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External-Field Control of Collinear and Noncollinear
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(School of Materials Science and Engineering, Beihang University, Beijing 100191, China)

Abstract: Nowadays, it is the information age and the total amount of digital information is explosively increasing. The
fast development of big data, cloud computation and artificial intelligence objectively demands more powerful performance of
memory devices. However, traditional spintronic devices with ferromagnetic materials show obvious limitations. Therefore, it
is of great significance to develop high-speed, low-power, high-density and strong-magnetic-field-insensitive memory de-
vices. Antiferromagnetic spintronics came into being under this background. According to the spin structure, antiferromagnetic
materials can be classified into two general classes: collinear antiferromagnets and noncollinear antiferromagnets. This review
article summarizes various means to modulating antiferromagnetic spins such as magnetic fields, spin-orbit torque induced by
an electric current, electric fields applied on the ionic liquid and piezoelectric substrates, and hydrostatic pressure. As a re-
sult, the anomalous Hall effect, exchange bias and longitudinal resistance can be manipulated reversibly. Moreover, this re-
view points out the differences and similarities among ferromagnetic materials, collinear and noncollinear antiferromagnetic ma-
terials. Finally, the potential of antiferromagnetic materials for future information technology is also discussed.
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Table 1 Characteristics of ferromagnet, collinear antiferromagnet

and noncollinear antiferromagnet

Collinear Noncollinear
Ferromagnet » i
antiferromagnet  antiferromagnet

Spin resonance frequency  GHz THz THz
Resistant to external

Lo No Yes No

magnetic fields

Have stray magnetic fields ~ Yes No Few
Easy to be controlled

L Yes No Yes
by the magnetic field

Possess anomalous
® Yes No Yes

Hall effect
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Fig. 1  Schematic illustration of spin-flip transition
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Fig. 3  NiFe/IrMn/MgO/Pt spin-valve-like magnetic tunnel junction

8/, (a) magnetoresistance of magnetic tunnel junction at 4 K, the

insets illustrate the rotation of spin axes in IrMn antiferromagnet through the exchange-spring effect of NiFe ferromagnet; (b) schemat-

ic of magnetic tunnel junction; (c) hysteretic magnetoresistance of the magnetic tunnel junction at 4 K
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: (a) schematic of the device structure and the memory writing

and reading procedure, (b) high-resistance and low-resistance states at 200 K and room temperature, respectively
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Fig. 5 Spin-orbit torque of CuMnAs collinear antiferromagnet

%], (a) optical microscopy image and measurement configuration

of CuMnAs/GaP device, (b) resistance of the device after applying current pulses at room temperature
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Fig. 7 MnPt antiferromagnetic memory device manipulated by piezoelectric stress

511 (a) schematic of the device structure and electric-field

control; (b) gate-voltage-dependent resistance of the MnPt film at room temperature; (c) the high- and low-resistance states triggered

by gate voltage pulses of +1.87 and —6. 67 kV/cm, respectively, at room temperature under a magnetic field of 0, 9 and 14 T; (d)

low-resistance state as a function of a pulsed magnetic field up to 60 T at room temperature ; illustrations of the spin structure at the high-

resistance state (e) and low-resistance state (f)

FE (K 7d) o FTLL, SRR RRUE 1 SRR G 2 e
Yy ides ROBRRE 7 103X — s LA i rR i A 3, R R
X 5 0 5 ) AN RN 1 AN ) TR RO v e g FH T i =
LR SRR 1 45T

T LR SRR 1) R 7 VR 4 R R S VR 4 R A A SR BIR 1)
O, W35 &0 R R SR T o —Fh R,
Xof A HE RS (R TR 2 S kg B et S B TR A AR A
BBEHE W 1R MnPt i SCER 2 5, 383X PMN-PT £k
F, 5 it i e 315 R fRL R g o SR 4R S ki Min, Au R4 T
AR B RGE . BeAh, A SRS
FRIOTWFEH, T MnX(X=1Ir, Rh, Ni, Pd, Pt) 3tk
TRk, VR R /IN R R BRIV RT 4 ) R R e
WBERE 90, HZHs HL ) 45 e J7 A T g X Tt
LRI R E AR, R, EEIREA R T
“ RCBRIG R E R HL 25 TS

BT, Barra 27 58 i XF SMR S0 (I EAFSE T AR
PMN-PT £kHL [ it b A 375175 & e f 1 g v 2R 28 s 2k
il NiO IR, DF9E K BERE A it in i A 3 K, SMIR
SRR I E RGN T, XU LT A
Yy, AN 0 R H R 77 38 2o R4 45 ) S vk e DA
SR SR 1 TS . 24 H N AN S R
NiO B, SRS JR Rtk (14 B 1) MR 1 A1 I 0 7 F0 s H

IS 15 K R 1) S5 P 22 ) V-, e — 2 i e B A
BT e HL D T AR 37 36 TR A RS SMIR Wi 137 114 52 1
(K8), #t— Lt PR IR LG 2 ] R FR, R
GURS SRS R B AT . RO S £ R
T B 317 A H N ) 5 0 4 S ik A T L TR AR Y
AT, SRR Oy 2T S g VA 5 T TR A A e
AMRBEFESF TP IE S, 18 SR REAT it e A1 FHAt A e
TR A AR

SMR, 10+

3

Field(T)

B8 NiO H I HERE AR L BELAR 5 1 R - AR e 7
Fig. 8 Strain-field phase diagram of SMR signal in Niot™

SUEREImE, 53 5h—Fh i 7 45 07 U gt s
TRGRRE, EFRORE " eREd B



LERVE |

Bl HRAE . MR BRE AR I S B A A SN

887

B 0 L R TR A R ARG A R SO R
BHOERGE T8 B, TS A s R AT 4
R U SR 2 TUR RS A B e T, gt vl R 2R 5
KGR R FE, 7T 283 bR R T LA R LUK IR, 78
~10" em™ R FI N U B0 7% B, BRI O R A
BHHLE | RETE TR LR W

2015 4F, WK% Pan Ml Song WEFE /N T By S
OB, E B IR F i e R 2k S Minle SRS AN
CoPt kil 22 )22 22 18] ) 32 He s  EA T4 ) (€] 9a) o 7E Si
B BARWCER T Mnlr #EA CoPt 22, H 5 H]

HIO, B LIBT 18 T S PR D RE X A R A2 RO, 4
TETRZ Y HEO, LRINES ROt i g5, EARGE S
(Y s 1l £k 1) R 2 KL B9 607 Tl % 8, TG o 1 PR 3%
J&i, AR IELF AR (& 9¢) o WAL, i i A i 4k
Tl RV T =2 1) 52 i 2000 A+ 1) 9 58 (181 9dl) o AT TIA
o, BRSO S TR A Mnle T 200 TV B2
R, AT Min 14 HL 254G I of B
X — AR R T AR S S A v A i B S O BLAE — R i
Gy FABSRARRE (] 9e) o ZWIFESEIL T 51 K 98 1
) A3 TR AR IR S R A L REL A 9

§° [a] } v 300 K [ [b]
3 3 Foce  B252han W 6252
o o /es g i ov 3 nm IMn 5
E"'-_{,_,_,_,_M A o 6250 % ov P~
i o R \\WL"‘V“'" 6250
A T e f22v
0 10 20 30 40 S50 60 0 10 20 30 40 S50 60
Time (min) Time (min)
0.4 . .
t=3nm |55 [d] 10K [e]
0.2 "av gy | 7540y =4
R .
o _9 3.2
7 00 e I 2 @ _AV— —
€ . v/ ;o€ gl
T o T ¥
04 13.0 .
= ] 752 -2V
06 v 2v 129
gate voltage -10 -5 0 5 10
H(kOe)

&l 9

Mnlr 2R I B REME A B RO 7' . (o) BRPEEEH . DURLISTHE | G0 I (19 1] PR O FRLART 431 . M SHEISE P 1 @454 LA S HLAR 3

W (D) ZR T, RFPFE LSRN TR R (o) 10 KIRET, MAFE R TTRIERS, # 3 nm Malr #5A 5Y
A SR RN AR T (d) NP 9 hERIRUIY A2 e fi 3% Hy, FIBTWI% He s (e)10 KRG T, BRI BT THUES I Z BAE 10 T 4

JoRG 10 Rl PN 1 L L
Fig. 9

Ionic liquid control of Mnlr collinear antiferromagnetic film'”" . (a) schematics of device structure, measurement geometry, charge distribution

with a positive gate voltage, the spin structure in Mnlr film and mechanical spring; (b) resistance of the device as a function of time on apply-

ing a gate voltage at room temperature; (c¢) anomalous Hall effect signal of the device with a 3 nm Mnlr film after applying different gate volta-

ges at 10 K; (d) the exchange bias field Hy and coercive field H extracted from Fig. 9¢; () magnetoresistance with applied magnetic field

up to 10 T induced by different gate voltages at 10 K

WG, —LEWFTE /N S T A 4l S B A rp B
SRR B RO R T A SRS ORI R
BuiAriantr . th TR, X—Jr XFEFERA K
REABAYAE AL EE, X AR ik AR A7 AE — 20 B A Bk AT
Hedn, xR R R AETE R (] 9b) , T EA
RELEARIR T REAT, DROMIRGE T o il M B A fE
LI SBEM, MAh, BT ER AR 0 B TS
RO ISR, 3 T R 3 i 77 AR M S AT R
TR T LA L S

3 IFRtLLk R ERHESMHIFIR

ML TR, 5 IR R R 3 BT e —
MRS, TSR AR R T S AT BT A

W5 ) e A R AR s X Hall
TE 1879 A4 1 AR R AN ™, R MG T 2 0 B R R0 bk
JZ MR T AR R BRI A AR A Tk S, AR
Hall 7ERfS BRSOk B, RES5 TF AN 27 A B JR R0 Y
WBRZRAY, ERBEATRL R 0 8 S R A SR R 2 i A IR AR
TEZRE PR T B, X Bl B 5 B R Oy S e IR 3K
JOETO AT i K 2 B K 2800 U PR T i A e e
AURESER VR, I A B B R 305 BRI 1 A
SRPE R/ IEANSE o S B JR O N AN T ZAT A S
B, R NATIO 2558 AL SRS A AN BEAILAT it o 1 14
FTEHR A

SR ILL SRR L, DI FIE T RS S 1] P47
HES , AAEAERVURERE, BT AR S ks, AR



888

Hh AR

%40 &

28 SR REAS B H IEYE A Kagome #7 | FESFEHE N =
JEHES , Chen 2517758 3o B 6 57 26 W A5 A SE 26 = kg
M, Ir HAFAE /NS5 8k 1 3 U 4 i 4 3T 19 2 i 22 ZR AR
CXNEGTI I o =V S P 7 5 = | L2 E ey A L
i F A BEMR =4 SN RERE TR H B BLE R A A
AEFLZR A E 45 A4 5 3500 B[R] 2 Y X BRI a5 1) 1 45 4R
ZJ5, Kibler %7 Wi 7 JE I 28 Ik W% Mn,Sn 1 Mn, Ge
AR TR B B IR, AR LR R b Rk PR L
[l B S mi A R D) THz i BESH 128 45 DL e A
ZHET I AN R R B IR AN S, AT R
—X AEHR PR B BRAR AL, AnfAr A fR R P
B 7 3B SR JE R 4 I BRI R i R — S SRR Y
Bl lm 8,

2015 4F, Nakatsuji #IF7EAIBR ™ 8 K AE 2 IR T Mg 5
LR S A Mn, Sn B A HH B0 T S8 35 1) 5 A IR BN
WESE T AR 2R A HE LS M IR T 10 N 7S AT a5l
AL DRI R, DT A E e e BBk m b 7= A SR R R
BN, X R % L BEL AT DL OE SR 3 T B, X
W FE AU BRI LAVE S —Fh A s F B R v dE Sk 4k

BREERY A LS

P, AL 3 o R )2 B s T A BB AR A 1 A
FEAR e BUIE 7 A, B AT LR R A2 R G R
TR YA P R — L R OIS, ARk
FFELR SRRl RE T 2B, Nakatsuji A58 I BL 7 5630 1
Ty e 3 T A U R AR T AR AR Sk R g A TR
Mn,Sn PN R BERS . MR &R BA R Z M ar i)
PRRRME, ANRCHEREON . TSRS, E AN
Mn, Sn/Pt F g 3l A —AF W14 100 ms 195 A HLIK
v, JEAE N KO N /N 0.1 T W & #E Y,
EEICYNGERN 1 UL ERTTE: o <Bu N (R re SR o 4 A
FERH M 2 b il SRS

FE IR LR 18 AL 55 AR AR AR 48 2 00 FIERE 2R A O,
MEFUEDIAE, AL IRZ B Pt (04,>0) Bl W
(05, <0) J7 , BEIRKHL R Y BHEG AR M A B (] 10a) o 10724 3E
W4 B2 Cu (04,=0) 5, HFLTHEE/R B RN G
TR, BRI T ARG 4 T8 2 09 A AR JR 0N ™ A Y e
S T R AL, S UL, 4 58
AH L [ 4 B 37 3 e IR B[] AR, B R EL R

Pt7.2 nm

Switching Hall voltage, V,,/|AV{id|

il ]

uoH, = 0.1 T |

1 1 1 L 1 1 1
-80 -60 4020 0 20 40 60 80
Write current /... (mA)

Pt7.2nm uH, =01T

i, T ey

—

10 uv

== : 0.04T ]

0.02T

(]

I

-

0.01T

0

—

-0.01T

Hall voltage, V;

-0.02T]

-L J41.04 T_

Pt7.2 nm
1 1 1 1 1 1 1

TTTT TTTT
) T
8 192
Switching (times)

0 4 196

20u

-80 -60 40 -20 0 20 40 60 80
Write current, /.. (MA)

F10 R AR ARG RE R AR R S N CR () , ARG TEREES S AR BRI RBEOCR (b)), ARk

WAL A I R AR RS () [

Fig. 10  Hall voltage versus write current for devices with different nonmagnetic metal layers at room temperature( a) , Hall voltage versus write cur-

rent under different magnetic fields(b) , the high Hall voltage and low Hall voltage realized by pulses of distinct electric current( c) (7]



LERVE |

Bl HRAE . MR BRE AR I S B A A SN

889

B 2 R AR A . MR N G S B, R
JEAS A 2 X b 23380 (1B 10b) o JRI I 1 22 5 ik o
P I £ (8 K Pl PR A T L R A P 0 (R 10c)
FW T XA L AR, B AR E AR AT
WEGRLEY, ER AN AR BL A% R R/ A R U2 45 4 v i v i
WAL, ReAEMAE X R HR S K A ERLE )
AT AL 2R 13 e 45 G I 2 R 0% S AT A BRI B S
N SR EAFAE 2%, X — TAER SR S A
WEHL T2 A A, HESh T RN Bl A E L T 2
W R,

it 0 b, 7 00 P b et 7 A R R g, I X 4R A B
JE AR LT A AR L2 S R TR Y I eSS A A T IR
Jee—F{UREGF B AL IR s TN R A R TR fildn, dR
LR SR WE M, Pt, 16 360 K T2k —HA5mMAE, A

AR LA BaTio, bR K T R Mn, Pt i
FEAETRIE/INT 360 K IR B 1 40 35 19 R 22 JR A0 Al
B LR 1 E S5 R 00 Ak A R I B 59 A v R Ah 5
(B 11a fir11b) , MAFEEBEIER L 4 kV/em BB
iF, Mn,Pt MR SZ 2K [ BaTio, # R N 1 78 FH 9 5 i,
T NGRS, AN R A, T PN A2 B0 R 4 0 A 2
] 0.35%, XAfiFF Mn,Pr HERR A AR AR R TS T2 25 K
(Bl 11e), I HAE 360 K BHKIHLRAFIE LR )RR A TiE
ZERY (B 11d) o X TAESCEL 17 Mn, Pt i REAR AR 16 B
BT 2 B AR AR A R 3 M F OGR4, R T ks A
b _E N F YR TR E R T R DA R s A R R Bk
FIBESSH , A il 25 B (KRB HE S 2 JR S8V AR B AE Bt
PEBRAE TR I, Ak, TR BE R 2 B NS O 0t 5 1A
A S TR S A K g S EE 7 g T L R s el Rk

BELEA N AE FL 2k I Bk R 3 AR O IR R R, VBRI R Min, Pt 9 U JRBRN
6
—— ok & ° [b]
= w200 K | BI[001 Jw, 3-9-8-9-0-0-0
¢ s 300 K 4 Lt 43
IR JI  ——300K
2F —— 365K = 2F —a— 365 K
b= & . i
T o odalAindenatetainat,
< |
E _2 - iu
-4t seeee 3-8 #;
sl A , \
-1.0 -05 00 05 1.0
B(M
= 4 kV cm™’ [d]
o| seevsssrap 360 K
£ 1} 1
ol 0 kVcm
g o V
-1}t
2 4&33333-‘:-4
4 : - : . ~ 30 —05 00 05 10
300 325 350 375 400 : . : : .

T (K)
11

B(T)

AN BT Mg Pe 3 BB B R R AR BE I £k (a) 5 Mng P SEBEFE 300 H1 365 K T A9 BE AL 58 1 £k (b); fEZ LAl

Eg =4 kV/em BAIZAE T, Mng Pt B BHARBEER AR () 5 MngPLREIRATE 360 K AR 93 AR (d) )
Fig. 11 Anomalous Hall effect of Mn;Pt thin film at different temperatures(a) , magnetization of Mn,;Pt thin film at 300 K and 365 K(b), the

plots of resistivity versus temperature for the Mn;Pt film under zero electric field and E; =4 kV/em(c¢), anomalous Hall effect under

E;=0 and 4 kV/cm respectively at 360 K(d) (2]

M R ) e S i TAE T, 0T R SR IR
LLR AR 7 vk — 204 T 2 T A A R HE SR A R Bk
WELEAE Y Mn, Sn Hr, 120 A SE86 & AR IR (150 K) T,
Jite i FL 35 | e 1) P T A FE A A5 2 8 IR A0 3 4
K(F 12a) , B, JboTRkE K22 55 A ™k — 27
BRHL RS PMN-PT FARAE T Mn,Sn MR HI%, JHLE

TR ST He B JJ X MinySn B2 8= 2R RN 1Y IR 45
(I 12b) , JEAh, FEH PR WS T %06 T e
TR SRR Mn, Ga FITRSSFI B4R (1 12¢0) , PAK
7E Mn, Ge W PR32 1 53R T RaE P g AIRHIBHZS ™
XU TAEES T AR S Bk bR A AR AL, HE— 2
Fu TR R EL A SRR DI



890 rh BRI J %40 B
4
450K f—Es=0kviem ] MM“]
= Eg =-3.6 kV/cm =3
\ G ; s {sﬁ
a _ Ry~ 11.9 mQ \\g—-:
IS ><RH3| ~4.1mQ ", -1000 8000 500 1000
=0 N Field/mT
= n N
o N |
\d \
- o \ S —
40 . . 0.06 h 1 . . . .
-04 -0.2 0.0 0.2 04 -2000 -1500 -1000 -500 O 500 1000 1500 2000
Field/mT

HoH (T)

B 12 150 K3, Ha35i76 4 HiL R A3 Mg Sn ARSI 3 28 AR AR O 2 () ()

i T, HIF AR N IR Mg Sn [R5

HORRRUN I (b) 5 RIRT, AIER RN 1% Mny Ga MR 1 BESSH P 0 R BRI (o) 1)

Fig. 12 Manipulation of anomalous Hall effect induced by piezoelectric strain in Mn;Sn thin film at 150 K(a) (82] , modulation of anomalous

Hall effect induced by piezoelectric strain in Mn;Sn thin film at room temperature (b) [$3]' " schematic illustration of noncollinear spin

structure controlled by piezoelectric strain in Mn;Ga thin film at room temperature( c) [84]

e IR T 7155 e s U R A T L T3 B9 7 15
SR N B R A 3, ST Hong FFE /AL
QB R P kHz 2 A 5 3t FRL P G 76 s Fi 3
PMN-PZT L, R4 SRR 5 B UZ AR 22 18] ) 52 44
AR T AU L HE AARARARR G oL A 75 1) A e
AR, LA N2 B R T A, B 52 BILR
—kt, RS AR L L SRR M Ir FIERRE CoFeB
XUZ S M B BAT Hh B e Ml (1] 13a) , X PR
M, T H (9 S5 Sk R 14 R AT 1) S S50HG A5 4 08 B 2 PO R
FUUEREYLIE Y, BT ARG 2 B R 25 16 [l

— R UL, BB B SUZ S RS R 7 A A
P, TR BB Neel JEELL B, JFHTE

—=—As-grown
After AC E under +H,

0.10f

50.05
£

Q
éam #
S.0.05

-0.10
-800 -400

0 400 800
H (Oe)

H, (Oe)
[=]

SRR T ) g A, o Rk R W R B e — 3, T
SRR kR 2 R ST AR R S R, BRI
FIHR, AR TAR Z F ] 28 4 B R B0 . 78w
Yi-0UdRh " B i, fEEIR T U 3 R R 1n) it
—A3cHL Y, AR 2 /N R 0.5 T #3261 IN
MRERE T ], BT AR B4 B3 0 sc e B %, 38
T 5| & S8 R AR ) e AR X TR, RE S Lb BT N
AR SN R A S A 1 A% 1) S, 3 LM A
D ARG, 4 By A R A s, TR
WA RS T ), T LAAS 3 ] A AS e i AR AL, 24
SEWE AL F] 3 kHz BRI, b BE B 5 22 K IE 36
T2 BRI A 48t v 800 1) £k (1 13b)

~@— 16 kV/icm, 100 Hz|; IE'

300F ~m~ 15 kV/cm, 1 kHz |1
—A~—+5 kVicm, 3 kHz

150+

-150}

-300f

0 1 2 3 4 5
Cycle

P13 Mnylv/CoFeB S BRASFEREY:-IR AN AL B TR JR (KGR (a) , TN IR KRR Bl P S0 i 6 11 T390 2 (b) 1507

Fig. 13 Magnetic moment of Mn;Ir/CoFeB heterostructure before and after the field-vibration procedure(a) , the reversible modulation of

exchange bias at different magnitudes of field vibration process(b) 80]

F AR B AR it e Y7 7= A R R eT DA R
Lk QgL A g, AR 4 BRI H RS R B1E R
W% AR . Nicklas BFT 2017 R I 2 300 16
Jru =K R, R B/ INAT DL 2% B 55 AT i
SR AR RN, R R DU AR R B, &
Y5 WUt S0 75 2R 5 Min, Ge BRI &AL, 7€ 0.05 GPa

(ISR, M5 ~300 K S AT LAY 2 MW 58 31 52 B IR RL
N (L 14a) , RN R /IN B 25 0 et B A B AR T 48 Kk, I
AR B TR, (AR A M %, Y
2.85 GPa [R5, AEILLR R ERAE Mn,Ge 19 5 22 /K HL
FEAEREAIS (&1 14b) , I H 5590 B A A0 ¢ 3= & A= 28 4k
S5 KR, ROFE/RBER N, £WHET



LERVE |

Bl HRAE . MR BRE AR I S B A A SN

891

XEFARILER A BEZE 14 1 45 2 Z 2R N R R, X
WR—MERRIER L, SUEFER, £ 2.85 GPa BI/E

! o o
ok ﬁﬁ;— N EY
al H||[2-1-10) f
2 0.05 GPa / >~
z A [ z
L 5]
g o 0 -
~ w—5 K S
'y J &
a2r B ~—— 100K 5
e 150 K -50
4} 4 —200K
xﬁ w— 250 K
| 300K 1100
% .
2 2 2
wH (T)
40 ' 1[c]
20F
50 3
<} =
¥ -20F
©
p (GPa)
40 —0.05 1.83 |
—112 —230
H | [2-1-10] ———1.53 =—285
'60-2 -1 0 1 2
HoH (T)

ST, RCEERA AT SR, I HRCE B R A
B, w2 0.25 T,

6 —5K
——100K 1100 ]
4 — 150 K
—200 K
27—25(”( = N —50 .
£ 2 — ook e
g e 5
g0 i 0
= —# Mn.Ge M =
ook 3 -]
H|| [2-1-10] +4-50
4+
2.85GPa 100
o R
1 |
-2 2 -2 0 2
uH (T)
3004 o | 2P canting [d]
(u2em)  angle

[ 90"

250 4

200

150 4

100 4

504

R 2 3 4
p (GPa)

K14 5~300 K, 0.05 GPa(a)fil2.85 GPa(b) HYJEMRAEH T MnsGe f9H B /RBN, IR T Mn,Ge 26 [ FRSEAE T A % 5 28 AR 300

(¢), MnyGe FIRL 3 78 ARV 3R 00 6 7 - TR B S (48 P () 17

Fig. 14 Anomalous Hall effect for Mn;Ge under the pressure of 0.05 GPa (a) and 2.85 GPa (b) respectively from 5 to 300 K, anomalous Hall effect of

Mn;Ge under different pressure at room temperature(c) , contour of pressure versus temperature for the amplitude of anomalous Hall effect(d

TEZS I T AN — RS R, R R K B
JE B TS B RN B K, RE RS BRI A
Wi R (P 14c F14d) o RS B B R T A0 a8 T 5tk
Sl M, Ge HAEICE A A eSS A4 ph - 1T A 1] - T A 2 A
Fesh, SN RERREWEIE W, XL BRI G £
B TS R 2K P R 5 ) e A U e AT P R 1
SRR 7 A B DRI AT B

4 REBRHEGFFIRFEN AR RE

JERRRE RPN T T LI B R TR (548 1 el T30
(IRECINRERTRRAN S TT LR FH TS B0 £ B B
W4T, A SR BT RO Y SR M i
PRI LA S T 12 3 TAERASE AP 7 7
K2 10" AZIEAN 10 Aefil, B E K1 SR
TR0 (ELR TR FLAT 20 W {55 UG 28 o 2
LM, PR (M 2R AS LT B AL . R (T A
HE L AP RS A TZ ST AU 3Z S,
GO TAEHUB S e O, 4 SRR 27 )
O ST AR A T8RRI TR 2, el O
Sefs BRI EE A

k5 2R 2 TE I BB — RIS

2 e

He iy

)[87]

BRI EER AL, BT LTEM STz mfR i, AT E
B sl . SOERREA BHEA THz S0 e I A5 %, RE 6 7
A= ps Gk OIE S, WO T KT EIE S 2 AR 0
TEVEFE, [FI, FEReE B9 SOBR G/ ks 52 B sl b, ROk
TG T AR 7 A B e O A s ) AR 2 20 32 4/, AT
SEIVRREAT RN T 2 R TF G, X Rh S B4 i
VER N TS b 28 e85 i 51 5 TR IR S5 i
T, Zhang 55 R T BT RBR MG 48 S IR 1 4 A E AR 242
G, KB SR AT LU S BT R R e AL
REASIE— L B AR AE B T HFE. Kaushik %5 438 T3
SRR Gk B 1) N T oo as e, mT LAY S8 Sh A% 55 37
BN (Magnus effect) VE TR $F BLZR W2 sh LT, 7R T
BREGIAR W7 BR A, JF HL R g 397 A% W1 5 22 ) 9 AH
A FHRE 2 3R o Ui 35 2

WAt WS I kR A R SS H B T R Ak A
REDRIDL AL, (EZBLR By 442 40 2 A e Rl i - |
FEANE I SE R, XX JE— 2B S B A =AY
PRI, A fepRe Fi 7 45 1) 5 12 4R R 4% 4 1 H B e — A
{ELAS BIF 9 09 ) R, K FH 0% vl 55 A BEHAT PMIN-PT
BaTiO, 4" | ASRARKG X LEbH BB AL, SR )5 K
SBRRER BHITRR B F T, AT AR R b 4 /N 884 0 RUEE



892 Hh A ki

%40 &

TE M R 7, BETR )™ AR AR LA 4R 4580, T
HLHEREREAN RE 7 1 22 0 I VE HT R DR 5 254 R B RS e
DA Bz S HUR AR B A 22 I ) 107 FH 4R i 25 #8824 )
FHE S8 S R RL A B2 R I e

5 & iE

ARSCIES T AT AR AR S 37 0 1 G 28 S kil LA SR
PRI SO BRI A R A eSS M OB ST HE RS, E A IR
THEY . HRESI A BERUE A M ik K R B
AN, RN, T RRREATRHE M 2 7S
TR R A SR RS TS, e TR T 2 A
PEATH B RO AR PR A B R, B2, BRI
PR A RO 11 64 07 R AR A LA s R
ZAb, ARSCEAEMES AT AR R ERRE R RL RS540 J7 12
PRI BRI A0 R o0 A 454 T B e B A 7 2R, A B e
HEA BRI B e e 1A U 5 B BOARAT L i A i

SE Xt References

[1] BAIBICH M N, BROTO J M, FERT A, et al. Physical Review Let-
ters[J], 1988, 61(21): 2472.

[2] BINASCH G, GRUNBERG P, SAURENBACH F, e al. Physical
Review B[J], 1989, 39(7). 4828(R).

[3] WOLFS A, AWSCHALOM D D, BUHRMAN R A, et al. Science
(17, 2001, 294(5546) ; 14881495,

[4] ZUTIC1, FABIAN J, SARMA S D. Reviews of Modern Physics[J],
2004, 76(2): 323.

[5] CHAPPERT C, FERT A, VAN DAU F. Nature Matreials [ J],
2007, 6(11). 813-823.

[6] FERT A. Reviews of Modern Physics|J], 2008, 80(4): 1517.

[7] BADER S D, PARKIN S S P. Annual Review of Condensed Matter
Physics[J], 2010, 1: 71-88.

[8] BHATTIS, SBIAA R, HIROHATA A, et al. Materials Today[J],
2017, 20(9): 530-548.

[9] HILBERT M, LOPEZ P. Science[J], 2011, 332(6025): 60-65.

[10] AVGERINOU M, BERTOLDI P, CASTELLAZZI L. Enersies[]],
2017, 10(10); 1470.

[11] LIUZQ, FENGZ X, YAN H, et al. Advanced Electronic Materials
(17, 2019, 5(7): 1900176.

[12] YAN H, FENG Z X, QIN P X, et al. Advanced Materials[]],
2020, 32(3): 1905603.

[13] COEY J M D. Nature Materials[J], 2019, 18(7): 652-656.

[14] NUNEZ A S, DUINE R A, HANEY P, et al. Physical Review B
(1], 2006, 73(21): 214426.

[15] GOMONAI E V, LOKTEV V M. Low Temperature Physics [J],
2008, 34(3): 198-206.

[16] GOMONAY H V, LOKTEV V M. Physical Review B[J], 2010, 81
(14); 144427,

[17] MACDONALD A H, TSOI M. Philosophical Transactions of the Roy-

al Society[ J], 2011, 369(1948) . 3098-3114.

[18] PARK B G, WUNDERLICH J, MARTI X, et al. Nature Materials
[J], 2011, 10(5). 347-351.

[19] MARTI X, FINA I, FRONTERA C, et al. Nature Materials[J ],
2014, 13(4). 367-374.

[20] GOMONAY H V, LOKTEV V M. Low Temperature Physics[J],
2014, 40(1). 17-35.

[21] MENDES J BS, CUNHA R O, SANTOS A, et al. Physical Review
B[J], 2014, 89(14). 140406(R).

[22] ZHANG W, MATTHIAS B, JUNGFLEISCH B, et al. Physical Re-
view Letters[J], 2014, 113(19): 196602.

[23] CHENG R, XIAO J, NIU Q, et al. Physical Review Letters[]],
2014, 113(5): 057601

[24] NAKATSUJI S, KIYOHARA N, HIGO T. Natre[J], 2015, 527
(7577) ; 212-215.

[25] WU S M, ZHANG W, KC A, et al. Physical Review Letters[]J],
2016, 116(9): 097204.

[26] WADLEY P, HOWELLS B, ZELEZNYJ, et al. Science[]],
2016, 351(6273) ; 587-590.

[27] JUNGWIRTH T, MARTI X, WADLEY P, et al. Nature Nanote-
chology[J], 2016, 11(3). 231-241.

[28] CHEN B B, XU H R, MA C, et al. Science[]J], 2017, 357
(6347) ; 191-194.

[29] SAIDL V, NEMEC P, WADLEY P, et al. Nature Photonics[J ],
2017, 11(2): 91-96.

[30] KURODA K, TOMITA T, SUZUKI M T, et al. Nature Materials
[J7, 2017, 16(11);: 1090-1095.

[31] GOMONAY O, JUNGWIRTH T, SINOVA J, et al. Physica Status
Solidi Rapid Research Letters[ J], 2017, 11(4). 1700022.

[32] LIU Z Q, CHEN H, WANG J M, et al. Nature Electronics[]J],
2018, 1(3): 172-177.

[33] SURGERS C. Nature Electronics[J], 2018, 1(3). 154-155.

[34] ABERGEL D. Nature Physics[J], 2018, 14(4): 328.

[35] STAJIC J. Science[J], 2018, 360(6386): 282.

[36] QIUZY, HOU D Z, BARKER J, e al. Nature Materials[J],
2018, 17(7): 577-580.

[37] LEBRUN R, ROSS A, BENDER S A, et al. Nature[J], 2018,
561(7722) . 222-225.

[38] WADLEY P, REIMERS S, GRZYBOWSKI M J, et al. Nature
Nanotechology[ J], 2018, 13(5): 362-365.

[39] HIGOT, MAN HY, GOPMAN D B, et al. Nature Photonics[J],
2018, 12(2); 73-78.

[40] JUNGFLEISCH M B, ZHANG W, HOFFMANN A, et al. Physics
Letters A[1], 2018, 382(13): 865-871.

[41] BALTZ V, MANCHON A, TSOI M, et al. Review of Modern Phys-
ies[J], 2018, 90(1): 015005,

[42] JUNGWIRTH T, SINOVA J, MANCHON A, et al. Nature Physics
[J], 2018, 14(3): 200-213.

[43] GOMONAY O, BALTZ V, BRATAAS A, et al. Nature Physics[J],
2018, 14(3): 213-216.



5114 ]

545

L2 S Bl AN L LR SR G 1 R S 7R

893

[44]

[45]

[46]

[47]

[48]
[49]

[50]

[51]

[52]
[53]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]

[63]

[64]

[65]

[67]

[68]

[69]

[70]

DUINE R A, LEE K J, PARKIN S S P, et al. Nature Physics[J],
2018, 14(3). 217-219.

2EIFZNYJ, WADLEY P, OLEJNIK K, et al. Nature Physics[J],
2018, 14(3). 220-228.

NEMEC P, FIEBIG M, KAMPFRATH T, et al. Nature Physics[J],
2018, 14(3). 229-241.

SMEJKAL L, MOKROUSOV Y, YAN B H, et al. Nature Physics
[J], 2018, 14(3). 242-251.

EDITORAL. Nature Physics[J], 2018, 14(3): 199.

SONG C, YOU Y F, CHEN X Z, et al. Nanotechnology[J], 2018,
29(11); 112001

FENG Z X, YAN H, LIU Z Q. Advanced Electronic Materials[J],
2019, 5(1): 1800466.

YAN H, FENG Z X, SHANG S L, et al. Nature Nanotechnology
[J], 2019, 14(1). 131-136.

STAJIC J. Science[J], 2019, 363(6427): 596.

HAN D S, LEE K, HANKE J P, et al. Nature Materials [ J],
2019, 18(6): 703-708.

BARKER J, TRETIAKOV O A. Physical Review Letters[J], 2016,
116(14) ; 147203.

ZHANG X C, ZHOU Y, EZAWA M. Scientific Reports[J], 2016,
6. 24795.

LEGRAND W, MACCARIELLO D, AJEJAS F, et al. Nature Mate-
rials[ J], 2020, 19(1). 34-42.

JANL H, LIN J C, CHEN J H, et al. Nature[J], 2021, 590
(7844) . 74-79.

COEY J M D. Magnetism and Magnetic Materials[ M ]. Cambridge
Cambridge University Press, 2009.

NEEL L. Nobel Lectures, Physics 1963 — 1970 [ M ].
Elsevier, 1972.

CHIANG C C, HUANG S'Y, QU D, et al. Physical Review Letters
[J], 2019, 123(22). 227203.

ZINK B. Physics[J], 2019, 12. 134.

CHENG Y, YUSS, ZHUM L, et al. Physical Review Letters[ J ],
2020, 124(2). 027202.

JACOT B J, KRISHNASWAMY G, SALA G, et al. Journal of Ap-
plied Physics[J], 2020, 128(17). 173902.

CHURIKOVA A, BONO D, NELTNER B, et al. Applied Physics
Letters[ J], 2020, 126(2). 022410.

ZHANG P X, FINLEY J, SAFI T, et al. Physical Review Letters
[J], 2019, 123(24). 247206.

SIDDIQUI S A, SKLENAR J, KANG K, et al. Journal of Applied
Physics[J], 2020, 128(4): 040904.

HU S, YANG H L, TANG M, et al. Advanced Electronic Materials
[J], 2020, 6(10); 2000584.

CHEN X Z, ZHOU X F, CHENG R, et al. Nature Materials[]J ],
2019, 18(7): 931-935.

PARK 1 J, LEE T, DAS P, et al. Applied Physics Letters[J],
2019, 114(14). 142403.

BARRA A, ROSS A, GOMONAY O, et al. Applied Physics Letters

Amsterdam ;

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92

[

[93]

[J], 2021, 118(17); 172408

WANG Y Y, ZHOU X, SONG C, et al. Advanced Materials[J],
2015, 27(20): 3196-3201.

LUNP, ZHANG P F, ZHANG Q H, et al. Natre[J], 2017, 546
(7656) . 124-128.

ZHENG L. M, RENSHAW X, LU W M, et al. Nature Communica-
tion[J], 2018, 9(5): 1897

YANG Q, WANG L., ZHOU Z Y, et al. Nature Communication[]J],
2018, 9(3): 9%91.

HALL E H. American Journal of Mathematics[J], 1879, 2(3):
287-292.

HALL E H. Philosophical Magazine and Journal of Science[J], 1881,
12(74) . 157-172.

CHEN H, NIU Q, MACDONALD A H. Physical Review Letters[J],
2014, 112(1): 017205

KUBLER J, FELSER C. FEurophsics Letters[J], 2014, 108(6):
67001.

TSAI H, HIGO T, KONDOU K, et al. Nature[]J], 2020, 580
(7805) . 608-613.

QIN P X, YAN H, WANG X N, et al. Rare Metals[J], 2020, 39
(2): 95-112

AN N, TANG M, HU S, et al. Science China Physics, Mechanics
& Astronomy[ J], 2020, 63(9): 297511.

WANG X N, FENG Z X, QIN P X, et al. Acta Materialia[J],
2019, 181, 537-543.

ZHAO Z P, GUO Q, CHEN F H, et al. Rare Metals[J], 2021,
40(10) ; 2862-2867

GUO H X, FENG Z X, YAN H, et al. Advanced Materials[J ],
2020, 32(25): 2002300.

QINP X, FENGZ X, ZHOU X R, et al. ACS Nano[J], 2020, 14
(5): 6242-6248.

KIM H J, YOON S, HA J H, et al. Acta Materialia[ J], 2021,
210; 116821.

DOS REIS R D, ZAVAREH M G, AJEESH M O, et al. Physical
Review Materials[J], 2020, 4(5): 051401(R).

GROLLIER J, QUERLIOZ D, CAMSARI K'Y, et al. Nature Elec-
tronies[ 17, 2020, 3(7): 360-370.

ZHANG S, TSERKOVNYAK Y. Physical Review Letters[J], 2020,
125(20) ; 207202.

BINDAL N, IAN C A C, LEW W S, et al. Nanotechnology|[J ],
2021, 32(21): 215204.

RAMESH R, SPALDIN N A. Nature Materials[J], 2007, 6(1):
21-29.

MATSUKURA F, TOKURA Y, OHNO H. Nature Nanotechnology
[J], 2015, 10(3): 209-220.

WA, IR, kY, O WH¥EMI], 2018, 67(15);
157506.

XUM, YAN J M, XU Z X, et al. Acta Physica Sinica[J], 2018, 67
(15) : 157506.

(RLAARFNGH, i X 4)



