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ABSTRACT

The information storage and processing are fundamental and essential to all
information and communications technologies, which are also indispensable
to our fast-paced information-driven modern society. The revolution of in-
formation storage and processing is usually associated with the discovery and
development of new information carriers and media. Recently, skyrmions in
magnetic materials with chiral or competing exchange interactions are found
to be promising building blocks for next-generation information storage and
processing applications, such as advanced magnetic memories and novel spin-
tronic computing devices. The magnetic skyrmions are quasiparticle-like nano-
scale magnetic spin configurations, which have several promising properties
including the topologically non-trivial structure, unique topology-dependent
dynamics, reasonably good stability and mobility, and low energy consump-
tion. The understanding of dynamic behaviors of magnetic skyrmions is im-
portant and necessary for developing practical information-related applications

based on magnetic skyrmions.

In this dissertation, we theoretically and numerically study the dynamics of
magnetic skyrmions in confined nanostructures driven by spin-polarized cur-
rents or spin waves, as well as the possible advanced applications based on
the manipulation of magnetic skyrmions, mainly in the framework of micro-
magnetics. The dissertation can be divided into three major parts as described

below.

In the first part, we focus on the motion dynamics of an isolated magnetic
skyrmion driven by spin-polarized currents in both thin films, monolayer and
multilayer nanotracks. Both the Slonczewski-like and Zhang-Li spin-transfer
torques are considered as the driving forces. We study the magnetic skyrmion-
hosting material systems with either chiral exchange interactions or frustrated
exchange interactions. The chiral exchange interactions considered are the
interface-induced Dzyaloshinskii-Moriya interactions. The frustrated exchange

interactions considered are the ferromagnetic nearest and antiferromagnetic



next-nearest Heisenberg exchange interactions. This work shows that the cur-
rent-induced dynamics of an isolated magnetic skyrmion depends on both the
geometric and material properties of skyrmion-hosting nanostructures. We
also show that the Slonczewski-like spin-transfer torques are more efficient

than the Zhang-Li spin transfer torques for driving the skyrmion motion.

Besides, we reveal that the magnetic skyrmions driven by spin-polarized cur-
rents in conventional ferromagnetic materials may show the skyrmion Hall ef-
fect due to their special topological structures, namely, the magnetic skyrmions
move at an angle with respect to the driving force direction. We demonstrate
that the skyrmion Hall effect can either be controlled by locally modifying
the magnetic parameters or totally eliminated by fabricating the synthetic anti-
ferromagnetic nanotracks. Especially, the perfect elimination of the skyrmion
Hall effect is found to be beneficial for the high-speed transport of information-
carrying magnetic skyrmions in narrow channels. Moreover, we reveal that
the magnetic skyrmions driven by spin-polarized currents in frustrated ferro-
magnetic films show novel dynamic behaviors, which can drastically change
from the translational motion to the circular motion by triggering the helic-
ity locking-unlocking transition. Namely, the skyrmion helicity is found to be
coupled to the center-of-mass skyrmion dynamics, which is a unique property

for the magnetic skyrmions in the frustrated magnetic system.

In the second part, we focus on the motion dynamics of an isolated mag-
netic skyrmion driven by spin waves in both thin films and confined nanos-
tructures with different damping coefficients, where the excited spin waves
are propagating either in the longitudinal or transverse direction. This work
demonstrates the feasibility and method to drive magnetic skyrmions in com-
plex nanostructures, such as L-corners, T-junctions, and Y-junctions, which
are important components for building future spintronic circuits. By investi-
gating the skyrmion velocity versus driving force relation in nanotracks, we
reveal that there are different scenarios of the skyrmion dynamics driven by
transverse spin waves. At low driving force, the magnetic skyrmion smoothly
moves along the nanotrack and does not suffer any significant deformations.
At large driving force, the internal modes of the magnetic skyrmion can be ex-
cited, resulting in the emission of spin waves by the magnetic skyrmion itself.
The magnetic skyrmion may also be destroyed at large driving force. We also
reveal that the transverse driving scheme is more efficient than the longitudinal

driving scheme for controlling and delivering magnetic skyrmions in narrow
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channels due to the damping of spin waves. We further show that motion di-
rection of an isolated magnetic skyrmion in complex nanostructures can be

controlled by multiple spin wave sources placed at different positions.

In the third part, we numerically demonstrate that the magnetic skyrmions can
be used as the information carriers in a number of advanced spintronic appli-
cations, which include the racetrack-type memories, logic computing gates,
and transistor-like functional devices. We first point out possible skyrmion
candidates for carrying information in different magnetic material systems.
We show that the merging of two isolated magnetic skyrmions as well as the
duplication of an isolated magnetic skyrmion can be flexibly realized by uti-
lizing the current-driven skyrmion-domain wall conversion mechanism in a Y-
junction. We demonstrate that basic binary logic computing operations can be
implemented based on the merging and duplication of magnetic skyrmions. In
addition, we show that the transport of magnetic skyrmions in narrow channels
can be controlled by voltage gates, which can be used for building transistor-
like functional devices. This work not only provides guidelines for designing
novel electronic and spintronic devices based on magnetic skyrmions, but also
highlights the importance of magnetic skyrmions in practical and industrial

applications.

Finally, at the end of the dissertation, we point out future research directions on
magnetic skyrmions in terms of skyrmion-hosting materials, skyrmion struc-
tures, and skyrmion driving forces. We suggest the exploration of magnetic
skyrmions and antiskyrmions in antiferromagnetic and ferrimagnetic materi-

als driven by spin-polarized currents, spin waves, and electric fields.
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CHAPTER 1

Introduction

In this chapter, we introduce the basics of the magnetic skyrmion and its importance in
topological magnetism and spintronic applications. We then outline the structure of this

dissertation and briefly summarize the contributions of each chapter.

1.1 Background and motivation

Magnetism is an old field of study, which has been studied for over two thousand years [1].
However, the magnetism continues to face new challenges as it plays an essential role in
our industrial production and daily life. The most important and intriguing aspect of mag-
netism is its application in the information storage. The information storage is fundamental
to all information and communications technologies, which is also indispensable to the
establishment of the advanced information-driven society. Therefore, for the purpose of
realizing the high-performance magnetic information storage and processing applications,
it is becoming more and more important to study magnetic phenomena that can be utilized
to store information and perform computing.

Traditional researches on magnetism related to the information storage and process-
ing have been focused on the manipulation of magnetization and magnetic spin textures at
nanoscale. Recently, due to the significant advancements in the thin-film growth and depo-
sition, nanostructure fabrication, and high-resolution microscopy technologies, the focus
on magnetism research has been shifted to a new cross area of magnetism and topology,
which is called the fopological magnetism or chiral magnetism. For example, the bro-
ken inversion symmetry in a magnetic multilayer nanostructure with strong spin-orbit cou-
plings gives rise to the interfacial asymmetric exchange interaction, i.e., the Dzyaloshinskii-
Moriya interaction (DMI) [2, 3], which can stabilize topological spin textures [4, 5, 6, 7, 8].

Topological spin textures can be used to carry digital information. However, the physics

behind the statics and dynamics of topological spin textures still remains elusive, which



must be investigated and understood in order to build novel magnetic and spintronic de-
vices based on the manipulation of topological spin textures. A key subject in the study of
topological magnetism and topological spin textures is the magnetic skyrmion [4, 5,7, 6, 8].

The concept of skyrmion was firstly proposed by British nuclear physicist Tony Skyrme
to describe the interactions of pions in the context of nuclear physics [9]. Later, it is general-
ized to various subjects in condensed matter physics including quantum Hall magnets [10],
Bose-Einstein condensate [11], and so on. A skyrmion is a topological quasiparticle-like
excitation in classical continuum field theory, which is robust as long as the field is con-
tinuous and the edge effect is negligible. Topological considerations are of considerable
use in describing and understanding the extraordinary topological stability of a skyrmion.
The topological stability is the fact that a significant amount of energy is required in or-
der to transform a certain object into another with different topology [12]. For example,
both a coffee mug and a donut can be deformed into a torus by a continuous and invertible
mapping, indicating the same nature of topology for the coffee mug and donut, i.e., they
are homeomorphic [13]. On the contrary, a coffee mug (or a donut) cannot morph into a
sphere without introducing rupture, because that they are of different topology. In a sim-
ilar way, the magnetic skyrmion cannot be continuously transformed into other magnetic
textures such as the ferromagnetic (FM) state, without surpassing the topological energy
barrier. Therefore, the magnetic skyrmion is topologically protected and relatively more
stable than other types of magnetic textures such as the magnetic vortex and magnetic bub-
ble, making it very promising for realistic applications in the information processing and
ultra-high density information storage [14, 15].

In the context of magnetism, the magnetic skyrmion is a quasiparticle-like nanometer-
scale magnetic domain wall structure of which the spin configuration is swirling in the
planar space and would wrap a unit three-dimensional (3D) spherical surface with spins
pointing in all directions in the compactification of the planar space [16]. The magnetic
skyrmion was first theoretically predicted to exist in magnetic metals [5, 17] and magnetic
thin films [4] having the asymmetric exchange coupling interaction, namely, the DMI [2, 3].
Then, it was first experimentally identified in chiral magnetic materials just after the turn
of the twenty-first century [6]. Since then, the magnetic skyrmion has emerged as an ac-
tive research topic in the fields of magnetism and spintronics, which has also been ex-
perimentally observed, created, and manipulated in a wide variety of material systems,
including the FM materials [18, 19, 20, 21] and other materials [22, 23, 24]. Experiments
also show the manipulation of magnetic skyrmions in different nanostructures, such as the
bulk materials [25], magnetic ultra-thin films [26, 27, 28], and magnetic multilayers (het-

erostructures) [24, 29, 30]. Experiments on magnetic skyrmions are mainly focusing on the



FM materials, for example, most of the experimental observations on magnetic skyrmions
are reported in the non-centrosymmetric B20-type ferromagnets, such as MnSi [6, 31],
FeGe [32, 33], and FeCoSi [18, 34]. More recently, isolated magnetic skyrmions have
also been successfully realized in thin films of similar materials lacking inverse symme-
try or with asymmetric interfaces in proximity of non-magnetic heavy-metal substrate with
strong spin-orbit interaction inducing sizable DMI [26, 27, 28, 35]. At the same time, nu-
merous theoretical and numerical studies have revealed various potential applications of
magnetic skyrmions toward the skyrmion-based electronics as well as the skyrmion-based
spintronics, of which the research field is usually referred to as skyrmionics [14, 15, 36].
However, although the magnetic skyrmion has many advantages for practical applica-
tions, it also comes with some drawbacks. There is a significant obstacle to the transport of
magnetic skyrmions in nanostructures, especially in the high-speed operation. The reason
is that the magnetic skyrmion experiences the skyrmion Hall effect (SKHE) [37, 38, 35, 39],
which means the magnetic skyrmion moves at an angle with respect to the direction of the
external driving force. As a consequence, in the high-speed operation, the transverse mo-
tion or deflection of a magnetic skyrmion may result in its destruction at the edge of the
nanostructure [38, 40, 41], which leads to drastically reduced reliable distance of the sky-
rmion transport [41]. The SKHE was first predicted theoretically [37] and has recently
been observed in two independent room-temperature experiments [35, 39]. On the road to
realize the skyrmion-based ultra-dense and ultra-fast information storage and processing
devices, the SKHE is generally a detrimental effect because it can result in the undesired
loss of the encoded information carried by the magnetic skyrmions [35, 37]. Therefore,
a natural and interesting problem is then to find the methods to eliminate or reduce the
detrimental SKHE. Theoretical, numerical, and experimental works have proposed several
effective methods to eliminate or reduce the detrimental SKHE. For example, one could
build a skyrmion transport channel where material parameters are locally modified so that
the skyrmion motion can be effectively controlled [42]. An alternative method is to con-
struct the antiferromagnetic (AFM) skyrmion [43, 44], synthetic AFM skyrmion [38], and
magnetic skyrmionium [45, 46]. These skyrmion-like structures have the same function of
the common magnetic skyrmion, while they are totally immune from the SKHE and thus
can perfectly move along the driving force direction. Another challenging problem is the
thermal fluctuation as a magnetic skyrmion can be largely deformed and might be easily
destroyed by the thermal fluctuation [32, 47, 48, 49]. Hence, the thermal effect is one of
the important factors to realize the skyrmion-based room-temperature device applications.
Fortunately, recent experimental investigations have demonstrated the increased thermal

stability of magnetic skyrmions in magnetic multilayers, which make magnetic skyrmions



more applicable to practical applications [24, 29, 30].

On the other hand, a more important and more fundamental problem in the topologi-
cal magnetism is to find all useable skyrmion-hosting materials. Apart from conventional
FM materials with DMIs, the frustrated magnets with competing exchange interactions
serve as a promising candidate to host magnetic skyrmions and other topological spin tex-
tures [50, 51, 52]. It has been discovered that the magnetic skyrmions can be stabilized
in the triangular spin model with competing interactions [53]. A rich phase diagram of an
anisotropic frustrated magnet [54] and dynamic properties of frustrated skyrmions [51, 52]
were also reported. More remarkable physics and novel potential applications of magnetic
skyrmions in the frustrated magnets need to be studied further and more extensively.

In this dissertation, under the framework of micromagnetics, we mainly study the dy-
namics of isolated magnetic skyrmions (including several skyrmion-like structures) in con-
fined nanostructures for different material systems, including FM system, synthetic AFM
system, and frustrated magnetic system. Some key numerical results are supported by ex-
perimental observations. Besides, we focus on the manipulation mechanisms of a single
isolated magnetic skyrmion in nanostructures, aiming for the information delivery and com-
puting. In addition, we propose and demonstrate that several possible information storage
and logic computing applications can be realized based on the manipulation of magnetic

skyrmions.

1.2 Structure of this dissertation

This dissertation focuses on the study of dynamics of magnetic skyrmions in nanostructures
driven by different types of external forces, and their future applications in the fields of

applied spintronics. Therefore, the remainder of this dissertation is organized as follows.

* Chapter 2 provides a short introduction about the framework of micromagnetics, and
briefly reviews fundamental concepts in micromagnetics, including the typical mi-

cromagnetic energy terms, spin dynamics equations, spin torques, and spin textures.

* Chapter 3 gives a detailed review on the magnetic skyrmion and presents a numerical

and experimental study on the SKHE.

* Chapter 4 focuses on the investigation on the dynamics of isolated magnetic sky-

rmions driven by Slonczewski-like and Zhang-Li-like spin-transfer torques.

* Chapter 5 presents a study on the dynamics of isolated magnetic skyrmions in thin

films, nanotracks, and junctions driven by spin waves.



» Chapter 6 is devoted to the study of possible future applications of magnetic sky-
rmions, such as racetrack-type memories, logic computing devices, and voltage-

gated transistor-like functional devices.

* Chapter 7 summarizes the key findings and major conclusions of this dissertation and
discusses the future outlook on magnetic skyrmions in terms of materials, skyrmion

structures, and external driving forces.

* Appendix A provides a detailed derivation of the Thiele motion equation, which
is used for the analysis of center-of-mass dynamics of rigid isolated magnetic sky-

rmions.
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CHAPTER 2

Micromagnetics

In this chapter, we introduce the basic theory of micromagnetics. Besides, we briefly intro-
duce and review some fundamental and important concepts related to the study of magnetic

skyrmions.

2.1 Magnetization

In classical electromagnetism, the magnetic moment g of a current loop is defined as

= 1/ dA, 2.1)
A

where [ is the electric current in the closed loop, A is the area of the closed loop. The di-
rection of the magnetic moment is determined by the direction of the current. The magnetic

moment of atoms exists due to the spinning of electrons, and

p=~8, (2.2)

where 7 is the gyromagnetic ratio and S is the spin angular momentum of the electron. In
the framework of micromagnetics, the magnetization M is defined as the volume density
of the magnetic moment
DM
M = =—. 2.3
% (2.3)
It can be seen as the average magnetic moment of several atoms, thus the magnetization can

be considered to change continuously in the space. The magnitude of the magnetization

Mg = | M| is constant and called the saturation magnetization.

2.2 Interactions

The interactions among magnetic moments as well as the interactions between magnetic

moment and external magnetic field include the Heisenberg exchange interaction, DMI,
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magnetic anisotropy interaction, Zeeman interaction, and dipole-dipole interaction (DDI).

2.2.1 Exchange interaction

The exchange interaction is a strong but short-range effect, where only the nearest-neighbor
(NN) sites are taken into account usually [1]. According to the Heisenberg exchange model,

the energy between neighboring spins, S; and S, can be written as

Hex - —Jij Z Sz . Sj, (24)
(i.)

where J;; is the exchange integral between S; and S;. For FM materials, J;; > 0, and the
energy reaches the minimum when S; and S; are aligned in a parallel manner. For AFM
materials, J;; < 0, and the energy reaches the minimum when S; and S; are aligned in
an antiparallel manner. In the framework of micromagnetics, the average energy density of

the Heisenberg exchange energy can be written as
Ex = A(Vm)?, (2.5)

where m = M /Mg is the reduced magnetization, and A is the exchange constant.

2.2.2 Dzyaloshinskii-Moriya interaction

The DMI is an antisymmetric exchange interaction, which arises from the spin-orbit cou-
pling [2, 3]. It not only occurs at the interface between a magnetic thin film layer and
a heavy-metal layer with strong spin-orbit coupling, but also exists in the bulk materials

lacking inversion symmetry.

2.2.2.1 Interface-induced Dzyaloshinskii-Moriya interaction

At the atomic scale, the interface-induced DMI in the ultrathin magnetic film placed on
the heavy-metal substrate with strong spin-orbit coupling (belonging to the C;,, symmetry
group), such as Fe/Ir [4], CoFe/Pt [5], and CoFe/Ta [5] interfaces, is expressed as [6]

HiDM = diDM Z(UU X 2) . (Sl X Sj)7 (26)
(i.5)
where (i, j) denotes the NN sites, S; and S are the classical spin vectors at sites 7 and j,

respectively. dipy is the interface-induced DMI coupling energy (of the order of 1 meV),

u;; is the unit vector between S; and S;, and z is the normal to the interface. In the
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continuous micromagnetic model, the average energy density for interface-induced DMI
reads [7, 8]

Epm = Dipy [m, (m - V) — (V- m) m,|
Do (mz om,, om, om, 37712) 7

or " o + M oy M oy @7

with Dipy the continuous effective interface-induced DMI constant (in J m~2), b the mag-
netic film thickness. m,, m, and m, are the Cartesian components of the reduced mag-
netization m. The link between Dy and dipy; depends on the type of lattice, but scales
as 1/ab (a and b stand for the lattice constant and the film thickness, respectively). The
1/b scaling is due to the assumption of the interface-induced DMI. One obtains Dipy =
dipv/ab = dipy/Na? for a simple cubic lattice oriented along the (001) direction and
Dipym = dipm V'3 Jab = 3dipm /N a24/2 for a face-centered-cubic lattice oriented along the
(111) direction (/N is the number of atomic planes in the film).

2.2.2.2 Bulk Dzyaloshinskii-Moriya interaction

At the atomic scale, the bulk DMI in bulk materials lacking inversion symmetry (belonging
to the D, symmetry group), for examples, MnSi [9], Fe; _,Co,Si [10], and FeGe [11]. This

interaction is homogeneous and can be expressed as

Hiupm = dppm Zuij : (Si X Sj), (2.3)
(i.9)
where dy,py is the bulk DMI coupling energy. In the continuous micromagnetic model, the

average energy density for bulk DMI reads

ngM = DbDM [m . (V X m)]
= DbDM me amm — My amz — My amy % )
Jy Jy

with Dypy the continuous effective bulk DMI constant (in J m~2).

(2.9)

2.2.3 Anisotropy

In magnetic materials, the direction of magnetic moment has one or several preferred axes.
These preferred axes are called easy axes. The magnetic anisotropy is defined as the energy
costs to turn the magnetization from the direction of easy axis into any other direction. In
the framework of micromagnetics, the average energy density of the uniaxial magnetic
anisotropy is given by

Eani = —K(m -n)?, (2.10)

where K is the anisotropy constant, and n is the easy axis.
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Damping torque

Precessional
m torque

Figure 2.1: Schematic illustration of the LLG equation. The damped precession of the mag-
netization M under the effective field H.¢. The solid black curve denotes the trajectory
of the magnetization vector.

2.2.4 Zeeman energy

The Zeeman interaction tends to turn the magnetization to the same direction as the applied

magnetic field. In the micromagnetic model, the Zeeman energy density is expressed as
gZeeman - _,UO<M : H), (211)
where H is the applied magnetic field and p 1s the vacuum permeability constant.

2.2.5 Dipole-dipole interaction

The DDI is a long-range interaction. In FM materials, magnetic dipoles generate the de-
magnetization field H 4, which has the tendency to act on the moment so as to reduce the
total magnetic moment. For the continuous model, the average energy density of the DDI

can be regarded as the Zeeman energy density of the demagnetization field, given as
Epp1 = —°M - H 2
ppr = — 5~ V- Hppr. (2.12)

where the factor 1/2 is included to avoid double counting.
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Figure 2.2: Schematic illustration of the effective fields generated by STTs for (a) Bloch-
type domain wall and (b) Néel-type domain wall. The orange and green arrows represent
the effective fields for adiabatic and non-adiabatic STTs, respectively. The gray arrow
indicates the current direction.

2.3 Landau-Lifshitz-Gilbert equation

The Landau-Lifshitz-Gilbert (LLG) equation is an ordinary differential equation describing

the precessional motion of magnetization M [12, 13, 14]

dM ! dM
— =YM xHg+— | Mx — |, 2.13
a Xﬁ+m< X&) .13)
where « is the phenomenological damping constant and H g = —piy 0E /OM is the ef-

fective field. The total average energy density £ includes the energy terms for Heisenberg
exchange interaction, DMI, magnetic anisotropy, Zeeman interaction, and DDI in this dis-
sertation, unless otherwise specified. The terms of LLG equation are illustrated in Fig. 2.1.
The first term is the precessional torque resulting in the processional motion of M around
H .. The second term is the damping torque leading to the damping motion of M toward
H 4.

2.4 Spin-transfer torques and spin-orbit torques

When the spin-polarized current is injected to a magnetic sample, the magnetization will
be reoriented due to the spin-transfer torque (STT). The adiabatic and non-adiabatic STT
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Figure 2.3: Schematic illustration of the SHE and the effective fields generated by the
SOTs. The upper layer is a FM layer and the lower layer is a heavy-metal layer. The gray
arrow indicates the electron flow.
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Figure 2.4: Schematic illustration of FM domain and domain walls. (a) A FM domain, (b)
a Bloch-type domain wall, and (c) a Néel-type domain wall.

terms are taken as [15]

Tadiab — —umnm X | m X a— R
* (2.14)
om
T nonadiab = _Bum X =
Ox
where © = \%]ﬁ is the STT coefficient. £ is the reduced Planck constant, e is the

electron charge, j is the applied current density, and P is the spin polarization rate. [ is
the non-adiabatic STT coefficient. Figure 2.2 shows the schematic illustration of the effec-
tive fields (H 5 and Hyy) due to T.giap and Tponadiab. Lhe LLG equation (cf. Eq. 2.13)
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Figure 2.5: Schematic illustration of different types of magnetic structures in FM mate-
rials. (a) A vortex, (b) a bubble, (c) a skyrmion, and (d) a meron. Arrows denote the
magnetization vectors.

(a) (b) (c)

Figure 2.6: Schematic illustration of three types of AFM ordering. (a) A-type, (b) C-type,
and (c) G-type. Arrows denote the magnetization vectors in a cubic lattice.

augmented with STTs reads

dm

At

=yvm X heg + « mxd—m —um X mxa—m —Bumxa—m, (2.15)
dt ox Ox

where h.g is the reduced effective field, i.e., heg = H o5 /Ms.

When a charge current is injected into a heavy-metal layer with strong spin-orbit cou-
pling, the spin Hall effect (SHE) will convert the charge current to the spin current and
result in the spin accumulation at the surfaces of the heavy-metal layer. If a FM layer is
interfaced with the heavy-metal layer, the spin current will propagate into the FM layer and
exert spin-orbit torques (SOTs) on the FM layer. The SOTs are written as [16, 17]

u
Tlp:—gmx(mxp),

y (2.16)
Toop = —€Em X p,

where p is the unit electron polarization direction, b is the FM layer thickness, and £ is
the amplitude of the out-of-plane torque relative to the in-plane one. For example, for the

heavy-metal/FM bilayer, as shown in the Fig. 2.3, the spin current could be injected into
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Figure 2.7: Schematic illustration of a ferrimagnetic structure. Arrow direction denotes the
magnetization vector direction, while arrow size stands for the magnitude of magnetization.

the heavy metal layer. Due to the SHE, the electron with the same spin polarization will
accumulate on one side. Then, the SOT's act on the magnetization, resulting in the motion of
the domain wall. The effective fields of the in-plane and out-of-plane terms are illustrated in
Fig. 2.3. In this case, the domain wall moves against the electron flow, contrary to the case
driven by conventional STTs. The vector of the spin polarization depends on the current
direction and material properties, such as the spin Hall angle. For instance, p = ¢ for
Pt/CoFe and p = —y for Ta/CoFe [5]. Then, the LLG equation (cf. Eq. 2.13) augmented
with SOTs reads

dm U

d
m—ymxheﬁr—ka(mx—)——mx(mxp)—g%mxp. (2.17)

dt dt b

2.5 Typical magnetic structures

We have introduced typical interactions in magnetic materials in Sec. 2.2. Many different
magnetic structures can be formed as a result of the competition between these interactions.

In FM materials, the strong Heisenberg exchange interaction leads to the magnetization
pointing along the same direction. Figure 2.4(a) shows the magnetic structure for FM
domain. When other interactions are considered and can not be neglected with respect to
the Heisenberg exchange interaction, especially the DDI or DMI, multiple domains having
different magnetization orientations will be formed to reduce the total energy, where the
interfaces between adjacent domains are called domain walls. Figure 2.4(b) and 2.4(c) give
two 180° domain walls, Bloch-type domain wall and Néel-type domain wall, respectively.
For the Bloch-type domain wall, the magnetization rotates in a plane perpendicular to the
plane of the domain wall. When the stray field in the FM system is not significant and the
FM sample is thick, the Bloch-type domain wall is favorable. For the Néel-type domain
wall, the rotation of the magnetization occurs in the plane parallel to the plane of the domain
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wall. The Néel-type domain wall often occurs in FM ultrathin films, where the domain wall
width is very large compared to the film thickness.

Figure 2.5 shows the magnetic structures for magnetic vortex, bubble, skyrmion, and
meron. The magnetic vortex state can be found in thin film of the soft magnetic materials.
The magnetic bubble often occurs when the thickness of the sample is comparable to the
domain dimensions (4vAK /mM 5) and its quality factor K /27w M § > 1 [18]. The size
of the magnetic bubble is usually of the order of micrometer. The configuration of the
skyrmion is shown in Fig. 2.5(c). The magnetization rotates from 180° at the center to 0°
at the edge. The skyrmion can be found in various magnetic materials with asymmetric
exchange interactions, such as the DMI. The typical size of a skyrmion varies from sub-
micrometer to nanometer (1 ~ 1000 nm). In the materials with in-plane anisotropy, the
skyrmion solution will change to the meron pair [19]. The magnetic configuration of a
single meron is shown in Fig. 2.5(d).

In AFM materials, the AFM exchange interaction make the magnetization to be antipar-
allel to the NN site. As shown in Fig. 2.6, there are three types of magnetization ordering
in AFM materials, i.e., A-type, G-type and C-type. As the magnetization of the two un-
derlying sublattices are equal in the perfect AFM system, there is no net magnetization for
the AFM materials. If the magnetization of two underlying sublattices are not equal, then
the magnetization of the system will not cancel out, as shown in Fig. 2.7. This kind of

materials are ferrimagnets.

2.6 The Objected Oriented MicroMagnetic Framework

In this dissertation, all simulations regarding the magnetization dynamics are performed by
using the 1.2a5 release of the Object Oriented MicroMagnetic Framework (OOMMEF) [20].
The OOMMF is a public domain micromagnetics program developed at the National In-
stitute of Standards and Technology, which is written in C++ and Tcl/Tk. The OOMMF
can operate across a wide range of Unix, Mac OS X, and Windows platforms, and it forms
a completely functional micromagnetics package, with the additional capability to be ex-
tended by users. Our simulations are carried out by a set of the OOMMEF extensible solver
objects of the standard OOMMEF distribution. We also include several OXS extension mod-
ules in order to model, for examples, the DMI and frustrated exchange interactions (cf.
Ch. 4.4).
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CHAPTER 3

Magnetic skyrmion and skyrmion Hall
effect

In this chapter, we provide a review on the magnetic skyrmion as well as its topological
charge. Besides, we present a theoretical and numerical study on the SKHE, which is sup-

ported by recent experimental observations.

3.1 Magnetic skyrmion

The skyrmion is a topological soliton or a topological defect in condensed-matter sys-
tems [1, 2, 3, 4, 5, 6, 7, 8, 9]. Originally, it was proposed by British nuclear physicist
Tony Skyrme in the 1960’s as a quasi-particle-like topological excitation in certain field
theories for the description of the interactions of pions [10]. Later in the 1990’s, Bogdanov
et al. for the first time theoretically suggested that the topologically protected skyrmion
can be existed as a stable or metastable state in magnetic materials with DMIs [11]. In
2001, Bogdanov and RoBler theoretically predicted and described the skyrmion in mag-
netic thin films [1]. Then, in 2009, Miihlbauer et al. first experimentally observed the
magnetic skyrmion lattice in B20-type bulk chiral magnet MnSi with broken inversion
symmetry [3]. Subsequently, skyrmions have been experimentally observed, created, and
manipulated in a number of material systems, including magnetic materials [12, 13, 14, 15],
multiferroic materials [16], ferroelectric materials [17], and semiconductors [18]. Due to
the beneficial properties of the topologically protected stability as well as the efficient mo-
bility driven by external forces, magnetic skyrmions are anticipated to be predominantly
employed as information carriers in future data storage and information processing de-
vices [4, 5, 19, 20], logic computing devices [21, 22], microwave devices [23, 24], spin-
wave/magnon devices [25, 26], and transistor-like functional devices [26, 27].

For most common cases, the magnetic skyrmion is referred to the two-dimensional
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Figure 3.1: (a) [llustration of a 2D magnetic skyrmion. The arrows denote the spin direction
and the out-of-plane spin component is represented by the color: red is out of the plane,
white is in-plane, and blue is into the plane. (b) Illustration of the mapping of a 2D magnetic
skyrmion to a unit 3D spherical surface with spins pointing in all directions.

(2D) spin texture with a nanometer-scale size (i.e., typically between 1 ~ 1000 nm), as
shown in Fig. 3.1. The spin configuration of a magnetic skyrmion is swirling in the planar
space and would wrap a unit 3D spherical surface with spins pointing in all directions in
the compactification of the p