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Novel spintronic effects in two-
dimensional van der Waals
heterostructures
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Precise engineering of spin interfaces is essential for the development of spintronic devices. Two-
dimensional vdW heterostructures enable atomically sharp interfaces that facilitate exploration of
fundamental spin phenomena. Moreover, the discovery of two-dimensional magnetic materials has
accelerated the field, leading to novel devices and spin effects. This review highlights recent
advancements in vdW interfacial spin physics, innovative device structures, and emerging moiré-
induced topological effects, with implications for future spintronic applications.

The advancement of contemporary electronics has heavily relied on com-
plementary metal-oxide-semiconductor (CMOS) technology. This foun-
dational technology is integral to the manufacture of nearly all integrated
circuits found in devices like computers and mobile phones. Despite sig-
nificant improvements inCMOS integrated circuits over the pastfifty years,
issues related to scaling, such as high standby power dissipation, have
emerged as the technology approaches its theoretical limits. To keep pace
with rapid innovation—demanding enhanced data storage and processing
capabilities for applications like blockchain-based cryptocurrencies and
autonomous vehicles—new types of electronic devices must be developed.
These next-generation devices will need to employ unconventional state
variables,materials, andarchitectures.Onepromisingdirection for thepost-
CMOSera involves utilizing electron spin for data processing and storage1–3.
However, developing these devices involves overcoming challenges related
to materials and interfaces4.

A major breakthrough in materials science was the discovery of the
ambipolar electric field effect in graphene (Gr), which spurred intensive
research into atomically thin materials5. The significance of two-
dimensional (2D) materials expanded with the identification of materials
beyondgraphene6–8, the development of heterostructures composedof these
materials, and the creation of twisted artificial structures9.Many of these 2D
materials show great promise for spintronics, particularly when incorpo-
rated into designable van der Waals (vdW) heterostructures4,10–16. These
vdW heterostructures allow for versatile artificial constructs with nearly
arbitrary modulation of chemical compositions and electronic structures,
without the strict lattice-matching requirements typical of conventional
heterostructures. Unlike conventional heterostructures, which often suffer
from issues such as crystal defects, local strains, and interface dipoles, vdW
heterostructures enable the creation of clean, atomically sharp interfaces17.

These well-defined interfaces in vdW heterostructures are especially
crucial for spintronics, as they facilitate proximity studies andmitigate spin

dephasing effects commonly encountered in conventional heterostructures.
For instance, the precise modulation of interfaces in vdW materials sig-
nificantly impacts various spin-orbit effects, including ferromagnetism18,
interlayer coupling19,20, and spin-orbit coupling (SOC)10,15. As summarised
in Fig. 1, recent developments have optimized interfaces and proximity
effects to induce key parameters such as the Curie temperature (Tc)

21,
exchange bias20, spin-lifetime anisotropy22, and spin-orbit torques
(SOTs)23,24 in vdW heterostructures. Additionally, novel spin-dependent
phenomena such as ferromagnetism25, SOC26, superconductivity27,28, and
nano-ampere level current-driven magnetic switching29,30 have been
induced through twist engineering in various Moiré systems. These
advancements highlight the potential of interface engineering in vdW
heterostructures for achieving energy-efficient spin manipulation.

In this review, we explore the latest developments in vdW interfacial
physics, focusing on how spin transport and spin-orbit effects are modu-
lated through vdW interface engineering.We examine how these advanced
heterostructures are integrated into traditional magnetic random-access
memory (MRAM) architectures, including vertical magnetic tunnel junc-
tions (MTJs), lateral spin valves, and SOTs. Additionally, we discuss
unconventional quantum effects that emerge in vdW materials and device
architectures, which are not observable in conventional materials and are
oftenoverlooked in earlier spintronics reviews.This reviewaims toprovide a
comprehensive overview of these recent advancements and their implica-
tions for optimizing spin-orbit effects and achieving energy-efficient spin
transport.

Interface engineering of interlayer coupling in vdW
heterostructures
Unlike traditional bulk materials, where the characteristic lengths of
proximity effects are typically much smaller than the sample size and thus
often disregarded, atomically thin vdW heterostructures offer unique

1Department of Materials Science and Engineering, National University of Singapore, Singapore, Singapore. 2Centre for Advanced 2D Materials, National Uni-
versity of Singapore, Singapore, Singapore. 3Department of Physics, National University of Singapore, Singapore, Singapore. e-mail: aavsar@nus.edu.sg

npj 2D Materials and Applications |            (2025) 9:30 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00546-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00546-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41699-025-00546-4&domain=pdf
mailto:aavsar@nus.edu.sg
www.nature.com/npj2dmaterials


advantages for studying these effects16. In these ultrathin materials, proxi-
mity effects become significant relative to their thickness, making them
highly promising for spintronic applications. The quality of interfaces and
the precise control of interlayer distances are critical factors influencing
these proximity effects. Ghiasi et al. demonstrated that placing bilayer
graphene (BLG) on magnetic CrSBr introduces ferromagnetism into the
otherwise non-magnetic BLG18, as shown in Fig. 2a. A non-local spin valve
based on the BLG/CrSBr heterostructure exhibits an additional resistance
level due to the proximity effect of CrSBr, alongside the two non-local

resistance levels associated with the parallel and antiparallel magnetization
alignment of the injector and detector cobalt electrodes. Similarly,
proximity-induced magnetism has been reported in graphene due to
Cr2Ge2Te6, where the ferromagnetic exchange interaction significantly
modifies spin transport and precession, leading to an anisotropic spin
texture31. This underscores the importance of clean and well-defined
interfaces in enabling spin–charge coupling and proximity magnetism.
Moreover, the role of interlayer distance in proximity interactions is illu-
strated by thework ofHuang et al. 20. By applying high-pressure laser shocks
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Fig. 1 | Interface engineering in van der Waals spintronic applications.
aApplication of van derWaals materials in spintronics devices with different device
architectures. The coordinate axes are shown in (a). In the schematic diagrams of the
spin-orbit torque and quantum anomalous Hall effect in (a), the blue arrows
represent magnetic moments, the red arrows indicate the spin torque generated by
the interaction between the magnetic moments and the spin-polarized current, and

the black dashed circles indicate the deflection of the magnetic moment under the
influence of the spin torques. bThe recentmilestones of spintronics in van derWaals
materials and heterostructures. The timeline shows the development of interface-
dependent spin-orbit effects in vdW material systems within different types of
MRAM architectures.

Fig. 2 | Interface engineering of interlayer coupling in vdW heterostructures.
a Non-local spin valve measurement in BLG/CrSBr heterostructure. Device struc-
ture and magnetization switching configuration are shown in the inset figure.
b STEM cross-sectional image (left) and intensity distribution along the white
dashed line (right). The top images depict the vdW interface before the application of
high-pressure laser shock, while the bottom image illustrates the vdW interface after

the application of high-pressure laser shock, demonstrating a decreased interface
spacing. c Tunneling resistance of the FePSe3/Fe3GeTe2/hBN/Fe3GeTe2MTJ before
(upper) and after (bottom) applying a high-pressure laser shock, withmagnetic field
B applied parallel to the Fe3GeTe2 c-axis. a Reprinted with permission from ref. 18.
Copyright 2021 Springer Nature. b, c Reprinted with permission from ref. 20.
Copyright 2023 Springer Nature.
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within the picosecond range, they were able to tune the vdW spacing in the
FePSe3/Fe3GeTe2 heterostructure as shown in Fig. 2b, enhancing the
interlayer coupling and significantly increasing the exchange bias field from
29.2mT to 111.2mT20. Additionally, a high-quality MTJ device based on
FePSe3/Fe3GeTe2/hBN/Fe3GeTe2 displayed a 154% enhancement in the
tunnelling magnetoresistance (TMR) ratio after pressure engineering as
shown in Fig. 2c. These findings highlight how manipulating interlayer
distance and interface quality can optimize proximity interactions and
enhance device performance. The recent advancements in heterostructure
fabrication techniques have enabled the achievement of ultra-clean
interfaces32,33. Understanding the significance of clean interfaces and con-
trolled interlayer distances is crucial for advancing the study and application
of proximity effects in vdWheterostructures, whichwill be further explored
in this review.

Tunneling magnetoresistance
The spin valve effect, characterized by the dependence of junction resistance
on the orientation of the macroscopic magnetization of the ferromagnetic
(FM) electrodes, has been a central focus of spintronics research due to its
potential applications in many spintronic devices34. This effect can be rea-
lized in both vertical and lateral magnetic junctions. The TMR effect, which
relies on spin-dependent tunnelling between ferromagnets in a verticalMTJ
architecture, has been extensively studied and is used in solid-state devices,
with the CoFeB/MgO structure being the main TMR configuration12,35. As
the size of MTJs continues to scale down to increase device density, the
essential annealing process (~ 400 °C) during device fabrication increases
the likelihood of atomic mixing between different layers, increasing the risk
of tunnel barrier failure, especially when the roughness of the layers is
comparable to their thickness. The discovery ofmetallic vdWmagnets36 and
high-quality layered tunnel barriers37–39 presents all-vdW magnetic het-
erostructures as a promising platform for further enhancing MTJ func-
tionalities. These atomically thinmaterials offer significant advantages, such

as minimizing defects related to dangling bonds, interface states, and
interfacial alloy formation, and improving device morphology. As the 2D
tunnel barrier thickness and lateral dimensions decrease, their atomic
thinness, inertness, pinhole-free nature, and flexibility do not degrade
compared to conventional TMR structures, making 2D-based vdW TMR
devices highly promising for enhanced performance and reliability in
scaled-down applications12.

Van derWaals interfaces in MTJ architectures enable novel tunneling
mechanisms and magnetoresistive effects, leading to unexpected device
functionalities beyond those of traditional ferromagnetic MTJs. The first
all vdWMTJwas realized in Fe3GeTe2/hBN/Fe3GeTe2 (Fig. 3a), achieving a
maximum TMR ratio of 160% below an operating temperature of 180 K37.
In all-vdWFe3GeTe2/hBN/Fe3GeTe2 andFe3GeTe2/WSe2/Fe3GeTe2MTJs,
TMR values up to 300% with polarity inversion were achieved by manip-
ulating the carrier spin polarization through applied voltage38, as shown in
Fig. 3b.Note that this spinpolarization reversal is attributed to contributions
from high-energy localized spin states in Fe3GeTe2 under bias voltage,
which cannot be achieved under the same bias conditions in traditional
MTJs40–42. TMR devices have used hBN38, WSe2

38, or GaSe39 (Fig. 3c) as
tunnel barriers in different studies, and all showed that the thickness of the
non-magnetic barrier directly affects the achieved TMR values and their
sign.Thefirst room-temperature (RT)TMRwas achievedbyoptimizing the
selection of vdW ferromagnetic layers. For instance, fabricating FeGaTe/
WSe2/FeGaTeMTJs usingFeGaTe,whichhas aCurie temperatureof 380 K,
resulted in a TMR ratio of up to 85% at RT43, as shown in Fig. 3d. Another
exciting advancement is the TMR effect observed using non-collinear
antiferromagnetic (AFM) materials. Recently, RT-TMR signals were
observed in Mn3Sn/MgO/Mn3Sn

44 and Mn3Pt/MgO/Mn3Pt
45 MTJs based

onAFM films, as shown in Fig. 3e. Theoretical calculations indicate that the
TMReffect inMn3Sn/MgO/Mn3Sn is primarily introduced by the spin sub-
bands and spin polarization associated with Mn3Sn magnetic octupoles44.
With an electricfield perpendicular to themultilayer, electron redistribution

Fig. 3 | Tunneling magnetoresistance in van der Waals MTJs. a Schematic illus-
tration of all van der Waals MTJ. b The back-gate voltage dependence of TMR ratio
in Fe3GeTe2/hBN/Fe3GeTe2 and Fe3GeTe2/WSe2/Fe3GeTe2. c TMR ratio of
Fe3GeTe2/GaSe/Fe3GeTe2 MTJ plotted with the number of GaSe layers at 10 K with
a bias voltage of 10 mV. d Room-temperature resistance (R) and TMR plotted as a
function of magnetic field (B) of FeGaTe/WSe2/FeGaTe MTJ at a constant bias
voltage 50 mV. e The change of tunneling resistance of Mn3Sn/MgO/Mn3Sn MTJ
with respect to magnetic field. f Schematic of twisted CrSBr bilayers. Top view and
side view are shown in the top and bottompanels respectively. b and c crystal axes are
denoted. The blue, yellow and red balls correspond to Cr, S and Br, respectively48.
gMagnetic field orientation dependence of the tunnelling current in the a–b plane at
2 K, with a constant DC bias of 10 mV applied. The angles corresponding to the

crystal axes are indicated by inverted triangles48. h The top panel illustrates the
schematics of the device, comprising graphene-encapsulated, vanadium-doped
WSe2. The bottom panel depicts the time evolution of resistance change at 2 K and -
0.9 V. aReprintedwith permission from ref. 37. Copyright 2018American Chemical
Society. b Reprinted with permission from ref. 38. Copyright 2022 Springer Nature.
c Reprinted with permission from ref. 39. Copyright 2023 Springer Nature.
d, Reprinted with permission from ref. 43. Copyright 2022 Chinese Physical Society
and IOP Publishing Ltd. e Reprinted with permission from ref. 44. Copyright 2023
Springer Nature. f, g, Reprinted with permission from ref. 48. Copyright 2024
Springer Nature. hReprinted with permission from ref. 52. Copyright 2023 Springer
Nature.

https://doi.org/10.1038/s41699-025-00546-4 Review article

npj 2D Materials and Applications |            (2025) 9:30 3

www.nature.com/npj2dmaterials


near the Fermi surface is expected, and the spin polarization of these elec-
trons depends on the orientation of the magnetic octupole. The careful
selection of vdW collinear AFMs could enhance the observed low TMR
efficiencies, making it more suitable for applications.

Themagnetic vdWmaterial CrSBr exhibits layer-dependent magnetic
order and anisotropic spin interactions along its crystallographic axes,
making it a promising platform for spintronic research46. Its unique com-
bination of magnetic anisotropy, thickness-dependent ordering, and twist
engineering enables novel spintronic functionalities. For instance, twisting
two CrSBr monolayers by 90° introduces multi-step magnetic switching
with hysteresis, where the non-collinear spin texture can be precisely con-
trolled by the magnitude and direction of an appliedmagnetic field47. Twist
engineering has also led to breakthroughs in TMR devices. Y. Chen et al.
demonstrated that twisting two bilayers of the 2D antiferromagnet CrSBr
results in an over 700% nonvolatile TMR ratio at zero field, with the entire
twisted stack serving as the tunnel barrier, as shown in Fig. 3f. When an
externalmagneticfield is applied along the easy (orhard)magnetization axis
of one flake, its magnetization becomes pinned, making it more difficult (or
easier) to switch themagnetization of the other flake. This results in a twist-
angle-dependent TMR ratio, as illustrated in Fig. 3g48. Beyond CrSBr, twist
engineering has also been explored in CrI₃. In bilayer CrI₃with a small twist
angle, the coexistence of ferromagnetic and antiferromagnetic ground states
has been observed, demonstrating the potential for creating complex
magnetic configurations in twisted bilayer 2D magnets49.

Lastly, due to their non-volatile storage capabilities and the ability to
integrate storage with computation, TMR devices have recently garnered
interest in emerging neural network computing50. Beyond the widely
explored approach of embedding memory in processors, the probabilistic
bits, which can be realized through various resistance fluctuation
mechanisms—including magnetic fluctuations in unstable magnets—
enable efficient logical computation with a reduced number of bits51.
Recently, electrically tunable magnetic fluctuations have been observed in
graphene/vanadium—doped WSe2/graphene MTJs, where the vanadium-
dopedWSe2 serves as the FM layer, exhibiting random telegraph noise and
tunable magnetic fluctuations under applied voltage52, as shown in Fig. 3h.
Beyond V-doped WSe2, the extensive library of TMDC materials is
anticipated to offer a broader selection for use in neural network computing
architectures.

Spin transport
Similar to vertical TMRdevices, lateral spin valve devices are also frequently
studied for extracting the spin transport properties of non-magnetic
materials10. Among the various lateral device geometries, the non-local spin
valve (NLSV) stands out as particularly significant as it can eliminate the
spurious signals that could mimic the spin signal. An NLSV consists of a
spin injector, transport channel, spin detector, and two reference electrodes,
enabling the electrical injection, transport, manipulation, and detection of
pure spin currentwithin the channel, as illustrated in the inset of Fig. 4a.One
of the main goals in this field is to achieve large non-local spin signals and
long spin relaxation lengths (λs) atRT,which are required to realize compact
spin circuits53. Among all materials, 2D graphene stands out for its excep-
tionally long-distance spin communication at RT54, attributed to its weak
SOC, which facilitates spin current propagation in complex circuit
architectures55. For instance, D. Khokhriakov et al. demonstrated a spin
logic circuit using graphene channels and a 3-fan input to achieve multi-
state output spin signals and various spin logic operations56. However, the
experimentally observed λs values in graphene remain considerably shorter
than the theoretically predicted values. PioneeringworkbyM.Drogeler et al.
indicates that factors such as the quality of the graphene/FM injector
interface and fabrication residues may limit the attainment of these theo-
retical expectations57.

Recent advancements in vdWferromagnets have paved theway for the
developing of entirely vdW materials-based spin valve devices. In these
devices, vdW ferromagnets are integrated onto graphene channels using a
dry-transfer method, effectively avoiding the introduction of magnetic

impurities58. The atomically smooth interface between the vdW ferromag-
netic electrodes and graphene helps tominimize spin-dependent scattering
at the interface. The first RT all-vdW NLSV devices were realized using a
Fe3GaTe2/graphene architecture

59. Figure 4a illustrates the measured non-
local resistance (Rnl) curve, where the magnetic field is applied perpendi-
cular to the Fe3GaTe2 layer. Notably, the non-local spin valve signal is
observable even at 320 K and remains robust at a low bias current of 1 μA.
Additionally, varying the angle of the applied magnetic field during non-
localmeasurements reveals thatRnl is linked to the significant perpendicular
magnetic anisotropy of Fe3GaTe2. The NLSV signal is markedly enhanced
when the magnetic field is aligned close to the perpendicular direction,
indicating that the adjacent Fe3GaTe2 layer induces out-of-plane polariza-
tion of the injected spins. However, despite these promising developments,
the spin parameters achieved so far are still lower than those obtained with
conventional contacts, underscoring the need for further improvements in
interface quality.

Forming heterostructures from 2D materials can induce new func-
tionalities, such as spin anisotropy, which could enable the realization of
multi-functional spin devices. Spin anisotropy is quantified by the ratio
ξ ¼ τs;?=τs;k, where τs;? and τs;k represent the spin lifetimes perpendicular
and parallel to thematerial plane, respectively. The oblique Hanle effect is a
reliable technique for studying spin transport anisotropy in non-magnetic
materials60. While spin transport in graphene on conventional SiO₂ sub-
strates is isotropic60, significant spin anisotropy has been observed in
monolayer graphene on transition metal dichalcogenide (TMDC) layers,
which favors out-of-plane spin directions22,61. This opens avenues for effi-
cient spin manipulation in NLSV devices through precise interface engi-
neering. By combining graphene with TMDCs such as MoS2

62, or with
topological insulators like Bi2Se3

63 and Bi1.5Sb0.5Te1.7Se1.3
64, proximity SOC

can be introduced into graphene, thereby tuning its spin texture and spin
anisotropy65–67. The anisotropy research has also extended to bilayer

Fig. 4 | Spin transport behavior in van der Waals non-local spin valves. a Non-
local spin valve signal as a function of perpendicular magnetic field in all-vdW
Fe3GaTe2/graphene NLSV devices at 100 K. b Electric field and carrier density
dependence of spin lifetime anisotropy in bilayer graphene. c Non-local spin valve
signal plotted with perpendicular magnetic field in BP. The right panel is the
magnified image of spin precession at magnetic field below 0.25 T. a Reprinted with
permission from ref. 59. Copyright 2023 American Chemical Society. b Reprinted
with permission from ref. 69. Copyright 2018 American Physical Society.
c Reprinted with permission from ref. 71. Copyright 2024 Springer Nature.
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graphene encapsulated in hBN dielectrics under applied perpendicular
electric fields68,69. As illustrated in Fig. 4b, spin lifetime anisotropy in these
structures can reach up to 12 at low temperatures68,69. Furthermore, the
exploration of other vdW materials, such as black phosphorus (BP)70, has
revealed promising spin transport properties. hBN encapsulatedBP enables
electrical spinmanipulationup toRT,with a spin diffusion length exceeding
6 µm and a spin lifetimes of up to 4 ns70. Notably, BP exhibits strong
anisotropic spin transport71, as demonstrated by the NLSV measurements
in Fig. 4c. These results, supported by obliqueHanlemeasurements, show a
spin lifetime anisotropy greater than 6, with both in-plane and out-of-plane
lifetimes on the order of nanoseconds. In contrast to the mentioned
graphene-based heterostructures, spin anisotropy in BP is achieved without
the need for high SOC substrates. Recent theoretical works suggest that the
large spin anisotropy of BP can be dramatically modified by different
encapsulations of it with TMDCs72.

The emergingfieldof twist engineering introduces anadditional degree
of freedom for controlling spin textures73–76. Theoretical studies have shown
that the SOC strength and spin texture modulation in graphene-based
heterostructures can be influenced by the twisting angle at the interface73,74.
This twist angle breaksmirror symmetry, introducing a radial component to
the spin texture and leading to unconventional Rashba-Edelstein effects
(UREE) and collinear spin-momentum locking74,76. Recent work by Yang
et al. provides experimental evidence for the manipulation of spin textures
and spin-charge conversion in WSe₂/graphene heterostructures through
twist angles77. Figure 5a illustrates the symmetric components ofHanle spin
precession signals in a WSe₂/graphene non-local spin valve device under a
perpendicular magnetic field, which are attributed to UREE. Here, the
electrically generated non-equilibrium spin density aligns with the applied
electric field. Defining the radial component of the spin texture induced by
UREE as the Rashba angle ψ, Fig. 5b shows that ψ can be modulated by the
twist angle, with both positive and negative radial components oscillating as
the twist angle increases. Similarly, C. Renner et al. quantitatively demon-
strated through scanning tunnellingmicroscopy that the strength of SOC in
WSe2/graphene heterostructures can be modulated by crystal twisting78.
Their results revealed that the proximity SOC consists of a valley-Zeeman
term (λvZ ≈ 2meV) and aRashba term (λR ≈ 15meV), as depicted inFig. 5c.
However, this reported Rashba field is significantly stronger than values
obtained from DFT simulations and weak localization measurements15

which typically estimate it to be around 1meV. The discrepancy may arise
from differences in sample quality, measurement conditions and

techniques, highlighting the need for further comparative studies. More-
over, themanipulation of radial Rashba SOCand spin textures in graphene-
based heterostructures through twist angles has been extended to more
complex twisted multilayer systems, such as WSe₂-encapsulated twisted
BLG79. As illustrated in the left panel of Fig. 5d, a twist angle of 21.79° was
applied to the twisted BLG, with the bottom layer twisted by 20.11° relative
to the adjacent WSe₂. The spin texture shown in the right panel of Fig. 5d
indicates that the weak Rashba coupling of BLGwas enhanced up to 1meV
through twisting, reaching the range required for spin transport experi-
ments, with purely radial spin polarization appearing in the plane parallel to
the momentum.

Spin-orbit torques
The efficient manipulation of the magnetization state in magnetic nanos-
tructures using electrical methods has been a central theme in spintronics12.
Since the observation that an in-plane charge current in heavy metal (HM)
thin films can effectively alter the magnetization state of a neighboring FM
layer80, SOT has emerged as a potent and versatile technique for manip-
ulating diverse magnetic materials, ranging frommetals to semiconductors
and insulators. SOTs are exerted when angular momenta are transferred
from spin accumulations generated by various spin-orbit effects, including
spin Hall effects81, Rashba-Edelstein effects82, and topological surface
states83. According to the different interactions between spin currents and
magnetic moments, SOTs are mainly divided into two types: damping-like
torques and field-like torques. The damping-like torques arise from
absorbing transverse spin current components with respect toM, given by
τDL � M × ðM × σÞ, where σ represents spin polarization; while the field-
like torques arise from the reflection of the spin current with spin rotation,
given by τFL � M × σ. Damping-like torques are more commonly dis-
cussed because of their role in exciting the magnetization dynamics. In
contrast,field-like torquesonlydestabilize themagnetizationwhenthefield-
like effective field exceeds the anisotropy field84.

When the spin Hall effects serve as the spin current source for
damping-like torques, as is normally the case for HM/FM or topological
insulator (TI)/FM architectures, the damping-like SOT efficiency per unit
current density is given by

ξjDL ¼ T intθSH: ð1Þ

Here T int represents spin transparency, mediated by two interface-
relatedmechanisms: spinmemory loss and spin backflow, generated during
the diffusion of spins into the FM layer85; θSH is the spin Hall angle of the
spin generator, defined as θSH ¼ ð2e=_Þjs=jc, evaluating its charge-to-spin
conversion80. According to Eq. (1), the key to enhancing the effective SOT
efficiency inmagnetic heterostructures lies in improving the charge-to-spin
conversion of the spin generator as well as optimizing the interfacial quality
to increase the interfacial spin transparency86.

Compared with widely investigated HM/FM heterostructures, vdW
bilayers offer ideal interfaces with fewer chemical reactions, crystal defects,
deposition damage, local strain, and interface dipoles. Therefore, an opti-
mized vdW interface is anticipated to enhance the interfacial spin trans-
parency. Additionally, 2D materials present a rich library of options with
significant SOC, magnetism, and tunable spin textures, enabling highly
efficient and field-free SOT switching12.

To create atomically smooth vdW interfaces, the FM layer in the tra-
ditional HM/FM architecture was initially substituted with vdW magnet87.
Through the transfer of exfoliated Fe3GeTe2 onto deposited Pt, a vdW
heterostructure with an atomically smooth interface was established. In this
system, deterministic SOT switching assisted by an in-plane magnetic field
was achieved at 120 K, displaying a SOT critical current density (jsw) of
1.2 × 107 A cm−2. The damping-like SOT efficiency ξjDL, extracted from
second harmonic measurements, was observed to be 0.12, consistent with
previously reported values for Pt87.

Furthermore, the vdW semimetal WTe2 and ferromagnet Fe3GeTe2
are utilized tomeet the requirements of an all-vdWheterostructure with an

Fig. 5 | Twist engineering of spin texture in graphene based heterostructures.
a Symmetric components of theHanle spin precession signals of theWSe2/graphene
non-local spin valve device under the perpendicularmagnetic field. bRashba angleψ
as a function of twist angle. c Fourier transform of quasiparticle interference images
of SOC strength of WSe2/graphene heterostructures with a 30° twist angle. d Side
view of WSe2-encapsulated twisted BLG and the calculated spin texture in
momentum space. a, b Reprinted with permission from ref. 77. c Reprinted with
permission from ref. 78. Copyright 2023 Springer Nature. d Reprinted with per-
mission from ref. 79. Copyright 2024 American Physical Society.
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atomically sharp interface. The field-assisted SOT deterministic switching
has been reported in these structures23. Compared to Pt/Fe3GeTe2, the
interface quality of WTe2/Fe3GeTe2 has been significantly improved.
Additionally, due to the larger spin Hall angle ofWTe2, measured as 4.6, jsw
has been reduced by an order of magnitude to the minimum value of
3.9 × 106A cm−2 below 200 K.

Besides optimizing the interface quality to reduce spin loss, which can
be achieved through vdW interfaces, another prominent topic in SOT is
field-free switching.Normally, due to the x-z symmetry protection in aHM/
FM heterostructure, a fixed current direction cannot access a unique
magnetization direction. To achieve deterministic SOT switching, an in-
planemagneticfield is required to break the x-z symmetry88. In recent years,
to better meet practical application needs, efforts have been made to realize
field-free SOT switching by leveraging the materials with non-trivial sym-
metry. In the library of van derWaalsmaterials,WTe2

89 andTaIrTe4
90–92 are

promising materials that support field-free SOT switching.
The space group of bulk WTe2 crystals is Pmn21

93. In the WTe2/FM
bilayer, the helical axis symmetry and glide plane symmetry of this space
group are broken at the interface. As a result, the WTe2/FM bilayer only
retains mirror symmetry with respect to the b-c plane; there is no mirror
symmetry in the a-c plane. Consequently, there is no 180° rotational sym-
metry about the c-axis. When a current is applied along the bilayer’s low
symmetry axis, an out-of-plane damping-like SOT is anticipated93. As
shown in the top panel of Fig. 6a, by applying current along the low sym-
metry axis of WTe2, field-free SOT switching has been achieved in the all-
vdW WTe2/Fe3GeTe2 heterostructure at temperatures below 200 K89. The
bottom panel of Fig. 6a depicts the temperature dependence of jsw inWTe2/
Fe3GeTe2 heterostructure. When the temperature increases from 140 K to
200 K, jsw for both a and b axes decrease, reaching the minimum value of
9.8 × 1010 A cm−2 at 200 K. Notably, when the current is applied along the
axis a with lower symmetry, the current density would be smaller. Despite
achieving field-free SOT switching for the first time through the intrinsic
crystal symmetry breaking of the vdW interface, which is absent in

traditional HM/FM heterostructures, e.g., Pt/Co and Ta/CoFeB/MgO sys-
tem, the magnitude of jsw up to 1010A cm−2 level and the operating tem-
perature lower than 200 K was limiting the application of all-vdW WTe2/
Fe2.78GeTe2 on SOT-MRAM.

Similarly, the Type-II Weyl semi-metal TMDC material TaIrTe4,
which belongs to the Pmn21 space group and possesses a broken two-fold
rotational symmetry, has attracted interest due to its unique spin textures
and sizable out-of-plane damping-like SOT efficiency90,91. Utilizing bilinear
magnetoelectric resistance and spin-torque ferromagnetic resonance mea-
surements, the out-of-plane tilting angle of spin in TaIrTe4 has been
determined tobe 8degrees90. RTfield-free SOT switching inTaIrTe4/CoFeB
heterostructure has been achieved, with the out-of-plane spin Hall con-
ductivity evaluated as 5.44 × 104 (ℏ ⁄ 2e) (Ωm)−1 90, as shown in Fig. 6c.
Similarly, in TaIrTe4/Ni80Fe20 heterostructure, the RT out-of-plane spin
Hall conductivity is reported as (4.05 ± 0.23) × 104 (ℏ ⁄ 2e) (Ωm)−1, an order
of magnitude higher than the reported values in other materials91. Theo-
retical calculations indicate that the out-of-plane spin polarization is for-
bidden for the bulk material with Pmn21 space group94, therefore, for
TaIrTe4, the out-of-plane polarized spin currents mainly originate from the
surface92. These findings highlight the potential of atomically smooth vdW
interfaces in enhancing unconventional SOT efficiency in TaIrTe₄-based
systems. Recent studies have demonstrated that vdWheterostructures, such
as TaIrTe₄/Fe₃GaTe₂, can enable energy-efficient, field-free SOT switching
with significantly reduced current and power densities, achieving better
performance than conventional systems92,95.

In order to realize the RTmagnetic switching in vdWheterostructures,
efforts have focused on enhancing Tc of 2D magnets through interface
engineering. For example, the interfacial exchange coupling between
epitaxial-grown Bi2Te3 and Fe3GeTe2 has been demonstrated to enhance
theTc of Fe3GeTe2

21. The interface quality has been optimized in this system
and the intrinsicTc of Fe3GeTe2 increases from210 K to400 Kafter epitaxial
growth on Bi2Te3. Additionally, optimized interface quality also provides
larger spin transparency, resulting in a highly efficient SOT switching in

Fig. 6 | Spin-orbit torques in van der Waals heterostructures. a top panel illus-
trates the forms of damping-like spin torque in all-vdW WTe2/Fe3GeTe2 hetero-
structure. When a charge current is applied along the a-axis of WTe2, the spin
polarization of electrons has an out-of-plane component, as indicated by green
arrows. The bottom panel illustrates the SOT critical current density of the WTe2/
Fe3GeTe2 heterostructure when current is applied along the a-axis and b-axis at
different temperatures. The inset shows the field-free SOT switching achieved by
applying current along the a-axis at 160 K. b A series of field-free SOT switching
loops at various temperature above 300 K in WTe2/Fe3GaTe2 heterostructure.

c Current-induced magnetization switching in TaIrTe4/Ti/CoFeB/MgO/Ta het-
erostructure in the presence external magnetic fields along the x axis of −50 Oe
(blue), 0 Oe (red) and 50 Oe (black). d Schematic diagram of SOT device based on
perpendicularmagnetic anisotropic HM/FM structure, and current drivenmagnetic
switching in PtTe2 (d)/WTe2 (8 – d)/CoFeB heterostructures. a Reprinted with
permission from ref. 89. Copyright 2022 Springer Nature b, Reprinted with per-
mission from ref. 96. Copyright 2024 AAAS. c Reprinted with permission from
ref. 90. Copyright 2023 Springer Nature. d Reprinted with permission from ref. 99.
Copyright 2024 Springer Nature.
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Bi2Te3/Fe3GeTe2 heterostructure. Similarly, with optimized interface
quality, Kajale et al., have realized the RT field-free SOT switching in
Fe3GeTe2 /WTe2 heterostructure

96. The operating temperature is enhanced
to 320 K, and theminimum value of jsw is reported as 2.23 × 1010 A cm−2, as
shown in Fig. 6b.

In addition to investigating TMDCs with unique symmetries for
unconventional SOT switching, combining the emerging noble TMDC
materials for example PtSe2

97 and PtTe2
98
, with sizable SOC and the widely

studied WTe₂, which breaks inversion symmetry, enables highly efficient
charge-to-spin conversion in unconventional field-free SOT switching99, as
illustrated in the right panel of Fig. 6d. In this context, PtTe2 exhibits a large
y-spin Hall conductivity σs,y≈ 2.32 × 105× ħ/2eΩ–1 m–1, and WTe2 has a
z-spin Hall conductivity σs,z ≈ 0.25 × 105 × ħ/2eΩ–1 m–1. When current is
injected from the bottomPtTe2, the in-plane spins of PtTe2 generated by the
spin Hall effect are transformed into out-of-plane spins through the crystal
symmetry breaking of WTe2. Thereby, the field-free SOT switching driven
by unconventional out-of-plane spins in CoFeB is achieved99. As shown in
the left panel of Fig. 6d, as the thickness of WTe2 decreases, jc of field-free
SOT switching decreases accordingly, accompanied by the disappearance of
the switching loop, indicating that the crystal asymmetry of WTe2 leads to
the conversionof in-plane spins fromPtTe2 toout-of-plane spins.The linear
response theory suggests that the intrinsic symmetry breaking in WTe2
leads tonon-zero response tensors of spin accumulation in the z-direction to
the spin current in the y-direction, thereby introducing out-of-plane spins
and the corresponding spin torques.

Lastly, it is important to mention that recent studies have explored the
thickness dependence of spin-orbit torques in vdW materials, revealing
distinct charge-to-spin conversionmechanisms at different thicknesses. For
instance, in monolayer to trilayer PtSe₂, the dominant spin generation
mechanism is the REE, while in thicker layers (>3 nm), the spin Hall effect
SHE becomes dominant97. Similarly, WTe₂monolayers exhibit robust out-
of-plane antidamping torques despite the absence of conventional spinHall
currents, making them promising candidates for field-free switching
applications100. Furthermore, given the minimal sub-ns time scale of SOT
switching101, and the lowest critical current density, 0.52 × 10–6A/m−2 in
(BiSb)2Te3

102, exploring the roadmap to further enhance theperformanceof
SOT device by utilizing vdW interfaces will be intriguing topics.

In conclusion, based on the traditional HM/FM architecture, vdW
materials provide atomically smooth interfaces, thereby enhancing interface
spin transparency. Meanwhile, optimized interfaces enhance interfacial
exchange coupling, which boosts theCurie temperature of 2D ferromagnets
and enables RT field-free SOT switching in all-vdW structures. Addition-
ally, the rich library of vdW materials allows for the use of materials with
larger SOC as spin generators, thereby achieving greater damping-like SOT
efficiency.

Quantum spintronics
To achieve energy-efficient spintronic devices, exploration is underway into
quantum materials as a new frontier. Moiré superlattice is one of the
emerging candidates, formed when two vdW layers are stacked together.

With the presence of twist angle θ and lattice mismatch δ, theMoiré period

aM is derived as aM ¼ a=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δ2 þ θ2
p

, where a represents the lattice constant

of vdW layer. Since the Moiré period aM is always greater than the vdW
lattice constant a, low-energy physics (mediated by aM) and high-energy
physics (mediated by a) could be separated within the Moiré superlattice.
Therefore, electrons can be considered to move in a smooth periodic
potential, and Bloch’s theorem applies to themini-Brillouin zone associated
with the Moiré superlattice resulting in Moiré flat bands103. The emergence
of Moiré length scale aM also enables Moiré superlattice a unique platform
for investigating the strong correlation physics104. For the same site in a
Moiré superlattice, the kinetic energy of the electrons scales as a�2

M , while the
Coulomb interaction between electrons scales as a�1=2

M , indicatingCoulomb
interaction dominates over kinetic energy for large Moiré length scale105.
Consequently, strong correlations among electrons are induced,

accompanied by a series of novel quantum phases, including
superconductivity106 and the fractional quantum spin Hall effect107.

Importantly, Berry curvature plays a fundamental role in elec-
tronic transport, particularly in moiré superlattices where symmetry
breaking can lead to topological effects. Moiré systems provide a
tunable platform for engineering Berry curvature hotspots, which
influence spin-charge conversion, anomalous transport, and valley
Hall effects. For instance, in twisted bilayer graphene108 and MoTe₂/
WSe₂109 heterostructures, symmetry engineering modifies the band
topology, leading to nontrivial spin and valley-dependent transport
phenomena. The interplay between Berry curvature and correlation
effects in these systems has also enabled the realization of exotic
states such as quantum anomalous Hall and nonlinear Hall effects. A
recent review provides an extensive discussion of Berry physics in
moiré materials, and readers interested in further details may refer to
ref. 110.

Moiré superlattice provides a wide range of novel spin-orbit effects,
including topological insulating states111 and ferromagnetism29, enabling
more efficient spin manipulating. One fascinating material is Moiré
superlattice—based Chern insulator. According to the Hubbard model,
simultaneously tuning electron hopping and SOC strength by twisting
makes it possible to open the gap of flat bands while breaking the time-
reversal symmetry of the band structure112, as shown in Fig. 7a. This can
transform the material into a Chern insulator with both high Berry curva-
ture and ferromagnetism, where giant spinHall effect and SOT switching in
nanoampere level are expected.

Beyond theoretical predictions, in t-BLGwith a twist angle of 1.17°
alignedwith hBN, a ferromagnetic state was experimentally introduced
by utilizing enhanced electron-electron interactions in the nearly
three-quarters filled conduction band for the first time29. Here, the
charge density n is independently tuned by the perpendicular dis-
placement field. Within the n range corresponding to the insulating
state, ferromagnetic hysteresis, giant anomalous Hall effect of 10.4 kΩ,
and chiral edge states are observed, indicating that the system is an
incipient Chern insulator. Furthermore, the magnetization of the
sample is observed to be switched by a small current of ~50 nA, paving
the way ofMoiré materials in spintronic applications. Next, Serlin et al.
observed the quantum anomalous Hall effect induced by intrinsic
strong electron-electron interactions in t-BLG (with a twist angle of
1.15 ± 0.01°) aligned with hBN30. As shown in Fig. 7b, with filling factor
v = 3 and temperature of 1.6 K, the response of theHall resistanceRxy to
the magnetic field was measured for different charge densities. The
Hall resistance exhibits hysteresis with a coercivity of several tens of
milli-tesla. Around the charge density n = 2.37 × 1012 cm−2, Rxy reached
a quantized plateau of _=e2. These results indicate that the system’s
quantum anomalous Hall (QAH) state is stabilized by the spontaneous
breaking of time-reversal symmetry. Theoretical calculations elucidate
the origin ofmagnetic order: when an excess valley-polarized and spin-
polarized Chern band is occupied, the exchange energy of the system
reaches its minimum, spontaneously breaking time-reversal sym-
metry. Additionally, the weak SOC in graphene provides anisotropy for
magnetic order.

Subsequently, Deng et al. also observed the layer-dependent
QAH states at 1.4 K in five layers of MnBi2Te4 thin films with
intrinsic magnetism113, as shown in Fig. 7c. Upon aligning the
magnetization of all layers with an external magnetic field, the pre-
cisely quantified QAH state was observed up to 6.5 K, surpassing the
1.6 K of the t-BLG/hBN system, as shown in the inset of Fig. 7c. It is
noteworthy that the field-free current-driven magnetic switching
with the critical current of a few nA levels has been observed in t-
BLG/hBN QAH insulators29,30. Beyond the widely investigated HM/
FM architecture, low-energy electrically modulated magnetic
switching can also be achieved using QAH insulators. Therefore, the
current-driven magnetic switching in magnetic Chern insulators and
elucidating their physical mechanisms became a subject of interest.
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For instance, as shown in Fig. 7d, magnetic imaging shows the
current switching of single magnetic domains in AB-stacked MoTe2/
WSe2 magnetic Chern insulator, indicating the role of intrinsic spin
or valley Hall torques of current-driven magnetic switching in
quantum moiré material systems114.

Recently, utilizing direct magneto-optical imaging, sizable intrinsic
spin Hall effect and ferromagnetism have been observed to coexist in AB-
stackedMoTe2/WSe2Moiré bilayers109. Under a current density of less than
1 Am−1, spin accumulation towards the lateral edges of the sample has been
observed, approaching the near-saturation spin density, as shown in Fig. 7e.
This result demonstrates the long-range spin Hall transport and effective
non-local spin accumulation in Moiré heterostructures.

Emerging studies on the magnetic order and spin Hall effect in vdW
QAH insulators have provided a clear pathway for the future development
of spintronics: the novel quantummaterial system can be utilized to achieve
bulk energy-efficient, current-driven magnetic switching. Recently, in
rhombohedral Gr/WS2Moiré heterostructures, the QAH state of graphene
has been further enhanced through the combined effects of electron cor-
relation and proximity-induced Ising SOC115. This result indicates that
TMDC materials with larger SOC strength can further stabilize the
QAH state.

Conclusion & Outlook
Since magnetism was observed in ultrathin CrI3

116 and Cr2GeTe2
117,

vdW heterostructures-based devices have been intensively investigated
to manipulate the spin degrees of freedom. The subsequent focus has
been on vdWheterostructures with atomically smooth interfaces, which
not only allow efficient spin transport but also serve as platforms for

extending spin-orbit effects, including exchange bias, proximity-
induced ferromagnetism, spin-lifetime anisotropy, gate voltage-
tunable spin polarization, higher spin transparency, and unconven-
tional SOTs. In recent years, the emerging moiré engineering has
brought unexpected novel spintronic effects to vdW interfaces, such as
twist-angle tunable SOC and Chern magnetic states with nanoampere-
level current-driven magnetization switching118.

Nevertheless, research on spin-orbit effects at vdW interfaces is still in
its early stages; the emerging interfacial twist engineering can bring new
opportunities for spintronics. In addition to the manipulation of SOC, spin
texture, and topologically non-trivial states mentioned in this review indi-
cate the potential to achieve complexmagnetic ground states andmodulate
exchange interactions in twisted vdW ferromagnets. Therefore, the emer-
ging twist engineering has the potential to reshape vdW spintronics from
various aspects, offering new, efficient, and low-energy solutions for future
low-power electronic devices.
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