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The growing demand for artificial intelligence and complex computing has underscored the urgent need for advanced
data storage technologies. Spin—orbit torque (SOT) has emerged as a leading candidate for high-speed, high-density mag-
netic random-access memory due to its ultrafast switching speed and low power consumption. This review systematically
explores the generation and switching mechanisms of electron-mediated torques (including both conventional SOTs and
orbital torques) and magnon-mediated torques. We discuss key materials that enable these effects: heavy metals, topolog-
ical insulators, low-crystal-symmetry materials, non-collinear antiferromagnets, and altermagnets for conventional SOTs;
3d, 4d, and 5d transition metals for orbital torques; and antiferromagnetic insulator NiO- and multiferroic BiFeO3-based
sandwich structures for magnon torques. We emphasize that although key components of SOT devices have been demon-
strated, numerous promising materials and critical questions regarding their underlying mechanisms remain to be explored.
Therefore, this field represents a dynamic and rapidly evolving frontier in spintronics, offering significant potential for
advancing next-generation information storage and computational technologies.
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1. Introduction

The explosion of applications such as artificial intelli-
gence and complex problem solving has put forward higher
requirements for data storage. Modern computer systems em-
ploy hierarchical data management, but the speed mismatch
between slower storage units and the central processing unit
creates a ‘“‘storage wall”, limiting computational power up-
grades. Magnetic random-access memory (MRAM) offers fast
read/write speeds comparable to cache memory while main-
taining non-volatility like external storage. This makes it a
promising solution to the “storage wall” issue through a non-
von Neumann in-memory computing architecture.!'! There-
fore, MRAM with high-speed, low-power, and non-volatile
writing capabilities has become a core objective in the devel-
opment of future storage and integrated computing technolo-
gies.

MRAM has undergone three generations of development.
The first-generation MRAM, known as toggle-MRAM, ma-
nipulates the magnetization of a ferromagnetic layer (FM)
through a current-induced Oersted field. However, this ap-
proach results in significant thermal losses, limiting device
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miniaturization and chip integration. Moreover, its mag-
netic tunnel junction utilizes an FM with in-plane magnetic
anisotropy (IMA), which leads to edge magnetization and
vortex effects as device fabrication processes shrink, ulti-
mately reducing reliability. The second-generation MRAM,
based on spin-transfer torque (STT), represents a major ad-
vancement toward commercialization.[®°! Nevertheless, STT-
MRAM faces several challenges, including non-separated
read/write paths that can introduce read/write disturbances,
tunneling currents that increase the risk of barrier breakdown,
and incubation delays that limit switching speed.>19-121 In
contrast, third-generation spin—orbit torque (SOT)-MRAM
leverages spin—orbit coupling (SOC) in a non-magnetic (NM)
layer to convert charge currents into spin currents.!!3-16]
These spin-polarized electrons accumulate at the FM/NM in-
terface, exerting torques on the FM and inducing magnetiza-
tion switching. SOT-MRAM offers distinct advantages, in-
cluding separate read/write paths, reduced read currents to
mitigate barrier degradation, and sub-nanosecond switching
speeds.[*17-22] These attributes establish SOT-MRAM as a
leading candidate for high-speed cache memory in the post-
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Moore era.

Since the concept of SOT was demonstrated for manipu-
lating FMs with IMA,*! the SOT-MRAM with in-plane MT]J
has been demonstrated to be compatible with back-end-of-line
processes.3%31 The collinear relationship between the spin
polarization and magnetization directions in SOT enables the
field-free manipulation of FM with IMA. However, further
miniaturization limits the scalability potential of in-plane SOT-
MRAM. The significant breakthrough of SOT-driven switch-
ing of a perpendicular magnetization was achieved in Pt/Co

13.321 The spin current generated in the Pt layer exerts

systems. !
torques on the Co layer with PMA, enabling its magnetization
switching with the assistance of an external magnetic field.
The perpendicular switching of FM marks a milestone in the
development of SOT-based memory and logic devices. Subse-
quently, systematic investigations into spin-source materials
are conducted, initially focusing on heavy metals!!3-14.23.33]
and topological insulators (TIs)[!634#1] due to their high
charge-to-spin conversion efficiency. These materials are pri-
marily explored to reduce the critical switching current density
required for magnetization switching. However, researchers
soon recognized that practical SOT device applications require
not only low power consumption but also field-free switching
of perpendicular magnetization.[*?) This has led to remark-
able interest in exploring symmetry-breaking device geome-

43,44]

tries with gradient electric field,! composition,[*>#71 or

47481 and z-spin generating materials,*?! e.g., low-

27,49-60]

thickness, !
crystal-symmetry materials, | non-collinear antiferro-
magnets (NCAFMs),[©1=74] altermagnets,”3~"7! and spin Hall
metals. 78!

Beyond spin, the orbital degree of freedom in electrons
has also been utilized to manipulate FMs. Compared to
spin angular momentum, orbital angular momentum exhibits
a longer diffusion length and higher orbital Hall conductivity
(OHC).[?679-811 Moreover, strong orbital currents have been
observed in cost-effective 3d and 4d light metals, [20-80.82-87]
enhancing the industrial compatibility of orbital torque (OT)
devices. OT has emerged as a promising alternative to and
potential advancement over conventional SOT, attracting sig-
Addi-

tionally, magnon currents, as spin-wave excitations of mag-

nificant research interest in spintronic applications.

netic moments, can convey spin angular momentum in in-
sulating magnetic materials while exhibiting long spin dif-

(83-901 and ultrafast transport speeds.®!) These

fusion lengths
unique properties make magnon torque (MT) a promising av-
enue for developing next-generation ultrafast and low-power
magnetic storage devices. In this review, we systematically in-
troduce the generation and switching mechanisms of conven-
tional SOT, OT, and MT, followed by a discussion on recent
material innovations and device advancements in these three

fields, as summarized in Fig. 1. Finally, we provide a compre-

hensive summary and offer an outlook on future developments
in SOT-based spintronic devices.
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Fig. 1. Schematic overview of materials and device structures for conven-
tional spin—orbit torques, orbital torques, and magnon torques. Reprinted
with permission from Refs. [23-28]. Copyright 2013 by Springer Nature.
Copyright 2019 by American Association for the Advancement of Sci-
ence. Copyright 2020 by American Physical Society. Copyright 2023 by
Springer Nature. Copyright 2024 by Springer Nature.

2. Conventional spin—orbit torque
2.1. Spin Hall effect and Rashba—Edelstein effect

Spin current generation is primarily governed by two
well-established mechanisms: the bulk spin Hall effect (SHE)
and the interfacial Rashba—Edelstein effect (REE). The SHE
occurs in an NM layer with strong SOC, where spin Berry cur-
vature plays a crucial role. When an electric field is applied,
the resulting charge current (Jc) is converted into a trans-

92931 Jeading to spin ac-

versely polarized spin current (Js),!
cumulation at the NM/FM interface. The direction of spin po-
larization (o) is orthogonal to both J¢ and Js, as illustrated in
Fig. 2(a). The charge-to-spin conversion process can be quan-
titatively described by the relation Js = (7/2¢)0sy (Jc X 0),
where 7 and e are the reduced Planck constant and the ele-
mentary charge, respectively.l'%! sy represents the spin Hall
angle, a key parameter characterizing the efficiency of charge-
to-spin conversion and serving as a crucial indicator of SOT
performance. The power consumption (W) required for mag-
netization switching via SOT is proportional to 1(23 /0, where
0; denotes the charge conductivity.!'!! This relationship can
be further expressed as W o 1/(83y - 0;) = 1/(6sn - Osn),
where osy = Osy - 0; defines the spin Hall conductivity (SHC).
To achieve a low-power SOT device, the spin source material
must exhibit both a high 6sy and a large o}, thereby maxi-
mizing Osy - osy. In contrast, the REE arises from interfacial

107501-2
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SOC in systems with broken inversion symmetry.°*°3] When
a perpendicular built-in electric field is present at the interface,
electrons moving along the x-axis experience an effective mag-
netic field along the y-axis, leading to spin accumulation at the
interface, as illustrated in Fig. 2(b). This interfacial effect en-
ables efficient spin generation and manipulation, complement-
ing the bulk-dominated SHE mechanism.

In NM/FM heterostructures, the coexistence of the SHE
and the REE gives rise to ongoing debates regarding the pre-
cise origin of the generated spin current. However, it is widely
recognized that SOT can exert two distinct torque components
on the magnetization (M) by &,1°8 as shown in Fig. 2(c).
The anti-damping torque (Tpr, ~ M x (¢ x M)) drives M
toward alignment with o, facilitating magnetization switch-
ing. Meanwhile, the field-like torque (7pL ~ (M X ©)) in-
duces magnetic moment precession around the direction of ©.
For an FM with perpendicular magnetic anisotropy (PMA),
the SOT-induced torque tilts the magnetization towards the

y-direction. Upon removal of the current, thermal fluctua-
tions cause the magnetization to stochastically switch to ei-
ther the 4z or —z direction in the absence of an external mag-
netic field. Achieving deterministic switching of perpendic-
ular magnetization necessitates an additional in-plane mag-
netic field along the current direction to break mirror sym-
metry. However, this reliance on an external magnetic field
poses a significant challenge for high-density device inte-
gration. To overcome this limitation, research efforts have
not only focused on optimizing heavy metals and TIs to en-
hance the spin Hall angle but have also shifted toward elim-
inating the need for an external field and achieving field-
free switching of perpendicular magnetization. Consequently,
novel structural designs and material innovations, such as
low-crystal-symmetry materials'?749-%01 NCAFMs, [®1-72] and
altermagnets,!”3~77 have been extensively explored. In the fol-
lowing sections, we review the progress in conventional SOT
systems from the perspective of material development.
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Fig. 2. The principal diagram of (a) spin Hall effect and (b) Rashba—Edelstein effect. (c) Direction of anti-damping torque (blue arrow) and
field-like torque (red arrow). Green arrows indicate the magnetization direction of the ferromagnetic layer.

2.2. Heavy metals and topological insulators

Early investigations into spin source materials pri-
marily focused on heavy metals and their alloys, such
as P,[131523.97,108,1091  y 114231 W 1991 Ay 5sPtg 75,1100
PdosPto 75,1 Pti_,(Mg0),,l1%1  Py(SisNg) —y,[100)
Cry_Pt,.1"97] The strong SOC in these materials enables effi-
cient charge-to-spin conversion, making them key candidates
for SOT applications. Miron et al. attributed the current-
induced perpendicular magnetization switching in Pt/Co het-

U3] However, Liu ef al. later

erostructures to REE mechanism.
demonstrated that the spin current originates from the SHE
in Pt,[' as illustrated in Fig. 3(a). The positive spin Hall
angle of Pt results in a clockwise SOT switching loop un-
der a positive external magnetic field, as shown in Fig. 3(b).
Subsequent studies have explored the fundamental origins
of spin currents in various heavy-metal-based systems,*®! as
summarized in Fig. 3(c). The prevailing consensus is that in
most heavy metals, SOT is primarily governed by the SHE.
However, the presence and contribution of the REE remain
dependent on specific interface conditions.!'’] Even within
the same material system, variations in fabrication techniques
across different research groups can lead to substantial dif-
ferences in interfacial properties, which in turn significantly
influence the magnitude and role of the REE.

In the pursuit of higher charge-spin conversion effi-
ciency, TIs have emerged as highly promising materials due
to their spin—-momentum-locked topological surface states
(TSSs).[16:39 1101111 When a charge current flows through
the TSS, the resulting spin polarization is inherently locked
perpendicular to the momentum direction. This unique
property enables TIs to achieve exceptionally high charge-
spin conversion efficiencies, even exceeding 1.[1637.104]
As a result, the critical switching current density (Jc) re-
quired for perpendicular magnetization switching is remark-
ably reduced to ~ 105-10° A-cm~2,[37:384041104,112-114]
which is one to two orders of magnitude lower than that
in heavy metal-based systems.[!»!3] The initial experi-
mental demonstration of SOT based on TIs was reported
in  (Big.5Sbg.5)2Tes/(Cro.08Big.54Sbo.38)2Tes
and Bi;Se;/NigiFei9 (permalloy, Py) heterostructures,
respectively. Since then, extensive
been conducted on TI-based SOT systems such as
Bi,Se;, 3536112115161 Bj Te, 1401 Bj Sb, 371041 apg
(BiSb), Tez. 3841 112-114117-119] A key advantage of TI-based
SOTs is the tunability of SOT efficiency through modula-
tion of the Fermi level Eg.[38117:1201 Wy ¢f ql. demonstrated
that by tuning the Sb composition x in (Bij_,Sby)>Tes, Ef
can be shifted from the bulk conduction band (x = 0) to the

bilayers*¥
[16]

research has
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topological surface band (x = 0.93), and further into the bulk
valence band (x = 1.0),%) as illustrated in Fig. 3(d). No-
tably, the SOT efficiency reaches its peak near the Dirac point
(x=0.93), where bulk conduction is minimized while surface-
state conductivity is maximized, as shown in Fig. 3(e). Beyond
doping, [3+36:384L114119.1201 7SS and their associated SOT
efficiencies can be modulated through various approaches,

including thickness control,*%! electric field application,!!7]

31 yltrafast optical pumping, 2!l and

interface engineering, !
strain engineering.!'?”) These methods provide additional
avenues to tailor spin polarization and optimize SOT per-
formance, further advancing the potential of TIs for next-

generation spintronic applications.
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Fig. 3. Spin—orbit torque based on heavy metals and topological insulators. (a) Illustration of spin—orbit torque in a Co/Pt/AlO, heterostructure.
(b) Current-induced magnetization switching in Pt/Co/AlO, heterostructures. Reprinted with permission from Ref. [15]. Copyright 2012 by
American Physical Society. (c) Anti-damping torque efficiency as a function of thickness in heavy metal/Co/AlO, layers, where heavy metals
are Pt, Pd, Ta, and W. Reprinted with permission from Ref. [98]. Copyright 2019 by American Physical Society. (d) Schematic of the Fermi
level positions for different Sb ratio (x = 0, 0.93, 1) of (Bij_,Sby)>Tes. (e) Switching current density (Jc) and spin—orbit torque-induced
effective field (xsor) as a function of Sb ratio (x) in (Bi;_,Sb,)>Tes. Reprinted with permission from Ref. [38]. Copyright 2022 by American

Physical Society. (f) The charge conductivity (c;) and spin Hall angle (8sy) for various materials.

For the realization of low-power SOT devices, an ideal
spin source material should not only exhibit a high 6sy but
also possess high o;. If the spin source material has low
0;, a significant portion of the current will pass through the
adjacent FM, leading to excessive power dissipation and re-
duced device efficiency. Figure 3(f) illustrates the inher-
ent trade-off between Osy and ©; across various materials.
For instance, Pt offers the highest o; but suffers from a

7] whereas TIs exhibit a large Osy but

relatively low Ospy,
are constrained by poor Gj.[16’37’104] Addressing this trade-
off remains a critical challenge in the development of high-
efficiency SOT devices. Moreover, most conventional spin
source materials exhibit high crystal symmetry, which al-
lows for the generation of only y-polarized spin currents,
necessitating an external magnetic field along the current
direction to achieve deterministic switching of perpendic-
ular magnetization. To eliminate the requirement for as-
sistive magnetic fields, researchers have explored various
approaches to break system symmetry, including structural
asymmetry, #8123 gradient electric field,[*>*4! exchange in-
teraction engineering,['>*123] magnetization tilting, 126-127-129]
and hybrid manipulation techniques.*313%] Besides, the in-

terlayer Dzyaloshinskii—-Moriya interaction usually realized

[14,16,37,97,99-107]

in Pt/Co stacks!'313% provides a field-free switching strat-
egy that is compatible with perpendicular SOT-MRAM. While
these methods can enable field-free magnetization switch-
ing, they introduce additional complexities in device design
and may lead to extrinsic effects. A promising alterna-
tive is leveraging materials with inherently low symmetry to
generate z-polarized spin currents, thereby breaking system

symmetry. [4?]

2.3. Low-crystal-symmetry materials

Breaking lateral symmetry at the film surface has
emerged as a common strategy for generating z-spins. This
approach requires the absence of any n-fold (n > 1) rotational
symmetry about the surface normal (z-axis) while allowing
at most a single mirror plane to be preserved in the lattice
structure. Such symmetry breaking can be achieved in spe-
cific crystallographic planes of low-crystal-symmetry mate-
rials. The first reported low-crystal-symmetry material ca-
pable of generating z-spins is the Weyl semimetal T4-phase
WTe,,[*”! whose crystal structure is depicted in Fig. 4(a).
WTe, belongs to the Pmn2; space group, where glide sym-
metry is broken along the low-symmetry a-axis, while mir-
ror symmetry along the b-axis is preserved. When a charge

107501-4
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current is applied along the a-axis, both y- and z-polarized
spin currents are generated. These spin currents give rise
to in-plane (7y) and out-of-plane (7;) anti-damping torques,
as well as field-like torques on the adjacent FM,!?’! as il-
lustrated in Fig. 4(b). The first experimental demonstration
of the out-of-plane anti-damping torque in WTe,/Py bilay-
ers is reported by MacNeill et al. using spin-torque fer-
romagnetic resonance (ST-FMR) measurements. *>137] The
mixed voltage signal (Vjyix) obtained from ST-FMR can be de-
composed into symmetric (Vs) and antisymmetric (V) com-
ponents, which correspond to the in-plane (7)) and out-of-
plane (7)) torques, respectively. Figure 4(c) presents the
angular (¢) dependence of Vs and V4.[*”) When the current

(b)

i M
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is applied along the ag-axis, the curves can be fitted using
Vs = Asin2¢ cos¢ and Vo = Bsin2¢ cos ¢ + Csin2¢, con-
firming the presence of an out-of-plane anti-damping torque
and the corresponding generation of z-spins. In contrast,
when the current flows along the b-axis, the fitting follows
VA = Bsin2¢ cos @, which is consistent with the absence of
an out-of-plane anti-damping torque. The ability to generate
z-spins has enabled field-free switching of perpendicular mag-
netization in various WTe,/FM heterostructures. Experimen-
tal demonstrations have been reported across a diverse range

of FMs, including two-dimensional (2D) magnets, [76-%-138.139]

perovskite oxides, *?! and metallic multilayers. [141-14%]
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Fig. 4. Spin—orbit torque based on low-crystal-symmetry materials. (a) Crystal structure of Tq-WTe, (Pmn2;), where M, and M, represent the pure
mirror and glide mirror planes, respectively. (b) Schematic of the spin—orbit torque device in a heavy metal/ferromagnet bilayer, where the in-plane
charge current can generate both y- and z-polarized spins. The z-polarized spins exert an out-of-plane anti-damping torque, which enables field-free
magnetization switching of the ferromagnetic layer. Reprinted with permission from Ref. [27]. Copyright 2024 by Springer Nature. (c) Schematic
of WTe,/Py bilayers and the angular dependence of spin-torque ferromagnetic resonance signals. ¢ is the angle between the current direction and
the external magnetic field. Reprinted with permission from Ref. [49]. Copyright 2016 by Springer Nature. (d) The d dependence of in-plane and
out-of-plane spin Hall conductivities (0;, and o5 ;) in PtTe; (d)/WTe, (8-d)/Py heterostructures. Reprinted with permission from Ref. [27]. Copyright
2024 by Springer Nature. (e) Spin-to-spin conversion from an in-plane polarized spin Hall current generated in PtTe; layer to an out-of-plane polarized
spin current in WTe; layer. (f) ac plane of the B-MoTe; crystal structure, where the mirror plane is within the page and the Mo chains run into the page.

(g) The in-plane and out-of-plane spin Hall conductivities for various materials.

Despite its ability to generate z-spins, WTe, suf-
fers from a critical drawback: low y-SHC (o5, = 8 x
10 (n/2e) (@-m)~!), which leads to huge current shunt-
ing through the FM, thereby increasing device power con-
fabri-
cated a PtTe,/WTe, heterostructure, leveraging the high SHC

sumption. To address this limitation, Wang et al.
of PtTe,.[?’] Their study demonstrates that the incorpora-
tion of PtTe, not only enhances the y-SHC (o5, = 2.32 x
10° (/2e) (Q-m)~!), but also significantly improves the
z-SHC (05, = 0.25 x 10° (h/2¢) (Q-m)~'), as shown in
Fig. 4(d).
spin-to-spin conversion (Fig. 4(e)), wherein y-spins generated

This enhancement in z-SHC is attributed to the

[16,27,49,50,52-54,57,58,64,74,97,133-136]

in PtTe; are converted into z-spins in WTe,. When used for
perpendicular magnetization switching, the PtTe,/WTe, het-
erostructure exhibits a 33-fold reduction in power consump-
tion compared to WTe, alone.*’]

The 1T'-MoTe; monolayer is isostructural to the WTe;
monolayer but retains the inversion symmetry in bulk
crystal and breaks the lateral symmetry at the surface
(Fig. 4(f)).15%143] In MoTe,/Py, the z-spins are detected when
MoTe; is in the monolayer and trilayer forms, but dimin-
ish to zero in the bilayer form, which demonstrates that the
breaking of lateral surface symmetry rather than bulk inver-
sion symmetry, is the necessary condition for producing z-
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spins.!33! The ternary Weyl semimetal TalrTe, has a crystal
structure similar to that of WTe,, where Ta and Ir orderly re-
place W, thereby preserving its intrinsically low crystal sym-
metry. However, it exhibits a higher SHC due to its band struc-
ture and Fermi surface. Experiments have demonstrated that
TalrTe4 can provide o5, of 5.437 x 10° (h/2e) (Qm)~! and
O of 2.065 x 10* (71/2¢) (Q-m)~1, 15758601 which are one or-
der of magnitude higher than those of WTe, and MoTe;. The
z-spins have also been experimentally observed in non-2D ma-
terials, including MnPd3, "33 1rO,, 1341441 and CaRuO;13]
(Fig. 4(g)), where epitaxial strain engineering is utilized to in-
duce specific lattice orientations that break lateral symmetry.
This structural design facilitates the generation of z-polarized
spin currents, further expanding the material landscape for
field-free switching applications.

2.4. Noncollinear antiferromagnets

In addition to low-crystal-symmetry materials, low-
magnetic-symmetry materials can also generate z-spins,

Kagome lattice
Qo0

(a) (b)

AR (MQ)

enabling field-free switching of perpendicular magneti-

zation. These materials include NCAFMs!0472:145]
76,77

and
altermagnets.!’%77] (discussed in Subsection 2.5). Unlike con-
ventional antiferromagnets (AFMs), low-magnetic-symmetry
materials break PT and 77 symmetries, where Pand T de-
note space inversion and time reversal, respectively, and 7
indicates a half-unit-cell translation.!"*! Consequently, their
band structures exhibit spin splitting, allowing for the gen-
eration of spin currents along specific crystallographic direc-
tions, even in the absence of strong SOC. Moreover, NCAFMs
and altermagnets combine the advantages of both FMs and
AFMs, offering efficient spin current generation and detec-
tion, non-volatility, negligible stray fields, and ultrafast spin
dynamics, while overcoming the disadvantages of these con-
ventional systems.[72'147’148] As a result, NCAFMs and alter-
magnets have garnered significant interest for their potential
applications in next-generation memory and computing tech-

nologies.
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Fig. 5. The current-driven magnetization switching based on non-collinear antiferromagnets. (a) Kagome arrangements of Mn-based compounds, leading to a
triangular magnetic order. (b) Spin accumulation at the Mn3Sn—NiFe interface: magnetic-field dependence of resistance measured between the NiFe and Cu
electrodes on the surface of Mn3Sn single crystal. The results are obtained after saturation of MnzSn with a magnetic field (B) of —0.75 T (blue) and +0.75 T
(red), respectively. Insets show the corresponding spin structures. Reprinted with permission from Ref. [62]. Copyright 2019 by Springer Nature. (c) The
schematic of Mn3Sn/Cu/ferromagnet structure. (d) Current-induced perpendicular magnetization switching in the absence of magnetic field. (e) The switching
polarity and switching ratio under different magnetic fields. The insets illustrate two opposite MnzSn domains to generate out-of-plane spin currents, resulting
in the clockwise and anticlockwise switching polarities. Reprinted with permission from Ref. [67]. Copyright 2022 by Springer Nature.

In spintronics, research on NCAFMs has predominantly
focused on Mn-based compounds, where Mn atoms form a
distinctive kagome lattice (Fig. 5(a)). In these materials, the
magnetic moments of Mn atoms are oriented at 120° relative
to one another, giving rise to a triangular chiral spin texture. !
The Mn triangles are interconnected by non-magnetic atoms,
typically transition or post-transition metal elements. A key
feature of NCAFMs is their kagome spin texture, which
breaks time-reversal symmetry and lifts the spin degeneracy
of the Fermi surface, leading to the emergence of the anoma-

lous Hall effect (AHE)!'*°! and the magnetic spin Hall ef-
fect (MSHE).[02:67.69.150.151] {Jpike the conventional SHE, the
spin polarization generated by the MSHE is not necessarily
perpendicular to both the charge current and spin current di-
rections. Additionally, the spin polarization is highly depen-
dent on the magnetic domain state of NCAFMs,%?! allowing
for active control over both the magnitude and direction of
spin currents. A significant experimental breakthrough in this

[62

field is achieved by Yoshichika Otani’s group,®?! demonstrat-

ing a sign reversal in the hysteretic resistance upon switching
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a pre-aligned magnetic field in Mn3Sn/NiFe heterostructures,
as shown in Fig. 5(b). This provides direct evidence that the
MSHE in Mn3Sn exhibits odd symmetry under time-reversal
operations. The same research group subsequently provides
further direct observations of z-spin generation via the MSHE,
revealing that z-spins in Mn3Sn exert a magnetic spin Hall

511 Moreover, they demonstrate

torque on an adjacent FM.!
that the magnitude of this torque can be tuned by adjusting
the orientation of the magnetic octupoles. Following these pi-
oneering studies, MSHE has also been observed in other Mn-
based material systems,[64:66:69-7L152.153] fyrther expanding its
potential applications in spintronic devices.
Field-free switching of perpendicular
tion has been experimentally demonstrated in various
NCAFMs-based systems, including Mn3Sn,[67-%81 Mn;Pt, (9]
Mn3Ga, 7% Mn;Ir,[’Y and Mn3SnN.[%0] Hu er al. fabricated
Mn3Sn/Cu/Co/Ni heterostructures (Fig. 5(c)) and success-
fully achieved field-free switching of perpendicular magne-
tization (Fig. 5(d)).1®”] The switching ratio, defined as the
change in transverse resistance during switching divided by

magnetiza-

the anomalous Hall resistance, is found to be approximately
60%. Notably, both the switching ratio and polarity of the
FM could be actively modulated by reorienting the magnetic
domains of Mn3Sn (Fig. 5(e)).[®”! This discovery underscores
the critical role of domain control in tailoring spin-torque ef-
fects in NCAFMs. Following this work, domain-controlled
perpendicular magnetization switching has been observed
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in other heterostructures where NCAFMs serve as the spin
source, [66:69-71]

2.5. Altermagnets

Altermagnets represent a distinct class of magnetic
materials, positioned alongside FMs and AFMs,147:148.154]
(Figs. 6(a)-6(c)). Unlike conventional FMs, which exhibit
nonzero net magnetization and spin-split electronic bands,
and AFMs, which feature zero net magnetization and spin-
degenerate electronic bands, altermagnets possess a unique
combination of both characteristics. Specifically, altermag-
nets maintain zero net magnetization while exhibiting spin-
split electronic bands, which endow them with several ad-
vantageous properties: zero stray fields, ultrafast spin dy-
[147,148.155] The origin
of these properties lies in the unique magnetic symmetry of

namics, and spin current generation.

altermagnets, where opposite-spin sublattices are intercon-
nected through crystal-rotation symmetries (proper or im-
proper, symmorphic or non-symmorphic) rather than through
translation or inversion symmetries, as seen in conventional
AFMs.
mentally identified as altermagnets, including RuO,,!
MnTe, 1581621 CrSb, 16371681 Mn;Si3, 1191 KV,Se,0,!1701 and

RbV,Te,0.!'7!) However, it is important to note that while
172

A growing number of materials have been experi-
156,157

MnTe; exhibits spin-split electronic bands,!!”? it does not
strictly belong to the altermagnet family due to its non-

coplanar antiferromagnetic ordering.
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Fig. 6. The spin-split effect and field-free switching of perpendicular magnetization based on altermagnets. Schematic diagrams of spin
configurations and electronic bands of (a) collinear ferromagnet, (b) antiferromagnet, and (c) altermagnet. (d) The calculated spin torque

conductivity (O'Seg

) at different microwave frequencies. Reproduced with permission from Ref. [73]. Copyright 2022, the authors, published

by American Physical Society. (¢) Schematic illustration of RuO,(101)/Ru/Co/Pt multilayer. @c represents the angle between the direction of
charge current and the [101] direction of RuO,. (f) Current-induced perpendicular magnetization switching under ¢c = 90°. Reprinted with
permission from Ref. [76]. Copyright 2022 by American Physical Society.
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RuO; is a d-wave altermagnet characterized by two spin-
degenerate nodal surfaces. It is currently the only known alter-
magnet capable of generating spin currents through the spin-
split effect (SSE). It crystallizes in a tetragonal structure be-
longing to the P4,/mnm space group. However, due to the in-
equivalent local crystal environments of its two opposite spin
sublattices, RuO, exhibits momentum-space spin-split elec-
tronic bands, making it an efficient spin current generator.!”>!
The spin polarization direction of the spin current gener-
ated in RuO, is aligned with its Néel vector along the [001]
axis.!”>731 As a result, the spin current direction can be pre-
cisely controlled by tuning the crystal orientation of RuO,. For
instance, in (100)-oriented RuO, films, a charge current in-
duces an additional time-reversal-odd spin current through the
SSE. 73! However, in (110)-oriented RuO, films, a charge cur-
rent generates only y-polarized spin currents via the SHE.[3]
This configuration reduces the charge-to-spin conversion effi-
ciency compared to (100)-oriented RuO; films, as the contri-
bution from the SSE is absent (Fig. 6(d)).

To generate z-spins via the SSE in RuO,, the Néel vec-
tor of RuO, must deviate from, but not be perpendicular to,
the film surface. Bose ef al. experimentally demonstrated
z-polarized spin current generation by fabricating a (101)-
oriented RuO, film.!”*! When a current was applied along the
[010] axis, they observed a tilted spin current forming an angle
of approximately 35° relative to the out-of-plane direction. 4]

then designed a RuO,(101)/Ru/Co/Pt multi-
[76

Karube et al.
layer structure, where the Co layer exhibits PMA.!"%! By ap-
plying a current along the [010] axis, they successfully gen-
erated a tilted spin current (including x-, y-, and z-spins), en-
abling field-free switching of the Co layer!’® (Figs. 6(e) and
6(f)). The field-free switching of perpendicular magnetization
based on RuO, has been demonstrated by several independent

groups.[173-176]

3. Orbital torque
3.1. Mechanism of orbital torque

Electrons possess not only spin angular momentum but
also orbital angular momentum. Over the past few decades,
orbital angular momentum has been conventionally assumed
to be quenched by the crystal field effect. However, recent
theoretical and experimental studies have demonstrated that
even in the absence of SOC, electrons can acquire orbital an-
gular momentum under an external electric field.[81-177-181]
These discoveries give rise to orbitronics, an emerging re-
search field that explores the utilization of orbital angular mo-
mentum for the manipulation of magnetic states.!®!! Analo-
gous to the SHE, the application of an external electric field
E induces an orbital current Ji, in a direction perpendic-
ular to E, a phenomenon known as the orbital Hall effect

(OHE).[177-1791 1y addition to the OHE, the orbital Rashba—
Edelstein effect (OREE) can generate orbital currents at the in-
terface of NM/FM heterostructures, similar to the conventional
REE.[182-184] Unlike spin angular momentum, orbital angular
momentum does not directly exchange-couple with magnetic
moments. Consequently, within an FM layer, the Jp, is first
converted into a spin current Jg via SOC (Fig. 7(a)), which
subsequently exerts OTs on the magnetization.[7%-82185-187]
In NM/FM heterostructures, OT and conventional SOT coex-
ist, but their contributions can differ in magnitude and sign.
Specifically, when the NM exhibits negative spin—orbit cor-
relation (Rym < 0), as in Ta,[791 W, [801 7 [87.188] v/ [83.189]
Cr,182 and Mn,['%] the J generated in the NM is opposite
to the Jp. If the L-S conversion coefficient (1_g) of the FM
(or the orbital-spin conversion layer) is positive, as in Pt,[8?]
Co, 82841911 CoFe, 179 and Ni, 782! the Jg converted from
the Jp is opposite to the Js from the SHE or REE. Con-
versely, if Ryv > 0 (e.g., Ru,®! Ptl192)) with np g > 0, or
Rnm < 0 with g < 0 (e.g., Ta,['7°1 W17 and Gd[#?)),
the Js converted from the Ji has the same sign as the Jg
from the SHE or REE. As a result, the net torque is de-
termined by the interplay between OT and SOT, which can
be expressed as Esor ot = Sor + Esor. Where Esor is pri-
marily dependent on the 6sy of the NM, whereas OT effi-
ciency (€or) depends on both the orbital Hall angles (6op)
of NM and nr_g in the FM. The effective Opy is defined as
981;5 = GOHTIL—S = (Ze/h)GOHET]Lfs/Gj, where coyg denotes
the OHC. Therefore, selecting NM materials with high copg
and FM layers with a high nr_g is essential for maximizing
68%. To enhance the 68%, an insert layer (e.g., Pt, Gd, Tb,
etc.) with strong SOC has been proposed to efficiently con-
vert the Ji into the Js with high ny_g (Fig. 7(b)),[2>8%84]
and more details will be discussed later. Moreover, the orbital
diffusion length (Aon) can be obtained from the equation!®!]
EpL = 68 (1 —sech (%)) + &y, where tor is the thickness
of orbital source material, {pp is anti-damping torque effi-
ciency, and & is a constant arising from interfacial origins,
such as the OREE and interfacial SOT. Aoy is much longer
than the spin diffusion length, which has been used to experi-
mentally separate the OT contribution from SOT.I!°!] The long
orbital diffusion length, broad material selection, and high
OHC make OT highly efficient for magnetization switching.
These attributes offer promising pathways for the development
of low-power, high-stability orbitronic memory and logic de-
vices. It is worth noting that the backflow effect may dimin-
ish the advantage of the long orbital diffusion length. When
tor is smaller than Aoy, the orbital current is bounced back
at the NM/FM interface and neutralizes with other orbital cur-
rents. Conversely, if 7or significantly exceeds Aoy, the back-
flow effect can be effectively suppressed, but this will lead
to increased current shunting and higher energy consumption.
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Therefore, a comprehensive consideration is needed to select
the appropriate thickness of orbital source material in the de-

sign of OT devices.
(a) (b)
u » OO v © 1
(X} £
soc J "5“35 M\OT
v /o* (%
b U ’O“""‘
NM bd FM a1 ©O NM2 s FM

Fig. 7. The illustration of magnetization switching by orbital torque
based on the orbital Hall effect in (a) non-magnetic layer/ferromagnetic
layer (NM/FM) heterostructure and (b) NM1/NM2/FM heterostructure,
where NM2 is inserted as an orbital-spin conversion layer.

3.2. Materials for orbital Hall effect

Since the OHE is independent of SOC, a wide range
of materials have been theoretically predicted to ex-
hibit strong OHC, including 3d, 4d, and 5d transition
metals, sp-metals, and transition metal dichalcogenides
(TMDs). [84:178.179.195-204] A comprehensive review of OHC

and Aoy in dif-
81]

values for various materials, as well as 98%1
ferent heterostructures, can be found in a recent review.!
The SHE in heavy 5d transition metals, such as Ta,!*l W, %]
and Pt,°7) has been extensively studied and successfully im-
plemented in SOT devices. However, theoretical and experi-
mental studies indicate that these materials also exhibit an ex-

ceptionally large Gopg on the order of ~ 107 (% /2¢e) (Qm)L,
surpassing their SHC.I7!78] Lee er al. investigated the anti-
damping torque efficiency ({pr) in Pt/CoFeB, Ta/CoFeB, and
Pt/Ni bilayers using ST-FMR.!?! They found that &pp fol-
lows the sign of SHC in Pt/CoFeB and Ta/CoFeB, consistent
with conventional SOT mechanisms. However, an anomalous
behavior is observed in Ta/Ni bilayers, where the sign of the
net torque is opposite to the SHC of Tal”! (Fig. 8(a)). This
phenomenon is well explained by the superposition of GSTI"_‘IE
and Gni\]i SGCT)%IE- Specifically, when Ggffm > 0 and the con-
tribution from OHE surpasses that of SHE, the resulting net
torque changes sign, providing direct evidence of OT. Further
experimental validation of OHE-driven torque was provided
by Li et al., who demonstrated that in a Ta/Pt/thulium iron
garnet (TmzFes01,, TmIG) heterostructure, the orbital cur-
rent generated in Ta can be converted into a spin current in
Pt, thereby enhancing the torque for magnetization switching
(Fig. 8(b)).['93! This finding challenges the conventional belief
that stacking materials with opposite 8sy (e.g., Ta and Pt) will
necessarily lead to a reduction in net torque efficiency. More-
over, OT efficiency is highly dependent on the choice of FMs.
In W/Ni and Pt/Ni bilayers, the torque efficiency increases
with the Ni thickness (#n;), even when fyn; exceeds 10 nm.
This behavior is in stark contrast to conventional SOT and is
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Fig. 8. The orbital Hall effect in 4d and 5d metals and the magnetization switching driven by them. (a) The anti-damping torque efficiency (Epr) and the
effective spin Hall conductivity (opy) for various ferromagnet/non-magnet (FM/NM) bilayers (FM = FeB, CoFeB, Co, Ni, NM = Pt, Ta). Reprinted with
permission from Ref. [79]. Copyright 2021 by Springer Nature. (b) Current-induced magnetization switching curves for the Ta/TmIG and Ta/Pt/TmIG.
Reprinted with permission from Ref. [193]. Copyright 2023 by American Chemical Society. (c) The spin-torque ferromagnetic resonance efficiency of
Nb/Ni and Ru/Ni heterostructures. Reprinted with permission from Ref. [86]. Copyright 2023 by American Physical Society. (d) The Zr-layer thickness (¢z,)
dependence of &py_ for the Zr/Py (orange) and Zr/Ni (blue) bilayers. Reprinted with permission from Ref. [188]. Copyright 2023 by American Physical Society.
(e) Current-induced magnetization switching for Zr (2.2 nm)/CoFeB/MgO and for Zr (4.9 nm)/CoFeB/MgO. Reprinted with permission from Ref. [194].
Copyright 202 by American Chemical Society. (f) Current-induced orbital torque switching for Zr/[Co/Pt]; and Zr/CoFeB/Gd/CoFeB. (g) The summary of
orbital torque efficiency (Eor) as a function of orbital Hall conductivity (cong) for the orbital Hall materials. Reprinted with permission from Ref. [87].
Copyright 2024 by Springer Nature.
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attributed to the significantly longer diffusion length of orbital
currents compared to spin currents. 81921 Moreover, in Hf/Ni
bilayers, the crystallinity of the Ni layer plays a crucial role in
determining OT efficiency, a phenomenon that is not observed
in SOT driven by SHE.!?] Theoretical calculations have also
predicted significant OHC in 4d transition metals.['”8] Exper-
imental investigations using ST-FMR have confirmed these
predictions. In Nb/Ni and Ru/Ni bilayers, 6 is measured to
be 0.018 and 0.019, respectively, with Aoy of approximately
2.2 nm and 2.7 nm®®! (Fig. 8(c)). In Zr/Ni bilayers, the Epy.
increases as a function of both 7yj and r, 188 (Fig. 8(d)). No-

[194]

tably, a sign change in &py is observed similar to the

behavior reported in Ta/Ni bilayers.[”! This sign reversal in-
dicates a transition from SHE-dominated to OHE-dominated

torques, highlighting the dominant role of orbital currents in
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magnetization dynamics. Furthermore, current-induced mag-
netization switching is demonstrated in Zr/CoFeB/MgO het-
erostructures (Fig. 8(e)). Samples with 2.2 nm and 4.9 nm
Zr exhibit opposite switching behavior, providing direct ev-
idence of a crossover from conventional SHE-driven SOT
to an OHE-driven mechanism.['®*1 Recently, Yang er al.
achieved perpendicular magnetization switching in [Co/Pt]3
and CoFeB/Gd/CoFeB heterostructures using Zr as an orbital
current source.8”] The Zr/[Co/Pt]5 sample exhibits the high-
est reported Eor (~ 0.78) to date, attributed to the exception-
ally large oong of Zr (~ 5.3 x 10° (/2¢) (Q-m)~")[!88] and
the large np._g of [Co/Pt]; (Fig. 8(f)).1871 Figure 8(g) summa-
rizes the gt values as a function of coyg for various orbital
Hall materials, providing a comparative perspective on the ef-
ficiency of OT generation.[3”]
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Fig. 9. The orbital Hall effect in 3d metals and the magnetization switching driven by them. (a) Schematic illustration of orbital torque in the Ti/Ni
bilayer. (b) Ti thickness (¢1;) dependence of Ep of the Ti/Ni bilayers. Reprinted with permission from Ref. [26]. Copyright 2023 by Springer Nature.
(¢) Cr thickness (tc;) dependent Epp. of Ni/Cr (red) and Co/Cr (light-green) samples. (d) Schematic illustration of the orbital-to-spin conversion in
the Cr/Pt/CoFeB heterostructure. The spin (orbital) angular momentum is represented by S (L). The subscript OHE or SHE marks the source of §
(L). (e) Magnetization switching curves of Cr/CoFeB and Cr/Pt/CoFeB samples under an assisting magnetic field (By) of +20 mT. The green and
magenta symbols represent the samples without and with the Pt insertion layer, respectively. (f) fc.-dependent switching efficiency of the Cr/CoFeB
and Cr/Pt/CoFeB samples. Reprinted with permission from Ref. [82]. Copyright 2021 by Springer Nature. (g) Schematic of Mn3Sn/X structures with
X =Cr, Ta, or Pt. (h) Current dependence of Hall resistance at room temperature for Mn3Sn/X with X = Cr, Ta, or Pt, with a positive in-plane assistant
field. Reprinted with permission from Ref. [206]. Copyright 2023 by American Chemical Society.

The 3d transition metals have been overlooked in conven-
tional SOT due to their weak SOC. However, recent research
has highlighted their strong OHC, cost-effectiveness, envi-
ronmental friendliness, and abundance, making them promis-
ing candidates for OT applications.!'®> In Ti/Ni bilayers, OT
has been experimentally demonstrated via magneto-optic Kerr
effect (MOKE), yielding 68T = 0.021 and Aoy = 60 nm
(Figs. 9(a) and 9(b)).[*0] Additionally, Hayashi et al. ob-
tained 08 = 0.13 and Aoy = 47 nm for Ti/Ni bilayers us-
ing ST-FMR measurements.®°! Similarly, Cr has been shown
to exhibit 90HE = 0.28 and Aoy = 6.6 nm, as determined
via MOKE.?%7] Interestingly, Cr-based bilayers exhibit a sign
reversal in OT depending on the adjacent FM. Lee et al.

found that Cr/Co bilayers generate torque efficiency with an
opposite sign compared to Cr/Ni, Pt/Co, and Pt/Ni bilay-
ers (Fig 9(c)).[82! This behavior can be attributed to Cr’s
large 655 (8.2 x 10° (71/2¢) (Q:m)~1) and its negative o
(—130 (1/2e) (2:m)~ 1), which have opposite signs.[!*>] In
Cr/Co bilayers, the nfﬁs
a dominant SOT from the SHE and a negligible Eor. Con-
> (0 and
T]E‘_S > 0, the OHE dominates, resulting in a positive Eor.
As shown in Fig. 9(d), in Cr/Pt/CoFeB heterostructures with
PMA, the Js converted from the Jp follows the relation
GgﬁEnE‘ s > 0, whereas the spin current from the SHE fol-

of Co is close to zero, leading to

versely, in Cr/Ni and Cr/Pt bilayers, where 7711:115

lows GSHE < 0. This results in an anticlockwise switching
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eff
6OHE .

bilayer exhibits a counterclockwise switching curve with neg-
ative 98%}3 (Fig. 9(e)).!®] Notably, the dependence of switch-
ing efficiency on Cr thickness is similar in both structures,

curve with positive Conversely, the control Cr/CoFeB

suggesting that the torque primarily originates from Cr rather
than Pt (Fig. 9(f)).[®?] Beyond FMs, OT has also been utilized
to manipulate AFMs. Xie et al. demonstrated AFM switch-
ing of Mn3Sn layers using OT from Cr.[>%) Cr/Mn3Sn sam-
ple exhibits the same switching polarity as Mn3Sn/Ta, consis-
tent with the positive 98%1 of Cr (Figs. 9(g) and 9(h)). Simi-
lar AFM switching behavior has also been reported using OT
from Mn. [208]

First-principles calculations predict that certain sp met-
als A1??2l and XIV group elemental crystal (Si, Ge, and
a-Sn)[?%%1 exhibit negative cogg. Moreover, FaMn alloys
have been reported to possess an exceptionally high ooyg of
5.45 x 107 (/2¢) (Q-m)~!, enabling magnetization switch-

2101 For 2D materials,

ing in PMA CoPt heterostructures.
OHC studies have largely focused on theoretical predictions.
Tokatly revealed that in p-doped graphene, the OHE originates
from Berry phase accumulation as heavy and light holes move
around the degeneracy point at the Brillouin zone center.>!!]
Bhowal further clarified that the OHC in gapped graphene is
distinct from the previously reported valley Hall effect.[?!?] In
TMDs such as MX, (M = Mo, W; X =S, Se, Te), the reported
ooug (~ 10°-107 (h/2e) (Q-m)~!) is significantly larger than
osye and exhibits an opposite sign, indicating the potential
of TMDs in orbitronic devices. [196-198.200.201.213] By rthermore,
MX, (M =Pt, Pd; and X = S, Se, and Te) exhibits an intrin-

sic OHC (~ 10° (h /2¢e) (©-m)~1) due to orbital texture effects
around momentum-space valleys.?**! Liu et al. proposed that
the OHE in graphene, TMDs, and topological AFMs is pri-
marily driven by extrinsic mechanisms, suggesting that OT
in these systems could be tuned or enhanced via doping.?%!
Additionally, 2D FMs and AFMs have been actively studied.
Chen et al. proposed that topological phase transitions can
modulate the OHE in topological AFM MnBi, Tey.!?!'*] Zhang
et al. experimentally demonstrated magnetization switching in
van der Waals FM FesGaTe, driven by OT from Ti, achieving
a switching current density of 1.6 x 10% A.cm™2.[215] While
theoretical predictions for OHE in 2D materials are promis-
ing, further experimental validation is needed to fully realize

their potential in orbitronic devices.

3.3. Materials for orbital Rashba—Edelstein effect

The OREE arises at the interfaces and surfaces of NM/FM
heterostructures. In 2016, Ando’s group first reported a signifi-
cant spin torque in Cu/Py bilayers, generated by the light metal
Cu, despite its weak SOC.[?! They attributed the robust anti-
damping torque in CuO,/Py to Berry curvature effects?%’!
and further demonstrated that oxygen-induced modifications
of interfacial orbital hybridization could enhance the torque
efficiency.??!l In 2020, Ding er al. observed a substantial
enhancement in torque efficiency in TmIG/Pt heterostructures
upon capping with a CuO, layer. They suggested that this
enhancement originates from the orbital current generated at
the CuO,/Pt interface.?> As illustrated in Fig. 10(a), the Epy.
in TmIG/Pt (2 nm)/CuQ, (~ 0.01) is an order of magnitude
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Fig. 10. The orbital torque efficiency of orbital Rashba—Edelstein effect material and the magnetization switching driven by orbital Rashba—
Edelstein effect. (a) £pp as a function of Pt thickness for TmIG/Pt (series A) and TmIG/Pt/CuQ;, (series B). Reprinted with permission from
Ref. [25]. Copyright 202 by American Physical Society. (b) R2®—I it loop and the procedure for measuring. Reprinted with permission
from Ref. [216]. Copyright 2023 by American Chemical Society. (c) Magnetization switching curves of TmIG (10 nm)/CoFeB (1.5 nm)/Cu
(3 nm)/SiO; under a series of external fields (H,) along the x-axis. Reprinted with permission from Ref. [217]. Copyright 2023 by Wiley-VCH
GmbH. (d) Ferromagnetic thickness (fr) dependence of torque efficiency of CoFeB/Ru/Al,O3. Reprinted with permission from Ref. [85].
Copyright 2022 by American Physical Society. (e) £pp as functions of nitrogen doping concentration (Q). (f) Switching loops with various

maximum applied current densities. Reprinted with permission from Ref. [218]. Copyright 2022 by American Physical Society.
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higher than that in TmIG/Pt, attributed to the OREE-induced
OT. Similar large torque efficiencies have been observed in
FM/Cu/AlO, 1801341 and FM/Cu/CuO, "8 trilayers, where
the interfacial inversion symmetry breaking results in an or-
bital asymmetry that induces a Rashba-type orbital angular

(1951 Consequently, under an external elec-

momentum texture.
tric field, a finite orbital angular momentum is generated, de-
spite its equilibrium net value remaining zero.22>223 As tp in-
creases, the Ep, decreases, eventually reaching the same value
as in TmIG/Pt when tp; exceeds 4 nm, due to spin current de-
phasing in Pt (Fig. 1(a)).125] Here, Pt serves as the conver-
sion layer that transforms the Jp, into the Jg, while CuO, does
not absorb Js,??#! effectively improving the Epp. Harness-
ing the OREE, Huang et al. achieved field-free in-plane mag-
netization switching in CoFeB/CuO, devices without heavy
metals (Fig. 10(b)).[>'% Similarly, Xiao et al. demonstrated
perpendicular magnetization switching in Pt/Co/Cu-CuO, het-
erostructures, facilitated by the combined effect of OT from
the Cu/CuO, interface and SOT from Pt.?% Furthermore,
field-free perpendicular magnetization switching driven by OT
has been realized in TmIG/CoFeB/Cu/SiO; heterostructures
(Fig. 1(c)).?' In this system, TmIG exhibits PMA, while
CoFeB exhibits IMA. The interfacial exchange coupling in-
duces a tilt in the magnetization directions of TmIG and
CoFeB, leading to a strong dependence of the TmIG up/down
states on the CoFeB magnetization orientation. Consequently,
the Jp generated in Cu is converted into the Js in CoFeB,
exerting OTs on TmIG and enabling deterministic switching.
Beyond the CuO,-based system, OREE-induced OT has also
been observed at Ru/Al,0381 and Co/CuN, 18] interfaces.
As shown in Fig. 10(d), the gt of CoFeB(12 nm)/Ru/Al,O3
increases with CoFeB thickness and saturates at ~ 0.3 for
fcoren = 12 nm.8%] Meanwhile, in Pt/Co/CuN, heterostruc-
tures, Epy, varies between 0.06 and 0.4, depending on the ni-
trogen doping concentration in CuN, (Fig. 10(e)). This OT
effect is further evidenced by magnetization switching with a
critical current density of 5 x 10® A-cm™2 (Fig. 10(f)).

4. Magnon torque
4.1. Mechanism of magnon torque

A magnon is a quasiparticle that represents the quan-
tized excitations of spin waves in magnetic materials.[?%6-2%7]
When magnons propagate collectively from one region to an-
other, their coordinated motion gives rise to a magnon cur-
rent. Unlike electron-mediated spin currents, magnon currents
carry spin angular momentum without involving charge mo-
tion, making them particularly advantageous in magnetic in-
sulators. This charge-free nature of magnon transport elim-
inates Joule heating caused by charge motion, a major lim-

itation in conventional electron-mediated systems, thereby

enabling energy-efficient spin information transport. More-
over, in magnetic insulators, magnons can propagate over
micrometer-scale distances®3-99 at ultrafast velocities,®!!
further enhancing their potential for spin information pro-
cessing. Finally, magnons exhibit excellent controllability
and can be precisely manipulated using well-established tech-

[228.229] attosec-

niques, including ultrafast thermal gradients,
ond laser pulses,>**l microwave excitations,>*! and elec-
tric fields. [28:232,233] Benefiting from the above attributes,
magnons have emerged as a tool for the manipulation of mag-
netic moments, which manifests as domain wall motion and
magnetization switching.[>34-2%] In a typical magnon device,
the structure consists of an NM layer, an AFM insulator, and
an FM, as illustrated in Fig. 11. When a charge current passes
through the NM layer, it generates a spin current, leading
to nonequilibrium spin accumulation at the NM/AFM inter-
face. Through interfacial exchange interactions, the nonequi-
librium electron spin current is converted into a magnon cur-
rent within the AFM. This magnon current subsequently prop-
agates through the AFM layer and exerts MTs on the adja-
cent FM, ultimately driving its magnetization switching. The
NM layer in such devices is typically required to exhibit high
charge-to-spin conversion efficiency and can be selected from
the materials discussed above. The AFM insulating layer is
commonly composed of NiO, which possesses a high Néel
temperature, or the multiferroic material BiFeOs. In the fol-
lowing sections, we will review MTs, categorizing the discus-
sion based on different AFM insulating layers.

. §1x\\\1,’/®”

NM AFM insulator FM

- —-—

Fig. 11. The principal diagram of magnon torque.

4.2. NiO-based magnon torque

In 2015, the angular momentum transfer in AFM in-
sulator NiO was demonstrated by ST-FMR in Pt/NiO/FeNi

2391 Later,

structure. ! Hyunsoo Yang’s group achieved
the in-plane magnetization switching utilizing MTs in a
Bi,Se3/NiO/Py sandwich structure (Fig. 12(a)).**! ST-FMR
measurements (Fig. 12(b)) confirm the presence of in-plane
anti-damping MT. Similar to the spin Hall angle in conven-
tional SOT, the spin torque ratio is defined as 6, = J;/Jc,
whose dependence on the thickness of NiO (fjp) is shown in
Fig. 12(c). When the NiO layer inserted between the BiySes
and Py layers is very thin (fnjo < 1 nm), the AFM ordering

is absent at room temperature so that MT is negligible, and

107501-12



Chin. Phys. B 34, 107501 (2025)

6; purely originates from electron-mediated torques. As #xio
increases to 2 nm, 6; drops from 0.67 to O because electron
tunneling is unallowed in an NM NiO layer. 6; increases as
the nijo increases above 10 nm and arrives at the peak value
(~ 0.3) at fnjo = 25 nm, and then decreases. 6; of the con-
trol sample, where a 6 nm MgO layer is inserted between
BiySes and NiO, is negligible, excluding the possibility that
observed torque originated from the NiO (25 nm)/Py inter-
face. In current-induced switching measurements, the Py
layer is patterned into a rectangular island to avoid the current
shunting. The MOKE images demonstrate the magnetiza-
tion switching of the FM with a critical switching current
density (Jc) of ~ 1.27 x 107 A-m? induced by the in-plane
anti-damping MT (Fig. 12(d)). This work is a milestone in
MT. Afterwards, Zheng et al. fabricated an all-oxide het-
erostructure STRuO3/NiO/SrIrO3 with PMA, in which the
Jc ~ 8.1 x 10° A-m~2 is one an order of magnitude smaller
than the conventional metallic system.>*>->*!l Heavy metal
Pt has been used as a spin source in MT devices, such as
Pt/NiO/Y3Fe501,?4?! and Pt/NiO/CoTb,!?*3] enhancing the
torque efficiency in sub-2 nm NiO-based devices. An interest-
ing phenomenon in Pt/NiO/CoFeB system observed by Zhu
et al is the sign reversal of SOT upon cooling down.!>7! As
shown in Figs. 12(e) and 12(f), as the temperature decreases,
the anti-damping torque varies from positive to negative in

Pt/NiO/CoFeB sample but remains positive in Pt/CoFeB sam-
ple. Following this work, Zhao’s group attributed the reversal
to magnetic interactions associated with the exchange bias
effect.?38] At low temperatures, the net moment at Pt/NiO
interface (1m) receives a torque from the spin Hall current
of Pt and is coupled to the net moment at NiO/CoFeB inter-
face (my), as shown in Fig. 12(g). Since m; is exchange-
coupled to CoFeB, its antiparallel alignment with CoFeB
reverses the anti-damping torque compared to that at high
temperatures. As the temperature increases above the block-
ing temperature of NiO, the magnetic moments in NiO are
significantly reduced, and the transfer of the torque through
exchange coupling in NiO disappears.!>*8] Besides, the spin
source in MT devices has been expanded to topological in-
sulators. Shi et al.?**1 developed the room-temperature MT
structure Bir Te3/NiO/CoFeB, which enables the switching of
perpendicular magnetization with a Jc of 4.1 x 10® A-cm™2
and an MT efficiency of 0.33 with a magnon diffusion length
of 26.6 nm. However, Bi;Tes suffers from a high resistiv-
ity, leading to significant power consumption issues. Zhao
et al. further optimized the power consumption of magnon
devices by replacing BiyTes with topological crystalline insu-
lator SnTe, reducing power consumption to approximately 22

times lower than that of BiyTes.[24]
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Fig. 12. Magnetization switching by magnon torques through an antiferromagnetic insulator NiO. (a) Illustration of the structure of magnon torques
switching device with an isolated NiFe rectangle defined on top of the NiO layer. (b) A typical spin-torque ferromagnetic resonance signal from a
BiySe3/NiO (25 nm)/Py (6 nm) device at 10 GHz and 300 K with fits. (c) The spin torque ratio (6;) deduced from the spin-torque ferromagnetic
resonance data and the terahertz emission amplitude as a function of the thickness of NiO (#xj0) at 300 K. The star symbol marks the 6; from the
control device. (d) Magneto-optic Kerr effect images for magnon torque-driven magnetization switching in the Bi>Se3/NiO/Py device by injecting
a pulsed current (/) along the +x axis. Reprinted with permission from Ref. [24]. Copyright 2019 by American Association for the Advancement
of Science. (e) Temperature dependence of the anti-damping (€pr) and field-like (Egp) torque efficiencies per applied electric field in Pt (4 nm)/NiO
(0.9 nm)/ CoFeB (1.4 nm). (f) Linear dependence of V, on —Vap/2 (Hj, + Hy) for Pt (4 nm)/NiO (0.9 nm) / CoFeB (1.4 nm) and Pt (4 nm) / CoFeB
(1.4 nm) at 4 K with the slopes being anti-damping spin—orbit effective field Hpy,, where Vay, Hi,, and Hy are anomalous Hall voltage, in-plane
magnetic field, and perpendicular anisotropy field, respectively. Reprinted with permission from Ref. [237]. Copyright 2021 by American Physical
Society. (g) The schematic of the anti-damping spin—orbit effective fields (Hpy.) for the Pt/NiO/CoFeB. Reprinted with permission from Ref. [238].

Copyright 2022 by American Physical Society.
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Fig. 13. Field-free switching of perpendicular magnetization by magnon torques.

(a) Magnetization switching by magnon torque in

WTe,/NiO/CoFeB. (b) Spin-torque ferromagnetic resonance spectra of WTe, (8 nm)/NiO (25 nm)/Py with currents applied along the a-axis
of WTe;. (c) NiO thickness () dependence of in-plane torque efficiency (6)) and out-of-plane torque efficiency (6,) in WTe; (8 nm)/NiO
(25 nm)/Py. (d) Current-induced field-free magnetization switching of the CoFeB layer. The switching is performed under different angles ()
between the low-symmetry a-axis of WTe; and the current flow direction. (e) a dependence of critical switching current density (Jc), 6y, and
0,. Reprinted with permission from Ref. [246]. Copyright 2024 by Springer Nature.

In the above discussions, perpendicular magnetization
switching relying on the in-plane anti-damping MT is found
to be nondeterministic, necessitating an external magnetic
field aligned with the current direction to achieve determin-
istic switching. The realization of field-free magnetization
switching remains a key challenge for the practical applica-
tion of magnon devices. Recently, Wang et al. successfully
demonstrated field-free switching of perpendicular magneti-
zation using out-of-plane anti-damping MTs.[?46] They fab-
ricated a WTe,/NiO/CoFeB heterostructure, where the NM
layer, WTe;, breaks mirror symmetry along the low-symmetry
a-axis. As illustrated in Fig. 13(a), when a charge current is
applied along the a-axis, both y- and z-spins are generated.
The electron-carried spins subsequently excite magnon cur-
rents in NiO, carrying y- and z-polarized magnon moments
that exert in-plane and out-of-plane anti-damping MTs on
CoFeB, respectively.[?*61 ST_-FMR measurements with the cur-
rent applied along the a-axis exhibit distinct differences in
both the shape and amplitude of the mixed voltage (Vinix) un-
der positive and negative magnetic fields (Fig. 13(b)), confirm-
ing the existence of the out-of-plane anti-damping MT. More-
over, they investigated the fyjo dependence of in-plane (6y)
and out-of-plane (60,) effective torque efficiencies, as shown in
Fig. 13(c). The initial decrease in 6y and 0, for fnjo = 0-3 nm
is attributed to the suppression of electron-mediated torques.
As tnjo increases, both 6, and 6, rise, reaching peak values
(~ 0.3) at tnjo = 25 nm, corresponding to the highest MT ef-
ficiencies. For tnjo > 25 nm, enhanced magnon—phonon and

magnon—magnon interactions within NiO result in a reduction
in MT efficiencies. To investigate the role of WTe,’s crys-
tal symmetry, magnetization switching is performed in the ab-
sence of an external magnetic field at varying angles () be-
tween the low-symmetry a-axis of WTe, and the current direc-
tion (Fig. 13(d)). The extracted Jc, ), and 6, are summarized
in Fig. 13(e). A significantly higher J¢ is required when the
current deviates from the a-axis, indicating that the observed
out-of-plane anti-damping MT is closely related to the bro-
ken crystal symmetry of WTe,. To reduce power consump-
tion, Wang et al. fabricated PtTe,/WTe,/NiO (25 nm)/FM de-
vices, achieving oy, of 1.5 x 10* (71/2¢) (Q-m)~! and o ; of
2.6 x 10° (h/2e) (Q-m)~!, resulting in a 190-fold reduction
in power consumption compared to the BiyTe3/NiO/CoFeB
sample.[246] This work establishes an all-electric, low-power,
perpendicular magnetization switching by MT, which is cru-
cial for the advancement of magnon-based memory and logic
devices.

4.3. BiFeO3-based magnon torque

When the AFM insulator NiO is replaced with a mul-
tiferroic material, an external electric field can modulate the
Néel vector orientation of the multiferroic layer, thereby con-
trolling the generation and propagation of magnon currents.
BiFeOs, a representative multiferroic material, exhibits co-
existing antiferromagnetism and ferroelectricity, which are
intrinsically coupled via magnetoelectric interactions. 2472481
As illustrated in Fig. 14(a), the ferroelectric polarization of
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BiFeO3 can be switched between an upward and downward
state by applying a negative or positive bias exceeding the
coercive voltage to the top SrIrO3 layer.”®) To investigate
the impact of ferroelectric polarization on magnon transport,
Lag.7Srg.3MnO3/BiFeO3/SrIrO3 heterostructures are charac-
terized using ST-FMR.[?8] The results indicate that the MT
efficiency is significantly enhanced for upward polarization
(negative bias) and reduced for downward polarization (pos-
itive bias), as shown in Fig. 14(b). This observation con-
firms that MTs in BiFeOs3; can be effectively regulated via
ferroelectric polarization. Magnetization switching exper-
iments are further conducted using SrRuO3/BiFeO3/SrlrO3
heterostructures!?®! as depicted in Figs. 14(c) and 14(d). The
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corresponding current—voltage (/-V) characteristics during
ferroelectric switching are presented in Fig. 14(e), where cur-
rent peaks are associated with the reversal of ferroelectric po-
larization. Magnetization switching measurements are per-
formed under different BiFeO3 polarization states, as shown
in Fig. 14(f), revealing that the critical switching current is
lower for upward polarization than for downward polarization
(Fig. 14(g)). This trend corresponds to enhanced spin trans-
mission, aligning well with the ST-FMR results. This study
highlights the feasibility of using ferroelectric polarization as a
voltage-controlled mechanism for tuning MTs. Subsequently,
Chai et al. fabricated magnon-based logic devices based on

BiFeOj3 systems. 233
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Fig. 14. The magnon torque in BiFeO3 under the control of ferroelectric polarization. (a) Schematic of a Lag 7Srp 3MnO3/BiFeO3(BFO)/SrlrO3(SI0)
heterostructure under an external electric field, with the BiFeOs ferroelectric polarization under negative and positive biases. (b) The spin—
orbit torque efficiency measured with the spin-torque ferromagnetic resonance technique as a function of bias voltages applied beforehand for
Lag 7Srp3MnO3/BiFeO3/SrIrOs3. (c) Schematic of StfRuO3(SRO) magnetization switching by the current-induced torques borne by the magnons trans-
mitted through BiFeOs. (d) The anomalous Hall resistance (Ryy) versus pulsed currents at 70 K under assisting magnetic fields with different polarities
and strengths. (e) The current—voltage (I-V) curve during the ferroelectric switching experiments for the heterostructure SrRuO3/BiFeQ3/SrIrO3.
(f) Ferroelectric polarization-controlled magnetization switching measurement. The magnetization switching behavior with the upward (downward)
ferroelectric polarization of BiFeOj3 is shown in red (blue). Ry, is normalized by RS, (anomalous Hall resistance at Ic = 0). (g) The magnitudes of the
critical switching current as a function of the assisting magnetic fields. The lines are a guide to the eyes. Reprinted with permission from Ref. [28].

Copyright 2024 by Springer Nature.

5. Conclusion and perspectives

SOT has been rapidly advancing to meet the growing
demands for low-power and field-free magnetization switch-
ing, offering promising prospects for applications in magnetic
data storage, logic circuits, and high-frequency spintronic de-
vices. We have reviewed recent advancements in electron-
and magnon-mediated torques, with a particular focus on their
generation mechanisms and the associated spin source materi-
als. These materials include conventional metals, TIs, 2D ma-
terials, NCAFM, and altermagnets. Despite these significant
advancements, several critical challenges remain in achieving
highly efficient electron- and magnon-mediated SOT switch-
ing and elucidating the underlying physical mechanisms.

(1) The exploration of more efficient low-symmetry mate-
rials is crucial for advancing SOT devices. For instance, recent
experiments observed the nonlinear Hall effect in NblrTe,

indicating lateral-symmetry breaking and that NblrTes could
serve as a potential source of z-spin currents.>*°! However,
its application in perpendicular magnetization switching has
yet to be realized. Additionally, RuO, remains the only al-
termagnet experimentally verified to generate z-spin currents
through the SSE. Expanding the range of altermagnets is es-
sential, including strategies such as inducing a phase tran-
sition from conventional AFMs to altermagnets via strain
engineering.[>>°! Notably, the epitaxial strain may also en-
able g-wave altermagnets such as CrSb and MnTe to generate
z-polarized spin currents.>>!l Moreover, the generation and
utilization of z-spin currents in SOT devices have yet to be
demonstrated in the d-wave altermagnet MnsSi3, highlight-
ing the need for further experimental and theoretical investi-
gations.

(2) Although the spin-split electronic bands and their as-
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sociated phenomena in RuO, have been extensively studied
and widely utilized, the exact magnetic ground state of RuO,

252-253] This ongoing debate may stem

remains controversial.
from variations in strain conditions!>*>7] and fluctuations in
the Ru/O stoichiometric ratio®?! across different RuO, sam-
ples. Therefore, further comprehensive experimental investi-
gations are urgently required to unambiguously determine the
antiferromagnetic properties of RuO,.

(3) While significant progress has been made in the
study of orbital currents, further exploration is required to
fully understand the underlying transport mechanisms, de-
velop direct measurement techniques, and optimize OT per-
formance. Many theoretically predicted orbital materials, such

211,212

as graphene! I and 2D TMDs, necessitate and are un-

dergoing experimental validation. For example, the orbital
texture has been experimentally observed in 2H-WSe, >8]
and TiSe,.[>>! Concurrently, the discovery of novel materi-
als is critical, particularly ferromagnets with high np_g and
orbital source materials with large OHC, which are expected
to enhance the practical applicability of OTs. Furthermore, z-
polarized orbital currents have been demonstrated in IrO,,2¢0]
which potentially enables field-free magnetization switching
through OTs.

(4) OT concept and orbital diffusion length remain con-
troversial. For instance, Liu et al. proposed that the positive
anti-damping torque efficiency of the Ta/Ni system is a misin-
terpretation of a non-negligible self-induced ST-FMR signal of
the FM layer, rather than OT.[?®!l Using first-principles scat-
tering calculations, Rang ef al. demonstrated that orbital an-
gular momentum is relaxed within 1-2 atomic scales in tran-
sition metal/FM bilayers, challenging claims of nonlocal or-

2621 Additionally, Song et al., using the first-

bital current.!
principles calculations, revealed that OHE contributions in
transition metal/FM bilayers are often overshadowed by SHE
or canceled by self-torques in ferromagnets like Ni.[?6% These
debates highlight the need for unified methodologies to distin-
guish OT and SOT, especially given the short orbital relaxation
lengths predicted by first-principles calculations.

(5) In MT devices, NM layers are predominantly com-
posed of conventional heavy metals (Pt) or 2D materials
(BisSes, BiyTes, and WTe,) that serve as spin current sources.
Expanding these materials to light metals with high OHC
could significantly enhance the efficiency of magnon devices.
Moreover, current research on AFM insulating layers has pri-
marily focused on NiO and BiFeOs3. Replacing these with 2D
AFM insulators may enable more efficient magnon conversion
due to the smooth interfaces inherent to 2D materials. This
advancement could ultimately lead to the development of MT
devices entirely composed of 2D materials, further optimizing
their performance and scalability.

(6) Integrating low-symmetry materials into SOT-
MRAMSs presents several technical challenges. The field-free

switching strategy with low-symmetry materials relies on spe-
cific crystal and spin symmetries, which are often disrupted in
the polycrystalline films commonly employed in commercial
spintronic devices. Moreover, these materials (particularly 2D
materials) face issues of large-scale growth and thermal stabil-
ity during MgO-MT]Js integration and complementary metal—
oxide—semiconductor (CMOS) fabrication. To overcome these
limitations, it is crucial to develop spin source materials that
can maintain thermal stability above 350° and generate z-
polarized spins independently of crystal or magnetic symme-
try, thereby enhancing their practical applicability.
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