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Abstract. Skyrmionic devices exhibit energy-efficient and high-integration
data storage and computing capabilities due to their small size, topological
protection, and low drive current requirements. So, to realize these devices,
an extensive study, from fundamental physics to practical applications, becomes
essential. In this article, we present an exhaustive review of the advancements
in understanding the fundamental physics behind magnetic skyrmions and the
novel data storage and computing technologies based on them. We begin with
an in-depth discussion of fundamental concepts such as topological protection,
stability, statics and dynamics essential for understanding skyrmions, henceforth
the foundation of skyrmion technologies. For the realization of CMOS-compatible
skyrmion functional devices, the writing and reading of the skyrmions are
crucial. We discuss the developments in different writing schemes such as STT,
SOT, and VCMA. The reading of skyrmions is predominantly achieved via
two mechanisms: the Magnetoresistive Tunnel Junction (MTJ) TMR effect and
topological resistivity (THE). So, a thorough investigation into the Skyrmion Hall
Effect, topological properties, and emergent fields is also provided, concluding
the discussion on skyrmion reading developments. Based on the writing and
reading schemes, we discuss the applications of the skyrmions in conventional
logic, unconventional logic, memory applications, and neuromorphic computing
in particular. Subsequently, we present an overview of the potential of skyrmion-
hosting Majorana Zero Modes (MZMs) in the emerging Topological Quantum
Computation and helicity-dependent skyrmion qubits. Finally, we address the
future prospects and challenges for integrating skyrmion-based devices into
CMOS-integrated circuits and systems. Principally, this comprehensive review
aims to contribute to a broader understanding and realization of the potential of
skyrmionic devices in modern technologies.

ar
X

iv
:2

30
8.

11
81

1v
2 

 [
co

nd
-m

at
.m

es
-h

al
l]

  7
 S

ep
 2

02
3

https://orcid.org/https://orcid.org/0000-0002-5369-0880
https://orcid.org/https://orcid.org/0000-0002-1687-2917


Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 2

Contents

1 Literature and Historical Advances 2

2 Skyrmion: A Topological Soliton 3

3 Magnetic Skyrmion 4
3.1 Numerical Profile of Skyrmion . . . . . 5
3.2 Topological Invariants . . . . . . . . . . 7
3.3 Skyrmion Zoology . . . . . . . . . . . . 8

4 Energy Profile of Magnetic Skyrmion 9

5 Magnetic Domain Walls (DWs) 15

6 Skyrmion Energetic: A Variational Ap-
proach 17
6.1 Theoretical Caveats on Stability . . . . 19

7 Creation, Deletion and Detection 19
7.1 Creation & Deletion . . . . . . . . . . . 20
7.2 Detection . . . . . . . . . . . . . . . . . 23

8 Skyrmion Dynamics 26
8.1 LLG Equation . . . . . . . . . . . . . . 26
8.2 Spin Transfer Torque (STT) . . . . . . . 26
8.3 Spin-Orbit Torque (SOT) . . . . . . . . 27

9 Motion of Skyrmion 28
9.1 Effective Skyrmion Dynamics: Thiele’s

Equation . . . . . . . . . . . . . . . . . 28
9.2 Current-driven Motion of Magnetic

Skyrmions . . . . . . . . . . . . . . . . . 31

10 Electronic Properties 33
10.1 Hall Conductivity . . . . . . . . . . . . . 34
10.2 Emergent Electrodynamics . . . . . . . 35
10.3 Topological Hall Effect (THE) . . . . . . 36
10.4 Manifesting Skyrmion Hall Effect (SkHE) 39

11 Skyrmion Technologies 40
11.1 Skyrmion Racetrack . . . . . . . . . . . 41
11.2 Antiferromagnetic Skyrmion THE (AF-

SkHE) . . . . . . . . . . . . . . . . . . . 42
11.3 Skyrmion-based Neuromorphic Devices . 45
11.4 Skyrmion Conventional and Unconven-

tional Computing Paradigms . . . . . . 50
11.5 Skyrmion Qubit . . . . . . . . . . . . . . 51

11.6 Topological Superconductivity(TSC) &
Q-Computing(TQC) . . . . . . . . . . . 54

Appendix A :Electron-Skyrmion Interaction 58

List of Symbols and Abbreviations 58

Acknowledgements 58

References 58

1 Literature and Historical Ad-
vances

For several decades, the progress of digital electron-
ics has been fueled by continuous hardware scaling
and Moore’s law, primarily measured by the increasing
number of transistors per microprocessor chip. How-
ever, as transistors shrink and billions are packed into
a single chip, challenges related to the dissipation of
Joule heat and quantum mechanical behavior of elec-
trons at the atomic level arise. When we scale down
further to the characteristic length of the system, quan-
tum mechanical concerns related to carrier mean free
path, spin discussion length and magnetic exchange
length become prominent results in the emergence of
novel properties that the shift from classical to quan-
tum domain becomes apparent. To address these chal-
lenges, alternative approaches have been proposed, in-
cluding information processing using light in optical
fiber (based on charge) and spintronic devices that
utilize both the charge and spin of electrons to carry
and process information. These approaches offer po-
tential solutions to overcome the limitations imposed
by shrinking transistor sizes and increasing heat dissi-
pation. The growing disparity between memory and
processor performance, known as the memory wall
problem, is a major obstacle to improving computer
performance. In the traditional Von Neumann com-
puter architecture, the processor must access data
stored in distinct memory chips to perform logical op-
erations. Nonetheless, the memory scaling rate, in-
creasing by only 1.1× every two years, has not kept
pace with the rapid 2× increase in processor speed
over the same period. To address this issue, lever-
aging the spin properties of electrons for data stor-
age has emerged as a promising approach that min-
imizes computational energy consumption. Magnetic
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RAM, such as Spin Transfer Torque (STT)-RAM and
Spin-Orbit Torque (SOT)-RAM, has gained attention
as commercially viable options for on-chip cache mem-
ory. These technologies provide strong compatibility
with CMOS processes and voltages, no standby leak-
age (non-volatility), scalability, excellent endurance,
long retention time, and overall high reliability. They
demonstrate comparable performance to SRAM and
hold promise for improving on-chip memory capabili-
ties. In 2009, experimentally observed chiral magneti-
zation structures, such as Skyrmions, which were sim-
ilar to magnetic domains but possessed the advantage
of being smaller in size and operating at faster speeds.
This makes them promising candidates for replacing
conventional devices.

Since their theoretical proposals and discovery in
2009-10, magnetic textures have become a focal point
of research and technology exploration, leading to fun-
damental understanding during the years 2010-15. The
search for materials hosting skyrmions intensified be-
tween 2012-17, resulting in the discovery of new com-
pounds and heterostructures exhibiting skyrmionic be-
haviour, broadening the scope of potential applica-
tions. During the years 2015 to 2018, techniques for
controlling and manipulating skyrmions were devel-
oped, utilizing spin currents and electric fields. This
led to their significant presence in spintronics, where
skyrmions are recognized for their potential in low-
power, high-density data storage and logic devices,
with concepts like skyrmion-based racetrack mem-
ory and logic gates being proposed. Moreover, re-
searchers explored skyrmions in nanoscale materials
such as nanoparticles and thin films, creating artifi-
cial skyrmion lattices with new possibilities for manip-
ulation. The practical applications of skyrmions, in-
cluding memory devices, spin logic circuits and neuro-
morphic computing, started to emerge, while ongoing
research continues to optimize their properties for real-
world implementations. As a result, these advance-
ments hold the potential to shape the future landscape
of digital electronics.

2 Skyrmion: A Topological Soli-
ton

In the early 1960s, when quantum chromodynamics
(QCD) was in its nascent stages, T.H.R. Skyrme
introduced the Skyrme model [1, 2] to describe baryons
as soliton solutions using a non-linear sigma model
(NLSM) with a triplet of pion fields. While the
model was originally developed to understand the
interior of nuclei, it later inspired the concept of
magnetic skyrmions as topological soliton solutions in
the magnetization vector field. These topologically

protected soliton structures were initially proposed
by Bogdanov and Ivanov [3, 4, 5] in the late 1980s,
initially referred to as magnetic vortices and topological
solitons, and later Magnetic Skyrmion(Skyrmion
hereafter). The researchers extensively studied the
mean-field theory of ferromagnets with chiral spin-
orbit interactions. They specifically pinpointed certain
parameter ranges where a mixed state, resembling
the vortex lattice found in type II superconductors,
emerges as the thermodynamically stable phase,
featuring a finite density of skyrmions [6]. Although
soliton solutions are mostly dynamic cases, the Hobart-
Derrick theorem [7] suggests that a stable localized
soliton structure is impossible in the most condensed
matter systems. But magnetic skyrmions, in contrast,
are stabilized by the Dzyaloinshii-Moriya Interaction
(DMI) [8, 9], an anti-symmetric exchange interaction
which prevents the collapse of the magnetization vector
field into a magnetic singularity. Magnetic skyrmions
can exist in both two-dimensional (2D)‡ and three-
dimensional (3D) systems, and its roots are spread
in diverse sub-fields of many-body physics, including
2D electron gases [10, 11], superconductors [12,
13, 14, 15, 16, 17, 18, 19], spinor Bose-Einstein
condensates [20, 21, 22, 23, 24, 25, 26], Particle
physics [10], string theory [27] and quasiclassical
magnetic systems. Skyrmions, in addition to their
intriguing fundamental properties, have garnered
significant attention for their potential applications
in spintronics [28, 29]. So, understanding skyrmion
dynamics is crucial for harnessing their potential. They
induce electric and magnetic fields within conductive
materials and exhibit a phenomenon referred to as
the Skyrmion Hall Effect (SHE). This effect causes
skyrmions to deflect from the applied force direction,
enabling their motion under external drives. They
have shown promising potential for ultra-low current
densities, thanks to techniques such as Spin-Transfer
(STT) [30, 31], Spin-orbit Torques (SOT) [32] and
Spin hall torque magnetometry of Dzyaloshinskii
domain walls. They are considered as potential next-
generation information carriers due to their small
size [33], topological stability [34], nucleation and
detection methods [35, 32, 36, 37, 38, 39, 40, 41], and
sensitivity to external forces [42]. They can be utilized
as bits in storage devices and logic processing units [43,
44, 45, 46]. The concept of skyrmion racetracks [47,
48, 49, 50], akin to domain wall racetracks [40],
has been proposed, where magnetic skyrmions serve
as mobile bits within shift-register lines allowing for
denser memory bit integration, unlike DWs. Numerous
device designs have been suggested, but practical
implementation faces two main obstacles. The first
challenge is finding a material that fulfils the necessary

‡ also known as ’baby skyrmions’.



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 4
250 T. LANCASTER

Figure 4. (a) The potential energy for d = D = 2. (b) The vor-
tex excitation. (c) The hedgehog or monopole excitation for
d = D = 3. (Adapted from Ref. [2].)

in di!erent regions of space, subject to the all-important
constraint that the "eld vary smoothly from place to
place. The defect in this case is known as a vortex, an
example of which is shown in Figure 4(b). The vortex has
a core at its centre and has a "eld that swirls around the
core.3

An important point about the vortex is that there are
lots of very similar structures we can make, for exam-
ple, by globally rotating all of the arrows by some "xed
angle. In fact, from the point of view of topology, each of
these excitations is equivalent. The quantity that de"nes
the topological properties of the vortex is its integerwind-
ing number w. This quantity counts the number of times
the arrows rotate through 2π radians as we follow a cir-
cle around the vortex core. The diagram shows a w = 1
vortex, since the arrows make a complete rotation as we
follow a circle around the vortex core. It is possible to
make vortices with w = 2. In contrast to a w = 1 object,
a w = −1 object, known as an antivortex, does not have
the arrows pointing in the opposite direction, but rather
has arrows thatwrap in the opposite direction as the circle
is traversed around the core.

In the three-dimensional case of D = 3, d = 3 we
have a con"guration called a hedgehog (or monopole)
shown in Figure 4(c). Here the winding number is given
by considering the 3D "eld φ(x1, x2), where x1 and x2
are coordinates allowing us to locate points on a closed
surface (conventionally we choose angles x1 = θ and

Figure 5. The stereographic projection (denoted P ) squashes
the hedgehog into D = 2, where it becomes a skyrmion. The left-
hand version is aNéel skyrmion; the right-hand version,where the
spins have been combed over (denoted R), is a Bloch skyrmion.
(Based on a figure from Ref. [22].)

x2 = ϕ, for example), and we evaluate the integral

w = 1
4π

∫
dx1dx2 φ̂ ·

(
∂φ̂

∂x1
× ∂φ̂

∂x2

)

, (3)

where φ̂ = φ/|φ| is the normalised (unit) "eld andwhere
the surface over which we integrate surrounds the core of
the hedgehog. The integrand in this expression gives an
element of the solid angle swept out by the vectors φ. By
comparing the integral of this quantity with 4π we can
therefore compute how many times these vectors wrap
around a sphere. In the same way that we can globally
rotate the D = 2 arrows of the vortex without chang-
ing w, a combed hedgehog, with all of its arrows rotated
globally by the same amount, also has the same winding
number as the conventional hedgehog (see Figure 5, top).

The vortex and hedgehog introduce a new feature
compared to the domain wall: they cost an in"nite
amount of energy! This can be understood by inspection
of the vortex. It is swirly at large distances from the core,
so that the "elds never become uniform. The "rst term
in Equation (2) then keeps costing energy causing a vol-
ume integral over the free energy density to diverge. This
energetic cost is a consequence of Derrick’s theorem and
is important in judging whether each of these objects can
hope to exist. That is, if an object costs an in"nite amount
of energy to create, it is not going to be realised in a sys-
tem (at least without some other physical property being
introduced) [2,5]. Speci"cally, Derrick investigated static
"eld con"gurations as they are scaled up and down in
their spatial size. If a "eld con"guration is stable, then
there is a pointwhere the energy is stationarywith respect
to such a scaling. If the "eld con"guration has no such
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main focus is set on the Berry theory approach which allows to quantify the topological
Hall effect in a tight-binding model. Its elegance is demonstrated at the example of the
quantum Hall effect, which occurs when a strong magnetic field is applied to a metal.
Furthermore, the calculation of related quantities, namely the spin Hall conductivity,
orbital magnetization and magnetoelectric polarizability, is explained.

Sec. 5 is the first cumulative part of this thesis. It contains three publications consid-
ering magnetic skyrmions. The findings address goals 1, 2 and 3. In publication [BG1] a
method to suppress the skyrmion Hall effect is presented, in publication [BG2] uncon-
ventional quantization effects and a strong energy dependence of the topological Hall
effect of electrons in skyrmion crystals are predicted, and in publication [BG3] a geomet-
rically induced magnetoelectric effect is predicted and established as a new hallmark of
skyrmionic phases.

In the second cumulative part (Sec. 6) four publications are presented correspond-
ing to goal 4: the prediction and analysis of alternative magnetic quasiparticles (the
four considered textures are depicted in Fig. 3). In publication [BG4] the existence
of individual magnetic biskyrmions is predicted in centrosymmetric materials. These
objects are the combination of two skyrmions with the same topological charge. In pub-
lication [BG5] the magnetic bimeron (a skyrmion in in-plane magnetized samples) is
predicted to stabilize under a new type of Dzyaloshinskii-Moriya interaction. In publi-
cation [BG6] all constituents of a fully operating racetrack device are simulated, using
skyrmioniums (the combination of two skyrmions with a vanishing topological charge
in total) as carriers of information. Finally, in publication [BG7] the existence of a pe-
riodic lattice of antiferromagnetic skyrmions is predicted. Particularly noteworthy are
also the newly established electrodynamic effects: a purely topological Hall effect for
bimeron textures, a unique signature in the topological Hall effect for skyrmioniums
even though it has a vanishing topological charge, and the prediction of a topologically
induced spin Hall effect for antiferromagnetic skyrmions.

The concluding section 7 of this thesis is a summary of the established results and
provides an outlook on promising future research projects related to the here presented
findings.
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Figure 3: Considered skyrmion-related quasiparticles in this thesis. a The biskyrmion,
b the bimeron, c the skyrmionium and d the antiferromagnetic skyrmion.
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Biskyrmion Bimeron

Skyrmionium Antiferromagnetic Skyrmion

(b) (c)

(d) (e)

Figure 1: Class of Topological Solitons. (a) The stereographic projection (denoted P) squashes the hedgehog
into D = 2 skyrmion. Néel (left) and a combed over spins (denoted R) is a Bloch skyrmion; (b) Biskyrmion;
(c) Bimeron; (d) Skyrmionium; (e) Antiferromagnetic Skyrmion.

criteria, including a diameter on the order of less than
10 nm, stability at room temperature and stability
at remanence. While several materials, significantly,
those lacking inversion symmetry, such as the B20-class
“chiral magnet” [see Table 1] systems host skyrmions,
none meet all three requirements. Some materials, such
as FeGe and CoxZnyMnz, satisfy the first two criteria,
while certain magnetic multilayers [51] fulfil the latter
two. The second obstacle lies in understanding the
structure and behavior of magnetic skyrmions, which is
the primary focus of the ongoing research. Addressing
these challenges is crucial for realizing the practical
applications of skyrmions in various technological
domains. Furthermore, Thiele’s equation is a model
for skyrmion dynamics and addresses its limitations by
deriving a general interaction potential. The equation
is extended to incorporate external driving forces,
and numerical simulations provide insights into the
behavior of skyrmion crystals.
The distinctive magnetization topology of skyrmions
has an effect on electron transport, leading to the
emergence of the Topological Hall Effect (THE) [52, 42,
53, 54]. Understanding and harnessing the properties
of magnetic skyrmions hold promise for advancing
various technological applications in Computing, data
processing and storage applications [55].

3 Magnetic Skyrmion

Magnetic Skyrmions is a particle-like (localized),
swirling spin texture found in some magnetically or-
dered materials with a distinct topological nature.
Typically, they arise due to the chiral interaction
among atomic spin present in magnetic materials with-

out inversion symmetry, such as non-centrosymmetric
(NCS) compounds or thin films with interfaces that
break inversion symmetry. Additionally, they can also
occur in heavy metals employing certain mechanisms.
Initially, magnetic skyrmions were identified in sin-
gle crystals of magnetic compounds having a non-
centrosymmetric lattice and explained by the existence
of Dzyaloshinskii-Moriya Interaction (DMI) introduced
by spin-orbit coupling in the absence of inversion sym-
metry in the lattice of the crystal. In the classical
micromagnetic model [56], magnetic skyrmions are vi-
sualized as swirling or hedgehog-like structures [see
FIG. 1(a)], depending on the specific type of exchange
interaction that stabilizes them. The first observation
of skyrmions in magnetic materials with DMI was re-
ported in 2009 [57].

The DMI promotes perpendicular orientations of
adjacent magnetizations, while the ferromagnetic ex-
change interaction promotes parallel orientations [88,
89, 90]. The interplay between these interactions re-
sults in different skyrmion textures. Skyrmions can
be classified in two prominent textures Bloch and Néel
types [see FIG. 1(a)], depending on the type of DM
interaction that stabilizes them. Bloch skyrmions are
stabilized by bulk DMI (b − DMI) and feature heli-
coidal magnetic structures, whereas Néel skyrmions are
stabilized interfacial DMI (i−DMI) and showcase cy-
cloidal magnetic textures. The sign of DM interaction
dictates the chirality of these textures. As a topologi-
cally protected soliton skyrmion exhibits a non-trivial
topology and topological properties. Topological pro-
tection ensures the stability of skyrmions in magnetic
systems by creating energy barriers, as discussed by
Braun et al. in Ref. [91]. Nevertheless, the presence
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Materials Category Temp. Topological Structure Skyrmion Sizeb Detection Methods
MnSi (bulk) NCS-phase system 28-29.5 Bloch [57] 18 SANS

FeGe (thin film)c NCS-phase system 60-280 Bloch [58] 90 LTEM
CuOSeO3 (thin film) NCS-phase system 5-57 Bloch [59] 50 LTEM

Fe0.5Co0.5Si (thin film) NCS-phase system 5-40 Bloch [60] 90 LTEM
Co8Zn9Mn3(thin film) NCS-phase system 295-320 Bloch [61] ∼125 LTEM

Gd2PdSi3 (bulk) CS-phase system 2-20 Bloch [62] 2.5 TM, RXS
Gd3Ru4Al12 (bulk) CS-phase system 5-8 Bloch [63] 2.8 TM, RXS, LTEM, SANS
GdRu2Si2 (bulk) CS-phase system 0-20 Bloch [64] 1.9 TM, RXS, LTEM

EuAl4 CS-phase system 5 Bloch [65] 3.5 SANS, RXS
GaV4S8 (bulk) NCS-phase system 9-13 Néel [66] 22.2 MFM, SANS

(Fe0.5Co0.5)5GeT2(nanoflake) NCS-phase system RT Néel [67] -d LTEM, MFM, TM
Fe/Ir(111) FM/HM interface 11 Néel [68] 1 SP-STM

PdFe/Ir(111) FM/HM interface 4.2-8 Néel [69, 70] 6-7e SP-STM
Pt/Co/MgO Magnetic multilayer RT Néel [71] ∼ 130 XMCD-PEEM
[Ir/Co/Pt]10 Magnetic multilayer RT Néel [72] 30-90 STXM

[Ir/Fe/Co/Pt]n Magnetic multilayer RT Néel [73] < 50 MTXM, TM, MFM
[Pt/Co/Ta]15 Magnetic multilayer RT Néel [51] 200-250f STXM

Fe/Ni/Cu/Ni/Cu(001) Magnetic multilayer RT Néel [74] ∼ 200 SPLEEM
WTe2/Fe3/GeTe2 vdW heterostructures 94, 198 Néel [75] 150, 80 LTEM, TM

Fe3TeGe2/Cr2Te2Ge6 vdW heterostructures 20-100 Néel [76] ∼ 100 MFM, TM
FeGeTe2/[Co/Pd]10 vdW heterostructures Liquid N2 Néel [77] ∼ 50 XMCD-PEEM, LTEM

Mn1.4Pt0.9Pd0.1Sn (thin film) NCS-phase system 100-400 Anti-skyrmion [78, 79] 135 LTEM
Fe1.9Ni0.9Pd0.2P (thin film) NC-phase system 100-400 Anti-skyrmion [80] -g LTEM, MFM

Pt/Gd44Co56/TaOx FM multilayer RT AFSK [81] 10-35 X-ray holography
[Pt/Gd25Fe65.6Co9.4/MgO]20 FM multilayer RT AFSK [82] ∼ 180 STXM

Pt/Co/CoFeB/Ir/Co/CoFeB/W SAF multilayer RT AFSK [83] ∼ 1600 MOKE
Pt/Ru/Co/Pt/Ru/Co/Pt/BL/Pt SAF RT AFSK [84] 20-30 MFM

[Co/Pd]/Ru/[Co/Pd] SAF multilayer RT AFSK [85] ∼ 80 LTEM
α− Fe2O3/Pt Antiferromagnet > 240 AF half-SK [86] ∼ 100 XLMD-PEEM

Table 1: Detailsa of skyrmion hosting materials.
Note: Refer to (Appendix A) for detailing of symbols and abbreviations, with permission from Ref. [87]

aA concise summary of temperature dependence, skyrmion size, and detection method provided, bFor lattice-stabilized skyrmions, the
skyrmion size corresponds to the lattice constant, cThe study explores multiple films with different thicknesses and the presented data

refers to the thickness 15 nm, dThe thickness of the sample determines its magnetic periodicity, eMagnetic field controlled skyrmion size,
fMagnetic field controlled skyrmion size, gThe thickness of the sample determines its magnetic periodicity

of discrete magnetic moments and thermal fluctuation
can disrupt and overcome these barriers. Skyrmions
are stable [92] under applied fields and at low temper-
atures, but their practical use in devices is still limited.
They have been found stabilized in Bose-Einstein con-
densates [21], superconductors [93], liquid crystals [94],
acoustic systems [95], photonic systems [96] and other
magnetic materials.
Aside from skyrmions, several other particle-like
nontrivial magnetic textures with distinct topologi-
cal numbers have been identified, as illustrated in
FIG. 1(b-e). A class of soliton recently been ob-
served in thin plate [97] is Merons and Antimerons
(Nsk = ±1/2) that are half-skyrmion like magnetic tex-
tures with in-plane magnetization [98, 99]. Biskyrmion
(Nsk = ±2) with a pair of skyrmions of opposite he-
licities [100] in another kind. In three-dimensional
space, hedgehogs and anti-hedgehogs (Nsk = ±1)
behave like emergent magnetic monopoles and anti-
monopoles [101]. An intriguing non-topological soliton,
known as skyrmionium, is created when two skyrmions
with opposite topological numbers come together at
their center, merge, annihilate and form the texture.
This unique structure exhibits a complete absence of
the parasitic Skyrmion Hall effect. Most of these soli-

tons are computationally realised but thin ferrimag-
netic films subjected to ultrafast laser pulses have
experimentally achieved many such structures [102].
Similar to Skyrmion (Sk) in a Ferromagnetic (FM)
background, an Antiferromagnetic Skyrmion (AFMSk)
is a specific type of skyrmion that occurs in Antiferro-
magnetic Materials (AFM) possessing significant ad-
vantages over other solitons which we will discuss in
detail in a coming section.

3.1 Numerical Profile of Skyrmion

In order to manipulate the characteristics of skyrmions,
such as their size, chirality, or stability, it is essential
to develop a predictive model for their profiles. It’s
been observed that stable ferromagnetic skyrmions
in magnetic materials possess cylindrical symmetry
around a vertical axis aligned with ẑ, which also serves
as their center. Consequently, it is advantageous
to focus solely on their radial profiles, as they are
invariant upon rotation around this vertical symmetry
axis. Thus, it is generally convenient to represent a
skyrmion field using spherical coordinates (r, θ, ϕ) in
spin space, as this configuration can be likened to a
“hedgehog” spin configuration on a 3D sphere [refer
to FIG. 1(a)]. Thus we can express for unit-length m
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Figure 2: Magnetic Profile of Skyrmion. simulated in a 80 nm × 80 nm × 2 nm thin film. Nearest
interpolation was performed to calculate the radius, rsk = 20.77 nm. The emergent magnetic field was calculated
using θ(r) profile.

vector

m(r, θ, ϕ) =

sin θ cosϕ
sin θ sinϕ

sin θ

 (1)

where the angles are introduced in FIG. 2 (bottom
left). Considering the simplicity of theoretical and
computational studies, it’s convenient to define a
model skyrmion as θ(0) = π (spin down ↑ at the
center) and θ(∞) = 0 (spin up ↓ on the periphery),
if not mentioned otherwise. To significantly simplify
calculations, one can introduce a cylindrical frame
denoted as r = (x, y, z) = (r, φ, z). With this
approach, the spin at each point in the magnetization
space can be described using just two spherical angles

θ = θ(r, φ) =⇒ the angle w.r.t the positive z axis

ϕ = ϕ(r, φ) =⇒ the angle measured counterclockwise from

the positive x axis on the xy plane

Here, the z axis specifies the xy plane where the
Skyrmion is located, and the magnetic field is oriented
along the z direction.

Employing above definitions

m(θ, ϕ) =

sin θ(r, φ) cosϕ(r, φ)
sin θ(r, φ) sinϕ(r, φ)

sin θ(r, φ)

 (2)

For the perfectly axially symmetrical and undistorted
skyrmion, the spherical angles take values

θ = θ(r) & ϕ = ϕ(φ)

The straightforward algebra gives,

∂θ

∂x
=
dθ

dr
cosφ,

∂ϕ

∂x
= −1

r

dϕ

dφ
sinφ (3)

∂θ

∂y
=
dθ

dr
sinφ,

∂ϕ

∂y
=

1

r

dϕ

dφ
cosφ (4)

In the case of an axially-symmetric skyrmion, the
function ϕ(φ) is a smooth continuous function defined
modulo 2π has the description

ϕ(φ, γ) = wφ+ γ (5)

where φ represents the azimuthal angle (ranging from 0
to 2π), w is an integer-valued Vorticity that determines
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Figure 3: Class of skyrmions. (Top) Magnetization configuration of skyrmions (Q = 1) and (Bottom)
antiskyrmions (Q = −1) with fixed polarity (p = 1) and varying helicity. Here, the arrows represent the
in-plane component of m, and the color indicates mz.

the number of twists of a vector field around a closed
loop, giving the skyrmion number Q = w [see FIG. 3].
The parameter γ corresponds to the Helicity, an
arbitrary phase that may or may not be dictated by the
underlying crystallographic symmetry. Special values
of the helicity (γ = 0, π/2, π, 3π/2) play important
roles [103] in determining the chirality of the skyrmion.
The helicity of N’eel skyrmions can be expressed as γ =
0 or γ = π, determining the orientation of the in-plane
spins as inward or outward, respectively. On the other
hand, Bloch skyrmions exhibit a helicity of γ = ±π/2,
signifying a clockwise or counterclockwise rotation of
the in-plane spins [see FIG. 4(a,b)]. Different helicities
correspond to different DMIs. To simplify, we can
label a skyrmion as (Q, γ) using its topological number
and helicity. It’s important to note that Q changes
sign when all magnetic moment directions are reversed,
m → −m, leading to a configuration known as an
Anti-skyrmion [see FIG. 4(c)].

3.2 Topological Invariants

Having established the parameterization of the profile,
we can now delve into defining topological invariants
that characterize a skyrmion. These invariants
are integer numbers that exhibit relative robustness
against moderate perturbations unless they are
compelled to overcome the topological barrier by
using a collapsing mechanism [104]. The primary
topological descriptors are the topological charge,
representing the number of spin windings around an
order-parameter sphere, and the helicity, governing
the spin’s twisting from spin-down at the skyrmion’s
core to spin-up at its boundaries. [refer to FIG. 3
and 13] Magnetic skyrmions are observed in both two-
dimensional systems, like magnetic thin films, and

in bulk materials, where they can be regarded as
stacked two-dimensional copies. As a result, the
homotopy group characterizing magnetic skyrmions
in two dimensions is denoted by π2(S2), while the
original Skyrme model in three dimensions corresponds
to the homotopy group π3(S3). Due to the reduced
dimensionality of the magnetization field’s domain
and target space, magnetic skyrmions are often called
“baby skyrmions”. The mathematical expression for
the topological charge Q of a N = 2-dimensional vector
field n̂ = n1ê1 + n2e2 can be written as

Q =
1

2π

∫
dxϵabn

a dn
b

dx
(6)

By employing the parametrization given in Eqn. (2), we
establish the below results for the magnetization vector
field m(r). Subsequently, the skyrmion’s topological
charge§ Q is

Q =
1

4π

∫
m ·

(
∂m

∂x
× ∂m

∂y

)
dxdy (7)

The expression above yields a topological charge,
an integer value (∈ Z), which takes on values like
±1,±2,±3, and so on, for spin-field configurations that
smoothly vary and possess topological nontriviality.
We are particularly interested in magnetic skyrmions,
which have a topological number of ±1.
In the forthcoming discussion, we will find that we can
define an emergent magnetic (or berry) field as,

B =
1

2
m ·

(
∂m

∂x
× ∂m

∂y

)
(8)

§ also known as the topological number, winding number, chern
number and skyrmion number
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and that the skyrmion possesses an emergent magnetic
flux denoted by Φ which corresponds to 2πQ. With
the considered parametrization, the resulting magnetic
field simplifies into

B =
1

2
m ·

(
∂m

∂x
× ∂m

∂y

)
=

sin θ

2r

dθ

dr

dϕ

dφ
(9)

which corresponds to a two-dimensional magnetic
monopole with a topological charge

Q =
1

2π

∫
Bd2r =

1

4π

∫ 2π

0

dφ
dϕ

dφ

∫ ∞
0

dr
dθ

dr
sin θ

= − 1

4π
ϕ(φ)

∣∣∣∣2π
0

cos θ(r)

∣∣∣∣∣
∞

0
(10)

Given a ferromagnetic background with specific
boundary conditions (θ(0) = π, θ(∞) = 0), the
topological charge of a skyrmion can be determined
as

Q = −w, w ∈ Z (11)

where w is an integer-valued vorticity of a vector field
[refer to FIG. 13]. Thus, even minimally charged
(Q = ±1) skyrmions represent an extensive family of
topological textures with Q = 0 as the trivial spin
configuration field. Several of the most important
of them are discussed in the next subsections. he
magnetization field characterizing a magnetic skyrmion
with w = 1 gives rise to a topological charge of
−1. Conversely, an antiskyrmion is represented by
a spin configuration with w = −1 and Q = 1, as
depicted in FIG. 3. It should be noted that the
idealized symmetry used in the ansatz [Eqn. (2)] for a
skyrmion may not accurately represent its true shape
in reality. In many cases, skyrmions are observed to be
distorted due to various factors such as their dynamics
or imperfections in the sample. Experimentally, only
the cases γ = 0, π; a Néel skyrmion in FIG. 4(a) and
γ = π/2,−π/2; a Bloch skyrmion in FIG. 4(b) have
been observed so far, while intermediate skyrmions are
theoretically predicted. As anticipated, both magnetic
skyrmion types are topologically identical, as they can
be smoothly interconverted by rotating the unit vector
field at every point [depicted in FIG. 1(a)].
Additionally, for simplicity, another parameter polarity
is defined as

Q = p · w, p = ±1, w = ±0,±1,±2, . . . (12)

which indicates whether the central spin of the
skyrmion points into +z direction (p = +1) or −z
direction (p = −1).

3.3 Skyrmion Zoology

In most cases, skyrmions can be characterized based
on their topological charge, which often corresponds

to the lowest-energy field configurations. Generally,
the lowest-energy field configurations correspond to a
minimum topological charge of Q = ±1 which depends
on a specific form of a Hamiltonian. The helicity γ
of the system is determined by underlying crystallo-
graphic symmetry. Among the various 2D skyrmion
patterns, the Néel-type skyrmion and the Bloch-type
skyrmion [as shown in FIG. 4] are the two most sig-
nificant ones. In order to observe the distinct chiral-
ity and topological charge of skyrmions, it is typically
necessary to incorporate an inversion-breaking mech-
anism in the Hamiltonian. This mechanism, known
as the DMI∥, is present in non-centrosymmetric mag-
nets and magnetic systems like thin films with com-
plex surface interactions and interfaces. The DMI ef-
fectively breaks inversion symmetry, allowing the man-
ifestation of the unique properties of skyrmions. The
physics of chiral (twisted) spin structures can be traced
back to the 1960s to the works of Dzyaloshinskii and
Moriya [8, 9]. Theoretically, the DMI’s ability to
stabilize two-dimensional topological solitons, initially
known as “(chiral) magnetic vortices”, was proposed
back in 1989 and became evident when the presence
of a skyrmion lattice was first observed in the bulk of
the B20 chiral magnet MnSi through neutron scatter-
ing experiment in reciprocal space [57].
The presence of DMI introduces certain symmetries
that give rise to a distinct category of solutions char-
acterized by fixed chirality and helicity. For instance,
N’eel skyrmions [FIG. 4(a)] are favored in cases of in-
terfacial DMI, while Bloch skyrmions [FIG. 4(b)] are
preferred when bulk DMI is present. Additionally,
antiskyrmions [FIG. 4(c)] can be stabilized through
anisotropic DMI as reported in tetragonal Heusler
compounds, where their existence was observed using
Lorentz transmission electron microscopy (TEM) [105,
106].
In the most general case, the DMI can be expressed as
a microscopic Hamiltonian

HDMI =
∑
i,j

Dij · (Si × Sj) (13)

where Dij is the Dzyaloshinkskii vector¶. Depending
on the lattice’s underlying symmetry, the expression
for the two skyrmions mentioned above can be further
simplified [refer to FIG. 5] as

HBloch
DMI = −D

∑
i

Si × Si+x̂ · x̂+ Si × Si+ŷ · ŷ

HNéel
DMI = −D

∑
i

Si × Si+x̂ · ŷ − Si × Si+ŷ · x̂
(14)

∥ Referred to as antisymmetric exchange analogous to symmet-
ric Heisenberg exchange.
¶ The DMI can exist in centrosymmetric crystal structures along
noncentrosymmetric bonds, but its overall effect cancels out
within the unit cell, except in the case of noncentrosymmetric
structures.
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Figure 4: Néel, Bloch and Antiskyrmions. Diagonal Cuts through a skyrmion give a domain wall: (Néel
Skyrmion, Néel Wall (NW); Bloch Skyrmion, Bloch Wall (BW) and Antiskyrmion with both NW and BW at
45◦ to each other.)

Initially, Dzyaloshinskii analysed the anisotropic
interaction in terms of Lifshitz invariants - the lowest-
order inversion-breaking terms that contain spatial
derivatives

L γ
αβ = mα

∂mβ

∂xγ
−mβ

∂mα

∂xγ
(15)

Here, for the sake of convenience, we use α and β
as covariant coordinates (representing the directions
x, y, z) and γ as contra-variant coordinates. Note that
L γ

αβ is an antisymmetric tensor w.r.t the exchange of
indices α←→ β.
The expression of DM energy density WD relies on
the combination of Lifshitz invariants, governed by
the crystallographic point group symmetry as studied
Refs. [107, 108, 109]

W(±)
1 = L (x)

zx ±L (y)
zy , W(±)

2 = L (y)
zx ±L (x)

zy

Cnv : [W(+)
1 ], D2d : [W(−)

1 ]

Dn : [W(−)
2 L (z)

xy ], Cn : [W(+)
1 ,W(+)

2 L (z)
xy ]

As demonstrated by Bogdanov and Hubert, the
energy densities of skyrmions in all these structures
can be reduced into a common functional form [108].
Specifically, in uniaxial crystallographic classes, such
as Cnv (resulting in N’eel-type skyrmion) and Dn

(resulting in Bloch-type skyrmion), the continuous-
limit DMI energies are given by the following

expressions

WNéel
DMI = ⟨D(L x

xz −L y
yz)⟩

WBloch
DMI = ⟨D1(L

x
yz + L y

xz) +D2L
z
xy⟩

(16)

With the energetic considerations on the basis of
Eqn. (2), for a minimally topologically charged
skyrmion (|Q| = 1), the Eqn. (16) of both Néel and
Bloch skyrmion can be written as

WNéel
DMI = D

(
dθ

dr
+

sin 2θ

2r

)
; WBloch

DMI = D

(
dθ

dr
+

sin 2θ

2r

)
(17)

4 Energy Profile of Magnetic
Skyrmion

In the theory of magnetically ordered materials within
the continuum approximation, the internal energy of
the system is expressed as a functional dependent on
the magnetization E [m(r)], rather than individual
magnetic moments. This approach, introduced by
W.F. Brown [110], is based on the variational
principle+ and is widely studied. The total Gibbs free
energy of a magnetic system is expressed as

Etotal = U− µ0

∫
m ·HextdV (18)

+ As per this principle, when the total free energy is minimized
absolutely or relatively while adhering to the constraint m2 = 1,
we obtain the magnetization vector field m(r) (Hubert and
Schäfer 1998).
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Cn D2d CnvDn

Figure 5: Skyrmion zoology. Skyrmions exhibit different appearances based on the crystal symmetry
promoting the chiral (DM) interaction. The figure shows spin projections of various skyrmions on the basal
plane: (a) Cn skyrmion, (b) D2d skyrmion, (c) Dn skyrmion (Bloch skyrmion with γ = 0), and (d) Cnv skyrmion
(Néel skyrmion with γ = π/2).

where U, m and Hext denote the internal energy, local
magnetization and an external magnetic field, respec-
tively. The internal energy includes contributions from
the exchange, magnetocrystalline, surface anisotropy,
asymmetric exchange, and stray field energies. In real
space, the magnetization is described by a continuous
vector field, where distinct components along the or-
thogonal directions (x, y, and z) correspond to the lay-
ers’ plane and the films’ normal direction.

Etotal = Eexch+Edmi+Ezee+Eanis+Estray+Edemag (19)

where Eexch, Edmi, Ezee, Eanis, Estray and Edemag are the
Isotropic exchange interaction energy, Dzyaloshinskii-
Moriya (anisotropic) Exchange interaction energy,
Zeeman energy, Magnetocrystalline anisotropy energy,
Stray field energy and Demagnetisation energy,
respectively. The ground state of the system is
determined by minimizing the energy, subject to the
equilibrium equation,

δE [m(r)] = 0 (20)

Within the micromagnetic approach, it is important to
identify the different energy contributions to the sys-
tem. These magnetic energy densities can be expressed
as functions of the components of the magnetization m
and their derivatives, derived from the initial Hamilto-
nian descriptions of the interactions and considering all
magnetic moments and pairs of moments.

Exchange Energy (Eexch): Heisenberg introduced
the concept of exchange interaction in 1928 to explain
the strong magnetic field observed in ferromagnetic
materials. Dirac later formulated the atomistic ex-
pression for the interaction energy between neighbor-
ing sites as −2Jijmi ·mj , where Jij represents the ex-
change integral between sites i and j. This interaction
decays rapidly with distance, accounting for its short-
range nature. The energy arising from the exchange

interaction in a system of N spins can be expressed as
follows

Hexch = −
∑
ij

JijSi · Sj (21)

where Jij is the tensorial exchange coupling between
atomic sites i and j arises from the spatial overlap of
the electron wave functions at these sites

Jij =

Jxxij Jxyij Jxzij
Jyxij Jyyij Jyzij
Jzxij Jzyij Jzzij

 (22)

The matrix, represented as Jαβij with α, β = x, y, z, can

 J1
 J2

 J3

 Si  Sj rij

 ϕij

Figure 6: A simple cubic lattice, with nearest
neighbours interactions.
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be decomposed into three distinct interactions [111]

Jij = JijI + J S
ij + J A

ij (23)

where I is the identity matrix and Jij represents the
isotropic exchange interaction or classical Heisenberg
exchange

Jij =
1

3
Tr(Jij) (24)

The isotropic exchange can be referred to as
ferromagnetic (FM) if it favours parallel spins (Jij > 0)
or antiferromagnetic (AFM) if it favours anti-parallel
spins (Jij < 0). For a small misalignment between
neighbouring spins, Eqn. (21) can be re-written as

Eexch = −
∑
ij

JijS2 cosϕij (25)

where ϕij is the angle between spins at sites i and j and
rij represents the distance between them, as sketched
in FIG. 6.
The exchange energy can be simplified by considering
a basic cubic lattice and using a uniform coupling
constant Jij for all neighboring interactions as

Eexch = A
∫ [

(∇mx)
2 + (∇my)

2 + (∇mz)
2
]
dV (26)

The exchange stiffness, A, is given by

A =
2J S2n
a

where J is the exchange constant, S is the spin quan-
tum number, n is the number of sites in a unit cell,
and a is the nearest-neighbor distance. In transi-
tion metal ferromagnets (FMs), the typical range of
A is 5 − 30 pJm−1 while in the bulk limit, A is ap-
proximately 30 pJm−1 for Co, 20 pJm−1 for Fe, and
10 pJm−1 for Ni [112, 113].

RKKY Interaction (ERKKY): In metallic ferromag-
nets, in addition to the direct exchange interaction
between nearest-neighbour atoms, there exists an im-
portant indirect exchange interaction known as the
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction.
This interaction was first proposed by Ruderman and
Kittel in 1954 [115] and later expanded upon by Ka-
suya and Yosida [116, 117]. The RKKY interaction
involves localized electrons ( d or f) with magnetic
moments influencing the magnetization of delocalized
conduction electrons (s). This polarization of conduc-
tion electrons, in turn, couples to neighboring localized
spin moments. The sign and approximate magnitude
of the RKKY interaction is given in Ref. [118] as

JRKKY(r) =
sinx− x cosx

x4
→ 1

x3
(x→∞) (27)

where x = 2kF r, kF is the Fermi sphere radius
and JRKKY(r) is the separation dependent RKKY ex-
change constant. The oscillating exchange coupling
variation is shown in FIG. 7 for the multilayer stack
observed in [114].
Dzyaloshinskii-Moriya Interaction (DMI) (Edmi):
The Dzyaloshinskii-Moriya interaction (DMI), is an an-
tisymmetric, anisotropic exchange term which arises in
low symmetry crystals due to SOC, often leading to
tilting of adjacent spins by a small angle. This repre-
sents a portion of the overall magnetic exchange inter-
action between two adjacent magnetic spins, denoted
as S1 and S2. The system’s Hamiltonian is provided as
follows

HDMI = D12 · S1 × S2 (28)

where D12 is the resulting DMI vector, which is
perpendicular to the plane of the triangle (as illustrated
in the FIG. 8).
In the Heisenberg model, the total DMI energy of a
system of N interacting spins is expressed as

EDM = −
N∑

<ij>

Dij · (mi ×mj) (29)

The DMI described by the Dzyaloshinskii vector, de-
noted as Dij is typically much weaker than the isotropic
exchange interaction. The orientation of this vector
depends on the crystal lattice symmetries, and it be-
comes zero when there is a center of inversion between
two sites, labelled as i and j. According to Eqn. (29),
the energy contribution associated with the DMI is
minimized when neighboring spins are perpendicular
to each other, such as the spin configurations ↑→↓ or
↑←↓, with the rotation direction determined by the
orientation of Dij . Consequently, the DMI competes
with other interactions, particularly the Heisenberg

Ex
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g 
 J RK

KY
(r)

Ru-spacer-layer thickness (nm)

Figure 7: RKKY Interaction. Oscillating exchange
coupling in a CoFe-Ru-CoFe trilayer, from Ref. [114].
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Exchange, to induce spin rotations, leading to various
non-collinear magnetic configurations characterized by
unique magnetic textures and chirality. These configu-
rations include helicoids, conical and skyrmions, which
are the main focus of this study. Furthermore, the DMI
also removes degeneracy by favouring a specific chiral-
ity in existing spin textures, such as those observed in
domain walls and magnetic vortices.
DMI was originally introduced by Dzyaloshinskii [8],

who showed that the interplay of spin-orbit coupling
and low symmetry results in an antisymmetric ex-
change contribution. Subsequently, Moriya [9] pro-
posed a microscopically derived mechanism that ac-
counts for the existence of this term in systems featur-
ing spin-orbit coupling. The presence of DMI is no-
tably observed in crystals with reduced symmetry, es-
pecially in non-centrosymmetric magnetic crystals. Its
effects were initially observed in weak ferromagnetism
in antiferromagnetic compounds α − Fe2O3 and CrF3

and later in chiral bulk magnets like MnSi [55, 119].
An external mechanism can induce the Dzyaloshinskii-
Moriya interaction (DMI) even in crystals with cen-
trosymmetric symmetry. The absence of inversion
symmetry at the surface of thin films results in interfa-
cial DMI (i−DMI) [117, 120, 121, 89]. This interfacial
DMI becomes particularly notable in small magnetic
structures like thin films, multilayers, nanowires, and
nanodots.
In contrast, the robust Dzyaloshinskii-Moriya interac-
tion (DMI) in such systems arises from the combina-
tion of a thin ferromagnetic film (e.g., Co, Fe) with a
non-magnetic heavy material displaying a substantial
spin-orbit coupling (SOC) (e.g., Ir, Pt). The direc-
tion of the D−vector relies on the system’s symme-
tries. In thin films with broken vertical inversion sym-
metry, the D−vector aligns perpendicular to the dis-
placement vector between atomic sites, thereby stabi-
lizing N’eel-type skyrmions [refer to FIG. 8(a)] [89]. On
the other hand, in bulk materials where the horizon-
tal inversion symmetry is broken, the D−vector aligns
with the displacement vector, resulting in the stabiliza-
tion of Bloch-type skyrmions [see FIG. 8(b)] [89]. The
strength, sign, and direction of the DM interaction de-
termine the possibility of stabilizing chiral skyrmions
and their characteristics [122, 42]. Vector plots of
Bloch and Néel-type skyrmions show distinct spin dis-
tributions, but they can be mathematically mapped
onto a unit sphere, indicating their topological equiv-
alence [see FIG. 4 and 1]. The expressions of dimen-
sionless DMI fields with symmetry breaking along z for

bulk and interfacial can be quantified respectively,

Hb-DMI = − 1

µ0M2
s

δEBulkDMI

∂m
= − 2D

µ0M2
s

[∇×m]

Hi-DMI = − 1

µ0M2
s

δEi−DMI

∂m
=

2D

µ0Ms
[∇mz − (∇ ·m)ẑ]

(30)
where the DMI coupling constant is expressed in units
of energy per unit area (J/m2), with D = 2D

a2 on
the simple cubic lattice. Nevertheless, the full vari-
ational calculus shows that DMI also affects the sys-
tem boundary conditions. Experimentally, researchers
have observed various effects of the DMI including phe-
nomena such as chiral domain walls [121], asymmetric
bubble expansion [123, 124], asymmetric propagation
of spin waves [125], and the emergence of new types
of magnetization patterns like Skyrmions and helices
etc. When the DMI is sufficiently strong, a spin spiral
state with the spiral axis lying in the plane becomes
favorable. On the other hand, for lower values of the
DMI strength (D), the ground state corresponds to a
lattice of Skyrmions [126]. Although we will see that
the DMI is not a necessary requirement for obtaining
skyrmion spin structures with a specific topology, as
they can be stabilized by dipolar interactions in thin
films, the presence of the DMI does modify the spin
structure.

External Field (Zeeman) Energy (EZee): The
magnetic field energy can be separated into two parts:
the external and the stray field energies. The first part
is the interaction energy between the magnetization
vector field and an external field B = µ0H, which can
be expressed as

EZee = −µ0Ms

N∑
i=1

mi ·H (31)

where µ0 = 4π × 10−7 N/A2 is the permeability of
free space, H ∈ R3 A/m is the magnetic H−field with
strength equal to the magnitude of the vector. The
energy is minimized when the magnetic moments align
with the strong external magnetic field H, effectively
disrupting the spin-orbit coupling (SOC) of electrons.
In this case, the energy contribution from the magnetic
field dominates over other energy terms.
In experiments, the magnetic moment field can be
controlled by adjusting the strength and direction of
an external magnetic field. When the external field is
uniform, the energy of the system is determined solely
by the average magnetization and is not affected by the
shape or domain structure of the sample. Exchange
interactions among magnetic moments cause them to
twist relative to each other but without a specific
preferred direction. However, when combined with
an external magnetic field, these exchange effects not
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Figure 8: Interfacial and Bulk DMI. (a) DMI induced by the vertical breaking of the inversion symmetry at
an interface between a magnetic material and a material exhibiting strong SOC, (b) Interfacial DMI between a
ferromagnetic layer (top) and a heavy layer (bottom) (c) Bulk DMI in Bulk material with horizontal inversion
breaking. Inspired from [28]

only lead to the formation of chiral micromagnetic
structures but also influence their type and alignment.

Dipolar or Demagnetisation Energy(Edemag):
The magnetostatic energy term in a material arises
from the magnetic field generated by the sample
itself, rather than an external field. Just like how a
bar magnet generates a magnetic field around itself,
the magnetic moments within a material lattice are
affected by the magnetic fields (Hd) produced by all
other neighboring magnetic moments. The interaction
potential between any two magnetic moments, denoted
as mi and mj , can be described by

Edipij =
Idip

|rij |3
[mi ·mj − 3 (mi · r̂ij) (mj · r̂ij)] (32)

where rij = rj − ri, r̂ij = rij/ |rij |, and Idip is the
dipolar coupling strength. In the limit of continuous
systems, the coupling between the magnetization and
the demag field, generated by the material itself,
contributes to the magnetostatic energy. A more
convenient approach is to use Maxwell’s equations to
calculate the magnetic field generated by a certain
magnetic configuration. The field, Hd, in absence of
any currents, or displacement currents [127]

∇×Hd = 0

∇ · (Hd +m) = 0
(33)

As the curl of Hd is zero the field is the gradient of a

scalar potential Φ,

Hd = −∇Φ (34)

The magnetic field induction (B−field) is given by
B = µ0(Hd +m). Combining these equations yields

∇2Φin = ∇ ·m
∇2Φout = 0

(35)

Maxwell’s equations require that both the component
of Hd parallel to the surface of the boundary and
the component of B perpendicular to the surface are
continuous over the boundary of a material. With
required boundary conditions for the scalar potential,
the energy can then be evaluated as

Hdemag = −1

2

∫
(Hd ·m)dV (36)

The magnetic scalar potential as expressed in Eqn. (34)
gives

Hd = −(∇ ·m) = −ρm (37)

So, in terms of volume charge density (ρm = −∇ ·m)
and surface (σm = n ·m) poles, analogous to their
electric counterparts:

Φ(r) =
1

4π

[∫
V

∇ ·m (r′)
|r − r′| dV

′ +
∫
S

n ·m (r′)
|r − r′| dS

′
]
(38)
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Figure 9: 3D representation and Energy Plot. (a) Isotropic energy, any direction of the magnetization
has the same energy. (b) Uniaxial anisotropy energy minimum along the −z direction. (c) Uniaxial anisotropy
energy for Ku = (0, 0, 1).

where r′ is the variable to be integrated over the vol-
ume and surface, respectively.

Magnetic Anisotropy Energy (Eanis): Magne-
tocrystalline Anisotropy (MA) is a characteristic be-
havior observed in materials where the arrangement of
atoms in a crystal structure leads to variations in mag-
netization. It arises from the preferential alignment of
magnetic moments along specific directions due to the
influence of electron orbitals. The primary cause of
magnetocrystalline anisotropy is the presence of SOC,
which arises from the relativistic interaction between
spin and orbital motion. At the micromagnetic level,
the exchange energy is uniform and directionless, al-
though the atomistic exchange coupling can exhibit
anisotropic behavior depending on the crystal lattice
directions.
In micromagnetic studies, the anisotropy energy is
characterised as a function expressed below that de-
pends on the orientation of the magnetization and the
direction of the east axis

Eu−Anis = f(m(r), û)∆V (39)

where m(r) = M(r)/Ms and û represents the
anisotropy direction.
Uniaxial anisotropy aligns the magnetization along a

preferred axis in which the energy is minimized.

Eu−Anis = Ku

(
1− (m(r) · û)2

)
∆V (40)

It is characterized by the uniaxial anisotropy constant
Ku, which quantifies the strength of this anisotropy and
is measured in units of J/m3. FIG. 9(b) illustrates a
3D depiction of the anisotropy energy, specifically for
Ku = (0, 0, 1), while FIG. 9(a) displays the isotropic
energy. Notably, the energy exhibits a minimum along
the z direction. Employing polar coordinates, we can
express Eqn. (2) due to the unitary nature of m(r).
Thus

Eu−Anis = Ku sin
2 θ (41)

The energy plot in FIG 9(c) exhibits two minima at
θ = 0 and θ = π, representing full alignment of the
magnetization along the z direction, which corresponds
to the direction of the anisotropy.
Shape anisotropy is a type of magnetic anisotropy
that arises from the shape of a magnetic crystal
or structure, rather than its crystal structure in
magnetocrystalline anisotropy. It is caused by the
anisotropic dipolar interactions among magnetic poles,
including demagnetization and stray fields. Shape
anisotropy tends to align magnetic elements in a way
that minimizes the magnetostatic energy, favoring
magnetization directions parallel to the surfaces
and avoiding perpendicular orientations that would
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generate surface magnetic charges. It is particularly
relevant in magnetic structures with different shapes,
such as magnetic disks, ellipses, or stripes. Shape
anisotropy plays a significant role in determining
the preferred direction of magnetization in these
structures, influencing phenomena such as the vortex
state in disks or the alignment of magnetization along
the axis of magnetic stripes.
Similarly, Surface and Interface anisotropy in magnetic
materials refer to the alteration of magnetocrystalline
anisotropy near surfaces or interfaces. This effect
is a direct consequence of electron spin and orbital
motion i.e., SO interaction, leading to disruptions in
the crystal lattice. Surface anisotropy was initially
proposed by Néel in 1953 and arises from the
interaction between surface atoms and the anisotropic
crystal field. The lack of symmetry at surfaces and
interfaces in thin films and magnetic multilayers is
the primary factor contributing to this phenomenon.
Surface atoms, particularly those in the first few
layers, undergo structural relaxation perpendicular to
the surface, leading to modifications in the magnetic
properties. This disruption in the crystal structure
affects the magnetocrystalline anisotropy, influencing
the preferred magnetization direction near the surface
or interface. Understanding and controlling surface
and interface anisotropy is essential for manipulating
the magnetic behaviour and stability of thin films and
multilayers.
In ultrathin films, it becomes crucial to write magnetic
anisotropy in surface and volume terms with their
anisotropy constants represented by Ks and Kv

respectively.

Ku = Kv +
Ks

t
(42)

The interplay between these terms leads to a
dependence of magnetization on the film thickness
t. As thickness increases to a critical thickness
(tc = − 2Ks

Kv
), the magnetocrystalline anisotropy term

dominates, causing the magnetization to switch to a
perpendicular direction. On the other hand, in thicker
films, the primary contribution comes from shape
anisotropy which governs the preferred orientations of
the film’s magnetization [128, 129, 130]. Furthermore,
by plotting the anisotropy energy per unit area against
the thickness t for multiple films with shared easy axes,
both Kv and Ks can be inferred [refer to FIG. 10].
Clearly, as t is reduced the surface term starts to

dominate and can explain why a rotation from in-
plane to out-of-plane magnetisation is seen as the film
thickness is reduced.
For a cubic crystal, surface anisotropy in an isotropic
case

Es = Ks

[
1− (m · n)2

]
= Ks sin

2 (θn), (43)

where Ks is anisotripic constant and n is the surface

Figure 10: Anistropy Energy/Area. Plot to
determine the surface and volume anisotropy terms for
a Co-Pd multilayer, from Ref. [131].

normal. If Ks > 0, Es is the minimum for the
magnetization perpendicular to the surface. This
kind of energy can also exist at interfaces between
ferromagnetic and nonmagnetic materials.

5 Magnetic DomainWalls (DWs)

In this paper, the focus will revolve around magnetic
Domain Walls(DWs), which are specific configurations
found in ferromagnetic crystals. Magnetic domain
walls originally proposed by Weiss can be seen as static
topological solitons [132]. These walls minimize the
magneto-static energy of the sample by reducing mag-
netic charges on the surface, although they increase the
exchange energy by creating non-parallel spin regions.
The formation of domains is favoured in larger systems
where the decrease in magnetostatic energy dominates
over the increase in exchange energy, extensively anal-
ysed in our previous paper Ref. [133].
Different types of DWs exist in ferromagnetic materi-
als, including Bloch walls [134], Néel walls [135], trans-
verse walls [136], vortex walls [137], chiral wall [138]
etc. The orientation of magnetization in ferromagnetic
materials can be either in-plane or out-of-plane, de-
pending on the thickness of the magnetic layer and
the surrounding layers. Each structure exhibits spe-
cific types of domain walls. When considering struc-
tures like nano-strips, with in-plane magnetization, two
types of domain walls can be observed- transverse wall
(TW) and vortex wall (VW), see FIG. 11(a-b). And
in an out-of-plane system, Néel wall (NW) and Bloch
wall (BW), see FIG. 11(c-d). Néel walls have magne-
tization pointing in the x−direction within the wall,
while Bloch walls have magnetization pointing in the
y−direction within the wall. The type of wall that



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 16

is stabilized depends on the cross-section of the mag-
netic strip. In the case of wider magnetic stripes, the
presence of more volume charges leads to increased en-
ergy of Néel walls and favours the stabilization of Bloch
walls. In what follows, we highlight the characteristic
quantities in a one-dimensional chain of magnetic mo-
ments along the x−axis, with an easy axis along the
z−direction -i.e., wall profile, wall width, and wall en-
ergy based on Ref. [139].
The total energy density per unit area of the wall is

given by the sum of the exchange energy contribution
Eexch, and the anisotropy energy contribution Eanis

E = Eexch + Eanis =
∫ ∞
−∞

[
A
(
∂θ

∂x

)2

+ f(θ)

]
dx (44)

Doing the variational study of the profile, the energy
expression can be quantified for both Bloch Wall(BW)
and Néel Wall (NW). The energy of a Bloch (π−)Wall

EBW = 2
√
AK

∫ π

0

sin θdθ = 4
√
AK (45)

The wall profile

x(θ) =

√
A
K

∫ 0

π/2

dθ′

sin θ′
=

√
A
K ln

(
tan

θ

2

)
(46)

The characteristic (asymptotic) width of the wall δ

δBW =

√
A
K (47)
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Fig. 1: Domain walls in strips (a) Coordinates used to describe strips: x and y along transverse directions, and z along the
strip length (b) Phase diagram of DWs in strips known to-date[1, 2]. Labels indicate the state of lowest energy among TW,
ATW and VW[2]. (c-e) Mid-height views of micromagnetic simulations of the vortex (VW), transverse (TW) and asymmetric
transverse (ATW) walls. The strip width is 100 nm and thickness 16 nm for c and d, and 28 nm for e. The color codes the
magnetization component along z.

confusion with the 1d case.
When a sample is subdivided in several domains, be it for the sake of decreasing magnetostatic energy or because of

magnetic history, DWs are present at the domain boundaries. As a general rule DWs arrange themselves to avoid the
formation of magnetic charges, which would otherwise give rise to magnetostatic energy and thus to a cost of dipolar
energy. In the case of 180� DWs this results in so-called Bloch DWs, in which magnetization lies in the plane of the
wall. More generally, the plane of a domain wall tends to bisect the direction of magnetization in the neighboring
two domains. The component of magnetization perpendicular to the wall remains uniform from one domain to the
other through the wall, while the field of perpendicular component is similar to a 180� Bloch wall. This way the
volume density of magnetic charges �divM is zero. The picture is more complex in thin films, where magnetic
charges may arise at surfaces with an areal density M.n with n the outward normal to the surface. For very thin
films perpendicular magnetization cannot be sustained as in a Bloch wall, and magnetization rotates in the plane over
a length scale equal to the domain wall width. This is the geometry of the Néel wall[32]. In thicker films domain
walls remain of Bloch type deep inside the film, while at surfaces magnetization tends to turn parallel to the surface
to avoid the formation of surface charges[33, 34]. These features were called later Néel caps[35], due to the profile of
surface magnetization being very similar to that of Néel walls. A refinement of this picture is the spontaneous shift of
Néel caps along the direction perpendicular to the domain wall plane, so as asymptotically avoid any volume charge
even in the vicinity of Néel caps. This arrangement was called an asymmetric Bloch wall[34]. When the thickness of
the film is reduced the Néel caps at opposite surfaces become close one to another, so that the cross-section of the
domain wall looks like a swirl of magnetization. This feature, taking place to close as much as possible the magnetic
flux, has been named a vortex wall[36]. It should not be confused with the so-called vortex wall occurring in thin
strips. The history of domain and domain wall structure resulting from the principle of pole avoidance was recently
reviewed by A. S. Arrott[37].

Domain walls in strips are known to take two forms: the transverse wall (TW) and the VW, as initially described
by McMichael and M. Donahue[1]. In both cases magnetization remains mostly in-plane. In the TW magnetization
inside the wall is directed along the in-plane direction transverse to the strip (Fig. 1d). Its shape is roughly triangular,
reminiscent of the formation of 90� walls in thin films to avoid having locally net charges, associated with a long-
range magnetostatic energy. In a VW the magnetization is curling within the plane around a small area with
perpendicular magnetization called the vortex core, of diameter ⇡ 3�d (Fig. 1c)[38]. Examination of the detailed
magnetic microstructure reveals again 90� sub-walls. Both types of DWs have the same total charge 2twMs, with
t and w the strip thickness and width, respectively. Simulations and magnetic force microscopy provide the picture of
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Fig. 1: Domain walls in strips (a) Coordinates used to describe strips: x and y along transverse directions, and z along the
strip length (b) Phase diagram of DWs in strips known to-date[1, 2]. Labels indicate the state of lowest energy among TW,
ATW and VW[2]. (c-e) Mid-height views of micromagnetic simulations of the vortex (VW), transverse (TW) and asymmetric
transverse (ATW) walls. The strip width is 100 nm and thickness 16 nm for c and d, and 28 nm for e. The color codes the
magnetization component along z.
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a length scale equal to the domain wall width. This is the geometry of the Néel wall[32]. In thicker films domain
walls remain of Bloch type deep inside the film, while at surfaces magnetization tends to turn parallel to the surface
to avoid the formation of surface charges[33, 34]. These features were called later Néel caps[35], due to the profile of
surface magnetization being very similar to that of Néel walls. A refinement of this picture is the spontaneous shift of
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inside the wall is directed along the in-plane direction transverse to the strip (Fig. 1d). Its shape is roughly triangular,
reminiscent of the formation of 90� walls in thin films to avoid having locally net charges, associated with a long-
range magnetostatic energy. In a VW the magnetization is curling within the plane around a small area with
perpendicular magnetization called the vortex core, of diameter ⇡ 3�d (Fig. 1c)[38]. Examination of the detailed
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Figure 11: Domain Walls. (a) Transverse wall (b)
Vortex wall (c) Bloch Wall and (d) Néel Wall. The z−
component of magnetization is depicted in the colour
scheme.

and
θ(x) = 2 arctan

(
ex/δBW

)
(48)

Similarly, for Néel Wall (NW), the energy of the wall,

ENW = 4

√
A
(
K +

1

2
µ0M2

s

)
(49)

and wall width,

δNW =
1(

K
A +

µ0M2
s

2A

)1/2 (50)

Eqns. (45) and (49) show that the Néel wall has a larger
wall energy than the Bloch wall in bulk materials.

Effect of DMI or Chiral DWs: The addition
of DMI (Dzyaloshinskii-Moriya interaction) in the
Eqn. (44) can stabilize Néel domain walls (DWs) with a
fixed chirality∗, even in cases where Bloch DWs would
be favoured, [see FIG. 4].
In the presence of DMI, the total micromagnetic energy
of the system

E [θ(x)] =
[
A
(
∂θ

∂x

)2

+D ∂θ
∂x

+Keff sin2 θ

]
dx (51)

where Keff = K − 1/2µ0M
2
s is an effective anisotropy

which takes into account the shape anisotropy. Solving
the Euler equation yields the domain wall width (δ)
and the domain wall energy with DMI (σ) [140, 141],
respectively

δ = π∆ = π
√
A/Keff (52)

σ = 4
√
AKeff ∓ πD (53)

where ∆ = A/Keff is the Bloch wall width parameter.
Notably, the Dzyaloshinskii-Moriya interaction (DMI)
does not change the shape of the one-dimensional (1D)
domain wall, but it does introduce chirality, with its
sign determined by that of D. When the chirality
is most favorable, it results in lowered energy, giving
rise to intriguing dynamic properties of Dzyaloshinskii
domain wall (D-walls) [107]. Thiaville et al. defined
the critical DMI energy constant Dc as the limit
when sigma approaches zero and is given by Dc =
4
√AKeff/π [141]. Above this critical value, the

domain wall energy becomes negative, leading to the
proliferation of domain walls throughout the sample.
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Figure 12: Skyrmion radial profile. (a-b) Two different configurations of Axisymmetric isolated skyrmions
illustrating the angle φ; (c) Typical localized solutions of the boundary value problem with magnetization profile
θ(ρ).

6 Skyrmion Energetic: A Varia-
tional Approach

In this section, we consider a variational calculation
for a 2D axisymmetric skyrmion in a ferromagnetic
background. In a magnetic material, skyrmions are
regions where the magnetization vectors are standing
in a spiral-like configuration. So we want to know
how exactly the magnetization vector depends on the
position in space. The unit magnetization vector
at a point r in space is given by the vector m(r).
Considering the parametrization defined in Eqn. (2)

m(r) = sin θ cosϕr̂ + sin θ sinϕφ̂+ cos θẑ (54)

where θ and ϕ depend on r, which we consider in
cylindrical coordinates, so that r = (r, φ, z). Given
a certain m(r), the energy in terms of functional of
this configuration is given by:

E[m(r)] =

∫ {
−J

2
m · ∇2m+

D
2
m · (∇×m)

+K
(
1−m2

z

)
+ µ0HextM (1−mz)

− µ0M(m ·Hd)

}
dr

(55)

∗ Fixed chirality means that the magnetization rotates
consistently in the same direction when transitioning between up
and down domains. The conventional right-handed chirality with
positive DMI (D > 0) and left-handed chirality with negative
DMI (D < 0).

with J being the spin stiffness, D the Dzyaloshinskii-
Moriya interaction constant, K the anisotropy constant
and µ0 the vacuum permeability. We want to find the
configuration that minimizes the energy in Eqn. (55).
We only look for solutions with ϕ = ϕ0 constant
that has rotational symmetry in the φ direction and
translational symmetry in the z direction, so that θ
only depends on r [see inset of FIG. 2].
Two main skyrmionic states Bloch-type modulations
with Dn symmetry [FIG. 12(a)] observed in free-
standing nanolayers of cubic helimagnets [see e.g. [60,
58, 31, 69]], and skyrmion lattices withCnv symmetry
in Néel-type modulations [FIG. 12(b)] observed in
Fe/Ir(111) and PdFe/Ir(111) nanolayers [60, 69] and
in the rhombohedral ferromagnet GaV4O8 with Cnv

symmetry [66] by direct experimental observations.
With our suitable Eqn. (54), the minimised skyrmion
energy functional with respect to a field-polarized
(ferromagnetic) background therefore reads

E[θ(r)]sk =

∫
rdzdφ

∫
dr

[
J
2

{(
dθ

dr

)2

+
sin2 θ

r2

}
+
D
2

{
dθ

dr
+

sin θ cos θ

r

}
+K sin2 θ

+ µ0HextM(1− cos θ)

]

= 2πtc

∫ ∞
0

f(θ, r)rdr

(56)
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where the 2π and the tc account for integration in the
ϕ and z direction respectively, tc is the thickness of the
ferromagnetic layer. f(θ, r) = E [θ(r)]sk − E(0)Sk is
the difference between the skyrmion energy density and
that of the saturated state, E(0)sk = −K − µ0MHext.
After minimisation, the Euler equation for energy
functional Eqn. (56) turns out to be

J
(
θrr +

1

r
θr −

sin θ cos θ

r2

)
+D sin2 θ

r
− 2K sin θ cos θ

− µ0MHext sin θ = 0
(57)

with boundary conditions:

θ(0) = π; θ(∞) = 0 (58)

yields the equilibrium structure of isolated axisym-
metric skyrmions [142, 3]. The above equation is a
non-linear differential equation which can be solved
using Numerical methods with dimensionless param-
eters which results in the equation for axisymmetric
skyrmions [see FIG. 12(a,b)] of the form

θρρ+
θρ
ρ
− 1

ρ2
sin θ cos θ+

2 sin2 θ

ρ
−ksin θ cos θ−h sin θ = 0

(59)
with boundary conditions (58). Note that these

boundary conditions depend on the sign of Hext.
If Hext would be negative, the boundary conditions
would be interchanged. We can show that for a
generalised case of ϕ = wφ + γ, a solution can indeed
carry non-zero topological charge Q, by plugging
Eqn. (54) into Eqn. (7) yields

Q =
1

4π

∫
(∂im× ∂jm) ·md2r

=
1

4π

∫ ∞
0

dρ
dθ(ρ)

dρ
sin θ(ρ)

∫ 2π

0

dφ
d[w(φ+ γ)]

dφ

= w
(60)

Therefore, the ansatz in Eqn. (54) indeed describes a
‘topologically protected’ soliton solution with integer
winding number w. Different values of the winding
number will represent the different magnetic structures
[see FIG. 13]. The equilibrium skyrmion profiles θ(ρ)
of axisymmetric skyrmions are derived by solving the
boundary value problem (59) and (58) with a finite-
difference method [142] using MATLAB software, also
investigated in [143, 144, 145, 146, 147, 148, 149, 126,
150, 151]. Typical solutions of Eqn. (59) are plotted in
FIG. 12(c) and the existing areas for isolated skyrmions
are indicated in the phase diagram of the solutions
[Illustrated in FIG. 14, recreated with permission from
Ref. [143]]. We see a rich spectrum of magnetic
states characteristic for chiral skyrmions and various
scenarios of their evolution under the influence of

applied fields, also in [32, 151, 36]. In micromagnetism,
the characteristic size of a localized magnetization
profile θ(ρ) is defined as [152]

rsk = r0 − θ0
(
dθ

dr

)
r=r0

(61)

where (r0, θ0) is the inflection point of the profile
θ(r) which we have calculated using nearest data-
interpolation on magnetization profile [See inset of
FIG. 2]. We also have plotted the emergent magnetic
field of skyrmion mapping using an ansatz for θ(r)
profile θ(r) = π[1 − r/rsk] (r < rsk) and θ(r) =
0 (r > rsk). Furthermore, the ansatz, θ(r/rsk) =
4 arctan[exp (−r/rsk)] based on solutions for isolated
360◦ Bloch walls provides a good fit to the solutions of
Eqn. (57). Dc = 4

√
JKπ is the critical DM interaction

for the onset of spin spirals at zero fields in a single thin
layer. Two ranges have to be considered, according to
the value ofD compared toDc. For example, skyrmion
confined in nanodots, using the 1D solution for θ(r),
the skyrmion energy is

Es ∼ 2πRstσ(D) +
4πt∆

Rs
(62)

where the first term is the domain wall energy
[Eqn. (53)] cost and the second one is the curvature
energy cost. The minimisation of this equation gives
the skyrmion equilibrium size

Rs ∼
∆√

1−D/Dc

(63)

Various other ansatzs have been extensively analysed
to map the numerical and experimental analysis [154,
155, 122] findings on the size of skyrmions [126, 44,
156, 36, 157]. In comparison with previous studies
However, a most general theory for skyrmion’s size was
proposed by Wang et al., Ref. [122] with the radius
of skyrmion [see Eqn. (64)] probed exhaustively with
DMI, Anisotropy, exchange and field variations.

R = πD

√
A

16AK2 − π2D2K
(64)

The formulas and corresponding relations agree very
well with simulations and experiments.
Pertaining to our Eqn. (60), a k − h phase diagram
is analysed in Ref. [143]. These findings highlight
the significance of anisotropy symmetry in both bulk
and confined cubic helimagnets when it comes to
the development of chiral patterns. Moreover, these
results offer further proof regarding the physical
characteristics of ‘A-phase’ states in various B20
compounds.
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to the higher-order magnetic anisotropy of the material34,36,37.
Note that the coordinates (qx, qy) used here, as defined in Fig. 1d,
are independent of the crystallographic directions. Therefore,
by rotating C, the same modulation wavevectors rotate
accordingly in the coordinate system (see Fig. 3b,c). The
measured CD intensity as a function of C (see Fig. 3d) shows
exactly one period when the X-rays map the physical space once,
suggesting that the skyrmion motif has a winding number of
N¼ 1. Moreover, as shown in Fig. 3e,f, the PAM is in excellent
agreement with the theoretical calculations presented in Fig. 2i.
The equal height of the two humps confirms the N¼ 1 topology
of this material.

Discussion
Another type of N¼ 1 system, which does not carry chirality, is
the so-called Néel-type skyrmion33 (see Fig. 4a). Its spin texture
has a different appearance; however, it is topologically equivalent
to the other skyrmion form. Consequently, the CD profile in
Fig. 4b shows the same periodicity; however, a constant
phase shift, as compared with Fig. 2e, appears. The phase shift,
on the other hand, is due to the different mapping of the spin
configuration under a continuous transformation. The analytical
solution takes the value of F1¼ p/2 for equation (4). The same
behaviour is found for the PAM, as shown in Fig. 4c, for which

the shape and height of the two humps are essentially the same as
in Fig. 2i; however, the entire pattern undergoes
a linear shift along C. The analytical solution takes the value
of F2¼p/6 for equation (3). Moreover, if the winding number is
negative (see Fig. 4d), the CD signal still shows the same
periodicity, that is, it does not distinguish between N and "N.
However, the appearance of the humps is fundamentally different
(compare Fig. 4f with Fig. 4c).

In summary, we have demonstrated that for a long-wavelength
magnetically ordered system, the topological winding number of
the motif can be unambiguously determined by polarized X-rays.
First, our polarization-dependent REXS strategy is a direct
measurement method as the winding number is naturally
encoded in the underlying physics of the light–matter interaction,
and is explicit in the measurement principle, expressed in
equation (3) and (4). Second, although we used resonant soft
X-ray diffraction for the demonstration of the measurement
principle, the fundamentally same theory, with slight modifica-
tions, can be applied to the hard X-ray wavelength regime as well.
It can further be expanded to non-resonant magnetic X-ray
scattering by adding certain corrections. Third, this experimental
technique can be applied to a wide range of magnetic systems,
including both metallic and insulating materials, as well as other
genres of materials that host topologically ordered spin systems,
making it a general experimental principle.
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Figure 2 | Numerical determination of the topological winding number. (a–d) Spin configurations with topological winding numbers of 1, 2, 3 and 5,
respectively. These spin textures are the motifs that generate the two-dimensional, periodically ordered lattices which can be measured by diffraction
techniques. (e–h) CD cross-section as a function of C for topologically ordered systems. Here, C is represented by a loop (shown in red) in reciprocal

space (qdiff
x , qdiff

y ), where qdiff
x ¼ q cos C, qdiff

y ¼ q sin C, and q¼0.0158 r.l.u. is the absolute value of the skyrmion lattice modulation wavevector for

Cu2OSeO3. The condition for vanishing CD (CD¼0) is indicated by the light blue plane. The CD signal is symmetric about this plane for integer winding
numbers. The periodicity of the CD modulation equals to N. Note that for even N the CD signal is zero. (i–l) PAMs. The calculations are performed by
rotating b from 0! to 180! at each C, and by mapping out C from 0! to 360!. The total number of humps is equivalent to 2N. Note that for integer winding
numbers the humps are of equal height.
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to the higher-order magnetic anisotropy of the material34,36,37.
Note that the coordinates (qx, qy) used here, as defined in Fig. 1d,
are independent of the crystallographic directions. Therefore,
by rotating C, the same modulation wavevectors rotate
accordingly in the coordinate system (see Fig. 3b,c). The
measured CD intensity as a function of C (see Fig. 3d) shows
exactly one period when the X-rays map the physical space once,
suggesting that the skyrmion motif has a winding number of
N¼ 1. Moreover, as shown in Fig. 3e,f, the PAM is in excellent
agreement with the theoretical calculations presented in Fig. 2i.
The equal height of the two humps confirms the N¼ 1 topology
of this material.

Discussion
Another type of N¼ 1 system, which does not carry chirality, is
the so-called Néel-type skyrmion33 (see Fig. 4a). Its spin texture
has a different appearance; however, it is topologically equivalent
to the other skyrmion form. Consequently, the CD profile in
Fig. 4b shows the same periodicity; however, a constant
phase shift, as compared with Fig. 2e, appears. The phase shift,
on the other hand, is due to the different mapping of the spin
configuration under a continuous transformation. The analytical
solution takes the value of F1¼ p/2 for equation (4). The same
behaviour is found for the PAM, as shown in Fig. 4c, for which

the shape and height of the two humps are essentially the same as
in Fig. 2i; however, the entire pattern undergoes
a linear shift along C. The analytical solution takes the value
of F2¼p/6 for equation (3). Moreover, if the winding number is
negative (see Fig. 4d), the CD signal still shows the same
periodicity, that is, it does not distinguish between N and "N.
However, the appearance of the humps is fundamentally different
(compare Fig. 4f with Fig. 4c).

In summary, we have demonstrated that for a long-wavelength
magnetically ordered system, the topological winding number of
the motif can be unambiguously determined by polarized X-rays.
First, our polarization-dependent REXS strategy is a direct
measurement method as the winding number is naturally
encoded in the underlying physics of the light–matter interaction,
and is explicit in the measurement principle, expressed in
equation (3) and (4). Second, although we used resonant soft
X-ray diffraction for the demonstration of the measurement
principle, the fundamentally same theory, with slight modifica-
tions, can be applied to the hard X-ray wavelength regime as well.
It can further be expanded to non-resonant magnetic X-ray
scattering by adding certain corrections. Third, this experimental
technique can be applied to a wide range of magnetic systems,
including both metallic and insulating materials, as well as other
genres of materials that host topologically ordered spin systems,
making it a general experimental principle.
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Figure 2 | Numerical determination of the topological winding number. (a–d) Spin configurations with topological winding numbers of 1, 2, 3 and 5,
respectively. These spin textures are the motifs that generate the two-dimensional, periodically ordered lattices which can be measured by diffraction
techniques. (e–h) CD cross-section as a function of C for topologically ordered systems. Here, C is represented by a loop (shown in red) in reciprocal

space (qdiff
x , qdiff

y ), where qdiff
x ¼ q cos C, qdiff

y ¼ q sin C, and q¼0.0158 r.l.u. is the absolute value of the skyrmion lattice modulation wavevector for

Cu2OSeO3. The condition for vanishing CD (CD¼0) is indicated by the light blue plane. The CD signal is symmetric about this plane for integer winding
numbers. The periodicity of the CD modulation equals to N. Note that for even N the CD signal is zero. (i–l) PAMs. The calculations are performed by
rotating b from 0! to 180! at each C, and by mapping out C from 0! to 360!. The total number of humps is equivalent to 2N. Note that for integer winding
numbers the humps are of equal height.
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to the higher-order magnetic anisotropy of the material34,36,37.
Note that the coordinates (qx, qy) used here, as defined in Fig. 1d,
are independent of the crystallographic directions. Therefore,
by rotating C, the same modulation wavevectors rotate
accordingly in the coordinate system (see Fig. 3b,c). The
measured CD intensity as a function of C (see Fig. 3d) shows
exactly one period when the X-rays map the physical space once,
suggesting that the skyrmion motif has a winding number of
N¼ 1. Moreover, as shown in Fig. 3e,f, the PAM is in excellent
agreement with the theoretical calculations presented in Fig. 2i.
The equal height of the two humps confirms the N¼ 1 topology
of this material.

Discussion
Another type of N¼ 1 system, which does not carry chirality, is
the so-called Néel-type skyrmion33 (see Fig. 4a). Its spin texture
has a different appearance; however, it is topologically equivalent
to the other skyrmion form. Consequently, the CD profile in
Fig. 4b shows the same periodicity; however, a constant
phase shift, as compared with Fig. 2e, appears. The phase shift,
on the other hand, is due to the different mapping of the spin
configuration under a continuous transformation. The analytical
solution takes the value of F1¼ p/2 for equation (4). The same
behaviour is found for the PAM, as shown in Fig. 4c, for which

the shape and height of the two humps are essentially the same as
in Fig. 2i; however, the entire pattern undergoes
a linear shift along C. The analytical solution takes the value
of F2¼p/6 for equation (3). Moreover, if the winding number is
negative (see Fig. 4d), the CD signal still shows the same
periodicity, that is, it does not distinguish between N and "N.
However, the appearance of the humps is fundamentally different
(compare Fig. 4f with Fig. 4c).

In summary, we have demonstrated that for a long-wavelength
magnetically ordered system, the topological winding number of
the motif can be unambiguously determined by polarized X-rays.
First, our polarization-dependent REXS strategy is a direct
measurement method as the winding number is naturally
encoded in the underlying physics of the light–matter interaction,
and is explicit in the measurement principle, expressed in
equation (3) and (4). Second, although we used resonant soft
X-ray diffraction for the demonstration of the measurement
principle, the fundamentally same theory, with slight modifica-
tions, can be applied to the hard X-ray wavelength regime as well.
It can further be expanded to non-resonant magnetic X-ray
scattering by adding certain corrections. Third, this experimental
technique can be applied to a wide range of magnetic systems,
including both metallic and insulating materials, as well as other
genres of materials that host topologically ordered spin systems,
making it a general experimental principle.
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Figure 2 | Numerical determination of the topological winding number. (a–d) Spin configurations with topological winding numbers of 1, 2, 3 and 5,
respectively. These spin textures are the motifs that generate the two-dimensional, periodically ordered lattices which can be measured by diffraction
techniques. (e–h) CD cross-section as a function of C for topologically ordered systems. Here, C is represented by a loop (shown in red) in reciprocal

space (qdiff
x , qdiff

y ), where qdiff
x ¼ q cos C, qdiff

y ¼ q sin C, and q¼0.0158 r.l.u. is the absolute value of the skyrmion lattice modulation wavevector for

Cu2OSeO3. The condition for vanishing CD (CD¼0) is indicated by the light blue plane. The CD signal is symmetric about this plane for integer winding
numbers. The periodicity of the CD modulation equals to N. Note that for even N the CD signal is zero. (i–l) PAMs. The calculations are performed by
rotating b from 0! to 180! at each C, and by mapping out C from 0! to 360!. The total number of humps is equivalent to 2N. Note that for integer winding
numbers the humps are of equal height.
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to the higher-order magnetic anisotropy of the material34,36,37.
Note that the coordinates (qx, qy) used here, as defined in Fig. 1d,
are independent of the crystallographic directions. Therefore,
by rotating C, the same modulation wavevectors rotate
accordingly in the coordinate system (see Fig. 3b,c). The
measured CD intensity as a function of C (see Fig. 3d) shows
exactly one period when the X-rays map the physical space once,
suggesting that the skyrmion motif has a winding number of
N¼ 1. Moreover, as shown in Fig. 3e,f, the PAM is in excellent
agreement with the theoretical calculations presented in Fig. 2i.
The equal height of the two humps confirms the N¼ 1 topology
of this material.

Discussion
Another type of N¼ 1 system, which does not carry chirality, is
the so-called Néel-type skyrmion33 (see Fig. 4a). Its spin texture
has a different appearance; however, it is topologically equivalent
to the other skyrmion form. Consequently, the CD profile in
Fig. 4b shows the same periodicity; however, a constant
phase shift, as compared with Fig. 2e, appears. The phase shift,
on the other hand, is due to the different mapping of the spin
configuration under a continuous transformation. The analytical
solution takes the value of F1¼ p/2 for equation (4). The same
behaviour is found for the PAM, as shown in Fig. 4c, for which

the shape and height of the two humps are essentially the same as
in Fig. 2i; however, the entire pattern undergoes
a linear shift along C. The analytical solution takes the value
of F2¼p/6 for equation (3). Moreover, if the winding number is
negative (see Fig. 4d), the CD signal still shows the same
periodicity, that is, it does not distinguish between N and "N.
However, the appearance of the humps is fundamentally different
(compare Fig. 4f with Fig. 4c).

In summary, we have demonstrated that for a long-wavelength
magnetically ordered system, the topological winding number of
the motif can be unambiguously determined by polarized X-rays.
First, our polarization-dependent REXS strategy is a direct
measurement method as the winding number is naturally
encoded in the underlying physics of the light–matter interaction,
and is explicit in the measurement principle, expressed in
equation (3) and (4). Second, although we used resonant soft
X-ray diffraction for the demonstration of the measurement
principle, the fundamentally same theory, with slight modifica-
tions, can be applied to the hard X-ray wavelength regime as well.
It can further be expanded to non-resonant magnetic X-ray
scattering by adding certain corrections. Third, this experimental
technique can be applied to a wide range of magnetic systems,
including both metallic and insulating materials, as well as other
genres of materials that host topologically ordered spin systems,
making it a general experimental principle.
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Figure 2 | Numerical determination of the topological winding number. (a–d) Spin configurations with topological winding numbers of 1, 2, 3 and 5,
respectively. These spin textures are the motifs that generate the two-dimensional, periodically ordered lattices which can be measured by diffraction
techniques. (e–h) CD cross-section as a function of C for topologically ordered systems. Here, C is represented by a loop (shown in red) in reciprocal

space (qdiff
x , qdiff

y ), where qdiff
x ¼ q cos C, qdiff

y ¼ q sin C, and q¼0.0158 r.l.u. is the absolute value of the skyrmion lattice modulation wavevector for

Cu2OSeO3. The condition for vanishing CD (CD¼0) is indicated by the light blue plane. The CD signal is symmetric about this plane for integer winding
numbers. The periodicity of the CD modulation equals to N. Note that for even N the CD signal is zero. (i–l) PAMs. The calculations are performed by
rotating b from 0! to 180! at each C, and by mapping out C from 0! to 360!. The total number of humps is equivalent to 2N. Note that for integer winding
numbers the humps are of equal height.
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Figure 2. Relaxed states of skyrmions with different values of Q
and ⌘. We construct a radial symmetric skyrmion as the initial state
and check whether the initial geometry is preserved or destroyed after
the relaxation. The model is a square element (40 ⇥ 40 spins) with
the OBC. The parameters are J2 = �0.8, J3 = �1.2, K = 0.1, and
Hz = 0.1.

where ' is the azimuthal angle (0  ' < 2⇡) and ⌘ is the
helicity defined mod 2⇡. Namely, the helicity ⌘ and ⌘�2⇡ are
identical. Special values of the helicity play important roles,
that is, ⌘ = 0,⇡/2,⇡, 3⇡/2. We frequently use ⌘ = �⇡/2
instead of ⌘ = 3⇡/2. We may index a skyrmion as (Q, ⌘) with
the use of the skyrmion number and the helicity. A skyrmion
with Q < 0 may also be called an antiskyrmion.

Typical metastable states. We first relax the frustrated mag-
netic system from a random initial spin configuration for dif-
ferent values of K and Hz . The initial spin configuration
is random in three dimensions. Figure 1a shows the typical
metastable states in the relaxed sample with respect to K and
Hz solved by the OOMMF CG minimizer (cf. Supplemen-
tary Fig. 1). The same typical metastable states obtained by
the OOMMF solver integrating the LLG equation is given
in Supplementary Fig. 2, which shows qualitatively identi-
cal results, justifying the reliability of the relaxation proce-
dure by the CG minimizer. It shows that isolated skyrmions

and antiskyrmions can be spontaneously formed in the relaxed
state where the magnetic system has certain values of K and
Hz . Small values of K and Hz lead to the formations of
distorted skyrmions and antiskyrmions, stripe domains, and
large in-plane spin configurations, where the typical size of
the undistorted skyrmions with Q = 1 and stripe domains is
about 5 times the lattice constant. Figure 1b shows the de-
tailed spin configuration of the relaxed sample with K = 0.1
and Hz = 0.1 (in units of J1 = 1). It can be seen that
skyrmions with (+1,�⇡/2), antiskyrmions with (�1,⇡/2),
(�1,�⇡/2), and (�2,⇡/2) coexist in the relaxed sample. It
is noteworthy that the high-topological-number antiskyrmion
with Q = �2 can be seen as a two-antiskyrmion bound state
or a bi-antiskyrmion, about which we will discuss later.

The existence of skyrmions and antiskyrmions also depends
on the relation between J1, J2, and J3 (cf. Supplementary
Figs. 3-6), however, the presence of the DDI has limited in-
fluence on the existence of skyrmions and antiskyrmions as
the typical metastable states (cf. Supplementary Figs. 7-10).
Besides, as our simulations are carried out with the OBC in
the presence of the DDI, the orientations of spins at the edge
could be different from that in the bulk at certain conditions
(cf. Supplementary Fig. 11). For the same reason, the spin
textures, such as the stripe domains, obtained in our typical
metastable states are not periodic patterns. The lack of regu-
lar lattice structure of skyrmions has been observed in several
recent experiments15,18–21.

Stability of isolated skyrmions and antiskyrmions. We
study possible static solutions of isolated skyrmions and anti-
skyrmions by relaxing the sample with a given initial spin con-
figuration. Namely, we construct a number of possible stan-
dard skyrmion and antiskyrmion spin structures with different
values of (Q, ⌘) as the initial spin configuration of the sample.
After relaxation of the system, we obtain the relaxed states of
skyrmions and antiskyrmions, which are stable or metastable
solutions. As shown in Fig. 2, we construct a radial symmetric
skyrmion as the initial state. We check whether the initial ge-
ometry is preserved or destroyed after the relaxation. For the
initial states of skyrmions with Q = ±1, ±2, ±3, the numbers
(Q, ⌘) do not change after the relaxation although the radius
shrinks. However the skyrmion with Q = ±4 is unstable and
splits into two skyrmions with Q = ±2. The skyrmion with
Q = ±5 is also unstable and splits into five skyrmions with
Q = ±1. The results of the antiskyrmion are similar to those
of the skyrmion as shown in Supplementary Fig. 12.

Binary stable skyrmions and antiskyrmions. The skyrmion
energy and the antiskyrmion energy are degenerate and in-
dependent of the helicity ⌘ in the absence of the DDI (cf.
Ref. 41). We also present a symmetric analysis of this prop-
erty in Supplementary Note 1. Needless to say, the DDI exists
in all magnetic materials, however, it has been customarily
considered negligible for a microscopic spin texture. This is
actually not the case. We show the detail of each contribu-
tion to the skyrmion energy in Fig. 3, 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

w = 4

Figure 13: Magnetic skyrmion solutions specified by Eqn. (60). The field solution m(r) is classified by the
winding number w. The field configurations for 1 ≤ w ≤ 5 are plotted.

6.1 Theoretical Caveats on Stability

Compared to the domain wall, the vortex and hedgehog
bring a new aspect - they require an infinite amount
of energy. Well, this can be understood by looking at
the swirly nature of the vortex, where the fields never
become uniform. Hobart-Derrick [7] and the Mermin-
Wagner theorems, explain that if an object requires
an infinite amount of energy to create, it cannot exist.
The instability of the vortex is a result of the lack of
any stationary point in its energy as its size increases,
and the core of the vortex or monopole also costs a lot
of energy due to the swirliness near it. So, initially,
it appears that magnetic skyrmions cannot exist.
Additionally, because these spin textures are situated
on a lattice, it is difficult to utilize topology, which
makes any topological protection invalid. Nonetheless,
experiments have shown that magnetic skyrmions can
bypass the constraints imposed by these theorems,
and they do acquire some level of protection from
the nontrivial topology of their continuum limit.
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Therefore, it is crucial to consider the energetic
cost when judging whether these objects can exist.
Under scaling transformation, for example, a rescaled
function θ(r) = θ(r/η), the skyrmion energy Eqn. (56)
can be expressed as a function of η

Ẽ[θ(η)]sk = Ee − EDη + E0η2 (65)

which shows that the DM energy plays a crucial role
in stabilizing skyrmions [108]. The FIG. 15 illustrates
the results obtained from a micromagnetic simulation
focused on the nucleation of skyrmion in FM material.
It presents the variation of both the total energy and
individual energies. Evidently, the DMI energy plays
a vital role in effectively minimizing the total energy.
This minimal energy state corresponds to the stability,
or sometimes meta-stability, of these unique magnetic
skyrmionic textures. Furthermore, the size of the
skyrmion system is controlled by an external magnetic
field, as demonstrated in the inset plot and texture
plot of the skyrmion in FIG. 12(c) for different values
of h and k. Moreover, FIG. 14 showcases the phase
transitions between stripe domains, skyrmion states,
and saturated states, all of which can be induced by
variations in the external magnetic field.

7 Creation, Deletion and Detec-
tion

The study of controllable creation, detection, and
deletion of nm-scale skyrmions systems offers a large
degree of control over the skyrmion states [158] and will
be necessary for any future applications of skyrmionics.
The study constitutes, in some sense, a proof of
concept demonstrating that beyond the fundamental
properties of skyrmions, they may perfectly find
applications in electronic devices that could harness
their rich behaviours. This section gives an overview
of these elementary functionalities. A novel device
implementation based on these textures requires their
stability at room temperature (RT) which remains
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Figure 15: Skyrmion nucleation and the corresponding energetics. (a) Different Energy Variation with
nucleation, (b) magnetization m with nucleation and (c) Nucleation of Skyrmion in FM in N no of steps.

a challenge due to the limitations of their energy
compared to thermal agitation in ultra-thin systems.
Recently, RT stabilization of skyrmions in magnetic
multilayers has been achieved [32, 28], which opens up
possibilities for skyrmion-based technologies. Several
extensive reviews on the issue have been recently
published [159, 160, 161].

7.1 Creation & Deletion

Skyrmions have several important implications due to
their unique topology. One of these is that they are
protected from creation or annihilation by an energy
barrier, as long as they remain away from the edges
of the sample. This topological stability allows for
a wide region in the phase diagram where skyrmions
and the ferromagnetic state can coexist in a hysteresis,
with the number of skyrmions in a given area being
a variable parameter. This is particularly important
for applications in data storage technologies. How-
ever, it has been demonstrated that the artificial cre-
ation and annihilation of skyrmions is possible within
this region of the phase diagram. Numerous tech-

niques have been suggested for generating skyrmions,
with the magnetic field being a vital and easily con-
trollable stimulus commonly achievable in most lab-
oratories. In the initial phase of skyrmion research,
extensive theoretical and experimental investigations
were conducted on the magnetic phase diagram. Typ-
ically, under specific out-of-the plane magnetic fields
and temperature ranges, chiral magnets tend to ex-
hibit the formation of skyrmion crystal and isolated
skyrmions [108, 57, 30, 60, 58, 165, 59, 166, 167]. That
is to say, by applying an external magnetic field per-
pendicularly to the magnetic film with DM interac-
tions, it is possible to control the formation of skyrmion
texture [69]. On the other hand, the size of a nucle-
ated skyrmion in a magnetic film depends on several
factors, including the strength of the external out-of-
the plane magnetic field, which interacts with other
energetic contributions like DMI, magnetic anisotropy,
demag energy and exchange interaction [126, 168, 122].
Typically, the formation of skyrmion requires a small
out-of-the plane magnetic field, while a large field can
lead to their collapse and annihilation. In 2016, J
Müller demonstrated that magnetic field pulse can nu-
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Figure 16: Nucleation and Destruction. (a) Experimental Nucleation of skyrmionic bubbles by driving stripe
domains with current (je = ±5 × 105A/cm2) through a geometric constriction, with permission from Ref. [35].
(b) Writing and Deleting of individual skyrmions in Fe/Pd/Ir(111) before and after SP-STM manipulation at
specific locations, with permission from Ref. [69]). (c) Deleting (left) and writing (right) skyrmions by local
electric fields, with permission from Ref. [162]. (d) Illustration of Skyrmion nucleation by vertical spin injection
device utilizing a magnetic tunnel junction with current pulses j = 3× 1011 and 6× 1011, with permission from
Ref. [32]. (e) Nucleation of Skyrmion from Domain Wall-pair by applying a spin-polarized current, recreated with
permission from Ref. [163]. (f) Magnetic skyrmion configuration for writing and deleting. Scale bar, 500 nm,
with permission from Ref. [164]. (g) Snapshots of the creation of a skyrmion around a notch by current-induced
spin transfer torque, with permission from Ref. [36]. (h) MFM images of the 1 µm wide tracks before any pulses
and after the injection of 1000 current pulses of 200 ns in 1.0 nm thick Co multilayers, with permission from
Ref. [84].

cleate skyrmions near the edge of chiral magnet due to
edge instability [169] and a year later, M. Mochizuki
in Ref. [167] showed that individual skyrmions can be
created in a magnetic film with a fabricated hole or
notch using an external magnetic field in a controlled
manner. Recently, Garanin et al. proposed a method
for writing skyrmions in a uniform magnetized film us-
ing a magnetic dipole dip [170] and subsequent experi-
mental work using Magnetic Force Microscopy (MFM)
tips confirmed that localised magnetic field can create
skyrmions [171] by Zhang et al. Additionally, S. Woo
demonstrated the creation of skyrmions at room tem-
perature without an external magnetic field by using
dipolar voltage pulses [172]. Micromagnetic simula-
tions have depicted the magnetic field-assisted nucle-
ation stages of a skyrmion on a track [see FIG. 15(c)],
and further dynamics of this process will be discussed
in the following section.
Another technique involves employing spin-polarized
electric currents [refer to Section 8] to induce STTs

or SOTs on magnetic moments, which plays a cru-
cial role in driving magnetization dynamics in mod-
ern spintronic devices [173, 174]. In 2011, Everschor
et al. theoretically explored the interaction between
STTs and skyrmion lattices in chiral magnets [175].
Subsequently, Tchoe et al. made theoretical predic-
tions of the writing of a magnetic skyrmion using
spin-polarized electric currents in 2012, demonstrat-
ing that skyrmions can be nucleated from a ferromag-
netic background with an estimated vertical current of
j ∼ 1010 − 1011Am−2[176]. A year later, Iwasaki et
al. [see FIG. 16(g)] and Sampio et al. [see FIG. 16(d)]
independently investigated current-induced skyrmion
creation in confined geometries through theoretical
and numerical apporaches [36, 32]. In particular,
Iwasaki demonstrated through numerical simulation
that skyrmion can be nucleated and created from the
notch in a nanotrack, offering an effective method
for writing skyrmions at specific locations. Theoret-
ical studies have also discussed various mechanisms for
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the nucleation of skyrmions by electric current pulses
in nanodisks [149], circulating spin current [176], lo-
cal heating [177], thermal fluctuations [92], and time-
dependent magnetic fields [178]. One such break-
through was made by N. Romming et al. in 2013 [69],
they used a scanning tunneling microscope (STM) to
inject spin-polarized current(∼ 1 nA) into a Pd/Fe bi-
layer to write a skyrmion [FIG. 16(b)]. They also found
that a skyrmion could be deleted simply by raising the
applied field above 2 Tesla. In this particular case, the
externally applied magnetic field is chosen such that
the skyrmion and the ferromagnetic states are ener-
getically equivalent and the temperature has been de-
creased to 4.2 K so that thermal switching is extremely
improbable. By increasing or decreasing the field, ei-
ther the ferromagnetic or the skyrmionic state becomes
more favorable, respectively, allowing for a determin-
istic switching of bits. Later in 2017, it was demon-
strated that nanoscale skyrmions can also be created
and deleted using local electric fields generated from a
non-magnetic tip [see FIG. 16(c)], where the polarity of
the applied bias voltage determines the switching direc-
tion, offering an all-electric alternative to spin-transfer-
torque-based switching via local spin-polarized current
injection [162].
In MTJ-based nucleation [32], by increasing the tun-
neling current and applied bias voltage, the SP-STM
can be used to write and delete nanoscale skyrmions
in a reproducible manner via local injection of spin-
polarized electrons. In 2014, Zhou and Ezawa theo-
retically predicted that a magnetic skyrmion can be
converted from a domain-wall pair in a junction geom-
etry (j ∼ 1.8 × 1012 Am−2) [163]. Snapshot of which
is shown in FIG. 16(e). In 2015, W. Jian et al. demon-
strated in room-temperature MOKE experiments that
magnetic stripe domains pushed through a geometric
constriction with spin current (j ∼ ±5 × 105A/cm2)
could blow skyrmion bubbles similar to soap films [35]
[see FIG. 16(a)]. In the presence of geometric constric-
tion, such as a corner, a notch, or a narrow electrode,
the current density is locally increased. This locally
higher current density at the constriction can generate
large torques in sandwiched HM and FM layer devices,
which are prone to excite magnetization dynamics and
induce skyrmion nucleation. Numerical simulations in
chiral magnets have demonstrated that corners are ef-
fective at generating skyrmions [179]. The creation of
skyrmion bubbles in such a junction constriction driven
by inhomogeneous spin currents was further theoreti-
cally studied independently by Heinonen et al. [37, 180]
and Liu et al. [181] confirming its efficient mechanism
and device compatibility suitable for future applica-
tions. In the case of corner constrictions, the nucle-
ation is found to be largely assisted by the Oersted
field. A weak magnetic field ( µ0Hz ≈ 8mT) might be

sufficient to nucleate and stabilise skyrmion not only
on the corner but also inside the track. Consequently,
after nucleation, they propagate away from the corner
under the action of current-induced torques. Note that
current-induced spin torques may also play a role in the
nucleation, by destabilising the perpendicular magne-
tization [see FIG. 16(g)].
Skyrmion can also be nucleated by locally heating
the sample [182], high-frequency bipolar excitations in
combination with pinning sites [51].
The reports mentioned above indicate that topological
charge is created during the formation of a skyrmion.
Since topological charge Q cannot change smoothly, a
singularity in the magnetization must be introduced
during the nucleation process. However, this is not
necessary for spins on a lattice, where the topologi-
cal charge can change without a singularity. In a lat-
tice spin system [183], energy is needed to overcome
the barrier between the current magnetic configuration
and the skyrmion texture. Different mechanisms can
provide the energy injection required to overcome this
barrier, as seen in the aforementioned studies. Even in
the absence of thermal fluctuations or external distur-
bances, the system can still escape a metastable state
through quantum tunneling. The process of quantum
nucleation of a magnetic skyrmion can therefore be de-
scribed as a quantum tunneling process.
Destruction, on the other hand, being generally sim-
pler than creation, can, as mentioned above, be man-
aged once skyrmion is created by in our out-of-plane
magnetic fields, similar to the magnetic vortices in
magnetic disks [184, 185]. For example, Büttner et
al. showed that the gigahertz gyrotropic eigenmode
dynamics of a single skyrmion bubble can be excited
by an external magnetic field pulse and correspond-
ing magnetic field gradient [33]. Magnetic skyrmions
in nanostructures with confined geometries can also be
switched by microwave magnetic fields [186] or mag-
netic field pulses [187, 178]. Another simple method
is pushing, using magnetic fields or electric current,
skyrmions against a boundary [69]. Spin-polarized
current can also be used to delete skyrmions. In
2017, De Lucia theoretically studied the annihilation
of skyrmions induced by spin current pulses (j ∼
5 × 1012Am−2) and suggested that skyrmions can be
reliably deleted by designing the pulse shape and later,
was experimentally demonstrated by S. Woo et al. in
2018 [164]. Other research areas include-the imprint-
ing of skyrmions via the interlayer exchange of fields
from a patterned layer to the skyrmion medium [188],
electric field-driven switching [162] and the use of ul-
trafast laser pulses [102]. Over the following years,
several alternative writing mechanisms have been re-
alized or predicted. Besides the reported generation
due to spin torques [32, 69, 189], locally applied mag-
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netic fields [171, 190] and electric fields [162], laser
pulses [102], electron pulses [191] or by defects and
at boundaries [35, 180, 36] assisted nucleation has
also observed. An overview of generating mecha-
nisms is given in several review articles on magnetic
skyrmions [159, 192, 42].
The spin-polarized current can also result in the cre-
ation of skyrmions or skyrmion bubbles by other dif-
ferent mechanisms. In 2016, Yuan and Wang theoreti-
cally demonstrated that a skyrmion can be created in
a ferromagnetic nanodisk by applying a nano-second
current pulse (j ∼ 2.0 × 1012Am−2) [193]. Yin et al.
suggested in a theoretical study that it is possible to
create a single skyrmion in helimagnetic thin films us-
ing the dynamical excitations induced by the Oersted
field and the STT given by a vertically injected spin-
polarized current (j ∼ 1.7×1011Am−2) [194]. In 2017,
as shown in FIG. 16(h), Legrand et al. experimen-
tally realized the creation of magnetic skyrmions by ap-
plying a uniform spin current directly into nanotracks
(j ∼ 2.38×1011Am−2) [195]. Later in 2017, Woo et al.
conducted an experiment demonstrating the creation
of skyrmions at room temperature and zero external
magnetic field [172]. They achieved this by applying
bipolar spin current pulses (j ∼ 1.6 × 1011Am−2) di-
rectly into a Pt/CoFeB/MgO multilayer, resulting in
thermally-induced skyrmion generation, as later stud-
ied by Lemesh et al [196]. Hrabec et al. also re-
ported the experimental creation of skyrmions by ap-
plying electric current (j ∼ 2.8 × 1011Am−2) through
an electric contact on a symmetric magnetic bilayer
system [197]. The generation of skyrmions using spin-
polarized current can be deterministic and systematic
when utilizing pinning sites or patterned notches with
reduced PMA and are used as a source of generation.
This was reported by Buttner et al. in 2017 [198] and
Woo et al. in 2018 [164] [see FIG. 16(f)]. More re-
cently, Finizio et al. found that localized strong ther-
mal fluctuations could also lead to systematic skyrmion
generation at a designed location [199].

7.2 Detection

In 1989, the existence of magnetic skyrmions was ini-
tially predicted, setting the stage for a remarkable sci-
entific journey. It was in 2009 that a groundbreaking
milestone was achieved when Mühlbauer et al. con-
ducted neutron scattering experiments on a MnSi sam-
ple, making them the pioneers in observing magnetic
skyrmions experimentally [57]. Their observations re-
vealed the presence of a helical phase known as the
‘A-phase’ [FIG. 17(b)]. At high temperatures, the sys-
tem exhibited three energetically degenerate spin spi-
rals, each offset by 120 degrees, resulting in six inten-
sity maxima in reciprocal space giving rise to a peri-
odic lattice of skyrmions [FIG. 17(a)]. A year after
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Figure 1 | The nanoskyrmion lattice of the Fe ML on Ir(111). a, Sketch of the
nanoskyrmion lattice: cones represent atoms of the hexagonal Fe layer and
point along their magnetization directions; red and green represent up and
down magnetization components, respectively. b, Atomic-resolution STM
image of the pseudomorphic hexagonal Fe layer at an Ir step edge. Upper
inset: The FT. Lower inset: A side view of the system (tunnel parameters
U= +5 mV, I= 30 nA). c, SP-STM image of the Fe ML on Ir(111) with a
magnetic tip sensitive to the out-of-plane component of magnetization
(Fe-coated W tip, B= +2 T along the tip axis, U= +50 mV, I= 0.5 nA):
bright (dark) spots indicate areas with magnetization parallel (antiparallel)
to the tip magnetization. Left inset: Simulated SP-STM image of the
nanoskyrmion with out-of-plane magnetic tip. Right inset: FT of the
experimental SP-STM image shown in the two-dimensional Brillouin zone.
Note that the observed magnetic contrast does not change (except for a
shift) on reversing the magnetization of the tip30, which indicates a
compensated spin structure. d, Simulations of SP-STM images of the
nanoskyrmion with the tip magnetized in different directions as indicated;
image size and unit-cell position identical to those in a.

on the hexagonal Ir(111) surface (Fig. 1b) and the SP-STM
measurements of the Fe ML were made at low temperature
(T = 11 ± 2K throughout this work) using Fe-coated W tips.
Typically, these tips are magnetized perpendicular to the tip axis,
but when an out-of-plane external magnetic field, B, is applied
the magnetization of the tip is turned along its axis. As the
spin-polarized tunnel current scales as the cosine of the angle
between the tip and local sample magnetization23, these tips are
sensitive to the in-plane component of the sample magnetization
withoutmagnetic field and sensitive to the out-of-plane component
in an out-of-plane magnetic field. A typical measurement with an
out-of-plane-sensitive magnetic tip is shown in Fig. 1c. We observe
a square magnetic superstructure with a size of about 1 nm by 1 nm
(ref. 18), in which brighter and darker spots indicate opposite out-
of-plane components of the sample magnetization, in agreement
with the simulated SP-STM image of the nanoskyrmion (left inset).
The Fourier transform (FT) of the experimental SP-STM image
(right inset) shows four spots in the two-dimensional Brillouin
zone corresponding to two pairs of reciprocal vectors Q1 and Q2,
which enclose an angle ✓ of about 90�. The observed magnetic

structure is incommensurate with the atomic lattice and we shall
return to this intriguing aspect later. To simplify the discussion for
the moment, we start from the best commensurate approximation:
see the dashed blue box in Fig. 1a (then |Q1|= |Q2|= 0.277⇥2⇡/a
and ✓ =92.2�, where a=2.715Å is the nearest-neighbour distance).
Figure 1d shows simulated SP-STM images (see Supplementary
Section S2 for details) of the nanoskyrmion lattice for various tip
magnetization directions as indicated by the arrows: depending
on the exact orientation of tip magnetization with respect to the
magnetic unit cell, very differentmagnetic images can be expected.

To investigate whether the magnetic ground state can indeed be
the proposed nanoskyrmion, we have made measurements without
an external magnetic field, resulting in a tip sensitive to the in-plane
magnetization component of the sample. The overview SP-STM
image measured with an in-plane magnetized tip (Fig. 2a) shows all
three possible rotational magnetic domains, which are due to the
combination of a squaremagnetic structure and a hexagonal atomic
lattice18. As this image is measured with one particular magnetiza-
tion direction of the tip, we are catching different components of
the in-plane sample magnetization of the rotational domains with
respect to a unique axis in the magnetic unit cell. A closer view of
each magnetic domain is shown in Fig. 2b–d. We can analyse the
images by considering that all of them have been measured with
an identical magnetic tip (tip magnetization direction indicated by
arrows) while the magnetic unit cell rotates by 120� from domain
to domain. The excellent agreement between SP-STM experiment
and simulated images (see insets) clearly shows that our magnetic
structure is in accordance with the nanoskyrmion lattice. On the
basis of our experimental SP-STM measurements for the in-plane
and out-of-planemagnetization components we can even construct
the vector magnetization density of our sample, revealing the char-
acteristic spin structure of the skyrmion lattice (see Supplementary
Section S3). Note that the corrugation of the stripe pattern, Fig. 2d,
is at the resolution limit of STM (about one-third of that for the
square patterns Fig. 2b,c) and seems to require a very high spin
polarization of the tip. However, the observation of this pattern in
a simultaneous measurement on three different domains—which
has not been possible in a previous measurement18—is crucial
to unambiguously identify magnetic in-plane sensitivity (for a
quantitative analysis see Supplementary Section S4). By applying an
in-planemagnetic field, we can align the tipmagnetization direction
with respect to the crystallographic directions and experimentally
rule out a vortex lattice, which could also explain the measurement
of Fig. 2 (see Supplementary Section S5).

Spin model on a discrete lattice
To shed light on themicroscopic origin of the nanoskyrmion lattice,
we explore the magnetic phase space on the basis of a minimal
lattice Hamiltonian, which for this system is the following extended
two-dimensional Heisenberg model:

H = �
X

ij

Jij(MiMj)�
X

ijkl

Kijkl [(MiMj)(MkMl)+ (MiMl)(MjMk)

� (MiMk)(MjMl)]�
X

ij

Dij(Mi ⇥Mj)

with localized magnetic momentsMi on Fe atomic sites i which are
coupled by pair-wise Heisenberg exchange interactions of strength
Jij . The second term represents the four-spin interaction, which
occurs due to electron hopping between four adjacent sites24. Its
strength is given by the coupling constants Kijkl , which are usually
much smaller than the exchange constants Jij and typically this
term is ignored. We restrict the discussion to nearest-neighbour
four-spin interaction; that is, Kijkl reduces to only one four-spin
constant K and the (ijkl) lie on diamonds of adjacent lattice sites.
The last term is the DM interaction, which arises from spin–orbit
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Figure 1 | The nanoskyrmion lattice of the Fe ML on Ir(111). a, Sketch of the
nanoskyrmion lattice: cones represent atoms of the hexagonal Fe layer and
point along their magnetization directions; red and green represent up and
down magnetization components, respectively. b, Atomic-resolution STM
image of the pseudomorphic hexagonal Fe layer at an Ir step edge. Upper
inset: The FT. Lower inset: A side view of the system (tunnel parameters
U= +5 mV, I= 30 nA). c, SP-STM image of the Fe ML on Ir(111) with a
magnetic tip sensitive to the out-of-plane component of magnetization
(Fe-coated W tip, B= +2 T along the tip axis, U= +50 mV, I= 0.5 nA):
bright (dark) spots indicate areas with magnetization parallel (antiparallel)
to the tip magnetization. Left inset: Simulated SP-STM image of the
nanoskyrmion with out-of-plane magnetic tip. Right inset: FT of the
experimental SP-STM image shown in the two-dimensional Brillouin zone.
Note that the observed magnetic contrast does not change (except for a
shift) on reversing the magnetization of the tip30, which indicates a
compensated spin structure. d, Simulations of SP-STM images of the
nanoskyrmion with the tip magnetized in different directions as indicated;
image size and unit-cell position identical to those in a.

on the hexagonal Ir(111) surface (Fig. 1b) and the SP-STM
measurements of the Fe ML were made at low temperature
(T = 11 ± 2K throughout this work) using Fe-coated W tips.
Typically, these tips are magnetized perpendicular to the tip axis,
but when an out-of-plane external magnetic field, B, is applied
the magnetization of the tip is turned along its axis. As the
spin-polarized tunnel current scales as the cosine of the angle
between the tip and local sample magnetization23, these tips are
sensitive to the in-plane component of the sample magnetization
withoutmagnetic field and sensitive to the out-of-plane component
in an out-of-plane magnetic field. A typical measurement with an
out-of-plane-sensitive magnetic tip is shown in Fig. 1c. We observe
a square magnetic superstructure with a size of about 1 nm by 1 nm
(ref. 18), in which brighter and darker spots indicate opposite out-
of-plane components of the sample magnetization, in agreement
with the simulated SP-STM image of the nanoskyrmion (left inset).
The Fourier transform (FT) of the experimental SP-STM image
(right inset) shows four spots in the two-dimensional Brillouin
zone corresponding to two pairs of reciprocal vectors Q1 and Q2,
which enclose an angle ✓ of about 90�. The observed magnetic

structure is incommensurate with the atomic lattice and we shall
return to this intriguing aspect later. To simplify the discussion for
the moment, we start from the best commensurate approximation:
see the dashed blue box in Fig. 1a (then |Q1|= |Q2|= 0.277⇥2⇡/a
and ✓ =92.2�, where a=2.715Å is the nearest-neighbour distance).
Figure 1d shows simulated SP-STM images (see Supplementary
Section S2 for details) of the nanoskyrmion lattice for various tip
magnetization directions as indicated by the arrows: depending
on the exact orientation of tip magnetization with respect to the
magnetic unit cell, very differentmagnetic images can be expected.

To investigate whether the magnetic ground state can indeed be
the proposed nanoskyrmion, we have made measurements without
an external magnetic field, resulting in a tip sensitive to the in-plane
magnetization component of the sample. The overview SP-STM
image measured with an in-plane magnetized tip (Fig. 2a) shows all
three possible rotational magnetic domains, which are due to the
combination of a squaremagnetic structure and a hexagonal atomic
lattice18. As this image is measured with one particular magnetiza-
tion direction of the tip, we are catching different components of
the in-plane sample magnetization of the rotational domains with
respect to a unique axis in the magnetic unit cell. A closer view of
each magnetic domain is shown in Fig. 2b–d. We can analyse the
images by considering that all of them have been measured with
an identical magnetic tip (tip magnetization direction indicated by
arrows) while the magnetic unit cell rotates by 120� from domain
to domain. The excellent agreement between SP-STM experiment
and simulated images (see insets) clearly shows that our magnetic
structure is in accordance with the nanoskyrmion lattice. On the
basis of our experimental SP-STM measurements for the in-plane
and out-of-planemagnetization components we can even construct
the vector magnetization density of our sample, revealing the char-
acteristic spin structure of the skyrmion lattice (see Supplementary
Section S3). Note that the corrugation of the stripe pattern, Fig. 2d,
is at the resolution limit of STM (about one-third of that for the
square patterns Fig. 2b,c) and seems to require a very high spin
polarization of the tip. However, the observation of this pattern in
a simultaneous measurement on three different domains—which
has not been possible in a previous measurement18—is crucial
to unambiguously identify magnetic in-plane sensitivity (for a
quantitative analysis see Supplementary Section S4). By applying an
in-planemagnetic field, we can align the tipmagnetization direction
with respect to the crystallographic directions and experimentally
rule out a vortex lattice, which could also explain the measurement
of Fig. 2 (see Supplementary Section S5).

Spin model on a discrete lattice
To shed light on themicroscopic origin of the nanoskyrmion lattice,
we explore the magnetic phase space on the basis of a minimal
lattice Hamiltonian, which for this system is the following extended
two-dimensional Heisenberg model:

H = �
X

ij

Jij(MiMj)�
X

ijkl

Kijkl [(MiMj)(MkMl)+ (MiMl)(MjMk)

� (MiMk)(MjMl)]�
X

ij

Dij(Mi ⇥Mj)

with localized magnetic momentsMi on Fe atomic sites i which are
coupled by pair-wise Heisenberg exchange interactions of strength
Jij . The second term represents the four-spin interaction, which
occurs due to electron hopping between four adjacent sites24. Its
strength is given by the coupling constants Kijkl , which are usually
much smaller than the exchange constants Jij and typically this
term is ignored. We restrict the discussion to nearest-neighbour
four-spin interaction; that is, Kijkl reduces to only one four-spin
constant K and the (ijkl) lie on diamonds of adjacent lattice sites.
The last term is the DM interaction, which arises from spin–orbit
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Figure 17: First observation of magnetic
skyrmions. (a) SANS Image of MnSi skyrmion crys-
tal. (b) Measured phase diagram of MnSi, with per-
mission from Ref. [57], in 2009. (c) Bloch Skyrmion. in
Thin film of Fe1−xCoxSi and phase diagram, with per-
mission from Ref [60], in 2010. (d) SP-STEM image of
2D square lattice of Néel Skyrmion., with permission
from Ref. [68], in 2011.

the initial findings, further confirmation of the pres-
ence of skyrmions in a sample was obtained through
Lorentz transmission electron microscopy (TEM) im-
ages [60] ( FIG. 17(c)). The images showed that
the skyrmions were of Bloch type, with a helicity of
γ = π/2, and were stabilized by the bulk DMI. Follow-
ing this, more skyrmion hosts in the B20 materials fam-
ily, which are non-centrosymmetric, were identified.
One year later, in 2011, a different type of skyrmion,
called Néel skyrmion, was observed [FIG. 17(d)] in Fe
and Ir(111) interface [68]. The presence of heavy Ir
atoms at the interface caused an interfacial DMI. Un-
like Bloch skyrmions, all magnetic moments of Néel
skyrmions are rotated around the perpendicular direc-
tion, giving them a helicity of γ = 0. With the idea of
enhancement of DMI by creating two interfaces with
opposite signs of the DMI constants in a “sandwich”
structure, such as Ir/Co/Pt allowed them to be de-
tected even at room temperature in these multilayer
systems. This has been demonstrated in several stud-
ies [72, 51, 71, 200]. Skyrmions have been observed
not only in ferromagnetic materials but also in ferri-
magnets [164], multiferroics [59], and ferroelectric ma-
terials [201]. Although skyrmion tubes with varying
helicity have been observed [84], those with a fixed he-
licity remain unobserved. In-plane magnetized materi-
als yet lack observation of skyrmions.
In the context of future spintronic applications cen-
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Figure 18: Detection of Skyrmion. (a) Schematic depiction of a skyrmion racetrack with a magnetic tunnel
junction for skyrmion readout, with permission from Ref. [168]; (b) Calculated THE conductance as a function
of the distance x between a skyrmion and the Hall contacts [Depicted in (d)], with permission from Ref. [202]; (c)
Variation in Hall due to a single skyrmion. The RT Hall resistivity electrical detection when one single skyrmion
is nucleated in a track of width 400 nm. The red and green dots correspond to the Hall resistivity of the
uniform ferromagnetic and single skyrmion states, respectively, shown in the MFM images, with permission from
Ref. [203]; (d) Schematic of detection of a skyrmion position by topological Hall effect, with permission from
Ref. [202]; (e) Snapshots of computational Imaging Methods of experiments generated for Skyrmion Lattice.
(f) Perpendicular reading of single magnetic skyrmions, with permission from Ref. [38]; (g) Non-collinear
magnetoresistance. The dI/dU tunnel spectra in the centre of a skyrmion (red) and outside the skyrmion
in the FM background (black) (inset shows the signal change caused by the non-collinear magnetoresistance
dI/dU map of two skyrmions in PdFe/Ir(111)), with permission from Ref. [39]

tered around magnetic skyrmions, one of the key hur-
dles is the ability to electrically detect and read indi-
vidual skyrmions. Researchers have explored two no-
table approaches to tackle this hurdle-by harnessing
the electrical property either through the magnetore-
sistance effect [39, 204, 168, 205] or the topological
Hall effect (THE) [101, 47, 42, 206] associated with
magnetic texture. By employing magnetoresistance
measurements, one approach involves integrating mag-
netic tunnel junction (MTJ) sensors into skyrmion-
based devices and circuits. In 2015, Du et al. [204]
successfully identified individual skyrmions by analyz-
ing the magnetoresistance in MnSi nanowires. The
presence of skyrmions was revealed by observing quan-
tized jumps in the magnetoresistance curves. Han-
neken et al. [39] proposed a purely electrical method for
detecting nanoscale skyrmions by measuring the tun-
nelling non-collinear magnetoresistance (NCMR effect)
[FIG. 18(g)]. This technique exploits the sensitivity of

the electric conductance signal to the local magnetic
environment, allowing a direct differentiation between
collinear and noncollinear magnetic states without the
need for a magnetic electrode [39, 205]. A closer view
of the dI/dU map (Inset of FIG. 18(g)), where I is the
tunneling current and U is the bias voltage, shows that
a skyrmion with a diameter of approximately 3 nm can
be detectable. Additionally, Crum et al. investigated
the electric reading of isolated single skyrmions with
variation of more than 20% in magnetoresistance in
a current-perpendicular-to-plane geometry using first-
principles calculations [38]. Their method utilizes the
variation in spin mixing of electronic states at dif-
ferent sites caused by the presence of a skyrmion.
This variation is influenced by the noncollinear spin
textures compared to the ferromagnetic background.
As a result, the tunneling conductance or resistance
is affected, leading to different magnetoresistance ef-
fects that enable the detection of a skyrmion [see
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Figure 19: Magnetoresistance effects and
Skyrmion detection. (a) Diagram of the GMR and
TMR effects; (b) The (T)AMR effect; (c) The NCMR
effect and (d) skyrmion detection with a perpendicular
current and the magnetization change of the system in
the (d) absence of or (e) presence of a skyrmion, with
permission from Ref. [39, 160]

FIG. 18(f) and 19(d-e)]. Another magnetoresistance
effect is the (tunneling) anisotropic magnetoresistance
(T)AMR which offers only a minor variation, making it
less suitable for skyrmion detection. A newly proposed
method for detecting skyrmions solely using electrical
means relies on the tunneling non-collinear magnetore-
sistance (NCMR) effect. This effect leads to a signif-
icant change in the differential tunneling conductance
for magnetic skyrmions due to their noncollinearity,
which causes mixing of spin channels and locally alters
the electronic structure. As a result, the skyrmion be-
comes electronically distinct from the FM background.
This effect allows individual skyrmions as small as ap-
proximately 3 nm in diameter to be observed experi-
mentally using scanning tunneling microscopy (STM)
[See Fig. 19(a-c)]. In 2017, an innovative protocol for
the electrical detection of magnetic skyrmions was pro-
posed by Tomasello et al [168]. Their theoretical pro-
posal involved measuring the change in TMR signal
through a point-contact MTJ in a three-terminal de-
vice. This method, which has been successfully em-
ployed for other magnetic solitons such as DWs and
magnetic bubbles in racetrack-type devices [207], offers
a promising avenue for skyrmion detection. By adopt-
ing this approach, it becomes feasible to design a multi-
level memory system where the number of skyrmions
represents distinct states. Each individual magnetic
tunnel junction element can be read by assessing the
tunnel resistance, which correlates with the number of

skyrmions present [see FIG. 18(a)]. Notably in 2019,
Penthorn et al. demonstrated that a single skyrmion
with a diameter smaller than 100 nm can induce a sub-
stantial 10% change in MTJ resistance [208] which is
substantial for accurate skyrmion detection. Moreover,
in the same year, Kasai et al. also experimentally real-
ized the electrical detection of skyrmions in MTJ [209],
where the skyrmion diameter is about 200 nm.
The other promising method we mentioned to read
skyrmions is through the THE [202, 52, 210, 53, 166],
which is directly linked to the topological properties
of skyrmions, detailed in Section (10.3). An emer-
gent field leads to a measurable Hall voltage, enabling
a purely electrical detection of skyrmions [42] [see
FIG. 18(b,d)]. In 2009, Neubauer et al. [52] experi-
mentally investigated the THE of the skyrmion crys-
tal phase in MnSi. Their pioneering work revealed a
distinct and anomalous contribution to the Hall effect
specifically in the presence of skyrmion crystal phases.
Building upon this progress, in 2012, researchers suc-
cessfully identified magnetic skyrmions in epitaxial B20
FeGe(111) thin films [166].
While electrical measurements related to the THE
(THE) have predominantly focused on crystalline ma-
terials, where the presence of a skyrmion lattice leads
to a substantial collective electrical signal, recent stud-
ies by Maccariello et al. [203] [see FIG. 18(c)] and
Zeissler et al. [211] have observed electrical Hall mea-
surements of individual room temperature skyrmions
in sputter-grown films and noncrystalline nanostruc-
tures. Furthermore, in 2016, Hamamoto et al. put
forth a theoretical approach for precisely detecting the
position of a skyrmion using a purely electrical method
by measuring the Hall conductance in a constricted
geometry [212] where Hall conductance exhibits a dis-
tinctive peak when a skyrmion is situated at the lead
position. In contrast, the Hall conductance diminishes
when the skyrmion moves away from the lead loca-
tion. These advancements in electrical detection meth-
ods offer promising avenues for precisely characterizing
and manipulating individual skyrmions in various de-
vice architectures.

Computational Detection/Imaging of Experi-
mental Techniques: Due to the progress in compu-
tation technologies, a variety of techniques have been
developed to detect and characterize small magnetic
configurations such as skyrmions with their unique
properties. Neutron scattering(SANS) [57] and X-
ray scattering [214, 215] are commonly used to de-
tect skyrmion lattice phases in reciprocal space. Real-
space observation can be achieved through imag-
ing techniques such as Lorentz transmission electron
microscopy(LTEM), which is effective for bulk [60]
and interfacial systems [200, 216, 217]. Scanning
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Table 2: Imaging techniques for magnetic structures based on Ref. [213]

MFM LTEM Electron Holography X-ray Holography
Contrast Origin ∇B B Phase Shift M

Approximate resolution 40 nm 5 nm 5 nm 15 nm
Acquisition time 5-30 min 0.01-10 sec 0.01-10 sec 0.01 sec
Sample thickness N/A < 150 nm < 150 nm < 200 nm

probe techniques like spin-polarized tunnelling mi-
croscopy [218, 158] and Magnetic Force Microscopy
(MFM) [165] are also useful for studying magnetic tex-
tures and skyrmions. Measurement of skyrmion pro-
files through spin-polarized tunnelling microscopy [70]
has validated models of interactions stabilizing mag-
netic skyrmions [126].
Table 2 summarises a handful of techniques highlight-
ing the important features. While there are a plethora
of techniques capable of measuring magnetism and
magnetic properties, focus has been placed on the tech-
niques listed in Table 2 as they are in common use, with
scope for further additions at a later stage. The num-
ber of experimental techniques and their capability to
measure and image magnetic behaviour is constantly
increasing along with the ability to computationally
simulate different magnetic structures. This chapter
details how a simulation software package has been de-
veloped in Python to be readily available for simula-
tions of techniques such as LTEM, MFM, X-ray holog-
raphy and SANS. An outlook of a few methods us-
ing Ubermag-assisted computational images is shown
in FIG. 18(e).

8 Skyrmion Dynamics

8.1 LLG Equation

Landau and Lifshitz [219], and later modified by T.
Gilbert, also known as LLG, equation in the field of
micromagnetic reads,

∂m

∂t
= −γ′m×Heff −

α′

Ms
m× (m×Heff) (66)

where γ′ and α′ are defined as,

γ′ =
γ

1 + α2

α′ =
αγ

1 + α2

We can rearrange Eqn. (66) as

∂m

∂t
= − γ

1 + α2
m×Heff−

αγ

(1 + α2)Ms
m×(m×Heff)

(67)

where the first term is Larmor precessional motio ad
the second term is a damping term due to dissipative
processes such as spin diffusion, spin-orbit coupling
etc [56].

8.2 Spin Transfer Torque (STT)

The field of spintronics seeks to manipulate magnetic
configurations through electric effects. The use of elec-
tric currents allows for short switching times and lo-
calized application using specific circuitry, making it
highly advantageous in the development of future infor-
mation technology devices compared to magnetic field
control. With the discovery of the Giant Magnetore-
sistance (GMR) effect in 1988 by Grünberg [220] and
Fert [221], the alteration of magnetic structures in thin-
film stacks consisting of alternating ferromagnetic and
non-magnetic conductive layers is an example of the
successful transfer of knowledge from the solid-state
community to technology companies. The effect leads
to a significant change in electrical resistance depend-
ing on the parallel or antiparallel alignment of adjacent
ferromagnetic layers. GMR is mainly used in magnetic
field sensors for reading data in hard disk drives.
Moving charges in a ferromagnet can induce a mag-
netic field (known as the Oersted field) that can affect
the state of the magnetization. This traditional inter-
action between electrical currents and magnetization is
incorporated into the LLG equation as an effective Zee-
man field. However, Slonczewski and Berger [222, 223]
have predicted that a spin-polarized electric current
can directly impact magnetization. As the current
flows through the ferromagnet, the magnetization ex-
erts a torque on the spins of the conduction electrons,
aligning them with the magnetization direction. Due
to the conservation of spin, the spins exert a reaction
torque on the magnetization [224, 225], which is called
spin-transfer torque (STT) and can displace the mag-
netic structure. Usually, the electron dynamics are
faster than the magnetization, so the conduction elec-
tron spins align with the local magnetization, leading
to adiabatic spin torque. Here, we will consider two
types of torque: current perpendicular to plane (CPP)
and current in plane (CIP).
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Figure 20: Schematic Racetrack geometries with STT and SOT. (a) Spin-orbit-torque scenario of
perpendicular spin injection js (b) Spin-transfer-torque scenario where a current j is applied directly along
the FM layer. Both setups allow to move magnetic skyrmion but at an angle ϑsk with respect to j. This figure
is partially adapted with permission from Ref. [168].

8.2.1 Slonczewski STT: J. Slonczewski introduced
CPP torque into LLG in 1996, specifically for
magnetic multilayers that were approximately 1 nm
or thinner [223]. In this setup, a “hard” or reference
magnetic layer polarized a current passing through it,
normal to the layer’s plane. This polarized current
acted upon a “soft” or free magnetic layer, imparting
spin and affecting the magnetic moments. This
was experimentally confirmed by M. Tsoi et al. in
1998 [226].
The corresponding term in the LLG equation is derived
for the most simple case reads

∂m

∂t
= −γm×Heff +

α

Ms
m× ∂m

∂t
+ τFLm×mp

+ τIPm× (mp ×m)
(68)

The first torque term is called ‘field-like’(FL) or
‘out-of-plane’ torque as shown in the figure. It is
commonly small compared to the second torque term,
called ‘in-plane’(IP) torque, and has no qualitative
influence on the motion of non-collinear spin textures,
as will be shown in the next section. Although not
applicable to some classes of multilayer systems [227],
the Slonczewski model is still valid for many types of
multilayer and pillar-constructed materials.

τ⃗SL = β
ϵ− αϵ′
1 + α2

(m× (mp ×m))− β ϵ
′ − αϵ
1 + α2

m×mp

β =
jeℏ
Mset

ϵ =
P (−→r , t)Λ2

(Λ2 + 1) + (Λ2 − 1) (m ·mp)
(69)

where je is the current density, e is the elementary
charge, ℏ is the reduced Planck constant, t the free

layer thickness, mp the fixed layer magnetisation, P
the spin polarisation, Λ the Slonczewski parameter
with ϵ the primary and ϵ0 the secondary spin torque
parameters.

8.2.2 Zhang-Li STT: In 2004, S. Zhang and Z. Li
considered the CIP case [228]. Zhang-Li is similar
to Slonczewski’s multilayer model but without the
interface or layer effects, see FIG. 20(b). Since the
torque only depends on the first derivatives of the
magnetisation and the diffusion of the spin polarisation
is neglected [225]

τ⃗ZL =
1

1 + α2
((1 + ξα)m× (m× (u · ∇))m

+ (ξ − α)m× (u · ∇)m)
(70)

u =
µBµ0

2eγ0Bsat (1 + ξ2)
j

where j is the current density, γ0 is the gyromagnetic
ratio, µ0 is the vacuum permeability constant, ξ is
the degree of non-adiabaticity from [228], Bsat the
saturation magnetisation expressed in Tesla and µB

the Bohr magnet.
Experimental results demonstrate that skyrmions can
be displaced using relatively low spin-polarized current
densities compared to domain walls [31]. This property
has contributed to the suggestion of using skyrmions
as a basic unit of information in nonvolatile memory
devices such as race-track memory [28, 40].

8.3 Spin-Orbit Torque (SOT)

The spin-transfer torque refers to the transfer of
angular momentum between electron spins and the



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 28

magnetization in a ferromagnet. It can occur within
the ferromagnet itself or when spin currents permeate
into the ferromagnet. The Slonczewski spin-transfer
torque [223] specifically deals with spin currents that
enter a ferromagnet, which can arise from processes
like spin injection from magnetic tunnel junctions [229,
230] or spin diffusion through the Spin Hall Effect
(SHE) [231]. The Slonczewski torque has been studied
for various applications, including magnetic tunnel
junction [232] switching and the propagation of chiral
spin textures at high velocities [233].
Spin-orbit Torque (SOT), on the other hand, refers
to the torque exerted on the magnetization of
a magnetic material by the transfer of angular
momentum between the spin and orbital degrees of
freedom of electrons. SOT can be generated through
various mechanisms, including the Spin Hall effect,
Rashba effect, Dresselhaus effect, and effects based
on topological insulators. In one approach, SOT
can be achieved by interfacing the ferromagnetic
material(FM) with a heavy metal(HM) layer as shown
in FIG. 20(a). In this configuration, a charge current
j passes through the heavy metal layer, and the
spin Hall effect generates a pure spin current in the
perpendicular direction [234]. These spins denoted as
s, are injected into the ferromagnetic layer, exerting
a torque on its magnetization. This torque, known
as spin-orbit torque (SOT), arises from the spin-orbit
interaction.
This specific type of SOT is called Spin Hall
Torque (SHT). SOT is a more general term that
encompasses a broader range of mechanisms that
can exert torque on the magnetization via spin-orbit
coupling. The magnitude of the in-plane torque can
be determined by analyzing the conduction electrons
in the ferromagnetic layer. This allows us to write the
version of the LLG equation that is considered for the
rest of this paper

dm

dt
= −γm×Heff+

α

Ms

(
m× dm

dt

)
− ϵβ

Ms
m×(m×m̂p)

(71)
with spin-orbit torque constant

ϵβ =
γℏjΘSH

2eµ0tFM
(72)

So, for a thin film with a current flowing in the in-plane
direction, the torque is given by

τSHE =
µBℏθSHj
2eMstFM

m× (m× m⃗p) (73)

where θSH is the spin Hall angle which quantizes
the efficiency of spin current conversion from charge
current, tFM is the thickness of the ferromagnetic
layer, j is the current density, Ms is the saturation
magnetization and m⃗p is the polarization of the spin
current.

9 Motion of Skyrmion

Skyrmions (Sks) and Skyrmion Lattices (SkLs) are
dynamic structures with diverse behavior over time.
They, as quasiparticles, can move in space without
altering their internal texture due to their magnetic
properties. Although they are often conceptualized
as rigid objects with shifting center coordinates, it’s
crucial to understand that the dynamics of magnetic
skyrmions involve the collective evolution of magnetic
spins in the system. To study the time evolution of
a skyrmion, the field equations for the magnetization
field m need to be solved. Despite undergoing
deformations caused by variations in the strength
of the DMI, skyrmions are topologically protected
and stable, meaning they are not destroyed by these
deformations. Their axial symmetry is generally
maintained during low-energy distortions and long-
term dynamics. Two main mechanisms we explained
above, spin-transfer torque (STT) [224] and spin-orbit
torque (SOT) [235, 236], have been extensively studied
for moving nanoscale magnetic textures. However,
SOT has shown [168] to be more efficient than STT
for current-induced motion in an in-plane track [32] [see
FIG. 21(b)]. This efficiency is defined by the velocity
of the moving skyrmion relative to the required current
density. SOT is particularly important for a controlled
displacement of skyrmions, which is crucial for memory
shift and computational operations utilizing skyrmion-
based information storage.

9.1 Effective Skyrmion Dynamics: Thiele’s Equation

In 1973, A. A. Thiele proposed a collective coordinate
approach to describe the dynamics of magnetic tex-
tures, which is still widely used today [238]. He in-
troduced the Thiele equation by integrating quadratic
functions of the special derivatives of the magneti-
zation from the Landau-Lifshitz-Gilbert equation, re-
sulting in a simplified dynamics equation. Thiele as-
sumed a stationary limit where the magnetization tex-
ture moves with a constant velocity and the rigidity
of the texture. The presence of spin-orbit torques in
a skyrmion-enabled film leads to the emergence of a
force that depends on the skyrmion’s configuration and
size [238]. The model initially predicts poor scalability
for skyrmionic devices, but it is shown that by choosing
appropriate skyrmion types, amplification in the driv-
ing force can be achieved to compensate for the poor
scaling of skyrmions.
Consider a rigid skyrmion of center of mass R(x, y) so
it can be located as

m = m(r, t) = m(r −R(t)) (74)
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the skyrmion will move away from the edge to the
center of the nanotrack, owing to the repulsive interac-
tion on the nanotrack edge. Therefore, a current pulse
sequence with constricted pulse duration instead of a
DC current is more favorable for skyrmion motion for
practical electronic designs (see Fig. 9). As can be
seen, with the same driving current density of
Jd ¼ 6 MA/cm2, if the pulse duration is smaller than
2 ns, the skyrmion moves successfully along the nano-
track [see Fig. 9(a)]. Otherwise, if the pulse duration
is larger than 3 ns, the skyrmion may reach the nano-
track edge and be annihilated [see Fig. 9(b)]. This also
indicates that there exists a design tradeoff between
the data access speed (i.e., skyrmion motion velocity)
and the package density (nanotrack width) in practical
electronics, as shown in Fig. 10.

Recently, some researchers have also proposed utiliz-
ing the propagation of a spin-wave [77] or a microwave
field [78] for driving skyrmion motion. These methods
could theoretically be rather power-efficient, because it
can significantly reduce Ohmic loss or Joule heat without
any electrical current flowing. However, the generation
and control of the spin wave field or microwave field re-
quire complex peripheral circuits. In addition, a

temperature gradient to drive the motion of skyrmions
has recently been explored [79]. These methods are still
under theoretical development, and further experimental
investigations are required.

C. Skyrmion Detection
Skyrmion detection can be performed through ei-

ther the topological Hall effect (THE) or the magneto-
resistance effect [56], [57], [68], [80]–[86]. However,
the former method is difficult to implement in elec-
tronic applications, whereas the latter one can achieve
fully electrical skyrmion detection. As analyzed by
Crum et al. [56], the site-dependent spin mixing of
electronic states in the presence of a skyrmion will be
modified due to the noncollinear spin textures as com-
pared with the FM background. In addition, the HM
substrate induces a large spin-orbit interaction, which
couples the local magnetization to the real-space direc-
tion, further modifying the electronic states as a func-
tion of the magnetization rotation relative to the

Fig. 10. Design tradeoff between density (minimum nanotrack

width) and skyrmion motion velocity with respect to the driving

current density [89].

Fig. 11.Magnetoresistance effects for skyrmion detection.

(a) Diagram of the GMR and TMR effects, in which two magnetic

electrodes are separated by a non-magnetic metal or an

insulator, respectively; the conductance is larger for the parallel

than for the antiparallel magnetization alignment. (b) The (T)

AMR effect does not require a magnetic sensor electrode

and arises from intrinsic spin-orbit coupling within the magnetic

layer; the conductance for the out-of-plane (up or down)

magnetization is different to that of the in-plane magnetization.

(c) The NCMR effect leads to different conductance signals for

collinear compared with noncollinear magnetic states. From [80],

with permission from Nature Publishing Group.

Fig. 12. Illustration of skyrmion detection with a perpendicular

current as well as the magnetization change of the system in the

(a) absence of or (b) presence of a skyrmion.

Fig. 9. (a) Trajectory of a skyrmion motion driven by a current

pulse sequence with current density of Jd ¼ 6 MA/cm2 and pulse

width of td ¼ 2 ns and (b) Jd ¼ 6 MA/cm2 and td ¼ 3 ns [89].
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driving force term with B being the tensor linked to the
STT effect. The fourth term rV ðrÞ represents the repul-
sion forces because of process impurities or nanotrack
edges etc.

For the case in which the spin-polarized current is in-
jected with current-in-plane (CIP) geometry, the sky-
rmion motion can be described by the Thiele equation in
the form [72], [73]

G # ðvd $ vsÞ þDð!vs $ "vdÞ þrVðrÞ ¼ 0 (6)

where vs is the velocity of the conduction electrons
which can be identified as the driving current density
JSTT with a factor of pa3=2eMS. Here, p is the spin polari-
zation of the electrical current, and e is the elementary
charge. ! is the coefficient of the nonadiabatic torque for
the STT effect.

By solving (5) or (6), we can derive the skyrmion
motion velocity in a finite-width nanotrack, with the lon-
gitudinal velocity being expressed as [71], [73]

vk ¼ !
" vs ¼ $ !

"
pa3

2eM

! "
JSTT; for STT

vk ¼ B
1þa2D2 JSHE; for SHE

(

(7)

where B is a coefficient determined by the SHE [71].
Generally, B is proportional to the spin Hall angle of the
HM, but it is inversely proportional to the saturation
magnetization and the thickness of the FM film. JSTT and
JSHE are the driving current densities for the STT and
SHE, respectively.

Fig. 8(b) shows our simulation results of the sky-
rmion motion with a steady longitudinal velocity with
respect to the driving current density, which is in
agreement with the above analytical results. As can be
seen, the skyrmion motion velocity is linearly propor-
tional to the driving current density for both the STT
and SHE cases. Moreover, the SHE mechanism has a
much higher drivability (i.e., skyrmion motion velocity)
than that of the STT effect under the same driving
current density, as SHE has a higher spin efficiency
[75]. Meanwhile, the driving current in the case of the
SHE flows through a HM with low resistivity and is
expected to offer higher energy-efficiency compared
with the STT case. Similar claims can also be found in
[53], [71], and [76]. Therefore, in general, SHE is pref-
erable for skyrmion motion in future low-power elec-
tronic designs of skyrmion-based integrated circuits. In
addition, it should be noted that the driving current
density should be limited because of the skyrmion’s
transverse motion. Otherwise, if the driving force of
the current is bigger than the repulsive force of the
nanotrack edge, the skyrmion may reach the nanotrack
edge and finally be annihilated [see the hollow circle
in Fig. 8(b)]. From a technological design perspective,
skyrmions can be protected from annihilation by opti-
mizing the nanotrack, e.g., by adding potential barriers
along the nanotrack [76]. Interestingly, our investiga-
tion also shows that if the driving current is off, then

Fig. 7. Illustration of current-induced skyrmion motion along a nanotrack through either (a) STT or (b) SHE, respectively.

Fig. 8. (a) Trajectory of a skyrmion driven by a vertical

spin-polarized current (with density of Jd ¼ 5 MA/cm2) in a

nanotrack. (b) Dependence of the longitudinal velocity with

respect to the driving current density [89].
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(a) (b)

Figure 21: Skyrmion’s velocity with Torque and track-width width. (a) Depiction of minimum
nano track width and skyrmion’s velocity with respect to the driving current density; (b) Dependence of the
longitudinal velocity with respect to the driving current density, with permission from Ref. [237]

and with the assumption of steady motion and rigid
texture

∂m

∂t
=

dm

d(r −R)

∂R

∂t
= −

(
∂R

∂t
· ∇
)
m = −(v · ∇)m

(75)
By integrating the effect of the torque term m ×
(m × m̂p) and of other terms in Eqn. (71) over
the whole magnetic texture of the skyrmion m(x, y),
some effective forces acting on the skyrmion can be
derived [32]. The components of these effective forces
describe the steady-regime velocity of the skyrmion
(which is reached immediately under the hypothesis
of a strictly rigid skyrmion, and below the ns timescale
in practice).

9.1.1 Thiele Equation: STT-driven

(i) Zhang-Li
We anticipate only the results pertaining to our
discussion. The velocity of skyrmion moving along
a wire or racetrack for current vector j = (jx, 0)
is,

v∥,x =
αβD2

G2 + 1

α2D2

G2 + 1
jx =

(
β

α
+

(α− β)
α3(D/G)2 + α

)
vs

v⊥,y =
D
G (α− β)
α2D2

G2 + 1
jx =

(α− β)(D/G)
α2(D/G)2 + 1

(ẑ × vs)

(76)
where v∥,x and v⊥,y are the components of v par-
allel and perpendicular to vs, the velocity of elec-
trons, respectively. When α = β, the textures
move in the direction of the current. The extent of
deviation from the current direction is influenced
by the discrepancy between alpha and beta as well

as the D
G ratio. Here, we will examine two dis-

tinct forms of torque: current perpendicular to
the plane (CPP) and current in the plane (CIP).

(ii) Slonczewski’s
Similarly, the results from Slonczewski’s equation
of motion for the current j = (jx, 0),

vx =
u

aj

αDIxy

(αD)2 +G2
jx

vy =
u

aj

GIxy

(αD)2 +G2
jx

(77)

It should be noted that the transverse velocity
component vy is only non-zero for g ̸= 0, meaning
that magnetic textures with zero topological degree
(Q = 0), such as skyrmionium, will not experience
any transverse motion in the direction of the
current. The presence of the gyrocoupling vector,
G, as shown in the Eqns. (76) and (77), accounts
for an effective Magnus force that pushes the
skyrmion perpendicular to motion, resulting in the
skyrmion Hall effect (SHE) [52]. This effect is
directly proportional to the topological degree Q.

9.1.2 Thiele Equation: SOT-driven SOT generates
magnetization dynamics in FM layers using a vertical
pure spin-current js injected from other layers,
typically HM layers through various mechanism [239,
240, 241] illustrated in FIG. 20(a). The sign
and magnitude of the produced spin-current js
is determined by the spin Hall angle θSHE of
the material, which quantifies the charge-to-spin
conversion efficiency

js = θSHE

(
ℏ
2e

)
j × ŝ (78)
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where j is the in-plane charge current vector
and ŝ indicates the polarization direction of spin
current. This spin-current interacts with the local
magnetization, resulting in a transfer of angular
momentum and the creation of a torque on the
magnetization. The magnitude and sign of the injected
spin-current depend on the combination of materials
used and are quantified by the effective spin Hall angle
θeff , which differs from the inherent spin Hall angle
θSHE of the heavy metal layer due to partial reflection
or dissipation at the interface [242, 151, 243]. The
effective spin Hall angle can change sign depending
on the relative positions of the heavy metal and
ferromagnetic layers. The values of the |θeff | are
widely distributed and depend on the specific materials
used, with magnitudes up to 0.1-0.4 [244, 245] for
certain combinations such as Pt (with positive spin
Hall angle) or Ta [231], W [246] and Hf [247] (with
negative spin Hall angle). The effective spin Hall angle
is also influenced by the crystalline structure of the
materials [246]. The way the injected spin current
then acts on the magnetization m can be described
by modifying the Landau-Lifshitz-Gilbert equation for

dm

dt
= −γµ0m×Heff + α

(
m× dm

dt

)
− γ ℏ

2e

j

µ0MstFM
θeffm× (m× ŝ)

(79)
with γ the electron gyromagnetic ratio, Heff the sum
of all effective fields acting on the magnetization, and
α the Gilbert damping parameter, which quantifies the
dissipation of magnetic energy in the system.

The Thiele equation for the velocity vector v =
(vx,vy) can be written as

G × v − α[D ]v + F + F ext = 0 (80)

with

G = −MstFM
γ

∫∫ {(
∂m

∂x
× ∂m

∂y

)
·m
}
dxdy

[D ] =

[
Dxx Dxy

Dyx Dyy

]
, Dij =

MstFM
γ

∫∫ {
∂m

∂i
· ∂m
∂j

}
dxdy

Fx,y =
µ0MstFM

γ

∫∫ {
(m× τ ) · ∂m

∂x, y

}
dxdy

F ext = −
∫
δU

δm
· ∂m
∂x,y

dxdy = −∂U

∂x,y
= −∇U (r)

(81)
where G = Gẑ is the gyrovector, D the dissipation
matrix, F = (Fx, Fy) the force exerted on the
skyrmion magnetization by the SOT torque τ , itself
defined as the last term on the right-hand side of
Eqn.( 80). In additionally to the gyroscopic, dissipative
and torque terms, an extrinsic force F ext = −∇U (r)
is considered. The interaction potential U (r) accounts

for the interaction of a magnetic quasiparticle with
other non-collinearities or the sample’s edge which
is effective when we consider some interactions in
the system. Exploiting the cylindrical symmetry
of the skyrmion, with m = [mx(r),my(r),mz(r)],
and considering, for example, a skyrmion of core
magnetization pointing down [mz(0) = −ẑ and
mz(∞) = +ẑ] with an electrical current directed along
+x̂, it results that off-diagonal terms in D are zero and

G = 4π
MstFM
γ

D = Dxx = Dyy = π
MstFM
γ

δxya

Fx,y = ∓θeffj
πℏ
2e
bx,y

(82)

where a is a dimensionless coefficient related to the
magnetic texture, while bx and by are homogeneous to
different characteristic sizes of the skyrmion related to
its geometry and magnetic texture. It is important to
note that, as appears in Eqn. (82), a Néel skyrmion
(bx ̸= 0; by = 0) is driven along the current, while a
Bloch skyrmion (bx = 0; by ̸= 0) is driven orthogonal to
the current. However, due to the non-zero gyrovector,
the motion is deflected with respect to the direction of
the driving force, which is known as the skyrmion Hall
effect [42].
For enhancing the limitation, skyrmion’s velocity for
two possible geometries is studied in Ref. [84]. In the
case of an infinite plane [see FIG. 22], which is usually
when the skyrmion is located far from any edge of the
film, the angle of deflection of motion with respect to
the driving force, known as skyrmion Hall angle Θsk,
is

Θsk = tan−1
1

η
(83)

where η = αD/G is a dimensionless ration quantifying
the relative strength of dissipation effects vs deflection
effects while the skyrmion velocity in this direction is

vsk =
√
v2
x + v2

y =
F√

1 + η2G
(84)

Second, in the case of a nanostructure patterned into
a track geometry [168], after some time the motion
of the skyrmion is repelled from the edge due to an
additional confining potential by interaction with the
track edge [32, 249, 250] and forced along the x−
direction, resulting in vy = 0 [see FIG. 22]. The
resulting velocity

vx =
1

η

Fx

G
(85)

When considering the case of infinity, it’s important
to note that the direction of current, denoted by x̂,
determines the direction of motion. A Néel skyrmion
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6.2. Outlook: small and mobile

vx

vy

J

vxJ

Figure 6.1: (a) Total force and dissipation factor predicted by Thiele modelling of the micromag-
netic profiles. (b) Resulting velocities predicted by Thiele modelling of the micromagnetic profiles,
in the infinite plane (dashed line) and in a track (solid line). Steady-regime velocities (c) v in the
infinite plane and (d) vx in a track, with lines reporting the velocities predicted in panels a and b.
Insets remind the micromagnetic simulation geometry in each case.

smaller radii and v ! 0 when rsk ! 0. In the framework of the Thiele equation, a diminution of the
velocity of smaller skyrmions is therefore predicted, which can be understood as the consequence of
the diminution of the geometric factors bx,y appearing in the expressions of Fx,y in (3.5) and (3.6).
These results are consistent with what can be deduced using Ansatz profiles only considering two
parameters for the skyrmion profiles [89].

In order to confirm these results, the velocity of small skyrmions has been studied more ex-
tensively with the help of dynamical micromagnetic simulations, thus modelling the spin-torque
dynamics occurring inside skyrmions without relying on the rigidity assumption of the Thiele equa-
tion. The values of D and µ0Hext are varied independently, with all other parameters kept identical,
which results in various skyrmion profiles covering a wide range of values for rsk. The velocity achie-
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Figure 4.23: Comparison of motion results with other systems, displaying v as a function of J : Red
circles: [Pt (3 nm)/Co (0.9 nm)/Ta (4 nm)]15 and blue squares: [Pt (4.5 nm)/CoFeB (0.7 nm)/MgO
(1.4 nm)]15, from Woo et al. [46]. Blue right triangles: [Pt (3.2 nm)/CoFeB (0.7 nm)/MgO
(1.4 nm)]15, from Litzius et al. [47]. Up blue triangles: [Ta (5 nm)/Co20Fe60B20 (1.1 nm)/TaOx

(3 nm)]1, from Jiang et al. [45]. Left red triangles: Pt (5 nm)/CoNiCo (1.5 nm)/Au (3 nm)/CoNiCo
(1.5 nm)/Pt (5 nm), from Hrabec et al. [188]. Half-filled orange squares: [Pt (3 nm)/Gd25Fe65.6Co9.4

(5 nm)/MgO (1 nm)]20, from Woo et al. [198]. Green stars: Results from Table 4.3. The black line
is aligned with v / J and crosses the best result for v. As can be seen from the blue and orange
lines, these two series of measurements have reached a regime far from pinning where velocity ap-
pears proportional to applied current. The dashed line identifies the expected velocity for a critical
depinning current J0 = 2.5⇥ 1011 A m�2.

as shown in Fig. 4.24. The resulting longitudinal and transverse velocity components are displayed
as a function of ↵ in Fig. 4.25a. As a result of dissipation, the global velocity decreases with ↵,
together with a rotation of the direction of motion, as shown in Fig. 4.25b, which displays |v| and
⇥0

sk as a function of ↵. For one of the two signs of the Bloch component, here with � > 0, the
skyrmion Hall e↵ect is compensated, with vy = 0 and ⇥0

sk = 0, for one specific value of ↵ ⇡ 0.35 at
which atan (1/⌘) = � atan (Fy/Fx). This demonstrates the possibility of cancelling the skyrmion
Hall angle in hybrid chiral skyrmions.

However, ↵ is not an easily controllable parameter in magnetic multilayers. For this reason,
it may be more interesting to achieve cancellation of the skyrmion Hall e↵ect by controlling, for
example, the external magnetic field as ↵ is fixed. The evolution of (vx, vy) and (|v|,⇥0

sk) with
µ0Hext for a fixed value of ↵ = 0.4 are shown in Figs. 4.25c,d, respectively. Again, L = 3 with D =
1.35 mJ m�2. Upon varying the external field, the skyrmion expands or reduces size, which a↵ects

84

 j (Am−2)

Figure 22: Velocity of a skyrmion in a multilayer system. (a) v in an infinite plane and (b) vx in track;
(c) Comparison of motion results with other systems, with permission from Ref. [248]

moves along the ±ŷ direction when dissipation is
negligible (η → 0), but moves along the ±x̂ direction
when dissipation dominates (η → ∞). Conversely, a
Bloch skyrmion moves along the ∓x̂ direction when
dissipation is negligible (η → 0), but moves along the
±ŷ direction when dissipation dominates (η → ∞).
As a result, dissipation acts as a counteracting force
against the Skyrmion Hall effect.
In practical experiments and projected skyrmion
devices, there are limitations imposed by one-
dimensional tracks with limited width, studied in
Ref. [237] [see FIG. 21(a)]. Néel skyrmions in
tracks can be accelerated along the edges by a factor
of (1 + η2/η), as compared to Bloch skyrmions.
This acceleration factor can be very large for small
dissipation factors (η), but utilizing edge-enhanced
velocity may not be advisable currently, as experiments
have shown that skyrmions can be significantly slowed
down by edge defects [159], and may even be destroyed
by large driving currents that overcome the repulsive
potential.
Applicability of skyrmion motion is restricted by
skyrmion hall effect as shown by Eqn. (84). A
reduction in the size of skyrmions moving along
the edge causes their deacceleration [FIG. 22(a-b)],
and it may even lead to their temperature-activated
annihilation. In such cases, multilayer skyrmions
have certain advantages over other types of skyrmions
extensively studied in Ref. [248]. Interaction between
multiple layers in the multilayer stack helps to
stabilize the skyrmions, making them less susceptible
to thermal fluctuations and external perturbations
which strengthens the stability compared to single-
layer skyrmions. They can be created and manipulated
at smaller sizes compared to single-layer skyrmions,
offer better scalability in the design and fabrication of
magnetic memory technologies. In the current-induced

motion experiment depicted in Fig. 22(c), the author
studied a group of multilayers with the aim of attaining
higher velocities and reduced sizes.

9.2 Current-driven Motion of Magnetic Skyrmions

Two methods are typically used for the propulsion
of skyrmions. The first method involves applying a
spin-polarized electric current directly to the skyrmion
or skyrmion crystal. This current interacts with
the magnetic moments in the skyrmion due to the
spin-transfer torque, causing the skyrmion to move
along a magnetic racetrack. This method was first
observed in bulk MnSi [30, 251] and has a lower
critical current density (∼ 106A/cm2) for initiating
motion compared to domain walls, making it useful
for technological applications. The second method
involves using a system with multiple layers, where
a charge current generates a spin current through
the spin Hall effect, which is then injected into the
ferromagnetic layer. This generates larger spin torques
because the skyrmion’s magnetic moments can have
large angles with the injected spins, resulting in faster
skyrmion motion [159], but also causes the skyrmion to
be pushed towards the edge of the racetrack due to the
skyrmion Hall effect, which arises from the topological
charge of the skyrmion.

9.2.1 Simulation- Current-driven motion of a mag-
netic skyrmion: Researchers have derived the Thiele
equation, we described in previous section, a system
of algebraic equations that describes the velocity of a
magnetic quasiparticle, from the analytically unsolv-
able LLG equation of magnetic moments. They have
investigated [168, 36, 252, 52] the behavior of different
types of skyrmions (Néel and Bloch) driven by current-
induced torques in various scenarios for both STT and
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SOT torques based on DMI and SOC. The study found
that different types of skyrmions exhibit different mo-
tion directions depending on the nature of the torque.
Among the investigated scenarios, the most promising
strategy for designing a skyrmion racetrack memory in-
volves Néel skyrmions and SHE [168]. To demonstrate
the theory, the current-driven motion of a magnetic
Néel skyrmion with interfacial DMI in a Co/Pt bilayer
system is presented as an example [32]. The interfa-
cial DMI arises from the inversion-symmetry breaking
at the interface and the presence of strong spin-orbit
coupling [32, 126, 253].

The parameters for the Co/Pt system, as shown
in Table 3, are derived from Ref. [32]. We examine
the behaviour with both the theoretical and simulated
approaches, also in [28, 32, 36]. As the system in-
volves a boundary between magnetic atoms and heavy
metal atoms, an interfacial Dzyaloshinskii-Moriya in-
teraction (DMI) emerges, which serves to stabilize
Néel skyrmions. For a Néel skyrmion characterized by
Nsk = −1 and γ = 0 the tensors D and I have the
following shapes.

Dxx = Dyy, Dij = 0 else

Ixy = −Iyx, Iij = 0 else
(86)

Even in a confined sample, where the rotational
symmetry of the skyrmion is broken, the above
equations are good approximations. For a Néel
skyrmion in a racetrack [periodic boundary conditions
along x, therefore U (r) = U (y)], the Thiele equation
Eqn. (80) for injected spins along −y (sx = 0 and sy =
−1) and for skyrmions far from the edge [∂yU (y) = 0]
simplifies to

−4πNskc

−vy

−vx

0

 = cDxxα

vx

vy

0

−CIxy
j0
0

 j (87)

where c = MstFM

γ and C = ℏ
2eΘSH. Skyrmion Hall

angle can be calculated from the y component of this

Table 3: Micromagnetic parameters of a Co/Pt
interface, with permission based on Ref. [32, 254, 255].

Parameters Value
Saturation magnetization 0.58 MA/m
Exchange stiffness 15 pJ/m
DMI constant 3 mJ/m2

Uniaxial anisotropy (z) 0.8 MJ/m3

Gilbert damping 0.3
Spin Hall angle 0.4

equation as,

tanΘsk =
vy

vx
= −4πNsk

Dxxα
(88)

Similarly, the x component yields the skyrmion velocity
characterizing the motion along the track

vx =
CIxy
cDxxα

j − tanΘsk (89)

The skyrmion exhibits motion at the skyrmion Hall
angle as it moves towards the confined region of the
racetrack. As the skyrmion approaches the edge,
both the potential energy U and the corresponding
force acting on the skyrmion −∂yU increase. This
increase in force continues until either the transverse
motion of the skyrmion is balanced, resulting in stable
motion [as shown in FIG. 23], or until the maximum
repulsion force is exceeded, leading to edge annihilation
[as depicted in FIG. 23(b)]. For j < jc, the motion in
y direction is suppressed if

4πcvx = −∂yU (y)|y=ycomp
(90)

The skyrmion will then travel along the confinement
region at a constant speed, as described by the first
term in Eqn. (89). However, if the force from the
confinement potential reaches its maximum value,
denoted as fc = −∂xU (x)|max, the skyrmion will be
annihilated at the edge of the racetrack.
The highest possible velocity is therefore

vc = ±|fc|
γ

4πMstFM
(91)

at a critical current density of To determine the critical
current density and the highest possible velocity, U (y)
has to be determined. The numerically computed value
of the critical force is around |fc| = 8 meV/nm. This
results is

vc = 42
m

s
jc = 7.3

MA

cm2
(92)

based on this consideration, when the current density
j is set to 7.0MA

cm2 , which is below the critical value
jc, the skyrmion exhibits continuous motion along the
confinement region, maintaining a velocity of vx = 39.7
m/s, as depicted in FIG. 24. However, when the
current density is further increased to 7.8MA

cm2 , the
skyrmion undergoes annihilation at the edge during its
trajectory within a few nanoseconds.
In summary, the maximum velocity at which a
skyrmion can be propelled by SOT is constrained by
the parasitic SHE which poses challenges as skyrmions
are unable to move along defect-decorated edges,
resulting in annihilation and loss of information in the
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 t = 0 ns

 1.38 ns
 1.93 ns  3.08 ns  5.84 ns

Figure 23: Current-driven motion of a racetrack skyrmion. The stabilized Néel skyrmion is driven by
the spin-orbit torque in a 256nm× 64nm× 0.5nm Co/Pt racetrack with periodic boundary conditions along the
track. The trajectory is based on the Thiele equation without considering the skyrmion-edge interaction.
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Figure 24: Skyrmion’s velocity v & Current
density j. Current Density dependence of skyrmion’s
velocity on a nanotrack.

device. Thus, it is essential to find ways to suppress
the skyrmion Hall effect.

jc = ±|fc|
1

4π

Dxxα

Ixx

2e

ℏΘSH
(93)

The behaviour depicted in FIG. 23 agrees well with
the result from the micromagnetic simulations. The
stabilized Néel skyrmion is described by Nsk = −1,
Dxx = 15 and Ixy = 60 nm. This gives a skyrmion
Hall anngle of Θsk = 70.3◦.

10 Electronic Properties

The preceding section laid the foundation for sim-
ulating the dynamics of non-collinear spin textures
propelled by current. Using the example of a Néel

skyrmion, it was shown that spin textures with com-
plex real-space topology do not travel in the same di-
rection as the applied current, but instead experience
a transverse force, to which we owe a detailed explana-
tion now.
We now focus on analyzing the behavior of the elec-
trons that make up the current. In condensed matter
physics, the topological properties of the band struc-
ture are identified through the Berry phases of Bloch
electrons. For instance, the topological winding num-
ber associated with the integer quantum Hall state is
related to the Berry phases of Bloch electrons in the
magnetic Brillouin Zone. When these itinerant elec-
trons moving adiabatically encounter a non-collinear
spin texture, they get ferromagnetically coupled to
the skyrmion texture that their spins partially reorient
along the spatially-dependent magnetic texture m(r).
In case of chiral magnets, the position-space winding
number translates to Berry phases picked up by con-
duction electrons as they traverse the magnetization
texture resulting in the topological properties being
reflected in the phase factor of the wave function of
the current electrons [see FIG. 10.3(a)]. Mathemat-
ically, the Berry phase in position space is equiva-
lent to a spin-dependent Aharonov-Bohm phase. This
phase manifests itself in an emergent (spin-dependent)
Lorentz force acting on the electrons by generat-
ing an “emergent” magnetic field associated with the
skyrmion. This leads to the efficient coupling of spin
currents and skyrmions which raises expectations for
applications in novel spintronic devices. The forced-led
rotation of the electron spin introduces a Berry curva-
ture that appears as an emergent magnetic field and
quantifies the resulting topological Hall conductivity.
For a time-dependent Hamiltonian H(R) that depends
on a set of parameters R(t) varying adiabatically along
a path in parameter space. If |n(R(t))⟩ is the nth eigen-
state with eigenenergy En then by solving the time-
dependent Schrödinger equation for a wave function
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|ψ(t,R(t))⟩, apart from the dynamical phase, we find
that the wave function accumulates a geometric phase
along the contour on which R is varied, known as the
Berry phase. Along a closed path in parameter space,
it can be expressed as

γn =

∮
i⟨n|∇R|n⟩ · dR (94)

The Berry phase is a closed loop on parameter space
that can be observed through interference effects in
various physical systems. To investigate the underlying
geometric structure and the associated gauge fields
that govern the wavefunctions a related mathematical
parameter Berry connection is defined by integrating
the above equation,

An(R) = i⟨n|∇R|n⟩ (95)

Although Berry connection cannot be a physically
measurable quantity since it depends on the choice
of phases for the instantaneous eigenstates |n(R(t))⟩.
The geometric vector potential An(R) is not gauge
invariant which takes us to Berry curvature calculated
according to Stoke’s theorem along C

γn|C =

∫
δS

dR ·An(R) =
1

ℏ

∫
S

Ωn (96)

where the two-form,

Ωn =
1

2

N∑
i,j=1,2

Ωn,ij(R)dRi ∧ dRj (97)

where

Ωn,ij(R) =
∂An,j

∂Ri
− ∂An,i

∂Rj

So we can write the corresponding ‘field’, the Berry
curvature as,

Ωn(R) = i⟨∇Rn| × |∇Rn⟩ (98)

The Berry curvature is a geometric vector potential
and is gauge-invariant. The importance of the Berry
curvature in describing the topological properties of
an electron system is due to the fact that the integral
over the Brillouin zone, which is known as the Chern
number,

Cn =
1

2π

∫
BZ

Ωz
n(k)d

2k (99)

that can only have integer values (here written for
a two-dimensional system). The Berry curvature
is antisymmeteric under time-reversal symmetry and
symmetric under inversion symmetry which results in
the non-vanishing of Berry curvature. On the other
hand, physical observables (like the Hall conductivity)
are obtained by integrating over an energy range or

 S

∫S
Ωn

C1

C2

γn|C1
− γn|C2

C

γn|C ==
ℳ ℳ ℳ

Figure 25: Berry Phase and Curvature. The gauge
invariant difference in Berry phases γn|C1

−γn|C2 along
two part is equivalent to the Berry phase γn|C along
a closed loop C, formed by attaching the reverse of C2

to the end of C1. When loop is contractible, γn|C can
be evaluated from Berry curvature Ωn over any surface
S where δS = C.

contour. When time-reversal symmetry is conserved,
even in the case of broken inversion symmetry, En(k) =
−En(k) leads to the cancellation of the Berry curvature
contributions from k0 and −k0, so there is no actual
effect. However, when time-reversal symmetry is
broken, for example, by applying a magnetic field by
accounting for a magnetic texture, the Berry curvature-
induced effects become significant. Therefore, it is
necessary to take into account the effects of the Berry
curvature when studying the electronic properties of
magnetic systems with non-collinear spin textures,
such as skyrmion crystals.

10.1 Hall Conductivity

The concept of Hall conductivity emerges from the
reciprocal-space Berry curvature. When an electric
field E is applied to a metal, electrons move with an
electric current density j. In the most simple case, the
electric field and the current density are parallel but
this is not strictly enforced by Ohm’s law

j = σE, E = ρj (100)

Here, σ and ρ are inverse tensors: the conductivity
and the resistivity, respectively. In the case of broken
time-reversal symmetry, i.e. when a magnetic field is
applied or a magnetic texture is present, a transverse
transport-tensor element can appear.
In 1934 Bloch, Peierls, Jones and Zener derived the
semiclassical equations of motion of a Bloch electron
wave packet in electromagnetic fields [256, 257, 258]. In
1999 a crucial missing term, the so-called ‘anomalous
velocity’, was found, modifying the equations of motion
to [259]

ṙ = vn(k)− k̇ ×Ωn(k)

ℏk̇ = qE+ qṙ ×B
(101)

Here, vn = 1
ℏ
∂En(k)

∂k is the group velocity and, by

analogy, −k̇ × Ωn(k) is the anomalous velocity. The
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second equation accounts for the Lorentz force. Due to
the similarity of the two equations, the Berry curvature
Ωn(k) can be considered a ‘reciprocal magnetic field’.
This implies a transverse deflection of electrons even
in the absence of a magnetic field. In this case, k̇ ∥ E
point along the Hall bar. Thus the Berry curvature,
which is always perpendicular to the two-dimensional
plane, induces an anomalous velocity in the transverse
direction. Consequently, the anomalous Hall effect
and topological Hall effect can be observed without
applying a magnetic field.
The relationship between conductivity and Berry
curvature can be derived using the Boltzmann
equation [260]. The derived result for a two-
dimensional system is,

σxx = − e2
1

2π

∑
n

∫
BZ

vn,x(k)
2τn(k)

∂f

∂E

∣∣∣∣∣
E=En(k)

d2k

σxy = −e
2

h

1

2π

∑
n

∫
BZ

Ωz
n(k)f (En(k)− EF ) d

2k

(102)
Here, f is the equilibrium Fermi-distribution function,
and τnk is the relaxation time, which arises due to
extrinsic effects. For this reason, only the transverse
element is purely intrinsic. In terms of eigenstates and
energies [see details in Ref. [261]]

σxy(EF ) = −
e2

h

1

2π
2 Im

∑
m ̸=n

∫ ⟨n|∂kxH|m⟩⟨m|∂kyH|n⟩
(En − Em)2

×f(En(k)− EF ) d
2k

(103)
For T = 0 the transverse conductivity is only

affected by states below the Fermi energy EF

σxy (EF ) = −
e2

h

1

2π

∑
n

∫
En(k)≤EF

Ωz
n(k)d

2k (104)

If the Fermi energy is situated in a band gap, the
Hall conductivity is given by the sum over the Chern
numbers Cn of all occupied (occ) bands.

σxy = −e
2

h

occ∑
n

Cn (105)

Since Cn can only have integer values, non-trivial Chern
numbers lead to quantized transport. As shown by
Hatsugai [262, 261], the origin is the occurrence of
topologically protected edge states, which make the
system conducting at the edges (and generate a non-
zero σxy), while the bulk remains insulating. The
quantitative difference of left-wl

n and right-propagating
wr

n edge states in the gap above band n is given by the
winding number wn

wl
n − wr

n ≡
∑
m≤n
Cn (106)

This relation allows to deduce of boundary properties
purely from bulk information and is therefore called
‘bulk-boundary correspondence’. A material that
exhibits these edge states is labelled ‘Chern insulator’.
This establishes a connection between the winding
number and the Topological Hall conductivity and its
effects.

10.2 Emergent Electrodynamics

We discussed the idea that if an electron is moving
adiabatically in the vicinity of a skyrmion, although
its Hamiltonian is continuously changing, the wave
function describing the conduction electron gains a
phase factor, called berry phase. In the case of
non-trivial spin textures like the Skyrmion, such
a phase factor causes incredible (and measurable)
physical effects, due to the emergence of effective
electromagnetic fields directly related to it [refer to
Appendix A]. In the following, we will elaborate
on these effective fields and explore some of their
characteristics.
Using the ansatz defined for m from Eqn. (2), the

emergent gauge field can be evaluated by solving the
Schrödinger equation of an electron in an EM field
associated with texture m

Aµ = ζ⟨m|∂µ|m⟩ =
ℏ
2e

(1− cos θ)∂µϕ (107)

where ζ is a coefficient corresponding to the 4-
vector. Eqn. (107) shows that in the presence
of a spatial/temporal nonuniform spin texture, the
conduction electrons feel a fictitious electromagnetic
field (Aµ) generated by a non-coplanar spin texture.
For typical Skyrmion radius rsk = 100 Å, this
leads to a large topological magnetic field (∼ 102

Tesla), which thus provides a unique platform to
study the high magnetic field response of electrons.
Akosa et al. theoretically studied (in particular Néel-
type skyrmion and Bloch-type antiskyrmion) that
SkHE which arises from the Magnus force or the
above fictitious force acting on magnetic texture can
be suppressed by tuning the spin-orbit interaction
(Rashba (RSOC) and Dresselhaus (DSOC) spin-orbit
couplings) strength [263]. The emergent magnetic
field of these textures is shown in FIG. 26. In the
adiabatic limit, itinerant electrons are weakly coupled
to the spin gauge fields with two contributions: (i)
due to the magnetic texture Az

s and (ii) as a result of
an interplay between SOC and the magnetic texture
Aσ

so = Az
R + Az

D where Az
R(S) is RSOC(DSOC)-
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FIG. 2. (Color online) Schematic diagram of
the spatial magnetization profile for a Néel-type
skyrmion (a) and antiskyrmion (b), and their cor-
responding emergent magnetic fields (c, e) and (d,
f), respectively, in the presence of RSOC.

skyrmions, indeed, the fictitious magnetic fields
Bs [c.f. Fig. 2(b)] and BR [c.f. Fig. 2(c)] act
in opposite directions such that, it is possible to
achieve a current-driven motion without SkHE
by tuning the strength of the RSOC. However,
in the case of a Néel antiskyrmion as shown in
Figs. 2(e) and (f), even though the transvers-
ing electrons experience these fictitious mag-
netic fields, the e↵ect of BR on its trajectory
cancels out by symmetry [c.f. Fig. 2(f)]. As
such, only Bs influences its trajectory leading
to SkHE for current-driven motion.

Similar arguments can be used to explain
the characteristics of Bloch-type skyrmions and
antiskyrmions as shown in Fig. 3, with the
magnetization profiles as depicted in Figs. 3(a)
and (d), respectively. It turns out that un-
like in the Néel-type case, the SOC-induced
fictitious magnetic field BD, does influence
the trajectory of electrons traversing Bloch-type
skyrmions, since the latter cancels out by sym-
metry [c.f. Fig. 3(c)]. As such the trajectory

FIG. 3. (Color online) Schematic diagram of
the spatial magnetization profile for a Bloch-type
skyrmion (a) and antiskyrmion (b), and their cor-
responding emergent magnetic fields (c, e) and (d,
f), respectively, in the presence of DSOC.

of traversing electrons are detected by Bs [c.f.
Fig. 3(b)] leading to SkHE for current-driven
motion. However, in the case of Bloch-type an-
tiskyrmions, Bs [c.f. Fig. 3(e)] and BD [c.f.
Fig. 3(f)] act in the opposite directions and as a
result, by tuning the strength of DSOC and/or
the rs via material engineering, it is possible to
achieve a SkHE-free current-driven motion of
Bloch antiskyrmions.

Therefore, our analysis shows that, depend-
ing on the vorticity and chirality of ferromag-
netic solitons, it is possible to achieve a current-
driven motion of the latter without SkHE via
the engineering of the spin-orbit interaction in
the system. Although the heuristic analysis pre-
sented above, captures the important physics,
In what follows, we provide a more rigorous ar-
gument based on the average emergent mag-
netic field that electrons traversing magnetic
skyrmions experience. From Eq. (4), the av-
erage fictitious magnetic fields are calculated as

4

FIG. 2. (Color online) Schematic diagram of
the spatial magnetization profile for a Néel-type
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Therefore, our analysis shows that, depend-
ing on the vorticity and chirality of ferromag-
netic solitons, it is possible to achieve a current-
driven motion of the latter without SkHE via
the engineering of the spin-orbit interaction in
the system. Although the heuristic analysis pre-
sented above, captures the important physics,
In what follows, we provide a more rigorous ar-
gument based on the average emergent mag-
netic field that electrons traversing magnetic
skyrmions experience. From Eq. (4), the av-
erage fictitious magnetic fields are calculated as

Néel Skyrmion  γ = 0 Bloch Skyrmion  γ = + π/2

Figure 26: Schematic diagram of skyrmion(Anti) and their emergent magnetic field. Néel Skyrmion
and their Anitskyrmion (left), Bloch Skyrmion Anitskyrmion (right), with permission from Ref. [263]

induced spin gauge fields

Az
s = ∓ ℏ

2e
(1− cos θ)∇Φ

Az
R = ∓ ℏ

2e

(myex −mxey)

λR

Az
D = ∓ ℏ

2e

(mxex −myey)

λD

(108)

and (Bη = ∇ × Az
η)|η=s,R,D, the corresponding

emergent fields, [See for details [263]], opens avenues
for experimental findings.

10.3 Topological Hall Effect (THE)

The topological hall effect of electrons is considered the
signature feature of skyrmion phase [264, 52, 210, 202,
203, 251, 265, 212, 266] which explains the emergent
electromagnetic fields that arise from the interaction
between conduction electrons and the skyrmion spin
texture. Hall resistivity was observed when an electric
current flows through a conductor in the presence
of a perpendicular magnetic field, also known as the
Normal Hall Effect (NHE). In non-magnetic materials
and for small magnetic fields, the Hall resistivity
typically increases linearly with the strength of the
applied magnetic field Bz, and the Hall conductivity
reads.

σxy = − ρxy
ρ2xy + ρ2xx

(109)

In bulk MnSi (exhibiting skyrmion crystals) sample,
Hall resistivity ρxy was measured at various tempera-

tures close to Tc and its dependency on magnetic field
reveals that in chiral magnets, the total Hall effect is in-
fluenced by several mechanisms [52]. So, for skyrmion
crystal, Hall resistivity ρxy can be decomposed into
three conventional Hall effects

ρxy = ρNHE
xy + ρAHE

xy + ρTHE
xy

= RNHE
0 Bz + SAρ

2
xxMz + PRTHE

0 Bem
rz

(110)

where ρNHE
xy , ρAHE

xy and ρTHE
xy correspond to the

normal Hall effect, the anomalous Hall effect and
the topological Hall effect respectively. They are all
oriented out of the plane (z), along the skyrmion
tube or the external field Bz, the net magnetization
Mz and the emergent field Bem. Here, R0 and SA

are coupling coefficients and P (0 < P < 1) is the
spin polarisation ratio of conduction electrons. The
first contribution, the normal Hall term [267] ρNHE

xy ,
is directly proportional to the strength of the applied
magnetic field Bz, denoted as ρNHE

xy = R0Bz, where
R0 is the coupling constant that depends on the band
structure and scattering rates in multi-band systems
like MnSi (R0 ≈ 1.7 × 1010ΩmT−1). The second
contribution, the anomalous Hall term [268] (AHE),
is denoted as ρAHE

xy . The phenomenon arises from
the interaction of spin-orbit coupling (SOC) and local
electric fields at the atomic scale, causing the spin
orientation to rely on momentum. This gives rise to
Berry phases, which can be described as an effective
magnetic field in momentum space, leading to an
additional contribution to the Hall measurement. The
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Figure 27: Topological Hall Effect of electrons. (a)
Electron traversing through the skyrmion texture ac-
cumulates the Berry Phase (shown as wavepacket); (b)
Schematic curve of a typical experimental measure-
ment of the transverse resistivity versus the out-of-
plane magnetic field. In the range between 0.5 T and
1 T a skyrmion phase is assumed to form. There, an
additional contribution is present: the THE, with per-
mission from Ref. [266]

anomalous Hall effect (ANE) is generally proportional
to the total magnetization of the sample (Mz) as
ρAHE
xy ∝ Mz, and it remains unaffected by impurity

scattering.
The third contribution arises from the topological

Hall term ρTHE
xy , which complements the AHE. In this

case, Berry phases collected by the electrons when
they hop between two sites and reorient their spins,
cause a deflection of the charge carriers in real space,
as opposed to momentum space in AHE. This phase
is similar to the Peierls phase, which characterizes
the magnetic field in the ordinary Hall effect. Spin
textures with changing magnetization orientation on
length scales larger than the Fermi wavelength of the
electron result in Berry phases in real space, which is
related to an effective magnetic field, called emergent
field Bem = Bem

rz ∝ ⟨nsk⟩. A rough estimate for the
size of the THE signal is given by PRTHE

0 Bem
rz and

can be inferred from the following reasoning [269]. As
per [269], for MnSi skyrmion lattice, considering the
size of the unit cell and the ordered magnetic moment,
the strength of the effective magnetic field is,

Beff
rz = −h

e

( √
3

2λ2S

)
≈ −13.75T (111)

The negative sign indicates that the emergent
magnetic field aligns antiparallel to the externally
applied magnetic field. Using these values, one can
approximate the absolute size of the THE contribution,
ρTHE
xy ≈ −20nΩcm.

In materials containing skyrmion crystal phases, this
effect results from the interaction between electrons
and the emergent electromagnetic field generated by
the moving skyrmion. Confirming experimentally
whether the THE is solely attributable to the emergent

field of chiral spin textures is challenging. However, in
several samples, the measured Hall signal correlates
with the number of detected skyrmions [203]. For
example, the decrease in average magnetization caused
by the presence of skyrmions is also proportional to
number of skyrmions. Therefore, in theoretical models,
depending solely on the emergent field approach might
not be adequate, and more advanced techniques like
the tight-bonding model or ab initio methods might
become necessary. When dealing with topological spin
textures, the accumulated berry phase in conduction
electrons can be connected to an effective vector
potential, resulting in a transverse deflection as
depicted in FIG. 27. In an adiabatic approximation,
the corresponding field Bem is referred as the emergent
field, as described by Nagaosa et al. [see section 10.2]

Bem
α (r) =

1

2
ϵαβγm(r) · [∂βm(r)× ∂γm(r)] (112)

In two dimensions it is proportional to the skyrmion
density or topological charge density

Bem(r) = Φ0Φ
z (113)

with a single emergent magnetic flux quantum Φ0 =
h/e and skyrmion density Φz defined as

Φα =
1

8π
ϵαβγm · (∂βm× ∂γm) (114)

Here, ϵαβγ represents the completely anti-symmetric
tensor. Consequently, each skyrmion generates
precisely one unit of emergent magnetic flux and
the resultant topological Hall resistivity ρTHE

xy is
proportional to skyrmion density Φz.
Or in terms of topological charge density

Bem(r) = 4πnsk(r)ez (115)

FIG. 27(b) demonstrates the contribution of ρTHE
xy

for MnSi, obtained by subtracting the B-linear term
from ρxy. The results align with the characteristics of
the ‘A-phase’ (skyrmion crystal state) and helical mag-
netic phase, where the skyrmion number

∫
dxdyΦz is

negative and zero, respectively. The finite ρTHE
xy with

opposite sign to ρNHE
xy is observed solely in the for-

mer spin state. When the electron spin and the tex-
ture are strongly coupled, the THE is directly propor-
tional to the number of skyrmions in the sample, i.e.,
ρTHE
xy ∝ ⟨Bem

z ⟩ ∝ Nsk.
The THE bears a strong resemblance to the ordinary
Hall effect. Consequently, for small skyrmions with
sizes around 1 nm for atomic Fe layer on Ir(111) sur-
face, ∼3 nm for MnGe, ∼18 nm MnSi, and roughly
70 nm for FeGe, the resulting emergent magnetic field
can be as large as thousands of Tesla, such as 4000 T,
1100 T, 28 T and 1 T, in respective cases. Theoretical
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Figure 28: Topological Hall Effect. (a) Topological Hall resistivity variation with temperature due to skyrmion
phase (SkL) in MnSi, with permission from Ref. [52]; (b) Temperature dependence of the Hall resistivity of MnSi
under a d.c. electric current, with permission from Ref. [251]; (c) Transverse Electric field induced by the moving
skyrmion lattice, with permission from Ref. [251]; (d) Magnetic field dependence of the topological Hall resistivity
ρTHE
xy , with permission from Ref. [53]; (e) THE in SkL phase at different T and constant pressure p = 7.0 kbar

within boundaries Ba1 and Ba2. Arrows indicate sweep direction from helical to FM state through transition
state Bc2, with permission from Ref. [270]; (f) At low pressures and transition T , enhanced anomalous Hall effect,
which saturates at Bc2, with permission from Ref. [270]; (g) THE Signal in WTe2/Fe3GeTe2 heterostructures
Hall hysteresis loops, with permission from Ref. [75]; (h) Cr2Te2Ge6/Fe3TeGe2 van der Waals heterostructures
where peaks and dips appear below 60 K signifying the existence of a THE, with permission from Ref. [76];
(i) TH resistivity variation with temperature due to skyrmion phase (SkL) in Gd2PdS3, with permission from
Ref. [62]

predictions also suggest the existence of a quantized
version of the THE [268, 267], akin to the quantum
Hall effect, with an opposing orientation for spin-up
and spin-down electrons, different from a true mag-
netic field. A non-zero topological Hall resistivity can
arise in materials with a crystallographic lattice fea-
turing non-trivial geometry characterized by multiple
inequivalent loops in unit cell [271] or due to special
topology of the spin texture associated with a non-zero
skyrmion number [272].
The topological hall effect dominates over the anoma-
lous hall effect when the spin modulation period λm
significantly exceeds the crystallographic lattice con-
stant a. This situation is observed in B20 compounds,
where the lattice constant a is around 0.5 nm and
the skyrmion spin texture has a modulation period of
30 nm to 200 nm. Eqn. (115) predicts that a higher
skyrmion density, or equivalently, a smaller skyrmion

size, leads to larger values of Bem and ρTHE
xy . For in-

stance, MnGe with a spin modulation period λm ∼ 3
nm has been reported to exhibit a much higher ρTHE

xy of

approximately 0.16 µΩ compared to ρTHE
xy ∼ 0.004µΩ

observed in MnSi with λm ∼ 17 nm [see FIG. 28(d)
and (a) respectively].
Interestingly, the THE resulting from scalar spin chi-
rality has been investigated under hydrostatic pressure.
The study reveals that above a critical pressure pc, ap-
proximately 14.6 kbar, the helical magnetic phase is
suppressed, leading to intriguing transport properties
such as non-Fermi liquid behavior (ρxx ∝ T 1.5) and the
prominence of the THE. The corresponding develop-
ment of ρxy at various pressures is shown in Fig. 28(f),
with further details available in Ref. [270]. The contin-
uous evolution of the topological Hall resistivity from
the A-phase to the non-Fermi liquid state indicates
that the topological characteristics of a skyrmion lat-
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tice persist in the latter exotic, non-Fermi liquid state
even without long-range magnetic order. Importantly,
the temperature dependence of the THE decreases with
increasing temperature due to the diminishing differ-
ence in density between minority and majority elec-
trons. Additionally, spin-flip scattering may enhance
the temperature dependence, as it typically increases
with rising temperature, causing the THE to decrease
even faster as the temperature increases.
In 2009, Neubauer et al. conducted the first experi-
mental study on the THE in chiral magnets, explain-
ing it in terms of real space Berry phases [52] [see
FIG. 28(a)]. Another research group later improved
this study by considering accuracy and additional pres-
sure effects. To observe THE in the skyrmion lattice
phase, magnetic field sweeps were performed at differ-
ent pressures and temperatures. The Hall resistivity
(ρxy) was recorded as a function of the applied mag-
netic field up to 1 Tesla for various temperatures at
a pressure of 7 kbar and later at various pressures,
depicted in FIG. 28(e, f). With such pronounced re-
sults by Ritz et al., it was found that at high tempera-
tures, the transverse magnetoresistance (ρxx) decreases
with increasing magnetic field, while the Hall resistivity
(ρxy), as shown in FIG. 28(e), shows a gradual field de-
pendence with a pronounced top-hat-shaped enhance-
ment in a small field and temperature range (Ba1 and
Ba2) larger than the skyrmion lattice phase at ambient
pressure [270]. The magnitude of this top-hat-shaped
signal contribution is substantially larger than a simi-
lar signal contribution in the skyrmion lattice phase at
ambient pressure.
To distinguish between the anomalous and topological
Hall effects in the signal contribution, the researchers
measured the temperature dependence of the magne-
tization. Surprisingly, no variations in the magneti-
zation were observed that could account for the addi-
tional top-hat-shaped signal, typically associated with
the intrinsic anomalous Hall effects. To further un-
derstand the origin of the large magnitude of the top-
hat-shaped signal contribution, the Hall conductivity
(σxy = −ρxy/(ρ2xx + ρ2xy) ≈ −ρxy/ρ2xx) was examined
in FIG. 28(f). It was found that the top-hat-shaped
contribution in σxy becomes stronger at lower temper-
atures (and hence lower ρxx), compared to the signal in
ρxy. As discussed earlier, the intrinsic anomalous Hall
effect would result in a universal Hall signal in ρxy that
is independent of the scattering time (τ), whereas for
the THE, ρxy is independent of τ and σxy increases
proportionally to 1/ρ2xx. Based on these observations,
it is suggested that the top-hat-shaped signal can be
attributed to the THE, which is switched on and off
as the system enters and leaves the skyrmion phase,
respectively. In conclusion, this study experimentally
observed the emergent magnetic field arising from the

topologically non-trivial magnetization configuration
in the skyrmion lattice phase as experienced by the
conduction electrons.
In 2019, a giant THE was found in the skyrmion
state of the frustrated magnet Gd2PdSi3 which has a
much shorter modulated length [FIG. 28(i)] [62]. In
2020, Néel-type skyrmions were observed by LTEM in
WTe2/Fe3GeTe2 heterostructures which display THE
signals below 100 K [FIG. 28(g)] [75]. In the year 2022
[76], the distinction between signals related to temper-
ature played a crucial role in distinguishing between
two categories of skyrmions situated at the boundary
of two van der Waals magnets, depicted in FIG. 28(h).
The THE of a skyrmion lattice is more readily observ-
able than that of a single skyrmion. The contribution
of emergent skyrmions to the Hall resistivity was in-
vestigated in sputtered magnetic multilayers capable of
stabilizing individual skyrmions [203, 211]. Although
the relationship between the Hall signal change in a
Pt/Co/Ir multilayer due to a single skyrmion and the
THE signal is limited, it enabled the electric detection
of skyrmions [203].
Furthermore, the anomalous Hall effect has been ob-
served in several coplanar Kagome magnets that do
not exhibit net magnetization [273, 274, 275, 276, 277],
and the crystal Hall effect has been predicted and mea-
sured in magnetic systems where the arrangement of
non-magnetic atoms in the crystal breaks a set of time
reversal and spatial symmetries [278, 279]. Although
the influence of these effects on conventional skyrmions
is not yet fully understood, it is challenging to make
predictions on how these contributions may affect alter-
native magnetic quasiparticles. However, experiments
on skyrmions can be adequately explained without con-
sidering these contributions, although they could po-
tentially have a significant quantitative impact.

10.4 Manifesting Skyrmion Hall Effect (SkHE)

Skyrmions usually exhibit a distinct motion that is
parasitic in nature from the direction of applied force.
This effect arises from the interplay between different
forces acting on it. Although there are just three
effective forces, their directions can lead to intricate
and complex dynamics. The first term in Eqn. (80,
studied in details) and below

F⃗G + F⃗D + F⃗ext = 0 (116)

represents the gyrotropic force, which acts perpendic-
ular to the velocity of the skyrmion. The second term
corresponds to the dissipative force, which acts in the
opposite direction of the velocity and can be thought
of as a form of drag caused by factors such as the
Gilbert damping parameter. The last term represents
an equivalent conservative external driving force acting
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Gyrotropic Force  ∝ v
Velocity  v

Dissipative Force  ∝ v

Driving Force  ∝ FSHE

Θsk

Figure 29: Effective forces. Forces acting on a
skyrmion when a spin Hall force is applied. Not drawn
to scale.

on the skyrmion by excitations such as energy gradi-
ents, electrical currents and spin currents. At equi-
librium, all these forces must balance each other out.
FIG. 29 illustrates the different forces acting on the
skyrmion. Given that F⃗G and F⃗D are orthogonal,
it necessitates F⃗ext from being colinear with v and
leads to the deviation in the motion of the skyrmion
from its driving force, also referred to as the skyrmion
Hall effect. One can quickly ascertain the direction of
skyrmion velocity using the skyrmion hall angle Θsk,
which represents the angle between the force vector and
the velocity vector. The value of Θsk is determined by
material properties and the skyrmion number, and it
is obtained by calculating the ratio of vy to vx [see
section 9.1.2] which simplifies to

Θsk = tan−1
(
G

αD

)
(117)

Given the skyrmion configurations, a force due to
SHE (F⃗SHE) is always along one of the cartesian axes,
depending on the phase of skyrmion with wave vector
q and polarity p. It is then possible to quickly derive
the skyrmion velocity.
It can be inferred from Eqn. (108) that the Rashba
field (HR) is another effective field exerted by spin-
orbit torque that can be expressed as,

Hrashba =
αRjP

µBMs
σ (118)

where αR is the Rashba parameter that is averaged
over the magnetic film thickness, µB is the Bohr
magneton and P is the polarization of the carriers
in the ferromagnetic layer. Unlike the field generated
by the Spin Hall Effect (SHE), which depends on the
magnetization direction, the Rashba field is constant
throughout the ferromagnetic film. As a result,
the Rashba field does not directly drive the motion
of the skyrmion, but rather causes a change in
the magnetization configuration of the skyrmion [see
FIG. 26 and for theoretical details Ref. [263]]. While

this change may affect the calculated F̃SHE (field-like
spin Hall effect), the impact is negligible compared to
the other effective fields [280].
Nonetheless, the skyrmion Hall effect poses a threat
to the stability of magnetic skyrmion in confined
structures like nanotracks, where the skyrmions can
be driven to annihilation at the structure edges.
The confining potential induced by DMI at the
edges provides limited protection to the magnetic
skyrmions and can be overcome at sufficient velocities.
Although an interesting insight can be gleaned from
experimental result FIG. 31(h,i) and simulated result
FIG. 24 that the skyrmion Hall effect predicted
by the Thiele’s equation was absent at low driving
currents. Hall angle Θsk increases and saturates with
the current density and skyrmion velocity observed
in experiments. Litzius et al. reported a linearly
increasing Θsk with skyrmion velocity and proposed
that this increase was caused by skyrmion deformation
at high velocities [49]. Moreover, they found that in
an even higher drive regime, both the field-like and
damping-like components of SOT induce significant
deformations in the skyrmions, leading to an increase
in Θsk. This behavior of current density dependent Θsk

has been observed in later works on different materials,
such as Pt/Co/MgO and [Pt/GdFeCo/MgO].

Figure 30: Emergent electrodynamic effects in
skyrmion hosts. Semiclassical wave packet follows
the texture influenced by real-space Berry curvature
from skyrmions (THE). Skyrmion is propelled due
to spin torques from partial alignment of current
electrons’ spins with the texture (skyrmion Hall effect).

11 Skyrmion Technologies

Spintronic devices utilizing magnetic skyrmions of-
fer several advantages, such as increased density and
energy-efficient data storage, owing to their nanoscale
dimensions and topological protection [34]. These
magnetic skyrmions can be driven with remarkably
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low depinning current densities [281], and their di-
mensions can be scaled down to 1 nm [122]. These
properties make them highly promising for data stor-
age and computing applications [160], particularly in
unconventional computing techniques like neuromor-
phic computing [282] and reversible computing [283].
Neuromorphic computing draws inspiration from the
brain’s performance and energy efficiency [284], em-
ploying neuromimetic devices that mimic neurons for
various computing tasks. Among these devices, mag-
netic tunnel junctions (MTJs) have garnered signifi-
cant interest [285, 286, 287], and recently, there has
been a surge in proposals for neuromorphic comput-
ing systems that integrate MTJs based on skyrmions,
such as skyrmion neurons [34, 288, 289] and skyrmion
synapses [290, 291, 282].
Additionally, controlling spintronic devices using elec-
tric fields has emerged as a highly attractive approach
for memory and logic applications, enabling improved
data-storage density [292, 293] and reduced switching
energy consumption [294]. However, the successful im-
plementation of skyrmions in storage and computing,
whether conventional or unconventional, presents cru-
cial challenges, notably concerning the controlled mo-
tion and readability of skyrmions [295].

11.1 Skyrmion Racetrack

Stuart S.P Parkin and his IBM team initially pro-
posed a highly promising magnetic memory architec-
ture known as the racetrack in 2008, wherein data
bits are encoded utilising a sequence of a magnetic
domain of spin-up and spin-down within magnetic re-
gions separated by domain walls [40], and has been
widely studied ever since. This encoded information
is then transmitted through a nanowire, employing an
electric current (STT mechanism), in either horizontal
or vertical configurations as illustrated in FIG. 31(a)
(top). However, the motion of DWs requires current
densities exceeding 1×1011 A/m2 and is susceptible to
domain wall pinning at the edges and defects. In re-
cent years, magnetic skyrmions have been envisioned
as potential carriers of information in racetrack storage
devices. In a proposal by Fert et al. [28, 161], these
magnetic textures due to their remarkable properties
such as their size, quantized topological charge, statics
and dynamics originating from their nontrivial topol-
ogy can replace domain walls in ferromagnetic systems
as shown in FIG. 31(a) (bottom). Due to the topo-
logical protection, scalability and magnetic particle-
like character, skyrmions can be driven by STT and
SOT current densities around 1 × 106A/m2 which is
orders smaller than the current requirements of the
DW motion [refer to section 9.1 for details]. Hence,
skyrmions have demonstrated substantial promise in
racetrack memories. Within a skyrmion-based race-

track memory setup, the storage of binary data follows
this pattern - a skyrmion signifies a “1”, while its ab-
sence signifies a “0” as illustrated in FIGs. 31(a,b,e,f)].
The skyrmions are nucleated at one edge of the device
and driven by current towards the reading MTJ. In
section (7.2), we thoroughly examined the techniques
for detecting or reading skyrmions, which form the ba-
sis for the subsequent detailed discussions. The MTJ
detects the presence or absence of the skyrmion and
generates corresponding binary output at its reading
terminal [see FIG. 31(e)], which is further resolved by
the read circuitry of the MTJ. One option for confining
skyrmions at specific points along the track is the use
of artificial pinning structures [32]. An alternative ap-
proach, proposed by Zheng et al., involves employing a
continuous magnetic skyrmion and bobbers chain. In
this scheme, a bobber takes the place of a skyrmion’s
absence to maintain their relative positions along the
track [299]. Another variation of this idea was demon-
strated by Jena et al., who used antiskyrmions instead
of chiral bobbers [300]. In racetrack memory, data
needs to be shifted to the desired position for read-
ing and writing, which requires extra space to accom-
modate these shifts. To address this issue, Zhang et
al. proposed a circular racetrack design that elimi-
nates the need for excessive space and can be driven
using magnetic field gradients [see FIG. 31(f)] [48]. The
authors further introduced a concept of a perpendicu-
lar track architecture to enhance information density,
as depicted in FIG. 31(b) and experimentally demon-
strated the feasibility of this architecture using a thin
BDMI material, Cu2OSeO3 [301].
Apart from the MTJ reading [302, 303, 237], the al-
ternate readout mechanism is based on the topologi-
cal Hall resistivity as discussed in section (10.3). Al-
though the skyrmion racetrack has shown substan-
tial potential for both storage class memory and
CPU memory. It still faces certain challenges such
as the Skyrmion Hall Effect (SkHE) which deviates
skyrmion from the desired path and can cause data
loss to edges. As evidenced by experimental find-
ings in a [Pt/CoFeB/MgO]15 multilayer stack race-
track configuration [49], along with the longitudinal
motion of skyrmion, a transverse velocity component
is also present, as illustrated in FIG. 31(c). Further-
more, FIG. 31(d) depicts that skyrmions exhibit lin-
ear response against the hall angle and can achieve
significant velocities (≥ 100 m/s). Another simi-
lar experimental study directly observed the SkHE
in Ta/CoFeB/TaOx multilayers using MOKE, demon-
strated in FIG. 31(g). Authors showed that at a low
driving current density (j ∼ 1.3×106A/m2), the trans-
verse motion of the skyrmion is negligible and the mo-
tion of the skyrmion exhibits stochastic behavior in
tandem with the current. However, upon increasing
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Figure 31: Skyrmion-based Racetrack Memory. (a) Schematic of a DW-racetrack memory and Sk-racetrack
memory, with permission from Ref. [296] (b) STT-driven Skyrmion-based racetrack memory, with permission
from Ref. [47]; (c) Skyrmion Hall angle (SHA) Θsk as a function of skyrmion velocity at various temperatures
in the same structure as (d), with permission from Ref. [49]; (d) skyrmion velocity as a function of current
density at several sample temperatures stack, with permission from Ref. [49]; (e) 1D Sks memory device, writing
is realized by applying a low amplitude current pulse (IWrite) and readout is accomplished using an MTJ, with
permission from Ref. [50]; (f) Schematic of Circular skyrmion racetrack memory concept, with permission from
Ref. [48]; (g) MOKE images of the pulse-driven motion of skyrmion showing zero and enhanced transverse
motion for low (left) and high current density (right), with permission from Ref. [297]; (h) Skyrmion Hall
angle in Ta/CoFeB/TaOx across all four combinations between current directions and skyrmion polarities, with
permission from Ref. [297]; (i) Plot of SHA as a function of the topological charge Q of skyrmion bundles, with
permission from Ref. [298]

the current density (j ∼ 2.8 × 106A/m2), the trans-
verse motion of the skyrmion becomes pronounced.
The result of linear skyrmion Hall angle dependence
on density until reaching saturation is illustrated in
FIG. 31(h), and found similar to the FIG. 31(d). More-
over, at the edge of the tracks, skyrmions exhibit
oscillatory motion as a result of the interaction be-
tween the driving force and the repulsive force orig-
inating from the edge. To overcome this parasitic
SkHE, numerous theoretical and empirical models have
been proposed. A noticeable approach involves the
combination of two skyrmions with opposite topolog-
ical charges, for example, results in antiferromagnetic
skyrmions [304, 206, 305] [discussed in the subsequent
section (11.2)], bilayer skyrmions [306, 307], or 2π
skyrmions [102, 303]. Their lack of topological charge
results in an absence of the SkHE, but either their
experimental observation remains elusive or their in-

stability during motion affects their detection [308].
FIG. 31(g) shows a graph of the hall angle for different
topological charge (Q) of skyrmion. Another idea is
to modify the racetrack setup by interfacing the actual
racetrack with a second ferromagnetic. The magneti-
zation direction can be deliberately selected to enable
the skyrmion’s motion along the racetrack. Göebel et
al. presented the idea where the skyrmion Hall an-
gle can be engineered to zero utilising the method in
Ref. [309].

11.2 Antiferromagnetic Skyrmion THE (AFSkHE)

Skyrmion-based racetrack memory is promising for
future magnetic memories due to its topological
protection, small size [33], weak sensitivity to
defects [149], ultra-low driving current density [36, 310,
249, 32, 175, 49], and high mobility, as discussed in
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various studies [28, 158, 69, 162, 44, 311, 35, 71, 59, 51].
In spite of these remarkable properties of skyrmion,
skyrmion crystals (SkXs) exhibit THE [52, 251, 53,
210, 265, 264, 312, 212] which in turn gives rise to
SkHE (Skyrmion Hall Effect, also observed in single
skyrmion) [42, 281, 159, 49]. However, from the
perspective of data storage applications, the SkHE
is considered undesirable. Various approaches have
been suggested to mitigate this parasitic effect, and
among them is the utilization of skyrmions in an
antiferromagnetic (AFM) background instead of a
ferromagnetic (FM) as we concluded in the previous
section. Due to the inherent texture of AFM,
dipolar fields are merely present unlike in ferromagnets
where they can hinder the ultrasmall size nucleation
of skyrmions and their stability without external
magnetic fields [51, 72, 71]. As a result, both THE and
SkHE [42, 281, 159, 49] vanish [306, 313, 314, 305] for
such distinct textures. Despite the continuous progress
of various topological textures in pertaining research,
antiferromagnetic (AFM) textures currently hold the
most promising potential as the preferred data carrier
in racetrack storage devices.
In subsequent developments [316, 317, 318, 319], AFM
Skyrmions have also been predicted in AFM materials.
As no such antiferromagnetic skyrmion crystal has yet
been discovered, researchers have studied surrogate
systems comprising two skyrmion layers [307, 306] and
two sublattice [304, 206, 305] systems. In the former
case, authors have proposed generating a bilayer-
skyrmion [see FIG. 32(a)] from antiferromagnetically
coupled two perpendicularly magnetized FM layers
with a bottom layer atop a heavy metal layer where
a vertical current injection nucleates skyrmion in one
sublayer that subsequently nucleates a skyrmion in
another sublayer when AFM coupling is strong. On
the other hand, in the latter case, authors have
demonstrated generating an AFM-SkX crystal [see
FIG. 32(b)] with two intrinsic sub-lattices (A and B
triangular sublattices on a honeycomb lattice) coupled
by a weak inter-sublattice JAB

1 while within the
sublattices, there exists nearest J1 and third nearest
coupling J3, that stabilize skyrmions in an external
magnetic field; all energies measured in terms of J .
Within the limit JAB

1 << J , both sublattice skyrmions
are more or less equivalent. To assist with physical
parameters, the SkX system is now coupled with
an AFM layer. That generates an AFM-SkX using
Monte Carlo Simulations (for more details refer to
Ref. [305]). Authors have shown generating generated
both SkX and AFM-SkX, depicted in FIG. 32b(left,
right) respectively. For AFM-SkX, the local input
parameters like magnetization etc. are reversed for
one sublattice. Authors further [315, 305] employed
the tight-bonding model [212] to understand the band

structure and origins of proposed effects

H =
∑
⟨ij⟩

tij ĉ
†
i ĉj + J

∑
i

ĉ†imi · σ̂ĉi (119)

where tij = t is the hopping strength and J (measured
in terms of hopping parameters t). In the SkX
case, both sublattices can have either a parallel or
antiparallel spin alignment, which in coupled case
(two sublattices coupled by nearest-hopping t1 = t
and second nearest-hopping t2 = 0) and uncoupled
cases (t1 = 0 and t2 = t) project different
properties [see inset of FIG. 32(j)] with a strong
(J = 5t), intermediate (J = 2t/3) and weak
(J = 0) electron coupling represented by J . In the
former coupled case [see FIG. 32(j) (left)] and strong
coupling (J = 5t), having equivalent sublattice results
in asymmetric conductivity while in the latter case
[FIG. 32(j) (right)], since sublattices are decoupled
and degenerate, resulting in a transverse spin-polarized
current. On the other hand, concerning AFM-SkX,
for both strongly (J = 5t) and intermediately (J =
2t/3) coupled, the former case shows zero transverse
current due to zero effective field and the latter case
shows zero THE with zero effective emergent magnetic
field [green lines in FIG. 32(i)]. However, there have
been found signatures of the topological spin hall
effect (TSHE) in strong (J = 5t) and intermediate
(J = 2t/3) coupled system [see blue lines FIG. 32(i)].
When an electron traverses through the AFM crystal
in the latter decoupled case, it localises itself with
either of the parallel or antiparallel sublattices leading
to a spin-up from positive magnetization and spin-
down current from negative magnetization and in total
a pure spin current means no charge transport or
THE, unlike the THE in SkX case [see FIG. 32(g)].
In a manner akin to the THE for the detection
of SkX, a spin-based counterpart known as the
Topological Spin Hall Effect (TSHE) could act as
a detection method for AFM-SkX. Moreover, an
intriguing observation of made by the authors when the
AFM-SkX is generated of asymmetric nature modelled
on inequivalent sublattice, revealing the presence of a
non-zero THE which can be employed in Spintronics
devices.
Similar to FM, the Hamiltonian for antiferromagnetic
(AFM) system is

H =
1

2

∑
⟨ij⟩

{
−Jijmi·mj+Dij (mi ×mj)−Kzm

2
i−H·mi}

(120)
where the initial term denotes the AFM exchange
interaction with positive AFM exchange stiffness Jij ,
the second term represents the DMI with the DMI
vector Dij , the third term denotes the PMA with the
anisotropic constant Kz and the final term H signifies



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 44

Figure 32: Antiferromagnetic Skyrmion THE. (a) Schematics of AFM coupled bilayer-skyrmion system,
with permission from Ref. [307]; (b) FM (left) and AFM (right) skyrmion on a honeycomb lattice with dotted
triangular sublattices, with permission from Ref. [305]; (c) Phase diagram of the AFM skyrmion, with permission
from Ref. [304]; (d) Illustration of Zero(non-zero) SkHE of AFM(FM) skyrmion moving on an AFM(FM) track,
with permission from Ref. [304]; (e) Velocity of Bloch AFM skyrmion and Bloch FM skyrmion, with permission
from Ref. [313]; (f) Radius of AFM and FM Skyrmion Rs dependenc on temperature T/TC , with permission from
Ref. [306]; (g) Signature of substantial TSHE (top) and THE (bottom) in AFM Sks and SkX, with permission
from Ref.[305]; (h) Current induced AFM Skyrmion longitudinal velocity for different combinations of α and
β, with permission from Ref. [306]; (i) Schematic of the significant TSHE and zero THE in an AFM-Sk, with
permission from Ref. [315]; (j) Topological Hall conductivity in SkX (black: charge conductivity, orange: spin
conductivity (SkXS)) and AFM-SkX (red: charge conductivity, blue: spin conductivity (AFM-SkXS)), skyrmion
coupling is J = 5t and conductivities are quantized in units of σ0 = e2/h (charge) and σ0 = e2/4π (spin),
with permission from Ref.[305] (k) Dependence of skyrmion Hall angle on velocity for AFSk and FMSk, with
permission from Ref. [83];

the external magnetic field.
Zhang et al. [304], demonstrated the nucleation of
AFM skyrmion from AFM DW pairs, similar to FM
skyrmion from FM DW pairs [163], through a phase
diagram [see FIG. 32(c)] in a disk shape region by
applying a spin-polarised current perpendicularly to
the disk which flips the spin in the region. In a
nanostrip, a stable AFM skyrmion is nucleated in
the DMI range 0.7 mJ2/m2 < D < 1.2 mJ2/m2,
also been observed in Ref. [313]. Furthermore,
the dynamics of AFM skyrmions are also examined
by [320, 304, 307] where, unlike FM skyrmions that
easily get destroyed at the edges due to the SkHE,
AFM skyrmion have shown remarkable uni-directional
velocity promising for future information bits [50, 47],
depicted in FIG. 32(d). Similarly, through a skyrmion

bag simulation [298], it is found that the skyrmion
bundle with zero topological charges (similar to AFM-
Sk Q = 0) exhibits a colinear motion with zero
skyrmion hall effect.
The corresponding terminal velocity for AFM-Sk from
the Theile equation is evaluated in Ref. [306]

v∥ =
β

α
j (121)

which is only along the direction of the current. In
a comparison of velocities, the maximum velocity of
a skyrmion in a ferromagnetic (FM) nano track is
constrained by a confining force approximately pro-
portional to ∼ (D2/J). Typically, this velocity is
much less than 102 m/s or v ≈ 200 m/s for a cur-
rent j = 200 m/s [306] and small values of α and β
(damping parameters). On the other hand, the anti-
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ferromagnetic (AFM) skyrmion has been observed to
move directly along an AFM nano track with a velocity
around ≈ 102 − 103 m/s, as reported by Barker et al.
Additionally, AFM skyrmion can exhibit high-speed
velocities up to km/s while maintaining their stability
for low α and high β, shown in FIG. 32(h). A sim-
ilar comparable outcomes were obtained by [313] for
Bloch type AFM and FM skyrmions, see FIG. 32(e)
and Ref. [304].
Theoretical studies of AFM dynamics have been made
by many scholars [321, 322, 315]. One challenging
threat to AFM skyrmion studied by Barker et al. is
the thermal perturbation that may cause excessive ran-
domness in the motion for AFM skyrmions [306] which
was observed with a derived expression for temperature
dependence radius [Eqn. (122)] with possible known
parameters A,K andD dependencies. AFM skyrmions
demonstrated a more pronounced temperature depen-
dence and exhibited larger fluctuations compared to
FM skyrmions.

Rs(T ) =

√
2Aλ

4
√
AKm(T )− πDm−3/2(T )

(122)

FIG. 32(f) reports the plots for FM and AFM
skyrmions temperature dependence mean radius.
Recently [248], synthetic antiferromagnet (SAF) is
seen as a substitute for antiferromagnets comprised
of antiferromagnetically coupled ferromagnetic layers
of nanometer thickness through non-magnetic space
layers. The authors examined the device structure
(Pt/Co/Pt) and corresponding phase development, in-
cluding spin spirals and antiferromagnetic skyrmions
(AFMSk) in their study. One key advantage of bilayer
SAFs (BL-SAFs) is that they can stabilise skyrmions
without a magnetic field, and they exhibit signifi-
cant compensation of dipolar fields within their struc-
ture. Additionally, BL-SAFs exhibit stability up to
high temperatures which earlier we saw a threat pro-
posed by [306], allowing for the possibility of inducing
skyrmion motion using large current pulses. Employ-
ing the method, in an experimental work in Ref. [83],
the authors have successfully achieved a suppressed
Skyrmion Hall Effect (SkHE) in a synthetic antifer-
romagnetic [see FIG. 32(k)].

11.3 Skyrmion-based Neuromorphic Devices

Neuromorphic computing, inspired by the biological
nervous system, has attracted considerable attention.
Intensive research has been conducted in this field for
developing artificial synapses and neurons, attempting
to mimic the behaviours of biological synapses and
neurons, which are two basic elements of the human
brain. So two essential and fundamental devices

are artificial neurons and synapses to implement a
neuromorphic computing system. In recent decades,
a promising technical advance has been made with the
introduction of emerging nano-electronic devices, such
as phase change devices, resistive memory devices, and
spintronic devices, to implement artificial synapses.
However, the implementation of an artificial neuron
still mostly relies on silicon-based circuits through
the integration of many transistors, greatly sacrificing
power efficiency and integration density compared with
the advancement of artificial synapses. Therefore a
single device-based artificial neuron is much preferable
and is currently under intensive research for designing
an advanced neuromorphic computing system.
The computing architecture of the human brain
[see FIG. 34(top)] consists of billions of neurons
that are highly connected by junctions turned into
synapses. Neurons generate stimuli (spikes) when
they are activated by integrating stimuli from other
connected neurons. The spikes are modulated during
propagating through the synapses, also called synaptic
transmission. The synapses function by changing their
connection strength as a result of neural activities,
known as synaptic plasticity.

11.3.1 Skyrmion-based Synapses Owing to their small
size, robustness against pinning defects (topologi-
cal stability), and low depinning current density,
skyrmions have considerable potential for use as in-
formation carriers in future ultra-dense, high-speed
and low-power spintronic devices. One of the in-
trinsic features of skyrmions is their particle-like be-
haviour, due to which, multiple skyrmions can ag-
gregate, exhibiting potential for multi-valued storage

material which can generate a higher PMA [34]. Alternative
mechanisms like voltage controlled magnetic anisotropy [24]
can also be used to build a region with different PMA. Here
we consider a higher PMA of the barrier in our simulations. In
the case of a lower PMA barrier, the device can still work
with a skyrmion pinned in the barrier. Besides, the behavior
of skyrmions are very similar for both a sharp or smooth
transition barrier. Details are shown in the supplementary
information. This device structure is analogous to a biological
synapse, as shown in figure 1(b). To illustrate the synaptic
plasticity of the device, a side view of the device is shown in
figure 1(c). In the spike transmission mode, the spike pro-
duced by a pre-neuron is modulated by the weight (magne-
toresistance) of the synaptic device, which generates a post-
synaptic spike current from terminal C to terminal B. During
the learning phase, a bidirectional charge current flows
through the HM, injecting a vertical spin current into the FM
layer from terminal A to terminal B (or vice versa) and
driving skyrmions into (or out of) the postsynapse region to
increase (or decrease) the synaptic weight, mimicking the
potentiation/depression process of a biological synapse. The
proposed device provides decoupled spike-transmission and
learning channels (see figure 1(c)). The channel between
terminal A and terminal B, which is called a learning channel,
is used to transmit learning stimuli from the pre-neurons. The
channel between terminal C and terminal B, which is called
the spike transmission channel, is used to transmit a spike
current to the post-neurons. A detection device (e.g., a MTJ)
is located on top of the postsynapse region to read the weight
(magnetoresistance) of the synapse through the magnetore-
sistance effect [31].

Operation modes of the device

Figure 2 illustrates the micromagnetic simulation results of
the three primary operation modes of our proposed synaptic
device: the initialization mode, the potentiation mode, and the
depression mode. Before we illustrate the operation modes of
the proposed synaptic device, we define two terms: (a) posi-
tive stimulus, which signifies an electric current with an
amplitude of 5MA cm−2

flowing from terminal A to terminal
B; and (b) negative stimulus, which signifies an electrical
current with amplitude of 5MA cm−2

flowing from terminal
B to terminal A. In the initialization mode (from 0 to 35 ns),
skyrmions are generated in the presynapse region of the
device. Owing to the repulsion between skyrmions and the
nanotrack edges [35], a threshold value for the total number
of skyrmions (11 skyrmions in our design, with a 120 nm
wide nanotrack) in the presynapse region of the device will be
reached. This threshold value determines the programming
resolution of the synaptic weight of the device. In the
potentiation mode (from 35 to 65 ns; see figure 2(b)), a
positive stimulus drives skyrmions from the presynapse
region into the postsynapse region, increasing the synaptic
weight of the device. Similarly, in the depression mode (from
87 to 117 ns; see figure 2(c)), a negative stimulus drives
skyrmions from the postsynapse region into the presynapse
region, decreasing the synaptic weight of the device. The red
curve in figure 2(d) shows the normalized mz (i.e., the
average magnetization component in the z direction) of the
postsynapse region of the device. The shifting of mz corre-
sponds to the variation in the skyrmion number and size. It
should be noted that two skyrmions fail to pass through the
barrier in both the potentiation and depression modes. This

Figure 2.Micromagnetic simulations of the operation modes of our proposed skyrmionic synaptic device. (a) Initialization (from 0 to 35 ns):
skyrmions are generated in the presynapse region; (b) potentiation mode (from 35 to 87 ns): a positive stimulus (from 35 to 65 ns) drives
skrymions from the presynapse region to the postsynapse region, increasing the synaptic weight of the device; and (c) depression mode (from
87 to 147 ns): a negative stimulus (from 87 to 117 ns) drives skrymions from the postsynapse region into the presynapse region, decreasing
the synaptic weight of the device. In each operation mode, the device is relaxed to the equilibrium state. (a)–(c) Show snapshots of the
magnetization of the nanotrack, and (d) shows the time-resolved normalized mz (the average magnetization component in the z direction) of
the presynapse and postsynapse regions. The skyrmion number Nsk of the postsynapse is also shown in (d).
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(i) (ii) (iii)

(iv)

(a)

device’s plasticity. To eliminate the effect of conductance
variation due to skyrmion size oscillation, the Nsk is also
calculated, as shown in figure 4(e), which corresponds to the
above analyses.

The STP and LTP of the proposed synaptic device can be
explained by the competition between the driving force

provided by the electric current and the repulsion force pro-
vided by the barrier when the skyrmion passes through the
barrier. When the skyrmion approaches the barrier, the
repulsion force of the barrier increases, as shown in the
energy profile of figure 4(a). Upon receipt of an input sti-
mulus, the driving force of the electric current proceeds the
skyrmion uphill along the force energy profile (from point 1
to point 2). However, the skyrmion falls back to point 1, if the
input stimulus is not of sufficient duration and frequency,
corresponding to STP. Otherwise, if the stimulus is of suffi-
cient duration and/or frequency, the skyrmion will not have
enough time to reach point 1 and ultimately will be able to
pass the barrier until to point 3, corresponding to LTP. Once
the skyrmion passes through the barrier, it is difficult to move
back to the initial position. This behavior is consistent with
the psychological model of a biological synapse.

Circuit implementation

Figure 5(a) shows the proposed skyrmionic synaptic device
with peripheral circuits to demonstrate the learning and spike-
transmission functions and figure 5(b) depicts a corresp-
onding synapse array. Herein, Vspike denotes the spike
voltage of the pre-neuron, Vpre and Vpost are the program-
ming voltages from the pre- and post-neurons controlling the
learning stimuli. When a pre-neuron spikes, the spike voltage
Vspike is transmitted through the synapse and is modulated
by the synaptic weight of the device, thereby generating a
resultant post-synaptic spike current (in blue). As long as the
post-neuron does not spike, the spike-transmission current
path remains activated. All the weighted spike currents from
the pre-neurons will be transmitted to the post-neuron sum-
ming amplifier. Simultaneously, as soon as the pre-neuron

Figure 4. (a) Illustration of STP and LTP of the proposed synaptic device. (b)–(d) Conductance variations of the postsynapse under different
stimulus pulses: (b) case 1, 1.5 ns in duration with 5 ns interval; (c) case 2, 1 ns in duration with 2 ns interval; and (d) case 3, 1 ns in duration
with 5 ns interval. (e) Comparison of the skyrmion number Nsk change rate among the three cases.

Figure 5. (a) Illustration of the learning and spike-transmission
operations of the proposed skyrmionic synaptic device. (b)
Corresponding synapse array.
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(b)

(c)

ferromagnets, recent studies have revealed that skyrmions can
be more stable in magnetic multilayers [17]. Since the first
experimental observation of skyrmions in 2009 [18], they
have attracted extensive research interest, from the perspec-
tives of physical fundamentals to electronic applications.
Owing to their small size, robustness against process defects,
and low depinning current density [19, 20], skyrmions have
considerable potential for use as information carriers in future
ultra-dense, high-speed and low-power spintronic devices,
such as racetrack memories [21, 22] and logic gates [23, 24].
Recently, stable skyrmions have been experimentally
observed and manipulated at room temperature [17, 25–29],
further highlighting their potential. Furthermore, the intrinsic
properties of skyrmions enable to design new devices with
unique functionalities that may be inaccessible to conven-
tional electronic devices.

One of the intrinsic features of skyrmions is their parti-
cle-like behavior, due to which, multiple skyrmions can
aggregate, exhibiting potential for multi-valued storage
devices with skyrmions as information carriers. The states of
such a device can be modulated by an electric current that
drives skyrmions into or out of the device. Such character-
istics are analogous to those of a biological synapse, in which
the weight can be dynamically adapted to a changing
environment, i.e., the synaptic plasticity. In a biological
synapse, synaptic plasticity is achieved based on signal pro-
pagation by the release of neurotransmitters [30]. For artificial
synapses, the capability responsible for short-term plasticity(
STP), long-term potentiation (LTP), and temporal dynamics
is the foundation of learning in neuromorphic applications.

In this letter, we propose a novel skyrmion-based artifi-
cial synapse device for neuromorphic systems. The synaptic
weight of the proposed device can be modulated by an
electric current and be measured through the magnetoresis-
tance effect. The polymorphism, synaptic plasticity (both STP
and LTP) of the proposed device were investigated through
micromagnetic simulations.

Methods

The proposed skyrmion-based artificial synaptic device was
numerically simulated by solving the Landau–Lifshitz–Gil-
bert equation with spin transfer torques as follows [14]:

g a= - ´ + ´ + ´ ´∣ ∣ ( )m
m h m
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t
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d

d
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where = /m M Ms is the reduced magnetization,
Ms=580 kAm−1 is the saturation magnetization,
g = - ´ - -2.211 10 mA s5 1 1 is the gyromagnetic ratio,

= /h H Meff eff s is the reduced effective field, a = 0.3 is the
Gilbert damping, t is the thickness of the ferromagnetic (FM)
layer, g= ( )/u jP eM2 ,s j is the density of the spin current,
and =P 0.4 is the spin polarization. The direction of the spin
polarization is along +y. The parameters are chosen from a
0.4 nm thick Co layer on an Pt substrate, adopted from [14].

The TMR calculation is done by a differential method,
considering that the whole magnetic tunnel junction (MTJ)

device consists of many 2 nm×2 nm uniform cells in the xy-
plane [31]. The conductance of each cell is obtained by the
extended Julliere’s model [32, 33] which can be shown as:
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where G0 is the conductance when the magnetization is per-
fectly parallel to the reference layer, p is the spin polarization
which is set to be 0.4 in our simulation, and θ is the mag-
netization of each cell with respect to the reference layer.

The nanotrack was designed with a default size of
528 nm×120 nm×1 nm an exchange stiffness of
A=15 pJ m−1, a perpendicular magnetic anisotropy constant
of Ku=0.7 MJ m−3, and a DMI constant of D=3 mJ m−3.
The barrier was a rounded rectangle with dimensions of
40 nm×56 nm and a higher PMA constant of
Ku=0.84MJ m−3. A discretization of 2 nm×2 nm×1 nm
was used in our simulation. Impacts of the DMI constant and
the barrier PMA are discussed in the supplementary.

Results and discussion

Skyrmionic synapse structure

Figure 1(a) shows the schematic of the proposed skyrmionic
synaptic device. The primary components of the device are a
FM layer (e.g., Co) on a heavy metal (HM, e.g., Pt) and an
energy barrier. The FM layer has PMA, and the DMI is
generated at the interface between the FM layer and the HM.
The FM layer and the HM together form a nanotrack for
skyrmion motion. This nanotrack is divided into two parts,
referred to as presynapse and postsynapse regions, by an
artificial energy barrier with a higher PMA than that of the
FM layer. This energy barrier is located at the center of the
nanotrack and is counted for the postsynapse region. It can be
achieved by changing the local capping layer with another

Figure 1. (a) Schematic of the proposed skyrmionic synaptic device.
To mimic a neuromodulator, as shown in (b), a bidirectional learning
stimulus flowing through the HM from terminal A to terminal B (or
vice versa) drives skyrmions into (or out of) the postsynapse region
to increase (or decrease) the synaptic weight, as shown in (c),
mimicking the potentiation/depression process of a biological
synapse.
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Barrier
Skyrmion

material which can generate a higher PMA [34]. Alternative
mechanisms like voltage controlled magnetic anisotropy [24]
can also be used to build a region with different PMA. Here
we consider a higher PMA of the barrier in our simulations. In
the case of a lower PMA barrier, the device can still work
with a skyrmion pinned in the barrier. Besides, the behavior
of skyrmions are very similar for both a sharp or smooth
transition barrier. Details are shown in the supplementary
information. This device structure is analogous to a biological
synapse, as shown in figure 1(b). To illustrate the synaptic
plasticity of the device, a side view of the device is shown in
figure 1(c). In the spike transmission mode, the spike pro-
duced by a pre-neuron is modulated by the weight (magne-
toresistance) of the synaptic device, which generates a post-
synaptic spike current from terminal C to terminal B. During
the learning phase, a bidirectional charge current flows
through the HM, injecting a vertical spin current into the FM
layer from terminal A to terminal B (or vice versa) and
driving skyrmions into (or out of) the postsynapse region to
increase (or decrease) the synaptic weight, mimicking the
potentiation/depression process of a biological synapse. The
proposed device provides decoupled spike-transmission and
learning channels (see figure 1(c)). The channel between
terminal A and terminal B, which is called a learning channel,
is used to transmit learning stimuli from the pre-neurons. The
channel between terminal C and terminal B, which is called
the spike transmission channel, is used to transmit a spike
current to the post-neurons. A detection device (e.g., a MTJ)
is located on top of the postsynapse region to read the weight
(magnetoresistance) of the synapse through the magnetore-
sistance effect [31].

Operation modes of the device

Figure 2 illustrates the micromagnetic simulation results of
the three primary operation modes of our proposed synaptic
device: the initialization mode, the potentiation mode, and the
depression mode. Before we illustrate the operation modes of
the proposed synaptic device, we define two terms: (a) posi-
tive stimulus, which signifies an electric current with an
amplitude of 5MA cm−2

flowing from terminal A to terminal
B; and (b) negative stimulus, which signifies an electrical
current with amplitude of 5MA cm−2

flowing from terminal
B to terminal A. In the initialization mode (from 0 to 35 ns),
skyrmions are generated in the presynapse region of the
device. Owing to the repulsion between skyrmions and the
nanotrack edges [35], a threshold value for the total number
of skyrmions (11 skyrmions in our design, with a 120 nm
wide nanotrack) in the presynapse region of the device will be
reached. This threshold value determines the programming
resolution of the synaptic weight of the device. In the
potentiation mode (from 35 to 65 ns; see figure 2(b)), a
positive stimulus drives skyrmions from the presynapse
region into the postsynapse region, increasing the synaptic
weight of the device. Similarly, in the depression mode (from
87 to 117 ns; see figure 2(c)), a negative stimulus drives
skyrmions from the postsynapse region into the presynapse
region, decreasing the synaptic weight of the device. The red
curve in figure 2(d) shows the normalized mz (i.e., the
average magnetization component in the z direction) of the
postsynapse region of the device. The shifting of mz corre-
sponds to the variation in the skyrmion number and size. It
should be noted that two skyrmions fail to pass through the
barrier in both the potentiation and depression modes. This

Figure 2.Micromagnetic simulations of the operation modes of our proposed skyrmionic synaptic device. (a) Initialization (from 0 to 35 ns):
skyrmions are generated in the presynapse region; (b) potentiation mode (from 35 to 87 ns): a positive stimulus (from 35 to 65 ns) drives
skrymions from the presynapse region to the postsynapse region, increasing the synaptic weight of the device; and (c) depression mode (from
87 to 147 ns): a negative stimulus (from 87 to 117 ns) drives skrymions from the postsynapse region into the presynapse region, decreasing
the synaptic weight of the device. In each operation mode, the device is relaxed to the equilibrium state. (a)–(c) Show snapshots of the
magnetization of the nanotrack, and (d) shows the time-resolved normalized mz (the average magnetization component in the z direction) of
the presynapse and postsynapse regions. The skyrmion number Nsk of the postsynapse is also shown in (d).
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Figure 33: Schematic of the skyrmionic synaptic
device. (a) Device Structure; (b) Depiction of the
STP and LTP of the device; (c) Operation modes (i, ii,
iii), normalized mz and the skyrmion number Nsk of
the postsynapse (iv), with permission from Ref. [290]
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Bilayer-skyrmion-based design of neuron and synapse for spiking neural network
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Magnetic skyrmion technology is promising for the next-generation spintronics-based memory and
neuromorphic computing due to their small size, non-volatility and low depinning current density.
However, the Magnus force originating from the skyrmion Hall e↵ect causes the skyrmion to move
along a curved trajectory, which may lead to the annihilation of the skyrmion in a nanotrack during
current-induced skyrmion motion. Consequently, circuits utilizing skyrmionic motion need to be
designed to limit the impact of the skyrmion Hall e↵ect. In this work, we propose a design of
an artificial neuron, and a synapse using the bilayer device consisting of two antiferromagnetically
exchange coupled ferromagnetic layers, which achieves robustness against the skyrmion Hall e↵ect
by nullifying the Magnus force. Using micromagnetic simulations, we show that the bilayer device
can work as an artificial neuron and also as a synapse by modifying its uniaxial anisotropy. We
also demonstrate that our proposed skyrmionic synapse has an intrinsic property of perfectly linear
and symmetric weight update, which is highly desirable for the synapse operation. A spiking neural
network implemented using our proposed synapse and neuron was simulated and showed to achieve
96.23% accuracy in performing classification on the MNIST handwritten digit dataset.

I. INTRODUCTION

The increasing demands for data-intensive computing re-
quires a paradigm shift in computing approaches to push
the envelope of energy e�ciency for next-generation of in-
telligent electronic systems. Neuromorphic computing [1, 2]
is one promising approach that takes inspiration from the
biological brain to design intelligent electronic systems that
are energy e�cient while being able to learn and to per-
form cognitive tasks with human-like accuracies. Many
current works [3, 4] focus on leveraging the compute-in-
memory (CIM) architecture to accelerate the computation
of tensor products by overcoming the von Neumann bot-
tleneck. However, even lower energy consumption can be
achieved by using an event-based computation model such
as the spiking neural network (SNN), which avoids redun-
dant computations (i.e, multiplications and additions where
at least one operand is zero). In this work, we demonstrate
the design of a skymionic hardware accelerator for the SNN,
which is di↵erent but inspired by the CIM architecture.

Other than mimicking the signaling mechanisms in the
biological brain, research into neuromorphic circuits also at-
tempts to mimic the behavior of biological neural networks
[5, 6]. Two of the fundamental components of the neural
network in the brain are the neuron and synapse, where bil-
lions of neurons are connected in a massively parallel fashion
via trillions of synapses. The diagram in Fig. 1 shows two
neurons connected by synapses through which neural sig-
nals are transmitted from one neuron to another. Moreover,
these signals are modified by the synaptic weights during
the transmission [7, 8]. Proper device design for the arti-
ficial neuron and synapse is required to achieve low power
consumption in the neuromorphic circuits.

Various emerging devices such as phase-change mem-
ory [9, 10], resistive memory [11–13], and spintronics [14–17]
have been explored for implementing the artificial neuron
and synapse. Among these devices, spintronics is arguably

⇤ eledd@nus.edu.sg
† kelvin.xy.fong@nus.edu.sg

FIG. 1. Schematic of biological neurons connected by two
synapses.

the most promising technology due to its non-volatile na-
ture, ultrafast dynamics [18], higher endurance [19], low
power [20] and stochastic nature [21, 22]. Among various
spintronic devices, the magnetic skyrmion has gained a lot
of attention in recent years due to its small size, ultralow
depinning current density and topological stability [23–25].

The magnetic skyrmion is a vortex-like spin texture
observed in bulk [26] as well as in a thin ferromagnet
(FM) [27, 28] grown on a heavy-metal (HM), and stabilized
by Dzyaloshinskii-Moriya interaction (DMI) [29, 30] arising
from the broken inversion symmetry. However, the skyrmion
Hall e↵ect [31] poses a challenging problem for designing
compact high-speed skyrmionic nanotrack devices. When
a spin-polarized current is applied to move the skyrmion
in an FM layer, it follows a curved path governed by the
skyrmion Hall angle, which is determined by the combined
e↵ect of force due to the spin-torque and Magnus force that
act parallel and perpendicular to the current direction, re-
spectively [24, 32]. The Magnus force is directly propor-
tional to the skyrmion velocity, which is proportional to the
applied current density [33]. Consequently, a large Magnus
force results in a transverse velocity for the skyrmion [34]
and may cause it to be displaced beyond the edge of the
nanotrack and be accidentally annihilated. Hence, there is
an upper limit on the current density that can be applied to
the device, which limits its operation speed.

Note also that there are two methods to inject the spin
current into the device to move the skyrmion along the
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(THE) could be suppressed in ferrimagnetic multilayers because the 
THE contributions from the two sublattices are destructive due to 
antiferromagnetic coupling28. Even considering the presence of a 
THE contribution, as magneto-transport properties may be domi-
nated by the participating electrons of the FeCo because the 4f shell 
of Gd locates below the Fermi energy level, this will still give a con-
tribution to the total Hall resistivity, which depends on the number 
of skyrmions present in the active area of the sample. This provides 
flexibility to our design, allowing its use independently of whether 
the skyrmions are stabilized in a ferri- or ferromagnetic material. 
We experimentally measured the ordinary Hall resistance contri-
bution and confirmed its negligible contribution (see Methods). 
With these established electrical measurements and X-ray mag-
netic imaging technique, we next examined the behaviours of this  
artificial synapse.

Electrical operation of skyrmion-based artificial synapses
Figure 2a presents a schematic of a skyrmion-based artificial syn-
apse and its working principle; Néel-type skyrmions mapped onto 
spheres are schematically shown in three-dimensional (3D) space. 
In a skyrmion synapse, the synaptic weights are proportional to 
the number of skyrmions in a synapse. Therefore, the electric cur-
rent-controlled accumulation and dissipation of skyrmions within 
an active synaptic device area can imitate the linear variations of 
synaptic weights during potentiation and depression, respectively. 
Figure 2b demonstrates the experimentally measured electri-
cal operation of a skyrmion synapse; the corresponding magnetic 

configuration of each resistance state is also imaged by STXM, as 
shown in Fig. 2c. After applying an initial saturating magnetic field 
of Bz = 160 mT, the field was reduced to Bz = 140 mT (image no. 1, 
Fig. 2c). Although this magnetic field still provides enough energy 
to maintain the saturated magnetization, the reduced field opens 
room for a metastable state, where skyrmions could remain stable 
once they are generated due to the annihilation energy barrier29,30.

During potentiation, each image shown in the upper row of 
Fig. 2c was acquired after injecting current pulses with gradually 
increasing current density amplitudes of 1.69 × 1010 A m−2 < |ja| < 4
.24 × 1010 A m−2 and pulse duration of 100 ns, with the polarity as 
indicated in the inset to Fig. 2b. The applied unipolar pulses during 
both potentiation and depression were designed and optimized to 
generate/delete the controlled number of skyrmions using current-
induced spin–orbit torques (SOTs), as investigated in our previous 
study12, assisted by current-induced joule heating, which contrib-
utes to the reduction of skyrmion switching thresholds31. In Fig. 2b,  
it is first noticeable that continuous pulse application systemati-
cally generates skyrmions and drives them into the active synapse 
area, leading to the accumulation of skyrmions and corresponding 
linear resistance decrease. The first few skyrmions are generated 
from local pinning sites where the nucleation barrier is relatively 
low, while the majority of skyrmions are generated near the elec-
trical contacts and move across the Hall-cross area, as shown in 
Fig. 2c, images no. 1–8. Our experiment demonstrates a total of 24 
different resistivity states during potentiation. It should be noted 
that the skyrmion propagation direction is along the direction of 
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Fig. 2 | Magnetic skyrmion-based artificial synapses. a, Schematic drawing of a skyrmion-based artificial synapse. In the schematic, the 2D Néel-type 
skyrmions in thin films in the experiments are mapped onto spheres and are shown in 3D space. The red and blue arrows represent magnetic moments 
pointing in the +z and −z directions within skyrmions, respectively. In such a skyrmion synapse, the synaptic weights are proportional to the number of 
skyrmions, which is modulated by the electric current-controlled accumulation and dissipation of them. b, Measured Hall resistivity change and calculated 
skyrmion number as a function of injected pulse number. Note that the red and blue symbols and coloured areas correspond to resistivity changes (left 
axis) during potentiation and depression, respectively. Green symbols are used to indicate the number of skyrmions (corresponding to the right axis). 
Insets: electrical pulses indicating the direction of the charge current pulse, opposite to the direction of electron flow. Error bars represent the standard 
deviation of the resistivity measurements at each state. c, Sequential STXM images showing skyrmion populations after injecting unipolar current pulses 
along the track, with polarities as indicated in b. Upper and lower panels show domain images during potentiation and depression, respectively, and each 
image number (1–16) corresponds to each resistivity state indicated in b. Scale bar, 1!µm.
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Figure 34: Schematic of Biological and Skyrmion-based Neuromorphic Devices. Biological neurons
connected by two synapses (top), Skyrmion-based Synapse (bottom-left) and Neuronb(bottom-right), with
permission from Ref. [291, 323]

devices with skyrmions as information carriers. The
states of such a device can be modulated by the mag-
netic field, an electric current or more efficiently with
the voltage (VCMA). The predominant mode of opera-
tion for most neuromorphic devices based on skyrmions
involves the following process. By applying an electric
current, either through Spin Transfer Torque (STT)
or Spin-orbit Torque (SOT), the skyrmions are pro-
pelled through the magnetic thin film. The thin film is
divided into different regions such as pre-synapse, ac-
tive region and post-synapse region. These skyrmions
when driven into the active region, are detected by ma-
jorly two reading mechanisms: (1) Tunnel Magnetore-
sistance (TMR) and (2) Topological/Anomalous Hall
measurement (THE/AHE). With proper design engi-
neering, the skyrmions can be fine-controlled and de-
pending upon the number of current pulses we can con-
trol the resistance of the active synapse. Such charac-
teristics are analogous to those of a biological synapse,
in which the weight can be dynamically adapted to
a changing environment, i.e., the synaptic plasticity

(connection strength or conductance). In a biological
synapse, synaptic plasticity is achieved based on sig-
nal propagation by the release of neurotransmitters.
For artificial synapses, the capability responsible for
Short-Term Plasticity (STP), Long-Term Potentiation
(LTP), and temporal dynamics is the foundation of
learning in neuromorphic applications. In Ref. [290]
as shown in FIG. 33(a), the authors have proposed
a skyrmion-based artificial synaptic device and based
on the micromagnetic simulations and analytical TMR
calculations, they showed the STP and LTP synap-
tic behaviour of the device presented in FIG. 33(b).
The conductance of the device is regulated based on
the number of skyrmions present in the post-synaptic
region. Increasing the skyrmion density in the post-
synapse leads to an increase in conductance (long-term
potentiation, LTP), as depicted in FIG. 33(d). Con-
versely, reducing the skyrmion density in the post-
synapse results in reduced conductance (long-term de-
pression, LTD). The experimental study conducted
by Song et al. [282] illustrated the synaptic char-



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 47

Figure 35: Magnetic skyrmion-based artificial synapses. (a) Schematic of the monolayer and bilayer
device, PMA constant variation with position, normalised square input pulse train and locus of the skyrmion
center, with permission from Ref. [323]; (b) Schematic of the synapse device in a 2T1R configuration (top),
simulated potentiation and depression (bottom), with permission from Ref. [282]; (c) Skyrmionic synapses (g)
composed of the MML (n = 2)structure; (d) The characteristic conductance modulation curves of the device (g)
within the postsynapse region during the whole LTP-LTD process at T = 0K (left) and T = 300 K (right), with
permission from Ref. [324]; (e) Topological resistivity-based skyrmion synapse, with permission from Ref. [325];
(f) Operating modes of the VCMA controlled device [FIG. 34(left-bottom)] for realizing synaptic potentiation
and synaptic depression, with permission from Ref. [291]; (g) Illustration of nanoscale multilayer skyrmionic
synaptic device, with permission from Ref. [324]; (h) Hall resistivity change and skyrmion number as a function
of injected pulse number; (i) Sequential STXM images of skyrmion populations with pulse along the track, with
permission from Ref. [282] (j) Topological charge evolution in the presence of continuous current (8×1011A/m2)
(left), Discrete topological resistivity of the device performing potentiation and depression (middle), TMR in the
MTJ configuration (right), with permission from Ref. [325]; (k) MOKE and corresponding simulation images
showing MF dependence of skyrmion density of device (e), with permission from Ref. [325]

acteristics of a skyrmion device [see FIG. 35(b,h-i)].
Skyrmions are induced within the multilayer Hallbar
[Pt(3nm)/GdFeCo(9nm)/MgO(1nm)]× 20. By ma-
nipulating the external magnetic field, the authors ef-
fectively demonstrated the creation and annihilation
of skyrmions within the system. The authors pro-
pose the reading of skyrmion resistance via topologi-
cal Hall resistivity measurements. Regarding this out-
come, the assessment of Hall resistivity’s influence by
a solitary skyrmion has been demonstrated by a differ-
ent research group [211]. Additionally, the researchers
utilize both experimental and simulated approaches
to exhibit the linear synaptic response within these
devices. These synaptic weights have subsequently
been employed for incorporating basic artificial neu-

ral networks (ANNs). However, we used both SOT
and voltage-controlled magnetic anisotropy (VCMA)
switching techniques [as depicted in FIG. 34(bottom-
left)] to propose a skyrmion-based synapse design capa-
ble of exhibiting long-term plasticity (LTP) driven by
SOT and short-term plasticity (STP) controlled by the
VCMA effect, illustrated in FIG. 35(f). The LTP con-
ductance of the linear skyrmion device is demonstrated
to be advantageous for static pattern recognition, and
the STP component aids in dynamic pattern recogni-
tion within the device’s functionality. In our collabora-
tive study involving both experimental and simulation
approaches [325], we showed the quantized conduc-
tance of the skyrmion device, as depicted in FIG. 35(j).
The skyrmions are driven by SOT and magnetic fields
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Synaptic weight and neural network configuration 

The synapse value is configured using a differential pair of skyrmion devices. To measure the synaptic 

weight, we employ two skyrmion devices to subtract the values and obtain the corresponding positive and 
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Fig. 7 (a) Topological resistivity–based skyrmion synapse; current is applied across T-1 and T-2. (b) Magnetic texture of the 

synapse showing the skyrmion motion from the pre-synapse region into the main-synapse region and vice-versa; the 

corresponding topological resistivity change is measured across T-3 and T-4. (c) Evolution of the topological charge in the 

presence of continuous current (8 × 1011A/m2). (d) Discrete topological resistivity of the device (measured across T-3 and 

T-4) for 16 skyrmions; by moving the skyrmions into/out of the main synapse, we achieve potentiation and depression. (e) 

Tunnel magneto-resistance in the MTJ configuration.  
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Through Kirchhoff’s law, the weighted current sum can simply be calculated as the result of matrix 

multiplication, which increases the computing speed and decreases the power consumption within the in-

memory computing architecture. 

  

                                                                                                   (a) 

 

           (b) 

Fig. 9(a):  Neural network structure for the CNN model (a variant of VGG-NET) comprising six convolutional layers (CONV), 

three max-pooling layers (Pooling), and three fully connected layers (FC). (b) System-level performance in terms of the 

recognition accuracy. 

To measure the learning capability of our skyrmion device, we conducted an image-recognition task on 

CIFAR-10 Dataset with a nine-layer CNN, which is a brief variant of VGG-NET [33]. The network 

structure is shown in Fig. 9(a). Our network architecture comprises six convolutional layers for feature 

extraction and three fully connected layers for image classification. After every two convolutional layers, 

we adopt a max-pooling layer behind to subsample and aggregate the feature. In the simulation, the CNN 
(c)

(b)

Figure 36: Schematic of circuit diagram &
performance. (a) Schematic of the circuit diagram
comprising skyrmion-based synapses; (b) System-level
performance in terms of recognition accuracy; (c) G
diamond plot mapping two skyrmion devices to the
synaptic weight; (d) Skyrmion motion from the pre-
synapse region into the main-synapse region and vice-
versa for the device presented in FIG. 35(e), from
Ref. [325]

while we adopt the topological resistivity for reading
the skyrmions, as shown in FIG. 36(d). The device
structure is further elucidated in FIG. 35(e). We in-
tegrate this device in a Quantized Convolutional Neu-
ral Network (QCNN) as shown in FIG. 36(a-c), show-
ing the pattern classification accuracy around ∼ 89%,
presented in FIG. 36(b). Furthermore, in another
skyrmion-based synaptic devices-related work [323],
the authors used antiferromagnetic coupling between
two ferromagnetic layers to reduce the scattering due
to the skyrmion Hall effect. The SOT pulses drive the
skyrmions in the ferromagnetic layers, due to the re-
duced skyrmion Hall effect the conductance linearity
is improved as shown in FIG. 35(a). The improved
linearity adds to improvement in the pattern recogni-
tion. In a different study focused on skyrmion-based
synapses [324] employing micromagnetic simulations,
the authors demonstrate the realization of a skyrmion
synapse utilizing a magnetic multi-layer stack (MML)
[depicted in FIG. 35(g)]. The stack consists of four
iterations of a trilayer structure [HM1—FM—HM2],
where HM denotes the heavy metal and FM represents
the ferromagnetic thin film. The synapse has shown six
discrete conductance states as shown in FIG. 35(c,d)
with energy consumption per update equal to approx-
imately 300fJ. Authors have done room temperature
micromagnetic simulations for this task claiming to be
more realistic. Although skyrmion-based synaptic de-
vices have shown the potential for neuromorphic com-

puting. However, these devices still suffer from a low
on/off conductance ratio. For a reliable weight opera-
tion higher the on/off or maximum achievable conduc-
tance modulation, the better it reflects in the circuit
implementations. Clearly, for a big memory window,
we can achieve more synaptic states. So far, in most of
these proposals/demonstrations, the low memory win-
dow can be clearly observed. This challenge needs a
lot of attention and can be overcome by novel high-
spin polarized materials, advances in device design en-
gineering and the development of novel interface cir-
cuitry. The other most important challenge faced by
these devices is the reading of skyrmions. The two
schemes used for the reading are TMR reading via MTJ
and topological Hall resistivity. Although TMR read-
ing is a viable option but in present MTJ devices the
TMR ratio is around 200% which is still small com-
pared to other beyond CMOS devices such as RRAM
and PCRAM. Moreover, the skyrmions don’t have
a uniform magnetization thus effective TMR is even
smaller for these devices. Considering the skyrmion
reading via topological Hall resistivity, again a novel
method but it is almost impossible to extract exact
topological conductivity contribution by an individ-
ual skyrmion due to myriad effects such as anisotropic
magneto-resistance, domain wall contributions and so
on. Thus, research is still needed to realize better ways
of extracting the topological conductivity contribution
of the skyrmions.

11.3.2 Skyrmion-based Neurons In biological neural
systems, the neuron serves as the basic computational
unit. It receives input signals from other pre-neurons,
and these inputs are weighted by the synaptic strength.
The weighted inputs are then summed up in the
neuron’s body. As a result, the neuron’s membrane
potential gradually increases. However, the neuron’s
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Figure 37: The training and testing of MNIST
handwritten digit-(6), from Ref. [291]
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This study presents a novel compact neuron device that exploits the current-driven skyrmion 
dynamics in a wedge-shaped nanowire. 
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skyrmion motion dynamics is tunable, which is the key of our
LIF spiking neuron. The elementary functions of skyrmion,
including generation, detection and motion, have been widely
studied in literature [16, 25] and thus are omitted here. This work
focuses on reporting the LIF behaviors of the proposed sky-
rmion-based artificial neuron.

LIF function of the skyrmion-based artificial neuron

Initially, a skyrmion is generated at the origin (i.e., under the
generation unit) of the nanotrack. The initialization is gen-
erally performed only once owing to the nonvolatility of
skyrmions. Then, if one or several pre-neurons spike, the
accumulated spike current (I ,spk in‐ modulated by the con-
nected synapses) drives the skyrmion motion along the
nanotrack if the current density exceeds the skyrmion
depinning current density. During the skyrmion motion pro-
cess, the energy barrier of the nanotrack gradually grows
because of the linear increase of the PMA energy. Thus, the
skyrmion motion dynamics depend on the competition
between the gradient PMA energy of the nanotrack and the
driving force of the accumulated input spike current, which
depends then on the amplitude and frequency of the spike
currents from pre-neurons. Specifically, if the amplitude or
(and) the frequency of the accumulated spike current is large
enough to overcome the gradually increased PMA energy, the
skyrmion will move forward; otherwise the skyrmion will
move backward. This current-driven skyrmion motion beha-
vior is analogous to the ‘leaky-integrate’ process of the LIF
neuronal model. When the skyrmion reaches the given
threshold distance (i.e., the skyrmion move into the region of
the detection unit located at lT), it can be detected and the
neuron ‘fires’ an output spike I .spk out( )‐ Finally the neuron is
reset and the skyrmion is driven backward to the origin of the
nanotrack with a reset current I .reset( ) It is worth noting that if
we apply no reset current, the skyrmion can also move
backward to the origin of the nanotrack owing to the gradient
PMA energy but with a relatively long delay. In practice, we
prefer a fast reset operation and thus a reset current (with a
reverse direction as that of the input spike current) is utilized
in our simulation. A large reset current is generally preferred
for a fast reset operation, as the skyrmion motion speed
depends on the amplitude of the driving current [16, 25].
Figures 3(a) and (b) illustrate the micromagnetic simulation
results of the skyrmion-based artificial neuron under a
homogeneous input spike current and an inhomogeneous
input spike current respectively. Here the initial location of
the skyrmion on the nanotrack is at l 35 nm,0 = the threshold
is at l 160 nm,T = K 7.0 10 MJ m nm ,u

4 3 1D = ´ - - - and
K 0.7 MJ m .u0

3= - The accumulated input spike current
(I ,spk in‐ in black) in figure 3(a) is a uniform current sequence
with amplitude of 62.5 MA cm ,2- frequency of 0.5 GHz, and
pulse duration of 1.5 ns. However, Ispk in‐ in figure 3(b) is with
a random amplitude and frequency, representing the sto-
chastic and inhomogeneous input spikes. The blue curve
denotes the skyrmion moving distance, exhibiting a ‘LIF’
process, with respect to the time for both cases under
homogeneous and inhomogeneous input spike currents. One

of the key design features of the proposed artificial neuron to
enable the ‘leaky-integrate’ behavior is the linear increasing
PMA value along the nanotrack. If the PMA value keeps a
constant along the nanotrack, the skyrmion will either move
forward or stop in the presence or absence of the input spike
current, thus exhibiting only an ‘integrate’ but no ‘leaky’
behavior, as shown in figure 3(c).

Figure 3. Micromagnetic simulations of the proposed skyrmion-
based artificial neuron under different strategies; (a) and (b) a
skyrmion is driven by a homogeneous and an inhomogeneous input
spike current respectively on a nanotrack with linearly increasing
PMA, exhibiting ‘leaky-integrate’ behaviors; (c) the nanotrack is
with constant PMA, exhibiting ‘integrate but no leaky’ behavior.

4

Nanotechnology 28 (2017) 31LT01

(a) (b)
(c)

(d)

a wedge-shaped nanotrack may be driven by a sloped magnetic
anisotropy energy under an external electric eld, and the
coordinates of skyrmions mimic the membrane potential of
biological neurons.21 On the other hand, the radius of sky-
rmions is also modied via an electric-eld-induced variation of
magnetic anisotropy energy, resulting in the continuous varia-
tion of resistance of an MTJ.22,23 Recently, a voltage-driven
memristor has been proposed for realizing an articial synapse
based on this voltage control of the size of skyrmions.24 These
voltage-driven devices exhibit low dissipation. However, some
important problems still need to be resolved. In the skyrmion-
based articial neuron with LIF spiking function, the position
of skyrmions seems not easy to measure using simple electrical
measurement. In the skyrmion-based articial synapse, it is not
easy to introduce a large variation in the skyrmion size through
the manipulation of magnetic anisotropy energy, which limits
the changing of resistance of the MTJ.24

Very recently, Wang et al. reported that in addition to
magnetic anisotropy energy the Ruderman–Kittel–Kasuya–
Yosida (RKKY) exchange coupling strength in a synthetic anti-
ferromagnet (SAF) on a piezoelectric substrate can also be
effectively tuned by electric eld.25 In this work, we nd that
small variations in RKKY coupling strength in an SAF under
a very weak electric eld give rise to a signicant transition
between a large skyrmion with the radius of hundreds of
nanometers and a very small one. This results in a large varia-
tion of the resistance of a skyrmion-based MTJ that can be easily
detected by a nearby reading head, paving a way to build spin-
tronic nanodevices for neuromorphic computing with high
energy efficiency and easy detection.

Simulation methodology
Micromagnetic simulations were carried out using Object-
Oriented MicroMagnetic-Framework (OOMMF) soware with
the code of interfacial Dzyaloshinskii–Moriya Interaction
(DMI).26 The model is a circular SAF multilayer composed of
ferromagnetic (FM) Pt/Co layers or ultrathin CoFeB layers with
perpendicular magnetic anisotropy (PMA). They are represen-
tative compositions for numerical investigation on skyrmions.

The two FM layers in the SAF have distinct magnetic anisotropy
energy (Fig. 1). Themagnetic moments in the lower FM layer are
aligned in parallel due to its strong anisotropy energy, while
a large/small skyrmion can be generated in the upper layer
where the anisotropy energy is weaker.

The parameters for the simulations are as follows: the radius
(R) of the plate is between 50 nm and 200 nm. The thicknesses
of the lower, the upper, and the interlayer are all 0.4 nm,
respectively. The cell size is 1 nm ! 1 nm ! 0.4 nm. The satu-
ration magnetization (MS) of Pt/Co and CoFeB is 5.8 ! 105 A
m"1 and 1.1 ! 106 A m"1, respectively. The damping coefficient
a of Pt/Co and CoFeB is 0.3 and 0.03, respectively.27,28 The
exchange stiffness constant (A) is xed as 1.5! 10"11 J m"1. The
magnetic anisotropy constant of the lower FM (KL) of Pt/Co and
CoFeB is xed at 5 ! 106 J m"3 and 1 ! 107 J m"3, respectively.
The magnetic anisotropy constant for the upper layer (KU) is
between 1 ! 105 J m"3 and 6 ! 105 J m"3, and the DMI constant
(D) varies between 2 mJ m"2 and 4 mJ m"2. The interfacial DMI
exists in an ultrathin FM lm with the breaking of inversion
symmetry in the thickness direction, such as two nonmagnetic
metal (usually heavy metals) layers with different thicknesses or
compositions above and below the ultrathin FM layer (Fig. 1).
This breaking of inversion symmetry can be realized in either
a single FM layer or an SAF.26,29–31 In experiments, the anisotropy
constant and the DMI constant can be manipulated by tuning
the thickness of the heavy metal layer or the FM layer. The
interlayer antiferromagnetic coupling energy density (Jex)
between two FM layers is between "1.0 ! 10"6 J m"2 and "1.0
! 10"4 J m"2. For an SAF (CoFeB/Ru/CoFeB) on a piezoelectric
substrate, the Jex can be manipulated by an external electric
eld.25 Here, the electric-eld-induced changing of magnetic
anisotropy energy is neglected, of which the validity will be
discussed in the ESI (S1).†

Transition between a large skyrmion
and a small one
Initially, the single circular FM plate with an R of 200 nm was
divided into two concentric circles. The magnetic moments of
the inner one with a radius of 170 nm were set to be along the +z

Fig. 1 Schematic of the transition between a large skyrmion and a small one based on the manipulation of interlayer RKKY exchange interaction
under an external voltage (the structure of an intact device is shown in the right panel where NMmeans the nonmagnetic layer and FMmeans the
ferromagnetic layer).
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The nanodevices for neuromorphic
computing based on voltage-induced
transition between a large skyrmion
and a small one
Based on the results of the simulations, we propose a spintronic
memristor composed of a CoFeB MTJ deposited on a PMN-PT
piezoelectric substrate. The free layer of the MTJ is the upper
layer of the SAF. The parameters are the same as those shown in
Fig. 5, and the Jex is tuned between !1.0 " 10!6 J m!2 and !1.0
" 10!5 J m!2 (Fig. 7). The maximum tunneling magnetoresis-
tance (TMR) of the MTJ is assumed to be 200%. In the upper
layer of the SAF, the percentage of the area of skyrmions with
respect to that of the plate is assumed to be x, and the rela-
tionship between TMR and x is assumed to satisfy a linear

function.34 The TMR increases from around 60% to very close to
200% with Jex increasing from!1.0" 10!6 J m!2 to!5.0" 10!5

J m!2. In a device for neuromorphic computing, this contin-
uous variation of resistance under varying voltage may mimic
the potentiation or depression function of a synapse.14

In addition to synapses, the LIF in a neuron (Fig. 8) also plays
a signicant role in the neuromorphic computing. In a real
biological neural network, under the incoming sequence of
spike pulses, the potential of cellular membranes (Vm) of
a nonring neuron keeps increasing due to the accumulation of
charges till it reaches a threshold value, triggering the ring of
the neuron.15,16 This LIF function can be well mimicked based
on our model. Applying a voltage pulse results in Jex alternating
between two values. Because of the different relaxation time for
expanding and shrinking of the skyrmion (Fig. 5), the size of the
skyrmion shows an oscillating increase with increasing resis-
tance. This process is analogous to the increasing of Vm under
the spike pulse. Finally, the skyrmion is totally annihilated,
representing the ring. To repeat this process, the skyrmion can
be recreated in a reset process. This skyrmion-based LIF model
in an SAF has been simulated. The characteristics of the ring
process can be well tuned by modifying the width and magni-
tude of the pulse (Fig. 8(b–e)). Under a suitable condition, the
ring occurs within around 10 ns.

Finally, the electric eld strength and dissipation for the
neuromorphic computing are estimated according to the
experimental results of the manipulation of RKKY exchange
coupling in the CoFeB/Ru/CoFeB SAF by electric eld.25 When
the electric eld is absent, Jex is assumed to be !1.0 " 10!5 J
m!2 by choosing a suitable thickness of the nonmagnetic layer.
According to the slope of the variation of Jex with respect to
electric eld strength (E) (2.2 " 10!5 (J m!2)/(kV cm!1)),25 the
electric eld strength for reducing Jex from!1.0" 10!5 J m!2 to
!1.0 " 10!6 J m!2 should be around 0.4 kV cm!1. This electric
eld strength is true since the experimental results indicate that
the slope of Jex to E is generally suitable to different signs and

Fig. 7 Variations of resistance in the transition between a large sky-
rmion and a small one with change of Jex for CoFeB (D¼ 2mJm!2 and
KL ¼ 1 " 105 J m!3).

Fig. 8 (a) Schematic of the structure of a biologic neural network and LIF function; (b–e). Voltage-pulse induced LIF model based on size
variations of the skyrmion in an SAF under different pulse widths and magnitudes that give rise to two Jex with distinct values.

This journal is © The Royal Society of Chemistry 2020 Nanoscale Adv., 2020, 2, 1309–1317 | 1315
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(e) I ti ( ) are the synaptic weight and input spike of the ith synapse,
and b0 is a tunable bias constant, denoting the initial mem-
brane potential of the neuron. The f x( ) represents the neuron
transfer function, such as step, saturated linear, logistic sig-
moid and hyperbolic tangent, etc [15], indicating the spike
event of the neuron depending on the input variable x. When
the membrane potential V tmem ( ) reaches a given threshold, the
neuron will ‘fire’ an output spike and then reset.

This ‘leaky-integrate’ and ‘fire’ neuronal behavior can be
analogously characterized with a skyrmion-based device
through the current-induced skyrmion motion on a nanotrack
with the moving distance of the skyrmion indicating the
membrane potential of a biological neuron, as shown in
figure 1(c) and in the following equation,

Y t f w t I t l , 3i i 0å= +( )( ) ( ) ( ) ( )

where Y t( ) represents the time-dependent spike event of the
proposed skyrmion-based artificial neuron related to the cur-
rent-driven skyrmion motion distance L t ,( ) and l0 denotes the
initial distance of the skyrmion. When the skyrmion moving
distance L t( ) reaches a threshold l ,T( ) the artificial neuron will

‘fire’ an output spike and then reset. More details on the
device structure and behaviors of the proposed skyrmion-
based artificial neuron will be presented in the following
section.

Skyrmion-based artificial neuron device structure

Figure 2 shows the schematic of the proposed skyrmion-based
artificial neuron device. The primary component of the device is
a nanotrack consisting of a ferromagnetic (FM) layer (e.g., Co)
on a heavy metal (HM, e.g., Pt). The interfacial PMA and DMI
are induced at the interface between the FM layer and the HM to
stabilize skyrmions. It should be noted that the FM layer is
optimized, e.g., by tuning the thickness of the FM layer [26–28],
in order to generate a linear (i.e., K l K K lu x u u x0= + D ⋅( ) )
PMA along the nanotrack. It is worth noting that the DMI may
also vary with respect to the thickness of the FM layer, unfor-
tunately it is hard to set a variable DMI parameter in the
OOMMF platform. Here we consider a constant DMI value in
our simulation for simplicity by compensating the variable DMI
energy into the PMA energy. In our simulations, we have
evaluated several DMI values from
D D3 mJ m to 3.8 mJ m ,3 3= =- - and verified that our
device can work within this DMI range. Besides, a skyrmion
generation unit is located at one of the ends (say origin) of the
nanotrack, while a skyrmion detection unit is placed at a location
with a given threshold distance lT( ) of the nanotrack. A spin-
polarized current can be injected into the FM layer of the
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I ti ( ) are the synaptic weight and input spike of the ith synapse,
and b0 is a tunable bias constant, denoting the initial mem-
brane potential of the neuron. The f x( ) represents the neuron
transfer function, such as step, saturated linear, logistic sig-
moid and hyperbolic tangent, etc [15], indicating the spike
event of the neuron depending on the input variable x. When
the membrane potential V tmem ( ) reaches a given threshold, the
neuron will ‘fire’ an output spike and then reset.

This ‘leaky-integrate’ and ‘fire’ neuronal behavior can be
analogously characterized with a skyrmion-based device
through the current-induced skyrmion motion on a nanotrack
with the moving distance of the skyrmion indicating the
membrane potential of a biological neuron, as shown in
figure 1(c) and in the following equation,

Y t f w t I t l , 3i i 0å= +( )( ) ( ) ( ) ( )

where Y t( ) represents the time-dependent spike event of the
proposed skyrmion-based artificial neuron related to the cur-
rent-driven skyrmion motion distance L t ,( ) and l0 denotes the
initial distance of the skyrmion. When the skyrmion moving
distance L t( ) reaches a threshold l ,T( ) the artificial neuron will

‘fire’ an output spike and then reset. More details on the
device structure and behaviors of the proposed skyrmion-
based artificial neuron will be presented in the following
section.

Skyrmion-based artificial neuron device structure

Figure 2 shows the schematic of the proposed skyrmion-based
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are induced at the interface between the FM layer and the HM to
stabilize skyrmions. It should be noted that the FM layer is
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Using the external voltage, we tune the anisotropy and the DMI, which changes the skyrmion size; thus, 

the output of the MTJ is also modified. The dependence of the magnetic anisotropy (at the interface 

between the free layer and tunnel barrier layers) with the voltage can be expressed by 21. 
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Where 𝐾𝑆 is the anisotropy, E is the electric field at the MgO/CoFeB interface, 𝜉 is the VCMA coefficient 

and 𝑡𝐹𝐿 is the thickness of the free layer. For our device simulations we consider 𝜉 = 130 (fJVm-1) and 

𝑡𝐹 = 1 𝑛𝑚, which corresponds to voltage = 0.45 V. In Fig. 3(a) we show how the output voltage of the 

MTJ evolves in time in the presence of voltage pulses/spikes, with increasing input spike frequency.  
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time frames. (d) Output spike rate in different time frame Inset: Output neuron spikes frequency increases as more input 

neurons start feeding it. 
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Figure 38: Magnetic skyrmion-based artificial neuron. (a) Schematic of the skyrmion-based artificial
neuron device; (ii) the front cross-section view; (iii) the linear increase of the PMA value along the nano
track; (b) Micromagnetic simulations of the skyrmionic neuron device (a) exhibiting ‘leaky-integrate’ behaviors;
(c) LIF behaviors of a biological neuron(left) and a skyrmion-based artificial neuron(right), with permission form
Ref. [326]; (d) A novel compact neuron device exploiting the current-driven skyrmion dynamics in a wedge-shaped
nanowire, with permission from Ref. [327]; (e) Manipulating Skyrmion Size with Interlayer RKKY Exchange
Control under an external voltage; (f) Voltage-pulse induced LIF model based on size variations of the skyrmion
in a SAF, with permission from Ref. [328]; (g) Skyrmion output voltage mimics the LIF neuron behaviour for
different input spike frequencies; (h) 9 input neurons feeding one output neuron in different time frames, with
permission from Ref. [289]

behavior also includes a leaky component, causing a
gradual decrease in the membrane potential. When the
accumulated input spikes exceed a certain threshold
potential, the neuron may or may not fire. The neuron
generates spikes which propagate to the next layers
as shown in FIG. 34 (bottom-left). This behavior is
mathematically expressed by what we call the leaky
integrate and fire LIF neuron model.

τmem
dV

dt
= −(V − Vrest) +

∑
j

δ(t− tj)wj (123)

In recent literature, many groups have shown the
potential use of skyrmion devices as leaky integrate and
fire neurons in spiking neural networks. Most of these
proposals have considered the current (SOT) driven
motion of skyrmion and its interplay with the device
edges or in general device geometry for the realization
of the skyrmion LIF behavior. As shown in FIG. 38(d)
[327] authors designed a skyrmion LIF device by
considering the SOT-driven motion of skyrmion in a
laterally tapered HM/FM geometry. Skyrmion starts

from the wider edge region and as the skyrmion
translates across the FM region with decreasing width.
Skyrmion begins to feel an edge repulsive force. In
the presence of a current pulse, it can move but in the
absence of a pulse, the skyrmion is pushed back due
to this edge force. This brings the leaky component
into the device’s operating behavior. Here, the
authors have considered the skyrmion position as the
membrane potential or computing variable. Finally,
with the application of more input spikes/pulses the
skyrmion reaches a threshold region and generates the
output spike as shown in FIG. 38(c). In another
skyrmion LIF work the authors considered an almost
similar approach as [326] but the device geometry
is tapered vertically as shown in FIG. 38(a). The
varying thickness of the FM results in a magnetic
anisotropy gradient across the film. Because the
skyrmion’s static and dynamic properties depend upon
the anisotropy. So, an anisotropy gradient realizes
the extra repulsive force necessary for mimicking the
leaky behavior of the device, see FIG. 38(b). In
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other related works using micromagnetic simulations,
we showed LIF neuron behaviour in a confined
skyrmion controlled by voltage pulses as shown in
FIG. 37. The SNN is constructed with the LIF
neuron unit model -based on our skyrmion device.
The network was able to show recognition up to 89%
[289]. Instead of considering skyrmion position as
a neuron variable we took into account the actual
voltage output of the voltage-controlled MTJ, see
FIG. 38(g-h). This makes the skyrmion device more
realistic for actual circuit applications. Also, the
skyrmion motion is avoided so the skyrmion Hall
effect is not a concern. Most importantly with
better scalability, the confined approach promises high
integration capability. In another voltage-controlled
skyrmion neuromorphic device [328] the authors used
synthetic anti-ferromagnetic geometry SAF consisting
of Co/Pt or ultra-thin CoFeB layers with PMA.
The skyrmion MTJ fabricated over PMN piezoelectric
controlled by voltage acts as LIF. By applying the
voltage pulse the Jex alternates between two values.
Due to the different relaxation constant for expanding
and shrinking, the skyrmion MTJ behaves as a LIF
neuron as shown in FIG. 38(f).
Although the skyrmion devices possess the realization
of highly integrative single-device neurons. Research is
still needed when it comes to industry-scale skyrmion-
based neuron chips. The stabilization of small
nanometer room temperature skyrmions, the reading
of these skyrmions and better writing mechanisms are
important. Furthermore, these devices must show
good integration with the CMOS technology nodes.

11.4 Skyrmion Conventional and Unconventional
Computing Paradigms

Apart from racetrack memory and neuromorphic
computing, the skyrmions have held promise for other
conventional and unconventional logic applications. In
Ref. [43] authors realized the skyrmion-based logic
gates by considering the device structure as shown in
FIG. 39(a). The device consists of a bottom AFM
layer, FM layer and 4 MTJs. Two equal amplitude
orthogonal currents I1 and I2 which act as the input
signals, flow in the AFM Hall bar arms. MTJ (A,
B and C) are used for writing skyrmions by STT
while MTJ (D) reads the skyrmions. By properly
programming the different skyrmion configurations at
the pinning sites, the authors have demonstrated the
achievement of distinct logic gates, as illustrated in
FIG. 39(b). The authors in Ref. [44] have proposed a
device structure based on the conversion, duplication
and merging of skyrmions for the realization of the
logic (AND, OR) gates as shown in FIG. 39(c-d). In
Ref. [46] using micromagnetic simulations, the authors
utilize combinations of SOT, skyrmion Hall effect, edge

repulsive effects and skyrmion-skyrmion interactions
for the realization of reconfigurable logic gates, see
FIG. 39(f). The skyrmion trajectories are controlled
by external techniques, especially VCMA. Illustrated
in FIG. 39(g), the visualization of the AND gate
reveals that, owing to the interplay of edge force and
the skyrmion Hall effect, the skyrmion fails to reach
the output (detector) for input combinations (0, 0),
(0, 1), and (1, 0). However, when both skyrmions are
propelled, their repulsion causes one skyrmion to reach
the output, leading to an output of Y = 1 for the input
combination (1, 1). A similar logic gate design was
proposed in Ref. [329] including the universal NAND
and NOR gates, depicted in FIG. 39(h). In the work
by Sisodia et al. [45], micromagnetic simulations were
employed to demonstrate that skillfully manipulating
the barrier height and width of the magnetic nano track
enables the specific tunneling of skyrmions between
parallel nano tracks, prompted by skyrmion-skyrmion
interactions, as illustrated in FIG. 39(e). This can be
leveraged to design a skyrmion demultiplexer logic gate
that works solely using skyrmions as logic inputs.
Apart from conventional binary logic, skyrmion-
based unconventional computing devices have also
been in discussion recently. In Ref. [330] the
skyrmion-based reversible logic devices and circuits
have been depicted. The skyrmions remain conserved
during device operation, and input/output reversal
is achievable, as depicted in FIG. 40(a). To
achieve this reversible logic utilizing the skyrmion-
Hall effect, spin-Hall effect, and skyrmion-skyrmion
interactions, the authors have introduced reversible
AND, OR, and INV/COPY gates, as illustrated in
FIG. 40(f). Furthermore, the Fredkin reversible gate
and Toffoli Hadmard universal quantum gates are
realized [see FIG. 40(e)]. Another highly significant
application of skyrmions involves reservoir computing.
Reservoir computing harnesses the nonlinear dynamics
of a system (known as a reservoir) to transform
intricate input signals into a higher-dimensional space,
ultimately leading to a linear 1D output. This 1D
readout can be trained to discern the input’s distinctive
features. In Ref. [330] the authors used the rectangular
film containing skyrmions as the reservoir. The
grain inhomogeneities are considered in the simulations
which ensure the skyrmion fabric pinning. The pinning
of skyrmion fabric is important for maintaining the
echo state of the reservoir system. The skyrmion fabric
when excited by input patterns generates a particular
current distribution which is the signature of the
particular magnetization texture. Here the difference
in the relaxation time scales magnetization (∼ 10−9)
and electron (∼ 10−9) guarantees this behaviour. As
shown in FIG. 40(b) the output of the system is read
in terms of the AMR signals, by properly analyzing the
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Figure 39: Skyrmion logic gates. (a) Device setup and skyrmion motion: (i) Configuration and current input.
(ii)-(iii) Spin structures in MTJ. (iv) Pinning sites and MTJ layout. (v)-(viii) Skyrmion motion under different
currents; (b) Simulated results of different logic functions, with permission from Ref. [43]; (c) Skyrmion logical
OR operation of the device in (d); (d) Sketch of a Nanowire Simulation, with permission from Ref. [44]; (e) (i)-(ii):
1-to-2 DMux gate schematic and operation, (iii)-(iv): Skyrmion-based DMux gate micromagnetic simulation,(e)
and (f): Alternative skyrmion-based DMux design with an additional channel in the barrier, with permission
from Ref. [45]; (f) Structure of a reconfigurable skyrmion logic (RSL) gate and the resulting logic functions in
an RSL; (g) Evolution of the position of skyrmion(s) in FM films for four different cases of inputs and outputs,
with permission from Ref. [46]; (h) Logic gate designs derived from FA: NOT/COPY, XOR/AND, NXOR/OR,
universal NAND gate, NAND operation with both inputs as 1, with permission from Ref. [329]

response of the system to different combinations of the
input sequences. It is clearly observed that the output
response depends both upon the current input as well
as the previous input. This shows that the skyrmion
fabric has a memory. By providing sine and square
pulse combinations the short-term memory correlation
in the skyrmion system is revealed. The authors
in Ref. [331] advanced the skyrmion-based reservoir
computing and have experimentally demonstrated
the realization of the confined skyrmion-based non-
linearly separable functions. For this authors use
the voltage gating and thermal skyrmion motion
(Brownian motion), SOT and skyrmion-edge repulsion.
Depending upon the voltage applied at the contacts
the skyrmion position (state) is altered and read via
MOKE imaging as shown in FIG. 40(c). Using this
concept the authors have realized different logic gates
such as AND, OR, NAND, NOR, XOR and XNOR as
shown in FIG. 40(d). The probability of occurrence
of the skyrmion in the 4 circular regions is processed
via readout as the linear functions. The output is the

weighted sum of the probabilities plus and offset. The
realization of the XOR function by this single device
proves its completeness for the non-linearly separable
tasks. The use of single skyrmion and thermal effects
driven operation promise high memory integration
and low power operation. Like other skyrmion-based
technologies although these unconventional computing
devices promise a better future for computing and data
storage. But the reading of the skyrmions needs a
robust solution. Like here in Ref. [331] although the
proposal is scalable and interesting, but the reading is
done via MOKE images. To integrate these devices
with present CMOS technology, it is inevitable to
realize a proper current/voltage-based writing and
reading mechanism for these devices.

11.5 Skyrmion Qubit

By harnessing the fundamental principles of Quantum
mechanics, Quantum computer holds the potential to
revolutionize computation capacities [332, 333, 334].
Recently, Qubits based on magnetic skyrmions [335,



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 52

Figure 40: Reservoir Computing. (a) Set up for a-(i) recurrent neural network, (ii) material-based reservoir,
(iii) skyrmion fabric reservoir with the locations of input (output) contacts identified by green (red) circles, (iv)
Bloch skyrmion identified by the red frame in (iii); (b) Temporal tracing and pulse recognition with resistance
sampling, with permission from Ref. [330] (c) 3D Device Schematic: Stack Structure with Applied Potentials and
Boolean Logic Demonstration; (d) Optimizing logic operations: skyrmion probabilities and read-out threshold,
with permission from Ref. [331]; (e) Micromagnetic simulation results for the Fredkin gate for two different input
combinations, with permission from Ref. [283]; (f) Micromagnetic simulation results of INV/COPY gate for two
different input combinations, with permission from Ref. [283];

336] and later meron [337] have been proposed pacing
the advancement in the field. These magnetic textures
as we discussed earlier exist in 2D and 3D magnetic
materials with certain stability conditions and are
highly promising in both classical and quantum-related
applications.
Single spin-based quantum qubits are the most basic
structure where the quantum state |0⟩ is associated
with an up spin (↑) and the state |1⟩ is associated with
a down spin (↓) [see FIG. 41(c)]. Manipulating a single
qubit involves applying a magnetic field that causes the
spin to undergo Rabi precession, resulting in a change
in its direction. On the other hand, the interaction
described by the Heisenberg model allows for two-
qubit gate operations. Now in the case of quantum
skyrmion, instead of a single spin, we focus on the
helicity degree of freedom of these magnetic textures
which encapsulates the idea of the direction of swirling
arrows in such magnetic textures created in frustrated
magnets. Skyrmion [336] and meron [337] both
have four-fold degeneracy in the absence of magnetic
dipole-dipole interaction (DDI) [338, 339, 340, 341]
which can be lifted on the application of external

Spacer|Ψ⟩ = α |0⟩ + β |1⟩

|1⟩

|0⟩

|Ψ⟩1

|Ψ⟩2

(b)

Skyrmion Qubits: A New Class of Quantum Logic Elements Based on Nanoscale
Magnetization

Christina Psaroudaki1, 2 and Christos Panagopoulos3

1Department of Physics and Institute for Quantum Information and Matter,
California Institute of Technology, Pasadena, California 91125, USA

2Institute for Theoretical Physics, University of Cologne, D-50937 Cologne, Germany⇤
3Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,

Nanyang Technological University, 21 Nanyang Link 637371, Singapore†

(Dated: August 6, 2021)

We introduce a new class of primitive building blocks for realizing quantum logic elements based
on nanoscale magnetization textures called skyrmions. In a skyrmion qubit, information is stored in
the quantum degree of helicity, and the logical states can be adjusted by electric and magnetic fields,
o↵ering a rich operation regime with high anharmonicity. By exploring a large parameter space, we
propose two skyrmion qubit variants depending on their quantized state. We discuss appropriate
microwave pulses required to generate single-qubit gates for quantum computing, and skyrmion
multiqubit schemes for a scalable architecture with tailored couplings. Scalability, controllability
by microwave fields, operation time scales, and readout by nonvolatile techniques converge to make
the skyrmion qubit highly attractive as a logical element of a quantum processor.

Quantum computing promises to dramatically improve
computational power by harnessing the intrinsic proper-
ties of quantum mechanics. Its core is a quantum bit
(qubit) of information made from a very small particle
such as an atom, ion or electron. Proposed qubit systems
include trapped atoms, quantum dots and photons[1–3].
Among them, superconducting circuits, currently one of
the leading platforms for noisy intermediate-scale quan-
tum computing protocols [4], are macroscopic in size but
with well-established quantum properties[5]. Neverthe-
less, despite tremendous progress, significant challenges
remain, in particular with respect to control and scala-
bility [6].

Here we propose an alternative macroscopic qubit de-
sign based on magnetic skyrmions, topologically pro-
tected nanoscale magnetization textures, which have
emerged as potential information carriers for future spin-
tronic devices[7]. We focus on frustrated magnets, in
which skyrmions and antiskyrmions have a new internal
degree of freedom associated with the rotation of helic-
ity [8–12]. In these systems, the noncollinear spin tex-
ture induces electric polarization, allowing for electric-
field modulation of the skyrmion helicity [13, 14]. Along
with magnetic field gradients [15] (MFGs) and microwave
fields[16, 17], electric fields emerge as a new, powerful
tool for a current-free control of skyrmion dynamics [18].
Skyrmions of a few lattice sites[19] inspired theoretical
studies on their quantum properties [20, 21]. Similar
to Josephson junctions[22, 23], their macroscopic quan-
tum tunneling and energy-level quantization are indica-
tive of quantum behavior. In su�ciently small mag-
nets, an analogous quantum behavior in terms of macro-
scopic quantum tunneling of the magnetic moment has
been experimentally verified in mesoscopic magnetic sys-
tems [24–26], while the quantum depinning of a magnetic
skyrmion has been theoretically proposed [27].

We formulate a theoretical framework of skyrmion quan-
tization and construct skyrmion qubits based on the
energy-level quantization of the helicity degree of free-
dom. The ability to control the energy-level spectra
with external parameters, including electric and mag-
netic fields, o↵ers a rich parameter space of possible qubit
variants with high anharmonicity and tailored charac-
teristics. We propose microwave MFGs for skyrmion
qubit manipulation and gate operation, and consider
skyrmion multiqubit schemes for a scalable architecture.
A skyrmion qubit has a moderately-high coherence time
in the microsecond regime, while nonvolatile readout
techniques can be employed for a reliable qubit state
readout. Finally, we discuss how scale-up multiqubit

FIG. 1. Skyrmion Qubit Concept. (a) A quantum state
| i as an arbitrary superposition of skyrmion configurations
with distinct helicities '0. (b) Bloch sphere representation of
| i = ↵|0i + �|1i, with |0i and |1i denoting the two lowest
energy levels of the quantum operator '̂0. (c) A bilayer of
magnetic materials as a platform for the skyrmion qubit cou-
pling scheme. The qubit coupling is tuned by a nonmagnetic
spacer (blue), and logical states are adjusted by electric fields
(yellow plates).
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Figure 41: Qubit Representation. (a) Skyrmionic
quantum state |Ψ⟩ as an arbitrary superposition of
skyrmion with distinct helicities γ; (b) Bloch sphere
representation of |Ψ⟩ = α|0⟩+β|1⟩ (c) Skyrmion qubit
coupling in a bilayer of magnetic materials, tuned by
a nonmagnetic spacer (blue) and adjusted by electric
fields (yellow plates), adapted with permission from
Ref. [335]

means. However, in the presence of DDI, helicity is
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reduced to a two-fold degenerate state for a Bloch
skyrmion [62] which the authors [336] have utilised
for realising skyrmion-based qubits. Furthermore, a
linear combination of the two-fold helicity signifies
a quantum-mechanical state |Ψ⟩ [depicted in the
FIG. 41(a)] that enables qubit operations (construction
of gates) originally by controllable Magnetic Field
Gradients (MFGs) and microwave fields studied in
Ref. [335] and later on, by manipulating the electric
field and the spin current without a magnetic field
in Ref. [336]. Since the controllable creation of
manipulation of an electric field and spin current is
easy compared to a magnetic field, we will focus our
attention on this approach.
Authors [336, 337] considered the ansatz [Eqn. (2)] of
skyrmion with angular function ϕ = φ + η + π/2, a
difference by angle π/2 from the conventional ansatz.
Based on this, they defined an expression for the
magnetic DDI in the frustrated magnet as

HV = −V cos 2η (124)

where V denotes the DDI coupling constant, typically
in the order of ∼ 10−21J at 100K. The helicity of
skyrmion η = 0 or π represent the classical bit (|0⟩, |1⟩)
as shown in FIG. 42(a).
Nevertheless, Schrödinger equation of the helicity
dynamics can be written as

iℏ
d

dt
|Ψ⟩ = H|Ψ⟩ (125)

where Hamiltonian of a single qubit is represented by

H = HJcurrent
+HEz

= −αJJcurrent σx+αEEzσz (126)

where HJcurrent performs the helicity of rotation when
spin current is applied and HEz

is the coupling
of electric dipole moment induced by skyrmion
with perpendicular electric field Ez. Solving the
Hamiltonian [see for details [336]], the authors
presented the construction of the basic skyrmion-based
single qubit gates as follows
z rotation gate

UZ(θ) = exp

[
− iθ

2
σz

]
(127)

x rotation gate

UX(θ) ≡ exp

[
− iθ

2
σx

]
(128)

π/4 phase-shift gate

UT (θ) = eiπ/8UZ

(−π
8

)
(129)

and the Hadamard gate which is realised by a
sequential application of the z rotation gate and x
rotation gate

UH = iUZ

(π
2

)
UX

(π
2

)
UZ

(π
2

)
(130)

Furthermore, the construction of multiqubit gates was
proposed with an N-layered system with individual
skyrmion in each layer [see Fig. 41(b) and FIG. 42 in
the case of N = 2]. As depicted, when two skyrmions
are horizontally separated, there is no interaction
between them. However, as they approach each
other in neighboring layers, an exchange interaction
(∝ −Jint(dm)) starts to operate between them.
This interaction between two neighboring skyrmions
(m,m+1) can be represented as an Ising coupling gate,
given as

Um
ZZ(θ) ≡

[
− iθ

2
σm
z σ

m+1
z

]
(131)

which acts on a 2-qubit in adjacent layers.
Similarly, the controlled-Z (CZ) gate is constructed
as [342]

UCZ = eiπ/4Um
Z

(π
2

)
Um+1

Z

(π
2

)
Um

ZZ

(
−π
2

)
(132)

whose quantum circuitry is depicted in FIG. 42(c). The
CNOT is formed through the successive application of
the CZ gate followed by the Hadamard gate as

Um→m+1
CNOT = Um+1

H UCZU
m+1
H (133)

where the control qubit is represented by the skyrmion
in the m−layer, and the target qubit is represented by
the neighboring skyrmion in the (m+1)−layer. So, the
SWAP gate is defined as the swapping of two adjacent
qubits

Um←→m+1
SWAP = |smsm+1⟩ = |sm+1sm⟩ (134)

This concludes the construction of Qubit gates with
circuitry illustrated in FIG. 42(c) but in order
to execute quantum computations, the initialization
and readout processes are a must. To begin the
computation, an electric field is applied to lift the
degeneracy between the two Bloch-type skyrmions in
each layer, leading to the lower-energy state |00 . . . 0⟩.
Cooling the sample further brings each qubit to its
ground state |0⟩. During the readout process, the
skyrmion helicity is observed, fixing it at either η = 0
or π due to their two-fold degenerate ground states,
resulting in a standard representation |s1s2 . . . sN ⟩ of
the quantum computation’s readout. The presented
proposal by the authors requires precise control of
the skyrmion’s position during the implementation of
the Ising coupling gate. A recent theoretical report
suggests that this control can be achieved by digitizing
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the position of the skyrmion, which was initially
designed for nanoscale skyrmions in ferromagnets with
DMI. This approach could also be applicable to
nanoscale skyrmions in frustrated magnets, potentially
enhancing the accuracy of gate operations.
Similar formalism was idealised in Ref. [337] for meron
characterized by the direction of spin-circulation,
chirality (c), and core spin polarity (p). In the
absence of DMI, four degenerate meron states with
cp = ±1 are considered right-handed and left-
handed respectively. DMI’s presence lifts this
degeneracy which energetically favours the left-handed
merons [343]. These merons are used as qubits, with
core spin up (p = 1) as |0⟩, and core spin down
(p = −1) as |1⟩, allowing quantum superposition for
qubits. Much like skyrmions, the concept of meron core
spin control is also put forth for the design of quantum
gates. Although the advantage of meron over skyrmion
is its vortex-like in-plane spin texture except at its core
that ensures its stability for a smaller size (∼ 3 nm).
Further, skyrmion number conservation ensures core
spin stability for an infinitely large sample, resulting
in infinite relaxation time (expected below 3 K).

11.6 Topological Superconductivity(TSC) &
Q-Computing(TQC)

Topological superconductivity has emerged as a
promising platform for quantum computation. It com-
bines the advantages of superconductivity, which en-
ables the efficient manipulation and storage of quan-
tum information, with the unique properties of topo-
logical states of matter i.e. MZMs, which provide in-
herent protection against errors. However, the prac-
tical implementation of quantum computers is com-
plicated by errors that originate from the computing
system and its surroundings. To overcome this chal-
lenge, researchers are actively exploring the concept
of topological quantum computing as a potential av-
enue for constructing fault-tolerant quantum comput-
ers. In topological quantum computing, quantum op-
erations are performed on anyons which are quasipar-
ticles whose collective states remain largely unaffected
by surroundings. However, generating these quasipar-
ticles within materials has posed significant challenges.
In particular, anyons exist in two dimensions and pos-
sess unique characteristics by exhibiting non-abelian
statistics distinct from conventional particles like
fermions and bosons [348, 349, 350]. When two non-
abelian anyons are exchanged, their quantum state is
not simply multiplied by a phase factor as in the case
of abelian anyons, but can instead undergo a more
complex transformation known as braiding. The non-
abelian nature of these anyons means that the result of
braiding depends on the order in which the anyons are
exchanged. As a result, the braiding process yields a

quantum information encoding and manipulation that
is highly resilient against decoherence and perturba-
tions which is why non-abelian anyons present a com-
pelling substitute for qubits. This property to ma-
nipulate quantum information through braiding holds
promise for developing robust and fault-tolerant quan-
tum computing architectures and is of great interest for
the field of topological quantum computing [351, 352],
as it provides a means for performing quantum opera-
tions and implementing quantum algorithms.
This history of anyons is related to quantum phenom-
ena such as the fraction quantum Hall effect observed
in 2D electron gas under a strong magnetic field which
exhibited fractional statistics or non-abelian statistics.
However, these magnetic materials are not suitable
candidates for quantum computation due to their prac-
tical limitations. A proposed alternative system to
host anyons is the two-dimensional p-wave supercon-
ductors (SC) [353]. Unlike conventional s-wave super-
conductors, these superconductors have unique spin
alignments in the Cooper pairs carrying the electri-
cal current. Physicists anticipate that the building
blocks of anyons, known as Majorana Zero Modes
(MZMs), could emerge within a p-wave superconduc-
tor at the core of vortices formed in the material.
However, the practical realization of these p-wave su-
perconductors has further proven to be challenging.
But in principle, it is possible to transform an s-
wave SC into a p-wave SC, simply by coupling it
to a semiconducting heteronanowire [353, 354, 355]
characterized by a robust spin-orbit interaction and
a Zeeman field. So, to date, a hetero-nanowire of
semiconductor-superconductor structure with strong
SOC and Zeeman is the prominent platform for the
realization of p-wave SC and topological phases. Com-
pelling experimental evidence of zero-energy modes
consistent with Majorana Bound States (MBSs) has
been observed [356, 357, 358, 359, 360], although
real-space braiding in this system was found theoret-
ically challenging. Later on, atomic chains (Shiba
chains) on SC have been considered which are expected
to exhibit one-dimensional topological superconductiv-
ity [363, 364, 365, 366, 354, 355, 367, 368, 369, 370]. In
such chains, the external Zeeman field are replaced by
using a magnetized material (for instance, nanowires
here) with potential emergent magnetic field coupled
to s-wave SC, which together as a system can pro-
duce a p-wave SC and host Majorana Zero Modes
(MZMs) [see FIG. 43(a)]. One-dimensional topolog-
ical superconductors have been found to host local-
ized zero energy states, also known as majorana bound
states [353, 371, 372, 373]. These states are local-
ized to specific regions or structures, such as vor-
tices or edges in two-dimensional materials. Subse-
quently, researchers started utilizing rotating or he-
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Figure 42: (a) Blochtype skyrmion representing qubit states |0⟩ and |1⟩ with helicity degeneracy η = 0 and
π, with permission from Ref. [336]; (b) Bloch-type skyrmions in two layers representing qubit states like
|01⟩ = |0⟩1|1⟩2, with exchange interaction Jint(d1) between them, with permission from Ref. [336]; (c) Quantum
circuit representation of the Hadamard, CZ, and CNOT gates, with permission from Ref. [337]; (d) Schematic
of a Néel skyrmion creating an antivortex with flux −Φ0 ≡ −h/2e antiparallel to the external magnetic field
H, with permission from Ref. [344]; (e) Exchange field coupled SC in the proximity of skyrmion generates a
supercurrent in the SC due to the magnetoelectric effect, leading to the binding of SVPs, with permission from
Ref. [345]; (f) Probability density of MBSs (top) localized at one end of a chain of AFM-Sk embedded in a
collinear AFM (bottom), with permission from Ref. [346]; (g) Energy levels in a single skyrmion-vortex pair with
n = 1 and b = 1 with R = 300 and Rv = 5, with permission from Ref. [347]; (h) Radial probability density of
inner (red solid line) and outer (turquoise solid line) Majorana modes, radial shape of the skyrmion texture in
terms of mz (grey dashed line), and the profile of the vortex (blue dotted line), with permission from Ref. [347];
(i) Energy spectrum of selected topological phases induced by an AFM skyrmion chain, with permission from
Ref. [346]

lical magnetic fields instead of ferromagnetic fields,
which further eliminated the requirement of SO (Spin-
Orbit) interactions [see FIG. 43(b)]. Building upon
the idea of a swirling magnetic field, an intriguing
proposal for establishing a framework capable of ac-
commodating MZMs involves connecting a vortex in
a conventional superconductor with noncollinear mag-
netic textures [367, 368, 369, 347, 374, 375], such as
skyrmion [376, 377, 347, 378, 379], described by the
‘winding number’ that inherently incorporates robust
SO coupling was made [see FIG. 42(e)]. The emergent
field [see section (10.2)] can be effectively represented
as a combination of Zeeman and SO coupling, leading
to the emergence of a topological superconductor that
harbours majorana fermions at its boundary and vor-
tex core.

Theoretical studies have explored the potential for
creating a coupling between skyrmions and vortices
in heterostructures comprising magnetic and super-
conducting layers. Both single skyrmion (Sk) [380]
and skyrmion lattice (SkL) [381, 93, 382] have been
found promising hosting MZMs. When the mag-
netic layer under specific conditions transitions into
a skyrmion lattice phase, the boundaries between re-
gions with different skyrmion winding numbers act as
one-dimensional channels for the flow of supercurrent.
Within these channels, majorana zero modes can form.
These MZMs [371, 383] are localized at the ends of the
channels and possess nontrivial topological protection,
making them robust against decoherence and local per-
turbations. The MZMs are then used to perform quan-
tum operations, while the skyrmions provide a means
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FIG. 1. (a) Ferromagnetically ordered adatom spins on a su-
perconductor with strong SOC. (b) Energy dispersion of a system
with Rashba SOC and an exchange field along the y axis. (c) A
typical Fermi surface of this system. Optimal Cooper pairing occurs
for momentum states with a finite center-of-mass momentum, i.e.,
k + Q/2 and −k + Q/2.

II. PHENOMENOLOGICAL DESCRIPTION

In what follows, we develop a phenomenology that
captures the low-frequency long-wavelength physics of the
supercurrent-induced magnetization dynamics. The super-
conducting condensate is treated in the framework of the
Ginzburg-Landau theory, which is valid at length scales larger
than the superconducting coherence length ζ0. We assume a
homogeneous ferromagnetic equilibrium state and consider
spatial modulations of the ferromagnetic order parameter at
length scales much larger than the exchange length lex ∼√

J/K set by the spin stiffness J and relevant anisotropy
constants K . Typically, lex ∼ 10–100 nm and ζ0 ∼ 40–360 nm
[1,36]. The characteristic frequency ω of ferromagnets is on
the order of ω ∼ 1 GHz [1], which is far below the typical
energy gap of superconductors: !ω $ # ∼ 0.18–1.5 meV
[36]. The magnetization precession will therefore not lead
to quasiparticle excitations in the superconductor and we
can assume that the condensate responds adiabatically to the
magnetization dynamics.

We start by formulating the free-energy functional,
F [m,ψ,A], of the system:

F =
∫

dr[Fm(m) + Fme(m,ψ,A) + Fe(ψ,A)]. (1)

Here, m(r,t) represents the order parameter of the spin
system and is a unit vector parallel to the magnetization
M(r,t) = Msm(r,t), ψ(r,t) is the order parameter field of the
superconductor, and A(r,t) is the magnetic vector potential
that yields the magnetic field B(r,t) = ∇ × A(r,t). Fm and

Fe are the free-energy densities of the isolated spin system
and superconducting condensate, respectively [1,36],

Fm =
∑

ij

Jij

2
∂im · ∂j m + U (m),

Fe =
∑

ij

Kij (&iψ)∗(&jψ) + α|ψ |2 + β

2
|ψ |4 + B2

8π
,

where U describes the magnetic anisotropy energy, ! =
−i!∇ − (2e/c)A is the momentum operator of the condensate,
2e is the charge of the Cooper pairs, and c is the speed of light.
Jij and Kij are second-rank polar tensors, which are invariant
under the symmetry point group of the system [37].

The term Fme describes the coupling between the supercon-
ductor and the magnetization. We consider weak modulations
of a homogenous ferromagnetic equilibrium state and can
thus neglect magnetoelectric coupling effects associated with
magnetic textures. In this case, Fme is governed by the Lifshitz
invariant [38]

Fme = −
∑

ij

κijmi+j , (2)

where " = ψ∗!ψ + ψ!∗ψ∗ represents the momentum den-
sity of the superconducting condensate. The tensor κij is
linear in the SOC and is an invariant axial tensor of the
point group [37]. Consequently, the tensor vanishes for
systems with spatial inversion symmetry. Fme can be derived
microscopically by considering an s-wave superconductor
with SOC of the form ηso,ijσipj (where ηso,ij ∝ κij ) and
calculating the energy change due to a Zeeman field [38].

So far, most works have concentrated on the effects of the
Lifshitz invariant (2) in noncentrosymmetric superconductors
exposed to an external magnetic field. However, two recent
studies showed that Fme leads to persistent currents in
a conventional superconductor with SOC when magnetic
impurities are placed at the surface [39].

Fme couples the momentum of the condensate to the direc-
tion of the magnetization and favors a spatial modulation of ψ
in equilibrium. The physical origin of Fme is a SOC-induced
shift of the Fermi surface, leading to a finite center-of-mass
momentum of the Cooper pairs. To illustrate this phenomenon,
consider a system with Rashba SOC and a Zeeman splitting
h0 along the y axis induced by the magnetization [Fig. 1(b)]:
H (k) = !2k2/2m + αR(k × ẑ) · σ + h0σy . Here, σ is a vector
consisting of the Pauli matrices, m is the effective quasiparticle
mass, and αR parametrizes the SOC. For this system, the
Lifshitz invariant becomes Fme = −κ(ẑ × m) · ". The Fermi
surface of the Hamiltonian is two circles, whose centers are
shifted in opposite directions along the x axis [Fig. 1(c)].
Due to the shift of the Fermi surface, the optimal Cooper
pairing occurs for momentum states with a finite center-of-
mass momentum, i.e., k + Q/2 and −k + Q/2. Therefore,
the order-parameter field gains a spatial modulation ψ ∼
exp(iQ · r) in equilibrium, a state that is referred to as the
helical phase [38]. Phenomenologically, the helical phase
is captured by the Lifshitz invariant Fme ∼ −κ(ẑ × m) · Q,
which favors the vector Q to be perpendicular to the in-plane
component of the magnetization.
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Without the magnetic vector potential, the free-energy
density in Eq. (1) is invariant under any proper or improper
rotation R ∈ O(3) of the spatial coordinates: F(r) = F(Rr).
Thus, the free-energy density describes a fully isotropic
system. Therefore, Eq. (1) does not provide a correct phe-
nomenological description of superconductors with strong
SOC and broken spatial inversion symmetry. For such systems,
spatially asymmetric terms are allowed in the free energy
[21,22]. These terms are often referred to as Lifshitz invariants.
In general, the Lifshitz invariant can be phenomenologically
written as [21]

Fme = −
∑

ij

κij hiPj , (2)

where h is the Zeeman field experienced by the itinerant elec-
trons, and P = ψ∗!ψ + ψ!∗ψ∗ is the momentum density of
the superconducting condensate. Typically, the Zeeman field
is produced by an external magnetic field or the exchange
field of an adjacent ferromagnetic layer, which is induced by
proximity to the superconductor. The tensor κij is linear in the
SOC and is a second-rank axial tensor with a tensorial form,
which is determined by the equations κij = |R(k)|R(k)

imR(k)
jnκmn.

Here, R(k) ∈ G (k = 1,2,...) are the generators of the system’s
point group G, and |R| is the determinant. Importantly,
κij vanishes for symmetry groups that contain the inversion
operator Rij = −δij (δij , Kronecker delta).

Because the Lifshitz invariant is linear in the spatial
gradients, it favors a helical modulation $ ∼ exp(iQ · r) of the
order-parameter field and can lead to the formation of a helical
superconducting phase in noncentrosymmetric superconduc-
tors subjected to external magnetic fields [21,23,24]. This state
is analogous to the helimagnetic order, which is observed
in magnetic systems with broken spatial inversion symmetry
[25,26]. In addition, Eq. (2) introduces magnetoelectric effects,
such as the spin-galvanic effect [22,27] and its reciprocal
process [28]. Recently, the effects of the magnetoelectric
coupling were theoretically investigated in hybrid systems of
coupled superconducting and ferromagnetic layers, where the
Lifshitz invariant is predicted to produce several new and
exciting phenomena, such as persistent currents generated
by ferromagnetism [27,29], composite topological excitations
[30], and supercurrent-induced spin-orbit torques [31].

One intriguing question that remains largely unexplored is
how a helical spin texture affects the GL free energy of the su-
perconductor in hybrid superconductor-ferromagnet systems.
Because the Zeeman field induced in the superconductor by
the spin helix breaks the spatial inversion symmetry of the
superconductor and produces an effective SOC, it is natural to
ask whether the texture introduces a magnetoelectric coupling
term similar to Eq. (2) in the GL free-energy functional.

In this paper, we microscopically derive the GL free energy
of a heterostructure consisting of a conventional superconduc-
tor interfaced with a helimagnet, where the helimagnet induces
a Zeeman field h in the superconductor via the exchange
proximity effect [Fig. 1(a)]. Interestingly, we find that the
spin texture produces a Lifshitz invariant in the free energy,
which couples the helimagnet to the momentum density of the
condensate. For a weakly tilted helix (i.e., a conical texture)
with a Bloch structure and a helical wave vector qs = qs x̂, the
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FIG. 1. (a) A superconductor-helimagnet heterostructure in
which the exchange field of the helimagnet is induced by proximity to
a thin-film superconductor. When the helimagnet contains a conical
spin texture (a tilted helix), the texture induces a magnetoelectric
coupling between the magnetization m (tilted arrows) of the magnet
and the momentum density of the superconducting condensate.
This coupling generates a phase gradient (color gradient) in the
superconducting layer. (b) An illustration of the Fermi surface of
the Hamiltonian Ĥu. In the rotated frame, the electrons experience
an effective SOC, which leads to optimal Cooper pairing for pairs of
electrons with a finite center-of-mass momentum. Phenomenologi-
cally, the interaction between the spin texture and the Cooper pairs is
captured by a Lifshitz invariant in the GL free energy.

Lifshitz invariant takes the form of

Fme = − 1
2κhxPx, (3)

where the magnetoelectric coupling constant κ = h̄qs/8µF m
is governed by the wave vector of the helix, the effective
mass m of the itinerant electrons, and the chemical potential
µF . Here, hx determines the tilting of the helix, which can
be tuned by applying a weak magnetic field along x. To
investigate the effects of the texture-induced magnetoelectric
coupling, we study a helical YSR chain on a two-dimensional
(2D) superconductor and show that the texture induces a
supercurrent and a phase gradient along the chain. Importantly,
we find that the induced supercurrent generates a magnetic
field that can be detected via imaging techniques and, thus,
may offer a new and relatively direct method of probing the
helical ordering of self-organized topological systems.

Our findings demonstrate that the Lifshitz invariant (3) may
play an important role in several different types of hybrid sys-
tems of coupled superconducting and ferromagnetic materials.
In helical YSR chains stabilized by electron-induced exchange
interactions, qs can be on the order of the Fermi wave vector
kF . For instance, in 1D electron systems (and some 2D systems
close to half filling), qs = 2kF [6–8,15,17]. In this case, the
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Figure 43: Schematic Diagram of (a) Ferromag-
netically ordered atom on a SC with strong SOC,
with permission from Ref. [361]; (b) A superconductor-
helimagnet (conical spin texture) heterostructure, with
permission from Ref. [362]

for controlling their positions and interactions. How-
ever, there is still a lack of strong experimental inves-
tigations in this area due to the inability of skyrmion’s
controllable dynamics and experimental precision. To
achieve the desired topological phase (MZMs), both
components of the heterostructure need to be main-
tained within specific temperature and magnetic field
ranges. To equip with such fining control, several theo-
retical models have been proposed involving magnetic
skyrmion crystal and topological insulator surface and
josephson junction [18] creating and controlling the
majorana bound states.
Broadly speaking, two primary mechanisms govern the
interaction between a vortex and a skyrmion. The first
mechanism is referred to as the Rasbha-Edelstein or
Exchange-field method [384], which occurs when the
superconductor and magnet come into contact or are
in close proximity, see FIG 42(e). The strength and
characteristics of this interaction depend on the mag-
nitude and sign of SOC and exchange field. Several
studies have investigated this effect [345, 385, 362, 361].
The second mechanism is stray field coupling, which
operates over distances greater than the exchange
length [386]. This type of coupling is modulated by the
magnetic field generated by the skyrmions and vortices
themselves. The interaction between skyrmions and
vortices is influenced by the current profile induced in
the superconductor, which is dependent on factors such
as the magnetic layer thickness, skyrmion chirality, and
skyrmion-vortex separation [387].

Recently, reported in Ref. [344] on the stray field ap-
proach by Petrović and his colleagues that they have
experimentally developed a heterostructure that hosts
stable skyrmion-vortex coexistence at low fields and
temperatures below the superconducting transition Tc
with significant control over coupling. The fabricated
and simulated design [see details [344]] is a chiral MIS
(Magnet-Insulator-Superconductor) structure. Once
the skyrmion is nucleated in the magnetic layer with
the core of opposite polarity to the direction of the ap-
plied magnetic fieldH which repels the vortices present
in SC, its size and interaction can be controlled by
modelling skyrmion/vortex length scales. Neverthe-
less, when the skyrmion’s size in the magnetic layer
is increased and reaches a certain threshold, the au-
thors found that the stray field induces the formation
of an antivortex. Further, the SC (Nb) layer thickness
was tuned to optimize skyrmion-vortex coupling such
that with a fine-tuning in the range ξ < ξeff < rsk < λ
(usual notation), skyrmion of radius rsk ∼ 50nm was
observed forming (anti)vortices and vortices (bound
pair solution) separated by the screening currents in
the superconductor [illustrated in FIG. 44].
On the other hand, the exchange field mechanism was

Figure 44: Antivortex-facilitated vortex with
Néel Skyrmion. Blue arrows indicate antivortex cur-
rents induced above skyrmion cores; red arrows depict
vortex currents outside skyrmion domains. Vortex-
antivortex annihilation is prevented by supercurrents
screening the skyrmion stray field (grey arrows), maxi-
mal at the skyrmion domain wall, inset shows the MFM
images of Vortices/Antivortices(red/blue dots resp.),
with permission from Ref. [344]

studied by Yang et al. [380] as a means to create ma-
jorana bound states in a superconductor when placed
in the proximity of a small skyrmion of even (double)
winding number (DWS), i.e. R < ξsc similar to Yu-
Shiba-Rusinov (YSR) states [388, 389, 390, 391]. The
skyrmion-bound state found is a long-range state with
a power law decay YSR. Therefore, in the presence
of multiple skyrmions, the SC could mediate an effec-
tive long-range interaction between the skyrmions [392]



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 57

when the bound state wavefunctions overlap. How-
ever, due to the challenges in stabilizing higher-winding
skyrmions in chiral magnets, Rex at al. [347] proposed
an alternative approach by forming a skyrmion-vortex
pair instead of a standalone skyrmion, which creates a
platform to obtain MBS from realistic skyrmions with
a winding number of one.
Nonetheless, grasping the theoretical groundwork is
essential for the progression of MZM realization. In
light of this, we will emphasize several significant find-
ings. Consider a heterostructure comprising of a SC
and FM with a skyrmion described as msk(r, φ) =
(cos f(φ) sin g(r), sin f(φ) sin g(r), cos g(r)) as schemat-
ically depicted in FIG. 42(d-e). The superconductor is
characterized by the 4×4 Bogoliubov-de Gennes (BdG)
Hamiltonian

H =

[(
p2

2m
− µ

)
τz−λmsk(r)·σ+Re(∆)τx−Im(∆)τy

]
(135)

Here, p = −i(∇x,∇y) describes the kinetic energy, m
mass of electron at a chemical potential µ exchange-
coupled to the magnetic skyrmion texture msk(r),
in the presence of a superconducting s-wave gap
∆(r); the term msk(r) · σ describes the proximity
coupling between the FM film and SC. The Pauli
matrices τ and σ act, respectively, in the particle-
hole and spin subspaces of the four-component spinor
Ψ = (ψ↑, ψ↓, ψ

†
↓,−ψ

†
↑)

T. Hence proximity-induced
superconductivity is described by the Hamiltonian

H =

∫
d2rΨ†HΨ (136)

The superconducting order parameter is spatially
dependent to account for the vortex, ∆(r) = eibϕ∆(r)
with integer b and ∆(r) = ∆(1 − e−r/Rv ), where the
vortex and the skyrmion cores are both located at the
origin making it a energetically stable structure [345,
385, 386].
The next step is to look for zero-energy solutions to
the BdG equation satisfying the Majorana condition

LCΨl = −lCΨl (137)

where the angular momentum operator L = −i∂φ +
n
2σz − b

2τz with eigenvalues l and the particle-hole
operator C = σyτyK (with complex conjugation K)
have the commutation relation [L,C] = 2LC. The
angular momentum commutes with the Hamiltonian
such that the eigenstates Ψl of the system can be
separated into radial and angular parts as

Ψl(r, φ) = Ψl
rΨ

l
φ (138)

with angular part Ψl
φ(φ) = eiφ(l− n

2σz +
b
2τz). Hence,

whenever Ψl represents an eigenstate of C that is a

Majorana mode, it must be the case that l = 0. As a
result, the occurrence of MBSs is limited to skyrmion-
vortex pairs where the sum n + b is even, such as in
the realistic scenario where n = b = 1 [347]. Therefore,
the presence of Double-Winding Skyrmions (DWS) is
no longer necessary for the appearance of MBS in such
a pair, as previously proposed by Ref. [380].
The eigenproblem for H can be reduced to one
dimension for the radial component, H l(r)Ψl

r(r) =
ϵlΨl

r(r), with

Hl(r) =− 1

2m

[
∂2r +

1

r
∂r +

1

r2

(
l − n

2
σz +

b

2
τz

)2
]
τz

− µτz + λσz cos g(r) + λσx sin g(r) + ∆(r)τx
(139)

Because the radial probability density is r|Ψl
r(r)|2, it is

convenient to consider Φl
r(r) =

√
rΨl

r(r). So the new
Hamiltonian reads

H̃l =
1√
r

(
Hl(r) +

1

2mr
∂rτz −

1

8mr2
τz

)
(140)

Despite the absence of SOC term (Hsoc) and the
electromagnetic vector potential responsible for the
orbital effects and screening supercurrent, these
factors have not been observed to impact majorana
criterian [347]. Hsoc plays a crucial role in minimizing
the overlap between the two Majorana modes located
at the skyrmion core and the system’s periphery.
To present the Skyrmion-Vortex Pair (SVP) solution,
authors [347] diagonalize the Hamiltonian Eqn. (140)
including the Hsoc term. In FIG. 42(g), authors
observed the case with realistic winding numbers n = 1
and b = 1, along with an exponential radial shape of
both the skyrmion and the vortex in the presence of
background SOC. Notably, a pair of zero-energy states
appears exclusively at l = 0 ( a closer examination
of the spectrum [inset in FIG. 42(g)] reveals that this
band displays a weak linear dispersion, and none of the
states at l ̸= 0 truly possess zero energy), where among
the zero-energy states, one is localized at the core of
the skyrmion, while the other is situated at the rim
of the system. Radial probability density of Majorana
modes, the radial shape of the skyrmion texture and
the vortex profile (represented by the blue dotted line
with a blue right y−scale) are depicted in FIG. 42(h).
Researchers worldwide are vigorously investigating the
challenges associated with moving skyrmions, which
requires incorporating them into a two-dimensional
collinear ferromagnetic background. However, this
embedding process disrupts the proximity-induced
superconducting gap and causes the delocalization
of zero-energy states. To address this concern,
the authors in [346] conducted an investigation
using a collinear antiferromagnetic (AFM) background
in which a chain of AFM skyrmions [306, 304]
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is incorporated, as shown in FIG. 42(f). The
significant advantage of employing AFM skyrmions
is their ability to remain stable without requiring
external magnetic fields, which could otherwise
disrupt superconductivity. Importantly, the presence
of the collinear antiferromagnetic region does not
suppress superconductivity or induce topological
superconductivity, thereby enabling the localization of
MBSs at the chain ends, as depicted in FIG. 42(i).
This offers promising opportunities for the definitive
observation of MBSs.

Appendix A :Electron-Skyrmion
Interaction

When an electron travels across a magnetic texture, an
interaction between the electron’s spin and magnetic
spin texture is unavoidable. The action of the fully
interacted system is

S = Sel + Sspin + SHund (A.1)

where the respective terms are; the free electron’s
action

Sel =

∫
dtLel =

∫
dtd3x

[
iℏΨ†

∂

∂t
Ψ−Ψ†

p2

2me
Ψ

]
(A.2)

where p = −iℏ∇, the spin action is

Sspin =

∫
dtLspin =

∫
dtd3x(LB −H) (A.3)

where LB is the berry phase of the form LB = qeA ·
ṁ with berry potential A ∼ ⟨m|ṁ⟩ and H is the
Hamiltonian ofm. With our parametrization Eqn. (2),
the berry phase LB can be expressed as

LB = −ℏS
a3

(1− cos θ)
dψ

dt
(A.4)

where S is the magnitude of momentum, a is the
lattice constant, and the last term is where the electron
interacts with the local magnetic moment by Hund
Coupling

SHund = −
∫
dtd3xJHma·je = −

∫
dtd3xJHma·Ψ†aσaΨa

(A.5)
where Ψa(r, t) = (Ψ↑,Ψ↓) is the electron operator, JH
is the coupling strength and ma(r, t) is the skyrmionic
field with a = 1, 2, 3.
In large coupling limit JH >> 0 (or adiabatic
approximation), the skyrmion local magnetic moment
and electron’s spin align with each other so the

dynamics of the electron-skyrmion system can be
obtained by solving the Lagrangian

Lelectron = ℏΨ†
i∂

∂t
Ψ−Ψ†

[
p2

2me
− JHσ ·m

]
Ψ (A.6)

where σ ·m = σa ·ma.

List of Symbols and Abbrevia-
tions

1D, 2D, 3D One, two and three-dimensional
STT/SOT Spin-transfer/Spin-Orbit Torque
DMI Dzyaloinshii-Moriya Interaction
NHE/AHE/THE Normal/Anomalous/Topological Hall Effect
LLG Landau-Lifshitz and Gilbert

Sk/SkX/AFM-Sk
Skyrmion/Skyrmion Crystal/
Anti-ferromagnetic Skyrmion

Sk/SkX/AFM-Sk Skyrmion/Skyrmion Crystal/Anti-ferromagnetic Skyrmion
SHE/SkHE Spin/Skyrmion Hall Effect
TMR/GMR/NCMR Tunnel/Giant/Non-Collinear Magnetoresistance
LTEM Lorentz Transmission Electron Microscopy
MFM Magnetic force Transmission
MTXM Magnetic transmission soft X-ray microscopy
RT Room Temperature
RXS Resonant X-ray scattering
SANS Small angle neutron scattering
SPLEEM Spin-polarized low-energy electron microscopy
SP-STM Spin-polarized scanning electron microscopy
STXM Scanning transmission X-ray microscopy

XMCD(XMLD)-PEEM
X-ray Magnetic Circular (Linear) Dichroism-assisted
Photoemission Electron Microscopy

TM Transport Mechanics
CS/NCS Centrosymmetic/Non-centrosymmetric Single
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Sebastian mühlbauer, Christian Pfleiderer, Stefan
Buhrandt, et al. Unwinding of a skyrmion lattice by
magnetic monopoles. Science, 340(6136):1076–1080,
2013.

[166] SX Huang and CL Chien. Extended skyrmion phase in
epitaxial fege (111) thin films. Physical review letters,
108(26):267201, 2012.

[167] Masahito Mochizuki and Yoshio Watanabe. Writing a
skyrmion on multiferroic materials. Applied Physics
Letters, 107(8):082409, 2015.

[168] Riccardo Tomasello, E Martinez, Roberto Zivieri, Luis
Torres, Mario Carpentieri, and Giovanni Finocchio. A
strategy for the design of skyrmion racetrack memories.
Scientific reports, 4(1):1–7, 2014.

[169] Jan Müller, Achim Rosch, and Markus Garst. Edge
instabilities and skyrmion creation in magnetic layers.
New Journal of Physics, 18(6):065006, 2016.

[170] Dmitry A Garanin, Daniel Capic, Senfu Zhang, Xixiang
Zhang, and Eugene M Chudnovsky. Writing skyrmions
with a magnetic dipole. Journal of Applied Physics,
124(11):113901, 2018.

[171] Senfu Zhang, Junwei Zhang, Qiang Zhang, Craig Barton,
Volker Neu, Yuelei Zhao, Zhipeng Hou, Yan Wen,



Magnetic Skyrmion: From Fundamental Physics to Pioneering Applications 64

Chen Gong, Olga Kazakova, et al. Direct writing of
room temperature and zero field skyrmion lattices by a
scanning local magnetic field. Applied Physics Letters,
112(13):132405, 2018.

[172] Seonghoon Woo, Kyung Mee Song, Hee-Sung Han, Min-
Seung Jung, Mi-Young Im, Ki-Suk Lee, Kun Soo
Song, Peter Fischer, Jung-Il Hong, Jun Woo Choi,
et al. Spin-orbit torque-driven skyrmion dynamics
revealed by time-resolved x-ray microscopy. Nature
communications, 8(1):15573, 2017.

[173] Daniel C Ralph and Mark D Stiles. Spin transfer
torques. Journal of Magnetism and Magnetic Mate-
rials, 320(7):1190–1216, 2008.

[174] Jairo Sinova, Sergio O Valenzuela, Jörg Wunderlich,
CH Back, and T Jungwirth. Spin hall effects. Reviews
of modern physics, 87(4):1213, 2015.

[175] Karin Everschor, Markus Garst, RA Duine, and Achim
Rosch. Current-induced rotational torques in the
skyrmion lattice phase of chiral magnets. Physical
Review B, 84(6):064401, 2011.

[176] Youngbin Tchoe and Jung Hoon Han. Skyrmion gener-
ation by current. Physical Review B, 85(17):174416,
2012.

[177] Wataru Koshibae and Naoto Nagaosa. Creation of
skyrmions and antiskyrmions by local heating. Nature
communications, 5(1):5148, 2014.

[178] Changhoon Heo, Nikolai S Kiselev, Ashis Kumar Nandy,
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Valery M Uzdin, Stefan Blügel, Lars Bergqvist, and
Anna Delin. Lifetime of racetrack skyrmions. Scientific
reports, 8(1):3433, 2018.

[190] Vegard Flovik, Alireza Qaiumzadeh, Ashis K Nandy,
Changhoon Heo, and Theo Rasing. Generation of single
skyrmions by picosecond magnetic field pulses. Physical
Review B, 96(14):140411, 2017.
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[256] Felix Bloch. Über die quantenmechanik der elektronen in
kristallgittern. Zeitschrift für physik, 52(7-8):555–600,
1929.

[257] Rudolf Peierls. Zur theorie der galvanomagnetischen
effekte. Zeitschrift für Physik, 53:255–266, 1929.

[258] Harry Jones and Clarence Zener. The general proof
of certain fundamental equations in the theory
of metallic conduction. Proceedings of the Royal
Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, 144(851):101–
117, 1934.

[259] Ganesh Sundaram and Qian Niu. Wave-packet dynamics
in slowly perturbed crystals: Gradient corrections and
berry-phase effects. Physical Review B, 59(23):14915,
1999.

[260] Jeonghyeon Suh, Sanghyun Park, and Hongki Min.
Semiclassical boltzmann magnetotransport theory in
anisotropic systems with a nonvanishing berry curva-
ture. New Journal of Physics, 25(3):033021, 2023.

[261] Yasuhiro Hatsugai. Chern number and edge states in the
integer quantum hall effect. Physical review letters,
71(22):3697, 1993.

[262] Yasuhiro Hatsugai. Edge states in the integer quantum
hall effect and the riemann surface of the bloch function.
Physical Review B, 48(16):11851, 1993.

[263] Collins Ashu Akosa, Hang Li, Gen Tatara, and Oleg A
Tretiakov. Tuning the skyrmion hall effect via
engineering of spin-orbit interaction. Physical Review
Applied, 12(5):054032, 2019.

[264] P Bruno, VK Dugaev, and M Taillefumier. Topological
hall effect and berry phase in magnetic nanostructures.
Physical review letters, 93(9):096806, 2004.

[265] Yufan Li, N Kanazawa, XZ Yu, A Tsukazaki, M Kawasaki,
M Ichikawa, XF Jin, F Kagawa, and Y Tokura.
Robust formation of skyrmions and topological hall
effect anomaly in epitaxial thin films of mnsi. Physical
review letters, 110(11):117202, 2013.
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[377] Utkan Güngördü, Shane Sandhoefner, and Alexey A
Kovalev. Stabilization and control of majorana bound
states with elongated skyrmions. Physical Review B,
97(11):115136, 2018.

[378] Maxime Garnier, Andrej Mesaros, and Pascal Simon.
Topological superconductivity with deformable mag-
netic skyrmions. Communications Physics, 2(1):126,
2019.
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