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Harnessing the causal relationships between mechanical and magnetic properties of van der Waals
materials presents a wealth of untapped opportunity for scientific and technological advancement,
from precision sensing to novel memories. This can, however, only be exploited if the means exist to
efficiently interface with the magnetoelastic interaction. Here, we demonstrate acoustically-driven
spin-wave resonance in a crystalline antiferromagnet, chromium trichloride, via surface acoustic
wave irradiation. The resulting magnon-phonon coupling is found to depend strongly on sample
temperature and external magnetic field orientation, and displays a high sensitivity to extremely
weak magnetic anisotropy fields in the few mT range. Our work demonstrates a natural pairing
between power-efficient strain-wave technology and the excellent mechanical properties of van der
Waals materials, representing a foothold towards widespread future adoption of dynamic magneto-
acoustics.

From uncertain beginnings, the technological advan-10

tages of antiferromagnets over ferromagnets are now well11

known, including fast operation, immunity against device12

crosstalk and stray fields, and amenability to low power13

control via spin currents or proximitized materials [1, 2].14

However, these very same advantageous properties can15

be a double-edged sword, being partly responsible for16

a general lack of understanding of antiferromagnets as17

compared to ferromagnets. The high spin-wave frequen-18

cies can be prohibitive for probes based on microwave19

electronics, while the insensitivity to measurement tech-20

niques such as SQUID magnetometry or the magento-21

optical Kerr effect limit the effectiveness of these pop-22

ular conventional magnetic probes. A less well-known23

probe, which has proven itself useful in the study of fer-24

romagnets, relies not on optical or direct magnetic sens-25

ing but instead employs the magnetoelastic interaction26

between spin-waves and acoustic waves [3, 4]. When in27

contact with a piezoelectric material, the magnetic film28

can be irradiated with surface acoustic waves (SAWs).29

Beyond the magnetic film, the transmitted SAWs can30

be measured, providing information on the magnet’s re-31

sponse to external stimuli [3, 5]. Aside from the energy32

efficient generation, inherently low attenuation, suitabil-33

ity for miniaturization and long distance propagation of34

SAWs [3, 6, 7], a particular advantage of this technique35

is that it does not discriminate between ferromagnetic36

and antiferromagnetic order, and indeed may even be37

stronger for the latter [8].38

SAW technology is relatively mature, having found39

multiple applications in the microelectronics industry,40

yet continues to play a key role at the forefront of funda-41

mental research, with recent notable advances including42

SAW-driven transport of single electrons in gallium ar-43

senide [9], semiconductor interlayer excitons in van der44

Waals heterobilayers [10], and manipulation of the charge45

density wave in layered superconductors [11], amongst46

other advances [7]. Utilizing SAWs as a probe of ferro-47

magnetism has proven highly effective, for instance in un-48

derstanding the fundamentals of magnetoelasticity and49

magnetostriction, or more recently in revealing the var-50

ious mechanisms of SAW nonreciprocity [3, 5, 12–17].51

Such works have laid the foundations for the active field52

of SAW-spintronics, in which dynamically applied strain53

can modulate magnetic properties [6, 18]. This technique54

is mature for ferromagnets, and has recently been proven55

effective for multiferroics [19] and synthetic antiferro-56

magnets [14, 20], but a demonstration of SAW-driven57

magnon-phonon coupling in a crystalline antiferromag-58

net remains elusive.59

Here, we utilize SAWs to drive spin-wave resonance in60

a layered crystalline antiferromagnet, chromium trichlo-61

ride (CrCl3), a material characterized by layers of alter-62

nating magnetization weakly bound by van der Waals63

attraction [21, 22]. The antiferromagnetic order occurs64

only between adjacent monolayers rather than within65

them, giving rise to relatively weak interlayer exchange66

and associated lower frequency range of spin excita-67

tions in CrCl3 as compared to conventional antiferromag-68

nets [21, 23]. The combination of easy flake transfer onto69

arbitrary substrates, with sub-10 GHz spin excitations, is70

advantageous for integration of CrCl3 into SAW devices,71

where antiferromagnetic magnetoelasticity can be probed72

directly. After first demonstrating acoustic antiferromag-73

netic resonance, we proceed to study the influence of tem-74

perature and angle of applied external magnetic field on75

the magnon-phonon coupling. The sets of experimen-76

tal data are analyzed by extending the established the-77
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FIG. 1. Magnon-phonon coupling in layered CrCl3. (a) Schematic of the devices used in this work. See text for
description. (b) CrCl3 consists of stacked ferromagnetic layers of alternating in-plane magnetization, represented by two spin
sublattices (green and blue arrows). In the absence of an external magnetic field, the sublattice magnetizations point away from
each other, while an applied field causes them to cant. In-phase and out-of-phase precession of the sublattice magnetizations are
associated with acoustic and optical magnon modes, respectively. (c) SAW transmission signal from IDT2 to IDT1 (termed S12)
through CrCl3 in Sample 1 as a function of applied magnetic field strength at an angle ϕ = 45◦, at various sample temperatures.
(d) Extracted resonance field strengths for the acoustic and optical magnon modes at various Sample 1 temperatures. Overlaid
curves are calculated from the model described in the text. (e) Calculated frequency dependence of the acoustic and optical
magnon modes as a function of applied magnetic field, at T = 4, 6 and 8 K.

oretical model for SAW-spin wave coupling in ferromag-78

netic films [4, 5]. Combined with a mean-field calculation79

of the temperature dependence, our model reproduces80

the observed features well, confirming the amenability81

of SAWs as a powerful probe to elucidate the dynamics82

of van der Waals magnets, especially given their excel-83

lent plasticity [24]. Considering also that acoustic mag-84

netic resonance generates spin currents, which have been85

shown to travel over long distances in antiferromagnets,86

our results offer an alternative route towards novel spin-87

tronic devices with layered crystals [25–28].88

Two devices are studied in this work. They each con-89

sist of lithium niobate (LiNbO3) substrates with alu-90

minium interdigital transducers (IDTs) either side of a91

CrCl3 flake (Fig. 1a). Each IDT, 1 or 2, can generate92

SAWs at 1.1 GHz and wavelength 3.2 µm, which subse-93

quently propagate along the surface of the LiNbO3, in-94

teract with the CrCl3 flake, and then reach the other95

IDT where they are detected. By measuring SAW trans-96

mission in this way, any absorption of acoustic energy97

by the antiferromagnet can be detected (see methods).98

Sample 1 is quasi-bulk, at ∼ 4 µm thick, while Sample 299

is much thinner at ∼ 120 nm [29].100

Below the Néel temperature of ∼ 14 K, layered CrCl3101

is composed of stacked ferromagnetic layers ordered an-102

tiferromagnetically [21, 22]. Alternate layers belong to103

one of two spin sublattices oriented collinearly in the104

layer plane, owing to easy plane anisotropy of strength105

∼ 250 mT (Fig. 1b) [21]. Two magnon modes arise106

from in-phase or out-of-phase precession of the two sub-107

lattice macrospins, described as acoustic and optical108

modes, respectively [23]. In our experiments we apply109

an external magnetic field perpendicular to the crystal c-110

axis, inducing the two spin sublattice magentizations to111

cant towards the applied field direction (Fig. 1b). Such112

noncollinear canting modifies their precession frequency,113

thereby bringing the magnon modes into resonance with114

the acoustic wave.115

We first apply an external magnetic field at an angle116

ϕ = 45◦ to the SAW propagation direction in Sample 1,117

and measure the amplitude of the SAW transmission.118

The result is shown in Fig. 1c, where clear transmission119
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FIG. 2. Acoustic magnon mode dependence on external field angle and temperature (a-f) Polar plots of SAW
absorption by the acoustic magnon mode in Sample 2, at various sample temperatures, as a function of applied external
magnetic field orientation in the sample plane. Asymmetry at lower temperatures arises due to very weak uniaxial anisotropy
∼ 2 mT. Upon heating, the expected symmetric response of the magnetoelastic interaction is recovered. Absorption disappears
at T = 14 K, close to the Néel temperature.

dips can be seen arising from absorption of SAWs by120

magnons. At T = 6 K, absorption is observed at approx-121

imately 30 and 150 mT, attributed to the acoustic and122

optical modes, respectively. Examples of other external123

field orientations can be seen in the SI. At the lowest124

temperatures in Fig. 1c, the optical mode can be seen to125

form a doublet fine structure. At present we ascribe this126

to emergence of non-degenerate bulk and surface magnon127

modes, however, this is the subject of ongoing investiga-128

tions.129

Upon heating the sample, the optical mode absorption130

shifts to lower resonance field strengths while the acoustic131

mode stays largely insensitive to temperature (Fig. 1d).132

At T = 13 K, the two modes are no longer resolved,133

and at T = 14 K, close to the Néel temperature [21],134

they have disappeared. We note that measurements at135

T > 14 K did not yield any clear SAW absorption. While136

ferromagnetic order has been reported in CrCl3 between137

T = 14 and 17 K [21], this order is short range and there-138

fore does not seem to offer enough collective strength over139

the SAW wavelength of 3.2 µm to effectively observe cou-140

pling behavior.141

The observed temperature dependence of the reso-142

nance field can be modelled by combining a simple mean-143

field theory with the known formulae for spin wave reso-144

nance in easy-plane antiferromagnets [23]145

Hres =

{√
2HE/(2HE +Ms)ω/γ acoustic√
4H2

E − 2HEω2/(Msγ2) optical
(1)

Here HE is the interlayer exchange field, Ms is the sat-146

uration magnetization, ω is the SAW frequency, and147

γ/2π = 28 GHz/T is the gyromagnetic ratio respectively.148

We solve the molecular field equation self-consistently in149

the macrospin limit S → ∞ to obtain Ms(T ). This ap-150

proximation also implies HE(T ) ∝ Ms(T ), which pre-151

dicts the optical mode resonance field tends towards zero152

as the Néel temperature is approached while the acoustic153

mode remains unchanged. The calculated temperature154

dependence is plotted in Fig. 1d and agrees well with the155

experimental data. The small increase of the observed156

acoustic mode resonance field towards higher tempera-157

ture [30] points to breakdown of the mean-field approx-158

imation near the phase transition. The same model can159

be used to calculate the effective magnon frequency evo-160

lution as a function of applied magnetic field strength, as161

shown in Fig. 1e.162

We now consider the coupling between SAWs and the163

acoustic magnon mode in greater detail. Figure 2 shows164

absorption by the acoustic mode as a function of external165
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FIG. 3. Theoretical model for acoustic mode (a) Calcu-
lated acoustic mode frequency dependence on external mag-
netic field orientation ϕ. (b, c) Simulated polar plots of SAW
absorption by the acoustic magnon as a function of exter-
nal magnetic field orientation, using parameters for Sample
2. The striking difference in response is largely attributed to
a change in anisotropy of only ∼ 1 mT.

magnetic field orientation in the plane of Sample 2, where166

the vertical axis (0◦ - 180◦ line) is the SAW propagation167

axis. At T = 4.2 K, we observe four lobes of strong ab-168

sorption, seen only when the external magnetic field is169

applied at angles smaller than 45◦ to the SAW propaga-170

tion axis. As the temperature is increased to T = 12 K,171

they migrate to new positions which are more rotation-172

ally symmetric. By T = 14 K, close to the Néel tempera-173

ture, the absorption has disappeared, in agreement with174

Sample 1.175

To fully understand the results in Fig. 2, we must con-176

sider the interplay between antiferromagnetic resonance177

and magnon-SAW coupling. Each has its own depen-178

dence on external magnetic field orientation, with the179

latter defining the window through which we can observe180

the former. Firstly we focus on the magnetic response of181

CrCl3 itself. Close inspection of Fig. 2a reveals that not182

only the magnitude of absorption but also the resonance183

field depends strongly on the magnetic field angle ϕ at184

T = 4.2 K, indicating the presence of magnetic uniaxial185

anisotropy. To reproduce this observation, we calculate186

the acoustic mode resonance frequency as a function of ϕ187

computed for a model that includes an in-plane uniaxial188

anisotropy field µ0Hu ≈ 2.1 mT, oriented approximately189

along the line 171◦ - 351◦. Although this anisotropy is190

itself very weak, it induces a sizable zero-field magnon fre-191

quency gap of γµ0

√
2Hu(2HE +Ms +Hu) ∼ 1.2 GHz,192

above the SAW frequency of 1.1 GHz. As can be seen193

at T = 4 K in Fig. 3a, for 30◦ <∼ ϕ <∼ 130◦ and194

210◦ <∼ ϕ <∼ 310◦, the frequency monotonically increases195

as H increases so that the acoustic magnon never be-196

comes resonant with the SAWs. Only in the remaining197

angular ranges are acoustic spin-wave resonances observ-198

able, which correspond to the lobes in Fig. 2a.199

According to the well-known formula Hu(T ) ∝200

Ms(T )
2 [31], the uniaxial anisotropy tends to zero as T201

increases towards the Néel point. We find it reduces to202

≈ 0.6 mT at T = 12 K, lowering the zero-field magnon203

frequency below the SAW frequency, and thereby allow-204

ing acoustic magnon resonance at 1.1 GHz for all an-205

gles at around 25 − 30 mT (Fig. 3a). While uniax-206

ial anisotropy of ∼ 1 mT has been observed before in207

CrCl3 [32], the origin remains ambiguous. Here, we208

tentatively ascribe it to negative thermal expansion in209

CrCl3, in which the a-axis lattice parameter gradually210

increases upon cooling the crystal below T = 50 K, ow-211

ing to magnon induced expansion of the lattice [33, 34].212

Our results hint at the applicability of SAWs to further213

investigate this poorly understood effect, or moreover ex-214

ploit it for highly sensitive static strain or force sensing215

applications.216

To complete the picture, we now consider the magnon-217

SAW coupling dependence on external field orientation,218

which has proven the key to accessing various parameters219

in ferromagnetic materials [5]. Given that, unlike fer-220

romagnets, the antiferromagnetic sublattice magnetiza-221

tions do not simply align with the external field, we model222

the magnetoelastic coupling in CrCl3 by a free energy223

density Fme = bϵab(n
A
a n

A
b + nB

a n
B
b ) + 2cϵabn

A
a n

B
b . Here224

ϵab is the strain tensor, nA
a , n

B
a are components of the nor-225

malized sublattice magnetization vectors, and Einstein’s226

summation convention is assumed. b is an intrasublattice227

magnetoelastic coefficient, a direct generalization of the228

ferromagnetic magnetoelasticity. c is an intersublattice229

coefficient, unique to antiferromagnets, which was stud-230

ied in literature [35]. Let ϕA, ϕB be the angles between231

the SAW propagation direction and the respective sub-232

lattice magnetizations. The corresponding magnon-SAW233

couplings gA, gB exhibit the following angle dependence234

(see SI):235

gA ∝ b sinϕA cosϕA + c sinϕA cosϕB , (2)

gB ∝ b sinϕB cosϕB + c sinϕB cosϕA. (3)

The acoustic and optical modes see gA± gB respectively,236

reflecting the phase relations between the two sublattices.237

For acoustic mode resonance, H is small so that ϕB ≈238

ϕA+π ≈ ϕ±π/2, yielding gA+gB ∝ sin 2ϕ. This acous-239
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tic magnon-SAW coupling filters the nominally observ-240

able resonance frequencies shown in Fig. 3a to give the241

cumulative responses shown in Fig. 3b, c, in which van-242

ishing absorption can be seen at ϕ = 0◦, 90◦, 180◦, 270◦.243

The agreement with Fig. 2a, e is satisfactory.244

Next, we consider optical magnon-phonon coupling.245

Figures. 4a, b show the optical mode absorption in246

Sample 2, seen to some extent at every angle of ap-247

plied field. This isotropic behaviour, in stark contrast248

to that displayed by the acoustic mode, arises because249

the two canted spin sublattices adopt an almost par-250

allel configuration at the relatively high field strength251

needed to reach resonance, i.e. ϕA ≈ ϕ + δ, ϕB ≈252

ϕ − δ, |δ| ≪ π. Equations (2) and (3) therefore yield253

gA − gB ∝ (b cos 2ϕ+ c) sin 2δ. We note that the intra-254

sublattice coupling b alone gives a vanishing absorption255

at ϕ = 45◦, inconsistent with both Sample 1 (Fig. 1c)256

and Sample 2 (Fig. 4a, b). Hence we take b = 0, c ∼ 106257

J/m3 with the aforementioned temperature dependent258

HE ,Ms, Hu to generate Figs. 4c, d, which show the sim-259

ulated optical mode absorption at T = 4 K and 13 K,260

respectively. The agreement with experiment is satisfac-261

tory at T = 4.2 K, and reasonable at T = 13 K, given262

the simplifications to the model (such as an absence of263

broadening/disorder) and the expected breakdown of the264

mean-field approximation close to the phase transition.265

In conclusion, we demonstrate GHz-range SAW-driven266

magnon-phonon coupling in a crystalline antiferromag-267

net, complimenting the existing studies of spin wave spec-268

tra for the same material by neutron scattering, in which269

evidence of Dirac magnons was reported for high SAW270

frequencies [33, 36]. Our demonstration, addressing the271

less well-studied lower frequency range, paves the way272

towards acoustically driven spintronic devices based on273

designer van der Waals heterostructures, which may com-274

bine antiferromagnetic, semiconducting, metallic and in-275

sulating layers to realise diverse outcomes in spin conver-276

sion [28, 37]. Moreover, it has been proposed that mono-277

layer CrCl3 exhibits true 2D XY-ferromagnetism, allow-278

ing study of the Berezinskii–Kosterlitz–Thouless phase279

transition [38], and predicted to play host to topolog-280

ical spin textures [39]. Creation and manipulation of281

such excitations by SAWs is a tantalising prospect, as282

has been recently achieved in conventional ferromagnetic283

systems [40].284
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