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Fig. 1. (a) The subordination between dielectric, piezoelectric, ferroelectric and pyroelectric; (b) dielectric temperature spectra of po-

tassium sodium niobate-based lead-free piezoelectric ceramics under 1 kHz (schematic diagrams of different phases are shown in the

inner illustration) 9; (c) schematic diagram of the ferroelectric hysteresis loop P-E; (d) schematic diagram of perovskite structure.
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Fig. 2. (a) Atomic structure diagram of CulnP,Sg; (b) surface morphology (left), piezoelectric response amplitude (middle) and
piezoelectric response phase (right) of CulnP,Sg tested by PFM; (¢) amplitude and phase of PFM piezoelectric response of CulnP,Sg
flake of 4 nm in thickness under different DC fields; (d) the dependence of the second harmonic signal intensity on the polarization
direction of the excited light in the CulnP,Sq flake of 100 nm thickness; (e) the temperature dependence of the second harmonic sig-
nal of CulnP,S; flake with different thickness; (f) the obtained PFM phase diagram after CulnP,Sg flake of 4 nm in thickness are
written back into the domain®!; (g) surface morphology of CulnP,Sg; (h) piezoelectric response amplitudes at different positions of
CulnP,Sg flake; (i) histogram of piezoelectric response as a function of the thickness of CulnP,Sq flake; (j) piezoelectric response

phase at different positions of CulnP,S; flakel®l.
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Fig. 3. (a) The diagrams of atomic structure of In,Ses™; (b) Surface morphology (upper left), PFM phase mapping image (upper
middle), PFM phase of different domains along the red line in the upper middle image (upper right), PFM amplitude hysteresis
loop (lower left), PFM phase hysteresis loop (lower middle) and PFM amplitude mapping image of domain engineering (lower
right) of In,Se; tested by PFMEB: (¢) PFM piezoelectric response amplitude and phase of In,Se;, and the mapping of SHG signal be-

fore and after domain writing[™l; (d) the out-of-plane and in-plane piezoelectric response phase of In,Se;?0.
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Table 1.  Typical ferroelectric and piezoelectric properties of two-dimensional van der Waals ferroelectric materials.

kL JEHRET./K  HWFHE,/(kV-em™)  FIRBAREP,/(0WC-cm?)  FEREFE/ (pm V1) E =N
CulnP,S; ~320 25—30 ~4 dyy = 95 [31,32,60-63]
o-Tn,Se;y 473 1000—4000 0.4 dgg = 1.17 [74,81]
SnTe 270 — — — (34]
MoTe, >300 — — — [82]
WTe, 350 — 0.051 — [83]
B-InSe >300 1500 0.375 — [84,85]
GaSe =350 — 0.0619 dy =23 [86,87]
SnS =300 — 0.018—0.048 dyg = 2.2 [88,89]
3R-Mo$S, =650 1000—1900 ~0.02 dyy = 2.09 [90,91]
Twisted BN 620 3000 0.68 dyy = 0.5 [92]
ScyCO, 300—600 2500 1.6 — [93,94]
Biy0,Se 508 ~8000 — 4.4 [95,96]
NbOI, ~462.42 ~8.5 1.43 0.6 [97]
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Fig. 4. (a) Schematic diagram of atomic structure of materials with hinge-like shape such as phospholene®; (b) STM diagram of the
spontaneous domain structure of SnTe with cell thickness and Fourier transform near the domain wall®¥; (c) schematic diagram of
twisted 1T structure of transition metal chalcogenides('?; (d) schematic diagram of trimerized structure of transition metal chalco-
genides!'”!; (e) Raman spectra of 2H-MoTe, and d1T-MoTe, flakes; (f) high-resolution TEM images of 2H-MoTe, (left) and d1T-
MoTe, (right); (g) piezoelectric response phase of the domain with “loop” shape constructed on the d1T-MoTe, flakel*?.

010809-10


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. 75, No.1(2026) 010809

RARGE R [ REFTRE T o0 X R 25 H 101102 Sl e el
WAk i 7= A 4R A3E T AT RE. Yuan 25 B2 )] PFM,
P K oy HE i WS (HRTEM) 55 2441k
FAHEF-BOX LGS T d1T-MoTe, F1 2H-MoTe, [
BER K R, AR 4(d) B, R LR Y
d1T-MoTe, f71E—2& Te 2307, J& THEFLLRFRY
458, I ELZoph Rk ELA R i HL A [l 2Rtk A ]
ek, S, ERIRELEELEY (10 BiyO,Sel))
A KLY (I NbOLO) gl Sk 52 & BAY
BRAPER A L E T ARL, B AR AR i
s A2 T T S O B, e BiyO,Se S5 AR
HABAE AT v a3, g 2ot
BAE R RN SRS L, ZE SRR
FRPZIE AT W Y R A 04 R FH i e (103109,
Gk M R 2 R E A A Ik, &Rk
& WTe, (& B — 4 i S 1B AR 5 A7
Cobden % B 75 — 4 HP IR 4 @ A RE WTe, 1 &

(a)

2500 Trilayer T/K
1200 -
2000 [
: 800
0
1 ) &
s ¢
1000
i
i
500
o T M Bl d,
h-BN dy _\‘\\ 0 \ A .
—0.1 0 0.1 0.2
Si0, E,/(V-nm~1)
(b) 0.6
0.5 28 P
> ” ‘\q AR S/ n
© 04f  Sofd \
% 03[ / vlood/ \
9 [ ¢ F ? s Q
LT;:J: 0.2 Q"IO'ID'ITP,\\ /,Pf.d:.o- \\Q
01r? o0 "y /7Y lalell
0 1 1 & d 1 1
0 02 04 06 08 1.0
NEB path parameter
o \ - ,//’f/?% + _
. A i
/ \ Bl/ter P\
giicaction coor inate
K 5

BT BRI AFTE IR, B0k 1 IEA R AR T
1965 A& H Y 2k B 4 Ja " BRIR 100 X — 28t &
WA TS E h & Bk S S A TR R
B EAT IS, W& 5(a), Fei 25 B3 #y# T F h-BN
AP RUZ =20 WTey #514, Zas 1 rT R
PR E LT, X PR ASHIA N 5 WTe, #kH
WA 5. — ZR GBI i H A PR BRI R B, 3%
ARHR A AL I SRR T REZE 350 K. AR Bk
WD Ry VR T LT 2 % B AL ARV S T
AR Ak R AR AL (AR — 4R, 4R R
LSRR8 2R 2548 A A R SR AT 52 B0 22 ) T %
110, NMITE e EUESoX — W4T bl T+
T YEAPRE AR PR R SEEE. AN, Liu 55 B2 LT
— P JE A R BT AUZ 1T -WTe, 4K M
J5T, AR F AR A TR T AR M (4 T A1 22 ) LA 5 7
I ELTH PN T8 B 0] L) S B4k F A A 1) B . AN
F R HA AEXRR e B HER R B R

- 500
Bilayer /K Monolayer /K
300 300
250 400
| 200]
150
300
n
=,
¥ N — 200
200 F—————— |
—
20 150
100 _-—_——/’"""’—
20 90
4
b 4
1 1 1 0 1 1 1
—0.1 0 0.1 —0.1 0 0.1
E,/(V-nm~—1) E,/(V-nm~1)

(a) WTey H JE T 55 H 71 38 8 B WUR WTey i {1 (9 L Bz 4 915 (b) B2 MXenes G544 7 T8 11 AR Ak 80 7 3o A2 14 3l

SR TR 10T () BUZ ZHEA k0 22 18] 28 % 7 B R 008 (d) PR A I A S04 1 45 K 7 1] 11001100

Fig. 5. (a) Atomic structure diagram of WTe, and electric transport characteristics of two-layer WTe, devices®); (b) schematic dia-

gram of single-layer MXenes and computational analysis of fretting elastic bands in the polarization inversion process!'””); (c) schem-

atic diagram of interlayer slip of two-dimensional bilayer materials!'’¥; (d) schematic diagram of hydroxylated graphene(!9%:110,
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Fig. 6. (a) Periodic modulation of piezoresponse (upper panels) and topography (lower panels) in Cuy_Iny,,/3P»Ss compounds®;
(b) the Born effective charge (BEC, black line) and relative atomic displacement (RAD, blue line) of PbTe along the [010] direc-
tion as a function of tension, the inset figure indicates the rippled crystal structures 2D PbTe in the P4/nmm space groupl™;
(¢) mechanism of “strong-light write and low-light read” under zero bias voltage, band alignment and the photogenerated carrier
transport process under in dark condition (right panels) and in illumination condition under zero bias for strong light write opera-
tion (middle panels) and mild light read operation (left panels)!'??; (d) potential energy well model for triboelectric effect (right pan-
nel) and Landau double-well energy landscape for ferroelectric polarization (middle pannel), when two materials undergo contact
electrification upon applying mechanical motion, charge transfer occurs, emitting energy Er, with the energy Er much higher than
the Landau energy barrier Ep, ferroelectric polarization switches from Py, t0 Pyown, note that by changing the connection of the tri-
boelectric unit, bidirectional switching can be achieved(!?3.
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Fig. 7. Crystal structure and origin of polarization in 3R-MoS,: (a) Side and top views of the atomic structures for AB (Mo on top,

S at bottom) and BA (S on top, Mo at bottom) stacking configurations!'*; (b) morphology and surface potential maps of two typic-

130]

al 3R-Mo$S, flakes, composed of 2-7 layers and 7-13 layers, respectively!'0.
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Fig. 8. Ferroelectricity in MoS,/WS, bilayer heterostructures®!: (a) Hysteresis loops of phase and amplitude without a DC electric

field; (b) hysteresis loops of phase and amplitude under a DC electric field; (¢) PFM phase image after writing a “box-in-box” pat-

tern with a DC bias; (d) amplitude image after writing the “box-in-box” pattern.
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Fig. 9. Physical mechanism of sliding ferroelectricity: (a) Top view of the atomic arrangement in bilayer BN, the topmost atoms are

shown as smaller circles!!?

; (b) upper panel is polarization-generation mechanism in AB/BA stacking, where black arrows point

from positively charged B atoms to the nearest N atoms in the other negatively charged layer, and red arrows indicate the polariza-

tion direction, lower panel is ferroelectric-switching path via interlayer sliding"**; (c) Moiré-superlattice ferroelectric domains in a

slightly twisted BN bilayer!'%s.
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Fig. 10. (a) Energy band computation results of a-In,Se;/Graphene and a-InySes/WSe, van der Waals heterojunction with the dif-

ferent polarization of a-In,Ses™; (b) ferroelectric diode based on a-In,Ses/Graphene heterostructures and its electrical characteristicl®™;
(c) ferroelectric diode based on CIPS/Si heterojunction and its electrical characteristicl®!.
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Fig. 11. (a) Two-dimensional ferroelectric tunneling junction device based on p-type semiconductor In:SnSe/ferroelectric SnSe/ n-

type semiconductor Sb:SnSel'S!; (b) non-volatile ferroelectric random access memory based on ferroelectric tunneling controlled by

SnTe in-plane polarization and its electrical transportation characteristic®; (c) the electrical characteristic of a-In,Se; regulated by

the electric field and schematic diagram of the memristor based on the a-In,Se; FET?.
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1 p B2 F4K In:SnSe /2R H SnSe/n #I2f- F{K Sb:
SnSe 1Y) " AEER LBR PR S SR 0F, TR A R EB W
e A B T AT b A T AL 1 B 2 B N R
A= A T ATk 1460% HOB% 28 LB (TER) R0
AN, Dai 55 162 R 5'-TngSes WEREJE 3T MG,
S5 B oR RN AR T A MR RS Y S 4 BT A
h, K TER 0] thB5EE I BH 200 51k, It H 2
G A ] R RE (B RSB BR T AN
S TAEAESE T 2 V078 T H Tk vl L ) ik 2
P EN E K TER, ST S84k S0 I 1 S it
FlisepkdiiE. Bilhn, Wu 55 091 kg8 T DL CIPS k%
O B A [ IR 13 A B 0 A0 ) S 1 AR X R EL AR 1)
WAL FTI 844, X —a s &k 107
P B E KR g BB (TER) &0 . e
K TER NI A 3Z 15 T 5 & V-4 155 BE AR K 1)
ARG, 3k 5 8 Az FLIG R Y CIPS AR Ak i
B EEAL 1 eV RN SR BE IR % V) HH
XK. il 11(b) FizR, Chang 45 B 3L HA [ P8k
HIL R A SnTe B4 2 H 7K - 45 14 1 2k vl Bk 25
SEa . AR RS B RO R AL, A
TAEH RN 0.5—0.7 V BYEH 98 TIF K H
AJIK 3000 AAFff R, % 25 L O K/ IN 5 8k A
fE5 R AR 25 H 25 M R A G, Gao 55 100 254
FARRET DI SR S B 2 s D i, RS
T UL AUZ MoS, b8k fi & 5 BN SR
Y xR T I G R AE R BELEY )23 )k v B 28 285 v Y
YA 70 . AT 138G HR 2 E5 A A Ak i Ui 7
W B R, FEA I X IR N AEAE 2 /D — A o
TSI AL DRI ) LT, X — R BN
TSR AR T T 224 3 0 2k el I 2 2 1 g A K
W71, Luo 4 19 2 T —Fh 4P 34K/ a-InySey/
SJEN) FTY 454, Hrp — 4 AR A$RME T
— o stfe L o A A = B 1) R T B T R A L T
U FELIAE (AT 0GB AR, XSO A G | TR
FERCIRE FEAIS . = TER G 0E3%. 7E b i1 45 i)
ZER R MoS,y/a-InySe;/Ti H) FTJs [A] i 26 B H %
TR A LB (NDR) R0 AR 104 19 5 g 28 i
FEALN. (EARF S, f04E MoS,, PdSe, I SnSe,
Ff S50 H A A TE N 20D 4 AR R 4 s
AT Tz e 4548, XA BT R RE 2 5 L 1
fzHLa. T, Li 55 100 DK 2k il 42 )8 WTe, 1
R R IE o R RS L, M WTey/a-
In,Ses/Au L5 IR 2R 45 | X5 25 R B T 46

ZRHAIAE AT (<2 V) FIETJTFEE (>10°)
SR AR, % Bk A JE A T R AR
FE . 0 R ARG AR T T Y B RV ). AR 4k
ke bR SELE I BF ST LS T R R, LR R PR AL
N P AE G TG e H AR T 45, (FUHC R 5 7
rh R E VA E S AT A R T 16T,

4.3 HEHUNREE

BREPEREEAG R B ik i Ak, B R
BARTIR I T B R, ATIE &R
Jr T R RLAY | BRHLRE ZF | K HL N S IR A
HA IS AT RE R HL T Ieas 1. 74k F 8500 iy
RS, A LR AR R I = A
()RR FER FL AR AR R B S b, B FHAE A A o
JZ2. FEXFh = s g R b 8 A AR 55
BAE S BB AFIERE, T BUE B AR
. 3K 3 e MR A A Fl SR B A ) AR
B ARBTERR 5, IE E kR 2 i R R A
PRELR. Wan %5 M F1 T L a-In,Sey MR A R
JZ, Graphene A5 B V) E AR B 37 800 RS, JF
T T HAR AR S e 12800, ki — ik
SN SR T ABEALE AL 105 IG5 75 0]
TRFEE S R, SR A LA AT 7 B ) — 2 At
B B0, AR DB SRR
FE-FET 3k 5 KYEAAERT. fil, Cui 55 B9 A H S
LR ) B U A5 T 2 InySey 19 T HLAT N,
mE 11(c) B, fEH-6 V FI+6 V 5 ABELLHY
XA R T e A RTIG H  XR. v
], YA BIEE RS, -6 V 5 A XIS L IR AR A AT
it 4 MR, SRS AR B BH AR REE
H. AT — A T Au/a-In,Sey/Au FI7KF-
SERBHASICAZ AR, B 11(c) RIAH: LV ik A
AR R, FFREHZA 10. IngSey 5 HL (]
S EL AT A Vil e A AR L R B R
PRI, TR AR ) 6 R TT B2 5 T, Seg 122 i 1 7
A E R (] B RS 22 A RIS, i LV iR 2
PRAEXTARPE. BEAb, SiaEBURE T LA a-In,Ses A
TIEREHTT HEO, AR A T2 ik f P A 5%
N ARAE, HIF G nT T 108, I HRBL T B
PICACAFif B . Wang 25 168 4 — Ak 50 48 pL H- 2
BREM B InySes ME MR BT, 456 448200k
h-BN FZHEHE R MoS,, Ml & 7 4k
Hr (vaW) 3 2 02k f 5 R0 i R (FeFET).
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i 1k — ZR B iz RN bk R B S AT
BT InySey A &R HL R R O AR fd M, [F]BF InySey Y
kPR At U S B A e 0 28 v 338 S A I
oA R SVER, B BT 478 L H ik
FL B A K H, 37 80 A A v B A T LR
7. T, Weng S5 (1981 30 358 LI 2 () 457 A% Fn 2 T
HL3A 2% $7R T 4k MnPSs, 193 IR 09 Sk ra e
R AR AR IR T S T BRI i il Atbf ]2 —
AT HF 4 MnPSs 1E R4 HLUZ 1 WSe, 1E
SR TE) I )V B E R R AN AR, A A
FIRAIGIR S T 8 B0 WU AR, TP &
Fbik 104, JB/R M IE B2kl A BHE T 2 Dhsedk
TR BRI /). Huang 55 109 4l | —Fh R T
CulnP,Ss/MoS, 76 7 B - 17 5 51 45 1 — 4E 454 1)
ek i A48 (2D LG-FeFET), iZ st B A7 Kid
2% 1 (10 V) AR IR (<0.01 nA) FIEHF L
10%, Ff PTAEALL7E e SRR TS 10 A 35 R o s
TS 1 5 fil T SR AR L I AT R,
% FeFET 28 9H TF 55 1H O 28 2% 9 7E
LRI, RS T 97.4% By EIR I MER R, IF
UERIE T B St s i3, X — TAR R
W3 T 4R LT AR FeFET #7042
T8 T % R B E A B AR RN A 2 AT Ak
TEIEBAR BRE.

& Jm ALY IR RO AR (MOSFET)
1A BRSSO L B 5 0 F B Y A F ek,
HIE AR RS R E A2 & B E] 5 nm #AR
T BT T AR B A T AN S B e
LI RN D FE G K I K BHLAR T 28 (- 1 RE 1Y)
e 4T, SEIAR AR RE L F 222 T AR R
J BE IR JR L -2 o 1) 7 ). SR, 2
FRF 2T B R 2% ST gt o e, 1640
Y vt SRS AR =00 T 1 B AR (SS HF) JL
FEA eSS 60 mV /dec LLTF . S SZBLAER
TRHE T TAER SRS, AR R a2 he R
ARIF KT BE 28 ab AR 170 H 2% Al A 17 17s)
HA T A A 07170 B SRR R AR L e iy
“BESE AR 1L I Bk G H A A (NC-
FET) $A N2 il F TR S BR 52 B AR SRR Y
A 2 —. IR AR TR F AR A ) R ) B o ke
F1%) 671 L 28 R0 X WM P s LA R A Y 172073 g
JBT 2 1) B FL A T )2 2 B e MR BB B R A AR R Y
O, Wit A AR B A AR AR BTG I Xk LA

BRSBTS AR, Har, gk Ak
HfO, F145 HL4 PVDF J2& & UL FAE M 2k e A o2
EE‘J*%*’L [81,177—180]_

THERERLREAE A 1T B b B B A R AR Y
PR LS, IF H i TR R 4 b Rk ]2
078 L 53 S 1A A AE S DTG R A, XA )
5 B i R e YA B E T S S A A R L i
G, JEF-GRIEEE ) e A BHE S H Y T AT R R b
0] T Y SO, T A 1 R B Ak e A
B A 8 LAY J52 2 D) T A A5 b et B 8 SR P A
1 S B0 T T O IR AL Si 45 D81 G TR
CulnP,S 1 MoS, 5 5t 45 #4 5% 1 2k f S 48, 3
Z H B MR S5 Fa 52w, A TR R s a1
TEV R (AR MR E L. W —BHY), Wang %5 (171
iR T L CulnPySg 1E R I AT 2L Z F1 L) D
JZI MoS, 1E 1538 1 51 L 25 b K8 (NC-FET),
2 AR 2 AR IR AT 60 mV /dec, A%
AJ FEIRE] 28 mV /dec. A T 5 CIPS E h T Al 9
NC-FET #HX bt ATl it 1 2844 52 15 i i 4
HF A 5 B 4 R (11 12). 17 0 3 42 15 X6 7 £
MOSFET ##4J@/R TH G miA 107 9 N #7458
RSV, B/ SS S 1.698 'V /dec, HIR 4T i
175 EZETF Si0, M2 S MoS, Z[H] i HLfif
FPARARN. T HL 25 500 5 5 T A F I B e X % A
O, T 9 S A P E A A T P AR R b R P o 7
REEMCIAFIFZER. BIR, CIPS Fl MoS, A ik
V118 D R ik ) e I e AL R A R R VE R
SPEBERY NC-FET. 14h, ix NC-FET bRl 1
B AL MOSFET A 7778 19 T B0 22 _E 500 A
Ty F BHARAE, XSG Bt — 0N T %A
S HA T AR, AT TR 5 | BN AR R
SN A B FFEAR CIPS (8 BE () 7 125 S el 2
PR R 2R IO IR 1. A, I 7E R R4 IS
IR TR OB A IR AR DS
2B, MR KT 3.8 mm B, g4I —
PRFFIRT 60 mV /dec 1Y SS, IS h X 25 0F i fie
MG B — @ R RVER. dE—2 b, 138 B
TIRA T FE T2 0 18 PO H- 17 17 A 2 A AR 1) e 34
t B HR R ARAS. HAT, SR L H T R s R
L2 AL 5 A A S (A — 2D A
XA A THRARHZ A A S0 TAENLEE, AT
PEACFNEE T8 AR AR B B AR T AR X S
UL, PR AR R B P A AR T P IS I .
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~
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g 04l 5 o 10V 53 ERRCh ~
5 § By OVe=OV % 2 1074 > Model
% Z 120} oVg=10V of ~ -5 w O Si0,/Si substrate
> 0317 s 10 8 3 Por .
o E ° Q0 6 2 g5l olyester substrate O
o 60 S0 om&m 10 — tcrps = 23.0 nm = :
n I R i . 10-7 N —15.4 g 60 [ele]
0.2 1012 10~ o 10-8 cips = 15.4 nm 3
) Tas/A 10-8 L t.CIPS =.13.3 nm e 0 )
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K12 (a) 2T CIPS/MoS, 5 B4 i f il 25 5 i i (R A - T8 A5 (b)), (o) 1 A0 TOOM 981 42 41 ) B R R I 2 L Vi (40
), b i R O (G €) LA B AR N AT B R 0 SS; (d) AN T WEEFE?“(BEIT%%#FE’JEEIEIWED%V 5V B EAR 07 (e) AN
CIPS ¥k R/ U2 S BE 48 B R RS R PR £k 5 () 7 B RS20 (TB00R ) 00 FL [l 8l 77 10 fla SR (IS HE) 5 CTPS JBE B2 AR G 2% 071

Fig. 12. (a) Schematic diagram of negative capacitance FET based on CIPS/MoS, heterojunctions; (b), (c) the transfer characterist-
ic Iy Vi (red curve), leakage current (blue curve) and the corresponding subthreshold swing controlled by back-gate and top-gate,
respectively; (d) the hysteresis voltage and subthreshold swing at different back-gate voltage scanning ranges; (e) the transfer char-
acteristic curves of devices with different CIPS ferroelectric thickness; (f) the CIPS flake thickness dependence of subthreshold swing
(top) and hysteresis voltage (bottom) 7.

FESRON AR T, A P E R A R HIANE, FeS-FET (7438 HL 5 B F 21 F 4461k
AAAT DIE R R B A B2 R A Fe-FET, A MK T RS AR AR A () SR AR SRS G I, T
B LA 21 S A 1) VA F Tk b A W H 2k L 48 2 R P R Ak PR F o e Y L. R
A AE R IRER R, XF FET PR ek 2 S FE 2019 4F, Si 55 BU B Sm bk r - R a-IngSey
IRV A% (FeS-FET). 5 Fe-FET f TAEHL VE RV E R R, 5 Si0,, HEO, Fil Al,O4 25 AN [A] i)
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G B A BUARSS &, HiliE T — R A FeS-
FET. Zas e IR sh i i S g2 3 78 108 1Y
R OC L, TR T ik 862 pA/um IS
FLIR RIS R BT 5 1. BR T U a-InySey SEAE ()
THEEE T R, B R AR
T Ak AR AL T T N B FeS-FET HUBESE
N Li & 152 4 1 B 2k L 2 F 4K -InSe 1E 14 18
ORI EE 3800 b AR, 2T -InSe 5 1 &4
Fefph 2 o] (%) R LA 2 I HL, S8 SC BT
5108 P SE L A2 4.5 V SERiCIZ s 0. Hoh i
Rk A AL D)4 5 S A 7% Bl 28 - R
O3, SRR L VA RS T AR T
1, Liu 5 U3 SR FAb 2= SR U TR A 52 MoS,
T AMEAA g R 2R 4 3R-MoS, 155
R LIS, It — 25 R HZ 3R-MoS, T8 %42k Ha
JEEAE SRy 2k rL e 00 T A ARG S 800 i AR A 91
(48 A™), XL B WO AR W [r 2 ANt 106
FFCLE, B AE D) RAFGERHE, JF HAs 3R
R A, HARE O 8 ((2.34 +
0.46) V). (A —4EM 2, 138 AR A 572 [A] s
6l FH 2 H R R DU AT LAY g Ak v~ S A V) 3 Y
HLIARON RS, X R ARt R T AR LR
FRUEPERE. BN, Baek 45 084 FyEE T —Fh CulnP,S
YR A 2 a-IngSes VE 4 18 T8 #1804 v,
YR RS (Fe-FET), % 2843 1 # i CIPS
5 a-In,Ses ML FFEA 77 Az 1 15 R AR A AL 55
BLTIK 145 VI RICHIZE 1T (M . Vg =
+10 V), [AIEF R E R (>109), K AREE
A (=101 s) AR E I ER I ATE (=101 1K), #K
P X Le S SN SR 5 HE BB SOAIE, 1A
FEN T 5 it RIASE - e 28 0o 24 ELAG 0 S 0o .

44 Z“HTLEREWSBEMBERER
FE 2514 R

(EEZRERE NP RS PSR e ke 3L L (R )
A A e AR P A O T L, (EL R
D7 S T A A R AT AR | B AT
el L SRR, B4 T SR CEPEREAN AT FEME, [RI ik
FAAE S RERE A B AT A A R BC R ). S Sk
RFHLE, e IR B B LY, BRI RA
JUEHESE R R, St v AR, R A
JERE LR R AR R AU AR AR RO, T
Hat A s Bt 5 2 SRR RS T — i — 4k

BRA A, AT LR A VA E AR, AR £k A
e R HEAEVRIE R IR A B b, X — e
S SEELRE PR | 2 3N ) 2 Ak RO T
HAE AR SR T A AR AR, X T Al
FUE IR B A R B R PR R T 1R 2 BT 2R N
FH, 1 Ak ol AR TE SR AR AL, A RUE Y
TRk A TN MO — R R g R B
KT

P VAL T X -y TER 1SRN vy S8 L0
BT I R AR s SR B ] LA AT
ANEEBE (A1 a-InySes W B 1.3—1.5 V), [FIEf HA
SROG-P AR S RO (U0 BiyO,Se 1B AL 373K 5 2%,
T BERCRIETE) RAEZ D RE4E lRrtE (e
PRI SEEOEM I B f i 5 S RN ), 2806
TR 2 EPERE A pRE R Bt i 5 O 3. i,
Li 45 U] SR A7 s AR e CIPS Sk 2, W
FEH HOGHL IR PO ARER A R T T PR 4L
HITF CIPS, a-In,Seq JE I H BAK A 2517 58 B Al
S OCHPERE, HOGW B Rk 2.86x 100 A/W,
K RALE AR E L 20 16T, X558 T HAK AR
BN 5 SCARAINE ) B[R] A FH 1861, 32 kit 2R 30 114
S B BHRRARRE ST (510 4B) BT E I (=2.9%
10°) UG 106 IRIGTEIRI AE. 5 a-InySey 28
fBl, BiyO,ySe Fll e-InSe & HA - FAARME ) 4kl
LTk AR R R LA IR A BB 2548 (TR1H2
BiZ) 0.8 eV) ML S 2RI T 1L A AR, i 7E 5
TG HL A TR R B EE N M E. Huang 55 99
IR T —FP LT BiyO,Se/Si S 4k i G HL AR
DS, ZAs 1 R B S 2% AR 22.3 nA /em?,
TFR R 8x 106, MR EEIRE] 23 A /W St 48
bR, 2024 4F, Wang 45 87 ¥E e-InSe #4 K} 818 P
HUSTERL T I RS AR B RN . K AT AR B A I B SR
e-InSe/f1 2205 F LM TE IR LA T, Jre 3
Hh R RGP A AR e B AR, X —F R I
R EEL AR A 30 A R T Y R R - B T T ) o
W ESRAE T JiffcE.

FEAFAE I T 8, #5235 T 4V FL ik
MR AL R D) e 1 BURRAS b, Tk
AR S 7R T L S AT R PR RS, AT S AR
SyRMEAERE. BN, Si 48 B R T—FEET a-InySey
i FeS-FET, HIFZA N 862 pA/(pm-m), FF5&
FolEad 108, HA MR TAER EMTEICIZE A, Lin
45 188) fhygdt T Ag/CIPS/Au HMZPH S, st
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B TR AE S R AR, TG LAk 3] 102,
B ARSI T 104 s. Wang %8 199 FF & T —Fp
Biy0,Se AN AR (FET), HIFCHIRE] 104,
IR T 47% BIICZ O, SR T HAE R AR
Gy RNEFEAt A SR Y ). 458 B AL i i
HL 0N — G2 A vk BE R SRR,
Wb AT S PR £ A AEAE. Li 45 182 /R 3L T CulnP,Sg/
MoS, B 45 1Y 4k B A7 e SC B0 1 MR H e ]
T Z PR, A BAEAE N TR M 2 E
SHARG D EEREEAEM. Li 55 00 R flgk 4
J& WTe, V54 A RL, NI T WTey/
a-InySes/Au ST ZS A F. AW 13 75 Wb F1)
TEPCH- S AR 5 BRI 25 bk F AR A IR ) 250, 552
BT AR TR RE A W T, BRRI 2 AT
W OBAKTAERE (IRF 2 V) DU E R 100 mU
PRSFF L, X — i S I R AR T FE | 5 %%
fEfgde AR AL T B TR HOR BR L. A, (TS
— RIS, 4Bk AR A DI T 2 ]
FeHL, HARINFE | a5 5 A e B 1 B 55 M
fe. BN, 3F "4k 3R-MoS, IEFEkH RSt Rl
R 1012 WIHHES Z5dir, 1AL SRR AR Y.
TETHRE N 7, B 4G A FUHr ek F AR
Fil A fh 2B 280 v ] DL H 2 GRS i U4
FEPERAE D) RAARIRES, it S (s 0 vl fig
PR 4N, 38 0 22 AR ] ) R R ok b 3 — 4k
LTSN TR QSE v S B e S oy TR T QS Y S|
Bk LRI A T s B Ik b 275 X i X, 2R
SEPAR DA I AT A, Liu 55 189 ] F X —
BUHIF & T —Fh 3 T 4648 L E- Bk s R -
InySes MIOGF-ZE Ml 24, SEIR T HL -G i 22 fih
A SR, AL A B AR B 5 (LTP) A s 72 410 16l
(LTD), &G M 015 %2 1.29 mW/cm?, 7E Set
1 Reset i F2 LK B8 27, =X IH A 64
F T AL AL, ZEARRDGER T H H bk e ik
AR )14 2 5 FRL TR (PSC) 23 Bl 5 344 A T 48 it
PRC5383 , 3 e PR T ot TR IS ) 4 0 R 2R AR AR D 5 T
. Guo M ik T —FETEH a-In,Ses/GaSe
A Py S TS A B S Al B, A A R S
BT A e 2R GUIRH L A S T R AR A
AL, WFSE 7, 38 Ak IR A B ) Al Ak Tl o
U A I AR, AT ROSHAD AR ) S ik %) G B
RERFME, A4 O ik i Ak | < o R 3 5 R I A
T S5 R B 28 T IEAT R (EAS — 3R AR, A

R L AR RS M S AT B M — 2 VA FU
B FEL R AR T I Ao 28 T 265 40U B T
1. Wang &5 191 32 F ik O UTRR T2 s )il 2%
TIEREEZ) 28 nm Y SnSe £k LI, JFIE Tk
T ARSI Au/SnSe/NSTO 1ZBH#%, 1%
SRR 2 () B B AE B2, I3 3 Jok w4
FRUERL T R A EE. I, Wan 55 092 5 Dy i il
TR RS HEET Biy0,Se BERHAIZ B #, 1%
PPRRR T P s 28000 YK Y T S AEER Y BLAN
PRE 400 ps BYYIHRE L, [A] Ik A T4k iy
K AL 858 (LTP) A1 R H] (LTD) 451k, %
S S M RE i B (LA RSO RLAE it 1 FH 45
R B E R B .

5 RAMERZ

TR R A TR 2 R R R AR
PRI 2R | o SR ATG | 2 T 45 S B 4 S
R A DRI L TR A I A AR TR R T RE.
TR E A AR ) A R R B A A R —
SERRHL AR G IS, DL CulnP,Sg Fl InySey
Sy MR R 1 A 1 P BTk re R IE AR IR PR,
HAE DA R REE IS R B A AR 2 S A A P A
TR T — RIS &, A RSk
W& 2 45 | Bk L 3 8O AR AR A LR B SR PR AL A AT
. YEETE T H Ik AT E R B A B TR
ZH AT A NEH T AR DGR A . LT,
AT J 3 1 — 2 J 0 U - S ik rp A R AR AR AR
RN TR It b e o TS REEN v S AT S R A
SURAER S 58 TAF 4R P e X — S8 4 b )
R FL PR BEE T, X 4k R A SO K
AH G LRl PE AN, PR ST R B = . BRTTT
B 5 R T A MR F AR A Y B = AR A R R
B — AT AR R A IR, I 4R T
L3k r b RHE AR FR R FE T AP AR R R AL R
AAENE X

YT ek A AR AR AR, CIPS &Y
Tl A B ELA S R Al A 5 B2 ) B B &= (H
H PR 4 pC/em?, MRIR LA LY IR LA 2=
RN TTRAOC S 5 R I ) M A R
PR AR BE AR, Ph ARk ARG 2—3 44K
. B T R R R A AR A e AR
TG SR AL G OGRS S A A AT I A RN 1SS B

010809-26


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. 75, No.1(2026) 010809

e PERE YRR L ER A R B HESIVE ], [ T 4R
) A FUE R A RS, R Sk
MR ETTR B2 MR TR N ) TR AT
BRH PR R 5 07 SRR 1) R e v T B A
AR B2 1) — 2k 30 78 PUE 0Tk AR — AN AR
R T5 1]

VB by 30T S0 7 1A AR Y 4 YA BT
HLRL, RSBk F AR A T D4 T o AR R 4 Y
UAE B ET ) ()5 S S, HR AL RS i R e
HRAR /N A& AT SRR R ) A R, R
LR PO R, TR, T BT 2 (A 2 3
I AEE R REILTR, ST R ER AR 5 ki
M RR AR L TR T REE, I AR R £ &
(2R T RE T s A%, & — MEMR RN T
). (E{EARE B, RSl PDRIER T A 7E T SC
JUTIAR (R AR AR [ R, X SR TR PR A B A
JER, FETHT Y BRFE FTS Yy R RS OB L R R FELR AL
RIE. LUK, HERRIGUT | HES A BE DL S N TE W45 4 55
REAE AT 5 1 VA% R P A A R, RIS S8 9 i
77 R B 1A Akt R R SR T RS Ak B DR S5 4
RATERGAA, BRI K Py A RSN R 30 A 2k
HLPRMR A 2 MR AL, ] 24 o A s o
R RS R A AR 1] SRR I FH A 0 e 22 B

WA, AR FUE R F R R A 9T 3 A
FHURES | Al SRR S5 7 kil 4, B RS
FEXHEN. R YT AT A2 AR TR 7 26l
£ 3R-MoS, J7 i HUAS T 3t J|& 3 (R AT SR i = A 4L
SR G oA 14 K T AR A Y B Sk F A R
Tk ZHEROE L ET R B A R AT A AR K
Xt P A O, PR BT & P AR R
HMNE A A T5 125 DA 2 e o i 1) 2V U H- gk
HLRTEL

BT TG FCH T AR R SR T,
56, ZHERKHL AR R OB A LA A AE R, A
FETFARPE OB 5E 0 B, SC B AR e R AR A1k | 4571
b, B2 Je vl Sk S LRI 5 1) S B g
SEEER AR B O . AR BIR TAE R,
FIH GeS, #l CulnP,Sg #4782 1) 5 T 25 1) 5L/ 8 b
PR B8 v 28k L B3] 11991 (L 3 R AH DG S5
B TAESCEE. HAr 2 A T B Zh A A 2k i b1 k)
P(VDF-TrFE) 8kt W4 5 — 4 b4 RL 255 F 2
TR E R B AR BRI 19 DL R /NS (5
10 pixel) (FET CulnP,S MGHLHEM RS SLEL T

A7 BRTAHAR 099 (ES SR Bk = B A ] — 4k
8 B30 Bk i A S B R R 1L P T 1 £ 41
B, AR TER AR B thsh, AT AT L2,
LB B S LT ke R S LA i T L
AR, o H BRI R[] .85 R S AR IR ]
AR R XA B IR ST IR I R T
JER ] 5 T 2RI, LSRR g o e
IRSAE 7, BRI ELY 5 HLREE AR AL TR AR
KV, B TTT S NG — GRS ol B B O
R Z, LIJCSERE G B il AR . st
ST PR R 4 T A R A A R S B A e
JZZ 1B St L, SRR rRL R | e AR P A i,
XSRS TRE BT, G 5 i A X B R
T, Tl PR A AR 1. AR, e R R
F, CHEE R A B R R TR
P Bl IR MR SE R 2R, R SR
S AR TF O AT SE PR )R A, A ST
W], 5 F e A FL IR A kL e A A
i BTG T SE RO S 1) R A AR e A 7Y (ELa
el P 2V P P H O B AR T AR RR S
HATRME /T U AL, RN 8 0FAHSC DI BE .
A AR E PR T 55 i A, 75 BBk
A JE L AEAARHRE T | Gl B A R B i TR 5 R
W, LIRS T R Y
B A PR TS LT Bk B A R AR
IS5 T B EAR R RIS T .

UnAerps A O T E TRk A A R S B A
RILEHAF L BLARF BB DI RE AN 2 D REAL 2 —
A A PR AEAR B RS D 1) i, de i ik
TR R A BR AL | - ARG E S DI RERI N T3
T8 L HMr S TR A, T A B S B (] P A5 TR
PRI Z I RE g . —4Eu s P H- 2 gk o A4
BHEMZIL TR ST LR RA UL, @i 5
PP R WA 0 AR, RIS BB Ao 2 1Y i
g n] i, I TRLALL S fi vl SEPEAT S, g K S5 AR
RERGUITRE BB B AL.

SRR, T HEV T R Bk B A R
JE | ARIIFERYAR 2 R AEAT% | A2 28RNSR
AR A TR R A, (H AR AR
BURAA 5 S B Al B RUASAL A 7 | 5 B I A
PR T Z A A 1S A 18] — EOPE S5 (R L
VER— R PR R H AT ST U, 7 25T
BRI L T TE I e HAFAE A5 S )

010809-27


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. 75, No. 1 (2026) 010809

S ik
1] Rabe K M, Ahn C H, Triscone J M 2007 Physics of

(10]
(11]
(12]
(13]
(14]
(15]
(16]
(17]
(18]
(19]

20]

21]

[22]

23]

24]

[25]

Ferroelectrics: A Modern Perspective (Heidelberg: Springer
Berlin) p11

Wang A, Chen R, Yun Y, Xu J, Zhang J 2025 Advanced
Functional Materials 35 2412332

Haertling G H 1999 J. Am. Ceram. Soc. 82 797

Cross L E 1987 Ferroelectrics 76 241

Cross L E 1994 Ferroelectrics 151 305

Valasek J 1921 Phys. Rev. 17 475

Fong D D, Stephenson G B, Streiffer S K, Eastman J A,
Auciello O, Fuoss P H, Thompson C 2004 Science 304 1650
Junquera J, Ghosez P 2003 Nature 422 506

Gao P, Zhang 7 Y, Li M Q, Ishikawa R, Feng B, Liu H J,
Huang Y L, Shibata N, Ma X M, Chen S L, Zhang J M, Liu
K H, Wang E G, Yu D P, Liao L, Chu Y H, Ikuhara Y 2017
Nat. Commun. 8 15549

Mehta R, Silverman B, Jacobs J 1973 J. Appl. Phys. 44 3379
Gruverman A, Wu D, Lu H, Wang Y, Jang H, Folkman C,
Zhuravlev M Y, Felker D, Rzchowski M, Eom C B 2009
Nano Lett. 9 3539

Sang X, Grimley E D, Schenk T, Schroeder U, LeBeau J M
2015 Appl. Phys. Lett. 106 162905

Tybell T, Ahn C, Triscone J M 1999 Appl. Phys. Lett. 75
856

Ghosez P, Rabe K 2000 Appl. Phys. Lett. 76 2767

Chen I W, Wang X H 2000 Nature 404 168

Cui C J, Xue F, Hu W J, Li L. J 2018 npj 2D Mater. Appl. 2
18

Bune A V, Fridkin V M, Ducharme S, Blinov L. M, Palto S
P, Sorokin A V, Yudin S, Zlatkin A 1998 Nature 391 874
Fridkin V, Ducharme S, Bune A, Palto S, Yudin S, Blinov L
2000 Ferroelectrics 236 1

Muller J, Boscke T S, Schroder U, Mueller S, Brauhaus D,
Bottger U, Frey L, Mikolajick T 2012 Nano Lett. 12 4318
Mittmann T, Materano M, Lomenzo P D, Park M H,
Stolichnov I, Cavalieri M, Zhou C, Chung C C, Jones J L,
Szyjka T 2019 Adv. Mater. Interfaces 6 1900042

Ferrari A C, Bonaccorso F, Falko V, Novoselov K S, Roche
S, Beggild P, Borini S, Koppens F H L, Palermo V, Pugno
N, Garrido J A, Sordan R, Bianco A, Ballerini L, Prato M,
Lidorikis E, Kivioja J, Marinelli C, Ryhénen T, Morpurgo A,
Coleman J N, Nicolosi V, Colombo L, Fert A, Garcia-
Hernandez M, Bachtold A, Schneider G F, Guinea F, Dekker
C, Barbone M, Sun Z, Galiotis C, Grigorenko A N,
Konstantatos G, Kis A, Katsnelson M, Vandersypen L,
Loiseau A, Morandi V, Neumaier D, Treossi E, Pellegrini V,
Polini M, Tredicucci A, Williams G M, Hee Hong B, Ahn J
H, Min Kim J, Zirath H, van Wees B J, van der Zant H,
Occhipinti L, Di Matteo A, Kinloch T A, Seyller T, Quesnel
E, Feng X, Teo K, Rupesinghe N, Hakonen P, Neil S R T,
Tannock Q, Lofwander T, Kinaret J 2015 Nanoscale T 4598
Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,
Dubonos S V, Grigorieva I V, Firsov A A 2004 Science 306
666

Zeng GY, Fang Z Y, He W B, Wang Z X, 1i Y J, Xiao L
T, Jia ST, Qin C B, Zhang R'Y Chin. Opt. Lett. 22 091601
Wang J Q, XuY Q, Mao Z J, Wu G X, Guo R X, Li X, Du
Y, Geng Y F, Li X J, Tsang H K, Cheng Z Z 2024 Chin.
Opt. Lett. 22 091301

Wen Y, Han S T, Zhou Y 2025 Acta Phys. Sin. 74 178502
(in Chinese) [[HIFT, #3105, HME 2025 PB4 74 178502

[26]
[27]

(28]

29]

[30]
31]

32]

33]

[34]

[35]

[36]
37]

[38]

30]
0]
1]
42]

[43]

[44]

[45]

[46]

(47]

(48]

[49]
[50]

[51]
[52]

010809-28

Wu M, Jena P 2018 Wires Comput. Mol. Sci. 8 €1365
Bandurin D A, Tyurnina A V, Geliang L Y, Mishchenko A,
Zélyomi V, Morozov S V, Kumar R K, Gorbachev R V,
Kudrynskyi Z R, Pezzini S 2017 Nat. Nanotechnol. 12 223
Sucharitakul S, Goble N J; Kumar U R, Sankar R, Bogorad
Z A, Chou F C, Chen Y T, Gao X P 2015 Nano Lelt. 15
3815

Yang S L, Liu C S, Yu S H, Jiang P, Hao H, Zhang L, Liu
Y S, Zheng X H 2025 Chin. Phys. Lett. 42 090705

Feder J 1976 Ferroelectrics 12 71

Liu F C, You L, Seyler K L, Li X B, Yu P, Lin J H, Wang
X W, Zhou J D, Wang H , He H Y, Pantelides S T, Zhou
W, Sharma P, Xu X D, Ajayan P M, Wang J L, Liu Z 2016
Nat. Commun. T 12357

Simon A, Ravez J, Maisonneuve V, Payen C, Cajipe V 1994
Chem. Mater. 6 1575

Fei Z Y, Zhao W J, Palomaki T A, Sun B S, Miller M K,
Zhao Z 'Y, Yan J Q, Xu X D, Cobden D H 2018 Nature 560
336

Chang K, Liu J, Lin H, Wang N, Zhao K, Zhang A, Jin F,
Zhong Y, Hu X, Duan W 2016 Science 353 274

Zhou Y, Wu D, Zhu Y H, Cho Y J, He Q, Yang X, Herrera
K, Chu Z D, Han Y, Downer M C, Peng H L, Lai K J 2017
Nano Lett. 17 5508

Cui C, Hu W J, Yan X, Addiego C, Gao W, Wang Y, Wang
Z,Li L, Cheng Y, Li P 2018 Nano Lett. 18 1253

Wan S Y, LiY, Li W, Mao X Y, Zhu W G, Zeng H L 2018
Nanoscale 10 14885

Xue F, Hu W J, Lee K C, Lu L' S, Zhang J W, Tang H L,
Han A L, Hsu W T, Tu S B, Chang W H, Lien C H, He J
H, Zhang Z D, Li L J, Zhang X X 2018 Adv. Funct. Mater.
28 1803738

Wang C Y, Zhang Y X, Zhang D C, Sun Y, Zhang T, Li J
2025 Small 21 2408375

Zhao H'Y, Yun J N, Li Z, Liu Y, Zheng L, Kang P 2024
Mater. Sci. Eng. R 161 100873

Wang H, Tang Y S, Han X, Yang J L, Zhang X, Yan X B
2024 Appl. Phys. Rev. 11 021330

Fan Z W, QuJ Y, Wang T, Wen Y, An Z W, Jiang Q T,
Xue W H, Zhou P, Xu X H 2023 Chin. Phys. B 32 128508
Jin X, Tao L, Zhang Y Y, Pan J B, Du S X 2022 Acta Phys.
Sin. 71 127305 (in Chinese) [4:8%, P, sRAYTE, W4k, 41
i 2022 PRAEdR 71 127305]

Zhang F X, Wang L K 2001 Modern Piezoelectricity (Vol. 1)
(Beijing: Science Press) p170 (in Chinese) 5K %%, T ui 3
2001 BACHHLE () (dbat: Blesmipt) 55 170 5T

Zhong W L 1996 Physics of Ferroelectrics (Beijing: Science
Press) p50 (in Chinese) 1 4% 1996 £k (Jbnt: Bl
HhRAL) 2 50 BT

LiJ F, Wang K, Zhu F Y, Cheng L. Q, Yao F Z 2013 J.
Am. Ceram. Soc. 96 3677

Neumayer S M, Si M, Li J, Liao P Y, Tao L, O’Hara A,
Pantelides S T, Ye P D, Maksymovych P, Balke N 2022
ACS Appl. Mater. Interfaces 14 3018

Zhang Y, Taniguchi R, Masubuchi S, Moriya R, Watanabe
K, Taniguchi T, Sasagawa T, Machida T 2022 Appl. Phys.
Lett. 120 013103

Kwon O, Seol D, Qiao H, Kim Y 2020 Adv. Sci. 7 1901391
Checa M, Neumayer S, Susner M A, McGuire M A,
Maksymovych P, Collins L 2021 Appl. Phys. Lett. 119
252905

Su S Q, Zhao J, Ly T H 2024 Small Methods 8 2400211

Guo Y, Kakimoto K I, Ohsato H 2004 Appl. Phys. Lett. 85


https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1002/adfm.202412332
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1111/j.1151-2916.1999.tb01840.x
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150198708016945
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1080/00150199408244755
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1103/PhysRev.17.475
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1126/science.1098252
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/nature01501
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1038/ncomms15549
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1063/1.1662770
https://doi.org/10.1021/nl901754t
https://doi.org/10.1021/nl901754t
https://doi.org/10.1021/nl901754t
https://doi.org/10.1021/nl901754t
https://doi.org/10.1021/nl901754t
https://doi.org/10.1021/nl901754t
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.4919135
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.124536
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1063/1.126469
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/35004548
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/s41699-018-0063-5
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1038/36069
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1080/00150190008016036
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1021/nl302049k
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1002/admi.201900042
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1039/C4NR01600A
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://doi.org/10.1126/science.1102896
https://opg.optica.org/col/abstract.cfm?URI=col-22-9-091601
https://opg.optica.org/col/abstract.cfm?URI=col-22-9-091601
https://opg.optica.org/col/abstract.cfm?URI=col-22-9-091601
https://opg.optica.org/col/abstract.cfm?URI=col-22-9-091601
https://opg.optica.org/col/abstract.cfm?URI=col-22-9-091601
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.3788/COL202422.091301
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.7498/aps.74.20250703
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1002/wcms.1365
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1038/nnano.2016.242
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1021/acs.nanolett.5b00493
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1088/0256-307X/42/9/090705
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1080/00150197608241395
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1021/cm00045a016
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1002/smll.202408375
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1016/j.mser.2024.100873
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1063/5.0172353
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.1088/1674-1056/ad08a4
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.7498/aps.71.20220349
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1111/jace.12715
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1021/acsami.1c18683
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1063/5.0074371
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1002/advs.201901391
https://doi.org/10.1063/5.0078034
https://doi.org/10.1063/5.0078034
https://doi.org/10.1063/5.0078034
https://doi.org/10.1063/5.0078034
https://doi.org/10.1063/5.0078034
https://doi.org/10.1063/5.0078034
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1002/smtd.202400211
https://doi.org/10.1063/1.1813636
https://doi.org/10.1063/1.1813636
https://doi.org/10.1063/1.1813636
https://doi.org/10.1063/1.1813636
https://doi.org/10.1063/1.1813636
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. 75, No.1(2026) 010809

[53]
[54]

[55]

[56]

[57]

[58]
[59]

[60]

[61]

(62]

(63]

[64]

[65]

(6]

[67]

(68]
[69]

[70]

[71]

(72]

73]

[74]

[75]

[76]

4121

Onsager L 1944 Phys. Rev. 65 117

Liang L, Pan E, Cao G M, Chen J G, Wang R X, Dong B,
Liu Q, Chen X, Luo X, Kong Y F, Liu F C 2025 Nat.
Commun. 16 4462

Zhou S, You L, Chaturvedi A, Morris S A, Herrin J S,
Zhang N, Abdelsamie A, Hu Y Z, Chen J Q, Zhou Y, Dong
S, Wang J L 2020 Mater. Horiz. T 263

Wu Y Y, Zhang T J, Guo D P, Li B C, Pei K, You W B,
DuY Q, Xing W C, Lai Y X, Ji W, Zhao Y D, Che R C
2024 Nat. Commun. 15 10481

Sui FR,LIHY, QiR J, Jin M, Lv Z W, Wu M H, Liu X
C, Zheng Y F, Liu BT, Ge R, Wu Y N, Huang R, Yue F Y,
Chu J H, Duan C G 2024 Nat. Commun. 15 3799

Yang Z, Wu M 2025 Appl. Phys. Rev. 12 021417

Brehm J A, Neumayer S M, Tao L, O’Hara A,
Chyasnavichus M, Susner M A, McGuire M A, Kalinin S V,
Jesse S, Ganesh P, Pantelides S T, Maksymovych P, Balke
N 2020 Nat. Mater. 19 43

Belianinov A, He Q, Dziaugys A, Maksymovych P, Eliseev
E, Borisevich A, Morozovska A, Banys J, Vysochanskii Y,
Kalinin S V 2015 Nano Lett. 15 3808

Si M W, Saha A K, Liao P Y, Gao S J, Neumayer S M, Jian
J, Qin J K, Balke Wisinger N, Wang H Y, Maksymovych P,
Wu W Z, Gupta S K, Ye P D 2019 ACS Nano 13 8760

Qi J S, Wang H, Chen X F, Qian X F 2018 Appl. Phys.
Lett. 113 043102

Studenyak I, Mitrovcij V, Kovacs G S, Gurzan M, Mykajlo
O, Vysochanskii Y M, Cajipe V 2003 Phys. Status Solidi (b)
236 678

Hu Y Q, Zhang J J, Zhou Z, Wang S, Li Q K, Hou Y F,
Ying T H, Yang L L, Zhang J Y, Yin S Z, Weng Y Y, Dong
S, Yao J L, Fang L, You L 2025 Chin. Phys. Lett. 42 120805
You L, Zhang Y, Zhou S, Chaturvedi A, Morris S A, Liu F
C, Chang L, Ichinose D, Funakubo H, Hu W J, Wu T, Liu
Z, Dong S, Wang J L 2019 Sci. Adv. 5 eaav3780
Maisonneuve V, Evain M, Payen C, Cajipe V, Molinie P
1995 J. Alloys Compd. 218 157

Susner M A, Belianinov A, Borisevich A, He Q,
Chyasnavichyus M, Demir H, Sholl D S, Ganesh P,
Abernathy D L, McGuire M A 2015 ACS Nano 9 12365
Zhang D W, Luo Z D, Yao Y, Schoenherr P, Sha C H, Pan
Y, Sharma P, Alexe M, Seidel J 2021 Nano Lett. 21 995

Guo C J, Zhu J J, Liang X L, Wen C F, Xie J Y, Gu C D,
Hu W B 2024 Nat. Commun. 15 10152

Jiang X G, Wang T J, Zhang Y X, Deng Z Y, Zhang X P,
Zhu R X, Kang J Q, Yang X D, Chen X, Wang X L, Gao P,
Huang H B, Duan X D, Cheong S W, Wang X Y, Yang W
Y, Hong J W 2025 Nat. Mater. 24 1942

Abrahams S 1990 Ferroelectrics 104 37

Ding W J, Zhu J B, Wang Z, Gao Y F, Xiao D, Gu Y,
Zhang Z'Y, Zhu W G 2017 Nat. Commun. 8 14956

Xiao J, Zhu H'Y, Wang Y, Feng W, Hu Y X, Dasgupta A,
Han Y M, Wang Y, Muller D A, Martin L. W, Hu P A,
Zhang X 2018 Phys. Rev. Lett. 120 227601

Wan S Y, LiY, Li W, Mao X Y, Wang C, Chen C, Dong J
Y, Nie A M, Xiang J Y, Liu Z Y, Zhu W G, Zeng H L 2019
Adv. Funct. Mater. 29 1808606

Lu H, Masood S B, Loes M, Acharya K, Hossain M S,
Khurana R K, Bagheri S, Paudel T R, Lipatov A, Tsymbal
E Y 2024 Adv. Funct. Mater. 34 2403537

Jiang Y X, Ning X K, Liu R H, Song K P, Ali S, Deng H'Y,
LiY Z, Huang B H, Qiu J H, Zhu X F, Fan Z, Li Q K, Qin

[77)
78]
[79)
80]

[81]

(82]
[83]
[84]
[85]
[86]

[87]
[83]

(89]

[90]
[91]

[92]

(93]
[94]
[95]

[96]

[97]

(98]

[99]
[100]
[101]
[102]
[103]

[104]

010809-29

C B, Xue F, Yang T, Li B, Liu G, Hu W J, Li L J, Zhang Z
D 2025 Nat. Commun. 16 7364

Yin H B, Liu C, Zheng G P, Wang Y X, Ren F Z 2019 Appl.
Phys. Lett. 114 192903

Wan W Z, Liu C, Xiao W, Yao Y 2017 Appl. Phys. Lett.
111 132904

Zhang X L, Yang Z X, Chen Y 2017 J. Appl. Phys. 122
064101

You H L, Jia Y M, Wu Z, Wang F F, Huang H T, Wang Y
2018 Nat. Commun. 9 2889

Si M W, Saha A K, Gao S J, Qiu G, Qin J K, Duan Y Q,
Jian J, Niu C, Wang H' Y, Wu W Z, Gupta S K, Ye P D
2019 Nat. Electron. 2 580

Yuan S G, Luo X, Chan H L, Xiao C C, Dai Y W, Xie M H,
Hao J H 2019 Nat. Commun. 10 1775

Sharma P, Xiang F X, Shao D F, Zhang D, Tsymbal E Y,
Hamilton A R, Seidel J 2019 Sci. Adv. 5 eaax5080

Hu H W, Sun Y L, Chai M S, Xie D, Ma J, Zhu H W 2019
Appl. Phys. Lett. 114 252903

Zhang Q, Fan A Q, Wang Y S, Wu F, Li L, Meng H, Geng
D H 2025 npj 2D Mater. Appl. 9 76

Errandonea D, Segura A, Munoz V, Chevy A 1999 Phys.
Rev. B 60 15866

Li W B, Li J 2015 Nano Res. 8 3796

Fei R X, Kang W, Yang L 2016 Phys. Rev. Letters 117
097601

Higashitarumizu N, Kawamoto H, Lee C J, Lin B H, Chu F
H, Yonemori I, Nishimura T, Wakabayashi K, Chang W H,
Nagashio K 2020 Nat. Commun. 11 2428

Rogée L, Wang L, Zhang Y, Cai S, Wang P, Chhowalla M,
Ji W, Lau S P 2022 Science 376 973

Bian R J, He R, Pan E, Li Z F, Cao G M, Meng P, Chen J
G, Liu Q, Zhong Z C, Li W W, Liu F C 2024 Sicence 385 57
Pan E, Yang F, Liu Q, Wang R X, Luo X, Dong B, Li Z F,
Liang L, Chen J G, Liu F C 2025 Mater. Sci. Eng. R 166
101065

Ding W T, Lu J, Tang X, Kou L Z, Liu L 2023 ACS Omega
8 6164

Lu Y, Fei R X, Lu X B, Zhu L H, Wang L, Yang L 2020
ACS Appl. Mater. Interfaces 12 6243

Ghosh T, Samanta M, Vasdev A, Dolui K, Ghatak J, Das T,
Sheet G, Biswas K 2019 Nano Lett. 19 5703

Wang W J, Meng Y, Zhang Y X, Zhang Z M, Wang W, Lai
Z X, Xie P S, Li D J, Chen D, Quan Q, Yin D, Liu C T,
Yang Z B, Yip S, Ho J C 2023 Adv. Mater. 35 2210854

Wu Y Z, Abdelwahab I, Kwon K C, Verzhbitskiy I, Wang
L, Liew W H, Yao K, Eda G, Loh K P, Shen L, Quek S Y
2022 Nat. Commun. 13 1884

Zhu H'Y, Wang Y, Xiao J, Liu M, Xiong S M, Wong Z J,
YeZ L, YeY, Yin X B, Zhang X 2015 Nat. Nanotechnol. 10
151

Hu T, Wu H P, Zeng H B, Deng M K, Kan E J 2016 Nano
Lett. 16 8015

Okugawa R, Tanaka J, Koretsune T, Saito S, Murakami S
2015 Phys. Rev. Lett. 115 156601

Shirodkar S N, Waghmare U V 2014 Phys. Rev. Lett. 112
157601

Bruyer E, Di Sante D, Barone P, Stroppa A, Whangbo M H,
Picozzi S 2016 Phys. Rev. B 94 195402

Yang T, Li X, Wang L M, Liu Y M, Chen K J, Yang X,
Liao L, Dong L, Shan C X 2019 J. Mater. Sci. 54 14742
Hung T P, Chen W H, Chen Y J, Tu Y H, Huang Z H,
Chueh Y L, Yeh C H, Chen C W, Jhang Y Y, Chu Y H


https://doi.org/10.1063/1.1813636
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1103/PhysRev.65.117
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1038/s41467-025-59697-z
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1039/C9MH01215J
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-54841-7
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1038/s41467-024-48218-z
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1063/5.0265773
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1038/s41563-019-0532-z
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acs.nanolett.5b00491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1021/acsnano.9b01491
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1063/1.5038037
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1002/pssb.200301513
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1088/0256-307X/42/12/120805
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1126/sciadv.aav3780
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1016/0925-8388(94)01416-7
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acsnano.5b05682
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1021/acs.nanolett.0c04023
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41467-024-54229-7
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1038/s41563-025-02346-z
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1080/00150199008223810
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.201808606
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1002/adfm.202403537
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1038/s41467-025-62822-7
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.5097425
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4996171
https://doi.org/10.1063/1.4989614
https://doi.org/10.1063/1.4989614
https://doi.org/10.1063/1.4989614
https://doi.org/10.1063/1.4989614
https://doi.org/10.1063/1.4989614
https://doi.org/10.1063/1.4989614
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41467-018-05343-w
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41928-019-0338-7
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1126/sciadv.aax5080
https://doi.org/10.1063/1.5097842
https://doi.org/10.1063/1.5097842
https://doi.org/10.1063/1.5097842
https://doi.org/10.1063/1.5097842
https://doi.org/10.1063/1.5097842
https://doi.org/10.1063/1.5097842
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1038/s41699-025-00600-1
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1103/PhysRevB.60.15866
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1007/s12274-015-0878-8
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1038/s41467-020-16291-9
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.abm5734
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1126/science.ado1744
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1016/j.mser.2025.101065
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsomega.2c06828
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acsami.9b19320
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1021/acs.nanolett.9b02312
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1002/adma.202210854
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/s41467-022-29495-y
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1038/nnano.2014.309
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1021/acs.nanolett.6b04630
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.115.156601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevLett.112.157601
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1103/PhysRevB.94.195402
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
https://doi.org/10.1007/s10853-019-03963-1
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 £ 3R Acta Phys. Sin. Vol. 75, No.1(2026) 010809

[105]

[106]
[107]

[108]
[109]

[110]
[111]
[112]
[113]
[114]
[115]

[116]

[117]
[118]
[119]
[120]

[121]

[122]

[123]

[124]

[125]

[126]
[127]

[128]

[129]

[130]

[131]

[132]

[133)

2025 ACS Appl. Mater. Interfaces 17 26931

Khan U, Xu R Z, Nairan A, Han M J, Wang X S, Kong L
G, Gao J K, Tang L 2024 Adv. Funct. Mater. 34 2315522
Bhowal S, Spaldin N A 2023 Annu. Rev. Mater. Res. 53 53
Chandrasekaran A, Mishra A, Singh A K 2017 Nano Lett. 17
3290

Li L, Wu M H 2017 ACS Nano 11 6382

Wu M, Burton J D, Tsymbal E Y, Zeng X C, Jena P 2013
Phys. Rev. B 87 081406

Wu M, Dong S, Yao K, Liu J, Zeng X C 2016 Nano Lett. 16
7309

Yasuda K, Wang X, Watanabe K, Taniguchi T, Jarillo-
Herrero P 2021 Science 372 1458

Vizner Stern M, Waschitz Y, Cao W, Nevo I, Watanabe K,
Taniguchi T, Sela E, Urbakh M, Hod O, Ben Shalom M
2021 Science 372 1462

Liu Y L, Liu G, Xi X X 2025 Chin. Phys. B 34 017701
Huang C X, Du Y P, Wu H P, Xiang H J, Deng K M, Kan
E J 2018 Phys. Rev. Letters 120 147601

Dziaugys A, Banys J, Macutkevic J, Sobiestianskas R,
Vysochanskii Y 2010 Phys. Status Solidi (b) 207 1960
Vysochanskii Y M, Beley L, Perechinskii S, Gurzan M,
Molnar O, Mykajlo O, Tovt V, Stephanovich V 2004
Ferroelectrics 298 361

Dziaugys A, Shvartsman V, Macutkevic J, Banys J,
Vysochanskii Y, Kleemann W 2012 Phys. Rev. B 85 134105
Samulionis V, Banys J, Vysochanskii Y 2010 Mater. Sci
Forum. 636 398

Layegh M, Bennett J W 2025 Dalton Transactions 54 14384
Yang Q, Meng S 2024 Phys. Rev. Letters 133 136902

Zhang J, Yang K, Yu J X, Wan H H, Zhang J, Fu H X,
Ding Z J, Shi X H, Meng S 2025 Phys. Rev. B 111 104111
Zhang K, Li H Z, Mu H R, Li Y, Wang P, Wang Y, Chen T
S, Yuan J, Chen W Q, Yu W Z, Zhang G Y, Bao Q L, Lin S
H 2024 Adv. Mater. 36 2405233

Wang B Y, He X, Luo J J, Chen Y T, Zhang Z X, Wang D,
Lan S G, Wang P J, Han X, Zhao Y D, Li Z, Hu H, Xu Y,
Luo Z D, Hu W J, Zhu B W, Sun J, Liu Y, Han G Q, Zhang
X X, Yu B, Chang K, Xue F 2025 Sci. Adv. 11 eadr5337
Cowley R A, Gvasaliya S N, Lushnikov S G, Roessli B,
Rotaru G M 2011 Adv. Phys. 60 229

Ahart M, Somayazulu M, Cohen R E, Ganesh P, Dera P,
Mao H K, Hemley R J, Ren Y, Liermann P, Wu Z 2008
Nature 451 545

Li F, Zhang S J, Damjanovic D, Chen L Q, Shrout T R 2018
Adv. Funct. Mater. 28 1801504

Li F, Zhang S J, Xu Z, Chen L Q 2017 Adv. Funct. Mater.
27 1700310

Yang Q, Wu M H, Li J 2018 J. Phys. Chem. Lett. 9 7160
Yang D Y, Liang J, Wu J D, Xiao Y H, Dadap J I,
Watanabe K, Taniguchi T, Ye Z L 2024 Nat. Commun. 15
1389

Deb S, Cao W, Raab N, Watanabe K, Taniguchi T,
Goldstein M, Kronik L, Urbakh M, Hod O, Ben Shalom M
2022 Nature 612 465

Yang D Y, Wu J D, Zhou B T, Liang J, Ideue T, Siu T,
Awan K M, Watanabe K, Taniguchi T, Iwasa Y, Franz M,
Ye Z L 2022 Nat. Photonics 16 469

Meng P, Wu Y, Bian R, Pan E, Dong B, Zhao X, Chen J,
Wu L, Sun Y, Fu Q 2022 Nat. Commun. 13 7696

Wan Y, Hu T, Mao X Y, Fu J, Yuan K, Song Y, Gan X T,
Xu X L, Xue M Z, Cheng X, Huang C X, Yang J B, Dai L,
Zeng H L, Kan E J 2022 Phys. Rev. Lett. 128 067601

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]
[144]
[145]

[146]

[147)

[148)

[149)

[150)

[151]

[152]
[153]

[154]

[155)
[156)

[157]

010809-30

Xue W H, Wang P, Ci W J, Guo Y, Qu J Y, Zeng Z T, Liu
T Q, He R, Cheng S B, Xu X H 2025 Nat. Commun. 16
6313

de la Barrera S C, Cao Q, Gao Y, Gao Y, Bheemarasetty V
S, Yan J, Mandrus D G, Zhu W, Xiao D, Hunt B M 2021
Nat. Commun. 12 5298

Xiao J, Wang Y, Wang H, Pemmaraju C D, Wang S Q,
Muscher P, Sie E J, Nyby C M, Devereaux T P, Qian X F,
Zhang X, Lindenberg A M 2020 Nat. Phys. 16 1028

Sui F R, Jin M, Zhang Y Y, Qi R J, Wu Y N, Huang R,
Yue F Y, Chu J H 2023 Nat. Commun. 14 36

Weng X C, Gui J B, Chen W J, Tan J Y, Li S N, Tang L,
Zhang R J, Wei Q, Xu J C, Teng C J, Zhao S L, Liu B L
2025 Adv. Funct. Mater. 35 03780

Zhang L, Tang C, Zhang C M, Du A J 2020 Nanoscale 12
21291

Cordero F, Pazniak H, Ouisse T, Gonzalez-Julian J, Di
Carlo A, Soprunyuk V, Schranz W 2024 Phys. Rev. B 109
024105

Miao L P, Ding N, Wang N, Shi C, Ye HY, Li L, Yao Y F,
Dong S, Zhang Y 2022 Nat. Mater. 21 1158

Wang D D, Gao XY, Guo Y D, Guo Y T, Huan Z P, Lin L
Y, Jiang Y, Gu Z Y, Zeng H L, Yan X H 2025 Nanoscale 17
13489

Hou C S, Shen Y H, Wang Q 2025 Adv. Funct. Mater. 35
2421311

Wu M H, Li J 2021 Proc. Natl. Acad. Sci. 118 €2115703118
Woods C R, Ares P, Nevison-Andrews H, Holwill M J,
Fabregas R, Guinea F, Geim A K, Novoselov K S, Walet N
R, Fumagalli L 2021 Nat. Commun. 12 347

Sung J, Zhou Y, Scuri G, Zolyomi V, Andersen T I, Yoo H,
Wild D S, Joe A Y, Gelly R J, Heo H, Magorrian S J,
Berube D, Valdivia A M M, Taniguchi T, Watanabe K,
Lukin M D, Kim P, Falko V I, Park H 2020 Nat.
Nanotechnol. 15 750

Wang X R, Yasuda K, Zhang Y, Liu S, Watanabe K,
Taniguchi T, Hone J, Fu L, Jarillo-Herrero P 2022 Nat.
Nanotechnol. 17 367

Weston A, Castanon E G, Enaldiev V, Ferreira F,
Bhattacharjee S, Xu S, Corte-Leon H, Wu Z, Clark N,
Summerfield A, Hashimoto T, Gao Y, Wang W, Hamer M,
Read H, Fumagalli L, Kretinin A V, Haigh S J, Kazakova
0O, Geim A K, Falko V I, Gorbachev R 2022 Nat.
Nanotechnol. 17 390

Ko K, Yuk A, Engelke R, Carr S, Kim J, Park D, Heo H,
Kim H M, Kim S G, Kim H, Taniguchi T, Watanabe K,
Park H, Kaxiras E, Yang S M, Kim P, Yoo H 2023 Nat.
Mater. 22 992

Hou C S, Shen Y H, Wang Q, Yoshikawa A, Kawazoe Y,
Jena P 2024 ACS Nano 18 16923

Zheng Z R, Ma Q, Bi Z, de la Barrera S, Liu M H, Mao N
N, Zhang Y, Kiper N, Watanabe K, Taniguchi T, Kong J,
Tisdale W A, Ashoori R, Gedik N, Fu L, Xu S Y, Jarillo-
Herrero P 2020 Nature 588 71

Zhou C J, Chai Y 2017 Adv. Electron. Mater. 3 1600400
Jariwala D, Sangwan V K, Lauhon L J, Marks T J, Hersam
M C 2014 ACS Nano 8 1102

Wan T Q, Shao B J, Ma S J, Zhou Y, Li Q, Chai Y 2023
Adv. Mater. 35 2203830

Li W, Liu H, Zeng H L 2025 Chin. Phys. Lett. 42 057501
Chhowalla M, Shin H S, Eda G, Li L J, Loh K P, Zhang H
2013 Nat. Chem. 5 263

Ayari A, Cobas E, Ogundadegbe O, Fuhrer M S 2007 J.


https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1021/acsami.5c03477
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1002/adfm.202315522
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1146/annurev-matsci-080921-105501
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acs.nanolett.7b01035
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1021/acsnano.7b02756
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1103/PhysRevB.87.081406
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1021/acs.nanolett.6b04309
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abd3230
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1126/science.abe8177
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1088/1674-1056/ad9456
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1103/PhysRevLett.120.147601
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1002/pssa.200925346
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1080/00150190490423877
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1103/PhysRevB.85.134105
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1080/00150193.2015.1011979
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1039/D5DT01674F
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevLett.133.136902
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1103/PhysRevB.111.104111
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1002/adma.202405233
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1126/sciadv.adr5337
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1080/00018732.2011.555385
https://doi.org/10.1038/nature06459
https://doi.org/10.1038/nature06459
https://doi.org/10.1038/nature06459
https://doi.org/10.1038/nature06459
https://doi.org/10.1038/nature06459
https://doi.org/10.1038/nature06459
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201801504
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1002/adfm.201700310
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1021/acs.jpclett.8b03654
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41467-024-45709-x
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41586-022-05341-5
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41566-022-01008-9
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1038/s41467-022-35339-6
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1103/PhysRevLett.128.067601
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-025-61756-4
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41467-021-25587-3
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41567-020-0947-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1038/s41467-022-35490-0
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1002/adfm.202503780
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1039/D0NR06609E
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1103/PhysRevB.109.024105
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1038/s41563-022-01322-1
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1039/D5NR00415B
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1002/adfm.202421311
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1073/pnas.2115703118
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41467-020-20667-2
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-020-0728-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-021-01059-z
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41565-022-01072-w
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1038/s41563-023-01595-0
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1021/acsnano.4c02994
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1038/s41586-020-2970-9
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1002/aelm.201600400
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1002/adma.202203830
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1088/0256-307X/42/5/057501
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1038/nchem.1589
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
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. 75, No. 1 (2026) 010809

[158]

[159]

[160]
[161]
[162]
[163]

[164]

[165]

[166)

[167]

[168]

[169]

[170]
[171]

(172)
[173]
(174]
[175]

[176]
[177]

[178)

Appl. Phys. 101 014507

Sarkar S, Han Z R, Ghani M A, Strkalj N, Kim J H, Wang
Y, Jariwala D, Chhowalla M 2024 Nano Lett. 24 13232
Wang B Y, Chen W Y, Zou L R, Wang T, Li Z W, Wang Z
Y, XuHR,XuLJ,Lan S G, Feng P, Ma Y D, Zheng D X,
He X, Xu Y, Luo Z D, Wu Z H, Liu Y, Han G Q, Zhang X
X, Yu B, Xue F 2025 Nano Lett. 25 10699

Kang L L, Jiang P, Hao H, Zhou Y H, Zheng X H, Zhang L,
Zeng 7 2020 Phys. Rev. B 101 014105

Shen X W, Fang Y W, Tian B B, Duan C G 2019 ACS
Appl. Electron. Mater. 1 1133

Dai M Z, Tang Z Y, Luo X, Zheng Y 2023 Nanoscale 15
9171

Wu J B, Chen HY, Yang N, Cao J, Yan X D, Liu F X, Sun
Q B, Ling X, Guo J, Wang H 2020 Nat. Electron. 3 466

Gao Y Z, Weston A, Enaldiev V, Li X, Wang W, Nunn J E,
Soltero I, Castanon E G, Carl A, De Latour H, Summerfield
A, Hamer M, Howarth J, Clark N, Wilson N R, Kretinin A
V, Fal’ko V I, Gorbachev R 2024 Nat. Commun. 15 4449
Luo Y J, Chen J W, Abbas A, Li W B, Sun Y Y, Sun Y H,
Yi J X, Lin X K, Qiu G T, Wen R L, Chai Y, Liang Q J,
Zhou C J 2024 Adv. Funct. Mater. 34 2407253

1iY, Yang Y L, Zhao H Z, Duan H X, Yang C, Min T, Li T
2025 Nano Lett. 25 1680

Luo K F, Ma Z, Sando D, Zhang Q, Valanoor N 2025 ACS
Nano 19 6622

Wang X J, Feng Z Y, Cai J W, Tong H, Miao X S 2023 Sci.
China Inform. Sci. 66 182401

Huang Y N, Wang L K, Zhang F Y, Ming W J, Liu Y X,
Zhu S L, Li Y, Wang W, Li C J 2025 ACS Appl. Mater.
Interfaces 17 40623

Garcia V, Bibes M 2014 Nat. Commun. 5 4289

Wang X W, Yu P, Lei Z D, Zhu C, Cao X, Liu F C, You L,
Zeng Q S, Deng Y, Zhou J D, Fu Q D, Wang J L, Huang Y
Z, Liu Z 2019 Nat. Commun. 10 3037

Salahuddin S, Datta S 2008 Nano Lett. 8 405

McGuire F A, Cheng Z, Price K, Franklin A D 2016 Appl.
Phys. Lett. 109 093101

Appelbaum I, Huang B, Monsma D J 2007 Nature 447 295
Waunderlich J, Park B G, Irvine A C, Zarbo L P, Rozkotova
E, Nemec P, Novék V, Sinova J, Jungwirth T 2010 Science
330 1801

Kobayashi M 2018 Appl. Phys. Ezpress 11 110101
Mulaosmanovic H, Ocker J, Muller S, Schroeder U, Muller J,
Polakowski P, Flachowsky S, van Bentum R, Mikolajick T,
Slesazeck S 2017 ACS Appl. Mater. Interfaces 9 3792

Yap W C, Jiang H, Liu J L, Xia Q F, Zhu W J 2017 Appl.

[179]
[180)
[181]

[182]

[183)

[184]
[185]

[186]

[187]

[188)
[189)
[190]

[191)

[192]

[193]

[194]

[195]

010809-31

Phys. Lett. 111 013103

Laudari A, Pickett A, Shahedipour-Sandvik F, Hogan K,
Anthony J E, He X, Guha S 2019 Adv. Mater. Interfaces 6
1801787

Lin J J, Tao J H, Wu Y L 2019 Crystals 9 673

Si M W, Liao P Y, Qiu G, Duan Y Q, Ye P D 2018 ACS
Nano 12 6700

LiWY, Guo Y M, Luo Z P, Wu S H, Han B, Hu W J, You
L, Watanabe K, Taniguchi T, Alava T, Chen J Z, Gao P, Li
XY, WeiZ M, Wang L W, Liu Y Y, Zhao X X, Zhan X P,
Han Z V, Wang H W 2023 Adv. Mater. 35 2208266

Liu L, Li T T, Gong X S, Wen H D, Zhou L Q, Feng M W,
Zhang H'T, Zou NN, Wu S Q, Li Y H, Zhu S T, Zhuo F L,
Zou X L, Hu Z H, Ding Z Y, Fang S S, Xu W G, Hou X G,
Zhang K, Long G, Tang L, Jiang Y C, Yu Z H, Ma L, Wang
J L, Wang X R 2025 Nat. Mater. 24 1195

Baek S, Yoo H H, Ju J H, Sriboriboon P, Singh P, Niu J,
Park J H, Shin C, Kim Y, Lee S 2022 Adv. Sci. 9 2200566
LiY, Fu J, Mao X Y, Chen C, Liu H, Gong M, Zeng H L
2021 Nat. Commun. 12 5896

Yang J, Wang F, Guo J F, Wang Y R, Jiang C X, Li S H,
Cal Y C, Zhan X Y, Liu X F, Cheng Z H, He J, Wang Z X
2022 Adv. Funct. Mater. 32 2205468

Wang Y F, Zeng Z X S, Tian Z Q, Li C, Braun K, Huang L
Y, LiY,LuoXY,YiJL WuG C, Liu G X, Li D, Zhou Y,
Chen M X, Wang X, Pan A L 2024 Adv. Mater. 36 2410696
Liu J, Wang Q Q, Feng H, Wu Y Y, Li Y, Hou F Y, Min T,
Li T 2025 Nanoscale 17 17294

Liu K Q, Zhang T, Dang B J, Bao L, Xu L. Y, Cheng C D,
Yang Z, Huang R, Yang Y C 2022 Nat. Electron. 5 761

Guo F, Song M L, Wong M C, Ding R, Io W F, Pang S Y,
Jie W J, Hao J H 2022 Adv. Funct. Mater. 32 2108014
Wang H, Lu W H, Hou S H, Yu B X, Zhou Z Y, Xue Y L,
Guo R, Wang S F, Zeng K Y, Yan X B 2020 Nanoscale 12
21913

Wan X, Wang X, Yu Y D, Liu T A, Zhang M K, Chen E Z,
Chen K, Wang S T, Shao F, Gu X F, Xu J B 2025 ACS
Appl. Nano Mater. 8 2260

Sun W, Wang W X, Hu R M, Yang C H, Huang S F, Li X
N, Cheng Z X 2023 Nano Lett. 23 11280

Wu G J, Zhang X M, Feng G D, Wang J L, Zhou K J, Zeng
J H, Dong D N, Zhu F D, Yang C K, Zhao X M, Gong D N,
Zhang M R, Tian B B, Duan C G, Liu Q, Wang J L, Chu J
H, Liu M 2023 Nat. Mater. 22 1499

Zhong Z P, Zhuang Y Z, Cheng X, Zheng J T, Yang Q Y, Li
X, Chen Y, Shen H, Lin T, Shi W, Meng X J, Chu J H,
Huang H, Wang J L 2025 Nat. Commaun. 16 7096


https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
https://doi.org/10.1063/1.2407388
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.4c03360
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1021/acs.nanolett.5c02646
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1103/PhysRevB.101.014105
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1021/acsaelm.9b00146
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1039/D3NR00522D
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41928-020-0441-9
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1038/s41467-024-48634-1
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1002/adfm.202407253
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acs.nanolett.4c05887
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1021/acsnano.4c14446
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1007/s11432-022-3617-2
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1021/acsami.5c04625
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/ncomms5289
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1038/s41467-019-10738-4
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1021/nl071804g
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1063/1.4961108
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1038/nature05803
https://doi.org/10.1126/science.1195816
https://doi.org/10.1126/science.1195816
https://doi.org/10.1126/science.1195816
https://doi.org/10.1126/science.1195816
https://doi.org/10.1126/science.1195816
https://doi.org/10.1126/science.1195816
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.7567/APEX.11.110101
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1021/acsami.6b13866
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1063/1.4991877
https://doi.org/10.1002/admi.201801787
https://doi.org/10.1002/admi.201801787
https://doi.org/10.1002/admi.201801787
https://doi.org/10.1002/admi.201801787
https://doi.org/10.1002/admi.201801787
https://doi.org/10.1002/admi.201801787
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.3390/cryst9120673
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1021/acsnano.8b01810
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1002/adma.202208266
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1038/s41563-025-02274-y
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1002/advs.202200566
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1038/s41467-021-26200-3
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adfm.202205468
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1002/adma.202410696
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1039/D5NR01908G
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1038/s41928-022-00847-2
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1002/adfm.202108014
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1039/D0NR03724A
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acsanm.4c06250
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1021/acs.nanolett.3c03822
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41563-023-01676-0
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
https://doi.org/10.1038/s41467-025-62563-7
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. 75, No.1(2026) 010809

SPECIAL TOPIC—2D materials and future information devices
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Abstract

Ferroelectric thin films and their device applications have drawn wide attentions since the 1990s. However,
due to the critical size effect, ferroelectric thin films cannot maintain their ferroelectric properties as their
thickness decreases to the nanometer size or one atomic layer, posing a significant challenge to the development
of related nano-electronic devices. With a naturally stable layered structure, two-dimensional materials possess
many advantages such as high-quality and smooth interface without dangling bonds, no interlayer interface
defects, and the ability to maintain complete physical and chemical properties even at limited atomic thickness.
Thus, it is gradually realized that two-dimensional materials are a good hotbed for the two-dimensional
ferroelectricity. CulnP,Sg, a-In2Se;, WTe,, and other intrinsic ferroelectric 2D materials have been reported
successively while artificially stacked sliding ferroelectrics such as t-BN have also emerged, which expands the
types of 2D ferroelectric materials and opens a new avenue for the further miniaturization and flexibility of
ferroelectric electronic devices. This article reviews the recent research progress of two-dimensional ferroelectric
materials, discusses their compositional characteristics, structural features and property modulation, and also

prospects their application potential and future research hotspots.
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