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Tunable magnons in a dual-gated 2D
antiferromagnet

Nele Stetzuhn 1,2 , Abhijeet M. Kumar 1, Sviatoslav Kovalchuk 1,
Denis Yagodkin 1, Louis Simon1, Samuel Mañas-Valero 3,4,
Eugenio Coronado 3, Takashi Taniguchi 5, Kenji Watanabe 5, Deepika Gill2,
Sangeeta Sharma 1,2, Piet W. Brouwer 1, Clemens von Korff Schmising 2,
Stefan Eisebitt 2,6 & Kirill I. Bolotin 1,7

The layered antiferromagnet CrSBr features magnons coupled to other qua-
siparticles, including excitons and polaritons, which enables their easy optical
accessibility. In this work, we investigate the response of the magnons in few-
layered devices to changes in carrier density and an applied perpendicular
electric field. While the frequencies of both modes increase with the electron
density, we reveal their asymmetric response with respect to the electric field.
To understand the mechanism of this disparity, we propose a layer-resolved
macrospin model describing the magnetic dynamics in thin, non-uniformly
doped devices. Through this model we establish the dominant dependencies
of the interlayer exchange interaction, magnetic anisotropy, and magnetic
moment on the electron density and electric field in individual layers. We
demonstrate an on-chip tunability of the in- and out-of-phase magnon fre-
quencies by up to 2GHz in a dual-gated trilayer device. Our results advance the
applications of gate-tunable magnonic devices based on 2D materials.

Two-dimensional (anti)ferromagnets have garnered attention as an
easily tunable platform to study static and ultrafast magnetism. Thin
van der Waals magnets, like other two-dimensional materials, react
strongly to external fields1, strain2–7, intercalation8, and the formation
of Moiré potentials9–11, enabling reversible control of their magnetic
properties. The semiconducting layered antiferromagnet CrSBr is of
special interest due to its environmental stability12–14 and strong
anisotropy, stemming from its orthorhombic lattice structure15. This
anisotropy results in monolayers of CrSBr being easy-axis ferro-
magnets along the crystallographic bb-axis, whereas neighboring
layers couple antiferromagnetically below the Néel temperature of
132 K 16. It also gives rise to a 1D character of the electronic band
structure of CrSBr15. This, in turn, influences its transport
properties17,18 as well as the directionality of its tightly bound
excitons19,20.

Early studies on magnons in CrSBr have demonstrated their long
coherence length21, broadband tunability2 and strong coupling to
excitons21–25. In contrast to conventional antiferromagnets, in which
magnetic order is often elusive to optical probes, this coupling allows
one to observemagnon oscillations in absorption-based techniques at
the excitonic21,26 and polaritonic resonances23. The majority of studies
on magnons in CrSBr have focused on bulk-like samples so far21,27,28.
However, a new range of phenomena emerges in thin 2Dmagnets due
to their sensitivity to external perturbations. For instance, the carrier
density and electric field in few-layer samples, controlled by external
gates, influencematerial properties such as the coercive field29, critical
temperature30,31 and magnetic ground state5,32. While the effect of
gating on magnon energies and transport has been studied in a few
selected 2D magnetic systems33–36, the response of the spin waves in
thin CrSBr to electrostatic gating remains unexplored.
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Indeed, characterizing the response of a dual-gated 2D antiferro-
magnet is challenging within the framework of current models: To
describe magnetic excitations in bulk-like layered antiferromagnets,
one commonly uses a macrospin model in which all spins within one
layer are locked by the strong intralayer exchange interaction37,38. The
complete antiferromagnetic bulk can then be described by only two
coupled macrospins. In thin layered systems, however, an out-of-plane
electric field leads to inhomogeneous doping across the device,
breaking the symmetry between the layers. This leads to several ques-
tions about the detailed microscopic mechanisms governing magnon
dynamics: How does the presence of free carriers affect the magnetic
moment, interlayer exchange and magnetic anisotropies in CrSBr?
What is the role of differingmagnetic properties in individual layers as a
result of electric-field-induced symmetry-breaking? Can a layer-
resolved macrospin model describe the resulting magnonic behavior?

In this report, we address these questions by exploring the
response ofmagnons in few-layer CrSBr devices to electrostatic gating.
We find an opposing trend of the in- and out-of-phasemagnonmode in
response to an electricfield in adual-gated trilayer device, which, to the
best of our knowledge, has not been reported previously. The detailed
understanding of such a response is especially important in the context
of developing spintronic applicationsof nanostructured2Dmaterials39.
We therefore develop a minimal model connecting the layer-resolved
charge carrier densities andelectricfields to themagnetic properties of
the sample. This allows us to explicitly correlate themeasuredmagnon
frequencies in CrSBr to its electrostatic properties using capacitive
modeling and gate-dependent photoluminescence measurements.

Results
We utilize time-resolved (tr) reflectivity to investigate the gate-
dependent behavior of magnons in CrSBr (see methods). The exci-
tons in CrSBr exhibit a strong coupling to the magnetic order of the
sample: Depending on the orientation of the macrospins in neigh-
boring layers, the interlayer character and degree of localization of the
excitons differs40–42. This results in a change of their binding energy,
and accordingly their energetic resonance position in photo-
luminescence and reflectivity spectra22,23,25. Coherent magnons can
therefore be seen as oscillations in the tr-reflectivity signal of the
sample when probing close to an excitonic resonance21,26,28.

The experimental platform to control electric field and doping
consists of a thin CrSBr flake (2 − 8 layers, AFM in Supplementary
Note 1) sandwiched between two graphite gates, each separated from
theCrSBr by few-layered hBN (5− 11 nm), as shown in Fig. 1a. TheCrSBr
is electrically grounded throughout the experiment, while the gate
voltages Vb and Vt are separately applied to bottom and top graphite,
respectively. In this scheme, the sum of gate voltages Vb + Vt shifts the
Fermi level in CrSBr, consequently changing its doping, while the dif-
ference between gate voltages ΔV = Vt − Vb controls the strength of a
perpendicular electric field through the device. All measurements
were performed at T = 10K, well below the Néel temperature (tem-
perature-dependent data in Supplementary Note 2). The magnons are
excited with an ultrafast laser pulse tuned to the exciton or trion
resonance at 1.376 eV or 1.350 eV, respectively. Subsequently, we
probe the tr-reflectivity response at the same wavelength. We tune the
pump- and probe energy to either resonance depending on the doping
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Fig. 1 | Magnons in dual-gated trilayer CrSBr. aDevice scheme of a trilayer CrSBr
flake (purple) encapsulated in hBN (light blue) with a top and bottomgraphite gate
(gray). Themagnons are excited with an ultrafast pump laser pulse and read out by
a probe pulse after τdelay. The inset shows an optical image of the trilayer device
(red: CrSBr flake, blue: top and bottom graphite), the scale bar corresponds to
10μm. b Two exemplary time-resolved reflectivity traces after background sub-
traction, for weak (Vb = Vt = − 0.55V, orange) and strong (Vb = Vt = 5.7 V, violet)
electron doping. The drop in signal intensity stems from the doping-dependent
changes in the tr-reflectivity spectra (see Supplementary Fig. 3). An in-phase mode
fIP and an out-of-phase mode fOP are extracted from the traces using a Fast Fourier
Transform, shown in the inset. Electron doping shifts themagnon frequencies from

19.1 to 21.1 GHz and 28.1 to 30.8GHz, respectively. cThe complete doping response
(Vb = Vt) of fIP (blue, see inset) and fOP (red, see inset) shows that the frequency
increase starts after a threshold voltage. The errorbars are showing the uncertainty
when extracting the peak position from the FFT. The solid lines are fits using the
layer-resolvedmacrospinmodel. The shaded regions are calculatedwith themodel
using the errors of the fitting parameters given in the first row of Table 1. The
complete Vb-Vt-dependencies of d fIP and e fOP plotted as Voronoi diagrams show a
complex response to gating, which is opposite with electric field for the twomodes
(arrows indicate increasing electron density n and electric field Fz). Using a layer-
dependent macrospin model connected to an electrostatic model we can repro-
duce the experimental trends in the fitted Vb-Vt-diagrams for both f fIP and g fOP.
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level of the system to optimize the signal-to-noise ratio in the time-
resolved reflectivitymeasurements.Toenhance the signal strength,we
apply a constant external magnetic field H0 ≈ 0.1 T using a permanent
magnet in proximity of the sample (Supplementary Note 3).

First, we explore the effect of dual-gating in a trilayer of CrSBr. In
Fig. 1b, we observe pronounced oscillations in the tr-reflectivity traces
for different values of Vb = Vt (orange: −0.55 V, purple: 5.7 V; expo-
nential background subtracted from both). The oscillation amplitude
decreases going from low (orange) to high (purple) gate voltages, as
the spectral weight between exciton and trion resonance depends on
the sample doping. The two oscillation frequencies around
19.1 ± 0.1GHz and 28.1 ± 0.1 GHz (Vb = Vt = −0.55V, inset of Fig. 1b)
correspond to the in-phase andout-of-phase zeromomentummagnon
modes fIP and fOP, respectively, in accordance with previous
reports21,26,28,43. As seen in Fig. 1c, increasing the gate voltages leads to
an upshift of the frequencies of both modes, to a maximum of
fIP = 21.1 ± 0.1 GHz and fOP = 30.8 ± 0.1 GHz (Vb = Vt = 5.7 V, inset of
Fig. 1b). Notably, this shift is nonlinear – in particular, below
Vt = Vb ≈ 1 V, there is no significant change from the initial frequencies.
In the complete Vb-Vt-dependence of fIP and fOP shown in Fig. 1d, e, we
observe an asymmetry between the two modes in response to the
perpendicular electricfield Fz (arrowsmark the direction of increase in
doping n or field Fz). Specifically, fIP increases mainly with Vt, while fOP
reacts to changes in Vb. In the following, we develop a microscopic
picture to describe these dependencies.

To understand the mechanism behind the gate-dependent mag-
non frequencies, it is crucial to examine the carrier density config-
uration of our device. Generally, the ratio of intensities between
neutral and charged excitons in gate-dependent photoluminescence
(PL) measurements can be used as a proxy for carrier density in 2D
materials44–46. In Fig. 2a, we plot the PLmap of the trilayer CrSBr device
as a function of gate voltage Vb = Vt (ΔV = 0).We see twomain features
in the energy ranges around 1.34 eV and 1.37 eV, which we assign to
trions and excitons, respectively47. With increasing voltage, the inten-
sity of the trion emission at 1.34 eV increases abruptly at

Vb = Vt ≈ − 0.8V, concurrently with a dimming of the excitonic peak at
1.37 eV. This is consistent with the neutral excitons binding to addi-
tional electrons, and suggests an intrinsic n-doping of our sample (as
the trions dominate the spectrum at Vb = Vt = 0 V). Therefore, we
conclude that below Vb = Vt ≈ − 0.8V, the Fermi level lies in the
bandgap and the sample is not significantly doped.

In Fig. 2b, the gray data points show an exemplary PL spectrum of
the trilayer CrSBr device in this regime without applied field, i.e.,
EV < EF < EC (where EV and EC are the valence and conduction band
energies, respectively), and ΔV = 0V. We observe strong emission at
XB ≈ 1.374 eV with a shoulder at lower energies stemming from
X 0
B � 1:370eV. In previous reports, XB and X 0

B were assigned to the
excitonic transition between top valence and second lowest conduc-
tionband15,22,47,48. Their energetic splitting in sampleswith > 2 layershas
been attributed to different dielectric screening in the outer (B) versus
inner (B’) layers, leading to a layer-resolved response of thin samples to
electrostatic gating47. Around 1.34 eV, we find an amalgamation of
several peaks even in the absence of trions (as EV < EF < EC), which can
be assigned to the XA exciton (transition between top valence and
bottom conduction band) and phonon replicas15,22,47,48. We note that a
different interpretation of the emission at 1.34 and 1.37 eV has recently
been given, in which the latter has been attributed to surface and the
former to bulk excitons49. However, the thickness-dependent relative
intensities of XB and X 0

B observed in our experiments support their
assignment as excitons in the outer and inner layers (gate-dependent
PL of samples with varying thickness in Supplementary Note 4).

For sufficiently high electron doping (EF > EC), we see emission
from trions at X�

B � 1:348 eV and X 0�
B � 1:344 eV (orange and purple

spectra in Fig. 2b,fitted exciton and trionpeaks in theupper panel).We
note that the binding energies of the outer and inner layer trions X�

B �
XB =X

0�
B � X 0

B = 26meV match, confirming the assignment of these
peaks. Therefore, we use the relative intensities IB =

IXB
IX�

B

and IB0 =
IX 0

B
IX 0�

B

as
indicators for the carrier densities of the outer layers, nt + nb, and the
middle layer, nm, respectively. Field-dependent measurements con-
firm this assignment: In Fig. 2b, we show two selected PL spectra for
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Fig. 2 |Dual-gatedependenceofphotoluminescence in trilayerCrSBr. aDoping-
dependent PLmap of the trilayerCrSBr showing the dimming of the neutral exitons
XB and X 0

B around ~1.37 eV and brightening of the trions X�
B and X 0�

B at ~1.34 eV with
increased electron density. b Exemplary PL spectra for undoped (gray) and doped
(orange, purple) trilayer CrSBr (dots are datapoints, solid lines are fits using a sum
of Gaussians). We assume a gate-independent background in the energy range
between 1.32 and 1.34 eV to account for contributions of, e.g., XA and phonon
replicas of XB in the fits. The upper panel shows the fitted exciton and trion peaks
for the doped spectra. Both the exciton and trion peaks are split in two due to the
complexes residing in the outer (B, solid lines) vs. the middle layer (B', dashed
lines), as shown in the inset sketch. Under the same overall electron density n in the

sample, but opposite electric field polarity∝ΔV (orange:ΔV < 0, purple:ΔV > 0), the
exciton-to-trion ratio IB is almost identical (compare orange and purple solid
exciton and trion fits in upper panel), while I 0B is sensitive to the field direction
(compare orange and purple dashed exciton and trion fits in the upper panel).
c Extracted I 0B for fixed Vt = −0.65 V (orange) or fixed Vb = −0.5 V (purple), but
varying ΔV = Vt − Vb (spectra from (b)marked with stars). For the same doping level
(graph is symmetricwith doping), the ratio is lower for apositiveΔV, due to ahigher
electron density nm for positive field direction. d Extracted doping-dependent
exciton-to-trion ratios IB and I 0B from (a) in the top panel, and layer-resolved carrier
densities from electrostatic modeling in the lower panel. The drop of the exciton-
to-trion ratios is closely followed by the modeled increase of n (gray).
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opposite fields Fz ∝ ΔV, but equivalent doping level n (orange: ΔV < 0,
purple: ΔV > 0). While the spectral weight IB is nearly identical for the
two (as either toporbottom layer becomedoped), IB0 differs forΔV >0
and ΔV < 0 (compare the relative intensities of excitons and trions in
the upper panel of Fig. 2b). Figure 2c shows the complete dependence
of IB0 onΔV, inwhich the points atΔV and −ΔVhave roughly equivalent
doping (full gate-dependence of IB, IB0 in Supplementary Note 4).
Generally, the intensity IB0 is smaller for positive than negative polarity
of ΔV, which suggests a built-in electrical field Fz,0, possibly originating
from surface charges13.

We quantitatively link IB and IB0 to the layer-resolved electron
densities ni and electric fields Fz,ij (where i, j = top, middle or bottom
layer) using a simple electrostatic model50,51. For this, we assume that
the interlayer character of the excitons is sufficiently small, because
the weak applied external magnetic field only results in a small canting
angle of the in-planemagnetization42. Themain free parameters of the
capacitive model are the built-in field Fz,0 and the carrier density n0 at
Vb = Vt = 0 V. The former leads to an offset between the bands of
the neighboring layers, and the latter defines the initial position of the
chemical potential. For the behavior of the layer-resolved carrier
densities to resemble the experimentally obtained PL data,we arrive at
n0 ≈ 1.8 × 1012 cm−2 and Fz,0 ≈ − 0.02 V nm−1 (details of the model and
gating maps of ni and Fz,ij in Supplementary Note 4). Comparing the
resulting ni as a function of Vb = Vt (Fig. 2d, lower panel) to the ratios IB
and IB0 extracted from Fig. 2a (Fig. 2d, upper panel), we find a rea-
sonable alignment of the drop in both exciton-to-trion ratios around ~
−0.8V with the onset of doping between ~− 0.5 and 0V. The magnon
frequencies in Fig. 1c follow the doping-dependenceof the total carrier
density of all three layers n = ∑ini (Fig. 2d bottom, gray dashed line)
with a small offset in the gate voltage. This suggests that carrier-
density induced modifications of magnetic properties contribute to
the changes in magnon dynamics. However, the asymmetry with ΔV
shown in the full gating maps of fIP and fOP in Fig. 1d, e cannot be
explained by changes in n alone, indicating a dependence on the
electric fields Fz, as well.

To explain how a gate-dependent layer asymmetry influences the
magnonic behavior, we use a layer-resolved macrospin model. This
approximation assumes strongly coupled spins within individual lay-
ers, such that their collective motion can be described by a single
macrospinmi. Due to the long magnon lifetime (>900ps) observed in
Fig. 1b, and because we are mainly interested in the magnon fre-
quencies, we omit damping effects. The dynamics of each macrospin
are then governed by the layer-dependent effective field Heff,i in the
Landau–Lifshitz (LL) equation:

dmi

dt
= � γmi ×Heff, i: ð1Þ

Here, γ is the gyromagnetic ratio and mi =M0, i bmi is the layer-
dependent macrospin. The effective field is given by

Heffi
= � ∇mi

E =H0 �
X
< i, j >

HEi j
mj +Hai

ma
i ba+Hbm

b
i
bb, ð2Þ

with the external field H0, the interlayer exchange coupling HEij
between neighboring layers i and j, and two anisotropies Hb and Hai
along the easy bb- and intermediate ba-axis. Themacrospin components
ma

i andmb
i point in those same directions. In contrast to conventional

models, the equilibrium macrospin, interlayer exchange and inter-
mediate axis anisotropy are taken to be explicitly layer-dependent. To
solve Eq. (1), the external field ofH0 ≈ 0.1 T is taken to be purely in the
out-of-plane direction. The excursions δmi of the macrospins
away from the equilibrium mi,0 are assumed small, allowing lineariza-
tion of the LL equation. We then extract the magnon frequencies
numerically.

To ensure the validity of the layer-resolvedmodel, it is instructive
to compare the numerical dispersion in the case of a bulk-like (N = 100
layers) sample to the analytical solution routinely used to model the
bulk case (details in Supplementary Notes 5 and 6). In Fig. 3a, we show
that the numerical model gives a low-frequency acoustic (blue points)
andhigh-frequency optical (red points)magnonic branchconsisting of
bulk modes, in good agreement with the analytical results (solid line).
The acoustic and optical modes at kz = 0 correspond to fIP and fOP, and
were excited and detected in previous pump-probe experiments21.
Remarkably, two additional degenerate modes with low frequency
emerge in the numerical model (marked gray in Fig. 3a). These are
edge modes with an imaginary kz, which decay exponentially into the
bulk sample. They are a direct result of the open boundary conditions
used (see Supplementary Fig. 11).

In thin samples, the magnon modes predicted by the layer-
resolvedmodel begin to deviate from those seen in the bulk. Figure 3b
shows the magnon frequencies as a function of device thickness
(expressed in layer number N). For N > 10, the eigenfrequencies of the
bulk modes (between ~20 and 28GHz) as well as the edge modes
(below ~20GHz) remain nearly thickness-independent, in agreement
with previous experimental reports21.When reducing the layer number
to N < 10, the maximum and minimum frequencies of the bulk modes
start to deviate from the large N case. We assign this to the stronger
influence of the edge layers, which experience a smaller inter-
layer exchange coupling. Additionally, the edge modes become non-
degenerate and change their character, spreading across the whole
sample instead of being localized at one side. In trilayers, we find that
only the highest and lowest frequency magnons couple efficiently to a
photothermal excitation, so we consider these modes as fOP and fIP in
our experiments (extended discussion in Supplementary Note 7).

Having established the layer-resolved magnetic properties, we
now turn to explaining the Vb-Vt-dependent behavior of fIP and fOP
(Fig. 1d, e). In general, various physical processes can result in carrier-
density or electric-field dependencies of the parameters in Eqs. (1) and
(2) (SupplementaryNote8). Todetermine compatiblemechanisms,we
analyze the dependence of the magnon modes on overall changes in
M0( =M0,t =M0,m =M0,b),Hað=Hat

=Ham
=Hab

Þ andHEð=HEtm
=HEmb

Þ in
the numerical model within realistic ranges, see Fig. 3c–e. We observe
that both fIP and fOP increase linearly withM0 at similar rates (Fig. 3c).
Both frequencies also increasewithHE, however at different rates, with
a stronger influence on fOP (Fig. 3d). Conversely, an increasingHa leads
to a decrease in both fIP and fOP, with a weaker effect on the latter
(Fig. 3e). We only include one of the two anisotropies to be layer-
dependent, as increasing Ha has a similar influence on the frequencies
as decreasing Hb (Supplementary Fig. 10).

We nowwant to identify the dominating dependencies ofM0,i,Ha,i

and HEij
on ni and Fz,ij to reproduce the behavior in Fig. 1d, e. To this

end, we compare different fitting approaches in Supplementary
Note 9. From these considerations, we find that the experimentally
observed shift of fIP and fOP at the same rate with respect to carrier
density in Fig. 1c could be explained by a dependence of M0,i on ni. In
contrast, the asymmetric shifts of fIP and fOP vs. appliedfield in Fig. 1d, e
point towards a competing field dependence of two parameters.
Considering Fig. 3d, e, we suggest a linear dependence of bothHai

and
HEij

on Fz,ij. We therefore arrive at the following minimal set of
dependencies:

HEij
=HE0

+ νEFz, ij ð3Þ

Hai
=Ha0

+ νa
X
hi, ji

Fz, ij ð4Þ

M0, i = 1 +ηMni ð5Þ
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where νE and νa are the fitting parameters we use to describe the
electric-field dependencies of the interlayer exchange and anisotropy
fields, respectively, and ηM is used to fit the doping-dependence of the
layer macrospin. We fit the frequency gating maps in Fig. 1d, e to our
layer-dependent LL model with Eqs. (3–5) using the ni and Fz,ij gating
maps from the electrostatic model in Supplementary Fig. 6. The
resulting fit parameters are summarized in the first row of Table 1. To
estimate the error in the fit parameters of the trilayer data, we vary the
fixed parameter γ = 155(15)GHz T−1 within the range of previously
reported values21. In the doping-dependency of the modes in Fig. 1c,
the model results (solid lines) show good agreement with the data,
apart from slight deviations in the low carrier density regime. The
modeled frequency maps shown in Fig. 1f, g also reproduce all basic
trends of the experimental results reasonably well, in particular the
opposing Vt- and Vb-sensitivity of the two magnon modes. To model
this behavior, it is necessary to include the sign of the electric field in

Eqs. (3) and (4)—which is surprising considering the symmetrical
nature of the device stack.

The remaining discrepancies between modeled and experimental
results stem from the sheer complexity of possible doping- and
electric-field-related effects on magnetic properties. First, the position
of the chemical potential—controlled by n—affects the imbalance
between the occupied spin-up and spin-down states, affecting the
magnetic moment μ and, in turn, the length of the layer macrospin
M0

52. In addition, an n-dependent increase of the Coulomb repulsion
influences the antiferromagnetic exchange constant47,53,54. Second, the
relative population of states derived from eg to t2g orbitals in one layer
is affected by both chemical potential and external field. This leads to a
corresponding dependence of both exchange53–55 and anisotropy
terms14,56–58. Third, a perpendicular electricfield shifts the energy bands
associated with different orbitals in neighboring layers with respect to
each other, again influencing the exchange coupling parameter59.

Table 1 | Macrospin model fit results for devices with different CrSBr thicknesses

thickness HE0
(T) Ha0

(T) Hb (T) νa (T nmV−1) νE (T nmV−1) ηM (10−12 cm2)

trilayer 0.163 ± 0.003 1.15 ± 0.2 1.48 ± 0.2 −0.86 ± 0.1 −0.85 ± 0.1 (7.3 ± 0.1) ⋅ 10−3

bilayer 1 0.50 ± 0.01 0.98 ± 0.02 1.22 ± 0.01

bilayer 2 0.67 ± 0.03 0.92 ± 0.02 1.16 ± 0.01

5 layers 0.295 ± 0.005 0.96 ± 0.1 1.27 ± 0.01

8 layers 0.25 ± 0.01 0.91 ± 0.01 1.16 ± 0.01

This table summarizes themacrospinmodel fit parameters for a range of samples. The gyromagnetic ratio γ = 155GHzT−1 is fixed in themodel.HE0
,Ha0

andHb are the internal fields in Eq. (2), and are

fitted for each sample individually. Theparameters νE andνa describe theelectric-fielddependencies of theexchangeandanisotropyfields, respectively, andηM is used tofit thedoping-dependence
of the layermacrospin, as described in Eqs. (3 to 5).We fitted all the parameters using the trilayer CrSBr data (resulting Vb-Vt-maps in Fig. 1f, g), with the results shown in the first row. To estimate the
errors for the parameters found for the trilayer, the gyromagnetic ratio was varied within γ = 155(15) GHz T−1. For the 2-, 5-, and 8-layer CrSBr devices, the experimental frequencies were fitted to the
macrospin model with νa, νE, and ηM fixed to the trilayer values in the top row. The resulting Ha0

, Hb and HE0
differ slightly between samples. The errors of the free fit parameters of the 2-, 5-, and

8-layer results are estimated by varying νa, νE, and ηM within their error ranges.
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the acoustic branch. For N < 10, the edge modes split. For N = 3, we identify the
lowest and highest eigenvalues as the experimental fIP and fOP, respectively
(marked by stars). Influence of changing the c length of the macrospin M0,
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We believe that the suggested dependencies in Eqs. (3) to (5) are
the dominating mechanisms of the gate dependency of magnons in
CrSBr. The inclusion of, e.g., additional terms such asHEij

/ ni, has not
significantly improved themodeling of the experimental data.We also
neglect any nonlinear or saturation effects. For the trilayer sample, we
predict a change in HEij

between neighboring layers of up to ~100mT
as a result of the applied electric field, while the tunability of Hai
reaches almost ~200mT. These changes of effective fields are an order
of magnitude stronger than the previously reported gate-tunable
internal field in a 10 nm thick Cr2Ge2Te6 sample35 and surpass the
voltage-controlled magnetic anisotropy induced, for example, in
CoFeB samples58,60,61. AsM0,i ∝ ni, the macrospin length changes most
significantly in the bottom layer due to its strong doping, increasing by
~ 8% (complete gating maps of γi, Hai

, HEij
and discussion in Supple-

mentary Note 9).
Additionally, the ni- and Fz,ij-dependencies found for the trilayer

predict the gate-dependent magnon frequency changes in samples of
different thickness. The Vb-dependence of fIP and fOP in a 2, 5-, and
8-layer device, shown in comparison with the previous trilayer data, is
plotted in Fig. 4a, b (additional data in Supplementary Note 10). In the
bilayer device, we reach a similar tunability to that of the trilayer (in a
dual-gated bilayer, we reach our maximum ΔfOP ≈ 4GHz, Supplemen-
tary Fig. 18). The magnitude of the gating effects decreases with
thickness: In the 5-layer device, the maximum shift of fOP is only
0.5 GHz, while the 8-layer device shows no discernible frequency shift.
All devices also reproduce the insensitivity of fIP to Vb observed in the
trilayer. Using νa, νE, and ηM extracted from the trilayer data, wemodel
the expected frequency shifts in the other devices. The fitted Hb, Ha0
and HE0

differ from the trilayer results (values in Table 1, errors of the
free fit parameters estimated by varying νa, νE and ηMwithin their error
interval). Themodeledgate-dependent changes (solid lines in Fig. 4a, b
with shaded error regions) reproduce the data reasonably well, and
agree with our experimental observations of reduced gate-sensitivity
with higher layer number (see also Supplementary Fig. 17). In thicker
devices, both carrier density and fields are induced mainly around the
outer layers, with the inner ones being screened from the gates
(electrostatic modeling for 2-, 5- and 8-layer device in Supplementary
Note 4). The influenceof these outer layers on themagnon frequencies
decreases with increasing layer number N, illustrated in Fig. 4c, d. The
magnon frequency shifts due to changes of the anisotropy (Fig. 4c) or

interlayer exchange interaction (Fig. 4d) for one outer layer decrease
drastically going from three to ten layers in the layer-resolved model.

Discussion
In summary, we have demonstrated the gate-tunability of the in- and
out-of-phase magnon modes in trilayer CrSBr by up to 10 %. By using
the contrasting response of the two magnons to the perpendicular
electric field, their separate control is possible. We explain this gate-
dependence in a Landau-Lifshitz model with layer-dependent mag-
netic moment, interlayer exchange, and anisotropy. By coupling the
interlayer exchange and intermediate-axis anisotropy to the electric
fields and themagneticmoment to the electrondensities across layers,
we arrive at a minimal model for our experimental results. The model
explainsmost trends in the data, including the contrasting response of
the two magnon modes to top and bottom gates, their doping
response, as well as the observed thickness dependence. In particular,
the gate-tunability of magnons in CrSBr drops from up to 4GHz in a
bilayer to ≈ 0.5GHz in a 5-layer device, and vanishes for 8 layers.

The accuracy of the layer-resolved macrospin model is limited by
several simplifications, mainly concerning the estimation of carrier
density and electric field from PL measurements and the focus on the
dominating linear dependencies of the magnetic sample parameters.
In the future, we believe that experiments using a variable external
magnetic field onCrSBr and othermaterial systems, aswell as studying
higher-momentum magnons, can further improve our understanding
of gate-dependent magnonic phenomena and expand our minimal
model. Additionally, the magnon tunability could be increased by new
gating techniques which surpass electrostatic gating in terms of the
achievable doping and field51,62,63. Our findings open up new possibi-
lities for using the on-chip control of magnons for magnonic circuits,
e.g., for a phase shifter used in logic gates39,64.

Methods
Sample fabrication and crystal growth
The crystals of CrSBr were synthesized by chemical vapor transport
and subsequently characterized byX-ray diffraction, crystal diffraction
(powder and single crystal), transmission electronmicroscopy, energy
dispersive X-ray analysis, Raman and IR spectroscopy, super-
conducting quantum interference device magnetometry, and
magneto-transport measurements, as reported in ref. 65.
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The samples were fabricated using a dry-transfer technique
after exfoliation on PDMS. The contacts were patterned by electron
beam lithography followed by evaporation of 3 nm Cr and
80 nm Au.

Tr-reflectivity measurements
The tr-reflectivity measurements on the 3-, 5-, and 8-layer devices have
been performed in a single-color pump and probe scheme. The laser
source is a wavelength-tunable Ti:sapphire laser (Coherent Chameleon
Ultra II, τpulse ≈ 140ps, frep = 80MHz). We spatially separate pump and
probebeamsbeforeentering a reflective objective (Thorlabs LMM40x-
P01) and focusing on the sample, into spot sizes of
dprobe ≈ 1μm, dpump ≈ 3μm. Thanks to the spatial separation of the
reflected beams,we then filter out the pumpbeamusing an iris. On the
bilayer devices, we employed a two-color pump and probe scheme.
For this, we used a high pump energy of 1.9 eV and probed around
1.67 eV, which is a higher-energy excitonic resonance of CrSBr48. We
then filtered out the pump light using a lowpass filter in the detection
path. In both configurations, the probe light is measured with a home-
built photodetector (Hamamatsu photodiodes) using a lock-in ampli-
fier synced to a chopper in the pump beam (f = 2.1 kHz). More details
are provided in Supplementary Note 3.

PL measurements
All PL measurements were conducted using a continuous wave laser
with an excitation wavelength of 670 nm and a laser power of 25μW.
The incoming laser light was linearly polarized along the bb-axis of the
CrSBr flake. A refractive objective (Olympus LMPlanFL N 50x/0.50)
focused the laser to a spot size of ≈1μm. The resulting copolarized PL
was captured with the Kymera 193i Spectrograph.

Dielectric constant of CrSBr
The dielectric constant of CrSBr used in the electrostatic model was
calculated using Hubbard-corrected DFT energy functionals (LDA+U).
The complete dielectric function is shown in Supplementary Fig. 5.

Data availability
The sourcedata for thismanuscript and its supplementary information
is available in the Zenodo database under accession code https://doi.
org/10.5281/zenodo.18982552.
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