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Fig. 1. Configuration of magnetic random access memory devices: (a) Toggle-MRAM; (b) STT-MRAM; (c) SOT-MRAMU.
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Fig. 2. Schematic diagrams of two effects corresponding to SOT origins: (a) Spin Hall effect? and (b) Rashba-Edelstein effect!!?.

(c) SOT on the magnetic moment of a ferromagnetic layer/?’).
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Fig. 3. Achieving field-free SOT magnetization switching through asymmetric structural design: (a) Ta/CoFeB/Ta0, structure with

wedged TaO, layer and (b) current-induced magnetization switching in the absence of external magnetic field®?; (c) the
Pt/W/[Co/Ni] structure with wedged W layer and (d) the achievement of field-free magnetization switching driven by SOTP!;
(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-
ing, localized annealing, or composition gradients: (a) Formation of tilted columnar structure with the variation of deposition position®”);
(b) field-free magnetization switching of W/Ti/CoFeB/MgO with ultrathin Ti insertion®); (c) design of lateral asymmetry through
locally laser-annealing of the Pt/Co/Pt structure and the achievement of field-free PMA switching®); (d) realization of field-free
magnetization switching through composition gradient design in Cu-Pt/Pt/[Co/Ni] multilayers!“’.
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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/Ta0, structurel*!; (b) in-plane exchange bias effect in

PtMn/[Co/Ni] sample and (c) the realization of field-free magnetization switching driven by SOTH); (d) memristive behavior of the
PtMn/[Co/Ni] samplel*’); (e) field-free SOT switching in Ta/CoFeB/IrMn/CoFeB/MgO samplel*’; (f) field-free SOT switching
achieved by combining the VCMA effect with the IrMn/CoFeB/MgO/Al,0y structure exhibiting exchange bias!*7..
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Fig. 6. Manipulation of exchange bias by SOT: (a) Current-induced switching for magnetization and exchange bias in the
Pt/[Co/Ni]/IrMn structurel®®; (b) exchange bias switching in IrMn/CoFeB/MgO structure by varying the external magnetic field
and pulsed current®”); (c) manipulation of exchange bias by nanosecond pulsed current with external magnetic field in Pt/Co/IrMn
structure®; (d) full-electrical manipulation of exchange bias and magnetization in epitaxial Pt/Cr/Co/7-IrMng sample in the

absence of magnetic field5!.
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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 layersP; (b)—(d) reversible
field-free SOT switching chirality in Pt/Co/Ru/Co/Pt structure and the realization of logic gates®l; (e) enabling field-free magnet-
ization switching through T-type coupling in CoFeB/Ta/CoFeB structurel®; (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/62.
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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?; (b) realization of field-free switching through interlayer DMI in SAF57; (c) field-free perpendicular magnetiz-

ation switching in a Ta/Pt/Co/Ir/Co/Pt/Ta structure with non-collinear spin configuration!®sl.
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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 IMA[®); (b) crystal and spin structure of noncolinear antiferromagnetic MngSn and (c) achievement of field-free

magnetization switching though the magnetic spin Hall effect/™; (d), (e) field-free magnetization switching through the unconven-

tional spin current generated from the NiO/Pt interfacel™].
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Fig. 10. Current-induced field-free perpendicular magnetization switching achieved via unconventional SOT generated by low-sym-
metry crystals: (a) Crystal structure of L1;-ordered CuPt (CoPt) ordered alloy and (b) field-free magnetization switching of perpen-
dicular magnetization of CoPt layer™; (c) angular dependence of field-free SOT switching behavior in the L1;-CuPt/CoPt structurel™);
(d) crystal structure of tetragonal MnPdj unit cell and (e) first-principles-calculated spin Hall conductivity of (114)-oriented MnPds™;
(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-II 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-II Weyl semimetal TalrTe,8!; (e) type-II topological Dirac surface state in (111)-
oriented Pt3Sn, which is a type-II Dirac semimetal and (f) the induced spin texture with emergence of out-of-plane spin polarization®!;

(g) current-induced magnetization switching without external field in the Pt/Pt4Sn/Co structure through topological surface states(4.
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Fig. 12. Current-induced field-free magnetization switching in magnetic single layer: (a) CoTb single layer with vertical composi-

tional gradient and (b) the achievement of field-free SOT magnetization switching®; (c) CoPt single layer with locally segregation

of Co palette and (d) the realization of field-free switching exhibiting a crystal orientation dependencel®; (e) preparation of ferro-

magnetic CoPt single layer exhibiting both vertical and lateral asymmetry and (f) corresponding current-induced field-free perpen-

dicular magnetization switching!?.
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Fig. 13. Achieving current-induced field-free magnetization switching in L1,-FePt single layer: (a) Crystal structure and correspond-
ing RHEED pattern of Ll,-FePt and L1,-FeCrPtl; (b) XRD characterization of formation of L1, phase in FePt and FeCrPt!%;
(c) demonstration of field-free magnetization switching in L1-FeCrPtPd; (d) illustration of crystal phase gradient in FePt single layer

and (e) Dzyaloshinskii-Moriya interaction induced by crystal phase gradient!”; (f) current-induced field-free magnetization switch-

ing in FePt single layer with crystal phase gradient”.
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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 and device-level implications. Strategies that create intrinsic effective fields through
engineered structural asymmetry (e.g., wedged layers and asymmetric interfaces) and built-in gradients such as
composition or oxidation profiles are summarized. Approaches based on magnetic interactions, including
antiferromagnetic exchange bias and interlayer coupling in multilayer and synthetic antiferromagnetic
structures, are also discussed. Then, emerging mechanisms implemented by low-symmetry crystals and
topological materials are highlighted, in which nontraditional spin textures and out-of-plane spin polarization
contribute to deterministic PMA switching in the absence of external fields. In addition, recent demonstrations
of SOT-driven self-switching in magnetic single-layer systems are introduced. Finally, opportunities and
remaining challenges for SOT-based spintronic devices are outlined in the context of future information
technology, with a focus on determined switching, write-current reduction, thermal stability, device variability,

endurance, and CMOS-compatible integration.
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