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Fig. 1. The spin structure diagram of different skyrmions: (a)Néel type skyrmion; (b) Bloch type skyrmion; (c) Néel type skyrmion;

(d) Bloch type skyrmion; (e)—(h) anti-skyrmion; (i) the altitude and azimuth diagram of unit magnetic moment.
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Table 1.  Types of chiral interactions!!.

RBCH DMfE WG DA ek
IO e T WM MR
iﬁﬁjjli 100—1000 5—100 ~1 ~1

AR MnNiGal'd MnSil% Fe;Sny®  Fe/Ir(111)M

TESSHA EAE AP EAE RS F, 72—
IRE I IR E LR A5 AF T, ATERE R A
IR P TRS WH  45 4.

2.3 DM 1EH

UTAER, F5E 24 T AE i DM AR A= i 3
& B B DM AR R RIE T AR 800 1) A efiiE
FRA R B VE S, A7 AE T 25 8] 6 R e ke %) 44 ek
b TR AR SRR T St 2 2 TRl AR
FA) B S5 AR P - ) 1 s B A e L A S 00 T
TEMEA RN DM AEHISR H M RS 5 I ) X PR
Wk | W2 4R )2 22 () B A BEPLERE S XT
THHSE FE, H: DM VR RR G 25 at i] 37 A 127)
Hpy = —Dqs - (S1 X Ss), (7)
Horpr, S, F Sy ZAH SRR [ B A E; Dy Row
DM Zait, HH AR FRPE T . s R Dy,
T TR A T BT S, S, A
KA. XTI TR RERE, 2 DM YEHIEAE
B, 36 PR AH ARG HE 19 5 ) 23 1a) %5 DM 2% 1t 7 [n]
Tz
FEVRAPEL R o, B 1A e ™ A6 R R
SEIEZLY, I DM VR Az i R i %5 T Rk 12
Epuk = Dm -V x m. (8)
AERIEADRY T, BERGIE AR = I0RHL 107 = 0,
] DM AE R A g 1 2 B T 3R
gipm = Dim,V -m — (m, - V)m/, (9)
Hor, e B epy 730 IR TE [ AR RS R 6}
) DM EFRER L ; m KR AR m, TR
DIREREFE 2 J7 M4y D DM AER WL, 22—
5 DM ki Dy, M. D AH B IE 7 A] He e
ks IS 80. FE AR B, B DM PERAE K
Hris WA 5 A A BT MnSi, Mn,_Fe,Si, Fe;_,Co,Si,
MnGe, Mn, ,Fe,Ge, FeGe, Cu,0SeOs 55 P28 &
1122 8 A i bk 28 B i B -, B 2 76 B AR 1Y 3 B2
(16 K) TAEAE MO ZESBER b, ph T3 5 [ AR
Ak DM AEFRHERAN R, A B2k 80, filan
(Ir/Co/Pt)1l'¥], (Pt/Co/Ta),5!""), (Pt/CoFeB/Mg
0)15", [Pt/GdysFegs 6Cog4) /MgOla™, [Pt/CoFe
B/MgO] 52 &5 i Bk & . RN & B, 723
AR s B R RREEARAIR AR T A1, )
U Fe/Tr(111) FEARAA A48 D1, 308 5 22 J2 28 )
Jr 08 E DM AER, AT ATE SR T 3645 s B+

231201-3


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. 69, No. 23 (2020) 231201
T AR N B, TR R A AE —Fh s B 5 Hy = p’ Ju -0,
e, RS — K, A 1 um 247, HZ N6 2me
A 1, e R R, DM AV FH AT R B9 AR 1 A2y 13
A EAE R — e RIS AEAE, PRI DX 3] ks B - vt A (p+ eA®)? S
i1 DM {F FIE BT A% 1 7, 2303 1 DM 38 Ho= " eV

S LA . 5 SCASHH P T 5 M A PR
BT 17 R S B A 0 200

2.4 HTIRRBFROFRFMSIE
2.4.1 HA&RAFH

A% W7 T AE F BB AL r R SO AR T 18
gy, [RI Al AR T A L G A A R T, AT
A N AR 111 A 1 K SR 5 A B
T HIFEMFE R VIR G, 78 " AEREPERRL sl — 4k
BEVERT R, B RESS R A Fh MR T LT M
(Hrs B 1250 N SReAtiag, JHGRE SR B

wam g ff e (5 5y) 00

Horp, m BORIPNIRESE, & o, y RREL — B L
A HTAS B, LTS B 500 Ny lH 0 + 1. Ny 46
XHE A 1, HYHE SRR R X T — N ik B 1,
HPAALREFE SRR O e — R A 2 R 2m. Ny, IE
AT F R AN [FIZE A By A% B, 9140 > 3 B v
O RIRERETT ) 18] R, N, (B ST, 7R s i
¥, BRSO iR T AR A D T 5
Wi I FAH . A% W2 2 MR Y, i an
FIARFEF NI S50, RIS T, AR %
SEr) AT A B AL R R a5 A BAT IR R
rAREYE, 7E A eI VE T, ™ A A K
AW e DL X A A e S #4, HA g T
DL 2B #0490 Gn w0 R0 i e ) #RH FNERCH 0,
£+ (meron) MHRFNEICH 1/20.

942 IBINE RAE

M IR i, S SRR AR
FUR A BEPLEFE SRR, (A5 19 e RN B
B A R T A A T, NS L s
SRR KA AR, B & A i A R N E IR 8K
N (2 (a)). FEZS T ANRER R A0 m (2, v, 2, 1)
B 2 AR i, Y i B A
Bk B (A BHT, Hirks B2 X6 i iz sl A
A, T2 FL i Bl Y RE E: p

Hrh p HHEF B, m, NHETF I, J, A
¥, o, Pauli JFF, 1M e M FH M. (AR
As N Ve AR A B 2B 10 H 4 R B 2k
B, FHIL BRI AR A AT Az O HL A FH B S50
HLREY, WRRNTRAE Y, BATRAAR (2, v, 2)
TS IE] (¢) () pRER. 5 B4 I 3 A H R A
Wik B FECRUIAEDE, EATZ ISR Ky 1ol
DAS, aAj) h o .<8m 5‘m>

B =ep( E- )= SRR,
i 51’“( o ok ) 2" a5 " ok
(11
o OVS 0AY B [Om  Om
B = e T ™ <az % 6t>’ (12)

Hrr, Bem, B~ REWEMS RORERY; A,
Vi MR TR h o 240 5w i e AT
HLfT i eqjn s TG AN =B 58 2 RV FROK &

(a) o Electron flow _ '_,-"
e . .~ Topological
L5 “i 1 Hall effect
‘I s __-.-| s %3
Bl i sl
"I - S ' {
L B il i, Skyrmlon
i l
Spin-transter o7 "“ L i Hall effect
torque " . ‘& P .I',
&
Emergent
electromagnetic
(b) induction

Anticlockwise rotation mode

/_“\ AN, )
\q_/l-»l\;/-)-pj >

Bl 2 (a) 04 B 71 fL SRR T 0932 3 e L 5 70 3 A
GV A B8 A8 25 IR RTTE B9 5% 115 (b) Jiris B 74k %
AR

Breathmg mode

/ ]+ '(O)- (o

Fig. 2. (a) Skyrmion move under the flow of electrons. Elec-
trons are deflected by the Lorentz force due to the emer-

gent magnetic field!; (b) oscillation diagram of magnetic

skyrmion/!.

WA 2 ve i 45 i RS EE, SR A TR

BF, TR ARG 2 AH I b ™ A 4 ) HRL 3. A s

B (AL R g, th A B 7 52 A2 1T = 2
s BN

E = —vy x B, (13)

231201-4


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. 69, No. 23 (2020) 231201

Tl AR LR B A R A A, AR LR
(R T 23 A LR R ) D, AT 7= A LB, S of e BHL
D FE NIRRT e X3 MR 2 e B AR ] T
BERAERENEA R P RO B 1. E—LerEPEA R
ST WA 2 B — i (Y R RSO PE SRS R p s 18]
ZHEy, X BERUAA R g STk W11 A, R UL S 30T A B
TR A =T7 . DTSR AR AR (18] 4(a)) 2. FEEA
F& W11 fi s ) B A B R 3 MinGee, FeGe, MnSi
SRR R BT R MR RN, {HLEA SRS
B 7 A BRI A R 000 B i 2 1) R S B 5 DU A
Xt .

2.5 Hit&QEAFEh HZ

Hrks BT fEAMNAR A ER T 28, Hrhiw
UL AER AL R IRV E R T IEERS. 2010 4F, Jonietz
S B2 AE MnSi S o & B0 H 90 TT LS Sl A% BH
R AR I IERE . 2011 4F, Yu 25 B3 7E FeGe 11 & FH,
FHRRAVR P H 0 5% B2 AT SR Bl A% B 12 30, Ak it
A% B B 3K S, HAS B2 fE L i b A e
HL T SRR R A VR SRS R AR AR Ak L i Ok B
T #9328 sh A ] ] Landau-Lifshitz-Gilbert-Slonc-
zewski JTFEA A (131

om

0H, om .
= —m X m+m OZGE‘FB(J'V)ma (14)

Hr, m I REAE, H R R, 5o
HLE B, ag A Gilbert BHJE REL, 17 50 3E 4 #4

AR TS T B AERIR, ZERRAPEIT,
ATk T AEREVEAT R A2 ShRLEE, AT Thiele
TR

d
My +Gx (G —va) +k(agva— ) = ~VU, (15)

Koy =dR/dt, R FERYHEHF R L M, R
Wiks B F 50T GONPEIRRE, G = 2nlNge,
(e, N 2 T iR i ); g, LTI BE; vy N
WAk B F IR kAR NEE; UNHT
NS GG A R

Thiele 75 2 1 i HZ IS 2 WA TR T
TER T 0 FaE s LAk, i I 5T 7 M
HWE: v, = (ag — By, WK 2(a) FiR, XFBLL
FRA AR B 2 JRRU0 Y. T3 B8 A0, TEHLR

BREN, ks I 1 i S A — R BT R N B
NI Y B B TS I, fe e A B RROR (R, Y
HLIAL A R IR SR, ST B R i 2k (). [l 5%
AR, RSl TH G, S0 B iz S e
SRS RN, ks SO iRis sl 20,

WAk BT BR T RT7E R IR SRS Nz shdt, s nl LA
TESNINEE S AL TR IS T iRz, HRTE RIAY
Pz T A PR — B A B A4 O X AR A
TR R K sl i, 1P adR (I8 2(b)); J35h
— BRI 11 Fps BRI LA Hh O F SRS PE e e
(11 2(b)). A% B 5.0 BRI GR JLAAT L e e A PR
AN 7 2 — b S B T AR R 0 7 1
JiEH; 53 b —Ff e 55 A% B 1 AR S A 7 1) i
K. TR T 1 R 0 ) e T ) IO P2 ) 5 i
P e 012,

2.6 {RIEHEIERTAE AT+ #

TR B - Je R TE B B20 S5H MR
g, MnSil'Y) Fe, ;Coy 5SiP), FeGel'! H & BLAY.
J5 eIt 52 i BRGS0 A% B A7 AR T 4 s o b 2
B Fe/Ir(111) % 1 DL K Cuy0SeOq H B3 A1
RERAEACT ZE M TAAAE (8 2). 3l R #E M
WAk W1 Ao, & BURETE Erig W B Z R e
P, Fildn: 2009 4F, Miihlbauer %5 10 % BE TN
6 B 725 L — 5 B9 R HE 91 A R AR B R OE

# 2 RIRBETEG BT AR

Table 2.  Magnetic skyrmions materials at low

temperature.
e RAE T e T
Mn§ilt0! Bk AR E%f 29
FeosCoosSi¥  Mifh Ak ﬁ;ﬁf 2
FeGel'dl Hlh o A @ff 60—260
FeGel* Hul AR ﬁ;f 250270
(E;; '[)C(;S[S;A o A ﬁ;"&ﬁ 10
Fe/1tl! %Eg SR Zﬁii 1
PdFe/Ir(1 1 1)) ﬁ%%)%ﬁ IR Zi;;ﬁ 4.2

s BET 0
T

Cuy0Se0430 P,
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Hrk& ks 2010 48, Jonietz 25 B2 7 MnSi fnik
Hh & BEL I 1T LS SIS BH T A A ER; 2011 4F,
Heinze 45 (138 32 43 B E V5 il 45t 4 ) vl
JZ Fe/Ir(111), J-H1H A i etk 45 4 i 7 2 S %
e Fe |2 LB THHEIHT 2013 4F, Romming 45 39
FIFH STM F= A= i AL HL TR, B USEER T BN A
B 1 72 A RN K Seki 45 B637 % 1, 7E 28 b
#F Cuy0SeO; 1, AT LT Cuy0SeOs HH
Wik B a5 W R RO vp R 8l e B 3l
Wik BT, 5. i XA BEARREE R | T ™
A= R e B TS W45, X6 b AR A o R A
WEAE R FH O T 32 3 T — 52 B BRI L

3 F B HT AL U T AR

TE 2015 4R 2016 4E 2 1], BHEZ A 1RG2: k
T ZMEE T AR E FELE A% BT IO REME A R
Fie HEAA B} (%) 4 5 1T 3 Ay e B A L T BRL R R, A
3 PR, WA R 2 Z AR 11521 0N
TSk BT MR 10220 B il /R A Aok T A A 23
AR AL B-Mn AL SR 2425] U XK
FHEE (BREAR . N5 NipIn %) 25 1620 5 4R 3 R
VRIS BH - 1 5 e 1 5 IR R PR 04 B B R
TG IX 51, AEL 28 TR ks BH AR 2 B, R AY
F& TRBE B NE, B G 1
R .

3.1 ZEHERHFH
ZJZ AR S B A0 AR il R RSk B

JZE ) DM AR, B2 84 8 J2 FwG 1 2 ) 5t
ZIA] H BERUERR S B E I 5 kA R
S, 162 2 RERRL it ] 2 B 25 R AL
H T2 BT RGP TS R il 45, X R RLEE H 25
ZyiE L RS | BRI | M SRR R A A A
KHATRAL, PILAZ R 2 1 .

2011 4E, Heinze %5010 @173 o AMEEAEERRE
% )& Fe B4R Ir 480 &8 )2 Fe/Ir(111)
SR R I T REVESTAS B . FLDITE A
HR BT BT AR RGT /N, 29 1 nm, {H L REFE
11 K R N e, SiRmH s R R LT 4
A D AR 2015 AR1EZ )2 WA R & 8L AT T
44144 T Ta (5 nm)/CoFeB (1.1 nm)/TaO,
(3 nm) M =JZMREEH, FiHaE T A (8] 3(a)).
TER YIRS, #EWs Al #5380, Y RiwE 2 My N ah
FAJEE | B e o 0T A B 454 . AN TR) 4 @ 2
TS I, VLT 445 M R4S Y s B A B
FEEHFREAL, ROT29 1 pm, idANGEH 2 N FHAYEEK.

2016 4=, Moreau-Luchaire %% '8 % L 7E = i
T BT Al R E A AE T (Ir/Co/Pt) 1 . AR
FHEAHEEST X B4 B /45 (scanning transmission
X-ray microscopy, STXM) TEAAKIISMNINGG (B, =
58 mT) T, 245 T/INISF (29 60 nm) YTA% HE -+
S5k, R UM, B0 Fe/IrY, PdFe/Ir
(11 1)B8 & HAA% B+ HAEPEM IR AL 11.0 K
5 4.2 K TAATE. BRI R PR IE B B 41k}
Jrs 04 DM AR, 23 Bl B2 T i 2080 [, e
(Ir/Co/Pt),o Z 2B, K 3 (c) frw, #F Ir/Co
FHALFN Co /Pt FLmEAL DM YEH BT A, {5

3 ERGEIIT AR

Table 3. Magnetic skyrmions materials at room temperature.
] e o Lo ISR TR
EaES SR wens e TR
Ta/CoFeB/Ta0" 1000
ZJZ M B (Ir/Co/Pt),18! FERiR ] Eilh 30—90
A Pt/Co/Ta, Pt/CoFeB/MgQ!') 100
AR ST /R AR [Pt/GdysFegs ¢Cog 4 /MgO] MRS Em 180
- Co/Ni/Cu(001)1 b v e e
i T 5
N ks W40 Co/[Co/Pd],, Co/Pdi ECAY =l 1000
CogZngMn,[] 9284300
TFHExT BB R CogZmgMny/?? HAEE L 0 >125
(B-MnZ544)
B AR ROl BREIR Ba(Fe; ,Sc,Mgg 5)12010/"” A1 FL A i 200
WHERE amm ey MnNiGalisl, i &% 100340 90
; REETH
B350 Fe,Sny 5% *&(’%?B”; 100340 300
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(a) B, =+4+0.5mT +jo —> (b)
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—
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w
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pulse

PP72V

Before pulse

QCC

Ppisv

Vep=10V  Vip=4V

(XMCD contrast inversion)

(f)
30 I : .
. 1 A
_ (=Jes +Q) E +5.4 Oe
< 20}
\_; -
be +408 O
9 10 . e
- X
° h LT
% Of-rmmmmmmmmes 7NN i i
jas
5 —10t -
i —4.6 Oe
% —20
: i
_30} Jer —Q) (+Je, +Q) _5.9 Oe

-10-8 -6 -4 -2 0 2 4 6 8 10
/106 A-cm—2

SRR AR B Y () 7R
R B A TAT R (L

Kl 3 (a) Ta/CoFeB/TaO, = 2 Mt x4 # v i 4% B A I L 19; (b) 7E Pt/Co/MgO = )2 I iE J5 7
Pt Fl Ir )2 1 Co JzH DM PE Y (9 & 1%, (d) 7Efk ol 10 V B3 T, 28 B #EWE 5% 4k ks W1 19, (e) i@
JE Ta/CoFeB/TaO, B 3 WL S rA% B 22 R RN U175 (£) 39ra% B 82 R A3 5 L T 28 B2 119 pR 800G 2R 1)

Fig. 3. (a) Skyrmion bubbles realized at the exit of a constriction of Ta/CoFeB/Ta0, trilayerl; (b) skyrmion realized in a square
of Pt/Co/MgO trilayer?!; (c) additive DM for Co between Pt and Irl'8;(d) with the electric field pulse, the labyrinth domain is
transformed into the skyrmion!" (e) skyrmion Hall effect is clearly observed in successive Kerr microscopy images of a

Ta/CoFeB/TaO, trilayer('"; (f) phase diagram of the skyrmion Hall angle as a function of current density!'7.

electron  microscopy,

H—J2 Ir/Co/Pt HAWCKE DM 1EH], Ml £ )2
B & A DM AR — 2213855 5] 2 mJ /m?,
AT AE 28 3 T AR B A S A B - 45 44 . Moreau-
Luchaire &% ('S 38 15 SERHIESS, Bk B8 R RN
AEL T AMMBEZ RN, 2016 4, Boulle
SR T Co/Pt/MgO i, FIFH X SFLkmirER
PSRN T B (X-ray magnetic circular

dichroism-photoemission
XMCD-PEEM) &3, id i #4)3i RoF o 420 nm /Y
NTIETTIEI TS, Wi B 7 fEJCRE S 1 46
TAEAET Co/Pt/MgO W (K 3 (b)).

Woo 45 WO SR R #2056 O7 3%, il %& T (Pt/
Co/Ta)ys I (Pt/CoFeB/MgO),5 2 JZ B #, F
FRE % 51 X B 46 8.7 BE (magnetic transmission
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X-ray microscopy, MTXM) FISTXM, &3 (Pt/Co/
Ta),5 & (Pt/CoFeB/MgO),5 £ J7 Bt #} 7 & il
TAEEWH T, 5 Moreau-Luchaire 45 18] (1) %
BAIFEIAE, (Pt/Co/Ta); M (Pt/CoFeB/MgO);5
PiFp ARl RS ]2 Co M CoFeB 5H L TFHZER
A AHIE J7 18] 1) DM AE T, PRt AE B — 5 3 1) Pt/
Co/Ta & Pt/CoFeB/MgO H # — > DM ¥4+ {H
A3 3 22 2 1 28 TN ke A% B4 = Y DML {EL, DA
TEZ M T AR B 4518, M7EZ 20K (Pt/Co/
Ta), 511, WA 3(d) Frs s B 5~ B9 Reak Q ARZ5H
o, BT RO, fERK R 10 V BRI AE-TTE, Al
N A B WA R ST B -2, AR ks Bl ]
TEZ I MMHEAVE I P REAATE. Yu 55 9 A
e [\] 58 /R AL (polar magneto-optical Kerr effect,
MOKE) & 4% 7F Ta,/CoyFegByy/MgO H1 M 52
@JT%M%%?“%{@ Yu %[43] Zi}%, Eﬂ’fﬁ Ta/COQOFeﬁ()
By/MgO Ht DM VEHIHEH 455 (0.25 mJ/m?), 1
S fdifa s I 1 R AR SR B . FERA A2
M2 2R, B R A w2, FEERE IR
YEH, (B SE8R 3R I, 28402 AT LIGE 258 15 /e 1k =
(3R A% T S A DM VR FH RO 3R 144,

TEZ MR B T AT DURTS KA DM A
PASb, AT 38 5 22 S22 R J 40 R B 25 rh bt r 2 A4
ORI 19 % B i AR E M B H T 2017 4
Soumyanarayanan %% 7 (Ir/Fe/Co/Pt),, H, il
T EREEZE Fe 5 Co R Lo B8 5 i
B F A9 AR e M & DM . 2018 4F, Dovzhenko
U TEHAR N 2 pm BPIKZ)ZE (Pt/Co/Ta)y,
R, 5 RS U TR oy A2
R RN, 7 (Pt/Co/Ta),q 114 R K 1]
ERIVEREXILE Y oy w ety s A L RN TR
ki 2018 4, Woo %514 ZEZIE T, £ Pt/GdFeCo/
MgO 2 JZ v o it fin fL AL, SEBR T R A 07 A B
TP A B K . 2018 4F, Woo 4 91 R BLTE Pt/
GdFeCo/MgO Z )2, His BF 1T 43 5I7E Gd K
FeCo W22 H ™ A | FE3X S 52 04 307 BH 1 it
SRR AE— R, FROERRL RS U] (ferrima-
gnetic skyrmions). ZREEHA% I 7Y IK S T
iZ3), A ARTE 50 m/s Iz B . o T EE R
F& A SRR &, BRGS0 W] Fis Bh Nt ] 4k
P NI B B8 JR A1 Oginp = 20°.

3.2 AIH&RBEF
T 3k B e B 2013 4F Sun 45 220 5@ 3ok

WAL O H AT B AFAE T CoPt/Co 1. 2014 4,
T4 19) A55E 5 SIS AE Co/Ni/Cu(001) FiE T 3X
P&y, SLH R TE Co/[Co/Pd], il Co/Pd0 i
R AAAE N TG 44 . N T 3% 1251
S FH R 2% FRE 23 2 U TR i K b 22200,
JEHTIRARRLN, PTG SR eSS A4, e e 5] 1
R, TE—E AN PERTT, AT e g 2 v
T BT W -5 . FR T AT A v U B A P
MR Tk W7 2540 T A W AT 7E = IR R
o B AEAE . A H T TR ARG J2% 8 T JIT it 1 T AR AL
7, AT 3rA% B 7 Te e (R — M s IR TE
THYERSIVE T2 31, 3 ks BRI & AEFEE At 2
SRR R .

3.3 BRI
3.3.1  FHEXARMH

A& B AT A AE T FEXTPR ARG L 161]
. B B20 459 A5 MnSilY, FeGel; BA )7
P2,3 5 M) ) CuyOSeO43048 25 7E HAF B20 45 #4)
FA R DM PERIR B T AR S5 14 9 23 [ %
M. 3k S B SR ZAE IR T aldi & A 234 B
WAk B 1, Hoh B FeGe #1K BE 7 1238 = IR
(278 K) T AE RIS B+ 3, RURAE SRR T nlfae
AAAE A% W] F B 5ROl -Mn B 5544 1) COlO—.T,/Q
Zn gy oM, 2420 I B (AT IR A L S
WESEAFAE. W 4 (b) F7R, 2017 4F, Karube 45 24
TE CogZngMn, &4 & BB BRI 7€ 390 K B
FOEFETE. TEAMMBEAE T, 220 BRI 3
Z 300 K, Al R4S AR 3R B 1 Al A, B a]
TERTE AT Y R A AE (300—390 K). 4Nl 4(a)
7R =7 SmAg AL J5 i, SRR A 2 3k
mnig AR, RIRFE AT TCA Mg 1) = A
JEAETE.
3.3.2 Tt ARAH

HUOD X R M B A DM ER], HFE
i 4t i) 28 2 A AR FH | BRI % ) S S 2
P A LAY 19 B RTFERA TR OX BR A SR AR
o FETE RS B 1 LR BB R A Ba(Fe,_,Sc,
Mg0.05)12019[42]5 L327218f1+21MH2O7[49]a MnNiGal®
. 5TEMEEARIFSE, BT DM /MG, 75
Ba(Fe;_,Sc,Mgg o5)12019"2 H, HrA% B 7 7] [ i it
HUAFAE T Z R TSP, 78 Lay 5,511, ,Mny0,14%,
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T/C
(a) (b) 50 20 40 60 80 100 120
R Ferromagnetic Equilibrium
T —. SkX o
0.2 —0On 3
= 5
T g
0.1 Do ;
g - o
T 0 #_
< PRI ET i
2 —0.1 p—-o—"" elica.
. Conical
—0.2 CogZngMny
Ferromagnetic H||[110]

~037550 300 320 340 360 380 400
T/K
B4 (a) SEas ] g g5 F =05 Biks B s s 218 B (b) CogZngMn, B & ) 6L -RE S M I (T-H)12Y

Fig. 4. (a) Schematic figures of a triangular-lattice skyrmion crystal (SkX) and a square like-lattice SkX in real spacel!; (b) tempera-
ture(T)- magnetic field(H) state diagram of bulk CogZngMn,/?%.

® 4 FRMER T TR RIS Rz )

Table 4.  The motion of skyrmion in room temperature films driven by current.

kL IKEHHE/107A-em 2 BT /ms ' EIRA/(0) TR W3 /mT
Ta/CoFeB/TaOx!!7 0.62 0.75 32 EiR 0.52
(Pt/Co/Ta),51 3.50 50 19.4 =R f
(Pt/CoFeB/MgO) ;! 5.00 100 4.01 i H
[Pt/GdysFegs sCog ) /MgO] g0 3.55 50 20 i 145.00
[Pt/CoFeB/MgO];52’ 4.20 100 30 =i 30.00

MnNiGal') P iA L b, FEERUYTA% B 14514
A B S5 H AT B AE A TFHEAS [F] B 3% B 4L AL,
RS B FH0Ch 2, (HJ& Lay 5,Sry,0,Mn,07 H1AY
XU A F HBEAE 100 K AYIRBE R 7776, 48 )
1A% MnNiGa BA NiyIn /<5 BIEEH , Wik i 1
AIFEAE T T IR FE Y (100340 K) . BARTE
XU B AR RELEE B N IR, (H 2 FR
T A B S5 R R, BUTAS BH 7 v e LA 21
& B T2 RN . 2018 4, 2 AR 8 45 1200 £ 75 T BH
PRI BE AR FegSny B i h & BT A% B AT £ 7E T
100—400 K 1 B8 [, a2 BT e A g B
TR Fli S BT EL

3.4 ERWMHTEIATERRIKE THIEE)

Wi A HA IR, e S A
TR AL S ORI, nl ARG A R AT
Fo U T A HRL U R A @ B ] — ) b
6] &, AT RISR RS A% iz 8. F e fE i i g
S, Wikt 7B T 2 SN i Ay ), it
TN T [0z gl K ks 518 3h 75
[ 2 S LR A — e, ARSI 18 2K 4 1.

AR TSR, s 12 3h R7E R A7 AE
A PRIz 3, 7R FL LT 25 I ks B - DUl 23 401
HR IR,

TE 3 IR BEVES RS B Ak, 2015 4F, TT %
ST R GG rE /R A A AE Ta/CoFeB/TaO,
B, B IR EEUE RS B 1 K800 (K 3(e)).
AT BR, 5 — 2 B9 P 2 A1 B P 8 B 1Y)
HRIME R, S5 TAE (B 3(1)). MERIE (Pt/
Co/Ta)5!", (Pt/CoFeB/Mg0)5™",[Pt/GdysFegs ¢
Coy 4)/MgOJy™, [Pt/CoFeB/MgO];; 45 & &
rh ONATTERULIN 2] B S e A BH 22 7R 8800, Nk 4
B, BRI RS B 0 3 B A i AT A F] 100 my/s,
(BRSNS IVERT T A REREAFAE. TR
HALN, AR sl A 2e = A R HR . TR i 451K
HL U B | PRS2 ) & TR G PR ks B AR
E| 87 Y NGO 5=

4 E R AR T AR A R
FAE

41 EEEMETRIATMRIE S
ZE RGP B B Rk R UL S R
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T | 7> 1 AROME L R A LAy &3k 5% (3R 5).
Or T RANE A R A (108 Pa), IS
PRI RSE I3 B9 0 SR, LA e ) B2 B
T R A B T AR PdFe/Tr(111) 59 i
JER XA T7 . 2R 0T AN 2k ] 2 P
FORH B SV PR, (X T ik i
MRA B, HAE R a8, ANIE A A A = 2 il
N AR EAFAE R TR 1 22 2 AL R

F5 WS RORNE DL 2
Table 5.  Common preparation method of skyrmion ma-

terials.

N ORISR i ) WS
ES W 3h A, 1EA Tolkda™
ATHROME MR >1d TR 125
RA2E BAME 1m YRR R Sk

& JRWEIEAR 22 R N BRI SR sl A, B —
i DL RS 2 0 s, B o SRR AR 7. &
TR R S0 B - AR 22 R ) L S 12 1 %
n (Pt/Co/Ir), ¥, Ta/CoFeB/Ta0, ", (Pt/Co/
Ta) 5, (Pt/CoFeB/MgO),5", (Pt/CoFeB/Mg
0)15™, [Pt/(GdysFeg; 6Cog.4) /MgO]p* 4 . Mo-
reau-Luchaire 45 '8 SR F#EALAESLES, FH 200 nm
JEHY SigNy AEAFEIR, A IRGE N 0.25 Pa. KH]
10 nm JE Pt fERZENZ, BHEETT Co(0.6 nm)|
Pt(1 nm) BRI, G A KAXFREE Ir(1 nm)|
Co(0.6 nm)|Pt(1 nm),o. N T HEMESFE STXM
IR R, ATSRH SisNy MR NI, 22 Bl &
Ja, BT e REI, AT A A PR R, X7
B B T M A, BT IRG &
WA — 5 BRI S FIBIBE , S 23 R —
(TG 4% 1] 5 P . DM AR SR 3 55 AN 24 5 P )
R, AT 3 R PR S B 0 AT AN 34 5 B R R
INGI AT RN S ARSI A R rh i 2D
F T R B AR AS X8 5 P i 0 ) %o S A Y A% i
PRI FEN.

BGRHR A R 2 R I AT 2 i (LRI
TREEE), T PR R A S A e, TR
A A BT IR RE R BE YRR DN 2R B AR
T R A HLAT 2 ) A5 BT 38 SR R
B &R Z . Tl CoZnMn, (z 4+ y + 2z =
20) S 1] oA X Fh T L R ST 2 g 194l Co,
Zn, Mn W HAAEHLS ARED, KBRS

1000 °C (12 h), #2218 FEK3] 925 C (1 C-hY),
ZJa X AT KV, TE R . WS R A AT &
5 R — JA g A ] 2 K CogZingMny B g, /E
KSEEE R TRE H 1025 °C FEAKE] 700 °C, [FIFEHEST
IKVETE BBRL . o A BT 2 A B, A T
RS AT, T AT ), YD) S

4.2  HE&BAFHIRIE

XF T IRV W AR, LR RAE B
Z e T X AT AR I T B, 1 XMCD-
PEEM, STXM (3 6). XMCD-PEEM FERN T
Tl P P R 3 T R I N, L A 1) YA ]
XMCD-PEEM 7E# AT G 2% W] 12514
Boulle % 214 XMCD-PEEM 556 & .+ B 1
5% (the photoemission electron microscopy) 44 &
LR BTS2 4% IR BUHI AR B 2548, JTfie 1T 3
K700 F- k. T STXMUES /] i F 1 W2 5 A4
BN ER A STTA% B 2548, JF RS2 B iR R
Wk B 19 A8 4k, i an STXM A] 4 iy ok W il
FBAFAE R IR SN N s g, B TR X
PRI T-BHb, i ] i FH Al 1) 077 32 R0 S5 4% B -
B T A ) ) 0 e R 0 A B U %
BT RS B 0 7 A RN K {HRE ' v R B B
HAr PR AR, M LOULEE S s W1 -1 19 T S/
ReFmyiag B+, Z2H TR ST KT 1 pm 19
Wikg 1. X-HF4k 2 B8R (X-ray holography)
HE T —Fh R EE /N R B A B B ] 52 ) 5%
Wras B 7 19 F Bt . SPLEEMPY 0] g I 2k 480 /)
R is B, & A P, Sl au®R e
2=

#6  ERAASHTFRIEEA RN
Table 6.  List of room temperature skyrmion chara-

cterization technologiesl’..

st OPEE i T
/nm
XMCD- o5 ST PN A ANZRENE
PEEM TE PR Wtk B+
STXM oy VEEERY Yy ZRBNEILT
T fuRbbRbsca W AT
R FEEAPERE AU
SPLEEM =100 omitikss  mumheul T
2 e e AOKRSHIZ)R
X5t RS20
Mg 0 R st
Wl T4k
s JOFRTL pm
MOKEM 1000 PAERI RS 1T K -
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Br 138 G AR SRS, A T A A b
FE IR U R [ 2 S HTA% B . FEAT WA BH 1A AE
PIRETER B 27 AR T AR Y, SR TR TR e
PR, I A= H g 2V AR FL It i A AH R 1
P BEL TR, AT v o0 S e O 4 2 ok () 4
DU 7 4% B 7 B9 A7 7€ . 2009 4F-, Neubauer 45 U ¥E
MnSi B A B S X IR 23 7 HE R
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FFNE IRV HiRE R H /L, 2019 4, Shao 45 P2 7
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5 F kA T 6y B

U BEVEIAS I B, AT EAR A A
2 F e T F. (R T RE R A% W T A 4K
F s Al A B R RERE. H RTRE TS Bl 7
N TR & | ORI . A e R gk
PRz as . E 2 HIT O K AUTA% B 1 A% 2 a1 P71,
X HLSOW SEIE A fift e | ROBGR DN A A e R oK
TG VR 4.

5.1 FETFES
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WRIEZE (MTJ) SETRE Bse k.
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R % B AIRRRAE | R AU M AR o . R RE 1
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Z 07 K JEHE, U Moreau-Luchaire 55 18] 52156
UESE, I g3 R A4S A B - g RT3k
—DREAR. Wi W FAESE B A A LR By, ey
L 2 S A A FL IR SR B, Woo 45 19 FE 3 A
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F7E 2 pm 58 A9 FEIE 5 Bl AT 4R45 100 m/s (3
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TR AE A S B RR. 2018 4F 3RS 45 261 )
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PIFEIE ATt . XD FEEAAE dr B A =245, 47
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AR 7E 630 K MR N A2E £A7E 260,

Vertical racetrack i Racetrack
(b) ).Wz"-l storage array
- ,{ ,..:. //

N Z 2z y,

M- o —

Horizontal racetrack

5 (a) T H A fEAS R ZE; (b) KFFIE R EE
(c) HRBE; (d) FRBEA; (o) FREAHH AR HIHES I R B 14 B9
Fig. 5. (a) Schematic diagram of vertical racetrack; (b) sche-
matic diagram of horizontal racetrack; (c) reading of in-
formation; (d) writing of information; (e) schematic dia-

gram of racetrack storage array(l.

WA W5l T A B AR, T SE B R
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XN T I — o O P AR ) s S 3 v o R A A
A 0 & e A S W 1 T 1 U o Sy a2
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5.2 RURERIIES

i 2 B 73 R A0 2 Jeg B0 R W) 19 A A F
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1E 2013 4%, Okamura 55 9 Seki Fll Mochizukil®!
TEEA W B 7 10 AR B 8L CuyOSeOy I T
BT s 119 A e e B8 1AL (spin transfer
torque, STT), F-4& H F FHSCFR A5 T DAl 28 H A
AR 5% . 3 e BRIl A DN 45 S — e 2 ) 2 O
F, & B O L A 5 e e L R L RS S
.

TEWEAA R T R B8 ) FE 0N A Tl
PRI 5 R U AR, 290 R MTJ TP iy
TESE. T AR (AR AL R Y | BT 30 B 1~ 1
MTJ GBI 25 75 TC AN 37 / 76 I & v W B2 A
UPREARELT (< 1.0 pW), #8049 R 8]
PLiA #] 2000 V-W 162, Fang 45 63 3L F [ e s B
T e o A ] B 4% ) 57 1%, 7 CoFeB/MgO/
CoFeB/Ru/CoFe/PtMn #1 BHA & il 55 T R
JE2R 900 V-W T REIEERINES . B 6 (a) MR
25 e For B SRR Ao o MT 2288, £l
SR B A A LRI U S P B E M 2222 5
o, W3 BARYCh RS TRZE . AHZ . RS E A
FIHLZ. Hh T EESE S A M2 Z A R B
1) DM AEH, (7578 B i 2 TP EAE s B 7 PNk

i B A R iR e A5 i S, O o B e SRR
i, T LR BETHLUZE A — RPN AR B A5

(2)

HEIR)
H )2
EIFLZ

(b)

. —— Spacer e '

6 (a) BOHEIIE R IC b B SRR (b) s 1 T 8
R

Fig. 6. (a) Microwave detector devices and circuit schematics;

(b) skyrmion rotates around the nano-contact!64.

A O TR dvmie = Iwsin (20 fut + o1) A
MTJ Z)ZEEE, BT STT %, &5l A HEh
kAL 7 1m BE A Lt i A2 Al AR Ak, TS 1 MTJ
1) PR, BELFif F, 3t ) 28 Ak AR Ak, AR Ay - =
ARssin (2nfut + ¢r). FIIL MTJ % i /9 L W]
LR

Vout = IMTJef * T

1

= ifMARS[COS(éf’I — ¢r) — cos(4nfut + ¢ + ¢r)].

B L FT 375 et PR 1
vae = 3 I Rs eos(é1 — 6n)],

oty ARIRE AW IE FUIR, Ly WAL R
PR MR EL, g A R0 F R I AT R ¢ S ISE ] oo
op AL BH A RIAEAL, A Ry A G HL B A 35 K
ARARAR, T v, Rr%H FLE, vg A B HE R

TERET ks W 19 s i & v, AR, 5 0k
B RT DA S fih i i) AR 3 DI G R, BRG]
3 2 9 7 SR B RO B ik e ) AR R
PRIV E ) AR . He T 1A% B 1 28 A0 ipl #4002
REARAR AR H R0 1 L0 L A, P AN A9 faiinte
JLHFE 47 GHz.
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Abstract

It has been found that many magnetic materials possess the properties arising from skyrmions at room
temperature. In addition to the common interaction energy, chiral interaction is also needed to form the
skyrmion in magnetic material. There are four chiral magnetic interactions, namely: 1) Dzyaloshinskii-
Moriya (DM) interaction; 2) long-ranged magnetic dipolar interaction; 3) four-spin exchange interaction;
4) frustrated exchanged interaction. Through the competition between exchange interaction and chiral
interaction, magnetic skyrmion can be realized in magnetic material subject to a certain magnetic field and
temperature. The skyrmion generated by the DM interaction features small size (5—100 nm), which is easy to
adjust. The skyrmion can be driven by magnetic field or ultralow current density. The magnetic materials with
skyrmion can exhibit the properties related to the skyrmion Hall effect, the topological Hall effect and the
emergent electrodynamics, which are closely related to the skyrmion number. The existence of skyrmion in the
magnetic material can be indirectly measured by topological Hall effect. The movement of skyrmion can be
driven by spin polarized current in the direction either parallel or perpendicular to the current direction. The
movement of the skyrmion driven by spin polarized currents will continue when the current is present, and will
disappear when the current disappears.

In previous studies, magnetic skyrmions were realized in a variety of materials. However magnetic
skyrmions were found only in very limited types of single crystal materials at room temperature or near room
temperature. In recent years, scientists have discovered a variety of magnetic skyrmion materials at room
temperature, including film materials (such as multilayer materials, artificial skyrmion materials) and crystal
materialssuch as B-Mn-type Coyg_ ,9Zmy)_ ,oMn,, FesSny. Among all kinds of room temperature magnetic
skyrmion materials, the most valuable one is the multilayer film material. The Skyrmion multilayer film has the
advantages of small size, adjustable material type, simple preparation, good temperature stability, good device
integration,etc. At the same time, skyrmion multilayer film is very easy to optimize by adjusting and
constructing a special structure that has the wanted types of materials each with a certain thickness. Artificial
skyrmion material obtains artificial skyrmion by constructing a micro-nano structure, therefore the artificial
skyrmion with high-temperature stability can be realized by choosing high Curie temperature materials. There
are a variety of materials which can realize the skyrmion above room temperature, such as CogZngMn, (300-390 K)
and FesSn, (100-400 K). These room temperature materials further widen the temperature application range of

skyrmion. The room temperature materials can be prepared or characterized by a variety of techniques
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including sputtering for fabrication and X-ray magnetic circular dichroism-photoemission electron microscopy
(XMCD-PEEM) for characterization.

The discovery of the magnetic skyrmion materials at room temperature not only enriches the research
content of materials science, but also makes the skyrmion widely applicable in novel electronic devices (such as
racetrack memory, microwave detector, oscillators). Because the skyrmion has the advantages of small size,
ultra-low driving current density, and topological stability, it is expected to produce racetrack memory based on
the skyrmion with low energy consumption, non-volatile and high density. The MTJ microwave detector based
on skyrmion can be achieved with no external magnetic field nor bias current but with low power input (< 1.0 pW);
the sensitivity of the microwave detector can reach 2000 V-W . The frequency of the oscillator based on
skyrmion can be tuned by magnetic field or current, and moreover, the oscillato is very easy to integrate with
IC. In this paper, first, the basic characteristic of magnetic skyrmion is introduced; and then room temperature
magnetic skyrmion is reviewed; finally the advances of the racetrack memory, microwave detectors and

oscillators are introduced, highlighting the development trend of room temperature magnetic skyrmion.

Keywords: magnetic skyrmion, room temperature, racetrack memory, microwave detector

PACS: 12.39.Dc, 85.75.—d, 75.70.—, 75.50.Ss DOI: 10.7498/aps.69.20200984

231201-16


http://doi.org/10.7498/aps.69.20200984
http://doi.org/10.7498/aps.69.20200984
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

