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Exciton-coupled coherent magnons in a 2D 
semiconductor

Youn Jue Bae1, Jue Wang1, Allen Scheie2, Junwen Xu3, Daniel G. Chica1, 
Geoffrey M. Diederich4,5, John Cenker4, Michael E. Ziebel1, Yusong Bai1, Haowen Ren3, 
Cory R. Dean6, Milan Delor1, Xiaodong Xu4, Xavier Roy1, Andrew D. Kent3 & Xiaoyang Zhu1 ✉

The recent discoveries of two-dimensional (2D) magnets1–6 and their stacking into 
van der Waals structures7–11 have expanded the horizon of 2D phenomena. One 
exciting application is to exploit coherent magnons12 as energy-efficient information 
carriers in spintronics and magnonics13,14 or as interconnects in hybrid quantum 
systems15–17. A particular opportunity arises when a 2D magnet is also a 
semiconductor, as reported recently for CrSBr (refs. 18–20) and NiPS3 (refs. 21–23) that 
feature both tightly bound excitons with a large oscillator strength and potentially 
long-lived coherent magnons owing to the bandgap and spatial confinement. 
Although magnons and excitons are energetically mismatched by orders of 
magnitude, their coupling can lead to efficient optical access to spin information. 
Here we report strong magnon–exciton coupling in the 2D A-type antiferromagnetic 
semiconductor CrSBr. Coherent magnons launched by above-gap excitation 
modulate the exciton energies. Time-resolved exciton sensing reveals magnons that 
can coherently travel beyond seven micrometres, with a coherence time of above five 
nanoseconds. We observe these exciton-coupled coherent magnons in both even and 
odd numbers of layers, with and without compensated magnetization, down to the 
bilayer limit. Given the versatility of van der Waals heterostructures, these coherent 
2D magnons may be a basis for optically accessible spintronics, magnonics and 
quantum interconnects.

In this study, we chose CrSBr because of its excellent semiconducting 
properties18,19, and, more importantly, the observation of strong cou-
pling of Wannier excitons in CrSBr to interlayer magnetic order20.  
The CrSBr crystal consists of van der Waals (vdW) layers with rectangu-
lar unit cells in the plane (a–b) and stacked along the c axis to produce 
an orthorhombic structure. Atomically thin flakes of CrSBr can be pro-
duced by mechanical exfoliation, where the bulk magnetic structure 
is maintained down to the ferromagnetic (FM) monolayer with a Curie 
temperature TC = 146 K and to the antiferromagnetic (AFM) bilayer 
with a Néel temperature TN = 140 K (ref. 19), which is higher than the 
bulk TN of 132 K. CrSBr is also a direct-gap semiconductor down to the 
monolayer, with an electronic gap of 1.5 eV and an excitonic gap of 
1.34 eV (ref. 18). Towards the two-dimensional (2D) limit, the material 
can be with or without net magnetization for odd or even numbers of 
layers, respectively19. The co-existence of both magnetic and semicon-
ducting properties implies that a spin wave may coherently modulate 
the electronic structure, which in a 2D semiconductor, is reflected 
in the dominant excitonic transitions24,25. Such 2D magnon–exciton 
coupling allows the launch and detection of spin waves from strong 
absorption, emission or reflection of light in the energy range cor-
responding to excitonic transitions. This is a major advantage over 
conventional methods to optically access magnons by (1) resonant 

excitation in microwave spectroscopy based on microwave antenna and 
waveguides13, (2) magneto-optical effects based on precise detection 
of light polarization rotation12,26 or (3) symmetry changes detected 
in nonlinear optical spectroscopy with high-power pulsed lasers19,26.

The coupling of Wannier excitons to interlayer magnetic order in 
CrSBr comes from the spin-dependent interlayer electron-exchange 
interaction20. Using first-order perturbation theory, we can approximate 
the shift in the exciton energy (ΔEex) owing to changes in the interlayer 
electron-exchange interaction as ΔEex ∝ cos(θ/2)2 where θ is the angle 
between the magnetic moments (M) in neighbouring layers20. In the AFM 
state (θ = π), the interlayer hybridization is spin forbidden and ΔEex = 0; 
in the FM state (θ = 0), the interlayer electron-exchange interaction is the 
greatest and ΔEex is −20 meV (ref. 20). The dependence of ΔEex on θ is the 
basis for exciton sensing of coherent spin waves. To probe the dynami-
cal change in ΔEex, we excite CrSBr with a femtosecond laser pulse with 
above-gap photon energy (hν1), and probe the resulting spin waves with a 
femtosecond broadband pulse (hν2) at a controlled distance (d) between 
the pump and probe spots (Fig. 1a). We identify the magnon modes 
from coherent oscillations in Eex, and corroborate this assignment with 
frequency-domain magnetic resonance spectroscopy. The long-lived 
coherent magnons and their strong coupling to excitons allow us to 
directly image coherent magnons propagating in the 2D surface plane.
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Magnon-exciton coupling from transient reflectance
Upon photoexcitation of CrSBr, the strong oscillatory components 
(Fig. 1c) come from the coherent spin waves because (1) they are 
observed only below TN and the frequencies decrease with T (Supple-
mentary Fig. 1 and Fig. 1e discussed below), and (2) the amplitude of 
the oscillation signal is much weaker in the absence of a canting field 
(Supplementary Fig. 2) and increases with an external canting field, B0. 
To obtain the frequencies of the coherent spin waves, we perform a fast 
Fourier transform (FFT) of the oscillatory response. Figure 1d shows the 
FFT amplitude (pseudo-colour) as a function of spin-wave frequency 
(νmag) and hν2. There are two peak frequencies at about 24 GHz and 
about 34 GHz, both independent of probe hν2. This is expected because 
the coherent spin waves modulate the interlayer electronic hybridiza-
tion, and thus all excitonic transitions. We use the hν2-integrated FFT 
spectrum (inset of Fig. 1e for a typical spectrum at T = 5 K), to quantify 
the peak frequencies: νmag1 = 24.6 ± 0.7 GHz and νmag2 = 34 ± 1 GHz. With 
increasing T, the magnetic order decreases and this results in lowering 
of the spin-wave frequencies (Fig. 1e). Around TN, both νmag1 and νmag2 
approach zero. The T dependences of νmag1 and νmag2 closely follow that 
of the magnetic-order parameter19.

The strong coupling of excitons to coherent magnons is revealed by 
clear π-phase flips of the oscillatory signal at hν2, corresponding exactly 
to the peaks of excitonic transitions (Fig. 1b,c). The π-phase shift is a 
signature of an optical transition modulated by coherent oscillation 
in a coupled mode27, as is also known for coherent phonon–exciton 
coupling28. Likewise, the FFT amplitudes of both νmag1 and νmag2 (red and 
blue spectra in Fig. 1f, respectively) track the first derivative (black) of 
the static reflectance spectrum. The strength of the coupling between 
excitons and coherent magnons can be calculated by the modulation 
of the exciton energy (detailed in Supplementary Information and Sup-
plementary Figs. 3–5). We obtain exciton energy modulation caused by 
coherent magnons of δEex = 4.0 ± 0.5 meV. It is noted that this coupling is 
perturbative in nature, not due to resonant hybridization between two 

modes that differ in energies by four orders of magnitude: Eex ≈ 1.3 eV 
and hνmag = 0.10 meV and hνmag = 0.14 meV (for ν1 and ν2, respectively).

Magnetic resonance spectroscopy
To support assignments of coherent magnon modes from excitonic 
sensing, we use magnetic resonance spectroscopy. Figure 2a shows a 
series of magnetic resonance spectra at selected microwave frequen-
cies (ν = 5–21 GHz) for bulk CrSBr at T = 5 K. The spectra reveal a single 
resonance in the low-frequency (≤18 GHz) region and two resonances in 
the high-frequency (>22 GHz) region. We extract peak frequencies (νmag) 
of the resonances (Supplementary Fig. 6) and plot them as function of 
the magnetic field applied along the c axis (B0) (Fig. 2b). For B0 smaller 
than a saturation field (Bsat ≈ 1.7 T), we observe two νmag branches whose 
frequencies decrease with increasing B0, consistent with reduction in 
AFM order as spins are progressively canted away from the easy b axis. 
The frequencies of these two branches are assigned to the in-phase (νIP) 
and out-of-phase (νOP) spin precessions, similar to those observed in 
the 2D AFM materials of chromium(III) chloride and chromium(III) 
iodide12,29,30. Above Bsat, the spins are fully polarized parallel to B0 and 
νmag increases linearly with B0 (seen here for the out-of-phase magnon), 
which is expected for a ferromagnetic resonance31. In agreement with 
the magnetic resonance results (Fig. 2b), the B0 dependence of the 
excitonic transitions in transient reflectance exhibits the same disper-
sion for the low-frequency in-phase branch (Fig. 2c). The temperature 
dependence of the magnon frequencies from magnetic resonance 
measurements (Supplementary Fig. 7) are in good agreement with 
those obtained from optical measurements (Fig. 1f).

In-plane propagating coherent magnons
We exploit the efficient exciton sensing to implement time and spatially 
resolved spectroscopic imaging of propagating coherent magnons. We 
perform this with the pump and probe beam separated by a controlled 
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Fig. 1 | Coupling of excitons to coherent magnons. a, Detecting spin waves 
from transient reflectance. A femtosecond pump pulse with above-gap photon 
energy launches spin waves in the layered AFM semiconductor CrSBr. 
Reflectance from a broadband probe pulse measures coherent oscillation at 
excitonic transitions. An external canting field, B0 = 0.2 T, is applied along the  
c axis (normal to the 2D planes), to enhance the oscillatory signal. b, Reflectance 
(R) from CrSBr is normalized to that of the SiO2 substrate (R0). c, Transient 
reflectance spectra ΔR/R as a function of pump–probe delay (Δt) and probe 
photon energy (hν). An incoherent background has been subtracted from ΔR/R 
(Supplementary Fig. 20). The pseudo-colour scale is ΔR/R, where R is 
reflectance without pump and ΔR is pump-induced change in reflectance.  

d, Two-dimensional FFT of the data in c. The pseudo-colour (normalized, 0–1)  
is the FFT amplitude. e, The two spin-wave frequencies are shown as a function 
of sample temperature below TN. The inset is the probe hν-integrated FFT trace 
showing the two peaks at 24 GHz and 34 GHz at 5 K. f, Two horizontal cuts of the 
2D pseudo-colour plot in d at the two peak frequencies (red, 24 GHz; blue 
34 GHz). Also shown is the first derivative (black) of the reflectance spectrum 
in b. All experiments are done at a sample temperature of 5 K, except e where 
the sample temperature is varied between 5 K and 140 K. The pump pulse at 
hν1 = 1.7 eV (pulse width, 150 fs; repetition rate, 250 kHz; power, 1 µW; spot 
diameter, 1.4 µm) and the probe pulse at hν2 = 1.3–1.4 eV (pulse width, about  
100 fs; power, 0.2 µW; spot diameter, about 1.2 µm) are used.
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distance, d (Fig. 3a). The diffraction-limited excitation spot can create a 
gradient in the driving force for launching coherent magnons in a finite 
momentum window at |k| > 0. The propagating nature of the coherent 
magnons is clearly seen in the delayed rise of the oscillatory signal for 
d > 0, as illustrated for d = 2 µm along the a axis (Fig. 3b; see Supplemen-
tary Fig. 8 for probe photon-energy-resolved propagation images). This 
delayed response is in stark contrast to the prompt rise of the magnon 
signature when the pump and probe pulses overlap spatially (d = 0) in 
Fig. 1c. FFT analysis of the propagating waves reveals the two coherent 
magnons at 24 GHz and 34 GHz. Along the a axis, we detect two magnon 
frequencies (24 GHz and 34 GHz); along the b axis, we detect only the 
24-GHz component. We perform short-time Fourier transform (STFT) 
with respect to Δt for different d values for the 24-GHz and 34-GHz 
modes along the a axis (Fig. 3c–e) and for the 24-GHz mode along the  
b axis (Fig. 3d). In each case, the peak Δt shifts linearly with d, establishing 
the propagating nature of these coherent waves. From these shifts, we 
obtain group velocities of Vg = 1.0 ± 0.1 km s−1 and Vg = 3.0 ± 0.3 km s−1, 
for the 24-GHz and 34-GHz modes along the a axis, respectively, and 
Vg = 0.7 ± 0.1 km s−1 for the 24-GHz mode along the b axis (Supplemen-
tary Fig. 9). From the probe-distance-dependent measurements along 
the b axis (Supplementary Fig. 8), we obtain lower bounds for the coher-
ent transport lengths of λcoh = 6 μm and λcoh = 7 μm for the 24-GHz and 
34-GHz modes, respectively. In complementary experiments, we carry 
out time-resolved imaging based on the magneto-optical Kerr effect 
(MOKE). Following initial excitation in the centre of the image frame, 
the MOKE responses expand in space with Δt, as expected from the 
propagating nature of the spin waves (detailed in Supplementary Sec-
tion 2). Figure 3f shows a representative early time (Δt = 0.1 ns) MOKE 
image, which is discussed below.

To understand the origin of propagating spin waves, we calculated 
magnon dispersions along high-symmetry directions (Fig. 4a,b) from 
linear spin-wave theory (LSWT) fits to neutron-scattering data32, 

taking into account the small interlayer spin exchange in the vertical 
direction (c axis) and anisotropy exchange constants from fitting the 
magnetic resonance spectroscopy data in Fig. 2b. The dispersions 
along the in-plane Γ–X (a axis) and Γ–Y (b axis) directions are deter-
mined by the strong FM exchange interaction. Along the Γ–Z (c axis) 
direction, dispersion is essentially flat on the energy scale for Γ–X 
and Γ–Y and becomes visible only when we zoom-in by two orders of 
magnitude (Fig. 4b). The weak interlayer AFM couplings give rise to 
vertical bandwidths of only about 70 µeV, compared with about 40 meV 
in the in-plane directions. From the dispersions in Fig. 4a, we obtain 
group velocities (Vg) along the Γ–X and Γ–Y directions (Fig. 4c,d). There 
are two reasons why the observed propagating spin waves cannot be 
attributed to their intrinsic properties at sufficiently high momentum 
vectors (Q). First, owing to the negligible photon momentum, the opti-
cal pump–probe experiments can only probe magnons at the bottom 
of the dispersions, that is, near the Γ point. The spatial gradient may 
provide a parallel momentum vector of the order of about 1 µm−1, as 
dictated by the size of a diffraction-limited excitation. To realize Vg 
values of 1–3 km s−1, the magnon dispersions dictate that intrinsic spin 
waves in the 2D plane (Fig. 4c,d) must possess Q values greater than 
1 nm−1, three orders of magnitude higher than what is experimentally 
possible. Second, the calculated Vg values of the IP and OP modes are 
nearly identical in broad Q ranges along both the a and the b axes, con-
trary to the experimental ratio of Vg,OP/Vg,IP = 3.0 ± 0.4 along the a axis 
and observation of only the IP mode along the b axis.

A well known mechanism for fast propagation of magnons at small 
momentum vectors is attributed to hybridization between magnon 
and acoustic phonons through magneto-elastic coupling33,34. In this 
mechanism, the above-gap pump pulse creates thermally induced 
strain in magnetic materials and launches the hybridized magnon and 
phonon modes. Confirmation of this coupling mechanism comes from 
the short-time MOKE image (Fig. 3f) with the distinct quadrupolar 
shape, which is a signature of coupling of magnons to longitudinal 
acoustic phonons33,34. Further support for this mechanism comes from 
peak splitting in the frequency domain (Supplementary Fig. 10), which 
can be directly attributed to hybridization and the resulting avoided 
crossing between the two modes. The two different group velocities 
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presumably originate from crossing between two different acoustic 
phonon branches with different dispersions in momentum space.

Coherent magnons down to the bilayer limit
The detection of coherent magnons in CrSBr from simple exciton sens-
ing allows us to extend the measurements to the 2D limit on exfoliated 
flakes. It is noted that this approach cannot be used to probe the FM 
monolayer because it lacks interlayer exciton coupling20. Similar to 
findings on the bulk crystal, the transient reflectance spectra from two 
layers (2L) to five layers (5L) (2L–5L) feature coherent oscillations attrib-
uted to spin waves. Figure 5a shows spectra for 5L CrSBr obtained under 
the same conditions as that in Fig. 1c. There is a clear π-phase flip in the 

oscillatory signal at the exciton peak of about 1.362 eV owing to the 
strong coupling of coherent magnons to the exciton. Figure 5b shows 
a line cut at hν2 = 1.359 eV for the longest delay within our experimental 
limit, Δt = 7.6 ns. The coherent oscillation clearly persists beyond the 
experimental time window. A Lorentzian fit to its FFT (Supplementary 
Fig. 11) gives a full-width at half-maximum of 0.20 ± 0.02 GHz, corre-
sponding to the coherence time, τcoh = 5 ns. Similar measurements for 
2L–4L are shown in Supplementary Figs. 12–15. Supplementary Fig. 16 
shows a quantitative analysis of coherence time from the 5L sample. 
These nanosecond coherence times are similar to those in the bulk 
crystal, τcoh = 2.5−5.0 ± 0.5 ns. It is noted that the measured τcoh and λcoh 
represent lower bounds in the intrinsic coherence times and lengths, as 
the measurement with finite excitation pulse width, gradient in excita-
tion profiles and inhomogeneity in sample environment introduces 
extrinsic decoherence.

Figure 5c summarizes the dependence of the spin-wave frequencies 
on the layer number. With increasing thickness, the frequency of the 
in-phase mode gradually decreases by about 10% (from 24.0 ± 1.0 GHz 
to 24.6 ± 0.7 GHz), whereas that of the out-of-phase mode increases by 
about 10% (from 31 ± 1 GHz to 34 ± 1 GHz). Figure 5d plots the modula-
tion in exciton energies, δEex, by the coherent magnons for layer thick-
nesses ranging from 3L to thin bulk. The lower signal-to-noise ratio 
from the 2L sample prohibits a quantitative analysis of δEex. Within 
experimental uncertainty, the magnon–exciton coupling energies from 
3L to 5L (Supplementary Fig. 14) are the same as that from the bulk, 
δEex = 4.0 ± 0.5 meV. An attractive attribute of the coherent magnons 
approaching the 2D material limit is that they can have net magnetiza-
tion for an odd (not even) number of layers. Having a net magnetization 
is essential for application as a quantum interconnect15–17,35,36. In this 
regard, the sufficiently long coherence time and length may meet the 
needs for remote coupling of qubits or quantum emitters.

Summary and prospects
Our findings of exciton-coupled coherent magnons represent several 
key advances and may be applicable to vdW layered magnetic semi-
conductors in general, as long as the 2D excitons are of the Wannier 
type and interlayer electronic coupling is sufficiently influenced by 
interlayer magnetic order. The coupling of coherent magnons, living 
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in the sub-millielectronvolt energy range, to excitons living in the 
electronvolt region, can enable direct coupling between microwave 
photons and near-infrared to visible photons, potentially useful for 
quantum transduction. This coupled exciton–magnon also offers an 
opportunity to control the exciton properties of CrSBr by magnons, or 
vice versa, using optical or microwave cavities and electrostatic gating. 
In addition, the efficient exciton–magnon coupling opens the door to 
exciting applications, including integration with optoelectronics using 
on-chip light-emitting diodes and photodetectors. In this context, our 
observations of coherent magnons with excellent coherent properties 
down to the 2D bilayer limit suggest that CrSBr could be combined with 
other 2D materials through vdW heterojunctions, leading to novel 
device architectures and applications.
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Methods

CrSBr synthesis and sample preparation
The following reagents were used as received unless otherwise stated: 
chromium powder (99.94%, −200 mesh, Alfa Aesar), sulfur pieces 
(99.9995%, Alfa Aesar) and bromine (99.99%, Aldrich). To synthesize 
chromium bromide (CrBr3), chromium (1.78 g, 34.2 mmol) and bromine 
(8.41 g, 105 mmol) were loaded into a bent, 19-mm outer diameter (OD), 
14-mm inner diamaeter (ID) fused silica tube. The tube was evacuated to 
a pressure of about 30 mtorr and flame sealed while the bottom was sub-
merged in liquid nitrogen. The end of the tube containing chromium was 
heated at 1,000 °C for 3 d while the other end outside the furnace was 
maintained below 50 °C to prevent over pressurizing the tube. Caution: 
Heating the entire tube above 120 °C with significant excess of bromine 
can result in explosion of the tube. To synthesize CrSBr, in a typical reac-
tion, chromium (0.189 g, 3.63 mmol), sulfur (0.196 g, 6.11 mmol) and 
chromium tribromide (0.720 g, 2.47 mmol) were loaded into a 12.7-mm 
OD, 10.5-mm ID fused silica tube. The tube was evacuated to a pressure 
of about 30 mtorr and flame sealed to a length of 12 cm. The tube was 
placed into a computer-controlled, two-zone, tube furnace. The source 
side was heated to 550 °C in 6 h, allowed to soak for 12 h, heated to 930 °C 
in 12 h, allowed to soak for 84 h, then water quenched. The sink side was 
heated to 570 °C in 6 h, allowed to soak for 12 h, heated to 970 °C in 12 h, 
allowed to soak for 24 h, cooled to 850 °C in 12 h, allowed to soak for 48 h, 
then water quenched. Caution: Proper personal protective equipment 
should be worn when water quenching tubes, including face shield, 
thick heat-resistant gloves and a fire-resistant lab coat. The crystals 
were cleaned by soaking in acetonitrile for 1 h, followed by soaking in 
deionized water for 16–24 h at 70 °C. After soaking, the crystals were 
thoroughly rinsed with deionized water and acetone.

Following synthesis, bulk crystals were mechanically exfoliated onto 
a silicon wafer with a 90-nm-thick silicon dioxide (SiO2) layer passivated 
by 1-dodecanol inside a glove box37,38. Sample optical and atomic force 
microscope images of the CrSBr flakes were taken to identify the num-
ber of layers as shown in Supplementary Figs. 17 and 18.

Transient reflectance spectroscopy at a fixed magnetic field
To enhance excitonic sensing of the spin waves, we apply an external 
magnetic field (B0 = 0.2 T) along the c axis to tilt the spins. Although the 
oscillations are present at zero magnetic field (Supplementary Fig. 2), 
the amplitude is significantly smaller. In the AFM phase, a change to Eex 
owing to interlayer hybridization is ΔEex ∝ cos(θ/2)2, with θ = (π − α0) ± α, 
where α0 is the reduction of θ caused by B0 and α is the time-dependent 
modulation of θ by the coherent spin wave. As dEex/dθ ∝ sin(α0 + α), 
having a non-zero α0 enhances the oscillatory signal, which we meas-
ure as oscillation in Eex. We excite CrSBr by hν1 = 1.7 eV and measure the 
change in reflectance at a variable time delay (Δt) by a broadband probe 
(hν2 = 1.3–1.4 eV; Supplementary Fig. 19) to obtain transient reflectance, 
ΔR/R, where ΔR is the differential reflectance with and without the pump 
and R is reflectance without the pump. A detailed description of all optical 
measurements is shown in the Supplementary Section 11. This energy 
region probes the excitonic transitions38, as shown by the static reflec-
tance spectrum in Fig. 1b. Each ΔR/R spectrum with above-gap photoexci-
tation features coherent oscillations on top of an incoherent background 
(Supplementary Fig. 20). We isolate the pure oscillatory response by 
subtracting the incoherent signal attributed to electronic excitations for 
a thin-bulk CrSBr at T = 5 K and d = 0 μm (Fig. 1c). We choose the pump 
laser power in the linear electronic excitation region with sufficient oscil-
latory amplitude (Supplementary Fig. 21). At low power, the magnon 
FFT amplitude linearly increases with the pump power but eventually 
plateaus. The pump power has a minimal effect on magnon frequency.

Coherent magnon launching mechanism
The results presented above on exciton-coupled coherent magnons 
focus on how the latter modulates the former. The coherent magnons 

are launched by above-gap excitation, with the excitation polarization 
dependences (Supplementary Fig. 21) in qualitative agreement with the 
optical anisotropy of the excitonic transitions38. Excitonic transitions in 
the fully spin-polarized band structure38 can modify the spin-exchange 
interactions and perturb the magnetic order on ultrafast timescales39, 
thus launching the magnon wavepacket. However, the initial electronic 
transition can also result in secondary excitations, particularly coherent 
phonons, that may launch coherent magnons via the magneto-elastic 
coupling40,41, which is probably responsible for the in-plane propagating 
magnons in Fig. 3. In principle, the primary electronic and excitonic, 
and the secondary magneto-elastic launching mechanisms may be dis-
tinguished from the delayed rise of coherent magnons in the latter, but 
the low magnon frequency and limited time resolution prohibit such a 
distinction in our experiment. This issue deserves future experiments 
on shorter timescales and at higher time resolutions.

Magnetic resonance spectroscopy
We collected magnetic resonance spectra using a broadband co-planar 
waveguide method in a Quantum Design Physical Property Measure-
ment system at variable temperatures and variable magnetic fields.  
An exfoliated CrSBr bulk sample (5 mm by 2 mm) is mounted on a 
co-planar waveguide where an a.c. current provides a small oscillating 
Oersted field that drives the magnetization into a small-angle preces-
sion. At the resonance condition, the amplitude of the precession is 
maximized. An external d.c. magnetic field is applied perpendicular to 
the sample plane. The frequency of the a.c. field is fixed while the d.c. 
magnetic field is swept from 3 T to zero with a step size of 0.02 T. Both the 
transmission and reflection spectra are collected using a vector network 
analyser. The real part of the transmission port is plotted with respect 
to the swept magnetic field (Supplementary Fig. 6). A linear combina-
tion of symmetric and antisymmetric Lorentzian functions is used to 
extract the peak position of the resonance peaks (Supplementary Fig. 6).

We then model the field dependence of the modes by minimizing 
the spin structure with various values of the external magnetic field 
and recalculating the Q = 0 modes using the SpinW version 3.1 software 
package, which is described below, as well as the macrospin model using 
the Landau–Lifshitz (LL) equations (Supplementary Section 14)42. As the 
interplane exchange is unknown, we model the field dependence using 
many different net interlayer-exchange Jint values, adjusting single-ion 
anisotropy terms, Az and Ax to produce the observed zero-field magnon 
energies (Supplementary Fig. 22). We find that interplane exchange 
energy below 0.04 meV is required to have both magnon modes initially 
decrease energy with the magnetic field, with a more realistic value 
closer to 0.02 meV. It is noted that getting the LSWT calculated transition 
field—the kink in magnon energy—to match the experiment requires an 
adjusting of the g value to less than 2, similar to the adjustment required 
for the gyromagnetic ratio in the LL equations. Thus, by having observed 
the energy and field dependence of the Q = 0 magnon modes, we can 
place an upper bound on the CrSBr interplane exchange interactions: 
three orders of magnitude weaker than the intraplanar exchange32.

Linear spin-wave theory
As a semiclassical alternative approach to the classical LL equations, 
we also calculated the magnon modes using LSWT. As the relevant 
exchange interactions for the Q = 0 modes observed here do not 
depend on the in-plane exchange interactions, we can model the system  
as a one-dimensional AFM spin chain with anisotropy. We write the  
Hamiltonian as

∑H J S S A S A S= ^ ⋅ ^ + ^ + ^
i

i i x x z zint +1
2 2

where Ŝ are spin operators for spin i and i+1, Jint is the net interlayer- 
exchange interaction, and Ax and Az are single-ion anisotropy terms. 
Here we assume that Ax and Az are both positive and Ay is zero such that 
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the easy axis is in the b direction. Solving this equation for the magnon 
modes using the Holstein–Primakoff formalism43 gives the formulae 
in the main text for the two low-energy modes. It is noted that these 
modes are the acoustic intraplane magnon mode, split by the presence 
of interplane exchange and magnetic anisotropy. It is also noted that 
the presence of an intermediate axis is crucial to the observation of 
two modes at zero applied magnetic field: in a single easy-axis case, 
Az = Ax, the two B = 0 modes are degenerate.

We quantitatively analyse the B0 dependence of the magnon frequen-
cies using the Heisenberg spin Hamiltonian and fitting the magnetic 
resonance spectroscopy data using LSWT32, with the fitting details 
shown in Supplementary Fig. 22 (Supplementary Section 13). The tri-
axial anisotropy in spin-exchange interaction and interlayer-exchange 
interaction in CrSBr results in two non-degenerate magnon modes. 
The LSWT analysis gives the in-phase mode at frequency 
ν S A A A J= 2 +x z xIP int  and the out-of-phase mode at frequency 
ν S A A A J= 2 +x z zOP int  where S is the total spin quantum number. The Ax,  
Az and Jint values from LSWT fits (solid curves in Fig. 2b) are 14 μeV, 58 μeV 
and 6 μeV, respectively. The fits give magnon frequencies at B0 = 0.2 T 
(external field used in Fig. 1) of νIP = 24.4 GHz and νOP = 33.8 GHz, in good 
agreement with those measured from exciton sensing. Similar agree-
ment with experimental results is also achieved in analysis based on 
the classical LL equations31, with the spin configuration shown in 
Supplementary Fig. 23 (Supplementary Section 14).

Data availability
The data that support the plots within this paper are available from 
the corresponding author upon reasonable request. Source data are 
provided with this paper.
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