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Fig. 1. Schematic of the mechanism associated with the metal-to-insulator transition: (a) VO,; (b) ReNiOs, SPT is structure phase

transition.
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Fig. 2. Schematic of regulating the electronic phase transitions for correlated oxides via multiple fields.
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Fig. 3. Regulating the electronic phase transition for correlated oxides via chemical doping: (a) Schematic of spark plasma assisted

reactive doping strategy!*?; (b) the transition temperature for doped VO, plotted as a function of doping concentration*?; (c) the

transition sharpness for doped VO, plotted as a function of doping concentration!*s.
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(a) Band regulation via interfacial strain

(b)

P E
3 €€y s >
] /]
‘E Eg\>lc V
% "\ Eg
2 A - IS
i Adve =
= LW 3dnL =
= 3dn-1 5
b N
”m E
. _ 3dn+l
k| E, 71"
[+ \
5 [
=1
P . ‘.{7,,:’ 3d"L
C G.v & 3dn-1
]
DR
P o >
Ay
¢ @O s <
7Y =1 B K
=1 '
qé-g 0 Ee
% . 3d"L
8 C(g“ 2 3dn-1
©
B 5 ST N g R 5 i S S A Y H A AR R
Y BH S B % 315 () 1 2 T 45 NiO A9 28 3 7 BR A 0 g 159

(a) BT fb il & NiO &tk £ il 5 AL 7R B K

Different orientated NiO/PMN-PT hybrid

100
7 (001) 7 (011) 7 (111) 300 K
80+ ¥
60 | v_
v o,
ol ¥ ¥
V303
20 -* ‘v Veoz $
LCMO
T I v ¥ ve i
Fe304 NdANiO;
10-3  10-2 10! 100 10!
E/(kV-cm~1)
o Q
L C ‘V, o ’_U
> Ao é
S— =) d
L\ o Tfensi}e (61 C,‘()}mpr(‘,fﬁiv(: )
S distortion . distortion (4 '
('L;\’i‘j (,,(3!.{/ Q oo
©
0.16 #*
MgO
#
STO
0.12
PMN-PT
0.08 L— . . . . .
—0.2 —0.1 O 1.7 1.8 19 20

In-plane lattice distortion, eav./%

[3; (b) NiO/PMN-PT 5 i 4%

Fig. 5. Regulating the electronic phase transition for correlated oxides via interfacial strain: (a) Schematic of hydrogen-triggered

multiple electronic phase transitions?; (b) the resistive switching of NiO/PMN-PT heterostructurel®; (¢) manipulating the carrier

hooping energy of NiO by using interfacial strain(5!,

R B BN T RERFPE I S L 28 5E T 2%
fify 981 R i 58 S B S AR v L T F PR S AR A
1 2 8] B 5 IR 5 800, A F SO A O AL BEATS
Wb TR Z . —J5 T, Tk i 7
(1 f B AT BE 22 5 A o S S AR il 0 1 A
AR, RIMI i 515 foh v AR AE AR B S AR S 1
AR 22 I R, TR B3 R [, fih i v BEL G T
KBGO ) I —T5 T, AR nl e S A A )
AR O, T R AR B R T SRR AL
IV, 75 5 i I SR A A A L ECRAAZ 19 A, WF
FEA AT 5 S L 1R AL B A AR 5800
f A (FET) BRAIEJZ, MR e A R T
ST B AR S A, AR T S s TR T ik
TERHR A A b S B H A G i 114 SR A 807
THE (210 cm ?), fil A Al 30k 5y 5% 1) i BT
KIGNE (P 6(a)), FISRHFTSCHR B 7 IR 1,

PRA TR IR H A AR S AL A BHA R il TR
7 785 %) 35 B HL A R G B iz 17 R (1 6(D)) ™,
Zhang 5 M LT RIUE 1038102540 18 A% O A,
I FH 55 H 37 8 42 0 R0 v BT 2 ] 43 A i
SmNiO HLBHARfb 14 R, KA 58 T 1 55 L 3 1 Ja%
JR A G 2RV AE (7Y i — DI SE B T SmNiO;
AN fb AR 2 M e ) AR 50 R ) 25 57, 55 L b f
KRG AR T SmNiO, Ak BH 1) A5 16 H AT
WA 1 S W 6(c) A 6(d) Fias. Hu #l
Gaol™) 71| FH i e R000; . fioh 2% 3 85007 i AR A5 V) 3 2
Lag 7Cag sMnO5 M KL & A= 32% B BH A B . o]
MHT A R B T A AR B RRERIRT 5k I AR B
25 AN 0 f 37 78 5 DG I FL A A S e 14
F PSR R R RS MR, RS S
Gy i o A T B L S Y 2R iR R B A T
— L RR.

117102-8


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

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024) 117102

—— H-VO, (100 °C, 3 h) —e— H-VO, (100 °C, 3 h) at 20 V
—— H-VO, (300 °C, 1 h) —e— H-VO, (300 °C, 1 h) at 20 V

(a)
ik s Pt- -
S HVO,
10 AL;0,(0001)
Pt
2 102}
: (A)
< 10tk -
=
< ."--.
100k S S
Pristine VO,
101
(D) ©)
10-2 ﬁ/f/‘ o
10-2 10-1 100 10! 102 102
t/h
(c) 3dr+2L| g
C’g’ ® 3dn+1 A4+U
¢ +17,2 By
o/ ol 3d'u L —A
© /a5 ©
() Ni3+ ‘:/ \o 3dnL o
3dn—1
© Sm H* doped H* doped
©0
e Ht
o Ni2+

—
o
=

6'0 L RH(‘Z)/RQ 90
4.0
<
T 20}
4
2 4
~ /
E 0F _ Mf
9 o9 Ru1y/Ro: 5X103
a
5 —20} f
§
—4.0
Polycrystalline
H-SmNiO3
—6.0 L L L L L
—20 —10 0 10 20
Voltage/V
(d) SNO/LAO
12
—=— 001
—o— 110

8 -
Q
=
~
=
=

4+

0 .

1 2 3 4 5 6 7
Step

6 FHERS TR SR A TR (a) FRAEFLIZAA VO, W E B FAHAED; (b) FHIERLIZE T A /b SmNIO;
HH2E TR AE AR SRS AT N T, () SmNiOy JE A L 377 4 T8 S B 1 (71 (d) SmNiOy T WL 375 120 SR A i AR 2 25 i) S P (71

Fig. 6. Regulating the electronic phase transition for hydrogenated correlated oxides via imparting a critical electric field: (a) Vol-

tage-actuated reversible hydrogen-associated electronic phase transition of VO, l; (b) electrically tunable diode-like transport beha-

vior of hydrogenated SmNiO; [™); (c) schematic of SmNiOs-based ocean electric field sensor(™]; (d) the crystallographic anisotropy in

the ocean electric field sensing of SmNiO4/™!.

3.5 EbsrmiEmn

B FIRTEA TS b F B4 ATk N
T35 AL A, e O A AL T AR SR G T
Tt AT A7 5O 4R L AR AR R, R A T A
LB 25000, IR DG L A AR S AL P i T
HUEA RN IR, k% VO,, ReNiO; il SrCoO, 5
LG PRL LA Rt I A 11374, BETF R I
BE (SPM) 1425 AR 1 37 A TR 2 3
Yimzr & EH, Schrecongost 55 [ 7E 40 K )UEE ]
WL il %2 VO, TEBEHE AN | Hp 4 R A2 AR
Y M 5 T A & R Z AR Lee 45 79 3844
H T VO,/BiFeO;/SrRuO; 5 5 B 140725 4k
Yy /A RE S 2 2 B 1] (R B R 377
¥ BiFeOs BRF 8k A Ak e ey 19 25 (] 43 A, S8R

T ERR AL LA IR T A AU SR O VO,
HL R AR A ] 30 B e A A, HERHAS A 1Y)
JFR AT s 102 Besh, FIRHFAE Y | S 45
G075 A5 7T — 25 S BN iR IR AL L TR
ARPEIE A8 AT P B S A R 7L T L,
FZ R0 b 4 i Sk iy A AR S A R 280 A
HEER RIS R R, iR AR P IR TR
A T35 W P 22 B L AR R

4 RAERMEDR

ARSCIRIET T 5 R B AL P B TR R E 2
ISR, B REA R TR A
s T | IV 13 BRI FL 3555 22 M AN 5 0%

117102-9


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 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024) 117102

AL i1 1B Y SCIRRE 5 O R ISR, ]
FE R I FL T AH AR A R 2R rh SE B FoR
RUHL AR A DR, it — 2P A HOCHK
R R L N Y 1 R TR = %11 L SNEA o D1 L N
RS 22 R A R AN BE T SRR
AT AR, WROCH S & A 4 R - G e
AR R BREME R R A R, VO, I L F LB # 7
Hv-3d BB Frik e, AR TS d,%0E 1 BY
Sdfih K H & A T ARAR O LR Mott-Hubbard
Y 4K ReNiO; J@ T 171 v, iy % # 7 24 2% {4
NiOy /\ A JE s A1 Ni3+ Ha g 5 £ P ) i 4 % A
HFAEAE, IF H O A AR R 5 Ni-3d Fil O-2p
LI [R] Y 2 A AR BB v BE ARG TR AR ) 46 -
Y AR AR R ) 5 i A SR T R LB T
it 5 Re 2 A8 v BE AR OC, WU JH T A R TR kR
FEEEER. S5l 5] A8 1A
I ESIRICR d PuE B RS E R A,
T S BG) HE  FAE AR R A RO (AR
e, AT A RSB R e R OIS )
T B, W] DASRBAL Bk 245 2% [ AR FR 1
FRO, ST 5 o fi £ RURE B i R4, DRI T AR 5 ¢
A AL S AR DGR AH BT A T 6 B AL 1
AHFNTRERENE. N ) 73 i 454 i OCHR HE A AR 4
R s F R B, S d BB AR B,
T VR 48 5 DGR S A ) ) L AR AR R . SRTT, FE SR
KERAAAL Y B R 5 rh, Ha ALk A £ HERRAK
o7 T 37175 T H - DGRBS, (A B VR A AR AR
P ERHLTA AL TRz . A BT E N SMRHTE
P B E 7 A 37 145 i DCHR S A ) L AR AR R i
WS T EZENME R, (HOCREAYER R T 2
i 19 B2 (B) 52 2% B IR FR B AR, S HAE 1y 4 2
RN Y N S R UE Y/ BUIDS R IR /B2 BT e FIERE X)) Bni
— R ER.

1) BT AU b O AL i F
FAHASREPE D, anfe] ik — 20 JH T H far- BT - A% - 5
TR ARG O 2R M LY BRI ? FE T8 R N B
FRAT B[R] R B 1 B B AR X A5 SC I A Ak
Vb &SRB A A AT AL RAE, IPEE G5 —
PRI B RS TR 5 71 3l ) A4, T
A B TR ALY s h Y 8O 12, A s
) B ST R 7R A BUHAZ T RIMEH, R B S
AP EMR . dE— 20 A AL T 40 T 2]
Re;NiOy, Re,AE, NiO,, V,0,, Ti,0,, ReAEMnO,

Y

L ReyFeO, S HAPRHMA R iy, SRR ALK AR
ERLEGUUBSEFIELS

2) Gt — 25 Bl B PR ) Ak B AR AL 3 45
Z W) PRt — A0 AR 58 IR L A AR SR A A e
RR R TR SR YT, ik SRR R N
JE B SRR PER 1, IE AR BT ik AT 4 R
F1% £ J3E T — A0 S B SR A AL Wy Pl T AR R 1Y
AR SRR (HAE R, SME S R4S
Hhe BRI FRL R A S A S ] i A 45 4 ) D TS
PR T P T T PR B AR A A S 9
P ) BE i RO BAT FE R X

3) Wi R VO, HIEEAH ReNiO; 258
PR EORBE R IR R I AL T A AL S L)
GGt SR T ZAE NIk, XX BN
VB D RERHE OB A AL AR R 227 B L %
PR AT 5 . A8 ReNiO; B35 5 IAR
AU 3B ORISR T S BROE AR RS E ReNiO5 HhL
PHERA 45 KA A0 O, T A ] 1k — 2D S HEAE ] VO,
AL TR A SRS VIR T SR S B R T
AREVE AT BT AR AR . BRI £ B S B
A AR Z R (40 SryALO;) FEHE— 25 BRIR AL T
AAERPR AR AR RE , X HA SR fe A Aol TR A Fr) i
SR TR AR SR A BAT B2 L

4) WAk, ATy ot — 20 L A [ A e R 4y
Xt ReNiOg 14 L BH R -1 - s 77 5¢ & B i 42 R,
Bl W] ReNiOg A1RHA 28 Hh e Hs fish & it 1 AHAZ A 38
PERLEE, A AR B PR s Ak i L AR AR Y
FERIC AR, R URT o s fph R AR 2 A 2 ri
i PR L e A,

PR, 2545 P IR B A A S 1
R E PR AL, B TR 1- | I K 3 2 D RE IR 42
F B8 5 IR S AL W v e 1 Ly BE T AR A 11 el RE Y
TAOULRE & AL B 5 7% WL R 5 AR A 4 P T] O AR 3500
Z, A Bt — LR B NA I T B s oG
A E AP R 2 b SE B O 2 6 B D RE R IR A 2
PERLH].

S 0k

(1] Morin F J 1959 Phys. Rev. Lett. 3 34

[2] Li L L, Wang M, Zhou Y D, Zhang Y, Zhang F, Wu Y S,
Wang Y J, Lyu Y J, Lu N P, Wang G P, Peng H N, Shen S
C,DuY G, Zhu Z H, Nan C W, Yu P 2022 Nat. Mater. 21
1246

[3] Lu N, Zhang Z, Wang Y, Li H B, Qiao S, Zhao B, He Q, Lu

117102-10


https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1103/PhysRevLett.3.34
https://doi.org/10.1038/s41563-022-01373-4
https://doi.org/10.1038/s41563-022-01373-4
https://doi.org/10.1038/s41563-022-01373-4
https://doi.org/10.1038/s41563-022-01373-4
https://doi.org/10.1038/s41563-022-01373-4
https://doi.org/10.1038/s41563-022-01373-4
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024)

117102

4]

[5]

(6]

[7]

(8]
(9]
[10]

(1]

(12]

(17]

(18]

(19]

20]

21]

[22]
23]
24]
[25]

[26]

(27]

S, Li C, Wu Y, Zhu M, Lyu X, Chen X, Li Z, Wang M,
Zhang J, Tsang S C, Guo J, Yang S, Zhang J, Deng K, Zhang
D, Ma J, Ren J, Wu Y, Zhu J, Zhou S, Tokura Y, Nan C W,
Wu J, Yu P 2022 Nat. Energy 7 1208

Zhou X, Li H, Jiao Y, Zhou G, Ji H, Jiang Y, Xu X 2024
Adv. Funct. Mater. 2316536

Zhou X, Li H, Meng F, Mao W, Wang J, Jiang Y, Fukutani
K, Wilde M, Fugetsu B, Sakata I, Chen N, Chen J 2022 J.
Phys. Chem. Lett. 13 8078

Wang S, Jiang T, Meng Y, Yang R, Tan G, Long Y 2021
Science 374 1501

Tang K, Dong K, Li J, Gordon M P, Reichertz F G, Kim H,
Rho Y, Wang Q, Lin C Y, Grigoropoulos C P, Javey A,
Urban J J, Yao J, Levinson R, Wu J 2021 Science 374 1504
Zhang H T, Park T J, Islam A, et al. 2022 Science 375 533
Lee D, Chung B, Shi Y, et al. 2018 Science 362 1037

Lao B, Zheng X, Li S, Wang Z M 2023 Acta Phys. Sin. 72
097702 (in Chinese) [575K, ¥RFF, 225, TEE W 2023 PR
72 097702]

Zhou X, Wu Y, Yan F, Zhang T, Ke X, Meng K, Xu X, Li Z,
Miao J, Chen J, Jiang Y 2021 Ceram. Int. 47 25574

Gao L, Wang H, Meng F, Peng H, Lyu X, Zhu M, Wang Y,
Lu C, Liu J, Lin T, Ji A, Zhang Q, Gu L, Yu P, Meng S, Cao
Z, Lu N 2023 Adv. Mater. 2300617

Chen J K, Mao W, Ge B H, Wang J, Ke X Y, Wang V,
Wang Y P, Dobeli M, Geng W T, Matsuzaki H, Shi J, Jiang
Y 2019 Nat. Commun. 10 694

Zhang Z, Schwanz D, Narayanan B, et al. 2018 Nature 553 68
Zhou Y, Guan X F, Zhou H, Ramadoss K, Adam S, Liu H J,
Lee S, Shi J, Tsuchiya M, Fong D D, Ramanathan S 2016
Nature 534 231

Deng S, Yu H, Park T J, Islam A N M N, Manna S, Pofelski
A, Wang Q, Zhu Y, Sankaranarayanan S K R S, Sengupta A,
Ramanathan S 2023 Sci. Adv. 9 eaded838

Li D F, Lee K, Wang B Y, Osada M, Crossley S, Lee H R,
Cui Y, Hikita Y, Hwang H'Y 2019 Nature 572 624

Ding X, Tam C C, Sui X, Zhao Y, Xu M, Choi J, Leng H,
Zhang J, Wu M, Xiao H, Zu X, Garcia-Fernandez M,
Agrestini S, Wu X, Wang Q, Gao P, Li S, Huang B, Zhou K
J, Qiao L 2023 Nature 615 50

Sun H, Huo M, Hu X, Li J, Liu Z, Han Y, Tang L, Mao Z,
Yang P, Wang B, Cheng J, Yao D X, Zhang G M, Wang M
2023 Nature 621 493

Lu N P, Zhang P F, Zhang Q H, Qiao R M, He Q, Li H B,
Wang Y J, Guo J W, Zhang D, Duan Z, Li Z L, Wang M,
Yang S Z, Yan M Z, Arenholz E, Zhou S Y, Yang W L, Gu
L, Nan C W, Wu J, Tokura Y, Yu P 2017 Nature 546 124
Aetukuri N B, Gray A X, Drouard M, Cossale M, Gao L,
Reid A H, Kukreja R, Ohldag H, Jenkins C A, Arenholz E,
Roche K P, Diirr H A, Samant M G, Parkin S S P 2013 Nat.
Phys. 9 661

Zhang 7, Zhang L, Zhou Y, Cui Y, Chen Z, Liu Y, Li J, Long
Y, Gao Y 2023 Chem. Rev. 123 7025

Yajima T, Nishimura T, Toriumi A 2015 Nat. Commun. 6
10104

Victor J L, Gaudon M, Salvatori G, Toulemonde O, Penin N,
Rougier A 2021 J. Phys. Chem. Lett. 12 7792

Suleiman A O, Mansouri S, Margot J, Chaker M 2022 Appl.
Surf. Sci. 571 151267

Sakai E, Yoshimatsu K, Shibuya K, Kumigashira H, Ikenaga
E, Kawasaki M, Tokura Y, Oshima M 2011 Phys. Rev. B 84
195132

Liu K, Lee S, Yang S, Delaire O, Wu J 2018 Mater. Today 21

28]

29]

30]
(31]
(32]
33]
(34]

35]

(36]
[37]
38]
[39]
[40]
[41]

[42]

43]

44]

[45]

[46]
[47]

(48]
[49]

[50]
[51]

[52]

[53]

[54]
[55]
[56]

[57]

117102-11

875

Li HF, Meng F Q, Bian Y, Zhou X C, Wang J U, Xu X G,
Jiang Y, Chen N F, Chen J K 2023 J. Mater. Sci. Technol.
148 235

LiHF, Wang Y Z, Zhang H, Fang X H, Zhou X C, Nie K Q,
Xu X G, Jiang Y, Chen N F, Chen J K 2022 Appl. Phys.
Lett. 121 253901

Chen J, Li H, Wang J, Ke X, Ge B, Chen J, Dong H, Jiang
Y, Chen N 2020 J. Mater. Chem. A 8 13630

Catalano S, Gibert M, Fowlie J, Iniguez J, Triscone J M,
Kreisel J 2018 Rep. Prog. Phys. 81 046501

Catalan G 2008 Phase Transitions 81 729

Chen J 2023 Chin. Sci. Bull. 68 100

Markiewicz E, Bujakiewicz-Koronska R, Budziak A, Kalvane
A, Nalecz D M 2014 Phase Transitions 87 1060

Kozlenko D P, Belik A A, Kichanov S E, Mirebeau I,
Sheptyakov D V|, Striissle T, Makarova O L, Belushkin A V,
Savenko B N, Takayama-Muromachi E 2010 Phys. Rev. B 82
014401

Schiffer P, Ramirez A P, Bao W, Cheong S W 1995 Phys.
Rev. Lett. 75 3336

Song Q, Doyle S, Pan G A, et al. 2023 Nat. Phys. 19 522
Yajima T, Nishimura T, Toriumi A 2017 Small 13 1603113
Asayesh-Ardakani H, Nie A M, Marley P M, et al. 2015 Nano
Lett. 15 7179

Zhou J Y, Xie M Z, Cui A Y, Zhou B, Jiang K, Shang L Y,
Hu Z G, Chu J H 2018 ACS Appl. Mater. Interfaces 10 30548
Rao C N R, Natarajan M, Subba Rao G V, Loechman R E
1971 J. Phys. Chem. Solids 32 1147

Zhou X, Cui Y, Shang Y, Li H, Wang J, Meng Y, Xu X,
Jiang Y, Chen N, Chen J 2023 J. Phys. Chem. C 127 2639
Zhou X, Li H, Shang Y, Meng F, Li Z, Meng K, Wu Y, Xu
X, Jiang Y, Chen N, Chen J 2023 Phys. Chem. Chem. Phys.
25 21908

Pofelski A, Jia H, Deng S, Yu H, Park T J, Manna S, Chan
M K Y, Sankaranarayanan S K R S, Ramanathan S, Zhu Y
2024 Nano Lett. 24 1974

Chen Y L, Wang Z W, Chen S, Ren H, Wang L X, Zhang G
B, Lu Y L, Jiang J, Zou C W, Luo Y 2018 Nat. Commun. 9
818

Yoon H, Choi M, Lim T W, Kwon H, Thm K, Kim J K, Choi
SY, Son J 2016 Nat. Mater. 15 1113

Scherwitzl R, Zubko P, Lezama I G, Ono S, Morpurgo A F,
Catalan G, Triscone J-M 2010 Adv. Mater. 22 5517

Shi J, Zhou Y, Ramanathan S 2014 Nat. Commun. 5 4860
Jeong J, Aetukuri N, Graf T, Schladt T D, Samant M G,
Parkin S S 2013 Science 339 1402

Li H B, Lou F, Wang Y J, et al. 2019 Adv. Sci. 6 1901432
Park J, Yoon H, Sim H, Choi S Y, Son J 2020 ACS Nano 14
2533

Ji H, Wang S, Zhou G, Zhou X, Dou J, Kang P, Chen J, Xu
X 2024 Phys. Chem. Chem. Phys. 26 5907

Zhou X C, Mao W, Cui Y C, Zhang H, Liu Q, Nie K Q, Xu
X G, Jiang Y, Chen N F, Chen J K 2023 Adv. Funct. Mater.
33 2303416

Wang M, Sui X L, Wang Y J, et al. 2019 Adv. Mater. 31
1900458

Li Z, Lyu Y, Ran Z, et al. 2023 Adv. Funct. Mater. 33
2212298

Wang Q, Gu Y, Chen C, Han L, Fayaz M U, Pan F, Song C
2024 ACS Appl. Mater. Interfaces 16 3726

Zhou X, Shang Y, Gu Z, Jiang G, Ozawa T, Mao W,
Fukutani K, Matsuzaki H, Jiang Y, Chen N, Chen J 2024


https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1038/s41560-022-01166-8
https://doi.org/10.1002/adfm.202316536
https://doi.org/10.1002/adfm.202316536
https://doi.org/10.1002/adfm.202316536
https://doi.org/10.1002/adfm.202316536
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1021/acs.jpclett.2c02001
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abg0291
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abf7136
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.abj7943
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.1126/science.aam9189
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.7498/aps.72.20222219
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1016/j.ceramint.2021.05.283
https://doi.org/10.1002/adma.202300617
https://doi.org/10.1002/adma.202300617
https://doi.org/10.1002/adma.202300617
https://doi.org/10.1002/adma.202300617
https://doi.org/10.1002/adma.202300617
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/s41467-019-08613-3
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature25008
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1038/nature17653
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1126/sciadv.ade4838
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nature22389
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1038/nphys2733
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1021/acs.chemrev.2c00762
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1038/ncomms10104
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1021/acs.jpclett.1c02179
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1016/j.apsusc.2021.151267
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1103/PhysRevB.84.195132
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.mattod.2018.03.029
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1016/j.jmst.2022.11.026
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1063/5.0136851
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1039/D0TA04663A
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1088/1361-6633/aaa37a
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1080/01411590801992463
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1360/TB-2022-0714
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1080/01411594.2014.953512
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevB.82.014401
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1103/PhysRevLett.75.3336
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1038/s41567-022-01907-2
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1002/smll.201603113
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acs.nanolett.5b03219
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1021/acsami.8b09909
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1016/S0022-3697(71)80172-5
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1021/acs.jpcc.2c07631
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1039/D3CP02224B
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1021/acs.nanolett.3c04411
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/s41467-018-03292-y
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1038/nmat4692
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1002/adma.201003241
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1038/ncomms5860
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1126/science.1230512
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1002/advs.201901432
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1021/acsnano.0c00441
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1039/D3CP05487J
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adfm.202303416
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adma.201900458
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1002/adfm.202212298
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1021/acsami.3c17472
https://doi.org/10.1063/5.0189271
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 2 3R Acta Phys. Sin. Vol. 73, No. 11 (2024)

117102

Appl. Phys. Lett. 124 082103

Hong B, Yang Y, Hu K, Dong Y, Zhou J, Zhang Y, Zhao W,
Luo Z, Gao C 2019 Appl. Phys. Lett. 115 251605

Zhang Z, Sun Y, Zhang H-T 2022 J. Appl. Phys. 131 120901
Zhi B, Gao G, Xu H, Chen F, Tan X, Chen P, Wang L, Wu
W 2014 ACS Appl. Mater. Interfaces 6 4603

[61] Salev P, del Valle J, Kalcheim Y, Schuller I K 2019 PNAS
116 8798

[62] Heo S, Oh C, Eom M J, Kim J S, Ryu J, Son J, Jang H M
2016 Sci. Rep. 6 22228

[63] Sheng Z G, Gao J, Sun Y P 2009 Phys. Rev. B 79 174437

[64] Baldini M, Postorino P, Malavasi L, Marini C, Chapman K
W, Mao H K 2016 Phys. Rev. B 93 245137

[65] Gavriliuk A G, Trojan I A, Struzhkin V V 2012 Phys. Rev.
Lett. 109 086402

[66] Chen J, Li Z, Dong H, Xu J, Wang V, Feng Z, Chen Z, Chen
B, Chen N, Mao H-K 2020 Adv. Funct. Mater. 30 2000987

[67) Xue W H, Liu G, Zhong Z C, Dai Y H, Shang J, Liu Y W,
Yang H L, Yi X H, Tan H W, Pan L, Gao S, Ding J, Xu X
H, Li R W 2017 Adv. Mater. 29 1702162

68] Sun X N, Qu Z M, Wang Q G, Yuan Y, Liu S H 2019 Acta
Phys. Sin. 68 107201 (in Chinese) [#MH 7*, #hIKMH, TIRE, =
5, X4 2019 P4l 68 107201

[69] Freeman E, Stone G, Shukla N, Paik H, Moyer J A, Cai Z,

REVIEW

[70]

[71]

[72]
(73]

[74]
(75]

[76]

[77]

(78]

Wen H, Engel-Herbert R, Schlom D G, Gopalan V, Datta S
2013 Appl. Phys. Lett. 103 263109

Chen J K, Mao W, Gao L, Yan F B, Yajima T, Chen N F,
Chen Z Z, Dong H L, Ge B H, Zhang P, Cao X Z, Wilde M,
Jiang Y, Terai T, Shi J 2020 Adv. Mater. 32 1905060

Li H, Wang Y, Li H, Yan F, Ge B, Zhang J, Chen N, Chen J
2022 ACS Appl. Electron. Mater. 4 4873

Hu F X, Gao J 2006 Appl. Phys. Lett. 88 132502

Sharma Y, Balachandran J, Sohn C, Krogel J T, Ganesh P,
Collins L, Tevlev A V, Li Q, Gao X, Balke N, Ovchinnikova O
S, Kalinin S V, Heinonen O, Lee H N 2018 ACS Nano 12
7159

Zhang Z, Mondal S, Mandal S, et al. 2021 PNAS 118
€2017239118

Schrecongost D, Aziziha M, Zhang H T, et al. 2019 Adv.
Funct. Mater. 29 1905585

Lee Y J, Hong K, Na K, Yang J, Lee T H, Kim B, Bark C
W, Kim J Y, Park S H, Lee S, Jang H W 2022 Adv. Mater.
34 2203097

Matsuda Y H, Nakamura D, Ikeda A, Takeyama S, Suga Y,
Nakahara H, Muraoka Y 2020 Nat. Commun. 11 3591

Li G, Xie D, Zhong H, Zhang Z, Fu X, Zhou Q, Li Q, Ni H,
Wang J, Guo E J, He M, Wang C, Yang G, Jin K, Ge C 2022
Nat. Commun. 13 1729

Research on the electronic phase transitions in strongly
correlated oxides and multi-field regulation”

Zhou Xuan-Chi V21

Li Hai-Fan?®

1) (Key Laboratory of Magnetic Molecules and Magnetic Information Materials of Ministry of Education, School of Chemistry and

Materials Science, Shanxi Normal University, Taiyuan 030031, China)

2) (Collaborative Innovation Center for Shanxzi Advanced Permanent Magnetic Materials and Technology, Research Institute of Materials

Science, Shanzi Normal University, Taiyuan 030031, China)

3) (Department of Chemistry, City University of Hong Kong, Hong Kong 999077, China)

( Received 25 February 2024; revised manuscript received 2 April 2024 )

Abstract

External-field-triggered multiple electronic phase transitions within correlated oxides open up a new

paradigm to explore exotic physical functionalities and new quantum transitions via regulating the electron

correlations and the interplay in the degrees of freedom, which makes the multidisciplinary fields have the

promising application prospects, such as neuromorphic computing, magnetoelectric coupling, smart windows,

bio-sensing, and energy conversion. This review presents a comprehensive picture of regulating the electronic

phase transitions for correlated oxides via multi-field covering the VO, and ReNiOs, thus highlighting the

critical role of external field in exploring the exotic physical property and designing new quantum states.
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Beyond conventional semiconductors, the complex interplay in the charge, lattice, orbital and spin degrees of
freedom within correlated oxides triggers abundant correlated physical functionalities that are rather susceptible
to the external field. For example, hydrogen-related electron-doping Mottronics makes it possible to discover
new electronic phase and magnetic ground states in the hydrogen-related phase diagram of correlated oxides. In
addition, filling-controlled Mottronics by using hydrogenation triggers multiple orbital reconfigurations for
correlated oxides away from the correlated electronic ground state that results in new quantum transitions via
directly manipulating the d-orbital configuration and occupation, such as unconventional Ni-based
superconductivity. The transition metals of correlated oxides are generally substituted by dopants to effectively
adjust the electronic phase transitions via introducing the carrier doping and/or lattice strain. Imparting an
interfacial strain to correlated oxides introduces an additional freedom to manipulate the electronic phase
transition via distorting the lattice framework, owing to the interplay between charge and lattice degrees of
freedom. In recent years, the polarization field associated with BiFeO5 or PMN-PT material triggered by a
cross-plane electric field has been used to adjust the electronic phase transition of correlated oxides that
enriches the promising correlated electronic devices. The exotic physical phenomenon as discovered in the
correlated oxides originates from the non-equilibrium states that are triggered by imparting external fields.
Nevertheless, the underneath mechanism as associated with the regulation in the electronic phase transitions of
correlated oxides is still in a long-standing puzzle, owing to the strong correlation effect. As a representative
case, hydrogen-associated Mottronic transition introduces an additional ion degree of freedom into the
correlated oxides that is rather difficult to decouple from the correlated system. In addition, from the
perspective of material synthesis, the above-mentioned correlated oxides are expected to be compatible with
conventional semiconducting process, by which the prototypical correlated electronic devices can be largely
developed. The key point that accurately adjusts and designs the electronic phase transitions for correlated
oxides via external fields is presented to clarify the basic relationship between the microscopic degrees of
freedom and macroscopic correlated physical properties. On the basis, the multiple electronic phase transitions
as triggered by external field within correlated oxides provide new guidance for designing new functionality and

interdisciplinary device applications.

Keywords: strongly correlated oxides, electronic phase transition, correlated physical property regulation,

metal-to-insulator transition

PACS: 71.27.4a, 71.30.+h, 68.35.Rh, 83.60.Np DOI: 10.7498/aps.73.20240289
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