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Fig. 1. The magnetic texture of two types skyrmions:

(a) Néel-type skyrmions; (b) Bloch-skyrmions [21:22],
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Fig. 6. The creation of skyrmion in asymmetric
magnetic multilayers: (a) Illustration of the additive
Dzyaloshinski-Moriya interaction (DMI) induced by
different heavy metals (Ir and Pt) sandwiching a mag-
netic layer (Co); (b) a 1.5 x 1.5 um? out-of-plane
magnetization (m.) map obtained by STXM on a
(Ir|Co|Pt) 10 multilayer at r.t. for applied out-of-plane
magnetic fields of 68 mT; (c) experimental X-ray mag-
netic circular dicroism (XMCD) signal through a mag-
netic circular domain (skyrmion) as observed at 22 mT
(black dots), and the blue dashed curve is the magneti-

zation profile of an ideal 60 nm-diameter skyrmion (201,
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Fig. 7. The nucleation of skyrmionic bubbles in a
Ta/CoFeB/TaO, trilayer by the current-induced ex-

pansion of domains at the exit of a constriction [18].
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Fig. 8. (a) Trajectory of a skyrmion driven by a vertical
spin-polarized current in a nanotrack; (b) skyrmion veloc-
ity v as a function of current density j for in-plane currents
with different values of the non-adiabaticity parameter g
(0.15, 0.30 and 0.60 in yellow, orange and brown lines and
circles, respectively) and for vertical currents (blue line,

squares for isolated skyrmion, crosses for the chain) (371,
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Fig. 9. Vertical-current-driven motion of a skyrmionic
bit chain at the end of the 40-nm-wide racetrack with-
out any notch at (a) ¢t = 0 ns, (b) ¢ = 10 ns, and at
the end of the racetrack with a notch at (c) ¢ = 0 ns,
(d) ¢t = 095 ns, (¢) t = 0975 ns, (f) t = 1 ns, (g)
t=1.025ns, (h) ¢ = 1.05ns, (i) t = 1.075 ns, (j) t = 1.1 ns,
(k) t = 1.125 ns and (1) ¢ = 1.15 ns 36,
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Fig. 10. The top-view of the nanotracks under the
same working conditions at selected times. The color
scale denotes the out-of-plane component of the mag-

netization. The black-line shadows represent the

voltage-controlled PMA region (104]
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Fig. 11. Trajectory of the skyrmion motion along the nanotrack: (a) The case of controlling the on/off

voltage of the VCMA gate, and (b) the case of modulating the driving current configuration (105],
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Fig. 12. The propagation of a skyrmion driven by SW in nanotrack. The pattern boxes denote the pulse

[106]

elements. The color scale presents the out-of-plane component of the magnetization m .
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Fig. 13. (a) A linear scaling between the velocity and the temperature gradient; (b) the scaling of skyrmion

velocity with the Gilbert damping o (1101,
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Fig. 15. (a) Perspective view of an STM constant-current image, color-coded with dI/dU signal; yellow areas

indicate PdFe and red circular entities are magnetic skyrmions; (b) closer view of two skyrmions, dI/dU

map, the inset presents a profile along the arrow (124]
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Fig. 16. (a) Schematic of the proposed skyrmion racetrack,
where the middle part is made of CoPt, whilst the two sym-
metrical edge parts are made of a material with a higher
anisotropy with a width denoted by wedge. (b)—(d) Cal-
culated phase diagrams for the motion of the skyrmions
with various values of the racetrack edge width and the cur-
rent density. The open triangles denote the phase where
skyrmions will annihilate by touching the upper edge due to
the Magnus force. The filled green triangle corresponds to
the skyrmion phase at which it can reach the right end of
the racetrack and pass through it. The red circle stands for
the phase where skyrmions will clog at the right end of the
racetrack [127],
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Table 1. Comparison of skyrmion velocity v, and driving current j for different racetrack designed.

Way of current  Magnetic crystalline

Racetrack designed J/MA-cm™2 P wv;/m-s™! Refs.
injection anisotropy K /MJ-m~3
0.8 0.3 1 0.4 12 [32,37,128]
Rectangular CPP
CoPt racetrack 0.8 0.3 5 0.4 46 [36]
0.8 0.3 5 0.4 57 [32,37]
CPP 0.6 0.1 10 0.7 130
Rectangular
CoPt racetrack 0.6 0.1 50 0.7 70 [51]
with a curb CIp
0.6 0.1 100 0.7 110
CoPt racetrack with NdaFe14B edge CPP 0.8 0.3 4—16 0.4 52—125
[127]
CoPt racetrack with SmCos edge CPP 0.8 0.3 4—20 0.4 53—153
CoPt racetrack with NdoFe14B edge CPP 0.6 0.1 1—9 0.4 73—260
[127]
CoPt racetrack with SmCos edge CPP 0.6 0.1 1—11 0.4 75—314
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17 RERHEAC & W2 R R ANXUZ skyrmion (R (a) B4 100 nm ) AFM #& XUZ90KE, FFXUZ B
WIF07 2 (b) AFM B4 SURGSKIEE (500 nm x 50 nm x 3 nm) FFHFSETE BT (CPP) H i SR 0UR s ]
THIZ3; (c) AFM #E&RUZYKFEE (500 nm x 50 nm x 3 nm) A T-HF5F 1 H IR (CIP) BR3) (13002 Bk B 13z 3.
FEFTA R TR FM 2 RJE FM JZ RSR[5 2 KRN 1 nm, TiEE FMZFIPIgRIRE L2 B R b (3514 +-2),
MRJE FM ZIRIRE L T2 BB T (F8 1) —2); (d) AFM #& 19K Ak b — ST 8k 8 (RISUZ % B ) i &l
75 (e) XUZHRG T IR B, R € 200 1 R B Ak SR 2 ) TH 1 o3 1129)

Fig. 17. Schematics of the antiferromagnetically exchange-coupled bilayer systems and the bilayer-skyrmion: (a) The
AFM-coupled bilayer nanodisk with a diameter of 100 nm for bilayer-skyrmion creation; (b) the AFM-coupled
bilayer nanotrack (500 nm x 50 nm X 3 nm) for the study of the motion of a bilayer-skyrmion driven by the current
perpendicular to the plane (CPP); (c¢) the AFM-coupled bilayer nanotrack (500 nm x 50 nm x 3 nm) for the study
of the motion of a bilayer-skyrmion driven by the in-plane current (CIP); in all the models, the thickness of both
the top FM layer, the bottom FM layer and the insulating spacer are equal to 1 nm; the initial state of the top FM
layer is almost spin-up (pointing along +z) and that of the bottom FM layer is almost spin-down (pointing along
—2); (d) illustration of a pair of skyrmions (that is the bilayer-skyrmion) in an AFM-coupled nanodisk; (e) side

view of the bilayer-skyrmion. The colour scale represents the out-of-plane component of the magnetization [129],
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Fig. 18. Schematics of the simulation models including the FM monolayer, bilayer SAF, trilayer SAF, and

quadrilayer SAF racetracks [130],
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Fig. 19. Different skyrmion-based racetrack modes
and data representation: (a) Represents a single-
lane racetrack; (b) represent the two-lane racetrack
modes [132],
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SPECIAL TOPIC — Magnetic skyrmions

Skyrmions-based magnetic racetrack memory”
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Abstract

Magnetic skyrmions are topologically stable spin configurations with small size, which can be driven into motion by
a small current. They are widely regarded as building blocks for next-generation magnetic storage. The main advantage
of skyrmions lies in their particular dynamic behaviors, especially in their ability to move stably in racetrack under the
action of small spin-polarized currents. The writing, driving and reading methods of skyrmions in racetrack are reviewed
in detail in this paper, including the most recent research findings. The review focuses on the most commonly used
driving method, i.e., driving skyrmions by applying spin-polarized currents. The clogging and annihilation of skyrmions
in racetrack are analyzed, with the skyrmion Hall effect discussed which may lead skyrmion signals to lose. Methods
to avoid skyrmion Hall effect are introduced and hence the optimized designs for skyrmion-based racetrack are also

reviewed. Finally, some challenges of skyrmion-based racetrack memory are discussed.
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