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ACCESSIBLE OVERVIEW With the growing demand for computational power, reducing the energy con-
sumption of information technology is a major challenge of the 21st century. The heat produced by electric
currents on chips forms a large fraction of this energy consumption and is the central obstacle to increasing
computational speed. A promising way to meet this challenge is to use microscopic ‘‘spin waves’’ in mag-
netic materials instead of electric currents for information transport. These waves can exist in electrical in-
sulators, where they are inherently free of the heat produced by electricity. This perspective discusses the
development of spin-wave technology based on a novel class of materials called two-dimensional van der
Waals magnets. Theory predicts that spin waves in two dimensions behave fundamentally differently from
their three-dimensional counterparts and, moreover, are highly tunable, making them promising for ulti-
mately realizing information transport without dissipation.
SUMMARY
Spintronics is concerned with replacing charge current with current of spin, the electron’s intrinsic angular
momentum. In magnetic insulators, spin currents are carried by magnons, the quanta of spin-wave excita-
tions on top of the magnetically ordered state. Magnon spin currents are especially promising for information
technology due to their low intrinsic damping, non-reciprocal transport, micrometer wavelengths at micro-
wave frequencies, and strong interactions that enable signal transduction. In this perspective, we give our
view on the progress and challenges toward realizing magnon spintronics based on atomically thin van
der Waals magnets, a recently discovered class of magnetic materials of which the tunability and versatility
have attracted a great deal of ongoing research.
INTRODUCTION

Many-particle systems tend to order at low temperatures. Often,

the order gives rise to emergent collective modes that corre-

spond to wavelike small-amplitude fluctuations around the or-

dered state that do not exist in the disordered state. A prime

example from solid-state physics is the solid itself. Its atoms

are ordered on a periodic lattice structure, giving rise to lattice vi-

brations—of which the quanta are termed phonons—that carry

energy, quasi-momentum, and even spin angular momentum.1

Another case of collective modes, which carry spin angular mo-

mentum, are spin waves, of which the quanta are called mag-

nons. These are the elementary excitations on top of magneti-

cally ordered states. The simplest example of a spin wave or

magnon is to consider a ferromagnetically ordered system of
Newton 1, M
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spin one-half particles that are coupled ferromagnetically. Flip-

ping one of the spins creates an excitation that transports one

quantum of angular momentum opposite to the spin direction

of the ferromagnetic order. Due to the coupling between the

spins, this localized spin flip is not an eigenstate but delocalizes

into a wavelike excitation (Figure 1A).

Spin waves are sometimes referred to as the Goldstone boson

that emerges from the spontaneously broken continuous spin-

rotation symmetry. This language may, however, not be

completely adequate. In magnetic materials, there are anisot-

ropies that favor certain directions of magnetization. Therefore,

the magnetically ordered state in practice never spontaneously

breaks a continuous symmetry, and the spin-wave spectrum is

gapped with a gap equal to the ferromagnetic resonance

(FMR) frequency. The symmetry that all magnetically ordered
arch 3, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. Magnonics based on van der

Waals magnets

(A) Illustration of a magnon/spin wave as an exci-

tation of a homogeneous ferromagnetic state,

where the spins are represented as blue arrows

and the collective oscillatory behavior is high-

lighted as an orange trace.

(B) Magnon spintronics relies on manipulation and

control of magnon spin transport from an injector

to a detector. The electrical contacts for gener-

ating, controlling, and detecting the magnons are

shown as goldish pads, whereas the van der

Waals magnet is illustrated by blue and yellow

balls (corresponding to magnetic and non-mag-

netic atoms, respectively). The spin is represented

as a blue arrow, the orientation of which exhibits a

spatial dependence that corresponds to the

magnon being transported.
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states break is time-reversal symmetry, a discrete symmetry.

Moreover, the word ‘‘boson’’ suggests that the magnon is a bo-

son simply because its angular momentum is an integer (namely,

one) times the quantum of angular momentum. Magnons are bo-

sonic, however, because they are in a linear approximation

described as the quasiparticle excitations of quantum harmonic

oscillators, like photons and phonons. In the above example of

the chain of spin one-half particles, the magnon is, for example,

a scalar, i.e., a spinless, bosonic excitation that transports only

one component of the spin angular momentum, whereas a true

spinful particle would be able to transport all vector components.

As another example, a magnon on top of an antiferromagneti-

cally ordered state is an effective two-level boson with one polar-

ization carrying a positive quantum of angular momentum and

the other polarization carrying a negative quantum of angular

momentum.2

Magnons appear in various guises, ranging from the simple

example of a spin wave on top of a ferromagnetically ordered

state (Figure 1) to complicated excitations on non-collinear mag-

netic ground states that may break discrete and/or continuous

symmetries that are very different from continuous spin-rotation

symmetry.3 An example is the skyrmion lattice (a lattice of micro-

scopic, whirlpool-like magnetization textures) that breaks time-

reversal and continuous-translation symmetries and has several

unique collective excitations. This points to the attractive feature

that magnons can be excited, detected, and manipulated by

external control knobs in various ways (Figure 1). One is to apply

external stimuli, such as an external field, to control the proper-

ties of magnons—for example, the gap in their spectrum—

directly. Another is to influence the properties of magnons by

controlling the magnetically ordered state on top of which they

are the excitations. This makes it possible for different types of

magnons to emerge in one material and reversibly go from one

type to another.

The field that seeks to utilize the properties of magnons is

referred to as ‘‘magnonics’’ or ‘‘magnon spintronics.’’4 Other

fields that have the goal of utilizing collective excitations, such

as ‘‘phononics,’’ ‘‘nanophotonics,’’ and ‘‘plasmonics,’’ all seek

to manipulate these excitations in one way or another, and

each has its own benefits. The flexibility to use different magnet-

ically ordered states in one material to realize spin waves with
2 Newton 1, March 3, 2025
different properties is, however, unique to magnon spintronics.

Moreover, the wavelike nature of magnons so that they carry

both amplitude and phase, their strongly confined magnetic

stray fields, their frequency range that goes from sub-GHz to

THz, their low damping, their non-reciprocal effects, their strong

non-linearities, their absence of Joule heating and resulting long

propagation lengths, and their ability to operate in both the clas-

sical and the quantum regime5 further underly the potential of

this nascent field for applications.

So far, magnon spintronics has used yttrium-iron-garnet (YIG)

and a few other materials as the main workhorses to achieve

many of its recent results. These include a demonstration of logic

devices and transistors with coherent spin waves,6 conversion of

thermal magnon spin currents into electronic spin currents via

the spin Seebeck effect,7 and long-distance propagation of

spin currents through ferromagnets and antiferromagnets.8,9

The discovery of ultrathin van der Waals magnets with stable

and tunable properties10 has opened up a new perspective for

magnon spintronics. The low dimensionality of the system,

together with the ability to tune the magnetic properties, such

as exchange and anisotropy by electrical gating, and the possi-

bility of combining and twisting different materials to form van

der Waals heterostructures, gives a rich and novel playground

for magnon spintronics.11,12

van der Waals magnets arise either naturally—i.e., in layered

magnets that can be exfoliated down to the atomic limit—or by

design—that is, by engineering proximity or twist effects in van

der Waals heterostructures—even if the starting layers are not

magnetic per se, as in the case of graphene.13,14 In addition,

beyond the large and diverse nature of van der Waals magnets,

the know-how on the manipulation of two-dimensional (2D) ma-

terials developed in the last 20 years brings new tuning knobs

with easy experimental implementation that are absent in con-

ventional magnonic materials such as, for instance, electrical

gating,15 strain,16 stacking,17,18 or twisting19 engineering, there-

fore offering a roadmap for overcoming current experimental

challenges in conventional magnon spintronics. For example,

proposals for spin superfluidity,20 topologically protected mag-

non spin currents,21 and magnon spin transistors6,22 may

ultimately be realized using van der Waals magnets. In this

perspective, we give our view on the challenges, progress, and
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perspective of developing magnon spintronics with van der

Waals magnets.

GENERATION AND DETECTION OF MAGNONS IN VAN
DER WAALS MAGNETS

Magnon spintronics typically relies on two ways of exciting and/

or detecting magnons. These are coherent excitation and detec-

tion with radiofrequency (RF) antennas4 and incoherent excita-

tion by injection or extraction of spin current from a heavy-metal

reservoir that utilizes the spin Hall effect or its inverse to convert

the electronic spin currents into charge currents or voltages.7,8,13

Generation and detection of coherent spin waves
In the prototypical coherent spin-wave transport experiment,

one antenna excites a spin wave of a certain frequency and

wave vector, and a second antenna at some distance picks up

the spin wave inductively. However, such inductive methods

are challenging to apply in nanometer-thin van der Waals mag-

nets because of the lack of magnetic volume and resulting small

magnetic signals.23 In addition, the spin-wave damping in van

der Waals magnets is often unknown, hampering predictions

of the expected spin-wave amplitudes. While this prototypical

experiment has not been demonstrated on van der Waals mag-

nets yet, many experiments have now reported the inductive

excitation and detection of the zero-wave-vector modes typi-

cally referred to as the FMR. For instance, MacNeill et al. demon-

strated FMR detection in CrCl3.
24 In this material, ferromagneti-

cally ordered atomic planes couple antiferromagnetically.

Because the inter-layer magnetic coupling is weak, the resulting

antiferromagnetic resonances are in the GHz regime, which is

well suited for inductive methods. Similar results have been ob-

tained on CrPS4, CrSBr, CrCl3, and van der Waals ferromagnets

such as Cr2Ge2Te6 or Fe5GeTe2, among others.10,23

The central challenge for probing coherent spin-wave trans-

port in van der Waals magnets using inductive methods is the

small magnetic fields generated by these atomically thin mate-

rials.10,23 As such, high-sensitivity local-probe techniques offer

a promising alternative path for coherent spin-wave imaging.

X-raymicroscopy recently demonstrated signatures of coherent,

finite-wavelength spin-wave propagation in 30-nm-thick

Fe5GeTe2.
25 Alternatively, nitrogen-vacancy (NV) spins in dia-

mond provide high-resolution imaging of static and dynamic

magnetic stray fields. Motivated by successes in imaging mag-

netizations of few-layer van der Waals magnets,26,27 a growing

effort is pushing NV microscopy toward imaging coherent

spin-wave transport in these materials. While this goal has not

yet been reached, recent NV experiments have reported the

detection of incoherent spin dynamics in thin van der Waals

magnets.28,29 A challenge for NV-based coherent spin-wave im-

aging is that the detection frequency is limited by the electron

spin resonance frequencies of the NV sensor spin.

In addition to microwave resonance experiments, magnons in

van der Waals magnets have been detected via their coupling to

other degrees of freedom, such as phonons or polarons, and via

spectroscopy methods based on diverse frequency ranges of

the electromagnetic field.10,23,30 Because many van der Waals

magnets are also semiconductors, strong spin-exciton coupling
has enabled coherent excitation and detection of magnon wave

packets.31 Light also enables controlling the magnetic anisot-

ropy and thereby the magnons with ultrashort pulses of light,

as demonstrated in NiPS3.
32 Similarly, in two dimensions, the

magnon and plasmon dispersions may cross, which enables

strong magnon-plasmon coupling, as theoretically discussed

by Ghosh et al.33 With a few exceptions,23 the generation, con-

trol, and detection of coherent spin-wave transport—of partic-

ular interest for creating devices—in atomically thin van der

Waals magnets have not been demonstrated yet. Only recently

have antiferromagnetic resonances in spin-filter tunneling junc-

tions based on PtTe2/bilayer CrSBr/graphite been detected,34

thus bridging the gap between direct currents and high-fre-

quency spin dynamics.

Injection and detection of thermal magnons
So far, we have discussed the progress toward and challenges

to the injection and detection of spin waves at specific fre-

quencies, i.e., in the coherent regime. Due to thermal fluctua-

tions, magnons are present at all energies with an occupation

given by the Bose-Einstein distribution. This thermal magnon

gas can be biased by thermal gradients and/or injection and

extraction of spin current from heavy-metal leads. Due to the

strong spin-orbit coupling in the latter, a charge current tangen-

tial to the interface between the heavy metal and the magnet

leads—via the spin Hall effect—to an electronic spin current

that impinges on the interface between the metal and magnet

and is converted into a magnon spin current via interfacial ex-

change interactions. The strength of this interaction may be

probed from the spin Hall magnetoresistance, as demonstrated

with various van der Waals magnets where the magnetic order is

probed electrically.10

The conversion of electron-to-magnon spin currents was first

probed in the spin Seebeck effect, in which a magnon spin cur-

rent generated by a thermal gradient is detected as an electronic

charge current via the inverse spin Hall effect.7 Cornelissen et al.

demonstrated long-range magnon spin currents through YIG via

injection and detection with Pt leads.22 Similar experiments were

conducted by Lebrun et al. on antiferromagnetic hematite.9 In

these types of experiments, thermally generated magnon spin

currents are distinguished from electrically generated ones via

lock-in techniques: an alternating current with low frequency is

passed through the heavy-metal injector. The first-harmonic

signal in the heavy-metal detector is the result of injection of

spin from the injector, whereas the second-harmonic signal in

the detector stems from the Joule heating of the injector that

sets up a temperature gradient that drives the magnons.

Coupling between electron spins and magnons in van der

Waals magnets was demonstrated early on in magnon-assisted

tunneling between graphene layers through CrBr3.
35 The first ex-

periments with heavy-metal leads interfaced with van der Waals

magnets showed evidence for thermal magnon currents, devel-

oping van der Waals magnon valves.36 As an example of the

tunability of the magnon transport, Feringa et al. detected the

spin-flop transition via these thermal magnon currents.37 The

challenge to overcome to observe electrical spin injection rather

than these thermally generated magnon currents is to increase

the interfacial exchange interaction at the interface on which
Newton 1, March 3, 2025 3
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Figure 2. Non-local magnon detection in van der Waals magnets

(A) Measurement configuration for local and non-local measurements of thermally and electrically injected magnon transport. The electrical circuit elements are

represented as I, for the applied current, and Vl and Vnl, for themeasured voltages at the injector and detector, respectively. The injector and detector are platinum

(Pt) strips separated by a distance d. An external applied magnetic field, H, is applied, forming an angle a with respect to the normal direction of the Pt contacts

(dashed line).

(B) Optical micrograph of Pt strips deposited on a CrPS4 flake, indicating the crystal axes.

(C) Non-local measurements of electrically injected and detected magnon transport. The magnon transport arises above a spin-flip field of about 6 T. The traces

correspond to different distances, d, between the platinum injector-detector contacts.

The figure was adapted from de Wal et al.40
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the spin injection relies. Recently, De Wal et al.38 have demon-

strated spin injection and detection in CrPS4. In the same mate-

rial, Qi et al.39 were able to show a large modulation of thermal

magnon spin currents. In this regard, the difference in transport

between thermally generated magnons (via the spin Seebeck ef-

fect) and electrically injected magnons (via the spin Hall effect)

has been studied by De Wal et al.40 in the non-local geometry

(see Figure 2), showing that, due to the magnetic field depen-

dence of the specific magnon modes in the antiferromagnet

CrPS4, electrically generated magnon transport could only be

observed above a spin-flip magnetic field of about 7 T. In

contrast, the non-locally observed spin Seebeck effect exhibits

a much more complicated dependence on the magnetic field.

Finally, a first demonstration of magnon spin transistors in van

der Waals magnets was given, where the magnon transport

was modulated by thermal or electrical magnon injection from

a gate electrode.41

OUTLOOK

We have discussed recent rapid progress regarding the detec-

tion and manipulation of magnons with the long-term perspec-

tive of realizing magnon spintronics with van derWaals magnets.

Despite this progress, many challenges remain: for many mag-

non spintronics applications, one would need a van der Waals

magnet with a critical temperature well above room temperature,

strong interfacial magnon-electron coupling with a heavy metal,

and tunable magnetic properties. The first of these challenges is

not specific to magnon spintronics but to all room temperature

applications of van der Waals magnets. Fortunately, there are

now van der Waals magnets with critical temperatures above

room temperature, such as Fe5GeTe3 and related compounds,10

where the ordering temperature can be tuned based on doping,

representing a versatile chemical route for tuning their properties

at will while preserving their magnetic properties down to the

atomically thin limit. Indeed, many materials andmaterial combi-

nations are currently being explored.10,23 The existence of spin

Hall magnetoresistive effects and electrically actuated spin
4 Newton 1, March 3, 2025
transport through some van der Waals materials shows that

there are material combinations that enable interfacial spin

transport. Finally, progress has been made toward controlling

this spin transport via external fields or electrical modulators.

Many of the experiments that we discussed so far have been

carried out on relatively thick samples because the strength of

the various signals typically scales with sample thickness. It re-

mains a challenge to inject, control, and detect magnons in

atomically thin samples. In ultrathin YIG, a very large magnon

spin conductivity was demonstrated in the ultrathin limit that is

not fully understood.42 This result is, however, a strong motiva-

tion to go to atomically thin van der Waals magnets and probe

their magnon transport. Moreover, such ultrathin samples would

allow for efficient manipulation of their magnetic properties, e.g.,

via transistor-like gating and the injection of spin current from a

modulator. For large spin currents, such an injection may pro-

duce Bose-Einstein-condensation-like instabilities that could

give rise to spin superfluid transport.43 Spin superfluid transport

is also expected in magnets with easy-plane anisotropy,20 such

as in a uniaxial antiferromagnet with a field larger than the spin-

flop field.44 Here, the angle in the easy plane is the phase of the

superfluid whose winding carries the superfluid current. van der

Waals magnets with such easy-plane anisotropy, such as CrCl3,

have been found.10 The challenge is now to inject the spin cur-

rent with spin polarization perpendicular to the easy plane, which

could be done using the spin Hall effect in ferromagnets.45

Despite promising results,46 electrically actuated superfluid

spin transport—with its unique signatures of upper and lower

critical currents and drop in thermal spin current because it is

short circuited by the superfluid20,47—has not been conclusively

demonstrated. Nonetheless, van der Waals magnets appear to

be the ideal platform to push this direction further, eventually

perhaps enabling such superfluid spin transport even at room

temperature.

van der Waals magnets also appear to be the ideal platform to

demonstrate spin transport via topologically protected magnon

edge states.21 These have been predicted to exist in several

van der Waals magnets. While magnon bands have been



Perspective
ll

OPEN ACCESS
observed in bulk crystals via neutron scattering,48 their topology

has not been directly demonstrated. For coherent excitation of

the topological edge states, the challenge is that they exist at a

large frequency. It was recently theoretically proposed, however,

that in an out-of-equilibrium situation, the topologically pro-

tected edge states may be brought down to zero frequency,49

thereby enabling their detection via RF techniques. For inco-

herent excitation of topologically protected magnon transport,

the challenge is to distinguish the contribution of the bulk from

the edge. It was shown theoretically that, in principle, the edge

and bulk give rise to two different length scales, which would

allow one to distinguish them.50 Very recently, edge states

were detected using scanning tunneling microscopy on atomi-

cally thin CrI3 flakes.
51

Generically speaking, going to the true 2D limit provides op-

portunities for efficient manipulation and interesting physics

due to the increasing importance of interactions and fluctua-

tions. A very recent example is the evidence for hydrodynamic

behavior of magnons,29 which is the result of strong magnon-

magnon interactions that gives rise magnon viscous effects

that may also be detected in the magnon spin transport.52

Another example is the possibility of manipulating magnon prop-

erties via twisted stacking of two van der Waals magnets.19

Thus, we expect van der Waals magnets in magnon spintronics

to be an expanding area of research in the near future, where

determining the quantum metrics for magnon transport—as

the damping, coherence length, band topology, or magnonic

heat capacity4—will be the first step toward the realization of po-

tential emergent applications in areas such as neuromorphic

computing53 or quantum magnonics5 and quantum information

systems.54,55 As a second step, we envision 2D magnets as a

platform for couplingmagnons with other quasiparticles, as pho-

nons, plasmons, or photons, unraveling new dynamic coupling

mechanisms for realizing the ultimate strong coupling regime

when interfaced, for example, with optical cavities or supercon-

ducting resonators.56,57 In view of the wide range of possibilities

and speed of recent progress, we are convinced that many

spectacular results on magnon spintronics with van der Waals

magnets will be demonstrated in the years to come.
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