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Fig. 1. (a) Self-rotation of a magnon wave packet and a magnon edge current; (b) the magnon near the boundary proceeds along

the boundary, irrespective of the edge shape; (¢) magnon edge current in equilibrium; (d) under the temperature gradient, a finite

thermal Hall current will appear!.
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Fig. 2. Spital distribution of ¢; induced by DM interaction in the (111) plane of the pyrochlore lattice (a) and the z-z plane of the

distorted perovskite structure (b)B%; (c) schematic of magnon Hall effect/?.
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Fig. 3. (a) The polarization, i.e., the trajectory of the spin precession as a function of wave vectors; (b) schematic of magnon spin

Hall effect induced by the dipolar interaction!l.
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Fig. 5. Dispersion (a) and Berry curvature (b) for the mag-
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Fig. 6. (a) Skew scattering and side jump of spin wave across magnetic texture®; the trajectories of spin wave across (b) antiferro-

magnetic and (c) ferrimagnetic skyrmion!*>*; (d) differential cross section evaluated from scattering theory for various energies,

€gap is the magnon gapl”l at k = 0; (e) the rainbow scattering process of magnons!*7.
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Fig. 7. (a) Schematics of the anomalous Hall effect induced by the finite Berry curvature and the nonlinear Hall effect induced by

the finite Berry curvature dipoles in the entire space, respectively®. (b) Nonlinear magnon current as a function of exchange

constant Jq BU. Distribution of (c¢) the band structure, (d) berry curvature, and (e) berry curvature dipole of magnons in the
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Fig. 8. (a) Schematic diagram of the nonlinear three-magnon process; (b) schematic diagram of three-magnon scattering induced

magnon frequency combl®; (c) schematic diagram of the nonlinear four-magnon process.
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Abstract

Hall effect is an ancient but highly potential subfield in condensed matter physics, and its origin can be
traced back hundreds of years. In 1879, Hall made a momentous discovery that when a current-carrying
conductor is placed in a magnetic field, the Lorentz force pushes its electrons to one side of the conductor. This
intriguing phenomenon was dubbed Hall effect. Since then, a series of novel Hall effects have been discovered,
including anomalous Hall effect, quantum Hall effect, spin Hall effect, topological Hall effect, and planar Hall
effec. Notably, Hall effects play an important role in realizing the information transport, since it can realize the
mutual conversion of current in different directions. In bosonic systems such as magnons, a series of magnon
Hall effects have been found, jointly driving the development of the magnon-based spintronics. In this
perspective, we review the researches of the Hall effect in magnonic system in recent years, and briefly introduce
its modern semi-classical theories, including virtual electromagnetic field theory and scattering theory.
Furthermore, we introduce the different magnon Hall effects and clarify the physics behind them. Finally, the

prospect of magnon Hall effect is discussed.
Keywords: magnon, Hall effect, nonlinear Hall effect, spintronics
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Fig. 1. Magnetic topological material and the degrees of

freedom of physical properties.
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Fig. 2. Rich effects based on the magnetic topological semimetal.
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Fig. 3. Schematic showing the axial electromagnetic fields
(Es, B;) and the Weyl-induced Hall current j ™ along with

a Néel domain wall moving with velocity Viyw!*.
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Fig. 4. Coupling and interaction between momentum-space topological electronic states and real-space nontrivial magnetic states.
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Coupling between magnetism and topology: From
fundamental physics to topological magneto-electronics”

Liu En-Ke'
(State Key Laboratory for Magnetism, Institute of Physics, Chinese Academy of Science, Beijing 100190, China)

( Received 26 October 2023; revised manuscript received 23 December 2023 )

Abstract

Magnetism and topological physics are both well-developed disciplines, and their combination is a demand
and foundation for the development of next-generation magneto-electronics. Magnetic topological materials are
important products of coupling between magnetic order and topological physics, providing material carrier and
regulatory degrees of freedom for novel topological physics. Magnetic Weyl semimetals realize Weyl fermion
states under time-reversal symmetry breaking, leading to a host of novel magnetic, electric, thermal, and optical
effects through enhanced Berry curvature originating from topology. The interaction between Weyl electrons
and magnetic order also establishes topological electronic physics as a new principle and driving force for
magneto-electronic applications. At present, the primary task and characteristic of the first development stage
of magnetic topological materials is to discover new states and effects, while the understanding of interaction
between topologically nontrivial electrons in momentum space and magnetic order in real space has received
attention of researchers. The comprehensive advances of these two stages will accumulate the physical
foundation and application explorations for topological magneto-electronics. This paper focuses on the two
development stages of magnetic topological materials and discusses three aspects: (i) proposal and realization of
strategy for magnetic topological materials; (ii) exploration of electronic states with nontrivial topology under
uniform magnetic order and their associated novel physical properties; (iii) the interaction between localized
magnetic states and topological electrons. It provides an in-depth discussion on current hot topics and
development trends in the field, and future development in topological magneto-electronics, thereby assisting in

the future development of topological spin quantum devices.
Keywords: topological physics, magnetic Weyl semimetals, topological magneto-electronics

PACS: 71.55.Ak, 75.47.-m, 72.25.Ba, 72.80.-r DOI: 10.7498 /aps.73.20231711
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52088101), the National Natural Science Foundation of China (Grant No. 11974394), the Strategic Priority Research
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Tl g R BiEE

BT 4w R BilRENERRER

FRE RV RE XV EHEEDY

#HE 2V

B 2 i 02

P 4 i v

1) (WHERZ Y S d PR B, 5 430062)
2) (BRI ARG S LA F I E L=, R 430062)

(2023 4E 7 A 31 HIg#); 2023 4£ 9 A 15 AU EEEH)

F B Y e R X £ B AR PR Ak SR B PERE AR L T S A BRI, B AR RO AR, 15
GEIE T HL T R AT B T 2 S AR TR e AR RO 1 RS 200 ) Y A5 PR R, 2 S A B AR L o L i A
IR, DO T A% G2 T LA A 1 2 1, 35 T AR PR AR 2 0 1 e HL 1 2 PR AN ELE A 3 e A B BBE
5 R R B YR, T EL T SR S R B, £ AR L AR BRI £ SR AR 0 R R A TR B EOR
ULAESR , A ST AR L0 RS (1 BT 5 4 1 = & A B JO0 T % 32 DG T, R R R WM A R R AE L R
T U B AR K B I T T AR AN . A SCE BN A T HERRE WL ATk, RAEIR T AR
FHRHE A B L 27 U b BP0 8, o X AR AT S AT T R R

KEEAE: ABEH T, HERETEMORL, A TeBuE 1

PACS: 75.47.-m, 85.75.-d, 73.63.-b, 75.70.Tj

1 5 =

BE A5 5RO Y i A, T T 24
SREAE BRI B, 2ER{5 B 2 e
HER RS O (R B AL LS AE AR AR B T T
3K, R A 3 Sl T or e P E I /D R
e R | R TS ) A S SR, AR
R i AR ) e S st Al 3 LT 3 4
T3 HIPkAR: 1) PIBEEERZ T, S A s R/
THGT A2 A AR, —LeL 5y BARE A
FHEH]; 2) TZBHZE T, B AR
(A J , AR GEI - R B S & T 2
TR B AERST, HL: P 75 IR I 25 P REARE
THFESEXMELA DR By AL 3) 28 A AR 2 THT, WA HT
B AR B BoR 5 T 2T 2 T AR 2 4

DOI: 10.7498/aps.73.20231244

T 2 R A K BT R R i SR R 28 B 7 AR
PR, 30 D) 2SR R S, Skt — PP
B S E A R R L REARER A B R,
SRS, B GO R B AR i 1 E e
PERBIEAR F fop JR M — R A RSORI ], TEEER 2R
R AR VERE, MR TR a8 I A
IR, AR AR T B B BB A R B
Pt Z AT g, Ko, BT ABEPER G (spin-
orbit coupling, SOC) HLiil B A Ji€ 2 /R 2z 1
Rashba-Edelstein 20 23 Uk H e HY 3277
% s A B e Y BRI R )ZE T, IS
T J2 v %) Jey Sl R iR A T fh B scdte, 7 AR AR
FH, MTTAT LS8, PR i 45 i 0 7 1) b ax
FhIETF F BEPERE G HLHI A 1 Py BN, AR A
H B 1156 (spin orbit torque, SOT) 250z 49), 4
e, FEREVERRIESYS (magnetic tunneling junction,
MTJ) Z5F9 1 SOT 2500 Ffih I il £ o) i 14 B AT LA

* EFE AW IR (S 2022YFE0103300). [E K A AR = A4 (S 12274119) 1A A AR = R4 (RS
2022CFA088) FIHA LA AL S0 = PRI SE 4 (HEHE S 2022SLABFNO4) % Bl L.

t iBfE1E#E . E-mail: chenshw@hubu.edu.cn
i BIE1E# . E-mail: shihengliang@hubu.edu.cn
© 2024 FEYIEZS Chinese Physical Society
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fii#% (magnetic random access memory, MRAM)
BAAES R RS AR T AVER | PB4
SIS, B F— I 2 e
. [6,7]

HAT, KT SOT MR ZHE N T 5d E&JE
(I Pt, W, Ta, Hf %) /8 4 8 S5 . (A, 3
AT ARRY], S TAESE 5d H 4w AR LT
UiL- A e T R AT AR AT, R T E = 1Y
HL L 25 B A RE 7 A R S 1Y 1 BEBLTE ) R BIK Bl
TR, P RS A e A0E R AT L
o AR DR I 0] g A M R PR AR B0 YR, A
5d H 4R /B E aJE  ash, BT A e R RN
BT Rashba 8800 7 A 1 T N B A A B 2 A
i SRR, TEBIK ) F G R B i R A S A
S BIRGS7 LA TRBCRIE S 1Y) 2 TR X R, Sk AN{E A
AMEIN T A BEEE S HE A A DIFE AR A S A
WAH] T A BERE R B R | R LB ALY
RIEHR, BAG T HS A ke 1012,

2004 4, Novoselov 45 3] 3 i HLAR 21 25 7% A
A1 S I AR T PR RE R A S50, fa T T 4
ORISR . AR HLAZ GEHUARRRE, 2R kLY
Jer - 2 JEE R )R e 11 ST R SR 9 1) sy 2 )
SRR BN A ARSI FE A IR R R T E
KL, 5ivlEar, fEE#FhH 8L (topological
materials, TMs) 2442 161 HEH A MR 10 58

A, Z R R IR LSRG AR BRI, 9 A ie-iE
A (7 LB RT 9 A L R 8]l [ e R T2 S
TR ft T BAE B . I, 2T 4
FHEHE) SOT WHFEiZ#i s T B SRR T ). Bilhn,

.! - ‘ |

- Single-layer graphene

FHF Y SRR A Y (transition-metal
dichalcogenides, TMDs) #4 ¥} WTe, il #& i% # P4
Se4s, Al AR AR GE R TR AN A TERUE T T
S 2P AR T R B 00 AT DL RER T4 b
MAREXT A e f a1 00 A G A AR H B R
ARSORA 28 —HERRHI 28 057 SR PERAE, I
BRI T AR —AERE TR RN HITE A e ) 5
3577 R SE TAE, 5o XA ST 5T i 7 2.

2 MR HE

H 1l & 2B e Tl 5 38 4k 52 56 i 5 1 A 4
TR e R, AR YRR S Y AN
R RS R R A Al i 4% PR RE DT
B, S AE T | R R AR R, R
JEHET ZHEATRHY A BER AR BT R R Y L. H
A, W8 4 MR T A 2R 28, Ho, L
Tk #1257 (mechanical exfoliation). ¥ AH #1 25 %
(liquid exfoliation). k “# S AH UL FL#E (chemical
vapor deposition, CVD) F143 T W HMME L (mole-
cular beam epitaxy, MBE) J& il 2 — 4 #i $h b4k
s WA R T

2.1 HHRIEE

2004 4, Hashimoto 55 PO 38 32 1] 125 77 ¥ 1 2D
il % R A B RN 2 A AR ML B AR (B 1)
VE R B AT B MR 2 ik 2 — P BT
2T AR, 40 MoS,, WS, WTe,,
MoTe,, SnS, fil BP %41 %}.

1 ST A% 22 JROHT 90 1R B 1) B A Al 0 I LA R 8 7R T[] )
Fig. 1. An illustrative procedure of the Scotch-tape based micro mechanical cleavage of highly oriented pyrolytic graphitel®!.
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A MoTe, Bl A, Yi Fl Shenl2!) ) FH et
BUBRI T, R )2 2 B R 254, IR 8
2 HAR IR _Eb A7 5 2200 5T . Ruppert 45 22 i
T AU 25 i) £ R ) 21 R MoTe, fhE. Jiang
S5 23 Wang 45 24 F FHBEH K MoTe, B il MBLIR
R ES BRE A R b, IR R G2 AT )
HA R R R HE L. BEak, AU 25 kia ]
Rkl % WTe,, "Z% Lee 45 %), Woods 45 9 {1y
Wh5E, Seil i b2 S &% (chemical vapor trans-
portation, CVT) JiEA- K WTe, fnfk, SR HIbR
HERS T IR AE Si/Si0, 1K _EATUARR 2 Btk ff A 4R
15 WTe, i 7, FFX7 1k 23 7 1 7O b Al ik
DL R R Hod Al 25 27) 701 FEOUTAT s 5
iRl B 2 ILROK, JHE R ZE K A SHRTUR L BOt
el AR A D R e IR AT B v B R L Y T

SR, AL GE PR B 07 AP — 2N R 22
Ak AR LR S S AR i RT3 AR LK 2L
Tk Z 1] e LA A | R TR 4 1 45 77
B o) AN WRVER SN o2 =15 A = & NN ]
TR 85 PR 2.

2.2 EHEREZE

WAHRN 5 (liquid-phase exfoliation) J&F§7E
WAHFREE b, T A AT BRI, SR &3 i v )
XF R R TR BT, ST 18 Bes 7 AR RLZ
(i), i ek A AR 2 ) A T 30 A A 31 B R i
JZ PRI, Cunningham 5 28 38 13 [ AHAH
(AR AHR B 5 1 MoTe,, HUZS5HZRH 1K
JJFEATIN & UERAZ SRR R 2R TH RE AT A AT LI
I o3 BT A B S8, DTS BORH R B 1 EH Y.
Coleman %5 129 Fi] F 55 VA B 25 5 ALV 37 % MoTe,
HEATRIES, AR TR N 2 2 4k MoTe, K.
Mao 45 B0 38 Job VA4 3% B 7, BRI He ol 44 5 335 50 VR

o .

. Solvent

Sonication

-

Bulk crystal

t Centrifugation

A B, REWUE IR DL EBRR A, i
8T ZJZ) MoTe,/WTe, S RE5H, WK 2 FiR.
Yu &5 BUFIFH PSR AR R L HESR B L B AE
— RIS WTe,, S8 1 B4 2
JEEEE, I T — 2 R A S

BILAH I 5 A %1 5 2 A v o i /b R i
R R AL PR e UL, s B T Al )
ARBPEL. SR T-28 Srh B 55 5y TR AR ) — ZE A1k
TR 32 3] —E BRI Al 1% A5 T
BAL 45, A8 B 3 25 5 IR RS R | J2 H5odE
g1t

2.3 HESHIRE

H b= AU (chemical vapor deposition,
CVD) ¥ IIHAE Cu i LA K )2 4 S0 L
B B 8L Wy 1 L 7 S W [ 0 s B 1)
i 8= &8 kY (MX,, M = Mo, W, Ta,
Cr, Nb, Re %%, X = Se, S, Te) I N —4ipfRIIE R
JREE R . HE R 1 R N R e R AR TR
JURTIZ SR AR I ] | S5 285 FE B 2 R A 25 2
Bereir, HnhEa ik CVD A2 KRSk CVD
A LA 2 Lo PR 3 e TSR R = R Ak, SRR
FIHEACR 25 & LR R 805 FIR A ik 2
FNE, S Ja TER R UURRAT R CVD il ik R
Al g AT e | BT A e . BRI P

Xt T —2e g | Ak MX,, HAERKGE R
T PR EMATTAR, S & ATk (naEi . &8
A, & JEA) FEESBATAR (oS, Se, Te), —
FALTAS R L. ZEXFEOL T, &8 fdE
5 JE FT AR AASE L IR IR A, RSB T
T e S DX R B IS RS & AR AR RO, FF
e FIE S MX,. ] UL, G 5 T iR R R AR A
48 R T AR T SR AA R S AT SR A P, X fife

S*t ant

s,

~o o

% d
Aggregation

->®

2 FUHWAHR BS54 ) % MoTe,/WTe, 71 1 ] BY

Fig. 2. Schematic diagram of liquid exfoliation method for preparing MoTe,/WTe, nanosheets!*.
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A RO MX,y B AR SRR AR A S RIME. i,
& JE A MLRTIR AL 1l A B e R AT
WA BRI, FEX T, Kang 45 B2 205114 Mo(CO)g
I W(CO)s NEJERTIRIE, DL (C,H;)oS MAES AT
OKAA, il TSN 4 55T S R MoS, Fll WS,
T, Wu Fl Zeng® FI|H BiyO5 Al BiySes VE N HiF
Sy B RTIR AR LI £ TR BiyOoSe i f, HFE
P S0 s SR e M AL R AR T R
TEI I 1) 55— 3 TAE Y, Hong 45 B4 F| ] CVD 7&
Cu/Mo MUZ R K EAK T 24820k MoSi,N,, H
W N YRR NH, A0, Si R 4l Siot, il &
) MoSi,N, HA7 - PRPERE, HUMGRRE &, ik
TEPELF AR

FEHFLE) CVD REeH, —ZEbRH JE B2 ik
i AR AL AT A AR KRS ECR s, fdh K
R BTSRRI R DL SR = R ). SR

D

=%

1113, 52 24% (18 R [ S AN m s S b S 20T RIS A AN
B 20 S5 AR RS FIRE B AR AN 28 2 1

2.4 HFRIMNEFHEFTE

A FIRAHME (molecular beam epitaxy, MBE)
MR R PR A R LA P TR, 8 RS
TR WG F TR | Ao I I B A T R - L
k. R, WA MBE #1862 4k, nxt
F BiyTey, BiySey fil ShyTey HITh /S J5 454, % &
R 5 0 IS Z H] 1Y) Al AR DL B, K £l i MBE 7
Si(111) #ePJIEHEATAMEA K il 5. HeAh, FoAthAe] S
mn ALO; Fl GaAs WG A B AE KA RIE S i
PR BRI R O —A AT Rgsgma B K 3
VAN % S = ES N TIPS e O
BEXT T — S BLAT 22 i A B 2 AR R Y ) %,
DA 3 Ao oA 7 A K ek R S B A A P A

MBE A= & 4k i B RHEA — 2 L5 Tl
IR A /D AR P AR A ) R
B, X T P 2R AT LA SE B2 AR K
2y AL TR, 8 e FL 2 RS R A T A R 25
BfE, IR E K. MBE i R& T LERED
20l U 2 FOR ] 4R s g5, A
k7B T IRTIRE iy W P S ey (IES N LN

3 —EmEMEAMORHE B RRME R TF
o R 5

THEREEMORHE A e PUE B T B R

HIBFFEO A, XA R A 2R | R 5T
RS AT E R MEDR SRR, [ B AR F
iz FN A BEMET. X OMRIFGY A TERS LA S g 1 o 4 4
T RAFRYEUR. ZHERMEARHE F A
HRIL Tz RS ET ORI M, SRR A e
L2 ) e AR B 22 1wl g

2013 4, Butler 55 B & ) T 4B RE M BHE
BN 2R R B KRG, HIZ M DL E
TERHIEH IS S, 5 5 HAD —4EMPRESIE 1L
54 . 2017 4, Nature 72 & FIB T W ks & T
CryGe,Tegl?d F1 Cri;B7 ASE G 09 TAE, IR
23| T /D)2 CryGeyTeg TARTE KRR 7 AR Z
Crl H Ising AEERBEVERE, HESE T —4EFPRIAE
WETEAFEAE. T R miob B i Y7 P - S ot
S BV 2 BB SRR LS, L an=F & rwE
PERPERRESE. FeyGaTe, 7EE R T RIE L R A
Ul ELR A5 ) SRR, Rl Li A5 BY ZEF SR 5
T FesGaTe, ) 4EwGPER BEAY B E P08 56 50 5
W RIISEER TR 1.3x107 A /em? ) H iglE 5
IR BHAL B  E. 7E FesGaTe, /Pt FIZEH T %
P& B A BERLIE FE AR LA 0.22, S E iR
AT A BERILIE HE 3K B0 1) AR A 1
SRR T Y BELRE, (R B o B 3 T AR R
B A BEfEf AR L B A AR F AR AR & R it 1
BB X SRS T ARk R B e
27 ) 38 RN AE it 0L FH O T B R OR g g, o
CryGeyTeg Fl FesGeTe, PRI BHZ e F#FFE 19
YRR RL, ST L 3 AR MG — AR
AL BT A BB ST e A TR IR .

3.1 Cr,Ge,Te; —#ERL 411

2017 4%, Gong % PO 38 T 3 F W2 4
CryGe,Teg(CGT) MEHREMENTFE. AT E IR A3
THE CGT MEBHAR I ATE R, LR RG22
JRE Fifi 5 V5L R P D T A, B A ot P A 2 AR Ui
FE 2y 0N 68 K, TOBUZFE b 1Y Bk % % 78 T 2
30 K, Jf H.nJ e i SN — /N 37 0 52 B i FEL i
FERYIRYE. 2019 4, Wang 45 B9 X HUZ CGT Wi4%
i) S e B AR AR TR AR R4 T 15T, i
JnEEE T HZ CGT BB Mg, ML 2R &
% 10 5 RE (magnetic anisotropy energy, MAE)
XA mIN, GniEl 3(a) Fizs. T CGT BA
23 (] ROEDR R M, 1E T LA X R G s 7 4 AH ]
HIITHL S5 FIREG i 45 ] S 8 22 8] 1) 5 2R AT LA FH
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WEANE , IT 2 BN 37 25 AR it 4% 1) 57
PERE, (HAR AL BE 5 2 XA FLAR /1N, BRI 2 4l
FERIEE N AR E. B 3(b) RAE TFESMINE S 1E
R (001) BhAN (100) #AYERRLAS (ferromagne-
tic, FM) fl Jz 2k 4 2% (antiferromagnetic, AFM)
Z IR HYARX 22, BT (001) J7 W] B REHE 25 L
v (100) J7 A R RE I 22 K2 3 meV /fu., HAMI
g2 AFM A FM RS Z M ReE 22, IF 5
Dy fIC G, M nT L, B CGT k1 RETE .
] Ao,

2013 4, Chen % W R CGT 4t @ #1
B, JFE T T CGT/Pt Ml CGT/Ta S R4 L
5T AR HL RN FI E BEHUEHE BT, ZHUAR
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Fig. 3. (a) Dependence of the magnetic anisotropy energy on the externally applied electric field which is perpendicular to the CGT

layer planel*l; (b) energy difference of the AFM and FM configurations with the in-plane and out-of-plane easy axes!*.
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Fig. 4. (a) Optical image of a CGT/Pt heterostructure patterned into a Hall bar geometry (4 um x11 pm) for transport measure-

mentsi!!l; (b) orientation of effective fields due to current-induced damping-like torque (ABp;) and field-like torque (ABy;) acting on

the magnetization vector mi*!); (c) spin-orbit-torque switching of the magnetization in a CGT(8.9 nm)/Ta(6 nm) sample in the pres-

ence of an in-plane field B, = 4+ 100 mT!"!.
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Fig. 5. (a) Anomalous Hall resistance observed in CGT/
Pt(10 nm) heterostructures at 5 K, for different CGT thick-
nesses; (b) anomalous Hall resistance observed in a
CGT(10.5 nm)/Ta(6 nm) sample; (c) optical MCD detec-
tion of magnetization in the same CGT(10.5 nm)/Ta(6 nm)

sample at different temperatures!*!l,
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Fig. 6. (a) Schematic view of the FGT/Pt bilayer structure,
Pt layer (top) is sputtered on top of the exfoliated FGT
(bottom). The green arrow represents the in-plane current
flowing in the Pt layer, which generates a spin current flow-
ing in the z direction, the accumulated spins at the bottom
(top) Pt surface are indicated by the red (blue) arrows, the
spin current exerts torques on the magnetization of FGT
and can switch it in the presence of an in-plane magnetic
field®. (b) Optical image of the measured Hall bar devicel™"..
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Fig. 7. Magnetic properties of FGT /Pt bilayer: (a) Hall resistance as a function of magnetic field at different temperatures; (b) ar-
rott plots of the Hall resistance of the FGT /Pt device, and the determined T is 158 K; (¢) Rapr as a function of in-plane (IP) and
out-of-plane (OOP) magnetic field at 90 K.

| o
(a) poHz =50 mT (b) poH, = —50 mT
[ \/
0 \5’ ok
m k
—0.14 0,14 frmmmmmm e
—10 -5 0 5 10
I/mA
200 2 0.12 10 mann] o
. (d) /_,;:E_iﬂlnn nii;;_, e
g “e—eseetteliessI0 RN ~a s —a— 10 K
v 150 10.08 Z e by
B = S e L —— 50 K
> = 5 » > >
= ~ 4 0Pt u 000, —— 60 K
£ 100 1o.04 (} E Up to down Down to up 80 K
E . 3 . —— 90 K
% o & ; Down to up Noeet] .’..:: Up to down -— oK
g =  Tor g N
& 50 1o S 4=oey. - e > 110 K
2 P00000 0400897 i ;/: —— 120 K
n A—a—@=g=N"
s = S =
0 4 0.04 _10 L . .
—0 8 —0.4 0 0.4 0.8
I/mA joH. /T
E 8 FGT/Pt BUZ ML F ) B i B iE Jy 46 9K 30 1) 3 B4 AE B PO (a), (b) 100 K L& T, 50 mT (a) A1-50 mT (b) I P #:

55 Dy ok 52 S ) vl 7 K ) ) T 0 TR SR AR P 0 000 DA 398 S RIS 1, e ) B AR R AR S TR B Ry (c) 10 KR
T, 300 mT T P B G S T SE BE Y H U K 30 04 TR EREGE B (LU EhLk), WSk RN B B )5 (d) ASRRRBETR A R A
e 5 o A L 3 ) A T

Fig. 8. SOT-driven perpendicular magnetization switching in the FGT/Pt bilayer deviceP: (a), (b) Current-driven perpendicular
magnetization switching for in-plane magnetic fields of 50 mT (a) and ~50 mT (b) at 100 K, the switching polarity is anticlockwise
and clockwise, respectively, the dashed lines correspond to the Rayp at saturated magnetization states; (¢) current-driven perpendic-
ular magnetization switching with a 300 mT in-plane magnetic field at 10 K (red), the arrows indicate the current sweeping direc-

tion; (d) switching-phase diagram with respect to the in-plane magnetic fields and critical switching currents at different temperat-
ures.
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Fig. 9. (a) Optical image of a typical Fe;GeTe, nanoflake sample with a Hall-bar geometry electrode, and the white scale bar repres-

ents 10 pumPY; (b) thickness of sample is 21.3 nm as measured by AFMPU; (c) longitudinal resistance R,, as a function of temperat-

ure T with current = 0.05 mA, the red arrow indicates the magnetic transition due to spin-flip scattering, from which T, = 185 K is

determined®!; (d) Hall resistance R,, as a function of magnetic field H at 2 KP!l.
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Fig. 10. (a) R,-H curves of sample S1 at 2 K with applied current varying I from 0.05 to 1.5 mAPY; (b) extracted coercive field H,

and remnant Hall resistance R, of sample S as a function of applied current I at 2 KP'; (c) Hy(I)/H, (smallest I) as a function of
applied current for sample S1 (213 nm), S2 (167 nm), S3 (6 nm), S4 (42 nm), and S5 (17.5 nm) at 2 KB'; (d) H,(j)/H, (j = 1 mA/m?)
as a function of current density j for sample S1, S2, S3, S4, and S5 at 2 KI5!l.
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Research progress of spin orbit torque of two-dimensional
magnetic materials”
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Abstract

The rapid development of information technology has put forward higher requirements for the performance
of information processing and storage devices. At the same time, with the continuous reduction of device size,
traditional semiconductor devices based on electron charge properties face the problems and challenges of
thermal dissipation and quantum size effect, and semiconductor technology has entered the post-molar era.
Unlike traditional charge-based electronic devices, spin-based non-volatile spintronic devices not only have high
integrated density, read and write speed and read and write time, but also can effectively avoid heat dissipation,
establishing a new technical platform for developing the information storage, processing and communication. In
recent years, two-dimensional materials have attracted a lot of attention due to their unique band structures
and rich physical properties. Two-dimensional magnetic materials have shown great research and application
potential in the field of spintronics. Compared with traditional block materials, the two-dimensional materials
can provide great opportunities for exploring novel physical effects and ultra-low-power devices due to their
atomic thickness, ultra-clean interface and flexible stacking. At the same time, with the rise of topological
materials (TMs), their topological protected band structures, diversified crystal structures and symmetries,
strong spin-orbit coupling and adjustable electrical conductivity provide an ideal physical research platform for
studying spintronics. In this paper, we first introduce the common methods of preparing two-dimensional
materials, then focus on the research progress of two-dimensional magnetic materials in the field of spin-orbit
electronics, and finally look forward to the research challenges in this field. In the future, with continuous in-
depth research on the preparation, physical properties and device applications of two-dimensional magnetic
materials, two-dimensional magnetic materials will show more extensive research prospects and application
value in the field of spintronics. Two-dimensional magnetic materials will provide more material systems for

spintronics development.
Keywords: spintronics, two-dimensional magnetic materials, spin orbit torque
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Fig. 1. Schematics of typical topological domain structures: (a) Bloch-type skyrmions?); (b) Néel-type skyrmions®; (c) anti-skyrmionsl?);

(d) biskyrmions!'’; (e) meron!'.
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Fig. 2. (a) Schematics of topological Hall effect'?7; (b) experiment results/?.
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Fig. 3. Meron chains inside domain walls in 2D ferromagnets Fe;_,GeTe,['!: (a) Crystal structures of Fe;  GeTe,, and the positions
of Fe(1) and Ge is partially occupied (labelled by color difference); (b), (e) the in-plane magnetization resolved by TIE in the selec-
ted regions of two domain walls at 180 K (arrow and color represents direction and amplitude of in-plane magnetization respect-
ively); (c) the L-TEM contrast of in-plane 180° domain walls at 250 K (the scale is 1 pm); (d) evolution of meron pair contrast dur-

ing cooling process; (f) 3D distribution of magnetization inside 180° domain walls; (g), (h) merons with two different chirality

(clockwise and anti-clockwise).
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Fig. 4. Origin of domain wall meron chains in Fe; ,GeTe,/'!: (a) Temperature dependence of magnetic susceptibility y as the mag-

netic field along two directions (H//c and H//ab); (b) M-H curve as magnetic fields along out-of-plane and in-plane direction (H//c

and H//ab) at different temperature; (c) directions of domains parallel and perpendicular to ¢ axis during SRT; (d), () SAED pat-
terns of [110] ribbon axis at temperature above 100 K (d) and below 100 K (e).
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Fig. 5. Dynamic behavior of meron chains!': (a) Schematics of circuit when applying; (b), (c) position change of meron chains after
applying voltage; (d) schematics of introduced magnetic field with sample tilted along c-axis; (e), (f) distribution of domain wall
meron chain positions at the sample tilted angle of 4° and —12° with fixed perpendicular field of 0.02 T; (g) interval between

domain wall meron chains with the variation of tilted angle (The scale bar is 500 nm).
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Fig. 6. Meron pair contrast change with temperaturel*: (a)-(e) Evolution of domain wall L-TEM contrast with temperature in

Gd5, (FegsCog)ss » (z = 0.2); (), (g) TIE results inside and outside domain walls at 243 K; (h) enlarged part of yellow box in pan-
els (a)—(e); (i), (j) TIE results inside and outside domain walls at 300 K (The scale bar is 2 um).
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Fig. 7. Micromagnetic simulation results of domain wall topological transition!: (a) Experimental data of anisotropy constant K,

and saturation magnetization M; at different temperature in Gdis, (FegsCog)gs » (z = 0.2); (b) the phase diagram of topological

transition starting from meron pair at different K, and M, value and the SRT regions observed in experiment; (c), (h) simulation

results of corresponding L-TEM contrast; (d)—(g) evolution from meron pairs to skyrmions by simulation at 270-300 K, the out-of-

plane magnetization is indicated by red (+m,) and blue (-m,), the in-plane magnetization is indicated by white region and black

arrows; (i)—(k) 3D schematics of corresponding spin structures.
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Fig. 8. Simulated topological domain evolution in domain

wall for different value of Fq[46].
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Fig. 9. Schematics of domain meron pair and its forming mechanism!l.
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Fig. 10. Simulated drift of domain wall skyrmions with time under applied current!“6.,
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Fig. 11. Experimental results under electric stimulus*®: (a) Schematics of in-situ current experiments; (b) position change of

domain wall skyrmions at different time under 32 mA DC (The scale bar is 500 nm).
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Research progress in the magnetic domain wall topology”

Zhang Ying! Li Zhuo-Lin  Shen Bao-Gen

(State Key Laboratory of Magnetism, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

( Received 7 October 2023; revised manuscript received 21 December 2023 )

Abstract

Topological magnetic skyrmions, as information units, possess distinct advantages such as high reliability,
enhanced integration, and low energy consumption. These novel topological characteristics offer critical material
and technological support for the rapid development of information technology, 5G communication, and big
data. However, the application of magnetic skyrmions in practical devices is severely impeded by certain
limitations, including their stability dependence on magnetic field and the deflection caused by the skyrmion
Hall effect under electric current. Consequently, exploring new topological magnetic domain structures and
material systems suitable for application becomes a pivotal area of research. This paper primarily focuses on
experimental studies utilizing high-resolution Lorentz transmission electron microscopy for in situ real-space
observation and manipulation of topological merons and skyrmions inside the magnetic domain wall, confirming
the theoretical prediction of magnetic domain wall skyrmions in 2013. We has firstly achieved topological meron
chains inside the domain walls by using the spin reorientation transition in two-dimensional van der Waals
Fe; ,GeTe, magnets, and systematically studied the dynamic behavior of domain wall topological magnetic
domain structures under external electric and magnetic fields, filling the blanks in this research area. The
important and special roles of magnetic domain walls are revealed at the same time. Then the GdFeCo
amorphous ferrimagnetic thin film was designed and prepared based on the summarized mechanism with the
domain wall meron pairs successfully reproduced. Moreover, the reversible topological transformation from
domain wall meron pair to domain wall skyrmions has also been realized without external magnetic field during
spin reorientation transformation as temperature changing. The results of micromagnetic simulation and electric
experiments on the topological domains in domain walls would provided a strong basis and support for the

future research.

Keywords: magnetic domain wall meron, magnetic domain wall skyrmion, spin reorientation transition,

Lorentz transmission electron microscopy, two-dimensional magnet
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Fig. 1. (a) Spiral spin structure caused by spin momentum
locking in the surface state of topological insulator. Arrow
indicates the direction of the spin magnetic moment o of
each wave vector k, which is opposite to the spin angular
momentum; (b) applying current in the +z direction will
generate non equilibrium spin accumulation at the position

where the electron’s spin and wave vector are orthogonall%,

58 SOC JZ2# MM A BEm AR Pt, Ta, H,
W22 36] JS R Aiff 58 & LA 4 P AR SR 3R 1Y F e
IR (spin Hall angle, SHA), L4l AuW, AuPt,
CuBi & BT 41 B T2 LR MG 45, i nl i
1E 4 Jm W2 5% 2 2 i 254 v il A A 2R A
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4R ERIRZ W), BTN AR SOT 2L
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HRA I T B S A SOT, I HL I L B0 v g 2
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Fb, e 5 B v i 285 FE AT 1 1 A 19581 AT
A A BB IR (ST-FMR, S-F). K
EIR B L (loop shift, L-S) F1 I I i &
(second harmonic, S-H) SE & A7 &R 4
SRR SR S A AR 8] T 1R R SHA, {H& SHA
FETEAR R B 22 57 (0.1—425)1049-5L55-5T - L 1. 3%
2% S 1) HEAS ) B AT SR VA A e, 1 I
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Table 1.  Spin Hall angles (6sy) and critical switching current density (J,) of different heterostructures.

SIS Osi Jo/(10* A-cm™?) AR5k HUNEWIRES
(CrBiSb),Te;/(BiSh ), Te™ 140—425 (1.9 K) 8.9 MBE S-H
Bi,Ses/CoFeB*] 1—1.75 60.0 MBE S-F
Bi,Ses/Ag/CoFeB 0.1—0.5 58.0 MBE S-F
(BiSb)yTes/GdFeCol! 3.0 12.0 MBE S-H
(BiSb ), Tes/Ti/CoFeBP 2.5 52.0 MBE S-H
BiSb/MnGal?!l 52 150.0 MBE L-S
(BiSb),Tey/Mo/CoFeBl 2.66 30.0 MBE S-H
(BiSb)yTes/Ti/CoFeB 1.16 10.0 MBE S-H
BiSe/CoFeBP? 18.62 23.0 Sputter S-H
Bi,Ses/NiFel®) 2.18 — Sputter S-H
Pt/Co/BiySes® 0.35 350.0 Sputter S-H
Pt/Co/(BiSb),Te;/6? 0.77 83.0 Sputter S-H
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Fig. 2. (a) Schematic view of Fermi level regulation by gate voltage and corresponding evolution of net spin polarization

current/total current ratio (left longitudinal axis) and SOT effective field (right longitudinal axis) with gate voltagel™; (b1) Fermi

energy level positions of different Sb concentrations in (Bi, Sb)yTes; (b2) two-dimensional carrier density nop and resistivity p,,, as a

function of Sb concentration in (Bi, Sb)yTes; (b3) correlation between the effective fields of SOT and J, and the concentration of Sbi*!);

(c) schematic diagram of Fermi energy level positions at different Sb concentrations in (Bi, Sb);Tes, and correlation between inter-

face charge spin conversion efficiency and Sb concentration??.
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FEBH 28540, A TR B 1Y e 2= A
Bt TR A
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b FE A A it T AR R R A T R R 4
[ — o P S e A I i, SRR A e 37 7T DAy A
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57T 38 2k H 37 S I 2 R S R T A ) A T A AR
(¥ 3(c)). BbAh, Yk iR iE R i #1244 S
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—0.2
- T,

k Ferromagnetic

K13 (a) CryGeyTeq MUMLI 2] 1 RE 0 4% B 1 (b) FeyGeTe, Ml WL 21 i) 2 87 4% B - 19; (c) WUZ Crly #7904, i ik T
A EH RGN T RS T; (d) =J2 Fe;GeTe, i, LI AR Jy 08 %5 19 7 A0 1K 157); (e) FesGeTe, B LI (40 A (0 F
BRI AR Fed+ M Fer+; M2 Sk 2R BRIFT 6] 9 1 8 52 el 5 ) 0

Fig. 3. (a) Skyrmion lattice observed on the Cr,Ge,Teq side; (b) skyrmion lattice observed on the FesGeTe, sidel™; (c) electrical

switching of the magnetic order in bilayer Crly, and the insets depict the magnetic states under different magnetic and electric fields(™!];

(d) phase diagram of the trilayer Fe;GeTe, sample as the gate voltage and temperature are varied%”; (e) perspective view of

Fe;GeTe, (The slate-blue and blue balls represent the Fe’* and Fe?*; Dashed arrows indicate spin exchange coupling between Fe

atoms)™.
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PRSI E R, 2 BRZE R EAS, AT
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AR ARG 58 4 A BEAR AL, AT RE 28
Wi AR T, 7EEA 4 2 Crly B2 REPERE a2
R =28 19000% Fo R HUBE LY, 328 &5 1% 58 A e
HL P2z F. Lan 46 07 ffi 2 OBk pE & CrSBr
Ve a] 2R T REMERRESS, 76 5 K P 7
Ik 47000% (1) b 2 #E B EE, 7R 130 K A 08 3]
50% k% ZERERH L. Wang 25 78 IR T 4niEl 4(c)
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(¢)  hBN

0.14

(e) pwoH, =50 mT
c f
S of
8
< —/\
—0.14 " . .
10 —5 0 5 10

I/mA

F 4 (a) B2 Crly RERERERE; (b) 4k A BEL i e R% i 45 /R BRI 10 (c) FesGeTey/hBN/FeyGeTe, B % il 45 7~ 5 & 78
(d) FeyGeTes/Pt BUZLEHI 7R B 8] () FesGeTey/Pt WZE #54:H SOT 3K 5l i) & 1 i Ak B (53]

Fig. 4. (a) Schematic view of magnetic states in bilayer Crly; (b) schematic view of 2D spin-filter magnetic tunnel junction

[76].

(c) schematic view of magnetic tunnel junction for Fe;GeTe,/hBN/Fe;GeTe,™; (d) schematic view of the bilayer structure for

Fe;GeTe,/Pt; (e) SOT-driven perpendicular magnetization switching in the Fe;GeTe,/Pt bilayer devicel®.

Jr 7 1) FesGeTey/h-BN /FesGeTe, S5 i 4% | i ik
B SR OB BIIR T 160% Y B 2 1% o B
Albarakati 4 "l 7E Fe;GeTe,/graphite/Fe;GeTe,
SRS AL T DL SO FREERE, AH TR S

FRE AT A A BEAS, A e sl 1T b

R=ANBEZS. 1A, TMDs o 9l FH R B 4G v el
JZ. Zheng %5 B HJ1E T FesGeTe,/WSey/FesGeTe,
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PEFHEREGE A [ 1T 2 092588, TnlEl 4(d) fos B9,
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BE G AE S A FBERR B, IR FeyGeTe, 774
FIHEAVER. I 4(e) MIREE R 100 K BHFE 50 mT TH
PR B SRR B B ) AL B (AR
[, SOT #R\ R P e ZK HL BH A AN I 58 A 1 AN
8, BIFFE N DURE A PR AR08 . Fi, U SR 2l % A
R R RE L REAE 2 2% — R BRAEAA CryGegTeg I,

B CroGeyTeg Fl Pt & Ta BYBUZ A 515, HLi
L Pt 8Y Ta 77 Az A BERAL, 7E CryGeyTeg/H 4
JE A HERR R, (i CroGeyTeg MEALEIH: . 1
Sb, il IR SOT AR b Ak B e Y SE e B A
4 vdW SpREE ESCE, RAESE 4 e,

4 A TaAE R A 6k R A A

B B 7 T

H i R Z RSB vaW A8}, Bl
TR 2 m PR RE 4 vdW BEMEM RN &
B, 4 vdW b /G S B2 A B e s R T
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REFT I RAEFHFINA L e — HERG A RS 0, iE—
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MRHRA SRZVZ ERE S, (57 B g Re i i w3 5
(2 18] N2 LT R G S s B g0t At
T BE /e Y K # 3 RB AU 8788, 25 | 4 vdW #H
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BRI F D /0G5 T2 R e g e AR GE , 0
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TG F 25 JEE Sb R BE RIS i s K (K 5(a)),
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ORI 2% A T Y e A S ], HAE sl 6(a)—
(c) i, LS FeyGeTe, H95R | BiyTes 4 5t
B AR BR 2% 6 TE 3 B . 8] 6(d) s, B 7 ) B
e Sy FEOME I R, 1T TE B 2
WA S BT 4 v i g A A TR T s (A
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(a) AN[F] Sb 4120 T HY SOT BRSHREAE B Y FL I B BE B9 (b) Sb 4105 SOT YREHREHE BHAFE 1R I B FEARIISE 2R 29; (¢), (d) 30 mT

Fig. 5. (a) Current density of SOT switching with different Sb component®; (b) dependence of SOT switching current density on
Sb composition®; (c), (d) 30 mT in-plane field assisted SOT switching!*?.
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Fig. 7. (a) Large nonreciprocal current controlled by the antiferromagnetic statel®; (b) optical image of the ML-WTe,/CGT hetero-
structure devicel; (c) dependence of abnormal Nernst voltage on magnetic field in different test channels”; (d) dependence of

normalized anomalous Nernst voltage on temperature®”.
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Bl 6 (a) REPEOGHK MR F1 FeyGeTe,/BigTey 5 J5t 45 A4 A Mk 22 56 55 7 = 01 (b) 78 R 25 B BB B 1, FeyGeTe,/BiyTey
S I A5 R 0 DR 2% 0k B R 158 94 () /] 6(b) B B AR 4 [R5 (d) FesGeTey/BiyTes S5t 45 440 Y A 2% 5 A P B 4 4

Fig. 6. (a) Femtosecond laser pulse excitation and terahertz radiation schematic diagram of Fe;GeTe,/BiyTey heterostructurel®;

(b) in typical THz temporal waveforms, the terahertz wave of the FesGeTe,/Bi;Te; heterostructure is significantly enhanced®;
(c) Fourier transform spectrum of Fig. 6(b); (d) terahertz polarity reversal of Fe;GeTe,/BiyTes heterostructures®.

4 vdAW Hifh /REME S A A e ds R T BiyTey B3 Fh 2 1 25 Fl FeyGeTe, 77 A= (1) L i 4
AR EAT ATEEAEDIRRIN, S g Anis B A, W T FesGeTe, MWL, f FesGeTe, B Tr
FEEWAHEAE, G828 SR R IR Fgr 2y i 230 K42 7F & 400 K. IbAh, 4 vdW 5 45 B
e B4 . 0 BiyTey/FeyGeTe, 5 Fi 4 1991, A R O B S T R A= A R s T SRR
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Spintronic devices based on topological and
two-dimensional materials”
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Abstract

Novel quantum materials such as topological materials, two-dimensional materials, create new opportunities
for the spintronic devices. These materials can improve the charge-spin conversion efficiency, provide high-
quality interface, and enhance the energy efficiency for spintronic devices. In addition, they have rich
interactions and coupling effects, which provides a perfect platform for finding new physics and novel methods
to control the spintronic properties. Many inspiring results have been reported regarding the research on
topological materials and two-dimensional materials, especially the layered topological and two-dimensional
magnetic materials, and their heterostructures. This paper reviews the recent achievements of these novel
quantum materials on spintronic applications. Firstly the breakthroughs that topological materials have been
made in spin-orbit torque devices is introduced, then two-dimensional magnetic materials and their
performances in spintronic devices are presented, finally the research progress of topological materials/two-
dimensional magnetic materials heterostructures is discussed. This review can help to get a comprehensive
understanding of the development of these novel quantum materials in the field of spintronics and inspire new

ideas of research on these novel materials.

Keywords: spintronic devices, topological materials, two-dimensional materials, all van-der-Waals

heterostructures
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Tl _HRIRIH B IEYE

ETFIMREEE WTe, KB HE-HLIEE
IR HE A BN

HIEE ZMHKE

§5

(FEECIR L R 2E BEA B, YT RAE IR HR TRSC0 %, MRt 210023)
(2023 4E 11 H 21 Hik#; 2024 451 A 3 HEMEUHR)

SR G B WTe, £ 58 F G HUE A& ELBE)™ A2 57 47 JF % ML AME A Y B B, 2 3 JLAF 9587 24 B[]
i} WTe, i HLA o5 19 HLTAT - B % 403 BB JC ik 370 i By A 19 B0 T~ 5 B e R P ) ARG, X0 1 v
W B2 AR WA IR TG R LA BT A 2 22 S JE 2. AR SCInT ot 1 3 JLAF WTe, 5 8k 62 4L S 45 K v [ e 18 7
5 1) 5B o J A HE FH A [R] 75 3k 1 4 19 WTey (61 G LA w25 A0k =2 AR DO 5 8k mk J= (61 4n FeNi Al
CoFeB %), —H4EfiAR (1140 FesGeTe, 45 ) 2H il 57 5 25 HY 11 e 101 R 4 000 R0 i L 300 5 10 ol 90 S AT 5 0 . O

Ji, ARSI T A R die Y R B

KR : WTey, HBEHUERA, MEALBIFL A LI
PACS: 85.75.-d, 71.70.Ej, 77.80.Fm

1 5

TEat 2 = A, B H R B 2F e FLBH Y
RMOC & WP 7R AR B 19 B B
JREH -2 A PR A J SRR Y A i T e, g
At ARG LAE BUF A% (magnetic random
accessory memory, MRAM) %5 7£ J5 & /R B AX 2
PR T ERAYIE Iy B9l X 88 e HL - R 1 Y DA
FIVEEAf R B T IR G A R 1 1. e A 4e i)
T3 BRI AIMIN L A s 37 I A W B | AR
1 TG R 3 AR HAR A 25 ik,
WASFI T i P RE AR SE PR N FH . R T A i e
L B R R 2AE R, SRR AT s
F1%) 7 R B R T 10, e 2 R A e
i (spin-transfer torque, STT) %N, B L+ 4 —
JEERNE )= A ek, B BN R e ) — ki

i

DOI: 10.7498/aps.73.20231836

2 W REAL B ) B G B, BYE B 9 1 v
STT-MRAMs. &4 STT HRZA A, SR, &
4 I S T 2 A 2 3 n 4 2 Bk 2 2 < 2 R R
BSr, DTTXT #8427 A 7 T e i) (12131,

3 — R R I B IEFLE R (spin-
orbit torque, SOT), X it & i —FRA HE 1)
1o R AL B R HOR D10 e RN SOT
LEREAE L (ferromagnetic, FM) /4E# 48 (nor-
mal metal, NM) 5 Bt 4. MHi7E FM/NM Hii
Shf, H RS A ERUER AR, NM b
TEFAL N ATER, SRS 7E FM/NM SR, It
PREAEEA FM 2, i 3 e o A S xs
Jry R RGN J1. SOT MARASRIRZE T NM 2
5% B IEFLIE AN S (spin-orbit coupling, SOC), H.
Iz ARG (R R QPR R A G | R
W BE 1z Bl Fl [ e I I & 0108 5 STT g 444
H, AT B RSS2, H B e ser s

* EF HARBERES (S 52001169, 61874060, U1932159, 61911530220) HIEg 51 HE AL A 24 5| #E A A RIS sh 5L 4 (S

NY219164, NY217118) %5 Bhfrida.
t BIE1E#E. E-mail: yongpu@njupt.edu.cn
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fr. Pt SOT A4 B AT Fa e 14 B vy ol o, 3 B B
P BERE AR . oA T T St = A A A
S B G ) L R, A0TSR NML 2 ) SOC
SREE. [FF, A T EEEAA R SOC [ NM/FM R
g, i 2 AATHRR T REN NM MR 758
WFEH, Pt, Wl Ta %5 5d 4 J@ K H AT #0m 1
SOC i #l) 72 FAAE A BE TR AL AL 101419 SR i b
BRI A TERE /R 1 (spin Hall angle, SHA) i % /)N
F 120210 X%FF SOT FHL T A REALTT &, X 2Lk
A H T B TR FRE A RESE B 22281, SR, 5 iR
— PR 38 5 R FH A2 2= 1 il i T 2 s M R T )2
X2 MR BE RS (it AP Rt 3BV
AR SOC M AL B4R 5 SOT 20K,
Ivi) o} R S B R 1 T LR A KRR
YER—FEAT 2, 4R AE L HHT (van der
Waals, vdW) ERM BL Em g 42t vT LIESS SOT
SRR FBE VR AR, FEAS R vdW SRR U 4
JE IR EAL A Y (transition metal dichalcogenides,
TMDs) FHEA VL REHT 2548 . ol i 5%
F5R SOC TR A 7T I (1 1 35 44} 2931, TMDs
£ SOT M FHH LB E 2 H, Wikt f s Fx
I 7k SOT M . SOT 2% m T NMs
FHAT DL e 3 5 2 AR R 6233, g3t Ay ik 9% 2 B
AR TR A HAG JE T PLAERAT 2548 B43%) n] 5 [ B

1Y) Edelstein 0%, HH LHHFMa2 1A, Rashba
TR R — RO 2. FIREAMRE S E A
A SR ENAE [ BERE R AN A B T B R Y
A B 55 A BT R A Ak e VR AR (U0 MoS,,
WSe, 1 WS, 25) ML, —4E4MR2E4 @A R
AR FRYE, LA =R dEfE 58 SOT Frs Xt
FRAEZR, I ELHHA B = 0 i 52, DT AT AR FAIG
ERE B AR A DO FE. JUJL Td AH WTe, HATR
58 [ SOC FITE R 1 25 FARZS rh &R 2 A 52 e [] 2 1
X RIS B A R AL 1 7 FLRE Y 4544 5437,
R B X FARKT R SS A 1) WTe, HA 51 SOC,
RE T DAP= A B T N ZEBHJR R (), AT DA
A HLA TSN EBEE AR (1) 8298, B e iF 98 2 A
WTe, 285280 T 0 b IR AN 2 IR T 20 B
1) FEL IR 9440 5 SR AT B TR 1 e P T R R R AL
TIREMENS Y. £ 1ILE T EHRE SRS
TAEH WTe, fi 4 (14 1 85 77 1% L R824 R L 2
WTe,/FM SJR45H) SOT IFRAE 5 % | I3
%n E‘ ﬁ;@%ﬁ( EBE'F% [32,38—43,45—47]'

ARLERE B T T WTe, M5 4519
i 0 R B9 B SRR LB iR R SRIE N T
WTe,/FM 5 J5t 45 (1) 17 e 38 A5 1) $ 00 18 i 36
AR A C TAE, SR WTe, SEFRN FHE
R, I T RS R,

K1 SERBTE TAR T WTe, SR 75  BRREIZ FELR WTey/FM 55145 1) SOT RAETr 1% . R 2 A1 A e

BRIRHL R

Table 1.  Preparation method of WTe, crystal, FM material, measurement method, experimental temperature and spin Hall

conductivity for SOT in WTe,/FM heterostructures.

PP SR I — TR 5 "
ik PR b R BRI /K ORISR itk
o5 =842
Py ST-FMR 300 oa=9+3 [38]
op = 3.6 + 0.8
Py SHH/ST-FMR 300 og, O, Oa, Op Observed [32]
Py ST-FMR/SHH 300 o3, O, o Observed [45]
Exfoliation Fey 73GeTe, AHE loop shift 150—190 op observed (39]
Fe;GeTe, Current-driven MS 110—135 op observed [40]
Fe;GeTe, AHE loop shift 120 op observed [41]
SrRuOy AHE loop shift 40 op observed 43]
CoTb SHH 300 og, o observed [46]
= 1.76
FeNi ST-FMR 300 oor ~ [47]
CVD gp = 7.36
= 2. .
CoFeB AHE loop shift/SHH 300 oor = 2.05 4 0.39 [42]

o = 3.58 + 0.12

: og, o, opflloAIFER T NZEESOT . HHNZEESOT. iFMEF e SOTANE AN ESOTHI K HHERE /RT3, oopfopsriil
FER AN N A BERE R HL 3%, ST-FMR, SHH, AHE loop shiftFllCurrent-driven MS/33F87% A BE I FE-2kmE L% . — sl &
FEAR | CH B IR0 (A1 A RS 1 e S SR B AR A P ISR 9 CVDFRILA AT
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2 WTe,/FM R4 B et 2 et %

HNRAF4a R WTe, HARIRAY SOCH 4840 F]
35100 1) FL IR RS 2R 01 S Al L — R B )
(1 A BETE R AL, WTe, A AT 48 — ik —
REEA ARG R, AR F IS ) 25 H AR S B
IR S A B, RV SO B, s [l i
Pmn2,51. XtF WTey/FM SR 5 4 | el
T D0 FRTE ST AL B AT R, BRI e B — Aot
Fr, BRARXE T be P BEAE AR (B 1). 78 ac P
T A BARNFR, BFIIEA T o fliil 180°0E
FEXTFR (FEEHT b ).

T I T TN

B 1 WTe, ik
Fig. 1. Crystal structure of WTe,.

TE 2016 4, MacNeill 45 B8 ] F [ JiE 1 -4k
LR (spin-torque ferromagnetic resonance, ST-
FMR) £ R B IKFEHLIE R 25 19 WTe,/Py (Py =
NigFeq) 5 B4ttt rh & SAFTE T AP EBHJE S ().
MATAERE 5T B, M R T o Bl (IR PR
&) BF, A3 Va(¢) = Acos(¢) sin(2¢) + Bsin(2¢) A
TR G AL ROFRHL AT 5 Vi B AR BEAR A AR
KU AER A SOT i T A & e T A 25 55 5
(Ta), A 5 BITTER. R0, SR A bl
(EERIFRE) B, BN ( Bsin(26) ) W2, BLHA L
HETEAEG R 7o, S0 N a 5l ¥ 722 3]
b IR, /Ty BTN Z O KRR T E
5 SOT 5 WTe, fifAH BIXS FRAEASS. iE— 2
W IR, /74 F 75/7a (15 /NI N ZEBHIEH)
#8E WTe, WJEREETC G, R 3D JIHE (15, Ta
Hl 1) (77 A B WTey/Py SEF45 A AL RIRLN
SIS, AL, S0 H I A R AR, AT
N EEIE

os = (8 +2) x 103(h/2¢) (2 -m)~*,
oa = (9£3) x 103(1/2¢) (2 -m)~ !,

op = (3.6 £ 0.8) x 10°(h/2¢) (2 -m) .

2017 4%, MacNeill 45 B2 ] F — ¥ il % 2 /K
(second-harmonic Hall, SHH) #1 ST-FMR £ ARl
W98 T WTe,/Py FJi4iH SOT 5 WTe, JE )
KA, HF—UE T AN A A, HILR
/NG WTey JREEJLTBAKER (B 2(a)), RIfEZH
JZ WTe, £ REFR HE S R AYRE i AH 241 SOT.
SR, AN S WTe, )& HA B & ¢
#, TERE TR, Fel, AR RZE6H
WTe, MYHE S A IAT 540 S T AP 2EBRJE . 7R
WTe, /Py #i-Hf, SHH H [T 5 £ BE AR #5252
JERX)ZE WTe, IIHE Y 75 £75 M 2 (] 2(b)),
XL R I WTe, diiA AR X FRIEAE—ZL.

3.0 [(a) & |7s/78]
$ |7o/78l
251 E
o
= 20r
ge]
L)
g (] L) 3
2 15}
o'
=
g 10f
0.5
ob-® e E S E o __
0 2 4 6 8 10
Thickness/nm
0.4
(b) —— Monolayer WTe, H =300 Oe
0.3 —— Bilayer WTe,
>
=
sz
S

—0.4

7I50 (I) 5I0 l(I)O 15;0 2(I)O
Applied field angle/(°)

& 2 (a) TS/TB il ’TT/TB ﬁ%ulﬁ WTe, EEE"J%%, (b)EF‘
JZ R ) WTey /Py #5419 — UCIE i 8 R HL R 5 AN i wg
R R, WS S S W AE ke L (E A5 5 M AN [7] £
B |- (32

Fig. 2. (a) Ratios of the 7g/73 and 7r/13 as a function of
WTe, thickness; (b) second-harmonic Hall data for a
WTe,/Py device with a monolayer bilayer WTe,, as a func-
tion of the angle of the applied magnetic field. The sign
reversal of 7 is reflected in the different angles at which

the peak signals are found?®2.

018501-3


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 1 (2024) 018501

2019 4, Shi % W WA ] ST-FMR £ A M &
THUBH B 1) WTe,/Py SR 45 ) SOT, & B4
b i HL I SOT Wl 4o TR B2 22 4k, H SOT
(R0 % i o RS B I 3 R TG K. At AT 13 i i ST-
FMR F1HL 75 5 B R AT C 773 43 i ) A [ J5
FE WTe, gE A3 A e /R, 25 R
HR AR A A AR AR AR, X 6B SOT Ay U5 2 A
RN, R FBERE RN F T HLMR A WTe,
AR RS, AR T2 BR i N . TR
2021 4F, Shi 4 71 R H] CVD FrikA K T KR SF
() Td AHH) WTe, #i 5, JFFIH ST-FMR #5517
5 nm JE) WTe, 5 FeNi 4 il 55 i 45 19 A e iE
J, A5 E P AT S 0 OREEE JR LSRR
7.36x10%( h /2e) (Q-m)t, 1.76x103( h /2¢) (Q:m) L,
XS MR B WTe, £ 2S5 AW &, 5 LI
B, A AR Z 050 5 4% 01 R G I 568 0 T A K
WTe,, 1H HAERI 4 2] WTe, Sk, (U RH
BRI A T PSS BELR A, T A T A BH e A 15254,

3 WTey/FM 5 R4 sAE aEs oy 12

3.1 WrTe, A @S RRLE

2019 4%, Shi 55 W) 5 IR E T 7E WL 25 1)
WTe,/Py S 2 T I IR s o I mE L Bl
LG, J- B R A BE X WTey(80 nm)/
Py (6 nm) #% {4 A4 F 370 3% 301 A9 16 P 0 1 8 A ok A 7
FAE, DA im P B R 2.96x10° A /cm?.
X —B{H L Hh A K G 42 TR (BiySes/Py)
(~6x10° A /ecm?)P? F1Pt(6 nm)/Py(6 nm)(~ 2.80
x 107 A/cm?) 5 J5 25 (1 I S BR G B i FE /.
F WTe, FIHEFLR (~580 pQ-cm) KT Bi,Se; #ifh
ALRE) (8 JZREM LR LN 2600 pQ-cm),
ILTE WTe,/Py 53 5t 45 ol 3 9K ol i Ak B 5% (1 2
FELL BiySes/Py FI4ERY/N 19 15, WLk Pt(6 nm)/
Py(6 nm) 9/ 350 5. BLAN, i TIAELE] WTe,/
Py () TP BEMRL, X IH K TR 5 S Dz-
yaloshinskii-Moriya A HEAEH. Z )&, ffi1 X F
CVD 4K T WTe,, I35 NiFe 4 a5 B2 47, il
PRI LR AE R B N 2.53%x10° A/em?, X 5HL
PRI Y WTe, HI45FHA—FL,

2021 4F, Xie % W f 4t T & LY StRuO; fil
PUMCRI B WTe, B4, 78 40 K 2L T HL
S IR AL Rt L S e g = |5 e e Ec Y SE R

B WTe, 77 Az BTSN A ER AL, Al T3 T S
IRBNE M1 2w %% (AHE loop shift) 77 9% #E—IE
SE T A A BEWALRIAFAE . [4FE, Zhao 45 PO 4Rk
W TAEEIR T WTe, T LU i B 5 5 72 4 A i
e b B A Ay 35 05 T T P ) SIS i R TR A RIS,
M. SR EE IR R WTe, HAELE—FhIE % LAY
i - H e e I 4, X 5L 580 A HEEE 7R R0 A
Rashba-Edelstein (0 A . X FPELG EEZH T
ARG AR R FRPE BT BRI = A2 1. BT WTey
PRXTFRPE ARG LA S B R B e DL L% (spin
Berry curvature) FIET 28 KA1 A BES5 T H iepiE
FHEAER, 75T AT LU AR A etk ft. xut
R IRFI AN R 4 @ A RME ) s L E T A
ik FEL - FL B P A A R VR L B AR T A A v
REIEZ) Jotk B e TR AL T HL2s.

UL, Wang 45 142 F| ] CVD #ARAK T 5[5
% R E WTe,y, 2 J5 78 H 2 1 A G
W S UTAR T 2 ERE A 2 2 Ti (1.5 nm)/Coy
FegByg (1.2 nm) /MgO (2 nm)/Ta (3 nm). A UL
D2 T 2= 35T JCAM A B R Sl Ak B
M4 (& 3(a)). it SHH 454 AHE loop shift /)
T3 %, AT Y 2R L T PN R A R JR
LSRN (3.5840.12)x 103( h /2¢) (Q-m) ! Fil
(2.05+-0.39) x 103( h /2€) (Q-m) L, FH-AhE i HTH
FITHD AP %) A7 - 19 T2 430032 431 R 0.3640.01 A
0.0240.004. fbfi 145 Hi B BE AR RSN 73 1
292 5%, feLhIZIICH N gt B 0 PG TL B
AR G B LR B 3.25x 10% A /em?,
FEhlRE S W/Ti/CoFeB/MgO (13.69x10° A /cm?)
AR, X LEESZIGAE TN WTe, V50 A BETR A RHERE
R TR 2 ) PR IR R R v Y I HARAEE T 2 Y SR
SCHE, IR R A HE NS H A,

3.2 WrTe,/ —#H$uRRE

2022 4| Kao 55 B9 F) F ML 3 25 1 & T &
vdW WTe,/Fe, ;sGeTe, 4%, HAEME N 100—
200 K Z [a] SE 3L T 251 % T W i B 3l ) 2 B Ak
WhE TR B . | T 24k Fey sGeTey 1Y Ja B BE
(Te < 230 K) imfiX T2, Ak H e 7 i T #F
5 HL I AR B AL R AT o A TR i AHE
loop shift WEAA T Y BN H T WTe, 1 o I £7
TEAEZ M ANERHJE4E, H AHE loop shift /&2 48748
Ty, AR — NN, XRA RS DA

018501-4


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 1 (2024) 018501

FEW W BT AP R0 . 7 170 K B E50F 11 5L 5
TR B2 6.5% 100 A /cm?.

0= +50 Oe =0= +6 Oe 1)/, (a)
20F = 00e == —50 Oe
DY) A
SEEERIOCOOOO=OEOCKIE LSS
c & LHKAXHKLLRS
< o5t OO KRR
&~
of /
—1.0} /4
—1.5 1 1 1 1 1
-8 —4 0 4 8
I/mA
(b)
1k * «— —> o
)
c [ ]
3 of
e 130 K
6 =90°
-1 ! <« —> =F

I,/mA
B3 (a) BLULIE WTe, o T mE 1k B 45 45 0 12 (b) #2
WTe,/FesGeTe, 7 i 4k o SOT 75 i) Tt & s Ak B 7 140)
Fig. 3. (a) The current-induced magnetization switching
behavior along the a axis of WTe,; (b) SOT-induced
field-free switching in WTe,/Fe;GeTe, bilayers .

) 4F , Ye 55 MO 5 MY OF S B T B aE % B 0E
(orbit-transfer torque, OTT), B} 18 i %)
REACSRBEREIN 336, T T —RhIesM g i
HL I T BRI B AT RN . T FE WTe,
AAAEAEZE DL B R4 1 (Berry curvature dipole),
it R, G P LA A B WA ) 2 A, O FLidd
U L AR AT AR A T ). AR R B
T, AT T WTey/FesGeTe, 55454, SCHE
T OTT #Ksh# T YL i i7s et AL B (151 3(b)).
TEHE N 120 K i, XFFAFJEEE R WTe,y/FesGe
Tey F:1i, Il 4 B0 FL 25 200 6.5} 100—8.6 %
109 A/cm?. [Ah, Wang 55 M HAE — 4k WTe,/Fe,
GeTey 5 51245 A FH AR R Y Ha 7 - 52 A 46 51
PRI ELRE ARG A PR, TR T —Fh L
HASEI XS R E A AL X A HLH AT LA
BE TR B A ) S R R BILIE BB WTe, Al
Fe;GeTey FYMRFR S B, I H Al LLSC BT RESE 35

132 B N ARV E AR RN B &2 J i AR 5 R PR i 4
WHIIRE. [, Shin 4807 WAHIH] WTe,/Fe;GeTe,
O P T S S A O B T R RS B R Ak
BHEEERE, A3 WTe, 9 SOT 808N 4.6. {HR
— LN E, 7E 150 K B ERAS 11l 7 B0 v 3t 5%
H 3.90x100 A/em 2, WAL G E 42 8 /R G 1R T 5
/N . XY R O T [ e T2
PR R BO AR S 4R I TR 2%, IF R
AR ISR T T A SR RNy ).

4 HpFEDL

ARLER T HT IR 48 WTe, B9 H
TEPIE R ) BRIk e, 41 T WTe, 558 2k
T B — 2R 20 i S T 48 W A o IR A T A
FES R B O BF k. SR 4R WTe, 1
R —FPRer AR AR B A SOT 14T A &+ #4 kL,
W2 AR 20T Y A e f . 6T HE AR
LA JUASI7 PR

1) HAMEFLJE SOT A MHLEI A B 2E. F)
FH i JR 5% 8 A Rashba-Edelstein %51 11 4 i
B WTe, /A IR H M TRIAME ALY B e, 5 2t
— R SR 2 G B R ) AR BT AL

2) =k 4 Gk R T4 1) 14 B Y R A
R AR AT LA 5 52 PR T A 33X w5 22
FH B A& B B 5 HR08T 1 = 0 4R G VM ORE, 0
FesGeTey 00 CrTe, ! F Fe;GaTe,026% 45 . [
ik I SR S R e O D )2 O S A
TG A 1 PR R B, XA R T T — 1
PERE A e i a1 AR U L

3) KA K B T E 1 WTe, fhik K& % —
YERRMEIAR. A2 SOT feffrb, —4epbkh & & HIHL
R B 0 T vk, ME DL S BRAR A R R A &5
. B CVD R EDR RO WTey, i
[LoR i s 21 N A e M g S L R BB S K N [ B o = S = 0
R B RS 1) 48 WTe, k. 1tk Liu 45 61
FIH 431 A AMESRAS R 2 4k FesGeTe, fhiA,
XA R AR &) T4 2 B K A bR 25
PRAEFELENSH.

4) AN, —AEp R R B
HoAb R 1l o £ 1Y) S B 45 2. S A S5 5
2R T 45 B A R R T 3 2 R 2 T T ) —
KK
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T AR 4R WTe, B9 SOT #814F1E3E
Rl A58 R AR N 7 TR 5 | T O B 2 i 58 35 1Y
KFE, FHAE SOT 3R L 1 H I8 4 56y T BUA S
TR fl, BFRE RIS A —Fh i AR
P& EME TalvTey, ERIHBHE WTe, 1%, GBS
FEAIAMAZSRHEH, H ATEE/ R R & T WTe,
AR, TR ST 2 T W = R R 1
FE 9 105:00 3ok T I A AP R 2B 4 J@ AT BHE T
—REtERe A e AR A R, AT T4b
R4 B SOT g A KRBT 22 N .
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Magnetization switching driven by spin-orbit torque
of Weyl semimetal WTe,"

Wei Lu-Jun  Li Yang-Hui  Pu Yong'

(School of Science & New Energy Technology Engineering Laboratory of Jiangsu Provence,
Nanging University of Posts and Telecommunications, Nanjing 210023, China)

( Received 21 November 2023; revised manuscript received 3 January 2024 )

Abstract

The Wely semimetal WTe, exhibits significant spin-orbit coupling characteristics and can generate
unconventional spin current with out-of-plane polarization, which has become a hotspot in recent years.
Meanwhile, WTe, also has high charge-spin conversion efficiency, allowing perpendicular magnetization to be
switched deterministically without the assistance of an external magnetic field, which is critical for the high-
density integration of low-power magnetic random-access memories. The purpose of this paper is to review the
recent advances in the research on spin orbit torque in heterostructures composed of WTe, and ferromagnetic
layers, focusing on progress of research on the detection and magnetization switching in the spin orbit torque of
heterojunctions composed of WTe, prepared by different methods (e.g. mechanical exfoliation and chemical
vapor deposition) and ferromagnetic layers such as conventional magnets (e.g, FeNi and CoFeB, etc.) and two-

dimensional magnets (e.g. Fe;GeTe,, etc.). Finally, the prospect of related research is discussed.

Keywords: WTe,, spin-orbit torque, current-driven magnetization switching

PACS: 85.75.-d, 71.70.Ej, 77.80.Fm DOI: 10.7498/aps.73.20231836
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Fig. 1. Magnetic skyrmion structures: (a) Bloch-type skyr-
mion; (b) Neéel-type skyrmion; (c) magnetic domain wall.
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Fig. 4. Comparison between the fitting results of Eq. (8) and simulation data of one-dimensional magnetic domain wall under
various values of 4 and K: (a) A = 1x10'% J/m, K = 1x10% J/m? (b) A = 5x10'? J/m, K = 2x10% J/m? (c¢) A = 13x10'2 J/m,
K = 3x10% J/m?.
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Fig. 6. Fitting results of equations (10a) and (10b) under various A\%/h values: (a) 0.01; (b) 0.16; (c) 0.167; (d) 0.9. (e) Statistical

chart of equations with higher fitness under various A?/h values (1 represents equation (10a), 2 represents equation (10b)).
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Fig. 7. Fitting results of Eq. (11a) or Eq. (11b) under various A?/h values: (a) 0.01; (b) 0.16; (c) 0.167; (d) 0.9.
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Fig. 8. Fitting results of Eq. (11a) or (11b) under various A?/h values: (a) 0.009; (b) 0.015; (c) 0.139; (d) 0.192; (e) 0.227; (f) 0.769.
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SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Exploring approximate analytical expression for magnetic
skyrmion structure based on symbolic regression method®

Shi Meng"?  Wang Wei-Wei?)  Du Hai-Feng Ut
1) (High Magnetic Field Laboratory, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, China)
2) (University of Science and Technology of China, Hefei 230026, China)
3) (Institutes of Physical Science and Information Technology, Anhui University, Hefei 230601, China)

( Received 12 September 2023; revised manuscript received 15 November 2023 )

Abstract

Magnetic skyrmion is a kind of nontrivial topological magnetic structure, which can exist stably in chiral
magnet with Dzyaloshinskii-Moriya (DM) interaction, and its static and dynamic properties are closely related
to its structural characteristics. However, there are no general analytical expressions for skyrmion profiles.
Therefore, many researchers have provided approximate solutions. In this paper, a new approach to exploring
magnetic skyrmion structures is introduced by using a symbolic regression approach. Considering the influence
of DM interaction and external magnetic field on magnetic skyrmion structure, two suitable approximate
expressions are obtained through symbolic regression algorithms. The applicability of these expressions depends
on the dominant interaction. The research results in this work validate the powerful capability of symbolic
regression algorithms in exploring the magnetic skyrmion profiles. So, the present study provides a new method

for finding the analytical expressions for magnetic structure.

Keywords: magnetic skyrmions, symbolic regression, structures of magnetic skyrmions, Dzyaloshinskii-Moriya

interaction
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Fig. 1. Schematic illustration of magneto-acoustic coupling
devices: (a) Surface acoustic wave device; (b) bulk acoustic

wave devices.
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1 WA ELERI R
Table 1. Important research progress in magneto-acoustic coupling.
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Fig. 2. Physical mechanism of magneto-acoustic coupling: (a) Magneto-elastic coupling; (b) magnetoelectric coupling; (c) magneto-

rotation coupling; (d) spin-rotation coupling; (e) gyromagnetic coupling®?; (f) magnon-phonon coupling.
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Fig. 3. Magnetization dynamics driven by acoustic waves: (a) Driven mechanism, field angle and SWA frequency dependences!!;

(b) SAW mode dependencel®”; (c) comparison between gyromagnetic coupling and magneto-elastic couplingl®!.
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Fig. 4. Detection of SAW-driven magnetization dynamics: (a) Magneto-optic method and characterization of damping factorl’);
(b) NV center"l; (c¢) microfocused Brillouin light scattering!'!l; (d) X-ray magnetic circular dichroism-photoemission electron micro-
scopyl'?; (e) direct current electrical detection by anisotropic magnetoresistance rectification effect!!.
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Fig. 5. Acoustic wave-assisted magnetization switching: (a) Schematic representation of the device used in SAW-assisted magnetiza-

tion switching!®; (b), (¢) mechanism of switching and focused SAW for small spot writing!'); (d) field-free switching induced by SAW!];

(e) SAW-assisted spin-transfer-torque switching!'®; (f) SAW-assisted spin-orbit-torque switching!'7.
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Fig. 6. SAW-driven magnetic domain wall motion: (a) SAW-driven domain wall motion in magnetic nanowires by micromagnetic

simulations!”); (b) experiments in Co/Pt multilayers®®); (c) separation of heating and magnetoelastic coupling effects in SAW-driven

domain wall motion2!.
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Fig. 8. Generation of spin current by SAW: (a), (b) Acoustic spin pumping®!; (c) enhancement of acoustic spin pump by the acous-
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Fig. 10. SAW-based magnetic field sensors: (a) Schematic diagram of AE effect 7 (b) magnetic sensor based on SAW resonator!’);

(c) Sgp results in different directions; (d) magnetic sensor based on SAW delay linel; (e) magnetic sensitivity by applying DC
magnetic bias fields; (f) limit of detection (LOD) in the frequency range of 40 kHz from the carrier signal (148 MHz)P.
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parameters of the magnetoelectric filter in the zero-bias field; (c) resonant frequency as a function of the applied DC magnetic field.

TR SR R 100 A%, JF9 R 1k o 124, | 1
WEHRAR G R BTSN B w7 G, BT AR SR 5%
A MK RGBS M2 B i 7 =X, 3SR i
EWEY, ITTBE o R S0 122028 32 22t A\ 24
i (multiple-input multiple-output, MIMO) K £&
MR 2, TRl RE AT LG i T Bk 2 L R SR 4
W), SRR S 0 B RN i R S RIOR 124, Bl
it MEMS #84F, SCBLZ AN [RIS5 0 g IR de T HK
SR 2ty g 1201,

4.4 AR S

TEPAR T Z TR R, HERIERRAT
BES. EBUR T R GE, W] A2 B
15 R G AR AR fe T B | RE A
Gyl R R . Bl | — AT BAT RS
st A MEMS #% L IR A% 0 7] IR S A0 e 1
Peas U3, G5k an1El 12 Fros. B4R 2 FeGaB
AT HLJZ AIN 1 f% S S5 254 2 R A T A 5 30
TR A Z (8] B , (08 Fi 3 R 3 v ety 1
Wt BN O AT RE. T AE RV R 1 g fif
AAFPRHERE T RS IERC L, DRGSR %0
F, 08 TR 88 A OB AR e e A A A e ) O
KRS AL, SCT 50 Hz/uT AR AT
AV 3 St B O S, SR T LI AR
AP 2.3 kKHz/V. X FiEET MEMS $OR B A]
T S AT S R A, A RN 5ok SR
CMOS HAMEE.

5 RHES5EZ

25 LRIR, RS R UEIE AL TR R R
B, fEit S+ AR L e 2 S T — RS

TR 280, AR SCLRR T T 2R IZ S
Kb, X TR o &, A&
—FpAS B0 A B R T B, (R AR A5
T, RO SRR T HAERE AT i B R
Iy, X B FEREAL B ) 2% REBHE TR L A e
T WEREZ S NS BT L TR R AL S Hop
VFZ BTS2 BRI S0, HA AR B 1 v
Jy. it SAW HiRNG STT #%: BRI, FE 2
T 7RI A T AR S S B Sy A AR AU
TAETIN T R AS A SOT i 126 R AR5 S 1
T L5 1) S T R R TS ) PR, AT 23
T E VR AL RIS . AN P I 5 4
AT DA — 254 R, Z AT TR E MR, ik
T HERER | SRR B RIFTE R Bt R R T Ry
B, FEZ 0 AR REHES Y CrCly h, 48 T 7
KB A EN AR, R T HAT R RE S 7 il
FoAR 5 {18 FUE A R S A AL RE 2 E] A
B A 2 fb AR B T ) R R A I gl
FR ] 1128.129] PR AT I ERAE R 25 4% T SE B
BRI P R R, NI R R 2% 7 e atE A TR
2% F e SR 1080, B T R M A RHA R W4 5
WG AN A B SRR B AL AR R, L5 8 1 T
P AR 012 ZR A R P IR I R A 1981
Tl P P 2 R A AL R P A P T8 1 £ e (134
G BR T REF A OGRS, 7 g TR AR
T NbSe, Hv HEL far 5 B2 I8 ) 9] i 11990 DU K ot
{5 B4 P rh B E - R 1901 R B 7 A Y O
RV T — 48 AR, (B TA
ZER LG

i 7 R TR AT 9 [) A 2 1 22 o AL 7
i, AR KBV 7. A6 7 2 LA,

058502-19


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 5 (2024)

058502

T A L 1) 4 1 75 FH 104 37 R I8 4 75 I A% i R
A S BUNN T RE, 3% 0 7 A g R IR R B
FHRABE T 487 0 LS, H AN R AL A L RGP Rk
LRI R A A HRTSEE T AE BN ARG AL A
REMSSCEN 1 Hz F 5.1 pT/Hz /2 BRIHL B ; #H
KA T BEALSZPL 120 m AYFESHIEES, M~
SEPL 2.53 GHz WA SRS PTIRE g g Se 0l 1
5 MHz/Oe SRS, A8 HETH & T2 rH
e, AR AEVE Z PR BRI TR, (5] 40 oG iff 45 i
WP A, BTN AR | 2R R4
a5 WL AR N Sl 25 1) e 5 YIS v B L A8 1 RS
RN BEHRARG W Bh AT 20 T g v
TR R AR G RAS S PLEE. AR R R,
A R i R BRI A 19 e v AR DL S B R
AR 4R ZE0R/NBELJE R B M A M 0 i 2
K ARAG R RS WS AR AT ) R A 5
R R AT A ke Bl A 22 M T SR B T AT SR K
1Y, RG22 O I & B A TR R 7 R
EMEA RSB T T 284, KRN,
MRS B LA . B R P # A U A SRS E
— R E R, AN 1A BARLR e — D HESh G
PSS AES S A B G, DUSOBTE
g AF I H.

S7% 30k

[1] Weiler M, Dreher L, Heeg C, Huebl H, Gross R, Brandt M
S, Goennenwein S T B 2011 Phys. Rev. Lett. 106 117601
[2] Puebla J, Hwang Y, Mackawa S, Otani Y 2022 Appl. Phys.
Lett. 120 220502
3] Yang W G, Schmidt H 2021 Appl. Phys. Rev. 8 021304
[4] Palneedi H, Annapureddy V, Priya S, Ryu J 2016 Actuators
59
[5) Huang M X, Hu W B, Zhang H W, Bai F M 2023 J. Appl.
Phys. 133 223902
[6] KiiB M, Heigl M, Flacke L, Hefele A, Horner A, Weiler M,
Albrecht M, Wixforth A 2021 Phys. Rev. Appl. 15 034046
[7] Babu N K P, Trzaskowska A, Graczyk P, Centala G,
Mieszczak S, Glowinski H, Zdunek M, Mielcarek S, Ktos J W
2021 Nano Lett. 21 946
(8] Kurimune Y, Matsuo M, Nozaki Y 2020 Phys. Rev. Lett. 124
217205
[9] Jaris M, Yang W, Berk C, Schmidt H 2020 Phys. Rev. B 101
214421
[10] Labanowski D, Bhallamudi V P, Guo Q, Purser C M,
McCullian B A, Hammel P C, Salahuddin S 2018 Seci. Adv. 4
eaat6574
[11] Zhao C, Zhang Z, Li Y, Zhang W, Pearson J E, Divan R,
Liu Q, Novosad V, Wang J, Hoffmann A 2021 Phys. Rev.
Appl. 15 014052
[12] Casals B, Statuto N, Foerster M, Herndndez-Minguez A,

[13]

[14]

[15]

[16]
17]
18]
[19]
20]
21]
22]
23]
[24]
[25)
26]
27]
28]
[20]
30]
31]

32]

33]
[34]
[35]
[36]
37]
[38]

[39]

[40]

[41]

058502-20

Cichelero R, Manshausen P, Mandziak A, Aballe L,
Hernandez J M, Macia F 2020 Phys. Rev. Lett. 124 137202
Chen C, Han L, Liu P S, Zhang Y C, Liang S X, Zhou Y J,
Zhu W X, Fu S L, Pan F, Song C 2023 Adv. Mater. 35
2302454

Li W, Buford B, Jander A, Dhagat P 2014 J. Appl. Phys.
115 17E307

Thevenard L, Camara I S, Prieur J Y, Rovillain P, Lemaitre
A, Gourdon C, Duquesne J Y 2016 Phys. Rev. B 93
140405(R)

Camara I S, Duquesne J Y, Lemaitre A, Gourdon C,
Thevenard L 2019 Phys. Rev. Appl. 11 014045

Cao Y, Bian X N, Yan Z, Xi L, Lei N, Qiao L, Si M S, Cao
J W, Yang D Z, Xue D S 2021 Appl. Phys. Lett. 119 012401
Al Misba W, Rajib M M, Bhattacharya D, Atulasimha J
2020 Phys. Rev. Appl. 14 014088

Dean J, Bryan M T, Cooper J D, Virbule A, Cunningham J
E, Hayward T J 2015 Appl. Phys. Lett. 107 142405
Edrington W, Singh U, Dominguez M A, Alexander J R,
Nepal R, Adenwalla S 2018 Appl. Phys. Lett. 112 052402
Shuai J, Hunt R G, Moore T A, Cunningham J E 2023
Phys. Rev. Appl. 20 014002

Yokouchi T, Sugimoto S, Rana B, Seki S, Ogawa N, Kasai
S, Otani Y 2020 Nat. Nanotechnol. 15 361

Chen R Y, Chen C, Han L, Liu P S, Su R X, Zhu W X,
Zhou Y J, Pan F, Song C 2023 Nat. Commun. 14 4427
Weiler M, Huebl H, Goerg F S, Czeschka F D, Gross R,
Goennenwein S T B 2012 Phys. Rev. Lett. 108 176601

Xu M, Puebla J, Auvray F, Rana B, Kondou K, Otani Y
2018 Phys. Rev. B 97 180301(R)

Hwang Y, Puebla J, Xu M, Lagarrigue A, Kondou K, Otani
Y 2020 Appl. Phys. Lett. 116 252404

Kobayashi D, Yoshikawa T, Matsuo M, Iguchi R, Maekawa
S, Saitoh E, Nozaki Y 2017 Phys. Rev. Lett. 119 077202
Huang M X, Hu W B, Zhang H W, Bai F M 2023 Phys.
Rev. B 107 134401

Sasaki R, Nii Y, Iguchi Y, Onose Y 2017 Phys. Rev. B 95
020407

Herndndez-Minguez A, Macia F, Hernandez J M, Herfort J,
Santos P 'V 2020 Phys. Rev. Appl. 13 044018

Tateno S, Nozaki Y, Nozaki Y 2020 Phys. Rev. Appl. 13
034074

Xu M, Yamamoto K, Puebla J, Baumgaertl K, Rana B,
Miura K, Takahashi H, Grundler D, Maekawa S, Otani Y
2020 Sci. Adv. 6 eabb1724

Kii M, Heigl M, Flacke L, Horner A, Weiler M, Albrecht M,
Wixforth A 2020 Phys. Rev. Lett. 125 217203

Shah P J, Bas D A, Lisenkov I, Matyushov A, Sun N X,
Page M R 2020 Sci. Adv. 6 eabc5648

KiiB M, Heigl M, Flacke L, Horner A, Weiler M, Wixforth
A, Albrecht M 2021 Phys. Rev. Appl. 15 034060

Matsumoto H, Kawada T, Ishibashi M, Kawaguchi M,
Hayashi M, 2022 Appl. Phys. Express 15 063003

KiiB M, Hassan M, Kunz Y, Hoérner A, Weiler M, Albrecht
M 2023 Phys. Rev. B 107 024424

KiiB M, Glamsch S, Kunz Y, Horner A, Weiler M, Albrecht
M 2023 ACS Appl. Electron. Mater. 5 5103

Schell V, Miiller C, Durdaut P, Kittmann A, Thorméhlen L,
Lofink F, Meyners D, Hoft M, McCord J, Quandt E 2020
Appl. Phys. Lett. 116 073503

Hu W B, Huang M X, Xie H P, Zhang H W, Bai F M 2023
Phys. Rev. Appl. 19 014010

Nan T X, Lin H, Gao Y, Matyushov A, Yu G L, Chen H H,


https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1103/PhysRevLett.106.117601
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0093654
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.1063/5.0042138
https://doi.org/10.3390/act5010009
https://doi.org/10.3390/act5010009
https://doi.org/10.3390/act5010009
https://doi.org/10.3390/act5010009
https://doi.org/10.3390/act5010009
https://doi.org/10.3390/act5010009
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1063/5.0151667
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1103/PhysRevApplied.15.034046
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1021/acs.nanolett.0c03692
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevLett.124.217205
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1103/PhysRevB.101.214421
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1126/sciadv.aat6574
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevApplied.15.014052
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1103/PhysRevLett.124.137202
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1002/adma.202302454
https://doi.org/10.1063/1.4863170
https://doi.org/10.1063/1.4863170
https://doi.org/10.1063/1.4863170
https://doi.org/10.1063/1.4863170
https://doi.org/10.1063/1.4863170
https://doi.org/10.1063/1.4863170
10.1103/PhysRevB.93.140405
10.1103/PhysRevB.93.140405
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1103/PhysRevApplied.11.014045
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1063/5.0055261
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1103/PhysRevApplied.14.014088
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.4932057
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1063/1.5000080
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1103/PhysRevApplied.20.014002
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41565-020-0661-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1038/s41467-023-40131-1
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
https://doi.org/10.1103/PhysRevLett.108.176601
10.1103/PhysRevB.97.180301
10.1103/PhysRevB.97.180301
10.1103/PhysRevB.97.180301
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1063/5.0011799
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.107.134401
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevB.95.020407
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.044018
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1103/PhysRevApplied.13.034074
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1126/sciadv.abb1724
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1103/PhysRevLett.125.217203
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1126/sciadv.abc5648
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.1103/PhysRevApplied.15.034060
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.35848/1882-0786/ac6da1
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1103/PhysRevB.107.024424
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1021/acsaelm.3c00844
https://doi.org/10.1063/1.5140562
https://doi.org/10.1063/1.5140562
https://doi.org/10.1063/1.5140562
https://doi.org/10.1063/1.5140562
https://doi.org/10.1063/1.5140562
https://doi.org/10.1063/1.5140562
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
https://doi.org/10.1103/PhysRevApplied.19.014010
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 058502

42]

(43]

4]

(45]
(46]

(47]
(48]
(49]
[50]

[51]

[52]

[53]
[54]

[55]
[56]

[57]

[58]

[59]

[60]

[61]
[62]
(63]
[64]

[65]

[66]

(67]

Sun N, Wei S J, Wang Z G, Li M H, Wang X J, Belkessam
A, Guo R D, Chen B, Zhou J, Qian Z Y, Hui Y, Rinaldi M,
McConney M E, Howe B M, Hu Z Q, Jones J G, Brown G
J, Sun N X 2017 Nat. Commun. 8 296

Liang X, Chen H, Sun N, Gao Y, Lin H, Sun N X 2020
IEEE
Propagation and North American Radio Science Meeting
Montréal, Québec, Canada, July 5-10, 2020 p661

Lin H, Nan T X, Qian Z, Gao Y, Hui Y, Wang X, Guo R,
Belkessam A, Shi W, Rinaldi M, Sun N X 2016 MTT-S
International Microwave Symposium (IMS) San Francisco,
CA, May 22-27, 2016 pl

Hadj-Larbi F, Serhane R 2019 Sensors Actuators A Phys.
292 169

Maekawa S, Tachiki M 1976 AIP Conf. Proc. 29 542

Matsuo M, Ieda J, Harii K, Saitoh E, Maekawa S 2013 Phys.
Rev. B 87 180402

Sasaki R, Nii Y, Onose Y 2021 Nat. Commun. 12 2559
Dreher L, Weiler M, Pernpeintner M, Huebl H, Gross R,
Brandt M S, Goennenwein S T B 2012 Phys. Rev. B 86
134415

Puebla J, Hwang Y, Kondou K, Otani Y 2022 Ann. Phys.
534 2100398

Berk C, Jaris M, Yang W, Dhuey S, Cabrini S, Schmidt H
2019 Nat. Commaun. 10 2652

An K, Litvinenko A N, Kohno R, Fuad A A, Naletov V V,
Vila L, Ebels U, de Loubens G, Hurdequint H, Beaulieu N,
Ben Youssef J, Vukadinovic N, Bauer G E W, Slavin A N,
Tiberkevich V S, Klein O 2020 Phys. Rev. B 101 060407
Matsuo M, Saitoh E, Maekawa S 2017 J. Phys. Soc. Japan
86 011011

Kittel C 1958 Phys. Rev. 110 836

Labanowski D, Jung A, Salahuddin S 2017 Appl. Phys. Lett.
111 102904

Arias R, Mills D L 1999 Phys. Rev. B 60 7395

Counil G, Kim J Von, Devolder T, Chappert C, Shigeto K,
Otani Y 2004 J. Appl. Phys. 95 5646

Bihler C, Schoch W, Limmer W, Goennenwein S T B,
Brandt M S 2009 Phys. Rev. B 79 045205

Jaeger J V, Scherbakov A V, Glavin B A, Salasyuk A S,
Campion R P, Rushforth A W, Yakovlev D R, Akimov A V,
Bayer M 2015 Physic Rev. B 92 020404

Scherbakov AV, Salasyuk A S, Akimov A V, Liu X,
Bombeck M, Brueggemann C, Yakovlev D R, Sapega V F,
Furdyna J K, Bayer M 2010 Phys. Rev. Lett. 105 117204
Janusonis J, Chang C L, Jansma T, Gatilova A, Vlasov V S,
Lomonosov A M, Temnov V V, Tobey R I 2016 Physic Rev.
B 94 024415

Yang W-G, Schmidt H 2020 Appl. Phys. Lett. 116 212401
Mondal S, Abeed M A, Dutta K, De A, Sahoo S, Barman A,
Bandyopadhyay S 2018 ACS Appl. Mater. Interfaces 10
43970

Armstrong M R, Reed E J, Kim K-Y, Glownia J H, Howard
W M, Piner E L, Roberts J C 2009 Nat. Phys. 5 285
Demokritov S O, Hillebrands B, Slavin A N 2001 Phys. Rep.
348 441

Foerster M, Macia F, Statuto N, Finizio S, Herndndez-
Minguez A, Lendinez S, Santos P V, Fontcuberta J,
Hernandez J M, Klaui M, Aballe L 2017 Nat. Commun. 8
407

Davis S, Baruth A, Adenwalla S 2010 Appl. Phys. Lett. 97
232507

Li P Q, Zhou W, Peng B, Zhang C, Zhu X F, Meng L,

International ~ Symposium  on  Antennas  and

[68]

[69]

[70]

[71]
[72]

(73]

[74]
[75]
[76]

(7]
(78]

[79]

[80]

[81]
[82]

[83]

(84]

[85]
[86]

[87]

[88]
[89]

[90]

[91]

[92]
(93]

(94]

058502-21

Zheng H 2023 Phys. Rev. Appl. 20 064003

Li W, Buford B, Jander A, Dhagat P 2014 Phys. B
Condens. Matter 448 151

Thevenard L, Camara I S, Majrab S, Bernard M, Rovillain
P, Lemaitre A, Gourdon C, Duquesne J-Y 2016 Phys. Rev.
B 93 134430

Nowak J J, Robertazzi R P, Sun J Z, Hu G, Park J-H, Lee
J, Annunziata A J, Lauer G P, Kothandaraman R, O’
Sullivan E J, Trouilloud P L, Kim Y, Worledge D C 2016
IEEE Magn. Lett. 7 1

Biswas A K, Bandyopadhyay S, Atulasimha J 2013 Appl.
Phys. Lett. 103 232401

Roe A, Bhattacharya D, Atulasimha J 2019 Appl. Phys.
Lett. 115 112405

Yang H F, Garcia-Sanchez F, Hu X K, Sievers S, Bohnert T,
Costa J D, Tarequzzaman M, Ferreira R, Bieler M,
Schumacher H W 2018 Appl. Phys. Lett. 113 072403

Zhang D L, Zhu J, Qu T, Lattery D M, Victora R H, Wang
X, Wang J P 2020 Sci. Adv. 6 eabb4607

Ramaswamy R, Lee J M, Cai K, Yang H 2018 Appl. Phys.
Rev. 5 031107

Allwood D A, Xiong G, Faulkner C C, Atkinson D, Petit D,
Cowburn R P 2005 Science 309 1688

Parkin S S P, Hayashi M, Thomas L 2008 Science 320 190
Hayashi M, Thomas L, Rettner C, Moriya R, Bazaliy Y B,
Parkin S S P 2007 Phys. Rev. Lett. 98 037204

Meier G, Bolte M, Eiselt R, Krueger B, Kim D-H, Fischer P
2007 Phys. Rev. Lett. 98 187202

Mihai Miron I, Moore T, Szambolics H, Buda-Prejbeanu L
D, Auffret S, Rodmacq B, Pizzini S, Vogel J, Bonfim M,
Schuhl A, Gaudin G 2011 Nat. Mater. 10 419

Bryan M T, Dean J, Allwood D A 2012 Phys. Rev. B 85
144411

Wei Y, Li X, Gao R, Wu H, Wang X, Zeng Z, Wang J, Liu
Q 2020 J. Magn. Magn. Mater. 502 166546

Castilla D, Yanes R, Sinusia M, Fuentes G, Grandal J,
Maicas M, Alvarez-Arenas T E G, Mufioz M, Torres L,
Lépez L, Prieto J L 2020 Sci. Rep. 10 9413

Chen C, Fu S, Han L, Su R, Liu P, Chen R, Zhu W, Liao L,
Pan F, Song C 2022 Adv. Electron. Mater. 8 2200593

Fert A, Reyren N, Cros V, 2017 Nat. Rev. Mater. 2 17031
Tomasello R, Martinez E, Zivieri R, Torres L, Carpentieri
M, Finocchio G 2014 Sci. Rep. 4 6784

Kang W, Huang Y Q, Zheng C T, Lv W F, Lei N, Zhang Y
G, Zhang X C, Zhou Y, Zhao W S 2016 Sci. Rep. 6 23164
Zhang X C, Ezawa M, Zhou Y 2015 Sci. Rep. 5 9400
Kruchkov A J, White J S, Bartkowiak M, Zivkovic I,
Magrez A, Ronnow H M 2018 Sci. Rep. 8 10466

Wang Y D, Wang L, Xia J, Lai Z X, Tian G, Zhang X C,
Hou Z P, Gao X S, Mi W B, Feng C, Zeng M, Zhou G F,
Yu G H, Wu G H, Zhou Y, Wang W H, Zhang X X, Liu J
M 2020 Nat. Commun. 11 3577

Wang Z D, Guo M H, Zhou H A, Zhao L, Xu T, Tomasello
R, Bai H, Dong Y Q, Je S G, Chao W L, Han H-S, Lee S,
Lee K S, Yao Y Y, Han W, Song C, Wu H Q, Carpentieri
M, Finocchio G, Im M Y, Lin S Z, Jiang W J 2020 Nat.
Electron. 3 672

Yang W G, Jaris M, Berk C, Schmidt H 2019 Phys. Rev. B
99 104434

Matsuda O, Tsutsui K, Vaudel G, Pezeril T, Fujita K,
Gusev V 2020 Phys. Rev. B 101 224307

Chen C, Wei D, Sun L, Lei N 2023 J. Appl. Phys. 133
203904


https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1038/s41467-017-00343-8
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1016/j.sna.2019.03.037
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1063/1.30437
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1038/s41467-021-22804-x
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1103/PhysRevB.86.134415
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1002/andp.202100398
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1038/s41467-019-10545-x
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.1103/PhysRevB.101.060407
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1103/PhysRev.110.836
https://doi.org/10.1063/1.4994933
https://doi.org/10.1063/1.4994933
https://doi.org/10.1063/1.4994933
https://doi.org/10.1063/1.4994933
https://doi.org/10.1063/1.4994933
https://doi.org/10.1063/1.4994933
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1103/PhysRevB.60.7395
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1063/1.1697641
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.79.045205
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevB.92.020404
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevLett.105.117204
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1103/PhysRevB.94.024415
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1063/5.0006461
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1021/acsami.8b19243
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1038/nphys1219
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1016/S0370-1573(00)00116-2
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1038/s41467-017-00456-0
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1063/1.3521289
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1103/PhysRevApplied.20.064003
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1016/j.physb.2014.04.033
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1103/PhysRevB.93.134430
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1109/LMAG.2016.2539256
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.4838661
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5121729
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1063/1.5037780
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1126/sciadv.abb4607
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1063/1.5041793
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1108813
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1126/science.1145799
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.037204
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1103/PhysRevLett.98.187202
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3020
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1103/PhysRevB.85.144411
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1016/j.jmmm.2020.166546
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1038/s41598-020-66144-0
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1002/aelm.202200593
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep06784
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep23164
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/srep09400
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41598-018-27882-4
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1038/s41928-020-00489-2
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.99.104434
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1103/PhysRevB.101.224307
https://doi.org/10.1063/5.0142206
https://doi.org/10.1063/5.0142206
https://doi.org/10.1063/5.0142206
https://doi.org/10.1063/5.0142206
https://doi.org/10.1063/5.0142206
https://doi.org/10.1063/5.0142206
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 058502

[95]

[96]
[97]

(98]

[99]

[100]
[101]
[102]
[103]
[104]
[105]
[106]

[107]

[108]

[109]
[110]
[111]

[112]

(113]

[114]
[115]
[116]

[117)

Ando K, Takahashi S, Ieda J, Kajiwara Y, Nakayama H,
Yoshino T, Harii K, Fujikawa Y, Matsuo M, Maekawa S,
Saitoh E 2011 J. Appl. Phys. 109 103913

Kamra A, Keshtgar H, Yan P, Bauver G E W 2015 Phys.
Rev. B 91 104409

Puebla J, Xu M, Rana B, Yamamoto K, Maeckawa S, Otani
Y 2020 J. Phys. D. Appl. Phys. 53 264002

Uchida K, Adachi H, An T, Nakayama H, Toda M,
Hillebrands B, Maekawa S, Saitoh E 2012 J. Appl. Phys. 111
053903

Hwang Y, Puebla J, Kondou K, Gonzalez-Ballestero C,
Isshiki H, Munioz C S, Liao L, Chen F, Luo W, Maekawa S,
Otani Y 2023 Phys. Rev. Lett. 132 056704

Kawada T, Kawaguchi M, Funato T, Kohno H, Hayashi M
2021 Sci. Adv. T eabd9697

Verba R, Lisenkov I, Krivorotov I, Tiberkevich V, Slavin A
2018 Phys. Rev. Appl. 9 064014

Verba R, Tiberkevich V, Slavin A 2019 Phys. Rev. Appl. 12
054061

Kii M, Hassan M, Kunz Y, Horner A, Weiler M, Albrecht
M 2023 Phys. Rev. B 107 214412

Nembach H T, Shaw J M, Weiler M, Jue E, Silva T J 2015
Nat. Phys. 11 825

Ishii Y, Sasaki R, Nii Y, Ito T, Onose Y 2018 Phys. Rev.
Appl. 9 034034

Wang Y, Li J, Viehland D 2014 Mater. Today 17 269

Smole P, Ruile W, Korden C, Ludwig A, Quandt E,
Krassnitzer S, Pongratz P 2003 Proc. Annu. IEEE Int. Freq.
Control Symp. Tampa, FL, May 5-8, 2003 p903

Kittmann A, Durdaut P, Zabel S, Reermann J, Schmalz J,
Spetzler B, Meyners D, Sun N X, McCord J, Gerken M,
Schmidt G, Hoft M, Knochel R, Faupel F, Quandt E 2018
Sci. Rep. 8 278

Wang S, Li R, Han Y, Yao M 2021 Cross Strait Radio
Science and Wireless Technology Conference (CSRSWTC)
Shenzhen, China, Octorber 11-13, 2021 p115

Pfeiffer C 2017 IEEE Trans. Antennas Propag. 65 1642
Zhang Y P, Guo L H, Sun M 2006 IEEE Electron Device
Lett. 27 374

Le G, Wagner S, Pham C, Gomez-Diaz J S, Pham A V 2018
IEEE International Symposium on Antennas and Propagation
& USNC/URSI National Radio Science Meeting Boston,
MA, USA, 2018 pp307-308

Hui X, Shang F 2020 China Microwave Week International
Conference on Microwave and Millimeter Wave Technology
Shanghai, China, September 20-23, 2020 p5

Dong Y, Itoh T 2012 Proc. IEEE 100 2271

Ziolkowski R W, Jin P, Lin C C 2011 Proc. IEEE 99 1720
Luo Y, Kikuta K, Han Z, Takahashi T, Hirose A, Toshiyoshi
H 2016 IEEE Electron Device Lett. 37 920

Iyer V, Makarov S N, Harty D D, Nekoogar F, Ludwig R

[118)
[119]

[120]

[121)
[122)

[123)
[124]

[125]

[126]

[127]

[128]

[129]

[130]
[131]
[132]

[133]

[134]

[135]

[136)

058502-22

2010 IEEE Trans. Antennas Propag. 58 18

Lee M, Kramer B A, Chen C C, Volakis J L 2007 IEEE
Trans. Antennas Propag. 55 2671

Chu L J 1948 J. Appl. Phys. 19 1163

Chen H H, Liang X F, Dong C Z, He Y F, Sun N,
Zaeimbashi M, He Y X, Gao Y, Parimi P V, Lin H, Sun N
X 2020 Appl. Phys. Lett. 117 170501

Ji 'Y H, Zhang C Y, Nan T X 2022 Phys. Rev. Appl. 18
064050

Xiao N, Wang Y, Chen L, Wang G, Wen Y, Li P 2022 IEEE
Antennas Wirel. Propag. Lett. 22 34

Niu Y, Ren H 2022 IEEFE Sens. J. 22 14008

Dong C, He Y, Jeong M G, Watson W, Sanghadasa M, Sun
N X 2022 IEEE International Symposium on Phased Array
Systems & TechnologyWaltham, Massachusetts, USA, October
11-14, 2022 pl

Yun X F, Lin W K, Hu R, Liu Y Z, Wang X Y, Yu G H,
Zeng 7Z M, Zhang X P, Zhang B S 2022 Appl. Phys. Lett.
121 033501

Wang Q, Domann J, Yu G, Barra A, Wang K L, Carman G
P 2018 Phys. Rev. Appl. 10 034052

Lyons T P, Puebla J, Yamamoto K, Deacon R S, Hwang Y,
Ishibashi K, Maekawa S, Otani Y 2023 Phys. Rev. Lett. 131
196701

Oh J, Le M D, Nahm H-H, Sim H, Jeong J, Perring T G,
Woo H, Nakajima K, Ohira-Kawamura S, Yamani Z,
Yoshida Y, Eisaki H, Cheong S-W, Chernyshev A L, Park J-
G 2016 Nat. Commun. 7 13146

Valiska M, Saito H, Yanagisawa T, Tabata C, Amitsuka H,
Uhlirova K, Prokleska J, Proschek P, Valenta J, Misek M,
Gorbunov I D, Wosnitza J, Sechovsky V 2018 Phys. Rev. B
98 174439

Li J, Wilson C B, Cheng R, Lohmann M, Kavand M, Yuan
W, Aldosary M, Agladze N, Wei P, Sherwin M S, Shi J 2020
Nature 578 70

Vaidya P, Morley S A, van Tol J, Liu Y, Cheng R, Brataas
A Lederman D, del Barco E 2020 Science 368 160

Haroche S, Kleppner D 1989 Phys. Today 42 24

Bozhko D A, Clausen P, Melkov G A, L'vov V S, Pomyalov
A, Vasyuchka V I, Chumak A V, Hillebrands B, Serga A A
2017 Phys. Rev. Lett. 118 237201

Liao L, Puebla J, Yamamoto K, Kim J, Mackawa S, Hwang
Y, Ba Y, Otani Y 2023 Phys. Rev. Lett. 131 176701

Yokoi M, Fujiwara S, Kawamura T, Arakawa T, Aoyama K,
Fukuyama H, Kobayashi K, Niimi Y 2020 Seci. Adv. 6
eabal377

Wang J, Ota S, Edlbauer H, Jadot B, Mortemousque P A,
Richard A, Okazaki Y, Nakamura S, Ludwig A, Wieck A D,
Urdampilleta M, Meunier T, Kodera T, Kaneko N H,
Takada S, Biuerle C 2022 Phys. Rev. X 12 031035


https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1063/1.3587173
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1103/PhysRevB.91.104409
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1088/1361-6463/ab7efe
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1063/1.3688332
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1103/PhysRevLett.132.056704
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1126/sciadv.abd9697
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.9.064014
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevApplied.12.054061
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1103/PhysRevB.107.214412
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1103/PhysRevApplied.9.034034
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1016/j.mattod.2014.05.004
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1038/s41598-017-18441-4
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/TAP.2017.2670532
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/LED.2006.872351
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2012.2187631
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/JPROC.2010.2091610
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/LED.2016.2565559
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2009.2036192
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1109/TAP.2007.905823
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/1.1715038
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1063/5.0025362
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1103/PhysRevApplied.18.064050
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/LAWP.2022.3201070
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1109/JSEN.2022.3183012
https://doi.org/10.1063/5.0098323
https://doi.org/10.1063/5.0098323
https://doi.org/10.1063/5.0098323
https://doi.org/10.1063/5.0098323
https://doi.org/10.1063/5.0098323
https://doi.org/10.1063/5.0098323
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevApplied.10.034052
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1103/PhysRevLett.131.196701
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1038/ncomms13146
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1103/PhysRevB.98.174439
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1038/s41586-020-1950-4
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
https://doi.org/10.1126/science.aaz4247
10.1063/1.881201
10.1063/1.881201
10.1063/1.881201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.118.237201
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1103/PhysRevLett.131.176701
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1126/sciadv.aba1377
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
https://doi.org/10.1103/PhysRevX.12.031035
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 058502

SPECIAL TOPIC—Two-dimensional magnetism and topological spin physics

Magneto-acoustic coupling: Physics, materials, and devices®

Chen Chong  Ma Ming-Yuan  Pan Feng  Song Chengf

(Key Laboratory of Advanced Materials (MOE), School of Materials Science and Engineering,
Tsinghua University, Beijing 100084, China)

( Received 4 December 2023; revised manuscript received 1 January 2024 )

Abstract

Acoustic wave in solid has two modes of propagation: the bulk acoustic wave (BAW), which propagates
inside solid in the form of longitudinal or transverse wave, and the surface acoustic wave (SAW), which is
generated on the surface of solid and propagates along the surface. In acoustic radio frequency (RF)
technologies acoustic waves are used to intercept and process RF signals, which are typified by the rapidly
developing RF filter technology. Acoustic filter has the advantages of small size, low cost, steady performance
and simple fabrication, and is widely used in mobile communication and other fields. Due to the mature
fabrication process and well-defined resonance frequency of acoustic device, acoustic wave has become an
extremely intriguing way to manipulate magnetism and spin current, with the goal of pursuing miniaturized,
ultra-fast, and energy-efficient spintronic device applications. The integration of magnetic materials into
acoustic RF device also provides a new way of thinking about the methods of acoustic device modulation and
performance enhancement. This review first summarizes various physical mechanisms of magneto-acoustic
coupling, and then based on these mechanisms, a variety of magnetic and spin phenomena such as acoustically
controlled magnetization dynamics, magnetization switching, magnetic domain wall and magnetic skyrmions
generation and motion, and spin current generation are systematically introduced. In addition, the research
progress of magnetic control of acoustic wave, the inverse process of acoustic control of magnetism, is discussed,
including the magnetic modulation of acoustic wave parameters and nonreciprocal propagation of acoustic
waves, as well as new magneto-acoustic devices developed based on this, such as SAW-based magnetic field
sensors, magneto-electric antennas, and tunable filters. Finally, the possible research objectives and applications
of magneto-acoustic coupling in the future are prospected. In summary, the field of magneto-acoustic coupling is
still in a stage of rapid development, and a series of groundbreaking breakthroughs has been made in the last
decades, and the major advances are summarized in this field. The field of magneto-acoustic coupling is
expected to make further significant breakthroughs, and we hope that this review will further promote the
researches of physical phenomena of the coupling between magnetism and acoustic wave, spin and lattice, and

potential device applications as well.

Keywords: magneto-elastic coupling, acoustic control of magnetism, magnetic control of acoustic wave,

magneto-acoustic device
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Fig. 1. Schematic diagram of electrochemical organic cation intercalation and the structure of NiPS; and THA-NiPSs
force microscope images of exfoliated NiPS; (b) and exfoliated intercalated THA-NiPS; (c)
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(a) HALFA HLIHE 7476 )2 /R B DL THA 2 NiPS, i 5 19 25 04 75 2 B 12 305 )5 159 31 1 )2 NiPS; (b) Al THA i

[42: atomic
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E 2 AHLHE T2 NiPS; BUSLIR 25 R 12 NiPSy (a) A1 THA-NiPS; (b) 7€ H // ab F1 H // ¢ WEHAERI T B M-T £k, S22
RELL AT R G R A, () WHECE M5 TR — B4 (AM/dT vs. T), ¢ HFEH T ab VI A4 () T =5 K,
NiPS; 1l THA-NiPS; 7£ H // ab REEHT MFE H KHIE 5 (d) Bimids (B8) MBIARELRIE (40) MIRE AL ER; (e) T=
10 K B}, CTA-NiPS; #£ H // ab BEHE RS MBf H B98I 5E 3R 5 (£) Ni(1), Ni(2) BIREHE DL AR BEAE (Ni(1)+Ni(2)) B8 24 B 1Y
A F

Fig. 2. Experimental results of organic cations intercalated NiPS;*2: Temperature dependence of magnetization (M-T) of NiPS; (a)
and THA-NiPS; (b) under magnetic fields H // ab (red) and H // ¢" (black), the solid and dashed lines represent zero-field cooled
(ZFC) and field cooled (FC) data, respectively, the inset in (a) shows the first-order derivative of magnetization with temperature
(dM/dT vs. T), ¢ represents axis perpendicular to the ab plane; (c) field dependence of magnetization (M-H) of NiPS; and THA-
NiPS; under magnetic field H // ab at T = 5 K; (d) extracted coercive field H, (black) and remnant magnetization M, (red) of in-
tercalated THA-NiPS; as a function of temperature; (e) field dependence of magnetization (M-H) of CTA-NiPS; under magnetic
field H // ab at T = 10 K; (f) magnetic moments and net magnetic moments of Ni(1) and Ni(2) as a function of doping concentra-

tions.
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B 3  AHLHE T2 FePS; SLIR 45 5 FePS, (B2) M THA-FePS; (41) 7 H // ¢ Wi i M-T (a) F1 M-H (b) #h£k, 524k
LA A TR IR B, (a) WIEIE N dM/AT vs T; THA-FePS, 78 H // ¢ W37 16 . AFITE T i M-H 4k (c); CTA-
FePS; 7E H // ¢ Wi NI M-T (d) Rl M-H (e) M4k, (d) M4 [El 2l CTA-FePS; i dM/dT vs. T; Fe(1), Fe(2) (4145 LA K % g 4

(Fe(1)+Fe(2)) BB ZRE B R (D)

Fig. 3. Experimental results of organic cations intercalated FePSs: (a), (b) M-T (a) and M-H (b) curves of FePS; (black) and THA-
FePS; (red) under magnetic fields H // ¢, the solid and dashed lines represent ZFC and FC data, respectively, the inset in (a)
shows the dM/dT vs. T of FePSs; M-H curves of THA-FePS; under magnetic fields H // ¢" at different temperatures (c); M-T (d)
and M-H (e) curves of intercalated CTA-FePS; under magnetic fields H // ¢', the inset in (d) shows the dM/dT vs. T of CTA-
FePS;; magnetic moments and net magnetic moments of Fe(1) and Fe(2) as a function of doping concentrations (f).
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Fig. 4. Experimental results of organic cations intercalated FePSe;: The M-T (a) and M-H (b) curves of FePSe; (black), TDA-
FePSe; (blue) and THA-FePSe; (red).
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Fig. 5. Experimental results of organic cations intercalated MnPSg: M-T (a), M-H (b) curves under magnetic fields H // ¢" and M-H
(c) curves under magnetic fields H // ab of MnPS; and THA-MnPS;; (d) M-H curves of CTA-MnPS; under magnetic fields H // ab
and H // ¢". The insets in (b)—(d) show the zoom-in images of M-H curves of THA-MnPS; under H // ¢" (b), H // ab (c) and CTA-
MnPS; under magnetic fields H // ab (d) and H // ¢, respectively.
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Fig. 6. Experimental results of organic cations intercalated MnPSes: (a) M-T curves of MnPSe; and TBA-MnPSe; under magnetic
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PSez under magnetic fields H // ab at T = 5 K; (d) the energy difference between the FM order and Néel AFM order as a function

of doping concentration.

(), it H /) ¢ IrmikE H /) abJin), ¥R
<SP H BA B/ (28 mT). 8N4 E
TR LVES] H // ¢ Jria b BAG TR B i
2, Ko AL Ao Fish. 456 M-T, M-H i
2k, THAHH)Z /) MnPS; £¥ 4 FIM, T. = 50 K,
GG TETE A1, AERE S 1) S ARAE ) MnPS,
AR, S REIE S I AT Ml FRRAORER CTAHRA
% MnPS; 28], W& 5(d) i, Hugtkfrh S
THAH Z 1) MnPS; AL, W3R B0 H FIM H5 4,
GyAC AT . P S 2 TR IR B —E 1Y
B, 162 MnPS, 23 H 300

& 6 /R T2 MnPSe; RYSEER4E . H
Kl 6(a) T, 42T, MnPSey £HLT Ty ~ T4 K
) AFM $#4E, 5 3CHR [72, 93-95] 38 45 R — %K.
TBA*H JZ ) MnPSes 7£ 1% i B 19 M A5 fb 5
MnPSe; Wl i A[E, 75 T = 40 K I, M B T A%
MK, HYE T =5 KM M-H&H 2SI
(I 6(b)), FEHAH B4 FM $HE, H 5 mE Ak il 1e mm

. BRI, B THAHE A ZE MnPSe; B vdW JZ[#],
TE M-H #h 28 b I %A W 2% 21 B 1 <S48 1k
(K 6(c)), X5 THATE FHfi)Z MnP X5 K R H:
At BB AN 254 DET &, B T2
MnPSey &AM FiARRIRE (K 6(d)), 4HFH
FUPE = 0.6 e/cell W}, FM J7 g i AL E
I MnPSe;i AFM #5788 FM. 1X 5 5256 25
TRAF M) . THATS A PRI T 1 BE AH X R,
KAEIRFIG A AFM-FM 4745 (1 5 5 7 v B B 1
Kl THA-MnPSe; 17525 AFM, 1fii TBA-MnPSe;
RET I A S EIR T, R4 T AFM-FM 5645

4 BAEHERZ

2D WEPERTRL B R e 1 P F R T A 4R AR
TRPREER, JfaliH s 23 T BeS B H A e )
R PEh FERDN, FIT A= PERE | IREIAERY A e
Tt RO T SRR IERY.

057501-8


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 73, No. 5 (2024)

057501

H HLBH B 42 R RSN R vAW R
(R PE RS T — P R0 1, I U bR 25
T S ARG TERERY 2Rk, AR SCRI A MLIH
B A R MPX; HY vdW 28], 783 F) A WL
BT 2R S AN TR 300 T S I 4 SE B
T AFM-FIM/FM B4 If454 DFT it
TR FIRE R PLH . 7525 R, 7E
)2 MP X, h iR e 2000 T B 2T — o 1Pk
i, BT 3d BB B A R m R T
B A IRE i 1) L SR AR,

BT, 2D @R R T, S ARAK, A A L
BH S 4 2 07 LGS B )8, 446 25 CroGe,Teg
() T, T+ 28T 200 KU R s47 J2 44 R 00 e
WAFRNRET;, A FT 2D BEPER R 2 F 40U P )
I FH L) Y A A 78 S B TR Rl L A2 L B r
WG RENR FHa 1T . A YL B Tl E AR/
PR VR 7 T R A OCEEVE L, A HL 2 1681 Sl 196]
T 07 R fap R U (71, 2D T L 0908 D % i
TH& AR A 0 09 A 2 G R T ) B
EEAEH, X PR B Fas A R AL
SRS S ELAT AR . BRILZ 4D, sl ad il AT e
A ML B 0] DS R F PR DR, It
RUBAARL. o T HILRH 2 74 2 0T DA 5 2 (B A
DR MR A2 248 FE S KA 2D 1A 2 vt [ B3 .

B BE B - Jf 2 A0 T I — 42 B 5 e 4 i)
BN, RAEA P FiRZ5 R 2 P RS E
PR — 2 AT, (EXTF A2 SRR A TR E 1
ARMIL A A 1Y, HZRAE | Pk BEI A5y T 46 72
T T PR, 3T B S A ) 1 AR, B
HEARIZ R TS | AL, 2P ai bR Y 2R
i, HR, A Rl —Fp A AL B S B0t J2 H] 1
AR TR 1) ] s A ATH SR AFX PRI M, 30 i —
AR HLBHES 4 2 04 55 1. RN 24 2 e
PIGRZHLER (40 FE AR HLE] . A LFH 2 T HES
B 56) FEIPk IR, 75 BEAS T =F 5 SR M S5h
HHAR . MBS PRE I, FRATHIE AT R
LLIRR, VLIS TR 2 S g R 5 bt ok
WIS

S 30k

[1] Mermin N D, Wagner H 1966 Phys. Rev. Lett. 17 1133
[2] Gong C, Li L, Li Z L, Ji HW, Stern A, Xia Y, Cao T, Bao
W, Wang C Z, Wang Y, Qiu Z Q, Cava R J, Louie S G, Xia

(10]

(11]

(12]

(13]

(14]

[15]

[16]
(17]
(18]

(19]

20]

[21]

057501-9

J, Zhang X 2017 Nature 546 265

Huang B, Clark G, Navarro-Moratalla E, Klein D R, Cheng
R, Seyler K L, Zhong D, Schmidgall E, McGuire M A,
Cobden D H, Yao W, Xiao D, Jarillo-Herrero P, Xu X D
2017 Nature 546 270

Zhang Z, Shang J, Jiang C, Rasmita A, Gao W, Yu T 2019
Nano Lett. 19 3138

Sun X D, Li WY, Wang X, Sui Q, Zhang T Y, Wang Z, Liu
L, Li D, Feng S, Zhong S Y, Wang H W, Bouchiat V, Nunez
Regueiro M, Rougemaille N, Coraux J, Purbawati A, Hadj-
Azzem A, Wang Z H, Dong B J, Wu X, Yang T, Yu G Q,
Wang B W, Han Z, Han X F, Zhang Z D 2020 Nano Res. 13
3358

Meng L J, Zhou Z, Xu M Q, Yang S Q, Si K P, Liu L X,
Wang X G, Jiang H N, Li B X, Qin P X, Zhang P, Wang J
L, Liu Z X, Tang P Z, Ye Y, Zhou W, Bao L. H, Gao H J,
Gong Y J 2021 Nat. Commun. 12 809

Kang L X, Ye C, Zhao X X, Zhou X Y, Hu J X, Li Q, Liu D,
Das C M, Yang J F, Hu D Y, Chen J Q, Cao X, Zhang Y,
Xu M Z, Di J, Tian D, Song P, Kutty G, Zeng Q S, Fu Q D,
Deng Y, Zhou J D, Ariando A, Miao F, Hong G, Huang Y Z,
Pennycook S J, Yong K T, Ji W, Wang X R , Liu Z 2020
Nat. Commun. 11 3729

Zhang Y, Chu J W, Yin L, Shifa T A, Cheng Z Z, Cheng R
Q, Wang F, Wen Y, Zhan X Y, Wang Z X, He J 2019 Adv.
Mater. 31 1900056

Bonilla M, Kolekar S, Ma Y, Diaz H C, Kalappattil V, Das
R, Eggers T, Gutierrez H R, Phan M H, Batzill M 2018 Nat.
Nanotechnol. 13 289

Zhang Z P, Niu J J, Yang P F, Gong Y, Ji Q Q, Shi J P,
Fang Q Y, Jiang S L, Li H, Zhou X B, Gu L, Wu X S, Zhang
Y F 2017 Adv. Mater. 29 1702359

Deng Y J, YuY J, Song Y C, Zhang J Z, Wang N Z, Sun Z
Y, YiYF, WuY Z, WuSW, Zhu J Y, Wang J, Chen X H,
Zhang Y B 2018 Nature 563 94

Fei Z, Huang B, Malinowski P, Wang W, Song T, Sanchez J,
Yao W, Xiao D, Zhu X, May A F, Wu W, Cobden D H, Chu
J H, Xu X D 2018 Nat. Mater. 17 778

May A F, Ovchinnikov D, Zheng Q, Hermann R, Calder S,
Huang B, Fei Z, Liu Y, Xu X D, McGuire M A 2019 ACS
Nano 13 4436

Zhang G J, Guo F, Wu H, Wen X K, Yang L, Jin W, Zhang
W F, Chang H X 2022 Nat. Commun. 13 5067

Cai X, Song T, Wilson N P, Clark G, He M, Zhang X,
Taniguchi T, Watanabe K, Yao W, Xiao D, McGuire M A,
Cobden D H, Xu X D 2019 Nano Lett. 19 3993

Lee J U, Lee S, Ryoo J H, Kang S, Kim T Y, Kim P, Park C
H, Park J G, Cheong H 2016 Nano Lett. 16 7433

Kim K, Lim S Y, Lee J U, Lee S, Kim T Y, Park K, Jeon G
S, Park C H, Park J G, Cheong H 2019 Nat. Commun. 10 345
Kim K, Lim SY, Kim J, Lee J-U, Lee S, Kim P, Park K, Son
S, Park C-H, Park J-G, Cheong H 2019 2D Mater. 6 041001
Gong Y, Guo J W, Li J H, Zhu K J, Liao M H, Liu X Z,
Zhang Q H, Gu L, Tang L, Feng X, Zhang D, Li W, Song C
L, Wang L L, Yu P, Chen X, Wang Y Y, Yao H, Duan W H,
Xu'Y, Zhang S C, Ma X C, Xue Q K, He K 2019 Chin. Phys.
Lett. 36 076801

Telford E J, Dismukes A H, Lee K, Cheng M, Wieteska A,
Bartholomew A K, Chen Y S, Xu X D, Pasupathy A N, Zhu
X, Dean C R, Roy X 2020 Adv. Mater. 32 2003240

Otrokov M M, Klimovskikh, II, Bentmann H, Estyunin D,
Zeugner A, Aliev Z S, Gass S, Wolter A U B, Koroleva A V,
Shikin A M, Blanco-Rey M, Hoffmann M, Rusinov I P,


https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1103/PhysRevLett.17.1133
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22060
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1038/nature22391
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1021/acs.nanolett.9b00553
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1007/s12274-020-3021-4
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-021-21072-z
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1038/s41467-020-17253-x
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1002/adma.201900056
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1038/s41565-018-0063-9
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1002/adma.201702359
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41586-018-0626-9
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1038/s41563-018-0149-7
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1021/acsnano.8b09660
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1038/s41467-022-32605-5
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.9b01317
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1021/acs.nanolett.6b03052
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1038/s41467-018-08284-6
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/2053-1583/ab27d5
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1088/0256-307X/36/7/076801
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 057501

(22]

23]

24]

(25]

[26]

27]
28]

29]
(30]
31]
32]

33]

(34]

(35]

(36]

37]

(38]

39]

(40]

41]

(42]

Vyazovskaya A Y, Eremeev S V, Koroteev Y M, Kuznetsov
V M, Freyse F, Sanchez Barriga J, Amiraslanov I R, Babanly
M B, Mamedov N T, Abdullayev N A, Zverev V N, Alfonsov
A, Kataev V, Buchner B, Schwier E F, Kumar S, Kimura A,
Petaccia L, Di Santo G, Vidal R C, Schatz S, Kissner K,
Unzelmann M, Min C H, Moser S, Peixoto T R F, Reinert F,
Ernst A, Echenique P M, Isaeva A, Chulkov E V 2019 Nature
576 416

Thiel L, Wang Z, Tschudin M A, Rohner D, Gutiérrez-
Lezama I, Ubrig N, Gibertini M, Giannini E, Morpurgo A F,
Maletinsky P 2019 Science 364 973

Li T X, Jiang S W, Sivadas N, Wang Z F, Xu Y, Weber D,
Goldberger J E, Watanabe K, Taniguchi T, Fennie C J, Mak
K F, Shan J 2019 Nat. Mater. 18 1303

Song T C, Fei Z Y, Yankowitz M, Lin Z, Jiang Q N,
Hwangbo K, Zhang Q, Sun B S, Taniguchi T, Watanabe K,
McGuire M A, Graf D, Cao T, Chu J H, Cobden D H, Dean
C R, Xiao D, Xu X D 2019 Nat. Mater. 18 1298

Cai W P, Sun H L, Xia W, Wu C W, Liu Y, Liu H, Gong Y,
Yao D X, Guo Y F, Wang M 2020 Phys. Rev. B 102 144525
Wang Y, Wang C, Liang S J, Ma Z, Xu K, Liu X, Zhang L,
Admasu A S, Cheong S W, Wang L, Chen M, Liu Z, Cheng
B, Ji W, Miao F 2020 Adv. Mater. 32 2004533

Li X, Yang J 2014 J. Mater. Chem. C 2 7071

Cenker J, Sivakumar S, Xie K C, Miller A, Thijssen P, Liu Z
Y, Dismukes A, Fonseca J, Anderson E, Zhu X Y, Roy X,
Xiao D, Chu J H, Cao T, Xu X D 2022 Nat. Nanotechnol. 17
256

Ji Z Q, Huang T, Li Y, Liu X Y, Wei L J, Wu H, Jin J M,
PuY, Li F 2023 Chin. Phys. Lett. 40 057701

Wang Z W, Liang J H, Yang H X 2023 Chin. Phys. Lett. 40
017501

Liu N-S, Wang C, Ji W 2022 Acta Phys. Sin. T1 127504 (in
Chinese) [XIFF&T, FHE, ZR 2022 Y)H2E4L 71 127504)]

Cao Y, Zhang X M, Zhang X P, Yan F G, Wang Z A, Zhu W
K, Tan H, Golovach V N, Zheng H Z, Wang K Y 2022 Phys.
Rev. Appl. 17 1051001

Wang H, Liu Y, Wu P, Hou W, Jiang Y, Li X, Pandey C,
Chen D, Yang Q, Wang H, Wei D, Lei N, Kang W, Wen L,
Nie T, Zhao W, Wang K L 2020 ACS Nano 14 10045

Jiang S, Shan J, Mak K F 2018 Nat. Mater. 17 406

Wang Z A, Xue W, Yan F, Zhu W K, Liu Y, Zhang X, Wei
Z, Chang K, Yuan Z, Wang K 2023 Nano Lett. 23 710

Xiao H, Mi M J, Wang Y L 2021 Acta Phys. Sin. 70 127503
(in Chinese) [ 5%, HH1E, T LA 2021 HRE24R 70 127503
Jiang S, Li L, Wang Z, Mak K F, Shan J 2018 Nat.
Nanotechnol. 13 549

Huang B, Clark G, Klein D R, MacNeill D, Navarro-
Moratalla E, Seyler K L, Wilson N, McGuire M A, Cobden D
H, Xiao D, Yao W, Jarillo-Herrero P, Xu X D 2018 Nat.
Nanotechnol. 13 544

Wang Z, Zhang T Y, Ding M, Dong B J, Li Y X, Chen M L,
Li X X, Huang J Q, Wang H W, Zhao X T, Li Y, Li D, Jia C
K, Sun L D, Guo H H, Ye Y, Sun D M, Chen Y S, Yang T,
Zhang J, Ono S, Han Z, Zhang Z D 2018 Nat. Nanotechnol.
13 554

Verzhbitskiy I A, Kurebayashi H, Cheng H, Zhou J, Khan S,
Feng Y P, Eda G 2020 Nat. Electron. 3 460

Wang N, Tang H, Shi M, Zhang H, Zhuo W, Liu D, Meng F,
Ma L, Ying J, Zou L, Sun Z, Chen X 2019 J. Am. Chem. Soc.
141 17166

Mi M J, Zheng X W, Wang S L, Zhou Y, Yu L X, Xiao H,
Song H N, Shen B, Li F, Bai L H, Chen Y X, Wang S P, Liu

43]

(4]

[45]

[46]

[47]
(48]

(49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]
[60]

[61]

[62]

[63]

057501-10

X H, Wang Y L 2022 Adv. Funct. Mater. 32 2112750

Tezze D, Pereira J M, Asensio Y, Ipatov M, Calavalle F,
Casanova F, Bittner A M, Ormaza M, Martin-Garcia B,
Hueso L E, Gobbi M 2022 Nanoscale 14 1165

Tang M, Huang J W, Qin F, Zhai K, Ideue T, Li Z Y, Meng
F H, Nie A M, Wu L L, Bi X Y, Zhang C R, Zhou L, Chen
P, Qiu C Y, Tang P Z, Zhang H J, Wan X G, Wang L, Liu Z
Y, Tian Y J, Iwasa Y, Yuan H T 2023 Nat. Electron. 6 28
Peng Y X, Ding S L, Cheng M, Hu Q F, Yang J, Wang F G,
Xue M Z, Liu Z, Lin Z C, Avdeev M, Hou Y L, Yang W Y,
Zheng Y, Yang J B 2020 Adv. Mater. 32 2001200

Hu C W, Gordon K N, Liu P F, Liu J Y, Zhou X Q, Hao P
P, Narayan D, Emmanouilidou E, Sun H'Y, Liu Y T, Brawer
H, Ramirez A P, Ding L, Cao H B, Liu Q H, Dessau D, Ni N
2020 Nat. Commun. 11 97

Gong C, Zhang X 2019 Science 363 eaav4450

Zhang Y, Xu H J, Yi C J, Wang X, Huang Y, Tang J, Jiang
J L, He C L, Zhao M K, Ma T Y, Dong J, Guo C Y, Feng J
F, Wan C H, Wei H X, Du H F, Shi Y G, Yu G Q, Zhang G
Y, Han X F 2021 Appl. Phys. Lett. 118 262406

Alghamdi M, Lohmann M, Li J, Jothi P R, Shao Q, Aldosary
M, Su T, Fokwa B P T, Shi J 2019 Nano Lett. 19 4400

Wang X, Tang J, Xia X, He C, Zhang J, Liu Y, Wan C, Fang
C, Guo C, Yang W, Guang Y, Zhang X, Xu H, Wei J, Liao
M, Lu X, Feng J, Li X, Peng Y, Wei H X, Yang R, Shi D,
Zhang X, Han Z, Zhang Z, Zhang G, Yu G Q, Han X F 2019
Sei. Adv. 5 eaaw8904

Shin I, Cho W J, An E S, Park S, Jeong H W, Jang S, Back
W J, Park S Y, Yang D H, Seo J H, Kim G Y, Ali M N, Choi
SY,Lee HW, Kim J S, Kim S D, Lee G H 2022 Adv. Mater.
34 2101730

Ostwal V, Shen T, Appenzeller J 2020 Adv. Mater. 32
1906021

Gupta V, Cham T M, Stiehl G M, Bose A, Mittelstaedt J A,
Kang K, Jiang S, Mak K F, Shan J, Buhrman R A, Ralph D
C 2020 Nano Lett. 20 7482

Mogi M, Yasuda K, Fujimura R, Yoshimi R, Ogawa N,
Tsukazaki A, Kawamura M, Takahashi K S, Kawasaki M,
Tokura Y 2021 Nat. Commun. 12 1404

Li W H, Zhu W K, Zhang G J, Wu H, Zhu S G, Li R Z,
Zhang E Z, Zhang X M, Deng Y C, Zhang J, Zhao L X,
Chang H X, Wang K'Y 2023 Adv. Mater. 35 2303688

Nguyen M H, Ralph D C, Buhrman R A 2016 Phys. Rev.
Lett. 116 126601

Pai C F, Ou Y X, Vilela-Leao L H, Ralph D C, Buhrman R
A 2015 Phys. Rev. B 92 064426

Kao I H, Muzzio R, Zhang H T, Zhu M L, Gobbo J, Yuan S,
Weber D, Rao R, Li J H, Edgar J H, Goldberger J E, Yan J
Q, Mandrus D G, Hwang J, Cheng R, Katoch J, Singh S 2022
Nat. Mater. 21 1029

Ye X G, Zhu P F, Xu W Z, Shang N Z, Liu K H, Liao Z M
2022 Chin. Phys. Lett. 39 037303

Pan Z C, Li D, Ye X G, Chen Z, Chen Z H, Wang A Q, Tian
M, Yao G, Liu K, Liao Z M 2023 Sci. Bull. 68 2743

Song T, Cai X, Tu M W, Zhang X, Huang B, Wilson N P,
Seyler K L, Zhu L, Taniguchi T, Watanabe K, McGuire M A,
Cobden D H, Xiao D, Yao W, Xu X D 2018 Science 360 1214
Song T, Tu M W, Carnahan C, Cai X, Taniguchi T,
Watanabe K, McGuire M A, Cobden D H, Xiao D, Yao W,
Xu X D 2019 Nano Lett. 19 915

Lan G B, Xu H J, Zhang Y, Cheng C, He B, Li J H, He C L,
Wan C H, Feng J F, Wei H X, Zhang J, Han X F, Yu G Q
2023 Chin. Phys. Lett. 40 058501


https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1038/s41586-019-1840-9
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1126/science.aav6926
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0506-1
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1038/s41563-019-0505-2
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1103/PhysRevB.102.144525
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1002/adma.202004533
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1039/C4TC01193G
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1038/s41565-021-01052-6
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/5/057701
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.1088/0256-307X/40/1/017501
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.7498/aps.71.20220301
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1103/PhysRevApplied.17.L051001
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1021/acsnano.0c03152
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1038/s41563-018-0040-6
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.1021/acs.nanolett.2c04796
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.7498/aps.70.20202204
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0135-x
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0121-3
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41565-018-0186-z
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1038/s41928-020-0427-7
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1021/jacs.9b06929
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1002/adfm.202112750
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1039/D1NR07281A
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1038/s41928-022-00882-z
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1002/adma.202001200
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1038/s41467-019-13814-x
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1063/5.0050483
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1021/acs.nanolett.9b01043
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1126/sciadv.aaw8904
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.202101730
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1002/adma.201906021
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1021/acs.nanolett.0c02965
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1038/s41467-021-21672-9
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1002/adma.202303688
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1103/PhysRevB.92.064426
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1038/s41563-022-01275-5
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1088/0256-307X/39/3/037303
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1016/j.scib.2023.10.008
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1126/science.aar4851
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1021/acs.nanolett.8b04160
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
https://doi.org/10.1088/0256-307X/40/5/058501
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 5 (2024) 057501

(64]

(65]

(6]

(67]

(68]

(69]
[70]

(71]

(72]

(73]

[77]

(78]

[79]

(80]

Wang Z, Sapkota D, Taniguchi T, Watanabe K, Mandrus D,
Morpurgo A F 2018 Nano Lett. 18 4303

Min K-H, Lee D H, Choi S-J, Lee I-H, Seo J, Kim D W, Ko
K-T, Watanabe K, Taniguchi T, Ha D H, Kim C, Shim J H,
Eom J, Kim J S, Jung S 2022 Nat. Mater. 21 1144

Zhu W K, Lin H L, Yan F G, Hu C, Wang Z, Zhao L X,
Deng Y C, Kudrynskyi Z R, Zhou T, Kovalyuk Z D, Zheng
Y, Patane A, Zuti¢ I, Li S, Zheng H, Wang K Y 2021 Adw.
Mater. 33 2104658

Zhu W K, Zhu Y M, Zhou T, Zhang X P, Lin H L, Cui Q R,
Yan F G, Wang Z, Deng Y C, Yang H X, Zhao L X, Zutié I,
Belashchenko K D, Wang K'Y 2023 Nat. Commun. 14 5371
Lin HL, Yan F G, Hu C, Lv Q, Zhu W K, Wang Z, Wei Z,
Chang K, Wang K Y 2020 ACS Appl. Mater. Interfaces 12
43921

Jin W, Zhang G J, Wu H, Yang L, Zhang W F, Chang H X
2023 Nanoscale 15 5371

Jin W, Zhang G J, Wu H, Yang L, Zhang W F, Chang H X
2023 ACS Appl. Mater. Interfaces 15 36519

Zhu W K, Xie S H, Lin H L, Zhang G J, Wu H, Hu T G,
Wang Z A, Zhang X M, Xu J H, Wang Y J, Zheng Y H, Yan
F G, Zhang J, Zhao L X, Patané A, Zhang J, Chang H X,
Wang K'Y 2022 Chin. Phys. Lett. 39 128501

Wiedenmann A, Rossat-Mignod J, Louisy A, Brec R, Rouxel
J 1981 Solid State Commun. 40 1067

Coak M J, Jarvis D M, Hamidov H, Haines C R S, Alireza P
L, Liu C, Son S, Hwang I, Lampronti G I, Daisenberger D,
Nahai-Williamson P, Wildes A R, Saxena S S, Park J G 2020
J. Condens. Matter Phys. 32 124003

Joy P A, Vasudevan S 1992 Phys. Rev. B 46 5425

Bhutani A, Zuo J L, McAuliffe R D, dela Cruz C R,
Shoemaker D P 2020 Phys. Rev. Mater. 4 034411

Wang C, He Q Y, Halim U, Liu Y Y, Zhu E B, Lin Z Y, Xiao
H, Duan X D, Feng Z Y, Cheng R, Weiss N O, Ye G J,
Huang Y C, Wu H, Cheng H C, Shakir I, Liao L, Chen X H,
Goddard Iii W A, Huang Y, Duan X F 2018 Nature 555 231
Wang N Z, Shi M Z, Shang C, Meng F B, Ma L K, Luo X G,
Chen X H 2018 New J. Phys. 20 023014

Meng F B, Liu Z, Yang L X, Shi M Z, Ge B H, Zhang H,
Ying J J, Wang Z F, Wang Z Y, Wu T, Chen X H 2020
Phys. Rev. B 102 165410

Shi M Z, Wang N Z, Lei B, Shang C, Meng F B, Ma L K,
Zhang F X, Kuang D Z, Chen X H 2018 Phys. Rev. Mater. 2
074801

Ma L K, Shi M Z, Kang B L, Peng K L, Meng F B, Zhu C S,
Cui J H, Sun Z L, Ma D H, Wang H H, Lei B, Wu T, Chen
X H 2020 Phys. Rev. Mater. 4 124803

(81]

(82]
(83]

(84]

(86]

(87]

(8]

(89]

[90]
[91]

[92]

(93]

[94]

[96]

[97]

(98]

[99]

057501-11

He Q, Lin Z, Ding M, Yin A, Halim U, Wang C, Liu Y,
Cheng H C, Huang Y, Duan X 2019 Nano Lett. 19 6819

Li X, Wu X, Yang J 2014 J. Am. Chem. Soc. 136 11065
Chittari B L, Park Y, Lee D, Han M, MacDonald A H,
Hwang E, Jung J 2016 Phys. Rev. B 94 184428

Wildes A R, Simonet V, Ressouche E, McIntyre G J, Avdeev
M, Suard E, Kimber S A J, Lancon D, Pepe G, Moubaraki B,
Hicks T J 2015 Phys. Rev. B 92 224408

Wang F, Shifa T A, Yu P, He P, Liu Y, Wang F, Wang Z,
Zhan X, Lou X, Xia F, He J 2018 Adv. Funct. Mater. 28
1802151

Mi M, Xiao H, Yu L, Zhang Y, Wang Y, Cao Q, Wang Y
2023 Materials Today Nano 24 100408

McCreary A, Simpson J R, Mai T T, McMichael R D,
Douglas J E, Butch N, Dennis C, Aguilar R V, Walker A R H
2020 Phys. Rev. B 101 064416

Wang X, Du K, Fredrik Liu Y Y, Hu P, Zhang J, Zhang Q,
Owen M H S, Lu X, Gan C K, Sengupta P, Kloc C, Xiong Q
2016 2D Mater. 3 031009

Mai T T, Garrity K F, McCreary A, Argo J, Simpson J R,
Doan-Nguyen V, Aguilar R V, Walker A R H 2021 Sci. Adv.
7 eabj3106

Sun Y J, Tan Q H, Liu X L, Gao Y F, Zhang J 2019 J. Phys.
Chem. Lett. 10 3087

Basnet R, Wegner A, Pandey K, Storment S, Hu J 2021
Phys. Rev. Mater. 5 064413

Han H, Lin H, Gan W, Xiao R C, Liu Y C, Ye J F, Chen L
M, Wang W W, Zhang L, Zhang C J, Li H 2023 Phys. Rev. B
107 075423

Calder S, Haglund A V, Kolesnikov A I, Mandrus D 2021
Phys. Rev. B 103 024414

Le Flem G, Brec R, Ouvard G, Louisy A, Segransan P 1982
J. Phys. Chem. Solids 43 455

Jeevanandam P, Vasudevan S 1999 J. Condens. Matter Phys.
11 3563

Bao W Z, Wan J Y, Han X G, Cai X H, Zhu H L, Kim D K,
Ma D K, Xu Y L, Munday J N, Drew H D, Fuhrer M S, Hu
L B 2014 Nat. Commun. 5 4224

Wan C, Gu X, Dang F, Itoh T, Wang Y, Sasaki H, Kondo M,
Koga K, Yabuki K, Snyder G J, Yang R, Koumoto K 2015
Nat. Mater. 14 622

Kang B L, Shi M Z, Li S J, Wang H H, Zhang Q, Zhao D, Li
J, Song D W, Zheng L X, Nie L P, Wu T, Chen X H 2020
Phys. Rev. Lett. 125 097003

Zhao Y, Su Y, Guo Y, Peng J, Zhao J, Wang C, Wang L,
Wu C, Xie Y 2021 ACS Mater. Lett. 3 210


https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1021/acs.nanolett.8b01278
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1038/s41563-022-01320-3
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1002/adma.202104658
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1038/s41467-023-41077-0
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1021/acsami.0c12483
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1039/D2NR06886A
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1021/acsami.3c06167
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1088/0256-307X/39/12/128501
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1016/0038-1098(81)90253-2
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1088/1361-648X/ab5be8
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevB.46.5425
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1103/PhysRevMaterials.4.034411
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1038/nature25774
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1088/1367-2630/aaa8a7
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevB.102.165410
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.2.074801
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1103/PhysRevMaterials.4.124803
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/acs.nanolett.9b01898
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1021/ja505097m
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.94.184428
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1103/PhysRevB.92.224408
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1002/adfm.201802151
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1016/j.mtnano.2023.100408
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1103/PhysRevB.101.064416
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1088/2053-1583/3/3/031009
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1126/sciadv.abj3106
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1021/acs.jpclett.9b00758
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevMaterials.5.064413
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.107.075423
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1103/PhysRevB.103.024414
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1016/0022-3697(82)90156-1
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1088/0953-8984/11/17/314
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/ncomms5224
https://doi.org/10.1038/nmat4251
https://doi.org/10.1038/nmat4251
https://doi.org/10.1038/nmat4251
https://doi.org/10.1038/nmat4251
https://doi.org/10.1038/nmat4251
https://doi.org/10.1038/nmat4251
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1103/PhysRevLett.125.097003
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
https://doi.org/10.1021/acsmaterialslett.0c00523
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 73, No. 5 (2024) 057501

SPECIAL TOPIC——Two-dimensional magnetism and topological spin physics e
COVER ARTICLE

Tuning magnetic properties of two-dimensional
antiferromagnetic MP X; by organic cations intercalation”

Mi Meng-Juan  Yu Li-Xuan  Xiao Han  Lii Bing-Bing? Wang Yi-Lin?
(School of Integrated Circuits, Shandong University, Jinan 250100, China)

( Received 24 December 2023; revised manuscript received 6 February 2024 )

Abstract

Electrical control of magnetism of two-dimensional (2D) antiferromagnetic (AFM) materials combines the
advantages of controlling magnetism by purely electrical means, compatibility with semiconductor process, low
energy consumption, heterogeneous integration of 2D materials with van der Waals (vdW) interface, and AFM
materials with no stray field, resistance to external magnetic field interference, and high intrinsic frequency, and
thus becomes a research focus in the field. The carrier concentration control is the main mechanism of electrical
control of magnetism, and has been proved to be an effective way to control the magnetic properties of
materials. The intralayer-antiferromagnetic materials have net-zero magnetic moments, and it is a challenging
task to measure their regulated magnetic properties. Therefore, there is limited research on the electrical control
of magnetism of intralayer-antiferromagnetic materials, and their potential mechanisms are not yet clear. Based
on the diversity of organic cations, the present work systematically modulates the carrier concentrations of 2D
intralayer-antiferromagnetic materials MPX; (M = Mn, Fe, Ni; X = S, Se) by utilizing organic cations
intercalation, and investigates the influence of electron doping on their magnetic properties. Phase transitions
between AFM-ferrimagnetic (FIM)/ferromagnetic (FM) depending on carrier concentration changes are
observed in MPX; materials, and the corresponding regulation mechanism is revealed through theoretical
calculations. This research provides new insights into the carrier-controlled magnetic phase transition of 2D
magnetic materials, and opens up a pathway for studying the correlation between the electronic structure and

magnetic properties of 2D magnets, and designing novel spintronic devices as well.
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