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H BRI RCR. il an, B 2 H BH AR (funnel
magnetoresistance, TMR) P51, [ g # i (spin
transfer torque, STT) (%10 [ g HLi& f (spin or-
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FHAR R A BEH LA %% (magnetic random ac-
cess memory, MRAM) JF A7 H, TERT IR S &
A SRS R I EEAEH P {2018 4F K, =
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Wik B 7 (skyrmion) — i8] Y5 B 9% [E 1% Yy # 2=
FICJE Wik W (Tony Skyrme). ff7F 60 EACHE H
T B/ TRRA T (pion) 847 EHAE 1 AR £ 1
R, DTS T — R A MR R
Fohi TR S M AL, BN kg B 7 0] dx—
SERITETE 7)) Bt R R EEER 18 B ER
R A 5 DOV AR [R) Ak b 295 R B, 1975 4E Belavin
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Wi FeGe, MnSi &, 2009 4, {EMLHEM BAR R P2
— IRTESZSE LI 2 4% B 7, R TE MnSi F14
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£ Fe /Tr i 1 S REAR 22 b 000 3] 7 — 4 i v B 1 B
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BUBE R FCZ 1Ay i i[RI VE . e rb 32 A0 45 DL PO o
FLEE: 1) KRGS AH B AF A (long-ranged mag-
netic dipolar interactions), 7£ A T B % M 7+
MERREVE S b 2 BLAE S R 1) S T G
G, DT ™= A2 JE ST 1R e 2ty 9 72 58 L ) 1
THIE R, B A ks U7 BE S, H b B AR
Wikg B 7 RF — UK, BARTE100 nm—1 ym 2
1] [01=531; 2) Dzyaloshinskii-Moriya A1 H./EF] (DM
FAEAR ) (54051 Y50 [ Rl A it s SRR e S I 7 T &b
AR PR R % H T A2 S AE LA G T A 46
tg e S I PAT B CFATHESY, T DM AH BLAE )
AR AT R T ELARA, AT AR T A B e B
WA Soh B A K RE &, 15 FLRERE AR e AP AL,
Z R kg W] RT BT DM BAE R
/N, G AE 5—100 nm 2 [8]; 3) PR RS #AH AR H
(frustrated exchange interactions) °l; 4) JY 5 jig 52
M H AFE F (four-spin exchange interactions) [7].,
o 3) A1 4) 1550 T B ks 911 RO 506 SR R
A, 291 nm. LR ) F2) LR, WikE BT
LS W1 B A ROSF R T B ks 4, 0 R B ki
LA A, ELAR L R 30 i B 7 e B it /N T 7 )
IAZHeRe J, 4312 8 i 1 RE RS AR 25 2
PR RO K, JEFIR B R SR8 A g AT 4L
SRS . BT DM AR R B = AR i ks 01
FEXS W AR AR AE BLAE T B ks B 7 RTS8, 2 4
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Hpy = Dix (81 Sq), (1)

Hrb Dy DMK E, Sy A1 Sy 2 HHAR M B 1 17 (1
JET E . 33X RO A T Tl = ) ) 3 5 L
B, RUARSRT R 1 B ie 5 51— AR A 98 E et
T A A ) JR A AR A P78 i T DMK & (¥ T7
) AN TR, AT A R R A ] B i B 1, B 2 R Y

(Néel type) 5 &4 (Bloch type), Wi 1 Frox.
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DM # EAEH &% D KL J /D, 1559k 215064
K 1) PO ARk v 1 Tk B K 2 08 T A v
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Fig. 1. (a) Bloch-skyrmions with cross section as bloch type chiral domain walls; (b) Néel-

skyrmions with cross section as Néel type chiral domain walls.

o k% B 7 0 96 $h 8 1 AT DL B ks B T 8
(skyrmion number) #EATHiAR, Hog L F:

Nu= g [[azmn (32 50) @

Hn A TRSRAIT IR E. ZA A T B eSS
A7 [ RS B K 00, o B TR R ) B
METHG N 1, [RIB AR AR 15 O,
il 4n 354 B 1 H0 2 RS B 1. A B O
BRI WAL S5 W AN R 2L A O s B 20 0
PR R TS B FL A S5 4, DRI B AT 0 H A8 E 1 RR
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. a0 HAT DM AR BAE g b i) ks W K
HE Rz 10102 JA -5 s W 7 (K kR B A (60
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IR, B AT AR ) — R
AN G B R A BB T iR M
R 2T i 0 A BA 195590 I T AE JE DM A B4
FR) T A R b M TR A 7 AR TN T B A B
¥ (artificial skyrmion), HAR &2 B 7EBOK HIR
FEE 90 B IR 7 45 K I AR, RS MTE Z T2
5 E W 7T BN S I 50 k. o [ R 2 B 4 BRI 5 T
F ozt I BA 7 £E MnNiGa o1& 3 7 XU A% B 1
(biskyrmion), 1X —$p7k 4 # 7E B AT 8 100 B A 8
P (100—340 K) Y [F] I, AT LA SN 45 5 4t 52 30
g, R SRS B v O I AT U [ A S A
VR 72 5830 20 0 0 TF- Ve R gl K 3 b 0 21 7 5
Hit& Bl 1 (target skyrmion), °] BLZE TG A7 BI85 30

FRaEAEAE 98], Ak, Nagaosa [1BA 09 Fi 45 &
SR 7 EA AR S A% Y - 80 0 A R e 5 A S 3
1 B1 (antiskyrmion). 1% 454 75 T 1 BE A4 v TG
FasE, H 2] DALE AR A A T A7 e, kg Bl 1
s, BEVZHIRIMER. 55— FE gt
—— Z IR B T (skyrmionium) B A BTRE BH 751
AFMRE AT i T R RR I F AN R, 1245
*’]EQﬁE/fif’EﬁﬁTT“ﬁ%ﬁﬂ%%?E%?ﬁ(ﬁ, [
I HA S RS B AR, (R B ) SR 5 T B
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4.1 WHHEBEHE

AT IR AT TR B 1 R SRR IR B P A B e 4
FEFE AL B UK B4 7 TH M R, Fert &5 P32 78
2013 g 57 1 AN AR B TG AR T AT T AE
1% 8 (i 2 A AU H i N 7 DM AR B.AE F BT X6 2
s B R, 1 (1) RPTR.

TE—ANES IR B 2 (1) ST L —
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EDM = D (mz

omy om, omy, om,
or " ox e Oy My Oy )’

(3)
Horrepn %75 DM AH BLAE FH P 0 B2 1) g 5 %55
My, My, my AR 2, y, 2 75 A A — G 5
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TEXI S R G il UAE W B B (3) sUHh i D 2
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— 5 DM R EAMHKHEE, HR/NATBH (4)
T,
D= Dy, 3/at, (4)

Ho Dy RARDM K & Dy K o N8R
TR TR WA WAL L nm A2 AT ¢ RN ER
Tl J2 ) 5

¥ DM AH AR FIAR AL S8 1 Bl b 2 B R, SR
fif Landau-Lifshitz-Gilbert 75 #2 (LLG 77 #2), MM
RAFERHEA L b BAR e Ae 7 A, Ho7 R Xan
R [73-75].

dM a dM

P oM Hg+r 2 (m 0,

dt 7 7 < at )
(5)

Horpr MOATASRIE, Heore R 5520, ~ 2 7 /KA
Rt Lt, o M2 FH e R 3. %55 3in X AT LA
(6) NER,

_1 OF
Heff = Mg 1@7 (6)

po S B HE TR M E 25 WAk 58 B AE R
e 2. iIZAe % A4 MR B TTER R IR,
3 99 N A8 #e fg (exchange energy), filh#% 7] 7 14 fig
(anisotropy energy), % 2 fit (zeeman energy), 1B
T 5e (demagnetic energy) UL H A 1) DM AH B
EHRE. R, SReE%E EnlLUH (7) Rk

M\1? n M\?
E=A| (2 K
Gl ()
poM H %M Hy+eyn, (7)

K, A, K 399 3R 58 e e ML % 1) S 1k BE 6 4L
H 5 Hy 73 w3 Mgy iR wid.

L DA ETTRE SRR, T LA A T B Bk
MR REEREE I R AL 0L, N 1 3t — DT
A% BT AR B AR B T BAT v, BTN i R IR T
FEAEHAE I AR EAE AT AR, 7T
PAE 7 9T NEATY 5 3 BT,

THI P9 VN B LRI RE T SR BBk EE b
T2 B STT. % W A 4% 44 #4 T (adiabatic
torque) 5 3 48 #4 I (non-adiabatic torque), 37~
WiR:

iab. = Lipjm om m (8a)
Tadiab. = 2eM, O )
_ ;0hPj om
Tnon-adiab. = 526Ms (m ax )7 (Sb)

N, y TEHLLE, o2t WY se W &, POy H i
AL REL, j AR, B AR T [0,

IR 2 BIE N B e AL iR U, BT

S EUH E AR E A A I R A I (in-plane

torque) LA J& HE B [ B (out-of-plane torque).
BRI

YhPj

TIp = 2teMsm (mp, m), (9a)
YhPj
TooP = €2teM (m  my), (9b)

X, ¢ AMENE R IE L, & >S5 T A R K/
FH R 0 3 ELRAIE IR 5 R H, g, D9 IR B e AL
KA. X HBEEA TS 3B H AT LOE I A e R AL
IVEIRES

4.2 SCEG A&

2009 4, Miihlbauer %5 P4 1 Y7E 5256 |-
WO TN 2] T s B . R X — 7
15, MATTAE B A B20 & 1R 45 74 1) MnSi B A4 o Bl 1))
UL 1) 17 A% BH - {31 2 18] o BT TR BB H 00T 3 8
B W T %R R T Wik B A7 AE B SR AR AH B
Kl 2 Fis.

0.6 } Field-polarized * Bea ® Baz 1
] Bei * Bai
0.5F T .
B//(100)
0.4F
= Conical N
N 0.3 %
0.2}
-4 A-phase
0.1F —p— TR
0 Helical Ty Paramagnetic
20 25 30 35
T/K
2 MnSi [EEERIFE, P A-phase Bt 77 #
Hizs 124]

Fig. 2. Phase map of magnetization in MnSi. The

A-phase is corresponding to the skyrmion state (247,

fHRZ, - B AU BRI 21 3 4% B 1 1) A7
T8, I A6 g5 W 52 (8] W AR 4 A, 2010 4,
Nagaosa 4] PAFI FH %46 2435 5t #7258t (Lorentz
transmission electron microscopy, LTEM) fi# ik |
X e P IR AR 2 JE BTz Hh R A MinSi
2 78,791 FeGe [09:59=82] B2 45 #4) B ity o i 4% B 1
BN, A Bk 07 v 02 43 0 R A LTEM 78 1E
£E (in-focus) K £ (under-focus)« LA 23T £ (over-
focus) IRZ T X Feg.5 Cog.5Si 1 IR AE it (1 [7] — [X 35
AT EUE, W 3 (a)—(c) Pras. R = Fhill it ah R
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BEAT B 5 AL 4 77 #2 1 1F 5 (magnetic transport-
of-intensity equation calculation, TIE 11-%4), Rl A]
5 I N R EE R 3 A 5 . SRR T R IR N

277181(89211) = oy U@y) moly),  (10)

b, I(x,y) A g(zy) 73 0 227 HL 130 1R 58 B8 0 A
SR An. AR, AR YE 22 5
F5 - 82 (Maxwell-Ampere equation), H ¥
FADL G0 d(zy) SHEATRE m BAA WK F:

mon= o), (11)

In-focused

[010]  [100]

B3 (a) K. (bt WK (o) EERE T
Feo.5Co0.55i # A LTEM E1%; (d) £ 5 58 B A& 4
TRV 75 U i 1A TR P B0 23 (28

Fig. 3. (a) Under-focused, (b) over-focused, (c) in-
focused LTEM image of Feg.5Cog.5Si thin films; (d) In-
plane magnetization distribution of the sample ac-

quired by TIE calculation.

Ty B B AT R 4 A et AL 52 A% () AL I 3
Wik BT (07 20— I X 28 % B FF . 2016 4F,
Fert [ B\ 53] J& Beach A1 B\ P11 43 51l F) FH 41 4 X S5
28 3% W) 2 U8R (scanning X-ray transmission mi-
croscopy, STXM) &I T = T (Ir/Co/Pt) 1o £ =
APt /Co/ Ta S5 K AR EAFAE R MG B 7. [FJ4E,
Boulle %[5 i 38 i X G 28 Wk 7 — €406 b 1 2.4
5% (photoemission electron microscopy combined
with X-ray magnetic circular dichroism, XMCD-
PEEM) M £ 7 =I5 K Pt/Co/MgO &5 1 o i
T

R X 5 2] LAERAS 2 08 15 1 ) 70 5%,
B2 SRR 2, SR FE R 2%, I AESR, W)

S (magnetic force microscopy, MFEM) 4]
2 1SR T R 2 TR 4K RO 1) ks B 1 &
B FE A LA R AE Hz g B xR
SRR RS B 7 (O SRt B AIEREOE 38 /R &
M #% (polar magneto-optical Kerr effect (MOKE)
microscope) BE % 51 77 18 . B 1 0 ) 3] 16 4% B
T SEBR BEE—ANE SR U3 ) ks B R 2
SR FH X RhAR X f67 2L 5 47 (14 D5 3k 6

5 HTHE AT R T EA

5.1 Hit&BAFHIRAZ

s W72 R AR B R S5 1, TR,
FE A% B 1 B 1) I A v R v R L P R e
2 2 SEBREEAE R, W] OB I 2 AR AR S lix —
HbR, IEAMNINE SRR B Be st I eE
773 ANt AT DL AR RS REAR RE R, A TIER
R W TR EAFAE M BE AR, AT SO, 4
SNt 5 AR G0 L AL T2 — X [A] (A-phase) I,
1EB20 S5 A RHA R (MnSi, FeGe %) Y E e 5
A1i 2 H B H TR B 1 2EL I il R i s [0 —991 ) g
AR HESEHES I BTk B TR 41 (skyrmion lattice).
T2 380 ) St B 7 IR A X A 7 20FE MinSi B
MO AR 3] P MnSi M EMBE G 25T
BRI 2, T2 ] DL S s k8 w42 i 42
ORI 7 A BT I A B - 190 Bk — B i R
FeGe A AL R, X — T kG2 ik ] 72 H
SEE MR B O BRI % 029 bk,
T 77 9 D 2 ) PO CE R AR R el AR A EL
M b i 55 455 Rt 2 e 227 A2 A% B 7. Nagaosa [4]
BA 4 5 Finazzi BB 951 73 51l gt 0 1 S 5206 £ FEAIE
LR AR SR TTVEE A A B e S
I, A R AT DA - 2k R Rk 1) J) 6 DL 1 RE
B, NI SIS B (77 AR R 1961, DL By ik
IR BEE AT RO A5 i ] 7 B, H & T e
37 OGS SR T B, JRAE H T2 B 1
SR, Bk, T A e ] R
INSERREI R HE, 52302 B RTE.

A LIE B 78 H A DM AH BAE A 00 1 4
KA o L I e AR AL LR R e 8 A
W% B B SR ABL IR B AT S ) R e i 4
A OT=991 - BE — MR A BT, LR ST R AR 45
K H R — SRR 40 ) B @ AR A LR N AL T Bk Bk
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AHIRE S, B R RO M T In), AE& i DM
MEAERT, RG0K R JERE N — A B kg
A7, 40P 4 (a) Bros 2000 SR — 7 v i 7 22
Y R B B AR BOR (— O 1012 A /m? B4R, il
TR MEREE 4G (magnetic tunneling junction, MTJ)
ToESL X —H AR, DR, FE T A 3R A4 H R L
H HE & (spin valve) BEAT T B F hevE N G it 1100,
FATRIN, BA W IRz B IR B AR T B
Bl HLIL RE S SN RO AR ks B -, O SR 3 M
I ERE I35 2. = BIK ) R U R 3 A 3 3 W B [ |
BRI, R S0 WY1 T 5 1) PR 5 B /)

(4114 102 A/m?, [F— R TR G 0L T,
WA R HEEL 1.8 102A/m?) M0, [, 2R

SEAEDLN, X — G5tk e 7= A B 3w ks W14k
(19 2 457 065 97 H0h 2) B4 Fh 25 4 1102 R 7 2
RAEE R F e T .

FES25 | Wiesendanger [\ 1031 i H etk
A BT R 27 AU (spin polarized scanning tun-
neling microscopy, SP-STM) SZHL 1 J& 35 i 1) B

(a)

(b)

e AR B e AL L I I SP-STM 4R EHE A

B Ir JE K I FePd XUZ MR I, S8 T %6 54 ks BH
T RO S, a0l 4 (b) . 2
Hhy, K B AR AL IR B O AR R VER ST, B AR
AR F L B 4N FEL S, A0 B T SR Bk B T
PR A Ry i (104,

Bl ' " .
\\\\\\
2 — \ Vi %ﬁ’%w} i

B4 () FUFEE ELVE N RN AL LA 2 1A B T 10
BAEMAR; (b) J8IT SP-STM HITREHFEM KR EBE N B i
WAk LI, AT B S5 B ARE , 7 2B i ) 7 (1031
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Fig. 5. (a) Skyrmions can be nucleated by driving DW from narrow tracks into wide tracks [195]; (b) this theoretical
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Fig. 9. (a) Skyrmions can be driven by spin waves gener-
ated by a microwave antenna in one terminal of the track;
(b) controlling the anisotropy gradient by multiplexed gate

architecture to drive skyrmions effectively [138],
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Fig. 10. Skyrmions can be detected by (a) Hall bar and (b) perpendicular heterojunction; (c) three effects:
the GMR/TMR, AMR, and NCMR can be used in the detection of skyrmions by heterojunction.
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Fig. 11. (a) Depinning of skyrmions by voltage controlled magnetic anisotropy; (b) skyrmions
can be constricted in a curved path by the control of VCMA.
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Fig. 12. Skyrmionic devices can be applied in three aspects:

1) Storage devices; 2) logic devices; 3) neuromorphic devices.
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Fig. 13. Schematic diagram of the nanotrack devices using skyrmions as information carriers. This device

has three main components: the writing head, the nanotrack, and the reading head.
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Fig. 15. Schematic of the complementary skyrmion racetrack memory.
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Fig. 16. (a) Schematic diagram of the skyrmion transistor; (b)—(e) manipulation of skyrmion motion by

control of the driven current and VCMA gate.
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Fig. 17. “OR” and “AND” gate based on the conversion between skyrmions and domain wall pairs [43],
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Fig. 18. (a) Schematic diagram of a skyrmionic synapse. This device is designed based on the (d) short-term
plasticity (STP) and (b), (c) long-term potentiation (LTP).
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Fig. 19. Schematic diagram of skyrmionic neuron based on controlling (a) PMA and (b) the width of

nanotracks; (c) comparison of LIF signals from skyrmionic neurons to biological neurons; (d) the position

change of a skyrmion in the wedged width nanotrack under different input current pulses.
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Abstract

Microelectronic technologies have been developing rapidly in the past half-century following the famous Moore’s
Law. However, this tendency is beginning to break down due to the thermal effects induced by the leakage current
and data traffic. Spintronics sheds light on eliminating this bottleneck by using the spin degree of electron, which
attracts great attention from both the academia and industry. The magnetic skyrmion is a particle-like spin texture
with topological protection, envisioned as an energy efficient spintronic information carrier due to its nanoscale size,
ultra-low driven energy, and high thermal stability. Recent research progress shows that the nucleation, transportation,
and detection of skyrmion in room temperature, which affirm its potential application in electronics, lead to a new
research field called skyrmionics.

In this review article, we first introduce the fundamental concepts and recent progress of magnetic skyrmions, from
both the theoretical and experimental point of view. Different types of magnetic skyrmions have different properties
due to their physical dynamics. We only focus on the skyrmions stabilized by Dzyaloshinskii-Moriya interaction (DMI)
in the ultra-thin film structures as their small size, high mobility and room temperature stability can provide the
perspectives for electronic devices. The skyrmions have already been extensively investigated from both the theoretical
and experimental aspects in recent years. Micromagnetic simulation is the main approach to theoretically studying the
dynamics of skyrmions and their applications. Most of the innovative skyrmionic devices have first been demonstrated
by this method. Experimentally, skyrmions can be measured by various methods, such as the neutron scattering, Lorentz
transmission electron microscopy, scanning X-ray transmission microscopy, polar magneto-optical Kerr effect microscope,
etc.

In the third part of this paper, we present four basic functions of skyrmionic devices ranging from nucleation, motion,
detection, to manipulation. The nucleation of skyrmions, corresponding to the information writing in skyrmionic devices,
has been widely investigated. A skyrmion can be nucleated by conversion from domain wall pairs, local spin injection, local
heating, and spin waves. Then, we focus on the current induced skyrmion motion and compare the two different torques:
the spin transfer torque and the spin orbit torque. To read the data, it is necessary to detect skyrmions electrically.
One way is to measure the topological Hall effect in a Hall bar. More commonly, skyrmions can be detected through
magnetoresistance effects, i.e., giant magnetoresistance/anisotropic magnetoresistance, tunnel magnetore sistance, and
non-collinear magnetoresistance, in a junction geometry. For manipulation, it is mainly demonstrated by the voltage

controlled magnetic anisotropy (VCMA).
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Finally we discuss several representative skyrmionic nano-devices in memory, logic, and neuromorphic applications.
The magnetic tunnel junction and the racetrack are two common designs for skyrmionic memory devices. The former can
store multiple values in one bit, and the latter can realize fast and efficient data transmission. To control the skyrmionic
data in these memories, the VCMA effect is one of the promising approaches, which is used in several designs. For the
skyrmionic logic devices, they can be divided into two main types: the transistor and the logic gate. However, until now,
these ideas are only demonstrated in simulation, and more efforts in experiment are needed. Besides, novel devices such
as artificial synapses and neurons can be realized more naturally by skyrmion due to its particle-like property.

In summary, skyrmionics is promising in several aspects, including performance improvement, emerging function
and architecture design, and bio-inspired computing. Remarkable progress has been made in the past few years, however
the device integration, the materials, and the data transmission still restrict its application. We hope this overview
article may present a clear picture about skyrmionics and receive more attention, thus promoting its fast research and

development in the future.
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