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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 planar space (cf. Fig. 3.1 and Ref. [28]). The full structure and
topological information of a magnetic skyrmion in the planar space can be characterized
by three quantum numbers, i.e., the skyrmion number (), the vorticity number (), and the
helicity number (). In the following, we discuss the three important quantum numbers in
details.

The magnetic skyrmion in the planar geometry, for instance, an ultra-thin magnetic
film, is mainly characterized by the topological charge, which is referred to as the Pontrya-

gin number [4, 7]. The Pontryagin number is given by

Qs = /d2rpsk(r)7 3.1
where the Pontryagin number density py(7) reads
1
ps(T) = En(r) - (Oyn(r) X Oyn(r)). (3.2)

Thus, we have the Pontryagin number of the magnetic skyrmion

1
 4r

0. / P -n(r) - (Oun(r) x dyn(r)), (3.3)

which is also usually referred to as the skyrmion number. It counts how many times n(7)

is wrapped as the coordinate (z,y) spans the whole planar space. A point of the planar
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Figure 3.2: Illustrations of typical magnetic skyrmions with different topological quantum
numbers (Q)s, @y, Qn). 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.

space is parameterized as

(3.4)

Yy =rsinp.

T =TCOoSp,

By applying the mappingr = 0as z —+ —1,r = lasz = 0,r — ocas z — 1, and

lim, ,; n(z, ¢), we consider the compactification of the planar space to

lim, o n(z,y)

a 2-sphere in the zyz-space parameterized by

1 — cos? 6 cos ¢,
1 — cos? fsin ¢,

r=v1-—22cosd(p) =

(3.5)

y=V1-—22sing(p) =
= cos,

zZ =z
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where 2 is defined by
~1+z 1+cosd

I - (36)
Hence, we can write
n(r) =n(0,¢) = (sinf cos ¢, sin 0 sin ¢, cos 0). (3.7)
By substituting Eq. (3.7) into Eq. (3.3), we obtain
1 0 2 1
Qs = —/ sin@d&/ dp = ——Icos )2 [#]2". (3.8)
47( T 0 47T

Thus, it can be seen that the skyrmion number () is defined by both the out-of-plane () and
in-plane (¢) textures of the magnetic skyrmion. It should be noted that we only consider
the regular solution where 6 rotates m when r goes from zero to infinity (cf. Ref. [29] for
other complex solutions). Therefore, with respect to the out-of-plane spin texture of the
magnetic skyrmion, when the spins at 7 — oo point in the +z-direction while the spin at
r = 0 points in the —z-direction, [cos #]° = 2, resulting in the skyrmion number for the
magnetic film with spin-up 1 (pointing in the +z-direction) background

Ql = H%T (3.9)

or

In the same way, when the spins at r — oo point in the —z-direction while the spin at
r = 0 points in the +z-direction, [cos #]2 = —2, resulting in the skyrmion number for the

magnetic film with spin-down | (pointing in the —z-direction) background

QF ! [p]2™. (3.10)

* T or
On the other hand, since there are several possibilities for the in-plane texture of the
magnetic skyrmion, we hereby introduce the vorticity number (), and the helicity number
(n, which completely characterize the in-plane spin texture of the magnetic skyrmion. The

vorticity number (), is defined by the winding number of the in-plane spin texture, namely

1 o i =27
Q=5 do = 50 @1

:27T

The helicity number ()}, is defined by the phase appearing in

¢ = Quvp + Cn. (3.12)

Accordingly, we can rewrite Eq. (3.7) as

n = [sinf cos(Qyp + Qn), sin 0 sin(Qyp + Qn), cos b]. (3.13)
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Clearly, it can be seen that the skyrmion number (); is a function of the vorticity number

(v, namely
Qs = —%[cos 0)°Q,. (3.14)

Specifically, for the system of the magnetic film with spin-up 1 background, we have

Ql = —Q\, (3.15)

while for the system of the magnetic film with spin-down | background, we have

Qf = Q.. (3.16)

That is to say, when the initial spin configuration of the magnetic film is established, either
spin-up 71 or spin-down |, the skyrmion number () of the magnetic skyrmion is determined
by its vorticity number (), as the out-of-plane spin texture of the magnetic skyrmion is
fixed. Indeed, the vorticity number (), and the helicity number ()}, determine the in-plane
spin texture of the magnetic skyrmion. The magnetic skyrmion is completely characterized
by the three numbers (Qs, Qy, Qp).

Figure 3.2 depicts typical examples of the magnetic skyrmion with different (), )y and
@n. For the sake of simplicity, we only consider the basic cases where the absolute value
of the skyrmion number () is equal to one. In conventional FM materials, the most stable
states of the magnetic skyrmion in the presence of the positive interface-induced DMI are
the states with (1,1, 7) and (—1, 1,0), while the most stable states in the presence of the
negative interface-induced DMI are the states with (1, 1,0) and (—1, 1, 7). The most stable
states of the magnetic skyrmion in the presence of the positive bulk DMI are the states with
(1,1,7/2) and (—1, 1, —m/2), while the most stable states in the presence of the negative
bulk DMI are the states with (1,1, —7/2) and (=1, 1, 7/2).

Here, we also discuss the magnetic skyrmion and magnetic antiskyrmion. As pointed in
Ref. [30], the antiskyrmion is a topological soliton possessing a negative topological charge
that approaches the same spin-polarized ground state asymptotically. First, in the system
where the initial spin configuration of the magnetic film is given and cannot be altered, the
topological charge of the magnetic skyrmion, i.e., the skyrmion number (), is determined
solely by its in-plane spin texture, i.e., the vorticity number (),. Hence, if the magnetic
skyrmion is of (Qs, @y, @n), the magnetic antiskyrmion would be of (Q%, Q., Qf), where
Q) = —Qy. This is the strict definition of a magnetic antiskyrmion. Second, in the system
where the initial spin configuration of the magnetic film is given but can be changed, as
demonstrated in Ref. [21], the topological charge of the magnetic skyrmion, i.e., the sky-

rmion number ()s, is determined corporately by its in-plane and out-of-plane spin textures.
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Hence, if the magnetic skyrmion is of (Qs, Qy, @), the magnetic antiskyrmion would be
of (Q.,Q.,Q4), where Q) = —Q or ), = —(@,. This is the definition of a magnetic

antiskyrmion in a more general sense.

3.2 Skyrmion Hall effect

The well-known ordinary Hall effect, which was discovered by American physicist Ed-
win Hall in 1879, describes the transverse deflection of charged particles (i.e., electrons
or holes) as a result of the Lorentz force [32]. As discussed in the last section, the mag-
netic skyrmion can be seen as a quasiparticle carrying certain quantized topological charge.
Meanwhile, the magnetic skyrmion can be displaced by an external driving force [33, 34,
35, 36, 37, 38, 25], for example, the spin-polarized current (cf. Ch. 4). Therefore, it is
intriguing to think about if the quasiparticle-like magnetic skyrmion with a topological
charge shows dynamic behaviors similar to the ordinary Hall effect at certain conditions.
Indeed, in the most common cases, a magnetic skyrmion in conventional FM materials can-
not move in a straight line along the driving current direction (cf. Fig. 3.3), since it feels
the topological structure-induced Magnus force which bends its trajectory [4, 39, 40, 41].
This phenomenon is referred to as the SKHE, which was first theoretically predicted by
Zang et al. [42] and has recently been directly observed in experiments by two independent
groups, Jiang et al. [39] and Litzius et al. [40]. In order to fully understand the SKHE, it is
insightful to start with a theoretical approach, which describes the translational motion of
a rigid magnetic skyrmion explicitly.

The magnetic skyrmion can be driven into motion by different types of spin currents
(cf. Ch. 2 and Ch. 4). First, we analyze the SKHE driven by the Slonczewski-like STT [43,
44, 45], which can be provided by the vertically injected spin current generated by the
SHE [43, 44, 45] in a heavy-metal layer [i.e., by the current-perpendicular-to-plane (CPP)
geometry]. That is to say, a charge current is injected into the heavy-metal substrate layer,
where the charge current is converted to a spin current propagating to the FM layer via the
SHE, which drives the magnetic skyrmion in the FM layer into motion (cf. Fig. 3.4). The
steady motion of a rigid magnetic skyrmion driven by the SHE in an infinite FM layer (i.e.,
no boundary effect) can be well described by the Thiele motion equation (cf. Appendix A),
which is expressed as follows [4, 37, 39, 46, 47, 48]

Gxv—aD -v+4rB -3, =0, (3.17)

where the skyrmion velocity v = (v,,vy), and j, = (J, j,) denotes the charge current in
the heavy-metal substrate layer. The first term on left-hand side of Eq. (3.17) is the Magnus
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Figure 3.3: Schematic of the SKHE. The magnetic skyrmion moves at an angle with respect
to the direction of the driving force provided by the spin-polarized current.

force term with the gyromagnetic coupling vector
G =(0,0,G), (3.18)

where
G = —4nQ). (3.19)

The skyrmion number () is defined as

1 om Om

The second term on left-hand side of Eq. (3.17) is the dissipative force term with the dissi-

pative tensor describing the effect of the dissipative force on the moving magnetic skyrmion

D,. D
D=4x | " ’”y) , (3.21)
(Dyx Dyy
where the tensor components are calculated by
1 0 0
= — [y, (3.22)

Y a_u v
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Figure 3.4: Simulation of the skyrmion motion driven by SHE generated spin current on
the signs of electron current (j.) and topological charge (()). Note j. = —j,. Adapted
with permission from the author’s original work [39].

where p and v run over x and y. The integrations are carried out over the region containing
the magnetic skyrmion. For the rigid magnetic skyrmion, the relations that hold are the
following

D,y =Dy, =D (3.23)

D,y = Dyw = 0. (3.24)

The third term on left-hand side of Eq. (3.17) is the driving force term with the tensor linked
to the STT generated by the SHE

w (-1, T
B=—— R 3.25
QJn (_Iyy Iym) ( )

where u = |I%Z|J;%S;‘ is the electron drift velocity, 6y, is the spin Hall angle, Mg is the sat-
uration magnetization, a is the FM layer thickness. The tensor components are calculated

by
1 om

IMV = E (W X m)y dl'dy, (326)

where 1 and v run over x and y. For the rigid hedgehog-like magnetic skyrmion that is

studied in this dissertation, the relations that hold are the following
Lz =21y =0 (3.27)

T,y =T, =1 (3.28)
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Hence, the Thiele motion equation (3.17) can be rewritten into the following form

imp;
+4rQuy\  (4maDu,\ iy ] _ 0 ‘ (3.29)
—4ATQu, 4maDu, “a Ly 0
Therefore, we can get the following relation
—aD -Q .
(Ur) - | P T (Jx) (3.30)
Uy ajn 0?1a?D?  Q%2ta?D? Jy

Obviously, it can be seen that

_aDjx - Q]y _ ’VOFL Hsh:Z —OéDjz — Q]y

u

e = —7L- — : , 3.31
v ajn Q2 + a?D? toe | 2aMs Q2 + o?D? ( )
v, = il- Q]:}c - aDjy _ M eshI . Q]:}c - aDjy (3 32)

Y agh Q? + a?*D? poe | 2aMs Q2 + a2D? '
Thus, the skyrmion Hall angle is given as
. —aDj
By = tan ™! (@) = tan”! (M) . (3.33)
Uy _Q/D]a: - Q]y

For the system with a spatially homogeneous charge current applied along the z direction,

that is, j, = 0, the velocity of the magnetic skyrmion is given as

Y e 2aMs | Q? + a2D? Jo )
h O4nZ .
v, = |2 b @ (3.35)
poe 2aMs| Q2+ o?D?
Accordingly, the skyrmion Hall angle is given as
Py = tan~ (Z—y> = tan~' (—%) . (3.36)

It can be seen that the skyrmion Hall angle is proportional to the topological charge () and
is inversely proportional to the damping coefficient a.

As shown in Fig. 3.4, the SKHE was also studied by numerical simulations (cf. Ch. 4).
It can be seen that the magnetic skyrmion driven by the SHE generated STT moves towards
the upper or lower edge of the sample, which can be explained by Eq. 3.33. Note that during
the motion along the edge, the size of magnetic skyrmion shrinks due to the repulsive force
from the edge. Details on the numerical study of the current-driven skyrmion motion are
provided in the next chapter.

In the following, we also analyze the SKHE driven by the Zhang-Li STT [50], which

can be provided by the in-plane injected spin-polarized current [i.e., by the current-in-plane
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Figure 3.5: (a) v,, (b) vy, and (c) Py as functions of « and 5 given by Eq. (3.39) and
Eq. (3.40), respectively. Note v, and v, are reduced by u. Adapted with permission from
the author’s original work [49].

(CIP) geometry], using the Thiele motion equation [28, 35, 46, 48, 51, 52, 53] by assuming
the magnetic skyrmion moves in an infinite film (i.e., no boundary effect). The Thiele

motion equation (cf. Appendix A) is expressed as
G x (v—u)+D(fu—av) =0, (3.37)

where G = (0,0, —47(Q) is the gyromagnetic coupling vector with the skyrmion number
(). m = M /Mjs is the reduced magnetization and D is the dissipative tensor (cf. Eq. 3.21).
u = (u, 0) is the conduction electron velocity, v is the skyrmion velocity, « is the damping
coefficient, and [ is the strength of the non-adiabatic STT (cf. Ch. 2). For the nanoscale

magnetic skyrmion studied here, we have
QQ=-1, Dy=Dy, =1 Dy =Dy, =0. (3.38)

Hence, the skyrmion velocity is given as

_lab+y) o (B-a)

. = , = . 3.39
a?1 Y o?+1 (359)
The skyrmion Hall angle @ is thus given as
_ L B—«a
Py = tan"' (v, /v,) = tan™* (aﬁ — ) (3.40)

By comparing with Eq. 3.36, it can be seen that the SKHE induced by the Zhang-Li STT
depends not only on the damping coefficient « but also the non-adiabatic STT coefficient

B.
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Figure 3.6: Experimental phase diagram of the skyrmion Hall angle as a function of current
density/sign of topological charge in a magnetic multilayer device, obtained by tracking the
motion of several tens of magnetic skyrmions. Adapted with permission from the author’s
original work [39].

By calculating Eq. (3.39), we show v,, as functions of o and 3 in Fig. 3.5(a). v, ranges
between 0.5u and 1.21u, indicating the magnetic skyrmion always moves in the +x direc-
tion. When a = 0.42 and 8 = 1, v, can reach the maximum value of v, = 1.21u. Similarly,
we show v, as functions of o and 3 in Fig. 3.5(b). v, ranges between —0.5u and u, indi-
cating the magnetic skyrmion can move in both the -y directions. When oo < (3, v, > 0,
the magnetic skyrmion shows a positive transverse motion, while when o > 3, v, < 0, the
magnetic skyrmion shows a negative transverse motion. By calculating Eq. (3.40), we also
show @ as functions of o and (3 in Fig. 3.5(c), where ® varies between &y = 45° and
dy = —45°. Obviously, one has &y = 0°, &y < 0°, and by > 0° for o = 3, a > [, and
a < 3, respectively.

Recently, the SKHE driven by the Slonczewski-like STT generated by the SHE was di-
rectly observed in experiments at room temperature [39]. As shown in Fig. 3.6, by using the
SHE generated STT, we experimentally demonstrate the SKHE, where the experimentally
measured skyrmion Hall angle depends on both the sign of the topological charge as well as
the direction of the driving current, which agrees with theoretical results (cf. Eq. 3.33) and
simulation results (cf. Fig. 3.4). It should be noted that the experimentally observed sky-
rmion Hall angle is a function of the driving current density, which is a result of the pinning

effect in real magnetic materials. In the low-current-density regime, the magnetic skyrmion
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Substrate Substrate

Figure 3.7: (a) Experimental demonstration of magnetic skyrmion (¢) = —1) accumulation
at the lower edge of the device. (b) Experimental demonstration of magnetic skyrmion
(Q = +1) accumulation at the upper edge of the device. Adapted with permission from the
author’s original work [39].

shows the creep motion without net transverse shift. When the driving current density is
larger than a certain threshold, the magnetic skyrmion shows the steady flow motion and the
direction of skyrmion motion develops a well-defined transverse component. By alternat-
ing the sign of the driving electron current density (+J.) and the sign of topological charge
(£Q), a phase diagram for the four different regimes was determined. Namely, for neg-
ative topological charge (under positive magnetic fields), regime I(+j,,+@)) with positive
®y and regime III(—j.,— Q) with negative ®y were identified by changing the polarity of
the electron current. For skyrmions with positive topological charge (under negative mag-
netic fields) a positive @y in regime II(— j.,+()), and negative Py in regime IV(+j.,+Q)
were detected. Figure 3.7 shows the resultant magnetic skyrmion accumulation, by driv-
ing magnetic skyrmions from the creep motion regime into the steady flow motion regime.
The experimental observation of SKHE may potentially create many exciting opportunities,

such as topological selection.
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CHAPTER 4

Driving magnetic skyrmions with spin
currents

In this chapter, using micromagnetic simulations and Thiele equation approach, we study
the dynamic properties of a magnetic skyrmion driven by the spin-polarized current in
conventional FM nanotracks, including monolayers, bilayers, and multilayers. Besides, we
investigate the novel skyrmion dynamics in a magnetic monolayer with frustrated exchange

interactions.

4.1 Introduction

As introduced in Ch. 3, the magnetic skyrmion is a nanoscale magnetic spin texture, which
could be used to carry digital binary information [1, 2]. In principle, the binary information,
ie., “1” and “0”, can be encoded by the presence or absence of an isolated skyrmion.
For example, in a FM background, the presence of an isolated skyrmion stands for the
binary bit “1”, and the presence of a certain area with the uniform FM state stands for
the binary bit “0”. In some special cases [3, 4, 5, 6], the binary information can also
be encoded by the skyrmion helicity or vorticity (cf. Ch. 3.1). For example, in a FM
background, the Bloch-type skyrmion with a helicity of 7 /2 stands for the binary bit “1”,
and the Bloch-type skyrmion with a helicity of 37 /2 stands for the binary bit “0”. No matter
how the information is stored, in any future information processing applications where
information are carried by skyrmions, the delivery of skyrmions in a controlled manner is
the key function that needs to be realized at first.

Theoretically, a promising feature of the skyrmion is that it can be driven into motion by
a tiny external force [7, 8, 9, 10], which means the delivery of skyrmions may be realized
in an energy-efficient fashion. There are several possible external forces that can be used

to drive the skyrmion, which includes the spin-polarized current [1, 2, 11, 12, 13, 14], spin
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wave [15, 16, 17], magnetic field gradient [18], thermal gradient [19], and so on. Within
these different methods, the spin-polarized current appears to be an important mechanism
and mature technique for effectively controlling the spin dynamics of traditional magnetic
domain walls and skyrmions, which allows device scaling down to a few micrometers or
even smaller. Besides, it has been reported that the threshold current density required for
driving a skyrmion into motion is much smaller than that for driving a traditional magnetic
domain wall [7, 8, 9, 10]. Thus, the magnetic and spintronic devices based on skyrmions
could have a lower energy consumption compared to the devices based on traditional mag-
netic domain walls. For the above reasons, and from the application point of view, the
understanding of skyrmion dynamics in nanostructures driven by the spin-polarized cur-
rent is of great importance.

In this chapter, for the purpose of developing skyrmion-based information processing
applications, we study the skyrmion motion in different FM nanostructures driven by differ-
ent types of spin-polarized currents. We also investigate the novel current-driven dynamics

of skyrmions in a frustrated magnetic thin film system.

4.2 Skyrmion dynamics in a monolayer nanotrack

The reliable transport of skyrmions in a nanotrack is a prerequisite for building the infor-
mation delivery channel for skyrmion-based spintronic devices. In the following, under
the framework of micromagnetics (cf. Ch. 2), we study the motion of a single isolated
skyrmion in a FM monolayer nanotrack driven by the spin-polarized current. The FM
monolayer nanotrack (e.g., Fe, Co, CoFeB, etc.) is coupled to a heavy metal substrate layer
(e.g., Ta, Ir, Pt, etc.) with strong spin-orbit interaction, where the DMI is induced at the
ferromagnet/heavy metal interface. Note that the skyrmion studied in this dissertation is
assumed to be stabilized by the interface-induced DMI (cf. Ch. 2 and Ch. 3).

First, as shown in Fig. 4.1, there are two spin-polarized current injection geometries

for driving the magnetic spin dynamics in such a FM monolayer nanotrack, namely, the

Table 4.1: The default intrinsic magnetic parameters for the micromagnetic simulation
of the skyrmion dynamics in the FM monolayer nanotrack. The Heisenberg exchange
constant, DMI constant, PMA constant, saturation magnetization, Gilbert gyromagnetic
ratio, and damping coefficient are denoted by A, D, K, Ms, 7, and «, respectively.

AJdmYH) DJIm?) KJm?) Mg(Am?') 4 mAltsh «
15 x 107 3 x10=° 0.8 x 10° 580 x 103 2.211 x 10° 0.3
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(a)

Heavy metal

(b)

Heavy metal

Figure 4.1: Schematics of the CIP and CPP geometries of the spin current injection for
the FM monolayer nanotrack. (a) The CIP geometry. The charge current flows toward the
right direction in the FM nanotrack, i.e., the corresponding electron current (spin-polarized
current) flows toward the left direction in the FM nanotrack. The skyrmion motion is driven
by the in-plane spin current. (b) The CPP geometry. The charge current flows through
the heavy-metal substrate toward the right direction, which gives rise to a spin-polarized
current perpendicularly injected to the FM nanotrack due to the SHE. The skyrmion motion
is driven by the vertical spin current. In both cases, the FM nanotrack is coupled to the
heavy-metal substrate, where the DMI is induced at the interface.

CIP and CPP geometries. For the CIP geometry, the charge current is directly injected into
the FM nanotrack, which flows toward the right direction, i.e., the corresponding electrons
flow toward the left direction, producing a spin current. The angular momentum of the
spin current is transferred from itinerant conduction electrons to the magnetic moment of
skyrmion, which generates the STT effect and drives the skyrmion into motion. For the CPP
geometry, the charge current is directly injected into the heavy metal substrate, which flows
toward the right direction, i.e., the corresponding electrons flow toward the left direction.
Due to the SHE in the heavy metal, the charge current will be converted into a spin current
propagating to the FM nanotrack perpendicularly. Thus, the spin current will globally exert
on the magnetic spins in the FM nanotrack, and gives rise to the STT effect that could drive
the skyrmion motion.

We first focus on the skyrmion motion in the FM monolayer nanotrack with the CIP
geometry, i.e., the skyrmion motion is driven by the in-plane spin current. The simulation
model is a FM nanotrack with the length [ and the width w, where the thickness is fixed
at 1 nm. The simulation is carried out by using the standard micromagnetic simulator, i.e.,
the 1.2 alpha 5 release of the OOMMEF [24], where the model is discretized into tetragonal
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Figure 4.2: The motion of a skyrmion in a FM monolayer nanotrack driven by the in-plane
spin current. (a) The trajectories of skyrmions with 5 = «/2 = 0.15, § = a = 0.3,
and § = 2a = 0.6. Dot denotes the skyrmion center. Red cross indicates the skyrmion
destruction. (b) The skyrmion Hall angle ® as a function of = for skyrmion motion with
f=a/2=0.15=a=0.3,and 8 = 2a = 0.6. The dashed lines indicate & = +14°.
(c) The real-space top-views of skyrmion motion with 8 = «/2 = 0.15, f = o = 0.3, and
B = 2a = 0.6. w and v denote the nanotrack width and velocity direction, respectively.
The dashed line indicates the central line of the nanotrack. The skyrmion is destroyed
att = 870 ps when § = 2a = 0.6. The out-of-plane magnetization component m,, is
represented by the green-white-red color scale. Adapted with permission from the author’s
original work [20].

volume elements with the size of 2 nm X 2 nm X 1 nm. The magnetic spin dynamics is
governed by the LLG equation augmented with the adiabatic and non-adiabatic STTs (cf.
Ch. 2)

dM « dM
W:—’YoMXHeff—i— M(MXW) (41)
U oM Bu oM
+MS2(MX_6.’L' XM)—MS(MX—ax ),

where M is the magnetization, Mg is the saturation magnetization, ¢ is the time, 7, is the
Gilbert gyromagnetic ratio, « is the Gilbert damping coefficient, and [ is the strength of the
non-adiabatic STT. The adiabatic STT coefficient is given by w, i.e., the conduction electron

velocity. The value of u can be calculated from u = |Z%Z|% with the spin polarization
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Figure 4.3: The steady-state current-velocity relation of the skyrmion motion in FM mono-
layer nanotracks with the CPP and CIP geometries. Here, [ = 1000 nm, w = 150 nm,
and D = 3.5 mJ m~2. Other parameters are given in Table 4.1. The velocity v at different
driving current density j is measured when steady motion is attained, i.e., the skyrmion is
moving along the longitudinal direction of the nanotrack. Note that the skyrmion driven
by the vertical spin current will be destroyed when j is larger than 17 MA cm~2. Adapted
with permission from the author’s original work [21].

rate P (cf. Ch. 2). The default value of P is assumed to be 0.4 in this dissertation unless

otherwise specifically defined. The effective field H ¢ is expressed as

4 Oe

H = —Ho a—M,

4.2)

where [ is the vacuum permeability constant. The average energy density € contains the

exchange, anisotropy, demagnetization, and DMI energies, which is given as

- M ., (n . M)2 Lo
e = A[V(MS )] K MS2 5 M - Hy(M) 4.3)
D oM. oM, oM. oM.
Fys) Mz : Mz L — Mm_z - M — )
i Msz( Ox + oy Ox Y oy )

where A, K, and D are the Heisenberg exchange, PMA, and DMI energy constants, re-
spectively. m is the unit surface normal vector, and H 4(M ) is the demagnetization field.

M, M, and M, are the three Cartesian components of M. The default intrinsic magnetic
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Figure 4.4: The damping coefficient «(x) and non-adiabatic STT coefficient 3(x) as func-
tions of the longitudinal coordinate = in the FM monolayer nanotrack. Adapted with per-
mission from the author’s original work [20].

parameters used in the simulation are adopted from Refs. [1, 10], which are summarized in
Table 4.1.
We first study the in-plane current-driven skyrmion motion in the FM monolayer nan-

otrack by assuming v = 100 m s*

, w = 50 nm, and an isolated skyrmion is initially
located at the position of x = 100 nm, ¥y = 25 nm. As shown in Fig. 4.2(a), the sky-
rmion moves along the central line of the nanotrack when § = o = 0.3. However, due to
the SKHE (cf. Ch. 3), it shows a transverse shift toward the upper and lower edges when
f =2a =0.6and 8 = a/2 = 0.15, respectively. The skyrmion motion toward the nan-
otrack edge could ultimately result in the destruction of the skyrmion. For example, the
skyrmion is destroyed by touching the upper edge when 5 = 2a = 0.6 at t = 870 ps.

We recall that the definition of the skyrmion Hall angle ® (cf. Ch. 3) is given as
® = tan™' (v, /v,). (4.4)

Figure 4.2(b) shows & as a function of z for the skyrmion motion with § = a/2 = 0.15,
B =a=0.3,and g = 2a = 0.6. It can be seen that ® = 0° when 5 = a = 0.3, indicating
the moving skyrmion has no transverse motion [cf. Fig. 4.2(c)]. When = «/2 = 0.15,
® increases from —15° to 0°, indicating the moving skyrmion has a transverse shift toward
the lower edge which is balanced by the transverse force due to the SKHE and the edge-
skyrmion repulsive force [cf. Fig. 4.2(c)]. When § = 2a = 0.6, ® decreases from 15°
to 3° within 870 ps, indicating the moving skyrmion shows a transverse motion toward the
upper edge. Att = 870 ps, the skyrmion is destroyed as it touches the upper edge of the
nanotrack [cf. Fig. 4.2(c)]. Note that the skyrmion profile is rigid before it touches the
nanotrack edge. Therefore, it can be seen that for the skyrmion motion in the nanotrack
with the CIP geometry, the SKHE depends on the ratio between the damping coefficient «
and the strength of the non-adiabatic STT £.

As shown in Fig. 4.3, the steady-state skyrmion velocity in a FM monolayer nanotrack
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Figure 4.5: The motion of a skyrmion in a FM monolayer nanotrack with varying « driven
by the in-plane spin current. (a) The trajectories of in-plane current-driven skyrmions with
Qamp = 0.315,0.225,0.215. A\, = 2w and § = 0.3. (b) ® as a function of = for skyrmion
motion with oy, = 0.315,0.225,0.215. A\, = 2w and § = 0.3. (c) The trajectories of
in-plane current-driven skyrmions with A\, = w, 2w, 4w. cmp = 0.225 and 5 = 0.3. (d)
as a function of « for skyrmion motion with A\, = w, 2w, 4w. a,mp = 0.225 and 5 = 0.3.
Adapted with permission from the author’s original work [20].

with the CIP geometry as a function of the driving current density j is numerically calcu-
lated for different strengths of the non-adiabatic STT . It shows the skyrmion velocity
is proportional to j at a given . The skyrmion velocity at a given j also increases with
increasing /3. The skyrmion driven by the in-plane current of j = 1 x 10'> A m~! moves
along the nanotrack and reaches a steady velocity of v ~ 20 m s™%, v ~ 40 m s*
va80ms !, for f=a/2=0.15,3=a=0.3,and 3 = 2a = 0.6, respectively.

As discussed in Ch. 3, for the in-plane current-driven skyrmion motion, the transverse

, and

motion caused by the SKHE can be analytically analyzed using the Thiele equation (cf.
Appendix A) by assuming that a rigid skyrmion moves in an infinite monolayer film, which
is expressed as

G x (v—u)+D(fu—av) =0, 4.5)

where the velocity solutions are given as

(@B +1) (8 —a)
Vp = Uaz—H, Uy = an——}—]_ (46)
Accordingly, the skyrmion Hall angle solution is given as
_ L -«
$ = tan™" p) = tan™! : 4.7
an~ (v, /v,) = tan (aﬂ—i—l 4.7)
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Figure 4.6: The motion of a skyrmion in a FM monolayer nanotrack with varying [ driven
by the in-plane spin current. (a) The trajectories of in-plane current-driven skyrmions with
Bamp = 0.315,0.225,0.215. A\g = 2w, » = 0, and @ = 0.3. (b) P as a function of x for
skyrmion motion with By, = 0.315,0.225,0.215. A\g = 2w, ¢ = 0, and o = 0.3. (c)
The trajectories of in-plane current-driven skyrmions with \g = w, 2w, 4w. Bymp = 0.225,
¢ = 0,and o = 0.3. (d) P as a function of = for skyrmion motion with A\g = w, 2w, 4w.
Bamp = 0.225, ¢ = 0, and o = 0.3. Adapted with permission from the author’s original
work [20].

Here, in order to further understand the steady-state motion of the skyrmion in the FM
monolayer nanotrack with the CIP geometry, we add an external force term F' into the
Thiele equation (cf. Appendix A) mimicking the boundary effect, where we also assume
the skyrmion is rigid in the steady motion. The modified Thiele motion equation is ex-
pressed as follows

Gx(v—u)+D(fu—av)+ F =0, (4.8)

where v = (v,, v,) is the steady velocity of the skyrmion, and u = (u, 0) is determined by
the driving current j as mentioned above. For a skyrmion moving along the longitudinal
direction of the nanotrack, we have two relations hold directly for the steady state: v, = 0
and F, = 0 (cf. Appendix A and Refs. [10, 11]). Hence, from Eq. 4.8 we find

_ Bu

=0. 4.9
= v, (4.9)

Vg

Note that for the steady-state motion of a skyrmion, its transverse shift due to the SKHE is
balanced by the skyrmion-edge repulsive force. Thus, it is natural that the skyrmion Hall
angle ¢ = 0 for the steady-state motion of the skyrmion in the nanotrack. It can be seen

that the numerical results of the current-velocity relation for the skyrmion motion in the
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Figure 4.7: The motion of a skyrmion in a FM monolayer nanotrack with varying « and
B driven by the in-plane spin current. (a) The trajectories of in-plane current-driven sky-
rmions with ¢ = 0 ~ 27. Qump = Bamp = 0.225 and A\, = A\g = 2w. (b) ® as a function
of = for skyrmion motion with ¢ = 0 ~ 27. ump = Bamp = 0.225 and A\, = A\g = 2w.
Adapted with permission from the author’s original work [20].

nanotrack with the CIP geometry, as given in Fig. 4.3, are in a good agreement and can be
well described by Eq. 4.9.

Based on Eq. 4.9 and numerical results in Fig. 4.3, it can be seen that a larger S-to-a
ratio can result in a faster motion of the skyrmion in the nanotrack at a given j. Namely,
a large 3/ is good for the fast information delivery and processing. However, based on
Eq. 4.7 and numerical results in Fig. 4.2, it can be seen that the motion of a skyrmion with
a large velocity may lead to its destruction at the nanotrack edge due to the SKHE, unless
the SKHE is eliminated for « = (3. Because it is difficult to find FM materials with exact
a = [3, it is necessary to find alternative ways to avoid the skyrmion destruction during the
skyrmion motion in the nanotrack.

In the following, we propose and demonstrate that a FM monolayer nanotrack with
spatially sinusoidally varying o and/or 8 can be designed for transporting skyrmions in
a sinusoidal manner, where the destruction of skyrmion due to the SKHE can be avoided
effectively. The spatially varying o can be achieved by gradient doping of lanthanides
impurities in ferromagnets [25, 26, 27]. As experiments have found that « is dependent
on the interface [28], it is also realistic to construct the varying « by techniques such as
interface engineering. Indeed, as shown in Ref. [29], local control of o in a FM/non-
magnetic thin-film bilayer has been experimentally demonstrated by interfacial intermixing
induced by focused ion-beam irradiation. On the other hand, because that the value of
[ depends on the material properties [30], it is expected to realize the spatial varying [
by constructing a super-lattice nanotrack using different materials, similar to the model

proposed in Ref. [30].
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Figure 4.8: Snapshots of the destruction process of a skyrmion due to the SKHE in a FM
monolayer nanotrack driven by the vertical spin current at selected times. Here, the driving
current density 5 = 5 x 10'© A m~2. The given nanotrack size is set as 1000 nm x 40
nm x 0.4 nm with D = 3.0 mJ m~2. The color denotes the out-of-plane magnetization
component m., i.e., blue for spins pointing into the plane, red for spins pointing out of the
plane, white for spins pointing in the plane. Adapted with permission from the author’s
original work [22].

As depicted in Fig. 4.4, we define the Gilbert damping coefficient o in Eq. 4.1 as a

function of the longitudinal coordinate x as follows
a(z) = oamp - {1 +sin 27(x/Aa)]} + Qmin, (4.10)

where tamp = (max —min) /2 is the amplitude of the o function. cpay and o, stand for the
maximum and minimum values of the « function, respectively. )\, denotes the wavelength
of the « function. In a similar way, we define the non-adiabatic STT coefficient /5 in Eq. 4.1

as a function of the longitudinal coordinate x as follows (cf. Fig. 4.4)

B(@) = Bamp - {1 +sin [2(x/A5) = @]} + Pin; (4.11)

where Sump = (Bmax — Bmin)/2 is the amplitude of the 3 function. [Bpax and By, stand for
the maximum and minimum values of the 3 function, respectively. Az and ¢ denote the

wavelength and phase of the J function, respectively.
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Figure 4.9: The motion driven by the vertical spin current and destruction of a skyrmion in
FM monolayer nanotracks with different track width w. Here, the given nanotrack size is
setas 1000 nm x w nm x 0.4 nm. /4 represents the horizontal distance between the position
where the skyrmion is destroyed and the initial position of the skyrmion. The color denotes
the out-of-plane magnetization component ., i.€., blue for spins pointing into the plane,
red for spins pointing out of the plane, white for spins pointing in the plane. Adapted with
permission from the author’s original work [22].

We first demonstrate the in-plane current-driven skyrmion motion in a FM monolayer
nanotrack with spatially varying « and spatially uniform £, i.e., « is a function of x, as
in Eq. 4.10, and § = 0.3. Figure 4.5(a) shows the trajectories of the in-plane current-
driven skyrmions with different «(x) functions where A, = 2w and 5 = 0.3. For qyp.,x =
0.75, amin = 0.12, 1.e., Qamp = 0.315, the skyrmion moves in the rightward direction in
a sinusoidal pattern. For apmax = 0.6, amin = 0.15, i.e., aump = 0.225, the maximum
transverse shift of skyrmion is reduced in compared to that of omp, = 0.315. For aype =
0.45, amin = 0.2, 1.e., amp = 0.125, the amplitude of the skyrmion trajectory further
decreases. ® as a function of x corresponding to Fig. 4.5(a) for different «(x) functions
are given in Fig. 4.5(b). Figure 4.5(c) shows the trajectories of the in-plane current-driven
skyrmions with different A\, where a,m, = 0.225 and 8 = 0.3. @ as a function of x
corresponding to Fig. 4.5(c) for different A\, are given in Fig. 4.5(d).

We then investigate the in-plane current-driven skyrmion motion in a FM monolayer



\\\\\\\\

R
NN EINNNY

Monolayer (N = 1) B|Iayer(N 2) Trllayer(N 3) Quadrllayer (N= 4)

Figure 4.10: Schematics of the simulation models including the FM monolayer (N = 1),
SyAF bilayer (N = 2), SyAF trilayer (N = 3) and SyAF quadrilayer (N = 4) nanotracks.
The length along the x-axis, width along the y-axis, and thickness along the z-axis of each
FM layer and nonmagnetic spacer are respectively equal to 500 nm, 50 nm and 1 nm,
where the FM layer L1 is placed on the heavy-metal substrate. In the SyAF nanotracks, the
adjacent FM layers are antiferromagnetically exchange-coupled through their respective
ferromagnet/spacer/ferromagnet interfaces. The initial magnetization configurations of FM
layers L1 (n = 1) and L3 (n = 3) are pointing along the +z-direction, while those of
FM layers L2 (n = 2) and L4 (n = 4) are pointing along the —z-direction. The arrows
represent the initial magnetization directions. Adapted with permission from the author’s
original work [23].

nanotrack with spatially uniform « and spatially varying £, i.e., § is a function of x, as in
Eq. 4.11, and o« = 0.3. Figure 4.6(a) shows the trajectories of the in-plane current-driven
skyrmions with different 5(z) functions where A\g = 2w, ¢ = 0 and o = 0.3. The results
are similar to the case with spatially varying «.. For B = 0.75, Bnin = 0.12, i.e., Bamp =
0.315, the skyrmion moves in the rightward direction in a sinusoidal pattern. For Sy, =
0.6, Bmin = 0.15, i.e., Bamp = 0.225, the maximum transverse shift of skyrmion is reduced
in compared to that of By, = 0.315. For By = 0.45, Bmin = 0.2, i.e., Bamp = 0.125, the
amplitude of the skyrmion trajectory further decreases. ® as a function of x corresponding
to Fig. 4.6(a) for different 5(x) functions are given in Fig. 4.6(b). Figure 4.6(c) shows the
trajectories of the in-plane current-driven skyrmions with different A\g where [y = 0.225
and o = 0.3. ® as a function of = corresponding to Fig. 4.6(c) for different A\ are given in
Fig. 4.6(d).

From the skyrmion motion with spatially varying « or spatially varying [, it can be
seen that the amplitude of trajectory is proportional t0 ctymp OF Bump. The wavelength of
trajectory is equal to \, g, while the amplitude of trajectory is proportional to A, g. ® also
varies with x in a quasi-sinusoidal manner, where the peak value of ®(z) is proportional

t0 Qamps Bamp> and A, . As shown in Fig. 3.5(c), when §3 is fixed at a value between cmay
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Heavy metal A

Figure 4.11: Schematics of the vertical spin current injection geometries for the SyAF bi-
layer nanotrack. (a) The confined CPP geometry, where the charge current flows through
the heavy-metal substrate layer A toward the right direction, which gives rise to a spin cur-
rent perpendicularly injected to the bottom FM layer due to the SHE. (b) The unconfined
CPP geometry, where the charge currents flow through both the heavy-metal substrate lay-
ers A and B toward the right direction, which give rise to spin currents perpendicularly
injected to the top and bottom FM layers due to the SHE. Adapted with permission from
the author’s original work [23].

and opip, larger oy, will lead to larger peak value of ®(x). On the other hand, a larger
Ao, allows a longer time for the skyrmion transverse motion toward a certain direction due
to the SKHE, which will result in a larger amplitude of trajectory as well as a larger peak
value of ®(x).

We also demonstrate the in-plane current-driven skyrmion motion in a FM monolayer
nanotrack with both spatially varying o and f3, i.e., both o and 3 are functions of z, as
given in Eq. 4.10 and Eq. 4.11, respectively.

Figure 4.7(a) shows the trajectories of the in-plane current-driven skyrmions with spa-
tially varying o and 3 where aump = Bamp = 0.225 and A\, = A\g = 2w. Here, we focus
on the effect of the phase difference between the a(x) and S(z) functions. For ¢ = 0 and
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Figure 4.12: The typical trajectories of SyAF N-layer skyrmions in N-layer SyAF nan-
otracks. (a) The trajectory of a FM monolayer skyrmion in a monolayer FM nanotrack
(N = 1) at j = 10 MA cm~2. The transverse shift of the monolayer skyrmion due to the
SKHE is obvious. It reaches a stable velocity of v, ~ 70 m s~!. (b) The trajectory of a
SyAF bilayer skyrmion in a bilayer SyAF nanotrack (N = 2) at j = 20 MA cm 2. The
SyAF bilayer skyrmion moves along the central line (y = 25 nm) of the nanotrack, which
reaches a stable velocity of v, ~ 70 m s~!. (c) The trajectory of a SyAF trilayer skyrmion
in a trilayer SyAF nanotrack (N = 3) at j = 30 MA cm 2. It reaches a stable velocity of
vy ~ 70 m s~1. (d) The trajectory of a SyAF quadrilayer skyrmion in a quadrilayer SyAF
nanotrack (N = 4) at j = 40 MA cm~2. The SyAF quadrilayer skyrmion moves along the
central line (y = 25 nm) of the nanotrack, which reaches a stable velocity of v, ~ 70 m
s~!. The dot denotes the skyrmion center. The total simulation time is 5000 ps, which is
indicated by the color scale. Adapted with permission from the author’s original work [23].

¢ = 2, as the a(x) function is identical to the J(x) function, the skyrmion moves along
the central line of the nanotrack. For 0 < ¢ < 27, as «(z) could be different from 5(z) at
a certain x, it is shown that the skyrmion moves toward the right direction in a sinusoidal
pattern, where the phase of trajectory is subject to (. Figure 4.7(b) shows ¢ as a func-
tion of x corresponding to Fig. 4.7(a) for ¢ = 0 ~ 27 where qymp = Bamp = 0.225 and
Aa = Ag = 2w. It shows that & = 0° when ¢ = 0 and ¢ = 27, while it varies with z in
a quasi-sinusoidal manner when 0 < ¢ < 27. The amplitude of trajectory as well as the
peak value of ®(z) reach their maximum values when ¢ = 7.

In the above, we have studied the in-plane current-driven skyrmion motion in a FM
monolayer nanotrack with the CIP geometry. For the nanotrack with o = 3, the skyrmion
moves straight along the nanotrack. For the nanotrack with o # /3, the skyrmion moves
along the nanotrack but shows a transverse shift due to the SKHE. Such a transverse shift

may result in the destruction of the skyrmion at the nanotrack edge. In order to control the
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Figure 4.13: The steady-state current-velocity relation of the skyrmion motion in the FM
monolayer and SyAF multilayer nanotracks driven by vertical spin currents. (a) The sky-
rmion Hall angle v, /v, as a function of ¢. It is almost a constant for N = 1 and N = 3.
Here, we use a square sample of 200 nm x 200 nm X 1 nm in order to reduce the impact of
the edge effect. The skyrmion is located at the film center (100 nm, 100 nm) at the initial
time. (b) The velocity v as a function of j for the motion of SyAF N-layer skyrmions,
where the driving current is injected into the bottom FM layer L1. When j > 10 MA
cm2 and j > 100 MA cm~2, the moving FM monolayer and SyAF trilayer skyrmions
are destroyed en-route caused by the SKHE, respectively. The open symbols stand for the
numerical results. The solid lines represent the theoretical results given by Eq. 4.27 with
oD = 0.57. The dashed line with cross symbol indicates the velocity v, of a SyAF bilayer
skyrmion in a bilayer SyAF nanotrack, where the driving current is injected into both the
bottom FM layer L1 and the top FM layer L2. (c) The inverse velocity v, ! as a function
of the total FM layer number /V at small j, where no skyrmion is destroyed by the SKHE.
The open symbols stand for the numerical results. The solid lines represent the theoretical
results given by Eq. 4.27. Adapted with permission from the author’s original work [23].

skyrmion motion and prevent the detrimental effect of the SKHE, we studied the skyrmion
motion in the nanotrack with spatially sinusoidally varying « or 3. The skyrmion moves on
a sinusoidal trajectory, where the amplitude and wavelength of trajectory can be controlled
by the spatial profiles of « and /3. The peak value of ®(z) is proportional to the amplitudes
and wavelengths of a(x) and 3(z). Besides, we have demonstrated the in-plane current-
driven skyrmion motion in the nanotrack having both spatially sinusoidally varying o and
[ with the same amplitude and wavelength. The skyrmion moves straight along the central
line of the nanotrack when a(z) and () have no phase difference, i.e., ¢ = 0. When
¢ # 0, the skyrmion moves in a sinusoidal pattern, where the peak value of ®(z) reaches
its maximum value when ¢ = 7. These results show the possibility to guide and control
skyrmion motion in a FM monolayer nanotrack with the CIP geometry by constructing
spatially varying parameters, which may enable reliable skyrmion transport in skyrmion-

based information processing devices.
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Figure 4.14: Details of the micromagnetic energy of a relaxed skyrmion with (1,7/2) in
the presence and absence of the DDI. The contribution from the DDI energy is found to be
comparable to the anisotropy or Zeeman energy. The skyrmion energy is determined by the
energy difference between the sample with a skyrmion and the sample without a skyrmion
(i.e., with the FM state). Adapted with permission from the author’s original work [6].

In the following, we continue to study the current-driven skyrmion motion in a FM
monolayer nanotrack with the CPP geometry. The simulation model and parameters are
identical to those used for the case of the CIP geometry (cf. Table 4.1), while the magnetic
spin dynamics is governed by the extended LLG equation including the Slonczewski-like

(damping-like) spin transfer torque, given as

dM « dM u

— = —y oM x H, — (M x —— — (M xpx M), 4.12

a - LT i)t aa M X px M) (+.12)
where u = |ZLOZ \ 59752 is the STT coefficient, and p = —y stands for the unit spin polarization

direction. A is the reduced Planck constant, e is the electron charge, j is the applied current
density, and sy is the spin Hall angle. «a denotes the thickness of the FM monolayer
nanotrack. The effective field H .4 and associated average energy density € are given in
Eq. 4.2 and Eq. 4.3, respectively.

We first study the current-velocity relation of the skyrmion driven by the vertical spin
current in the nanotrack with the CPP geometry (cf. Fig. 4.1). As shown in Fig. 4.3,
the steady-state velocity of the skyrmion is proportional to the driving current density ;.
However, it is noteworthy that the skyrmion velocity in the CPP geometry at a given j is
much larger than that in the CIP geometry. For example, at ;7 = 1 x 10" A m™2, the
skyrmion driven by the vertical spin current reaches a steady velocity of v ~ 77 m s™*,
while the skyrmion driven by the in-plane spin current only reaches a steady velocity of
v~4ms! fora = = 0.3. It should be noted that the skyrmion driven by the vertical

54



T T T T T 1.6
a
15 -( ) q 1.5

—=— Total

S0k NN —&— Anisotropy | 5 1.4

—<4—Zeeman S

-20

) —4—NNN o3k 4
% 0.5 —v—NNNN po! 1% '3,= L
> 3 [resssssssesssassenssesescesen)
500 EEEE!ff N :i'fﬁ’\' §00 B &
w w
0.5 1 -05fF width = 40a
1.0+ \ \ \ \ | '\ F'“me
02 04 06 08 10 12 14 0.5 1.0 1.5 2.0
M, (800 kA m’) Length-to-width ratio
10 2 T
8 < 16 1(d)
214p B
= 6 g 2=f f=
g 4 c - -4 4
) S ———¢
< £
X =
s 2 g or 1
IS w
g 0 s [
w 2k - % 2= =
4L ] ‘é 8 %i!:z:'}
T B T R e e S R e
Thickness (a) Thickness (a)

Figure 4.15: The energy of a skyrmion with (1, 7/2) as a function of material and geometric
parameters. (a) The energy difference between the system with and without a skyrmion
as a function of Mg of the magnetic film, of which the length, width, and thickness are
fixed at 40a, 40a, and a, respectively. (b) The energy difference between the system with
and without a skyrmion as a function of the length-to-width ratio of the magnetic film,
of which the width and thickness are fixed at 40a and a, respectively. (c) The energy
difference between the system with and without a skyrmion as a function of the thickness
of the magnetic film, of which the length and width are fixed at 40a. (d) The energy to
total skyrmion energy ratio as a function of the thickness of the magnetic film, of which
the length and width are fixed at 40a. The black, red, blue, green, purple, yellow, and
turquoise curves denote the differences of the total energy, NN exchange energy, NNN
exchange energy, NNNN exchange energy, PMA energy, Zeeman energy, and DDI energy,
respectively. Adapted with permission from the author’s original work [6].

spin current also shows the SKHE, i.e., the transverse motion toward the nanotrack edge,
before it reaches the steady-state motion in the nanotrack.

As discussed in Ch. 3, the skyrmion motion driven by the vertical spin current can be
analytically analyzed using the Thiele equation (cf. Appendix A) by assuming the skyrmion

is a rigid object and the boundary effect is excluded, which is written as
Gxv—-—aD -v+4rB-3,=0, (4.13)

where the velocity solutions for the CPP geometry with a spatially homogeneous charge

current applied along the x direction are given as

’Yoh QShI —OéD .
J L - i, 4.14
poe 2aMs | Q2 + a?D? J (“4-14)
_ (R el Q (4.15)
poe 2aMg| Q%+ a2D? 7" '
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Figure 4.16: The total micromagnetic energy i for (a) relaxed skyrmions and (b) relaxed
antiskyrmions as functions of ) and 7. The lowest energy states are found to be two
degenerate Bloch-type states both for the skyrmion (¢ = 1) and the antiskyrmion () =
—1) due to the DDI. Adapted with permission from the author’s original work [6].

The corresponding skyrmion Hall angle is given as

O, — tan~! <Z—y> — tan™! (—%) . (4.16)

Here, for the purpose of understanding the steady-state motion of the skyrmion in the FM
monolayer nanotrack with the CPP geometry, again, we add an external force term into the
Thiele equation (cf. Appendix A), which accounts for the boundary effect in the nanotrack.

The modified Thiele equation is written as follows
Gxv—aD-v+4rB-3+ F =0, (4.17)

where v = (v,,v,) is the steady velocity of the skyrmion, and j = (j,0) is the driving
current. F' stands for the force exerted on the skyrmion by the edge of the nanotrack. For
the situation that the skyrmion has reached the steady-state motion in the nanotrack, we
have two relations hold directly: v, = 0 and F, = 0 (cf. Appendix A and Refs. [10, 11,
20]). Hence, from Eq. 4.17, for the CPP geometry we find

ULy
y = —2_ = 0. 4.18
Y aaD,.,, Yy ( )

Similar to the case of the CIP geometry, the transverse shift due to the SKHE is balanced
by the skyrmion-edge repulsive force for the steady-state motion, i.e., v, = 0. Thus, it
is natural that the skyrmion Hall angle & = 0 for the steady-state skyrmion motion. For
the skyrmion in the given FM monolayer nanotrack, and according to the definitions of D
and Z (cf. Ch. 3), we find it has D,, = D,, = 2, D,,, = Dy, = 0, Z,, = 7, = 0 and
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Figure 4.17: The helicity n as functions of the iteration for (a) skyrmions and (b) anti-
skyrmions with varied initial 7. All of them are relaxed to the Bloch-type state unless they
are initially in the Néel-type state. The model is a square element (11 x 11 spins) with the
OBC. Here, K = 0.1 and H, = 0.1. Adapted with permission from the author’s original
work [6].

1.y = —I,, = 12a. By substituting these parameters of the skyrmion into Eq. 4.18, we
find the steady velocity of the skyrmion as
6

== =0, (4.19)

It shows that the steady velocity of the skyrmion is inversely proportional to the damping
coefficient . By comparing Eq. 4.19 and Eq. 4.9, and considering the fact that the non-
adiabatic STT strength 3 is ranged in 0 ~ 1 [20], it can be seen that the steady skyrmion
velocity in the CPP geometry is much larger than the steady skyrmion velocity in the CIP
geometry at a certain value of a. Also, if we have @ = 8 = 0.3, the steady velocity of the
skyrmion in the CIP geometry equals v = v, = u, while the steady velocity in the CPP
geometry is equal to v = v, = 20u. Namely, the steady velocity in the CPP geometry is 20
times larger than that in the CIP geometry, which agrees well with numerical results, for
example, at j = 1 x 10"' Am~2 and o = 3 = 0.3 (cf. Fig. 4.3), the steady velocity in the
CPP geometry v &~ 77 m s~ ', while in the CIP geometry v &~ 4 m s~ .

On the other hand, although the vertical spin current-driven skyrmion in the CPP ge-
ometry moves faster than that in the CIP geometry at a given j, it could be destroyed due

to the SKHE when its velocity reaches a certain threshold. The reason is that the Magnus
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Figure 4.18: The trajectories of skyrmions and antiskyrmions in a frustrated .J;-J5-J3 FM
thin film. Trajectories of (a) skyrmions and (b) antiskyrmions with different initial 7 in the
absence of the DDI. Trajectories induced by (c, d) a small driving current (j = 10 x 10'°
A m~2) and by (e, f) a large driving current (j = 100 x 10 A m~2) in the presence of
the DDI. In the presence of the DDI, the skyrmion motion is along a straight line with the
helicity fixed for the small driving current, but it is along a circle together with the helicity
rotation for the large driving current. This is the helicity locking-unlocking transition. The
model is a square element (100 x 100 spins) with the OBC. Here, K = 0.1 and H, = 0.1.
Adapted with permission from the author’s original work [6].

force exerted on the skyrmion is proportional to the skyrmion velocity (cf. Ch. 3), while the
magnitude of the skyrmion-edge repulsive force increases and approaches a certain value
with decreasing spacing between the skyrmion and the nanotrack edge. Hence, when the
Magnus force cannot be compensated by the skyrmion-edge repulsive force, it will result
in the annihilation of the skyrmion at the nanotrack edge.

In Fig. 4.8, we show the detailed annihilation process of the skyrmion at the nanotrack
edge driven by the spin-polarized current in the FM monolayer nanotrack with the CPP
geometry. Here, the driving current density is j = 5 x 10'® A m~2. The given size of the
nanotrack is 1000 nm x 40 nm x 0.4 nm with D = 3.0 mJ m~2. The skyrmion is initially
placed at the central line of the FM monolayer nanotrack, where the distance between the

skyrmion core and the upper edge equals 20 nm. As shown in Fig. 4.8(a), t = 8400 ps, the
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skyrmion moves along the nanotrack about a few hundreds of nanometers but the distance
between the skyrmion core and the upper edge decreases to only 12 nm due to the SKHE.
When ¢ > 8400 ps, as shown in Fig. 4.8(b)-(1), the distance between the skyrmion core and
the upper edge is reduced to less than 12 nm. The magnetic spins at the upper side of the
skyrmion starts to rotate and an instability starts to develop, which breaks the topological
protection of the skyrmion and leads to the annihilation of the skyrmion at the upper edge
of the nanotrack.

The detrimental effect of the SKHE will be more pronounced when the nanotrack width
is reduced. As shown in Fig. 4.9, the given size of the nanotrack is 1000 nm X w nm X
0.4 nm. [4 represents the horizontal distance between the position where the skyrmion is
destroyed and the initial position of the skyrmion. When the width of the nanotrack equals
40 nm, the current-driven skyrmion is destroyed due to the SKHE when it moves about
460 m at the current density of 5 x 10! A m~2. The velocity of the skyrmion before its
destruction equals ~ 55 m s~'. When the width of the nanotrack reduces to 30 nm, the
skyrmion is destroyed en route due to the SKHE at a smaller driving current density of
3 x 10 A m—2, when moves ~ 80 nm. When the nanotrack width is further decreased
to 24 nm, the skyrmion is destroyed shortly with a displacement of 2 nm when the driving
current of 1 x 10'® A m~? is turned on.

From the application point of view, the nanotrack width is inversely proportional to the
packing density as well as the information storage density of the skyrmion-based nanotrack
devices, such as the skyrmion-based racetrack-type memory [1, 2]. Therefore, in order to
realize a reliable and ultra-fast transport process of skyrmions in the information delivery
channel of any information processing device, it is necessary to find a method to avoid the
SkHE, as pointed out in the above discussion on the nanotrack with the CIP geometry. For
the nanotrack with the CPP geometry, it is also practicable to control the skyrmion trajec-
tory and reduce the detrimental SKHE by construct a varying . However, a more feasible
and effective method to totally eliminate the SKHE is to utilize the antiferromagnetically
exchange-coupled bilayer and multilayer nanotracks, i.e., the synthetic AFM (SyAF) nan-

otracks, which will be investigated in detail and discussed in the next section.

4.3 SKkyrmion dynamics in multilayer nanotracks

In this section, we study the motion of skyrmions in bilayer and multilayer SyAF nan-
otracks driven by vertical spin currents. Figure 4.10 shows the schematics of the simula-
tion models including the FM monolayer (N = 1), SyAF bilayer (/N = 2), SyAF trilayer
(N = 3), and SyAF quadrilayer (N = 4) nanotracks. The FM monolayer nanotrack con-
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Figure 4.19: The trajectories of the skyrmion at varied values of the driving current density.
The skyrmion has an initial helicity number of 7 = 7 /2. The driving current density ranges
from j = 70 x 10'* Am~2to j = 100 x 10'® A m~2. (a) At small driving current densities
(e.g., j = 70 x 10 A m™2), the skyrmion moves toward the right. (c) When the driving
current density is increased to a larger value (e.g., j = 84 x 10 A m~2), the helicity
unlocking event occurs once, and (d) the skyrmion moves toward the left after the flip of
the helicity. (f) When the driving current density is further increased to a more larger value
(e.g., j = 94 x 10'°© A m~2), the helicity is totally unlocked, and the skyrmion moves in
an orbital circle. The model is a square element with 100 x 100 spins. Here, KX = 0.1 and
H. = 0.1. The unit of the current density is 10 A m~2. Adapted with permission from
the author’s original work [6].

tains one FM layer and a heavy-metal substrate underneath the FM layer. The N-layer
SyAF nanotrack (N > 2) includes N FM layers, which are separated by N — 1 nonmag-
netic spacer layers. The FM layers are denoted from bottom to top as L1, L2, L3, ---.
In all models, the length along the z-axis, width along the y-axis, and thickness along
the z-axis of each FM layer and nonmagnetic spacer are respectively equal to 500 nm, 50
nm, and 1 nm, where the FM layer L1 is attached to the heavy-metal substrate. In the
SyAF N-layer nanotracks (/N > 2), the neighboring FM layers are antiferromagnetically
exchange-coupled through their ferromagnet/spacer/ferromagnet interfaces. The magneti-
zation in each FM layer is perpendicular to the nanotrack plane due to the high PMA, while

the magnetization in neighboring FM layers are antiparallel due to the interlayer AFM ex-
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Figure 4.20: The trajectories of the antiskyrmion at varied values of the driving current
density. The antiskyrmion has an initial helicity number of 7 = /2. The driving current
density ranges from j = 10 x 10! Am=2to j = 94 x 10'° A m~2. (a) At small driving
current densities (e.g., j = 10 x 10'® A m™2), the antiskyrmion moves toward the right.
(b) When the driving current density is increased to a larger value (e.g., 7 = 20 x 100 A
m~?2), the helicity unlocking event occurs once, and the antiskyrmion moves toward the left
after the flip of the helicity. (c)-(f) When the driving current density is further increased
to a more larger value (e.g., j = 73 x 10! A m~2), the helicity is totally unlocked, and
the antiskyrmion moves in an orbital circle. The model is a square element with 100 x
100 spins. Here, K = 0.1 and H, = 0.1. The unit of the current density is 10 A m~2.
Adapted with permission from the author’s original work [6].

change coupling. The DMI in FM layers lead to the tilt of magnetization near the edges of
the FM layers. It is worth mentioning that the DMI in FM layers can be induced by both
the heavy-metal substrate and spacer layers in real experiments [31]. Recently, theoreti-
cal [32, 33] and experimental [34, 35, 36, 37, 38] studies have suggested and developed
the methods to induce the DMI in multilayers. More promisingly, it has been experimen-
tally demonstrated that by constructing the spacer layer made of two different heavy-metal
materials, additive DMIs can be achieved in multilayers [35].

In our numerical simulations we explicitly consider the SyAF N-layer skyrmions with
N =1,2,3,4. We assume that the relaxed magnetization distributions of the FM layers L1
and L3 are almost pointing along the +z-direction, while those of the FM layers L2 and
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Figure 4.21: The time dependences of the location (z, y), the velocity (v;, vy, v =
VU + vg), and the helicity (n) corresponding to Fig. 4.18. (a) and (b) are correspond-
ing to Fig. 4.18(a) and 4.18(b), respectively, where j = 50 x 10 A m~2. (c) and (d) are
corresponding to Fig. 4.18(c) and 4.18(d), respectively, where j = 10 x 10'° A m~2. (e)
and (f) are corresponding to Fig. 4.18(e) and 4.18(f), respectively, where j = 100 x 10'°
A m~2. The helicity in (a) and (b) is unlocked due to the absence of DDI. The helicity in
(c) and (d) is locked due to the presence of DDI. The helicity in (e) and (f) is unlocked due
to the presence of both DDI and a strong driving current. The helicity number is calculated
by 1 = arctan(m,/m,) on the extreme right spin at the m, = 0 circle of a skyrmion or an
antiskyrmion. Adapted with permission from the author’s original work [6].

L4 are almost pointing along the —z-direction. The background magnetization directions

determine the skyrmion number of the skyrmion in each FM layer. The skyrmion number

equals 1 in the FM layers L1 and L3, while it equals —1 in the FM layers L2 and L4.
The total skyrmion number )y, of the SyAF N-layer skyrmion is N modulo 2. Namely,

wt = 1,0,1,0for N = 1,2, 3,4, respectively. More generally, the total skyrmion number

Q1o 18 defined as

N
Qtot - Z Qm
n=1

(4.20)

where (), is the skyrmion number of the skyrmion in the FM layer with layer index n,

given as

1 n n n 2
Q=4 [ m@)- (0 (@) x 0,m (@) e
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Figure 4.22: Flip of the skyrmion (antiskyrmion) helicity induced by a current pulse. (a)
Skyrmion helicity as a function of time. A skyrmion is at rest with the helicity being 1 =
—m /2. The helicity is flipped by a strong 80-ps-long current pulse and becomes n = 7/2.
Such a flip does not occur by applying a small current pulse with the same duration. (b) A
similar flip occurs also for an antiskyrmion. (c)-(f) Snapshots of the skyrmion during the
helicity flip process. (g)-(j) Snapshots of the antiskyrmion during the helicity flip process.
The model is a square element (39 x 39 spins) with the OBC. Here, K = 0.1 and H, = 0.1.
Adapted with permission from the author’s original work [6].

At the initial state, the skyrmions are first created and relaxed at the position of x = 100
nm, y = 25 nm. With regard to the injection scheme of the driving current, as shown
in Fig. 4.11(a), we consider a confined CPP geometry. Namely, an electron current flows
through the heavy-metal substrate in the +z-direction, which is converted into a spin cur-
rent polarized along the —y-direction and is perpendicularly injected into the FM layer L1,
due to the SHE. The skyrmion in the FM layer L1 is driven by the vertical spin current,
while the other skyrmions in the FM layers L2, L3, and L4 move accordingly due to the
interlayer AFM exchange coupling between each adjacent FM layers. It should be noted
that, for comparison purpose, we also simulate the straightforward case of unconfined CPP
geometry with the bilayer SyAF nanotrack, where the spin current is injected into all FM

layers, as illustrated in Fig. 4.11. The skyrmions in all FM layers of a SyAF multilayer
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nanotrack are bound to one single SyAF multilayer skyrmion by the interlayer AFM ex-
change coupling. We call it a SyAF N-layer skyrmion, where /N stands for the number of
constituent FM layers.

The total Hamiltonian A of the multilayer nanotrack is decomposed into the Hamil-
tonian for each FM layer H, and the interlayer AFM exchange coupling Hi,. between
neighboring FM layers, that is,

N
H=>" Hy+ Hier. (4.22)

n=1

The Hamiltonian for each FM layer reads

H, = Amthm -mj + Dj; Z vij X 2) - (m] x m?)
+K Z [1— 2 4+ HDDI, (4.23)
where n is the FM layer index (n = 1,2, ---, N), m] represents the local magnetic mo-

ment orientation normalized as |[m'| = 1 at the site ¢, and (7, j) runs over all the NN sites
in each FM layer. The first term represents the intralayer FM exchange interaction with
the intralayer FM exchange stiffness Aj,.,. The second term represents the DMI with the
DMI coupling energy D;;, where v;; is the unit vector between sites ¢ and j. The third
term represents the PMA with the anisotropy constant /. Hpp; represents the DDI. When
N > 1, there exists an AFM exchange coupling between the NN FM layers

mter = Z Amter Z m mn+1 (424)

The sign of the interlayer exchange stiffness Ay is negative for the interlayer AFM ex-
change interaction. We take the initial magnetization direction in the FM layer L1 to be
pointing upward (cf. Fig. 4.10). The dynamics of magnetic spins in each FM layer is de-
scribed by the LLG equation including the Slonczewski-like STT which is generated by
the SHE in the heavy-metal substrate (cf. Eq. 4.12). For the confined CPP geometry (cf.
Fig. 4.11), we have j = 0 in the FM layers above the FM layer L1, thus there is no STT
effect on the FM layer with the layer index number n > 1.

The 3D micromagnetic simulations are also performed by using the 1.2 alpha 5 release
of the OOMMEF [24]. The typical material parameters used in the micromagnetic simu-
lations are given in Table 4.1. Besides, we employed additional parameters required by

the SyAF multilayer nanotracks: interlayer AFM exchange stiffness Ajyer = —1 pJ m™L,

2

interface AFM exchange coefficient 0 = —1 mJ m~~, and spin Hall angle sy = 0.4.
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Let us first recapitulate the motion of a FM monolayer skyrmion in a FM monolayer
nanotrack driven by the vertical spin current, which undergoes a transverse motion toward
the upper edge of the nanotrack because of the SKHE. We show the trajectory at a moderate
driving current of 7 = 10 MA ¢cm~? in Fig. 4.12(a). The moving skyrmion reaches a stable
velocity of v, ~ 70 m s~! and has a transverse shift of ~ 5 nm due to the SKHE. It does not
touch the edge because of the repulsive force from the edge. Nevertheless, when j > 10
MA cm™2, it is destroyed by touching the edge shortly after the driving current is applied.
Let us also recapitulate the motion of a SyAF bilayer skyrmion in a SyAF bilayer nanotrack
driven by the vertical spin current. It goes straight in the SyAF bilayer nanotrack as a result
of the suppression of the SKHE (@, = 0). The trajectory at a moderate driving current
of 7 = 20 MA cm 2 is shown in Fig. 4.12(b), where it reaches a stable speed of ~ 70 m
s~1. The SyAF bilayer skyrmion strictly moves along the central line (y = 25 nm) of the
nanotrack. We continue to study the motion of a SyAF trilayer skyrmion with Q. = 1 [see
Fig. 4.12(c)], and a SyAF quadrilayer skyrmion with @, = 0 [see Fig. 4.12(d)] driven by
the vertical spin current. The SyAF trilayer skyrmion experiences the SKHE as in the case
of the FM monolayer skyrmion. On the other hand, the SyAF quadrilayer skyrmion moves
reliably in the SyAF quadrilayer nanotrack even at a strong driving current, demonstrating
the suppression of the SKHE as in the case of the SyAF bilayer skyrmion. The SyAF
quadrilayer skyrmion moves along the central line (y = 25 nm) of the nanotrack.

We compare the SKHEs at V = 1 and NV = 3 quantitatively. We show the skyrmion
Hall angle v, /v, as a function of time ¢ in Fig. 4.13(a) for N = 1,3. The skyrmion Hall
angle is inversely proportional to N. Namely, the SKHE for N = 3 is 3 times smaller than
that for N = 1. In Fig. 4.13(b), we show the velocity v, as a function of the applied driving
current density j for the motion of SyAF N-layer skyrmions, where N = 1,2,3,4. The
velocity v, is almost inversely proportional to N as shown in Fig. 4.13(c). This is because
the driving current is only applied to the bottom FM layer L1 [cf. Fig. 4.11(a)].

In order to further improve the j-v relation of the SyAF N-layer skyrmions, here taking
the SyAF bilayer skyrmion as an example, we also investigate the j-v curve when the
driving current is applied in both constituent FM layers of the SyAF bilayer nanotrack,
which is plotted in Fig. 4.13(b) as a dashed curve. It can be seen that, when both FM layers
are driven by the current [cf. Fig. 4.11(b)], the j-v relation of the SyAF bilayer skyrmion
matches well with that of a FM monolayer skyrmion moving in a FM monolayer nanotrack
at the small driving current regime. When j = 10 MA cm™2, the velocity of the FM
monolayer skyrmion is v, = 70 m s~!, while the velocity of the SyAF bilayer skyrmion is
v, =T72ms L

In order to interpret the simulation results, we employ the Thiele equation [39, 40] and
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generalize it to the SyAF N-layer skyrmion system in SyAF multilayer nanotracks driven

by the vertical spin current. The Thiele equation would read in each FM layer as
G, x v" —Dav" + jg, + Lxpm = 0, (4.25)

with n the layer index, where v", j;, and I'ipy represent the skyrmion velocity, the spin
current, and the interlayer AFM exchange force, respectively. G,, = (0,0, 47Q),,) is the gy-
romagnetic coupling constant representing the Magnus force with (),, the skyrmion num-
ber, which is defined by Eq. 4.21. We have taken the same dissipation matrix D and the
same damping coefficient « for all nanotracks.

We assume that all skyrmions move together with the same velocity v since they are

tightly bound. Summing all N Thiele Egs. 4.25, we would phenomenologically obtain
Gtot X vV — NDO(’U “I’ jSpil’l — O, (4.26)

where the interlayer AFM forces are assumed to be canceled out, i.e., > I'npy = 0, Giot =
(0,0,47Quor), and gy, = SN g wpin- Actually, 73 = 0n17 in» Where jg,;, is the spin
current induced by the charge current in the heavy-metal substrate due to the SHE.

The first term on the left hand side of Eq. 4.26 corresponds to the Magnus force. When
the number N of the FM layers is odd, the total skyrmion number equals one, i.e., Q. = 1.
While when the number N of the FM layers is even, Q. = 0, because @),, = —(—1)". The
velocity is given by explicitly solving Eq. 4.26 as

aND Qrot

Ve = ] ins Vy — " in- 4.27
T QN T Q2 NPT 27
When @), = 1, which is the case for N being odd, a skyrmion undergoes a transverse
motion, where
v 1 (4.28)
v, aND’ ’
When Q) = 0, which is the case for NV being even, a skyrmion goes straight, where
.
Ve = OdV—D]Spim Uy = 0. (429)

Consequently the SyAF N-layer skyrmion experiences the SKHE only when N is odd.
We call it the odd-even effect of the SKHE on SyAF multilayer nanotracks. As shown in
Fig. 4.13, the theoretical expectation Eq. 4.28 explains the numerical data remarkably well
with the choice of oD = 0.57. Also, we have fitted the data successfully by theoretical
expectation Eq. 4.27 with the use of aD = (0.57.

We have studied the current-driven motion of skyrmions in SyAF multilayer nanotracks

in contrast to the motion of skyrmions in conventional FM monolayer nanotracks. We have
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found that a moving SyAF bilayer skyrmion is much more stable than a moving FM mono-
layer skyrmion, because that the two skyrmions consisting the SyAF bilayer skyrmion are
tightly bound by the interlayer AFM exchange coupling, and thus the SyAF bilayer sky-
rmion is immune from the SKHE. Besides, the odd-even effect of the constituent FM layer
number on the SKHE in SyAF multilayer nanotracks has also been demonstrated. Due to
the suppression of the SKHE, the skyrmions have no transverse motion in SyAF multilayer
nanotracks with even constituent FM layers. We suggest that the SyAF bilayer nanotrack
is a preferred host for skyrmion transmission in racetrack-type device applications since it

realizes a minimum system which does not show the SKHE.

4.4 Skyrmion dynamics in a frustrated magnetic mono-
layer

In the above sections, we have studied the current-driven motion of the skyrmion in con-
ventional FM monolayer and SyAF multilayer nanotracks. Very recently, it was discovered
experimentally that the skyrmion lattice can be stabilized by an order-from-disorder mecha-
nism in the triangular spin model with competing interactions [41]. A rich phase diagram of
an anisotropic frustrated magnet and properties of frustrated skyrmions with arbitrary vor-
ticity and helicity were investigated [5]. Other remarkable physical properties of skyrmions
in the frustrated magnetic system have also been studied theoretically [4, 42, 43, 44, 45, 46].
A prominent property is that a skyrmion and an antiskyrmion have the same energy irre-
spective to the helicity in the frustrated magnets. The frustrated skyrmion shows coupled
dynamics of the helicity and the center of mass [4, 6]. For example, it is found that the trans-
lational motion of a skyrmion is coupled with its helicity in the frustrated magnet, resulting
in the rotational skyrmion motion [4, 6]. These novel properties due to the helicity-orbit
coupling are lacking in the conventional FM system, where the skyrmion is stabilized by
the DMI and the helicity is locked.

In this section, we explore skyrmions and antiskyrmions in a 2D frustrated FM system
with competing exchange interactions based on the .J;-.J5-J3 classical Heisenberg model
on a simple square lattice [4, 6]. We explicitly include the DDI, which is neglected in
the previous literature [4]. We find that the DDI plays an essential role in the frustrated
skyrmion dynamics driven by the spin current.

The Hamiltonian of the J;-.J5-J3 classical Heisenberg model on a simple square lat-
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Table 4.2: The default intrinsic magnetic parameters for the micromagnetic simulation
of the skyrmion dynamics in the frustrated magnetic film. The NN exchange constant,
NNN exchange constant, NNNN exchange constant, PMA constant, applied magnetic field,
saturation magnetization, Gilbert gyromagnetic ratio, damping coefficient, and spin Hall
angle are denoted by J1, Jo, J3, K, H,, Ms, Y, o, and Osy, respectively. Here J; = 3 meV.

Jof v I3/ K/ H./Ji Ms(A m?') pmA s a Oy
—-08 —-12 0~05 0~0.5 8.0 x 10° 2.211 x 10° 0.1 04

tice [4, 6] is expressed as

HZ—lemi-mj—Jg Z m;-m;

<iyj> Lij>
— J3 Z mi-mj—HZme
&K, > i
- KZ (m$)* + Hpp, (4.30)
where m; represents the normalized spin at the site i, |m;| = 1. (i,j), ({¢,7)), and

({{(i,7))) run over all the NN, next-NN (NNN), and next-NNN (NNNN) sites in the mag-
netic layer, respectively. J;, Jo, and J3 are the coefficients for the NN, NNN, and NNNN
exchange interactions, respectively. [, is the magnetic (Zeeman) field applied along the
+z-direction, K is the perpendicular magnetic anisotropy (PMA) constant, Hpp; represents
the DDI, i.e., the demagnetization. The total energy of the given system contains the NN
exchange energy, the NNN exchange energy, the NNNN exchange energy, the anisotropy
energy, the Zeeman energy, and the demagnetization energy.

The simulation is carried out by using the OOMMEF software with the open boundary
condition (OBC) [24]. In addition, we have developed the OXS extension modules for
the calculation of the NNN and NNNN exchange interactions. We also used the OOMMF
conjugate gradient (CG) minimizer for the spin relaxation simulation, which locates local
minima in the energy surface through direct minimization techniques [24].

The time-dependent spin dynamics is described by the LL.G equation (cf. Eq. 4.12)
augmented with the Slonczewski-like STT. The geometry of the cubic cells generated by
the spatial discretization in the simulation is 4 Ax4A x4 A, namely, the lattice constant
isa =4A. The polarization direction of the vertical spin current is defined as p = —y. The
default values for other magnetic parameters used in the simulation are listed in Table 4.2.

We define the skyrmion number of a spin texture in the continuum limit as

Q= —ﬁ /m(r) - (9,m(r) x d,m(r)) d*r. (4.31)
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As discussed in Ch. 3, the normalized spin field m(r) takes a value on the 2-sphere SZ.
The skyrmion number () counts how many times m(r) wraps S? as the coordinate (z,y)

spans the whole planar space. We parametrize the spin texture as
m(r) = m(0,¢) = (sinf cos ¢, sin 0 sin ¢, cos ), (4.32)

with
»=Qp+mn, (4.33)

where ¢ is the azimuthal angle (0 < ¢ < 27) and 7 1s the helicity defined mod 27. Namely,
the helicity 1 and n — 27 are identical. Special values of the helicity play important roles,
thatis, n = 0,7/2, m, 3w /2. We frequently use = —7/2 instead of n = 37/2. We index a
skyrmion as (), n7) with the use of the skyrmion number () and the helicity 7. A skyrmion
with (Q < 0 could be called an antiskyrmion.

We first study the static energy values of the skyrmion and antiskyrmion in the frus-
trated magnetic film, which is fundamental to the dynamics driven by the spin current. The
skyrmion energy and the antiskyrmion energy are degenerate and independent of the he-
licity 7 in the absence of the DDI (cf. Ref. [4]). Needless to say, the DDI exists in all
magnetic materials, however, it has been customarily considered negligible for a micro-
scopic spin texture. This is actually not the case. We show the detail of each contribution
to the skyrmion energy in Fig. 4.14, where the DDI energy is found to be comparable to
the anisotropy or Zeeman energy. Indeed, the contribution of the DDI energy is related
to the material and geometric parameters of the given sample. We show in Fig. 4.15 that
the DDI energy decreases with increasing Mg and increasing thickness of the sample. The
DDI energy is independent of the length-to-width ratio, but the DDI energy to total sky-
rmion energy ratio slightly decreases with increasing thickness. Thus, it is expected that the
DDI effect will be more significant in thick samples with large Mg. Also, the NN, NNN,
and NNNN exchange interaction energies are independent of the length-to-width ratio, but
significantly varies with the thickness.

As indicated in Fig. 4.16, there are two effects from the DDI. First, the degeneracy
is resolved between the skyrmion and antiskyrmion. Second, the degeneracy is resolved
between various helicities in general. The Bloch-type (Néel-type) skyrmions with n =
+7/2 (n = 0,7) are found to possess the minimum energy for ) = +1 (Q = £3). It
is consistent with the fact that the DDI is due to the magnetic charge py,e = V - ™ and
prefers the Bloch-type structure [2]. On the other hand, the energy is independent of the
helicity for () = £2. The helicity dependence of the energy of antiskyrmions is similar but
weaker than that of skyrmions, as shown in Fig. 4.16(b). This is because an antiskyrmion

has the anti-vortex-like structure, where the contribution of the DDI is smaller than the
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vortex structure of a skyrmion. The helicity dependence of the energy is a new feature due
to the DDI.

As a result, all skyrmions () = +1) with any 7 relax to the Bloch-type skyrmions
with n = £7/2 since they have the minimum energy. Exceptions are those possessing the
precise initial values of n = 0, 7. Indeed, we have studied the relaxation of a skyrmion with
(1, n) for different initial values of 7 in the range of = 0 ~ 27. As shown in Fig. 4.17,
the skyrmions with the initial helicity of n = 0,7 /2, w, 37 /2 keep their helicity during the
relaxation. However, for the skyrmions with other initial helicities, the helicity is relaxed
to n = £m/2, justifying that the most stable skyrmions have n = +7/2. Consequently,
the stable skyrmion is the Bloch-type skyrmion carrying the internal degree of freedom
indexed by a binary value (n = +7/2).

Figure 4.18 show the dynamics of the skyrmion and antiskyrmion driven by the vertical
spin current. A skyrmion and an antiskyrmion move rotationally together with a helicity
rotation in the frustrated system without the DDI [4], as shown in Figs. 4.18(a) and 4.18(b).
The skyrmion and antiskyrmion motion drastically change once the DDI is introduced.
Indeed, the DDI produces the energy difference depending on the helicity as shown in
Fig. 4.16. Namely, the helicity rotation costs some energies in the order of 0.01 x 1072
J. Figure 4.17 shows the time evolution of the helicity. The helicity rotates toward that of
the Bloch-type state (£7/2) unless the initial helicity is precisely of the Néel-type state.
This helicity locking occurs for the small driving current, since the Bloch-type state has
the lowest energy in the presence of the DDI. Namely, under the small current injection,
the helicity relaxes to that of the Bloch-type state, and then the skyrmion or antiskyrmion
moves along a straight line with the helicity fixed, as shown in Figs. 4.18(c) and 4.18(d).
This translational motion occurs due to the helicity locking by the DDI, which is highly
contrasted to the case without the DDI. However, as shown in Figs. 4.18(e) and 4.18(f),
the translational motion with the fixed helicity evolves to be a rotational motion together
with a helicity rotation once the driving current density exceeds a certain critical value j.
(cf. Fig. 4.19, Fig. 4.20, and Fig. 4.21). The reason is that the energy injected by the
driving current overcomes the potential difference between the Bloch-type and Néel-type
skyrmions.

We have revealed prominent properties of the helicity-orbit coupling of the skyrmion
motion in the frustrated magnetic film with the DDI. We may design a binary memory
together with a switching process based on these properties. Let us start with a skyrmion
at rest. (i) It is in one of the two Bloch-type states indexed by the helicity = +m/2; since
the helicity is a conserved quantity, we may use it as a one-bit memory. (ii) We can read

its value by observing the motion of a skyrmion; when a small current pulse is applied, a

70



skyrmion begins to move along a straight line toward left or right according to its helicity
+m/2 or —m /2 [cf. Fig. 4.18(c)]; this is the read-out process of the memory. (iii) On the
other hand, when we apply a strong current pulse, a skyrmion begins to rotate together
with its helicity rotation; we can tune the pulse period to stop the helicity rotation so that
it is relaxed to the flipped value of the initial helicity, as shown in Fig. 4.22. This is the
switching process of the memory.

In this section, we have studied skyrmions in a 2D frustrated magnetic system with
competing exchange interactions based on the J;-.J5-J5 classical Heisenberg model on a
simple square lattice. We have demonstrated that the contribution of the DDI energy is
significant although the scale of a skyrmion in the frustrated magnetic system is of the
order of nanometer. As a result, the Bloch-type skyrmion has the lowest energy. It has a
bistable structure indexed by the helicity n = +7/2.

The role of the helicity-orbit coupling becomes remarkable in the presence of the DDI.
First, a skyrmion moves along a straight line with a fixed helicity under a weak driving cur-
rent. The moving direction of a skyrmion is opposite when its helicity is opposite. Second,
the dynamics of a skyrmion drastically change from the translational motion to the circular
motion with the increase of the driving current, which is the locking-unlocking transition
of the helicity. Third, we can flip the helicity of a skyrmion by applying a strong current
pulse with a reasonable period. We have argued that these properties could be used to de-
sign a binary memory together with a read-out process as well as the switching process.
These theoretical results have revealed the exotic and promising properties of skyrmions
and antiskyrmions in frustrated magnetic systems, which may lead to novel spintronic and

topological applications based on the manipulation of skyrmions and antiskyrmions.
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CHAPTER 5

Driving magnetic skyrmions with spin
waves

In this chapter, we present a numerical study on the dynamics of an isolated magnetic
skyrmion driven by spin waves in both wide thin films and narrow nanotracks. We also
demonstrate that the position of a skyrmion can be controlled and manipulated in confined

nanostructures, which could be used for building spintronic circuits.

5.1 Introduction

As a topological object in magnetic materials, the skyrmion is reasonable stable and pos-
sesses a peculiar particle-like nature, which makes it suitable for the application as a move-
able information carrier. A number of theoretical and numerical studies have demonstrated
that skyrmions could be essential components for future magnetic and spintronic devices
for data storage and logic computing [1, 2, 3, 4, 5, 6]. In any skyrmion-based devices,
the position of an isolated skyrmion must be able to be manipulated by an external driving
force.

As studied in Ch. 4, a spin-polarized electric current has been reported to be an effec-
tive driving force for the directional motion of skyrmions in confined nanostructures [7,
8, 9, 10]. However, to shift a skyrmion along the central line of a nanotrack by in-plane
spin-polarized current requires severe matching between the damping coefficient o and the
non-adiabatic STT coefficient 5 (cf. Ch. 4), limiting possible hosting material systems
for skyrmion applications. This situation is similar for the skyrmion driven by vertically
injected spin-polarized current due to the presence of the SKHE (cf. Ch. 3 and Ch. 4). An-
other possibility of controlling a skyrmion is to use the propagating spin wave [11, 12, 13].
The scattering of a propagating spin wave has been demonstrated to generate a momentum-

transfer resulting in a skyrmion or domain wall motion [11, 14, 15, 16, 17]. In the absence
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of boundaries, the skyrmion will be driven towards the spin wave source, i.e., the skyrmion
velocity posses a component antiparallel to the spin wave current [14, 15, 16, 17]. In con-
fined nanostructures, the boundary acts as a potential barrier and its repulsive force can also
result in an effective motion parallel to the spin wave current [18, 19]. From the applica-
tion point of view, spin wave produces less Joule heat than electric current. Hence, the spin
wave is promising for practical skyrmion-based applications.

In this chapter, we study the dynamics of an isolated skyrmion in a FM nanotrack with
interface-induced DMI driven by spin waves travelling longitudinal or transverse to the
nanotrack. In real skyrmion-based devices, skyrmions will travel in circuits consisting of
narrow nanotracks. Therefore, the study of the skyrmion dynamics in such nanostructures
is crucial for realization of skyrmion-based devices. Besides, we investigate the skyrmion
dynamics driven by spin waves in modified nanostructures such as L-corners, T- and Y-

junctions, which are the basic ingredients of circuits based on skyrmions.

5.2 Skyrmion dynamics in a nanotrack

We first study the skyrmion dynamics in a FM nanotrack with interface-induced DMI
driven by spin waves. The micromagnetic simulations are carried out by using the OOMMF

software [20]. The magnetization dynamics are controlled by the LLG equation written as

dM dM
= —’}/OM X Heff+ i(]\4- X (51)
S

o 2y M)
where M is the magnetization, H s = —0e /1100 M is the effective field, ¢ is the time,
is the absolute Gilbert gyromagnetic ratio, « is the damping coefficient, and Ms = | M|
is the saturation magnetization. The average energy density € of the system contains the
Heisenberg exchange, PMA, applied magnetic field (Zeeman), DDI (demagnetization), and
DMI energy terms, which is expressed as follows

2 . 2
e=A {V(Mﬂ —KM—MOM-H—%M~H(1(M) (5.2)

Mg M52
D oM. oM, oM. oM.
D) Mz_x Mz L Mx_z - M —= ;
* M3 ( or dy oz Y oy )

where A and K are the Heisenberg exchange and PMA energy constants, respectively. H
and H (M) are the Zeeman and demagnetization field. M,, M, and M, are the cardi-
nal components of the magnetization M. The material parameters used in the simulation
are adopted from Refs. [5, 8, 21, 22, 23, 24, 25, 26], which are listed in Table 5.1. The

simulated models are discretized into tetragonal cells with an optimum cell size of 2 nm
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Table 5.1: The default intrinsic magnetic parameters for the micromagnetic simulation
of the skyrmion dynamics in the FM nanotrack driven by spin waves. The Heisenberg ex-
change constant, DMI constant, PMA constant, saturation magnetization, Gilbert gyromag-
netic ratio, and damping coefficient are denoted by A, D, K, Ms, 7, and «, respectively.

AJm™Y DdJdm™2) KJdm™3) Ms(Am?Y) A mAts™h a
15 x 107" 35x 1072 0.8 x 10° 580 x 103 2.211 x 10° 0.01 ~0.05

x 2 nm x 1 nm, which offers a good trade-off between the computational accuracy and
efficiency. Absorbing boundary conditions (ABCs) are implemented in the simulation in
order to avoid the reflection of spin waves on sample edges, unless otherwise specified.

The motion of an isolated skyrmion is investigated that is driven by spin waves prop-
agating longitudinal and transverse to the nanotrack. We discuss the resulting skyrmion
trajectories and then turn to a discussion of the relation between the driving force and the
skyrmion velocity in the steady state.

As shown in Figs. 5.1 and 5.2, we consider nanotracks with a fixed length [ = 400
nm in the z-direction and various different widths w = 400, 200, 100, and 50 nm in the y-
direction corresponding to panels (a)-(d), respectively. The thickness of the nanotrack in the
z-direction is set as 1 nm. The initial magnetization profile of the nanotrack corresponds
to a magnetization pointing along the +z-direction except at the sample center, where a
skyrmion is initially located, and at the sample edges, where the magnetization is tilted due
to the presence of the DMI.

Two setups with longitudinal and transverse driving are considered, as shown in Figs.
5.1 and 5.2, respectively. The driving force is generated by a locally applied oscillating
magnetic field, i.e., a radio frequency (RF) field. The RF field is applied only within a
narrow strip of width 15 nm that is either located on the left-hand side of the nanotrack for
longitudinal driving or at the top of the nanotrack for transverse driving. We consider an
RF field H = H,sin (27 ft)s with stimulating amplitude H, = 1000 mT and frequency
f = 200 GHz. It possesses a longitudinal polarization with § = g for Fig. 5.1 and § = ¢
for Fig. 5.2.

We first discuss the situation of longitudinal driving. Figure 5.1(al) shows the case of a
square-shaped thin-film nanotrack where [ = w = 400 nm at time ¢ = 0. The panels (a2)-
(a4) show snapshots at later times after the driving field has been switched on. The RF field
at the left edge produces spin waves traveling towards the right, along the length direction
of the sample. Since the skyrmion is far away from the sample edges, we observe a nearly
pure skew scattering between the propagating spin wave and the skyrmion, which is in a

good agreement with that reported in Ref. [14]. Indeed, the spin-wave-skyrmion scattering
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Figure 5.1: Snapshots of a skyrmion driven by spin waves parallel to the nanotrack of
length [ = 400 nm. (al)-(a4): the width w = 400 nm of the nanotrack is equal to the
length; (bl)-(b4): w = 200 nm; (cl)-(c4): w = 100 nm; (d1)-(d4): w = 50 nm; time
steps of the snapshots are indicated. An RF field with an amplitude of /, = 1000 mT
and a frequency of f = 200 GHz is applied at the left edge of all samples, producing spin
waves traveling towards the right edge. The damping coefficient & = 0.02. The inset of
(al) shows the structure of the Néel-type skyrmion in our simulation, which is indicated
by blue circles in all snapshots. The color scale shows the in-plane component of the
magnetization m,, which is rescaled to [—0.1, 4+-0.1] in order to show the spin wave profile
more clearly. A length scale is also provided. Adapted with permission from the author’s
original work [27].

leads to a backwards motion of the skyrmion. It can be seen that the skyrmion basically
moves against the propagation direction of the spin wave, and reaches the left edge in a
finite time. In addition, the skyrmion gets slightly dragged towards the upper edge.

The width in Fig. 5.1(a) is sufficiently large so that the skyrmion reaches the spin wave
source before it touches the upper edge of the nanotrack. The situation changes when the
nanotrack is narrower. In Fig. 5.1(b) the width is w = 200 nm and the skyrmion still has
not reached the upper edge at a time ¢ = 15 ns. However, for even narrower nanotracks
with w = 100 nm and w = 50 nm, as shown in Figs. 5.1(c) and 5.1(d), it reaches the edge
after a short time. Close to the edge, the skyrmion changes the direction of its motion.
Instead of approaching the driving layer, the skyrmion moves along the edge away from it.
This evading motion along the edge is also much faster than the attractive motion towards

the spin wave source.
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Figure 5.2: Snapshots of a skyrmion driven by spin waves transverse to the nanotrack of
length [ = 400 nm. (al)-(a4): the width w = 400 nm of the nanotrack is equal to the
length; (b1)-(b4): w = 200 nm; (cl)-(c4): w = 100 nm; (d1)-(d4): w = 50 nm; time
steps of the snapshots are indicated. An RF field with an amplitude of /, = 1000 mT
and a frequency of f = 200 GHz is applied at the lower edge of all samples, producing
spin waves traveling towards the upper edge. The damping coefficient « = 0.02. The
inset of (al) shows the structure of the Néel-type skyrmion in our simulation, which is
indicated by blue circles in all snapshots. The color scale shows the in-plane component
of the magnetization m,,, which is rescaled to [—0.1, 40.1] in order to show the spin wave
profile more clearly. A length scale is also provided. Adapted with permission from the
author’s original work [27].

For the transverse driving, we observe similar effects. The RF field is applied on the
upper edge of the nanotrack, as shown in Fig. 5.2, in the same nanotrack geometries as
for the parallel driving. Due to the oscillating magnetic field, spin waves are excited and
propagate downwards along the —y-direction. The interaction with spin waves pushes the
skyrmion towards the upper edge of the nanotrack with a slight side-shift to the right-hand
side. This can be particularly well seen for the wide nanotrack in Fig. 5.2(a). This setup
is however too wide to observe the effects from the nanotrack edge within the simulated
time span. In contrast to the longitudinal driving mechanism, the skyrmion is now driven
faster towards the upper edge, which becomes apparent for the narrower nanotracks shown
in Figs. 5.2(b)-(d). When the skyrmion arrives at the edge, it speeds up dramatically and
moves along the upper edge towards the right-hand side. It reaches the end of the nanotrack

in a much shorter time than for longitudinal driving.
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Figure 5.3: Trajectories (black arrows) of a skyrmion derived within the Thiele approxi-
mation Eq. 5.3. The skyrmion is driven by spin waves from a source (red line) and flowing
longitudinal (a) and transverse (b) to the nanotrack (gray boundaries). Skyrmions in one
of the colored areas either run free along the track (blue) or get captured by the spin wave
source (red). Areas with different scenarios are divided by a separatrix (white). Calculation
parameters are D/|G| = 1, o = 0.01, 0/ Legge = 0.1, 01 / Legge = 0.1, w/ Ly, = 5 for both
plots and Ly /Leqee = 1 and Jq/Veaee = 3 for the parallel driving (a) and Ly /Ledee = 3
and Jq/Veaee = 0.01 for the transverse driving (b). Adapted with permission from the
author’s original work [27].

The skyrmion trajectories observed by our micromagnetic simulation can be understood
in the framework of an effective Thiele motion equation for the skyrmion [28]. Within this

description, the skyrmion coordinate R is governed by
G x R+aD-R=F(R), (5.3)

where G = (2 is the gyrocoupling vector with G < 0, which is related to the skyrmion
number () (cf. Ch. 3), a is the damping coefficient, and D is the dissipative tensor which
can be approximated to be diagonal, D;; = D¢;;. The force on the right-hand side is
attributed to the edge of the nanotrack and the spin wave driving, F' = Fge + F'y,.

Close to the edge, the DMI leads to a twist of the magnetization [29] that acts as a
repulsive potential for the skyrmion [23, 30]. To a good approximation, this potential falls
off exponentially with the distance to the edge [31]. We thus describe the repulsive force
by the edges of a nanotrack of width w by a superposition of edges at positions y; = 0 and

Yo = w, given as

Fegge(R) = —VigeV (e‘%ydgc n ezcd;) , (5.4)

where Vigee > 0 parametrizes the strength of the potential and L.ge. the penetration depth

82



(a) (b) T (©) T

. ——> Spin wave 80

T
Parallel SW 20 F Parallel SW ]

H, =1000 mT - H, =300 mT

—a=0.01 |y
--- @=0.02
A @=0.03 | 10
N - @=0.04
! - @=0.05

. \, N -
Sl N T Y SRRy
LR s RN i
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
t (ns) t(ns)

(d)

\]/ ‘ \]/ Spin wave \]/ \]/ \]/ \]/ ©

100

- H,=300mT -

Transverse SW| 4¢ i

H, = 1000 mT

L L

2 4 6 8 10 0 5 10 15 20 25 30 35
t (ns) t(ns)

Figure 5.4: Travelled distance and velocity of a single skyrmion in a nanotrack (1000 nm
x 60 nm x 1 nm) driven by spin waves. Snapshots of the system after 7 ns are shown
for longitudinal (a) and transverse (d) driving with different damping coefficients a.. Spin
waves are excited by an RF field as indicated with H, = 1000 mT and f = 180 GHz.
The color scale represents the out-of-plane component of the magnetization m,. In panel
(b), (c) and (e), (f), the velocity parallel to the wire as a function of time, v, (), is shown
for longitudinal and transverse driving for two different driving amplitudes 7/, = 1000 mT
and H, = 300 mT and for various damping coefficients o as given in the inset of (b). The
curves are only plotted in the regime, where the skyrmion is sufficiently far from the end
of the nanotrack. Adapted with permission from the author’s original work [27].

of the magnetization twist.
The momentum-transfer from the spin wave current to the skyrmion also results in a
driving force,
Fo(R) = Je wq (o4 +0.(2 % §)), (5.5)

where J > 0 is the 2D spin wave current density, and ¢ is the wavevector of the spin wave
with ¢ = |¢] and ¢ = ¢/q. Itis pointed out in Ref. [15] that the force is determined by the 2D
transport scattering cross section of the skyrmion, oy and o |, longitudinal and transverse
to the flow direction ¢ of the spin wave current. In general, they depend in a non-trivial
manner on the spin wave frequency. In the high-frequency limit or, equivalently, for large
spin wave wavevectors ¢ [17], the transverse transport scattering cross section is universal
o, ~4m/qand o ~ 1/¢* so that o, > o > 0. We also accounted for the decay of the
spin wave current on a length scale set by the damping coefficient a, 1/ Ly, ~ ov\/2:27 f,
where m is the spin wave mass and f is the frequency of the spin wave.

The solution of Eq. 5.3 is plotted in Fig. 5.3 for some set of parameters. For longitudinal
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Figure 5.5: The saturation velocity v, of a skyrmion in a nanotrack as a function of the
scaling variable H?2/« where H, is the driving amplitude and « is the damping coefficient.
Results from micromagnetic simulations for transverse driving. The stimulating field H,
ranges from 0 to 3200 mT and the frequency is fixed to f = 180 GHz. Dimensions of the
nanotrack are 1000 nm x 60 nm x 1 nm. The saturation velocity v, is measured when the
skyrmion velocity is converged. The inset shows a close-up for low driving where the data
approximately collapses onto one single curve. Adapted with permission from the author’s
original work [27].

driving in Fig. 5.3(a), the nanotrack can be divided into two different areas. The skyrmion
trajectories belonging to the red shaded area, on the one hand, will end up at the driving
layer (red line). When the skyrmion starts within the blue shaded area, on the other hand,
it will be driven away from the driving layer. The interplay between the spin wave and
edge forces dominates the motion. As the spin wave current decays exponentially on the
length scale L, with increasing distance to the driving layer, the spin wave force that
keeps the skyrmion close to the edge also decays so that eventually the skyrmion slowly
approaches the central line of the nanotrack. The red and blue shaded areas are separated
by a critical skyrmion trajectory (white line). In any case, the longitudinal driving setup
will not produce a steady state.

In case of transverse driving in Fig. 5.3(b), a skyrmion initially positioned at the center
of the nanotrack gets attracted towards the driving layer at the top of the nanotrack. At the
same time, it gets repelled by the edge twist of the magnetization and if the driving is not

too strong the skyrmion reaches a steady state with v,, = 0 and a constant velocity, v,,
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Figure 5.6: (a) The saturation velocity v, of a skyrmion driven by a transverse spin wave
current in a nanotrack as a function of the stimulating field amplitude H,. Results from
micromagnetic simulations. Four different scenarios are marked with a letter and back-
ground color. “A”, green: the skyrmion moves rigidly along the edge of the nanotrack.
“B”, blue: the skyrmion moves along the nanotrack and simultaneously emits spin waves.
“C”, yellow: the skyrmion moves along the nanotrack, emits spin waves, and periodically
expands/shrinks in size, i.e., its breathing mode is excited. “D”, red: the skyrmion is driven
into the edge and gets destroyed when touching it. The frequency of the RF field is f = 180
GHz and the damping coefficient is & = 0.04. Dimensions of the nanotrack are 1000 nm
x 60 nm x 1 nm. (b) Snapshots of the magnetization in the four regimes described in (a).
The RF field is applied at the upper edge with a width of 15 nm, which is indicated by the
shadowed area. The color scale shows the out-of-plane component of the magnetization
m. Black arrows indicate the in-plane components (m,, m,). Adapted with permission
from the author’s original work [27].

along the edge. Within the Thiele approximation, this saturated velocity is given as
Vgo| R ——. (5.6)

It depends on the steady state distance to the edge, y, which is in turn governed by the
driving amplitude J. The last equation applies in the high-frequency limit o, =~ 47 /q and,
in addition, y/Ls, < 1. In the limit of a small driving amplitude H,, the current J will
obey J o |H,|*. In this case, the saturated velocity will scale as v, o< |H,|?/a.

In order to study the dependence of the skyrmion motion on the damping coefficient
a, we performed further simulations with a long and narrow nanotrack with w = 60 nm
and [ = 1000 nm for various values of « in the range of & = 0.01 ~ 0.05. We consider
two amplitudes for the excitation field /7, = 300 mT and H, = 1000 mT with a frequency
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Figure 5.7: (a) The damping coefficient as a function of longitudinal coordinate «(y) for
nanotracks with ABC and OBC. (b) The saturation velocity v, of a skyrmion driven by a
transverse spin wave current in a nanotrack as a function of the stimulating field amplitude
H, for nanotracks with ABC and OBC. The results for these two cases start to differ above

H = 500 mT (vertical dashed line). Adapted with permission from the author’s original
work [27].

f = 180 GHz. The results are shown in Fig. 5.4. All setups share the common property,
that the skyrmion moves faster and also further if « is lower. The exact dependence on «
is, however, very different for longitudinal and transverse driving.

For longitudinal driving in Fig. 5.4(a), the skyrmion started within the blue shaded
area of Fig. 5.3(a) so that its motion is eventually along the edge of the nanotrack. The
distance travelled after a time of 7 ns for a driving amplitude H, = 1000 mT decreases
approximately exponentially with increasing ««. While for the lowest simulated damping
coefficient, a = 0.01, the skyrmion travels 514 nm, it travels only half as far (254 nm) if
the damping coefficient is doubled to o« = 0.02. If we increase the damping coefficient
further by another Aav = 0.01, the travelled distance again decreases by a factor 2 to
only 139 nm. At even larger damping coefficient, « = 0.04, the skyrmion moves 81 nm.
The corresponding components of the velocity along the nanotrack, v,(t), are shown in
Fig. 5.4(b). The period of acceleration lasts approximately 5 ns for low damping coefficient,
a = 0.01, and becomes shorter with increasing damping coefficient. After the peak velocity

is reached, the skyrmion decelerates again. This peak velocity can be up to ~ 90 m s~ for
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Figure 5.8: Snapshots of the spin-wave-driven skyrmion ((Q = —1) in the L-corner. The
magnetic square field pulse is applied along the lateral axis in the patterned green region
with an amplitude of H, = 600 mT and a frequency of f = 25 GHz. The yellow arrow
denotes the motion of the skyrmion (hereinafter the same). (a) The skyrmion is destroyed
by the corner due to the tilts of magnetization at the corner edge. Hence, we cut the 90-
degree corner into two 135-degree corners, and the skyrmion smoothly turns left at the
L-corner in (b) and turns right in (c). Adapted with permission from the author’s original
work [18].

a = 0.01, while it is only ~ 45 m s~! for a = 0.02 and ~ 25 m s™! for a = 0.03. If we
lower the RF field amplitude down to H, = 300 mT, as shown in Fig. 5.4(c), the overall
shape of the velocity curves stays the same but the time axis rescales with a factor ~ 2
while the value of the velocity rescales by ~ 0.2. The highest velocity, at & = 0.01, is now
only ~ 20 m s~! and already < 5 m s~* for & = 0.03. For a > 0.03 the motion is almost
immediately damped out.

For transverse driving in Fig. 5.4(d), the skyrmion moves much faster and further as
compared to longitudinal driving. For low damping coefficient & = 0.01, the skyrmion
travels 695 nm to be compared with 514 nm for longitudinal driving. For large damping
coefficient o = 0.04 the skyrmion still travels 555 nm. A closer look at the corresponding
velocity, as shown in Fig. 5.4(e), reveals that after an acceleration time of ~ 2 ns the
skyrmion velocity reaches a steady state. For all simulated damping coefficients, a €

[0.01,0.05], the saturated velocities along the nanotrack, v,s, are in the regime of 75 up
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Figure 5.9: Snapshots of the spin-wave-driven skyrmion () = —1) in the T-junction and Y-
junction. (a) The skyrmion turns left from the C-branch into the L-branch of the T-junction.
(b) The skyrmion goes straight from the L-branch to the R-branch of the T-junction. (c)
The skyrmion turns left from the R-branch into the C-branch of the T-junction. (d) The
skyrmion turns left from the C-branch into the L-branch of the Y-junction, similar to (a).
Adapted with permission from the author’s original work [18].

to 110 m s=! for H, = 1000 mT, which is only comparable to the peak velocity at the
lowest damping coefficient for longitudinal driving. The dependence of v,.; on the damping
coefficient o« becomes much more pronounced for smaller driving amplitude /, = 300 mT
as shown in Fig. 5.4(f).

For transverse driving, the skyrmion motion can assume a steady state with a constant
and saturated velocity. In order to compare with Eq. 5.6 predicted by the Thiele approxima-
tion, we obtained the saturated velocity for transverse driving with the help of micromag-
netic simulation using damping coefficients & = 0.01 up to 0.05 and driving amplitudes
within the range of H, = 0 ~ 3200 mT at a fixed frequency of f = 180 GHz. The results
are shown in Fig. 5.5 as a function of the scaling variable H2/q.

For small values of H? /o < 10 % (10? mT)?, the data collapses onto a universal straight
line corroborating the prediction from Eq. 5.6 using J o< | H,|?. For larger values, the data
still follows approximately a common curve but the steep increase of v, flattens out. Close
to the value H2 /o &~ 70 x (10 mT)?, the saturated velocity v,, with damping coefficient

a = 0.05 shows a cusp and abruptly decreases. Subsequently, at higher values of H2/« the

88



t=0.0ns

T
-T
T
-r
ﬁ-
T’

t=24ns

t=10.0 ns

(b)

t=24ns

t=4.0ns

t=6.0ns

t=10.0 ns

Figure 5.10: Control of the turning direction of the spin-wave-driven skyrmion () = —1)
in the T-junction. (a) The skyrmion naturally turns left from the C-branch into the L-branch
of the T-junction. (b) The skyrmion turns right from the C-branch into the R-branch of the
T-junction with the help of two magnetic pulse elements. Similar method could be applied
to control the turning direction of the skyrmion in the Y-junction. Adapted with permission
from the author’s original work [18].

velocities for smaller damping coefficients also exhibit a sudden breakdown.

In order to elucidate this sudden decrease of the saturated velocity, we show in Fig.
5.6(a) the saturated velocity v, versus the driving amplitude H, at a fixed damping coeffi-
cient « = 0.04. Depending on the strength of /{,, we can distinguish four different scenar-
ios “A” to “D”. Snapshots of the skyrmion corresponding to these scenarios are shown in
Fig. 5.6(b). The shaded area at the top corresponds to the strip where the oscillating driving
field is applied. The scenarios are characterized as follows.

Scenario “A” (green region) corresponds to lowest driving fields. In the range from
H, = 0 up to 1200 mT, the saturated velocity v, first increases with H2/« as predicted
from the Thiele approximation and then turns to a less steep increase. In this regime,

the skyrmion smoothly moves along the nanotrack, and does not suffer any significant
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deformations. Moreover, only a minor fraction of the skyrmion area has entered the region
where the oscillating driving field is applied, as shown in Fig. 5.6(b-A).

Scenario “B” (blue region) is the intermediate regime between H, = 1200 and 2200
mT. Here, the saturated velocity still increases with the amplitude of the oscillating driving
field but the increase is less steep than in scenario “A”. This is related to a power loss
from the emission of additional spin waves by the skyrmion, which can be discerned in our
simulations.

Scenario “C” (yellow region) is obtained in the range from H, = 2200 up to 3200 mT
which is the highest accessible driving amplitude. In this regime the saturated velocity
suddenly drops to a lower value. We can associate this sudden drop with the excitation of
the internal breathing mode of the skyrmion. As can be seen in Fig. 5.6(b-C), a sizable
fraction of the skyrmion is located within the area of the applied oscillating driving field,
which facilitates the excitation of internal modes.

Scenario “D” (red region) is the regime where the drive is so strong that the skyrmion
will be destroyed shortly after the oscillating driving field is applied. In this limit, H, >
3200 mT, the skyrmion is driven so hard towards the edge that it is eventually pushed over
the edge barrier. The topologically non-trivial skyrmion then unwinds and disappears. A
snapshot of the destruction process is shown in Fig. 5.6(b-D).

It is worth mentioning that, for the purpose of avoiding the reflection of spin waves on
the sample edges, the ABC is implemented in all simulations discussed above. However,
in real-world experiments with nanostructures, the sample edges might indeed reflect spin
waves. Hence, for comparison, we also performed simulations with OBC for the represen-
tative case of a 1000 nm x 60 nm x 1 nm nanotrack, where the skyrmion is driven by a
transverse spin wave current. As shown in Fig. 5.7(a), the nanotrack with ABC has an ex-
ponentially increasing damping coefficient at the edge, while the nanotrack with OBC has a
uniform damping coefficient. Figure 5.7(b) shows the saturation velocity v, of a skyrmion
driven by a transverse spin wave current as a function of the stimulating field amplitude
H, for the models with ABC and OBC. The comparison shows that, when the stimulating
field is relatively small (H, < 500 mT), the results obtained for the model with OBC are
in a good agreement with those obtained for the model with ABC. The reason is that the
reflection of spin waves is negligible if the exciting field is sufficiently small. Also, the
skyrmion barely enters the region of increased damping coefficient at the edge. However,
when the stimulating field is relatively large (/, > 500 mT), the results for v, obtained for
the model with OBC differ quantitatively from those obtained for the model with ABC, and
the difference increases with increasing H,. Nevertheless, it can be seen that qualitatively

the four different scenarios can also be identified for the model with OBC, which are now
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shifted to lower stimulating field values H,.

We have studied in depth the motion of an isolated skyrmion in a nanotrack driven by
the momentum-transfer force provided by spin waves. We considered two setups where
spin waves are excited either longitudinal or transverse to the nanotrack. We find that the
longitudinal driving is less efficient partly due to the damping of spin waves. For trans-
verse driving, the skyrmion motion attains a steady-state with constant velocity along the
nanotrack. We analyzed the saturated velocity, v, as a function of the damping coefficient
« and the driving amplitude H, of the magnetic field that generates spin waves. It obeys
for low driving the scaling relation v,, oc J/a oc |H,|?/a where the spin wave current
amplitude J oc |H,|?. For large transverse driving, the skyrmion is pushed into the driving
layer and additional spin wave modes and even the internal breathing mode of the skyrmion
become excited. This limits a further increase of the skyrmion velocity and, finally, results
in a destruction of the skyrmion. The results in this section demonstrate that the position of
a skyrmion can be efficiently manipulated by spin waves, and it elucidates the principle of

a spin-wave-driven skyrmion motion, which might be of interest for practical applications.

5.3 Skyrmion dynamics in L-corners, T- and Y-junctions

For the application of skyrmion-based logic circuits, we also study the skyrmion driven
by spin waves in modified nanostructures such as L-corners, T- and Y- junctions. In the
simulation of the spin-wave-driven skyrmion in the T- and Y-junction, the width of the
nanotrack is set as 60 nm, and the thickness of the nanotrack is set as 1 nm. Other simulation
parameters are given in Table 5.1. As shown in Fig. 5.8(a), the skyrmion driven by spin
waves in a L-corner is destroyed when it turns left and touches the edge at the corner. We
therefore cut the 90-degree corner into two 135-degree corners, as shown in Fig. 5.8(b) and
5.8(c). In this configuration, the skyrmion smoothly turns left without touching the edge of
the L-corner in Fig. 5.8(b). The spin wave can also drive a skyrmion into the right direction
at the L-corner as shown in Fig. 5.8(c).

Figure 5.9 shows the spin-wave-driven motion of a skyrmion in the T-junction and Y-
junction. For the case of T-junction, we choose a skyrmion with the skyrmion number
of () = —1. The skyrmion always turns left, i.e., from the central branch (C-branch) to
the left branch (L-branch) as shown in Fig. 5.9(a), from the L-branch to the right branch
(R-branch) as shown in Fig. 5.9(b), and from the R-branch to the C-branch as shown in
Fig. 5.9(c). Similarly, for the case of Y-junction, the skyrmion always turns left, as shown
in Fig. 5.9(d). By contrast, the skyrmion always turn right if the skyrmion number of the
skyrmion is equal to () = +1.
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Although the spin-wave-driven skyrmion with negative skyrmion number (cf. Ch. 3) on
the T-junction or Y-junction has an intrinsic favor of turning left at the junction as shown
in Fig. 5.9, it is also possible to control the turning direction of the skyrmion based on a
series of spin-wave-injection pulse elements, magnetic tunnel junction (MTJ) magnetiza-
tion detectors as well as built-in circuits [1, 23, 32, 33]. Figure 5.10 shows the control
of the turning direction of the spin-wave-driven skyrmion in the T-junction. As shown
in Fig. 5.10(a), the spin-wave-driven skyrmion with negative skyrmion number will turn
left from the C-branch into the L-branch. When the skyrmion is just out of the C-branch
(t = 2.4 ns) as shown in Fig. 5.10(b), we apply two magnetic field pulse sources (700 mT,
25 GHz) near the exits of the C-branch and the L-branch and simultaneously switch off the
pulse source (600 mT, 25 GHz) at the end of the C-branch. In this case, the skyrmion will
be pushed into the R-branch by spin waves (¢ = 6 ns).

In conclusion, in this chapter we have presented micromagnetic simulations and anal-
ysis that demonstrate the feasibility of spin-wave-driven skyrmions in confined nanostruc-
tures with DMI such as nanotracks, L-corners, T- and Y-junctions. We have found a sky-
rmion can turn a sharp corner without touching edges even in the case of the L-corner.
A skyrmion always turns left (right) at the T- or Y-junctions when the skyrmion number
is negative (positive). Our results will pave a way to future skyrmion-based applications

driven by spin wave in confined nanostructures.
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CHAPTER 6

Possible applications of magnetic
skyrmions

In this chapter, we numerically demonstrate possible future applications of magnetic sky-
rmions, including racetrack-type memories, logic computing devices, and voltage-gated

transistor-like functional devices.

6.1 Introduction

Skyrmions are first theoretically predicted to exist in magnetic metals [1, 2] and magnetic
thin films [3]. In 2009, skyrmions are experimentally observed with the formation of sky-
rmion lattice in MnSi [4]. Since then, skyrmions have been observed in not only FM
materials [5, 6, 7, 8,9, 10] but also other types of materials, such as semiconductors [11],
multiferroic materials [12], ferroelectric nanocomposites [13], and transition metals [14].
In order to build the skyrmion-based devices, the stability and mobility of the skyrmion
are current major concerns. The stability of a skyrmion could be improved via enhancing
the effective DMI. For example, when the FM layer is sandwiched between two different
heavy-metal layers, the DMI induced at the two interfaces could be additive if the DMI
with opposite signs are induced at the two interfaces [15, 16]. The strength of DMI can
also be enhanced via increasing the thickness of the heavy metal [17]. By enhancing the
DML, both stability and size of the skyrmion can be improved. So far, the room-temperature
skyrmions have been obtained with diameter of ~ 30 nm [16]. The motion of a skyrmion
driven by the spin-polarized current at room temperature has also been obtained experimen-
tally [18, 19, 20]. These results make progress toward the realization of skyrmion-based
applications. As we have introduced, skyrmions have small size, which is helpful to minia-
turize the skyrmion-based devices. Another advantage is that the minimal current density

required to drive skyrmions into motion is smaller than that is required by conventional
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Figure 6.1: Illustration of the skyrmion-based racetrack memory. The information are
encoded via skyrmions and shifted via the vertical spin current. The reading element can
be placed at one end of the racetrack. Adapted with permission from the author’s original
work [29].

domain walls [21, 22, 23, 24], which implies that the skyrmion-based devices have low
energy consumption. All these efforts make skyrmions more robust to be candidates for
spintronic applications. Since the skyrmion has the small size, topologically protected sta-
bility, and low energy consumption, many potential applications of skyrmions have been
proposed [24, 25, 26, 27, 28]. In this chapter, we show that skyrmions can be used for

building racetrack-type memories, logic computing devices and transistor-like devices.

6.2 Skyrmion-based racetrack memory

The racetrack-type memory is proposed by Parkin et al. in 2008 [34], where domain walls
are used to code information. Similarly, skyrmions can be used as information carriers in
the skyrmion-based racetrack-type memory [35, 36], as shown in Fig. 6.1. In the skyrmion-
based racetrack-type memory, in order to transport information, we need to drive the sky-
rmion information carriers into motion. The injection of the spin-polarized current is the
most popular way to drive skyrmions. The in-plane spin-polarized current can be used
to drive skyrmions into motion. On the one hand, the vertical injection of the spin cur-
rent via SHE is more efficient than the in-plane injected current to drive skyrmions in the
nanotrack [24, 32, 37]. However, as we have studied in Ch. 4, skyrmions driven by the
vertical spin current experiences the SKHE [19, 20, 38] where skyrmions shows a trans-

verse shift. The SKHE may lead to the destruction of skyrmion by pushing it to the edge of
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Figure 6.2: Possible skyrmion candidates for the racetrack-type application. (a) AFM-
coupled bilayer skyrmion [30], (b) AFM skyrmion [31], and (c¢) FM skyrmionium [32].
Adapted with permission from the author’s original work [30, 31, 32].

nanotrack, resulting in the damage of information. In this section, three possible solutions,
AFM-coupled bilayer skyrmion [30], AFM skyrmion [31], and FM skyrmionium [32], are
proposed as candidates for building the skyrmion-based racetrack memory, where the sky-
rmion information carrier can move along the nanotrack without showing the SKHE.

The AFM-coupled bilayer skyrmion is proposed to overcome the SKHE [38, 30, 19, 20].
As shown in Fig. 6.2(a), the AFM bilayer skyrmion is composed by two skyrmions which
exist in the antiferromagnetically exchange-coupled bilayer systems (cf. Ch. 4). As dis-
cussed in Ch. 3, the SKHE is induced by the topological structure-induced Magnus force.
The direction of Magnus force is determined by the topological charge of the skyrmion,
1.e., the skyrmion number. Due to the AFM coupling, the skyrmion numbers of two sky-
rmions in the bilayer skyrmion are opposite. When the spin current is injected, the Magnus
forces exerting on the two skyrmions are opposite too. When the AFM exchange cou-
pling between two layers is weak, the AFM-coupled skyrmions may be separated by the
Magnus forces and then destroyed by touching the edges [30]. When the AFM exchange
coupling is sufficiently strong, the two skyrmions in the AFM bilayer systems are coupled
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Figure 6.3: Duplication of a skyrmion. The top panel shows the snapshots of the magneti-
zation configuration at eight selected times corresponding to the vertical lines in the middle
and bottom panels. The middle panel shows the time evolution of average spin components
My, My, and m,.The bottom panel shows the time evolution of the skyrmion number ();.
Adapted with permission from the author’s original work [33].

together and the Magnus forces exerting on the two skyrmions are canceled. Accordingly,
the AFM-coupled bilayer skyrmion can move in a straight line along the nanotrack [30].

Another solution is the skyrmion in AFM materials, i.e., the AFM skyrmion [31, 39], as
shown in Fig. 6.2(b). As mentioned in Ch. 2, there are two sublattices in the AFM system,
where the NN spins are aligned in an antiparallel manner. The AFM skyrmion can be seen
as the composition of two skyrmions having opposite skyrmion numbers. When the spin
current is injected, the Magnus forces acting on each sublattice skyrmion are pointing along
opposite directions. The magnetization of each sublattice are identical in AFM materials,
which leads to the perfect cancellation of the Magnus forces exerting on each sublattice.
Hence, the AFM skyrmion can straightly move along the nanotrack driven by spin currents.
Compared to the FM skyrmion, the AFM skyrmion can be driven by a larger current density
and higher speed can be obtained since the SKHE is eliminated.

As shown in Fig. 6.2(c), the skyrmionium is the other possible candidate for build-
ing the skyrmion-based racetrack memory. A skyrmionium has a doughnut-like out-of-
plane spin texture in the thin film, and can be phenomenologically viewed as a coalition

of two skyrmions with opposite skyrmion numbers. Due to the zero skyrmion number, the
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Figure 6.4: Merging of two skyrmions. The top panel shows the snapshots of the magneti-
zation configuration at eight selected times corresponding to the vertical lines in the middle
and bottom panels. The middle panel shows the time evolution of average spin components
My, My, and m,.The bottom panel shows the time evolution of the skyrmion number ();.
Adapted with permission from the author’s original work [33].

skyrmionium is free of the SKHE and could obtain higher speed than the skyrmion when
they are driven by the vertically injected spin-polarized current [32]. It should be men-
tioned that when the skyrmionium moves with a high speed driven by the spin-polarized
current, the large driving force could result in the distortion and even destruction of the
skyrmionium. To avoid the destruction of the skyrmionium moving with a ultrahigh speed,
AFM-coupled bilayer system can be constructed. Similar to the case of AFM-coupled
bilayer skyrmion, the AFM-coupled bilayer skyrmionium is hard to be destroyed by the
driving current, and thus can move with a higher speed.

For the purpose of improving the design of skyrmion-based racetrack memory, the three
solutions we show here are with respect to the information carrier itself. Some solutions
with respect to the racetrack structures have also been proposed, for example, one can
locally modify the magnetic properties of the racetrack to realize a reliable transport of

skyrmion information carriers [40, 41, 42].
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Figure 6.5: Skyrmion logical OR operation. Left panel, the basic operation of the OR gate
1 4+ 0 = 1. Middle panel, the basic operation of the OR gate 0 + 1 = 1. Right panel,
the basic operation of the OR gate 1 + 1 = 1. Adapted with permission from the author’s
original work [33].

6.3 Skyrmion-based logic gates

The conversion between skyrmions and domain wall pairs have been proposed recently
[43]. The duplication and merging of skyrmions can be realized based on the reversible
conversion between skyrmions and domain wall pairs. As shown in Fig. 6.3, the skyrmion
is duplicated in the designed nanotrack. Initially, a skyrmion is located in the left input
nanotrack. Under the injection of spin current, the skyrmion moves toward the right and
then is converted into a domain wall pair in the narrow region. A domain wall pair is
duplicated into two domain wall pairs via the Y-junction, i.e., the fan-out structure. The
two domain wall pairs are converted into two skyrmions at the right output nanotracks.
We can see that the total skyrmion number of the system changes from () = 1 to () = 2.
With the same designed nanotrack, two skyrmions can be merged into one skyrmion, as
shown in Fig. 6.4. Initially, two skyrmions are placed in the left input nanotracks. The two
skyrmions are driven toward the right output nanotrack and then converted into two domain
wall pairs in the narrow nanotrack. At the Y-junction, two domain wall pairs are merged
into one domain wall pair. At the right output nanotrack, the domain wall pair is converted

into a skyrmion. The skyrmion merging is thus completed.
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Figure 6.6: Skyrmion logical AND operation. Left panel, the basic operation of the AND
gate 1 + 0 = 0. Middle panel, the basic operation of the AND gate 0 + 1 = 0. Right panel,
the basic operation of the AND gate 1 + 1 = 1. Adapted with permission from the author’s
original work [33].

Based on the duplication and merging of skyrmions, the logic OR and AND operations
can be implemented, as shown in Figs. 6.5 and 6.6, respectively. Here, the skyrmion rep-
resents logical 1, and the FM ground state represents logical 0. In Fig. 6.5, the logical OR
operation is demonstrated, i.e., 1 +0 = 1,0+ 1 = 1,and 1 + 1 = 1. For operation
1 4+ 0 = 1, there is a skyrmion in the input A and no skyrmion in the input B at initial
time, which represents input = 1 + 0; The output is logical 1, where a stable skyrmion is
in the output side. For operation 0 + 1 = 1, there is a skyrmion in the input B side and no
skyrmion in the input A side at initial time, which represents input = 0 + 1; The output is
logical 1, where a stable skyrmion is in the output side. For operation 1 4+ 1 = 1, there is a
skyrmion in both the input A side and the input B side, which represents input = 1+ 1; The
output is logical 1, where a stable skyrmion is in the output side. The operation 0 +0 = 0
means there is no input and there is no output. In Fig. 6.6, the logical AND operation is
demonstrated, i.e., 1 +0 =0,04+1 = 0,and 1 +1 = 1. For the operation 1 + 0 = 0,
there is a skyrmion in the input A side and no skyrmion in the input B side at initial time,
which represents input = 1 4 0. The output is logical 0, where there is no skyrmion is in

the output side. For the operation 0 4+ 1 = 0, there is a skyrmion in the input B side and
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Figure 6.7: Unzipping of a skyrmionium with ()5 = 0 into two skyrmions with @), = +1
in a FM nanotrack with the junction geometry. (a)-(j) Top views of the magnetization
configuration of the device at selected times. Adapted with permission from the author’s
original work [32].

no skyrmion in the input A side at initial time, which represents input = 0 + 1. The output
is logical 0, where no skyrmion is in the output side. For the operation 1 4+ 1 = 1, there is
a skyrmion in both the input A side and the input B side, which represents input = 1 + 1.
The output is logical 1, where a stable skyrmion is in the output side.

With the reversible conversion between skyrmions and domain wall pairs, we can also
design a nanotrack to unzip a skyrmionium into two skyrmions, as shown in Fig. 6.7. Ini-
tially, a skyrmionium is relaxed at the right input nanotrack, the skyrmionium is converted
into four domain walls successively. Two domain walls can be seen as a domain wall pair
and can be converted into one skyrmion. We have two domain wall pairs, then we get two

skyrmions in the right output nanotrack finally.
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Figure 6.8: (a) Design of a skyrmion-based transistor-like device. (b) Schematic view (xz-
plane) of the device. The green rectangle indicates a FM nanotrack and the orange rectangle
represents the top electrode for locally changing PMA. The graph shows the PMA profiles
of the nanotrack with sharp and smooth transitions. (c) Schematic view (zy-plane) of
three states of the skyrmion-based transistor-like device: inital, off and on. Adapted with
permission from the author’s original work [26].

6.4 Skyrmion-based transistor-like device

The skyrmion-based transistor-like device is designed to control the motion of skyrmions in
the nanotrack by using an applied electric field, as shown in Fig. 6.8(a). The switch function
of transistor can be realized. In the skyrmion-based transistor-like device, the PMA of the
gate region is locally controlled by the applied electric field [44, 45, 46]. The skyrmion
is injected at the source side of the nanotrack via MTJ and driven into motion toward the
drain side by the spin-polarized current injected from the heavy-metal layer to the FM layer
due to SHE (cf. Ch. 4). The voltage gate is placed in the middle of the nanotrack. Due to
the application of voltage, the PMA of the gate region varies from the intrinsic PMA of the
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(b) smooth transition profiles at selected times. The color scale denotes the out-of-plane
component of the magnetization. The black-line shadow represents the voltage-controlled
PMA region. Adapted with permission from the author’s original work [26].

nanotrack. The PMA profiles with sharp and smooth transitions are shown in Fig. 6.8(b).
The variation of PMA results in the formation of a potential well/barrier. The skyrmion
could be stopped by the gate region if the potential well/barrier is too large to be overcome.
This is the off state of the skyrmion-based transistor-like device, as shown in Fig. 6.8(c).
When the voltage gate is turned off, the skyrmion driven by the spin-polarized current
passes the voltage-gated region. This is on state.

The working states can be tuned with the amplitude of the applied electric field and the
spin-polarized current density. In Fig. 6.9(a), the voltage gate is turned on, K, = 1.10K,.
The skyrmion is driven by the spin current and stopped by the voltage gate since that the
barrier is too high to get through. When the voltage gate is turned off, K,, = K,. The
skyrmion driven by the spin-polarized current can pass the voltage gate. When the voltage
gate is turned on, K, = 0.90K, resulting a potential well. Under the driving force pro-
vided by the spin-polarized current, the skyrmion drops into the potential well. Due to the
deep well, the skyrmion stops at the right boundary of the voltage gate region. The working
state can be adjusted by the spin-polarized current density. As shown in Fig. 6.9(b), both

spin-polarized current and voltage gate are turned on, K,, = 1.05K, and j = 6 MA/cm®.
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Figure 6.10: Top-view snapshots of the skyrmion-based transistor-like device with different
sizes under the same working conditions at selected times. The sizes of the nanotracks
are: (a) 600 x 100 x 1 nm?; (b) 300 x 100 x 1 nm?; (¢) 150 x 50 x 1 nm®. The color
scale denotes the out-of-plane component of the magnetization. The black-line shadow
represents the voltage-controlled PMA region. Adapted with permission from the author’s
original work [26].

Although there is a potential barrier, the skyrmion can overcome the potential barrier and
pass the voltage gate due to the large driving force. In Fig. 6.9(c), K,y = 0.90kK, and
§ = 10 MA/cm?, the large driving force lead the skyrmion to pass the potential well. The
results for the smooth transition profile of PMA are shown in Fig. 6.9(d)-(f). The working
states are the same for the cases of sharp and smooth transitions.

We further check the effect of device size on the working states. The results are given
in Fig. 6.10. With the same applied voltage and spin-polarized current, the results for the
nanotracks of 600 x 100 x 1 nm?, 300 x 100 x 1 nm? and 150 x 50 x 1 nm? are the same,
indicating that the scalability of the device is good. It is worth mentioning that, for the
skyrmion-based transistor-like device, spin waves also can be used to drive skyrmion into
motion (cf. Ch. 5) [47]. The working states can be tuned by adjusting the electric field

applied to the voltage gate and the amplitude and frequency of the spin wave.
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CHAPTER 7

Conclusion and outlook

In this chapter, we summarize the key findings and major conclusions of this dissertation
and discuss the future outlook on magnetic skyrmions in terms of materials, skyrmion struc-

tures, and external driving forces.

7.1 Conclusion

In this dissertation, we have studied the dynamics of magnetic skyrmion in nanostructures
driven by either STTs or spin waves, which is important and fundamental to the design and
development of advanced and emerging skyrmion-based spintronic and electronic applica-
tions.

We first demonstrate that the skyrmion driven by STTs will show the SKHE, namely, the
skyrmion moves at an angle with respect to the designed driving force direction. Such an
effect has recently been experimentally confirmed [1, 2] and could result in the undesired
motion of skyrmion toward the sample edge in confined nanostructures [1, 2], which may
ultimately lead to the destruction of skyrmion when it touches the sample edge. Hence, we
propose two methods to eliminate the detrimental SKHE or avoid the skyrmion annihilation
caused by the SKHE in nanostructures. For the skyrmion driven by in-plane spin currents
(i.e., Zhang-Li STTs) in nanotracks, we find that the skyrmion motion can be controlled
with spatially varying damping coefficient o and non-adiabatic STT coefficient 3, which
could prevent the detrimental effect of the SKHE. For the skyrmion driven by vertical spin
currents (i.e., Slonczewski-like STTs) in nanotracks, we find that the SKHE can be totally
eliminated in a SyAF multilayer structure with even number of constituting FM layers. For
example, a SyAF bilayer skyrmion can move strictly along the longitudinal central line
of the nanotrack. On the other hand, we have also studied the skyrmion dynamics in a
2D frustrated magnetic system with competing exchange interactions driven by STTs. We

show that the dynamics of the frustrated skyrmion is different from its counterpart in the
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conventional FM system, where the helicity dynamics of a frustrated skyrmion could be
coupled to its center-of-mass dynamics.

We have also studied the skyrmion dynamics in thin films and nanostructures driven by
spin waves. We find that the skyrmion driven by longitudinal spin waves in the nanotrack
is less efficient due to the rapid damping of spin waves. The skyrmion can be effectively
driven by transverse spin waves when the spin wave amplitude is smaller than the threshold
that may lead to the excitation or destruction of skyrmion at the sample edge. In addition,
we show the feasibility of spin-wave-driven skyrmion motion in complex nanostructures,
such as L-corners, T- and Y-junctions.

After studied the skyrmion dynamics in nanostructures, we demonstrate several emerg-
ing spintronic applications based on the controllable skyrmion dynamics in nanostructures.
For examples, the racetrack-type memory, which was initially proposed as an application
of conventional domain walls, could be built and even more efficient based on skyrmions.
The logic OR and logic AND operations can be realized based on current-driven skyrmion
duplication and merging processes. We also show that a transistor-like functional device

can be developed based on the voltage-controlled skyrmion dynamics in nanotracks.

7.2 Outlook

From the point of view of skyrmion materials, recent theoretical and experimental works
have suggested that skyrmions can be created and stable in AFM and ferrimagnetic mate-
rials [3, 4, 5, 6]. Similar to the SyAF skyrmion, the AFM skyrmion has a zero skyrmion
number and thus shows no SKHE when it is driven by an external driving force [3, 4]. The
ferrimagnetic skyrmion has a non-zero skyrmion number, however, its SKHE can be much
reduced in compared to the FM skyrmion [6]. Due to the absence of SKHE or reduced
magnitude of SKHE, the AFM and ferrimagnetic skyrmions can reach a very high speed
without being destroyed at sample edges. Therefore, AFM and ferrimagnetic skyrmions
can be considered as possible information carriers with an improved performance in com-
pared with their counterparts in conventional FM materials. We will try to explore the
dynamics and other properties of AFM and ferrimagnetic skyrmions driven by STTs and
spin waves in nanostructures.

From the point of view of skyrmion structures, the skyrmion structure and associated
skyrmion number are determined by both the in-plane and out-of-plane spin configura-
tions, which means the skyrmion has multiple degrees of freedom that can be controlled
in principle. For example, although most studies are focusing on the ground-state Néel-

type and Bloch-type skyrmions currently, several recent theoretical and experimental re-
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ports have revealed that antiskyrmions [7, 8, 9] and skyrmioniums [10, 11] have special
dynamic properties and can also be employed as information carriers. The skyrmion and
antiskyrmion can be used to carrying different binary information bits in a same spintronic
device. Namely, the skyrmion stands for digital “1”, and the antiskyrmion stands for digital
“0”. In such a case, it is expected that information can be computed based on the ma-
nipulation of skyrmions and antiskyrmions. It is worth mentioning that both skyrmions
and antiskyrmions are stable or meta-stable solutions in frustrated magnetic systems. Also,
both Néel-type and Bloch-type skyrmions are stable or meta-stable solutions in frustrated
magnetic systems. Hence, frustrated magnets are extremely promising for skyrmion-based
applications. The skyrmionium has a zero skyrmion number, therefore it is immune from
the SKHE and can be used to reliably delivery information in narrow and long nanotracks.
We will study the antiskyrmion and skyrmionium dynamics in nanostructures (including
conventional and frustrated magnetic materials) and design spintronic applications based
on their unique dynamic behaviors.

Here at last, from the point of view of skyrmion driving forces, we have previously
mentioned that skyrmions driven by electric current may be energy consuming and pro-
duce significant Joule heating, which impede the integration into actual nanoscale circuits.
Therefore, as the Joule heating effect can be significantly suppressed under an electric field,
the use of an electric field appears to be an efficient and robust method for manipulating
skyrmions. The skyrmion-based applications driven by electric field will be designed to
have ultra-low power consumption, which is a great beneficial property desired by indus-
tries. We will try to investigate the dynamics of skyrmion driven by the electric field and
seek other effective methods to drive and manipulate skyrmions and their counterparts in

different material systems, especially at room temperature.
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APPENDIX A

Derivation of Thiele Motion Equation

The magnetization distribution m(r) of a rigid magnetic skyrmion in 2D real space (x,y)
can be expressed in terms of spherical coordinates (6, ¢) and the spatial variables in polar

coordinates (7, ), which is given as

m(r) = m(0,¢) = (sin b cos ¢, sin d sin ¢, cos 0), (A.1)
with
O(r) =0(r), (A.2)
¢(r) = Qvp + @, (A.3)
r=(x,y) = (rcosp,rsiny), (A.4)

where (), € Z and @y, € [0, 27| denote the vorticity and helicity of the skyrmion, respec-
tively. For the hedgehog-like skyrmion with the lowest energy in the presence of positive
DMI (D > 0), which is studied in the main text of this dissertation, we assume ¢ = ¢, that
is, @)y = 1, and ), = 0. For the hedgehog-like skyrmion with the lowest energy in the
presence of negative DMI (D < 0), we assume ¢ = ¢ + T, thatis, )y = 1, and @), = .

The center of mass of the skyrmion is defined as
R=(X,Y), (A.5)

and thus the drift velocity of the skyrmion is

OR

- (A.6)

v =

Assuming that the shape of the skyrmion remains constant during its motion, that is, the
skyrmion is a strictly rigid object, the skyrmion mass center as a function of time can be
written as

m =m(r,t) =m[r — R(t)]. (A7)
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Under this assumption, we have the relation for steady motion

om ___om_ OR__(0R
o or—-—R) ot ot

: V) m=—(v-V)m. (A.8)

The Thiele motion equation for the magnetic skyrmion is obtained by projecting down
the equation of motion onto the relevant translational modes [1, 2]. This mathematical

procedure is achieved in three steps:

1. by considering the cross product of both members of Eq. (A.9) by m;

2. multiplying the result with the operator —a%m, where r; = z,y;

3. integrating over the region containing the skyrmion.

A.1 Thiele equation for Slonczewski-like torques

The steady-state motion of the isolated rigid magnetic skyrmion can be well described by
the Thiele equation [1]. Here, we derive the Thiele motion equation for the rigid mag-
netic skyrmion driven by the spatially divergent STT induced by the SHE in the ferromag-
net/heavy metal heterostructure.

First, we recapitulate that the magnetization dynamics is described by the modified
LLG equation that takes into account the current-induced spin Hall spin torque, which can

be written as

dm dm
= Tm X hee + o(m X E) — Tsu[m X (m x p)] — {rsu(m X p),  (A9)

where ¢ is the time, 7, is the gyromagnetic ratio with absolute value, « is the Gilbert
damping coefficient, and ¢ is the field-like STT coefficient. h.g is the effective field, that
is, the functional derivative of the micromagnetic energy density €, which reads

1 de

et = — o
& ,qus om

(A.10)

where 1 1s the vacuum permeability. The considered micromagnetic energy in our simula-
tion includes the exchange, anisotropy, external magnetic field, demagnetization and DMI

terms. The micromagnetic energy density ¢ is written as follows

e=A(Vm)? — K(n-m)? (A.11)
M.
—[LUMSm'He—/JJO Sm-I—Id
om om om om
D z - z Y T - — )
+ D(m e +m o Ma—p— = My 8y)

118



where A, K, and D are the exchange, anisotropy, and DMI constants, respectively. H. is
the external magnetic field, and H 4 is the demagnetization field. The current-dependent

coefficient for the antidamping-like spin Hall spin torque are defined as

Yoh
2/106

. jCHSH
bMs '’

(A.12)

TSH:’

where £ is the reduced Planck constant, e is the electron charge, b is the thickness of the
FM layer, and j. is the local charge current density in the heavy-metal layer. Osy = js/j. =
Js/ Je is the spin Hall angle, which is defined by the ratio between spin current density jg
and current density j. (electron current density j.). Note that the electron current direction
is opposite to the charge current direction, that is, . = —7,, while their amplitudes are the
same, that is, j. = J..

The detailed mathematical derivations are presented below. Since that the field-like
torque term becomes zero after implementing step 2, the field-like term is not included in

the following derivations. First, we rewrite Eq. (A.9) into the following form

0 0
O:—a—?—fyomxheff—i—a(mxa—rf)—?:l

{m x |m x (3. x 2)|}. (A.13)

It should be mentioned that we assume a positive spin Hall angle fsy here, thus the polar-
ization direction of the spin current in CoFeB due to the SHE in the Ta/CoFeB/MgO can
be expressed as j‘e X Z [3] with j’e being the unit vector along electron flow.

And we treat all terms as equivalent fields by considering the cross product of all terms
of Eq. (A.13) by m,

H:+ H +H'+ H =0. (A.14)
where
H® = —m x %—T, (A.15)
H*® = —ygm x (m X heg), (A.16)
HY=am x (m x %—"?), (A.17)
He = "m 5 {m x [m x (5 x 4]}, (A.18)

c

where H? is the gyroscopic equivalent field, H¢ is the effective equivalent field, H is the
dissipative equivalent field, H* is the equivalent field related to the driving current. The

force density is translated from the field with the operation of —%m -H,

FEHr+r+ =0 (A.19)
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where

0

fe=— 5 He, (A.20)
fo= —;;im -H°, (A.21)
fi=— aanm -HY, (A.22)
fo= —;;im -H°. (A.23)

We first focus on the gyroscopic force density f¢, which is corresponding to the gyroscopic

equivalent field H®. Because we have

om 0 0
W = — (’U . V)m = — (Uma—x + Uya—y) m (A.24)
Ome, omy \ . om, omy \ . om., om, \ .
= — Ve 8 —|—Uy ay o Ve a Uy ay Yy — (o a Uy ay zZ,
and
z U Z
om . . .
Hé=-mx —=—|my my m,|=H:+ H:y+ HEZ (A.25)
ot ot ot
We could get
om om
g _ _ 270y i
HE [my ( 5 )Z m, ( BT )J (A.26)
B om, N om, B om, B om,,
=UzMMy 9 Uymy—a e Z_(’)x ylltz ay )
[ om om
g _ ) g
= () () (427
om om
HE — 270 - .
e e (), (). a2
7Um%+vmam Um@mx vmamx
—Ug Ty o ylltx ) z!tty B) Yty 8y
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And then, We could have

om, om, om.,
fﬁ:_<H’% 0z +H§8x +H§8x>
= — <vm %—I—vm %—vm %—vm%> Oy
Y Ox Yy Y7 Ox Y Oy Ox
—<vm%+vm%—vm% Vym 6mz>6my
T Ox Y Oy T Ox YTy ox
om om, om, om, \ dm,
<vmmx%+vymx oy VM o7 VyMy 8y> o7
o om, % om, Omy,
YV oy ox VR 0y Ox
om, Omy, om, Om,,
oy 0r M 0y on
om,, Om,, om, Om.,
Uymwa_y o | v Oy Ox
o (2 )
Y or = 0Oy )’
omy, om, om.,
fyg:—<H§ o+ HE 4 ay)
om., . om, om, '\ Omy,
=— (vxmy B + vyMmy p #Me—p —vymza—y> oy
—(vm%—kvm% vm%—vmamz>%
T Ox Y Oy T Ox YT Oy Jy
(vm%—i-v amy Um% vm%)amz
T Ox Y Oy Y Ox Y Oy dy
B om, Om, om,, Omy
My or 8 *M="5e oy
o om, Om, o om, Om,,
TP 0 Oy T 0 Oy
om, Om, om, Om.,
Vg

ox dy
om om om
g — _ [ 8 x H?& Y H?& G
E <z82+y82+z8z) !

The gyroscopic force density can be written as

o (om (2™ I o (2T 9™
S\ Ox oy ) " Ox oy )’

=g X,
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(A.32)



with the gyrocoupling vector density g = (O, 0, —%—’;1 X %—Z‘).

For the effective equivalent field H*, its integral vanishes due to the translational in-

variance [4].

ff=o. (A.33)
The dissipative equivalent field term is
om om
HY = )= —a—— A.34
am X (m x Gt) a—, (A.34)
. Uamx+?}8mx B4 U@my+vamy - U8m2+vamz 5
N * Ox Y Oy ? Ox Y oy 4 Y Ox Y oy '
(A.35)

with m L %—T which can be seen from Eq. A.9. We also could get

om om

d x x
H, =« <Ux o + vy ay ) , (A.36)

om om

d_ y y
H,=a (vx—ax + vy Iy > , (A.37)

om om

d_ 2 z
H; =« <Uz—ax + vy By ) , (A.38)
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and

( om Om
=—al v, .

om om om
d _ _ d z d Y d z
Jo = (Ha” 0z Hy 0z o 0z )

The dissipative force density could be written as

fi=—ad-v,

where the dissipative force tensor density tensor d = (

om — Om  Om - — Om  Om
oty yy = By ay,andda,y—dyx— 9r " oy -

The equivalent field related to the driving current

TSH

H =""m x {m x [mx (2 xj)|}

Je
_TsH

d

dII

yx

gy

d

vy

) with d,, =

- . [jxmzi' + jymzy - (jztmx + jymy) 2] )

€

we could get

TSH .

c .
Hx = . j.ImZx?
(S
TSH .

c N
H, = —jym.y,

5]
TSH

c
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(A.39)

(A.40)

(A.41)

(A.42)

om

ox

(A.43)

(A.44)

(A.45)
(A.46)

(A.47)



and

e m me (A.43)
ox
om om om
HC Zr HC Y HC
( v or gy Ty )
_ T Ome L Oy Oms om.
— je ]x 2z ax Y z ai[f ]I €T ax jy Y ax

fi=- %m H®=0. (A.50)

The driving force density can be expressed as

o= g (A51)

c

where the driving force tensor density tensor ¢ = ( ;y Z”) with iy, = (22 x m)y,
T lyy tyx

ine = (52 x M) iy, = (%—Z@ xm) ,and i,, = (%—Z‘ xm) :

Y, . LT .

Integrating Eq. A.19 over the area including the magnetic skyrmion, we can get the

steady motion equation,
Gxv—aD -v—-4rB- 3. =0. (A.52)

The first term of Eq. A.52 is the Magnus force term with the gyromagnetic coupling vector

G = //g dx dy (A.53)

= (0,0, —47Q)
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where

(A.54)

The second term is of Eq. A.52 is the dlss1patlve force term with the dissipative tensor

D,, D
D —4r T xy) :
(Dyﬂﬁ Dyy

D= [[ G2 S dvay,
oz
%faﬂﬁf%“%
ny:i//aa—?-%—?dxdy,
Dyzzi//%—z" aa?d:cdy

The third term of Eq. A.52 is the driving force term with the tensor

je _[yy Iyx

where

where
m) dx dy,

-/ (5
// (— X m) dx dy,
// (— X m) dz dy,

iE

() ae

The motion equation, Eq. A.52, can be rewritten into the following form

) (o o) () (G 1) ()
— 41 Y 4 == Y ]l =0.
(_47TQU1’ Dy, Dy, Uy Je \—lyy lyz Jy

For the isolated magnetic skyrmion in this article, we always have

and
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(A.55)

(A.56)

(A.57)

(A.58)

(A.59)

(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)



Finally, we could get the velocity of the isolated magnetic skyrmion,

o — 7sul aDj, + Qjy
Ui @t

(A.68)

v — Tsul @Djy — QJs
Y @ +a’Dr

and the value of / and D in this article are also positive. Hence, for electron current flow j.

(A.69)

along the z direction (j, = 0), the motion of isolated skyrmion can be described with

Tsul  aDj,
v jo Q2 + a2D2 ( )
7—SHI Q.]z
vy = — O oD (A.71)
The ratio of in-plane velocity components to be written as
Uy Q
— = ——. AT2
Uy oD ( )

In the nanotrack, when the skyrmion is driven by the spin current, the skyrmion will
have a transverse displacement. When the net force of driving force and repulsion force
from the edge are zero in the transverse direction, the skyrmion will moves in straight line.

The Thiele equation for the motion of skyrmion in the nanotrack can be rewritten as
Gxv—aD -v—4nB-j.+ F = 0. (A.73)

For the steady motion of skyrmion, we have j. = (j,,0), F;, = 0,v, = 0[5, 6]. Then we
find

TSH[

aD

Ve =

v, = 0. (A.74)

A.2 Thiele equation for Zhang-Li torques

The LLG equation for the skyrmion motion driven by the Zhang-Li torques can be written

as
dm dm TAD , . TAD .
— = —yym X hegg +a(m x —) + —(j.-V)m — —[m x (j.- V)m], (A.75)
dt dt Je Je
dm dm TAD , . TAD .
— = —yym X hgg+a(mx —) — —(J.- V)m + —[m x (j. - V)m/], (A.76)
dt dt Je Je

where Top = 2”:;’(?6 : gj\z, [ represents the strength of the non-adiabatic STT relative to the

strength of the adiabatic STT, and P is the spin polarization rate of the current.
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We rewrite the Eq. A.76 into the following form.

d d
0= == —yom x hy+a(mx =) = 22 (j.- V)m + 520

[mx (5. V)m], (AT7)

dt Je Je

and treat all terms as equivalent fields by considering the cross product of all terms of
Eq. (A.77) by m,

H:+ H® + H®+ HP + H™P = . (A.78)
where
H® = —m x %—T, (A.79)
H® = —yym x (m X hey), (A.80)
H'=oam x (m x 88—’?), (A.81)
HAP — —7?—Dm % (4, - V)ml, (A.82)
H™P = 37800 [m x (4, - V)m, (A.83)

c

where H is the gyroscopic equivalent field, H¢ is the effective equivalent field, H is the
dissipative equivalent field, H**P and H**P are the equivalent fields related to the driving
current. Compared with Eq. A.15, Eq. A.16, and Eq. A.17, the gyroscopic, effective, and
dissipative equivalent fields have the same form as their counterparts in the case of CPP
geometry. So, here we only focus on the different terms, H*” and HP,

The driving force density can be translated from the corresponding equivalent field with

the operation of —%m - H,
T

0

chD _ _ﬁm . HCAD’ (A.84)
and P
fanD — _8_m . F["AD (A.85)
T
We could get
0
;AD — 8_xm . HcAD — _T;Djym . (aa_?;? X 88—7;”) , (A86)
0
;AD _ a_ym . A _ ?Djmm' (aa_? X %—ZL) , (A.87)
0
chD —— —m- HCAD = 0. (A88)
v 0z
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can be rewritten as

— (—T;Djym~ (am X am) TAD j.m. - <8m X 8m> ,O> (A.89)

chD

. dx " Ay ) e or T oy
=—gXx USJ
with the gyrocoupling vector density g = (O, 0, —%—’? X %—’;) and the velocity of the con-

duction electrons v = T;?—eD(jx, Jy, 0).
The driving force density related to the non-adiabatic term is

0

f;nAD _ 3_m . [["AD (A.90)
b
_gT |, (Om Om)y  , (om Om
7 e e\ or oz T\ o oy
0
f;nAD —— —m- chAD (A91)
dy
. TAD 3 am 8m . am 8m
=55 [ﬂx (07 ' a—y) T (a_y | a_y)l |
f;nAD — %m . HCHAD (A92)

=0.

f"AD can be rewritten as

AP — Bd - vt (A.93)

Integrating the force density over the area including the magnetic skyrmion, the motion

equation can be rewritten into the following form
G x (v—v°)+D (v’ —av) =0. (A.94)

The velocity can be found as

o 7—A_D (_BQDyx - Q2 + aﬁDwyDym - O‘ﬂpzxpyy + aQDzy)jw + (Oé - ﬁ)QDyyjy

v Je O‘Q(nypyw - DmDyy) + O‘Q(ny - Dyx) — Q? 5
(A.95)
- TA (—Oé + B)Q’Dmmjz + (OCB’DmyDy:r - aﬁpmﬂ)yy - aQDyx + BQDzy - Q2>jy
Y Je a?(DyyDye — DiuDyy) + aQ(Dyy — D) — Q2
(A.96)

For the isolated magnetic skyrmion in this article, we always have Eq. A.66, thus, the

velocities Eq. A.95 and Eq. A.96 can be simplified as
_ 7ap (0BD? + Q%)j, + (—a + B)DQj,

v = = O , (A.97)
7ap (@ = B)DQja + (aBD* + Q%)
vy = jA DT O L (A.98)
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For electron current flow along the = direction, j. = (j.,0), the motion of isolated sky-

rmion can be described with

(aBD? + Q?)
Ve =AD" apr (A.99)
— 8)D
vy = TAD%. (A.100)

In the nanotrack, the skyrmion experiences the driving force and the force from edge.

Then, the Thiele equation for the steady motion of skyrmion becomes
Gx(v—v)+D(fv°—av)+ F=0. (A.101)

For the steady motion of skyrmion in the nanotrack, we have j. = (j,,0), F, = 0, and

v, = 0[5, 6]. Then we obtain
_ BTap

vy = 22 4, =0, (A.102)
(6%
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