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Fig. 1. Current-induced generation of magnetic skyrmions: (a) “Blowing bubble model” for generating magnetic skyrmion bubbles!*!);

(b) schematic of the transformation from a stripe domain to a skyrmion under the actions of surface tension F;, demagnetization

force Fy, spin-orbit torque force Fygy, and Magnus force F,*?; (c) generation of SAF skyrmion bubbles by utilizing intrinsic materi-

al defects under current driving!*’l; (d) mutual conversion between magnetic skyrmions and various magnetic domain states achieved

through the synergistic effect of magnetic field and current!*!.
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Fig. 2. Thermal effects on skyrmion formation: (a) Lorentz transmission electron microscopy images of skyrmions at their maxim-

um density during the nucleation and break-up processes at 97, 453, and 513 K, respectively™; (b) temperature dependence of the

maximum Skyrmion density during the nucleation and break-up processes™; (c) phase diagram of magnetic domain structures as

functions of temperature and magnetic field during the field-decreasing process, where the yellow and red regions represent the

skyrmion states in the nucleation and break-up processes, respectively; (d) variation of topological magnetic order states at differ-

ent tilt angles at room temperature after field-cooling control®7,
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Fig. 3. Writing magnetic skyrmion s by electron beam or ion beam: (a) Writing skyrmions from the saturated state using a focused
electron beam; (b) writing skyrmions from the labyrinth domain state using a focused electron beam; (c) erasing skyrmions us-
ing a focused electron beam, with the affected region marked by a yellow dashed circle and a scale bar of 2 pm, note that the black
dots surrounded by high contrast fringes are Fresnel fringes generated by impurity particles in the underfocus model; (d) schematic
diagram of skyrmion generation by an electron beam/¥; (e) MFM images of square, kagome, and honeycomb artificial skyrmion lat-
tices fabricated by electron beam lithography, with the lattice structures outlined by yellow dashed lines. The illumination time for
writing a single skyrmion is 250 msP%; (f) schematic of Ga* irradiation of a single Pt/Co/Ta periodic structure, where atoms mi-
grate along and opposite to the ion irradiation direction, ultimately forming alloys and grain boundaries®!; (g) Lorentz transmis-
sion electron microscopy images acquired at the same location with and without Ga* irradiation, where the same hole created by
gallium ion beam etching is indicated by an arrow in the lower right corner and serves as a positioning reference [0,
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Fig. 4. Geometric confinement, material engineering, local magnetic fields, and mechanical writing of skyrmions: (a) Under-focused

Lorentz TEM images of Fe3Sn, nanoribbons with different widths at 300 K under their respective critical fields, experimental phase

diagram of the spin structure of FezSn, nanoribbons as functions of magnetic field and width, and schematic illustration of the ef-

fect of geometric confinement on the magnetic domain evolution in FegSny%; (b) writing of a skyrmion lattice that is stable at zero

magnetic field and room temperature in a [Pt/Co/Ta], multilayer by applying a local magnetic field with a MFM tipl%?); (c) room-

temperature Lorentz TEM observation of uniaxial strain-driven skyrmion migration from a high-strain region to a low-strain region.
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Fig. 5. Determination and manipulation of skyrmion helicity: (a) L-TEM observation of a single skyrmion in a [Pt/Co/Tal, mul-
tilayer gradually evolving into a snake-like structure under a decreasing magnetic field and growing along the direction opposite to
the in-plane field. The relationship between the velocity vector and the magnetic field is dominated by the chirality of the Néel-type
skyrmion, from which the sign of the DMI constant can be determined®; (b) L-TEM observation of skyrmion s in a [Pt/Co/Ta]y
multilayer exhibiting a dark-bright-dark-bright double contrast, where the additional bright-dark contrast originates from the struc-
tural deformation of the Néel-type skyrmion under an in-plane magnetic field%; (c) L-TEM images of skyrmion helicity reversal in-
duced by consecutive current pulse injections under H = 160 mT, schematic structures and simulated L-TEM images of skyrmions
with helicities of m/2 and —w/2, and the relationship between skyrmion helicity reversal and the number of current pulses N?Z;
(d) schematic of skyrmion helicity reversal induced by SOT combined with thermal assistance in a bilayer magnetic system, and the
current-driven motion trajectories before and after helicity reversal captured by MOKE7; (e) micromagnetic simulations showing
that skyrmions with opposite helicities can move cooperatively while maintaining a certain spacing under current driving®; (f) mi-
cromagnetic simulations of the motion of skyrmions with different helicities induced by the spin Hall effect!6%.
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Fig. 6. Control of the skyrmion Hall angle: (a) Schematic of a bilayer synthetic antiferromagnetic skyrmion structurel; (b) verifica-
tion of SAF skyrmions and current-driven dynamics with magnetic field decoupling!®l; (c) MFM observation of current-induced lin-
ear motion of SAF skyrmions(™; (d) reduction of the skyrmion Hall angle by helicity manipulation through thermal effects(™;
(e) micromagnetic simulation of a racetrack memory based on the rectilinear motion of heart-shaped skyrmions™; (f) current-driv-
en skyrmion motion in a grooved irradiated racetrack within a diode-like logic devicel™; (g) micromagnetic simulation of skyrmion
motion states in a multi-channel racetrack under gate-applied electric fieldsl™; (h) manipulation of the Hall angle of half-skyrmions!™.
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Fig. 7. Novel skyrmion host materials: (a) L-TEM image of Néel-type skyrmions in a WTe,/Fe;GeTe, van der Waals heterostructurel®;

(b) experimental and simulated L-TEM images of different spin textures in an exfoliated F; sGeTe, flake at 92 KF7: (c) zero-field

skyrmion lattice in a 180-nm-thick Fe;GaTe, nanoflake®; (d) phase transition behavior between dipolar bubbles and meron—anti-

meron pairs under flake thickness control?.
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Fig. 8. Skyrmion-based spin-torque nano-oscillators: (a) Schematic of a skyrmion spin-torque nano-oscillator®!; (b) dumbbell-shaped
spin-torque nano-oscillator®; (c) spin-torque nano-oscillator with an annular groove in the free layer®); (d) oscillator based on el-
liptical skyrmions®; (e) spin-torque nano-oscillator based on synthetic antiferromagnetic skyrmion pairs assisted by an out-of-plane
fixed magnetic field®); (f) spin-torque nano-oscillator composed of a fixed layer and a free layer containing distorted skyrmions*’;
(g) RF mixer based on a skyrmion STNOP!; (h) highly sensitive microwave detector based on the skyrmion breathing mode!?.
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Fig. 9. Skyrmion racetrack memory: (a) Schematic of skyrmion-based racetrack memory®; (b) micromagnetic simulation of a current-
driven skyrmion packet in a finite-width nanotrackl’; (c) micromagnetic simulation of skyrmion packet dynamics under a VCMA
gradient!®”); (d) micromagnetic simulation of a spin-wave-driven skyrmion packet®; (e) micromagnetic simulation of a current-driven
AFM skyrmion chain!'®); (f) experimental measurements of velocity versus current density for SAF skyrmions, single-layer ferromag-
netic skyrmions, and bilayer synthetic skyrmions, and micromagnetic simulations of SAF skyrmions/™; (g) current-driven long-dis-

tance linear reciprocating motion of SAF skyrmions!*?); (h) micromagnetic simulation of a spin-wave-driven 2w skyrmion!'*!l.
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Abstract

Magnetic skyrmions are nanoscale topologically nontrivial spin textures characterized by integer topological
charges, particle-like transport behavior, high stability, low critical driving current density, and rich internal
degrees of freedom. Owing to these properties, they have been regarded as promising information carriers for
next-generation low-power and high-density spintronic devices. In this review, we summarize recent progress in
the writing, manipulation, material development, and device design of magnetic skyrmions, with particular
emphasis on the underlying physical mechanisms and their relevance to functional spintronic applications. We
first discuss the controllable writing and deletion of skyrmions. Various approaches, including spin-polarized
current injection, spin-orbit torque, thermal activation, electron/ion-beam irradiation, local magnetic fields,
geometric confinement, intrinsic material defects, and strain engineering, are reviewed. These studies show that
skyrmion nucleation and annihilation are generally governed by the competition among exchange interaction,
magnetic anisotropy, dipolar interaction, Dzyaloshinskii-Moriya interaction, Joule heating, and boundary- or
defect-induced energy barriers. Recent experiments further demonstrate deterministic and highly reproducible
electrical writing and deletion of individual skyrmions, skyrmion bubbles, antiskyrmions, and skyrmion packets,
indicating that skyrmion manipulation has gradually evolved from statistical domain conversion to addressable
control of single topological objects.

We then review the determination and manipulation of skyrmion helicity, which describes the in-plane spin
rotation within the domain wall and distinguishes Bloch-type, Néel-type, and hybrid skyrmions. Lorentz
transmission electron microscopy, tilted-field imaging, micromagnetic simulations, and current- or thermally
assisted spin-orbit-torque manipulation provide effective routes to identify and control helicity. In
centrosymmetric and dipolar-interaction-dominated systems, helicity may exhibit bistability, multistability,
continuous tunability, and even three-dimensional variation along the sample thickness. These results indicate
that helicity is not merely a structural descriptor, but an internal degree of freedom that can be used for
multilevel information encoding and dynamical control. Closely related to helicity is the skyrmion Hall effect,
which originates from the transverse gyroforce associated with a nonzero topological charge. We summarize
several strategies for controlling the skyrmion Hall angle, including synthetic antiferromagnetic compensation,
helicity engineering, boundary-guided motion, voltage-controlled magnetic anisotropy, and specially designed

magnetic boundaries. These approaches show that the skyrmion Hall effect can be suppressed, compensated, or

* Project supported by the National Natural Science Foundation of China (Grant No. 12474115) and the Young Talents
Program (Individual Project) of Gansu Province, China (Grant No. 2026QNGR005).

1 Corresponding author. E-mail: zhangsenfu@lzu.edu.cn

170707-19


mailto:zhangsenfu@lzu.edu.cn
mailto:zhangsenfu@lzu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 17 (2026) 170707

even utilized, depending on the intended device function.

Material platforms are another central issue for skyrmion physics and applications. We review
representative skyrmion-hosting systems, including B20 chiral magnets, metallic multilayers, centrosymmetric
frustrated or dipolar magnets, synthetic antiferromagnets, and two-dimensional van der Waals magnets and
heterostructures. In particular, van der Waals magnets provide atomically sharp interfaces, flexible stacking,
tunable interfacial coupling, and new opportunities for stabilizing skyrmions at or above room temperature.
Recent advances in FesGeTey-based heterostructures, Fes sGeTe,y, FesGaTe,, and CrigTe, demonstrate that
interfacial Dzyaloshinskii-Moriya interaction, vacancy ordering, thickness control, field cooling, and
temperature-dependent magnetic anisotropy can be used to stabilize Néel-type skyrmions, zero-field skyrmion
lattices, and reversible topological phase transitions between skyrmions and meron—antimeron chains. Finally,
we discuss skyrmion-based device concepts, including spin-torque nano-oscillators, racetrack memories, RF
mixers, microwave detectors, and spin-pumping-based readout schemes. These devices exploit skyrmion
gyration, breathing modes, topological charge, helicity, interlayer coupling, and skyrmion packets to realize
microwave signal generation, multibit transport, low-power actuation, and potentially neuromorphic
functionalities.

Overall, magnetic skyrmion research has developed from the discovery of topological spin textures to the
engineering of controllable information carriers. The key physical results reviewed here demonstrate that
skyrmion writing, helicity control, Hall-angle manipulation, material optimization, and device integration are
deeply interconnected. Future progress will require high-temperature and zero-field material platforms, reliable
single-skyrmion writing and readout, defect-tolerant transport, improved signal-to-noise ratio, and compatibility
with scalable nanofabrication and CMOS technologies. Continued integration of condensed-matter physics,
materials design, advanced magnetic imaging, micromagnetic simulation, and device engineering will be essential
for transforming magnetic skyrmions from observable topological quasiparticles into manufacturable and

integrable functional units for spintronic technologies.
Keywords: skyrmions, skyrmion Hall effect, helicity, synthetic antiferromagnets, spintronic devices
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