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Van der Waals opto-spintronics

J. Tyler Gish    1, Dmitry Lebedev    1, Thomas W. Song1, Vinod K. Sangwan    1 & 
Mark C. Hersam    1,2,3 

Van der Waals materials with long-range magnetic order show a range 
of correlated phenomena that could be of use in the development of 
optoelectronic and spintronic applications. Magnetically ordered van der 
Waals semiconductors with spin-polarized currents are, in particular, 
sensitive to external stimuli such as strain, electrostatic fields, magnetic 
fields and electromagnetic radiation. Their combination of two-dimensional 
magnetic order, semiconducting band structure and weak dielectric 
screening means that these materials could be used to create novel atomically 
thin opto-spintronic devices. Here we explore the development of van der 
Waals opto-spintronics. We examine the interplay between optical, magnetic 
and electronic excitations in van der Waals magnetic semiconductors, and 
explore the control of their magnetization via external stimuli. We consider 
fabrication and passivation strategies for the practical handling and design 
of opto-spintronic devices. We also explore potential opto-spintronic 
device architectures and applications, which include magnonics, quantum 
transduction, neuromorphic computing and non-volatile memory.

By exploiting spin instead of charge as a state variable, spintronics 
could provide a lower-energy pathway for information processing and 
storage compared with conventional digital electronics. In one of the 
earliest spintronic discoveries, it was found that multilayer ferromag-
netic (FM) films are less resistive when all the spins are aligned due to 
spin-dependent scattering1,2. This is the basis of giant magnetoresist-
ance read heads in commercial magnetic memory storage and has led 
to a range of low-power spintronic technologies3.

Alongside developments in spintronics, the past two decades have 
seen rapid advances in two-dimensional (2D) van der Waals (vdW) materi-
als and devices. The earliest works focused on graphene and included 
efforts to fabricate transistors for ultrafast digital computing4. However, 
the absence of a semiconducting bandgap in graphene limits field-effect 
current modulation and undermines its utility in information processing. 
The subsequent discovery of vdW semiconductors with a bandgap—such 
as 2D transition metal dichalcogenides (TMDCs)—has led to the develop-
ment of high-performance transistors and also optoelectronic devices 
such as photodetectors, light-emitting diodes (LEDs) and solar cells5. Fur-
thermore, the recent discovery of layered vdW materials with unpaired 
spins and long-range magnetic order down to the atomically thin limit6–8 

has resulted in the design and fabrication of atomically thin spintronic 
devices for low-power and non-volatile memory applications9,10.

Two-dimensional materials can concurrently host both opto-
electronic and spintronic phenomena and can be used to create 
opto-spintronic devices. Such devices have a range of potential appli-
cations, including neuromorphic computing and ultrafast terahertz 
systems that exploit optically addressable spin–orbit interactions 
at picosecond timescales11. As disparate 2D materials can be used to 
form vdW heterostructures, one route to 2D opto-spintronics is to 
stack different vdW materials. The heterostructures can be engineered 
using materials with varying optoelectronic and magnetic properties, 
coupled together by proximity effects, orbital overlap and/or hybridi-
zation12,13. Another approach is to rely on spin-polarized magnetic vdW 
semiconductors where weak dielectric screening enables enhanced 
electrostatic control compared with bulk materials. For example, 
the vdW magnetic semiconductor CrI3 in a tunnelling geometry has 
been used to create a photodetector that is sensitive to the helicity of 
circularly polarized light14–16 (Fig. 1).

In this Review, we explore light–matter interactions in vdW mag-
netic materials and examine the control of magnetization in vdW 
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photoluminescence (PL) in monolayer CrI3, originating from the cou-
pling to the FM order. The PL helicity depends on the net magnetiza-
tion of the crystal, which can switch directions upon field-induced 
flipping of the magnetization direction (Box 1, exciton polarization)25. 
Although similar effects have also been observed in vdW FM CrBr3, 
recent theoretical work points to different origins of the coupling 
between excitons and the underlying magnetic order in this case26. 
The size and energy of the excitons also depend on the interlayer 
electronic coupling, which can be manipulated in magnetic systems 
(Box 1, exciton confinement). In particular, in A-type AFM CrSBr, the 
exciton is confined to a single FM layer. However, a spin-flip transition 
from AFM to FM order results in exciton delocalization across two 
layers, lowering the PL energy by 20 meV, which provides a means for 
magnetic-field manipulation of electronic transitions27. Furthermore, 
a recent theoretical report predicts electrical-field switching between 
FM and AFM states in bilayer CrSBr, thus providing another opportu-
nity for exciton energy tuning28.

Strong coupling of excitons with magnetic order in materials that 
host many-body quantum-entangled ground states has recently been 
observed in NiPS3 and NiI2 (refs. 29,30). In NiPS3, the excitonic transi-
tion couples with zigzag AFM order, resulting in an ultranarrow PL 
peak with a linewidth of 0.4 meV (Box 1, many-body excitons), which 
originates from the quantum-entangled ground-state interactions 
between the spin-polarized electron on Ni and a hole sitting on the 
S ligands29. An analogous excitonic transition was also observed in 
the AFM helimagnet NiI2, probably originating from coupling to the 
non-collinear magnetic structure of NiI2 and its ferroelectric order. 
The strong spin–charge coupling resulting from the multiferroic order 
changes the parity conditions of the excitonic transition when com-
pared with NiPS3, resulting in a dark process that is detectable through 
only optical absorption spectroscopy30.

Polarons result from the coupling of optically excited charges or 
excitons with lattice vibrations (phonons). For instance, the local sym-
metry breaking and lattice distortions at ultrafast timescales result in 
the formation of photoexcited polarons in CrI3 (ref. 31). Other optically 
excited polarons in CrI3 emerge from the coupling between excitonic 
transitions and longitudinal phonon modes that persist down to bilayer 
thickness. In particular, polarization-dependent Raman studies reveal 
an increase of electron–photon coupling by 50% upon the emergence 
of magnetic order in CrI3. The field-induced AFM-to-FM transition also 
tunes the intensity of polaron modes, suggesting strong coupling 
between lattice, charge and spin degrees of freedom in 2D CrI3 (ref. 24).  
In NiPS3, LD measurements reveal strong coupling between the 
many-body excitonic transition and out-of-plane vibrational phonon 

magnets via external stimuli (such as pressure, electrostatic gating 
and light). We then consider the practical challenges of fabricating 
and characterizing semiconducting devices based on vdW magnets. 
Finally, we discuss potential opto-spintronic device architectures 
and applications.

Light–matter interactions in vdW magnets
Magneto-optical methods, such as the magneto-optical Kerr effect 
(MOKE) and magnetic circular dichroism (MCD), are commonly used 
to detect magnetization in 2D magnetic materials. For example, these 
methods were used for the first confirmation of 2D FM ordering in 
atomically thin CrI3, which showed thickness-dependent magnetiza-
tion due to antiferromagnetic (AFM) stacking of FM layers (A-type 
AFM) in few-layer CrI3 (ref. 7). However, MOKE and MCD are challeng-
ing to apply to materials with no net magnetization such as materials 
with fully compensated AFM order17. By contrast, linear dichroism 
(LD) relies on the differential absorption of linearly polarized light 
and is sensitive to materials with optical anisotropy (such as zigzag 
or non-collinear AFM)18,19. In particular, a large LD signal was observed 
down to monolayer FePS3 due to the presence of in-plane optical ani-
sotropy19. AFM ordering can also be probed optically with second 
harmonic generation (SHG), which occurs via magnetic dipole interac-
tions in centrosymmetric materials or electric dipole interactions in 
non-centrosymmetric materials17. In centrosymmetric and A-type AFM 
CrI3, magnetic order breaks both spatial-inversion and time-reversal 
symmetries, and gives rise to an SHG signal down to bilayer thickness. 
There is no observable signal in monolayer CrI3 due to FM ordering and 
insufficient magnetic dipole contributions20. However, the SHG signal 
for monolayer CrSBr, which is FM and centrosymmetric, is detectable 
due to magnetic dipole contributions21. Magnetic materials that are 
ferroelectrically polarized (multiferroic materials) see an enhance-
ment of the SHG signal due to electric dipole contributions. NiI2 is an 
example of a recently discovered 2D multiferroic material where helical 
AFM order induces spontaneous electrical polarization. Observable 
LD and SHG signals serve as the primary evidence in support of NiI2 as 
the first monolayer multiferroic material, which is further supported 
by theoretical modelling22,23.

Light–matter interactions, beyond magneto-optical effects, 
occur because of the formation of excitons in 2D semiconductors. In 
materials with long-range magnetic order, excitons may couple with 
the spin-polarized band structure, resulting in correlated phenom-
ena (Box 1). For example, in CrI3, the absorption of linearly polarized 
light gives rise to several excitonic features24. The phonon-mediated 
relaxation from these excited states results in circularly polarized 
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Fig. 1 | CrI3 tunnelling devices for light helicity detection. a, Differential 
photocurrent, ΔIph, for right-handed (σ−) versus left-handed (σ+) circularly 
polarized light, showing the spin-flip transitions in trilayer CrI3 as a function of 
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observed in the photocurrent versus quarter-wave plate angle data14. Panels 
adapted with permission from: a,c, ref.14, AAAS, under a Creative Commons 
licence CC BY-NC 4.0.
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modes. Over ten exciton–phonon bound states are correlated with 
the ultranarrow excitonic peak. This coupling between the excitonic 
transition and the out-of-plane vibrational mode leads to the stretch-
ing and contracting of the S–Ni bonds, which modifies the ligand-field 
charge transfer and ultimately the electronic structure of the crystal18. 
Ultrafast spectroscopy has also been used to probe the phonon modes 
in the same spectral region of NiPS3, although this work assigns them 
to localized d–d transitions with coupling between d orbitals and pho-
nons32. These localized d–d transitions are attributed to the breaking 
of local inversion symmetry following the formation of long-range 
magnetic order. The ultrafast timescales of these phonon-mediated 
processes potentially enable ultrafast opto-spintronic devices.

In addition to coupling to phonons, optically excited charge car-
riers or excitons in magnetically ordered materials can couple with 
collective spin waves (magnons). For example, CrI3 hosts two magnon 
branches with in-phase (acoustic, lower energy) or out-of-phase 
(optical, higher energy) spin precession that can be optically driven33. 
In monolayer CrI3, the in-phase acoustic magnon is correlated with 
the helicity of the exciting circularly polarized optical irradiation. 
As the helicity corresponds to the magnetic-ordering direction, 
this effect can be controlled using an external magnetic field34.  

The coupling of optically excited phonons with electronic structure 
has also been probed in zigzag AFM FePS3 (Fig. 2a), which can hybrid-
ize with a magnon mode35. In particular, pump–probe measurements 
have revealed an optically excited phonon mode at 3.2 THz that cor-
relates with the d–d electronic transitions (Fig. 2c,d). This in-plane 
vibrational mode of FePS3 couples orthogonally to the zigzag AFM 
magnetic structure (Fig. 2b). Moreover, by applying an external mag-
netic field, the 3.2 THz phonon mode hybridizes with a magnon at 
3.6 THz, forming a strongly coupled phonon–magnon branch whose 
frequency can be tuned with an external magnetic field35. This work 
demonstrates the ability to optically launch coherent phonons with 
intensities correlated to electronic transitions and field-tunable 
phonon–magnon coupling. The coupling of excitonic transition with 
magnons has been observed in semiconducting AFM CrSBr (Fig. 2e). 
Optical pumping CrSBr with photon energies above the bandgap 
creates excitons and simultaneously launches coherent magnons. 
Optical probing of the magnons micrometres away from the pump 
location reveals strong hybridization between excitons and magnons 
that is tunable with an external magnetic field36,37 (Fig. 2f–h), thus 
enabling the launching of coherent magnons correlated with the 
exciting optical irradiation.

Box 1

Excitons in van der Waals magnets
Exciton polarization. The spin-polarized band structure can lead 
to the formation of optically excited states with spin-polarized 
charge carriers. Depending on the magnetic ordering and 
selection rules, exciton recombination can produce circularly 
polarized luminescence, with handedness corresponding to 
the magnetization direction. This effect has been observed in 
CrI3 with out-of-plane magnetization, where luminescence is 
circularly polarized25.

Exciton confinement. The magnetic structure can modify the 
electronic coupling between layers, affecting the spatial confinement 
of excitons. Changing the magnetic structure via external stimuli 
(such as magnetic field, strain) thus enables tuning of the exciton 

energy. This effect has been observed in bilayer crystals of CrSBr, 
which show AFM order but can be converted to FM via a spin-flip 
transition, resulting in delocalization of the exciton from one to  
two layers27.

Many-body excitons. Quantum-entangled ground states in 
magnetic systems can give rise to many-body excitonic transitions, 
which are coupled to the underlying magnetic order. In some 
cases, these excitons coexist with the formation of an electrical 
dipole. These many-body excitonic transitions yield ultranarrow 
luminescence linewidths on the order of millielectronvolts and 
a high degree of linear polarization, ρ = (I∥ − I⊥)(I∥ + I⊥), as has been 
observed in NiPS3 (ref. 29).
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External control of magnetic order
Manipulating magnetic properties via external stimuli such as elec-
trostatic gating or strain is useful for spintronic applications such 
as memory and low-power computing devices. One of the earliest 
examples of electrostatic control of magnetism in vdW materials 
involved bilayer CrI3, where a dual gating structure (Fig. 3a) enabled 
independent control of carrier concentration and applied electric 
field. Magneto-electric coupling results from the coupling between 
magnetic (electrical) polarization and external electric (magnetic) 
fields. For example, in AFM bilayer CrI3, applying an out-of-plane elec-
tric field causes spins to flip across the interface resulting in a constant 
magnetization that increases with increasing electric field38. Charge 
modulation can also tune the magnetic order. In bilayer CrI3, hole 
doping increases the coercive field, while electron doping decreases 
it (Fig. 3b) to the point that the layers became magnetically decou-
pled39. In addition, a change of the magnetic order can be achieved 
through carrier doping by applying a magnetic field and then vary-
ing the charge density38,39. Electrostatic control of magnetism has 
been demonstrated in CrGeTe3 using an ionic liquid gate, resulting in 
increased magnetocrystalline anisotropy that raises the FM ordering 
temperature from 61 K to 200 K (ref. 40).

Magnetic order depends on exchange interactions, which are 
dictated by the crystal structure of the material. The 2D nature of 
layered vdW materials results in a small energy difference between 
stacking polytypes. Each polytype has a unique topology of exchange 
interactions. Therefore, changing the stacking order can allow tuning 
of the magnetic structure in 2D materials41. For example, applying 
hydrostatic pressure induces an AFM-to-FM transition in bilayer CrI3 
(refs. 42,43). While the pressure tuning in CrI3 is irreversible due to 
the monoclinic-to-rhombohedral transition42, reversible AFM-to-FM 

transitions have been demonstrated in CrSBr by applying tensile strain. 
Strain applied along the a axis exceeding a critical value of 1.3% results 
in a redshift of the PL. This redshifting corresponds to an AFM-to-FM 
magnetic transition (Fig. 3c,d) and is a result of strain-induced modu-
lation of the lattice constant that alters the exchange interactions44.

Light–matter interactions in magnetic materials can also mod-
ify electronic interactions and, consequently, magnetic order. For 
instance, all-optical magnetic switching is observed in CrI3 due to its 
strong optical absorption and large excitonic and magneto-optical 
responses. The all-optical magnetic switching in this case is maximized 
with a circularly polarized laser pulse, which has been attributed to 
angular momentum transfer rather than thermal or inverse Faraday 
effect processes45 (Fig. 3e,f). Moreover, pump–probe measurements 
using circularly polarized light allow the demagnetization of CrI3 to 
be studied at ultrafast timescales down to 100 fs, which originates 
from coherent coupling between the magnetization and out-of-plane 
vibrational phonon mode. These results demonstrate that strong spin–
phonon coupling in CrI3 enables control over vibrational and magnetic 
dynamics via photon helicity46. Optical manipulation of magnetization 
has also been explored in NiPS3 (refs. 47,48). Specifically, optical excita-
tion of the in-plane magnon mode shows a strong correlation with the 
AFM order in NiPS3, which is sensitive to the polarization of light. The 
amplitude of the coherent magnon oscillations is correlated with the 
Néel vector direction due to ultrafast modification of the magnetocrys-
talline anisotropy induced by the laser pulse47. Ultrafast spectroscopy 
studies on the magnetic excitons in NiPS3 further reveal the emergence 
of itinerant conductivity due to dissociation of the excitonic state into 
mobile carriers, subsequently launching coherent magnon oscilla-
tions. This generation of free carriers persists for several picoseconds, 
maintaining the long-range magnetic order48.
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Fig. 2 | Optically excited phonons and magnons in vdW magnetic 
semiconductors. a, A unit cell of FePS3 showing the Fe ions and the 
corresponding zigzag AFM order (blue and red arrows indicate antiparallel spin 
alignment). b, A schematic of a time-resolved pump and probe experiment where 
the pump and probe light pulses are delayed by time Δt, with the blue and red 
lines indicating the difference in linear polarization between the pulses (45° for 
FePS3). The black arrows on the FePS3 honeycomb lattice illustrate the optically 
active phonon mode35. c, Amplitude of the 3.2 THz signal on a bulk FePS3 crystal at 
10 K as a function of pump photon energy (Ep). The grey curve shows the optical 
absorption spectrum. The inset shows a zoomed-in plot to better illustrate the 
correlation with the d–d transitions. The vertical line at 1.5 eV marks the bandgap, 

Eg (ref. 35). d, A schematic of the d–d electronic transitions split by the octahedral 
and trigonal ligand fields.35 e, Detection of magnon spin waves in CrSBr using a 
spatially separated pump and probe technique. A canting magnetic field B0 = 0.2 T 
is applied normal to the 2D planes36. f, An optical image of bulk CrSBr showing 
the spatial separation, x, of the pump and probe pulse. The probe pulse is delayed 
by Δt in time and spatially offset by distance x. g,h, Probe-wavelength integrated 
short-time Fourier transform (FT) spectra at different probe distances along the 
a axis for the 24 GHz and 34 GHz magnon modes, respectively36. Panels adapted 
with permission from: a–d, ref. 35, under a Creative Commons licence CC BY 4.0; 
e–h, ref. 36, Springer Nature Ltd.
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Fabrication and characterization
The strong light–matter interactions in 2D magnetic materials also 
enable opportunities to study and utilize these materials in electronic 
devices. However, the high chemical reactivity of many 2D magnetic 
materials requires that additional care is needed in materials handling 
and device fabrication to achieve stable charge transport in a manner 
that preserves electronic and magnetic structure. In addition, access-
ing high-quality, few-layer 2D magnetic crystals often requires more 
advanced methods than traditional scotch-tape exfoliation. One such 
method directly evaporates alumina onto the magnetic material (such 
as Fe3GeTe2), followed by mechanical cleavage, resulting in few-layer 
Fe3GeTe2 that is otherwise challenging to isolate49 (Fig. 4a). A related 
technique uses exfoliation on Ti/Au (less than 3 nm thick) substrates, 
resulting in monolayer crystals up to a few millimetres in lateral dimen-
sions. As the Ti/Au thin film is highly resistive, local back-gated mon-
olayer field-effect transistors (FETs) can be directly fabricated without 
the need to etch the underlying metallic thin film50. Another common 
issue with 2D magnetic materials is that few-layer flakes are often in 
direct proximity to substantially thicker neighbouring regions that 
complicate device fabrication. In this case, targeted flake removal using 
a viscoelastic stamp enables selective removal of the thicker areas, 
resulting in isolated few-layer flakes (Fig. 4b). This use of targeted flake 
removal has enabled the fabrication of high-quality few-layer NiI2 FETs, 
which have been used to electrically probe the multiferroic transition 
temperature down to monolayer thicknesses51.

Many 2D magnetic materials are highly reactive with poor stability 
in ambient conditions, which introduces challenges for device fabrica-
tion, characterization and integration. For example, although CrSBr 
and NiPS3 are relatively air-stable in bulk form, exfoliated flakes degrade 
in ambient conditions within a few days to weeks29,52–55. Other vdW mag-
netic materials such as NiI2, CrBr3, CrI3 and CrGeTe3 are considerably less 
stable with irreversible and catastrophic degradation occurring within 

seconds to hours6,8,51,56. Therefore, encapsulation methods are critical 
for fundamental studies and device applications of many 2D magnetic 
materials. In particular, the most common encapsulation strategy uses 
a dry-transfer process that caps the sensitive material on both sides 
with a chemically stable and electronically inert vdW material (such as 
hexagonal boron nitride (hBN); Fig. 4c). While encapsulation with hBN 
flakes is sufficient for interim handling between an air-free chamber 
and subsequent measurements, it is insufficient for long-term stabil-
ity due to diffusion of reactive atmospheric species to the interior of 
the encapsulated structure from the flake edges56,57. Therefore, for the 
most reactive 2D magnetic materials, atomic layer deposition (ALD) of 
metal-oxide layers are employed either as a primary encapsulation or 
as a secondary encapsulation in addition to hBN. To promote uniform 
ALD growth and prevent direct reaction of ALD precursors with chemi-
cally sensitive 2D magnetic materials, organic ALD seeding layers58,59 
are often utilized, resulting in months of ambient stability even for the 
most reactive 2D transition metal halides such as CrI3 (ref. 57; Fig. 4d).

Another limiting factor in studying vdW magnetic semicon-
ductors is their high electrical resistivity. For example, although 
CrI3 has measurable n-type charge transport at room temperature 
(field-effect mobility of around 0.001 cm2 V−1 s−1 and on/off ratio of 
around 103), CrI3 is insulating at low temperatures where it shows 
magnetic ordering, thus limiting device architectures to tunnelling 
geometries57,60. Nevertheless, A-type AFM ordering of CrI3 results in 
a large tunnelling magnetoresistance on the order of 10,000% (refs. 
60,61). The magnetic ordering in the tunnelling barrier has also been 
exploited in ambipolar spin tunnel FETs62. Fortunately, not all vdW 
magnetic materials are insulating at low temperatures, which enables 
lateral charge transport measurements below the magnetic-ordering 
temperature. For example, CrSBr shows measurable semiconducting 
charge transport down to temperatures as low as 5 K (ref. 52). In this 
manner, lateral charge transport measurements enable electrical 
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probing of the AFM phase transition, where the conductance shows 
a peak due to reduced spin fluctuation scattering54. The ambient 
stability of CrSBr has also facilitated the fabrication of multi-terminal 
devices using traditional lithography, thus revealing highly aniso-
tropic quasi-one-dimensional transport53.

Other gate-tunable vdW magnetic semiconductors (such as 
CrGeTe3 and NiI2) require additional precautions to achieve measur-
able charge transport at low temperatures owing to their chemical 
instability. In these cases, FET fabrication requires vdW materials for 
all components (such as graphene contacts and hBN dielectric layers) 
to minimize interfacial chemical reactions, followed by the encapsu-
lation of the entire device stack to prevent ambient degradation. For 
example, the fabrication of air-stable, multi-terminal devices using 
an all vdW stack, in conjunction with selective etching and conformal 
growth of ALD alumina, has enabled magnetoresistance measurements 
down to 2 K in NiI2 (ref. 51). All vdW devices using hBN as the dielec-
tric layers has the additional benefit of reducing interfacial charge 
carrier scattering compared with conventional dielectrics such as 
SiO2. In this manner, although few-layer FETs using CrGeTe3 in contact 
with a SiO2 dielectric are insulating below 150 K, the incorporation of 
CrGeTe3 into all vdW devices results in gate-tunable charge transport 
down to cryogenic temperatures with an on/off current ratio ION/IOFF 
approaching 103 (ref. 63). While graphene minimizes contact resist-
ance with vdW semiconductors and is preferred over bulk metallic 
contacts for the most chemically reactive materials (such as NiI2 and 
CrGeTe3)63, some device applications require metallic contacts such as 

high/low work function metals for facilitating the injection of holes/
electrons based on band alignment, FM metals for spin injection and 
high-atomic-number metals for strong spin–orbit coupling (such as Pt).  
To avoid interfacial degradation induced by metal evaporation, it is 
possible to dry transfer these metallic contacts using pre-patterned 
hBN64–66. The resulting transferred metallic vdW contacts avoid metal-
lization at the semiconductor/metal interface and leads to a low contact 
resistance and reduced Fermi-level pinning64.

Although hBN is the most commonly used dielectric in vdW 
devices, its relatively low dielectric constant means that alternative 
high-κ dielectrics are needed in devices that require strong electro-
static gating. For example, HfO2 provides a high dielectric constant (κ) 
of around 13–17 (ref. 67), which can be grown on vdW materials using 
seeded ALD59. Alternatively, strontium titanium oxide thin films (κ of 
around 17–20) can be dry-transferred, enabling a large ION/IOFF of around 
108 and a low subthreshold swing of around 66 mV per decade for MoS2 
(ref. 68). Electrostatic gating using ionic liquids is another method 
for enhancing capacitive coupling. In this case, the electric double 
layer increases the gate capacitance up to a few microfarad per square 
centimetre, which results in high charge carrier density modulation at 
low applied voltages, ultimately enabling charge transport in CrGeTe3 
at temperatures as low as 20 K (ref. 63).

Advantages and challenges
Opto-spintronic devices formed from vdW materials have several 
advantages compared with those formed from their bulk counterparts. 
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However, a direct comparison between device metrics of bulk and vdW 
devices is challenging due to limited prototypes and a lack of standard-
ized benchmarking. Nevertheless, published proof-of-concept vdW 
spintronic devices can inform their potential advantages over cor-
responding devices fabricated from bulk materials. For example, bulk 
magnetic semiconductors systems are typically fabricated through 
doping semiconductors with magnetic ions to form semiconducting 
alloys known as dilute magnetic semiconductors. The random distribu-
tion of magnetic atoms in the lattice results in increased scattering sites 
for electronic carriers, which results in lower mobility, typically on the 
order of 1–10 cm2 V−1 s−1 (refs. 69–71). So far, identified vdW magnetic 
semiconductors have reported similar mobility values, with that of NiI2 
(1 cm2 V−1 s−1) among the largest51. While the largest magnetoresistance 
in dilute magnetic semiconductors is around 70% (ref. 72), an order of 
magnitude larger magnetoresistance ratios are obtained in bulk mag-
netic tunnelling junctions (with a maximum ratio of around 800% in a 
CoFeB/MgO/CoFeB heterostructure)73. In comparison, a much larger 
magnetoresistance ratio of around 5,000% has been observed in the 
vdW magnetic semiconductor CrPS4. In addition, CrI3 integrated into 
a vdW magnetic tunnelling junction showed a record-high magnetore-
sistance in excess of 10,000% (refs. 61,74).

In the context of opto-spintronic applications, vdW materials pre-
sent additional advantages compared with bulk systems. For instance, 
the reduced dielectric screening and magneto-electric effects in vdW 
materials enable electrostatic control of magnetism, which can be 
exploited in opto-spintronic devices39,74,75. Magnetic order can also 
be tuned externally by strain or electromagnetic radiation in vdW 
materials, thus presenting opportunities for flexible opto-spintronic 
applications. Moreover, the layered structure of vdW magnets allows 
for intercalation with small molecules that can be leveraged to control 
interlayer magnetic coupling. For example, monolayer behaviour can 
be obtained by molecular intercalation of multilayer vdW materials, as 
has been shown for RuCl3 (refs. 76,77).

Heterostructures between vdW magnets and other vdW materials 
open additional opportunities to control electronic band alignments 
and magnetic proximity effects13. In addition, controlling the relative 
angle between vdW layers during stacking enables the creation of 
moiré twisted structures with potential energy modulations larger 

than the crystal lattice, ultimately providing band-structure engineer-
ing. This approach has resulted in the realization of diverse quantum 
phenomena, including orbital magnetism in twisted bilayer graphene, 
light-induced ferromagnetism in TMDC heterostructures and moiré 
magnetism in twisted CrI3 (ref. 78). Furthermore, moiré superlattices 
are expected to show a strong photoresponse due to a large number of 
available states in their flat bands and the emergence of new transitions 
between the correlated insulating gap and the moiré superlattice band-
gap on an energy scale of around 10 meV (terahertz range)79,80. As moiré 
superlattices are typically accompanied by symmetry breaking, these 
systems lead to additional unique physical phenomena such as the 
bulk photovoltaic effect demonstrated in twisted bilayer graphene81.

While the field of vdW opto-spintronics is progressing rapidly, 
challenges still need to be overcome. Most prominently, semiconduct-
ing vdW magnetic materials are almost exclusively prepared using 
micromechanical exfoliation, which is not scalable. Therefore, con-
certed effort will be needed to achieve large-area, homogeneous, 
thickness-controlled growth of semiconducting vdW magnetic mate-
rials. Another major challenge is increasing the magnetic-ordering 
temperatures of semiconducting vdW magnetic materials from their 
typical cryogenic values up to room temperature. Compositional 
modulation strategies such as alloying or doping may allow progress in 
this regard. Finally, opportunities remain for the discovery of additional 
semiconducting vdW magnetic materials by exploring portions of the 
periodic table that have been successful for bulk magnetic materials, 
but have not yet been extensively pursued in the 2D limit. Due to the 
broad experimental phase space, theoretical efforts will be critical for 
guiding efficient discovery of future room-temperature 2D magnets82. 
As these remaining challenges are overcome, the full potential of vdW 
opto-spintronics will be realized for both fundamental science and 
applied technologies.

Emerging applications
Strong light–matter interactions through magneto-optical effects in 
addition to excitonic spin–charge coupling can be used for character-
izing vdW magnetic materials (such as MOKE). In addition, beyond 
characterization, electrically conductive spin-polarized vdW materials 
enable novel device functionalities (Fig. 5). For example, the difference 
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in preferential absorption of right- or left-circularly polarized light for 
different magnetizations of 2D CrI3 has enabled helicity detectors that 
rely on measuring tunnelling photocurrent14–16. Alternatively, photo-
current measurements with polarized light excitation allow probing 
the magnetic order in low-dimensional materials as a complement to 
optical methods (such as MOKE, MCD, SHG, LD, PL and Raman spec-
troscopies)14–16 or measurements of tunnelling magnetoresistance60,61 
(Fig. 5a). Moreover, spectrally resolved photocurrent measurements 
allow targeting of specific electronic transitions such as states within 
the bandgap, excitons or high-energy states in the bands, thus providing 
an alternative means for probing the correlation between these states 
and underlying magnetic order. In addition, photocurrent spectros-
copy measurements can be used in conjunction with external stimuli 
such as strain, electric and magnetic fields, and electrostatic doping. 
In particular, photocurrent measurements of excitonic transitions in 
CrSBr can be used to further corroborate the effects of external mag-
netic fields and strain previously observed using PL spectroscopy44. 
Opto-spintronic detection methods also offer the opportunity to 
probe the effect of external stimuli, such as electrostatic doping, on 
the many-body excitonic transitions in NiI2 and NiPS3 (refs. 29,30).

The recombination of excitons coupled with long-range magnetic 
order often results in polarized luminescence (Fig. 5b). In dilute mag-
netic semiconductors, polarized electroluminescence is challenging 
due to poor spin injection from magnetic contacts and the inefficiency 
of maintaining spin-polarized currents, making polarized LEDs from 
these materials impractical83. In contrast, the benefit of vdW magnetic 
semiconductors is that external magnetic fields or spin injection from 
contacts are unnecessary to achieve electrically driven polarized lumi-
nescence. Potential methods to realize such LEDs include fabricating 
p–n junctions using two semiconducting spin-polarized materials. 
Alternatively, transient-mode electroluminescence can be employed, 
where a square-wave a.c. voltage between the gate and a grounded 
semiconducting channel results in the simultaneous presence of 
injected electrons (holes) and trapped holes (electrons) in the semi-
conductor, which recombine and luminesce with an intensity deter-
mined by gate voltage amplitude and frequency84. Another approach 
to electroluminescence is resonant tunnelling through a graphene/
hBN/semiconductor/hBN/graphene stack, which injects electrons and 
holes through the semiconductor using the two graphene electrodes. 
Applying a voltage across the stack shifts the Fermi level to reside in 
the valance band of one graphene electrode and the conduction band 
of the other85. The resonant tunnelling of holes and electrons through 
the stack thus results in electroluminescence based on excitonic tran-
sitions in the semiconductor. For magnetic semiconductors, tuning 
the drain and gate biases would allow for transitions between specific 
spin-polarized bands to achieve polarized luminescence. A similar 
concept was recently realized in a Fe3GeTe2/hBN/WSe2/hBN/graphene 
tunnelling structure, where injection of spin-polarized holes from 
ferromagnetic Fe3GeTe2 into the non-magnetic semiconductor WSe2 
resulted in helical electroluminescence due to population imbalance 
in ±K valleys86.

Writing and reading memory states at ultrafast terahertz fre-
quencies can also be enabled by opto-spintronic devices based on 
vdW AFM materials (Fig. 5c), making them of particular interest for 
high-frequency applications through optical writing and electrical 
readout. The first demonstration of optically writing the magnetic 
state was performed for metallic FM nickel films with subpicosecond 
demagnetization using femtosecond laser pulses87. In these metallic 
films, laser pulses heat the sample close to the Curie temperature, and 
the helicity of the light induces a preferential spin orientation, ena-
bling control of the film magnetization88. By contrast, in non-metallic 
materials, spins have been manipulated by resonantly pumping elec-
tronic transitions at terahertz frequencies, inducing a spin orientation 
coupled with the polarization of light89,90. Similar phenomena have 
been observed in CrI3, resulting in optical switching of magnetization, 

which depends on the polarization and wavelength of light (correlated 
with electronic transitions)45. This ultrafast optical spin manipulation 
enables magnetically written binary states at terahertz frequencies90.

In addition to optical writing magnetic states, readout is also 
required, which can be achieved electrically (Fig. 5c). Although the 
optical writing of A-type AFM CrI3 reverses the magnetization direction 
(such as from up to down), tunnelling magnetoresistance is infeasible 
for readout as it is not sensitive to the magnetization direction60,61. 
Therefore, alternative means of electrical detection have been explored 
such as proximity effects and interfacial spin polarizations between two 
vdW materials. For example, the measurable changes in antisymmetric 
magnetoresistance due to magnetic switching at the AFM/FM interface 
are sensitive to the spin direction, which allows electrical readout of 
the magnetic state91. Other strategies for electrical readout of magnetic 
states include the spin Hall effect, inverse spin Hall effect, anisotropic 
magnetoresistance and the anomalous Hall effect, all of which depend 
on the magnetic structure and device geometry92–94. For these reasons, 
when designing vdW opto-spintronic devices, it is essential to consider 
the sample geometry and magnetic structure when identifying the 
optimal means of electrically detecting changes in magnetic states.

Magnonic devices carry information via spin waves (magnons) 
instead of charge carriers95, which present some advantages (such 
as potentially higher speed) compared with conventional electronic 
devices (Fig. 5d). In particular, optically excited magnons via stimulated 
Raman scattering are sensitive to light polarization and energy, ena-
bling manipulation of the amplitude and phase at ultrafast timescales96. 
Semiconducting 2D magnets with strong spin–charge coupling are 
ideal candidates for magnonic devices as the optical excitation of 
coherent magnons are correlated with electronic transitions35,36. The 
electrical detection of magnons often makes use of a non-local geom-
etry (measuring voltage difference at a distance from current flow) such 
as inverse spin Hall effect detection via a strong spin–orbit coupling 
metal (such as Pt). In this case, the optical generation of magnons 
produces pure spin currents, which are detectable in Pt due to strong 
spin–orbit coupling36,97,98. This non-local geometry can detect spin 
waves for up to several micrometres as has been demonstrated in 
MnPS3 (ref. 99). As patterning Pt contacts may not be feasible for some 
chemically reactive vdW magnetic materials, an alternative approach 
would be to transfer Pt/hBN contacts, which has been demonstrated 
for other semiconducting materials64.

The strong spin–charge coupling in many 2D magnetic semicon-
ductors presents additional opportunities to optically excite magnons 
correlated with the semiconducting band structure, which can be tuned 
by external stimuli. For example, the frequencies of the magnons in 
CrI3 can be manipulated through electrostatic doping100. Alternatively, 
external magnetic fields in conjunction with optically launched phon-
ons can hybridize the phonon and magnon branches, modulating their 
frequencies35,101. Moreover, A-type AFM materials (such as CrI3, CrSBr) 
offer the high speed that is intrinsic to AFM materials and are sensitive 
to external magnetic fields, which can modulate the magnetization 
between FM and AFM and, consequently, manipulate the magnon 
modes33,36. Electrically detectable and optically excited coherent spin 
waves that are sensitive to frequency, amplitude and phase modulation 
via external stimuli can be used in low-power memory applications and 
magnonic logic circuits102,103.

Among next-generation computing systems, neuromorphic com-
puting hardware aims to eliminate the disparity between bio-realistic 
neural network algorithms and energy-consuming logic operations in 
complementary metal–oxide–semiconductor circuits. Synaptic con-
nections have a central role in emerging neuromorphic hardware, which 
are realized by analogue non-volatile memory that can be written and 
read in a highly parallelized manner from an artificial neural network. 
Among the leading candidates for non-volatile memories, spintronic 
memory is particularly attractive due to inherent low-energy opera-
tion in spin-based devices (Fig. 5e). In addition to synaptic memory, 
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spin-based switches have nonlinear dynamics to mimic bio-realistic 
neurons or activation functions to realize asynchronous spiking neural 
networks104. The unique optoelectronic properties of 2D magnetic 
semiconductors hold potential for neuromorphic hardware due to the 
combination of low-energy magnetic switching and parallelized read/
write operations in photonic systems105. While linear optical training 
of neural network synapses is an advantage for many conventional 
artificial intelligence algorithms, nonlinear activation functions are 
increasingly being explored for more bio-realistic machine learning, 
which can be realized either by a photodetector or by magnetic switch-
ing in 2D magnetic materials and heterojunctions106.

Heterojunctions composed of vdW magnets and other monolay-
ers such as graphene and TMDCs are further broadening the scope 
of opto-spintronic devices that can be leveraged for neuromorphic 
computing8,107. For example, vertical graphene/CrI3/graphene het-
erojunctions have shown memristive switching where the switching 
voltage can be controlled by applied magnetic fields108. In addition, 
stochastic switching and domain-wall motion in bulk ferromagnetic 
materials have been exploited in probabilistic networks for integer 
factorization and chaotic circuits, respectively109,110. Monolayer mag-
netic materials host not only tunable domain-wall motion but also 
other attributes, such as dual gating and coupled state variables in 
opto-spintronic devices, which can be exploited for bio-realistic neuro-
morphic hardware111. Furthermore, spatially inhomogeneous exchange 
interactions in AFMs allow multi-level analogue memory for artificial 
synapses and provide a unique platform for reservoir computing. In this 
context, skyrmionic and straintronic devices based on vdW materials 
have added benefits resulting from stimuli-dependent tunability112.

Quantum information science is another next-generation comput-
ing paradigm that combines aspects of fundamental quantum physics 
with information theory. Integrating different quantum modules, 
such as materials engineering, circuit design and dynamic operation, 
benefits from hybrid systems, providing tunability and flexibility113. 
These hybrid systems are often based on magnonics, where magnons 
are used for quantum transduction via the realization of different types 
of magnon coupling such as magnon–photon coupling114,115. Recently, 
strong coupling between microwave photons and nano-permalloy 
was realized on-chip using superconducting thin-film resonators116,117. 
This strong coupling opens opportunities for the development of 
high-speed coherent transducers for on-chip coherent information 
transfer. Various types of magnon coupling have been observed in 2D 
magnetic semiconductors, including magnon–magnon scattering in 
CrCl3 (ref. 118), phonon–magnon coupling in FePS3 (ref. 35) and exci-
ton–magnon coupling in CrSBr (refs. 36,37). These forms of magnon 
coupling present opportunities for 2D magnets in quantum trans-
duction applications including on-chip coupling with superconduct-
ing resonators. In contrast to permalloy nanomagnets, the magnetic 
properties and magnon modes of 2D magnets can be tuned via strain, 
optical or spintronic effects, such as spin torque or voltage-controlled 
magnetic anisotropy37,47 (Fig. 5f). Control over the magnon modes in 2D 
magnets will further allow the realization of tunable coupling between 
the quantum resonator and the 2D magnet, thus enabling the develop-
ment of increasingly sophisticated quantum information systems.

Outlook
Light–matter interactions in 2D magnetic semiconducting materials 
are central to the future design and fabrication of opto-spintronic 
devices. Understanding the chemical reactivity of these vdW magnetic 
semiconductors, in addition to developing robust passivation and 
encapsulation schemes, is critical to preserving their pristine physi-
cal properties and allowing reliable studies of spin- and charge-based 
phenomena. The sensitivity of the materials to electric fields, strain, 
carrier density and optical manipulation provides a means to manipu-
late magnetization and related properties. Moreover, the strong inter-
play between optoelectronic and magnetic degrees of freedom is key 

to device applications such as electric-field control of magnetism, 
high-frequency devices and ultralow power memory119. The sensitivity 
of semiconducting vdW magnets to light–matter interactions and gate 
modulation also provides opportunities to develop opto-spintronic 
devices for non-volatile memory, neuromorphic computing, magnon-
ics and quantum transduction applications.
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