As might be apparent,
Figure 7-3 is remarkably similar qualitatively to Figure 4-6(a) for all torques. The SKHA
increases rapidly for the full torque with a skyrmion diameter up to 100 nm, after which
a flattening of the trend occurs which is more apparent for thinner Co thicknesses. This
behaviour is largely due to the thickness of the upper Co2 layer such that with a Col >
Co2 the net magnetic moment is much stronger in the +z direction which alongside the
out-of-plane magnetic field there is a much larger control of the diameter, thus a larger

range of skyrmion diameters is achievable.

1.3
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e
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200700 150 200 250

Skyrmion diameter (nm)
Figure 7-3 Effect of skyrmion diameter on the skyrmion Hall angle for a SAF structure (t.,, = 1 nm) and
multiple SYF structures (t¢,, # 1 nm). The colour bar represents the thickness of the top Co layer thickness
in an ideal Pt/Co/Ir/Co(t,,)/Ta. The spots, crosses and triangles represent the SOT+ISTT, SOT and ISTT,

respectively.
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As in previous results, there are three distinct curves: (1) the full torque, (ii) the SOT only
and (iii) the ISTT alone, suggesting that in SYF/SAF systems there is a significant
contribution to the skyrmion motion from the ISTT. Furthermore, the ISTT has a
significant effect on small skyrmions, especially less than 100 nm even in this new
system. The thickness also has a marked effect on the SkKHA with the SKHA reducing ~
3° with increasing Co2 thickness — the reason for this is not fully understood at this point
in the analysis, however, as the Co2 layer thickness increases to the point at which Co2
= Col, the system becomes balanced. The Co2 begins to have a larger effect on the
transverse skyrmion motion as the effects of the SOT and ISTT begin to cancel. This is
evident when Co2 = Col at which the system is considered a SAF and the system is fully
balanced resulting in a SKHA ~ 0°. Figure 7-4 shows the SKHA as a function of Co2
thickness when skyrmions are in the flow regime driven by an applied current density of
Jo = 500 GAm™. The spots and crosses represent the SOT+ISTT and SOT only,
respectively. Interestingly, as thickness increases for H = 1 kAm™ and H = 4 kAm™! for
both the SOT+ISTT and SOT alone, there is a linear decrease in the SKHA with increasing
Co2 thickness, with a nearly linear increase in skyrmion diameter. When increasing the
out-of-plane applied field to H = 6.5 kAm™! and H = 9.8 kAm™!, the SOT remains stagnant
in its trend with only a slight change in the gradient, however, when the ISTT is included
the trend remains similar to the SOT at larger thickness but deviated rapidly below Co2

= (0.7 nm.

The SOT as expected yields the largest velocity compared to the ISTT, however, when
combined, the resulting velocities are significantly reduced to almost stationary due to
the corresponding torques acting in near opposite directions. Interestingly, there is near
to no change in the velocity with increasing thickness for the full torque unlike for the
individual torque, suggesting thickness has little effect on skyrmion motion for the ISTT
and SOT, however, this is likely to be different when the bulk STT is included and other

forms of damping such as spin pumping and magnon damping.
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Figure 7-4 The skyrmion Hall angle as a function of thickness on a smooth surface. Skyrmions are driven

at J. = 500 GAm, thus in the flow regime. Each panel corresponds to a different out-of-plane applied

magnetic field. The colour bar on the right-hand side represents the average skyrmion diameter which is

taken as an average of the x and y diameters.
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7.4 Roughened structures

Following skyrmions in SYF/SAF structures with no roughness, the next step is to
compare these findings with roughness included, therefore, in this section roughness is
included between both Co/Pt interfaces. Note that the spin torques had to be redetermined

with this in mind.

In nearly all cases, both skyrmions are pinned to each other due to the stray field produced
by each skyrmion. In the cases the skyrmion pair disassociated the simulation is
disregarded; the cause of this was due to either one or both of the skyrmions annihilating

due to the presence of significant applied current density and/or a pinning site.

Figure 7-6 shows the relationship between the SKHA and the skyrmion diameter with
included roughness at the Co/Pt interfaces. The maximum roughness depth is 1 A with a
coherence length of 40 nm. Each panel represents the applied current density increasing
from J. = 50 GAm™ up to J. = 500 GAm™ with the colour bar representing the Co2
thickness. In Figure 7-6(a), /. = 50 GAm?, the SkHAs appear chaotic besides a slight
grouping between like thicknesses. This, however, is not the case for all applied currents,
as with increasing applied current density the skyrmion behaviour becomes more defined,
as shown in Figure 7-6(c) for J. = 500 GAm™, and is similar both qualitatively and
quantitatively to that of Figure 7-3. This is as expected due to the increased applied
current density which leads to different flow regimes as discussed in previous chapters,

namely the pinned, creep and flow regimes.
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layer.

To further observe the dependences on thickness, the average SKHA and skyrmion
velocity for each thickness are shown in Figure 7-8 and Figure 7-7, respectively. Figure
7-7 shows the effect of thickness on the velocity of the skyrmion. The SOT and
SOTHISTT show markedly similar velocities, with SOT typically slightly larger. Unlike
the ideal case, there is no discernible gradient to the linear trend, however, the full torque-
driven skyrmions have very similar velocities to the ideal case, in the same order, albeit

slightly lower.
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Figure 7-7 The skyrmion velocity as a function of Co2 thickness with surface roughness applied. Skyrmions
are driven at J/, = 500 GAm?, thus in the flow regime. Each panel corresponds to a different out-of-plane
applied magnetic field. The colour bar on the right-hand side represents the average skyrmion diameter

which is taken as an average of the x and y diameters.

Finally, the SKHA thickness dependence shown in Figure 7-8 shows similar trends to that
of Figure 7-4 with similar SkHAs and decreasing almost linear trends. More importantly,
the SKHA at Co2 = 1 nm, a balanced system with the SKHA ~ 0° which is a crucial result
as this is ideal for industrial applications such as skyrmionics storage devices. For lower
applied out-of-plane magnetic fields (large diameters) such as H = 1 kAm!, there is little
gradient compared to Figure 7-4 with the SKHA ~ 0°, however, with an increasing field

strength a sharper gradient occurs for the SOT and SOT+ISTT.
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Figure 7-8 The skyrmion Hall angle as a function of Co2 thickness with surface roughness applied.
Skyrmions are driven at J, = 500 GAm™, thus in the flow regime. Each panel corresponds to a different out-
of-plane applied magnetic field. The colour bar on the right-hand side represents the average skyrmion

diameter which is taken as an average of the x and y diameters.

7.5 Verification of ISTT

To further explore the ISTT in SYF and SAF structures, a Cu layer was inserted into the
above stack so it becomes a Pt/Col/Ir/Co2/Cu/Pt. The hypothesis of including the Cu
layer is to preserve the interfacial DMI, thus allowing stabilising of the skyrmion, but
more importantly, due to the large spin-flip length of Cu ~ 170 nm, the SOT generated in
the upper Pt layer is preserved through the Cu layer which is then absorbed at the Co2/Cu
interface. The skyrmions in both Co layers are equally manipulated but in opposite
directions and thus cancel out, resulting in a zero in-plane velocity. Also, due to the nature
of SAF structures, the Magnus-like force cancels, resulting in a zero transverse velocity.
The net velocity is thus zero for the SOT contribution. Figure 7-9 shows the results
following the same simulations as in the previous sections but with the inclusions of the
Cu layer. Figure 7-9(a) shows the SKHA as a function of the skyrmion diameters. It is

clear to see that for all thicknesses of Co2, the SOT-only contribution results in a SKHA
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of 0" across the board. Furthermore, the ISTT and ISTT+SOT are completely overlapping,
further confirming the negligible contribution due to the SOT. This is further confirmed
by Figure 7-9(b), which shows the skyrmion velocity dependence on diameter. The
contribution due to SOT-only results in a net skyrmion velocity of ~ 0 ms™! for Co2
thickness, confirming the negligible action of the SOT. Again, as for the SKHA, the ISTT
and ISTT+SOT results overlap almost perfectly.
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Figure 7-9 Results for SYF and SAF structures with an included Cu layer. (a) SKHA relationship on

diameters and (b) the skyrmion velocity dependence on diameter. The crosses, diamonds and down triangle

represent the ISTT, SOT+ISTT and SOT only. The colour bar represents the thickness of the Co2 layer.

7.6 Conclusion

In this short chapter the initial simulations, analysis and results for a system of
Pt/Co/Ir/Co(x)/Pt synthetic antiferromagnets and ferrimagnets are shown with and
without the disorder. As well as the SOT, the ISTT is used to drive skyrmions with the
ISTT showing a significant contribution, especially for smaller skyrmion diameters less
than 100 nm which is similar to previous results on a Co/Pt bilayer for isolated and
collective skyrmion motion. Interestingly, when the balanced system was created, Col =

Co2, the skyrmion velocities were ~ 0.15 ms™! with SkHAs ~ 0",

The initial results from this chapter are very promising, however, more work is needed to
fully understand this system and the behaviours of skyrmions, including but not limited
to the thickness dependence when Co2 > Col. Furthermore, there is not a fully developed
set Thiele equation to describe the skyrmion velocity and SkKHA for SAF and SYF

structures which would be very useful for comparisons between simulations and
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experimental observations. A development such as this would have benefits across
multiple systems as the Thiele model would have to be adapted for a multilayer system.
It would also be beneficial to understand the skyrmion dynamics in SAF and SYF
structures with the added effect of stochasticity in the form of finite temperature. As
discussed throughout this thesis, knowing the effect on skyrmions is vitally important for
the progression into applications, such as memory devices, especially given the exciting

prospects of SYF/SAF skyrmions negating the SkKHA.
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8 Conclusions and Further Work

8.1 Conclusions

Presented in this thesis is the investigation into the role of the significant interfacial spin-
transfer torque (ISTT) in current-driven skyrmion dynamics alongside the well-
documented spin-orbit torque (SOT). The ISTT arises from an accumulation of spin in
magnetic layers at magnetisation gradients resulting in a diffusive vertical spin current,
whereas the SOT arises in a non-magnetic material with string spin-orbit coupling and is
governed by the spin Hall effect. The inclusion of the ISTT in micromagnetic modelling
and the Thiele model has reduced the discrepancy between the SOT-only models and
experimental observations. The SOT-only model resulted in reasonable agreement at
large skyrmion diameters but this was not true at smaller diameters, such that with the
inclusion of the ISTT this discrepancy was significantly reduced for both the skyrmion

Hall angle (SkHA) and the skyrmion velocity.

In this work, four studies investigated the effect of the ISTT on skyrmion dynamics, each

with the view to standardizing the ISTT physically and within micromagnetic modelling.

In Chapter 4, isolated skyrmion motion in Pt/Co bilayers was investigated with and
without the inclusion of landscape disorder in the form of surface roughness. Initially,
smooth surfaces were considered with the aim to investigate the effect of the ISTT in
ideal conditions. The SOT, ISTT and SOT+ISTT were all investigated and it was found,
as expected, the SOT has a significant effect on skyrmion dynamics, as well as the ISTT,
especially for skyrmion diameters < 100 nm, resulting in drastically different combined
torque characteristics. Furthermore, the SOT-only model is shown to agree on large
skyrmions, whilst for smaller skyrmions, the inclusion of the ISTT term resulted in
decreasing SKHA with decreasing skyrmion diameter. In addition to this, the spin mixing
conductance ratio for Co/Pt was determined numerically, using literature-obtained values
resulting in G,= 0.3. It is commonly accepted that the imaginary component of the spin-
mixing conduction is negligible and thus disregarded, however non-negligible spin-
mixing conductance has been reported. Here, using a non-negligible imaginary
component of the complex spin-mixing conductance, the imaginary component was
shown to have a significant effect on skyrmion motion. When considering a skyrmion of

~ 65 nm, the ratio of the spin-mixing conductance resulted in SkHAs of ~ 38" and ~ 60°
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for G,= 1 and G,= 0.125, respectively, when including the ISTT. Disordered systems
were then considered in which a surface roughness was applied to the top layer of the Co
in the Co/Pt bilayer. As expected, roughness had a significant effect on the skyrmion
motion with three well-documented regimes apparent, namely the pinned, creep and flow
regimes. It was found that the SKHA approached the ideal results for large driving forces.
Furthermore, the ISTT was shown again to have a significant effect on the SkKHA and
velocity with results markedly similar, qualitatively, to published experimental works.
The SOT-only model resulted in a SKHA ~ 88" for a skyrmion diameter of ~ 65 nm,
whereas, a SKHA of ~ 60° was observed with the ISTT included. For skyrmion diameters
> 65 nm and < 65 nm, the SOT-only and ISTT+SOT model began to converge, and
diverge rapidly, respectively. The results obtained for a range of skyrmion diameters were
shown to collapse onto a universal SkHA-velocity dependence, nearly independent of the
surface roughness characteristics. This initial study displayed the shortfalls of the SOT-
only Thiele model but more importantly shed light on the skyrmion mechanics under the

influence of the ISTT.

In Chapter 5, a logical progression was taken by increasing from a single skyrmion to an
array of skyrmions which was defined as a group of interaction skyrmions. Again, the
ISTT and the SOT were considered but now the bulk STT was also considered for
completeness. It was initially predicted, using the Thiele model with individual spin
torques considered, that the ISTT and SOT would have almost equal strengths at smaller
skyrmion diameters but in the opposite directions, with the bulk STT having a negligible

effect due to the thickness dependence.

This chapter is unique compared to other results chapters as the results obtained via
modelling are directly compared to experimental results obtained. It was shown that the
SkHA is strongly dependent on the effect of the combination of all torques and the small
SkHA values observed in experiments are in good agreement with modelling which
included the ISTT, also explaining the observed diameter-independent SkHA, and spread
of experimental SKHA values at the same current density. This was in contrast to the
SOT-only model where SKHA discrepancies as large as 50° were apparent. When ISTT
was included ~ 83 % of modelled results aligned within the standard error on the mean of
experimental observation, whereas when the SOT-only model is considered, there was
zero overlap for both the standard error on the mean as well as the spread. The collective

skyrmion motion was found to be described by an average group velocity over the
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diameter range, which stands in marked contrast to the velocities obtained from isolated
skyrmion motion. Furthermore, the group velocities obtained with the inclusion of ISTT
are comparable to those found in experiments. This is not the case for the SOT-only
model, which again shows large discrepancies of over 40 ms™! with the experimental data.
The results from this chapter again shed light on the collective skyrmion motion and
highlights the significance of the ISTT in micromagnetic modelling, to reduce

discrepancies between experimental and modelled results.

In Chapter 6, atomistic modelling was used to model the effect of stochasticity in the form
of a finite temperature. With the foundation for ISTT complete, the investigation into the
effect of temperature in conjunction with the ISTT was paramount. To begin, as the
skypos algorithm was no longer applicable for tracking skyrmion motion, a new method
was devised and implemented by taking an average of the skyrmion profile over many
time steps and then determining the new position and diameters from the averaged
profiles. The important Curie temperature for the Co/Pt bilayer structure was determined
for smooth and roughened samples using the Monte Carlo algorithm resulting in a
difference of AT.~78 K with the smooth surface having a larger T,.. Skyrmions were then
driven under a spectrum of applied current densities and temperatures with varying out-
of-plane magnetic field strengths for skyrmion stability. It was found that the skyrmion
diameter increased nearly linearly with temperature but did not change between different
current densities. Furthermore, the diameter fluctuations were relatively small but did
increase with temperature as expected. Skyrmion velocity was shown again to linearly
increase with applied current but also increase with temperature such that for skyrmions
driven by J, = 750 GAm™ there was a difference in velocity for T = 150 Kand T =0 K
of ~ 40 ms! with larger velocities for the former. The SKHA was shown to have a
markedly similar result to the literature with skyrmions having an initial flat trend which
then passes the pinning threshold and jumps linearly and rapidly to a maximum SkHA
with a near-constant trend. There was a slight dependence on the skyrmion size, where at
the largest diameters the trend became a more gradual change — the convergence of the
SkHA occurred over a much larger /. range than at smaller diameters. This chapter was
further able to shed light on the ISTT under the influence of thermal fluctuations. Results
compared well to experimentally obtained results in the literature and this shows the

significance of the ISTT.
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In the final results chapter, Chapter 7, the initial investigation into skyrmion motion in
synthetic antiferromagnetic (SAF) and ferrimagnetic structures (SYF) was presented. A
structure of Pt/Co1/Ir/Co2/Pt was devised so the Co2 layer could be adjusted in thickness
to unbalance a SAF into an SYF structure. For smooth structures, the SKHA dependence
on diameter was shown to be similar to that obtained in Chapter 4, with the ISTT having
a significant effect on the skyrmion motion for a diameter < 100nm. The most significant
discrepancy between the inclusion of the ISTT and SOT-only results was for small
skyrmions (~ 65 nm), with differences of SkHAs ~ 65°, with the ISTT model resulting in
much smaller SkHAs. Both models also showed similar trends to isolated skyrmion
motion in bilayers, in which the trends rapidly diverged from each other at smaller

diameters.

Furthermore, the SKHA and velocity relationship on Co2 thickness was investigated and
shown to have a significant effect, such that the SKHA reduces rapidly with increasing
thickness as well as velocity remaining almost constant when ISTT is included. For rough
surfaces, the SKHA was shown to be significantly more sporadic but showed that
increasing driving force tended towards the ideal conditions. Furthermore, there was no
discernable change in the velocity trend except for a slight reduction in velocity. For the
SkHA, the steep gradient almost vanished for small out-of-plane applied fields. Much
more work is needed on this work as it is a new field, however, the results shown in this
chapter are still useful. This work was also used to propose a structure that can
experimentally verify the ISTT without the SOT contribution with the use of a Cu layer.
Introducing the Cu layer into the SAF resulted in a negligible SOT contribution resulting

in a zero SKHA and skyrmion velocity.

The results in this thesis shed further light on current-induced skyrmion motion, and
highlight the significance of the ISTT in understanding current-induced isolated and
collective skyrmion motion in magnetic systems with included surface roughness and

stochastic thermal fields.

8.2 Further work

To begin, it would be very interesting to test and model the ISTT in different structures
and magnetic systems. Here Pt/Co systems are used exclusively as there has been much

work conducted into skyrmion motion and the material properties, however, to further
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validate the existence and diversity of work into the ISTT, structures such as Ta/Co! and
W/Co? or even permalloy? and Gadolinium compounds*> could be investigated. As an
extension of this, simulations on a multi-stack geometry would be crucial, as typically
experimental stacks consist of upwards of five repetitions depending on the thicknesses
of individual layers. It is expected that the diameter of skyrmions would change with
increasing repetition count, as shown in Chapter 7, but it is unknown how the ISTT

generated in each layer would affect skyrmion motion.

A large portion of this work is compared to the Thiele model. In Chapter 4, skyrmion
motion with the ISTT included is compared to the SOT-only Thiele model and is shown
to drastically vary, whereas, in Chapter 5, the Thiele model with ISTT included is shown
to correspond well with experimental results and modelled results. However, there is still
a large gap in development for the Thiele model which includes taking into account multi-
layer compositions and thickness for SYF and SAF structures meaning it cannot be used
reliably for these systems. Furthermore, the temperature has not been included in the
Thiele model sufficiently, as a result, temperature-dependent parameters such as damping
and magnetization saturation are input directly with their dependence into the Thiele
model, however, the results obtained do not correspond well with obtained simulations.
It should be noted that attempts for a temperature-dependent Thiele model have been
performed using a magnonic heat bath® which leads to a dissipative term that is linear in

temperature, however, this only provides a framework and much work is still needed.

The ISTT is not only present for skyrmions but also for any domain wall structures, given
there is a significant magnetisation gradient. This is why the ISTT effect is strong for
small skyrmions. Therefore, it would be very interesting to observe the effect of the ISTT
in thin-magnetic layers for different magnetic textures such as vortex, Bloch and Néel
DWs. Further to this, skyrmions with different winding numbers such as anti-skyrmions,
Bloch skyrmions and skyrmionium could also benefit significantly from research into the

effect of the ISTT.

Further work into the non-adiabaticity parameter, 5, is required both computationally
and, more importantly, experimentally, as it is paramount in determining the ISTT and
bulk STT. In this work, the ISTT results in a large negative non-adiabaticity parameter
when used as a fitting parameter, compared to the much smaller STT value in terms of

magnitude. For example, values determined for the former and latter in this work are
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Bistr = —1.13 and Bsrr = 0.002, respectively. Typically, Ssrr is shown to be negligible
in Co thin films’ which is expected due to the thickness dependence, however, it has
been shown that a large negative B exists ! in Co thin films contrary to STT theory. This
large negative [ results in a torque opposite to the direction of the standard bulk STT and
could justify the existence of the ISTT, however, more work is required to understand

these large negative values.

The spin-mixing conductance used in the drift-diffusion model can be developed further
to include the transmitted spin-mixing conductance!! alongside the interfacial method
used in this work. Currently, the interfacial method involves the absorption of a spin
current entirely and instantaneously at the interface between a HM/FM layer. It has been
proposed that given thin enough layers, which are comparable to the spin dephasing
length, the spin current may not be entirely absorbed across the interface and in the
injected layer, thus resulting in non-negligible effects, such as a field-like SOT. This
could significantly affect the strength of the ISTT due to the large diffusive spin current
generated. This method needs to be fully developed in conjunction with the interfacial
method and then implemented into Boris so that this can be investigated with the ISTT in

mind.

Finally, and most importantly, experimental verification of the ISTT is required in which
only the ISTT is affecting skyrmion motion, thus SOT would be eliminated. This may be
rather difficult to achieve, however, as discussed in Chapter 7, this may be possible with
the use of a balanced SAF system with the inclusion of a Cu layer which is valid

computationally. The means of doing this are beyond the scope of this work.
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Appendix A: Skyrmion Motion Script

os
Sys
numpy np
scipy.optimize curve fit
matplotlib.pyplot plt
math
Boris.NetSocks NSClient

ns = NSClient ( serverport= )
directory = os.path.dirname (sys.argv[0]) +
ns.default ()

ns.chdir (directory)

.setmaterial (
.addmaterial (

.setangle (
.setfield (H

.skyrmion ( xdim/

.setode (
.editstagestop (

.cuda (1)
.Run ()
.reset ()

.addmodule
.addmodule
.addmodule
.addmodule

(
(
(
(

.setstage ( )
.editstagestop (
.setdefaultelectrodes ()
.setpotential (- )
.setode (

.pbc (
.pbc (

elC Fml = ns.setparam(
ns.meshfocus ( )

ydim/

1)
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Appendix B: RK4 Simple Python

matplotlib.pyplot plt
numpy np
matplotlib.ticker MultiplelLocator

RungeKutta (t dt, dydt):

kl = dt V)

k2 dt + dt / y + k1 /
k3 = dt + dt / y + k2 /
k4 = + dt, y + k3)

(k1 + * k2 + * k3 + k4)

Function (t
t * %

Solution (t) :
t * %

i np.arange (t, t end, dt):

t, y = RungeKutta(t, y, dt, Function)
t RK4.append (t)

y_RK4.append (y)

Euler(t, vy, dt, dydt):
it 4F y + dt * dydt(t, y)

np.arange (t, t end, dt):
t, y = Euler(t, y, dt, Function)
t EULER.append(t)
y EULER.append (y)




## Plot solution at this point
plt.show ()
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