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Abstract
Spintronics, leveraging electron spin for information processing, promises substantial advancements in energy-efficient computing. Van der Waals 
(vdW) magnetic materials, with their unique-layered structures and exceptional magnetic properties, have emerged as pivotal components in this 
field. This report explores the current-based control of vdW magnets, focusing on the spin–orbit torque (SOT) mechanism, which is crucial for spin-
tronic applications. Key studies on  Fe3GaTe2/Pt and  Fe3GaTe2/WTe2 heterostructures are highlighted, demonstrating efficient SOT switching at room 
temperature. The advantages of vdW magnets for SOT switching, including high spin-torque efficiencies and superior interface quality, are discussed. 
The report also examines future directions, such as wafer-scale growth techniques, materials design for enhanced Curie temperatures (Tc), and 
the development of magneto tunnel junctions using all-vdW materials. These advancements underscore the potential of vdW magnetic materials in 
developing scalable, high-performance spintronic devices, paving the way for significant breakthroughs in energy-efficient computing.

Introduction
The rapid advancement of spintronics, which exploits the 
electron’s spin for computation, in addition to its charge, has 
paved the way for revolutionary changes in the development 
of energy-efficient computing technologies.[1,2] Central to these 
advancements are van der Waals (vdW) magnetic materials, 
characterized by their unique-layered structures held together 
by weak van der Waals forces.[3,4] These materials show signifi-
cant promise in enhancing the performance and miniaturization 
of spintronic devices due to their ability to maintain magnetic 
properties down to the monolayer limit.[5]

Recent breakthroughs have highlighted the intrinsic ferro-
magnetism in two-dimensional (2D) vdW materials such as 
 CrI3,  Cr2Ge2Te6, and  Fe3GeTe2, which exhibit robust magnetic 
ordering even when exfoliated to a single layer.[6–8] These 
properties make vdW materials highly attractive for develop-
ing next-generation, low-power, and high-density magnetic 
memory and logic devices. The discovery of intrinsic ferro-
magnetism in  Fe3GaTe2 with a high Tc (up to 380 K) and a large 
perpendicular magnetic anisotropy (PMA) has been particularly 
noteworthy, positioning it as a leading candidate for spintronic 
devices that operate efficiently at room temperature.[9]

On the other hand, current-induced magnetization switch-
ing mechanisms, like spin-transfer torque and spin–orbit 
torque (SOT), have emerged as critical techniques for achiev-
ing rapid, scalable, and energy-efficient control of spintronic 
devices.[10–12] SOT offers several advantages for spintronic 
devices including reduced switching currents, quicker response 

times without a short incubation period, and longer device lifes-
pans due to the separation of the high current write path from 
the magnetic tunnel junction (MTJ) body. The advent of 2D 
magnetic materials has opened new pathways for low-current, 
highly efficient SOT applications. They offer perfectly smooth 
interfaces for optimal interaction with spin–orbit coupling 
materials, thereby increasing the efficiency of SOTs. Moreover, 
these materials can be effectively combined with the vdW topo-
logical materials that exhibit spin-momentum locking, promis-
ing significantly greater SOT efficiencies and the possibility of 
switching magnetization without an external magnetic field. 
Building on this foundation, recent studies have demonstrated 
significant advancements in achieving field-free, deterministic 
switching of magnetization above room temperature in vdW 
materials.

This prospective report aims to provide a comprehensive 
overview of the current state of research in current-based control 
of vdW magnetic materials, discuss the mechanisms enabling 
such control, and explore the prospects for these materials in 
energy-efficient computing. By synthesizing findings from recent 
studies with other significant advancements in the field, this 
report will outline the potential pathways for realizing scalable 
and commercially viable spintronic devices using vdW mag-
netic materials. The report is structured as follows: the next sec-
tion discusses the mechanisms of current-based control of vdW 
magnets, focusing on SOTs and their role in current-induced 
switching in materials with perpendicular magnetic anisotropy 
(PMA). Following this, we provide a comprehensive survey of 
recent advances in current-based control of vdW ferromagnets, 
highlighting key studies on materials such as  Fe3GaTe2 and their 
integration with heavy metals and low-symmetry vdW materials 
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for efficient spintronic applications. Finally, the last section 
explores the prospects for vdW magnets-based spintronics, 
highlighting the need for wafer-scale growth, materials’ design 
strategies for enhancing Tc, current-based control of magnetic 
anisotropy, prospects for voltage and strain-assisted switching, 
and the development of magnetic tunnel junctions (MTJs) using 
all-vdW materials.

Mechanisms of current‑based control 
of vdW magnets
Spin–orbit torques and current‑induced 
switching in perpendicular magnetic 
anisotropy materials
Current-induced SOTs have emerged as a robust mechanism 
for controlling ferromagnetic materials (FM), essential for 
the advancement of spintronic devices.[13–16] The SOTs origi-
nate from spin–orbit interactions, primarily facilitated by the 
spin-Hall effect,[17] the Rashba-Edelstein  effect[18] and reduced 
crystal symmetry. There are two principal types of SOTs: 
damping-like torque and field-like torque. The damping-like 
torque τDL,y , mainly reported in heavy metal (e.g., Pt, Ta, and 
W)[15,16] acts perpendicularly to both the magnetization m and 
the direction of the injected spin-polarized current σy ; thus, 
τDL,y can be expressed as m× (σy × m) . Here, we assume that 
the electrical current is applied along x-direction and σy is gen-
erated along y-direction. τDL,y is highly effective in the deter-
ministic switching of the magnetization direction since τDL,y is 
analogous to the Gilbert damping in magnetization dynamics. 
Conversely, the field-like torque τDL,y operates similarly to an 
effective magnetic field that aligns with the spin polarization 
direction σy . τFL,y contributes to the precessional motion of the 
magnetization and is described by m× σy . Although the τFL,y 
is generally less efficient in achieving magnetization switching 
compared to the damping-like torque, it plays an essential role 
in modifying the effective magnetic field experienced by the 
magnetization.[19,20] Recently, in the material systems which 
have low-symmetry crystals, out-of-plane damping-like torque 
τDL,z of the form of m× (σz × m ) is reported when the current 
is applied along the low-symmetry crystal axis (Fig. 1). Low-
symmetry transition-metal dichalcogenides (TMDs), which 
consist of a transition-metal atom (e.g., Mo, W) and a chalco-
gen atom (e.g., S, Se, or Te), are representative materials.[21,22] 
Generation of τDL,z is also reported in  collinear[23,24] and non-
collinear  antiferromagnets[25,26] and altermagnets.[27] Similarly, 
field-like torque τFL,z induced by σz ∝ m× σz and damping-like 
torque τDL,x due to σx also reported ( ∝ m× (σx × m)).[28] The 
total SOTs could be expressed in Eq. 1:

where τDL,y , τFL,y , τDL,z , τFL,z , and τDL,x are SOT coefficient of 
τDL,y , τFL,y , τDL,z , τFL,z and τDL,x , respectively.

(1)
τSOT = τDL,ym×

(

σy × m

)

+ τFL,ym× σy

+ τDL,zm× (σz × m)+ τFL,zm× σz

+ τDL,xm× (σx × m),

For the practical memory device application, ferromagnets 
with PMA offer advantages over those with in-plane anisot-
ropy.[29] Devices employing in-plane magnetization switching 
encounter inherent limitations, such as constraints on device 
shape and size to maintain the large in-plane anisotropies, and 
prolonged switching times caused by slow incubation. On the 
other hand, PMA enhances not only thermal stability, a key 
factor in maintaining data integrity at smaller scales but allows 
for the reduction of magnetic volume without compromising 
stability.[29] In particular, interfacial PMA, originated in Fe-
alloy/oxide layer, is essential for scaling down devices to sub-
nm dimensions, thus, increasing data storage density.[30] In 
addition, τDL,y acting on ferromagnet with PMA significantly 
decreases incubation time since m and σy are orthogonal, 
leading to ultrafast  switching[19] in SOT systems. However, 
interfacial PMA in metallic films is strongly dependent on 
substrate properties and interface quality.[31] For maintain-
ing an atomically smooth interface and minimal intermixing, 
recently two-dimensional vdW ferromagnetic materials have 
been extensively investigated.[3,6–8,32,33] The vdW ferromagnets 
predominantly exhibit an intrinsic magneto-crystalline anisot-
ropy, which arises from the reduced crystal symmetry of their 
layered structures. This property enables to retain its magnetic 
anisotropy in monolayer state.[6,7] The vdW ferromagnets with 
PMA, especially operating above room temperature, offer cru-
cial advantage to harness the capabilities.[8,9]

While SOTs present significant advantages in spintronic 
applications, they also pose certain challenges, particularly in 
systems with PMA. A primary issue is the necessity of an in-
plane external field for the deterministic switching of perpen-
dicular magnetization.[13,14,19] Specifically, with magnetization 
along the z-axis, effective fields of τDL,y and τFL,y , which we 
can typically expect in conventional heavy metal/ferromagnet 
bilayer, exhibit rotational and mirror symmetry relative to the 
xz and xy-planes, respectively.[15,16] This prevents switching 

Figure. 1.  Schematic illustration of SOTs in FM/TMD bilayers. Orange 
arrow represents the m of ferromagnet (FM). Here, we illustrate 
τDL,y , τFL,y , and τDL,z in black arrows. Note that other SOT compo-
nents could be also obtained in the similar manner shown in Eq. 1.
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by the injected current alone. Consequently, an in-plane field 
along the x-axis is essential to disrupt this symmetry. To this 
end, implanting a local symmetry breaking mechanism which 
operates inside the material systems is imperative. Many 
recent progresses have been reported in conventional metal-
lic system to break the symmetry: exchange-biased field from 
antiferromagnet,[34,35] interlayer exchange coupling,[36,37] or 
magnetic trilayer consisting of in-plane and perpendicular 
ferromagnetic layers,[20,38] tilted anisotropy of the nanomag-
net,[39,40] spin anomalous Hall effect in ferromagnet,[41,42] lat-
eral inversion asymmetry,[43] and interplay of SOT and spin-
transfer torque.[44] Most of the introduced mechanisms involve 
intricate multilayer structures [34–38,41,42] or complicated shape 
 engineering[39,40,43] that pose challenges toward scalability. A 
simpler proposition is to use SOT materials with low-symmetry, 
which can intrinsically generate the out-of-plane damping-like 
torque, τDL,z , for field-free switching of PMA magnets [21–28,33].

Characterization of SOTs 
and current‑induced magnetization 
switching
The harmonic Hall measurement and spin-torque ferromagnetic 
resonance (ST-FMR) techniques are widely employed for the 
quantitative analysis of SOTs. The lock-in harmonic Hall volt-
age measurement probes the oscillation of magnetization at its 
equilibrium position induced by the injected a.c. current of a 
few kHz.[15,16,45] The harmonic responses, influenced by the 
direction of the applied external magnetic field, allow for the 
characterization of each SOT component. This measurement 
technique is applicable to ferromagnets with both PMA and 
in-plane anisotropy. In ferromagnets with strong PMA, the har-
monic Hall signal is typically obtained by sweeping the mag-
netic field along the x - and y-directions.[15,16] For ferromagnets 
with in-plane anisotropy or relatively weak PMA, the harmonic 
Hall signal is measured as a function of the azimuthal angle ( φ ) 
in the xy-plane under a specific magnetic field that maintains a 
single magnetic domain state.[22,32,45,46] Figure 2(a–c) illustrates 
representative first and second harmonic Hall resistance in a 
low-symmetry material system  (MnPd3/CoFeB). The obtained 
second harmonic resistance R2ω can be expressed as follows:

 
Here, the resistances R2ω

DL,y
 , R2ω

FL,y, R2ω
DL,z

, and R2ω
DL,x

 are asso-
ciated with the SOT components τDL,y , τFL,y , τDL,z , and τDL,x . 
R0 and R2ω

PNE
 indicate device offset and anomalous Nernst resist-

ance. By analyzing φ dependence based on Eq. (2), each SOT 
component can be quantitatively estimated.

ST-FMR measurement employs a radiofrequency (RF) cur-
rent, with a typical frequency of a few GHz, to excite magnetiza-
tion.[21,47] The RF current is applied along the x-axis, while an 
in-plane magnetic field is applied at a certain angle to the current. 

(2)
R
2ω

= (R0 − R
2ω
DL,y

cosφ + R
2ω
FL,y

cos 2φ cosφ

+ R
2ω
DL,z

cos 2φ + R
2ω
DL,x

sin φ + R
2ω
PNE

sin 2φ.

The spin current generated by the RF charge current exerts oscil-
lating SOTs on the ferromagnet. Simultaneously, the anisotropic 
magnetoresistance of ferromagnet also oscillates at the same fre-
quency, producing the rectified voltage signal Vmix . This signal is 
composed of the symmetric and antisymmetric Lorentzian func-
tions FS and FA , i.e., Vmix = VSFS + VAFA , where the symmetric 
and antisymmetric voltage components are

Here, φ indicates the azimuthal angle between the RF current 
and the applied field. S0 and A0 are related to τFL,y and τDL,z . 
S1 and A1 are associated with τDL,y and τFL,z . Thus, analyzing 
VS and VA enables determination of each component of SOTs. 
Figure 2(d–f) indicates representative ST-FMR results obtained 
in  TaIrTe4/NiFe.[47] This method is typically applied to in-plane 
magnetization systems.

In addition to the aforementioned techniques, the anomalous 
Hall loop shift measurement is also utilized for characterizing the 
τDL,z.[48] The anomalous Hall signal exhibits a shift that depends 
on the magnitude of the applied d.c. current, providing a direct 
measure of the out-of-plane effective magnetic field [Fig. 2(g, h)].

In the presence of spin–orbit torques (SOTs), magnetiza-
tion switching can be demonstrated by injecting electrical cur-
rents.[13,14] This process typically involves sequentially injecting 
pulsed currents while gradually increasing the amplitude of each 
pulse. The critical current (or current density) is identified from 
the resulting current-swept magnetization switching curves at the 
point where the up-magnetization and down-magnetization sig-
nals average. In the absence of symmetry breaking, where τDL,y 
and τFL,y are dominantly observed in heavy metal/ferromagnet 
bilayers, an external magnetic field along the current direction 
is required for deterministic switching. However, in material 
systems with symmetry breaking, field-free switching can be 
observed. The most common method for current-induced mag-
netization switching is the anomalous Hall effect (AHE) meas-
urement in crossbar-shaped devices as shown in Fig. 2(g, i). The 
magneto-optical Kerr  effect[49] is also widely used, and it has 
been shown that switching can occur in a few picoseconds via 
the thermally activated helicity-independent all-optical switching 
mechanism,[50] whereas in AHE, incubation delays can extend 
switching times to a few hundred picoseconds.[19] It is important 
to note that magnetization switching results from the interplay 
of all SOT components, along with thermal fluctuations and the 
stochastic nature of domain wall nucleation. Consequently, deter-
mining the specific magnitude of each SOT component based 
solely on the switching current is challenging.

Recent advances in current‑based 
control of vdW ferromagnets
The field of spintronics is experiencing remarkable advance-
ments through the incorporation of vdW magnetic materi-
als, reinvigorating the promise for energy-efficient and 

VS = sin2φ(S0 + S1cosφ),

VF = sin2φ(A0 + A1cosφ).
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high-density spintronic devices. Among other things, vdW 
magnetic materials offer significant advantages for SOT 
switching devices. Their unique-layered structure enables 
these materials to be thinned down to monolayers while 
broadly retaining their magnetic properties which facilitates 
the creation of ultra-thin, high-performance, energy-efficient 
devices. vdW materials ensure superior interface quality in 
heterostructures due to their atomically flat surfaces and min-
imal interlayer diffusion of atomic species. This can enhance 
spin transparency and result in efficient spin transfer across 
interfaces to reduce scattering and energy loss and improve 
device performance. Moreover, these materials can be seam-
lessly combined with emerging spin-momentum locking 
vdW topological materials to enhance SOT efficiencies and 

achieve performance levels exceeding those of heavy metals. 
Such heterostructure devices can also enable the field-free 
switching of PMA magnetization.

The first demonstration of SOT-induced switching in vdW 
magnetic materials occurred in bilayer systems of the metallic 
vdW ferromagnet  Fe3GeTe2, which exhibits a strong PMA, and 
the heavy metals Pt and Ta. In the study by Alghamdi et al., 
thin Pt films (5 nm) sputtered on exfoliated  Fe3GeTe2 flakes 
(15–23 nm) were patterned into Hall bar geometries.[51] The 
anomalous Hall effect tracked the ferromagnet’s magnetization 
state, achieving non-volatile switching of out-of-plane magneti-
zation at a threshold current of 2.5 ×  107 A  cm−2 at 180 K, in 
the presence of a symmetry breaking in-plane magnetic field. 
Similar experiments in  Fe3GeTe2/Pt and  Fe3GeTe2/Ta bilayer 

Figure. 2.  Characterization of SOTs and current-induced switching (a) Schematic illustration of the CoFeB/MnPd3 bilayer device. Jc, Js, and 
HOe represent charge current density, spin current density, and Oersted field, respectively. (b, c) First and second harmonic resistance R1ω 
and R2ω as a function of azimuthal angle fB. In (c), the pink, black, cyan, green, and orange lines represent the contribution of τDL,x , τDL,y , 
τDL,z , τFL,x and R2ω

PNE , respectively. Copyright © 2023, Mahendra DC et al. [46] (d) Schematic of spin current accumulation under a current 
along the a-axis of  TaIrTe4. (e, f) ST-FMR signals of symmetric (e) and antisymmetric (f) components depending on fB obtained in  TaIrTe4/
NiFe. Copyright © 2024, Zhang et al. [47] (g) Schematic of  TaIrTe4/Ti/CoFeB/MgO/Ta Hall bar structure. (h) The shift of anomalous Hall loop 
under a d.c. current of 5.7 mA (red line) and − 5.7 mA (black line). (i) Current-induced magnetization switching obtained in different external 
magnetic fields. Copyright © 2023, Liu et al. [48].



Early Career Distinguished Presenter Prospective

MRS COMMUNICATIONS · VOLUME 14 · ISSUE 6 · www.mrs.org/mrc                1117

systems by Wang et al. confirmed ferromagnet switching in 
both systems.[52] A given current drive was found to favor 
opposite magnetization states in Pt and Ta-based devices due 
to their opposite spin-Hall angles, further supporting the role of 
current-induced SOT in these systems. Topological insulators 
(TIs) are gaining attention as SOT layers in current-induced 
ferromagnet switching systems. TIs showcase spin-polarized 
Dirac surface states, leading to large spin-Hall angles. When 
an electric field is applied, the Rashba-Edelstein effect causes 
non-equilibrium spin accumulation, which exerts torque on 
the adjacent ferromagnet. Using the topological insulator 
 (Bi(1−x)Sbx)2Te3 as a spin-Hall layer, Fujimura et al. success-
fully demonstrated non-volatile magnetization switching in epi-
taxially grown  Fe3GeTe2/(Bi(1−x)Sbx)2Te3 stacks.[53] At 180 K, 
the threshold current density for switching a 6 nm  Fe3GeTe2 
film was 1.7 ×  106 A  cm−2 when a 100 mT in-plane magnetic 
field was applied. While such studies consistently exempli-
fied the efficacy of vdW ferromagnets-based SOT switching 
systems, they were all limited by operation only at cryogenic 
temperatures, up to 200 K.

A study by Kajale et al. demonstrated the possibility 
of current-induced magnetization switching in  Fe3GaTe2 
above room temperature, when integrated with platinum 

(Pt) as a spin–orbit coupling layer.[32]  Fe3GaTe2 is a metal-
lic, vdW ferromagnet that exhibits a high Tc (~ 350 K) and 
strong perpendicular magnetic anisotropy (4.8 ×  105 J  m−3), 
making it a credible candidate for vdW spintronics.[9] It is 
structurally similar to  Fe3GeTe2, but showcases a TC bump 
of ~ 150 K upon swapping the Ge with Ga. This has been 
attributed to the ferromagnetic exchange coupling between 
Fe atoms within the same atomic planes in  Fe3GaTe2, as 
compared to  Fe3GeTe2 where the in-plane exchange cou-
pling between Fe atoms is antiferromagnetic, leading to 
spin frustration and a reduced TC.[54] In the study by Kajale 
et al., the bilayer stack comprising  Fe3GaTe2 and Pt was pat-
terned into Hall bar geometry [Fig. 3(a)] and the magneti-
zation state of the  Fe3GaTe2 in response to current pulses 
was probed through anomalous Hall resistance measure-
ment.[32] Deterministic and non-volatile switching of PMA 
magnetization in  Fe3GaTe2 was achieved using a nominal 
in-plane field of 100 Oe with threshold switching current 
density as low as 1.69 ×  106 A  cm−2 at 300 K, as shown in 
Fig. 3(b). This marked the lowest switching current density 
among all previous vdW magnet-based SOT switching sys-
tems, including those operating below room temperature, 
highlighting the strong prospects of the  Fe3GaTe2/Pt system 

Figure. 3.  Current-based control of the vdW ferromagnet  Fe3GaTe2. (a) Schematic illustration of the  Fe3GaTe2/Pt bilayer device, with direc-
tions of applied current and magnetic fields denoted. (b) Current-induced switching of PMA magnetization of  Fe3GaTe2 at 300 K and 100 
Oe field, recorded as anomalous Hall resistance. Four consecutive current pulsing cycles are presented.  Copyright © 2024, Kajale et al. 
[32] (c, d) Schematic illustration of the  Fe3GaTe2/WTe2 heterostructure device, for current applied along the different crystallographic axes of 
 WTe2. A non-zero out-of-plane anti-damping torque, τOOP

AD = τDL,z is generated only when current is applied along the low-symmetry a-axis. 
(e) Deterministic and non-volatile switching of PMA magnetization in  Fe3GaTe2 in response to a train of current pulses, at 320 K and without 
any external magnetic field. Copyright © 2024, Kajale et al. [33].
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for energy-efficient spintronics. The low switching cur-
rent density also allowed for the switching to be observed 
up to 320 K, quite close to the Tc of exfoliated  Fe3GaTe2 
(~ 328 K), due to reduced heating. The anti-damping-like 
SOT efficiency of the  Fe3GaTe2/Pt system was estimated 
to be 0.093, close to the commonly observed value of ~ 0.1 
in Pt-based systems, using field angle-dependent second 
harmonic Hall measurements.

In a similar vein, the work by Li et al. has explored the 
capabilities of  Fe3GaTe2/Pt  heterostructures[55] where the 
perpendicular magnetization of  Fe3GaTe2 can be effectively 
switched at room temperature with a current density of 1.3 × 
 107 A  cm−2. This was achieved through spin–orbit torques in the 
 Fe3GaTe2/Pt bilayer. The high SOT efficiency of approximately 
0.28, quantitatively determined by harmonic measurements, 
was noted to be higher than that in Pt-based heavy metal/con-
ventional ferromagnet devices. Yun et al. have also studied 
this system and reported a switching current density of 4.8 × 
 106 A  cm−2 at room temperature.[56] Furthermore, they found 
that sputtering Pt on  Fe3GaTe2 at an angle (without substrate 
rotation) to achieve asymmetric edge coverage can result in 
symmetry breaking in the SOT system to allow field-free mag-
netization switching of the PMA magnet. These studies col-
lectively establish a robust foundation for the development of 
vdW magnet-based spintronic devices for room-temperature 
operation. The consistently low switching current density, high 
spin–orbit torque efficiency, and room-temperature operability 
of  Fe3GaTe2/Pt system, which demonstrated across multiple 
studies, underscore its potential as a key component in the next 
generation of spintronic devices.

One challenge to the technological implementation of 
heavy metal or TI-based SOT devices is the requirement for 
an in-plane magnetic field, aligned with the current, to enable 
switching of magnets with PMA. This necessity arises from 
the mirror symmetry inherent in conventional heavy metals 
and TIs, which prevents the generation of an out-of-plane 
anti-damping torque. The constraint can be overcome by 
selecting spin-Hall materials that exhibit a broken mirror 
symmetry. Notably, vdW Weyl semimetals like the transi-
tion-metal dichalcogenides  WTe2

[21,57,58] and monoclinic (β 
or 1 T’)  MoTe2

[59,60] exhibit out-of-plane anti-damping torque 
components due to their broken mirror symmetry. This effect 
was recently leveraged to achieve the field-free determinis-
tic switching of  Fe3GaTe2 above room temperature. Herein, 
Kajale et al. utilized the heterostructure of  Fe3GaTe2 and 
 Td-WTe2, leveraging the unconventional out-of-plane anti-
damping torque generated by the spin-Hall effect in  WTe2

[33] 
[Fig. 3(c, d)]. Field-free, deterministic switching of  Fe3GaTe2 
magnetization could be achieved using a low-current density 
of 2.23 ×  106 A  cm−2 at room temperatures. Robust, non-vola-
tile switching of the PMA magnetization could be observed up 
to 320 K without any external magnetic fields, when current 
was applied along the low-symmetry a-axis of the material, 
as shown in Fig. 3(e). However, when current was applied 

along the high-symmetry b-axis, field-free deterministic 
switching was not observed. Instead, the ferromagnet was 
found to simply demagnetize at high current levels. These 
contrasting observations depending on the direction of applied 
current clearly elucidate the role of symmetry breaking in 
enabling field-free switching in such an all-vdW spin–orbit 
torque system.

Along similar lines, Zhang et al. have recently reported a 
study on field-free switching in a  TaIrTe4/  Fe3GaTe2 hetero-
structure.[61]  TaIrTe4 has a crystal structure similar to  Td-WTe2, 
wherein the W–W chain is replaced with alternating Ta–Ta and 
Ir–Ir units. Consequently, an out-of-plane anti-damping-like 
torque was predicted and verified for this material in recent 
studies. The  TaIrTe4/Fe3GaTe2 heterostructure achieves mag-
netization switching at a current density of 2.56 ×  106 A  cm−2 
at room temperature (300 K). The spin–orbit torque efficiency 
of the out-of-plane anti-damping torque has been estimated at 
0.37 using hysteresis loop shift measurements. The switching is 
robust, maintaining stability against external magnetic fields up 
to 252 mT, demonstrating the potential for efficient and stable 
SOT-based devices using vdW materials.

Another noteworthy development has been the field-free 
switching of  Fe3GeTe2 using in-plane exchange bias.[62] 
CrSBr, a semiconducting vdW antiferromagnet with Neel 
temperature of 132 K, exhibits an in-plane easy axis anisot-
ropy. When sufficiently thick (> 30 nm) CrSBr was coupled 
with  Fe3GeTe2, an in-plane exchange bias was induced in the 
ferromagnet resulting in a steady-state magnetization tilted 
away from the out-of-plane direction. The resulting lateral 
symmetry breaking could be leveraged to achieve field-free 
switching using Pt as the spin-Hall layer in a Pt/  Fe3GeTe2/
CrSBr system. While these results were limited to low tem-
peratures, limited by the Tc of  Fe3GeTe2 and  TN of CrSBr, the 
general approach holds promise for all-vdW spintronic sys-
tems. In addition, we note that other sources of SOT may sig-
nificantly influence magnetization switching, thereby enhanc-
ing switching efficiency. For example, further investigation 
into complex magnetic vdW multilayers could elucidate the 
role of SOTs generated by interfacial spin currents or the spin 
anomalous Hall effect.

A summary of all previous reports of spin–orbit torque 
switching in vdW ferromagnets is presented in Table I. In addi-
tion, Fig. 4 provides a comparison of various vdW ferromag-
net-based SOT systems and representative bulk SOT systems 
in the temperature and switching current density space. The 
advancements captured here have established the potential of 
vdW materials in developing scalable, energy-efficient spin-
tronic devices, paving the way for their integration into com-
mercial applications. By leveraging the unique properties of 
vdW materials, such as scalability to monolayer thicknesses, 
low-current field-free switching, and minimal intermixing 
with tunnel barriers, the next generation of spintronic devices 
promises significant breakthroughs in energy-efficient comput-
ing technologies.
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Future trends in vdW magnets‑based 
spintronics
Wafer‑scale growth
Developing protocols for wafer-scale growth of vdW mag-
netic materials is critical to their adoption in commercial spin-
tronic devices. Wafer-scale growth techniques like molecular 
beam epitaxy (MBE) and chemical vapor deposition (CVD) 
can allow precise control of the vdW film thickness, composi-
tion, and magnetic anisotropy to open exciting prospects for 
developing advanced spintronic devices. However, challenges 
remain in achieving uniform, single-crystalline growth over 
large areas while maintaining the desired material properties.

Key issues include optimizing nucleation and growth condi-
tions, minimizing defects and strain, identifying suitable sub-
strates, and developing scalable precursors for metal-organic 
CVD.[72,73] The seamless merging of flakes to form large-area 
continuous films with well-controlled layer thickness and 
lattice orientation is still a significant challenge. In addition, 
understanding and controlling complex growth mechanisms, 
such as precursor sublimation, diffusion, nucleation, and 

Table I.  Summary of experimental reports on current-controlled switching of vdW ferromagnets (FM).

vdW fer-
romagnet

SOC mate-
rial

FM metal-
licity, anisot-
ropy

Fabrication 
method (FM, 
SOC layer)

Threshold 
switching 
current 
density (MA/
cm2)

Tem-
perature 
(K)

Field-
assisted/
field-free

SOT 
efficiency 
( ξDL)

ξDL charac-
terization 
method

References

Fe3GeTe2 Pt Metallic, 
OOP

Exfoliation, 
sputtering

27 180 Field-
assisted

0.14 SHH Alghamdi 
et al. [51]

Fe3GeTe2 Pt Metallic, 
OOP

Exfoliation, 
sputtering

9.25 130 Field-
assisted

– – Wang et al. [52]

Fe3GeTe2 (Bi,Sb)2Te3 Metallic, 
OOP

MBE, MBE 1.7 180 Field-
assisted

– – Fujimura et al. 
[53]

Fe3GeTe2 WTe2 Metallic, 
OOP

Exfoliation, 
exfoliation

6.6 200 Field-free – – Kao et al. [63]

Fe3GeTe2 WTe2 Metallic, 
OOP

Exfoliation, 
exfoliation

3.90 150 Field-free 4.6 Hysteresis 
loop shift

Shin et al. [64]

Fe3GeTe2 WTe2 Metallic, 
OOP

Exfoliation, 
exfoliation

5.90 120 Field-free – – Wang et al. [65]

Cr2Ge2Te6 Ta Insulating, 
OOP

Exfoliation, 
sputtering

0.5 80 Field-
assisted

– – Ostwal et al. 
[66]

Cr2Ge2Te6 Pt Insulating, 
OOP

Exfoliation, 
sputtering

0.15 – Field-
assisted

0.25 SHH Gupta et al. [67]

1 T-CrTe2 ZrTe2 Metallic, IP MBE, MBE 18 50 Field-
assisted

0.014 ST-FMR Ou et al. [68]

Fe3GaTe2 Pt Metallic, 
OOP

Exfoliation, 
sputtering

1.69 300 Field-
assisted

0.093 SHH Kajale et al. 
[32]

Fe3GaTe2 Pt Metallic, 
OOP

Exfoliation, 
sputtering

13 300 Field-
assisted

0.28 SHH Li et al. [55]

Fe3GaTe2 Pt Metallic, 
OOP

Exfoliation, 
sputtering

4.8 300 Field-
assisted

– – Yun et al. [56]

Fe3GaTe2 WTe2 Metallic, 
OOP

Exfoliation, 
exfoliation

2.23 320 Field-free – – Kajale et al. 
[33]

Fe3GaTe2 TaIrTe4 Metallic, 
OOP

Exfoliation, 
exfoliation

2.56E + 06 300 Field-free 0.37 Hysteresis 
loop shift

Zhang et al. 
[61]

Figure. 4.  Comparison of switching current density of metallic 
vdW ferromagnets with PMA, and representative bulk ferromag-
nets.[14,69–71] Hollow symbols and solid symbols represent field-
assisted and field-free switching systems, respectively.
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layer-by-layer growth, are crucial for improving repeatability 
and material quality. The stability of air-sensitive vdW magnets 
during transfer and processing is another concern, as many of 
these materials degrade in ambient conditions, hindering practi-
cal applications.

Despite these challenges, the progress in wafer-scale growth 
techniques has been promising. For instance, wafer-scale sin-
gle-crystalline  Fe4GeTe2 grown by MBE has shown strong 
magnetism with a  Tc over 500 K, and its magnetic anisotropy 
can be flexibly controlled by tuning the Fe composition.[74] The 
epitaxial growth of single-crystalline  CrTe2 thin films on 2-inch 
sapphire substrates has demonstrated precise control of sam-
ple thickness and homogeneous surface morphology, which is 
essential for reliable magnetic memory applications.[75] Future 
research directions should focus on developing synthesis meth-
ods for large-scale and air-stable 2D magnetic crystals with 
high transition temperatures, as well as related vdW magnetic 
heterostructures.

Materials design
The vdW magnetic materials typically exhibit low Tc, which 
limit their practical application. This low TC can compromise 
the stability of their magnetic properties during the integra-
tion process. In addition, their operational stability may be 
affected when high current density is injected for SOT gen-
eration.  Fe3GaTe2 is fast emerging as a quintessential vdW 
ferromagnetic candidate for spintronics due to its high Tc and 
PMA. However, most studies related to its magnetic proper-
ties, current-based control, and incorporation into spintronic 
devices are limited to thick, exfoliated flakes. This raises con-
cerns about its efficacy in the 2D limit where dimensionality 
effects are known to significantly decrease the Tc of magnetic 
materials. In fact, a recent study has reported a Tc of 240 K in 
an exfoliated monolayer of  Fe3GaTe2, which although highest 
among all previous 2D magnets, is still well below the room 
temperature.[76] Certain approaches to overcoming this issue 
can be proposed upon examining other advances in the field. 
For example, attempting to increase the Fe content in the mate-
rial, to achieve stoichiometries like  Fe4GaTe2 and  Fe5GaTe2 
could be interesting. This trajectory has already been found to 
be fruitful in the closely related  Fe3GeTe2, where the ferromag-
netic TC of the materials increased from ~ 210 K in  Fe3GeTe2 
to ~ 280 K–300 K in  Fe4GeTe2

[77] and  Fe5GeTe2.[78] Another 
prospective path would be its epitaxial growth in conjunction 
with a suitable epilayer, like  Bi2Te3. Growth of  Fe3GeTe2 on 
sapphire substrates using MBE, with a  Bi2Te3 epilayer, was 
found to raise the Tc of  Fe3GeTe2 above room temperature.[79] 
Interestingly, it was reported that the TC increases on reduc-
ing  Fe3GeTe2 thicknesses, in contrast to what is expected from 
dimensionality effect. Similar improvement of Tc has also been 
reported in the case of  Fe5GeTe2/Bi2Te3 epitaxial films,[80] 
adding more credibility to this approach for pushing the Tc of 
 Fe3GaTe2 further.

Moreover, vdW magnetic materials are highly sensitive 
to ambient conditions, particularly to oxygen (O₂) and water 

(H₂O) molecules.[81,82] This exposure can lead to changes in 
their magnetic properties, a phenomenon that is often more 
pronounced in thinner vdW layers. The magnetic properties 
can vary significantly even in materials with the same stoi-
chiometry and thickness, depending on the specific treatment 
and handling. This variability greatly impacts the robustness 
of magnetic switching. To mitigate this instability, encapsula-
tion with materials such as hexagonal boron nitride (h-BN) is 
widely employed, as it prevents oxidation and provides high 
thermal stability before the materials are exposed to ambient 
conditions. Notably, Fe₃GaTe₂ has been reported to exhibit self-
protection after an initial reaction with air, maintaining stable 
magnetic properties. However, this self-passivation requires 
relatively thick layers, such as 8 monolayers.

The material space for vdW magnetic insulators remains 
limited and confined to very low temperatures. In addition, the 
high sensitivity of these materials to ambient conditions poses 
challenges for stability during both the integration process and 
device operation. Focused efforts at realizing non-metallic vdW 
magnetic materials with high Tc can launch vdW magnets into 
magnonic devices. Similarly, there also exists a significant gap 
in the discovery of room-temperature 2D antiferromagnets and 
their spin manipulation properties. Antiferromagnets offer sig-
nificant advantages, including the absence of stray fields and 
the potential for ultrafast spin dynamics, which can facilitate 
unprecedented performance in spintronics devices.

When designing new materials, it is worth noting that a sig-
nificant advantage of the vast library of vdW magnetic materi-
als experimentally realized to date is their composition, which 
predominantly includes transition metals and p-block elements 
while being largely free of rare-earth elements. This composi-
tion not only simplifies the synthesis of these materials but also 
aligns with sustainable practices. The absence of rare-earth ele-
ments, which are both expensive and environmentally destruc-
tive to mine, is a key feature that enhances the commercial 
viability of vdW magnets for spintronics applications.

Current‑based control of magnetic 
anisotropy
An intriguing property of vdW magnetic materials like 
 Fe3GeTe2 and  Fe3GaTe2 is the possibility of tuning their mag-
neto-crystalline anisotropy using in-plane currents. These hex-
agonal crystals belonging to the point group 6 m2 generate an 
intrinsic spin–orbit torque like magnetic field of the form.[83]

where J = Jxx̂ + Jyŷ  is the in-plane current density. Interest-
ingly, there exists a free energy functional fSOT (m) such that 
HSOT = −M

−1

s
δfSOT (m)/δm and is given by

which when added to the effective free energy density of the 
ferromagnet, appears as an in-plane magneto-crystalline anisot-
ropy term. Thus, applying an in-plane current to  Fe3GeTe2 and 

HSOT = HSOT

{(

mxJx − myJy

)

x̂ −
(

myJx + mxJy

)

ŷ

}

,

fSOT (m) = MsHSOT

{

Jymxmy −
1

2

Jx(m
2

x
− m

2

y
)

}

,
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 Fe3GaTe2 can effectively reduce their out-of-plane magnetic 
anisotropy dynamically,[83] creating a lower energy barrier for 
spin–orbit torque switching similar to what has been observed 
in voltage-based control of magnetic anisotropy (VCMA)-
assisted SOT switching.[84] This effect also lends itself as a 
plausible explanation for the low switching current densities 
observed in SOT systems comprising these materials. Given 
that the applied current effectively reduces the out-of-plane ani-
sotropy of the ferromagnet, it can reduce the magnon gap in the 
2D Ising limit, in turn reducing the Tc in few-layer  Fe3GeTe2 
and  Fe3GaTe2. Thus, a trade-off between current-assisted low-
ering of SOT switching barrier and the Tc may arise when using 
these materials.

Evidence of current-based control of magnetic anisotropy 
(CCMA) in these materials has also been reported in a series 
of recent experimental studies, by the observation of current-
dependent coercivity tuning.[85–88] Zhang et al. have reported 
a 100% drop in the coercivity of  Fe3GeTe2 nanosheets in 
response to an in-plane current density of 3 ×  106 A  cm−2 at 2 
K.[85] Similar effect was reported by Yan et al. in  Fe3GaTe2 at 
room temperature, where ~ 100% drop is coercivity could be 
achieved using a current density of 1.4 ×  106 A  cm−2, as shown 
in Fig. 5(a, b). Thus, the CCMA effect in vdW magnets adds a 
new control mechanism for advanced spintronic devices.

Voltage or strain‑based control 
of magnetic anisotropy
The switching current density of technologically relevant PMA 
ferromagnets is strongly correlated with their (out-of-plane) 
uniaxial anisotropy energy ( KU  ). Lowering KU can help lower 
switching current density and in turn reduce energy consump-
tion. However, choosing a ferromagnet with intrinsically low 
KU  is detrimental to the thermal stability of the magnetic 
devices. Thus, an optimal approach is to transiently lower the 
KU of the ferromagnet while switching is being performed and 
restore the high KU  value once switching is completed. Such 
transient modulation of ferromagnetic KU  can be achieved 
by subjecting the ferromagnet to an electric field (voltage) or 
strain.[90]

In the case of VCMA, electric field applied across a ferro-
magnet-oxide interface can alter the interface electronic struc-
ture, including the redistribution of electron occupancies of 
the out-of-plane d

z
2 and the in-plane d

x
2−y

2 , dxy orbitals.[91,92] 
This affects the spin–orbit coupling in the ferromagnet and 
allows modulation of the magneto-crystalline anisotropy. 
Similarly, lattice distortions from straining a ferromagnet 
can alter its electronics structure, spin–orbit coupling, and 
hence, magneto-crystalline anisotropy. The ferromagnet can 
be strained electrically by coupling it with a piezoelectric, to 
create a magnetoelectric composite.[93,94] It is evident that both 
voltage and strain-based modulation of magnetic anisotropy 
are interface-driven phenomena and most effective when the 
ferromagnet thickness is only a few nanometers thick. Thus, 
vdW magnetic materials, which retain their structure and 
magnetic properties down to monolayer thicknesses, are seen 

as promising candidates for leveraging voltage and strain to 
achieve energy-efficient spintronic devices. While the direct 
integration of VCMA or strain-based tuning in vdW magnet 
SOT switching systems is still missing, several experimental 
efforts have revealed the effects of voltage and strain on the 
properties of vdW magnets.

Gate-tunable magnetic anisotropy in Fe₃GeTe₂ was first 
demonstrated through electrolyte gating experiments, which 
electrically controlled the magnetic properties by tuning the 
density of states (DOS).[95] These experiments revealed that 
ferromagnetism in thin Fe₃GeTe₂ could be drastically modu-
lated, elevating the ferromagnetic transition temperature to 
room temperature and significantly altering the coercivity. 
Furthermore, the transition from an out-of-plane to an in-plane 
magnetic easy axis was achieved in Fe₅GeTe₂ by gating, which 
modulated the itinerant electron screening effect, effectively 
shifting the anisotropy constant from positive to negative,[89] as 
shown in Fig. 5(c–e). While electrolyte gating has been effec-
tive in inducing extreme doping in van der Waals ferromagnets, 
it presents limitations compared to the solid-gate approach. 
Nevertheless, these findings open up exciting possibilities for 
in situ voltage-controlled magnetoelectronics in vdW ferromag-
nets, paving the way for advanced spintronic devices.

Similarly, strain can profoundly influence the magnetic 
ordering in vdW systems. Li et al. showed that applying 
hydrostatic pressure to  CrI3 can induce a phase transition from 
interlayer antiferromagnetism to ferromagnetism.[96] Xu et al. 
demonstrated through first-principles calculations that applying 
ferroelastic strain to chromium sulfide halides (CrSX, where 
X = Cl, Br, I) monolayers can reversibly induce a 90° in-plane 
rotation of the magnetic easy axis.[97]

Magneto tunnel junction in all‑vdW 
materials
MTJ, consisting of two ferromagnet layers separated by a thin-
insulating barrier, is a fundamental building block for spin-
tronic non-volatile memory devices.[1,2,98] MTJs are of great 
interest due to their high thermal stability and low critical 
current required for current-induced magnetization switching. 
Large tunnel magnetoresistance (TMR), which depends on the 
relative magnetization orientation of the free and fixed ferro-
magnet layers, is essential as it determines the on/off ratio in 
MTJs. TMR is highly sensitive to interface quality, including 
grain boundaries and lattice mismatch at the ferromagnet/tun-
neling barrier interface.[31,99–101] Utilizing atomically thin vdW 
materials in MTJs is expected to achieve giant TMR, as vdW 
materials alleviate the stringent lattice matching requirements 
associated with epitaxial growth and enable high-quality inte-
gration of dissimilar materials with atomically sharp interfaces.

Recent studies have demonstrated the feasibility of MTJs 
composed entirely of vdW materials.[102–106] For example, 
MTJs using an insulating  CrI3 thin layer as a tunnel bar-
rier sandwiched between graphite contacts have shown 
remarkable TMR values ranging from 530% to 19,000%, 
depending on the number of  CrI3 layers.[102] The TMR of 
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19,000% is significantly higher than that reported in con-
ventional MTJs,[107] indicating the potential of all-vdW 
MTJ devices, despite the current operation temperature 
being at 2 K. For high-temperature MTJ operation, metal-
lic  Fe3GeTe2 and  Fe3GaTe2 -based MTJs have been widely 
investigated.[103–106] Notably, TMR values up to 192% 
at 10 K in  Fe3GeTe2/GaSe/Fe3GeTe2 MTJs and 85% in 
 Fe3GeTe2/WSe2/Fe3GeTe2 MTJs at room temperature have 

been observed.[106] In  Fe3GaTe2/MoS2/Fe3GaTe2 MTJs and 
 Fe3GaTe2/MoSe2/Fe3GaTe2 MTJs, TMR of 0.31% and 3% 
has been reported at room temperature.[108,109] With  WSe2 
and  WS2 tunnel barrier, TMR shows 85% and 11% at room 
temperature.[110,111] Although the current state of vdW-based 
MTJs requires improvements, such as achieving high TMR 
at room temperature and wafer-scale growth for device inte-
gration, the fundamental properties of vdW ferromagnet 

Figure. 5.  (a) Anomalous Hall resistance recorded for  Fe3GaTe2 at varying current level at 300 K. (b) Variation of coercivity of the  Fe3GaTe2 
nanosheets with respect to the applied current density.  Reproduced with permission from Copyright © 2024, Yan et al. [87]. (c) Schematic 
illustration and optical image of the Hall-bar geometry for electrolyte gating. Here, gating electrolyte is a solution of  LiClO4 and PEO. The 
electrodes with D, S, and G represent the drain, source, and gate, respectively. (d) RH and Rxx as a function of VG at 2K. (e) Polar chart of 
gate-dependent anisotropy constant K1 and K2 of the  Fe5GeTe2 flake with a thickness of 23 nm at 2 K (red circles) and 50 K (blue circles). 
Different colored areas represent three different spin orientation states: in-plane (light blue), out-of-plane (light pink), and canted (light yel-
low) spin orientations. Copyright © 2023, Tang et al. [89].
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materials significantly expand material design opportuni-
ties for future non-volatile memory devices.

Conclusion
In this paper, we presented a comprehensive review of the cur-
rent research on current-based control of vdW magnetic materi-
als and their potential in developing energy-efficient spintronic 
devices. We discussed the rapid advancements in spintronics 
and emphasized the importance of vdW magnetic materials, 
particularly their unique-layered structures, which allow them 
to retain magnetic properties down to the monolayer limit. The 
discovery of intrinsic ferromagnetism with a high Curie tem-
perature and large perpendicular magnetic anisotropy makes 
these materials strong contenders for future spintronic tech-
nologies. Their scalability, high interface quality, and efficient 
spin transfer offer significant advantages for miniaturized, 
energy-efficient, and high-density spintronic applications. 
With continued progress in overcoming current challenges, 
vdW magnets hold great promise for seamless integration into 
next-generation devices.
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