) 3B % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070706

JE4= M %5 - B Te B 56 1[5 8 4= RO RS TS BE AL 77 BY
TriEes BB R Ty FERNGE

AL EAED EMEY B ARRY

fEZED f& Y

i

1) (BZETRRFIMFS, 19%  710051)
2) (EIBFRHECRZF IR, KD 410073)
(2025 4F 12 H 3 Hlg#); 2026 4F 1 A 12 B EHEH)

PO — 1 BN R R R, e DA SR M B ML AR i A (MRAM) % “fICRBHE . Wi B . SRR 1
R NERA TR K. I, AR SCHR R R T R IR R AR A A BEFIE SR (SOT) B #h U R84 1 MRAM FRITZ,
¥, HC PR BEVE RSB 45 . T 4@ A RHR I B A R A . 8 i S 2k S R A gL B 1 2E AR R A MuMax3 i
Tk “FA75 ELAIF 5T K 45 o AR F SOT BB FH T 22 420 490 WG A7 1) 0 o B 6 bl 5 SR P B DR B S Bl T B — i)
B 5 B B, TR TR LS SN 2 Ak 9N MR R (B E MR B AR S T R TR A T SR A LA — i b
PE 5 B0 REAE, D IR) IR RE AR AR, S R IREREZY 6.4 aJ /bit, BAESE SOT JHFE FEREMEMR 3 MR, HS
AR BE . AR 5T AR T FE MRAM B3 Kl e A7 it b AR AL T B 2 A B 35 5 Rl R Sl .

KR ZYRABIR, TPENE, A REBLER, PrE1EH]

DOI: 10.7498/aps.75.20251661

JeBE SRR, SRR S A A AU IE H £ i)
BB BR, e DE -5 PRGN A5 AL H g™k, 1A ]
PSR T A R B O A. L, KRR
FE. R L R I £ AT B 5 Ak BRI i O

TR IE YRR, H e s UHAR S R Ak

R TAE AN E A P SRR UL SR A S A
UK AZ L7 ) WA B i L TR 1 S B AR
1 1k Bl L A7 BUFF i (magnetoresistive random
access memory, MRAM) ££4E5 KM midliEZE 5
PUR ST SR T K, Bz e ™ A
AR M A Jisefr i 2 — 24 fF MRAM H, #
B SIE B S A RS TI A% 0 )
PRI AR, HARBFE . S HREE HiRTUE T a Rk

* K A RBHERAS (IS 62274183, 62301595) BB

t BIE1EE. E-mail: yangxk0123@163.com
© 2026 FEIEZFS Chinese Physical Society

CSTR: 32037.14.aps.75.20251661

REAY HRR L PR, I e R 1l Ak B D 42 L
IRZ 2 AR T BIFFE A EELAL.

A MRAM BEES4R H LK, AFFEA B CKR
Z G RIFE VR AL, 25 A HBOAR R -5 AT
B d5c P IR WL 9K Sh B AL 67) AR B 1
AR SCEA, A it 0 A ES ik 3 AU S R JE R T 1)
DLSEBUE BB S AL SR, iz pIL mim PR —
ST SR EIME LA S I A 1 e R RS A
PRI R TR AR 9, IR i R, B 3L
FHSRAAA B TT A 1) R, HLREFER =, MELATH AR
THAEI 1Y 5.

N T eGSR S A R, N B
FI etk B i B ARANER G 3, SR T A R4 )
¥ (spin transfer torque, STT) 3K Zh AL 512, 18
DR A I BT ARG, AR Bl A e AR S R
R SLBLTCAN ARG B, DT SE IR 1 #5375 5l 1Y) 5

http://wulixb.iphy.ac.cn

070706-1


http://doi.org/10.7498/aps.75.20251661
https://cstr.cn/32037.14.aps.75.20251661
mailto:yangxk0123@163.com
mailto:yangxk0123@163.com
http://wulixb.iphy.ac.cn
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

) 3B % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070706

R, HESh T MRAM R S92 AL AR . SR,
STT MUK AFAE SR [P BE: [H] PN G 45 1) Sk A1t
S e %) e e i P I 285 T R ) HEAE R ™ i, FR
il 7 AR ORI 5 K A ] AL, R B
B RENEZ Dy [ FU RO AT RS, S a1
FaEE.

AR PSR B F BESLIEHE (spin orbit torque,
SOT) B AL 1514 F H & 4 J8 J2 (W4 Pt. 41
Ta., 8 W) H1 1 H HEEE /KRR 2L Rashba-Edelstein
RO A R ) I, T N R G = JS BIK 2
e 1906, AR SAE TN LR A w2, A Bl
TRAREH GRS A mpith, B S50AESEK
T A R, A BB | & A iR 1k B
g 0181 SR, SOT MLHIAFAERERE 5 AT SEPESZBRAY
BRBE: WA ARG T AR 1) Sk 2 5 T I IR TE
2, SOT HhIR SIS # “—y By h—+y Sl (1
RE 22, T Wl N o I A H A 2 B, e A AN 237
A3 ) R HIAFE, 38 b i i R /R 2
T A BERLS 3G 58 . R R 7, PRI S A
[IFNERSR LT =R c

JEA7 10 AR 5K By B L] 0021 SR B TR s &
ROV B R4 7 58, 2k TR ARG /s H S Bt rhosti
HL37, I T Hs Ao TR (406 e RSO, 7 A WA, 1T
PR 2 RG2S 1) S, ARSI AL Bl .
B ORI T TR #ASDIFE (TR S et
T HL R SRS AR ), H 58 el it {5 5 S0 8
i, SN T 2R RAr 2. SR, 4l A2 9K
SNRETS AR 90 %% (M T S mp xfEdah ), 754K
ARSI S B8 T AT B A RE SEEE 180°H i T R Ak
Tl [R)IST, 1A A TR L T T 2t R 7 722 A% 3o
ORI, T 2t SR A Fr e,
RELH T AR Sk S R Sy 4 T G R T Atk 123290,

AR, AAREE B — Py BRSO X LA [T B 2 2
XTMRRERE DU | MR Tk | A A R 1Y 25
AR, SOT P45 5 He s i AR P45 B A3 K AR 1Y B
M SOT R4 B sl BE Pl L X vE 240/, (3
REFERCy; FRAR 0 A8 45 AT S A 2 R L S
DIFEIAR, (HFF 5 BhRE 7 B MR R L . (R &
BRHE)Z) A fie 56 iU Pk B HLH B0 o 2R 008
BT X A EoAMAE, 223 b )RR R S
BRI IR0 AR & Z A B
B A, SR — B A = R

BT, AR SCHR PP TR N AR B AP

SOT It iip [ 1 FH 1% 290 1 A/ o o 2 O %6 I
FEA AR 1 AR S DI RE+ R R 227 Rk, Jelsmisn
TR A R (KRR BAE ae 2), fHEat SOT
Jita AV A PR (PRI O 45 TR 4 )2 T IR Ak
J2) BT 8% 2 4 56 5E B 180°H 1 M Bl —— itk i3
BRI T AR S IR DAL O, TETFIR
U A NG Yy e L, TR IR T SOT B gh i
5 1) v R AL AR [ A, S BRI A B
Fh. I AR, REERAE T i P R AL
PR ATHE: JCE AN B, SEfE AR S SOT /Y
DM EIAE I RI AT SCEUa E PERE AL RS ; 7207 TR
FHFPR S A SO B L, 58I T2 R
U, KN 28 M B [R] A SHe BB AR REFE 5 bk A
LA, HA ST T R R B IR R AR
WFSE AR FEWRT S Mg S O B AL T D) S8 ml 47
BT R, EIAE T X2 E T Alesh 12447
RS, A R T T AR AR DIAE . 238 A g
A S A2 T IR A SE 50 5 e SLRE.

2 BN R  SEE

2.1 FEEHRESH

AR SCREU BT AN A8 F SOT B 4h P[] 74
FEBARTIFE MRAM 2578 B BN A 1 s, Hol
JE BT RL, 4 R AR S BEPERR 1 45 (magnetic
tunnel junction, MTJ) SR G T2 LAY 2 21 57
B4, MTJ by “BRuGR- ARG A 2 22 B - BRE 2 1
B =BG S5 1, Herh— AN 2 W AL T 1) 1 [
&, MZFHR, BSEMEN; MRBEARNE R 75—
gz, BNAMZ. X5 MTJ A 2S5 2% 2t
T PEATEE, BARBEAS, 24 MTI AR 52 % )2
WAL Ty 1) S ) AT I 2 i BEAS . TAERLH Ry X
JEHL AR, TR 22 (8] F 7 i R v 2 7 2B
AR (U LRV ), 208 AT ) e L2 S g AR
i) PR SRR 5 VPR A 3o R AN, ATT IR A AR R A
MIREAIRZS GE RGBSR 48 R00). T DL, Z28kaN %
PRSEEE T WA A 0 v R AR R

AL R I — M 2275 TERE A5 46 v R 45 A%
Ry BRARFREAE S N . MM RME (N) A
R T SO 40 2R, AR il 48 T 25 SRR
AR E PEOR AR PERE 5 A i, (RIS AR A 4%
SR ARAL 5 T AE N X Se 5 5 I 3 2 Sl
&4 Terfenol-D(MEFE M) . #8854 CoFeB(5t

070706-2


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070706
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Fig. 1. Schematic diagram of the ultra-low energy consumption MRAM structure based on the synergistic regulation of voltage-con-

trolled strain and SOT clocking: (a) Three-dimensional structure; (b) cross-sectional view.
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Table 1. Partial performance parameters of main materials.
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Table 2. Dimensional parameters of device materials.
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Fig. 2. Magnetization variation of the nanomagnet under

the sole action of voltage-controlled strain clocking.
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Fig. 3. Magnetization variation of the nanomagnet under

the sole action of SOT clocking.
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Abstract

Magnetoresistive random access memory (MRAM) based on spintronic technology boasts non-volatility,

high read/write speed and efficiency, compatibility with complementary metal-oxide-semiconductor (CMOS)

manufacturing processes, excellent endurance, and high integration density, emerging as one of the most

promising storage technologies in the post-Moore era. Magnetization switching, the core operation of MRAM

devices, directly determines device performance through its energy consumption, speed, and stability. Among

the commonly used switching mechanisms for MRAM, the conventional magnetic field-driven magnetization

switching relies on an external strong magnetic field, facing bottlenecks of high integration difficulty and high

energy consumption; spin-transfer torque (STT)-driven switching requires a high critical current density,

leading to severe Joule heating loss, and direct current penetration through the magnetic layer easily induces

interface scattering and material damage, limiting device miniaturization, long lifespan, and stability; spin-orbit

torque (SOT)-driven switching alone also requires a relatively high critical current density, which not only
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causes significant Joule heating loss but also aggravates spin scattering and electromigration damage at the
heavy metal/ferromagnetic layer interface, reducing device writing endurance and long-term stability; voltage-
controlled strain-driven switching alone can only induce a 90° magnetization rotation, requiring additional
magnetic field or current assistance to achieve 180° deterministic magnetization reversal.

To address these issues, this paper proposes an MRAM cell structure based on the synergistic regulation of
voltage-controlled strain and SOT clocking, and conducts a detailed analysis of the optimized design of device
materials and dimensional parameters. A magnetization dynamic model of the device is established using the
MuMax3 micromagnetic simulation software, and the magnetization switching behaviors of the nanomagnet
under individual regulation and synergistic regulation of the voltage-controlled strain clocking and the SOT
clocking were investigated. The simulation results show that, in contrast to the inability of voltage-controlled
strain alone to achieve deterministic magnetization reversal of the nanomagnet, the proposed method can realize
deterministic magnetization reversal without applying an auxiliary magnetic field, thereby enhancing the
reliability of device operation. Based on the synergistic effect of the voltage-controlled strain clocking and the
SOT clocking, no special device structures or materials are required, which does not increase the difficulty of the
fabrication process. This synergistic strategy exhibits significant advantages of ultra-low power and fast
switching speed. The research findings indicate that compared with the high energy consumption of the SOT
clocking alone, the synergistic regulation achieves ultra-low power for nanomagnet switching, and the operating
frequency can reach more than 6 times that of the SOT-only regulation. Calculations show that the energy
consumption of the multiferroic nanomagnet device per cycle is approximately 6.4 aJ/bit, which is reduced by
three orders of magnitude compared with the traditional SOT regulation method, with a faster writing speed.
This study provides important theoretical guidance and technical support for the design of low-power MRAM

and magnetic storage applications.
Keywords: multiferroic nanomagnet, voltage-controlled strain, spin-orbit torque, synergistic regulation
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