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Fig. 1. Schematic of M-H loop, magnetic domain and

domain wall.
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Fig. 2. LTEM Fresnel-contrast images of the Fe/IrMn
bilayers, in which magnetic fields were applied along
the Fe [100] easy axis (a)—(c) and the Fe [010] easy axis

(d)—(f). The dashed red boxes highlight the position

of domain walls [11],
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Fig. 3. Schematic diagram of domain walls, (a) Bloch
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type and (b) Néel type.
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Fig. 4. Spin structures of skyrmion, left (a)—(c) Bloch
type and right (d)—(f) Néel type [17—19],

e1n .‘
<& Electron flow™ . .~
" Topological
] Hall effect
| v -
4 5 B 2
B e Zaaa :
At Spin-transfer ¢ {4 .+ Skyrmion
o4 Sy Ly
torque IO PR, ,IHaII effect
de b WhT Ty
B g
T
ST

Emergent
elecrromagnetic induction

5 Wk W T2 A RS A ELAE R AR A
BGoRRE (19,23]

Fig. 5. Schematic of skyrmion motion and associated

physical phenomena under the flow of electrons [19,23],
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Fig. 6. Magnetic phase diagram of MnSi: (a) Theoretical prediction [2°]; (b) experimental

results by neutron scattering [26].
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Fig. 7. Topological spin textures in the helical magnet Feg5Cog 5Si10: Helical (a) and skyrmion (b)

structures predicted by Monte Carlo simulation; (c) schematic of the spin configuration in a skyrmion;

(d)~(f) LTEM data.
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Tablel. A list of magnetic skyrmion materials and their related parameters.

Bt et BRI /K BEARAN /am SOk
MnSi Puik 30 18 [29]
T 45 8.5 [30]
x = 0.06 16.5 12.5
Mnj_,Fe,Si z =0.08 10.6 11 [31]
z=0.1 6.8 10
FeGe N 278 70 [32]
MnGe Puik 170 3 (33]
z=0.35 150 4.7
N My Fe, G z=0.5 185 14.5 ]
z=0.7 210 77
xz=0.84 220 220
z=0.1 11 43
Fe1_CozSi v=00 5 %0 [35]
z=0.6 24 174
z=0.7 7 230
GaV4Sg AL 13 <110 [36]
CoMnZn Hefi > 300 > 115 [37]
MnNiGa Hefg 350 180 [38]
Cuz08e03 AN 59 62 [39]
ERiaty| BaFe10.355¢1.6Mgo.05019 Hefk > 300 200 [40]
Laj.37Sr1.63Mn207 Ptk 100 160 [41]
Fe/Ir(111) R > 300 1 [42, 19]
FePd/Ir(111) R >300 7 [43, 19]
Co(disk)/Ni/Cu T >300 2000 [44]
[Pt/Coln /Pt T >300 120 [45]
TN 2 R Fe/Ni/Cu/Ni/Cu(001) HfE >300 >200 [46]
[Ir/Co/Pt]10 I >300 >100 [47]
Pt/Co/MgO T >300 >300 [48]
Ta/CoFeB/Ta0, T >300 >700 [49]
Ta/CoFeB/MgO T >300 >700 [50]
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;35 [ Kivelson #4% A1 BA 1101 LI H 8 4 5 B 3%
W, 0k AR ZE 2 00 RAR /NN, AR R ] DL B R
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TR 2T i VA A 1A A (500 ) ) PR AR 7 A5 40,
FEAR B DMI B BL T, Bl A T 1) TR AR 282
A LA B0 AR R S R, B D S A S 2K
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RS M B . 3 — U0 i i A 2 D M R 241 e
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JR 7 e R 70 B 1 o [ S 2k i T HE (CARR) M
AL S50 DI A 456 N\ A FH ) o R S 2R b 7 U (CSNS). 45
TE T A& B -7 AF 70 00 2 1 5L 0 A At 9 i
Pfleiderer 245 A BA 15 X FI FH A7 BU 2 R 7E MnSi
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{EA L AL AR TG T LARE 2] 10 Oe BAR, +43 A HI T
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Fig. 8. Biskyrmions in MnNiGa materials by
LTEM [38,58],

A U] FH LTEM W% bl W5 28 44) 1) 1 it Fh 8 5=
=, AREEMEE SR &4 AR, 25
ek RO, (2, il LTEM F IR 5 A E
BRI, LG 71k — IBIET) 3T B AN s
SU IR, MR LSRR AR 1R ((FIB) SR B %
HUBERE . R A LTEM B4 A [F 413 T B8 1R R
FF, AT DUIT JR AR S HE 4 ) 0 3 i 00 0 AR, 5%
T A M LTEM JF J& A i W1 i 0t 58 7] LA 2%
FHIRICHR [10, 27, 38, 52, 59].

20 20 80 AR, BHEFAET &1 175
RS T AP R A8 (STM), BRSBTS
7 6] B JE 43, AT AT BLEAT BT /4 TN
THRES, RBCRS L RTRE MR Ay
R DR AR - 22 A A 2 A R T — I BOR
iy (000 [ 5, Ak o R e RO A 1 5 5 A4 e
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TARJR BN HEVERM R SOK I IE, BT AR
(1) EL T 1) R 3 4 L AN R, A R 22
PECSTM Pt 54 it 2 1 2 8] PO B 2 H I [ A
BLFERRA AR AL P 7>, L7 B HOR AT EAARR
PRI A5 B S AR T S B AR SR AR B, IR
AL BB I A B 3R T TS B 101,
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PEEM) /& 53—y L AT 7 W £ A4 W1 452 1Y) 2B 32 5
B, Hoh LEEM BA &R 0% ok IR B
BT (/T 30 V) (158 T 1S X A 3 T 1A T
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I FH 0K HE SR IR LT O R i R TR AT BB
LEEM 5 PEEM i@ % A [F] — & 8 1 Pl R
B, B8 7 SAE T U048, 45 3R TH AR R TR
{8 A, T LEEM/PEEM ¥ 7] DL FE 3 1
AT AR, U0 LEEM 8RS B e WAk a5 A 25
Ay AT DLFE O o Rl 1 A 3R AT G R AR T PEEM
FEA T SR A O 1R T U ORI, AT DU TR
A B 1) i 5 A A

FLART &, TRl R 5, SR B el

(2)

(b)

\ - ,".
- % ;
AL A

Vvy
{ v vy
¢ E ‘ v ":"”"ﬂ’;’::
By et 0l
)

GRS HE 7 S MU (SP-LEEM) AT DU Hdh 47 1 45 14
FAE 1662631 fgi 1, SR A SP-LEEM ] A% A= KA
Cu(001)/Ni/Cu 4 J&& & Ni/Fe i 14 X2 5 3F 47
W S5 K RAE, FERLGE R T 2% R B 10 G A 397 4
T, MR S5 R A 11 .

B9 Ir(111) 4K LAME Fe 4 FJ2 1 SP-STM Ml 4% 5 (42]
Fig. 9. SP-STM measurements on the Fe ML on Ir (111) [42],

10 Tr (111) 3 _FAME FePd SUZIBTE 8 K N BB R £ 149]
Fig. 10. Magnetic field dependence of FePd bilayer on the Ir (111) surface at T =8 K (43],
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x

(b) ’*‘hﬁ i

; g 7 r - 3
200nm";,‘ i 0 i ey
—

B 11 Cu(001)/Ni/Cu #& L Ni/Fe SZ Itk SP-LEEM Rit4 (46631 (a) Z 2457 EE, (b) SP-LEEM

IR, (c) BN B T ROk

Fig. 11. SP-LEEM image for a Ni/Fe bilayer grown onto Cu(001)/Ni/Cu substrate [6:63]: (a) Structure of
multilayers, (b) SP-LEEM image, and (c) magnified image of a single skyrmion.

X T PEEM R i, B304 T 1 39 1B 1 B A%
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18, HH PR NG R /2% 0k R T R
(XMCD/XMLD-PEEM). - [F] 25 48 41 ) X S I8
B A, XMCD/XMLD-PEEM % 4t ] LSZEL 6
ROPHNELRR ThRE. S 2, IS XL RE
B WA B — B 7T 3R B0 A TR RS B (i
Fe [¥] 2pg )2 M1 2py /o FE & 70 73] 9 706 A1 719 eV, Co
{1 2p3 /2 F1 2py /o BE & 73 79 Y TT8 FI 793 eV, Niff]
2p3/2 Fl1 2py /o REEST 04 852 1869 €V), AT AR
RE A TR E BT T R RS R R, AT AT DA
FEAN RV 70 3% 22 18] B ELAE ) (n Bk A0 fs Ak
A ).

14

124

tpenn/ML

101 &
8

124
10+

trenn/ML

3 45 6 78
tco/ML
12 Cu(001) #fJi& FWHLFE FeNi/FeMn/Co ¥ &4+ 4E
R B RS A 1E 1 e Ao g% (64
Fig. 12.

netic interlayer coupling in an FeNi/FeMn/Co single-
) [64],

Overview of the direction of the mag-

crystalline trilayer on Cu (001

BEEFATR A XMCD-PEEM AR 176K 4 ¥
FE KUK T & 44 8L (W NiFe, CoFe, FeMn) 1
PR A A ERSS R, tr] AR k% i

KA FCHE M 2 2 B A 38 H AN [R] R 1 J2 22 T P A
YERD. fltn, 78 [ 3 Gl 5 M BT 78 BT Kirschner
A S BN, I XMCD-PEEM $ A W72 T
XELIE FeNi/FeMn/Co = JZ AR & o 1 G AH BAE
H, IERH T HITHR SR T), 7 0] LUK 2 Rl
JC& (W0 Fe, Co, NiflMn) 2 8] (K REA 7 AUAH B AR
FHRAE H 5k (641,

tH T XMCD-PEEM 5 £ #i T-K 84 [R] 20 4 o5
JEUR, LU 2 )2 R, AR, & ER RS2y
FFUGE T R AS R CIRAE AR IR K I e e i 5 i 1
BRI AL, o B R B AR 5 BT (R 2
FAE B AT A K AR P % KBBF & i 1) 2 il 1
KT RS AR (PCT), A&t — b
R AN E B WOLIR (DUV-DPL IR, K iZ iR
5 PEEM AH4 &, RIVREAMBOL K 5 B B4
5 (DUV-PEEM), FIH B2 R4, HA 7 P
1K 3.9 nm. BRSSP REIL 0.1 eV, J2 H il E bR
EAER R AR 2RSS Cas T I REE
TS S e FL 3 77 20 90 100 IR R AN B IV ik
TN 6.99 eV, T4 K 2 AU R 4R 3R TH ) R
#(Iln: Fe, Co, NiFlPt [T sH5 74 4.5, 5.0,
4.6 F15.7 V), 41 FIERERS AR TR R AMBOE G IR 1)
dR, WTT LAF A DUV-PEEM ST & REPERE 5
WEWE 25 A 5. I, Hp R 2 B A B 5 BT
[ 5% o S 56 = B 90 52 10 L B i 6 R FH R R A
et N6 T 05 1 PEEM & 4t 24l 5
W, RIS T T B ) S5 1 FePt LAY & 1Y)
WiBESE K. % EPEEM R4UBL s EE 50T
AN E B 4 R GUAH B, AT DA S I o o
i 1 R I/ 22 J2 IS A A K R R S DR A A% i R R
P o HEERG, AR AR IEAE#EAT .
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HRI5NT ) 2 T, BIESNAERTT, Jks ] aT
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FESTRS W7 FR AN BE S5, T se ik 1 R S
A% BT RORE AR L Bl (AN T R X 78 AN 2,
e FL AT H OUR A 0% T 1 DK B 4 B K R 5%
A fis vERE, B 1345 T MoNiGa #4 BHE A F
SIS IR B T AR L AR

R, AL REFRS f 45 MnNiGa & 4 5
SRS SR ) B8 iR X AT RRUE [ 0TS I T 45 4,

{EE A R K T E R R, A R 5 Wk
B 125 B A 81 & 14 o, el TR Ak B
T 1) FEARAK, A DA 2 FEAE AR SR AR R I LA,
7 Sl I R 8 T BOR IR, AT . i
IR 7 & B 00 SFF MnNiGa 4k &, ] LA 4+
I SR E S M B e 2 18] 89 AH BLAE A X Bk
B 1WA 7 3 78 (RIS 7] 2 SUE 35 (1) 5 7)) 13EAT
HRWTE. FRRE: EE YR EBERER AT
PAZE I HEAE 7 3 A8 I A, A4S SR AT ks B 1
S AR ) AR s PR SOIRES RS T LAE R
T 39y A — € B FLRAE FH R RS E A2 AE; FE AN LR
FIER T, EIRIRE T LLAE 100 K 3 330 K ) %8 il
X PN L 2 VA Ol e R BT B 1 2, DR Uk A
FEL AL AT AR 2 2 MnNiGa 4R 1) v 0% B 1

13 Fifi T MoNiGa ¥ BHER % T K LTEM M
e 138)
Fig. 13. Magnetic field dependence of biskyrmions in

real-space LTEM images at room temperature (381,

J=0
(a) (b)
14 AR SRS E M MoNiGa # kY
LTEM g f [66]
Fig. 14. LTEM images of MnNiGa biskyrmions under
magnetic fields of 0.21 T and f 0.24 T, without electric

current [66],
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SR T . 5 A T IR N WIRT TR, EAEAE MnNiGa #kF 351554 5E 1
5.0 x 10" A/m? B} (A 2T 5.0 x 103 A/em?), A A s VS W, RETEA UM RHE 2 )
KNI B 22 A A BH IR, T DAY 2 VAR R B B B0 B L AN g3g AN HL
F i 4AME N 0.19 T, FLEF P R S S0k [ E SR, B 1645 T MoNiGa MHBHE %

SEHRF AL TR T, L R LR 0.

J=5.0x107 A/m?

(a) (b)

() (d)

K15 HIEE & % T, % EZN5.0 x
107 A/m? MRAMERR, RS T kS 15 AR
LTEM [ Fr, W s 80k b i U0 B 1 R i T AR U
F AR S0 B e RS J ks (06]

Fig. 15. High-density biskyrmions by electric current
manipulation. Lorentz TEM images of biskyrmions
transition at a magnetic field of (a) 0 T, (b) 0.15 T,
(¢) 0.17 T, (d) 0.19 T with a fixed electric current of
5.0 x 107 A/m?. High-density biskyrmions pinched
off along stripe lines, attributing to the spin transfer

torque effects induced by electric current 1667,

15 pm—2

J/107 A-m—2

K16 MnNiGa MEME SR T QT B 7% X M)
RGN LI B FEE 2 1 110 25 7 2 e [66)

Fig. 16. The contour mapping of biskyrmions as a
function of external magnetic field (B) and current
density (J) based on in-situ LTEM observations (661,

U5 U A% BH 25 5 X6 A1 Bl 37 AV A I RV 2 B 2%
R m 2K, Horh H, FM A SKXs 73 AL 12
TSR BRIR S RS RS B 265

H

g
<
Q

S
T/K

17 & 243%0% W MnNiGa REE XIS B3 77 A0 R
LTEM 67 (a)—(d) 50 mT B35 AR E T K LTEM
B, R EE N 298 K, 335 K, 345 K LA EKE 31 298 K; (e)—
(h) TEARFAME T M 360 K 377438 k3 298 K i) LTEM
B (1) —(1) o3 50 B F B (e)—(h) I HATSMG A T & 3 58 4
[T A% B & T (¥ LTEM B (1)—(1) o 4 B o BT ir g 28
AN BT HTBOR B B AR RN 200 nm

Fig. 17. LTEM images demonstrating the biskyrmion
generation and sustainability via appropriate field cooling
(FC) manipulation in MnNiGa. LTEM images acquired
under a magnetic field of 50 mT at (a) 298 K, (b) 335 K,
(c) 345 K, and (d) back to 298 K. (e)—(h) LTEM images
of the magnetic domain distribution at 298 K after FC
manipulation from 360 K under different magnetic fields.
(i)—(1) Biskyrmion distribution after increasing the mag-
netic fields to complete skyrmion state based on the cor-
responding residual magnetic domains shown in (e)—(h).
Insets in panels (i)—(1): in-plane magnetization of the se-
lected single biskyrmion. The experimental procedures are

shown on top of the column. The scale bars are 200 nm (671,
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SEAFAE [ AE 5 R AR IR A% W7 5 KA R BRI g
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FAFRIRLH. N T AT A FRIGIRAS T ks
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<
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30 pm 2
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0
16 100 150 200 250 300 350
Temperature/K

K18 HRYEAS FLIRA T 3rd% U UL K RS2 LTEM 45 R 3k
F3 RO RS W 756 2 15 A7 Bl BE R AR AR R, Job (a) 9
ANFREE T2 AFRIE, (b) A7E 50 mT Wi T 7% a5 R R
fmAAR A 167)

Fig. 18. Overall phase diagrams obtained by contour map-
ping biskyrmion density as a function of external magnetic
field (B) and temperature (T') based on in situ LTEM ob-
servation of skyrmion evolution from (a) ground stripe do-
mains at different temperatures and (b) residual domains

after the optimized 50 mT field cooling manipulation 1671,

19 A R B 0T TR 3 0 g i (O8]
Fig. 19. Magnetic biskyrmion morphology dependence of sample tilting

[68]
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Fig. 20. The magnetic anisotropy together with the corresponding skyrmion distribution in Pt/Co/Ta multilayers. (a) Top:

the DMI for two magnetic atoms (grey spheres) close to an atom (blue sphere) with a large spin—orbit coupling. Bottom:

schematic multilayers made of six repetitions of the Pt/Co/Ta trilayer. (b)—(d) Room-temperature magnetic hysteresis loops

measured along the in-plane and out-of-plane directions respectively. Each loop is normalized to saturate magnetization.

(e)—(g) Magnetic skyrmion distribution while completely evolved from stripe domain at the magnetic fields of 680, 930 and

1040 Oe, respectively. The skyrmion density gets higher with thicker Co layer. The scale bar in (e)—(g) is 200 nm [69],
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Abstract

The concept of skyrmion is proposed by Tony Skyrme, a British particle physicist, to describe a state of particles as a
topological soliton. Magnetic skyrmion is a novel spin structure with topological behavior, whose size is on a nanometer
scale. The space between skyrmions is tunable from a few nanometers to micrometer. Magnetic skyrmion can be
stable in a large temperature range, from lower temperatures, to room temperature, and even to higher temperature.
The materials with magnetic skyrmions include not only low temperature B20-type ferromagnets with centrosymmetry
breaking and weak ferromagnets with helical magnetic ordering, but also the hexagonal MnNiGa alloy and ferromagnetic
multilayers over room temperature. By using topological spin structure of skyrmions, an electrical current can be
applied to driving or flipping the skyrmions, similar to the spin transfer torque effect in spin-valves and magnetic tunnel
junctions. The critical current density is on the order of 10> A/cm?, which is five orders lower than that in magnetic
multilayered structures such as 107 A/cm?. This critical value is much lower than the channel current density in Si-based
semiconductor technology, thus leading to great potential applications in the future magnetic information devices. In this
review paper, we first introduce the discovery, a brief development history of magnetic skyrmions. Then, we summarize
the materials with skyrmion spin structures, focusing on the key physical properties. Finally, we mention the recent
progress of the multi-field (such as magnetic field, electrical current, and temperature) control on magnetic skyrmions
in hexagonal MnNiGa alloy and Pt/Co/Ta magnetic multilayers, together with the creation, annihilation, and dynamic

behavior of skyrmions.
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