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Abstract

Magnetic skyrmions are particle-like nanoscale magnetic structures currently surging in
interest in the spintronics field. Their small size combined with topological stability and
efficient manipulation by various electromagnetic excitations make them promising next-
generation high-density information carriers. Beyond data storage and memory applications,
the diverse magnetic skyrmion interactions and excitations can be further exploited for
conventional logic computing and unconventional computing like neuromorphic, probabilistic,
and Brownian computing. Skyrmion research is advancing on many fronts to bring these
technological ideas into reality, including stabilisation in materials and conditions, reliable

nucleation techniques, and precise control of magnetic skyrmions.

In this thesis, the spin texture evolution between the labyrinth, stripe, skyrmion, and
ferromagnetic states in magnetic multilayer [Pt/Co/Fe/Ir]2 under the first-order reversal curve
(FORC) magnetic field sweeps was investigated. Temperature modulation was performed to
tune skyrmion phases and acquire their corresponding FORC signatures. Using magneto-
optical Kerr microscopy, an analysis technique based on the sweeping field was developed and
applied in the derivation of the skyrmion phase. A technique for skyrmion nucleation and
deletion by current density modulation independent of current polarity in magnetic multilayer
[Pt/Co/Fellr]. was demonstrated. A high current density induces the nucleation of skyrmions
via spin-orbit torque acting on defects. In contrast, the low current density causes a volatile
skyrmion-stripe transformation at pinning sites that annihilates other skyrmions. A voltage-
induced magnetic skyrmion motion based on voltage-controlled magnetic anisotropy gradients
was investigated towards a more energy-efficient skyrmion propagation technique. The
dynamics of synthetic antiferromagnetic skyrmions on a magnetic anisotropy gradient was
investigated numerically, and an analytical model was developed to describe their motion

accurately.
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Chapter 1 Introduction

1.1 Historical Advances

The idea of skyrmions originated from the field of particle physics back in 1961 by Tony
Hilton Royle Skyrme!*. In search of the fundamental structure of atoms and sub-atomic
particles, Skyrme found the model of elementary particles being in some form of point-like
objects unreasonable. He viewed these models as “just a very good and useful way of enabling
us to live with our ignorance of what really goes on at short distances™. As opposed to the
forced discretized description of the atom, he mathematically demonstrated that the
manifestation of particles in the form of topological solitons could be derived from a
continuous field theory®. These topological solitons can be visualized as stable knots or
singularities in a vector field that cannot smoothly unwind to annihilate and is named after
Skyrme as skyrmions. The general concept of quantized, countable, and particle-like states
emerging from continuous fields subsequently found applications in several other fields of
physics, such as liquid crystals®, Bose-Einstein condensates®®, quantum Hall magnets®*° and

even cosmology*t*2,

In 1989, the same idea was extended to magnetism, where Bogdanov and Yablonskii first
proposed stabilising the skyrmion structure in magnetic materias™>*°. In magnets with non-
centrosymmetric crystallography and the inhomogeneous relativistic exchange interaction,
which was coined Dzyaloshinskii-Moriya interaction (DMI), can lower the skyrmion
configuration’s energy to be more energetically favourable than the uniform or the
ferromagnetic state across a specific magnetic field range. In 2001, Bogdanov and Ro6Rler
predicted the stabilization of skyrmions in magnetic thin films and multilayers by interfacial
DMI (IDMI) induced similarly by spin-orbit coupling (SOC) but with broken inverse symmetry
at the interfaces'®. The use of IDMI became a critical turning point that propelled the field of
magnetic skyrmion research into the room temperature regime and gained the significant

attention as potential nanoscale information carriers today.

A magnetic skyrmion can be visualized as a point of reversed magnetization in a
perpendicular ferromagnetic state, with a finite radius where the magnetization gradually

reverses in a chiral manner, as shown in Fig. 1.1. Two main types of magnetic skyrmions
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configurations are the Bloch skyrmions and the Néel skyrmions. The two configurations differ
in how the magnetization vector rotates from its centre to the peripheral uniform state. A Bloch
skyrmion is also known as the ‘swirling” or ‘vortex’ configuration; its magnetization rotates
perpendicular to the plane between the opposite magnetizations. A Néel skyrmion, referred to
as the ‘spiky’ configuration, has its magnetization rotating parallel to the plane between the
opposite magnetizations!”!8, The magnetic skyrmion configuration is determined by the
interactions and conditions stabilizing them and are not exclusively restricted to being either
the Bloch or Néel; they can also be in intermediate states. In the simplest terms, the stabilization
of magnetic skyrmions is realized by the competition between the interactions favouring in-
plane (IP) or rotating magnetization and the interactions favouring perpendicular or
ferromagnetic magnetization. Bloch skyrmions are generally stabilized by dipolar interaction
and bulk-DMI (BDMI), while Néel skyrmions are mainly stabilized by IDMI. Detailed

discussion on the stabilization of magnetic skyrmions is given in Chapter 3.1.

4 & AN SRR T4t
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Figure 1.1] Two general magnetic skyrmion configurations: Bloch skyrmion (left) and Néel skyrmion
(right).

In 2009, the first experimental evidence of magnetic skyrmions was published by
Miihlbauer et al. in MnSi using neutron scattering data at low temperatures just below 30K*°.
The cubic B20 crystal structure of MnSi with the lack of space-inversion symmetry induces
the chiral spin-orbit interaction, BDMI, favouring rotating or non-linear adjacent spins
arrangement. Hence, the magnetic configuration of MnSi in the absence of a magnetic field is
the helical structure with a chiral periodic rotating structure, as shown in Fig. 1.2(b). With a
magnetic field, magnetization is tilted in the magnetic field direction and leads to the transition
into the conical phase, as shown in Fig. 1.2(b). Magnetic skyrmions are stabilized in the range
of conditions referred to as the A phase in Fig. 1.2(a). The small-angle neutron scattering

(SANS) results at the A phase shown in Fig. 1.2(c) showed a consistent long-range sixfold
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intensity pattern perpendicular to the magnetic field regardless of the sample orientation,
presenting the magnetic skyrmion lattice decoupled from the atomic lattice. Figure 1.2(d) gives
the predicted real space magnetic configuration in the A phase without direct imaging. In work
shortly after, the Hall effect measurement of MnSi in the A phase returned additional signal
unaccounted for by the ordinary Hall effect or anomalous Hall effect?® (AHE). The additional
Hall voltage aligned closely with the expected magnitude of topological Hall effect (THE) from
a chiral skyrmion lattice with the skyrmion density measured using SANS®. With both these
works, the magnetic lattice configuration detected by SANS in MnSi was unambiguously

identified to be the topological lattice of magnetic skyrmions.
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Figure 1.2| First experimental detection of magnetic skyrmions. (a) Magnetic configuration phase
diagram across magnetic field and temperature®®. (b) Helical and conical phase structure. (c) Sixfold
neutron small-angle scattering intensity pattern in the A phase for random orientation of the sample®®.
(d) Real-space depiction of magnetic configuration in the A phase®®.

Op.
au(A7)

Skyrmion observation had been challenging and was only achieved approximately 20
years after its first proposal due to the stringent conditions required to stabilize them, as seen
in Fig. 1.2(a). The A phase exists only in a small pocket of magnetic field and temperature.

The stabilization of skyrmion requires the combination of DMI that is typically weak with a
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similarly weak Heisenberg exchange interaction. Hence, the A phase was found in materials
with low Curie temperature like MnSi. Following the first skyrmion detection in MnSi‘®2, the
discovery of magnetic skyrmions in many other materials with the same B20 crystal structure
like FeGe?*?", Fe1xCoxSi?®3l, MnxCo01xSi*?3, MnixFexGe*, and insulating multiferroic

ferrimagnetic Cu,0Se03?335-%"

The first direct real-space observation of magnetic skyrmions was performed by Yu et.
al. using Lorentz transmission electron microscopy (LTEM) on FeosC0o5Si thin film in 20102,
The LTEM images in Fig. 1.3(a) and (b) shows the IP spin configuration, essential in proving
the topological nature of the circular domains, previously inaccessible using the combination
of SANS?® and Hall effect?® results. The range of magnetic field and temperature stabilizing
magnetic skyrmions was significantly widened for a thin film compared to its bulk, as shown

in Fig. 1.3(c) due to substantially larger demagnetization effects®2°.

Experimental

FM + SkX

25 30 35
TK)

Figure 1.3| Experimental Lorentz transmission electron microscopy real-space images of (a) helical and
(b) skyrmion crystal in FeosC0o5Si. (¢) Phase diagram of magnetic structure in FeosC0o5Si.?

The milestone of magnetic skyrmion observation paved the way for exciting
developments in scientific research of their topological properties and exploration for their
possible technological applications. Abundant physics surrounding the stabilization of
magnetic skyrmions and their emergent interactions arising from its topological structure with
magnetic, electrical, thermal, mechanical, and even chemical remain to be explored. These
early observations of magnetic skyrmions detected in material with B20 crystals presented
several main challenges for technological applications. The stringent conditions required for
stabilization with low Curie temperature, and narrow range of magnetic field and temperature,

limits their viability for room-temperature devices.
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Besides the investigation on skyrmion stability, early experiments on current-induced
skyrmion motion revealed surprisingly low pinning current in the order of 10° A/m? for
MnSi%383% and FeGe?, giving them a stark advantage over domain walls that typically has a
pinning current of 10* A/m?. The first experimental demonstration involved the current-
induced rotation of the skyrmion lattice under a slight temperature gradient observed using
SANS®, Further work using LTEM to image skyrmion motion in FeGe also showed similar
order of pinning current?®. A moving lattice of skyrmions induced an emergent electric field
detectable via the Hall voltage®® and revealed a similar pinning current of 10® A/m2. The low
pinning current in skyrmions further boosted their prospects as nanoscale information carriers
over their close rival, domain wall. Even though skyrmions have significantly lower pinning
current than domain walls, similar current densities are still required to drive both at

comparable velocities?’.

1.2 Room-temperature magnetic skyrmions

The next milestone in magnetic skyrmion research was stabilising magnetic skyrmions
in magnetic thin films and multilayers using IDMI at a heavy metal (HM) and ferromagnet
(FM) interface. The IDMI strength induced at the HM/FM interface due to the strong SOC in
the HM layer can be at the order of the exchange interaction sufficient to stabilize magnetic
skyrmions at room temperature. Hence, the temperature ceiling limited by the Curie
temperature of BDMI materials, typically in the tens of Kelvin, was overcome, and room-

temperature magnetic skyrmions were made easily accessible.

Even though IDMI-stabilized magnetic skyrmions were first reported earlier in 2011 in
monolayer Fe films on Ir(111) surface*® and followed by PdFe bilayer on Ir(111) in 2013%,
these films were still required low temperatures and epitaxial film growth by molecular beam
epitaxy, which was not suitable for industrial production. Beyond 2015, the range of material
stabilizing magnetic skyrmion expanded by utilizing IDMI in HM/FM thin films and
multilayers fabricated by sputtering, a fabrication technique already extensively used in the
semiconductor industry. The variety in HM offered many opportunities to explore the different
magnetic skyrmions stabilized using different combinations of HM/FM. Examples of HM/FM
thin films include Ta/CoFeB/Ta0*, Ir/Co/Pt*, Pt/Co/MgO*, Pt/Co/Ta*, Pt/CoFeB/MgO**46,
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Ta/CoFeB/MgO*" and Pt/Co/Fe/Ir*®°, Two HM layers typically sandwich the FM layer to

optimize IDMI, as seen in the list of examples.

The room temperature magnetic skyrmions in thin films and multilayers coupled with
their production-ready fabrication technique, sputtering, the technological implementation of
magnetic skyrmions were brought much closer within grasp. Opportunities to investigate
magnetic skyrmions widen significantly with the relative ease in sputtering these materials and
experiments being possible under ambient conditions instead of cryogenic ones. Skyrmion
research quickly branched and progressed on all fronts to bring the first magnetic skyrmion
based technological device, also referred to as skyrmionic devices, into reality. Thus, a
complete understanding of the physical phenomena surrounding the properties and

manipulation of skyrmions is necessary.

First, the most crucial criterion is the stability of the magnetic skyrmions. The HM/FM
structure also provided an advantage on this front. Magnetic anisotropy, dipolar and DMI are
all tunable by choice of material and their thickness. The tuning of these interactions can
provide magnetic skyrmions of suitable stability for their desired applications. Different extent
of skyrmion stability will determine the skyrmion phases between isolated skyrmions and
skyrmion lattices. A new characterization technique of skyrmion phases using the first-order

reversal curve distribution was introduced in this thesis and discussed in Chapter 6.

Second, a reliable technique of nucleating and annihilating single skyrmions will be
crucial in most skyrmionic devices. The use of skyrmions as information carriers ideally utilize
each skyrmion as a single bit of information instead of a cluster or lattice of skyrmions.
Nucleation techniques pursued primarily use electrical current injections to integrate with
electronics for control of the device*?®>*, Various other skyrmion nucleation techniques such
as tilted magnetic fields®8, laser illumination®®%1, X-ray®?, electric field®*%*, and strain®-5’
were also explored. The demonstration of both skyrmion nucleation and annihilation using a
unipolar current injection via skyrmion-stripe transformations and its mechanism is presented

in Chapter 7 of this thesis.

Third, precise control and motion of magnetic skyrmions. Similar to nucleation

techniques, electrical current injection is the primary method of choice to propagate skyrmions.
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The HM/FM structure brings a complementary advantage for skyrmion propagation using spin-
orbit torque (SOT) induced by spin current injection from the adjacent HM layer into the FM
layer under an in-plane current injection. Even though SOT has better efficiency in driving
skyrmions compared to just spin-transfer torque (STT) in the FM layer, the general use of
electrical current remains energetically consuming and not ideal. Hence, a new approach to
driving skyrmions using voltages instead of current was introduced to reduce skyrmionic
devices' energy costs. In addition, skyrmion propagation also involves a special phenomenon
induced by its topological configuration, the skyrmion Hall effect, where skyrmions travel with
a transverse velocity relative to their driving force. The skyrmion Hall effect causes skyrmions
to be driven towards the edges of nanotracks and annihilate at sufficiently high speeds. The
synthetic antiferromagnet (SAF) structure for skyrmions was proposed to mitigate the
skyrmion Hall effect using the restoring force between a pair of antiferromagnetically coupled
skyrmions. Incorporating SAF skyrmions in a voltage-driven system, an analytical model for
the dynamics of SAF skyrmions on a magnetic anisotropy gradient was developed and

presented in Chapter 8 of this thesis.

Finally, a reliable detection technique for single or clusters of skyrmions is necessary.
Typical electrical means of magnetic domain detection are magnetoresistance and Hall voltages.
A magnetic tunnel junction (MTJ) structure fabricated above a segment along a nanotrack uses
the change in tunnelling magnetoresistance (TMR) when a reversed domain is driven across it.
Similarly, a Hall bar fabricated across a small segment along a nanotrack uses the change in
Hall voltage due to AHE to detect the existence of reversed domains at its junction. A possible
alternative to TMR is the tunnelling non-collinear magnetoresistance (NCMR) to simplify its
structure by removing the need for a reference magnetic layer®®. NCMR is a form of
magnetoresistance induced by the non-collinearity of the spin structure of the skyrmion, i.e.
the rotating segment of the skyrmion around its core. These detection techniques cannot
directly prove the topological nature of the domain detected. The topological Hall effect (THE)

is one technique that can definitively identify topological spin textures.
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1.3 Objective of this thesis

This thesis aims to advance the understanding of magnetic skyrmions for the
technological development of skyrmionic devices. Therefore, the objectives are tailored to
investigate several key aspects and processes, including skyrmion stability, nucleation,
annihilation, and motion, necessary for the functions of most skyrmionic devices. The main

objectives of this thesis are as follows:

1)  Develop a model skyrmion stability and phase characterization via the first-order

reversal curve technique.

2)  Demonstrate skyrmion nucleation and annihilation by unipolar current injection via

current-induced skyrmion-stripe transformation.

3) Formulate a model for dynamics of synthetic antiferromagnetically coupled

skyrmion motion on a magnetic anisotropy gradient.
The remainder of this thesis is organized as follows:

Chapter 2 provides background information that includes magnetism fundamentals,

interactions, and dynamics helpful in understanding the rest of the thesis.

Chapter 3 discusses the literature review of magnetic skyrmions that includes skyrmion
material, stabilization mechanism, nucleation, control, motion, and detection techniques

applicable to skyrmionic technologies.

Chapter 4 describes the experimental techniques performed in this thesis, including
sputtering, electron beam lithography, ion beam etching, vibrating sample magnetometry,

magneto-optical Kerr microscopy, and electrical Hall resistance measurement.

Chapter 5 describes the numerical techniques employed for the micromagnetic
simulation work on synthetic antiferromagnetically coupled skyrmion dynamics on a magnetic

anisotropy gradient.

Chapter 6 presents the characterization of skyrmion phases and transformations based on

the first-order reversal curve technique. Using temperature modulation to vary skyrmion
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stability and Kerr imaging, a new form of analysis of the first-order reversal curve diagram
based on the sweeping field was introduced and applied in a model for skyrmion stability and

phases.

Chapter 7 presents a new skyrmion density modulation technique driven by current
density control. The reversible transformation between skyrmion and stripe domains induced

by current injection was investigated, and their corresponding mechanisms were revealed.

Chapter 8 presents the analytical analysis of the synthetic antiferromagnetic skyrmion
dynamics driven by a magnetic anisotropy gradient. The accuracy of the analytical expressions

was supported by numerical results.

Chapter 9 summarizes this thesis's main findings and conclusions and proposes several

future works on magnetic skyrmion towards technological development.
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Chapter 2 Magnetism Background

This chapter provides the fundamental magnetic background helpful in understanding the
remaining parts of the thesis. Readers with adequate magnetism background may proceed

directly to Chapter 3 for the detailed review on magnetic skyrmions.

2.1 Magnetism

Magnets and magnetism are essential and integrated into many aspects of our lives today.
In our homes, we have magnets used to hold notes on the refrigerator, keep cupboard doors
closed firmly, and spin the fans' blades. There are also less visible but essential magnets in the
speakers, microphones, and hard disk drives in our computers. In hospitals, we have magnetic
resonance imaging that lets us image our internal organs safely and unintrusively. In our
transport system, we have magnetically levitated high-speed trains achieved by letting go of
the traditional wheel-based trains. Finally, the Earth is also a giant magnet; thus, we have

magnetic compass needles aligning towards the geographical north pole.

We begin with an intuitive picture of magnetism close to our daily lives. From a typical
first interaction with magnets like the disc refrigerator magnets, we can deduce that magnets
are attracted to certain “magnetic” items like the refrigerator wall and paper clips but not other
“non-magnetic” items like wooden furniture or brick wall. When playing around with a pair of
magnets, one will quickly realise they not only attract but also repel against one another,
depending on how you orientate them. Thus, there exist directionality or polarity in its
behaviour. By adopting the directionality associated with the magnetic compass, the polarities
are named the north and south poles. The attraction and repulsion arise from the alignment of
opposite poles and like poles, respectively. However, both faces of the disc magnet are attracted
to the refrigerator wall, regardless of polarity. This observation implies the idea of magnetic
induction, where magnets can induce an opposite polarity on another “magnetic” material in
proximity. In addition, these “magnetic” items like paper clips do not attract each other but are
attracted to magnets. Hence, these magnetic properties seemingly can be created, changed, and

annihilated.
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While the attractive and repulsive magnetic properties can disappear at times, nothing is
physically created or annihilated. A magnet consists of numerous microscopic magnets of
atomic origin that form internally co-aligned fragments, referred to as domains. Depending on
how all the domains are aligned, they can complement each other to exhibit magnetic forces or
cancel each other to show no force, like that between paper clips. The disc magnets that show
sturdy polarity and magnetic force are referred to as hard magnets. On the other hand, paper
clips are referred to as soft magnets because an external magnetic field easily reorients their
domains. Soft magnets also easily return to an unoriented state showing little to no magnetic

force after the hard magnets are removed.

Beyond the simplistic categorization of “magnetic” and “non-magnetic” materials, all
materials are magnetic in the sense that they exhibit a response under magnetic fields, just that
the response may be minuscule and not easily observable. Materials can be categorized into
five main categories: ferromagnet, ferrimagnet, antiferromagnet, diamagnet, and paramagnet*2.
Ferromagnets and ferrimagnets are the categories of materials associated with the layman’s
description of “magnetic” material due to their strong response to magnetic fields and easily
observable magnetic forces. Ferromagnet and antiferromagnet describe the atomic magnetic
moments’ behaviour of favouring parallel and antiparallel alignment. The parallel alignment
in ferromagnets complement each other to generate a larger total magnetic moment, and the
opposite is true for antiferromagnets. Ferrimagnets are compounds that have an unbalanced
antiparallel alignment of magnetic moments, giving a weaker but non-zero total magnetic
moment. Paramagnets has atoms with randomly oriented magnetic moment across the material.
Thus, not generating any total magnetic moment as a whole material. The magnetic moments
in paramagnets only begin to align parallel under substantial magnetic fields. Diamagnets do
not contain atoms with a magnetic moment and only produce a minuscule magnetic moment
that aligns antiparallel to very strong magnetic fields. Hence, the study of magnetic materials
for technological applications focuses on ferromagnet, ferrimagnet, and antiferromagnets that

exhibit magnetic interactions and order under small or no magnetic fields.

Before delving into the origin of magnetic moments in the materials, we will first discuss

the close relationship between electrical charges and magnetic fields that will form the
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framework explaining atomic magnetic moments. Charged particles like electrons experience

a force under magnetic fields named the Lorentz force lfq given by,

F, =dE+qV,xB, (2.1.1)

a
where q is the particle’s electrical charge, E is the electric field strength, \7q is the velocity of
the charged particle, B is the magnetic flux density. Equation 2.1.1 gives the force exerted by
an electric field and magnetic field in the first and second terms. On the other hand, a moving
charged particle, which is most easily found as electrical currents in a conducting wire, also
generates a magnetic field in space around itself, quantified by the Biot-Savart law,

dB =%, (2.1.2)

where 4, is the permeability of free space, | is the electrical current magnitude, dL is the

A

infinitesimal length of the wire, f is the direction from the dL element to the position of
interest in space, and r is the distance between the dL element and the position of interest in
space. Equation 2.1.2 is useful as a generalized equation for complex configurations of
electrical currents. For a more straightforward case of a straight wire, the Ampere’s law can be

applied and is given by,

L B-dl =l , (2.1.3)

where the integral is performed around a closed loop orientated on the plane perpendicular to
the current direction, and dl  is the infinitesimal length around the same closed loop. Equation
2.1.3 gives a helpful picture of the magnetic field generated being orientated circularly on the
plane perpendicular to the current with a decreasing magnitude as it gets further from the
current-carrying conductor. The direction of the circular magnetic fields is also fixed and easily
deduced using the right-hand grip rule. With the thumb directed along the current direction, the
remaining fingers in the gripped state point along the magnetic field direction around the wire.
Most crucially, we focus on the case for a wire in a loop. A circular current flow generates a
magnetic field perpendicular to the loop plane, analogous to a physical magnet. The wire can
be looped many times into a solenoid to achieve stronger magnetic fields and used as an
electromagnet where the magnetic field is generated and controlled by applying an electrical

current through the solenoid.
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With the critical picture of moving charges as the source of magnetic fields, we return to
the origin of magnetic moments in an atom. The atomic magnetic moment arises from two
sources: the electron itself and the orbital motion of electrons around the atomic nucleus.
Electrons with their intrinsic angular momentum named spin, and their electrical charge
generate the magnetic moment. Contrary to the name spin used to describe the electron’s
intrinsic angular momentum, a simple picture of electrons having charges accumulated on its
surface and spinning about an axis is inaccurate as the charges will require unphysical
velocities. Spin is an intrinsic property of electrons whose origin is not yet fully elucidated®*.
Within the atom, electrons move around the atomic nucleus within regions referred to as
orbitals where there is a high probability exceeding 90% of finding the electron. The angular
momentum associated with the orbital motion coupled with the charged electron provides the
second source of the atomic magnetic moment. Note that the term orbital does not imply
electron motion following circular orbits. Atomic orbitals exist in different shapes like
spherical, dumbbells, etc. Not all electron orbitals have non-zero angular momentum. Only the
set of degenerate orbitals that are not precisely half-filled or fully-filled has a finite angular
momentum. Hence, the magnetic properties of the atom are closely tied to its electronic

configuration2>,

2.2 Magnetic interactions

The magnetic moments and angular momentum within each atom undergo various
magnetic interactions discussed in this section. The combination of these interactions results in
many different configurations and states like skyrmions and other magnetic textures that will

be discussed in Chapter 3.1.

2.2.1 Heisenberg exchange interaction

The essential magnetic interaction that allows for the ordered magnetic moments in a
material is the Heisenberg exchange interaction between the atoms®. The Heisenberg exchange

interaction’s energy is given by,

Eex Z_Jex(al'gz)v (221)
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where J, is the exchange integral, §1 and §2 are the spins of the interacting atoms. From Eq.
2.2.1, the Heisenberg exchange interaction favours either the parallel or antiparallel alignment
of adjacent atoms. The positive and negative sign of J,, determines the ferromagnetic and
antiferromagnetic nature of the interaction, respectively. Ferrimagnetic materials have a
negative J., but unequal spin magnitude between the interacting atoms, found in compounds

with a mixture of different elements’.

The Heisenberg exchange interaction competes with a disorder caused by thermal energy.
Above the temperature named the Curie temperature T, , a ferromagnetic material transitions
into a paramagnet where the magnetic moments no longer exhibit order and generate little to
no total magnetic moment in the material®. The Heisenberg exchange interaction arises from
the quantum mechanical effect of particles with overlapping wave functions, where the term
exchange here refers to the swapping of indistinguishable particles. The condition of
indistinguishability requires the system to remain unchanged before and after the swapping of
particles. With the inclusion of Pauli’s exclusion principle that restricts particles from
occupying identical states in both spin and spatial states, the spin alignment dependent energy

manifests even without considering spin interaction®.

2.2.2 Dzyaloshinskii-Moriya interaction

Dzyaloshinskii-Moriya interaction (DMI) is described by a 3-site indirect exchange

mechanism between two magnetic sites with a third atom with strong spin-orbit coupling, given

by,
Eow =—Dp(5,xS,), (2.2.2)

where 512 is the DMI vector and its magnitude referred to as the DMI strength. Comparing
DM to the Heisenberg exchange interaction, the stark contrast lies in the cross product between
the atomic spins in Eq. 2.2.2 instead of the dot product in Eq. 2.2.1. Thus, DMI not only favours
a perpendicular alignment between adjacent spins but also with a fixed handedness. The
handedness will be critical in fixing the chirality of domain walls to stabilize topological
structures and inhibit the formation of non-topological ones. Thus, the first observations of
magnetic skyrmions were performed in materials with DMI*%%5, The importance of DMI in the

role of skyrmion stabilization is detailed in Section 3.1.
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DMI was first proposed by Dzyaloshinskii as an antisymmetric spin-coupling interaction
to account for the weak ferromagnetism observed in antiferromagnetic crystals of Fe2Os and
MnCOg3'®. Moriya later formulated E,, by the inclusion of spin-orbit interaction using
Anderson’s formalism for microscopic magnetic model'”*8, Thus, this interaction was later

named after the key contributions by both scientists.

2.2.3 Dipole-dipole interaction

The magnetic dipole-dipole interaction (DDI) describes the interaction between the
magnetic field exerted by one magnetic dipole on another magnetic dipole, where each electron
or atom can be viewed as a magnetic dipole that would generate the identical magnetic field.
This interaction is also referred to as demagnetizing interaction and magnetostatic interaction
that stems from the same idea. The magnetic field exerted by one magnetic dipole would favour
the antiparallel alignment of another magnetic dipole, leading to the minimization of stray

magnetic fields and demagnetizing effects.
The potential energy of a dipole under a magnetic field is given by,

Eooi =—#- B (2.2.3)

int ?

where i is the magnetic dipole moment and B, is the internal magnetic flux density

int
generated by the material itself. To evaluate the total energy cost of DDI, the energy of each
dipole due to the magnetic field of every other magnetic dipole needs to be considered due to
its long-range nature compared to the Heisenberg exchange interaction and DMI where only

nearest neighbours are relevant?.

2.2.4 Magnetic Anisotropy

Magnetic anisotropy refers to the directional preference of magnetic moments. It exists
in various forms like magnetocrystalline anisotropy, shape anisotropy, interfacial magnetic
anisotropy, and stress anisotropy. Two main orientations of magnetic anisotropy important for
magnetic skyrmions are the uniaxial perpendicular magnetic anisotropy and in-plane magnetic

anisotropy. The uniaxial perpendicular magnetic anisotropy energy is given by,

Ex, =—[K,m dV, (2.2.4)
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where K, is the magnetic anisotropy strength, and m, is the normalized perpendicular

magnetic moment component*®.

Perpendicular magnetic anisotropy can be found in magnetic thin films and multilayers
like Pd/Co, Pt/Co, Au/Co, Ir/Co, Ru/Co?>?!, The long-range DDI generally contributes to an
in-plane magnetic anisotropy in the bulk of thick films, while the broken symmetry at interfaces
induces a perpendicular magnetic anisotropy of spin-orbit interaction origins®. Thus, the
transition from an in-plane to perpendicular magnetic anisotropy can be found in those
magnetic multilayers with decreasing thickness??. The interplay between the in-plane and
perpendicular magnetic anisotropy will later become a critical component in stabilizing

magnetic skyrmions discussed in Chapter 3.12%2°,

Apart from the metallic multilayers, magnetic metal/oxide interfaces were later
discovered to display strong perpendicular magnetic anisotropy despite the lack of strong spin-
orbit interactions in oxides. Examples of these oxides include AlOx, MgO, TaOx, and HfOx?"%8,
The perpendicular magnetic anisotropy in these systems alternatively arises from electronic

hybridization between the magnetic transition metal orbit with the oxygen across the interface™®.

More importantly, the perpendicular magnetic anisotropy at the magnetic metal/oxide
interface was demonstrated to be tunable by applying a voltage across the insulating interface,
referred to as voltage-controlled magnetic anisotropy (VCMA)?°3 VCMA has opened
avenues for ultralow current-induced magnetization reversal for magnetic tunnel junction
technologies®!. Similarly, VCMA is a valuable tool for possible application in low energy
skyrmion nucleation®2%, By further exploiting VCMA to form a magnetic anisotropy gradient,

we propose a pure voltage-driven scheme for skyrmion propagation presented in Chapter 7.

2.2.5 Zeeman Interaction

The Zeeman interaction refers to the potential energy of the magnetic moment in an

external magnetic field, given by,

' Bext 1

E, =-

Zee

(2.2.5)

!
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where zi is the magnetic moment, and B,,, is the magnetic flux density generated externally
applied onto the material. From Eq. 2.2.5, the relation is simple and displays the preference for

alignment of magnetic moments along the magnetic field direction®3,

2.2.6 RKKY Interaction

The Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction is an indirect exchange
interaction spanning several lattice sites via free itinerant conduction electrons, unlike the direct
electron orbital overlap for the Heisenberg exchange interaction®”°, The indirect exchange
interaction takes a similar form given in Eq. 2.2.1 where the exchange constant is oscillatory
with the distance between the atoms and even possibly changes sign. Thus, one atom can have
ferromagnetic coupling with the nearest atom but antiferromagnetic coupling with another
atom at a further distance. The oscillatory behaviour is critical for competing interactions that
is one of the means to stabilize magnetic skyrmions. The RKKY interaction is also applied in
the formation of synthetic antiferromagnets. In a synthetic antiferromagnet, two ferromagnetic
layers sandwich a metallic layer with itinerant electrons like iridium and ruthenium that
displays RKKY interaction. By tuning the metallic layer thickness, the two ferromagnetic

layers can achieve either ferromagnetic or antiferromagnetic coupling*-42,

2.3 Magnetization Dynamics

Magnetization dynamics were first modelled by Landau and Lifshitz following the

expression,

E=—|7/|I\7I><I:|eﬁ —|Mi|sl\7| X(Mxﬁeﬁ), (2.3.1)
where M is the magnetization vector, » is the gyromagnetic ratio, H,, is the effective
magnetic field, 1 is a phenomenological constant of the material. Note that the modulus terms
are added to avoid confusion due to the occasional conflicting sign conventions of these two
terms. Magnetization refers to the effective magnetic moment per unit volume. All the internal
magnetic interactions can be condensed into an effective magnetic field included in H., .
Magnetization dynamics are characterized by two main processes, precessional motion and

damping, represented as the first and second terms in Eq. 2.3.1.
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The magnetization precessional instead of a linear one with the effective magnetic field
is in analogy with the precessional motion of a spinning gyroscope under a torque. For an
intuitive picture of the precessional motion in a magnetic field, we return to the source of the
magnetic moment being associated with a charged particle with angular momentum or a set of
magnetic dipoles. A torque orientated perpendicular to the magnetization and magnetic field
instead of a net force will be exerted on the magnetization in both these scenarios. Thus, the
evolution of magnetization associated with the angular momentum follows this torque direction

corresponding to a precessional motion.

The precessional motion does not proceed indefinitely and is accounted for by the
phenomenological damping term in Eq. 2.3.1. The damping process physically arises from
dissipative processes. From Eq. 2.3.1, the damping torque is perpendicular to the precessional
torque and M , and points towards the H.. . Thus, this torque diminishes the precessional
motion over time and aligns M along H., eventually. As both precessional and damping

torques being always orthogonal to M , the magnitude of M is always preserved.

Gilbert later introduces the damping term alternatively as a viscous source, given by,

oM s o oM
E=—|}/| M x H, +I|VI—||\/| X (2.3.2)

S

where « is the Gilbert damping parameter. Again the modulus terms are used to avoid
confusion due to the sign convention of those terms. Equation 2.3.2 can be expressed into a

similar form as that proposed by Landau and Liftshitz, given by,

Ny ay| oo
M __ I WMX(MxHEﬁ), (2.33)

o 1+d’ M Fler -

where the difference lies in the pre-factors of the two terms*. The Gilbert form of the
magnetization dynamics provides a more accurate, and thus used as the prime equation referred

to as Landau-Lifshitz-Gilbert (LLG) equation®**,

The discussion on the conversion of the internal magnetic interaction and external
magnetic fields are presented in Section 4.3.1, while current-induced magnetization dynamics

are presented in Section 4.3.2. Thus, these items are omitted in this section.
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Chapter 3 Review of Magnetic Skyrmion Stabilization, Control,

and Applications

In this chapter, a literature review of the magnetic skyrmions is consolidated. Section 3.1
discusses the topological property of skyrmions, and the range of different configurations
considered skyrmions mathematically. This section discusses the different stabilizing
interactions, conditions, and materials in which the different types of skyrmions are observed.
Section 3.2 presents skyrmion nucleation techniques. Section 3.3 presents the various forms of
skyrmion excitations and responses crucial for reliable control of skyrmions. Section 3.4
presents the experimental techniques used in the imaging and detection of skyrmions. Section

3.5 presents the proposed technological application of skyrmions.

3.1 Skyrmion Properties & Stabilization

In this section, the topological nature and corresponding range of possible configurations
of skyrmions are described mathematically. Magnetic skyrmion materials are presented and
categorized based on their configuration and the dominant magnetic interactions stabilizing
them, including BDMI, IDMI, DDI, and frustration. In addition, other conditions such as
temperature, pressure, magnetic field, electrical field, geometrical constraint, and strain also
play a role in stabilizing skyrmions. Finally, the metastability of magnetic skyrmions outside
of their thermodynamically stable conditions critical for technological applications is discussed.
The origin of skyrmion stability not only from an energy barrier but also significant entropic

contributions are highlighted.

3.1.1 Topology

The stability of magnetic skyrmions had been closely linked to the topological
configuration of their vector field of magnetic moments. In mathematics, topology refers to the
study of geometric properties preserved under continuous deformations such as stretching,
twisting, and bending without tearing. An example of a pair of topologically equivalent two-
dimensional shapes is an ellipse and a circle that can be transformed into each other by
stretching. Another less intuitive example of topologically equivalent shapes is a doughnut and

coffee mug. As shown in Fig. 3.1.1, a doughnut can be transformed into a coffee mug by
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deforming the side of a doughnut into a cylindrical section and subsequently depressing the top
face to form the mug’s body. As deformations can perform this transformation without tearing,
a doughnut and coffee mug are topologically equivalent. The critical implication here is that
transformations between topologically inequivalent geometries cannot be achieved by

continuous deformation alone and hence offers additional stability to the incumbent geometry.

o J X X-Ye

Figure 3.1.1| lllustration of the topological equivalence between a doughnut and coffee mug through a
process of continuous transformations®.

For two-dimensional magnetic skyrmions on a film, its topology is quantified by the

winding number, also known as skyrmion topological number N given by
j j (—x—j dxdy | (3.1.1)

where rﬁ(x, y) is the normalized magnetization with the magnitude of 1 . This expression
computes the number of times M wraps around a unit sphere. Hence the structure of a skyrmion
have N, of +1. In contrast, the winding number of a plane with uniform magnetization is 0.
Thus, continuous transformations between these two states are prohibited, and skyrmions can
resist annihilation by minor deformations. This stability arising from the geometry or

configuration of the skyrmion is referred to as topological stability.

Theoretically, a skyrmion described by a continuous vector field is topologically
protected because its annihilation requires the transformation into a topologically trivial state.
However, full topological protection is broken in real physical magnetic systems due to the
discretized magnetic moments at the atomic scale. Even so, a finite energy barrier that

suppresses the annihilation process remains and offers topological stability®®.

3.1.2 Skyrmion Configuration

The magnetization m:(mx,my,mz) configuration of a two-dimensional skyrmion is

preferably described by polar coordinates over cartesian coordinates given the skyrmion’s
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circular symmetry’. The assumption of circular symmetry is valid for a magnetic skyrmion at
equilibrium without an in-plane magnetic field. The transformation of spatial coordinates

between cartesian r(x,y) and polar ¥ (r,¢) coordinates is given by,
X=rcosey , y=rsing, (3.1.2)

where I is the radial distance from the centre of the skyrmion, and ¢ is the azimuthal angle in

space. The direction of m(@,¢) vector is described using spherical coordinates given by,
m(6(r,¢),4(r,¢))=(sinOcos 4,sin Gsin 4,cos ) , (3.1.3)

where @ is the polar angle and ¢ is the azimuthal angle of the vector.

With the assumption of circular symmetry, the dependence of &(r, (p) and ¢(r,¢) are
both simplified to &(r) and ¢(¢p) respectively. By substituting m(6&(r),4(p)) into the Eq.
3.1.1 we obtain

Ny === [eoso(r)] S [4(o) ]2 (3.1.4)

where R corresponds to the radial distance at which m becomes fully antiparallel to its core.

The term [cos@(r)]:: = +2 depends on the polarity or orientation of the skyrmion core. A

o

core in the positive Z direction returns the value of -2 and vice versa. The term

p=27r

[¢((p)]zz§” =127 depends on the skyrmion’s vorticity o defined as @ = [¢(¢)]¢:0 127 . @

describes the relative direction of change in the azimuthal angles ¢ and ¢ of space and

magnetization vector, respectively. o is +1 if they are unidirectional and -1 if they are in

opposite directions. Based on Eq. 3.1.4, an additional phase term » defined as the skyrmion

helicity can be introduced to ¢(¢) while conserving the magnitude of N, to give,
$(p,7)=wp+y, (3.1.5)

where y = (-, 7].

Figure 3.1.2 shows a list of topologically equivalent skyrmion configurations with
72{—72'/2,0,7[/2,72'}. Bloch and Néel skyrmions both have positive @ but differ in » as
shown in the first and third row of Fig. 3.1.2. Bloch skyrmions have y ={+7z/2,—z/2} that
manifest as clockwise (CW) or counterclockwise (CCW) vortex-like configurations, while

Néel skyrmions have y ={0,~} that manifest as spike-like configurations. It is important to
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note that skyrmions can have any » between —z and =z, and Bloch and Néel skyrmions are
merely nomenclature used to describe several specific cases of y . The second and final row of
skyrmions with negative » shown in Fig. 3.1.2 correspond to antiskyrmions. Antiskyrmions
are topologically equivalent to skyrmions but have alternating Bloch and Néel characters
around their core. The configuration of antiskyrmions is independent of » due to its rotational

symmetry, and hence are effectively characterized by its vorticity alone.
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Figure 3.1.2| lllustrations of magnetic skyrmions described by the skyrmion number N, , vorticity o,
and helicity y. The arrow denotes the spin direction while the color denotes the out-of-plane spin value,
where red is out of plane, white is IP and blue is into the plane?’.

The topological nature of skyrmions is also seen from the dependence of Ny on &(r)
in Eq. 3.1.4. N is always conserved assuming a monotonic function of &(r), &(r) can vary

over large values or small of r corresponding to expansion or contraction. In summary, o
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determines the topology of the skyrmion, y determines the extent of Bloch or Néel character
of the skyrmion body, and @(r) determines the skyrmion size and rate of switching from the

skyrmion core to its periphery.

Even though there is no exact analytical expression to describe &(r), several models
offer useful approximations, such as the 360° domain wall model”® and the Belavin-Polyakov
skyrmion model. In the 360° domain wall model®"!° the skyrmion configuration is
approximated as the summation of two overlapping 180° domain walls. A
one-dimensional domain wall profile’s polar angle 6,,, that switches from 0 to » along the

positive x axis is given by,

X—C . X—C T
0., (X,c,w)=2arctan| exp| —— | |=arcsin| tanh| — | |[+—, 3.1.6

where ¢ is the domain wall’s position defined as the position where 6, =7 /2 ,and w is the

domain wall width. The skyrmion configuration is then described by,
Oseo (1, Ry, W) =Gy (r =Ry, W)+ 6, (r+ Ry, W) -7, (3.1.7)
for skyrmion with positive polarity and,
Bseo (1, Ry, W) =Gy (r =Ry, W)+ 6, (r+ Ry W), (3.1.8)

for skyrmion with negative polarity, where R, is the characteristic size of the skyrmion. The
skyrmion radius R, typically defined as the distance from the skyrmion core where m, =0, is

related to R, by,
R, = In(sinh R+/sinh?R —1) . (3.1.9)

The 360° domain wall model has been demonstrated to accurately fit experimental skyrmion

configurations’.

On the other hand, the Belavin-Polyakov skyrmion model** offers a more simplified

expression given by,

R RZ 2
Oy = 2arctan [?) = arccos( R 2 ] : (3.1.10)
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Belavin and Polyakov analytically derived this solution by approximating the energy functional
of the skyrmion to only the strongest interaction, Heisenberg exchange interaction. This
approximation is valid for the case of isotropic ferromagnets where the other magnetic
interactions are insignificant. The other magnetic interactions like DMI, DDI, and Zeeman
interaction constitute perturbations to the Belavin-Polyakov skyrmion model under most
conditions. Hence, it has been commonly used in theoretical and analytical work to minimize
skyrmion energy functionals'?®. The simplification in Belavin-Polyakov removes the freedom
in w, resulting in poor modelling of larger skyrmions compared to the 360° domain wall
model, as illustrated in Fig. 3.1.3. The 360° domain wall model approaches the Belavin-

Polyakov model with increasing w.

1.0

= 360 Domain Wall
Belavin-Polyakov

T i T T T v T

3 -2 -1 0 | 2 3
Position (skyrmion radius)

Figure 3.1.3| Comparison of the magnetization profile based on the 360° domain wall model and Belavin
Polyakov model-based skyrmion profiles with a common skyrmion radius.

3.1.3 Bulk Dzyaloshinskii-Moriya Interaction Stabilized

The materials stabilizing magnetic skyrmions using predominantly BDMI induced by the
lack of space inversion symmetry in their bulk crystal structure includes several main groups:
B20-type compounds, S-Mn-type, and polar magnets. A wide variety of spin textures can be
found in BDMI materials apart from the most common Bloch magnetic skyrmions, such as
three-dimensional hedgehog-antihedgehog lattice®®, meron-antimeron lattice’®, Néel
skyrmions?, and antiskyrmions?'. Multiferroicity in Cu,0SeOs?? and polar magnets?® also
provides exciting possibilities for electric field control of these spin textures. The range of

skyrmion properties found in BDMI materials varies significantly with Curie temperature as
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low as 2 Kelvins?4% to temperatures well above room temperature?®, and sizes from hundreds

of nanometres down to 5 nm?’.

The earliest observations of magnetic skyrmions were performed on the group of B20-
type transition metal compounds in 2009%8, B20 compounds consist of transition metals such
as Mn, Fe, Co and group 14 elements such as Si, and Ge in a cubic crystal lattice with the P2:3
space group. A list of B20 compounds with reported skyrmion observations and experiments
are: MnSi?®0 FeGe*®3, MnGel83145458  Fe,C01,Sitt3%983  C0o1Sitdt, MnyFer-
xSi27316586 - M, C015Si?"3L, MnxFe1xGe® ™, Mn,Si1xGe™, FexCoixGe'*™. Table 3.1.1
provides a summarized list of these compounds with their transition temperature, modulation

period, and reported spin textures.

Most of the B20 compounds stabilize two-dimensional Bloch skyrmion lattices and share
a common magnetic field-temperature phase diagram in terms of the spin textures as shown in
Fig. 3.1.4(a), except MnGe and compounds close to its composition*8. The spin textures include
helical, conical, A-phase or skyrmion lattice, ferromagnetic and paramagnetic. In the absence
of a magnetic field, the helical state is stabilized for temperatures below the paramagnetic phase.
The helical state has a chiral winding of the spins perpendicular to its helix or propagation
vector q, arising from the competition between the exchange interaction and BDMI. Under an
applied magnetic field, the winding spins undergo a tilt towards the magnetic field described
as the conical state. Under increasing magnetic field, the tilt in the conical state increases and
transitions into the ferromagnetic state. The skyrmion lattice phase is found within a field
slightly above the helical phase and temperatures bordering the paramagnetic phase. The
orientation and sign of the BDMI fix the skyrmion helicity. The skyrmion spin structure is
generally invariant across the bulk and approximated to form skyrmion tubes, as shown in Fig.
3.1.4(b). The skyrmion lattice corresponds to the manifestation of the thermodynamically
stable superposition of three chiral helices induced by thermal fluctuations?®7475. These helices
are thermally driven into an ordered state with relative angles of 120° on a plane perpendicular
to the magnetic field where the three g sum up to the zero vector. Hence, the skyrmion lattice
phase are hexagonally arranged and described as the thermodynamically stable coplanar 3q

state, where the propagation vectors lie on the same plane.
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Figure 3.1.4| (a) General schematic of magnetic field-temperature spin phase diagrams of B20
compounds stabilizing two-dimensional skyrmions. (b) Structure of Bloch skyrmion tube through the
bulk of the crystal.

d

Figure 3.1.5] Magnetic configurations of (a) hedgehog, (b) antihedgehog, and (c) hedgehog-
antihedgehog cubic lattice?®.

MnGe and compounds close to this composition stabilize the skyrmion-antiskyrmion or
spin hedgehog-antihedgehog cubic-lattice, in short, hedgehog lattice (HL) as shown in Fig.
3.1.5(a)—(c)*®. HL comprises three orthogonal helices and is also known as the cubic 3q-HL.
The 3g-HL state dominates the phase diagram apart from the ferromagnetic and paramagnetic
states. A superposition of 4g-HL where the helices align in the apical directions of a tetrahedron
was observed in MnSii-xGex'® for 0.3 < x < 0.6. The tetrahedral 4q-HL corresponds to a face-
centered-cubic array of hedgehogs and anti-hedgehogs. The helical periods of these 3g-HL and
49-HL were extremely small at 2.0 nm to 3.0 nm and cannot be accounted for by just the

competition of BDMI and the ferromagnetic exchange interaction. Several other interactions
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like magnetic frustration and Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction had been

proposed as possible mechanism’®, but the complete understanding awaits further investigation.

One of the first bulk materials reporting the observation of skyrmions besides B20
compounds is the ferrimagnetic insulator Cu,0SeOz with the same space group as the B20
compounds and exhibits a spin texture phase closely resembling B20 compounds?. A
disordered skyrmion phase and tilted conical phase was revealed in Cu.0SeOs at low
temperatures and high magnetic fields applied in the (100) direction®"". Its multiferroicity

with both magnetic and dielectric order gained significant attention for investigations of

magnetoelectric coupling effects?23576-9,

Figure 3.1.6] Magnetic configuration of (a) meron, (b) antimeron, and (c) meron-antimeron square
lattice?®.

B-Mn-type compounds such as CoZnMn alloys and molybdenum nitrides®” were the next
class of bulk materials reporting skyrmion observation beyond the B20 compounds and
Cu20Se0s. f-Mn-type compounds have the cubic chiral space group P4:32 or P4332, which
are non-centrosymmetric like B20 compounds where BDMI can be induced. Bloch skyrmions
were found in a wide range of C010-x2ZM0-2Mn*971% alloys for x <6°7, with transition
temperatures up to 400 K. Frustrated magnetism at low temperatures for Co1o-x2Zn10-x2Mnx
where 3 < x < 719192 forms a new three-dimensional disordered skyrmion phase at low
temperatures disconnected from A phase. CogZngMns also reported a meron-antimeron square
lattice stabilised by IP magnetic anisotropy can be transformed into the Bloch skyrmion lattice
by applying perpendicular magnetic fields®. With the substitution of Co by Fe, the Cos.
«FexZnsMn4'® alloys have diverging magnetic modulation period due to decreasing BDMI
strength and BDMI sign change when x ~ 2.7, reminiscent of the similar trend in FexCo1.xGe*®

and Mn1«xFexGe®’ that undergo BDMI sign change with composition.
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Molybdenum nitrides are a class of materials with £-Mn structure with the composition
of A;MosN where A is Fe, Co, Rh, Pd, Pt, Pa, Ni?%1041% The helical and skyrmion phases
were identified in FexCo1-xRhosMosN for x = 1 using LTEM in 2016%%. In Fe,-«PdxMosN, the
substitution of Fe by Pd aimed at enhancing BDMI was showed two new forms of skyrmion
phases, a high skyrmion density phase at low temperatures below 100K and a low skyrmion
density-helical mixed state that persists up to the maximum temperature investigated, 350 K.
Skyrmions had also been reported in FePd; «Pt«MosN*® and FePtMosN2¢. Molybdenum
nitrides remain an intriguing class of material yet to be fully explored for potentially new

skyrmion phases or more favourable skyrmion properties for technological applications.

In 2015, magnetic skyrmions were reported in polar magnets with Cn, crystal
symmetry?®1% as theoretically predicted based on crystallography back in 19891, This
material class stabilizes Néel skyrmions instead of Bloch skyrmions. GaV4Ss?°, and GaV.Ses™”’
are molecular magnets in the class of Lacunar spinels with the composition of AM4Xs (A =Ga,
Ge; M=V, Mo, Nb, Ta; X =S, Se)%. Spin modulation in these materials is restricted within the
plane perpendicular to the polar axis. Under a magnetic field along the polar axis, the spin
textures transition between cycloidal, Néel skyrmion lattice and ferromagnetic phase as shown
in Fig. 3.1.7 (a) and (b). The cycloidal phase has spins rotating within the plane parallel to its
modulation direction is stabilized. Under a magnetic field perpendicular to the polar axis, the
conical phase formed by tilted cycloids is stabilized instead!!®. The spin textures phase of
GaVsSg and GaVsSes span significantly different conditions, as shown in Fig. 3-7(c) and (d),
respectively. The easy axis anisotropy in GaViSg restricts skyrmion lattice stability while
GaViSeg with easy-plane anisotropy supports skyrmion lattice stability to span almost the full
range of temperatures below Curie temperature!'!. The Jahn-Teller transition of Lacunar
spinels at low temperatures also results in the induction of ferroelectric polarization due to the
distortion of the crystal along <111>, making GaV4Ss?® and GaV4Ses''® another group of

multiferroic materials like Cu,0SeQO3"° but with significantly stronger electric polarization?®.

Another polar magnet, VOSe,Os, with a tetragonal Cav point group and P4cc space group,
reported the Néel Skyrmion observation in 2017'%. Figure 3.1.8(a) shows the spin texture
phase diagram of VOSe>0s with two cycloid phases IC-1 and 1C-2, A phase, ferromagnetic,

and paramagnetic phases. The phase diagram of VOSe.Os with the A phase found only in a
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small range of temperature just below the transition temperature bears a closer resemblance to
B20 compounds? than the polar magnets?°%’, While the 1C-1 phase has been identified as a
single-q cycloidal state, the IC-2 phase has yet to be definitively identified and is currently

proposed to be an anisotropic double-q state!'? as shown in Fig. 3.1.8(b).
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Figure 3.1.7| Magnetic configuration of (a) Cycloid, and (b) Néel magnetic skyrmion. Spin texture
phase diagram of (c) GaV.Ss?, and (d) GaV.Ses”’. SKL corresponds to the skyrmion lattice.
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Figure 3.1.8| (a) Spin texture phase diagram of VOSe;Os. IC, A, FM, and PM corresponds to
incommensurate state, skyrmion lattice, ferromagnet, and paramagnet, respectively. (b) Top view of the
magnetic configuration of IC-2 phase where the red, white, and blue corresponds to positive out-of-
plane, IP, and negative out-of-plane magnetization®°,

Mny.4Pto.oPdo.1Sn is a non-centrosymmetric tetragonal Heusler compound with the crystal
symmetry, D2¢?L. Like the polar magnets with Cny crystal symmetry, the D2g symmetry induces

BDMI that confines modulation directions within the plane perpendicular to the ¢ axis. In
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addition, D2¢ symmetry induces an anisotropic BDMI along [010] and [100] with opposite
BDMI signs?. Hence, Bloch domain walls of opposite helicities are stabilized along these axes,
and a continuous transition in helicities can only occur via Néel walls along the diagonal to
form an antiskyrmion*3. Figure 3.1.9 shows the complex phase diagram of the diverse spin
textures in this material'*3, Only with an IP magnetic field perpendicular to the ¢ axis or tilting
of the sample, antiskyrmions lattices are formed?!. The antiskyrmions can also be transformed
into Bloch skyrmions using a strong IP magnetic field sweep via an intermediate non-
topological bubble!314 The complexity in spin textures available in Mni4PtooPdo1Sn
provides valuable opportunities for further studies and practical applications with viability at

room temperature.

| Helical
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Il Helical + NT-bubble
Il NT-bubble lattice

IV Skyrmion lattice

V  Antiskyrmion lattice
VI Isolated skyrmion

VIl Isolated antiskyrmion
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Figure 3.1.9| Spin texture phase diagram of Mn1.4Pto9Pdo1Sn where a tilted magnetic field illustrated in
the bottom right of the figure was applied for phases I, 11, and Il1, and a perpendicular magnetic field
was applied for phases IV, V, VI, VII, and VI3,
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Table 3.1.1] List of materials with magnetic skyrmions predominantly stabilized by BDMI and their
key parameters transition temperature, magnetic modulation, and the type of spin texture found.

Transition Magnetic
Material Content temperature modulation Spin texture
(K) (nm)
MnSi% 30 18 Bloch Sk
Mn1xFe,Si¢>75115 0<x<0.12 6.0-30 10-18 Bloch Sk
FeSilt® Paramagnetic
Fe1xCoxSi?*>° 0.05<x<0.7 2-50 30-230 Bloch Sk
CoSi'? Diamagnetic
Co1xSi1 0.028 <x <0.043 275-328 17 Bloch Sk
FeGell® 280 70 Bloch Sk
FexCo1xGe’1 73119 0<x<0.5 180 - 280 70-192 Bloch Sk
x~0.6 125 oo Ferromagnet
0.7<x<0.8 21-125 46-110 Bloch Sk
CoGe'?® Diamagnetic
MnGe>* 170 3-6 3g—HL
Mn1.xFexGe®/68 0<x<0.3 150-170 3-4 HL
0.3<x<0.8 170-220 4-160 Bloch Sk
x~0.8 220 oo Ferromagnet
0.8<x<1 220-280 220-70 Bloch Sk
MnSi1xGex’° 0<x<0.25 30 9-18 Bloch Sk
0.3<x<0.6 30-100 2.0-25 4q-HL
0.7<x<1 150-170 2.5-3.0 3g—-HL
Mn1xCoxSi?77° 0<x<0.04 5-30 9-18 Bloch Sk
Cu20Se03% 60 63 Bloch Sk
Co10Zn10°7101 414 156 Bloch Sk
CosZnsMn®7:101 396 132 Bloch Sk
CosZngMn4°7:101 299 125 Bloch Sk
C07Zn7Mng®7/101 158 112 Bloch Sk (Frus)
CosMnesZns®’ Non-ferromagnetic
CosZn1oMn,"’ 345 120 Bloch Sk
CosZnsMns”? 320 165 Bloch Sk/
Meron-antimeron
CosxFexZnsMna1®3 0<sx<27 240 -300 109 -370 Bloch Sk
x~2.7 240 oo Ferromagnet
2.7<x<4.5 135-230 262 —98 Bloch Sk
FeRhosMosN04 120 110 Bloch Sk
Fez-xPdxMo3N?® 0 <x<0.15 - - Ferromagnet
0.32 600 60 Bloch Sk
FePtMosN%® 222 120 Bloch Sk
GaV,Ss?° 13 17.7 Néel Sk
GaV,Ses'® 18 19.4 Néel Sk
VOSe,05'% 7.5 125 Néel Sk
Bloch Sk
Mny1.4PtosPdo.1Sn? 360 150 och Sk/

Antiskyrmion lattice
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3.1.4 Interfacial Dzyaloshinskii-Moriya Interaction Stabilized

In this section, we loosely classify IDMI stabilized magnetic skyrmion materials as
materials with IDMI, regardless of IDMI being the dominant interaction stabilizing the
magnetic skyrmions. These materials utilize the broken space inversion symmetry found at
interfaces and the strong spin-orbit coupling strength of the heavy metal to induce IDMI. IDMI
can be optimized using HMs that induce opposite IDMI signs at the top and bottom FM
interfaces'?t?2, The IDMI vector always aligns along the interface plane and stabilizes Néel
skyrmions. The materials in this category exist in HM/FM or HM1/FM/HM: structures and
possibly with repetitions. In these structures, IDMI, magnetic anisotropy, and DDI can be
effectively tuned via the choice of FM, HM, thicknesses, and repetitions. Most IDMI materials
stabilize skyrmions at room temperature. The stabilization of magnetic skyrmions under
ambient conditions without a magnetic field is highly desirable and demonstrated using
exchange bias and structural confinement techniques. Furthermore, most of these materials can
also be fabricated efficiently by sputtering, which is compatible with present-day
semiconductor industry production processes, making them the prime material category for

technological applications.

The list of reporting magnetic skyrmion observations and other experimental
investigations in IDMI materials that will be further discuss in their relevant chapters is given
as follows: Ir(111)/Fe3123124  |r(111)/Fe/Pd>1?51%6  Pt/FM/AuU/FM/Pt?’,  Ir/Co/Pt'?8,
Pt/Co/Al,03'?°, Ir/Fe/Co/Pti?2130-134  pt/CoFeB/MgO 1%, Pt/Co/Irl4014° Pt/Co/Tal3®146-153
Ru(0001)/Co**,  Ta/CoFeB/TaOx'*>'  Pt/Co/MgO®*18  Ta/CoFeB/MgO*3%161-164
Pt/Co/Os/Pt'®,  IrMn/CoFeB/MgO®*¢1%7  pt/GdFeCo/MgO®10  SrRuOs/BaTiO4'"?,
W/CoFeB/MgO*®’,  Pt/CoB/Irt"213  W/FeB/Ir'™®,  SrlrOs/SrRuOs!’™®,  Pt/Co/Nil’®,
Pt/Co/lrMn”’,  Pt/Co/Rul™®1®  Pt/Co/Ni/Ir’8,  Pd/Co®18!  WTe,/FesGeTe %2, and
Co/Pd/FeGeTe'®,

The first IDMI material reporting the observation of magnetic skyrmions consists of a
single monolayer(ML) of Fe deposited on Ir(111) single crystal substrate denoted as
Ir(111)/Fe(1ML) in 2011 at temperatures below 28 K3. A square lattice of skyrmions with an
atomic-scale periodicity of 1 nm was observed as the spontaneous ground state. It was

stabilized primarily by the four-spin interaction, IDMI, and a weak exchange interaction®.
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With the addition of a Pd monolayer on this material, Ir(111)/Fe(1ML)/Pd(1ML) have a
cycloidal ground state. Skyrmions only gradually form under an increasing magnetic field from
the cycloids and achieving a pure skyrmion state at large magnetic fields of 1.4 T. The skyrmion
size remains very small, below 5 nm. While Ir(111)/Fe(1ML) led to the new class of four-spin
interaction stabilized skyrmions, this material remains far from suitable for practical

applications due to its extremely low temperature requirement.

Epitaxial oxides heterostructures of SrRuOs/BaTiOs! and SrirOs/SrRuOs!™ are another
pair of materials with skyrmion observation at slightly higher temperatures of up to 100 K. In
SrRuO3/BaTiOs3, the ferroelectric proximity effect induced by the ferroelectric BaTiOz layer
on SrRuOz was used to control DMI in SrRuOs by ionic displacements. Thus the DMI and
magnetic skyrmions in SrRuO; can be controlled by electric field *"X. SrlrOs/SrRuQs, on the
other hand, stabilizes skyrmions using the strong spin-orbit interaction of SrlrO3 to induce
IDMI on the adjacent SrRuOs. Both SrRuO3/BaTiOs'"* and SrirOs/SrRuOs!" offer competitive

skyrmion sizes as small as 50 nm and 6 nm, respectively.

The stabilization of magnetic skyrmions was recently expanded into 2-dimensional van
der Waals materials like Fe3GeTe,*®2. The PMA in FesGeTe, was tuned by temperature and
the number of layers. IDMI was induced by interfacing with WTe2, and magnetic skyrmions
were successfully stabilized between 94 K and 198 K with sizes close to 100 nm*82, lonic gating
on this material had also been shown to strongly modulate magnetic interactions and raise its

Curie temperature to room temperature®,

A general approach to tuning the materials and structure to acquire the skyrmion state is

to minimize domain wall energy density given by,
Oow =4 /A Ky —7D, (3.1.11)

where A,, is the exchange stiffness constant, K, is the effective perpendicular magnetic
anisotropy, and D is DMI strength®®’ From Eq. 3.1.11, o, can be minimized by having
low K, or even become negative with sufficiently large D *3. Note that skyrmions are
stabilized as the ground state when o, <0. However, skyrmions can still be stabilized as
metastable states when o, >0 3122 The first term in Eq. 3.1.11 A, is essential for

ferromagnetism but opposes the formation of non-collinear spin configurations.
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Ky = Kye —#,MZ/2 must be positive with K. being stronger than the IP magnetic
anisotropy due to DDI in thin films, g,MZ/2 18818 The quality factor defined as
Q= 2K, / ;M is also commonly used to represent the same condition. Overly strong PMA
inhibits the formation of domain walls and small domains. In the intermediate range where
QAL, the labyrinth, stripe, bubble states with Bloch type domain walls can be induced88, The
non-chiral nature of DDI forms small circular bubble domains that can be Bloch skyrmions
with either 7/2 or —z/2 helicities, or just a non-topological circular domain®®®*®t, The chiral
IDMI restricts the bubble domains to a single helicity!*1%2, DDI favors Bloch skyrmions, while
IDMI favors Néel skyrmions. The critical IDMI strength at which the skyrmion becomes Néel
skyrmions is given by Dy, >37z2/(32de) for d is the film thickness and K; = %MOMSZ is the

DDI induced demagnetizing or shape anisotropy*6-188,

Most of the room-temperature skyrmions reported in this category are primarily
stabilized by DDI instead of IDMI*%; DDI induces the local skyrmion energy minimum. The
IDMI-induced local energy minimum exists at smaller skyrmion sizes but is suppressed by
DDI. Experimentally, a skyrmion stabilized by the DDI or IDMI cannot be distinguished by
the skyrmion size and shape. However, only IDMI can stabilize skyrmions with diameters less
than 10 nm?°. Mixed-use of terms bubble and skyrmion are present in literature. This thesis
will use the term bubbles or bubble state to refer to all small circular reversed domains without

specific configuration details.

In minimizing o, towards zero, not only skyrmions but the labyrinth and stripe
domains become increasingly stabilized*®. With a low K_, without any magnetic field, the
spins form a demagnetized labyrinth state with a complex interconnected network of stripes.
Under a perpendicular magnetic field, the stripes aligned antiparallel to the magnetic field

shrink toward a minimum width before fracturing into stripe segments and skyrmions®,

It is desirable to optimize IDMI by choice of HM or oxides depending on the FM layer,
noting to have complementary IDMI with opposite signs on either interface of the FM layer if
possible!?219413912L140 Symmetry in the material at both interfaces also does not necessitate the
nullification of IDMI; for instance, Pd/Co/Pd exhibits strong IDMI due to large lattice
mismatch at the top and bottom interfaces®’. o, is tuned by bringing the material close to

the point of orientation transition from PMA to IMA, typically using insertion layers'®>1% or
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197 and ion

FM thickness modulation461%6:1% Other techniques like hydrogenation of interfaces
irradiation had also demonstrated similar skyrmion stabilizing properties'®®%8, The increase in
repetitions can also be applied to enhance DDI to lower o, and improve thermal stability

while preserving the PMA and IDMI of the structure!®%:2%,

One highly desirable skyrmion property is stabilization under ambient conditions at room
temperature without a magnetic field. The low o, inthese materials primarily driven by DDI
inevitably introduces the labyrinth state as seen in most materials'>>192201202_ Thjs challenge
can be overcome by exchange bias as demonstrated in IrMn/CoFeB/MgO*®’, [Pt/Co/IrMn]11
177 "and Pt/Co/NiFe/IrMn?%, The exchange bias from IrMn provides an effective field that can
replace the required magnetic field. An exchange-coupled underlayer in Cu(001)/Ni/Cu/Ni/Fe
was also demonstrated to provide a similar effective field on FM to acquire zero-field
skyrmions?®*. Skyrmions can also be stabilized at zero magnetic fields within nanostructures
due to the chiral tilt induced by IDMI at the edges'4%194202205 Skyrmion lattices commensurate
with the confining geometry initially formed using a magnetic field in nanostructures can

persist after removing the magnetic field instead of extending into stripe domains!®4206:207,

Magnetic skyrmions are 2-dimensional spin textures and are typically considered to be
translational invariant across the FM thickness. This assumption is valid for magnetic thin films
of thickness less than the exchange length I, :JZA%X/(;;OM §) 16 However, for magnetic
multilayers with many repetitions'?>1%%17® variation in spin texture across its thickness is
reported47:190.208209 DD stabilizes the Bloch-type winding close to the middle layers of the
FM but gradually transitions into the Néel-type winding at the top and bottom layers with
opposite helicities to minimize stray fields referred to as Néel caps'®. However, homogeneous

helicity across all the layers is possible under sufficiently large IDMI47:20,

With increasing temperature, a decrease in o, and improved skyrmion stability occurs
due to the different rate of change in all the magnetic interactions with temperature. While A,
K4 and D decrease with temperature, the faster decay rate of K, compared to A, and D

causes the resulting decrease in o, and favouring skyrmions48:210,

Apart from using ferromagnetic multilayers, ferrimagnetic skyrmions stabilized in

materials like Pt/GdCo/TaOx*! and [Pt/GdFeCo/MgO]20'%1"® had been reported. These
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materials can also be tuned into antiferromagnets by temperature modulation to their
magnetization compensation temperature?'2?3, DDI is significantly suppressed in
antiferromagnets to allow for skyrmion stabilized by IDMI energy well at diameters below 10
nm*%2tt Ferrimagnetic skyrmions also have the critical advantage of diminished skyrmion Hall
effect, which refers to the deviation of skyrmions in motion from the driving force that is
detrimental to the stability of high-speed skyrmions®® and will be further discussed in section
3.3.

The ferromagnetic multilayer structure can also be tuned to form synthetic
antiferromagnet (SAF) using Ruderman—Kittel-Kasuya—Yoshida (RKKY) interaction between
the FM layers through non-magnetic spacer layers?'*. Stabilization of SAF skyrmions had been
demonstrated in Pt/Co/Ru?'®, Pt/Co/Ni/Ir/Co/Ni/Ta?'®, and Pt/Co/CoFeB/Ir/Co/CoFeB/W?3'.
Similar to the ferrimagnetic skyrmions, SAF skyrmions benefit from the reduced DDI
combined with strong IDMI to stabilize smaller skyrmions?'®, and reduced skyrmion Hall effect
crucial for skyrmion motion?!’. SAF skyrmions also hold the advantage for room temperature
applications over the reported ferrimagnetic skyrmions that require a restrictive temperature

range close to the magnetization compensation temperature.
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Table 3.1.2| List of materials with IDMI that stabilize magnetic skyrmions regardless of the dominant
stabilizing interaction like DDI and 4-spin interaction. The range of magnetic field, temperatures, and
sizes of magnetic skyrmions observed is provided alongside the materials. The final column highlights
the key material properties of the materials that differ from the majority. The zero magnetic field
labelled with a star indicates these materials reported zero-field magnetic skyrmions as ground state or
isolated magnetic skyrmions without stripe domains. RT refers to room temperature.

. Magnetic Field Temperature Skyrmion .
Material (mT) (K) size (nm) Material Property
Ir(111)/Fe(1ML)>8 o* <28 1 4-spin interaction
Si(111)/YSZ/Ir(111)/Fe(1ML)**® o* <26.4 1 4-spin interaction
Ir(111)/Fe(1ML)/Pd(1ML)>? 1400 <8 1-5 4-spin interaction
SrRuQs/BaTiO4"? 0-3000 5-80 50-100
SrlrOs/SrRuOs'7> 0-40 <10-100 <10-14
WTe,/FesGeTe,'8? 51-60 180-197 80-150 Van der Waals
Cu(001)/Ni/Cu/Ni/Fe2** 0* RT 200
Pt/Co/Qs/Pt16> 0.05-2 299 -301 1500 - 2000
Ta/CoFeB/Ta0,%220t 0.48-0.54 RT 700 —-2000
Pt/Co/Al,05'%° 0.15-0.3 RT ~2000
W/FeB/Ir/MgO*7* 0.4 RT 2000
Ta/CoFeB/Ta/MgQ°° 0.48 RT 1500
Pt/Co/CoFeB/Ir/Co/CoFeB/W?37 0.2-0.3 RT 1000 Synthetic Antiferromagnet
[Pt/CoNi]>?%° 0-0.2 RT 500 - 1000
[CoB/Ir/Pt]5'72 0 RT 600 - 800
[Pt/Co/W]s?! 7-26 RT 220-580
[Pd/Co]s801%, 0c-75 RT 180 -500
[Pt/CoFeB/Mg0];5222223 0c-30 RT 113 -400
[Pt/Co/W]s° 100-150 RT 300
W/CoFeB/Mg0?%* 0-40 RT 170-250
[Pt/Co/Ta]1s* 0-7 RT 50-220
[Pt/GdFeCo/Mg0]20'%° 110-130 RT 100 - 200 Ferrimagnet
Pt/Co/MgQ?59:202 0c-4 RT 130-190
Pt/Ni/Co/Ni/Au/Ni/Co/Ni/Pt?¥ 6 RT 160
[Co/Tb/Ni/Pt]20'7® 30-47 RT 140
[Pt/Co/Rul?*® 0-60 RT 30-100 Synthetic Antiferromagnet
[Pt/Co]15%%° 0-200 RT 100
[Ir/Co/Pt]1t?1140 10-380 RT 30-90
[Pt/[Co/Ni]2/Ir]20?® 144 RT 80
[Ir/Fe/Co/Pt]20'22 0-200 RT 55-75
[Co/Ni/Pt]20'7® 50-120 RT 69
[Pt/Co/Ta)s'*® 100-150 RT 50
Ru(0001)/Co(1ML)™* 100 -200 RT 40-50
Pt/GdCo/Ta02!t 0-450 RT 10-30 Ferrimagnet
IrMn/CoFeB/Mg0**’ 0 RT 400 Exchange Bias
[Pt/Co/IrMn]11 77 0 RT 99-113 Exchange Bias
Pt/Co/NiFe/IrMn2%3 0 RT 46 — 86 Exchange Bias
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3.1.5 Dipole-dipole Interaction Stabilized

In this section, the materials exhibit magnetic skyrmions stabilized by DDI without IDMI
to distinguish the materials from the previous section. Here, we categorize these two classes of
materials by the helicity degeneracy induced by IDMI. Materials in this section have Bloch-
type domain walls, skyrmions, and other textures with freedom in helicities. This freedom plays
a vital role in realizing new spin textures like biskyrmions and higher-order skyrmions

discussed in this section.

The stabilization of magnetic skyrmions in this class occurs due to the competition
between PMA and DDI and low domain wall energy!®??6-228 These materials have the
labyrinth ground state that transitions into stripes segments and eventually skyrmions with an
increasing magnetic field, as shown in Fig. 3.1.10. More importantly, magnetic skyrmions with
both helicities are stabilized simultaneously, as shown in Fig. 3.1.10(c)**°. Thermally-induced
switching of helicity of skyrmions was also demonstrated in BaFei0.15S¢1.8Mgo.05019 With
increasing temperature®?, In sufficiently thick materials such as [Fe/Gd]oo, chiral Néel caps
form at the top and bottom layers that can be driven by SOT®. The materials, TbFeCo0?%,
[Fe/Gd]n'®%2%°, TmsFes012?%", BaFe10155€18Mgo0s010°%8 are suitable for room temperature
applications, but the nature of DDI limits the minimum skyrmion sizes and have generally
larger skyrmions than that with IDMI°. In the frustrated magnet, FesSn,?*%23 the magnetic
skyrmions and spin textures reported are still primarily stabilized by DDI as those in this

category as opposed to competing exchange interaction, hence show very distinct properties

from the frustrated magnets discussed in Section 3.1.6.

Figure 3.1.10| IP spin configuration of [Fe/Gd]so under an increasing out-of-plane magnetic field of (a)
OmT, (b) 145mT, and (c) 220mT?%, The scale bar represents 150 nm.
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The stability of magnetic skyrmions had been attributed to the topology of the skyrmions
for many years. Still, a direct experimental comparison between a topological and non-
topological structure had been challenging. This was possible in DDI materials due to the
ability to stabilize both skyrmions and non-topological bubbles in the same material using
different magnetic field sequences?*. The experiment provided clear enhanced stability of
skyrmions over non-topological bubbles by annihilating at higher fields and shrinking down to

smaller sizes by magnetic fields before annihilation.

The exploration of skyrmions materials into two-dimensional van der Waals materials
yield Cr.Ge;Teg?®® and FesGeTe,?® These materials demonstrate the same labyrinth, stripe and
skyrmion textures like the other DDI materials but only at a low temperature of 60 K and 150
K for Cr.Ge;Teg?®®, and FesGeTe >, respectively. However, an interesting observation of
single helicity skyrmions was observed in Cr.Gez:Tes compared to the DDI materials with
helicity degeneracy and generally showed equal populations of both helicities. This homochiral
nature of the skyrmions in Cr.Ge>Tes was attributed to the emergence of Bloch lines along

stripe domains wall that undergoes unwinding into a single helicity when in proximity.

100 nm

Figure 3.1.11] IP spin configuration of (a) biskyrmion and (b) four skyrmions chain®’.

The freedom of helicities in DDI materials also gives rise to the stabilization of new spin

239 and

texture  of  biskyrmions reported in  MnNiGa*®,  La137Sr1.6sMn207
Lao.7Sro.3sMno.gsRuo0.0503%%". The configuration of biskyrmions comprises of two skyrmions with
opposite helicities interlocked side-by-side with a common form of winding along their
intersections, as shown in Fig 3.1.11(a). In Lao.7Sro.3Mno.gsRuo.0s503, the bounding of four
skyrmions with alternating helicities was also observed, as shown in Fig. 3.1.11(b)?%’. These
textures bear implications of forming a much stronger topological Hall effect than one can

achieve in a skyrmion lattice. Possible applications of these properties remain to be explored.
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Table 3.1.3| List of DDI skyrmions and biskyrmion materials without IDMI and their corresponding
magnetic field, temperature and skyrmions sizes ranges. Remarks are added as useful additional
characteristics of the materials.

. Magnetic Field Temperature Skyrmion
Material (mT) (K) size (nm) Remarks
TbFeCo?% 0 RT 200 Ferrimagnetic, Skyrmonium
[Fe/Gd]nt2022° 0-185 RT 71-230 Ferrimagnetic
TmsFes01,27 35-45 RT 500 Ferrimagnetic
BaFe10.155¢18Mgo.0s0192%8 110-200 RT 100 - 300
FesSn,230:231 0-800 130- 630 160 —-380 Frustrated
CraGeyTes?® 12 -200 17-60 77 -121 Van der Waals
FesGeTe,?3¢ 68 —92 93 -150 120 Van der Waals
MnNiGa?# 50 -500 16 -338 120-200 Biskyrmion
La1.375r163Mn,0723° 350 -400 20-60 130-150 Biskyrmion
Lao.7Sr0.3Mno.ssRUo.05032%7 70-300 RT 90 -200 Biskyrmion
La1.2Sr1.sMn1.sRup207%4° 0-300 5-70 75-200

3.1.6 Magnetic Frustration Stabilized

Magnetic frustration is another interaction that stabilizes magnetic skyrmions apart from
IDMI, DDI, and four-spin interactions discussed thus far. Magnetic frustration refers to the
circumstance where localized spins experience competing exchange interactions that cannot
satisfy all spins simultaneously and lead to a huge number of possible degenerate ground
states?>241242 - Sych circumstances can arise from antiferromagnetic coupling in specific
geometries, like triangular, Kagome, tetrahedral, spinel, pyrochlore lattices?*, and/or the
RKKY interaction that exhibits oscillatory exchange interaction®**. Within the highly
degenerate ground states, modulated spin order can arise and even stabilize skyrmion lattices
under a magnetic field?*. With the inclusion of PMA, the range of possible multiple-q states
are extended®*®. Even three-dimensional spin textures are expected to be found in these
materials®*’. Frustrated magnets are theoretically proposed to host the widest range of spin
textures. It has the freedom in both helicity and vorticity compared to DMI materials with fixed
helicity and DDI materials that have freedom between a pair of helicity but not vorticity?*.
Among the materials reported thus far includes, Gd2PdSis**8?, GdsRusAl12>!, GdRu,Si2?*,

and SrFe03%>3,

The frustrated Gd2PdSis with a triangular lattice and RKKY interaction stabilized four
key spin textures including a Bloch skyrmion lattice, and three other incommensurate spin

states (IC) labelled IC-1, IC-2, depinned (DP) as shown in Fig. 3.1.12(b) and (c)?*3-?*°, Deduced
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from the resonant x-ray scattering results, IC-1 had been identified as a triple-q with no net
scalar spin chirality, likely being a meron-antimeron lattice. IC-2 corresponds to fan-like state
with an oscillatory IP and constant out-of-plane magnitude as shown in Fig. 3.1.12(e). DP
closely relates to 1C-2 with a tilted modulation vector from the plane. The Bloch-type winding
skyrmions arise due to DDI. The modulation periods were extremely small at 2.5nm, at the
length scale of the RKKY interaction. In addition, the skyrmion phase extending down to the

lowest temperatures suggests that it is not thermal fluctuation-induced in contrast to that found
in bulk DMI materials?48,
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Figure 3.1.12] Spin texture phase diagram of (a) GdsRusAl.?! (b-c) Gd.PdSis?*324 and (d)
GdRuSi»?2. In (a-c) TC, SKL, FA-FM and V corresponds to transverse conical, skyrmion lattice, field-
aligned ferromagnet and a yet to be identified state, respectively. In (b) IC, and DP corresponds to
incommensurate state, and depinned state, respectively. In (d), FM and PM correspond to ferromagnet,
and paramagnet state, respectively. (e) Spin configuration of the fan and transverse conical states.

In GdsRusAl2?®* with the breathing Kagome lattice in conjunction with RKKY
interaction stabilizes similar spin textures like the Bloch skyrmion lattice and fan state, but also
a multi-domain helical, transverse conical, and a yet-to-be-identified V phase shown in Fig.
3.1.12(a). A transverse conical state impedes the skyrmion lattice phase from extending down
to the lowest temperatures due to IP anisotropy, and thermal fluctuations are required to

overcome this anisotropy. The modulation periods are also very small at 2.8 nm??,
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GdRu2Si»**? demonstrated the possibility of skyrmion stabilization by magnetic
frustration from RKKY interaction even without geometric frustration. The spin textures
labelled phase I, 11 and Il correspond to the helical, square Bloch skyrmion lattice, and fan
states, bearing close resemblance to the other magnetically frustrated systems. The
manifestation of the square lattice, instead of the hexagonal one, is postulated to arise from the
four-spin interaction also found in Ir(111)/Fe(1ML)3%8, The freedom in spin helicity was also
found from the LTEM imaging of the skyrmion lattice that showed skyrmions with both CW
and CCW winding around their cores. Even smaller modulation periods were detected in this

material at 1.9 nm.
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Figure 3.1.13| (a) Magnetic field-temperature spin texture phase diagram of SrFe03?2, Spin texture of
(b) Phase I and (c) Phase I1.

In the centrosymmetric cubic SrFeOs, magnetic frustration arises from possibly
competing exchange interactions®®* or the double-exchange mechanism considering the
itinerant oxygen p-holes® to stabilize spin spirals. The spin spirals modulation along (111) in
the cubic structure with freedom in helicity manifests one of the most complex and yet fully
elucidated set of spin textures across temperature and magnetic field labelled as phases I to V
in Fig 3.1.13(a). Phase I, 1l and 111 has been identified as the anisotropic double-q, isotropic
quadruple-g structures, and single-q helical state parallel to (111), respectively®®. The
anisotropic double-q state consists of both a Bloch and Néel type spin helices along different
modulation vectors. The quadruple-q structure corresponds to a hedgehog-antihedgehog lattice
reminiscent of that found in MnGe!®7°. Further investigations are required to comprehensively
understand the interplay of magnetic interactions in SrFeO3 and conclusively determined all

the spin textures.
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Table 3.1.4| List of DDI skyrmions and biskyrmion materials without IDMI with their corresponding
magnetic field, temperature and skyrmions size ranges. Remarks are added as useful additional
characteristics of the materials.

. Magnetic Field Temperature Skyrmion
Material (mT) (K) size (nm) Remarks
Gd3RusAl1*! 1000 - 2000 5-12 2.8
Gd,PdSis?*® 500 — 1000 0-15 2.5
GdRu,Si»?? 2000 - 2400 46 1.9 Four-spin interaction
SrFe03?>3 0-10000 80-120 1.8 HL

3.1.7 Metastable Magnetic Skyrmions

The magnetic skyrmion lattice phase stabilization is primarily tuned under the
constraining conditions of temperature and magnetic field, but is also possible by pressure®?-34
and electric fields'’. Beyond investigating the skyrmion lattice as the ground state, metastable
magnetic skyrmions beyond their thermodynamically stable conditions are the ones useful as
nanoscale information carriers!®42°7-260 The investigations of metastable skyrmions are highly
non-trivial with a wide range of spin textures bordering the skyrmions lattice phase, including,
but not limited to, helical, conical?®'!8, cycloid?®1%8110 stripes!?2146192201 and ferromagnetic
states. The annihilation of the metastable skyrmions into other ground-state spin textures
depends on the material and conditions via several possible mechanisms, such as Bloch point
formation?®1:262 antiskyrmion formation, symmetric shrinking®®32%, edge escape, vortex
formation, or non-magnetic defects. In addition to this, a significant contribution of
configurational entropy to skyrmion lifetime further inflates the complexity required for

skyrmion lifetime modelling beyond just the energy barrier®2267:268

The venture into metastable magnetic skyrmions begun in the class of BDMI materials.
The skyrmion lattice being a thermal fluctuation induced state, is only accessible at high
temperatures. However, by performing cooling under a magnetic field, the skyrmion lattice
phase can persist to the lowest temperature as first reported by Minzer et al. in Feo.gCo00.2Si, as
shown in Fig. 3.1.14(a)%°. Similar observations were later reported in MnSi®*"* Co-Zn-Mn
alloys %% and Cu.0Se0s® as shown in Fig. 3.1.14(b)—(d). The skyrmion lattice is stabilized
from collapse into the helical and conical states by an energy barrier. The skyrmion lattice
annihilates at a maximum rate just below the equilibrium skyrmion lattice phase. Using fast

cooling rates, the dwell time at these unstable temperatures is minimized before reaching
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sufficiently low temperatures where thermal energy can no longer overcome the energy barrier.
Depending on the metastability of the skyrmion lattice, higher cooling rates are required for
MnSi?3%74 compared to that for Fe;xCoxSi®* and CosZnsMn,%. Field cooling offers a vital
pathway to access zero-field magnetic skyrmions, as illustrated in Fig. 3.1.14(b) and (c)**®,
Metastable skyrmion lattice at low temperatures transitions into a square lattice, induced by

magnetic anisotropy along the crystal lattice®®:%%,
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Figure 3.1.14| (a) Magnetic phase diagram of FeosC0o.Si under field cooling where the blue shaded
regions represent the skyrmion metastable lattice phase?®. (b) MnSi¥. (c) Co8Zn8Mn4%. (d)
CU20860376

In thick materials that form skyrmion tubes through their bulk, the annihilation of
skyrmions into other states are characterized by the formation of Bloch points or hedgehogs
defects triggered by transverse fluctuations®>?°. These defects propagate across the skyrmion
tube leading to annihilation. This propagation can be pinned and suppressed by defects in the
bulk to boost skyrmions’ metastability. The role of defects was initially proposed to explain

the high metastability found in CosZnsMn4*® and Fe1.xCoxSi®* compared to MnSi’, and later
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explicitly demonstrated 50 times increment of skyrmion lifetime in Cu>OSeO3 with 2.5%

doping of Zn%,

In 2017, a critical experiment that highlights the importance of entropy on skyrmion
lifetime was reported by Wild et al.%?. In this experiment, the temperature dependence of

skyrmion lifetime r follows the Arrhenius equation, given by,

T= rera/(kBT) , (3.1.12)
where 7, is the attempt time, and E, is the energy barrier. E, in this system displayed
magnetic field dependence that decays sharply at large positive fields and negative fields while
7, increases dramatically from 10" s to 10 s simultaneously. This phenomenon is referred
to as the enthalpy-entropy compensation or Meyer-Neldel rule. Lifetime increments from a
larger E, are partly negated by entropic effects that increase the number of pathways across

the barrier®. Thus z, cannot be trivialized for skyrmion lifetime.

Atomistic numerical works derive 7, using rate theories, like harmonic transition state
theory(HTST)?"! or Langer’s theory?®. In these theories, the term 7, rely on the entropic
difference between the initial skyrmions state and the saddle point state with maximum energy
during the annihilation process. Skyrmions in thin films annihilate via few main mechanisms,
including defects, escape through a boundary, and radial collapse by symmetrical shrinking, in
order of decreasing tendency?%3264268.272 Notably, escaping through a boundary remains more
likely than radial collapse, even though it has a higher energy barrier, highlighting the
significance of the entropic contribution to the overall metastability?®. Thus, the degree of
freedom in skyrmion fluctuations that increases with its size is favourable?®®. Recent work by
Varentcova et al. concluded that the contribution of the energy barrier to skyrmion lifetime is
insignificant compared to the skyrmion entropy at room temperature. Thus, to maximize
skyrmion entropy, the narrowest and bubble-like skyrmion body is ideal as it carries the

maximum number of magnon modes.
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3.2 Skyrmion Nucleation

This section presents the experimental demonstrations of skyrmion nucleation techniques
via the interplay of skyrmion stability under various conditions and excitations. These
conditions and excitations include magnetic field, temperature, electrical currents, spin currents,
electrical field, laser, X-ray, stress, and pressure. The ideal nucleation technique would be one
that can nucleate single skyrmions at precise positions within nanoseconds or faster and
perform selective annihilation of skyrmions. The ease of integration into devices and energy

efficiency are also vital for technological applications.

3.2.1 Magnetic Field

A magnetic field is essential to stabilize magnetic skyrmions as the equilibrium ground
state for most magnetic skyrmion materials, other than materials like Ir(111)/Fe(1ML)3?!® and
possibly in engineered exchange-biased structures IrMn/CoFeB/MgO*®’, [Pt/Co/IrMn]11 177,
and Pt/Co/NiFe/IrMn?%, Here, we present the use of magnitude, direction, and sequential

magnetic field sweeps to obtain metastable magnetic skyrmions.

The use of tilted magnetic fields with an IP component was demonstrated to nucleate
isolated skyrmions effectively?4®161.178273 The addition of an IP magnetic field reduces the role
of effective magnetic anisotropy that impedes skyrmion stability, hence improving skyrmion
density up to several multiples'*® or even the emergence of a previously inaccessible skyrmion
lattice via perpendicular magnetic fields alone?®. In work by Qin et al., nucleation of a
metastable skyrmion lattice by a highly tilted magnetic field sweep at an angle close to the
plane and subsequent polarity reversal of the skyrmion lattice were demonstrated*6?. The tilted
magnetic field in materials without DMI or weak DMI can nucleate non-topological bubbles

instead of skyrmions?*,

In confined structures, skyrmions nucleation and their subsequent stabilization at zero-
field can be accessed easily!4%194202205 The confining potential at the structure edge induced
by DMI allows for the nucleation of skyrmions by magnetic field pulses that remain stable
without a magnetic field?®. Woo et al. demonstrated the nucleation of a skyrmion lattice
commensurate to a 2 um disc initially in a labyrinth state using a bipolar magnetic field pulse®*.

When the nanostructure dimensions are comparable to the skyrmion size, it can only form a
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single skyrmion or be in a ferromagnetic state; hence magnetic field pulses can be applied as a

switch between the two states4%2%2,

A localized magnetic field can be used to switch magnetization within a narrow region
at the order of the skyrmion size and perform skyrmion nucleation. Zhang et al. demonstrated
nucleation using the stray field of a magnetic force microscopy tip to induce localized fields™*°.
The ambient labyrinth domains are sliced into an array of skyrmions by performing scans
across it*%274, For a high remnant material of CoasPtss, isolated skyrmion can be nucleated
from an ambient ferromagnetic state?”. Casiraghi et al. later also showed that under an external
magnetic field, these skyrmions could even be reliably moved using a tip by the repulsion with

the skyrmion core®®’,

Spin textures and skyrmions are hysteretic and display magnetic field history dependence.
Skyrmion density acquired from a positive and negative field sweep differs; More skyrmions
are formed during the fracturing of stripe domains than nucleation from the ferromagnetic state.
Exploiting magnetic skyrmions’ metastability, a perpendicular magnetic field sweep to an
intermediate field instead of saturation before removing the magnetic field can obtain higher
zero-field skyrmion density!30.133134152276 ' A characterization technique that can optimize this
intermediate field is the FORC technique. This technique, in short, reveals the irreversibility
of magnetization with reversal fields to identify skyrmion or other spin texture
transformations'®. The FORC technique is fully detailed in section 4.2.4. Our work on further
unravelling the information derivable and understanding the FORC results are presented in

Chapter 6.

Defects can be used as nucleation sites with a pathway of lower energy barrier?®8.272277,
For increased reliability, intentional defects can be fabricated, as demonstrated by Fallon et al.
using Ga* beam localized illumination. Subsequently, skyrmions are reliably nucleated at the

defect sites by magnetic field pulses and persist after the magnetic field is removed®.
3.2.2 Electrical and Spin Current
Electrical and spin currents are the primary nucleation method of interest because they

are comparatively easier to integrate and operate with electronics. Furthermore, these currents

can also perform control, motion, and detection, providing opportunities for skyrmionic
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devices fully functional by electrical control. The use of current injections is also less
perturbative compared to the magnetic field and temperature variations with thermodynamic
changes on the material. Below we present several current-induced nucleation performed using
constrictions of nanostructures, fabrication of skyrmion injection tips, or just homogeneous

current across a nanotrack.

The use of geometrical constriction that affects the current distribution along the
nanotrack for skyrmion nucleation was first demonstrated by Jiang et al., as shown in Fig.
3.2.1(a)!%. Under an applied perpendicular field close to saturation with sparse stripe and
skyrmions, current injection drives the stripe domains on the left into the constriction. As the
stripe domains exit the constriction on the right, the diverging current causes the stripe domains
to snip into skyrmions, analogous to blowing a soap bubble!®228 A more simplified
nanostructure with just a short constricting segment at the ends of the nanotrack shown in Fig.
3.2.1(b) was just as effective®®. In this device, the skyrmion and stripes are generated by SOT
that acts on the tilted magnetization at the device boundary induced by DMI. In a similar
structure with a nonmagnetic conducting point contact at the constriction, as shown in Fig.
3.2.1(c), current-induced skyrmion nucleation is mediated by the formation of a skyrmion-

antiskyrmion pair by a divergent SOT’.

B, =+0.5mT Hfy —— B, = +0.5mT

Before
Pulse
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Figure 3.2.1 Current-induced skyrmion nucleation devices utilizing (a) a constriction between two wide
regions®2, (b) short constriction segment at the ends of the track?®, and (c) nonmagnetic conducting
point contact at the constriction®®’,

A sharp conducting tip offers a small region of high current density used for nucleation
before diverging into the nanotrack, as shown in Fig. 3.2.2(a)—(c)*?"'"2. The mechanism for

nucleation was a SOT-induced switching at the tip instead of purely a thermally induced
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phenomenon due to Joule heating. However, heating does assist in lowering the threshold

current density for nucleation under longer pulses®’2,

Figure 3.2.2 (a-c) Images of experimentally demonstrated nucleation devices utilizing a sharp current
injection tip?7179172_(3) Scale bar, 3 pm. (c) Scale bar, 4 pm.

Skyrmion nucleation has also been observed by a simple electrical current injection
through a straight nanotrack. Many works attribute the nucleation process to a thermally
induced phenomenon due to Joule heating®?8141:176225 The observed minimum current density
and voltage relations with the thickness of sample and pulse durations support this
mechanism'?®, An extensive investigation of current-induced skyrmion nucleation under
different temperatures, magnetic fields, current densities, and current profiles further supports
the observed nucleation to be thermally indcued®3®. Brock et al. demonstrated materials with
lower saturation magnetization and perpendicular anisotropy favour this nucleation via Joule

heating®’®.

Besides Joule heating, the action of SOT on defects is another possible mechanism to
trigger nucleation by homogeneous electrical currents'®°22327° Defects along a nanotrack lead
to inhomogeneous material properties and magnetization. Homogenous SOT acting across
these regions cause nucleation of intermediate non-topological bubbles or even skyrmion-
antiskyrmion pairs that transition into skyrmions as they are driven out of the defects6%22327°,
Artificial defects at sharp corners of a constriction along a track were also used as nucleation

sources driven by current-induced SOT??3,

Perpendicular current injection for skyrmion nucleation in an MTJ was demonstrated via
STT induced magnetization reversal®®. Local spin current injection using an STM tip was also

shown to both nucleate and annihilate skyrmions precisely and selectively®.
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The investigation on CogZnsMns crystal by Yu et al. reveals the emergence of
dynamically induced skyrmions under a continuous flow of DC electrical current?®!, These
skyrmions are stabilized within a limited current density range. This phenomenon arises from
the fluctuations due to STT across the modulating helical or conical states that trigger the
transition into isolated skyrmions or even skyrmion lattices?®?. These dynamic skyrmions

annihilate after the removal of the electrical current.

Figure 3.2.3 (a-d) Illustration of skyrmion nucleation using current pulses on FeGe thin plate.

BDMI materials like FeGe crystals cannot utilize SOT-related mechanisms. However,
metastable skyrmions nucleation can still be performed by electrical current pulses, as
demonstrated by Yu et al. shown in Fig. 3.2.3%2. By fabricating a rectangular notch along the
bottom edge of the track, the inhomogeneous current at the corners of the notch generates a
spin current that excites skyrmions in its vicinity and extends away from the notch by additional
pulses shown in Fig. 3.2.3(a)-(d). Annihilation of these skyrmions could also be performed

using a reversed current®?,

The IDMI material has a clear advantage over the BDMI materials due to the availability
of SOT that accompanies the materials used to induce IDMI. However, the BDMI materials
show lower critical current densities for nucleation in less than 10° A/m? compared to the IDMI
material, with a majority exceeding 10'°® A/m? and up to 10> A/m? shown in Table 3.2.1. As
electrical currents can also drive skyrmion motion, decoupling the current paths for nucleation
and motion will be necessary. For instance, a short nucleating segment that lies transverse to
the track instead of the devices presented above.

Table 3.2.1] List of materials with their corresponding critical current density and mechanism involved
in skyrmion nucleation.
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Material Current density (A/m?) Mechanism/ Structure
Ta/CoFeB/Ta0x!*? 6 x 108 Constriction
Ta/CoFeB/Ta0,2% 2.3 x10% Short constriction segment
Ta/CoFeB/TaOx'*’ 8.8 x 10%° Non-magnetic constriction
Pt/Ni/Co/Ni/Au/Ni/Co/Ni/Pt 127 | 2.6 x 101 Nucleation tip
[CoesB32/Ir/Pt]3172 1.0 x 10%2 Nucleation tip
[Pt/GdFeCo/MgQ]20*"° 1.7 x 101 Nucleation tip
[Pt/Ir/C0]10'%8 2.0 x 101 Joule heating

[Pt/Co]152%° 7.6x 10° Joule heating
[Co/Ir/Pt]0t*t 2.0 x 101 Joule heating
[Co/Ni/Pt]20'7® 2.4 x10° Joule heating
[Pt/CoFeB/Mg0]152%3 2.6 x 101 Defect
[Pt/GdFeCo/Mgo]20 2.5 x 10%° Defect

CosZngMn3?8! 2x 108 Under DC current

FeGe>? 1x10° Rectangular notch

3.2.3 Electric Field

Electric fields are another attractive means of electrical control due to their significantly
less dissipative nature than electrical currents. An electric field can induce and control various
magnetic interactions, including exchange interaction?®3-285 magnetic anisotropy?26-2% and

DMI290-2% all critical in determining magnetic skyrmion stability.

Hsu et al. demonstrated electric field-controlled reversible skyrmion nucleation and
annihilation on Ir(111)/Fe(3ML)*?4, The electric field was applied locally using the STM tip.
Nucleation and annihilation occur via an electric field-induced relaxation of the Fe atom nuclei

that modulates the exchange interaction to favour the ferromagnetic or skyrmion state?8>2%,

Voltage-controlled magnetic anisotropy (VCMA) is the primary mechanism for the
category of IDMI materials!?®167220.2% \here the skyrmions in magnetic multilayers are
predominantly DDI stabilized and relied on its competition with perpendicular magnetic
anisotropy to stabilize magnetic skyrmions. The first demonstration of skyrmion density
modulation using electric fields was performed by Schott et al. on Pt/Co/Al.03'?°. A decrease
of K4 and Mg by —47% and —64%, respectively, was measured under a voltage change from
+20 V to —20 V. The substantial variation of Mg was attributed to the proximity of T. to room

temperature at low Co thickness, while the change in K, remains for thicker Co. Nonetheless,
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a consistent decrease or increase of o, was achieved to nucleate and annihilate skyrmions,
respectively. In another work by Ma et al., electric field control was performed on a gradient
sample of Pt/CoNi/Pt/CoNi/Pt with varying thickness?®. As the electric field modulates K.,
across the gradient, skyrmions only existed along a particular section of the device with optimal
Ky that shifts following the magnitude of the electric field. Note that the skyrmion density
directly correlates to the electric field; skyrmion density returns to the ambient state after

removing the electric field.

Non-volatile nucleation and annihilation using voltage pulses were later demonstrated by
Bhattacharya et al. on IrMn/CoFeB/MgO*®’. Nucleation could be performed using +7 V pulses
that correspond to 157 mV/nm without an external magnetic field due to exchange bias. In
addition, the annihilation voltage pulse also triggered a stripe to skyrmion transformation®®’.
Similar skyrmion nucleation and annihilation by voltage pulses were later demonstrated in
Ta/CoFeB/MgO/CoFeB/W MTJ as well?®, While a magnetic field is unnecessary for the
nucleation process, a magnetic field aligned to the skyrmion core improves the nucleation

probability.

In another approach to electric field control of skyrmions demonstrated by Ba et al., the
magnetic multilayer of [Pt/Co/Ta]s was deposited on a ferroelectric substrate
Pb(Mg13Nb23)07Ti0303 (PMN-PT). The electric field control of the magnetic layers was
performed via an electric-field-induced strain in the substrate?®®. The tensile stress in the
substrate is transferred onto the magnetic multilayer to weaken IDMI and K, . Non-volatile
nucleation of skyrmions from a ferromagnetic state under a 60 mT magnetic field was
demonstrated under a transient electric field of —4 kV/cm. This strain-mediated electric field
control offers new opportunities for modulation across the whole magnetic multilayer
compared to conventional means involving charge accumulation across only a particular

interface.

Electric field control is also applicable to BDMI materials. Okamura et al. first reported
the electrical field control of the skyrmion phase in the insulating multiferroic Cu20OSeOs across
magnetic field and temperature by magnetic susceptibility measurements®. Both the
thermodynamically stable skyrmion phase and field cooled metastable skyrmion phase

expanded (shrank) under +3.0 mV/nm (-3.0 mV/nm) electric field as shown in Fig 3.2.4(a)—
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(c). The extended range of the magnetic field and temperature of the thermodynamically stable
skyrmions induced by +3.0 mV/nm that intersects the range of metastable skyrmions under
+0.0 mV/nm constitutes the range where non-volatile nucleation and annihilation can be
performed, represented in green in Fig. 3.2.4(d)®. White et al. further investigated the same
electric field control of the skyrmion phase in Cu,OSeOs using the SANS imaging technique
that resolves the mixed state of metastable skyrmions with helical and conical states®®.
Temporal measurement of the metastable skyrmions lifetime revealed only low temperatures
below 40 K will be sufficient for technological applications but are not accessible for
nucleation using an electric field due to the magnitude of electric field required?®. Kruchkov
et al. later provided a theoretical account and reported similar electric field control on the
magnetic skyrmion phase in Cu.0SeOs?*’. The underlying mechanism involves the
magnetoelectric coupling due to d-p hybridisation?*®3%, This coupling only constitutes a small
perturbation of the free energy of the skyrmion and helical states that are already energetically
comparable?®’. Further work on Cu,0SeO3 demonstrates an IP electric field continues to induce

skyrmion nucleation via the same mechanism®.
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3.2.4 Laser and X-ray illumination

Optical control of magnetic materials offers the possibility for ultrafast transitions down

to femtosecond regime3®

since the first observation of demagnetization effects using a 60 fs
laser in 1996%%. Following the all-optical helicity dependent switching (AO-HDS) that
demonstrated controllable domain reversal using 40 fs circularly polarized light in GdFeCo,
interest in optical control for application in magnetic recording technologies was boosted.
While AO-HDS was initially demonstrated in ferrimagnetic rare earth-transition metal alloy
films or heterostructures®®2% ferromagnetic thin films and heterostructures are possible as

well3%,

In the earlier work by Ogasawara et al., 130 fs pulse laser was demonstrated to nucleate
magnetic bubbles down to 400 pum in TbFeCo where DDI skyrmions are stabilized®®. The
nucleation mechanism involves thermal demagnetization induced by the laser followed by the
relaxation into a reversed bubble due to DDI with the peripheral domain, as shown in Fig.
3.2.5(a)*"". This relaxation time was found to be 750 ps for a 400 nm bubble. Finazzi et al.
extended this study on TbFeCo to show the nucleation of higher-order skyrmions like
skyrmionium depending on laser fluence??®. Nucleation of skyrmions with increasing diameter
occurs above the fluence of 4 mJ/cm?and up to 5 mJ/cm? above which skyrmionium and other

higher-order spin textures emerge?2®.

Optically induced skyrmion nucleation in FeGe investigated by Berruto et al. was also
driven by the temperature increase from the light pulse*’. The heat generated by the laser pulse
raises the temperature to the thermodynamically stable skyrmion regime before cooling back
as metastable skyrmions. Exceedingly high fluence causes skyrmion annihilation as the
temperature was cycled past T, . The transition time for this mechanism ranges close to 1 ps,
limited by the cooling rate of the system. The optically nucleated BDMI skyrmions in FeGe

displayed sizes that were independent of fluence, unlike DDI skyrmions*’.

In the IDMI material of Ta/CoFeB/TaOy, Je et al. demonstrated 35 fs laser-induced
skyrmion nucleation driven by thermal effects. Using a large laser spot size of 60 um, a
skyrmion cluster is produced from a ferromagnetic state initialized by a magnetic field, as

shown in Fig. 3.2.5(b). Larger skyrmions are found at the cluster's periphery, and the overall
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skyrmion size reduces with fluence. No noticeable difference in nucleation by opposite
circularly polarized light suggests that the nucleation process is similar to ThFeCo3. All the
optical nucleation mechanisms discussed above are heat-induced rather than magneto-optical

interactions.

pticity [deg] o

Kerr Elli

Figure 3.2.5| (a) Domain reversal on TbFeCo induced by 130 fs laser pulse with 1.3 pm spot size by
different pump pulse energy®®. (b) Nucleation of skyrmion cluster on Ta/CoFeB/TaOx by 35 fs laser
pulse with 60 pm spot size'*®.

Recent work by Guang et al. demonstrated skyrmion nucleation on an exchange biased
[Pt/Co/IrMn]11 multilayers using X-ray illumination'’”. X-rays allowed the reduction of spot
size down to 44 nm, and nucleation of 100 nm skyrmions was observed. The mechanism
involved here differs from the prior works and is not thermally driven; Mn atoms strongly
absorb the X-ray photons to cause exchange bias reorientation. However, these nucleated
skyrmions that lie on exchange biased spots may lead to unintended pinning and instability of

these skyrmions beyond these spots and remain to be further investigated.

3.2.5 Strain

Mechanical stress that induces crystallography deformation of bulk materials and
interfaces allows for tuning various magnetic interactions critical for skyrmion stabilization
such as BDMI*3, IDMI2863% and magnetic anisotropy3*2%. Thus, nucleation techniques are
possible via the interplay of the thermodynamically stable and metastable skyrmions.
Furthermore, tunable stress can be applied mechanically or indirectly via electric field-induced

strain in a ferroelectric substrate.

The studies of strain effects on magnetic skyrmions in BDMI materials were pioneered
by Lee et al. on MnSi by hydrostatic pressure and later examined again by Ritz et al.>>*2, Under

increasing pressure, a fall of T, accompanied by an increasing portion of the skyrmion lattice
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phase was observed, as shown in Fig. 3.2.6(a)—(b). Subsequently, Nii et al. and Chacon et al.
performed a uniaxial compressive stress investigation of MnSi to reveal that the skyrmion
phase is extended(diminished) by a strain perpendicular(parallel) to the magnetic field®33*,
More importantly, they showed the magnetic phase changes originate from strain-induced
magnetic anisotropy. A different mechanism was revealed by Shibata et al. in FeGe, where
tensile strain-induced BDMI modulation®3. Uniaxial tensile stress caused lateral deformation
and elongation of the hexagonally packed skyrmions along the strain axis due to the diminished

BDMI along the strain axis.

The investigation of another BDMI material, Cu20SeOs, by Levati¢ et al. revealed a
similar enhancement of the skyrmion phase across magnetic field and temperature like MnSi
but differed with an increase in T 3%°. Seki et al. showed the enhancement(reduction) of
skyrmion stability in Cu,OSeOs with uniaxial tensile strain perpendicular(parallel) to the
magnetic field and displayed crystallography orientation dependence where enhancement is
nil®%, Under uniaxial compressive stress, Nakajima et al. similarly demonstrated the increase
in skyrmion stability and identified an enhancement of BDMI along the strain axis®'!. The
recent report by Deng et al. showed the enhancement of T, from 60 K up to room temperature
in Cu20SeO3 under high pressures up to 42.1 GPa®?2. Alongside the increase of T., the
skyrmion lattice phase was also extended across the entire temperature range without
significant changes in the magnetic field range, as shown in Fig. 3.2.6(g)—(h). Using Raman
spectroscopy, the crystal transitioned past three different crystallographic phases with
increasing pressure from P2:3 to P212:21, P2; and P1, above pressures of 5.5 GPa, 7.3 GPa,
and 24.3 GPa, respectively. The increase of T. occurs abruptly from less than 100K to 300K
at 7.9 GPa, while the sudden drop in the minimum temperature of the skyrmion phase occurs
at 26.2 GPa, which relate closely to the transitions in crystallographic phases above. Notably,
the skyrmion phase persisted and even improved under these crystal transitions, implying the

possibility for similar behavior in other materials.

The investigation of strain on magnetic multilayers is less explored comparatively to that
in BDMI materials. In work by Yokouchi et al., skyrmion nucleation in Pt/Co/lIr was performed
using surface acoustic waves(SAW)*°. The skyrmion nucleation was triggered by spatially

inhomogeneous strain-induced effective torque via magnetoelastic coupling and an
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intermediate skyrmion-antiskyrmion formation. Nucleation efficiency via this mechanism is
optimal when the half-wavelength of the SAW is slightly larger than the skyrmion size, which
is approximately 4 um, as shown in Fig. 3.2.7(a). An alternative approach to applying and
controlling strain on the magnetic multilayer is depositing on a ferroelectric substrate that can
be strained using electric fields. This approach was demonstrated by Feng et al. using
[Pt/Co/Ta]n on a TiNiNb substrate. TiNiNb additionally provides hysteretic and non-volatile
strain that widen options for strain control. Skyrmion nucleation is suppressed by compressive
stress but favoured by a tensile strain, as shown in Fig. 3.2.7(b). Both IDMI and K, decrease
with tensile strain due to weakening of the out-of-plane hybridization of Pt at Pt/Co interface
and emergence of anisotropic magnetic anisotropy that lies perpendicular to the strain,

respectively. The lowering of the minimum magnetic field for skyrmion nucleation down to

zero was also demonstrated3'2.
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Figure 3.2.6| (a-b) Magnetic phase diagram of MnSi under hydrostatic pressure of (a) 0.0 kbar, and
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orientation illustrated in schematic34. (g-h) AC susceptibility and magnetic phase diagram of
Cu,0Se0s under hydrostatic pressure of (g) 2.5 GPa and (h)26.2 GPa3?,
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diagram of [Pt/Co/Ta]1, under magnetic field and strain®®,

3.3 Skyrmion Motion/Excitation

This section presents the theoretical description of skyrmion dynamics and experimental
demonstration of skyrmion motion and excitations. The list of excitations for skyrmion motion
includes electrical current, spin current, temperature, energy gradient, electric field, magnetic

fields, and microwaves.

3.3.1 Thiele’s Equation

The dynamics of a single magnetic skyrmion can be described using Thiele’s equation
derived from the Landau-Lifshitz Gilbert equation under several assumptions®“. The first
assumption is the magnetic skyrmion is not accelerating and translating with constant velocity
or massless. The second assumption is the magnetic skyrmion has a rigid and uniform profile
across the thickness that does not deform under forces and during motion. The first assumption
can be satisfied when the magnetic skyrmions are driven in the flow regime with limited
pinning interactions?®3'°, However, the deviations from the second assumption are typical for
experiments at high velocity and thicknesses'*®11:222 Nonetheless, Thiele’s equation remains
the key equation of motion for magnetic skyrmions useful in capturing critical features of

skyrmion dynamics.

The Thiele’s equation is given by,

, (3.3.1)
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where G is the gyromagnetic coupling vector, V is the drift velocity of the centre of mass of
the skyrmion, D is the dissipative tensor, and F is the conservative external forces acting on
the skyrmion. The equation takes the form of a dynamic equation requiring the balance of the

gyrotropic force F_, dissipative force F, and the conservative external forces F,,

For the F, ternin Eq. 3.3.1, G =(0,0,G) and,

~Md

(a_mxa_m] dxdy (3.3.2)

where M corresponds to the unit vector of magnetization, d is the thickness of the magnetic
layer, M is the saturation magnetization, and » is the gyromagnetic ratio. The integral in this
term is related to the winding number or skyrmion number N in Eq. 3.1.1 by a factor of 47 .
For the case of a magnetic skyrmion that is defined by the topological structure with N ==1,

Eq. 3.3.2 is simplified to,

G=+4zN M. d /7, (3.3.3)

determined by N which depends on the polarity and chirality of the magnetic skyrmion. The
gyrotropic force is often referred to as the Magnus force as it is commonly orientated

orthogonal to the velocity.

The second term in Eq.3.3.1 is the dissipative term where D is given by,

- X ox X

p=2 ! am o am ay or D= oMt
4 m_ am xdy m —dxdy

y x o oy

where o is the Gilbert damping constant. Under the assumption of an axially symmetric

am am

Y, (3.3.4)

skyrmion profile*®, D, =D,, =0 and D, = D, the tensor can be further simplified down to

a scalar term given by D,

Isz OlMt

S

om 8m
OX ax

(3.3.5)

The final term in Eq. 3.3.1 represents an equivalent conservative external force acting on
the skyrmion by excitations such as energy gradients, electrical currents, and spin currents,

described in general as,
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F=-VU. (3.3.6)

Given that F, and F, are orthogonal, it necessitates F,, from being collinear with V

and leads to the deviation in the motion of the skyrmion from its driving force, also referred to
as the skyrmion Hall effect. By resolving Eq. 3.3.1, one can derive the angle of deviation will

be given by,

0, =— (3.3.7)

referred to as the skyrmion Hall angle?®??2, The skyrmion Hall effect poses a threat to the
stability of magnetic skyrmion in confined structures like nanotracks, where the skyrmions can
be driven to annihilation at the structure edges. The confining potential induced by DMI at the
edges provides limited protection to the magnetic skyrmions and can be overcome at sufficient

velocities?®!,

Two main approaches are adopted to mitigate the skyrmion Hall effect, reducing lfg to
zero or introducing stronger confining forces to mitigate Ifg . Ifg is reduced in
antiferromagnetic systems or synthetic antiferromagnets where there are two sublattices of
skyrmions with a common chirality but opposite polarity that counteract to give a zero G 168217,
Hence, the skyrmion motion V will be collinear with the driving force F,, impeded by F, .

Alternatively, confining potentials can be enhanced by fabricating track edges with either

enhanced Ku or diminished DM |164:317.318

3.3.2 Electrical and Spin Current

The motion of skyrmion induced by electrical currents or spin currents can be categorized
into two main categories, STT and SOT. SOT is the primary driving mechanism in IDMI
materials due to their structure with a strong spin-orbit coupling layer adjacent to the FM that
can induce spin current injection into the FM. Other materials are primarily be driven by STT,
unless intentionally interfaced with another layer that can induce SOT. SOT is significantly

more effective than STT for magnetic skyrmions and hence are the centre of attention®316,

SOT can drive skyrmions either along or against electron flow depending on the injected
spin current’s polarization and the skyrmion’s chirality®!®. Considering the SOT generated by

SHE, the effective field can be expressed as,
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o = e m<(21) e3)

where 7 is the reduced Planck’s constant, &, is the spin Hall angle, ] is the charge current
density, e is the charge of an electron, . is the unit vector along electron flow!2319320 The
term Zx J, corresponds to the injected spin current direction & that lie along § assuming |,
flows along X. Following Thiele’s formulism, the force density ‘?sm induced by Hg,; across
the skyrmion can be derived by f =VH-M . In addition, by taking ], =+& to simplify the
formula and give a more intuitive view of the forces acting on the skyrmion, fSOT is given by,

f PO Oy OM g, Ty O g (3.3.9)
2ed ox ox dy oy

Equation 3.3.9 highlights the importance of skyrmion’s chirality for Fsm to induce a

unidirectional force along both skyrmion edges that result in translational motion. Without
chirality, a bubble domain will either experience a converging force that annihilates it or
diverging force that stretches the domain into a long stripe domain. Thus, the translational
motion by SOT excitation was also used as a general rule to differentiate skyrmions from non-

topological bubbles®?.

To initiate skyrmion motion, a minimum depinning current, is required to overcome the
effects of pinnig due to disorder, defects, or inhomogeneity across the material, even more so
for sputtered materials!®432:322_ Just above the depinning current, skyrmions move in the creep
regime!®232% where their motion involve stochastic hopping from pining site to pinning site.
Longer current pulses thermally assist with depinning®®!. Skyrmion speed in the creep regime
is slow at the order of pm/s*%51%2, At higher current densities, skyrmions overcome the pinning
interactions and propagate dominantly due to the driving forces. A challenge arises when the
same current intended for motion can induce unintended nucleation and deletion of magnetic
skyrmions, as discussed previously in Section 3.2.2. A mess of random nucleation and
annihilation across the device can occur at higher current density dynamics?®135223260 Qne
approach to overcome this is to use higher magnitude and shorter current pulses for motion?2®°.
Comparing the current-induced skyrmion motion on [Pt/Co/Ta]is and [Pt/CoFeB/MgQ]is in
work by Woo et al., few skyrmions moved freely, and others were pinned or annihilated in

[Pt/Co/Ta]is while most skyrmions in [Pt/CoFeB/MgQO]is can be moved uniformly!®. The
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amorphous CoFeB without grain boundaries like polycrystalline Co was shown to be more

desirable.

The skyrmion Hall effect predicted by the Thiele’s equation was absent at low driving
currents. 6, increased and saturates with current density and skyrmion velocity in experiments,
as shown in Fig. 3.3.1(a-b)?°?22, The current dependent 8, was attributed to the transition
from the creep to flow regime due to pinning interactions by Jiang et al.?23!°, Soon after,
Litzius et al. reported a linearly increasing 6, with skyrmion velocity and further proposed
the increase in 6,, was also attributed to the deformation of skyrmions at high velocities due
to additional contribution by the field-like component of SOT?%2, A recent report by Litzius et
al. further exemplifies in an even higher drive regime, not only the field-like component of
SOT that induces small deformations, but the damping-like component of SOT causes even
more significant deformation into a stripe along y that contributes to the increase in 6, 1%, As
skyrmions inevitably transition from the creep to flow regime, current density dependent 6,

is a general feature observed in later works on Pt/Co/Mg0O?! and [Pt/GdFeCo/MgO]20?'.
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Figure 3.3.1| (a) Skyrmion Hall angle in Ta/CoFeB/TaOy across all four combinations between current
directions and skyrmion polarities®®*. (b) Linear dependence of skyrmion Hall angle in
[Pt/CoFeB/MgO]1s with skyrmion velocity??2.

In Eqg. 3.3.7, D increases linearly with skyrmion size for large skyrmions and thus 6, is
expected to increase significantly at smaller sizes. However, the experimental observation of
diameter-independent skyrmion Hall angle was reported by Zeissler et al. in [Pt/CoB/Ir]s.

Skyrmion ranging from 35 nm to 825nm showed a common 6, of 9° at an average velocity of
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6 m/s. The diameter independence arose from the dominant pinning landscape across the device.
Hence, demonstrating pinning is a critical aspect that not only generates drive dependent 6,

but also removes diameter dependence.

Because of the skyrmion Hall effect, skyrmions are driven towards and accumulate along
one of the transverse edges of the track, and a qualitative sign of the skyrmion Hall effect can
be derived. The work by Sugimoto on Pt/Co/lr further demonstrated the accumulation and
depletion of skyrmions could even be induced in regions with no current flow!*344, Figure
3.3.2(a) shows the device geometry used, where the current flows across the middle track while
narrow 1pum bridges connect to the adjacent tracks. Under an applied current, skyrmion
accumulation occurs in the top track, while depletion occurs in the bottom track. This behaviour
was likened to a skyrmion chemical potential gradient transverse to the current and can be

helpful in skyrmion injection or deletion applications.

N

Figure 3.3.2| (a) Schematic of device structure where the current injection was only performed across
the middle track but connected to adjacent tracks via a narrow bridge (b) MOKE image of skyrmion
distribution across the device under electrical current flow?*. Scale bar, 10 pum.

Antiferromagnetic skyrmions are theoretically predicted to produce no gyrotropic forces
and skyrmion Hall effect. The work by Woo et al. in the ferrimagnetic multilayer
[Pt/GdFeCo/MgQ]20, showed a reduced 6, of 20° at the velocity of 50 m/s%, SAF skyrmion
is another avenue to suppress the skyrmion Hall effect. 6, was suppressed down to just a few
degrees at skyrmion velocities of 1 m/s in Pt/Co/CoFeB/Ir/Co/CoFeB/W by Dohi et al., as
shown in Fig. 3.3.3(a)?'". A direct comparison to FM skyrmions in Pt/Co/CoFeB/Ir showed
0, of approximately 20° for the same velocity. In addition, without gyrotropic forces, the

driving force by SOT are significantly more effective in driving skyrmions, as shown in Fig.
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3.3.3(b), where an order less current density is required in SAF skyrmion compared to FM

skyrmion to achieve similar velocity.

Along the nanotrack edges, skyrmion-edge repulsion was directly observed by Jiang et
al. as the skyrmions showed oscillatory motion when driven towards the edge by the skyrmion
Hall effect?®’. While analysing Thiele’s equation by considering edge repulsion predicts an
increase in skyrmion velocity along the track, the opposite was observed experimentally?0%:260,
Skyrmions close to the edges travel with lower velocity and exhibit higher pinning current than
regions far from the edges, which are likely to be caused by higher non-uniformity and defects

along track edges from fabrication processes.

Temperature being critical in skyrmion stability and nucleation, its effects on the current-
induced motion was investigated by Litzius et al. ¥, Skyrmion velocity increased with
temperature due to the strengthening of SOT. &, was unaffected due to limited change in
skyrmion rigidity due to temperature. Nonetheless, thermally robust properties close to room

temperatures are ideal.
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Figure 3.3.3| (2) Skyrmion Hall angle dependence on skyrmion velocity comparison between a synthetic
antiferromagnet and ferromagnet structure. (b) Enhancement of skyrmion velocity in the synthetic
antiferromagnet Pt/Co/CoFeB/Ir/Co/CoFeB/W?Y',

SOT can also drive DDI skyrmions that are not Neel in configuration. As demonstrated
by Montoya et al., by depositing [Fe/Gd]100 With a bottom Pt layer and top Ta layer, the Bloch
skyrmions were still driven by SOT against the direction of electron flow!®!. The motion was
found aligned to be driven by SOT induced by the bottom Pt layer acting on the Neel cap of
the thick FM layer. Thus, SOT-driven motion remains accessible for Bloch skyrmions by

fabricating high repetition multilayers.
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The studies in BDMI are limited compared to the magnetic multilayers due to the more
stringent fabrication processes and necessary low-temperature measurement for most of the
materials. Current-driven skyrmion motion in BDMI materials is limited to the STT mechanism.
One main advantage of magnetic skyrmions over domain walls is their low depinning current
triggering. The first report of low pinning current was performed by Jonietz et al. on MnSi at
the order of 108 A/m2. Limited by the SANS used as a means of observation, a temperature
gradient parallel to the current was used to generate current-induced rotation3?*. Another low
pinning current measurement of 10° A/m? in MnSi was measured electrically by Schulz et al.
using the additional Hall effect contribution by the moving skyrmion lattice®?®. Direct
observation current-induced motion of skyrmions in FeGe was later demonstrated by Yu et al.
using LTEM32?® and reported a similarly low pinning current of 10° A/m?,

Table 3.3.1| List of magnetic multilayers’ electrical current-driven skyrmion dynamics’ parameters
including direction (Dir), depinning current, range of skyrmion Hall angle. For skyrmion motion
direction, + and — corresponds to the conventional electrical current and electron current direction. The

last two columns provide a set of current densities and the corresponding skyrmion velocities for
reference.

Skyrmion
. . Depinning Current Velocity
M | Dir. Hall Angl

ateria " Current (A/m?) a (o)ng € (A/m?) (m/s)
Ta/CoFeB/Ta0x**? - 1x 108 - 4.5 x 108 2.5x10°
[Pt/Co/Ta]15%%* + 2 x 101 - 3.5 x 101 50
[Pt/CoFeB/Mg0]15194222 + 2 x 10! 0-32 5.1 x 101 110
Ta/CoFeB/Ta0x?%! - 6 x 10° 0-32 6.2 x 10%° 0.75
Pt/Ni/Co/Ni/Au/Ni/Co/Ni/Pt?’ + 2.5x 101 - 4.5 x 101 65
[W/CoFeB/Mg0Q]15%%* + - - - -
[Pt/Ir/Co]10'%® + 2.85 x 101 - 2.85 x 101 0.04
[Pt/CoFeB/Mg0]20"* + - 1.6 x 101! 10
Pt/Co/Os/Pt1%° + 2x 108 - 1.2 x10° 1.4 %107
[Pt/GdFeCo/Mg0]20'%® + - 0-20 3.55 x 10! 50

g

Pt/Co/MgO + 3.2 x 101 0-50 6.8 x 101! 100
Pt/Co/CoFeB/Ir/Co/CoFeB/W?Y’ + 2 x 101 0 1.2 x 10%2 5
[Pt/CoB/Ir]s'"? + - 9 5.6 x 101! 5
Pt/[Gd/Fe]i00/Ta*! +

Kagawa et al. highlighted the undesirable current-induced topological unwinding of

skyrmion strings in thick bulk MnSi where the skyrmion strings extend across the material®,

In 2018, Shibata et al. investigated the motion of metastable hexagonally packed skyrmion
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clusters amid helical domains, reporting a higher pinning current density of 10° A/m? due to
increased potential barriers to translate the domain boundary“®. Increased temperature assists
in propagation, aligned with previous reports as the motion involve thermally activated creep
motion at current densities just above pinning current*®326, Okuyama et al., reported a friction-
like phenomenon at the edges of the device that causes inhomogenous rotation of the skyrmion
lattice in MnSi®%’. In contrast to multilayer skyrmions, BDMI skyrmions are typically stabilized
as aggregates or closely packed clusters. Yu et al. showed that these skyrmion aggregates

undergo internal rotations in addition to their translational motion®2.

3.3.3 Temperature Gradient

The first reported skyrmion motion was detected using the combination of temperature
gradient and electrical current injection in MnSi to induce the rotation of skyrmion lattice®?,
The primary role of the temperature gradient in this work was to generate an inhomogeneous
spin torque. Mochizuki et al. later demonstrated that a pure temperature gradient alone could
induce the rotation of the skyrmion lattice in Cu20Se03%%, A radial temperature gradient
formed using electron beam illumination drove a CW rotation above a critical electron
irradiation density. The temperature gradient generated longitudinal magnons and transverse
magnons along the temperature gradient due to the magnetic field induced by the magnetic

skyrmions, causing the rotation3%,

In 2020, Wang et al. investigated the effects of a temperature gradient on magnetic
skyrmion in magnetic multilayers [Ta/CoFeB/MgO]ss directly using on-chip heaters instead of
illumination*®. Isolated skyrmions diffused from the hot region to cold region, as the combined
effects of magnon spin torque, thermoelectric current’s torque and the entropic gradient

associated with the temperature gradient®232°,

3.3.4 Electric field

Electric field-induced rotation skyrmion lattice was first reported by White et al. in the
insulating multiferroic Cu,0SeO3?t. Note that the application of an electric field on a skyrmion
lattice does not generate a rotation. The electric field determined the angle of the skyrmion
lattice formed via a magnetic field sweep. The angle of rotation varied linearly with the applied

electric field. The skyrmion rotation was achieved via a magneto-electric coupling between the
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electric dipole and the external electric field”®8L, White et al. later extended this work to show
a small oscillating magnetic field under a fixed electric field can induce the rotation of
skyrmion lattice towards a saturation angle that extends up to 25° 8. The small oscillating

magnetic field was required to overcoming pinning.

In 2019, Ma et al. demonstrated a directional translation of magnetic skyrmions in
Pt/CoNi/Pt/CoNi/Pt/SiO, performed using an electric field illustrated in Fig. 3.3.4?%°, In this
work, the material was fabricated with a thickness gradient and a corresponding magnetic
anisotropy gradient. As the electric field was applied across the whole track, magnetic
anisotropy was modulated to generate a domain in the lower thickness that pushes the skyrmion
up the track under an increasing electric field. However, a thickness gradient will not be
feasible for extended tracks. Hence an alternative scheme of electric field variation across a

uniform track proposed in our work in Chapter 7 is required and remains to be experimentally

demonstrated.
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Figure 3.3.4| (a) Skyrmion lattice’s saturation angle triggered by a small oscillating magnetic field in
the presence of an electric field in Cu,0SeOs®. (b) Schematic of electric field-induced nucleation and
motion of skyrmion along a gradient?%,

3.3.5 Microwave

The first microwave excitation on magnetic skyrmions was performed by Onose et al. on
Cu,0Se03'8. The magnetic skyrmions exhibit three key modes: CW rotational, CCW rotational
and breathing modes. The rotational modes correspond to the circular motion of the skyrmion
core off its equilibrium position. In contrast, the breathing mode corresponds to the periodic
expansion and contraction of the skyrmion core. The rotational and breathing modes are excited
by magnetic field oscillations parallel and perpendicular to the skyrmion lattice plane,
respectively. Okamura et al. revealed the nonreciprocal directional dichroism (NDD) of

microwaves, where microwave absorption differs for opposite propagation directions due to
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magneto-electric coupling in Cu0Se03%2. In 2015, Schwarze et al. extended the materials
investigated across more BDMI materials, including MnSi, FeCoSi, and Cu.OSeOs with
metallic, semiconducting and insulating conductivities, respectively®. A universal behaviour
in excitation frequency was identified across all materials and can be characterized based on
the Dzyaloshinskii-Moriya energy, a critical internal field energy and shape anisotropy.
Metastable skyrmions also displayed additional contribution due to deformation and
elongation®®. For GaViSs that stabilizes Neel skyrmions and has a strong perpendicular
magnetic anisotropy, a different microwave response was detected**°. The resonant frequencies
of the breathing mode were suppressed by magnetic anisotropy to be lower than the CCW
mode. Extending the previous work on NDD, Okamura et al. investigated GaV4Sg and reported

a similar behaviour of dichroism?33!,

Resonant signatures of magnetic skyrmions were also reported in spin current nano-
oscillator on Pt/[Co/Ni]s by Liu et al.®*? and magnetic tunnel junctions that stabilize a single
skyrmion by confinement by Penthorn et al.?®, In a recent report by Satywali et al., the
magnetic multilayer [Ir/Fe/Co/Pt]20 showed two frequency modes corresponding to the CCW
gyration of the skyrmion core and an additional higher frequency CCW precession of the inter-
skyrmion regions®3. Notably, CW precession of the skyrmions was not detected in this work
due to the magnetic anisotropy and Neel skyrmion configuration that diminished the CW

mode’s intensity and enhanced the frequency beyond the detectable range.

3.3.6 Brownian Motion

At room temperature, thermal fluctuations acting on isolated skyrmions manifest as a
random Brownian motion, particularly in materials with low pinning potential. In 2019,
Zézvorka et al. investigated this Brownian motion of skyrmions in Ta/CoFeB/Ta/MgO for
temperatures close to room temperature'®®. The random trajectories of the skyrmions and
linearly increasing mean squared displacement with time was as expected from Brownian
motion, as shown in Fig. 3.3.5(a). An exponentially increasing diffusion coefficient with
temperature was also measured. Exploiting this motion, Zazvorka et al. additionally
demonstrated its application as a reshuffler device. Nozaki et al. subsequently demonstrated
the voltage control of the diffusion constant in W/FeB/Ir/MgO as shown in Fig. 3.3.5(b)!".

The diffusion constant increased with voltage while perpendicular magnetic anisotropy
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decreased. The voltage-controlled diffusion constant was speculated to originate from the
modification of skyrmion size and shape and reduced pinning landscape. Zhao et al. later
showed that the Brownian gyromotion of skyrmions was even topology dependent®®8,

For applications in Brownian computing, Jibiki et al. introduced a fabrication approach
to minimize skyrmion pinning!®*. Instead of etching magnetic skyrmion tracks that cause
unwanted non-uniformity and pinning, particularly at track junctions, the tracks were patterned
by depositing a capping SiO: layer, leaving the ferromagnetic layer undamaged. The confining
geometry of the nanodevices is also critical in determining skyrmion diffusion, confirmed by
Song et al. in triangular devices in Ta/CoFeB/Ta/MgO as shown in Fig. 3.3.6%%". The
commensurability between the device geometry and skyrmion quantity determines the stability
of skyrmion positions, as highlighted in the case of 3, 6, and 10 skyrmions being confined in a

triangular device in Fig. 3.3.6(a)—(b).
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Figure 3.3.5| (a) Skyrmion trajectory at 296K in Ta/CoFeB/Ta/MgO. Inset is the plot of mean squared
of skyrmion displacement with time!®3, (b) Voltage dependence of skyrmion diffusion constant in
WI/FeB/Ir/MgO™.
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Figure 3.3.6| (a) Experimental images of the initial skyrmion state and time-averaged states with
different skyrmion quantity. (b) Time-average skyrmion trajectories evaluated via simulations?’.
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3.4 Skyrmion Observation and Detection Techniques

This section discusses the various skyrmion observation and detection techniques
ranging from scattering, electrical detection, magnetic susceptibility and imaging using various

means including electron, x-ray, scanning probes, and optical light'’.

3.4.1 Scattering and Illumination

The first observation of magnetic skyrmions was performed indirectly via small-angle
neutron scattering (SANS) in MnSi, as shown in Fig. 3.4.1(a)?8. The technique is performed by
illuminating a monochromatic and collimated neutron beam on the sample and collecting the
scattering pattern on a two-dimensional position-sensitive detector behind the sample. SANS
is used to probe mesoscopic physical and magnetic structures at the length scales of 1 nm to
1000 nm®*, This scattering technique is suitable for investigating the ordered magnetic
structures like skyrmion lattice and helices. Magnetic skyrmions return the characteristic 3q
scattering pattern with sixfold symmetry, as shown in Fig. 3.4.1(a), while helices will produce
single q scattering patterns. Figure 3.4.1(b) shows the scattering pattern when two domains
of magnetic skyrmions are present for the case of FeosCo002Si”™ and highlights the possible
complex scattering patterns that require careful interpretation, particularly for less ordered
multidomain, transitioning, or mixed state. SANS was used to characterize many BDMI
materials like MnixFeSi”, Cu.0Se0s%° GaViSs?® CosZnsMns®’ MnixFexGe®®, and
GaViSs!® While SANS is useful in identifying and acquiring general spin phase diagrams,
real-space imaging techniques are necessary to further directly observe the skyrmion.
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Figure 3.4.1] SANS scattering intensity of magnetic skyrmions in (a) MnSi%, and (b) FeosC00.2Si"™.
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The first real-space observation of magnetic skyrmion was performed using Lorentz
transmission electron microscopy (LTEM) in FeosC005Si, as shown in Fig. 3.4.2(a)**°. LTEM
images magnetic structures down to 2 nm resolution based on the Lorentz force interaction
between the electron beam and magnetic induction by the local magnetization of the sample33®.
The LTEM technique is sensitive to IP winding of magnetization at the domain walls. Based
on the winding, the electrons will either converge or diverge to give brighter or darker regions
in the Fresnel mode, where the image is defocussed. In combination with the transport-of-
intensity equation evaluation, one can even derive a quantitative measure of the IP
magnetization®3"3%, Thus, LTEM is suitable for Bloch skyrmions found in a majority of BDMI
materials®”9":104281.335 1n addition, magnetic multilayers without DMI such as [Fe/Gd]so can
stabilize Bloch skyrmions of both helicities corresponding to CW and CCW winding of the
skyrmions!®®. Skyrmions with different helicities are easily identifiable from LTEM images as

they form opposite contrast, as shown in Fig. 3.4.2(b). LTEM was also used to confirm the

formation of a three-dimensional hedgehog lattice in MnGe, as shown in Fig. 3.4.2(c)*8.

Intensity (a.u.)

Figure 3.4.2| (a) Overfocussed LTEM image of mixed helical and Bloch magnetic skyrmion state in
FeosC005Si**°. (b) Underfocussed LTEM image of Bloch magnetic skyrmions with both helicities in
[Fe/Gd]s0'* . (c) Underfocussed LTEM image of the hedgehog lattice in MnGe®®. (d) Tilted LTEM
image of a Neel magnetic skyrmion in [Pd/Co]s*®.

For Neel skyrmions, the electron deflection occurs along the domain wall resulting in no

divergence or convergence of the electrons, thus generating no magnetic contrast'®, However,
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Pollard et al. demonstrated Neel skyrmion imaging in magnetic multilayer [Pd/Co]s by tilting
the sample to generate a non-zero curl in magnetization perpendicular to the electron beam and
generate contrast, as shown in Fig. 3.4.2(b)'¥. Thus, LTEM are applicable to magnetic
multilayers like Pt/Co/Ta'*, Pt/CowW!®, and Ta/CoFeB/MgO*®!. LTEM can identify Neel
skyrmions, but their chirality remains hidden. Jiang et al. proposes distinguishing Neel
skyrmions’ chirality using the slight asymmetry and difference in image contrast when tilted

in opposite angles but remains too challenging in resolving the signal from the noise*°.

More advanced electron microscopy techniques like electron holography and differential
phase contrast (DPC) scanning transmission electron microscopy (STEM) are also available
for skyrmion imaging. Electron holography was used to resolve magnetic skyrmion structure
at better resolutions and evaluate the magnetic structure across its thickness critical for
skyrmion strings and magnetic bobbers by the quantitative measure of the electron phase
shifts*°0° The scanning approach of DPC-STEM offers quantitative measurement at an even
better spatial resolution down to the 1 nm resolution useful for investigating detailed skyrmion
structure, at the expense of temporal resolution®%-34, Another electron-based magnetic
imaging is scanning electron microscopy with polarization analysis (SEMPA) and spin-
polarized low-energy electron microscopy (SPLEEM). SEMPA derives surface magnetization
configuration based on the emitted secondary electron’s polarization®!%34* while SPLEEM
utilizes the magnetization-dependent backscattering of spin-polarized electrons off a magnetic

surface0434,

Figure 3.4.3| (a) X-PEEM image of a magnetic skyrmion in a Pt/Co/MgO nanodot where brightness
depends on degree of alignment to direction of x-ray that was incident at a grazing angle of 16° 22, (b)
MTXM image of a mixed skyrmion and stripe state in [Ta/CoFeB/MgO]is where brightness
corresponds to the perpendicular magnetization magnitude®®. (c) STXM image of labyrinth domain in
GdFeCo resolved by Fe and Gd atoms by tuning of photon energy. Scale bar, 1 um?*6®
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Besides electrons, X-ray is another critical tool to probe magnetization via x-ray
photoemission electron microscopy (X-PEEM), magnetic transmission x-ray microscopy
(MTXM) and scanning transmission x-ray microscopy (STXM)**. These imaging techniques
fundamentally operates on the phenomenon of x-ray magnetic circular dichroism (XMCD),
where circularly polarized X-ray of opposite polarization exhibits different adsorption. The X-
ray-based techniques have a trade-off in spatial resolution compared to electron-based
techniques. Still, they come with advantages like element-specific probing of magnetization by

tuning photon energy and even probing specifically spin or orbital magnetic moments34°.

For X-PEEM, the emitted electron intensity that depends on the projection of the
magnetization along the X-ray beam is captured. An X-PEEM image of a magnetic skyrmion
on a Pt/Co/MgO nanodot illuminated at a grazing angle of 16° is shown in Fig. 3.4.3(a), with
the maximum and minimum brightness at the opposite edges of the skyrmion?%2, X-PEEM is a
flexible technique across materials and wused in many works on magnetic
skyrmiong!42159.160,183,202221.227.347 - MTXM and STXM differed as full-field imaging and
focussed point-like imaging that generates images by spatial scanning. Thus, MTXM has the
temporal advantage in investigating fast skyrmion dynamics!®. Otherwise, MTXM remains
useful as simply an imaging technique in other works'®>17/6.190.181225 “ An MTXM image is
presented in Fig. 3.4.3(b), where the brightness corresponds to perpendicular magnetization
magnitude and shows a mixed skyrmion and stripe state in [Ta/CoFeB/MgO]is *°. The
element-specific capability of X-ray-based imaging is highlighted for the STXM of
ferrimagnets like GdFeCo shown in Fig. 3.4.3(c), clearly demonstrating the ferrimagnetic
coupling between the Fe and Gd atoms®. With a lower temporal resolution of STXM, it is
generally  used for  static  imaging of  magnetic states in  many
material5121'136'138'140'142'151'168*170*173'177'227'348'349, bUt are also app“ed in a pump-probe manner
to investigate dynamical processes at the ns temporal resolution provided the processes are
fully repeatable and deterministic'®®1’2, X-ray holography is another imaging technique that
provides high spatial precision and drift-free imaging critical for dynamic
investigations?11223:349350  Resonant elastic x-ray scattering (REXS) is also available for

reciprocal space imaging limited to ordered magnetic states**879,
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Scanning probe-based magnetic microscopy includes spin-polarized scanning tunnelling
microscopy (SP-STM), magnetic force microscopy (MFM), and nitrogen-vacancy scanning
probe microscopy (NV-SPM). SP-STM operates based on the electrical tunnelling current that
depends on the relative alignment between the probe and the local sample magnetization. The
atomic-scale resolution of SP-STM is demonstrated in the magnetic skyrmion lattice in Fe
monolayer, as shown in Fig. 3.4.4(a). All three magnetization components can be resolved by
this technique, thus being useful particularly for investigating details of magnetic structure and
configurations’123:124154.197.351-354 1y contrast to SP-STM, MFM indirectly obtains the sample’s
magnetization via the magnetic force exerted on the magnetic tip by the sample’s stray field.
Figure 3.4.4(b) shows an MFM image of a mixed skyrmion and stripe state in magnetic
multilayer [Pt/Ir/Co]10. A similar magnetic exchange force microscopy operates directly based
on the exchange interaction between the magnetic tip and the sample magnetization®®%, The
NV-SPM is similar to MFM but with a significantly higher sensitivity to the magnetic fields

and has recently been employed for magnetic skyrmion studies#7203.357,

<—3nm—> ..)

Figure 3.4.4] (a) SP-STM image of magnetic skyrmion lattice in Fe monolayer deposited on Ir(111)3.
(b) MFM image of a mixed skyrmion and stripe state in magnetic multilayer [Pt/Ir/C0]10*?

Finally, magneto-optical Kerr microscopy is another common magnetic imaging
technique, easily accessible compared to the electron or X-ray-based techniques. The key
limiting factor is the spatial resolution constraint by the diffraction limit of optical light in the
range of hundreds of nanometers. However, this resolution remains sufficient for most of the
magnetic skyrmions found in magnetic multilayers, thus they are commonly applied in many
works, including our work presented in Chapters 5 and 6129132143.153,156,157,164-
166,174,207,211217,220260 - The principle of this microscopy is the magneto-optical Kerr effect
(MOKE), where the polarization change upon reflection is magnetization dependent. Detailed

discussion on this microscopy technique is presented in Section 4.2.2.
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3.4.2 Electrical Detection

Electrical properties and signals are crucial detection methods for applications in
electronic devices. The imaging techniques presented in Section 3.4.1 are valuable for research
investigations but impractical to be embedded into technological devices. Magnetic
information can be probed electrically using various phenomena, including Hall resistance,
magnetoresistance, and Nernst effect. However, a critical consideration is required regarding
electrical signals that can carry magnetic signals representing magnetization information but
not a specific spin texture. The electrical Hall resistance can be resolved into three main sources:
ordinary Hall effect, anomalous Hall effect, and topological Hall effect55131.3%83%9 A detailed
discussion of electrical Hall resistance is presented in Section 4.2.3 as it was used in our work

presented in Chapters 5 and 6.

In a magnetic tunnel junction (MTJ), the structure itself constitutes a magnetization
detector based on tunnelling magnetoresistance (TMR). The electrical resistance depends on
the relative alignment between the free and reference layer. An MTJ can be designed with
narrow dimensions comparable to the magnetic skyrmion to restrict the stable states within the
MTJ layer to be either a single magnetic skyrmion or the ferromagnetic state?®®2%, In this
manner, the intermediate magnetoresistance can be directly associated with certainty to the

existence of a magnetic skyrmion.

Apart from TMR applied in MTJ and SP-STM, Hanneken et al. demonstrated that the
winding structure of the magnetic skyrmion could generate a tunnelling non-collinear
magnetoresistance (NCMR)*%%! Instead of requiring a reference layer or magnetized tip,
NCMR alone can generate the detectable change in electrical resistance to identify the polar
angle evolution across a domain wall or skyrmion. This property is sufficient to characterize
several key properties like skyrmion position and size even though it cannot resolve the exact

magnetic configurationt?5362:363,

A thermoelectric approach to probe local magnetization and acquiring an image via a
scanning protocol was proposed recently'®2. Using a scanning laser source to induce thermal
gradients and generate detectable IP charge currents via the anomalous Nernst effect (ANE)

and the combination of the spin Seeback effect with the inverse spin Hall effect. By
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measurement of electrical currents across both the orthogonal IP axis, the magnetization profile

can be reconstructed.

3.4.3 Magnetic susceptibility

Magnetic susceptibility is commonly used to identify magnetic phase transitions and map
spin texture phases, including magnetic skyrmions in earlier works in the absence of an imaging
technique. Magnetic susceptibility is given by y,. =M /0H , quantifying the magnetization
response to an external magnetic field. An alternating current (AC) magnetic susceptibility
quantifies the magnetization response to an oscillating external magnetic field about a dc
magnetic field. Bauer and Pfleiderer comprehensively elucidate both the DC and AC magnetic

susceptibility behaviour in a magnetic skyrmion material based on MnSi®®4,

As discussed in Section 3.1.3, the spin texture transformation with magnetic field will
follow helical, conical, skyrmion lattice, conical, and ferromagnetic states in sequence at the
temperature close to the Curie temperature. The divergence between y,. and real y,. are
found at the critical field ranges where the transition between spin textures occurs for both
helical to conical and conical to skyrmion states. The divergence occurs as a response to
macroscopic spin textures at very slow time scales like helical state reorientation. The magnetic

skyrmion phase is identifiable from an apparent dip and plateau in both y,. and real y,c

46,64,77,89,103,107,364
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3.5 Skyrmionic Technologies

This section highlights the technological application of magnetic skyrmions centred in

memory and computing, followed by several other applications beyond those fields.

3.5.1 Storage and Memory

The main application of magnetic skyrmions is nanoscale information carriers, thus
immediately becoming relevant for high-density storage and memory technologies?70219.253,
The magnetic skyrmion’s topological nature provides it with further stability and reliability
from deformation and defects*®. Notably, their low pinning current propelled their application
as mobile and electrically controllable mobile information carriers, particularly in a memory
architecture like the racetrack memory®?43%, The racetrack memory architecture initially
proposed by Parkin et al. constitutes a concept of using a magnetic nanowire or track carrying
mobile domain walls and stationary domain wall generating, annihilating, and reading elements
along the nanowire3%, Magnetic skyrmions with topological stability and lower pinning
currents naturally became the preferred information carrier over domain walls for racetrack

memory devices®®®.

Using the presence and absence of magnetic skyrmions to present the binary bit of
information, the thermally induced random drifting of the skyrmions will cause data
corruption®7  Artificial pinning structures to confine skyrmion at specific points along the
track is an option®73%, Zheng et al. alternatively proposed using a continuous magnetic
skyrmion and bobbers chain, where a bobber replaces the role of the skyrmion’s absence to
maintain their relative positions along the track®™. Jena et al. later demonstrated a similar
scheme that uses antiskyrmions instead of chiral bobbers®®°. For skyrmion propagation, the
skyrmion Hall effect is of the primary concern. A synthetic antiferromagnetic structure or
antiferromagnetic material can nullify the gyrotropic forcel®®?l7. Alternatively, edge
modifications such as magnetic anisotropy and thickness can enhance the confining potential
to sustain skyrmion motion up to larger velocities®!’3"°. Juge et al. fabricated confining
skyrmion tracks on a magnetic film via ion irradiation that lowered the magnetic anisotropy
and DMI of the irradiated regions'®®. The data in the racetrack memory needs to be shifted to

the desired position for reading and writing and requires excess space to accommodate these
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shifts. Thus, Zhang et al. proposed a circular racetrack design that does not require those
excessive space and could be driven using magnetic field gradients, as shown in Fig. 3.5.1(b)3"%,
Zhang et al. recently proposed a perpendicular track architecture to enhance information

density, as shown in Fig. 3.5.1(c), and demonstrated its feasibility experimentally in thin BDMI

material, Cu;0SeO3 %.
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Figure 3.5.1| (a) Magnetic skyrmion and bobber chain used to maintain relative separation between
data®. (c) Circular racetrack memory design®. (c) Illustration of a perpendicular magnetic skyrmion
track®,

Besides utilizing the mobile properties of magnetic skyrmions, their stability continues
to make them reliable information carriers in static systems. The concerns surrounding
skyrmion propagation can be removed in these systems, leaving the focus on just the nucleation
and annihilation processes. The quantized magnetic skyrmions offer reliable multistate
properties in a static memory element like a magnetic tunnel junction®’2. The magnetic tunnel
junction also simultaneously operates as nucleation, annihilation, and detection of the magnetic

skyrmions?%,

3.5.2 Computing

The variety of magnetic skyrmion excitations and their mobility allows magnetic
skyrmions to be directly used for computations besides representing data. In 2015, Zhang et al.
proposed skyrmion OR and AND logic gates based on the magnetic track design, as shown in
Fig. 3.5.2(a)°"%. These logic gates operated based on the skyrmion-skyrmion merger at the
structural constrictions. Xing et al. later designed NOT, NAND, and NOR gates based on a
trapped domain wall-skyrmion collision. By exploiting VCMA that can erect barriers for

magnetic skyrmions along the magnetic track, Luo et al. showed a reconfigurable logic device
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that performs AND, NAND, OR, and NOR logic functions?®. In a twist of fate, the skyrmion
Hall effect viewed as detrimental for racetrack memory is essential for the logic device, in
addition to skyrmion-skyrmion repulsion®2. More skyrmionic designs are later proposed by
Mankalale et al. 3"“and Zhang et al. 3", as shown in Fig. 3.5.2(d). Chauwin et al. also designed
a skyrmion logic system that performed reversible computations where the information carriers
are preserved in the circuit®”®. While many skyrmion logic devices have been proposed, their

experimental demonstration is yet to be realized.
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Figure 3.5.2| (a) OR and AND logic gate by track design®?. (b) Reconfigurable skyrmion logic gate
using voltage-controlled skyrmion barriers?®®. (c) NOR logic gate by using an additional current
injection along the track®*. (d) Reconfigurable AND, OR, XOR using three voltage-controlled pads®™.

Beyond basic logic operations, magnetic skyrmion applications are also extended to
unconventional computing like neuromorphic computing, probabilistic computing, reservoir

computing and Brownian computing.

Neuromorphic computing refers to the computing technique that mimics the human
brains’ function. The brain consists of a network of approximately 86 billion interconnected
neurons that communicate via electrical pulses triggered under specific conditions. The
simplest form of neuromorphic computing requires a network of neurons connected by
weighted synapses. Neurons act as the signal computing element in the network, while the
synapse regulates signal connection strength between each neuron®”’. The synapse only needs

to carry information of its weight. Thus, a device that could hold a range of skyrmion quantities
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can easily be applied for this function as proposed in many works®8-383, An artificial synapse
was demonstrated experimentally by Song et al. using a Hall cross device with an injection tip
as shown in Fig. 3.5.3(a)!°. The skyrmions at the Hall cross can be accumulated or depopulated

depending on the current direction.
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Figure 3.5.3| (a) Experimental magnetic skyrmion-based artificial synapse device'’. (b) IF neuron
based on pinned domain®*, (c) IF neuron based on a magnetic anisotropy barrier®, (d) LIF neuron
based current-driven skyrmion on anisotropy gradient®®. (e) LIF neuron based current-driven skyrmion
with geometrical constriction3®’.

Among the variety in the type of biological neuron, the integrate-and-fire (IF) neuron
triggers depending on the accumulate signal inputs®®. He et al. numerically demonstrates this
function using a pinned domain that inhibits the propagation of magnetic skyrmions up to a
certain quantity before they can depin the domain and reach the detector at the end of the device,
as shown in Fig. 3.5.3(b)%“. Bindal et al. proposed a similar design that uses a magnetic
anisotropy barrier which can only be surpassed by a minimum number of skyrmions as shown
in Fig. 3.5.3(c)%". Li et al. proposed a more complex leaky integrate-and-fire neuron (LIF)
where the accumulated signal in the neuron decays over time3®. In the device shown in Fig.
3.5.3(d), the driving current is the input signal, the accumulation of signal is represented by the
skyrmion’s position, and the anisotropy gradient drives the skyrmion away from the detector

to perform the leaky function. Chen et al. proposed a similar LIF neuron where the leaky
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function is achieved by geometrical constriction, as shown in Fig 3.5.3(d)%". Another LIF
neuron was suggested by Liang et al. using a magnetic skyrmion in a nano-oscillator. The
magnetic skyrmion has an equilibrium position at the centre of the device but can be
increasingly driven into circular motion away from the centre by spin current injection®®, A
resonate-and-fire was also proposed using the oscillating breathing mode of a magnetic

skyrmion in an MTJ3%,

Probabilistic or stochastic computing is a computing scheme that processes randomized
bit-streams as probabilities instead of precise numerical values. This computing scheme
benefits from significantly lower numerical operations for highly complex computations that
do not require high numerical precision®. Pinna et al. first proposed applying magnetic
skyrmions as a reshuffler device, and later experimentally achieved by Zazvorka et al., as
shown in Fig. 3.5.4(a)'%%° The reshuffler device utilizes the thermally induced random
diffusive motion of the magnetic skyrmions to converts an input stream of magnetic skyrmions

into a randomized stream as an output while conserving the number of skyrmions.

Reservoir computing is a form of recursive neural network that is useful for temporal or
sequential recognition tasks like voice recognition®®?3%, Inputs are fed into a reservoir
containing an interconnected and complex system of nodes with internal feedback loops due to
their interconnectivity, and their transient responses are obtained as outputs®**. The reservoir
only requires a non-linear response and short term memory. Thus, the potential systems that
can implement this are very wide. Only the collective response or output of the reservoir is
weighted and trained instead of details within the reservoir to conserve significant
computations®®2. Magnetic skyrmions were proposed as potential reservoir nodes using their
non-linear resistive behaviour by Prychynenko et al. 3%3%_ Clusters of magnetic skyrmions
with different polarities are used as a skyrmion fabric or the reservoir as shown in Fig. 3.5.4(b).
A dumbbell-shaped skyrmion device was also demonstrated as a reservoir node using its non-

linear dependence of spatial position with the injected current3®’,

Brownian computing is an ultralow energy-consuming computing technique that
operates based on ambient thermal fluctuations®®. When discrete particles like magnetic
skyrmions are placed in a circuit or complex network of tracks, Brownian motion, albeit

random, can drive the skyrmions across the whole circuit like a search operation. With
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intentional circuit design referred to as Brownian circuits, these random walks of particles and
their interactions can be incorporated to perform computational capabilities. Jibiki et al.
overcame one of the challenges in fabricating a skyrmion Brownian circuit that is pinning
induced at the circuit junctions due to defects produced from etching processes®*. They

experimentally demonstrated pinning-free junctions by fabricating the tracks by deposition of

a patterned SiO layer instead of etching.

300
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Figure 3.5.4| (a) Reshuffler device for probabilistic computing®. (b) Current density distribution across
a skyrmion fabric for reservoir computing®®%.

3.5.3 Other Applications

Magnonic crystals are artificial devices with periodic modulations in magnetic properties
to manipulate magnon or spin wave dispersion. Instead of fabricating the modulation via
material or device design, a periodic array of magnetic skyrmions was demonstrated as an
effective magnonic crystal by Ma et al.>®®. The periodic skyrmion array generates band gaps
that inhibit spin wave propagation within these gap frequencies and are even tunable by
skyrmion size and out-of-plane magnetic field. A similar function was demonstrated by Wang

et al. for the case of two-dimensional skyrmion lattice*.

Nano-oscillators are critical as on-chip microwave signal generators and detectors for
magnonic applications. In these devices, a sustained oscillating response from a steady
excitation is required. The earliest design of a skyrmion nano-oscillator was proposed by Zhang
et al. in the form of an MTJ structure, as shown in Fig.3.5.5(a)*%Y. The structure consists of a
free layer hosting a magnetic skyrmion separated from the uniformly magnetized fixed layer
by a spacer with an electrode that is much smaller on top of the free layer. The size of the

electrode must be smaller to induce a non-uniform current density and spin current injected
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from the fixed layer into the free layer. The spin current exerts a spin-transfer torque that drives
the skyrmion away from the centre of the device into a circular motion. Garcia-Sanzhez et al.
next proposed using a fixed layer with a vortex configuration to generate a diverging spin
current for a device with a uniform size**?. The confining potential due to skyrmion-edge
interaction determines the gyration frequency. Thus, edge modifications via magnetic
anisotropy or DMI could tune the gyration frequency and reported in later works*®-4%° SAF
skyrmions were also demonstrated to exhibit gyration with suppressed radius when one
skyrmion is driven into circular motion by STT drags the other by SAF coupling along the

same trajectory“®.
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Figure 3.5.5] Magnetic skyrmion-based spin-torque nano-oscillators using (a) uniformly magnetized
fixed layer and narrow electrode®®, and (b) vortex magnetized fixed layer®.
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Chapter 4 Experimental and Simulation Methods

In this chapter, we detail the experimental techniques used for device fabrication and
characterization. We also describe the numerical methods used for micromagnetic simulations

performed using Mumaxa3.

4.1 Device Fabrication

In this section, the fabrication of the magnetic multilayer thin film Hall cross devices
used in the experiments of Chapters 5 and 6 are described. The complete process involved a

series of deposition, lithography, etching, and lift-off processes.

The process begins with substrate preparation and cleaning. A thermally oxidized silicon
wafer was used as the substrate. The wafer was cleaved into 1 cm by 1 cm squares to ease
subsequent lithography and characterization processes. These wafers were cleaned using an
ultrasonic cleaner in an acetone bath, then an isopropanol bath, and finally dried using a

nitrogen jet.

The fabrication of the device can be approached by either lithography—deposition—lift-
off process or deposition-lithography—etching process. Our work used the latter as the
magnetic multilayer is extremely sensitive to each layer’s thickness and deposition conditions.
Delicate tuning and multiple depositions were required to optimize the desired magnetic
multilayer with magnetic skyrmions. Thus, the initial lithography process was avoided to
minimize time lost. Depositing a full thin film across the wafer instead of directly fabricating

the Hall crosses was also helpful for intermediate characterization such as VSM and MOKE.

The prepared wafers were deposited with the magnetic multilayer thin film by magnetron
sputtering under ultra-high vacuum (UHV). Some of the wafers were used for thin-film
characterization, while others were fabricated into Hall cross. For the Hall cross fabrication,
the wafers first underwent an electron beam lithography (EBL) process to pattern the structure
onto the film. With the patterned photoresist protecting the Hall cross regions on the thin film,
ion beam etching (IBE) was performed to remove the materials in the unprotected regions,

leaving the Hall cross structure.
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Electrical contact pads were deposited via the lithography—deposition—Ilift-off process.
The electrical contact pads were patterned onto the completed Hall cross structure by EBL with
the desired regions unprotected by the photoresist. Next, the conductive metal was deposited
by magnetron sputtering across the film. Finally, the photoresist was lifted off along with the
materials deposited on top of it, leaving behind the desired contact pads. The completed devices

were then ready for their subsequent characterization and experiments.

The process described above provides a handy overview of the complete procedure. The
increased complexity of each step, magnetron sputtering, EBL, and ion beam etching are

further detailed in the respective subsections.

4.1.1 Magnetron Sputtering Deposition

Sputtering deposition is a form of physical vapour deposition technique widely used in
thin-film manufacturing and coatings, particularly in the semiconductor industry. It can be
applied to a wide range of materials ranging across metals, semiconductors, and insulators. The
term sputtering refers to ejecting atoms from a solid material due to the bombardment of
energetic particles. The capturing of these ejected atoms onto a substrate is its application in

thin film deposition.

A basic schematic of the sputtering deposition system is shown in Fig. 4.1.1. The key
components are the target, substrate, argon plasma in a UHV chamber, and power supply. The
target refers to the intended material for deposition and must be of very high purity. These
targets are typically produced via casting or sintering. The substrate is positioned to capture
the ejected atoms from the target. Argon gas is used to create the plasma used for the
bombardment of the target because of its relatively high atomic mass and being inert to
chemical reactions with the materials. The argon plasma is ignited by applying a high voltage
to the target using a power supply. The argon ions in the plasma are accelerated towards the
target to bombard and eject the target’s surface atoms as intermediate gaseous particles towards
the substrate. The deposition is achieved as the flux of ejected atoms lands on the substrate and

reforms as solid thin films®2.

Magnetron sputtering refers to the additional use of magnetic fields to improve the

sputtering process. A magnetic field is introduced right above the sputtering targets using
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strong permanent magnets placed below them. The magnetic field traps electrons close to the

target, generating a localized high plasma density for higher deposition rates at lower pressures.

Substrate
Argon ions . .
o0 ¢

Target (— Cathode)

Figure 4.1.1] Schematic of a basic sputtering deposition system and process.

A DC power is typically used for metallic targets, while a radio frequency (RF) power is
necessary for insulating targets. If a DC power is used on an insulating target, a positive charge
will accumulate over time and cease to attract the Argon ions for the target bombardment.
Charge build-up is also highly undesirable because it can lead to arcing, disrupting the
sputtering process or damaging the target. An RF power overcomes the charge accumulation
issue by discharging it during half its cycle. RF sputtering offers other advantages like a more
uniform use of the sputtering target due to the more diffused plasma and resolving the
disappearing anode problem that occurs as dielectric coats the anode and disrupts the electric
fields®*. However, RF sputtering requires higher voltage and more costly power supplies and

offers much slower sputtering rates than DC sputtering?.

The sputtering system used for deposition is the two custom connected AJA ATC-Orion
8 UHV, as shown in Fig. 4.1.2(a). Sixteen different targets can be installed simultaneously, and
wafers can be transferred between the two sputtering chambers for deposition without breaking
vacuum that would be critical for materials susceptible to atmospheric oxygen and moisture.
Figure 4.1.2(b) shows the internal view of the sputtering chamber with the opened lid. Wafers
are attached to a sputtering cassette and suspended at the top of the sputtering chamber by a
rotating helicopter blade. At the bottom of the chamber lies the eight sputtering guns with their
respective targets installed and positioned in a confocal manner directed at the substrate

position for uniform deposition, as shown in Fig. 4.1.2(c). Water cooling is another critical
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component as ion bombardment raises the target temperature significantly, even more so for
materials with poor thermal conductivity. The poor heat dissipation of insulators requires the

power applied to these targets to be raised stepwise slowly to avoid creating a steep thermal

gradient across the target that can crack the target under thermal stress.

Figure 4.1.2| (a) Two custom connected AJA ATC-Orion 8 UHV sputtering systems. (b) Internal view
of the sputtering chamber. (c) A top-down view of the 8 sputtering guns configurations.

The system can achieve base pressure in the UHV regime of 1 x 10 Torr under optimal

conditioning and is sustained by a CTI cryogenic pump. The cryogenic pump uses liquid
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helium to cool cryopanels down to temperatures of 11 K that condenses and traps surrounding
gas as they lose their kinetic energy when they contact the panels. These panels eventually
become saturated over time and require the regeneration process to clean the panels and

maintain optimal performance.

The thin film deposition thickness is nominally set based on calibrated values of
sputtering rates instead of in situ thickness monitoring. A long-duration deposition of the
material is performed onto a calibration sample with a small drop of photoresist. After lifting
off the photoresist, a step structure is acquired at the edge and measured accurately using the
Park Systems NX10 atomic force microscope. The deposition rate is obtained based on the step

height divided by the deposition time.

4.1.2 Electron Beam Lithography

EBL is an advanced patterning technique that transfers a computer-aided design structure
onto a resist-coated wafer at high resolutions at the order of nanometres. We use the Raith
eLINE EBL system, as shown in Fig. 4.1.3. The lithography process involves three key steps:
spin coating, exposure, and development of resist. At the start of the lithography process, the
choice between either the positive or negative resist is required. A positive resist becomes more

soluble after exposure, while the negative resist becomes less soluble.

For the fabrication of the Hall cross on the wafer with the already deposited magnetic
multilayer, we use the negative resist ma-N 2403 to protect the exposed region during the
subsequent IBE. The negative resist is spin-coated onto the wafer at a high rotation speed of
4500 rpm to achieve a thin resist thickness. The wafer is then soft-baked to vaporize part of the
solvent and solidify the resist to be ready for exposure. For exposure, the wafer is inserted into
the EBL vacuum system. The EBL system also functions as a scanning electron microscope
(SEM) to view the sample surface down to nanometre resolutions. Multiple alignment
procedures are performed to ensure the electron beam is well focussed on achieving optimal
resolution. The electron beam exposure itself is fully computer-controlled. One limitation of
EBL is the long exposure time necessary in exchange for the narrow electron beam required
for high resolution. After exposure of the negative resist, it is developed using its corresponding

developer ma-D 532 and subsequently stopped using de-ionised water. The development time
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is critical in determining the produced patterns’ dimension accuracy. Over-developing the
sample results in wider than intended features, while under-developing the sample leaves

unwanted residual resist. After development, the wafer is ready for IBE.

The fabrication of the contact pads is identical but uses a positive resist, Polymethyl
methacrylate (PMMA) 950K, and is developed using a mixture of Methyl Isobutyl Ketone
(MIBK) and IPA. In this case, after development, the pattern is left exposed and ready for

deposition.

Figure 4.1.3| Raith eLINE EBL system.
4.1.3 lon Beam Etching

IBE is an anisotropic physical etching process that operates by bombarding the sample
with strongly accelerated argon ions to physically dislodge atoms from the sample. IBE is also
commonly known as ion milling. The process is analogous to the sputtering deposition process,
but instead of bombarding a target material, the ions are directed towards the sample. In
contrast, to the sputtering deposition where the argon plasma is generated right above the target,

IBE utilizes an argon plasma are generated in a dedicated ion source as uniformity and
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directionality of the bombarding ions is critical in achieving anisotropic etching. This etching
technique occurs via physical collisions instead of a chemical reaction. Thus, it is non-selective
and applicable to any material, albeit the etching rate is material dependent. Additional
considerations will be required if multiple different materials across the sample are exposed to
the ion beam simultaneously. During IBE of our patterned sample with resist covering the
regions intended to be retained as the Hall cross, both the resist and the exposed magnetic
multilayers are simultaneously etched. Hence, a sufficiently thick resist is necessary to protect

the materials beneath it until the exposed regions’ etching process is completed.

d
b Neutralizer Sample
Electrons
Argon Plasma .° .—' ® ampl
» «— €
® - ® tage
Argon lons /
. °
lon Source
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Figure 4.1.3| (a) AJA ATC-2020-1M ion beam etching system. (b) Schematic of an ion beam etching
system.
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We use the AJA ATC-2020-IM ion beam etching system, as shown in Fig. 4.1.3(a). The
schematic of the system is presented in Fig. 4.1.3(b) with the main components of the ion
source, neutralizer, sample stage, and a secondary ion mass spectrometer (SIMS). The
Kaufman & Robinson RF-ICP ion source generates argon plasma and accelerates argon ions
through a graphite grid towards the sample stage. Under bombardment, the sample and sample
stage get significantly heated, and water cooling is crucial. Even with water cooling, the etching
process is still segmented many times with intermediate pauses for the sample cooling.
Excessive heat may dry out and result in difficulty removing the resist on the sample later. The
sample stage is also tilted at a slight angle of 10° relative argon beam to minimize redeposition;
Dislodged materials are scattered in an anisotropic manner, including the sides of features and
channels. The small tilt introduces minor etching to clean off the redeposition. The sample

stage is also continuously rotated around its central axis for uniform etching.

The continuous bombardment of argon ions on the sample will cause the accumulation
of positive charge and eventually terminate the etching process. Hence, a neutralizer is a critical
component that supplies electrons and ensures the etching process can be performed
continuously. The SIMS in situ detects and plots the intensity of specified elements based on
their atomic mass over time. Based on the transitions in the selected elements’ intensity, the
progress of etching and depth can be deduced. After the completion of IBE, the resist is then

removed, and the fabrication of the Hall cross is complete.

4.2 Characterization Techniques

This section discusses the three characterization techniques performed on the full film
for vibrating sample magnetometer (VSM) and the Hall cross devices for magneto-optical Kerr

microscopy, electrical Hall resistance, and first-order reversal curve (FORC).

4.2.1 Vibrating Sample Magnetometer

VSM quantifies the total magnetic moment along the axis under measurement using the
voltage induced by the changing magnetic flux of a vibrating magnetic sample given by
Faraday’s law of induction. We use the LakeShore 8604 shown in Fig. 4.2.1(a) for our

experiments.
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The main components of the equipment are the piezo-driven vertical oscillator, sample
holder, pick up coils, and electromagnets, as shown in Fig. 4.2.1(b). The piezo-driven vertical
oscillator vibrates the sample holder at 83 Hz. The measurement axis is fixed as the axis
perpendicular to the pickup coil surface; Thus, the vibration axis has to be perpendicular to the
measurement axis and is vertical. The sample is attached to the flat surface at the lower end of
the sample holder rod using adhesive tape. While the vibration axis and measurement axis are
fixed, the sample is free to be rotated by 360° around the central axis of the sample holder to
perform both hard and easy axis magnetic hysteresis measurements. The electromagnet poles
that sandwich the sample can generate up to 2 T of magnetic field strength depending on the
adjustable pole gap distance. The pickup coils are attached to the magnet poles, as shown in
Fig. 4.2.1(b). As the magnetic field and pick up coil orientations are fixed, only the magnetic
moment along the magnetic field is measurable. The quantitative measurement of the magnetic
moment is performed based on the magnitude of pickup coil voltage that was prior calibrated

to a reference Ni sphere of 6.92 emu under a magnetic field of 5 kOe.

The VSM used also has the additional single stage variable temperature (SSVT) fixture.
The SSVT allows for wide temperature-controlled measurements from 100 K to 900 K. The
temperature is controlled using N2 gas flowed past a cooler immersed in a liquid N2 dewar and
subsequently a heat exchanger before passing the sample for measurements below room
temperature. For the above room temperature measurements, argon gas is used instead. The
gas is flowed directly to the heat exchanger and then the sample. Extra caution is taken to

ensure the sample holder material used is suitable to withstand the temperature.

From the magnetic moment data along the measurement axis against magnetic field
strength, many magnetic properties are derivable, including the saturation magnetic moment,
coercivity, remanent magnetic moment, exchange bias, and magnetic anisotropy. The
perpendicular anisotropy of the magnetic multilayer used in our experiment is identified from
the much lower saturation magnetic field under a perpendicular magnetic field than an in-plane
magnetic field. More complex measurement techniques like the FORC detailed in section 4.2.4
and used in Chapter 5 can also be performed to derive further information on the magnetic

reversal process.
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Figure 4.2.1| (a) LakeShore 8604 vibrating sample magnetometer. (b) Schematic of a vibrating sample
magnetometer.

4.2.2 Magneto-optical Kerr Microscopy

Magneto-optical Kerr microscopy is a magnetic moment imaging technique that
functions based on the magneto-optical Kerr effect (MOKE). MOKE refers to the interaction
between an electromagnetic wave and a magnetic material during reflection, resulting in wave
polarization change®’. MOKE is similar to the Faraday effect, the interaction between an

electromagnetic wave and a magnetic material but during transmission.

The MagVision Kerr imaging system was used, as shown in Fig. 4.2.2(a). It is an epi-
illuminated imaging system, as shown in the schematic in Fig. 4.2.2(b). On the right end of Fig.
4.2.2(b), an LED provides the 520 nm green light and is attached to a cooler. The cooler is

critical in protecting the LED from burning and maintaining brightness stability. The light is
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directed to the left, passing through a set of optical lenses, a first linear polarizer, and incident
on the beam splitter. The beam splitter reflects half of the incident light downwards through
the objective lens and onto the sample. The other half of the incident light transmits to the left,
is not used for imaging, and is omitted from the schematic. The light reflected off the sample
travels upwards through the objective lens, beam splitter, a second linear polarizer, optical lens,
and is captured by a camera. The optical lenses are positioned to provide the Kohler
illumination, where the image conjugate planes and illumination conjugate planes are split so
that the light source’s image does not superimpose onto the sample image at the camera. A

homogeneous illumination is also achieved in this configuration.

The two linear polarizers are the critical components that distinguish this system from a
basic microscope, and MOKE can be detected. The first linear polarizer is used to generate a
linearly polarized incident light on the sample surface. This configuration where the light is
incident and reflected perpendicularly from the sample surface is known as the polar
configuration. In polar MOKE, the linearly polarized incident light undergoes polarization
rotation in opposite directions depending on the perpendicular magnetic moment magnitude
and direction. Hence, the second linear polarizer acts as an analyzer of reflected light off the
sample that generates regions of differing brightness corresponding to the local perpendicular

magnetic moment direction.

The typical small Kerr rotation magnitude of less than a single degree is the main
challenge for MOKE imaging”®. Light depolarization is further worsened by highly curved
lenses like that in an objective lens. Hence, a trade-off exists between a high numerical aperture
to achieve high image resolution and the loss in polarization quality due to lenses’ curvature.
A correction non-planar lens is used to alleviate the depolarization effect and acquire good

MOKE image quality.

Differential imaging further enhances the contrast of MOKE images by taking the
difference between two images to detect the change in brightness of the images. For magnetic
skyrmions with a negative polarity in a positive ferromagnetic background, the reference image
is taken at the positive saturated state, and the contrast of reversed domains, be it skyrmions,
stripe or labyrinth domains, will be improved. For differential imaging to be optimal, spatial

alignment of the reference image to the other images is vital. The system has real-time 3-
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dimensional drift correction of the sample stage that gives stable images for the best images

obtained in the differential manner.
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Figure 4.2.2| (a) MagVision Kerr imaging system. (b) Schematic of Kerr imaging system.

4.2.3 Electrical Hall Resistance

Electrical Hall voltage, v,,., refers to the voltage due to the accumulation of charges on

Hall
opposite transverse edges of the wire when a current flows along the longitudinal axis. Three
possible sources of the Hall voltage are a perpendicular magnetic field, perpendicular
magnetization in a magnetic wire, and topological magnetic texture. Based on the voltage
source, these phenomena are named ordinary Hall effect, anomalous Hall effect (AHE), and

topological Hall effect (THE), respectively.

The electrical Hall resistance is defined as the ratio of R, =V, /1, assuming the
electrical current | flows along X , analogous to a conductor’s electrical resistance,

R... =V, /1, . Note that electrical Hall resistance does not relate to the physical resistance but

elec

share a common formulism. Instead of characterizing the Hall effect using R, that is

Hall

dependent not only on material but also device dimensions, the resistivity p,,,, is used and is

given by,

E
Prian = —2, (4.2.1)
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where E,,,, is the Hall electric field, and j, is the electrical current density along X. p,,, is

Hall

analogous to the electrical resistivity, p,.. =E,/j, , following a common form of formulism.

The total p,,,, is given by the summation of contribution by all three sources,

Prail = Pore + Pane T Prues (4-2-2)
Pore = RopeH + RypeM + PRy e N @y (4-2-3)

where R, is the Hall coefficients of their respective mechanisms, H is the magnetic field
strength, M is magnetization, P is spin polarization of conduction electrons, n, is the
topological charge density, and @, =h/e is the quantum flux'®*. For the typical
measurement where the current injection axis is defined as X and Hall voltage measurement

performed along y, H and M refers to the perpendicular component along Z.

The first term p,,c in Eq. 4.2.3 originates from the Lorentz force acting on the flowing
conduction electrons. The second term p,.c arises in conducting magnetic materials where
the magnetic moment within the material provides the effective magnetic field. The final term
Pre CONtributes to the effective magnetic field due to the topological configuration of
magnetic textures like skyrmions. The individual source’s contribution to p,,,, can be broken
down based on the dependence of H and M . R, ¢ is derived by taking the gradient of pg,
at high H where the sample is saturated, thus p,.c and oy are constants. R, =S, Poee
relation is used to determine the second term, where S, is a H -independent parameter“.

Finally, pr.e is derived as the residual p,,,, after deduction of the first two terms.

Pre 1S typically small and even more so for skyrmions in magnetic multilayer as
compared to bulk DMI materials because of the larger size of skyrmions, and thus lower
skyrmion density that relates to oy, given in Eqg. 4.2.3. Hence, for our work in Chapters 5 and
6, we only focus on R, due to AHE to estimate skyrmion density as supported by MOKE

images.
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4.2 4 First-Order Reversal Curve

The magnetic hysteresis loop is an essential experimental technique, typically used in
quantifying magnetic anisotropy by measuring the major hysteresis loop, where the magnetic
field is swept from one saturation field to another. However, the major hysteresis loop alone is
unable to reveal the underlying magnetic texture or domain behaviour fully. The first-order
reversal curve is an advanced magnetic hysteresis technique that systematically quantify
magnetization reversal behaviour by obtaining the set of magnetization reversal behaviour
across a range of reversal fields. The different magnetization reversal behaviours of different
magnetic textures allow for their transitions, and stability to be identified from the FORC data.
The analysis of the FORC data is performed based on the Preisach-Krasnoselskii hysteresis

model where the domain reversibility is quantified by the FORC distribution, detailed below.

. In the classical Preisach-Krasnoselskii hysteresis model, the magnetic system is
assumed to be made up of an infinite set of hysterons described by the elementary hysteresis
operator 7,,(t). 7,, outputs =1 depending on the excitation input u(t), where the output
switches to +1 above « and -1 below /£, as shown in Fig. 4.2.3(a). The state of the magnetic
system f(t) at a particular time t is given by the sum of all its constituent hysterons. f(t) is
analogous to net magnetization. Due to the system’s hysteretic and history dependent nature,
an initial system state is necessary to derive all subsequent states f (t). By taking an arbitrary
point in time t, , where the system is in the f (t,) state and under the excitation of u(t,), the

system’s subsequent state f(t) at any later time t becomes uniquely defined and is given by,

t(t)=[[u(a.B)7u(t) dads, (4.2.4)

where u(a, ) is the Preisach distribution that describes the weight or distribution of each
elementary hysteresis with different « and £ . The evaluation of Eq. 4.2.4 is best visualized
as a contour plot of x on the Preisach plane with a vertical axis of « and horizontal axis of
[, as shown in Fig. 4.2.3(b—f). u is only defined within the range of -u,, <o, <ug and

a > . Hence, the Preisach plane is triangular.

The Preisach plane is split into two regions: S, where 7,, =+1,and S_ where 7,, =-1.
The change in u(t) is represented as the shift in the S, and S_ boundaries. For an intuitive

illustration of these shifts, we first take the case of a positively saturated state with u >u_, and

sat
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performing a negative field sweep. Figure 4.2.3(b) shows the saturated state with S, covering
the full range of . The negative field sweep is represented as the boundary shift leftwards as
hysterons with S >u (t) switched, thus giving the new state shown in Fig. 4.2.3(c). In another
case of a negatively saturated state with u <-u,, and performing a positive field sweep. Figure
4.2.3(d) shows the saturated state with S_ covering the full range of 4. The positive field
sweep is represented as the boundary shift upwards as hysterons with & <u(t) switched, thus

giving the new state shown in Fig. 4.2.3(e).

The FORC is used to evaluate x.The FORC is acquired by the combination of a positive
field sweep followed by a negative field sweep or vice versa. The first positive field sweep is
performed from a negatively saturated state at u <-ug, to a new field we denote as «; giving
the resulting state as shown in Fig. 4.2.3(e). The positive field sweep is subsequently performed

up to A, giving the resulting state as shown in Fig. 4.2.3(f). By defining a new function,

F(af)=(f.~f.,)/2, (4.2.5)

where f, is the state after the first field sweep, and £, , Is the state after both field sweeps. This
function will correspond to the integral of x enclosed by the yellow triangle indicated in Fig.

4.2.3(f). Hence, F(a, ) can be re-expressed as,

F(a,ﬂ)=j;lj;y dpde (4.2.6)
and derive the characterizing equation of u,

18, 1 oM
2000 20H0H
Translating from the general Preisach model to magnetic hysteresis, « , 4, and f,,

w(a B)=

(4.2.7)

corresponds to reversal field H,, sweeping field H, and M , respectively.

The Preisach-Krasnoselskii hysteresis model used here being one of the simplest
hysteresis model is unable to fully characterize the complex magnetic texture transitions found
in magnetic skyrmion-stabilizing materials. However, even with the deviation in properties
between the ideal hysteron to the varied magnetic textures, some information relating to the
magnetic texture transitions can still be derived. Chapter 5 aims to unravel the information that

would be easily derivable from the FORC data, particularly on magnetic skyrmions.
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The deviations in magnetic system from the model include independent binary switching
of its constituent parts, with no intermediary states. The approximation of the binary nature of
the hysteron to the experimental system remains valid as the perpendicular magnetic domains
primarily switches between up or down, with domain walls much narrower than the domain
size. Furthermore, magnetic skyrmions exhibit discretised changes in perpendicular
magnetization during nucleation and annihilation. The magnetic skyrmions are considered as
discrete particle-like reversed domains, as details of the skyrmion structure are not derivable

from magnetization data.

It is important to note that analysis performed using FORC uses the change in net
magnetization instead of the magnetization magnitude. The macroscopic net magnetization
measurement only provides the relative amount of up and down magnetic moments, with no
microscopic detail of their distribution and thus the magnetic textures. However, magnetic
textures exhibit different magnetization changes under a magnetic field sweep, thus allowing

for the derivation of information on magnetic textures, discussed in Chapter 5.
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Fig. 4.2.3| (a) Elementary hysteresis element, hysteron. (b-f) Preisach plane at various magnetic state.
(b) Positive saturation state. (c) Negative field sweep from positive saturation. (d) Negative saturation
state. (e) Positive field sweep from negative saturation. (f) Positive field sweep from negative saturation
to «, followed by a negative field sweep down to f,.
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4.3 Micromagnetic Simulation

Numerical simulation is an important branch of research investigating complex systems
where exact solutions are not readily available and used to elucidate the underlying mechanism
of experimentally observed phenomena, like magnetic skyrmions and other nanoscale
magnetic textures. For magnetic systems, micromagnetic simulations is a less computationally
demanding approach compared to atomistic simulation. In micromagnetic simulations, the
material is broken up into cells larger than the atomistic scale. Magnetization is assumed to be
uniform within the cell, and all the magnetic interactions are resolved between the cells. Thus,
the total number of elements within the simulation can be significantly reduced. However, the
range of conditions and limits in which the micromagnetic simulation remains valid shrink by
doing so. For instance, frustrated magnets with competing next nearest neighbour interactions
cannot be condensed into an effective exchange interaction®™ or investigate skyrmion
annihilation via a transitioning state at the atomic scale®’. All the micromagnetic simulation

work presented in Chapter 8 was performed using MuMax318,

4.3.1 Effective Fields

In this section, we describe the formulism for the magnetic interactions and dynamics
used in micromagnetic simulation'®. Magnetization dynamics is described by the Landau-
Lifshitz Gilbert (LLG) equation, given by,

dm 1 (. = e (e =
E:ym(mXBeﬁ +0£(m><(m><Beff ))), (4.3.1)
where m is normalized magnetization with magnitude 1, y is the gyromagnetic ratio, « is
is the effective field. B

Gilbert damping constant, and B is given by the sum of the

eff eff

equivalent fields of all the corresponding magnetic interactions: Heisenberg exchange
interaction, magnetostatic interaction, DMI, magnetic anisotropy, externally applied magnetic
field. The first term in Eq. 4.3.1 describes the precessional motion of the magnetization around
a magnetic field. The second term describes the damping term that gradually aligns

magnetization towards the magnetic field and terminates the precessional motion.

The effective field due to Heisenberg exchange interaction B, is given by,

_ A, ~M —m
B, 6 =2—* a0 : 4.3.2
exch Ms ; Aﬁn ( )
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where the summation is performed across all six nearest neighbours of the cell across all three
dimensions, m,, is the normalized magnetization of the nearest neighbour, A, is the distance
between the nearest neighbour cell dependent on the cell dimension. The validity of Eq. 4.3.2
is bounded by small relative angles between the nearest neighbour cells. Thus cell dimensions
must be small compared to the exchange length to accurately capture the spatial variation in

magnetization®®.

The effective field due to magnetostatic interaction B, , otherwise known as DDI

interaction or demagnetization, is given by,

éDDl,i =M, (Kij * mj)’ (4.3.3)

where K is the DDI kernel. éom is the most computationally costly part of micromagnetic
magnetic simulation due to its long-range nature; each cell interacts with every other cell in the
simulation space. Fast Fourier transform (FFT) is used to evaluate the convolution sum of the
DDI tensor with magnetization distribution. Equation 4.3.3’s validity is limited by the aspect
ratio of the cells, as it is computed based on the assumption of constant magnetization across

the cell?%2L,

The effective field due to IDMI, B, , is given,

B} om
_2D[8mz om, om, y}’ (43.4)

MM ax Ty ax oy
where D is DMI strength. Equation 4.3.4 is specifically for the case of IDMI where the DMI
vector lies within the plane. Like exchange interaction, the accuracy of Eq. 4.3.4 relies closely

on the approximation used to compute the gradient values?>?3,

The effective field due to the first order uniaxial magnetic anisotropy is given by,

By, = 2|\;|< (G-m)u, (4.35)

S

where K, is the uniaxial magnetic anisotropy strength, and U is the uniaxial anisotropy axis.

Second order uniaxial and cubic anisotropy can also be included, but the role of first-order

magnetic anisotropy is sufficient for magnetic skyrmion investigations.
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4.3.2 Current Interactions

Magnetic materials can undergo two main electrical current-induced torques: Zhang-Li

spin-transfer torque and Slonczewski spin-transfer torque.

Zhang-Li spin-transfer torque refers to the continual exchange of angular momentum
from the conduction electron to the local atomic angular momentum as electrical current flow
within a ferromagnetic material. As an electron traverse past the first ferromagnetic atom, the
electron becomes polarized following the first ferromagnetic atom. When it traverses the
second ferromagnetic atom, the electron again becomes polarized following the second
ferromagnetic atom, but the angular momentum exchange leaves the second ferromagnetic
atom in the state of the first ferromagnetic atom by angular momentum conservation. Thus, the
Zhang-Li spin transfer torque results in the translation of non-uniform magnetization in the

direction of electron flow. The Zhang-L.i spin transfer torque 7, is formulated as,
- 1 S (m e = S -
T, :7((1+§oe)m><(m><(uZL -V)m)+( —a ) Mx (U, -V)m), (4.3.6)

U, =—— 80 7, (4.3.7)

where & is the degree of non-adiabaticity, U,, is the spin current density, g is the Bohr
magneton, x4, is the permeability of free space, e is the elementary charge, and ] is the
current density vector. The first term in Eq. 4.3.6 describes the adiabatic process of
nonequilibrium conduction electrons. In contrast, the second term represents the nonadiabatic
processes arising from the spatial mistracking of the spins between the conduction electrons

and the local magnetization?.

The Slonczewski spin-transfer torque refers to the torque generated by spin currents
injected into the ferromagnetic material. In the early years, spin current injection in magnetic
tunnel junctions using electrical currents perpendicular to its structure was of interest. Today,
the spotlight is taken over by the spin current injection via the spin Hall effect(SHE). SHE
refers to the transverse spin current injected from a heavy metal layer into adjacent
ferromagnetic material due to spin-orbit interactions as an unpolarized in-plane current flows
through the heavy metal layer. Hence, the torque arising from SHE is also commonly known

as spin-orbit torque (SOT) and is given by,
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hOs, J ([ 4
Toe :’L;E‘Ws'*dj(mx(mxa)) , (4.3.8)

where 7 is the reduced Planck’s constant, 6, is the spin Hall angle, j is the magnitude of

unpolarized current injection in the heavy metal layer, d is the ferromagnetic layer thickness,

and ¢ is the injected spin current polarization direction.
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Chapter 5 Temperature-modulated magnetic skyrmion phases
and transformations analysis from first-order reversal curve

study

In this chapter, we establish a new skyrmion phase characterization technique using the
FORC technique. We first investigate the change in skyrmion stability and phase with
increasing temperature using in situ magneto-optical Kerr imaging and electrical Hall
measurements. After determining the temperature range under study encompasses the critical
transition from isolated skyrmions to a closely packed skyrmion lattice, the magnetization
FORC was performed via electrical Hall measurements. The correlation between magnetic
texture transformations and the FORC distribution features was then established at not only the
reversal field, but also the sweeping field that is commonly neglected in analyses. Thus,
allowing for an intuitive way of interpreting the otherwise abstract FORC distribution data.
This new interpretation of FORC distribution features was then demonstrated to be applicable

in identifying skyrmion phases.

5.1 Introduction

FM-HM multilayers commonly stabilize magnetic skyrmions at room temperature as
strong IDMI is induced at the FM/HM interface with strong spin-orbit coupling'?. By having
many repeats of these FM/HM layers in a stack, DDI is enhanced to stabilize the magnetic
skyrmions further®* As the stabilization of the magnetic skyrmion primarily depends on the
energy cost of the twisting segment of its structure, the skyrmion stability parameter
K=7zD/4m derived from domain wall energy given in Eq. 3.1.11 is commonly used
to characterize the stability of magnetic skyrmions in these materials®®. As D increases and
x approaches unity, skyrmions become increasingly favourable and exist as isolated
skyrmions. However, above unity, the domain wall energy becomes negative, resulting in the
proliferation of skyrmions in a packed or lattice configuration®®. Prior studies had reported the

tuning of x via the composition and structure of the multilayer®, and temperature'®*.

The FORC technique uses a combination of reversal field, sweeping field, and

magnetization data to determine irreversible domain transitions. FORC is especially suitable
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for the characterization of magnetic skyrmions as it reveals magnetic states and transitions that
are imperceivable in a major hysteresis loop or even by optical imaging techniques?. The
FORC technique had been applied to maximize zero-field skyrmions based on the projected
FORC distribution peaks onto the reversal fields previously'®!*. A recent work extended its
use to determine a pure Neel skyrmion structure from the disappearance of the FORC
distribution trough®®. Several earlier works investigating similar bubble-stripe transitions
attributed the FORC features to the fracturing of magnetic stripes and the skyrmion annihilation
at the reversal field'21%17, However, these analyses remain limited to the reversal field or a
particular feature, leaving the sweeping field unexplored and its associated information about

the system hidden.

In this work, we report the analysis of skyrmion transformations across both the reversal
field and the sweeping field using Hall voltage measurement and in situ MOKE imaging. The
domain transformation processes associated with each FORC distribution peak were identified
and proved to be consistent across the skyrmion phases from isolated skyrmion to skyrmion
lattice. Furthermore, the divergence in domain-domain separation from its terminal separation
in the labyrinth state was revealed as the other vital phenomena determining the FORC features.
In addition, a model characterized by the FORC distribution peaks was developed to describe
the transformations with increasing x from which the skyrmion phase and other useful field

ranges can be deduced.

5.2 Experimental Details

The material stack used in this experiment, Ta(5)/ Ir(2)/ [Pt(1)/ Co(0.5)/ Fe(0.5)/ Ir(0.8)]
/Ta(5) (nominal layer thicknesses in nanometers) was chosen for the strong additive IDMI by
both the Pt/Co and Fe/Ir interfaces'. A thermally oxidized silicon wafer was used as the
substrate. The material stack was deposited at room temperature using a magnetron sputtering
system (AJA ATC-Orion 8) with a base pressure of 8x10™° Torr or better. Pt, Ta, Ir, and Fe
were deposited via direct current (DC) at sputtering pressure of 2.0 mTorr and deposition rates
of 0.68, 0.62, 0.37, 0.30 A/s, respectively. Co was deposited via RF current at sputtering
pressure of 3.0 mTorr and deposition rate of 0.26 A/s. The top and bottom Ta(5) layers were

deposited as a protective layer against oxidation and adhesion, respectively. The additional Ir
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underlayer was added to provide a similar interface for the repeating layers. The Hall cross
device with 20 um x 10 um widths was subsequently fabricated using a combination of EBL
(Raith e-line) and ion milling (AJA ion milling system with Hiden SIMS element detector)

techniques.

Magnetic domain imaging was performed using the MagVision Kerr Imaging System,
which operates on MOKE. The out-of-plane magnetization is probed in the polar configuration
and observed as different brightness levels in the image. Regions of lower brightness
correspond to magnetization in the negative out-of-plane direction and vice versa. In addition,

the images’ colour balance had been adjusted to offer the best contrast for qualitative analysis.

The out-of-plane magnetization used for FORC measurements was measured electrically
by Hall voltage induced by AHE across the Hall cross. Lock-in detection of Hall voltage was
used to optimize the signal-to-noise ratio. A weak sensing current with the current density of
2.3x10° A/m? was used to probe the magnetization and was verified by MOKE images to

cause a negligible effect on the magnetic domains.

Electrical measurements and MOKE imaging were performed in situ. However, a long
exposure time was required to acquire a sufficiently clear MOKE image. Hence, the MOKE
images for the hysteresis were taken with stepwise changes in the out-of-plane field instead of
a continuous field sweep. For each of the images taken for the FORC sweep, the complete
sequence magnetic field sweep from the positive saturation field to the reversal field and up to

the desired final field was performed before a MOKE image is taken.

Temperature modulation was performed using a proportional—integral—derivative (PID)
controlled thermoelectric cooler. The thermoelectric cooler was secured directly beneath the
sample stage with a thermistor attached to the cooler. A microcontroller, Arduino Nano, was
programmed to measure temperature using a pre-calibrated thermistor resistance, perform PID
computations to control the output of the thermoelectric cooler, and maintain the desired
temperature even with ambient fluctuations. A fluctuation of less than 0.1 °C was held for all
measurements. By measuring the sample device resistance, the thermal conductivity from the
thermoelectric cooler through the stage to the sample device was verified to be reliable, with

thermal equilibrium achieved in seconds.
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5.3 Temperature-modulated skyrmion phase transition

First, the supporting evidence for the transition of x across unity occurring within the
small temperature range of 18.0 °C to 26.0 °C investigated is presented. Figure 5.1(a) shows a
decreasing enclosed area and gradient of the major hysteresis loop with temperature indicating
the anisotropy shift towards the film plane!®2°, The linearly decreasing saturation Hall voltage
with temperature relates to the expected decrease in saturation magnetization with temperature,
as shown in Fig. 5.1(b). The magneto-optical Kerr effect (MOKE) images of the demagnetized
domains obtained using a decreasing alternating field sweep were analyzed by 2-D FFTs to
derive their corresponding domain periodicity shown in Fig. 5.1(b)?"3. These results in Fig.

5.1(a) and 5.1(b) are consistent with an increasing « .
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Figure 5.1| (a) Out-of-plane magnetic hysteresis. Each curve has an offset of —100 pV to improve the
clarity of the transformation. (b) Plot of domain width of demagnetized domains and saturation Hall
Voltages against temperature. (¢) MOKE images after a magnetic field sweep from a negative saturated
state to the corresponding positive field at the temperature of 19.0 °C and 26.0 °C. Dark blue circles

obscure defects to avoid misinterpretation as data®*.
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Figure 5.1(c) shows the MOKE images of magnetic domains after the out-of-plane field
H, was swept from the positive saturation field to their labelled fields at 19.0 °C and 26.0 °C,
respectively. At 19.0 °C, the labyrinth domains fracture into long stripe domains, which
receded into the isolated skyrmion state with decreasing H, . In contrast, at 26.0 °C and H, of
5.1 Oe, the domains formed a mix of short stripe segments and skyrmions domains instead of
the labyrinth configuration. As H, was further decreased, these stripe segments fractured into
the densely packed skyrmion lattice configuration. Hence, the temperature range of 18.0 °C to
26.0 °C used in this investigation encompasses the state of isolated skyrmions with k¥ <1 to

the skyrmion lattice with x>1.

5.4 First-order reversal curve distribution analysis

FORCs were obtained following the sequence of magnetic field sweeps illustrated in Fig.
5.2(a). To get a single FORC, H, is first swept from a large positive field sufficient to attain
the saturated state H,, to the lower or negative reversal field H; following the blue dashed
line shown in Fig. 5.2(a). This field sweep is hereon referred to as the negative field sweep (—
FS). From the reversal field H, the direction of magnetic field sweep is reversed and swept
back to Hy, following the solid red line while measuring magnetization M (Hg,H, ). This
field sweep is hereon referred to as the positive field sweep (+FS). Multiple FORCs are
repeated for the desired H.; range to compute the FORC distribution p given by,
p=—(0°M [0H 0H,) /2. Irreversible transitions are identified from regions of non-zero p
on the FORC diagram. p is calculated by smoothing and fitting the magnetization data
following the locally weighted second-order polynomial regression method®. Smoothing is
necessary to overcome the noise in the raw magnetization data, particularly for high resolution
reversal field steps that are comparable to the magnetization data’s noise. Degree of smoothing

was raised up to the point where majority of the noise was removed, with limited loss in signal.

Figure 5.2(b) shows a schematic contour plot of p, also known as the FORC diagram,
in the negative H; and H, range with the two main features of magnetic skyrmions that are
an upper peak and a lower trough-peak pair. Figure 5.3(a)—(i) show these features translating
in the negative H, direction with increasing temperature, implying the single remaining peak

at 26.0 °C corresponds to the same peak of the trough-peak pair at 19.0 °C%. These irreversible
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transitions associated with each non-zero p feature can only be fully described as the
combination of two switching events, one associated with each field sweep. Therefore, the
emergence of a peak or trough is analyzed as a cause-effect relation, where a switching event

during the —FS alters the subsequent switching event during the +FS.

(a) M (b) o FORC distribution

Hg (Oe)

S M(Hy,H,)

H; (Oe) 0

Figure 5.2| (a) Schematic for field sweeps of FORC measurements. (b) FORC distribution contour plot
of magnetic skyrmions schematic. The blue and red dashed lines indicate the negative and positive field
sweeps of interest for analysis, respectively.

Using in situ MOKE imaging, the domain transformations are identified along the three
critical magnetic field sweeps indicated in Fig. 5.2(b). The —FS sweep represented as a blue
dashed line along the diagonal, and two +FS intersecting the upper peak, and the lower trough-
peak pair represented as horizontal red dashed lines. Here, we will focus on demonstrating the
consistent domain transformation associated with each FORC feature by comparing the MOKE
images at 19.0 °C for isolated skyrmions and 26.0 °C for skyrmion lattice, presented in Fig.
5.4 and 5.6. The same description can also be verified for 23.0 °C, as shown in Fig. 5.5. The
FORC diagram, original FORC, and MOKE images are presented in a single figure for a more

accessible and intuitive analysis of the FORC features.

The magnetic domains along the —FS down to H of the upper peak shown in Fig. 5.4(c)
for 19.0 °C and Fig. 5.6(c) for 26.0 °C, both show stripe domains fracturing into shorter
segments and skyrmions, leaving a mixture of stripe and skyrmions. However, the domains in
Fig. 5.4(c) are far apart with sparse skyrmions. In contrast, skyrmion density is significantly
larger in Fig. 5.6(c) and maintains domain-domain separation close to its terminal separation.
Terminal separation refers to the minimum stable gap between skyrmions or stripes. This gap

is analogous to the domain width approached by the broader domain in a labyrinth with an
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increasing magnetic field in previous works?>%. Under a sufficiently large magnetic field,
domain-domain separation diverges beyond this terminal width and approaches saturation. At
H. of the lower peak, Fig. 5.4(c) and 5.6(c) both show the process of skyrmion annihilation
from a pure skyrmion state. This process is entirely consistent between both temperatures, but

Fig. 5.6(c) shows smaller skyrmions and significantly larger skyrmion density.

(@) 18.0 °C ®) | 19.0 °C (©) 20.0 °C

(8 24.0 °C ) . 25.0°C 0 26.0 °C

20 0

-15 -1
H, (Oe)

Figure 5.3| Contour plot of FORC distribution at (a) 18.0 °C, (b) 19.0 °C, (c) 20.0 °C, (d) 21.0 °C, (e)
22.0 °C, (f) 23.0 °C, (g) 24.0 °C, (h) 25.0 °C, and (i) 26.0 °C, respectively.

For the +FS along the upper peak from H; = —16 Oe shown in Fig. 5.4(d) for 19.0 °C
and H, =-15 Oe shown in Fig. 5.6(d) for 26.0 °C, both showed the increase in stripe domains

at the expense of skyrmion annihilation as H, is swept past the FORC peak. The
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transformation in Fig. 5.4(d) involves a significant increase in domains as the stripes propagate
to fill the gaps between the domains. In contrast, initially close to terminal separation domains
showed little change in domain area due to skyrmion-to-stripe transformation in Fig. 5.6(d). A
maximum rate of domain propagation is also associated with the field of H, =-13 Oe, where

p 1S maximum at 19.0 °C.

For the +FS along the lower peak from H, = -20 Oe shown in Fig. 5.4(e) for 19.0 °C
and H, = -21 Oe shown in Fig. 5.6(e) for 26.0 °C, both transformations began from a pure
skyrmions state at their H; and subsequently approached the terminal separation as H, was
swept across the FORC peak. However, at 19.0 °C, the skyrmions elongate into stripe domains
to fill the sample and approach terminal separation, as shown in Fig. 5.4(e). In this process, the
skyrmions were annihilated by transformation into stripes resulting in negligible skyrmion
density at the final field. In contrast, skyrmion nucleation occurred to fill the gaps at 26.0 °C,
as shown in Fig. 5.6(e). For the FORC trough found at 19.0°C with H,; =-20 Oe, no significant
change to the initial pure skyrmions state was observed for H, <-15 Oe. As H, was further
increased, transformations shown in Fig. 5.4(e) commenced in tandem with the emergence of

the trough.

The FORC plot as colored lines based on p in Fig. 5.4(a) shows that the peaks and trough
arise from the convergence and the divergence of the FORCs, respectively. The converging
FORCs here correspond to the nucleation of new domains or the propagation of existing
domains towards a densely packed state with terminal domain separation as shown in Fig.
5.4(d)—(e), and 5.6(e). The terminal separation state was identified by the uniformity of the
domain-domain separation across the sample that converges to the terminal value. There are
no wide regions in the ferromagnetic state at terminal separation available for expansion, and
domains can only expand by coalescence. The negative FORC distribution trough with
diverging FORCs arise due to the skyrmion-to-stripe transformation from a limited number of
residual skyrmions being initiated at a higher field than skyrmion nucleation 2’. For low
stability skyrmions, skyrmion-to-stripe transformation occurs readily during the +FS before
skyrmion nucleation is triggered at lower fields, accounting for most of the magnetization

change close to saturation fields. Thus, the further H is from the saturation field, the more
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residual skyrmions are available for skyrmion-to-stripe transformation, leading to the diverging

FORC:s signature.

Based on the domain image analyses, H; and H, of the peaks correspond to processes
across the whole region of non-zero p associated with the peak rather than domain states at
the peak. The upper peak’s H; corresponds to the fracturing of stripe domains into a mixture
of stripes and skyrmions, while the upper peak’s H, corresponds to the propagation of stripes
towards terminal separation. The lower peak’s H, corresponds to the annihilation of
skyrmions from a pure skyrmion state, while the lower peak’s H, corresponds to the skyrmion
nucleation or stripe propagation towards terminal separation. Both H, peaks represent the
transition towards terminal separation, and the domains were observed to reach terminal

separation at the edge of the peak where p becomes zero.

While previous works had identified the fracturing and annihilation process during the
—FSt21528-30 the lack of analysis of the process associated with the +FS can lead to incomplete
descriptions of the peaks. One main contradiction is the process of stripe fracturing into
multiple shorter segments or skyrmions that continues to occur even when the upper peak had
been almost completely translated off the FORC diagram. From the analysis of the sweeping
field, the translation of the upper peak towards negative H, and its eventual disappearance
directly relates to the extent of domain-domain separation divergence from terminal separation
even though the process associated with the reversal field continues to occur. The irreversible
process of stripe fracturing into skyrmions persisting as seen from their zero-field skyrmion
density dependence on H;, with minimal FORC features highlights the limitation of the FORC
technique in quantifying microscopic irreversible domain transformations using the
macroscopic measurement of magnetization. However, ironically at the same time,
demonstrating the high sensitivity of the FORC technique that remains useful even with such

a small residual peak.

This FORC analysis can generalized to identify the transition between any magnetic
phases within the limits of several requirements. The magnetization response of the magnetic
phases under magnetic field sweeps differs and has sufficiently large variation in magnetization
to be detected experimentally. Note that the analysis identifies transitions, instead of verifying

the type of magnetic texture present directly. Given the requirement of variations in
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magnetization, the application of this analysis technique to antiferromagnetic or synthetic
antiferromagnetic skyrmions will be challenging as they exhibit net zero magnetization.
Ferrimagnetic systems with a small uncompensated magnetic moment is expected to generate
a similar FORC diagram but signal may be overwhelmed by noise. Alternatively, a SAF
structure consisting of a ferromagnetic layer coupled to a rare-earth transition-metal
ferrimagnetic layer can produce pronounced anomalous Hall and magneto-optical signal, as
reported by Xu et al. recently®!. The rare earth metal contributes little to the magnetic signal
due to their weak coupling with conduction-electron spins, leading to a net electrical and optical

signal even with zero net magnetization.

@) 19.0 °C () 19.0°C
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Figure 5.4| (a) Contour plot of FORC distribution at 19.0 °C. The yellow dashed line corresponds to the
valley in the FORC distribution. (b) Plot of coloured reversal curves based on the FORC distribution at
19.0 °C. (c) MOKE images during the negative field sweep corresponding to the dashed blue line in (a).
(d) MOKE images during the positive field sweep corresponding to the upper dashed red line in (a). (e)
MOKE images during the positive field sweep corresponding to the lower dashed red line in (a).
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Figure 5.5| (a) Contour plot of FORC distribution at 23.0 °C. The yellow dashed line corresponds to the
valley in the FORC distribution. (b) Plot of coloured reversal curves based on the FORC distribution at
23.0 °C. The colour has been normalized to its minimum and maximum FORC distribution magnitude
(c) MOKE images during the negative field sweep corresponding to the dashed blue line in (a). (d)
MOKE images during the positive field sweep corresponding to the upper dashed red line in (a). (e)
MOKE images during the positive field sweep corresponding to the lower dashed red line in (a).
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Figure 5.6] (a) Contour plot of FORC distribution at 26.0 °C. The yellow dashed line corresponds to the
valley in the FORC distribution. (b) Plot of coloured reversal curves based on the FORC distribution at
26.0 °C. The colour has been normalized to its minimum and maximum FORC distribution magnitude
(c) MOKE images during the negative field sweep corresponding to the dashed blue line in (a). (d)
MOKE images during the positive field sweep corresponding to the upper dashed red line in (a). (e)
MOKE images during the positive field sweep corresponding to the lower dashed red line in (a).
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5.5 Skyrmion phase model

Figure 5.7 serves as a valuable model for the changes in the upper and lower FORC
distribution peaks with respect to magnetic skyrmion phase and stability. The upper and lower
peaks correspond to the FORC distribution peaks on the FORC diagram that occur at the
reversal field of approximately 75% of the saturation magnetic field, and 100% of the saturation
magnetic field, respectively. From the film’s major hysteresis loop, the lower and upper peaks
are approximately found at magnetic fields where the magnetization of the forward and
backward magnetic field sweep converge, signifying the transition of magnetic textures. The
horizontal axis in Fig. 5.7 can be assumed to be analogous with increasing «, as previously
discussed in Chapter 5.3. Note that the coloured bar plotted around the fitted lines are used to
signify the peaks corresponding to a specific process, rather than a specific state. The specific
range of magnetic fields whereby the process persists can be derived alternatively from the

region of non-zero FORC distribution on the FORC diagram.

H, of the upper and lower peaks form a pair of linearly decreasing parallel lines, but
H, of the upper peak converges to its corresponding H, above the temperature of 22.0 °C.
H. of the lower peak increased and upper peak decreased with temperature respectively at a
slow rate. The divergence of the upper peak’s H; and H, at lower temperatures is associated
with the isolated skyrmion phase. It represents the existence of a field range where domains
remain insensitive to field changes and is far from terminal separation after being fractured into
shorter stripe segments or undergone skyrmion annihilation. At high temperatures, the
translation of the upper peak towards the negative H, direction and eventually off the FORC
diagram represents the decreasing divergence from terminal separation as domain wall energy
decreases, leading to the domains being stabilized up to larger fields. This model applies to the
class of magnetic skyrmions stabilized in magnetic multilayers by combining interfacial-DMI
and dipolar interactions. These magnetic skyrmions exhibit the state transitions between the
labyrinth, stripe, skyrmion, and saturated states with a magnetic field and typically have the

bow-tie-shaped major hysteresis loop®.

As the upper peak represents the process of skyrmion fracturing and the lower peak

represents the pure skyrmion state, a critical field above which stripes are entirely annihilated
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lies between them. The valley, which refers to the field of minimum p as projected onto the
reversal field, showed alignment with the MOKE images for the minimum reversal field for
the pure skyrmion state. The lower edge of the bottom peak represents the reversal field for
true saturation, where all skyrmions are annihilated. The true saturation field is typically larger
than that derived from a major hysteresis loop due to the negligible magnetization signal by
residual skyrmions close to saturation. Still, these residual skyrmions can induce clear FORC
peaks. Our work provides an intuitive form of analysis for the otherwise abstract FORC
distribution and extended the use of FORC to determine skyrmion stability and phase. Using
the information of magnetization changes in addition to magnetization magnitude, FORC
provides detailed identification of magnetic texture transitions, and their stable magnetic field
ranges. While the current work only demonstrates its application on magnetic skyrmions, this

analysis can be generalized to magnetic texture transitions that show varied magnetization

response.
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Figure 5.7| Plot of the fields of the FORC distribution peaks against temperature. All plots are linearly
fitted. The bars signify the processes occur across a range of field. The valley represents the field of
minimum FORC distribution between the peaks as projected onto the reversal field. Above 22 °C, the
upper peak’s H, converges to its H; plotted as the dotted line.
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5.6 Conclusion

In conclusion, we report that the two peaks in the FORC distribution of a skyrmion
sample correspond to the fracturing of stripe domains and the annihilation of skyrmions for the
upper and lower peak, respectively, at the reversal field. Both the peaks correspond to the
propagation and/or nucleation of domains to reach terminal domain separation at the sweeping
field. Divergence from terminal domain separation is found to be essential for the microscopic
domain transformations to develop macroscopic irreversibility detectable via the FORC
technique. Based on both the reversal field and sweeping field of the FORC distribution peaks,
a model was developed to describe FORCs transitioning from isolated skyrmions to the
skyrmion lattice phase. Our study clarifies the significance of the FORC features to
characterize skyrmion phases and derive useful magnetic field ranges for the desired magnetic

state and transformations, which is beneficial to advancing research on magnetic skyrmions.
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Chapter 6 Skyrmion Nucleation and Annihilation via Current-

induced Skyrmion- Stripe Transformations

Beyond the skyrmion stability investigation presented in Chapter 5, technological
application of skyrmions additionally require reliable techniques to selectively nucleate or
annihilate skyrmions, particularly using electrical currents. In this chapter, we investigate the
current density-dependent skyrmion-stripe transformation in Pt/Co/Fe/lr magnetic multilayer
to further contribute to the understanding of electrical current-induced skyrmion excitation.
High current density pulses induced a densely packed skyrmion state commonly reported in
many other studies, and skyrmion nucleation is expected to lessen at a lower current density.
However, in the regime where pinning effects became significant, current-induced skyrmion
annihilation and skyrmion-to-stripe transformation were observed. Kerr imaging reveals that
the rapidly expanding stripes crowd out and annihilate the skyrmions under a low current pulse
before quickly decaying and leaving behind a sparse skyrmion population. Our findings
establish an additional requirement of minimum operating current density in the design of
skyrmionic devices to avoid unintended skyrmion deletion. In addition, this skyrmion
annihilation was strategically demonstrated as a technique for skyrmion density control using

solely current modulation.

6.1 Introduction

Electrical current has been the primary propagation technique of magnetic skyrmions for
their CMOS compatibility and availability of SOT in magnetic multilayers*. Besides
propagation, electrical currents pulses can be used for skyrmion nucleation®®8, annihilation?,
and magnetic texture transformations”%%°. Hence, a comprehensive understanding of all forms
of electrical excitations will be necessary for reliable performance. The stripe to skyrmion
transformation has been reported in previous works as a skyrmion nucleation technique!®~,
where stripe domains are initially nucleated via magnetic field sweeps and subsequently broken
into skyrmions by current pulses. In articles reporting the current-induced formation of stripes,
these stripes were not shown to be created from skyrmions® or investigated at a magnetic field

where these stripes show decay into skyrmions thereafter’°. In a recent work, the current-
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induced skyrmion-to-stripe transformation was reported, but the underlying mechanism

remains unclear!.

In this work, we observed the current density dependence of the current-induced
magnetization state transformation. A high current density induced the nucleation of skyrmions
whereas, a low current density induced skyrmion-to-stripe transformation and skyrmion
annihilation. The conditions required for the low current-induced transformation were
millisecond pulses and out-of-plane magnetic fields with a skyrmion ground state. The
electrical control of skyrmion density was demonstrated using unipolar current pulses to
activate the different current-induced magnetization states by utilizing the observed

phenomena.

6.2 Experimental details

Ta(5)/ Ir(2)/ [Pt(1)/ Co(0.5)/ Fe(0.5)/ Ir(0.8)]2/ Ta(5) (nominal layer thicknesses in
nanometres) stack was grown on thermally oxidized silicon wafer by magnetron sputtering
system (AJA ATC-Orion 8) at room temperature. The base pressure of the vacuum chamber
was better than 8 x 10 Torr, and a range of sputtering pressures of 2.0 ~ 3.0 mTorr was used
during the film deposition. The bottom Ta layer was used as an adhesive underlayer, while the
additional Ir(2) underlayer was added to provide a similar interface for the repeating layers.
The top Ta(5) layer was used as a protective layer against oxidation. The film stack was

patterned into a 20 um x 10 um Hall cross structure using EBL and ion milling techniques.

Images of magnetic domains were captured using MagVision Kerr Imaging System,
which operates on the magneto-optical Kerr effect in the polar configuration. In the polar
configuration, the out-of-plane magnetization was probed and observed as different brightness
levels in the image. In the images, regions of lower brightness correspond to magnetization in
the negative out-of-plane direction and vice versa. The images’ colour balance has been

adjusted to offer the best contrast for qualitative analysis.

The four-point configuration was used to measure Hall resistance using Keithley 2401

sourcemeter. The measuring current was passed across the wider bar, while the Hall resistance
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measurement was performed across the narrow bar. The measuring current had a current

density of 1.38 x 10° A/m? and a duration of 85 ms.

6.3 Electrical current-induced skyrmion-stripe transformation

The patterned Hall cross structure’s optical micrograph is shown in Fig. 6.1(a). An out-
of-plane magnetic field H, of 18.8 oe was applied to initialize a magnetic state with only
skyrmions. Upon applying a magnetic field, the magnetization evolved gradually towards the
equilibrium state. The sample was left idle for 3 minutes to reach its equilibrium state. Current
density ranging from 1.11 x 10° A/m? to 7.75 x 10'° A/m? was investigated. For each current
density, 30 pulses of 10 ms duration were injected across the wide bar, as indicated in Fig.
6.1(a). The subsequent relaxation process after these pulse injections was monitored by the
Hall resistance R,,, . A positive AR, represents an increase in net magnetization in the
direction of H, and implies the annihilation of stripes or skyrmions and vice versa. The zero

level for AR, is 910 mQ.

(a) (b) 20

Time (s)

Figure 6.1] Hall resistance measurement of the current-induced magnetization transformation’s
relaxation process. (@) Measurement setup consisting of a Hall cross with widths of 20 pm and 10 pm.
Electrical currents were injected through the wider Hall bar while Hall resistance was measured across
the narrow bar. (b) Time evolution of Hall resistance change after 30 current pulses of 10 ms were
injected for current densities ranging from 1.11 x 10*° A/m2 to 7.75 x 10'® A/m?. Error bars are omitted
from the graph for clarity, and the data have a standard deviation of 6 mQ or less.

The different current-induced magnetization states were deduced based on the AR,

evolution during the relaxation process. From Fig. 6.1(b), the low current density pulses
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induced a relaxation process with AR,,,, initially increasing up to a peak before decaying into
the final equilibrium state. The highest AR,,,, peak was observed at the current density of 2.21
x 10%° A/m?. With further current density increase up to 3.32 x 10'° A/m?, the AR, peak
decreased in magnitude and eventually vanished at 3.88 x 10*® A/m?. At current densities larger
than 3.88 x 10'° A/m?, AR,,,, showed a sharp initial drop lower than equilibrium and increased
at a decreasing rate towards the equilibrium state. Lastly, AR,,,, remained almost identical for
current densities above 5.54 x 10 A/m?, suggesting that the current-induced magnetization

states and their relaxation process reached a limiting condition.

Low current

High current

Equilibrium

Figure 6.2 MOKE images of current-induced magnetic states and their relaxation process back to
equilibrium. (a) Magnetization state at equilibrium. After the injection of 2.21 x 10° A/m? current
pulses, the skyrmions were transformed into a mixed state of stripes and skyrmions at (b) t = 0.4 s.
Magnetization state at (c) t = 12.1 s and (d) t = 41.4 s after current injection. (€) Magnetization state at
equilibrium with skyrmion density of 0.645 um. After the injection of 7.20 x 10'° A/m? current pulses,
a state with a higher skyrmion density of 0.761 um was observed at (f) t = 0.4 s. The high skyrmion
density state showed a gradual reduction in density at (g) t = 12.1 s and (h) t = 41.3 s, with skyrmion
density of 0.743 um™, and 0.709 pum2 respectively. The states in (d) and (h) eventually return to the
equilibrium state.

Magneto-optical Kerr effect (MOKE) imaging was performed to observe the different

current-induced magnetization states’ relaxation process dependence on electrical current
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density. Figure 6.2(a) shows the equilibrium state of the wire where the wire was densely
packed with magnetic skyrmions. Figures 6.2(b)-(d) show the MOKE images taken at 0.4 s,
12.1's, and 41.4 s, respectively, after injecting current pulses of 2.21 x 10° A/m2. The pulses
decreased skyrmion density and formed stripes simultaneously. These stripes crowded out the
skyrmions and annihilated part of the skyrmion population into the ferromagnetic state. These
stripes subsequently shrank into skyrmions, leaving behind regions in the ferromagnetic state.
With time, the spontaneous nucleation of skyrmions gradually filled the wire, as shown in Fig.
6.2(d), and returned to the equilibrium state. The AR,,,, peak observed in Fig. 6.1(b) can then
be attributed to the two competing processes: the shrinking of stripes into skyrmions that

increase R,,,,,and the spontaneous nucleation of skyrmions that decrease R, .

In contrast, the high current density pulses of 7.20 x 101 A/m? induced the proliferation
of skyrmions raising the skyrmion density from 0.645 um™ to 0.761 pm as shown in Fig.
6.2(e) and (f). The skyrmion density gradually reduced to 0.743 um™ and 0.709 um as shown
in Fig. 6.2(g) and (h). This transformation is visually subtle but remains in agreement with the
negative initial AR, results shown in Fig. 6.1(b), representing the nucleation of skyrmions.
While a larger current can be expected to nucleate more skyrmions, skyrmion-skyrmion
repulsion limits skyrmion density*?3, Even though the skyrmion density can be raised above
the equilibrium state, it is not stable, and excess skyrmions will annihilate until the equilibrium

skyrmion density is reached.

The long time scale of magnetic state transitions is primarily due to the thermally-
activated transitions between the ferromagnetic state and skyrmion state. The creeping motion
of stripe domains as it shrinks back into skyrmions is also in the time scale of seconds. Still,
ultimately the transition time is dominated by the even slower spontaneous nucleation and

annihilation of skyrmions.

6.4 Skyrmion transformation dependence on current pulse duration

The wire was initialized following the same procedure as in Section 6.3; an out-of-plane
magnetic field of 18.8 Oe was applied and left idle for 3 minutes. However, only a single
current pulse was used in this section. While the negative AR,,,, induced by higher current

densities remain observable for pulse durations as short as 10 ps, the AR,,,, peak associated

174



with lower current densities becomes barely observable for a pulse duration of 1 ms or less.
Based on the mechanism of the magnetic texture transformations due to low current excitation
revealed in the previous section, the relative magnitude of the AR, peak correlates to the
number of stripe domains formed and the general effectiveness of the low current pulse in
decreasing skyrmion density. The AR,,, peak increases with pulse duration, as shown in the
inset of Fig. 6.3(a). Figure 6.3(a) shows that the maximum AR, quickly saturates with pulse
durations above 10 ms. Comparing Fig. 6.3(b) and (c), the increased AR,,,, peak corresponded
to a lower minimum skyrmion density reached due to the increased number of stripes formed.
Figure 6.3(d) showed that the stripe formation does not increase indefinitely and approaches a

limiting number of stripes.

In investigating the skyrmion-to-stripe transformation mechanism, the stripes tended to
form from several spots on the wire after a low current injection. Also, stripes of differing
lengths in the current direction consistently formed from these same spots that correspond to
pinning sites. Thus, the stripes formed via skyrmion-pinning site interactions, where a pinned
skyrmion at a defect elongate due to the current pulse’s propagative force. Similar elongation
phenomena were recently reported, where stripes extend from the edges of existing domains
using current injections'*°. As shown in Fig. 6.3(e), the pinning potential map of the wire was
generated using images from 100 iterations of stripe formation cycles. In each iteration, the
wire was first left idle to reach equilibrium, followed by injecting a single low current density
pulse and imaged once right after. The pinned ends of the stripe domains formed were identified
in each image and summed across all iterations to generate an overall spatial pinning potential

across the wire.
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Figure 6.3| Current-induced stripe formation dependence on pulse duration. (a) The plot of maximum
Hall resistance change during the relaxation process after low current pulse injection against pulse
duration. The inset provides the plot of Hall resistance change over time for pulse durations ranging
from 1 ms to 10 ms. Error bars correspond to the standard deviation. MOKE images are taken
immediately after current pulse injections with a pulse duration of (b) 5 ms, (¢) 10 ms, and (d) 50 ms,
respectively. (e) Relative pinning potential along the wire was obtained from 100 images of skyrmion-
to-stripe transformation.

6.5 Labyrinth, stripe, and skyrmion current-induced transformation

The observations for the low current density transformation presented thus far had been
performed at H, of 18.8 Oe, a field close to the saturation field where densely packed
skyrmions characterized the ground state. The current-induced transformations were also
investigated for the full range of H, below saturation, where the ground state ranged from
labyrinth domains to stripes and skyrmions. The investigation was executed similarly using 30

pulses of 10 ms at a current density of 2.21x 10° A/m?,
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Figure 6.4| Current-induced magnetization state dependence on the out-of-plane magnetic field. MOKE
images of their equilibrium and current-induced magnetization state at (a) 0.0 Oe, (b) 10.1 Oe, (c) 13.4
Oe, (d) 16.8 Oe, and (e) 20.1 Oe. (f) The plot of the initial current-induced state’s Hall resistance change
and its corresponding maximum Hall resistance change during relaxation against out-of-plane magnetic
field. Error bars correspond to the standard deviation.

In the absence of an external magnetic field, the ground state of the wire is the labyrinth
configuration. Current injection transformed the initial labyrinth domain into parallel stripes
aligned in the current direction, as shown in Fig. 6.4(a). Increasing H, to 13.4 Oe, skyrmions
with diameters of approximately 700 nm started to form while the labyrinth domains break into
stripes. In this range of H,, the current-induced magnetization states began to form shorter
stripes that remain aligned in the current direction, as shown in Fig. 6.4(b) and (c). The current-
induced magnetization states formed in the range of 0.0 Oe to 10.1 Oe were stable and did not

show significant changes in domain texture over time.

For the H, range of 13.4 Oe and 20.1 Oe, the current-induced formation of stripe
domains was observed in Fig. 6.4(d) and (e), which then shrank over time into skyrmions by
the same process previously given in Fig. 6.2. By comparing Fig. 6.4(d) and (e), fewer and
shorter stripes are formed with increasing H, . Skyrmion diameter also shrank down to
approximately 500 nm. At the saturation field of 23.5 Oe, the current-induced phenomenon
was no longer observed due to the immense Zeeman energy that restricted any transformation

into other magnetic configurations.
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In Fig. 6.4(f), the current-induced phenomena are analyzed quantitatively by comparing
the maximum AR,,,, achieved during relaxation at each magnetic field. A clear peak is found
at approximately 20 Oe. A common trend is seen between the current-induced state AR,,,, and
maximum AR, within the H, range of 16.8 Oe and 23.5 Oe. This H, range also closely
coincides with the diverging segment of the magnetic hysteresis, where irreversible

magnetization transformations occur.

6.6 Skyrmion density control

The contrasting magnetization states induced by high and low current density injection
present an opportunity for applications in skyrmion density control using a unipolar current. A
series of current pulses alternating between low (2.21x 10'° A/m?) and high (5.54 x 10%° A/m?)
current density was injected, as shown in Fig. 6.5. The magnetization state can be
interchangeably transformed between low and high skyrmion density states by injecting low
and high current density currents. Although these states eventually return to the equilibrium
state, this technique remains applicable to skyrmions with higher thermal stability and can be

used to produce non-volatile state transformations.

Based on the evidence presented above, the skyrmion-to-stripe transformation was found
to occur under the condition of i) out-of-plane magnetic field where stripes are unstable, and
only skyrmions are stabilized, ii) long pulse duration at the order of milliseconds, and iii) low
current magnitude range of 1.11 x 10° A/m? to 3.32 x 10'° A/m?. Thus, by utilizing this
phenomenon, one can achieve two-way skyrmion density modulation under a constant

magnetic field.

Pinning sites are expected in materials with Pt/Co due to the sputtering process, defects,
its polycrystalline structure, and grain boundaries. As current density increases, the skyrmions
are less likely to be pinned, explaining the lack of stripe nucleation at high current density. On
the other hand, higher current density injection induces nucleation of skyrmions with a higher

density than that of the equilibrium state.
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Figure 6.5| Demonstration of electrical control of skyrmion density. The plot of Hall resistance change
as a measure of skyrmion density over time due to alternating pulses of low (2.21 x 10'° A/m?) and high

(5.51 x 10%° A/m?) current densities.

Joule heating has been closely associated with magnetic texture transformations and
skyrmion nucleation in literature®®%17 but was found to be negligible and not the main
contributor to the current-induced skyrmion-to-stripe transformation or current-induced
skyrmion annihilation in this work. The current pulses used in the study produced were found
to have no measurable increase in temperature. However, by applying a larger pulse width of
352 ms, we could establish an upper bound of 1 K change in temperature, as shown in Fig. 6.6.

Hence, the current-induced phenomena observed in this work are unlikely due to Joule heating.

While the skyrmion-to-stripe transformation depends on the current pulse duration in
milliseconds, it is due to the slow elongation of the domain in the creep regime. The nucleation
mechanism of skyrmions under high current density can be attributed to spin-orbit torque-
induced nucleation in non-uniform pinning potential*®®, The presence of spin-orbit torque in
our multilayer was evident from the current-driven motion of magnetic skyrmions along the
current direction, as shown in the supplementary video in Ref'®. Hence, pinning potential is the

critical property involved in skyrmion nucleation, skyrmion annihilation, and skyrmion-to-

stripe transformation.
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The time scale of magnetic texture transformation shown in Fig. 6.1(b) was intentionally
adjusted to the order of seconds and tens of seconds by adjusting the out-of-plane magnetic
field and matching the MOKE images' exposure time. With higher out-of-plane magnetic fields,
stripe domains become less favourable, as shown in Fig. 6.4(a-e), and the time scale of the
transformation decreases. With tuning of the operating out-of-plane magnetic field and
fabricating artificial pinning sites, the volatile nature of the stripes formed from skyrmion-to-
stripe transformation at a pinning site can be applied in neuromorphic devices. For instance,
mimicking a leaky-integrate fire neuron requires the property of potential decay after excitation,
and artificial synapses with short-term plasticity where their state is only temporarily retained.
Nonetheless, the primary phenomenon raised in the manuscript, skyrmion-to-stripe
transformation due to pinning, remains a valuable consideration for the design of future

skyrmionic devices.
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Figure 6.6] Measured device temperature after injection of 352 ms current pulse at different current
densities. Temperature between 0.0s to 5.0 s serves as the baseline for the room temperature. The 352
ms current pulse was injected at 5.0s indicated by the vertical dotted line.

6.7 Conclusion

In conclusion, we report the observation of current-induced skyrmion annihilation and
skyrmion-stripe transformation at low current density due to pinning effects. By utilizing this
phenomenon together with the nucleation of skyrmions at high current density, its application

as a technique for skyrmion density control will only require a unipolar electrical current. The
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current-induced skyrmion annihilation reported here will also bear implications on the

operating current densities of future skyrmionic devices where pinning effects are significant.

Thus, our study further advances the understanding of current-induced phenomena on magnetic

skyrmions to develop future skyrmionic devices.
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Chapter 7 Synthetic Antiferromagnetic Skyrmion Dynamics on a

Magnetic Anisotropy Gradient

In addition to skyrmion nucleation and annihilation, reliable control of skyrmion mobility
is critical to fully exploit their particle-like nature for skyrmionic applications. In this chapter,
skyrmion motion driven using voltage-induced magnetic anisotropy gradient was investigated,
as an alternative to the conventional electrical current spin torques that require high current
densities and face performance deterioration associated with Joule heating. Moreover, the
investigation was performed on synthetic antiferromagnetically coupled skyrmions, instead of
ferromagnetic skyrmions. An analytical model for an energy-efficient skyrmion propagation in
an antiferromagnetically coupled bilayer structure using a magnetic anisotropy gradient was
derived. The interlayer skyrmion coupling provides a strong restoring force between the
skyrmions, which prevents annihilation and increases their forward velocity up to the order of
km/s. For materials with a low Gilbert damping parameter, the interlayer skyrmion coupling
force can be amplified up to ten times, with a corresponding increase in velocity. Furthermore,
the analytical model also provides insights into the dynamics of skyrmion pinning and the

relaxation of asymmetric skyrmion pairs in bilayer-coupled skyrmion systems.

7.1 Introduction

In implementing a magnetic skyrmion racetrack memory, the transport techniques
explored thus far have been mainly limited to the use of spin-polarized electrical current
injection, which utilizes STT and/or SOT. Experimental transport measurements based on such
mechanisms showed that high current densities in the order of 10*2 A/m? are required to achieve
practical velocities exceeding 100 m/s*?. The elevated temperatures at such high current
densities can drastically reduce skyrmion propagation, and the risk of skyrmion annihilation

also increases significantly®®,

A wide range of alternative propagation techniques has been proposed to overcome Joule
heating and for applications in insulating skyrmions. These alternatives include magnetic field
gradients®?, electric field gradients®, temperature gradients®*2, spin waves, and magnons®3-2°,
These systems face various challenges in their implementation and scalability, while spin

waves face attenuation and scattering about each skyrmion along a long nanowire. The use of
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a magnetic anisotropy gradient (MAG) for skyrmion propagation is favoured for its ease of
electrical integration and control*®®, MAG exerts a force on skyrmions towards regions with
lower magnetic anisotropy strength K, 2223, Such a propagation system can be operated using

electric fields that can modulate K, using VCMA?+%,

In our work, we derive an analytical model for the dynamics of MAG-driven skyrmion
pair in synthetic antiferromagnetic (SAF) bilayer structure. The SAF bilayer structure aims to
surpass the velocity limit of the monolayer structure due to the skyrmion Hall effect (SKHE)?"
30 A restoring force that is almost ten times greater than the original driving force generated
by the interlayer SAF exchange coupling raises the maximum possible skyrmion velocity to

the order of km/s.
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Figure 7.1| Schematic on the operation of a magnetic anisotropy gradient driven skyrmion in a bilayer
structure. (a) Magnetic anisotropy strength and energy profile across the wire with a sawtooth
configuration to drive the skyrmions. (b) The trajectory of the skyrmions in the bilayer represented in
white triangles starts from an overlapping state which then separates and travels parallel to each other
at equilibrium velocity. This trajectory is determined by the bilayer coupling force F,_. that causes
attraction between the skyrmions and the VCMA gradient force F,.. that acts along the wire.

The MAG transport scheme operates using a moving MAG generated by external electric
fields that shifts in tandem with the magnetic skyrmion to continually exert the MAG force
R ON the skyrmion in the direction of lower K, , as illustrated in Fig. 7.1(a)-(b). The
sawtooth configuration MAG confines the skyrmion within the region of lower K, as it
propagates with the MAG. The moving MAG along the wire can be achieved by applying the

corresponding electric field across the region. As this propagation system only utilizes voltage
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across the track instead of a continuous flow of current for STT or SOT, significant

improvement in energy efficiency can be achieved.

Figure 7.1(b) shows that the SAF bilayer structure consists of two antiferromagnetically-
coupled FM layers separated by a spacer layer. When driven by F,. along the wire, the
skyrmions initially have a diverging trajectory due to the SKHE generated by the gyroscopic
force Ifg . The skyrmion in the top and bottom layers carry the same helicity but opposite
polarity, resulting in opposite signs of skyrmion topological number N, and transverse Ifg.
Thus, the top layer’s skyrmion is driven towards the upper edge, while the bottom layer’s
skyrmion is driven towards the lower edge. The bilayer system introduces an attractive bilayer
coupling force F... between the two skyrmions as they are driven apart. The skyrmions
achieve steady motion parallel to the wire when the lfg that acts perpendicular to velocity is
mitigated by F... and the dissipative force F, that acts against velocity balances F,. . Hence,

the general trajectory as seen in Fig. 7.1(b) is acquired.

7.2 Numerical methods

Numerical solutions for the skyrmion propagation were evaluated by micromagnetic
simulation using MuMax3. Material parameters used for micromagnetic simulation are
intralayer exchange stiffness A, .= 15pJ/m, « = 0.1, M = 580 kA/m, and D = 3 mJ/m.
These material parameters are used as the control for investigations on the dependence of
skyrmion velocity on individual material parameters. K, = 0.80 — 1.00 MJ/m? values were
used across which skyrmions can be nucleated and sustained®'2. The interlayer exchange

stiffness A, was set at the value of 0.45 pJ/m, which is possible by strong

Inter

antiferromagnetic coupling spacer such as Ru*-%. The chosen parameters correspond to the

physical system of Pt/Co multilayers®332,

The simulation cell size was set at 1 nm by 1 nm by 0.4 nm. The bilayer was constructed
by having two magnetic layers separated by a non-magnetic layer of 0.4 nm thickness,
consisting of material such as Ru or Ir that antiferromagnetically couple the FM layers. The
need for an antiferromagnetic coupling layer doesn’t necessitate an inverted structure across it.

An inverted structure would result in an unwanted opposite IDMI sign for the two FM layers.
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Antiferromagnetic coupling remains possible across additional thin layers, allowing for a

repeating multilayer for the whole material stack®.

The MAG is generated stepwise by varying the values of magnetic anisotropy cell by cell

along the slope.

7.3 Analytical model for magnetic anisotropy gradient-driven skyrmions

The Thiele equation can model the dynamics of SAF bilayer skyrmions on a MAG
proposed above based on the balance of forces acting on the skyrmions. Assuming that the
magnetization profile is rigid, the skyrmion’s equation of motion can be modelled by the Thiele
equation derived from LLG equation®3"!, Recalling the Thiele equation previously discussed
in Eqg. 3.3.1 is given by,

GxV-V.D+F,, =0, (7.3.1)
where G is the gyromagnetic coupling vector, V is the drift velocity of the skyrmion’s centre

of mass, D is the dissipative tensor, and Ife is conservative external forces acting on the

xt
skyrmion. Note that Eq. 7.3.1 differs from Eq. 2 found in Ref.*? due to differences in the
definition of G and D, but both equations are valid and equivalent. The accuracy in quantity
of G is independent of the Neel or Bloch configuration, but is dependent on the deviations
from the assumption of undergoing steady motion at constant velocity without deformation.
While G is the primary force leading to skyrmion Hall effect, the deformation of skyrmions at
high speeds and additional effects like pinning had limited its direct use to determine skyrmion

Hall angle as reported in many experimental work*:43-47,

The firstterm in Eq. 7.3.1 is referred to as the gyroscopic force Ifg that acts perpendicular
to the direction of propagation V. This force causes the SKHE that is the deviation in the
direction of motion from its driving force. Ifg is also known as the Magnus force term as it
resembles the force generated when a spinning body travels through a viscous fluid that acts
perpendicular to the velocity of the body***!. G = (0,0,G) for G =+4zN, M. d/y where d is
the magnetic layer thickness, M is saturation magnetization, y is the gyromagnetic. N, is
determined by the combination of skyrmion polarity and helicity. The second term in Eq. 7.3.1
is the dissipative force lfd that opposes skyrmion motion. The dissipative tensor is dependent

on the details of the skyrmion magnetization profile and Ifg is described by Eq. 3.3.4 and 3.3.5.
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The third term F,, describes external forces acting on the magnetic skyrmion and is
given by the energy gradient F =—VE . In this work, Foee» and Fy act on the skyrmion pair
as shown in Fig. 7.1(b). We will assume the skyrmion pair are far from the wire edge and not

included the edge repulsion force in our calculations.

Equation 7.3.1 can be decomposed into two equations given by,
Gv, +Dyv, =F,, and (7.3.2)

-Gv, +Dyv, =F, . (7.3.3)
From these two equations, SKHE manifests as a non-vanishing v, when F is zero.

Considering a driving force that acts along X, 6, is given by,

V
ang, =G ah

v, D, affamiox-om/oxdxdy

In our system of interest, F, :‘IEVGF‘and F =‘IEBCF‘. F.c acts between the centre of the

(7.3.4)

skyrmion pair. As the skyrmion pair are driven equally along X, the skyrmion pair are only
displaced along ¥, leading to F,.. being exclusively along §.F,.. mitigates Ifg to obtain v,

= 0 m/s. The velocity of the skyrmion parallel to the wire v, is then given by,

F
v, :i:——y, (7.3.5)
D, G
where the ratio of the forces is
_ G -
‘FBCF‘ = E‘FVGF‘ ' (7.3.6)

S

From Eq. 7.3.5 and 7.3.6, v, is dependent on both F, and F, . As « is typically small,
the ratio of F, to F, is large, thus 6, is large. In our bilayer structure where &, = 82.8°,
‘IEBCF‘=7.95‘IEVGF‘ and F,.. becomes the dominant contributor to v, . Equation 7.3.5 also
shows the inverse relationship between skyrmion velocity and D, that, in turn, is linear to o .
A huge opportunity is presented for material optimization for high skyrmion velocities by being

strongly coupled to material parameters.

Fe Originates from the inhomogeneous distribution of magnetic anisotropy energy

generated using VCMA, and can be quantified by,

B} 0E, oK
|Foce| :_aTKUEU and (7.3.7)
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E,, =—K,d | (@—m?)dxdy, (7.3.8)

where m, is the magnitude of magnetization along 7. From Eq. 7.3.7 and 7.3.8, . acts
towards the region with lower K, as observed in the simulation results due to the integral
_[ (1—m?)dxdy that is dependent on skyrmion size increasing more than linearly with K, .

Thus, R, also favours and exerts a stronger force on larger skyrmions.

Focr arises from the interlayer exchange coupling of the bilayer skyrmion pair, which
forms an energy potential well as a function of the distance between the overlapping skyrmion
centres. The potential well provides the restoring force between the skyrmions when they are
driven apart. Total exchange energy of the system is given by the integral over the volume of

the magnetic layer?,

+—
ox*  oy* orf

Assuming that the skyrmion profile is rigid, the 6°m/ox? and 6°’m/dy* terms do not depend

2~ 2~ 2~
om, om, 9 mjdv. (7.3.9)

Eexchange = _J. A\exm (

on the lateral separation between the skyrmions. Therefore, the interlayer exchange energy
Egcr is calculated using only the interaction between the cells directly above or below. A, ..
is negative, representing antiferromagnetic coupling. The second-order derivative is then

simplified to,

m,

h_zml)dxdy, (7.3.10)

EBCF = _A%x,lnterd I ﬁ:Il : (
where m, is the normalized magnetization on layer 1, m, is the normalized magnetization on
layer 2, h is the spacer layer thickness. m, is kept constant while m, is shifted relative to the

magnetization of the first layer.

In our analysis, the magnetization profile of the Néel skyrmion m=(m,,m,,m,) is
described in the cylindrical coordinate as it has a radial symmetry which removes its
dependence on the azimuthal angle 6. m, was fitted by the derivative of a Gaussian while m,
was fitted by the Gaussian profile giving,

rde :

m(r)="2-e #, m,=0, m (=2 % -1 (7.3.11)
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where r is the radial distance from the centre of the skyrmion and R is the skyrmion radius.
Our magnetization profile approximation shows good agreement within the range of K,
investigated. At lower K, , the magnetization profile deviates from our approximation to

resemble that of a chiral bubble domain.
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Figure 7.2| Dependence of bilayer coupling force against displacement between the bilayer skyrmions
for a range of magnetic anisotropy strength. Numerical results are represented in symbols and the
analytical solution given in Eq. 7.3.13 is represented by a solid line.

Using the fitted magnetization profile given in Eq. 7.3.11, the analytical solution derived

for Eger and Fy. are,

d st 2 _s®
By =~ | 2 gpeyetan  BR |5 5w || and (7.3.12)
2h In(2)
= ﬂ-p\ax nerds 378722 175722 (_4R2+52) 1’% N
FBCF=2'—;];{2 e W L —Le (7.3.13)

where s is the bilayer skyrmion pair effective separation. As the skyrmions are driven apart,
the skyrmions experience a minor distortion in their profile away from the other skyrmion. s

is calculated by taking the weighted position of the skyrmion across its centre.

Figure 7.2 shows the presence of a restoring force. Within the range of s below half their
radius, the F... profile resembles a harmonic oscillator where the gradient is negative and

approximately linear. For this range of s, IfBCF is independent of R and given by,
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~ d
Foce ® be%(uzé)sf : (7.3.14)

As shown in Fig. 7.2, as the bilayer skyrmions are increasingly driven apart by a larger
Ifg, F.e reaches a maximum at s=kR where k =1.15is a dimensionless constant. This is
intuitive based on the origin of the force that relies on the skyrmions’ overlap that is finite in
size. Beyond separation of kR, F,.. gradually decreases to zero as the skyrmions become
increasingly decoupled and eventually cease to interact with each other for large s. Using Eq.
7.3.14 and s=kR, we find the relationship between the theoretical maximum F,.. and R is

given by,

'%x, Inter Rd

. = s .
Maximum Fg.- = 6.65x o2 r. (7.3.15)

Applying this maximum F,. to Eq. 7.3.5, the theoretical limit in velocity of a skyrmion

which is protected from edge annihilation by F,.. alone can be derived to be,

6'6572.'A\e><,lnter Rd
Gh? '

Using the material parameters considered for this work, the maximum velocity that can

Maximumyv, =— (7.3.16)

be sustained is 10.3 km/s. This maximum velocity can be increased when F,_ is
complemented by other forces which act towards the centre of the wire, such as edge repulsion
force. Edge repulsion force that acts only in the vicinity of the edge requires a wire with a
sufficiently thin width to be effective in complementing F... . Enhancement of the edge
repulsion force to prevent annihilation can be achieved by engineering the edges using

additional magnetic material and VCMA?1:2249-51,

The closed-form solutions derived here are highly useful in succinctly describing Fy.
that is essential in SAF skyrmion dynamics. Using these solutions subsequently allow for easy
quantitative analysis of skyrmion velocities for different skyrmion sizes and driving forces, and
more importantly, the skyrmion velocity limit, in contrast to performing time-consuimg

numerical simulations®.

7.4 Skyrmion velocity dependence on magnetic anisotropy gradient and

strength
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We investigated the dependence of the skyrmion velocity on MAG and K, at the centre
of the skyrmion. The range of MAG explored ranges from 500 GJ/m* to 10 TJ/m* which
corresponds to a K, change of 500 J/m? and 0.01 MJ/m? per nm, respectively. This range is
limited by the optimal range of K, required to stabilize the skyrmions. The size of skyrmions
which is dependent on K, also results in minor expansion of the skyrmions when they are

subjected to an increasing MAG.
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Figure 7.3| Dependence of skyrmion velocity on magnetic anisotropy gradient and strength at the centre
of the skyrmion. The solid black line and the broken red line represent the analytical solution derived
using the gradient force and bilayer coupling force.

Results presented in Fig. 7.3 verify the linear relationship between skyrmion velocity and
K, gradient shown in Eq. 7.3.7. In addition, Fig. 7.3 shows velocity decrement with increasing
K, magnitude at the centre of the skyrmion due to the reducing F. and shrinking R
discussed previously. The fitted solid and broken line represents the analytical solution derived
using R and F,. from Eq. 7.3.7 and Eq. 7.3.13, respectively. The accurate agreement
between the numerical and analytical solutions supports the validity of our model for both If\,GF
and F.. . The accuracy of our model for F,.. is limited by the magnetization profile

approximation used in Eq. 7.3.11 that is accurate for high K, skyrmions.

The maximum K, gradient investigated at 10 TJ/m* is possible based on the K,

variation of up to 0.29 MJ/m® observed experimentally®?. This observation has yet to be
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reported in the system of our interest but nonetheless supports the possibility of realizing such

a K, gradient.

7.5 Skyrmion velocity dependence on the material parameter

MAG-driven skyrmion velocity dependence on « and M was investigated at K, =0.80
MJ m~3 and K, gradient = 2000 GJ m~*. Figure 7.4 shows the strong inverse relationship
between skyrmion velocity and « which is consistent with Eq. 7.3.5. The decrease in « from
0.1 to 0.01 resulted in velocity enhancement from 120 m/s to 1200 m/s shown in Fig. 7.4,
surpassing the velocities shown in Fig. 7.3. Even at such velocity, the skyrmion pair remains
coupled and protected from edge annihilation. Equation 7.3.16 predicts that IfBCF can
overcome the Magnus force up to the velocity of 10.3 km/s. This relationship makes « a
critical material parameter to optimize for higher skyrmion velocity. The range of material
parameters investigated was restricted to skyrmions that did not undergo severe deformation

during propagation and retained an eccentricity of less than 0.2.
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Figure 7.4] Dependence of skyrmion velocity on the inverse of Gilbert damping parameter and
saturation magnetization. Inset shows the skyrmion diameter dependence on saturation magnetization.

However, the dependence of skyrmion velocity on M, is not inversely related, as Eq.
7.3.5 suggests. This disagreement can be explained by the increase in the skyrmion size with
M, and F,.. Skyrmion size increases with M, due to the increase in DDI and decrease in

K, - The inset of Fig. 7.4 shows skyrmion diameter increasing more than linearly with M.
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Thus, the velocity in Eq. 7.3.5 has a relationship with M, at the order of more than 1. Hence,

skyrmion velocity was observed to increase slightly with M.
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Figure 7.5| Dependence of skyrmion velocity and diameter on DMI strength.

The increase in skyrmion velocity with DMI strength D is due to increased skyrmion
diameter like the dependence observed with M. While M only results in a slight increase in
velocity, DMI holds a stronger dependence and results in a more than double velocity increase
when D increases from 2.6 mJ/m? to 3.2mJ/m?. However, the magnetic skyrmion is only stable
within D of 2.4 mJ m~2 to 3.6 mJ m~2, thus voltage-modulation of DMI is also an important
consideration when utilizing voltage-controlled systems as it can potentially destabilize and

annihilate the skyrmions®3%4,

Note that the increase in skyrmion diameter with D here is only applicable to IDMI
skyrmions, where they are stabilized by dipolar interaction and perpendicular magnetic
anisotropy®>¢. An opposite trend in skyrmion diameter will be observed for BDMI skyrmions
where they are primarily stabilized by the competition between the ferromagnetic exchange

interaction and BDM 3157
7.6 Skyrmion velocity field in a bilayer structure

This section analyzes the dynamics of separated SAF skyrmion pair based on the
analytically derived F,.. when MAG is removed. Applying F,.. to the Thiele’s equation

given in Eq. 7.3.1, the velocity field of a skyrmion due to the IfBCF exerted by the other
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skyrmion can be acquired. The trajectory of a skyrmion in the proximity of another pinned
skyrmion follows a spiral configuration that terminates when the skyrmions lie directly over
one another. Figure 7.6 shows a skyrmion’s velocity field due to F,.. by a pinned skyrmion in
the other layer. The result shown in Fig. 7.6 can be qualitatively derived from the direction of
the force which acts radially towards the centre of the skyrmion and 6, given in Eq. 7.3.4,
which describes the relative angle between the driving force and velocity. The colour in Fig.

7.6 represents the ‘IEBCF‘ between the skyrmions as shown previously in Fig. 7.2.
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Figure 7.6| Skyrmion velocity profile under a bilayer coupling force with another skyrmion pinned at
the center of the spiral trajectory. The trajectory begins at the top, spirals towards the center of the
pinned skyrmion, and remains stationary when both skyrmions are overlapped.

In the bilayer structure, the trajectory due to IfBCF between a freely moving skyrmion
(skyrmion 1) on one layer and another skyrmion (skyrmion 2) on the other layer, which has
different material parameters are shown in Fig. 7.7. From Eqg. 7.3.5, skyrmion velocity is
material parameter-dependent, and asymmetry in these parameters can result in spiralling
trajectories. The cases where the difference in the material parameters results in the ratio of the
velocity of skyrmion 1 to skyrmion 2 to be 0.2, 0.8, and 1.0 are presented in Fig. 7.7. These
trajectories were derived analytically using the Thiele’s equation, and not numerically

evaluated by the change in material parameters. When both skyrmions have identical material
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parameters (1.0), the two skyrmions converge towards each other in a straight trajectory.
Increasingly asymmetric or massive skyrmion 2 for the cases of 0.8 and 0.2 multiple results in
the trajectory becoming increasingly spiral and centred around skyrmion 2. At the limit where
skyrmion 2 is stationary, the trajectory is shown in Fig. 7.6, where skyrmion 2 does not move

while skyrmion 1 spirals towards the centre of skyrmion 2 to the point where they overlap.
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Figure 7.7| Trajectory of two skyrmions in a bilayer structure due to bilayer coupling force where
skyrmions 1 and 2 have material parameter discrepancy by the ratio of 1.0, 0.8, and 0.2. The difference
in material parameters results in different drift velocities and trajectories that are straight or spiralling
motion.

7.7 Discussion on magnetic anisotropy gradient transport and skyrmion

Hall effect mitigation

Beyond the search for skyrmion-stable SAF systems, several other considerations must
be considered. A continuous electric field gradient can be formed by adopting the multiplexed
3-level racetrack design with high, average, and low voltage stepwise gradients presented by
Wang et al. and Liu et al.*®?°, In this design, the dimensions of each repeating unit of K,
gradient along the racetrack are dependent on the skyrmion size, maximum K, variation, and
the size of the electrodes. The electrode width is optimized at approximately the diameter of
the skyrmion to achieve optimal propagation efficiency?®. The maximum K, gradient
applicable is then dependent on the maximum K, variation of the system. In addition, DMI

and RKKY interactions can both be tuned by external voltages. From the recent work by
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Suwardy et al., which showed a considerable DM variation of 1.3 mJ m=2, the voltage-induced
DMI can significantly affect the skyrmion stability>*. Hence, the maximum voltage and the

corresponding MAG which can be applied may be limited.

The bilayer skyrmion pair can also be driven using a MAG in only one FM layer instead
of both FM layers. As one skyrmion experiences a K, gradientand is driven towards the region
of lower K, , the skyrmion in the other layer will be driven in the same direction due to their
exchange coupling. We investigated this propagation at K, =0.80 MJ/m3. A comparison in the
velocity of the monolayer and bilayer driven system is given in Fig. 7.8, which shows the

magnitude of skyrmion velocity decreasing by half when it is driven in only one of the FM

layers.
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Figure 7.8| Velocity of skyrmion driven by a monolayer and bilayer anisotropy gradient in a synthetic
antiferromagnet.

In the monolayer gradient driven skyrmion, the indirectly-driven skyrmion without the
anisotropy gradient trails slightly behind the other MAG-driven skyrmion and continues to
follow the trajectory given in Fig. 7.1(b). The indirectly-driven skyrmion only trails the MAG-
driven skyrmion by a distance much smaller than their separation due to the large skyrmion
Hall angle. The indirectly-driven skyrmion has its driving force along the track, previously
generated by If\,GF compensated by IfBCF that now acts at an angle as opposed to acting only in
the transverse direction. The driven skyrmion have this longitudinal force competing against

the R . At equilibrium, both skyrmions will have half the longitudinal force F,. and
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separation distance of that in the bilayer gradient driven system, supporting the observed

decrease in velocity by half.

The MAG propagation technique is also inherently stable against perturbation or
variations from dissipation. While voltage-driven techniques are already significantly less
dissipative than current-driven techniques, high velocity operation of the MAG can still result
in dissipation issues. Elevated temperatures can affect skyrmion size but the MAG system
confines the skyrmions to pre-determined spacing, thus not affecting its performance. The
sawtooth potential also restrains the skyrmions from Brownian motion beyond its intended
site®®%, The change in skyrmion velocity due to heat can also be compensated by the MAG

operating velocity.

Besides using a system of SAF skyrmions to overcome the skyrmion Hall effect, other
proposed approaches include using confining potentials or antiferromagnetic skyrmions. The
boundary repulsive force can be enhanced to protect skyrmions from annihilation using
boundary material modifications like magnetic anisotropy, DMI strength, or ferromagnetic
layer thickness?14%0 However, the enhanced boundary repulsive force still necessitates the
skyrmions to travel along the track edge where the repulsive force act. For SAF or
antiferromagnetic skyrmions that rely on skyrmion-skyrmion attraction maintain skyrmion
displacements close to the centre of the track. Even though antiferromagnetic skyrmions are
advantageous due to the lower magnetic damping and potentially higher skyrmion speeds, its
experimental exploration remains limited®®476162 SAF skyrmions are currently more
favourable due to the possibility to adapt from existing ferromagnetic multilayer skyrmion

structures®®47,

7.8 Conclusion

The numerical results from our work on magnetic anisotropy gradient-driven skyrmions
in an antiferromagnetically coupled bilayer structure have shown a significant superiority over
the monolayer structure due to the restoring force between the skyrmions, which arises from
interlayer antiferromagnetic exchange interaction. This restoring force confines the skyrmions
to travel along the proximity of the wire centre and prevent edge annihilation. For the range of

separation between the coupled skyrmions of less than half its radius, the restoring force
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resembles a harmonic oscillator which motivates the possibility of nano-oscillator and other

applications. The driving force generated by the magnetic anisotropy gradient is dependent on

skyrmion size, which can be maximized with a low magnetic anisotropy strength or high

saturation magnetization. Skyrmion velocity can also be maximized by utilizing its inverse

dependence on the Gilbert damping parameter. We derive the velocity field of a skyrmion from

our model of the restoring force, which gave a spiralling configuration and explored the

trajectory of two skyrmions with discrepancies in material parameters that returned straight or

spiralling trajectories. The dynamics of asymmetric synthetic antiferromagnetically coupled

skyrmions with material parameter discrepancies can be investigated further in the future.
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Chapter 8 Conclusion and Future Works

8.1 Conclusion

This thesis presents three main skyrmion works covering critical aspects of skyrmion
research for technological applications, including a skyrmion characterization technique,
skyrmion nucleation and deletion skyrmion propagation technique, in Chapters 5, 6, and 7,

respectively.

In Chapter 5, the FORC technique that reveals irreversible transitions from magnetic field
sweeps was applied on the skyrmion-hosting magnetic multilayer, [Pt/Co/Fe/lr]2. Previous
works have reported FORC distribution features analysis based on the reversal field to obtain
optimal zero-field skyrmion density®2. Still, analysis based on the sweeping field was yet to be
elucidated. Using magneto-optical Kerr imaging, we found the FORC distribution peak along
the sweeping field corresponds to the convergence of domain-domain separation towards
terminal separation. By extending the FORC analysis across both reversal and sweeping fields,
the abstract FORC phase diagram can now be interpreted intuitively. To verify the consistency
of this analysis, the FORC was applied across different skyrmion phases ranging from densely
packed skyrmion lattice to metastable isolated skyrmions, tuned by temperature modulation. A
model to characterize skyrmion phases was then developed based on the apparent trend
observed between the FORC distribution and skyrmion density associated with the skyrmion

phases.

In Chapter 6, current-induced skyrmion excitation was investigated in the same magnetic
multilayer as the previous chapter, [Pt/Co/Fe/lr].. Current-induced skyrmion nucleation using
dedicated structures®® and uniform track’® had both been demonstrated in other works. As
current density is reduced, one would expect less skyrmion nucleation, but skyrmion
annihilation was observed instead. Using magneto-optical Kerr imaging, the low current
skyrmion annihilation process was driven by a skyrmion-to-stripe transformation due to
pinning. The expanding stripe domains crowded out and annihilated skyrmions along the track
before decaying back into skyrmion, leaving a sparse skyrmion density. Thus, skyrmion density

can be modulated by current density regardless of current polarity. The effectiveness of current-

203



induced annihilation is determined by the balance between skyrmion and stripe stability tuned
by the perpendicular field. This work introduces a skyrmion density technique and highlights
the need for a minimum current density to avoid unintended skyrmion deletion in skyrmion

applications.

In Chapter 7, a voltage-controlled skyrmion propagation technique with significantly
higher energy efficiency than conventional current-based methods was investigated
numerically. Besides energy efficiency, Joule heating of the track is undesirable for reliable
propagation®!2, In this propagation system, magnetic skyrmions are driven in tandem with a
moving magnetic anisotropy gradient generated using VCMA. SAF skyrmions with suppressed
skyrmion Hall effect was investigated instead of FM skyrmions. An analytical model of the
SAF skyrmion coupling was developed that accurately describes their dynamics on the
magnetic anisotropy gradient. Extending the model to a pair of unidentical or pinned skyrmions,
the SAF skyrmion coupling can result in linear or spiralling trajectories. SAF skyrmions
propagation by only driving one of the skyrmions by the anisotropy gradient was also shown

to be possible, but at half the velocity.

8.2 Future Works

In this section, three future works that extend from the work presented in this thesis are
proposed. The field of magnetic skyrmions remains wide with many aspects, including
skyrmion stability, reliable nucleation, precise control, and accurate detection with room for
investigation and improvement. Given the tremendous progress in recent years, skyrmionic

technologies are close within grasp.

8.2.1 Quantitative model for first-order reversal curve distribution of skyrmions in

magnetic multilayers

In Chapter 5, we had established an intuitive interpretation of the FORC diagram based
on the convergence and divergence of domain-domain separation from their terminal
separation. Following the interpretation, the skyrmion phase can be derived based on one of
the FORC features, the proximity of the upper peak’s reversal field to its sweeping field, or
equivalently how close the upper peak is to the edge of the FORC diagram’s diagonal. Our

work produced a phenomenological model from the experimental data of the FORC peak’s
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reversal and sweeping fields presented in Fig. 5.7. The model is helpful for qualitative
determination of the skyrmion phase but is currently limited in deriving a quantitative measure
of skyrmion stability that closely relates to the skyrmion phase. We had previously identified
that ~ = 1 lies within the temperature range investigated and is likely to lie close to the
temperature at which the reversal and sweeping fields of the upper peak intersect. To develop
a quantitative model, the experiment first requires an extension to determine their temperature-
dependent material properties, including DMI strength, exchange stiffness, and effective
perpendicular magnetic anisotropy. Next, numerical replication of the experimental
observations can further examine the quantitative relation between the peak field difference of
the upper peak and « . The extension of this model can be highly useful for skyrmionic studies
as it bypasses many complex characterization techniques for various material properties to

directly obtain - that is critical for skyrmion stability.

8.2.2 Experimental realization of skyrmion-based artificial neuron

The interest in neuromorphic computing has been blooming in recent years, including
the field of magnetic skyrmions, with many proposals for artificial skyrmion synapses*38 and
neurons'®?2, While there are plenty of proposals demonstrated numerically, the number of
experimental work is still limited®. From work presented in Chapter 6 on current-induced
skyrmion nucleation and annihilation, the temporal behaviour of the Hall resistance post
current injection offers potential application in neuromorphic computing, specifically an
artificial leaky-integrate-fire neuron. An LIF neuron requires two main functions: Signal

integration or summation and a leaky or decaying potential over time.

For the case of low current injection that leads to the skyrmion-stripe transformation and
annihilation, the Hall resistance increases up to a peak before decaying back to the equilibrium,
as shown in Fig. 6.1(b). The peak Hall resistance magnitude is pulse duration dependent, as
shown in Fig. 6.3(a), suggesting the property of integration where the effect of several short
pulses can be additive to generate larger Hall resistance. The leaky property is represented in
the gradual decay in Hall resistance back to equilibrium. For high current injection, similar
integration property in the decrease in Hall resistance is expected while not explicitly shown,
and the gradual decay back to equilibrium also occurs. Thus, both cases are possible to fulfil

the required functions. The seconds-long time scale of the Hall resistance transformations in
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this work was tuned to match the Kerr imaging’s exposure time requirements and examine the
transformation. The timescale can be significantly reduced by adjusting the perpendicular
magnetic field and temperature modulation. Artificial pinning sites can also be intentionally

fabricated to improve the reliability of operation.

The operation of the artificial skyrmion is illustrated in Fig. 8.1. Current-induced
skyrmion annihilation drives the increment in Hall voltage signal, while the spontaneous
nucleation applies a constant decay of the Hall voltage back to equilibrium. The maximum Hall
voltage reached is determined by the proximity and duration of the current pulses, a critical

Hall voltage can be set as the threshold for the neuron to fire or propagate a signal to the next

neuron.
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Figure 8.1| Hlustration of artificial skyrmion neuron operation driven by current pulses over
time.

8.2.3 Experimental demonstration of voltage-driven skyrmion propagation

VCMA has been at the centre of attention as a flexible tool for application in skyrmionic
devices as magnetic anisotropy can affect skyrmion stability?>2°, act as barriers of motion?®27,
and drive motion of skyrmions®®-3°. A magnetic anisotropy gradient drives magnetic skyrmions
towards the region of lower magnetic anisotropy®-®?, but a smooth and variable anisotropy

gradient is challenging to be implemented in practical devices. A non-uniform wire with
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smooth gradient and electric fields was demonstrated experimentally by Ma et al. However,
the gradient is fixed, and the range of motion will be limited within the short segment, not

applicable for long wires.

The most practical implementation of the proposed voltage-controlled skyrmion
propagation by translating magnetic anisotropy gradients presented in Chapter 7 is by discrete
magnetic anisotropy steps, as illustrated in Fig. 8.22°. Series of discrete electrodes with widths
comparable to the skyrmion diameter are fabricated along a uniform wire. The electrodes are
divided into sets of threes with a periodic zero, medium, and high voltages to form the
corresponding stepwise magnetic anisotropy gradient. With the discrete electrodes, the
voltages can be adjusted to drive the magnetic skyrmions to and fro across the full nanowire.
Materials of interest for the experiment are the magnetic multilayer with oxide interfaces that
exhibit VCMA like Pt/Co/MgO®3*  W/CoFeB/MgO®, Pt/GdCo/TaOx%*, and
Ta/CoFeB/TaOx>%". The skyrmion diameter in these materials ranges from hundreds to
thousands of nanometers. Thus, the fabrication of the discrete electrodes can be done reliably
without facing significant challenges like resolution and shorting. The experimental
demonstration will be a significant step towards even more energy-efficient skyrmionic devices.
Even more complex and precise control of magnetic skyrmions in a two-dimensional plane

using these discrete electrodes can be further ventured beyond this work.

Electric Field /
Magnetic Anisotropy

Position

Figure 8.2 Voltage-controlled skyrmion propagation scheme using stepwise magnetic
anisotropy produced by discrete electrode along the wire.
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