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Fig. 1. Configuration of magnetic random access memory devices: (a) Toggle-MRAM; (b) STT-MRAM,; (c) SOT-MRAMISI,
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Fig. 2. Schematic diagrams of two effects corresponding to SOT origins: (a) Spin Hall effect’®! and (b) Rashba-Edelstein effect!l.
(c) SOT on the magnetic moment of a ferromagnetic layerf2%,
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Fig. 3. Achieving field-free SOT magnetization switching through asymmetric structural design: (a) Ta/CoFeB/TaO, structure with
wedged TaO, layer and (b) current-induced magnetization switching in the absence of external magnetic field®d; (c) the
Pt/W/[Co/Ni] structure with wedged W layer and (d) the achievement of field-free magnetization switching driven by SOT[34;
(e) Ta/CoFeB/MgO device with a wedged edge of CoFeB layer and the corresponding current-induced magnetization switching be-

havior in the absence of external magnetic field[®,
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Fig. 4. Achieving field-free PMA magnetization switching by introducing asymmetry through growth techniques, interface engineer-
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Pt , “ v ” ,

SOT , ' )
4(d) : ’ 3.2 /

Cu-Pt ,
SOT

060705-6


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

Acta Phys. Sin.

Vol. 75, No. 6 (2026) 060705

[41-43]
SOT ,

. Van den Brink
44 Pt/Co/IrMn

SOT . ,
Pt Co
, IrMn Co
(  5@)). , Fukami 1 PtMn/CoNi
, PtMn
, 5(b)
, PtMn
. SOT
CoNi
( 5(c)). , /
, PtMn/
CoNi SOT “ 7
; 5(d) . : PtMn
, IrMn
. Oh M Ta/lrMn/CoFeB/MgO
IrMn
, SOT IrMn

, IrMn

Ta/CoFeB/MgO  Ta/lrMn/CoFeB/MgO
SOT :

IrMn
: 5(e)
, Peng [ IrMn/
CoFeB/MgO
(voltage-controlled magnetic anisotropy,
VCMA), “ SOoT ”

. , IrMn
SOT, CoFeB/MgO
, VCMA
(5,
SOT
, /
, SOT
/
. Lin M  Pt/Co/IrMn
SOT Co
IrMn ,
: 6(a) . Peng [
, IrMn/CoFeB/MgO
IrMn SOT
(blocking temperature)
CoFeB ( 6(b)).
, Wang [0
Pt/Co/IrMn
(. 6(c)).
/ 1
, Qi Bl Pt/Co/g-1rMn;
IrMn 2 nm
IrMn '
Co/IrMn “ ”

Pt/Co Cr ,

060705-7


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

Acta Phys. Sin. Vol. 75, No. 6 (2026) 060705

0.6
04f
2 o2}
w 0 L
@ 2% (0
TB.O[ -04
0.6
e Hp 108 6 4 2 0 2 4 6 8 10
i - o Pulse current density/(10 1 A $n-2) ; ;
PY) 0.6 Current ColNi /7 :‘; f}
co R N s 04 R z e
© o o 02f é -
Pt S0 T o of o8 B ; n —> z <«
T I © 02 | =
04 [
_06 I I I I I I I I I

-0 -8 -6 -4 -2 0 2 4 6 8 10
Pulse current density/(10 11 ASn2)

(©) Wi =8.0 nm I @ = T
Q+,/mT 0 ©ot
- —&— 40 @ o F
S N ssprrrssrssassss ——35 % 8
30 % ST
Dt .. :25 g % [ Max /MA
<l o —-=— 8
P 20 = = T
F | e g B | 5| e - 12
—— 15 T T
% 10 L . e . || —=—16
§ 5 -5l 10 30 50 -50 -30 -10 10 0 —— 20
§ 0 current  ,cy/mA Channel current 24
‘B 5 28
L ) —— 32
K] —o 10 S [ G [ —— 36
T —— -15
e N —— 40
W —x— -20 Sr 8T —— 44
e — % 25 sl s |
—-30 % o
3_5_ 35 gt g L
SW —a— -40 T r 3T
-40 -20 0 20 40 -50 -30 -10 10 30 50 -50 -30 -10 10 30 50
Channel current  ,cy/mA Channel current  ,c/mA Channel current  ,cu/mA
. womt | T e
02 0— 0 —| T
CoFeB f Yert v =)
=> 5 01f S
(Cr/Au_ | | CriAu_ | ©
IMn «—— < 9 = E
—_ ITs) [=}
£
E
n

o1 b
CoFeB (3 02 | .

1r * X X x ¥ x
1 A/\/W\/\
ERS

Yeet »

[

20 -10 O 10 0 2 4 6 8 10 12 14 16 18

Pulsed current/mA Number of pulse
5 (@) Ta/Pt/Co/(Pt)/IrMn/TaO,
IrMn “4: (b) PtMn/[Co/Ni] (©)
SOT 3l (d) PtMn/[Co/Ni] ¥ () Ta/CoFeB/IrMn/CoFeB/MgO
IrMn 48l (f) IrMn/CoFeB/MgO/Al,O;
VCMA 147

Fig. 5. Enabling field-free switching through exchange bias effect: (a) Utilizing in-plane exchange bias field induced by the IrMn lay-
er to achieve field-free magnetization switching in Ta/Pt/Co/(Pt)/IrMn/TaO, structure*y; (b) in-plane exchange bias effect in
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Fig. 7. Realization of field-free SOT switching through interlayer exchange coupling: (a) Field-free perpendicular magnetization
switching in Pt/CoFe/Ru/CoFe/IrMn/Pt structure with interlayer exchange coupling between CoFe layers®); (b)—(d) reversible
field-free SOT switching chirality in Pt/Co/Ru/Co/Pt structure and the realization of logic gates®”; (e) enabling field-free magnet-
ization switching through T-type coupling in CoFeB/Ta/CoFeB structurel®l; (f) utilizing the SHE and interlayer exchange coupling
of Ir insertion to realize field-free perpendicular magnetization switching in Co/Ru/Co/Ir/Co/Ta multilayers(®2,
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Fig. 8. Field-free switching in synthetic antiferromagnet driven by SOT: (a) Field-free perpendicular magnetization switching in a
dual-SAF structurel®l; (b) realization of field-free switching through interlayer DMI in SAF7; (c) field-free perpendicular magnetiz-
ation switching in a Ta/Pt/Co/Ir/Co/Pt/Ta structure with non-collinear spin configuration(®®l,
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Fig. 9. Field-free perpendicular magnetization switching utilizing unconventional spin current generated by ferromagnets or antifer-
romagnets: (a) Field-free magnetization switching driven by spin current with out-of-plane spin polarization generated by ferromag-
netic layer with IMAE?; (b) crystal and spin structure of noncolinear antiferromagnetic Mn;Sn and (c) achievement of field-free
magnetization switching though the magnetic spin Hall effectl™; (d), (e) field-free magnetization switching through the unconven-
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Fig. 10. Current-induced field-free perpendicular magnetization switching achieved via unconventional SOT generated by low-sym-
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(f) field-free perpendicular magnetization switching in the MnPd;/Co structure via unconventional spin currents!™!,
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Fig. 11. Field-free perpendicular magnetization switching achieved via unconventional SOT generated in two-dimensional and topo-
logical materials: (a) Unconventional spin to charge conversion in type-1l Weyl semimetal WTe,[™®; (b) realization of field-free mag-
netization switching by utilizing unconventional spin-orbit torques in WTe,[®; (c) demonstrating highly efficient generation of con-
ventional and unconventional spin current by constructing van der Waals heterostructures’®; (d) demonstration of field-free mag-
netization switching driven by SOT through type-11 Weyl semimetal TalrTe,®; (e) type-Il topological Dirac surface state in (111)-
oriented Pt;Sn, which is a type-I1 Dirac semimetal and (f) the induced spin texture with emergence of out-of-plane spin polarization(®;
(9) current-induced magnetization switching without external field in the Pt/Pt;Sn/Co structure through topological surface states(®4,
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Abstract

Magnetic random-access memory (MRAM) based on spin-orbit torque (SOT) is a promising non-volatile
memory technology for the post-Moore era, owing to its fast switching speed, superior endurance, and potential
for low-power operation. However, achieving deterministic current-induced magnetization switching in high-
density perpendicular magnetic anisotropy systems, without reliance on external magnetic fields, remains a
critical bottleneck, impeding its widespread commercial application. This review surveys recent progress of
SOT-driven field-free switching of perpendicular magnetization and gives a coherent overview of symmetry-
breaking mechanisms