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A B S T R A C T   

Beyond-CMOS computational paradigms are necessary to solving the problems that we face with modern computers in achieving scalability, low energy con
sumption, reduced latency, and enhanced complexity. Spintronic systems that exploit electron spin in conjunction with its charge are promising candidates given 
their demonstration of hardware implementations of low-energy-consumption and high-speed computing architectures. Magnetic skyrmions are tiny magnetic swirls 
that hold great potential in innovative electronic devices owing to their desirable properties of long-term stability, small size, and highly efficient controllability by 
various external stimuli. In this topic review, we address the fundamental physics of the static, global and local dynamic properties of skyrmions and provide an 
overview of recent advances in computational models that utilize these unique properties. A discussion on the challenges lying ahead is also provided.   

1. Introduction 

Since the invention of the transistor in the mid-20th century, CMOS 
technologies have progressed significantly to read, write, and store vast 
amounts of data. Despite their prevalence and success in attaining high 
gain and signal-to-noise ratios, current semiconductor technologies face 
challenges in achieving scalability, low energy consumption, and 
reduced latency [1,2]. Most modern-day computers are based on the von 
Neumann computing architecture which is characterized by a single, 
shared memory for programs and data [3]. This restriction leads to a 
bottleneck that has become strained from the exponential increase in 
demand for data storage and processing in recent years. The physical 
separation between processing and memory units in the von Neumann 
architecture gives rise to a “memory wall” by which processing power 
and execution speed are significantly reduced. In-memory computing 
resolves this issue of separation but fails as a high-performance hard
ware-software integration architecture [4]. And although modified CPU 
designs that enhance performance through parallelization have advan
tages to in-memory computing, they do not address the fundamental 
limitations of current CMOS computers [5]. On the other hand, von 
Neumann computers also meet challenges in efficiently addressing is
sues of optimization, invertible logic, and recognition. These constraints 
have led to a significant drive for the implementation of post-von Neu
mann computing architectures as alternatives to CMOS-based 
technologies. 

Recent efforts in the field of solid-state condensed matter physics 
have been centered on a new class of devices referred to as spintronics. 
The advantage that spintronic devices have over their charge-based 

CMOS counterparts is that they utilize electron spin in conjunction 
with its charge [6–8]. This provides an additional degree of freedom to 
manipulate the magnetic moment associated with the spin and reduces 
energy consumption while inducing significant, measurable changes in 
the magnetic system. These types of devices are attractive in the 
development of post-von Neumann architectures because they are 
characterized by a high degree of scalability, immunity to the resistance 
drift and phase relaxation of electrons, high retention time, non-volatile 
memory, high endurance, high working speed, and low power con
sumption [8–11]. 

Recent advancements that have yielded promising spintronic device 
prototypes make use of the interplay between spin torques and topo
logical spin textures [12–14]. The resulting magnetization dynamics can 
be further manipulated via applied fields and currents, leading to the 
development of spintronic devices. One of the key elements of spintronic 
technology is the magnetic tunneling junction (MTJ) which was first 
successfully fabricated in the mid-1990s [15–17]. This device architec
ture consists of two ferromagnetic layers separated by a thin insulating 
layer and can exhibit high tunneling magnetoresistance (TMR) [18–24]. 
The magnetization of the free layer may be manipulated by polarized 
current-induced spin-transfer torque (STT) which originates from the 
spin-filter effect of the reference layer [25–27] as well as from spin-orbit 
torque (SOT) from strong spin–orbit coupling (SOC) of the adjacent 
heavy metal layer [28–30]. High TMR and current-driven manipulation 
of the magnetization are critical for Magnetoresistive Random Access 
Memory (MRAM) [31–36] and magnetic field sensor applications 
[37–44] which have been commercialized in recent years. He et al. and 
Zhang et al. have shown that superior sensing capability may be 
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achieved by incorporating a superparamagnetic state [39] or a vortex 
magnetization state [38] in the free layer. The interplay between spin 
torques and these magnetization states yields a wide variety of uncon
ventional computing applications that have also been theorized and are 
currently the center of many research efforts. Examples include super
paramagnetic MTJs [45–49], spin-torque nano-oscillators [50–52], and 
current-driven domain-wall motion [53–57], for stochastic and neuro
morphic computing applications. 

Magnetic skyrmions are vortex-like noncollinear spin textures (Fig. 1 
(a) and (b)) that can appear in a wide variety of magnetic systems 
[14,58,59]. These include non-centrosymmetric bulk magnets with 
either chiral, polar or D2d symmetry [60–69], heterostructures with 
inversion symmetry broken at interfaces [70–77], and magnetically 
frustrated materials with achiral lattices and competing interactions 
[78–81]. Magnetic skyrmions have also been observed in some confined 
geometries such as nanowires and nanodots [82–85]. Magnetic sky
rmions are tiny particle-like entities with sizes ranging from a few 
nanometers to several microns [66–69,73,74,77]. They are topologically 
protected with topological charges Q =

∫
q(r)dxdy = ±1 where q(r) =

m •
(
∂xm× ∂ym

)/
4π is the topological charge density and m is the 

normalized magnetization. The topology of skyrmions allows them to 
have a high stability over time as they cannot be continuously changed 
into other trivial magnetic structures such as magnetic bubbles, mag
netic domain walls, or a uniform magnetization state with a zero topo
logical charge. Due to their non-trivial topological protection, skyrmions 
are extremely metastable in a field polarized environment and are non- 
dissipative. Many studies have illustrated that skyrmions may be reli
ably manipulated by small external fields [86–89] and currents 
[71–74,76] as well as temperature [90–93]. As a result, they promise 
low power operation at room temperature. Even with a small field and 
current, skyrmions exhibit high endurance and very high speeds that 
promote them as reliable information carriers. These desirable proper
ties of skyrmions make them effective agents in next-generation beyond- 
CMOS data storage, logic, stochastic computing, and neuromorphic 
computing applications. Moreover, their mobility in space can more 
easily facilitate the integration of computing with data storage in a 
single die to achieve efficient communication that cannot be realized in 
traditional von Neumann architectures. 

In view of these properties of skyrmions along with their CMOS 
compatibility, it is useful to discuss the fundamental physics of sky
rmions and their applications in skyrmion-based electronic computa
tional architectures. This review article is intended to build a broad view 
of skyrmion electronic applications and address the underlying physics. 

2. Static, global, and local dynamic properties of skyrmions 

Static properties of skyrmions. The existence of magnetic skyrmions is 
a direct consequence of the delicate interplay between competing en
ergy terms. These include the anisotropy (Uani) [94,95], exchange 
interaction (Uex), antisymmetric Dzyaloshinskii-Moriya interaction 
(DMI) (UDMI) [96–98], Zeeman (UZeeman), and demagnetization (Udemag) 
energies. 

U = Uani+Uex+UDMI+UZeeman +Udemag. (1) 

In this equation, Uani =
∫

d2xKu(u •m)u where Ku is the anisotropy 
constant and u is a unit vector indicating the anisotropy direction, Uex =
∫

d2xA(∇m)2 where A is the exchange stiffness, 
UZeeman = − μ0

∫
d2xMSm •Hext where MS is the saturation magnetization 

and Hext is the external magnetic field, and 
Udemag = −

1
2μ0

∫
d2xMSm •Hdemag where Hdemag is the demagnetization 

field. In non-centrosymmetric bulk magnets, UDMI =
∫

d2xDm • (∇ ×m)
which favors Bloch-type magnetic configuration (Fig. 1(a)), while in 
magnetic heterostructures with inversion symmetry broken at in
terfaces, UDMI =

∫
d2xD[mzdiv m − (m • ∇)mz ] and favors Néel-type ob

jects (Fig. 1(b)). Here, D is the bulk or interfacial DMI constant. These 
material parameters determine the skyrmion size and domain-wall 
width which are two fundamental quantities describing a magnetic 
skyrmion. In non-centrosymmetric bulk magnets where a helimagnetic 
structure is observed at zero-field while skyrmion lattices are observed 
in the nonzero, finite field range the periodicity is typically determined 
by A/D [99–102]. This, however, is not the case in magnetic hetero
structures where isolated skyrmions are observed whose size is also 
sensitive to the anisotropy as well as the applied fields 
[73–75,103–107]. There have been numerous theoretical studies on the 
isolated skyrmion size [104,108,109]. Wang et al. has presented a 
general theory on the skyrmion size and domain-wall width [108]. The 
theoretical calculations are in good agreement with many simulations 
and experiments for a wide range of material parameters. The proposed 
theory suggests a mechanism to engineer material parameters to yield 
smaller skyrmions which are crucial to addressing the issue of spatial 
cost in device applications. 

Although magnetic parameters are fixed once a system is fabricated, 
they may be further manipulated by various controls including the 
voltage [110–114] as well as chemisorption and desorption methods 
[115–117]. Wang et al. has reported an electric field-induced switching 
of individual skyrmions in a nanoscale magnetic heterostructure (Fig. 1 

Fig. 1. a Bloch-type and b Néel-type skyrmion configurations [59]. c Switching of individual skyrmions in a nanodot with a diameter of 350 nm induced by a pulsed 
electric field E. The top panel shows fluctuations in the topological number Q over time in response to an applied 1 ms voltage pulse (bottom panel). The different 
magnetic domains included here are the skyrmion (Q = 1), vortex (Q = 0.5), and stripe (Q = 0). Switching between these domains is illustrated by magnetic force 
microscope (MFM) images and quantified by the energy required to make the transition [110]. d Experimental results of reversible writing/deleting of magnetic 
skyrmions in a Ni/Co/Pd/W(110) thin film via chemisorption and desorption of hydrogen gas. An ON cycle involves supplying a dose of hydrogen gas to write 
skyrmions. An OFF cycle allows sufficient time for spontaneous hydrogen desorption and recovery of the magnetization to the initial state. Red and blue regions refer 
to the evolution of the perpendicular magnetization of the sample [115]. 
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(c)) [110]. An individual skyrmion can be converted into either a 
magnetic strip or a vortex state through the electric field-induced strain 
and the strain-mediated modification of the effective PMA and DMI. 
Chen et al. has shown that the effective PMA and DMI of magnetic 
heterostructures may also be altered via absorption or desorption of 
light elements such as hydrogen and oxygen [115–117]. This may lead 
to a modification of the spin chirality at magnetic domain walls and may 
promote the creation and deletion of skyrmions (Fig. 1(d)). This 
magneto-ionic functionality may be useful in constructing low-power- 
consumption, non-volatile memory devices and artificial synapses 
based on multistate skyrmions. 

Typically, the magnetic parameters tend to be inhomogeneous or 
anisotropic in magnetic systems [118]. This may affect the detailed spin 
texture of a skyrmion [76,118–120]. For example, Cui et al. has reported 

Néel-type elliptical skyrmions in a laterally-asymmetric magnetic 
multilayer where the anisotropic PMA and DMI may exist [119]. Jena 
et al. has also observed elliptical Bloch-type skyrmions in 
Mn1.4Pt0.9Pd0.1Sn with D2d symmetry and an anisotropic DMI [121]. 
Wang et al. has verified that by interacting with local pinning centers 
induced by the inhomogeneity, a skyrmion may be either in a small- 
skyrmion or a large-skyrmion configuration [76]. Although multiple 
studies have explored the effects of pinning on skyrmions [99,122–130], 
little is known about the energy profiles induced by different kinds of 
pinning centers and how the static configurations of skyrmions are 
affected by the skyrmion interactions, pinning strengths, and thermal 
effects. It is essential to develop a methodology for visualizing the en
ergy profiles of skyrmion pinning as they are crucial to the reliable 
positioning and guiding of skyrmions as well as to avoiding skyrmion 

Fig. 2. a Schematic of a racetrack memory concept. In one-dimensional racetrack memory, the presence or absence of skyrmions is used to encode bits 1 or 0, 
respectively, as the skyrmion stream moves across the track past read/write heads. Further degrees of freedom can be accessed by bending these strips into circles to 
create two-dimensional racetrack memory. Motion of skyrmions in this disk can be achieved by an external applied field gradient B(r) [86]. b Plot of skyrmion 
velocity as a function of current density at several sample temperatures. Variation in the slopes stems from spin-orbit torque (SOT). The results are obtained in a [Pt 
(2.7 nm)/CoFeB(0.86 nm)/MgO(1.5 nm)]15 multilayer stack [153]. c Illustration of thermally induced skyrmion motion. (1) Scanning electron microscopy (SEM) 
image of the device. 500 ms pulse voltages Vh are applied to the Ta/Pt heater. A temperature gradient is created across the [Ta/CoFeB/MgO]15 nanowires between 
the heater and the heat sink via thermal dissipation in the insulating Si3N4 thin layer underneath. (2)-(7) Unidirectional diffusion of skyrmions observed from hot to 
cold regions in response to 500 ms pulse voltages Vh. Here, several different dynamics are observed including pinned skyrmions, skyrmion annihilation and long- 
range skyrmion diffusion [93]. d Skyrmion Hall angle (SHA) θSKH as a function of skyrmion velocity at various temperatures in the same structures as b. Two 
distinct regions are observed. The creep regime (red region) is characterized by a steep increase in the SHA with velocity while in the flow regime (green region) the 
slope is notably smaller. The theoretical disorder-free SHA for skyrmions is indicated by the black dashed line [153]. e Lorentz transmission electron microscopy 
(TEM) images of current-induced motion of skyrmion bundles with Q = 18. A series of 80 ns pulses are applied in the -x direction at a perpendicular field of 100 mT. 
As expected by the skyrmion Hall effect, the bundles move in the + x direction with a notable transverse motion in the y direction [164]. f Plot of SHA as a function of 
the topological charge Q of skyrmion bundles. It is evident that the sign of the Hall angle is dependent on the sign of the topological charge. Furthermore, the Hall 
angle is seemingly independent of the applied current density, external field, and Q [164]. 
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annihilation. For more general reviews of the interaction of skyrmions 
with quenched disorder or pinning, we refer the reader to the Ref. [118]. 

Global dynamic properties of skyrmions. The spin dynamics are gov
erned by the Landau-Lifshitz-Gilbert (LLG) equation, 

ṁ = − γL

MS
m×

(

−
δU
δm

)

+αm× ṁ, (2) 

where γL and α are the gyromagnetic ratio and Gilbert damping 
constant, respectively. The first and second terms on the right-hand side 
are field-like torque and damping-like torque, respectively. Skyrmions 
are electron spin ensembles with a topology that allows them to be 
reliably manipulated as particle-like entities. 

Skyrmions can be created, manipulated, and deleted by various 
external stimuli such as applied magnetic fields [70,86–89], electrical 
currents [71–74,76], temperature [90–93], bias voltage [110–114], and 
chemisorption and desorption [115–117] methods. Zhang et al. has 
illustrated skyrmion motion under the influence of a magnetic field 
gradient (Fig. 2(a)) [86]. Migita et al. has verified AC magnetic field- 
driven skyrmion motion in an asymmetric angelfish-type racetrack 
[89]. Electrical currents are also effective in manipulating skyrmions. 
Spin currents can be generated by passing a charge current through a 
magnetic layer which then exerts a Zhang-Li STT on the spins [131]. 
This can be well described by a diffusive exchange-torque model. 
Equally as effective, spin currents can also be generated by the spin-filter 
effect [25–27] or by the SOC effect such as the Rashba [132] and spin 
Hall effects [133–142] which exert the Slonczewski STT [143,144]. The 
STT arising from the SOC effect is also known as the SOT. Zhang-Li STT 
may have a negligible effect on spin dynamics compared to the Slonc
zewski STT effect [75]. It has been shown that a single skyrmion can be 
created by passing a current through a constricted geometry 
[70,74,145,146], by the presence of local defects [70,147,148], or by 
applying a localized spin torque [103,149,150]. These cause the 
magnetization to flip first in a defined region forming a trivial magnetic 
bubble with Q = 0 followed by a transformation into a skyrmion stabi
lized by the DMI. Skyrmions may also be transformed from stripe do
mains with the application of a spin current [75,151,152]. Wang et al. 
has found that an applied current leads to the generation and/or dele
tion of topological defects through modifications of the domain wall 
motion and the magnetic configurations within the domain walls [75]. 
This may also lead to the transformation of a labyrinthine domain phase 
in the orientational order. Whether the labyrinthine domain phase 
transforms into a dense array of skyrmions or simply changes in its 
orientation order depends on the strengths of the applied current pulse 
and the external magnetic field. Skyrmions can move under the influ
ence of currents [71,72,99,122,124,145,149,153] and a high propaga
tion velocity (> 100m/s) may be achieved even under a low current 
density (Fig. 2(b)). Annihilation of a skyrmion is generally achieved by 
driving it to the boundary of a confined geometry [145,149], or by 
employing a localized spin torque to overcome the energy barrier be
tween stable skyrmion and ferromagnetic states [103]. Skyrmion crea
tion, motion, and deletion have also been observed in the presence of 
thermal gradients where magnonic spin torques may play a role (Fig. 2 
(c)) [90,93], and under influences of a bias voltage [112,114]. Ab
sorption and desorption of light elements has also been demonstrated to 
contribute to skyrmion creation and annihilation [115]. Manipulations 
of skyrmions by the bias voltage [110–114] and chemisorption and 
desorption [115–117] methods are consequential to manipulations of 
material parameters. 

The center-of-mass motion of a magnetic texture can be approxi
mately described by the Thiele equation. 

G× v+ αDv − F = 0, (3) 

which can be rigorously derived from the LLG equation [154,155]. In 
Eq. (3), the first and second terms are functions of the velocity v of the 
magnetic texture and are known as Magnus force and dissipative force, 

respectively. The gyro coupling vector only has a z-component G = 4πQ. 
D is the dissipation tensor withDij =

∫
∂im⋅∂jmdxdy. F is the force either 

from the external stimuli or from spatial variations in material param
eters (F = − γL

MSd∇U). In magnetic heterostructures with broken inver
sion symmetry, the force induced by the SOT can be written as 
F = − 1

2γLβT where 12γLβ = γLΘSHℏ
2MSed , the vectorT =

∫
d2x(ez× Je)⋅(∇m× m), 

γL is the gyromagnetic ratio, ΘSH is the spin Hall angle of the spin Hall 
solid, ℏ is the reduced Planck constant, e is the elementary charge, d is 
the magnetic layer thickness, ez is the unit vector along the z axis, and Je 

is the charge current flowing through the spin Hall solid. For a rigid 

skyrmion, T = π2

2 RΓ(ez× Je)with the tensor Γ
̅→←̅

= [

0 − 1 0
1 0 0
0 0 0

], and R is 

the skyrmion radius. 
For magnetic skyrmions, the topological charge Q = ±1 and the 

Magnus force in Eq. (3) is non-zero, leading to an additional transverse 
component of motion accompanying the longitudinal motion of sky
rmions along the driving force direction (Fig. 2(d)). The transverse 
motion direction reverses with reversing the polarity of skyrmions. This 
phenomenon is known as the skyrmion Hall effect [71,72] and is usually 
used to distinguish skyrmions from other trivial magnetic bubbles. It is 
known that trivial magnetic bubbles with Q = 0 do not experience the 
Magnus force and therefore the skyrmion Hall effect is imperceptible. 
The Thiele equation may also be applied to many other magnetic tex
tures such as magnetic skyrmioniums [156–158] and antiferromagnetic 
skyrmions [158–163] with Q = 0, as well as skyrmion bundles with 
variable integer Q values (Fig. 2(e) and (f)) [164,165]. The experimental 
observation of multi-Q skyrmion bundles further expands the family of 
magnetic structures, which may prove useful in future spintronic de
vices. The skyrmion Hall angle (SHA) is a fundamental parameter 
characterizing the degree of deflection of the skyrmion motion relative 
to the driving force and is determined by the skyrmion polarity, 
configuration, and damping properties of the magnetic films 
[71,72,153]. Although the intrinsic SHA is independent of the driving 
force, the skyrmion motion may be influenced strongly by the driving 
force owing to the unavoidable pinning effects on skyrmions 
[71,72,99,122,124,149,153]. The skyrmion Hall effect is usually unde
sirable in skyrmion motion-based device applications, and many notable 
approaches to suppressing this effect have been recently recognized. 
These methods include modifying the interaction potential of skyrmions 
with geometry boundaries [145,166,167] and local defects [168] as well 
as implementing alternative magnetic textures such as skyrmioniums 
[156–158] and antiferromagnetic skyrmions [158–163]. 

Skyrmion motion was first proposed in racetrack memory devices in 
2013 by Fert et al. [169] The concept of racetrack memory was first 
introduced in 2008 by Parkin et al. based on domain walls [170]. This 
aims to solve the constraints of modern-day CMOS devices which are 
approaching fundamental physical limits. In skyrmion racetrack mem
ory, the digital information is encoded by the existence or absence of a 
single skyrmion (Fig. 2(a) and 3(a)) [145,167,171–173] or sequence of 
skyrmions and other magnetic textures such as bobbers (Fig. 3(b)) 
[174,175] and antiskyrmions [62]. Interactions of a skyrmion with 
adjacent spin textures, local defects, and geometrical edges may affect 
the feasibility of memory devices. In skyrmion racetrack memory, it is 
crucial to correct or revise skyrmion information in a controlled manner. 
Wang et al. has proposed and demonstrated through simulations an 
experimentally feasible method to modify a train of skyrmion informa
tion by a small electrical current [145]. Wang et al. has also studied a 
three-terminal racetrack memory in which an isolated skyrmion can be 
generated and annihilated by a gate voltage pulse (Fig. 3(a)). From this, 
one can modify a train of skyrmion codes in a controlled manner, which 
can then be detected at the collector. Despite the intriguing properties of 
skyrmion racetrack memory, its technological implementation may be 
limited by pinning effects, the stability of skyrmions over time and 
space, edge roughness, and the intrinsic skyrmion Hall effect which may 
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drive skyrmions to move toward a racetrack boundary and finally lead to 
skyrmion annihilation. To address the issue of stability, skyrmions may 
be reliably positioned by using artificial defects. The pinning potential 
can also be designed to guide the skyrmion motion in a predictable 
manner [118]. 

Due to their metastable and non-dissipative properties, skyrmions 
have also been proposed in Boolean logic devices [176–183]. Skyrmion 
motion was first proposed in fixed logic devices (FLDs) in which the 
geometry is manufactured for a specific logic functionality [177–179]. 
This limits flexibility in applications as different geometries are needed 
for different logic functionalities. The successful operation of these FLDs 
relies on the skyrmion motion, skyrmion-skyrmion interaction, and 
interaction of skyrmions with geometric edges. More recently, several 
studies have proposed skyrmion-based programmable logic devices 
(PLDs) where multiple logic functionalities can be achieved in a single 
device [180–184]. Yan et al. exploited artificial defects to reliably guide 
and position skyrmions and achieved full logic functionality by choosing 
the input currents and initial position of skyrmions at different pinning 
sites (Fig. 3(c) and (d)) [181]. Currents I1 and I2 applied along orthog
onal directions serve as inputs. The currents drive skyrmions to move 
from their initial pinning sites to other adjacent pinning sites. The ex
istence or absence of a skyrmion in a selected position serves as an 
output. Different logic functions are conveniently achieved by choosing 
the initial states of the skyrmions (Fig. 3(d)). Luo et al. has demonstrated 
reconfigurable skyrmion logic devices by making use of the voltage- 
controlled magnetic anisotropy (VCMA) effect in selected regions of 

the device [180]. Paikaray et al. manipulated local fields to control the 
trajectories of skyrmion motion and thereby realized reconfigurable 
logic operations [184]. Most of these research efforts are on simulation 
level and the physical implementation of these technologies may meet 
challenges in the precise control over skyrmion motion and in geometric 
and operational complexities. 

Skyrmion motion driven by forces induced by magnetic fields, cur
rents, voltages, and magnonic spin torques may also be utilized in the 
development of other computational devices as discussed below. In 
addition to these, the Brownian motion of skyrmions (Fig. 4(a)) 
[92,185–195] may also prove advantageous in applications. The force 
term F originating from the thermal effect should be uncorrelated in 
space and time, and therefore have an expectation value of zero, 〈Fth〉 =

0. Moreover, the variance should be proportional to the damping con
stant α and the temperature T, 〈Fi

th(r, t)F
j
th(r’, t’)〉 =

2αkBTD i,jδ(r − r’)δ(t − t’) [196]. This induces skyrmion diffusion with a 
mean squared displacement, MSD(Δt) = 〈[R(t + Δt) − R(t) ]2〉 = 4Dt, 
where R is the position of a skyrmion and D =

kBT 1
G

2+α2(D xxD yy − D 2
xy)

[
αD yy − αD xy
− αD xy αD xx

]

. For a rotationally symmetric 

skyrmion, the diffusion constant can be simplified as D = kBT αD

G 2+(αD )
2 

with D xx = D yy = D and D xy = D yx = 0. Skyrmion diffusion may 
become anisotropic with an elliptical deformation of the skyrmion 
configuration [194]. Note that, in real samples, the diffusion constant of 
a skyrmion may be nonlinearly dependent on temperature owing to 

Fig. 3. a Schematic of a three-terminal racetrack memory device. The generator creates the skyrmion which is then detected at the collector. The presence or absence 
of a skyrmion is used to encode a bit 1 or 0, respectively. A voltage pulse can be applied in the controller terminal to create or delete a skyrmion, thereby enabling the 
modification of the skyrmion information in a controlled manner. This figure shows a correction of the bitstream from “1101” to “1011” which is then detected at the 
collector [145]. b Top: Micromagnetic simulation results for a chain of skyrmions and chiral bobbers in the presence of a perpendicular magnetic field in a thin strip 
of FeGe. Bottom: Phase shift of an electron beam φ calculated for each configuration in the Top image. The phase shift can be detected by means of quantitative off- 
axis electron holography in a transmission electron microscope (TEM) [175]. c Top left: Diagram of ferromagnetic-antiferromagnetic (FM-AFM) bilayer device. 
Identical currents I1 and I2 serve as input signals to the AFM layer. Magnetic tunnel junctions (MTJs) A-D write the skyrmions and read the output voltage. Top 
center: MTJ spin configurations with the presence (top) and absence (bottom) of a skyrmion. Top right: Aerial view of MTJs (solid circles) and pinning centers 
(dashed circles). Bottom: Skyrmion motion in the FM layer under different current densities J and their resulting velocities v. The skyrmion motion (dashed arrows) 
deviates from the current direction (solid-colored arrows) due to the skyrmion Hall angle [181]. d Simulation results of various logic operations performed using the 
device structure in c. Skyrmions are positioned using pinning sites and move in response to applied input currents with trajectories indicated by the colored ar
rows [181]. 
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pinning effects [92,186,193]. Zázvorka et al. [92], Nozaki et al. [186], 
and Goto et al. [193] have discovered exponential dependencies of the 
diffusion constant on the temperature (Fig. 4(b)), applied voltage, and 
AC magnetic field, respectively. This may be explained by the temper
ature, voltage, and field controls of thermally activated hopping diffu
sion where the escape time from pinning sites follows an Arrhenius’ law 
and leads to this exponential dependence. More recently, Zhao et al. has 
experimentally observed topology-dependent Brownian gyromotion of 
skyrmions (Fig. 4(c)) [192]. This topology-dependent gyromotion can 
also be well described by the Thiele equation incorporating the thermal 
force. Brownian motion of skyrmions may provide new stochastic 
functionalities in applicational devices [92,188,195]. 

In addition to global translational motion, skyrmions, as particle-like 
entities, also possess a finite inertial mass and exhibit inertial dynamics 
[145,171,197–204]. These dynamics manifest themselves as the gyrat
ing motion describing skyrmion motion in circular or spiral trajectories 
as well as the breathing mode, which describes the oscillatory variation 
in the skyrmion radius. These eigen excitations are in the Gigahertz 
regime and can be well described by the Thiele equation incorporating 

the inertial term γL
MSd Mv̇. These Gigahertz eigenmode dynamics have 

been observed in magnetic nanodisks [197] as well as in nanoribbons 
during skyrmion motion [145,171]. These eigenmode dynamics depend 
greatly on the applied fields and currents as well as the coupling be
tween surrounding spin textures and geometric edges. Tomasello et al. 
has demonstrated that the breathing mode of skyrmions may set a limit 
on the maximum achievable velocity of skyrmion motion [171]. Addi
tionally, Wang et al. has reported a coupling of the gyrating motion of a 
skyrmion to its breathing mode dynamics [145]. These inertial dynamic 
modes may provide new means to store information in practical systems. 

Local dynamic properties of skyrmions. In addition to skyrmion motion, 
the successful implementation of skyrmionic devices requires function
alities with effective controls. Pinna et al. [205], Zhang et al [206], Yang 
et al [207], and Wang et al. [76] all have examined the local dynamics of 
skyrmions which may provide additional functionalities for versatile 
applications. Many of these research efforts make use of local defects to 
anchor part of the skyrmion while the other part exhibits a higher 
mobility and responds to the applied fields, currents, and thermal fluc
tuations. Pinna et al. has reported deformation of skyrmions under the 

Fig. 4. a Position of four different skyrmions at room temperature in a low-pinning Ta/CoFeB/Ta/MgO/Ta multilayer measured using magneto-optic Kerr effect 
(MOKE) microscopy. The inset illustrates the time-averaged mean squared displacement (MSD) of the data [92]. b Semilogarithmic plots of the observed and 
simulation-based (inset) skyrmion diffusion constant as a function of temperature. Strong temperature dependence in the low temperature regime is predicted by the 
simulation, followed by quasi-free diffusion restored as the temperature is increased. Data points are averaged over measuring several skyrmions [92]. c Time- 
dependent trajectory of an isolated skyrmion with Q = − 1 in a Ta/CoFeB/TaOx multilayer at 326.5 K. The Brownian gyromotion is observed [192]. 

Fig. 5. Local dynamics of skyrmions. a Simulation of electric current distribution in a cobalt film using finite element modeling. b Emergence of magnetic strip 
domains in Ta/Pt/Co/Ta multilayer after applying a voltage pulse. Yellow lines indicate electric current distribution calculated in a [206]. c Addition operations 
achieved through chiral stripe domain elongation in W/CoFeB/MgO/Ta films in response to applied magnetic fields and current pulses. Each operation is carried out 
under a specific set of magnetic fields together with x-axis current pulses of 50 ms with a constant current density. The half-skyrmion exhibits distinct trajectories 
marked by red (+1), white (0), and yellow (-1) arrows under different sets of magnetic fields. The results of the operations, indicated by the termination of the stripe, 
are shown in pink [207]. d Schematic illustrating the fluctuation dynamics of skyrmions between large-skyrmion (L) and small-skyrmion (S) states over time as a 
result of interactions with local pinning centers. The energy barrier that exists between these two states, illustrated in the top panel, can be further tuned by the 
applied field and current. e MOKE images of an isolated skyrmion in the L and S states measured in a Ta/CoFeB/MgO/TaOx multilayer patterned into a Hall cross 
structure [76]. 
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influence of applied currents [205]. The non-linear responses of the 
magnetization to currents may be utilized in the implementation of 
reservoir computing. Zhang et al. has used the trajectories of half- 
skyrmions under the influence of applied currents to map current dis
tributions in space (Fig. 5(a) and (b)) [206]. Yang et al. has examined the 
magnetic field control of the half-skyrmion motion which may be rele
vant to adder/subtractor operations (Fig. 5(c)) [207]. In the adder/ 
subtractor, each operation is carried out under a specific set of applied 
magnetic fields in conjunction with the x-axis current pulses. The half- 
skyrmion exhibits distinct trajectories marked by red (+1), white (0), 
and yellow (-1) arrows in Fig. 5(c) under different sets of magnetic 
fields. The results of the operations are indicated by the termination of 
the stripe. 

More recently, Wang et al. has studied the skyrmion-size fluctuation 
in which one part of the skyrmion is more strongly pinned while the 
other part of the skyrmion, under thermal effects, fluctuates in time 
between two weaker pinning sites (Fig. 5(d)) [76]. This causes the 
skyrmion to exhibit thermal fluctuations between a small-skyrmion and 
a large-skyrmion configuration (Fig. 5(e)). This skyrmion-size fluctua
tion follows a purely random process and thereby promotes the sky
rmion as a true random number generator (TRNG) for employment in 
cybersecurity, gambling theory, and scientific simulations. Wang et al. 
has also shown that neighboring skyrmions are linked by an anti- 
correlated coupling in their fluctuation dynamics in which one sky
rmion has an increased probability at the large (small)-skyrmion state 
while the other skyrmion is at the small (large)-skyrmion state. This 
interaction is mediated by the demagnetization field. Both the fluctua
tion dynamics of a single skyrmion and the dynamic coupling strength 
between neighboring skyrmions can be tuned by the applied fields and 
currents. This offers a wide range of opportunities to implement systems 
based on either a single skyrmion or a skyrmion network with a high 
degree of tunability and controllability. 

3. Electronic applications of skyrmions 

These desirable properties of skyrmions have been proposed for use 
in numerous electronic applications in addition to skyrmion racetrack 
memory and logic devices. Examples include skyrmion transistors 
[208,209], skyrmion diodes [113], skyrmion spin-torque nano-oscilla
tors (STNOs) [210–218], skyrmion neurons [219–228] and synapses 
[221,223,224,229–234] for neuromorphic computing devices, sky
rmion reservoir computing devices [91,182,205,235–242], and sky
rmion stochastic computing devices [76,91,92,188,191,195,243,244]. 
Zhang et al. [208] and Zhao et al. [209] have studied skyrmion tran
sistors in which the likelihood of a skyrmion passing through the device 
is determined by the applied voltage through the VCMA effect. Zhang 
et al. has verified skyrmion STNOs that involve a skyrmion experiencing 
a circular motion in a nanopillar under an applied current with a vortex- 
like polarization [218]. In such applications, fundamental parameters 
include the working frequency, spectral linewidth, output power, and 
power consumption. These parameters are determined by the interplay 
of the current amplitude and edge potential as well as by the configu
ration of the detection electrode. The skyrmion motion in the nanopillar 
can be well described by the Thiele equation in Eq. (3) incorporating the 
current-driven force and edge potential. Compared to current main
stream STNOs which are generally based on the precession of the uni
form magnetization [245] and vortex [246–252], skyrmion-based 
STNOs are characterized by a much lower current density required to 
excite the skyrmion motion, a broad working frequency, and a scal
ability. The output microwave signal may be detected by the MTJ-based 
STT diode with a high sensitivity. In this section, we will focus primarily 
on skyrmion neurons and synapses for use in neuromorphic computing 
devices, skyrmion reservoir computing devices, and skyrmion stochastic 
computing devices to address the issues of recognition, optimization, 
and invertible logic that von-Neumann computers fail to efficiently 
solve. 

Skyrmion neurons and synapses for neuromorphic computing devices. It 
is well understood that neural arrangements of cortical visual networks 
are efficient in dealing with complicated tasks such as pattern recogni
tion, language processing, disease prediction, and classification. 
Inspired from this, hardware implementations of deep neural networks 
have recently emerged and have drawn tremendous research attention. 
To implement neuromorphic circuits, it is necessary to develop artificial 
neurons and synapses which are two of the fundamental components in 
an artificial neural network (ANN). Numerous neurons are massively 
connected by synapses which transmit the neural signals between neu
rons (Fig. 6(a)). Although CMOS technologies have been used in the 
physical implementation of ANNs, CMOS-based ANNs have high spatial 
costs and are energy inefficient owing to the large number of transistors 
needed to model a spiking neuron and synapse [253–255]. Alterna
tively, post-CMOS technologies such as Ag-Si memristors [256], phase- 
change memories [257,258], and multilayer spintronic systems 
[259,260] are currently the focus of many research studies. Magnetic 
skyrmions are intriguing alternatives for hardware implementations of 
ANNs given their small size, high stability over time, and heightened 
immunity to material defects compared to other magnetic structures. 

Artificial neurons are one of the fundamental components in ANNs 
and are employed to perform the nonlinear neuron activation function. 
One of the most widely accepted models describing neurons is the leaky- 
integrate-fire (LIF) model (Fig. 6(b) and (c)) [222,261–264]. This model 
describes how the ion current passes through the cell membrane, 
causing the membrane potential to increase and reach a certain 
threshold under a series of input current pulses Ispk− in. This is followed by 
a neuron spiking event which generates an output spike Ispk− out and a 
subsequent reset process that repolarizes the membrane potential to its 
resting potential. The LIF model can be described and understood by 
[222,261,264]. 

τmem
dV
dt
= − (V − Vrest)+

∑

j
δ
(
t − tj

)
wj. (4) 

In this equation, τmem is the decay time, V is the membrane potential, 
Vrest is the resting potential, and 

∑
jδ
(
t − tj

)
wj is a sum of weighted input 

spikes. In skyrmion-based artificial neurons, current or voltage pulses 
may be used as input spikes. The membrane potential can be defined by 
the skyrmion position, skyrmion size, or other skyrmion characteristics. 

Multiple skyrmion-based LIF spiking neuron concepts based on 
skyrmions have been proposed with most making use of the interactions 
of skyrmions with applied currents and geometric edges. Li et al. has 
designed a skyrmion-based artificial neuron by exploiting the current- 
driven skyrmion motion in a magnetic nanotrack with a linear varia
tion in PMA (Fig. 6(d)) [226]. The potentials in Eq. (4) are denoted by 
the skyrmion position in the nanotrack. Current pulses drive a skyrmion 
to move across the nanotrack from the origin (Vrest = 0) to the targeted 
position to emit the output spike. The spatial variation in the PMA in
duces a nonuniform distribution of the energy U and thereby provides a 
driving force for the skyrmion to return to the origin, resulting in the 
reset of the skyrmion neuron. Chen et al. has also reported a skyrmion 
neuron in which the position of a skyrmion in the nanotrack defines the 
membrane potential (Fig. 6(e)) [222]. As the skyrmion moves along a 
nanotrack, which has a linear variation in its width, it encounters a force 
from the edge potentials that drives the device to reset. As discussed 
previously, the skyrmion Hall effect may limit the performance of many 
skyrmion-based devices. This effect may be eliminated in spiking neu
rons by antiferromagnetic skyrmions in antiferromagnetically exchange- 
coupled magnetic systems [223]. 

The spiking neuron has also been modeled by skyrmions using inter- 
skyrmion repulsion [220], skyrmion distortion under external stimuli 
[219,227], and skyrmion STNO behavior [228]. Bindal et al. has pro
posed a device consisting of a magnetic anisotropy barrier on a nano
track in which the integrate-fire functionality is achieved by exploiting 
inter-skyrmion repulsion [220]. The membrane potential in Eq. (4) is 
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denoted by the number of skyrmions pinned by the barrier. Once the 
skyrmion number reaches a threshold, a skyrmion overcomes the barrier 
owing to the inter-skyrmion repulsion and emits the output spike. Azam 
et al. [219] and Zhu et al. [227] have reported spiking neurons using the 

voltage control of PMA and voltage-generated strain as input signals to 
control the skyrmion size (Fig. 7(a)) which, along with the resistance 
signal, acts as the membrane potential. Azam et al. has also designed a 
CMOS buffer circuit in which the output spike is produced by turning on 

Fig. 6. a Drawing of a biological neural network along with a schematic of the basic operation that consists of input spike currents Ispk− in, synaptic weights W, sum of 
membrane potentials Vmem, and output spikes Ispk− out [226]. b and c illustrate the leaky-integrate-fire (LIF) spike neuron concept for the cases of the biological neuron 
and the skyrmion-based neuron, respectively [226]. d Micromagnetic simulation results for an inhomogeneous input spike current. The skyrmion motion is shown in 
a track with linearly increasing perpendicular magnetic anisotropy (PMA) from left to right, as opposed to a constant PMA, that exhibits “leaky-integrate” behavior. 
The skyrmion moves from left to right by current pulses and move backwards in the absence of a current due to the force induced by the anisotropy gradient [226]. e 
Diagram of skyrmionic LIF spiking neuron device. The input spikes, which are applied to the Vin terminal, manipulate the skyrmions in the central region where the 
width varies linearly. The membrane potential can be determined from the distance of the skyrmion core to the base point, O, and is defined as Xc here. Once this 
passes a threshold, an output spike is generated. The skyrmions can optionally be detected in the circular region at the right end of the device [222]. 

Fig. 7. a Illustration of a spiking neuron device that consists of a skyrmion generator, a magnetic tunnel junction (MTJ) detector, and an external strain source with 
pulsed modulation. Schematic of the variation in the skyrmion radius over time is illustrated in the inset. The skyrmion size increases under voltage pulses due to the 
modification of the PMA and returns back to its original size in the presence of the bias voltage [227]. b Schematic of a skyrmion-based spiking neuron consisting of a 
nanoscale point-contact, a skyrmion-based spin-torque nano-oscillator (STNO) and a ring-shaped electrode [228]. c Time-dependent skyrmion position under the 
influence of a nonuniform square wave spike current with frequency of 0.5 GHz. The current is applied through the center nanorod and flows radially towards the 
ring-shaped electrode. The radial distribution of the current causes the skyrmion to move circularly such that the radius of motion serves as the membrane po
tential [228]. 
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the transistor when the electrical resistance decreases to a threshold 
[219]. Liang et al. has constructed a spiking neuron using a skyrmion- 
based STNO where the current pulses are the input spikes introduced 
from a point nanocontact at the nanopillar center. The radius of sky
rmion motion serves as the membrane potential (Fig. 7(b) and (c)) 
[228]. In this design, the skyrmion neuron generates the output spike 
when the radius of motion reaches a threshold, after which the neuron is 
reset with the force from the edge potential driving the skyrmion back to 
the origin. 

The spikes emitted by pre-neurons propagate through synapses to the 
post-neurons and are modulated with synaptic weights during the spike 
transmission process (Fig. 6(a)). There are two different types of syn
apses in biological systems: electrical and chemical [265]. Electrical 
synapses transfer electrical charges from pre-neurons to post-neurons 
via ions that travel through gap junctions between cells while chemi
cal synapses transform signals through the release of chemicals called 
neurotransmitters. In biological systems, synaptic plasticity is essential 
to the modulation of synaptic weights and thereby to the processes of 

remembering and forgetting. Synaptic plasticity includes the short-term 
plasticity (STP) that describes the temporal enhancement of the weight 
followed by a quick decay as well as the long-term potentiation (LTP) 
marked by a permanent change caused by repeated stimulation. Artifi
cial synapses must accommodate for the synaptic plasticity together 
with the temporal dynamics to accurately mimic biological synapses. 

Multiple designs for skyrmion synapses have been proposed with the 
synaptic plasticity relying on either the number of skyrmions in a spe
cific region [221,223,229–234] or on the skyrmion size [266,267]. This 
allows for modulation of the synaptic weight represented by the 
conductance measured using the TMR effect or with anomalous Hall 
detections. Huang et al. have proposed a skyrmion synapse based on 
skyrmion motion in a track with a rounded, rectangular barrier in- 
between the pre-synapse and post-synapse regions (Fig. 8(a) and (b)) 
[232]. In this model, the skyrmions move from the pre-synapse to the 
post-synapse region under the influence of current pulses that serve as 
stimuli from the pre-neurons. If the input stimuli are not sufficient, the 
skyrmions may approach the barrier and retreat under the repulsive 

Fig. 8. a Illustration of biological synapse with relevant parts labeled [232]. b Design of a skyrmion synapse. Neuromodulator is modeled by a learning stimulus that 
passes through the heavy-metal (HM) layer from terminal A to B. This stimulus can either drive the skyrmions into the post-synapse region, in which case the synaptic 
weight increases, or back into the presynaptic region, by which the synaptic weight would decrease. This resembles the biological processes of potentiation and 
depression, respectively. Terminal C measures the synaptic weight [232]. c Results of micromagnetic simulations of a skyrmion synapse with colors representing the 
direction of magnetization in a [HM/FM/HM]n stack at room temperature (where n = 2). The rounded rectangular barrier is illustrated, separating the pre- and 
postsynaptic regions [231]. d Plot showing the variation in conductance of the sample (black data) relative to the number of skyrmions in the post-synapse region 
(red data) [231]. e Schematic of skyrmion-based deep ANN including input neurons, two sets of hidden-layer LIF neurons, output neurons, and synaptic weights (Wij) 
used to learn the handwritten pattern provided as input [231]. f Measured Hall resistivity change and calculated skyrmion number as a function of injected pulse 
number in [Pt (3 nm)/Gd24Fe66.6Co9.4 (9 nm)/MgO (1 nm)]20 ferrimagnetic multilayer stacks. The red/blue symbols and colored areas correspond to resistivity 
changes (left axis) during potentiation and depression, respectively. Green symbols indicate the number of skyrmions (right axis). Insets illustrate the direction of 
charge current pulses [234]. 
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force from the barrier, leading to the STP. Skyrmions may also pass 
through the barrier, leading to the LTP, if stimuli are sufficient in 
duration and/or frequency. The synaptic weight resolution is deter
mined by the maximum number of skyrmions in the post-synapse region. 
In turn, applying negative stimuli may lead to the depression of the 
skyrmion synapse. Huang et al. has also determined that there are trade- 
offs between the synaptic weight resolution, processing speed, func
tional area, and energy consumption. These parameters are governed by 
the track geometry and the barrier design. Although the simulation 
study illustrates the successful operation of the skyrmion synapse at zero 
temperature, the synapse may fail at room temperature owing to fluc
tuations in the shape of skyrmions. The stability of skyrmions at room 
temperature may be increased along with a reduced standard deviation 
of the conductance, by fabricating magnetic multilayers with repeating 
heavy-metal/magnetic/heavy-metal layer structures (Fig. 8(c) and (d) 
for the repetition n = 2 of the multilayer structure) [231]. The energy 
consumption per synaptic update event is estimated to be about 300 fJ. 
The functionality of room-temperature skyrmion synapses was validated 
by simulating a two-layer unsupervised ANN and a supervised deep ANN 
(Fig. 8(e)) on the Modified National Institute of Standards and Tech
nology (MNIST) handwritten digit data set using BRIAN, a Python-based 
simulator [231]. This aims to achieve superior accuracy in pattern 
recognition tasks. In simulations, synapses are embedded into a crossbar 
array to provide the synaptic weights connecting two layers of neurons 
which are implemented by analog circuits. Chen et al. has achieved 
approximately 78 % classification accuracy by using a two-layer unsu
pervised ANN and approximately 98.61 % accuracy by using a deep 
ANN with supervised learning, suggesting that room-temperature sky
rmion synapses hold great promise for future energy-efficient neuro
morphic computing [231]. In 2020, Song et al. experimentally reported 
the potentiation and depression behaviors of a skyrmion synapse in a Pt/ 
GdFeCo/MgO multilayer where the accumulation and dissipation of 
skyrmions is controlled by electrical current pulses (Fig. 8(f)) [234]. The 
synaptic weight is modeled by the anomalous Hall conductance. Song 
et al. has also simulated a deep ANN based on the synaptic weights 
obtained experimentally with the aim to learn the MNIST handwritten 
pattern data set and to perform pattern recognition. Simulation results 
have yielded a recognition accuracy of about 89 % which is comparable 
to the roughly 93 % accuracy of software-based ideal training. 

In addition to current-driven accumulation and dissipation of sky
rmions, surface acoustic waves [230] and ultrafast lasers [233] have 
also been demonstrated to be effective in tuning the number of sky
rmions in the post-synapse regions. In addition, Chen et al. has reported 
skyrmion synapses by using a set of N-number skyrmion devices. The 
existence or absence of a skyrmion in the detection region of each 
branch yields a distinct synaptic conductance [221]. This leads to 2 N 

discrete conductance states serving as synaptic weights. Luo et al. [267] 
and Yu et al. [266] have proposed skyrmion synapses with a variable 
skyrmion size which can be manipulated by the VCMA effect and/or the 
voltage-induced strain. The remnant strain helps to stabilize the sky
rmion size and achieve synaptic plasticity. 

The effective controllability of skyrmions together with their small 
size and stability promotes them as promising candidates for neurons 
and synapses in neuromorphic computing applications. Although mul
tiple studies have verified the viability of skyrmion neurons and syn
apses, there exists a gap in the integration between these two 
components that is necessary to realizing all-skyrmion neuromorphic 
computing devices. 

Skyrmion stochastic computing devices. Stochastic computing is an 
unconventional computing scheme that utilizes streams of random bits 
in addition to simple bitwise operations performed on the streams. A 
stream of bits, typically denoted by entities that fluctuate in time be
tween “0′′ and “1”, may interact with other streams via neural network- 
inspired principles. Stochastic computing has been demonstrated to be 
efficient in solving a wide range of optimization problems such as 
probabilistic inference, sampling, invertible logic, and integer 

factorization [45–49,268,269]. Multiple systems have been proposed for 
stochastic computing including CMOS technologies [270], trapped ions 
[271], electromechanics [272], optics [273–275], and magnetic systems 
[45–49,268,269,276–278]. Most of these systems exploit phenomena 
that are naturally probabilistic. A well-known example is the stochastic 
MTJ [45–49,268,269] in which the energy barrier for magnetization 
reversal in the free layer is small relative to the thermal energy. This 
leads to a stochastic magnetization configuration and thereby thermal 
fluctuations of the TMR in time between two discrete states (Fig. 9(a) 
and (b)). A resistor with the resistance RSOURCE and an NMOS transistor 
were used to restrict the current through the stochastics MTJ. A 
comparator leads the output signals to be either ideal “0” or “1”. Camsari 
et al. [45] and Borders et al. [49] have examined the capability of a 
network of stochastic MTJs in solving the dilemmas of invertible logic 
and integer factorization. In the circuit, Borders et al. used an Arduino 
microcontroller to read the output signals and implement the synaptic 
weights. A data acquisition (DAQ) system was then used to communi
cate with the microcontroller and convert the results into analog volt
ages which were then sent back to NMOS (Fig. 9(c)). Borders et al. has 
successfully demonstrated the integer factorization by using 8 stochastic 
MTJs as well as the invertible AND gate operation (Fig. 9(d)) [49]. 
Kaiser et al. has developed an operating circuit using stochastic MTJs to 
perform hardware-aware machine learning for optimization tasks [48]. 
The weights were updated autonomously by using a RC network which 
models the Boltzmann-machine learning algorithm (Fig. 9(e)). This can 
counter device-to-device variations and perform operations such as 
learning of a full adder. Hayakawa et al. has obtained that the relaxation 
time of a stochastic in-plane easy-axis MTJ can be reduced down to 8 ns 
(Fig. 9(f) and (g)) [46]. A short relaxation time benefits stochastic 
computing with fast operation speed. 

The inherent stochastic properties underlying the Brownian motion 
and internal fluctuations of skyrmions also promote them as intriguing 
candidates for stochastic computing. Yao et al. has proposed, through 
micromagnetic simulations, a skyrmion TRNG utilizing the Brownian 
motion of a skyrmion in a magnetic thin film (Fig. 10(a) and (b)) [191]. 
In this model, the skyrmion diffuses randomly in the magnetic thin film 
and its position, either in the right or left-hand side of the device, is used 
to encode the bit. Two MTJs were proposed for signal detection. In a 
magnetic thin film with uniform material parameters, the probability of 
the skyrmion being on either side is about 50 % (Fig. 10(b)). The 
probability can be tuned by introducing a lateral asymmetry (e.g., by 
adding an anisotropy gradient through the VCMA effect). Medlej et al. 
has also suggested through simulations a skyrmion TRNG by exploiting 
the skyrmion motion in a synthetic antiferromagnet [244]. Antiferro
magnetic skyrmions are not affected by the skyrmion Hall effect. A 
skyrmion enters from an input branch into either one of the two output 
branches, leading to the generation of bitstreams with probabilities of 
approximately 50 % (Fig. 10(c)). Ishikawa et al. has experimentally 
implemented a skyrmion cellular automaton in which two adjacent cells 
were fabricated with each cell hosting two skyrmions (Fig. 10(d) and 
(e)) [195]. The two-skyrmion arrangement in each cell can be converted 
to a binary state based on their relative positions which are governed by 
Brownian motion of skyrmions and the dipolar interaction (Fig. 10(f)). 
In each cell, the two skyrmions occupy diagonal positions due to the 
dipolar interaction. In addition, the two skyrmions closest to the gap are 
anticorrelated in their positions such that when the skyrmion in the left 
cell is displaced downward or upward, the skyrmion in the right cell is 
displaced upward or downward, respectively (Fig. 10(f)). Difficulties in 
the implementation of such skyrmion-based devices include the unin
tended effects of edge roughness and local defects on skyrmion motion 
as well as the integration of MTJs with the device for signal reading and 
processing. 

More recently, Wang et al. has experimentally verified a single- 
skyrmion TRNG based on the local dynamics of an isolated skyrmion 
(Fig. 5(d) and (e) and Fig. 10(g) – (i)) [76]. A single skyrmion is held in 
place by local pinning centers and fluctuates randomly in size between 
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two discrete states (Fig. 5(d)). The skyrmion size fluctuation has been 
observed through both direct magnetic imaging (Fig. 5(e)) and Hall- 
resistivity measurements (Fig. 10(g)). The switching probability of the 
skyrmion can be tuned by modifying the applied field (Fig. 10(h)) and 
current (Fig. 10(i)) owing to the Zeeman-energy variation and SOT, 
respectively. The switching probability can be tuned from 0 to 1 even 
when the field is changed by an amount as small as 0.3 Oe (Fig. 10(h)) or 
when the current is changed by an amount as small as 0.25 mA (Fig. 10 
(i)). Wang et al. has also examined the fluctuation rate of a skyrmion 
which may increase with elevating the temperature T, reducing the 
energy barrier ΔE, and reducing the distance between two weaker 
pinning sites. The fluctuation rate of a skyrmion can reach 10 MHz or 
even higher by manipulating the distribution of artificial defects. This 
may be realized by thickness modulations as well as by embedded im
purity atoms and adatoms formed by advanced thin film fabrication, 
lithography, irradiation, and ion implantation techniques. Compared to 
other stochastic neurons, skyrmions exhibit intriguing features 
including high mobility in magnetic systems, reversible polarity, and 
mutual interactions that advocate skyrmion networks for 

implementation in devices. Low electronic signals of skyrmions may be 
further enhanced by reducing the active detecting area relative to the 
skyrmion size. 

Stochastic computing is established by operations on streams of 
random bits. The driving principle is that every bit of one stream in
teracts with every bit of the other stream. One example is an AND-gate 
implementation of the multiplication operation. The output generates a 
bitstream with the probability of pq with two uncorrelated input streams 
with probabilities of p and q respectively. The accuracy is ensured by 
observing a sufficient number of output bits. Zhang et al. has suggested 
by simulations AND logic as a multiplier for two streams of skyrmions 
where the presence or absence of a skyrmion is encoded as a “1′′ or “0” 
(Fig. 11(a) and (b)) [243]. In the logic device, two electrode gates with 
voltages Vg1 and Vg2 are designed to modulate skyrmion motion through 
the VCMA effect. When a gate voltage is applied, an energy barrier is 
created in the gate region and skyrmions are blocked from crossing the 
region. When the voltage is turned off, skyrmions are allowed to cross 
the gate. When either input generates a skyrmion, corresponding to “1”, 
and the other input generates the code “0”, the skyrmion always goes 

Fig. 9. a A probabilistic bit formed by a stochastic magnetic tunnel junction (MTJ) with a resistor, an NMOS transistor and a comparator. The energy profile between 
the parallel (P) and antiparallel (AP) states of the magnetization orientation of the stochastic MTJ is also shown [49]. b Time snapshots of the output signal VOUT from 
the comparator for the input VIN = 1.950V, showing the fluctuation of the tunneling magnetoresistance induced by the fluctuation of the MTJ magnetization [49]. c 
A photograph of a probabilistic circuit composed of 8 stochastic MTJs. A microcontroller and a data acquisition (DAC) are interconnected for signal readout and 
weight implementation [49]. d The uncorrelated (top) and correlated (bottom) state of the circuit for integer factorization of 945 = 63× 15. More than 2,000 
sampling points are collected for statistics [49]. e Block diagram of the probabilistic learning circuit. {Vin} are input voltages to NMOS. {Vout} are output voltages 
from comparators. 

{
Vi,j

}
are weight voltages. {VC} are capacitor voltages. {Vm} are correlation voltages between probabilistic MTJs. {Vv} are data distribution 

correlation voltages. The RC network was used to model the Boltzmann-machine learning algorithm [48]. f Circuit configuration of the random telegraph noise (RTN) 
measurements of an in-plane MTJ [46]. g Time snapshots of the output signal VT, showing a relaxation time of 8 ns of the in-plane MTJ [46]. 
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into the OR-output end of the device. This is due to the influence of the 
wedge-shaped geometry on the skyrmion motion [243]. In this case, the 
OR-output end reads “1” and the AND-output end of the device read “0”. 
On the other hand, when both inputs generate skyrmions, skyrmion 
motion is also affected by the skyrmion-skyrmion repulsion and the two 
skyrmions go into the OR-output end and AND-output end, separately, 
with both output ends reading “1”. By this, one can achieve the multi
plication function for two random bitstreams of skyrmions (Fig. 11(a) 
and (b)) [243]. 

Zhang et al. has also replicated a multiplexer device as a stochastic 
adder [243] in which two input streams of skyrmion bits are selected by 
a signal with a probability of 0.5. This leads to an output bitstream with 
a probability of 0.5(p+q). These device operations also rely on manip
ulation of the skyrmion motion via the VCMA effect with voltages 
applied in some specific regions of the device. 

Note that the operations may fail if correlations exist between the 
two input signals. This may be resolved by adding a reshuffler device 
which can convert a bitstream into an uncorrelated signal (Fig. 11(c)). 
Pinna et al. has proposed a reshuffler device exploiting Brownian motion 
of skyrmions [91]. Input and output signals are denoted by the skyrmion 
states at the input and output ends. Skyrmions move from the input end 

to the output end in the presence of an applied current in addition to 
their intrinsic thermal diffusion at elevated temperatures. This leads to a 
rearrangement of skyrmions at the output end and gives rise to a signal 
that is uncorrelated to that of entry. Zázvorka et al. has experimentally 
fabricated such a reshuffler device in a magnetic thin film of Ta/ 
Co20Fe60B20/Ta/MgO/Ta (Fig. 11(d)) [92]. The need for a reshuffler 
device, however, is eliminated by implementing random bit generators 
at the input ends. Successful demonstrations of the viability of skyrmion 
random bit generators are needed in performing optimization tasks. 

Skyrmion reservoir computing devices. Reservoir computing is a 
recurrent neural network (RNN) based framework for temporal infor
mation processing [279]. This is distinct from feedforward neural 
network (FNN) which is suitable for static, i.e., non-temporal, data 
processing. Reservoir computing is a unified framework derived from 
independent RNN models including echo state networks and liquid state 
machines. It includes an input layer, a reservoir, and an output layer 
(Fig. 12(a) and (b)). Inputs are spatiotemporal patterns transformed 
from input data while the reservoir is used for nonlinear mapping of 
input signals onto a high-dimensional space. The one-dimensional 
readout in the output layer can be trained to extract features of the in
puts for categorization. Reservoir computing does not require any 

Fig. 10. a Top view of a true random number generator (TRNG) device based on the Brownian motion of a skyrmion with magnetization configuration of the mz 

component in a heavy-metal/ferromagnetic (HM/FM) multilayer stack [191]. b Scatter plot of skyrmion position over a time interval of 1000 ns with 1 ns between 
consecutive data points [191]. c Top view of a TRNG device based on antiferromagnetic skyrmions [244]. d Schematic and e MOKE images of a skyrmion cellular 
automaton consisting of two adjacent square cells, each hosting two skyrmions [195]. f Time-dependent position of the two skyrmions closest to the gap, one in each 
of the red and blue cells [195]. g Inset: a TRNG device using the local dynamics of a skyrmion with the Hall cross as a transducer for signal readout and processing. 
The relative Hall-resistivity Δρxy fluctuates in time between Δρxy ≈ 0 and Δρxy ≈ 0.008μΩ cm for a single skyrmion. This corresponds to a skyrmion-size fluctuation 
between the small (S)-skyrmion and large (L)-skyrmion configuration. The signal for a saturated ferromagnetic (FM) state is also shown [76]. h Density of data points 
for the Δρxy as a function of an applied field Hz at a fixed applied current of I = − 0.2 mA. White dots represent time-averaged resistivities. [76]. i Density of data 
points for the Δρxy as a function of applied current I at a constant magnetic field of Hz = − 5.74 Oe [76]. 
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knowledge of the weights of recurrent connections within the reservoir 
for training purposes. Only the output weights are needed for training. 
This meets the demands for low energy consumption and training 
simplicity in applications. Reservoir computing has been demonstrated 
to be effective in solving a wide range of tasks including pattern 

classification [280–283], time series forecasting [284,285], pattern 
generation [286,287], adaptive filtering and control [288], system 
approximation [289], and short-term memory [290]. Reservoir 
computing can utilize the naturally existing networks in physical sys
tems since node weights in the reservoir are not trained. Various 

Fig. 11. a Skyrmion-based AND/OR logic gates with two input and output tracks. The electrode gates Vg1 and Vg2 are used to control skyrmion motion by the VCMA 
effect [243]. b Top left: Multiplication operation using AND gate. Top right: Contour of driving current density and electrode voltages over one cycle. Center: 
Schematic of skyrmion stochastic multiplier. The white notches separate the top and bottom tracks into eight regions. Bottom: Magnetization configuration of 
schematic in center diagram at various timestamps. At t = 0 ns, the input probabilities are 4/8 and 6/8 in the top input and bottom input tracks, respectively. After 
the application of a current density, the AND track correctly yields the multiplied probability of 3/8, or “00101010” as a binary sequence [243]. c Schematic of a 
stochastic computing device using AND gate. One input signal is first reshuffled using the reshuffler device in d and becomes uncorrelated while retaining the same 
probability values [91]. d Skyrmion reshuffler device operation in a Pt95Ir5/Fe/Pd thin film. Skyrmions are nucleated by applied currents and their motion across the 
blue and orange lines dictates the input and output signals, respectively, in terms of bits “0” and “1” [92]. 

Fig. 12. Schematics of a a recurrent neural network and b a material-based reservoir [205]. c Simulation of skyrmion reservoir. Locations of green and red circles 
refer to input and output contacts, respectively [205]. d Current density distribution across the skyrmion network shown in c after application of a voltage to the 
electrical nanocontacts represented by the yellow circles [205]. e Illustration of time-dependent training and operation of the output layer. The measured resistance 
values are summed by three different weights trained for recognizing either the present pulse, the latent pulse, or the past pulse [205]. 
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physical systems such as electronic circuits and devices [291,292], 
photonics [293], magnetic [294], and mechanical systems [295] have 
been proposed for reservoir computing. Systems for reservoir computing 
applications must possess properties of sufficient nonlinear dynamics 
and short-term memory. 

Magnetic skyrmions are suitable for realizing reservoir computing 
owing to the self-organization emergence of skyrmion lattices or fabrics 
in magnetic systems along with their nonlinear responses to external 
stimuli. Prychynenko et al. [240], Bourianoff et al. [235], and Pinna 
et al. [205] have all presented, through simulations, skyrmion reservoir 
computing devices by exploiting non-linear voltage responses of sky
rmion fabrics to applied currents. The nonlinear current–voltage char
acteristics arise from the distortion of skyrmions interacting with local 
pinning centers along with the variable magnetization and magnetore
sistive effects. Prychynenko et al. [240] and Bourianoff et al. [235] have 
analyzed the responses of a single skyrmion and skyrmion fabrics, 
respectively, to the current flow as well as the pinning effect on sky
rmion dynamics. Pinna et al. has examined the employment of skyrmion 
fabrics for identifying and characterizing feature correlations of input 
voltage patterns (Fig. 12(c) – (e)) [205]. This operation exploits the 
fading memory functionality of the system by which the magnetization 
dynamics become highly sensitive to both the instantaneous driving 
current intensity and the memory of past voltage pulses. These simula
tion studies were performed at zero temperature. Major concerns 
regarding the implementation of such devices pertain to the thermal 
fluctuations and low signals associated with magnetoresistive effects. 

Rajib et al. has proposed, by simulations, room-temperature sky
rmion reservoir computing by utilizing the strain-induced nonlinear 
breathing dynamics of skyrmions [241]. Rajib et al. has found that the 
single-skyrmion system may have the highest performance while the 
capacities of the short-term memory and parity check in a multiple- 
skyrmion system are reduced due to the presence of spin-wave and 
dipolar interactions that may displace and distort skyrmions. Yokouchi 
et al. has experimentally constructed a skyrmion reservoir computing 
device by using the magnetic-field-induced dynamics of skyrmions 
[242]. This device consists of less than ten simply shaped, microscale 
Hall bars. In each Hall bar, skyrmions respond to the instantaneous input 
magnetic field pulse as well as to the memory of past field pulses. Input 
data are transformed into magnetic field pulse patterns with either 
square or sinusoidal shapes. The device has been verified to be successful 
in waveform recognition as well as in handwritten digital recognition 
with an accuracy of 94.7 %. 

Other nonlinear dynamics of skyrmions have also been proposed for 
reservoir computing. Jiang et al. has studied through simulations a 
skyrmion reservoir by utilizing the skyrmion motion in a laterally 
asymmetric nanotrack [237]. The skyrmion position responds non
linearly to input current pulses and acts as an output for image classi
fication. Raab et al. has experimentally explored a skyrmion reservoir 
where a single skyrmion exists in a confined geometry of an equilateral 
triangle [182]. Voltages applied to the contacts at the three corners of 
the triangle control the skyrmion position due to the combined effects of 
the SOT, edge potential, and thermal fluctuations. From this, different 
Boolean operations of the device including AND, NAND, OR, NOR, XOR, 
and XNOR have been examined. Lee et al. has numerically investigated 
interactions of skyrmions with spin waves and has proposed a skyrmion 
spin-wave reservoir [238] that exploits spin waves propagating in a 
skyrmion crystal. The magnetization dynamics at the output end of the 
reservoir act as the output for classification and recognition tasks. Wang 
et al. has proposed a network of dynamic skyrmions for reservoir 
computing in which each skyrmion fluctuates in time between a small- 
skyrmion and large-skyrmion configuration, thereby behaving as a sto
chastic neuron [76]. Wang et al. has studied the dynamic interactions 
between neighboring skyrmions as well as the dynamic coupling 
strength which is a function of their separation distance and may serve 
as the node weight. The main challenges in implementing skyrmion 
reservoir computing are in regard to the optimization of skyrmion 

reservoir conditions for applications and the integration of the skyrmion 
reservoir with other skyrmion synapse and neuron devices for signal 
readout and processing. 

4. Conclusion 

The failure of current CMOS-based computer paradigms in meeting 
the increasing demands of modern-day computation necessitates the 
development of post-von Neumann computing architectures. Spin
tronics represents an emerging class of technologies that takes advan
tage of the electron spin in conjunction with its charge. Recently, 
magnetic skyrmions have received notable attention as potential infor
mation carriers given their remarkable properties including nanoscale 
size, topological stability, effective controllability, high operational 
speed, low power consumption, and CMOS compatibility. The pursued 
goal of skyrmion-based electronics is to address the quickly approaching 
climax of von Neumann computing by the successful realization of these 
highly desirable properties. 

Recent studies with either square or sinusoidal shapes the energy- 
efficient operation of global skyrmion motion through external mag
netic [70,86–89] and electric [110–114] fields, charge/spin currents 
[71–74,76], thermal effects [90–93], as well as local defects 
[76,205,207]. The utilization of skyrmion motion has been put forward 
in racetrack memory [169] and logic devices [176–183], however the 
widespread implementation of these proposed systems is pending due to 
the difficulties in the reliable manipulation of skyrmion motion imposed 
by pinning effects, edge roughness, and the skyrmion Hall effect. 
Mechanisms to mitigate this detrimental effect include engineering 
geometric boundaries, local defects, and utilizing alternative magnetic 
textures such as skyrmioniums [156–158] and antiferromagnetic sky
rmions [158–163]. Other magnetic textures such as skyrmion bundles 
[164,165] and bimerons [296–298] may also be applied in memory and 
logic devices. Particularly, the bimeron is a combination of a meron and 
an antimeron and is a skyrmion in in-plane magnetized magnets. 
Additionally, alternate three-dimensional magnetic structures such as 
chiral bobbers [174,175], skyrmion tubes, and hopfions [299] may also 
be realized by fabricating magnetic multilayers that possess both 
intralayer and interlayer DMIs. The newly identified interlayer DMI can 
govern a chiral magnetization across magnetic multilayers [300–303]. 

In addition to the memory and logic devices, skyrmions are also of 
interest to multiple unconventional computing devices [304]. Compared 
to the artificial neurons and synapses of CMOS-based ANNs, skyrmion- 
based counterparts have a lower spatial cost and consume much less 
energy with higher spatiotemporal stability. In the LIF model, the 
membrane potential is increased incrementally to a certain threshold 
under a series of input current pulses followed by an output spike and a 
reset of the membrane potential. For skyrmion neurons, the membrane 
potential can be marked by the skyrmion position in the nanotrack 
[222,226] or by other parameters such as the number of skyrmions 
pinned by the magnetic anisotropy barrier [220], the skyrmion size 
adjusted by the voltage-controlled PMA and strain [219,227], and the 
radius of the skyrmion motion in a skyrmion-based STNO [228]. The 
spike transmission process relies heavily on synaptic plasticity which is 
responsible for the modulation of synaptic weights and is determined 
either by the number of skyrmions or the skyrmion size. The potentia
tion and depression behaviors of a skyrmion synapse are modeled by the 
accumulation and dissipation of skyrmions which can be controlled by 
electrical currents [231,232,234], surface acoustic waves [230] and 
ultrafast laser pulses [233]. Research efforts have focused on achieving a 
compromise between the synaptic weight resolution, processing speed, 
functional area, and energy consumption by optimizing the track ge
ometry and barrier design. Accomplishing successful operation of the 
skyrmion synapse at room temperature has attracted significant atten
tion. Periodic multilayers have been proposed to reduce the fluctuations 
in skyrmion shape at room temperature [231]. By simulating a two-layer 
unsupervised ANN and a supervised deep ANN, the accuracy in pattern 
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recognition, optimization, and classification tasks at room temperature 
has been increased tremendously, indicating that skyrmion synapses are 
promising candidates for high-performance neuromorphic computing 
applications. The viable integration of skyrmion neurons and synapses, 
however, remains unresolved. 

Skyrmion Brownian motion is an inherent random process that is 
invaluable to stochastic computing. Skyrmion-based TRNGs may be 
designed using a random distribution of skyrmions [191], the relative 
positions of two neighboring skyrmions [195], or the size fluctuation of 
an isolated skyrmion [76]. The resulting true random numbers are 
crucial for subsequent logic operations [91,92,243]. The high mobility, 
reversible polarity, and mutual interactions of skyrmions make them an 
ideal candidate for constructing efficient networks to solve optimization 
problems such as probabilistic inference, sampling, invertible logic, and 
integer factorization. 

Reservoir computing for temporal information processing may uti
lize naturally-existing networks since the reservoirs do not require 
training. Magnetic skyrmions are suitable for realizing reservoir 
computing due to the emergence of organized skyrmion lattices along 
with their nonlinear response to external stimuli. Nonlinear dynamics of 
skyrmions include nonlinear current–voltage characteristics arising 
from skyrmion distortion [205,235,240,242] and geometric confine
ment [182] as well as from the strain-induced nonlinear breathing 
modes [241]. The outstanding obstacles to realizing skyrmion reservoir 
computing in practice include thermal fluctuations, low magnetoresis
tive signal, the pending optimization of skyrmion reservoir conditions, 
and the lack of integration of the skyrmion reservoir with other sky
rmion synapse and neuron devices for signal readout and processing. 

As with all spintronic applications, the creation and deletion of 
skyrmions, spatial cost, thermal stability, operation speed, and manu
facturability are crucial parameters. 

Generally, skyrmions can be nucleated from topologically trivial 
bubbles which can then relax into skyrmions or be transformed from 
stripe domains under a spin current [150]. Annihilation of a skyrmion is 
achieved by driving it to a boundary or by exerting a localized spin 
torque to transform it into the ferromagnetic state [150]. Recent studies 
have relaxed the conditions on the creation and stabilization of sky
rmions from cryogenic, finite-field to room-temperature, magnetic field- 
free [70]. The challenge remains as to how to generate and stabilize a 
single skyrmion deterministically. 

The skyrmion configuration is determined by the competition be
tween multiple energy terms. Engineering material parameters to yield 
smaller skyrmions is crucial to addressing the issue of spatial cost in 
device applications. In addition to exploring new material systems to 
tune the intrinsic magnetic parameters [58], external controls including 
the voltage, strain, and chemisorption/desorption may also be used 
[110–117]. The magneto-ionic functionality has been proposed for 
modeling low-power-consumption, non-volatile memory devices [110] 
as well as artificial neurons [227] and synapses [266,267] based on 
multistate skyrmions. 

Skyrmion stability is also of great significance to device applications. 
This can be achieved by striking a balance between the thermal forces 
that act on a skyrmion and the pinning effects inherent to the sample. 
Although strong pinning centers tend to impede skyrmion motion, 
pinning centers with intermediate strengths can be used to stabilize 
skyrmions and guide them in a predictable manner [118]. While 
elevated temperatures reduce the stability of these topological defects, 
they can also improve skyrmion mobility. Hence, a balance must be 
maintained between pinning center distribution and thermal effects to 
increase the lifetime of skyrmions in magnetic systems. The spatial in
homogeneity of magnetic parameters also plays a significant role by 
exerting pinning effects which induce local dynamics of skyrmions for 
versatile applications such as the non-linear response of the resistance 
[205], adder/subtractor operations [207], and TRNG [76]. The energy 
profiles of pinning, however, are rarely investigated and require further 
research to better understand the energy landscape. Fundamental 

questions remain as to what types of energy profiles can be induced by 
different kinds of pinning and how to balance the effective manipulation 
of skyrmions with their thermal stability. 

Another important parameter of spintronic devices is operation 
speed. High speeds can be achieved by reducing both the number and 
strength of pinning centers in the sample as well as by increasing the 
magnitude of the stimulus force. The theorized finite inertial mass of a 
skyrmion also suggests that reducing its size can help increase its speed. 

Finally, most of the skyrmionic applications remain in the stage of 
conceptualization and prototyping. Careful consideration should be 
given to overcoming these current limitations in order to manufacture 
reliably robust and scalable skyrmionic devices that are competitive for 
next-generation technologies. 
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[63] I. Kézsmárki, S. Bordács, P. Milde, E. Neuber, L. Eng, J. White, H.M. Rønnow, 
C. Dewhurst, M. Mochizuki, K. Yanai, Néel-type skyrmion lattice with confined 
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