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Fig. 1. (a) Schematic of a magnetic tunnel junction. (b) A typical tunnel magnetoresistance curve. (c)—(e) Schematic of the MRAM
driven by a magnetic field, STT, and SOT®. The white zigzag arrows indicate the path of the injected current, and the arrows in

the magnetic tunnel junctions represent the direction of the magnetic moments in the magnetic layers.
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Fig. 2. (a) Schematic of a magnetoelectric random access memory (MeRAMs) combining ferroelectric and a magnetic tunnel junction®!l.

The resistance of the magnetic tunnel junction can be controlled by switching magnetization of the free layer through an electric

field, thereby achieving information writing. R, and R,, represent the resistances of the magnetic tunnel junction with the parallel

and antiparallel magnetization configurations, respectively. FE stands for ferroelectric, and the green arrows indicate the direction

of its ferroelectric polarization P. The arrows at the interface show the direction of the magnetization at the interface of the multi-

ferroics. (b) Energy consumption for various memories®?.
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Fig. 3. (a) Schematic of charge-mediated magnetoelectric coupling. (b) Schematic diagram of the PZT/LSMO multiferroic hetero-

structures and the measurement geometry. (c) Magnetization switching in LSMO induced by the ferroelectric polarization of the PZTI?,

(d) Schematic of strain-mediated magnetoelectric coupling. (e) A typical PMN-PT/CoFeB multiferroic heterostructure: Under the

influence of an electric field, PMN-PT undergoes strain, thereby regulating the magnetization of the CoFe. (f) 90° rotation of the

magnetic easy axis of CoFeB driven by electric fields®”. (g) Exchange-mediated magnetoelectric coupling in ferromagnetic/single

phase multiferroics. (h) Schematic for achieving magnetization switching through electric-field control of the exchange bias (Hgg).

The magnetization (M) is negative for positive exchange bias (left), while is positive for negative exchange bias (right). Therefore,

the positive and negative magnetization can be reversed by electrically controlling the exchange biasl®l.
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Fig. 4. (a) Schematic of magnetic tunnel junction/ferroelectric storage unit*®; (b) an MTJ with AlO, tunnel barrier fabrication on a

ferroelectric substrate; (c) the tunnel magnetoresistance curves under different electric fields!®); (d) an MTJ with MgO tunnel barri-

er fabrication on PMN-PT substrate; (e) nonvolatile electric-field modulation of the resistance in MTJ at zero magnetic field!
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Fig. 5. (a) Schematic of the CoFe/BiFeO; sample structure; (b) 180° magnetization switching in CoFe observed by XMCD-PEEM;
(c) full switching of giant magnetoresistance by the electric field due to 180° magnetization switching!67.
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Fig. 6. (a) Schematic top view of the sample structure with two pairs of AA and BB electrodes. An MTJ device was placed at the
center of two electrode pairs. (b) Rotating magnetization of the free layer by applying ordered voltages to the AA and BB elec-
trode pairs. After four 45° rotations, a 180° magnetization switching is achieved. (¢) Cooperative action of the two electrode pairs

enables reversible control of the high/low-resistance states of the magnetic tunnel junction™.
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Fig. 7. (a) 180° magnetization switching in dipole-coupled magnets accomplished by two opposite 90° rotations. When rotating the
magnetic easy axis from the y- to the z-axis, the parallel magnetization of the two dipole coupled magnets reorient to the z-axis
with opposite paths because dipole interaction between the two magnets favors the antiparallel configuration of the magnetization,
as illustrated by the dashed lines leading to an antiparallel configuration. (b) TMR curves measured along the z and the y axes un-
der £150 V with different orientations of the magnetic easy axes. (c¢) Nonvolatile voltage-driven resistance switching of the MTJ as-

sisted by a magnetic field of 40 Oe. (d) Stable high/low resistances driven by voltages/".
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Fig. 8. (a) Schematic of the PMN-PT/Pt/Co/Ta structure; (b) anomalous Hall curves measured with various electric fields; (c) con-

verse magnetoelectric coefficient at H, = —20 Oe and 0 Oe; (d) dependence of Pt/Co and Co/Ta interface roughness on electric field*?.
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Fig. 9. (a) Mechanism of electric-field controlled magnetization switching through modulating compensation temperature of the fer-
rimagnetic materials; (b) anomalous Hall curves of FeTb at various temperatures, whose polarity switches near the compensation

temperature; (c) anomalous Hall curves with various voltages at 302 K[l
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Fig. 10. (a) Perpendicular MTJ fabrication on a ferroelectric substrate; (b) schematic of electric-field control of easy-cone state of
the free layer; (c) the regulation of tunnel magnetoresistance by electric field under different magnetic fields'*®); (d) generation of re-
versed magnetic domains in the free layer induced by electric field; (e) electric field regulation of tunnel magnetoresistance at zero

magnetic field!*?.

060801-11


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 Z 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060801

(K 10(b)), MIMAFE] [ iy Z R BT HLZE 0GR Y
IR e fR A, WA 10(c) FiR, S T =0 TR
Sy Al RS R IR R PR E 45 R FRE. Zhang
S5 1 FE PMN-PT (001) kAL E il &5 1 3 Eid
PERRIEZS, AR BN AR T H W2 5w
WEWGERY A2, WA 10(d) Bz, i B st 2
WeAs. A i ERERIRAS MRS | & T REVEREIEZE Y
HLFHARE, 138 T E 0 T al AR S R
P, PRy 22 Q. TR TE ERETERREZS AT
FLBAL TR BB, HATRARIEILA R E, Hh
K JRARRERE R UK FBE R TR PHER AL TR0,
L8 LI, ZET 28k A Y e A e B
WEAS 1 SEPERIE ST, 1T FL S AN BT T [ S %o A
PERBR N, XT3 ELRE A A IRA H RTER TR R
B g T A, GRS B I B AR B E 1 180° B
¥e. T S — B br, i/ 2L P REAS 1] 5
P, SIS B R, Flansw ek mg vt gt 1 n]
RE, (Hb T U FE /Y T 2 BL L I Ak
T AR G Y BAL

5 RagfmER

ZENEM RGBS 09T, o froil I LAF
MR, EA4lUs T MR RCR. BEE A e 55
HBTRRH A G, JE T 22 B A A A i FL A 5 2
JO, AL AT B A b R AL

1) e GE I kRE /B S 4k v B s s e
AL RH RS S, 5 R ST B L 7 5 MG FELU R
FOBTHLE, Ungla “HERPRL, 0 MEATAE. BEE
HEREAEA LR " AEBR PRI IR ARITSE, 4R "4k
AEZ R ATRE 100100 A2 3] 7 53, R, 4
Tl ) — ARk AR JU Y 22 Bk e ST 4t Ay 102103 L R
T REFRFRA BN RIS, 55T ZHEphRH Z 8t
BN Z R A, R L, AR & RO e it
TR AEAF] T S O A R, A
THERF I DA T R RV LA LA R P R 4 25800 Y R AIE
WA TR PR, S 7 25 Mg 45 Ay (10410
JE FUEH oA RS BN A, BT T U T A g
PEBR IS 1001090 Sy R A7 A 2 B f U F R A T i
122, RIS 220 I 2 h ALk W 7 A 45 5 D AR E
AR RS I TR0 7O Y ik [0 S I 1 Y
JEASE 57 A R R 3 S — R, 1 30T 40 A% B 1
HEERE ST A HEFE RS AARFEE, B

FH FEL 37 S K i 080 42 F A B 1) 77 A R B 2 I g
FEREL PRSI EE 2 )y ).

2) kS IR A S b BN R ARk
WEAT LSS &, BERE KL T S ER A R 5% 1 2%
e, B HL SRR AR AR 2S5 ok ¥ e 22 8k 2 T 25 AL i
SEIEWE, A BT A SR IRREFE F e T a8,
Gy Wk R MR B, S B R =
AORAESEAL T ). HETE 28 5L I AR R R M
VR ) FL A (EA T AN 4 Bh oA S B L 37
BTG 1 NS REAE . DUALAE a5, SCILEREY T 1Y)
L3 B 1 AR WA, PR T ORMIBESE B n. 1%
GERETERR A LS L CoFeB AiYE A B )2, 451
B WA RGBS CoFeB #& T8 MO 2wl it vk
WEIE 2, A7 B FH H 7 B e A A A i S
X T P IR T 23 FL L ) 5 A A S R M I A 1
WERE, XPAMIESA AR, BT THRe 1R, JF B Aeie
PR FH TR 2% B e a0, s kw2
BRI B — A EE 5 ). R H AR A AL
FTRE T B, O 2 X SO REAA R B i s (1121080,
RS, S A P g A 235t A5 381 1 Sk 5 [114.110],
WPl 28k S T2 A0 A S B AP RAR 2 &, SEBF
0t SR 1 R S R R PR R T 45 ) e R A i
o Lt — 25T

3) Z 8k 5 45 # H ik 2 K PMN-PT 4
Bk R RS, R DG L S M s A AL AT
5%, ML SCBRI 30 T T e Tk e v AR Y
R TAE R 2857 B g . Sl X m) [ 52
$ (freestanding) HAn/Ek FEL L RE AL AT IIE L #1585
DA ILE IR, MR 2 Si 458 240K L,
4530 55 8 LB AT LEABLAY R A e L R AR 618 g
HAE A SCHE PMN-PT £k SRR 1 AR 2 Y
ZERSE IR T R BT 2 G R A g 1,
JE L PERE LS 1% B S 6 v b A A {1 r, R 3
5 F e R AR AL T TR 2 ), SO — DA it
i HL 2 R0 22 R A L 1)l 44 20 52
Frmi . (R85 RRSE | & AR S5 H i 52
PR R ME LA 2%, I FERE RS i R b iy T3
TG S L A L R 75 R B AR A S R 25 7
AR A RV IR R R | X SR 2 i ek
HL VPR R (120121 H T [ Sk i e R T
BR R SRR R T 2 A 1220230 o] g — 20l o 4R
PITECANIN T T 248 ORGP R 3 45 55 1 e Fl -2
e AR I XA

060801-12


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 Z 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060801

S 30k

[10]

(11]

(12]
(13]
(14]
(15]
(16]

(17]

(18]
(19]

20]
21]
[22]

23]
24]
[25]

[26]

Manipatruni S, Nikonov D E, Young I A 2018 Nat. Phys. 14
338

Guo Z X, Yin J L, Bai Y, Zhu D Q, Shi K W, Wang G F,
Cao K H, Zhao W S 2021 Proc. IEEE 109 1398

Song C, Zhang R Q, Liao L Y, Zhou Y J, Zhou X F, Chen R
Y, You Y F, Chen X Z, Pan F 2021 Prog. Mater. Sci. 118
100761

Zhang X, Chen A T, Zhang Y F, Zeng Z Z, Guo Y Q, Zheng
D X, Cui BS, Wu C W, Song W J, Yang S, Luo Z J, Li J
F, Gubbiotti G, Han X F, Zhao J K, Yan P, Kou X F,
Zhang X X, Wu H 2025 Adv. Electron. Mater. 11 2500022
Cui B S, Chen A T, Zhang X, Fang B, Zeng Z Z, Zhang P,
Zhang J, He W Q, Yu G Q, Yan P, Han X F, Wang K L,
Zhang X X, Wu H 2023 Adv. Mater. 35 2302350

Wu H, Chen A T, Zhang P, He H R, Nance J, Guo C Y,
Sasaki J, Shirokura T, Hai P N, Fang B, Razavi S A, Wong
K, WenY,MaY C, Yu G Q, Carman G P, Han X F, Zhang
X X, Wang K L 2021 Nat. Commun. 12 6251

Zhang K W, Wu Y H, Song J Y, Guo Y T, Cai X L, Cheng
L, Zheng D X, Chen A T, Li P, Zhang X X 2025 Adv.
Electron. Mater. 11 2400820

Liang S X, Chen A T, Han L, Bai H, Chen C, Huang L, Ma
M Y, Pan F, Zhang X X, Song C 2025 Adv. Funct. Mater.
35 2417731

Du A, Zhu D Q, Cao K H, Zhang Z Z, Guo Z X, Shi K W,
Xiong D R, Xiao R, Cai W L, Yin J L, Lu S Y, Zhang C,
Zhang Y, Luo S J, Fert A, Zhao W S 2023 Nat. Electron. 6
425

Fang B, San Jose L' S T, Chen A T, Li Y, Zheng D X, Ma Y
C, Algaidi H, Liu K, Finocchio G, Zhang X X 2022 Adwv.
Funct. Mater. 32 2112406

Bai H, Liang S X, Chen A T, Li J H, Han L, Zhang Y C,
Zhu W X, Yu G Q, Han X F, Wang L, Wang Y Y, Pan F,
Zhang X X, Song C 2025 Phys. Rev. Appl. 24 014003

Fert A, Ramesh R, Garcia V, Casanova F, Bibes M 2024
Rev. Mod. Phys. 96 015005

Song C, Cui B, Li F, Zhou X B, Pan F 2017 Prog. Mater.
Sci. 87 33

Matsukura F, Tokura Y, Ohno H 2015 Nat. Nanotechnol. 10
209

Wang W G, Li M, Hageman S, Chien C L 2011 Nat. Mater.
11 64

Shiota Y, Nozaki T, Bonell F, Murakami S, Shinjo T, Suzuki
Y 2011 Nat. Mater. 11 39

Khalili Amiri P, Alzate J G, Cai X Q, Ebrahimi F, Hu Q,
Wong K, Grezes C, Lee H, Yu G, Li X, Akyol M, Shao Q,
Katine J A, Langer J, Ocker B, Wang K L 2015 [FEE
Trans. Magn. 51 3401507

Spaldin N A, Ramesh R 2019 Nat. Mater. 18 203

Fiebig M, Lottermoser T, Meier D, Trassin M 2016 Nat.
Rev. Mater. 1 16046

Dong S, Xiang H B, Dagotto E 2019 Natl. Sci. Rev. 6 629
Bibes M, Barthelemy A 2008 Nat. Mater. 7 425

Ramesh R, Manipatruni S 2021 Proc. R. Soc. A 477
20200942

Schmid H 2008 J. Phys. : Condens. Matter 20 434201

Fiebig M 2005 J. Phys. D: Appl. Phys. 38 R123

Spaldin N A, Cheong S W, Ramesh R 2010 Phys Today 63
38

Wang J, Neaton J B, Zheng H, Nagarajan V, Ogale S B, Liu
B, Viehland D, Vaithyanathan V, Schlom D G, Waghmare

[36]

37]

[38]

[39]

[50]

[51]

[52]

[53]

[54]

060801-13

U V, Spaldin N A, Rabe K M, Wuttig M, Ramesh R 2003
Science 299 1719

Kimura T, Goto T, Shintani H, Ishizaka K, Arima T,
Tokura Y 2003 Nature 426 55

Breakthrough of the Year 2007 Science 318 1848

Hill N A 2000 J. Phys. Chem. B 104 6694

Yang J C, He Q, Yu P, Chu Y H 2015 Annu. Rev. Mater.
Res. 45 249

Hu J M, Chen L Q, Nan C W 2016 Adv. Mater. 28 15

Nan C W, Bichurin M I, Dong S X, Viehland D, Srinivasan
G 2008 J. Appl. Phys. 103 031101

An M, Dong S 2020 Acta Phys. Sin. 69 217502 (in Chinese)
[, #h 2020 PIEE%4R 69 217502

Molegraaf H J A, Hoffman J, Vaz C A F, Gariglio S, van
der Marel D, Ahn C H, Triscone J M 2009 Adv. Mater. 21
3470

Zhu Q X, Yang M M, Zheng M, Zheng R K, Guo L J, Wang
Y, Zhang J X, Li X M, Luo H S, Li X G 2015 Adv. Funct.
Mater. 25 1111

Heidler J, Fechner M, Chopdekar R V, Piamonteze C,
Dreiser J, Jenkins C A, Arenholz E, Rusponi S, Brune H,
Spaldin N A, Nolting F 2016 Phys. Rev. B 94 014401

Zhang S, Zhao Y G, Xiao X, Wu Y Z, Rizwan S, Yang L F,
Li P S, Wang J W, Zhu M H, Zhang H Y, Jin X F, Han X
F 2014 Sci. Rep. 4 3727

Wang Y, Hu J M, Lin Y H, Nan C W 2010 NPG Asia
Mater. 2 61

Luo B, Will-Cole A R, Dong C Z, He Y F, Liu X X, Lin H,
Huang R, Shi X L, McConney M, Page M, Sanghadasa M,
Ramesh R, Sun N X 2024 Nat. Rev. Electr. Eng. 1 317
Pathak P, Yadav V K, Mallick D 2025 Appl. Phys. Lett. 127
180502

Taniyama T 2015 J. Phys. : Condens. Matter. 27 504001
Vaz C A 2012 J. Phys. : Condens. Matter. 24 333201

Sun N X, Srinivasan G 2012 SPIN 2 1240004

Chen A T, Zhao Y G 2018 Acta Phys. Sin. 67 157513 (in
Chinese) [ K, BKRI 2018 P24k 67 157513]

Chen A T, Zhao Y G 2016 APL Mater. 4 032303

Hu J M, Li Z, Chen L Q, Nan C W 2011 Nat. Commun. 2
553

Hu J M, Li Z, Wang J, Nan C W 2010 J. Appl. Phys. 107
093912

Pertsev N A, Kohlstedt H 2009 Appl. Phys. Lett. 95 163503
Wang L. Q, Hu Z Q, Zhu Y Y, Xian D, Cai J L, Guan M M,
Wang CY, Duan J B, Wu J G, Wang Z G, Zhou Z Y, Jiang
Z D, Zeng Z M, Liu M 2020 ACS Appl. Mater. Interfaces 12
8855

Liang X F, Chen H H, Sun N, Luo B, Golubeva E, Miiller C,
Mahat S, Wei Y Y, Dong C Z, Zacimbashi M, He Y F, Gao
Y, Lin H, Cahill D G, Sanghadasa M, McCord J, Sun N X
2023 Adv. Eng. Mater. 25 2300425

Zaeimbashi M, Nasrollahpour M, Khalifa A, Romano A,
Liang X, Chen H, Sun N, Matyushov A, Lin H, Dong C, Xu
Z, Mittal A, Martos-Repath I, Jha G, Mirchandani N, Das
D, Onabajo M, Shrivastava A, Cash S, Sun N X 2021 Nat.
Commun. 12 3141

Azam M A, Bhattacharya D, Querlioz D, Ross C A,
Atulasimha J 2020 Nanotechnology 31 145201

Liang X F, Matyushov A, Hayes P, Schell V, Dong C, Chen
H, He Y, Will-Cole A, Quandt E, Martins P, McCord J,
Medarde M, Lanceros-Mendez S, Van Dijken S, Sun N X,
Sort J 2021 IEEE Trans. Magn. 57 400157

Nan T X, Zhou Z Y, Liu M, Yang X, Gao Y, Assaf B A, Lin


https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1038/s41567-018-0101-4
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1109/JPROC.2021.3084997
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1016/j.pmatsci.2020.100761
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/aelm.202500022
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1002/adma.202302350
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1038/s41467-021-26478-3
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/aelm.202400820
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1002/adfm.202417731
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1038/s41928-023-00975-3
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1002/adfm.202112406
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/mkwy-qqks
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1103/RevModPhys.96.015005
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1016/j.pmatsci.2017.02.002
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3171
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1038/nmat3172
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1109/tmag.2015.2443124
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/s41563-018-0275-2
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1038/natrevmats.2016.46
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1093/nsr/nwz023
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1038/nmat2189
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1098/rspa.2020.0942
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0953-8984/20/43/434201
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1088/0022-3727/38/8/R01
https://doi.org/10.1063/1.3502547
https://doi.org/10.1063/1.3502547
https://doi.org/10.1063/1.3502547
https://doi.org/10.1063/1.3502547
https://doi.org/10.1063/1.3502547
https://doi.org/10.1063/1.3502547
https://doi.org/10.1126/science.1080615
https://doi.org/10.1126/science.1080615
https://doi.org/10.1126/science.1080615
https://doi.org/10.1126/science.1080615
https://doi.org/10.1126/science.1080615
https://doi.org/10.1126/science.1080615
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1038/nature02018
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1126/science.318.5858.1848
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1021/jp000114x
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1146/annurev-matsci-070214-020837
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1002/adma.201502824
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.1063/1.2836410
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.7498/aps.69.20201193
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adma.200900278
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1002/adfm.201403763
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1103/PhysRevB.94.014401
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/srep03727
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/asiamat.2010.32
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1038/s44287-024-00044-7
https://doi.org/10.1063/5.0285155
https://doi.org/10.1063/5.0285155
https://doi.org/10.1063/5.0285155
https://doi.org/10.1063/5.0285155
https://doi.org/10.1063/5.0285155
https://doi.org/10.1063/5.0285155
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/27/50/504001
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1088/0953-8984/24/33/333201
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.1142/S2010324712400048
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.7498/aps.67.20181272
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1063/1.4943990
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1038/ncomms1564
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3373593
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1063/1.3253706
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1021/acsami.9b20038
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1002/adem.202300425
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1038/s41467-021-23256-z
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1088/1361-6528/ab6234
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
https://doi.org/10.1109/TMAG.2021.3086635
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 Z 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060801

[57]

[58]

[59]
[60]
61]

(62]

(63]

[64]

(65]

(6]

[67]

(68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]

[77]

(78]

(79]

H, Velu S, Wang X J, Luo H S, Chen J, Akhtar S, Hu E,
Rajiv R, Krishnan K, Sreedhar S, Heiman D, Howe B M,
Brown G J, Sun N X 2014 Sci. Rep. 4 3688

Wu S M, Cybart S A, Yu P, Rossell M D, Zhang J X,
Ramesh R, Dynes R C 2010 Nat. Mater. 9 756

Laukhin V, Skumryev V, Marti X, Hrabovsky D, Sdnchez F,
Garcia-Cuenca M V, Ferrater C, Varela M, Liiders U, Bobo
J F, Fontcuberta J 2006 Phys. Rev. Lett. 97 227201

Wu S M, Cybart S A, Yi D, Parker J M, Ramesh R, Dynes
R C 2013 Phys. Rev. Lett. 110 067202

He X, Wang Y, Wu N, Caruso A N, Vescovo E,
Belashchenko K D, Dowben P A, Binek C 2010 Nat. Mater.
9 579

Demirci E, de Rojas J, Quintana A, Fina I, Menéndez E,
Sort J 2022 Appl. Phys. Lett. 120 142406

Liu M, Lou J, Li S D, Sun N X 2011 Adv. Funct. Mater. 21
2593

Wu S Z, Miao J, Xu X G, Yan W, Reeve R, Zhang X H,
Jiang Y 2015 Sci. Rep. 5 8905

Chen A T, Zhao Y G, Li P S, Zhang X, Peng R C, Huang H
L, Zou L K, Zheng X L, Zhang S, Miao P X, Lu Y L, Cai J
W, Nan C W 2016 Adv. Mater. 28 363

LiP S, Chen A T, Li D L, Zhao Y G, Zhang S, Yang L F,
Liu Y, Zhu M H, Zhang H Y, Han X F 2014 Adv. Mater. 26
4320

Zhao Z, Jamali M, D'Souza N, Zhang D, Bandyopadhyay S,
Atulasimha J, Wang J P 2016 Appl. Phys. Lett. 109 092403
Chen A T, Wen Y, Fang B, Zhao Y L, Zhang Q, Chang Y
S,LiP S, WuH, Huang HL, Lu Y L, Zeng Z M, Cai J W,
Han X F, Wu T, Zhang X X, Zhao Y G 2019 Nat. Commun.
10 243

Wu T, Bur A, Zhao P, Mohanchandra K P, Wong K, Wang
K L, Lynch C S, Carman G P 2011 Appl. Phys. Lett. 98
012504

Heron J T, Bosse J L, He Q, Gao Y, Trassin M, Ye L,
Clarkson J D, Wang C, Liu J, Salahuddin S, Ralph D C,
Schlom D G, Iniguez J, Huey B D, Ramesh R 2014 Nature
516 370

Dorr K, Herklotz A 2014 Nature 516 337

Zhang Q T, You L, Shen X, Wan C H, Yuan Z H, Zhang X,
Huang L, Kong W J, Wu H, Yu R C, Wang J L, Han X F
2015 Adv. Mater. 27 6934

Peng R C, Wang J J, Hu J M, Chen L Q, Nan C W 2015
Appl. Phys. Lett. 106 142901

Wang J J, Hu J M, Ma J, Zhang J X, Chen L. Q, Nan C W
2014 Sci. Rep. 4 7507

Biswas A K, Bandyopadhyay S, Atulasimha J 2014 Appl.
Phys. Lett. 105 072408

Biswas A K, Bandyopadhyay S, Atulasimha J 2014 Appl.
Phys. Lett. 104 232403

Biswas A K, Ahmad H, Atulasimha J, Bandyopadhyay S
2017 Nano Lett. 17 3478

Chen A T, Zhao Y L, Wen Y, Pan L, Ii P S, Zhang X X
2019 Sci. Adv. 5 eaay5141

Chen A, Piao H G, Ji M H, Fang B, Wen Y, Ma Y C, Li P
S, Zhang X X 2021 Adv. Mater. 33 2105902

Chen A T, Peng R C, Fang B, Yang T N, Wen Y, Zheng D
X, Zhang C H, Liu C, Li Z B, Li P S, Li Y, Zhao Y G, Nan
C W, Qiu Z Q, Chen L Q, Zhang X X 2023 Adv. Funct.
Mater. 33 2213402

Kim J H, Ryu K S, Jeong J W, Shin S C 2010 Appl. Phys.
Lett. 97 252508

Lee J W, Shin S C, Kim S K 2003 Appl. Phys. Lett. 82 2458

[80]

[81]

(82]

[83]

[84]

[85]

[86]

(87]

[83]

(89]

[90]

[91]
[92]

(93]

[94]

[95]

[96]

[97]

(98]

[99]

[100)

[101]

060801-14

Yang Y T, Zhang Q M, Wang D H, Song Y Q, Wang L Y,
Lv LY, Cao Q Q, Du'Y W 2013 Appl. Phys. Lett. 103
082404

Tsai W C, Liao S C, Huang K F, Wang D S, Lai C H 2013
Appl. Phys. Lett. 103 252405

Chen A, Zhang S F, Wen Y, Huang H L, Kosel J, Lu Y L,
Zhang X X 2019 ACS Appl. Mater. Interfaces 11 47091
Ghidini M, Maccherozzi F, Moya X, Phillips L C, Yan W,
Soussi J, Metallier N, Vickers M E, Steinke N J, Mansell R,
Barnes C H, Dhesi S S, Mathur N D 2015 Adv. Mater. 27
1460

Chen A T, Piao H G, Zhang C, Ma X P, Algaidi H, Ma Y,
Li Y, Zheng D, Qiu Z, Zhang X X 2023 Mater. Horiz. 10
3034

Peng B, Zhou Z Y, Nan T X, Dong G H, Feng M M, Yang
Q, Wang X J, Zhao S S, Xian D, Jiang Z D, Ren W, Ye Z
G, Sun N X, Liu M 2017 ACS Nano 11 4337

Yang Q, Nan T X, Zhang Y J, Zhou Z Y, Peng B, Ren W,
Ye Z G, Sun N X, Liu M 2017 Phys. Rev. Appl. 8 044006
Sun Y, Ba Y, Chen A, He W, Wang W B, Zheng X L, Zou
L K, Zhang Y J, Yang Q, Yan L J, Feng C, Zhang Q H, Cai
J W, Wu W D, Liu M, Gu L, Cheng Z H, Nan C W, Qiu Z
Q, Wu Y Z, Li J, Zhao Y G 2017 ACS Appl. Mater.
Interfaces 9 10855

Shirahata Y, Shiina R, Gonzalez D L, Franke K J A, Wada
E, Itoh M, Pertsev N A, van Dijken S, Taniyama T 2015
NPG Asia Mater. T ¢198

Gopman D B, Dennis C L, Chen P J, Iunin Y L, Finkel P,
Staruch M, Shull R D 2016 Sci. Rep. 6 27774

Yu G Q, Wang Z X, Abolfath-Beygi M, He C L, Li X, Wong
K L, Nordeen P, Wu H, Carman G P, Han X F, Alhomoudi
I A, Amiri P K, Wang K L 2015 Appl. Phys. Lett. 106
072402

Park S E, Shrout T R 1997 J. Appl. Phys. 82 1804

Chen A T, Huang H L, Wen Y, Liu W Y, Zhang S F, Kosel
J, Sun W D, Zhao Y G, Lu Y L, Zhang X X 2020 Mater.
Horiz. T 2328

Huang M, Hasan M U, Klyukin K, Zhang D, Lyu D,
Gargiani P, Valvidares M, Sheffels S, Churikova A, Buttner
F, Zehner J, Caretta L, Lee K Y, Chang J, Wang J P,
Leistner K, Yildiz B, Beach G S D 2021 Nat. Nanotechnol.
16 981

Wang J S, Li M F, Li C Z, Tang R J, Si M S, Chai G Z,
Yao J L, Jia C L, Jiang C J 2023 Phys. Rev. B 107 184424
Liu P F, Xu T, Liu Q, Dong J C, Lin T, Zhang Q H, Lan X
K, Sheng Y, Wang C Y, Pei J J, Yang H X, Gu L, Wang K
Y 2025 Newton 1 100004

Tang A H, Li C, Xu T, Dong Y Q, Ma J, Yu P, Nan C W,
Lin Y H, Nan T X, Jiang W J, Yi D 2024 Nano Lett. 24 632
Li C, Tang A h, Cheng Y, Ma J, Yu P, Zhu F Y, Lin Y H,
Nan T X, Jiang W J, Yi D, Nan C W 2026 Adv. Funct.
Mater. 36 13870

Sun W D, Zhang Y K, Cao K H, Lu SY, Du A, Huang H L,
Zhang S, Hu C Q, Feng C, Liang W H, Liu Q, Mi S, Cai J
W, Lu Y L, Zhao W S, Zhao Y D 2024 Seci. Adv. 10
eadj8379

Zhang Y K, Sun W D, Cao K H, Yang X X, Yang Y Q, Lu
SY,DuA, Hu C Q, Feng C, Wang Y T, Cai J W, Cui B S,
Piao H G, Zhao W S, Zhao Y G 2024 Sci. Adv. 10 eadl4633
Sun ZY,SuY Q, Zhi A M, Gao Z C, Han X, Wu K, Bao L
H, Huang Y, Shi Y G, Bai X D, Cheng P, Chen L, Wu K H,
Tian X Z, Wu C Z, Feng B J 2024 Nat. Commun. 15 4252
Song Q, Occhialini C A, Ergecen E, Ilyas B, Amoroso D,


https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/srep03688
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1038/nmat2803
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.97.227201
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1103/PhysRevLett.110.067202
https://doi.org/10.1038/nmat2785
https://doi.org/10.1038/nmat2785
https://doi.org/10.1038/nmat2785
https://doi.org/10.1038/nmat2785
https://doi.org/10.1038/nmat2785
https://doi.org/10.1038/nmat2785
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1063/5.0091231
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1002/adfm.201002485
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1038/srep08905
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201503176
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1002/adma.201400617
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1063/1.4961670
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1038/s41467-018-08061-5
https://doi.org/10.1063/1.3534788
https://doi.org/10.1063/1.3534788
https://doi.org/10.1063/1.3534788
https://doi.org/10.1063/1.3534788
https://doi.org/10.1063/1.3534788
https://doi.org/10.1063/1.3534788
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/nature14004
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1038/516337a
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1002/adma.201502754
https://doi.org/10.1063/1.4917228
https://doi.org/10.1063/1.4917228
https://doi.org/10.1063/1.4917228
https://doi.org/10.1063/1.4917228
https://doi.org/10.1063/1.4917228
https://doi.org/10.1063/1.4917228
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1038/srep07507
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4893617
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1063/1.4882276
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1021/acs.nanolett.7b00439
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1126/sciadv.aay5141
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adma.202105902
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1002/adfm.202213402
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.3531648
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.1566795
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4819459
https://doi.org/10.1063/1.4850575
https://doi.org/10.1063/1.4850575
https://doi.org/10.1063/1.4850575
https://doi.org/10.1063/1.4850575
https://doi.org/10.1063/1.4850575
https://doi.org/10.1063/1.4850575
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1021/acsami.9b16904
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1002/adma.201404799
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1039/D3MH00378G
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1021/acsnano.7b01547
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1103/PhysRevApplied.8.044006
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1021/acsami.7b00284
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/am.2015.72
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1038/srep27774
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.4907677
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1063/1.365983
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1039/D0MH00796J
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1038/s41565-021-00940-1
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1103/PhysRevB.107.184424
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1016/j.newton.2024.100004
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1021/acs.nanolett.3c03704
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1002/adfm.202513870
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adj8379
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1126/sciadv.adl4633
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
https://doi.org/10.1038/s41467-024-48636-z
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 % R Acta Phys. Sin. Vol. 75, No. 6 (2026)

060801

[102]

[103]

[104]
[105)

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Barone P, Kapeghian J, Watanabe K, Taniguchi T, Botana
A'S, Picozzi S, Gedik N, Comin R 2022 Nature 602 601

Eom J, Lee I H, Kee J Y, Cho M, Seo J, Suh H, Choi H J,
Sim Y, Chen S, Chang H J, Baek S H, Petrovic C, Ryu H,
Jang C, Kim Y D, Yang C H, Seong M J, Lee J H, Park S
Y, Choi J W 2023 Nat. Commun. 14 5605

Gong C, Kim E M, Wang Y, Lee G, Zhang X 2019 Nat.
Commun. 10 2657

Bogdanov A N, Panagopoulos C 2020 Nat. Rev. Phys. 2 492
Jiang W J, Chen G, Liu K, Zang J D, te Velthuis S G E,
Hoffmann A 2017 Phys Rep 704 1

Urrestarazu Larranaga J, Sisodia N, Guedas R, Pham V T,
Di Manici I, Masseboeuf A, Garello K, Disdier F, Fernandez
B, Wintz S, Weigand M, Belmeguenai M, Pizzini S, Sousa R
C, Buda-Prejbeanu L D, Gaudin G, Boulle O 2024 Nano
Lett. 24 3557

Chen S H, Lourembam J, Ho P, Toh A K J, Huang J, Chen
XY, Tan HK, Yap SL K, Lim R J J, Tan H R, Suraj T S,
Sim M I, Toh Y T, Lim I, Lim N C B, Zhou J, Chung H J,
Lim S T, Soumyanarayanan A 2024 Nature 627 522

Zhao M Q, Chen A T, Liu E L, Zhao L, Wang S S, He S K,
Zhang X X, Jiang W J 2025 Chin. Phys. Lett. 42 047502
Zhao M Q, Chen A T, Huang P Y, Liu C, Shen L C, Liu J
H, Zhao L, Fang B, Yue W C, Zheng D X, Wang L D, Bai
H, Shen K, Zhou Y, Wang S S, Liu EL, He S K, Wang Y L,
Zhang X X, Jiang W J 2024 npj Quantum Mater. 9 50

Ba Y, Zhuang S H, Zhang Y K, Wang Y T, Gao Y, Zhou H
G, Chen M F, Sun W D, Liu Q, Chai G Z, Ma J, Zhang Y,
Tian H F, Du H F, Jiang W J, Nan C W, Hu J M, Zhao Y
G 2021 Nat. Commaun. 12 322

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

Yan H, Feng Z X, Shang S L, Wang X N, Hu Z X, Wang J
H, Zhu Z W, Wang H, Chen Z H, Hua H, Lu W K, Wang J
M, Qin P X, Guo H X, Zhou X R, Leng Z G, Liu Z K, Jiang
C B, Coey M, Liu Z Q 2019 Nat. Nanotechnol. 14 131

[113]

[114)

[115]

[116]

[117]

[118)

[119]

[120]
[121]

[122]

[123]

060801-15

Chen X Z, Zhou X F, Cheng R, Song C, Zhang J, Wu Y C,
BaY,LiHB,Sun YM, YouY F, Zhao Y G, Pan F 2019
Nat. Mater. 18 931

Qin P X, Yan H, Wang X N, Chen H Y, Meng Z A, Dong J
T, Zhu M, Cai J L, Feng Z X, Zhou X R, Liu L, Zhang T L,
Zeng Z M, Zhang J, Jiang C B, Liu Z Q 2023 Nature 613
485

Chen X Z, Higo T, Tanaka K, Nomoto T, Tsai H, Idzuchi
H, Shiga M, Sakamoto S, Ando R, Kosaki H, Matsuo T,
Nishio-Hamane D, Arita R, Miwa S, Nakatsuji S 2023
Nature 613 490

Kum H S, Lee H, Kim S, Lindemann S, Kong W, Qiao K,
Chen P, Irwin J, Lee J H, Xie S, Subramanian S, Shim J,
Bae S H, Choi C, Ranno L, Seo S, Lee S, Bauer J, Li H, Lee
K, Robinson J A, Ross C A, Schlom D G, Rzchowski M S,
Eom C B, Kim J 2020 Nature 578 75

Ji D X, Cai S H, Paudel T R, Sun H Y, Zhang C C, Han L,
Wei Y F, Zang Y P, Gu M, Zhang Y, Gao W P, Huyan H,
Guo W, Wu D, Gu Z B, Tsymbal E Y, Wang P, Nie Y F,
Pan X Q 2019 Nature 570 87

Dong G H,Li S Z, Yao M T, Zhou Z Y, Zhang Y Q, Han X,
Luo Z L, Yao J X, Peng B, Hu Z Q, Huang H B, Jia T T, Li
JY, Ren W, Ye Z G, Ding X D, Sun J, Nan C W, Chen L
Q, Li J, Liu M 2019 Science 366 475

Lindemann S, Irwin J, Kim G Y, Wang B, Eom K, Wang J,
Hu J, Chen L Q, Choi S Y, Eom C B, Rzchowski M S 2021
Sci. Adv. 7 eabh2294

Mandal R, Yun S, Wurster K, Dollekamp E, Shondo J N,
Pryds N 2025 Nano Lett. 25 5541

Han L, Dong G H, Liu M, Nie Y F 2023 Adv. Funct. Mater.
34 2309543

Kang K T, Corey Z J, Hwang J, Sharma Y, Paudel B, Roy
P, Collins L, Wang X, Lee J W, Oh Y S, Kim Y, Yoo J, Lee
J, Htoon H, Jia Q, Chen A 2023 Adv. Sci. 10 2207481

Zhao Y N, Peng R C, Guo Y T, Liu Z J, Dong Y Q, Zhao S
S,LiY J, Dong G H, Hu Y, Zhang J W, Peng Y, Yang T N,
Tian B, Zhao Y F, Zhou Z Y, Jiang Z D, Luo Z L, Liu M
2021 Adv. Funct. Mater. 31 2009376


https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41586-021-04337-x
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-023-41382-8
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s41467-019-10693-0
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1038/s42254-020-0203-7
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1016/j.physrep.2017.08.001
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1021/acs.nanolett.4c00316
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1038/s41586-024-07131-7
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1088/0256-307X/42/4/047502
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41535-024-00655-1
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-20528-y
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41467-020-17354-7
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41565-018-0339-0
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41563-019-0424-2
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05461-y
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-022-05463-w
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-020-1939-z
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1038/s41586-019-1255-7
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/science.aay7221
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1126/sciadv.abh2294
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1021/acs.nanolett.5c00696
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/adfm.202309543
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/advs.202207481
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
https://doi.org/10.1002/adfm.202009376
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 Z 3R Acta Phys. Sin. Vol. 75, No. 6 (2026) 060801

SPECIAL TOPIC— Applied magnetism

Research progress of electric-field control of magnetism and
magnetic tunnel junctions in multiferroic heterostructures”
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2) (Department of Physics and State Key Laboratory of Low-Dimensional Quantum Physics,
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Abstract

Electric field control of magnetism is an important approach to developing low-power spintronic devices
and has become a significant research direction in magnetism. Recently, multiferroics have attracted much
attention due to their ability to control magnetism via magnetoelectric coupling by using electric fields.
Especially in ferromagnetic/ferroelectric multiferroic heterostructures, remarkable electric-field modulation of
magnetism has been realized at room temperature. In this paper, we give an overview of recent progress of
electric-field control of magnetism and magnetic tunnel junctions in multiferroic heterostructures. This review
consists of five parts: 1) introduction of magnetic tunnel junctions (MTJs) and the related control technologies;
2) multiferroics and the mechanism of electric-field-controlled magnetism in multiferroic heterostructures;
3) electric-field control of in-plane MTJs; 4) electric-field control of perpendicular magnetization and
perpendicular MTJs; 5) the perspective of multiferroic heterostructures.

The first part introduces the basic concepts of MTJs and the method of controlling an MTJ by adjusting
the magnetization of the free layer. The second part briefly reviews multiferroics and magnetoelectric coupling.
To achieve significant electric-field control over magnetism, different mechanisms of magnetoelectric coupling in
multiferroic heterostructures are discussed, i.e. charge-mediated, strain-mediated, and exchange-mediated.

For magnetic film with in-plane magnetic anisotropy, electric field can effectively rotate its magnetization
via strain-mediated magnetoelectric coupling. Therefore, the resistance of an MTJ is manipulated by electric
fields due to the 90° magnetization rotation of the free layer. Furthermore, full electrical switching of the MTJ
is achieved through introducing multiple strain and using dipole interaction.

Perpendicular magnetic anisotropy is essential for magnetic storage to increase the storage density and
thermal stability, therefore, great efforts have been dedicated to manipulating perpendicular magnetization by
electric fields. In multiferroic heterostructures, strain-mediated electrically control of perpendicular
magnetization is introduced. Moreover, switching perpendicular magnetization is realized in
ferrimagnetic/ferroelectric multiferroic heterostructures through modulating the compensation temperature.
Then electric-field control of perpendicular MTJs is reported. Finally, a perspective of multiferroic
heterostructures is given.

Keywords: multiferroics, multiferroic heterostructures, electric-field control of magnetism, magnetic tunnel

junction
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