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ABSTRACT
Skyrmions have received considerable attention in various studies since the experimental observation in magnetic materials in 2009.
Skyrmions, which are topological, particle-like localized structures, show significant fundamental research value in the field of physics
and materials and are also regarded as novel information carriers that have the potential for use in developing high-density, low-power,
and multi-functional spintronic devices. In this Perspective, we first overview the development, structure, and materials of skyrmions.
Subsequently, we focus on the recent progress in skyrmion devices for memory and logic applications and discuss their challenges and
prospects.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0042917

I. INTRODUCTION
In 1962, the British scientist Tony Skyrme proposed a model

in nuclear physics to develop a nonlinear field theory for interacting
pions and introduced the concept of skyrmions to describe localized,
particle-like configurations in the fields of pions.1 Skyrmions had
been named after him. Thereafter, skyrmions were theoretically pre-
dicted in various materials, such as liquid crystals (in 1989),2 non-
centrosymmetric magnetic materials (1989),3 quantum Hall mag-
nets (1993),4 and Bose–Einstein condensates (1998).5 In 1996, Aifer
et al. provided experimental evidence for the presence of skyrmion
excitations in quantum wells by interband optical transmission.6 In
2009, Mühlbauer et al. observed a skyrmion lattice in a chiral magnet
MnSi using neutron scattering.7 In 2010, Yu et al. reported the real-
space observation of the skyrmion lattice in magnetic thin films of
Fe0.5Co0.5Si using Lorentz transmission electron microscopy.8 Since
then, researchers have experimentally observed skyrmions in sev-
eral material systems, such as magnetic,7,8 optical (2019),9 and fer-
roelectric (2019)10 materials, which prompted further research on
skyrmions. Among them, magnetic skyrmions are early focused and
widely investigated.

Magnetic skyrmions are nanosized noncollinear spin structures
with particle-like topological states.11–17 Their main characteristics
and potential advantages include (1) particle-like states, which have
the ultimate size as small as a few nanometers16 and can move with

a low depinning current density (as small as ∼106 A/m2 for the
skyrmion lattice19,20), and (2) nontrivial spin structures, enabling
the magnetic skyrmions to develop novel spintronics. Therefore,
magnetic skyrmions are regarded as small and energy-efficient
information cells that have the potential to develop high-density,
low-power, and multi-functional devices for memory and logic
applications.

In this Perspective, we first briefly introduce the skyrmion
structure and materials and then concentrate on skyrmion devices
for memory and logic applications. The major challenges and
prospects are presented for the implementation of skyrmion-based
next-generation devices.

II. SKYRMION STRUCTURE AND MATERIALS
A. Structure

For magnetic materials, there exist various coupling interac-
tions between magnetic atoms, causing the magnetic moments to
be arranged spontaneously under certain principles without exter-
nal fields. For example, in ferromagnetic materials, there is a strong
exchange between adjacent magnetic moments. The exchange
energy is expressed as

Eex = J ⋅ (S1 ⋅ S2), (1)
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where J is the exchange coefficient and is positive for a ferromag-
net. S1 and S2 are neighboring magnetic moments. The exchange
leads to magnetic moments aligned in parallel within a region known
as the magnetic domain. Furthermore, owing to the competition
between energy terms such as magnetic anisotropy and dipole inter-
action in addition to the exchange, noncollinear magnetic structures
can be naturally formed, such as magnetic domain walls (DWs) and
magnetic vortices.

In particular, in magnetic materials with broken spatial inver-
sion symmetry, there exists an additional noncollinear bulk or inter-
facial Dzyaloshinskii–Moriya interaction (DMI).21 The DMI energy
is expressed as

EDM = −D12 ⋅ (S1 × S2), (2)

where D12 is the DMI vector determined by lattice symmetry. The
DMI causes the adjacent magnetic moments to be aligned perpen-
dicularly in the plane normal to D12, as shown in Figs. 1(a) and
1(b). A strong DMI usually exists in materials containing heavy
elements (with large atomic numbers) with strong spin orbit cou-
pling (SOC), such as MnSi magnets and Co/Pt magnetic multilayers.
Because of the competition between the energy terms including the
DMI, the adjacent magnetic moments can exhibit diverse canting
angles, resulting in more stable and localized magnetic structures,
such as noncollinear magnetic spiral structures, conical structures,
chiral DWs, and magnetic skyrmions.

Among the above noncollinear magnetic structures, magnetic
skyrmions exhibit unique topological properties.22 Skyrmions have
nontrivial whirling configurations with peripheral spins aligned
antiparallel to the core spin, as shown in Figs. 1(c) and 1(d). Simi-
lar to DWs, skyrmions can also be classified into Bloch or Néel type.
In a Bloch-type skyrmion, the spins rotate in a plane perpendicular
to the radial direction from the core to the periphery, whereas in a
Néel-type skyrmion, the spins rotate in the radial plane from the core
to the periphery. For the normalized magnetic moment vector (m)

of the spatial distribution in the x–y plane, the topological number
(Q, also known as the skyrmion number) is calculated as follows:

Q = 1
4π ∬ m ⋅ (∂m

∂x
× ∂m

∂y
)dxdy. (3)

The Q value of a skyrmion is +1 or −1, corresponding to the core
spin pointing up or down, respectively. In contrast, the Q value of a
DW is 0 and that of a magnetic vortex is +1/2 or −1/2. Hence, the
skyrmion number can be used to distinguish different types of non-
collinear magnetic structures. Owing to such a topological structure,
skyrmions can be regarded as localized quasi-particles in a ferromag-
netic background, exhibiting topology-related dynamic properties
such as the skyrmion Hall effect (SkHE).23–25

B. Materials
Several types of magnetic material systems can host skyrmions

under different underlying physical mechanisms. During the early
stages, skyrmions were observed in non-centrosymmetric chi-
ral magnets or crystal films at a low temperature, such as
MnSi,7 FeCoSi,8,26 and FeGe,27 in which the formation of a
skyrmion lattice is caused by bulk DMI. Following this, more
localized skyrmion clusters and isolated skyrmions were sta-
bilized by interfacial DMI in asymmetric magnetic multilay-
ers, such as Fe/Ir,18 Ta/CoFeB/TaOx,28 Ir/Co/Pt,29 Pt/Co/MgO,30

Pt/Co/Ta,31 Pt/CoFeB/MgO,31 Ir/Fe/Co/Pt,32 Ta/CoFeB/MgO,33

IrMn/CoFeB/MgO,34 Pt/Co/IrMn,35 and Pt/Co/NiFe/IrMn.36 In
addition to the above metallic ferromagnetic materials, skyrmions
have also been observed in a multiferroic material Cu2OSeO3,37 a
β-Mn-type Co–Zn–Mn alloy,38 a frustrated kagome magnet
Fe3Sn2,39 and a compensated ferrimagnet Pt/Gd44Co56/TaOx.40 In
general, magnetic skyrmions have progressed from bulk materials to
thin films, from lattices to single skyrmions, from low temperature to

FIG. 1. Schematics of (a) bulk DMI, (b) interfacial DMI, (c) Bloch skyrmion, and (d) Néel skyrmion. Reproduced with permission from Fert et al., Nat. Nanotechnol. 8, 152
(2013). Copyright 2013 Springer Nature.
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room temperature (RT), from the external field-assisted stability to
the absence of an external field, and from micrometer to nanometer
size. The development of smaller, more stable, and more controllable
skyrmions at RT is currently being attempted.

The variety in material systems provides a higher number
of platforms for the study of skyrmions. Among them, it has
been proved that magnetic multilayers can stabilize nanosized
skyrmions at RT under low or even zero magnetic fields.36,41

Furthermore, these magnetic multilayers can be prepared by a
mature growth process that is compatible with CMOS technol-
ogy. Therefore, this material system offers a promising oppor-
tunity for further development of skyrmion-based functional
devices.

Beyond the research on skyrmion-hosting materials, skyrmion
dynamics have been widely investigated, such as creation, deletion,
current-induced motion, and detection. Based on this, skyrmion
devices were proposed and studied. In these devices, skyrmions are
regarded as the major carriers of information and binary data can be
encoded with and without the presence of a skyrmion in the ferro-
magnetic space, thus implementing memory and logic applications,
as depicted in Secs. III and IV.

III. SKYRMION DEVICES FOR MEMORY APPLICATIONS
A. Skyrmion-based racetrack memory

Racetrack memory (RM) is the most widely studied poten-
tial application of skyrmions.42,43 As shown in Fig. 2, RM com-
prises magnetic nanowires/nanotracks, write ports, read ports, and
shift ports: (1) Nanotracks are divided into a series of storage
bits along their lengths, and binary data are continuously stored
in these bits, represented by two different magnetization states
(i.e., with or without a skyrmion). (2) Write ports are used to
switch the stored magnetization state usually by applying a write
current. (3) Read ports are used to read the stored magnetiza-
tion state by detecting the magnetoresistance (MR). (4) Shift ports
are used to move the selected storage bits to write/read ports
for write/read operations, similar to racing cars traveling on the
track.

The way to realize the operations of writing, reading, and
shifting the skyrmion in RM has been widely studied. An isolated
skyrmion can be created and deleted with local current injection
into the ferromagnetic layer via spin transfer torque (STT),44,45 spin
orbit torque (SOT),28,46 or heating,47 as well as with a local elec-
tric field.48,49 Theoretically, reading skyrmions can be realized by
tunneling/giant MR (T/GMR) through the magnetic tunnel junc-
tion (MTJ) or spin valve structures, which requires further exper-
imental exploration. In the experiments, skyrmions are electrically
read out by spin mixing MR,50 nonlinear TMR,51 and topological

Hall MR52 using specific instruments at low temperatures. For
shifting skyrmions, the SOT induced by the in-plane current
along the nanotrack is a commonly used effective method since
SOT shares the same material system (i.e., magnetic multilayer
consisting of a ferromagnetic/heavy metal) as interfacial DMI-
stabilized skyrmions. Jiang et al.28 and Yu et al.53 experimentally
investigated the current-induced motion of micrometer skyrmions
with low velocity at a low current density of ∼109 A/m2 in
Ta/CoFeB/TaOx. Woo et al. experimentally showed that the veloc-
ity of 100-nm skyrmions exceeds 100 m/s at a current density of
∼1011 A/m2 in Pt/CoFeB/MgO.31 Legrand et al. experimentally
demonstrated the current-induced motion of sub-100 nm skyrmions
in Pt/Co/Ir.54

Compared to hard disk drives (HDDs), RMs have similar
write/read operations but different structures and addressing modes.
While the HDD depends on the rotation of the magnetic disk and
the movement of the write/read head, RM uses shift ports with
fixed magnetic nanowires and write/read ports. In contrast, RM has
potential advantages, including more reliable mechanical stability,
faster addressing time (∼10–100 ns, while the addressing time of the
HDD is in ∼ ms and that of FLASH is in ∼ μs), and higher storage
density by setting the nanowire array. Compared to the first pro-
posed RM based on shifting the DWs, the skyrmion-based RM is
superior with respect to the pinning issue. The DW motion is eas-
ily pinned by edge defects or roughness, whereas the skyrmion can
move along edge notches with small size owing to its particle-like
characteristic.

However, there are some challenges in skyrmion RM. When
a skyrmion is driven by a current, it exhibits a transverse motion
with an angle between its trajectory and the direction of the cur-
rent, known as the SkHE.23–25 This angle is called the skyrmion Hall
angle, which is generally proportional to the current amplitude.25

The SkHE is attributed to the Magnus force, which occurs because
of the coupling between the conduction electron spin and the local
magnetization. Considering the topology of skyrmions, the Magnus
force is equivalent to the Lorentz force for electric charge. The SkHE
leads to the deflection of the skyrmion motion along the nanotrack,
hampering the read and shift process. Although there is a repul-
sion interaction from the track edge to counter the Magnus force,
the skyrmion is expelled from the edge at a sufficiently strong driv-
ing current, resulting in operational errors and data loss. In other
words, the SkHE limits the driving current threshold, thereby lim-
iting the skyrmion motion at high speeds. Some approaches have
been proposed to eliminate the SkHE in RM. A typical method is
to use bilayer-skyrmions with antiferromagnetic (AFM) exchange
coupling55,56 or AFM/ferrimagnetic skyrmions,57–60 as shown in
Fig. 3(a). Magnus forces acting on two skyrmions with opposite
topological numbers are canceled. Thus, the skyrmions can move
along the nanotrack without deflection. Another solution is to

FIG. 2. Schematic of the skyrmion racetrack memory.
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FIG. 3. Depression of the skyrmion Hall effect by (a) using bilayer-skyrmions and (b) adding a boundary layer outside one side of the nanotrack. Reproduced with permission
from Zhang et al., Nat. Commun. 7, 10293 (2016). Copyright 2016 Springer Nature and reproduced with permission from Zhang et al., Nanoscale 9, 10212 (2017). Copyright
2016 Royal Society of Chemistry.

modify the magnetic structure at the track edge to increase the edge
repulsive force,61–63 e.g., by adding a boundary layer with in-plane
anisotropy outside one side of the nanotrack with perpendicular
magnetic anisotropy,61 as shown in Fig. 3(b). The SkHE can also be
eliminated in hybrid DMI systems.64

Another challenge is the synchronization of the skyrmion
motion to ensure data integrity. To solve this problem, the basic idea
is to set pinning sites for skyrmions. For example, by constructing
artificial notches at the track edge,65 skyrmions are confined in the
regions (i.e., bit zones) between notches, and they can bypass the
notches simultaneously when subjected to the driving current pulse
during the shifting process. However, in this scheme, skyrmions
may also risk annihilation by getting in contact with the notches. In
addition, the pinning site can be achieved by engineering the local
exchange bias66 or by varying the local magnetic anisotropy induced
by defects67 or voltage control.68

B. MTJ with skyrmion
Magnetic random access memory (MRAM) based on the MTJ

is a promising candidate for non-volatile memory.69,70 The MTJ is
a sandwich structure composed of a magnetic free layer (FL), bar-
rier layer (BL), and magnetic pinning layer (PL). Generally, the FL
has a uniform magnetization pointing up or down. The MTJ resis-
tance can be altered by applying currents through the two-terminal
MTJ via STT to completely flip the magnetization of the FL. With
the magnetization directions of the FL and PL being parallel or
antiparallel, the MTJ exhibits two resistance states RP or RAP, respec-
tively, because of the TMR effect. If the non-uniform skyrmion
state is introduced into the FL, the MTJ can obtain an additional
resistance state RSK. By controlling the creation and annihilation of
the skyrmion in the FL, binary or multilevel memory cells can be
realized.

In 2013, Sampaio et al.45 demonstrated through micromagnetic
simulations that a skyrmion can be nucleated in a ferromagnetic

nanodisk by local current-induced STT, which actually indicates
the basic write operation in skyrmion-based MTJs. In 2018,
Zhang et al.71 further showed the process of skyrmion creation and
deletion via STT with the assistance of stray fields from the PL in a
complete MTJ structure [Fig. 4(a)]. In 2020, Luo et al.72 proposed
and studied thermally assisted skyrmion memory based on the MTJ
with thermal barrier layers, in which unidirectional current-induced
STT and Joule heating were applied to induce magnetization switch-
ing between the uniform ferromagnetic and skyrmion states in the
FL [Fig. 4(b)]. In addition, in the write operations carried out by
applying dissipating currents, the application of a voltage or electric
field reduces the operating power. In 2018, Hu et al.73 showed, using
phase-field simulations, that a skyrmion can be repeatedly created
and deleted in the ferromagnetic layer of multiferroic heterostruc-
tures by voltage-induced strain [Fig. 4(c)]. In 2020, Wang et al.74

experimentally demonstrated electric-field-induced skyrmion cre-
ation and annihilation in a [Pt/Co/Ta]/Ta/PMN-PT nanodisk array
[Fig. 4(d)].

Although MTJs with skyrmions could pave the way for a com-
pact memory cell, there are some disadvantages when compared to
advanced STT-MRAM. The sensing margin is degraded owing to
the poor TMR ratio at the same MTJ structure. In addition, the
retention of the skyrmion state in a compact cell is limited since
the skyrmion risks touching the FL boundary and getting destroyed
under thermal fluctuation at room temperature.72 However, it is
beneficial to study the skyrmion-based MTJs as elements (like read-
ing) for other types of memory and logic as well as oscillator
applications.

C. Memristive device
Memristors are resistive switching devices with continu-

ously tunable resistance by controlling the current or volt-
age.75 The common types of memristors are mainly based on
resistive RAM (RRAM) and phase change memory (PCM). In
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FIG. 4. (a) MTJ with a skyrmion in the free layer and its magnetization-current hysteresis loops. (b) Thermally assisted skyrmion memory based on the MTJ with thermal
barrier and its write operations. (c) Heterostructures for strain-mediated voltage-controlled switching of magnetic skyrmions. (d) [Pt/Co/Ta]/Ta/PMN-PT nanodisk array and
switching of individual skyrmions induced by an electric field. Reproduced with permission from Zhang et al., ACS Appl. Mater. Interfaces 10, 16887 (2018). Copyright 2018
American Chemical Society; reproduced with permission from Luo et al., IEEE Electron Device Lett. 41, 932 (2020). Copyright 2020 IEEE; reproduced with permission from
Hu et al., npj Comput. Mater. 4, 62 (2018). Copyright 2018, Springer Nature; and reproduced with permission from Wang et al., Nat. Commun. 11, 3577 (2020). Copyright
2020 Springer Nature.

addition, spin-based memristors are generally realized based on the
DW motion.76 In the memory mentioned above, the skyrmion is
regarded as a rigid quasi-particle and its presence or absence is
encoded into binary data. Furthermore, by considering its non-
collinear spin structure, skyrmion dynamics can be converted
into analog signals and thereby used for designing memristive
devices.

In 2017, Huang et al.77 proposed a synaptic device with mem-
ristive behavior based on a skyrmion racetrack. The readout resis-
tance of the device can be continuously modulated by the current-
induced motion of the skyrmion cluster to change the number of
skyrmions in the detection region. In 2020, Song et al.78 experimen-
tally demonstrated this proposal using a Pt/GdFeCo/MgO Hall bar
device. The Hall resistance decreased and increased as the number
of skyrmions increased and decreased, respectively [Fig. 5(a)]. In
2019, Luo et al.79 proposed another type of memristive device based
on the MTJ and a multiferroic heterostructure with a skyrmion
included in the ferromagnetic FL. The MTJ resistance is contin-
uously modulated by the voltage-controlled size change in the
skyrmion [Fig. 5(b)].

Compared to conventional memristors, such as RRAM and
PCM, skyrmion-based memristive devices have reduced cur-
rent/voltage consumption, present a good linear resistance dis-
tribution with the number or size of skyrmions, exhibit rela-
tively small device-to-device and cycle-to-cycle variations, and offer
significant endurance and retention.78 However, skyrmion-based

memristive devices have a relatively large bit-cell area to ensure
multilevel states and show a small on/off ratio, similar to binary
memory applications.

IV. SKYRMION DEVICES FOR LOGIC APPLICATIONS
A. Logic gates

In 2015, Zhang et al.80 proved that the duplication and merg-
ing of skyrmions can be realized based on the reversible conversion
between the skyrmion and the DW on Y-type nanotracks. Further-
more, by tuning the nanotrack width in the skyrmion–DW conver-
sion region on Y-type nanotracks with two inputs and one output,
skyrmion-based AND and OR gates were implemented [Fig. 6(a)].
A skyrmion-based NOT gate was implemented through the conver-
sion between the skyrmion and the anti-skyrmion on a nanotrack
with left input and right output wide regions connected by a nar-
row nanowire. In 2016, Xing et al.81 studied the collision between a
skyrmion and the DW under different drive currents on a skyrmion
nanotrack with a designed junction to trap a DW pair. Based on
the skyrmion–DW collision dynamics on such a nanotrack, a logic
NOT gate was realized. The NAND and NOR gates were constructed
by connecting two NOT gates in parallel and in series, respectively
[Fig. 6(b)]. In 2017, He et al.82 further studied the collision between
multiple skyrmions and a DW pair. The results indicate that the pin-
ning or depinning of DWs in the trapped region depends on the
number of skyrmions and the drive current density, based on which
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FIG. 5. (a) Skyrmion-based synaptic device with memristive behavior based on skyrmion cluster motion. Measured Hall resistivity change with the skyrmion number in the
Pt/GdFeCo/MgO Hall-bar device. (b) Memristive device based on the voltage-controlled size change in the skyrmion in the MTJ and multiferroic heterostructure. Reproduced
with permission from Song et al., Nat. Electron. 3, 148 (2020). Copyright 2020 Springer Nature and reproduced with permission from Luo et al., IEEE Electron Device Lett.
40, 635 (2019). Copyright 2019 IEEE.

a three-input skyrmion majority gate can be realized by tuning the
drive current density.

All the logic devices mentioned above involve interactions
between skyrmions and the DW, which would lead to the complex-
ity of logic implementation. In 2018, Luo et al.83 proposed skyrmion
logic devices with only skyrmions as the information carriers on
the nanotrack [Figs. 7(a)-7(d)]. The logic AND and OR gates are
implemented based on the SkHE, skyrmion–edge repulsions, and
skyrmion–skyrmion collisions on the h-type nanotracks. Further-
more, AND and OR, two logic functions, can be simultaneously
implemented by separating the outputs on one H-type nanotrack,
that is, two nanotracks connected in parallel with a bridge, which
greatly enhances the single-device functionality. Note that, in the
above cases, when a skyrmion reaches the output region, the out-
put is denoted as “1”; otherwise, it is denoted as “0.” The logic
NOT gate can be simply realized by switching the PL magnetiza-
tion of the output MTJ, where the PL is connected to an AFM
layer. The switching can be induced by applying an in-plane cur-
rent in the AFM layer via SOT with the assistance of an exchange
bias. After this switching operation, the output representation is
reversed: when a skyrmion reaches the output region, the output
is denoted as “0”; otherwise, it is denoted as “1.” Accordingly, the
logic functions AND and OR are switched to NAND and NOR,
respectively. In 2019, Chauwin et al.84 proposed a NOT gate struc-
ture with an additional control input and output port [Fig. 7(e)].
This logic gate can also perform the COPY and FAN-OUT
functions.

B. Cascading for combination logic
A more complex combinational logic can be further con-

structed by cascading logic gates. There are two main cascading
schemes: one involves realizing cascading with CMOS circuits and
the other involves directly cascading skyrmion nanotracks.

In 2019, Mankalale et al.85 analyzed skyrmion detection using
an MTJ stack and the cascading of two logic gates with the assistance
of CMOS transistors. The output data of skyrmion logic devices
are encoded by magnetoresistance, and not the voltage signal, as in
CMOS logic counterparts. Thus, a read current from a transistor is
needed through the output MTJ of the prior logic gate to obtain the
output voltage (Vout). Vout is then transferred to the post-logic gate,
and its strength determines whether a skyrmion is input at the next
stage, realizing cascading.

On the other hand, in 2019, Chauwin et al.84 demonstrated
a full adder and a Fredkin gate using directly cascaded logic gates
and also addressed the clocked synchronization mechanism with
notch structures to ensure signal integrity (Fig. 8). This proves the
feasibility of using skyrmion logic devices to construct large-scale
computing systems that can efficiently perform complex functions.

C. Reconfigurable logic and parallel computing
To allow varying operations to be performed efficiently with a

minimal number of devices, creating reconfigurable devices that are
adaptable to different logic functions or operations is an ingenious
way to achieve more powerful logic circuits. In 2018, Luo et al.83
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FIG. 6. (a) Skyrmion logic gates AND, OR, and NOT based on the reversible conversion between the skyrmion and the DW. (b) Skyrmion logic gates NAND and NOR
based on the collision between the skyrmion and the DW. Reproduced with permission from Zhang et al., Sci. Rep. 5, 9400 (2015). Copyright 2015 Springer Nature and
reproduced with permission from Xing et al., Phys. Rev. B 94, 054408 (2016). Copyright 2016 American Physical Society.

FIG. 7. Skyrmion logic gates (a) AND, (b) OR, (c) AND and OR, (d) NOT, and (e) controlled NOT. Reproduced with permission from Luo et al., Nano Lett. 18, 1180 (2018).
Copyright 2018 American Chemical Society and reproduced with permission from Chauwin et al., Phys. Rev. Appl. 12, 064053 (2019). Copyright 2019 American Physical
Society.
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FIG. 8. Full adder using directly cascaded skyrmion nanotracks. Reproduced with
permission from Chauwin et al., Phys. Rev. Appl. 12, 064053 (2019). Copyright
2019 American Physical Society.

proposed reconfigurable skyrmion logic gates by adding voltage con-
trol terminals to H-type nanotracks (Fig. 9). The on/off states of
two transmission control voltages (VK1 and VK2) are used to select
the output channel via the voltage-controlled magnetic anisotropy
(VCMA) effect, determining the execution of logic AND (NAND)
or OR (NOR). The output control voltage (VM) is used to switch the
PL magnetization of the output MTJ to realize switching between
logic AND (OR) and NAND (NOR).

Parallel computing platforms are increasingly forming the basis
for the development of high-performance systems, primarily aimed
at solving intensive computing problems. In 2019, Zhang et al.86

proposed another type of reconfigurable skyrmion logic gates based
on voltage terminals distributed with an inclined angle on a nan-
otrack. The authors also addressed the division mechanism with
fishtail-shaped hollows to change the skyrmion number. Combin-
ing the above solutions, a parallel computing scheme with four logic
operations for two inputs is proposed and demonstrated.

D. Sequential logic
In contrast to combination logic, sequential logic is a type

of logic circuit whose output depends on the sequence of past
inputs in addition to the present input signals. Typical sequen-
tial logic devices include latches, flip-flops, and registers. In 2020,
Luo et al.87 proposed skyrmion-based sequential elements. A

FIG. 10. Schematics of (a) skyrmion latch and (b) skyrmion flip-flop. Reproduced
with permission from Luo et al., J. Magn. Magn. Mater. 494, 165739 (2020).
Copyright 2020 Elsevier.

skyrmion latch is implemented in a single device in which the
skyrmion position (corresponding to the output) is controlled by the
input current-induced SOT on a nanotrack with gradient anisotropy
[Fig. 10(a)]. The VCMA-associated enable signal determines the
propagation and blocking of skyrmion motion, thus implement-
ing the latch function. Furthermore, a master–slave skyrmion flip-
flop can be simply realized by cascading two skyrmion latches
[Fig. 10(b)].

E. Performance of skyrmion logic
For skyrmion logic devices based on skyrmion motion, the

logic switching delay (td) is determined by the skyrmion veloc-
ity (v) and the distance between the input and the output. In the
existing skyrmion logic gates measuring hundreds of nanometers,
td is approximately a few nanoseconds at v ∼ 100 m/s.84 Note that
the skyrmion velocity is proportional to the drive current density.
Thus, there exists a trade-off between the switching speed and power
consumption. Smaller drive current can be adopted for low power
consumption, while a larger one should be used for high switch-
ing speed. On the other hand, the skyrmion size is one of the main
factors to downscale the logic devices, which is determined by mag-
netic parameters such as anisotropy and DMI constant, and can be
sub-10 nm theoretically.83 From the materials of view, the magnetic
parameters can be optimized to obtain good performance of devices

FIG. 9. Reconfigurable skyrmion logic gates. Reproduced with permission from Luo et al., Nano Lett. 18, 1180 (2018). Copyright 2018 American Chemical Society.
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and systems, where a switching delay of 100 ps with an operation
energy of a few fJ has been realized.85 If the skyrmion velocity can
increase to hundreds or even thousands in tens-of-nm devices, td
can be further reduced to ∼10 ps.

Furthermore, the method of directly cascading skyrmion nan-
otracks for combination logic can effectively avoid the complexity of
metal connections within the back-end-of-line layers used in con-
ventional CMOS circuits. In addition, some logic functions (e.g.,
latches) can be implemented based on simple skyrmion device struc-
tures, while in the CMOS counterpart, they are constructed from
several logic gates and many transistors.87 This is expected to signif-
icantly simplify the circuit-level design and be beneficial for reducing
the chip footprint.

V. PERSPECTIVE
Overall, electrical signals can effectively manipulate the

skyrmion dynamics, including creation/deletion, motion, and mor-
phology, enabling the implementation of several types of skyrmion
devices for memory and logic applications. In addition, there are
interactions between the skyrmion and other magnetic structures
(such as DWs and boundary magnetic moments) that make the
design of skyrmion devices more flexible. Programmable operation
can be realized by virtue of current-induced STT/SOT and voltage-
induced VCMA effects. Parallel and reversible computing can be
achieved in nanotrack structures with bifurcation, crossover, and
interconnection. Moreover, skyrmion-based memristive or synaptic
devices and logic gates can be further used for developing neuro-
morphic computing77–79 and stochastic/probabilistic computing,88

respectively. In particular, both memory and logic functions can be
realized by skyrmion motions in magnetic racetracks, which makes
it possible to further explore skyrmion-based logic-in-memory
architectures.

At present, the size of skyrmion devices is mainly at the
micrometer or 100 nm scale in the experiments. Scaling down
the devices to tens of nanometers is a future research option,
so as to evaluate their potential for high-density and large-
capacity applications. In addition, the thermal stability of nano-
sized skyrmions and the reliability of nanosized devices need to
be validated and studied. On the other hand, the skyrmion veloc-
ity is a critical merit. Further speed improvement is a future
research direction for high-speed racetrack memory and logic appli-
cations. In addition, while there are some experimental studies
on memory applications, all studies for logic applications are the-
oretical because the device structures are complicated and more
precise and reliable control of skyrmion motions is required.
The realization of logic devices in experiments requires further
exploration.

In summary, due to scientific insight and potential applications,
skyrmions have rapidly drawn attention since 2009 and have become
an area of significant interest in the past decade. Although research
on skyrmions remains in the stage of prototype device fabrication
and verification, this Perspective has shown enormous potential for
future applications based on skyrmions.
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