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Abstract

Magnetic skyrmions are vortex-like spin configurations that possess nanometric dimensions,
topological stability, and high controllability through various external stimuli. Since their first
experimental observation in helimagnet MnSi in 2009, magnetic skyrmions have emerged as a
highly promising candidate for carrying information in future high-performance,
low-energy-consumption, non-volatile information storage, and logical calculation. In this
article, we provide a comprehensive review of the progress made in the field of magnetic
skyrmions, specifically in materials, manipulation, detection, and application in spintronic
devices. Firstly, we introduce several representative skyrmion material systems, including chiral
magnets, magnetic thin films, centrosymmetric materials, and Van der Waals materials. We then
discuss various methods for manipulating magnetic skyrmions, such as electric current and
electric field, as well as detecting them, mainly through electrical means such as the
magnetoresistance effect. Furthermore, we explore device applications based on magnetic
skyrmions, such as track memory, logic computing, and neuromorphic devices. Finally, we
summarize the challenges faced in skyrmion research and provide future perspectives.
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1. Introduction

The rapid development of microelectronic devices in accord-
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in transistor density on a single chip over the past dec-
ades. However, as these devices have become more complex,
issues such as power consumption and heat dissipation have
become increasingly severe, potentially resulting in the break-
down of Moore’s law [2]. In the current research, magnetic
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Figure 1. Spin configuration of several different types of magnetic skyrmions. (a) Block-type and (b) Néel-type skyrmions with the
magnetization rotating from the down direction at the skyrmion’s center to the up direction of the external uniform magnetization at the
skyrmion’s edge. Reproduced from [3]. © IOP Publishing Ltd. All rights reserved. (c) Schematic of DMI in chiral magnet. (d) Schematic
illustration of DMI in thin film with asymmetric interface. Reproduced with permission from [7]. Copyright 2013, Springer Nature. Figures
(e) and (f) are schematic illustrations of an antiskyrmion and a biskyrmion. Reproduced from [3]. © IOP Publishing Ltd. All rights reserved.
(g) Representation of topological charge (top) of the skyrmion (bottom). Reprinted from [11], with the permission of AIP Publishing.

(h) Nanoscale skyrmions observed by spin-polarized scanning tunneling microscopy in a monolayer of FePd bilayer grown on Ir(111).
Reprinted figure with permission from [27], Copyright (2015) by the American Physical Society.

skyrmions hold promise for carrying information in future
high-density, low-dissipation microelectronic devices owing
to their nanometric dimensions, topological stability, and low-
energy manipulation.

Magnetic skyrmions are topological swirling spin config-
urations that exhibit unique quasi-particle properties and pos-
sess a helical chiral structure (figures 1(a) and (b)) [3]. This
structure is characterized by gradual changes in the atomic
spin direction from the outer edge to the center, demonstrat-
ing a fixed chirality. The chiral structure of a skyrmion is
primarily attributed to the Dzyaloshinskii—-Moriya interaction
(DMI) [4, 5], which is an anti-symmetric exchange interaction
between neighboring spins and originates from strong spin—
orbit coupling (SOC) in chiral magnets [6, 7] (figure 1(c)) or
thin films with the asymmetric interface [7-10] (figure 1(d)).
Specifically, the DMI tends to arrange neighboring spin mag-
netic moments orthogonally, leading to the formation of the
chiral spin structure of magnetic skyrmions. The Hamiltonian
for DMI can be expressed as follows:

Hpm = —Dj; - (si X 55) (D
where s; and s; represent the spin of two adjacent atoms, and
Dj; refers to the DM vector. The magnitude and direction
of D;; depend on both the local crystal structure and SOC
strength. Due to a delicate interplay between the Heisenberg
exchange interaction and DMI, skyrmions can adopt two dis-
tinct spin configurations: Bloch-type (figure 1(a)) and Néel-
type (figure 1(b)). In Bloch-type skyrmions, the spin rotates
along the perpendicular direction of the tangent plane, while
in Néel-type skyrmions, they rotate along the parallel direction

of the tangent plane. These two configurations can be directly
analogous to the two types of magnetic domain walls (DWs).

Compared with conventional ferromagnetic or antiferro-
magnetic states, magnetic skyrmions exhibit non-trivial topo-
logical properties. These properties can be quantified by
a topological number, also known as a topological charge
(figure 1(g)) [11-14], which is determined by the formula [15]:

).

where n is the spin unit vector in the (x, y) space. Using
the formula (2), one can determine that both Bloch-type
and Néel-type magnetic skyrmions have the same topolo-
gical number (Q = —1), suggesting that they are equi-
valent in topology and can be continuously interconverted
through the rotation of spins. Magnetic skyrmions, analog-
ous to particles and antiparticles like electrons and positrons,
possess an antiparticle magnetic configuration, known as anti-
skyrmions. Antiskyrmions exhibit alternating Bloch and Néel-
type moment rotations (see figure 1(e)) [3]. These magnetic
structures can be stabilized by bulk DMI with lower sym-
metry, as initially predicted [16, 17], and subsequently exper-
imentally realized in Heusler compounds with D4 symmetry
at room temperatures [18]. Antiskyrmions have a topolo-
gical number opposite to that of magnetic skyrmions (i.e.
0 = 1) [18, 19]. Notably, Kuchkin et al predicted that mag-
netic topological solitons with opposite values of Q, such
as skyrmions and antiskyrmions, are expected to be able to
continuously merge and annihilate [20]. Recently, the cre-
ation and annihilation of skyrmion-antiskyrmion pairs in an
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exceptionally thin film of the cubic chiral magnet of B20-type
FeGe was observed using transmission electron microscopy
[21]. These findings provide a new platform for the funda-
mental studies of particles and antiparticles based on mag-
netic solids and open new perspectives for practical applica-
tions of thin films of isotropic chiral magnets. Additionally,
spins in a class of centrosymmetric magnets can form another
configuration, known as biskyrmions (figure 1(f)) [3], which
have a topological number of Q = —2 [22]. In addition to
those above mentioned skyrmions, other spin textures with
different topological charges have been identified, includ-
ing meron (Q = 1/2) and antimeron (Q = —1/2), which
are distinct from skyrmions (Q = —1) and antiskyrmions
(Q = 1). The formation of merons, antimerons, skyrmions, and
their lattice structural transitions is expected under increased
magnetic anisotropy. Xu recently report the experimental
observation of merons and antimerons, as well as the trans-
formation from a square (anti) meron lattice to a hexagonal
skyrmion lattice [23]. Additionally, three-dimensional topo-
logical spin textures, such as hedgehog (Q = +1) and anti-
hedgehog (Q = —1), also exist. Furthermore, several unique
spin configurations have been discovered, including inter-
mediate skyrmion, higher-order skyrmion, bimerons, skyrmi-
oniums, antiferromagnetic skrymion, skyrmion tube, chiral
bobber, block-anti-block crystal, hopfion. More comprehens-
ive information on these topologically non-trivial spin tex-
tures can be found in recently published review papers on
skyrmions [23, 24]. Due to the constancy of the topolo-
gical number under continuous deformation of the external
field, spin configurations with non-zero topological num-
bers, such as those mentioned above, demonstrate highly
stable properties.

The non-trivial topological property of magnetic skyrmi-
ons gives them distinctive magnetoelectric coupling proper-
ties. Since they have a non-collinear spin structure, mag-
netic skyrmions give rise to a non-zero Berry phase [24].
As electrons pass through magnetic skyrmions, they induce
an extra contribution to the Hall resistance, which is com-
monly referred to as topological Hall effect (THE). Along
with the THE, these also exists a skyrmion Hall effect,
that is, the motion of a skyrmion is deflected due to the
Magnus force when driven by an electric current [25, 26].
Aside from their innovative physical properties, magnetic
skyrmions hold great promise for carrying information in
future high-density and low-power-consumption microelec-
tronic devices [7]. Due to their distinctive magnetoelectric
coupling, the critical current density for the skyrmion motion
is extremely low, at current densities of only 10° A m~2,
which is about 10°—10° lower than that required to drive tra-
ditional magnetic domains or DWs (10''-10'2 A m~2) [26].
Furthermore, magnetic skyrmions possess local particle prop-
erties, with a size potentially less than 10 nm (figure 1(h)) [27].
Besides, skyrmions exhibit multi-value, controllable and cer-
tain randomness characteristics, making them ideal for neural
network-related applications [28, 29].

Although current research results indicate that mag-
netic skyrmions are promising for application in various

fields, many challenges must be overcome before magnetic
skyrmions can be applied to practical products. Creating a
practical skyrmion device requires not only the necessary
conditions for magnetic skyrmion materials but also accurate
manipulation and detection techniques. This review introduces
the progress, challenges and future development perspect-
ives of magnetic skyrmion in the fields of material science,
manipulation and detection techniques, and devices based on
magnetic skyrmions.

2. Development of magnetic skyrmion materials

The concept of skyrmions was originally proposed to explain
the stability of hadrons in particle physics [30]. Since then,
this model has been found to be applicable in condensed-
matter systems (e.g. such as the quantum Hall systems [31,
32], liquid crystals [33], and Bose—Einstein condensates [34]).
In 2006, RoBler er al predicted the existence of skyrmions in
magnetic systems [35]. Following the pioneering theoretical
work, Miihlbauer et al experimentally observed skyrmions for
the first time in MnSi using neutron scattering under low tem-
perature and magnetic field conditions [6]. Since then, numer-
ous material systems, including non-centrosymmetric bulk
magnets [6, 12, 13, 18, 36—41], magnetic thin films with inver-
sion symmetry broken at interfaces [25, 42—48], centrosym-
metric materials [49-53], and Van der Waals materials [50, 54,
55], have been confirmed to be able to host magnetic skyrmi-
ons. Each of these material systems possesses unique physical
properties, resulting in significant variations in the size, stabil-
ity, and dynamical properties of skyrmions, greatly expanding
the selection range of materials for the research and applica-
tion of magnetic skyrmions. A compilation of the current mag-
netic skyrmion material systems is presented (table 1).

2.1 Non-centrosymmetric bulk magnets

Skyrmions were first experimentally observed in the chiral
magnet B20-type compound MnSi [6], crystallizing into a
chiral cubic structure with space group P2,3 (figure 2(a)).
Due to the absence of centrosymmetry within the crystal
lattice, chiral magnets display spontaneous bulk-type DMIs
(figure 1(a)). In B20 compounds, the spin configuration of
magnetic skyrmions is usually the Bloch-type (figure 1(c)),
owing to the influence of bulk-type DMI. In chiral magnets,
bulk-type DMIs cant every neighboring spin moment direc-
tion, leading to the formation of long modulation periods of
helical and skyrmion spin structures, which typically range
from 10 to 100 nm.

Furthermore, the dimension of skyrmions is closely tied to
the spiral period of chiral magnets, which is typically determ-
ined by the ratio of Heisenberg exchange interaction and DMI.
Among chiral magnets, MnGe and MnSi;_,Ge, exhibit the
shortest spiral period of less than 5 nm [59, 72]. These short-
period spin twists hold promise for high-density spintronic
devices. However, the magnetic skyrmions in these magnets
can only be stable at extremely low temperatures. FeGe [13],
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Table 1. Summary of skyrmion type, existence conditions (temperature T and magnetic field B) and size in various magnetic skyrmions, RT

means room temperature.

Time Materials Skyrmion type T (K) B (mT) Size (nm) References
Non-centrosymmetric bulk magnets

2009 MnSi Bloch 27-29.5 110-220 19 [6]
2010 Feo.§Cog2Si Bloch 5-32 20-100 90 [12]
2010 FeGe Bloch 100-280 50-250 70 [13]
2012 Cu,08e03 Bloch 5-50 20-180 50 [56]
2013 Feg.5Coq.5Si Bloch 5-30 25-80 90 [57]
2015 Co-Zn-Mn Bloch 315 10 100 [58]
2015 MnGe Bloch 150 0-2400 1.5 [59]
2015 GaV,4Sg Néel 8-13 20-160 22 [38]
2016 FeGe|_,Siy Bloch 95 130 50 [60]
2016 Fe,Co;_,RhpsMosN Bloch 20-90 87-149 100 [61]
2017 Mn 4Pty 9Pdy 1 Sn Antiskyrmion RT 100-300 150 [18]
2019 Gd,PdSi3 Bloch 20 500-1500 2.5 [62]
2019 EuPtSi Bloch 1.8 800-1500 4 [63]
2021 Fe, 9NigoPdg,P Antiskyrmion RT 350-450 100-400 [64]
2022 (Fep5Cop.5)5GeTen Néel RT 50-150 200 [65]
Magnetic thin-film

2011 Fe/lr(111) Néel 11 0 1 [66]
2013 PdFe/Ir(111) Néel 2.2 1500 3 [10]
2015 Ta/CoFeB/TaOx Néel RT 0.5 700-2000 [45]
2015 Fe/Ni/Cu/Ni/Cu(001) Néel RT 150 400 [67]
2016 Ir/Co/Pt Néel RT 0-80 40-90 [48]
2016 Pt/Co/MgO Néel RT 04 70-190 [68]
2016 Pt/Co/Ta Pt/CoFeB/MgO Néel RT 0-2 400-500 [44]
2017 Ir/Fe/Pt/Co Néel RT 0-150 40-100 [69]
Other material systems

2012 BaFe2—x—0.055¢:Mgo.05019 Bloch RT 80-200 200 [70]
2014 Lay_2,Sr142:Mny07 Biskyrmion 20-46 350 200 [22]
2016 MnNiGa Biskyrmion 100-340 400 90 [49]
2017 FesSn, Bloch 120-630 700 300 [71]
2020 Fe;GeTe, Bloch 116 0-90 200 [54]

a B20 material, boasts a magnetic skyrmion phase that is
stable at 280 K, the highest temperature currently observed;
however, this temperature is still considered lower than room
temperature. A breakthrough in the search for stable skyrmion-
based devices is found in the 5-Mn type Co-Zn-Mn alloy
[58], a non-B20 chiral magnet with the skyrmion stable at
400 K (figure 2(b)). The discovery opens up practical potential
applications of skyrmion-hosting chiral magnets.

Most chiral materials with skyrmion phases are typic-
ally metallic in nature. However, there is an exception in
Cu,;08Se0s, which is the first insulating material among chiral
magnets and also exhibits multiferroicity [40]. Its crystal struc-
ture belongs to space group P23, similar to other B20 materi-
als but it is more complex due to the presence of copper atoms.
The appearance of skyrmions in Cu,OSeO3 is usually accom-
panied by alterations in macroscopic electric polarization [56].
This chiral magnet is inherently electrically insulated and
multiferroic, enabling the manipulation of skyrmions through
pure electric fields without causing additional Joule heating.
However, the Curie temperature of Cu,0SeOs is relatively low
at approximately 58 K. Therefore, searching for other multi-
ferroic insulating chiral magnets with a higher Curie temper-

ature is necessary if practical applications are desired. Besides
metal and insulating chiral magnetic materials, the mag-
netic semiconductor material GaV4Sg also exhibits skyrmion
phases [38]. Notably, its skyrmion spin configuration adopts
the Néel type due to the distinct symmetry of GaV4Sg from
B20 compounds.

Recent studies have also reported the discovery of mag-
netic skyrmions in non-centrosymmetric bulk magnets with
Dy4 symmetry. Two notable examples are the Heusler com-
pounds Mn 4PtSn [74, 75] and Mn 4Pty oPdg Sn [18, 76], in
which the alteration of D,q symmetry impacts the symmetry of
the DMI, leading to the formation of room-temperature anti-
skyrmion with a size of approximately 150 nm. Noteworthily,
Heusler compounds offer a wealth of options for tuning the
intrinsic physical parameters that affect the skyrmion proper-
ties, such as the crystal structure, symmetry, magnetic aniso-
tropy, and magnetic moment. As a result, these materials also
demonstrate great potential for generating anti-ferromagnetic
anti-skyrmions. Therefore, the discovery of anti-skyrmions
in Heusler compounds has generated significant excite-
ment in the scientific community with the potential for
diverse applications.
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Figure 2. (a) Schematic diagram of the B20 chiral crystal structure of MnSi, blue atom is Mn and gray atom is Si. Reprinted with
permission from [73]. Copyright (2020) American Chemical Society. (b) Schematic representation of the crystal structure of 3-Mn with
space groups P4;32 and P4332, where the Co atom occupies position 8C and Zn/Co occupies position 12d. Reproduced from [58].

CC BY 4.0. (c) Atomic-resolution STM image of the pseudomorphic hexagonal Fe layer at an Ir step edge. Reproduced from [66] with
permission from Springer Nature. (d) Schematic diagram of DM orientation on a single trilayer (FM, grey) consisting of a magnetic layer
(FM, grey) sandwiched between two different heavy metals a (blue) and B (green). Reproduced from [48] with permission from Springer
Nature. (e), Layer-resolved amplitude of the microscopic DMI for Pt[3 ML]/Co[3 ML] and Pt[3 ML]/Co[3 ML]/MgO obtained with ab
initio calculations. Reproduced from [68] with permission from Springer Nature. (f) Schematic of multilayer stack, featuring a sequence of
Ir, Fe, Co and Pt layers. The large DMI vectors at Co/Pt (top, D1) and Fe/Ir (bottom, D2) interfaces can act in concert to enhance the
effective DMI. Reproduced from [69] with permission from Springer Nature. (g) Kagome magnet Fe3Sn;. [71] John Wiley & Sons. [© 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (h) Layered NizIn-type MnNiGa with space group P63/mmec. [49] John Wiley &
Sons. [© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim]. (i) Crystal structure of a Fe3GeTe, bilayer with an interlayer van de
Waals gap. Reprinted with permission from [54]. Copyright (2020) American Chemical Society.

2.2. Magnetic thin film

In addition to the spontaneous DMI triggered by the break-
ing of the centrosymmetry within a crystal structure, DMI
can also manifest at the interface between magnetic films and
heavy metals. The absence of mirror symmetry at the mag-
netic film interface along with the strong SOC of heavy metals
leads to an indirect exchange interaction, which is transmit-
ted through the heavy metal atoms between two neighboring
magnetic atoms. This phenomenon, referred to as interface
DMI (figure 1(d)), often results in a Néel-type spin config-
uration of magnetic skyrmions. In 2011, Heinze er al made
a groundbreaking discovery by identifying Néel-type skyrmi-
ons in monolayer Fe/Ir(111) [66]. Figure 2(c) depicts a scan-
ning tunneling microscopy (STM) image of the Fe/Ir thin film
structure, revealing the exceptional strength of the interface
DMI, which yields skyrmion sizes as small as 1 nm, the smal-
lest experimentally recorded to date. Furthermore, a magnetic
skyrmion was subsequently observed in bilayer PdFe on the
Ir(111) surface [10]. Despite the zero-field stability provided
by the limited size of these skyrmions in such materials, their
stable temperature usually remains below 10 K in monolayer
or ultrathin magnetic films.

In recent years, magnetic skyrmion materials have been the
focus of research not only in single-layer and ultrathin ferro-
magnetic films but also in magnetic thin film/heavy metal
heterostructures and their multilayered structures grown by
magnetron sputtering. In this structure, the interfacial DMI
generated in the magnetic layer interface of the heavy metal
stabilizes the skyrmion (figure 2(d)). Magnetron sputtering is
a widely used material growth technique in industry, partic-
ularly in the field of magnetic storage. Research on magnetic
skyrmions in this type of material is directly related to practical
applications, promoting the application of magnetic skyrmi-
ons and generating widespread research interest. Furthermore,
by controlling parameters such as film thickness and mater-
ial combination, interface DMI and vertical magnetic aniso-
tropy in this type of material can be artificially modulated. This
provides great flexibility for optimizing the size, stability, and
dynamic properties of magnetic skyrmions.

Currently, there are two primary material structures for
magnetic thin films/heavy metal heterojunctions and their
multilayer structures. The first type is the heavy metal/mag-
netic thin film/metal oxide structure, which includes nano-
scale structures such as Pt/Co/MgO [68], Pt/CoFeB/MgO [44],
and Ta/CoFeB/TaOy [45]. Recent first-principles calculations
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have revealed that the interface DMIs in such structures ori-
ginate not only from the interface between heavy metals (e.g.
Pt and Ta) and the ferromagnetic layer but also from the
interface between metal oxides and the ferromagnetic layer
(figure 2(e)). First-principles calculations also indicate that the
interface DMI between the ferromagnetic layer and the metal
oxide interface is influenced by the charge transfer and polar-
ization present at the interface. Furthermore, surface oxida-
tion, as well as metal oxide, can raise the strength of DMI
in such structures, leading to a reduced skyrmion size and
improved stability. The heavy metal/magnetic thin film/heavy
metal structure, such as the [It/Co/Pt];p multilayer structure
[48], [Pt/Co/Ta];s multilayer structure, and Ir/Co/Fe/Pt [69]
(figure 2(f)), also represent a distinct type of material struc-
ture. First-principles calculations in these structures reveal
that the handedness of DMI between the two heavy metals
in individual Ir/Co and Pt/Co structures is opposite; however
the upper and lower surfaces in this sandwich structure (i.e.
Ir/Co/Pt) ultimately provide consistent handedness of the DMI
and can enhance its strength through collaborative action.

In addition to the two aforementioned structures, recent
experiments have led to the observation of some unique mag-
netic thin film material systems, which may offer new oppor-
tunities for optimizing thin film systems. One such mater-
ial system is the heterostructure of antiferromagnetic metal
thin film and ferromagnetic thin film IrMn/CoFeB/MgO [77].
Experimental findings have indicated that this structure pos-
sesses a skyrmion phase. Additionally, studies have observed
that the strength of the DMI in this system differs from that in
other heavy metal/ferromagnetic thin film systems. However,
the theoretical explanation for this phenomenon remains elu-
sive. In magnetic thin film structures, skyrmions can exist
stably at room temperature due to good vertical magnetic
anisotropy. The zero-field stability of skyrmions is also guar-
anteed in these films. Generally, the size of magnetic skyrmi-
ons in thin film systems ranges from 100 to 1000 nm, and some
experiments have indicated that they can even reach 20 nm
[78]. These materials have already demonstrated promising
physical properties for practical applications of skyrmions.

It has also been predicted that interfacial DMI with C,,
symmetry can lead to formation of antiskyrmions in ultrathin
magnetic films [57, 58]. In general, various types of skyrmi-
ons and antiskyrmions can be stabilized by changing the form
of DMI tensor [58]. Anisotropic interfacial DMI with C,,
symmetry has recently been realized in epitaxial Au/Co/W
magnetic films [66].

2.3. Other material systems

Magnetic skyrmions can be produced in some centrosymmet-
ric material systems through competition between magnetic
anisotropy and magnetic dipole interactions. The discovery
of these topological states in such materials has opened up
new possibilities for exploring skyrmion materials. In 2017,
Hou et al observed multiple forms and spontaneous magnetic
skyrmionic bubbles in frustrated Kagome magnets Fe;Sn;
(figure 2(g)) at room temperature [71], which could be con-
trolled in position and size by varying the external magnetic

field. Similarly, biskyrmions, except for Bloch- and Néel-type
skyrmions, can be produced in the centrosymmetric material
Lay_5,Sr;42,Mn,07 [22], Rhombohedral Rare-Earth Magnet
[50, 53] and MnNiGa [49] (figure 2(h)) within a certain tem-
perature and magnetic field range. The size of biskyrmions is
typically in the range of 90-200 nm, with MnNiGa having an
extremely wide temperature stability range and rich electrical
properties. Furthermore, the discovery of biskyrmions in such
centrosymmetric materials provides new insights for exploring
new skyrmion materials due to them lacking of the DMI.

Moreover, recent studies have revealed that magnetic
skyrmions can also be realized in two-dimensional Van
der Waals magnetic materials. These materials offer several
advantages, including easy disassembly and transfer, and also
the ability to maintain long-range magnetic order even in a
few or single layers. As a result, they hold immense poten-
tial for use in nanoelectronic devices. The dimensional and
height integration benefits of these materials provide a strong
foundation for the high-density storage of magnetic skyrmi-
ons. In 2020, Ding et al observed Bloch-type skyrmions
in two-dimensional magnetic Fe;GeTe, (figure 2(i)), using
Lorentz transmission electron microscopy (LTEM), thereby
broadening the scope of magnetic skyrmion materials to a
new dimension [54]. Later, in 2022, Zhang et al achieved
another milestone by successfully observing the existence of
room-temperature skyrmions in (FegsCog s5);sGeTe, [65], thus
greatly advancing the application process of two-dimensional
skyrmion materials.

3. Manipulation of magnetic skyrmions

Magnetic skyrmions have garnered significant interest due
to their rich physical properties and promising prospects for
application. Their nanoscale size and low driven current dens-
ity make them ideal information carriers in spintronic devices.
However, to fully utilize skyrmions in practical devices, sci-
entists must be able to accurately manipulate them, which
includes their generation, annihilation and movement.

3.1. Electric current

Since the discovery of skyrmions, researchers have relent-
lessly explored diverse methods for manipulating them. One
of the earliest and most ubiquitous methods is the use of an
electric current to write, erase, and drive skyrmions. In 2013,
Niklas et al demonstrated a noteworthy advancement by con-
trolling the generation and annihilation of skyrmions using an
STM [10]. Specifically, they injected spin-polarized currents
into PdFe/Ir (111) to produce skyrmions by reducing the mag-
netic field from 3 T to 1.8 T and injecting higher-energy elec-
trons through local voltage sweeps, as illustrated in figure 3(a).
The researchers observed that the switching rate and direc-
tion could be tailored by modulating the current parameters.
In 2014, Zhou and Ezawa proposed a device model for link-
ing narrow nanowires with wide nanowires. Micromagnetic
simulations revealed that a current could initiate the move-
ment of magnetic DWs from narrow to wide nanowires, thus
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Figure 3. Electric current manipulation of skyrmions. (a) The concept of skyrmion manipulation using local currents from a STM tip and
the SP-STM image before and after the application of spin-polarized current. From [10]. Reprinted with permission from AAAS. (b) The
stripe domains are forced to pass through a constriction in the device, and are eventually converted into skyrmions on the right side of the
device, as indicated by the red circles. From [45]. Reprinted with permission from AAAS. (c) The optical image of the device and the x-ray
holography images of Pt/Co44Gdss/TaOy after current pulse. Reproduced from [80], with permission from Springer Nature. (d) The
schematic picture of skyrmion motion and associated physical phenomena under the flow of electrons is depicted. The electron current
drives the flow of a skyrmion by means of the spin-transfer torque mechanism. Reproduced from [15], with permission from Springer
Nature. (e) The single skyrmion generation and motion driven by a current pulse for both negative and positive electron currents is shown.
Reprinted with permission from [83]. Copyright (2017) American Chemical Society. (f) The schematic view of two skyrmions with
opposite helicity and their corresponding simulated LTEM (Lorentz transmission Electron Microscopy) images. The images are based on
the spin texture and the helicity reversal of the skyrmionic bubble with respect to the number of current pulses applied. [84] John Wiley &

Sons. [© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].

inducing the formation of skyrmions through the spin moment
[79]. In 2015, Jiang et al confirmed these findings through
experimentation. By maintaining a constant DC current of
je=+6.4x10* Acm~2and B, = +0.46 mT, stripe domains
were forced to traverse nanochannels, leading to contraction
and resulting in the generation of skyrmions on the right side
of the nanochannel, as illustrated in figure 3(b) [45]. In 2018,
Lucas Caretta et al demonstrated spin-orbit torques (SOTs) by
current induced produce small size skyrmions. As illustrated
in figure 3(c), through the use of magneto-optical Kerr effect,
the researchers found approach 10 nm skyrmions at room tem-
perature in ferrimagnetic Pt/Gds4Cos¢/TaOx [80].

Recently, Liu ef al demonstrated the generation of skyrmi-
ons through current-induced spin-orbit torques (SOTs) in a
multilayer composed of [Pt(1.5 nm)/Co(1 nm)/Ir(1.5 nm)];s
[78]. Through the use of x-ray magnetic circular dichroism
transmission microscopy, the researchers found that as cur-
rent densities and SOTs increased, the size of the skyrmions
decreased correspondingly, with the smallest diameter reach-
ing approximately 20 nm [78]. These findings underscore the
potential of SOTs for generating skyrmions, thus presenting
another method for the manipulation and control of these non-
collinear magnetic structures.

Furthermore, electric currents have been found to play a
key role not only in controlling the generation and annihila-
tion, but also movement of magnetic skyrmions. A pioneer-
ing work by Jonietz et al in 2010, who used neutron scatter-
ing, demonstrated that electric currents can cause the motion
and rotation of skyrmions in a bulk MnSi helimagnet [81]. In
2012, Yu et al explored the movement of skyrmions under

electrical currents in a microdevice made of the helimagnet
FeGe [82] using in-situ LTEM, at near-room temperature. This
study reported a critical current density far below 100 A cm—2.
In 2013, Nagaosa et al demonstrated how electric currents
drive skyrmion motion through spin-transfer torques, accom-
panied by the Hall effect and the skyrmion Hall effect [15],
as illustrated in figure 3(d). In 2017, Yu, et al reported the
directional movement of current-driven positive and negative
skyrmions in a track memory [83] (figure 3(e)). They applied
a series of pulses, with a magnitude of 8 V and a duration of
10 ps to a magnetic field of 2.7 Oe, which resulted in the suc-
cessful shifting of the skyrmions. In 2020, Hou et al studied the
dynamics of skyrmions induced by electric current in Fe;Sn,
[84]. Their study led to a remarkable discovery, namely that
the application of a spin-polarized current could reverse the
helicity of the skyrmions, as depicted in figure 3(f). The crit-
ical current density threshold for this effect ranged from 10°
to 10! A m~2, with a pulse width spanning from 100 to 1 ns.
The authors also characterized the critical role of the pinning
effect and dipole-dipole interaction in the helicity reversal pro-
cess using micromagnetic simulations.

Despite the fact that the generation, annihilation and move-
ment of skyrmions have been achieved, several challenges
remain that must be addressed before their practical applic-
ation. First, defects and impurities significantly impede the
movement of skyrmions, leading to high actual driving cur-
rent densities and energy consumption. Second, the current
drive generates significant Joule heat, which is not conducive
to practical applications. Finally, the movement of skyrmi-
ons is affected by the skyrmion Hall effect, which causes
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Figure 4. Electric field manipulation of skyrmions. (a) The experimental set-up for writing and deleting at the nanoscale, and perspective
views of subsequent SP-STM constant-current images of the same area. Reproduced from [85], with permission from Springer Nature.

(b) A schematic representation of the device, and Polar Kerr magnetic images that demonstrate the electric field control of skyrmion bubbles
density in a Pt/Co/oxide trilayer under a static 0.15 mT perpendicular magnetic field. Reprinted with permission from [86]. Copyright
(2017) American Chemical Society. (¢) LTEM images that show the effect of an applied electric field on the magnetic structure of the
material. An LTEM image without an electric field is compared with an image at an applied field of E = +3.6 V um™~'. Reprinted with
permission from [89]. Copyright (2018) American Chemical Society. (d) A schematic of the simulated device structure, where a nanowire is
connected to a disk with a diameter of 400 nm for skyrmion creation, propagation, and pinning. The bottom Au electrodes are applied with
—1.8 V voltage for skyrmion creation and —0.8 V for skyrmion pinning, respectively. Reprinted from [90], Copyright (2018), with
permission from Elsevier. (e) The transferred average strain wave and corresponding magnetic domain evolution processes in the

d ~ 350 nm [Pt/Co/Ta]8 nano-dots in a cycle of E ranging from +10 kV cm™! to —10 kV cm™! are demonstrated. (f) Switching of the
topological number Q of various magnetic domains (Q = 1.0, 0.5, and 0 correspond to skyrmion, vortex, and stripe, respectively) is
achieved by applying a pulse electric field with a pulse width of 1 ms. Reproduced from [91]. CC BY 4.0.

deflected movement and reduced transmission efficiency,
thereby hindering their practical application. Addressing these
issues is crucial to further advance the practical use of skyrmi-
ons in various fields.

3.2. Electric field

The current-based manipulation of skyrmions has some inher-
ent challenges, such as high current density, generation of
excessive joule heat, and the skyrmion Hall effect. In recent
years, the application of electric fields in the manipulation
of skyrmions has received significant attention as it offers a
promising alternative for overcoming the limitations of tradi-
tional methods. For example, in 2017, Hsu et al demonstrated
the conversion of skyrmions in Fe/Ir (111) films through the
application of voltage using a spin-polarized STM (SP-STM)
needle tip [85]. By changing the electronic structure of the Fe
atomic layer, the authors were able to manipulate the skyrmi-
ons, as illustrated in figure 4(a). In the same year, Schott
et al achieved the nucleation and annihilation of skyrmi-
ons at room temperature in a Pt/Co/oxide trilayer covered
by a 90 nm HfO, layer and a top indium tin oxide (ITO)
electrode [86] (figure 4(b)). The authors found that the change
in interface charges can alter the size of the effective mag-
netic anisotropy and DMI, which combined can effectively
manipulate skyrmions.

In 2019, Ma et al leveraged a magneto-optical Kerr micro-
scope to apply voltage to a magnetic multilayer film at room
temperature. This resulted in the successful observation and
realization of the electric field-induced creation and direc-
tional motion of a chiral DW and skyrmion bubbles [87]. By
altering the magnetic anisotropy and size of the DMI through
the application of electric fields, they were able to achieve
the generation and directional movement of the magnetic DW
and skyrmion.

In 2020, Bhattacharya et al discovered that the rMn/CoFeB
interface could produce an exchange bias magnetic field,
which could serve as a substitute for the auxiliary magnetic
field required for skyrmion manipulation [88]. The applic-
ation of an electric field causes a change in charge at the
ferromagnetic-oxide interface, leading to a significant alter-
ation in magnetic anisotropy as well as the generation and
annihilation of skyrmions in a zero magnetic field. While this
electric field-based manipulation of skyrmions is effective, its
application is limited to single or several layers of thin films,
which restricts' its broader utilization.

In the field of single-phase multiferroic materials with
magneto-electric coupling, researchers have made signific-
ant advances in understanding the properties and behavior
of skyrmions. In 2012, Seki et al discovered skyrmions in
Cu,;08Se0; by using an LTEM [40]. They found that skyrmi-
ons can induce electric polarization. In 2018, Huang et al
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used an LTEM to observe the mutual transformation between
the spiral domain and skyrmion in real space under the influ-
ence of an electric field [89]. As depicted in figure 4(c), the
authors observed the transition of spin helices into skyrmions
by applying a voltage of 3.6 V um~' to Cu,08e0s;.

However, despite these advances, some limitations exist to
the use of single-phase multiferroic materials with magneto-
electric coupling in skyrmion manipulation. The Curie temper-
ature of these materials is generally low, with Cu,OSeO3 hav-
ing a Curie temperature of less than 65 K. This limits the prac-
tical applications of these materials in skyrmion manipulation.
In recent years, FM/FE multiferroic heterostructures based
on electrostriction have garnered significant research atten-
tion. In 2018, Li et al theoretically demonstrated the poten-
tial of these heterostructures to produce skyrmions under elec-
tric field-induced strain through micro-magnetic simulation
[90], as illustrated in figure 4(d). They constructed a Pd/Fe/Ir
heterostructure on a Pb (Zr;_,Ti, )O3 substrate and success-
fully created a single stable skyrmion through applying an
electric field.

In 2020, Wang et al conducted experimental work on
an FE/FM multiferroic heterostructure that consisted of
a 0.7PbMg1/3 Nb2/303-0.3PbTiO3 (PMN-PT) ferroelectric
substrate and a [Pt/Co/Ta];; nanometer point [91]. They
achieved polymorphic switching from stripe domains to
skyrmions and vortices by applying different electric fields, as
depicted in figures 4(e) and (f). These findings demonstrate the
promise of FM/FE multiferroic heterostructures as a platform
for electric field-based skyrmion manipulation.

3.3. Other methods

Apart from electrical methods, alternative techniques exist
for manipulating magnetic skyrmions. One such method was
demonstrated in 2013 by Finazzi et al, who used ultrashort
single optical laser pulses to generate skyrmions in a thin fer-
rimagnetic film [92]. Additionally, they discovered that by
adjusting the laser fluence, the topological magnetic structures
could also be modified, as illustrated in figure 5(a). These topo-
logical magnetic structures were stabilized by a combination
of exchange interactions and magnetic dipole-dipole interac-
tions. In 2018, Berruto et al demonstrated that light-induced
heat pulses of varying duration and energy can be utilized to
write skyrmions in a wide range of magnetic fields and tem-
peratures in FeGe [93]. Their experiment demonstrated that
the speed at which skyrmions could be written and erased was
contingent upon the cooling rate subsequent to a laser-induced
temperature jump. The outcomes of their experiment are dis-
played in figure 5(b).

More recently, Feng et al discovered that the shape memory
effect of a TiNiND substrate can induce strain in [Pt/Co/Ta]n
multilayers, leading to a remarkable reduction of 400 Oe
in the nucleation field of the skyrmion [94]. As depicted in
figures 5(c) and (d), this strain effect is attributed to a combin-
ation of plane magnetic moment rotation and a decrease in the
interface DMI, as validated by theoretical simulations.

In addition to laser and stress methods, Koshibae et al
demonstrated in 2014 that local heating can produce mag-
netic skyrmions in chiral and magnetic dipole magnets
through theoretical simulation [95]. In 2015, Liu et al
employed spin waves to generate skyrmions. These res-
ults have greatly expanded the methods used to manipulate
magnetic skyrmions [96].

4. Detection of skyrmion

Although scientists can observe the existence of magnetic
skyrmions through advanced technologies, such as an LTEM,
their practical applications usually involve the detection of
their effects on the electrical signals in spintronic devices. This
can be achieved through a variety of techniques, including the
detection of Hall resistance, non-collinear magnetoresistance,
and tunneling magnetoresistance (TMR) in magnetic tunnel
junction (MTJ) devices.

In 2016, Hamamoto et al introduced a method for detect-
ing magnetic skyrmions through changes in Hall resistance.
The presence of a skyrmion can be detected by observing the
change in Hall resistance when it passes through a Hall bar
[97]. Two years later, Maccariello et al successfully applied
this technique to detect skyrmions in magnetic multilayers
[98], as illustrated in figure 6(a).

Magnetic skyrmions exhibit a distinct non-collinear spin
configuration. Due to the continuous variation of the mag-
netic moment of the skyrmion in space, different regions of
the skyrmion display varying magnetoresistance, resulting in
current fluctuations. In 2015, Hanneken et al proposed the
use of non-collinear magnetoresistance (see figure 6(b)) as
a means of detecting skyrmions [99]. Through this method,
they successfully detected a single skyrmion in PdFe/Ir(111)
through STM.

Due to differences in spin configuration between skyrmion
and ferromagnetic states, the former generates TMR distinct
from the latter when passing through MTJs. As such, MTJs
offer a promising means for measuring the electrical proper-
ties of magnetic skyrmions. In fact, as early as 2015, Crum et al
proposed that MTJ devices can be utilized to read skyrmions
[100]. The movement of a skyrmion beneath the MTJ reading
head causes changes in the direction of the magnetic moment,
which leads to changes in related-electronic states and TMR.
Such changes can be detected by observing changes in res-
istance values, which confirm the presence or absence of a
skyrmion in the reading head area. Building on this theory,
Guang et al successfully demonstrated the electrical read-out
of magnetic skyrmions in 2022 using an MTJ device [101],
as depicted in figures 6(c) and (d). They demonstrated that the
electrical signal that corresponded to a single skyrmion ranged
from 38 to 66 €, which is a significant improvement compared
with the signal of detection using Hall resistance. Moreover, Li
et al demonstrated the electrical read-out of skyrmions at room
temperature using MTJ devices prepared from CoFeB/MgO
thin films [102], as illustrated in figures 6(e) and (f). Overall,
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Figure 5. Some other methods to manipulate skyrmion. (a) Faraday rotation map displaying magnetic domains induced in a thin TbFeCo
film after single laser pulse irradiation, along with corresponding skyrmion spin textures. Reprinted figure with permission from [92],
Copyright (2013) by the American Physical Society. (b) The micrographs of the FeGe nanoslab and the Skyrmion lattice created by near-IR
fs laser pulses. Reprinted figure with permission from [93], Copyright (2018) by the American Physical Society. (¢) The sample structure
and HAADF images of the as-deposited Ta(10 nm)/[Pt(3 nm)/Co(2.3 nm)/Ta(1.9 nm)]12 film. (d) Typical strain-dependent MFM images of
the [Pt/Co/Ta]12 film, with the red dotted line representing the critical magnetic field at which the stripe domains transform into skyrmions.
The insets show the schematic spin arrangements of different types of domains, with FM representing a ferromagnetic domain with all spins
aligned parallelly. [94] John Wiley & Sons. [© 2021 Wiley-VCH GmbH].

the TMR-based detection method significantly improves the
signal strength and accuracy of skyrmion detection.

5. Spintronic devices based on magnetic
skyrmions

Following in-depth research on the properties of magnetic
skyrmions, it is evident that they possess significant advant-
ages as an information carrier, such as a high storage capa-
city due to their small size, sensitivity to low driving cur-
rent thresholds, and reliability due to their stable structure.
As a result, a range of information devices based on mag-
netic skyrmions have been proposed, with the application dir-
ections mainly focused on racetrack storage, logic gates, and
neuromorphic devices.

5.1. Racetrack memory devices

At present, hard disk drives are the most commonly used
memory storage devices on the market. They use a mag-
netic head to move to a specific location through mech-
anical motion and sense changes in the magnetic field on
the designated medium; thus data can be read or written.
However, there is a downside to the mechanical movement,
namely slow reading speeds, and external factors can also
cause poor stability. These limitations mean that hard disk
devices no longer meet the requirements for modern inform-
ation storage. In 2008, Parkin introduced a new type of
track memory that uses current-driven magnetic DW motion
[103], which eliminates the need for mechanical movement.
This method allows for faster reading and writing informa-
tion. However, the application of track memory is limited by
high drive current density and other restrictions. Fortunately,
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Figure 6. Electrical detection of skyrmions. (a) A large variation in the room temperature Hall resistivity when a single skyrmion is
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an MTJ junction with tcores = 1.5 nm and a junction size of 3 pm at different magnetic fields. (d) The resistance obtained by averaging the
resistance measured before and after the MFM imaging. Reproduced from [101]. CC BY 4.0. (e) CoFeB/MgO MT] stack structure and
HAADEF-STEM images of the electron energy loss spectrum (EELS) intensity. (f) TMR ratio in a magnetic field range, with the insets i—ix
representing MFM images showing the nucleation and annihilation of skyrmions driven by the magnetic field. Reprinted from [102],

Copyright (2022), with permission from Elsevier.

by using magnetic skyrmions instead of a DW, the drive
current density can be drastically reduced, resulting in low
power consumption, high density, and fast read/write times for
track memory [7].

Racetrack memory devices are a type of non-volatile stor-
age device that utilizes the magnetic DW [103, 104]. Unlike
traditional magnetic memory, racetrack memory uses the
magnetic domain as the magnetic storage unit. The devices
responsible for storing, writing, and reading information are
stationary. The movement of information along a nanowire is
achieved through short pulses of spin-polarized current, and
the readout device is connected to the racetrack. Since data
are stored in the form of magnetic domains, it is possible to
manipulate them by controlling the motion of the magnetic
domains through an electric current. Magnetic skyrmions are
utilized in racetrack memory and allow for the encoding of bin-
ary elementary information units (0 and 1). A skyrmion repres-
ents ‘1°, while its absence represents ‘0’. Racetrack memory
that uses magnetic skyrmions comprises the following four
main components (figure 7(a)): a magnetic head for writing
skyrmions; a nanowire used to transfer magnetic skyrmions;

a read head designed to read information; and a CMOS cir-
cuit, which is responsible for generating the electric current
[105]. The writing head is capable of generating a skyrmion
and can define it as information ‘1°, with its absence signi-
fying information ‘0’. By activating or deactivating the writ-
ing head, the desired data can be written as ‘1’ or ‘0’. During
each clock cycle, a ‘clock’ drive pulse of constant size and
duration is generated in the nanowire. This drives the elec-
tric current to act on the previously written skyrmions, trans-
mitting them in sequence along the nanowire and forming a
skyrmion sequence that contains effective information. When
the skyrmion sequence passes through the read head, the pre-
viously described probing method is used to detect whether
a skyrmion exists in the current bit position. In doing so, the
read head is able to extract the effective information stored
in the skyrmion sequence. The feasibility of this concept has
been proven in experiments. In 2017, Yu et al designed and
developed a dual-ended skyrmion track memory device [83],
as illustrated in figure 7(d). By precisely adjusting the mag-
nitude and duration of the pulse current, individual skyrmi-
ons can be generated and smoothly shifted under control.
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This device brings the practical application of skyrmions
significantly nearer.

Moreover, magnetic skyrmions have significant advant-
ages in the field of racetrack memory applications. The cur-
rent driving of skyrmions demonstrates a similar proportion-
ality and speed expression to those of magnetic DWs, which
have been utilized in racetrack memory. Nevertheless, due
to skyrmions’ unique topological properties, they have crit-
ical benefits, including a lower threshold driving current and
robustness to device defects. Traditional magnetic DWs gen-
erally require a driving threshold current of between 10'! and
10> A m™2, whereas skyrmions’ driving current theoretically
only necessitates 10° A m—2, which is five to six orders of
magnitude below that of a DW [26]. This implies that skyrmi-
ons can be precisely controlled by current. Given their small
size of several nanometers, skyrmions satisfy the demands
of high-density information storage [27]. Since skyrmions’
motion is not impacted by the orbit shape owing to the
repulsion from the boundary, they can move in curved or
defective tracks. Additionally, skyrmions can bypass defects
in the sample without difficulty, which eliminates concerns
related to DW pinning caused by defects in racetrack memory.
Furthermore, the topological stability of skyrmions helps
to reduce losses and fluctuations of information in adverse
conditions. The aforementioned advantages make magnetic
skyrmion an attractive option for racetrack memory applica-
tions with significant potential.

In the design of spintronic racetrack memory, there are spe-
cific issues that must be considered. For example, Zhao et al
studied two primary issues related to racetrack memory [106,
107]. The first issue is that the movement of skyrmions can
be affected in actual processes by external factors, such as the
temperature and non-uniformity of material grains, resulting
in the misalignment of the data of the skyrmion sequence.
To solve this problem, they designed a controlled magnetic
anisotropy potential barrier using voltage-controlled magnetic
anisotropy (VCMA), which enables the trapping and release of
skyrmions in the nanoracetrack by controlling the gate. Each
bit is separated by a VCMA gate, as depicted in figure 7(b),
and it only opens when a skyrmion needs to pass through and
closes when one needs to be read or written to. This design
ensures that the entire skyrmion sequence is transmitted in a
step-like manner according to the bit, avoiding misalignment
due to overly fast or slow skyrmion motion.

The second problem arises from the possible errors
that may occur when reading skyrmions in skyrmion-based
racetrack memory. This is because in such memory, the
skyrmion represents ‘1’ and the ferromagnetic background
represents ‘0’. If the reader fails to detect the skyrmion while
reading it, this will result in errors. In addition, continuous ‘0’
in information synchronization may cause the data to lose lock.
To overcome these problems, Zhao et al designed a structure
that uses differential coding to encode data, as illustrated in
figure 7(c). In this design, two parallel nano-racetracks, L and
R, connected at the leading end represent the same set of data.
Both L and R have a controllable VCMA gate at the lead-
ing end, which can block or allow spin momentums to enter
or exit the track. In each clock cycle, the write end generates

a skyrmion according to the required data to be written, and
the corresponding track is opened or closed accordingly. For
example, suppose ‘1’ is defined as a skyrmion in the R track
and ‘0’ is a skyrmion in the L track. When writing ‘1°, the R
track is opened while the L track is closed, and the skyrmion
will enter the R track to form a ‘1’ (figure 7(b)). When reading,
the magnetic states of the R and L tracks must be compared
differentially. If a skyrmion sequence in a track is misaligned,
the two tracks will have or lack a skyrmion simultaneously
during reading, which the system can immediately detect and
correct. Therefore, this design greatly enhances the robustness
of data in the racetrack and reduces the error rate; further-
more, because a VCMA gate can always be opened or closed
at a given track, this design allows the precise control of the
skyrmion sequence.

Additionally, magnetic skyrmion racetrack memory entails
the problem of the skyrmion Hall effect [15, 25, 43, 109].
During movement, magnetic skyrmions may experience lat-
eral drift due to the Magnus force (figure 3(d)), causing them to
deviate from their intended path. To address this issue, Zhang
et al suggested using synthetic antiferromagnetic skyrmions,
which can eliminate the skyrmion Hall effect [108]. The mag-
nitude and direction of the Magnus force are closely related
to the topological number of the magnetic skyrmion, and they
can be proportionally affected by its value. By designing an
artificial antiferromagnetic layer, as depicted in figure 7(e),
the magnetic moments of the magnetic skyrmion in the upper
and lower ferromagnetic thin films are exactly opposite and
have opposite topological numbers. Consequently, the Magnus
forces acting on the two skyrmions negate each other, and their
reverse magnitudes match evenly. The anti-ferromagnetic
exchange coupled skyrmion pair exhibits a zero total Magnus
force, making it free from the skyrmion Hall effect and allow-
ing for precise movement in the direction of the spin polariza-
tion current. Through micromagnetic simulation (figure 7(f)),
it was discovered that the skyrmion Hall effect could be effect-
ively canceled in this structure. Furthermore, independent
observations by Legrand et al and Dohi et al, have revealed
the presence of skyrmions in artificial antiferromagnets [110,
111] Similarly, the skyrmion Hall effect can be eliminated in
natural antiferromagnetic systems or ferromagnetic materials
through angular momentum compensation points [112, 113].
To confine the movement of the skyrmion along a particu-
lar track, it has been suggested that boundary effects of the
track can be enhanced by introducing highly magnetic crys-
talline anisotropic materials or magnetic DWs. Overall, the
skyrmion Hall effect can be eliminated through the careful
consideration of material selection and manipulations of the
surrounding environment.

5.2. Logic gates

Improving modern information processing technology
involves developing magnetic logic gates with a simple struc-
ture, diversified logic functions, and switchable properties.
Magnetic skyrmions possess highly desirable features, includ-
ing nanoscale size, topological stability, and a low driving
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Figure 7. (a) Schematic diagram of the nanotrack devices using skyrmions as information carriers, this device has four main components:
the writing head, the nanotrack, the reading head and the CMOS circuit for generating the spin current. Reproduced from [105], with
permission from Springer Nature. (b) The schematic diagram of the VCMA skyrmionics racetrack memory. Reproduced from [106].

CC BY 4.0. (¢) Schematic of the complementary skyrmion racetrack memory. © [2016] IEEE. Reprinted, with permission, from [107].
(d) Diagram of the track memory device of skyrmion at room temperature and the experimental results of controlling the production and
displacement of skyrmion using current-induced spin—orbit torques. Reprinted with permission from [83]. Copyright (2017) American
Chemical Society. (e) Illustration of a pair of skyrmions in an AFM-coupled nanodisk. (f) Current-induced motion of skyrmions in the top
and bottom FM layers of an AFM-coupled bilayer nanotrack. Reproduced from [108]. CC BY 4.0.

threshold current, which makes them ideal for designing non-
volatile, low-power consumption logic gates, which can be
integrated with memory.

Zhou et al introduced an innovative design for logic gates
using magnetic skyrmions, which can be seamlessly converted
back and forth to DWs [114]. As presented in figure 8(a), by
controlling the width of the nanowire, commonly used logic
gates such as ‘OR’ and ‘AND’ can be realized. In a narrower
nanowire, regardless of whether the input end comprises a
magnetic skyrmions or both inputs are magnetic skyrmions,
they will all be transformed into complete DWs. Consequently,
a complete magnetic skyrmions is generated, thereby accom-
plishing the logical ‘OR’. On the other hand, a wider nanowire
produces a complete DW only when both input ends contain
a magnetic skyrmion. This results in a magnetic skyrmion
being obtained at the output end. However, if only one mag-
netic skyrmions is input, the resulting DW would not occupy
the entire nanowire, creating an incomplete DW that is then
absorbed by the nanowire. As a result, the logical ‘AND’
is achieved.

In 2022, Raab et al demonstrated the use of skyrmions
under geometric constraints for achieving Brownian reser-
voir computing [116]. They designed an equilateral triangu-
lar device that contains the geometric constraints of a single
skyrmion, which can be repositioned by applying different
voltages to the electrodes of the triangle contact point, as illus-
trated in figure 8(b). By controlling the switch and limiting
particle movement, they successfully demonstrated that all
logic gates can be attained in a constrained geometry, as depic-
ted in figure 8(c). The manipulation of skyrmions through

geometric constraints presents promising possibilities for real-
izing efficient and adaptable computing operations.

Recently, Yu et al proposed an innovative approach for con-
structing skyrmions-based logic gates in a single nanotrack
[117]. Their design uses a chirality barrier to achieve various
magnetic skyrmion dynamic phenomena, including chirality
switching, pinning, pairwise annihilation, fusion, and shunting
through electric field pulses in magnetoelectric multiferroics.
With the ability to control DMI chirality, this approach enables
the creation of a non-volatile DMI chirality barrier for imple-
menting and reconfiguring logic functions (figure 8(d)). This
approach is particularly noteworthy for its ability to consolid-
ate the implementation of entire logic functions into a single
nanotrack, thus further simplifying the design of skyrmion-
based logic devices.

5.3. Neuromorphic devices

Over the past ten years, neuromorphic computing has received
significant attention as a cutting-edge technology that takes
inspiration from the human brain’s ability to store and pro-
cess information. The potential of neuromorphic computing
to process vast amounts of data with minimal power consump-
tion has made it a highly sought-after technology [118-120].
The major components of a mammalian brain are synapses
and neurons (figure 9(a)). Therefore, the development of neur-
omorphic computing that use spintronic devices focus mainly
on emulating the functions of neurons and synapses [121].
Magnetic skyrmions, due to their particle-like behaviors,
small size, and low driving current density, are emerging as
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Figure 8. (a) ‘OR’ and ‘AND’ gate based on the conversion between skyrmions and DW pairs. Reproduced from [115]. CC BY 4.0. (b) 3D
schematic of the device with different states of input modes by applying positive, negative and zero potentials. (c) Outputs of the linear
read-out optimized for different Boolean operations. For each input combination ([0 0], [0 1], [1 O], [1 1]) the output Q of the linear read-out
is shown for 13 sets of local skyrmion occurrence probabilities. Reproduced from [116]. CC BY 4.0. (d) Reconfigurable single-nanotrack
skyrmion logic gates, including XOR gate, OR gate, NAND gate; reconfiguration can be achieved by leaving the switch vacant and flipping
itto ‘1’ and ‘2’ respectively. The ‘XNOR’, ‘NOR’ and ‘AND’ functions can be reconstructed by flipping the magnetization direction of the
fixed layer of magnetic tunnel junction in the above three kinds of logic gates respectively. The ‘NOT’ gate can be achieved by using either
the left or right half of the ‘NAND’. Reproduced from [117]. CC BY 4.0.

promising candidates for information carriers in neuromorphic
computing design. Recently, Zhao et al proposed the use of
magnetic skyrmions in the field of neuromorphic computing,
inspired by simulating the behaviors of two key computing
units in the brain-namely-synapses and neurons [28, 29]. They
first designed a skyrmion-based synapse (figure 9(a)). It con-
sists of pre- and post-synapses, both of which are located in the
same nanowire ferromagnetic thin film, separated by an energy
barrier with high perpendicular magnetic anisotropy (PMA) in
the middle. Various means, such as DW conversion, are used
to saturate the number of skyrmions in the pre-synapse. Due to
the center barrier in the nanowire, all skyrmions are restricted
to the pre-synapse end, forming the initial state of the syn-
apse. When positive/negative current are introduced, skyrmi-
ons can be driven by the current to cross the energy barrier to
reach or leave the post-synapse. The number of skyrmions that
arrive/leave the post-synapse depends on the size and duration
of the stimulus received by the device. The entire region of the
post-synapse is treated as a reading area, where changes in the
magnetic dipole moment can be detected using MTJs or other
magnetic detectors and reflected in the form of magnetoresist-
ance. Zhao et al’s study suggested that this device design can

fulfill both short-term plasticity (STP) and long-term poten-
tiation (LTP) functions in neuronal synapses simultaneously,
as illustrated in figure 9(b). They also confirmed that the dur-
ation and frequency of the stimulus determine whether the
device undergoes STP or LTP, consistent with synaptic design
in neural networks.

A neuron is also a fundamental component of the neural
networks. One of the significant properties of a neurons is
that the signals in neurons are voltage-like pulses called the
action potential [122]. Though the real action potentials of
biological neurons exhibit complex dynamic characteristics,
they can be simplified to three basic features: leak, integ-
rate and fire. These features form the basis of the leaky-
integrate-fire (LIF) neuronal model [123, 124]. Inspired by
this fact, Zhao et al presented a neuron design that util-
izes magnetic skyrmions, as illustrated in figure 9(c). This
approach capitalizes on the tendency of skyrmions to move
toward areas with lower energy in the gradient PMA dis-
tribution nanowire, mimicking the LIF function of a bio-
logical neuron. Their studies revealed that the skyrmion-
based artificial neuron device can replicate LIF neuronal
behavior (figure 9(d)).
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These device designs proposed by Zhao et al are the first
to apply magnetic skyrmions to neural network devices, thus
providing a foundation for future related applications. Now,
the development of skyrmion-based neuromorphic devices is
breaking new ground [102, 121].

6. Conclusion

Since the discovery of magnetic skyrmions in experiments,
research on these particle-like spin configurations has entered
a period of rapid development. Various experimental mater-
ials have emerged, and investigations into the manipulation
and detection of magnetic skyrmions are continuing to pro-
duce valuable insights. These promising research results have
greatly advanced the fields of topological magnetism, and hold
the potential to enable innovative spin electronic devices in
the near future. However, significant challenges with magnetic
skyrmions still require urgent attention, and thus, further fun-
damental research is necessary to fully unlock the potential of
these fascinating particle-like spin configurations.

7. Future perspectives

The discovery of magnetic skyrmions has opened up prom-
ising opportunities for the development of functional spin-
tronic memory and logic devices. In future high-density stor-
age applications, the demand for nanoscale skyrmions with
miniaturized diameters, ideally below 50 nm, is paramount. A
wide range of materials capable of hosting magnetic skyrmi-
ons has been identified, with B20-type non-centrosymmetric
compounds emerging as prominent candidates. The size of
skyrmions in these materials spans from a few nanometers to

several hundred nanometers. However, achieving stable sub-
50 nm skyrmions in these materials remains challenging and
limited to extremely low temperatures.

One crucial advancement lies in the utilization of the
interface DMI, a robust interfacial SOC present in magnetic
multilayers, enabling the realization of Néel-type skyrmi-
ons at room temperatures. Encouragingly, certain multilayer
materials such as Ir/Co/Pt and Ir/Fe/Co/Pt have demonstrated
the observation of sub-100 nm magnetic skyrmions at room
temperature, approaching the desired range of sub-50 nm.
Additionally, notable contributions from researchers, includ-
ing Liu et al, have successfully achieved nanoscale Néel-type
skyrmions through the utilization of current-induced SOTs in
[Pt(1.5 nm)/Co(1 nm)/Ir(1.5 nm)];s multilayer films [78]. By
carefully tuning the current densities and associated SOTs, the
size of Néel-type skyrmions can be effectively reduced, with
the smallest diameter reaching approximately 20 nm at room
temperature. This intriguing finding highlights the potential of
precisely controlling current densities and SOTs in magnetic
multilayers as a viable strategy for achieving stable sub-50 nm
magnetic skyrmions at ambient conditions. Furthermore, the
compatibility of magnetic multilayer materials with conven-
tional semiconductor fabrication techniques facilitates large-
scale production, rendering them crucial for driving prac-
tical applications of nanoscale skyrmionic memories and
logic devices.

At the same time, the precise detection of skyrmions poses a
significant challenge in the development of spin-based storage
and logic devices. Currently, the primary method for accur-
ately detecting sub-20 nm skyrmions is spin-polarized scan-
ning tunneling microscopy. However, this technique is lim-
ited to extremely low temperatures and strong magnetic fields,
rendering it unsuitable for room-temperature observations.
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Recently, Liu et al achieved a breakthrough by successfully
observing room-temperature skyrmions measuring 20 nm
using x-ray magnetic circular dichroism transmission electron
microscopy [78]. This achievement highlights the high preci-
sion and feasibility of this technique for studying small-scale
skyrmions under near-ambient conditions. Moreover, there is
a growing interest in the electrical detection of individual
skyrmions for practical device applications. Nonetheless, the
electrical detection of skyrmions currently faces technical
barriers and necessitates further exploration and in-depth
research. In the future, we anticipate making additional strides
in this field to enable accurate electrical detection of extremely
small magnetic skyrmions.

Meanwhile, current research on skyrmionic devices mainly
focuses on manipulating a single skyrmion, including their
generation, annihilation, and motion. However, these manipu-
lation techniques fail to fully exploit the properties of skyrmi-
ons clusters and the spin chirality, which are essential for their
application in advanced spintronic devices. In recent break-
throughs, our research team has achieved cascaded transitions
of skyrmion clusters in a nanostructured ferromagnetic/fer-
roelectric multiferroic heterostructure through electric field
manipulation [125]. This novel approach enables precise and
continuous control over the number of skyrmions, offering
non-volatile and reversible transformations critical for multi-
bit memory applications. By selectively manipulating groups
of skyrmions, we can realize compact and highly efficient
device designs. These findings not only open new direction
for the development of low-power, non-volatile, and multi-bit
skyrmionic devices but also provide valuable insights into the
voltage-driven control of skyrmion clusters.

Moreover, previous manipulation techniques have often
neglected the quantum helicity degree of freedom inherent in
skyrmions. In frustrated magnets, skyrmions exhibit a two-
fold degeneracy in their Bloch-type spiral configurations (i.e.
left-handed helicity and right-handed helicity) due to magnetic
dipole-dipole interactions. Building upon this, Psaroudaki et al
proposed harnessing the helicity degree of freedom in skyrmi-
ons as qubits for quantum computation [126]. Following this
concept, Xia et al realized a qubit based on the helicity degree
of freedom, enabling single-qubit quantum gates through pre-
cise control of electric fields and spin currents, while a two-
qubit gate was achieved via Ising-type exchange coupling
[127]. These advancements offer promising prospects for
achieving universal quantum computation based on nanoscale
topological spin textures.

From the existing achievements, it is evident that magnetic
skyrmions will play a crucial role in the emerging field of
next-generation information technology, laying the founda-
tion for the development of spintronic devices with ultra-high
storage density, ultra-fast operational speed, and ultra-low
energy consumption.
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A glossary of acronyms

A quick look-up table that define each of the whole acronyms
appearing in the manuscript.

Acronyms Full name

SOC Spin—orbit coupling

DMI Dzyaloshinskii-Moriya interaction

THE Topological Hall effect

RT Room temperature

STM Scanning tunneling microscopy

LTEM Lorentz transmission electron microscopy
DC Direct current

SOT Spin-orbit torques

XMCD X-ray magnetic circular dichroism
MOKE Magneto-optical Kerr effect

DWs Domain walls

SP-STM Spin-polarized scanning tunneling microscopy
ITO Indium tin oxide

PMN-PT 0.7Png|/3Nb2/303 —0.3PbTiO3

FM/FE Ferromagnetic/ferroelectric

TMR Tunneling magnetoresistance

MTIJ Magnetic tunnel junction

EELS Electron energy loss spectrum

CMOS Complementary Metal-Oxide-Semiconductor
VCMA Voltage-controlled magnetic anisotropy
STP Short-term plasticity

LTP Long-term potentiation

LIF Leaky-integrate-fire
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