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1 Tr-reflectivity measurements11

The single-color tr-reflectivity detection scheme is shown in Fig. 1a. To achieve a high signal-to-noise ratio in our12

experiments, we tune our pump and probe energies just below the 𝑋B exciton resonance around 1.375 eV for low gate13

voltages (dark blue curve in Fig. 1b). For higher gate voltages, it becomes neccessary to tune pump and probe to14

the trion resonance at 1.35 eV, as the exciton fades (green curve in Fig. 1b). We see in Fig. 1c, that for intermediate15

gate voltages the signal at both resonances (orange: exciton, purple: trion) becomes weak, however, they allow us to16

observe oscillations at both resonances and we find the same frequency for 𝑓OP ( 𝑓IP ambiguous at trion resonance).17

Additionally, we mount a permanent magnet in proximity to the sample to increase signal strength. To estimate the18

strength of the external magnetic field, we use the open source software FEMM4.2 [1] (Fig. 2). At the sample position,19

the field is around 100 mT. It should be noted that the exact position of the sample can differ slightly between the20

measurements of the three devices, resulting in differences of the external magnetic field. Also, the external field has21

in- and out-of-plane components, as evidenced by the observation of both 𝑓IP and 𝑓OP modes. We neglect this fact in22

the macrospin model.
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Figure 1: Tr-reflecitivity measurement (a) Detection scheme of single-color tr-reflectivity. (b) Tr-reflectivity spectra

at small delay for different doping levels. The exciton resonance becomes weaker while the trion resonance strengthens

for positive gate voltages. (c) Tr-reflectivity traces and extracted magnon frequencies (inset) measured at the exciton

(orange) and trion (purple) resonances for 𝑉b = 𝑉t = 3 V after subtracting an exponential background.
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Figure 2: Simulated field of permanent magnet used for experiments in the manuscript Simulated magnetic field

of the permanent magnet (Neodym 38, r = 3 mm) as a function of height 𝑧 and radial distance 𝑟.

2 Temperature- and fluence-dependent magnon frequency shifts24

To exclude laser- or gate-related heating effects as the origin of magnon frequency changes, fluence- and temperature25

dependent measurements were conducted on the trilayer sample. We see in Fig. 3a that a higher fluence leads to a26

downshift in magnon frequencies of Δ 𝑓IP ≈ −(0.1 − 0.2 GHz) and Δ 𝑓OP ≈ −(0.4 − 0.8 GHz). This consistent with27

absorption-induced heating of the sample, as the magnon frequencies also shift down with temperature (Fig. 3b). As28

shown in the main text, gating leads to an upshift of both magnon modes, so that we exclude heating as the underlying29

mechanism.
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Figure 3: Fluence- and temperature dependence of magnon modes Shift of 𝑓IP and 𝑓OP as a function of (a) pump

laser fluence and (b) sample temperature in the trilayer sample.

30

3



3 Gate-dependent PL and electrostatic modeling31

To quantify the layer-resolved electron densities and electric fields, we follow the capacitor model suggested in [2, 3].32

In this model, the CrSBr layers correspond to capacitor plates separated by a dielectric with 𝜖CrSBr and spaced by33

interlayer distance 𝑑CrSBr = 0.8 nm. Using density functional theory (DFT), we calculate the out-of-plane 𝜖CrSBr (𝐸)34

for mono-, trilayer and bulk, shown in Fig. 4. As DC dielectric constants (𝐸 = 0), we find 𝜖CrSBr = 3.8 for a monolayer,35

𝜖CrSBr = 5.19 for the trilayer and 𝜖CrSBr = 7.42 for the bulk. The graphite gates are modelled as capacitor plates with a36

dielectric of 𝜖hBN = 3.76 [4] and a thickness of the hBN flakes 𝑑hBN. The equivalent circuit for the capacitor model for37

the trilayer is shown in Fig. 5a, and the resulting energy diagram in Fig. 5b. In the trilayer sample, the hBN thicknesses38

on both sides are 𝑑hBN = 10 nm.
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Figure 4: Dielectric function of CrSBr Calculated real and imaginary parts of the out-of-plane dielectric function of

(a) monolayer, (b) trilayer and (c) bulk CrSBr.
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The system of equations to extract the Fermi level with respect to the bottom of the conduction band 𝐸𝐹,𝑖 (in eV, see40
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Fig. 5b) and the carrier density 𝑛𝑖 (where 𝑖 is top, middle and bottom) in the trilayer is as follows:41

0 = (𝑉t +𝑉t,0) − 𝐸F,t −
𝑒𝑛t
𝐶t

− 𝐶CrSBr
𝐶t

(𝐸F,t − 𝐸F,m) (1)

0 = (𝑉b +𝑉b,0) − 𝐸F,b −
𝑒𝑛b
𝐶t

− 𝐶CrSBr
𝐶b

(𝐸F,b − 𝐸F,m) (2)

0 = −𝑒𝑛m − 𝐶CrSBr
𝑒

(𝐸F,m − 𝐸F,t) −
𝐶CrSBr

𝑒
(𝐸F,m − 𝐸F,b). (3)

Here 𝐶CrSBr =
𝜖0 𝜖CrSBr
𝑑CrSBr

and 𝐶t/b =
𝜖0 𝜖hBN

𝑑ℎ𝐵𝑁,𝑡/𝑏
. To calculate the electron densities, we assume a two-dimensional density of42

states (DOS) similar to that in TMDs [3]. We note that behavior suggesting a one-dimensional DOS has been reported43

in CrSBr [5], which would lead to a stronger increase in 𝑛 for energies just above the conduction band due to the44

emergence of van’t Hove singularities. However, the overall dependence of 𝑛 and 𝐹 on the gate voltages, and therefore45

the main results of the manuscript, will not change with a different DOS.46

In the PL data of the main manuscript we observe two key features which are of importance for the electrostatic47

modeling: Our CrSBr crystals are intrinsically n-doped (signified by the dominance of trions over excitons at zero48

gate voltage) and our samples have a built-in electric field (as shown by the field dependence of the middle layer49

exciton-to-trion ratio). To model the intrinsic n-doping, we introduce positive offset voltages 𝑉t,0 and 𝑉b,0 in Eq. (3)50

– corresponding to a downshift of the conduction bands of all layers with respect to the vacuum level. To model the51

built-in electric field, we use 𝑉t,0 ≠ 𝑉b,0 to introduce an offset between the conduction bands across layers.52

To find reasonable values for 𝑉t,0 and 𝑉b,0, we use the exciton-to-trion ratios 𝐼B =
𝐼𝑋B
𝐼𝑋−

B
and 𝐼B′ =

𝐼𝑋′
B

𝐼𝑋′−
B

as indicators for53

the carrier densities of the outer layers, 𝑛t + 𝑛b, and the middle layer, 𝑛m. As it is difficult to directly correlate 𝐼B and54

𝐼B′ to the electron densities by fitting (especially as we cannot ’resolve’ 𝑛t and 𝑛b separately in the PL), we manually55

vary the offset voltages in the model to match the onset of doping to drops in the exciton-to-trion ratios.56

From the symmetric behavior of 𝐼B in Fig. 5c we deduce the following:57

• We see the highest exciton-to-trion ratio 𝐼B when both 𝑉b and 𝑉t < −0.8 V. This means that increasing either58

gate voltage above this value should result in at least one of the layers being electron doped.59

• When varying only one of the gate voltages while fixing the other to a sufficiently negative value, either the top60

or bottom layer stays almost undoped, as 𝐼B stays nearly constant after an initial drop.61

• When both 𝑉b and 𝑉t > 0 V, both top and bottom layers should be electron-doped, as 𝐼B ≈ 0 for those ranges of62

the gating diagram.63

This gives us an upper limit for 𝑉t,0 and 𝑉b,0 of ∼ 2.5 V, as increasing the offset voltages beyond this limit would mean64

that the sample is doped in the top or bottom layer for all gate voltages we reach in the experiment.65

In the gate-dependence of 𝐼B′ in Fig. 5d, we see that66

• 𝐼B′ drops faster when applying a top gate voltage. From this, we infer that 𝑉t,0 < 𝑉b,0, because a smaller 𝑉t is67

then sufficient to dope the middle layer.68

We find that 𝑉t,0 = 1 V and 𝑉b,0 = 1.7 V fulfill all the requirements mentioned above and adequately reproduce the69

behavior seen in PL. The resulting layer-resolved doping maps are shown in Fig. 5e-g, with contour lines for selected70

doping levels (0.5 − 3 × 1012 cm−2).71

We show the same contour lines as guides to the eye in the experimental 𝐼B and 𝐼B′ maps in Fig. 5c, d. In Fig. 5c,72

we see that the contour lines show the same symmetry with gates as 𝐼B, and we see a drop in 𝐼B for a similar 𝑛t or 𝑛b73
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Figure 5: Photoluminescence and electrostatic model of trilayer CrSBr (a) Scheme of the capacitor model for a

trilayer CrSBr with top and bottom gate and hBN dielectric. (b) Band alignment sketch when the sample is doped. The

Fermi energies 𝐸F,𝑖 are defined as the difference between the conduction band and the chemical potential 𝜇CrSBr. The

top and bottom gate voltages control 𝜇t and 𝜇b. (c) Exciton-to-trion ratio 𝐼B for excitons and trions localized to top and

bottom layer (see inset). The white dashed lines are guides to the eye corresponding to the contour lines for 𝑛t and 𝑛m

being 0.5, 1 and 1.5× 1012 cm−2 shown in (e), (g). (d) Exciton-to-trion ratio 𝐼B′ for excitons and trions localized in the

middle layer (see inset). The white dashed lines are guides to the eye corresponding to the contour lines for 𝑛m = 0.5,

1 and 1.5 × 1012 cm−2 shown in (f). (e-g) Electron density in the top (e), middle (f) and bottom (g) layer. The contour

lines show densities of 0.5, 1, 1.5, 2, 2.5 and 3× 1012 cm−2. (h-i) Electric field between top and middle (h) and middle

and bottom (i) layers.

(around ∼ 1.5 × 1012 cm−2). In Fig. 5d, the asymmetry of the contour line for 𝑛m = 0.5 × 1012 cm−2 shows that we74

need a higher 𝑉b to dope the middle layer when 𝑉t < 0 than in the opposite case. The modeled 𝑛m also shows a quick75

increase when increasing 𝑉t for large enough 𝑉b, concurrent with a drop in 𝐼B′ in the same case. While the onset of the76

𝑛m happens for slightly lower gate voltages than the drop in 𝐼B′ , the offset voltages of 𝑉t,0 = 1 V and 𝑉b,0 = 1.7 V give77

the best overall correlation between modeling and PL data. The gate-dependent electric fields between the layers are78
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shown in Fig. 5h, i.79

It should be noted that changing the offset voltages slightly does not change the overall predicted behavior of the80

frequencies in the macrospin model (i.e. the gate sensitivity or frequency range). It can, however, slightly change the81

onset of frequency shifts as well as the fitted 𝜈a, 𝜈E and 𝜂𝛾 .82

3.1 Gate-dependent PL and electrostatic model of 5-layer device83
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Figure 6: Photoluminescence and electrostatic model of 5-layer CrSBr (a) 𝑉b-dependent photoluminescence map

of the 5-layer CrSBr device. (b) Scheme of the capacitor model for a 5-layer CrSBr with top and bottom gate and

hBN dielectric. (c-f) Electric field between the respective layers (numbering see (b)). (g-k) Electron density in the

respective layers (numbering see (b)).

The gate-dependent photoluminescence of the 5-layer device in Fig. 6a again shows two split excitonic peaks at84

𝑋B ≈ 1.376 eV and 𝑋 ′
B ≈ 1.370 eV, which we hypothesize to reside in the outer and inner layers, respectively. The85

intensities of the excitonic peaks for the undoped sample (𝑉b < 0 V) are now comparable, which we attribute to the86

increased number of layers hosting 𝑋 ′
B excitons. In this device we could only apply a bottom gate voltage. For𝑉b > 0 V,87

the intensity of the 𝑋B exciton drops, and the trion resonance around 1.345 eV brightens. Meanwhile, the 𝑋 ′
B exciton88

remains visible for all measured gate voltages.89

When modeling the 5-layer device as shown in Fig. 6b, we expand the system of equations to90

0 = (𝑉t +𝑉t,0) − 𝐸F,1 −
𝑒𝑛1
𝐶t

− 𝐶CrSBr
𝐶t

(𝐸F,1 − 𝐸F,2) (4)

0 = (𝑉b +𝑉b,0) − 𝐸F,5 −
𝑒𝑛5
𝐶b

− 𝐶CrSBr
𝐶b

(𝐸F,5 − 𝐸F,4) (5)

0 = −𝑒𝑛2 −
𝐶CrSBr

𝑒
(𝐸F,2 − 𝐸F,1) −

𝐶CrSBr
𝑒

(𝐸F,2 − 𝐸F,3) (6)

0 = −𝑒𝑛3 −
𝐶CrSBr

𝑒
(𝐸F,3 − 𝐸F,2) −

𝐶CrSBr
𝑒

(𝐸F,3 − 𝐸F,4) (7)

0 = −𝑒𝑛4 −
𝐶CrSBr

𝑒
(𝐸F,4 − 𝐸F,3) −

𝐶CrSBr
𝑒

(𝐸F,4 − 𝐸F,5) (8)

The hBN thicknesses in the 5-layer device are 𝑑ℎ𝐵𝑁,𝑡𝑜𝑝 = 5 nm and 𝑑ℎ𝐵𝑁,𝑏𝑜𝑡 = 10.5 nm. We use the trilayer91
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𝜖CrSBr = 5.19 calculated with DFT (Fig. 4b). We assume the same offset voltages𝑉t,0 and𝑉b,0 as for the trilayer device.92

This leads to 𝑛4 and 𝑛5 increasing around 𝑉b ≈ −0.5 V, in good agreement with the drop in 𝐼B′ shortly after. We also93

see that the charge carrier densities in the center layer remain below ≈ 1 × 1012 cm−2 for all applied gate voltages94

(Fig. 6i), which agrees with the visibility of 𝑋 ′
B for all gate voltages. All the calculated fields and electron densities for95

the 5-layer device are shown in Fig. 6c-k.96

3.2 Gate-dependent PL and electrostatic model of 8-layer device97
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Figure 7: Photoluminescence and electrostatic model of 8-layer CrSBr (a) Gate-dependent photoluminescence map

of the 8-layer CrSBr device. (b) Scheme of the capacitor model for an 8-layer CrSBr with top and bottom gate and

hBN dielectric. (c-h) Electric field between the respective layers (numbering see (b)). (i-q) Electron density in the

respective layers (numbering see (b)).

In the doping-dependent photoluminescence of the 8-layer device in Fig. 7a, we once again see two split excitonic98

peaks at 𝑋B ≈ 1.372 eV and 𝑋 ′
B ≈ 1.366 eV. In contrast to the tri- and 5-layer device, the 𝑋 ′

B peak is more intense99

than 𝑋B, the latter only visible as a high-energy shoulder. This is consistent with 𝑋 ′
B emission stemming from excitons100

localized to the inner layers, as the number of such inner layers has increased from the 3- to 8-layer device.101

We see 𝑋B disappear for 𝑉b = 𝑉t > −0.3 V, simultaneously with a brightening of the trion resonance around 1.345 eV.102
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The 𝑋 ′
B exciton remains visible for all measured gate voltages, similarly to the 5-layer device. Additional peaks 𝑋𝑝𝑜𝑙103

are visible in the 8-layer device PL at lower energies, possibly stemming from polaritons due to the increased sample104

thickness [6].105

We expand the electrostatic model to 8 layers (Fig. 7b) in the same manner as for 5 layers. We measure the hBN106

thicknesses to be 𝑑ℎ𝐵𝑁,𝑡𝑜𝑝 = 10 nm and 𝑑ℎ𝐵𝑁,𝑏𝑜𝑡 = 6 nm with AFM. Due to the increased thickness of the device,107

we use the bulk dielectric constant 𝜖CrSBr = 7.42 calculated with DFT (Fig. 4c). We again assume the same offset108

voltages 𝑉t,0 and 𝑉b,0 used for the other devices. The resulting increase of electron density in the bottom layer 𝑛8109

around 𝑉b = 𝑉t ≈ −0.4 V (Fig. 7q), followed by the top layer 𝑛1 around 𝑉b = 𝑉t ≈ −0.2 V correlates well with the110

drop in the exciton intensity we observe at 𝑉b = 𝑉t > −0.3 V. The middle layers of the 8-layer device remain almost111

undoped (Fig. 7m, n). All the calculated fields and electron densities for the 8-layer device are shown in Fig. 7c-q.112

4 Bulk macrospin model113

For bulk antiferromagnets, we assume two coupled macrospins which repeat itself in periodic boundary conditions.114

We can write the LL equation115

𝑑 ®𝑚1,2

𝑑𝑡
= −𝛾 ®𝑚1,2 × ®𝐻eff1,2 (9)

where ®𝑚1,2 are the macrospins in neighboring layers. The effective field ®𝐻eff1,2 can be obtained from the energy 𝐸 of116

the system:117

𝐸 = 𝐻0𝑐 · ( ®𝑚1 + ®𝑚2) − 𝐻E ®𝑚1 · ®𝑚2 +
1
2
𝐻a ((𝑚𝑎

1 )
2 + (𝑚𝑎

2 )
2) + 1

2
𝐻b ((𝑚𝑏

1 )
2 + (𝑚𝑏

2 )
2) (10)

®𝐻eff1,2 = −∇ ®𝑚1,2𝐸 = 𝐻0𝑐 − 𝐻E ®𝑚2,1 + 𝐻a𝑚
𝑎
1,2𝑎̂ + 𝐻b𝑚

𝑏
1,2𝑏̂. (11)

Here, 𝑎̂, 𝑏̂, 𝑐 point along the corresponding crystallographic axes of CrSBr. 𝐻b describes the easy axis magnetic118

anisotropy and 𝐻a the intermediate one. 𝐻E is the interlayer exchange interaction, which aligns the neighboring119

macrospins antiparallely. The external magnetic field ®𝐻0 = 𝐻0𝑐 is assumed out-of-plane and determines the initial tilt120

𝜃 of the macrospins away from the easy 𝑏̂-axis.121

As𝐻0 does not saturate the spins along the 𝑐-axis, the equilibrium macrospins can be written as ®𝑚1,20 = (0, sin 𝜃,± cos 𝜃).122

By inserting this expression into Eq. (21), we find 𝜃 by minimizing the equilibrium energy, d𝐸
d𝜃 = 0, leading to the123

condition124

𝐻0 = sin 𝜃 (𝐻b + 2𝐻E). (12)

Next, we express the macrospins as ®𝑚1,2 = ®𝑚1,20 + 𝛿 ®𝑚1,2, where 𝛿 ®𝑚1,2 << ®𝑚1,20 are small deviations from equilibrium125

after excitation. By linearizing the LL equation, we arrive at126

d
d𝑡
𝛿 ®𝑚1,2 = −𝛾

(
𝛿 ®𝑚1,2 × ®𝐻0

eff1,2
+ ®𝑚1,20 × 𝛿 ®𝐻𝑒 𝑓 𝑓1,2

)
(13)

where ®𝐻eff1,2 =
®𝐻0

eff1,2
+ 𝛿 ®𝐻eff1,2 .127

From the condition ®𝑚1,20 · 𝛿 ®𝑚1,2 = 0, we obtain 𝛿 ®𝑚1,2 =

(
𝛿𝑚a

1,2,∓𝛿𝑚
| |
1,2 cos 𝜃, 𝛿𝑚 | |

1,2 sin 𝜃
)
. Inserting this into Eq. (13)128

and using the ansatz 𝛿 ®𝑚1,2 (𝑡) = 𝛿 ®𝑚1,2 (𝑡 = 0)𝑒−𝑖𝜔𝑡 results in129

𝑖𝜔

𝛾

©­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

ª®®®®®®®¬
=

©­­­­­­­«

0 −𝐻E − 𝐻b cos2 𝜃 0 𝐻E cos(2𝜃)

𝐻E + 𝐻b − 𝐻a 0 𝐻E 0

0 𝐻E cos(2𝜃) 0 −𝐻E − 𝐻b cos2 𝜃

𝐻E 0 𝐻E + 𝐻b − 𝐻a 0

ª®®®®®®®¬

©­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

ª®®®®®®®¬
. (14)
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Solving this equation gives an analytical solution for the eigenvalues:130

𝑓IP = ± 𝛾

2𝜋

√√√
(𝐻b − 𝐻a) (𝐻b + 2𝐻E)

(
1 −

𝐻2
0

(2𝐻E + 𝐻b − 𝐻a)2

)

𝑓OP = ± 𝛾

2𝜋

√√√
(𝐻b − 𝐻a + 2𝐻E) (𝐻b + 2𝐻E)

(
2𝐻E

𝐻2
0

(2𝐻E + 𝐻b − 𝐻a)2 − 𝐻b

(
𝐻2

0
(2𝐻E + 𝐻b − 𝐻a)2 − 1

))
.

(15)

As the ansatz assumes that every second macrospin is exactly the same, these two solutions correspond to the case of131

zero momentum magnons (i.e. 𝑓IP and 𝑓OP in bulk experiments).132

For magnons with 𝑘z ≠ 0, however, there is a phase difference between every second macrospin. Including this into133

the solutions of Eq. (13) gives an analytical solution for the dispersion along 𝑘𝑧 . The phase difference changes the134

interlayer exchange term in the effective field of each macrospin ®𝑚𝑖 (where 𝑖 is the layer number), since the macrospins135

above and below are no longer exactly the same. The effective field in layer 𝑖 becomes136

®𝐻eff𝑖
= 𝐻0𝑐 −

1
2
𝐻E ( ®𝑚𝑖−1 + ®𝑚𝑖+1) + 𝐻a𝑚

𝑎
𝑖 𝑎̂ + 𝐻b𝑚

𝑏
𝑖 𝑏̂. (16)

To solve the new LL equation, we assume the following: Before the excitation, the equilibrium macrospins in every137

second layer are the same, ®𝑚𝑖+10 = ®𝑚𝑖−10 . For the deviations after the excitations, we use a plane wave ansatz138

𝛿 ®𝑚 𝑗 (𝑡) = 𝛿 ®𝑚 𝑗 (𝑡 = 0)𝑒−𝑖𝜔𝑡𝑒𝑖𝑘𝑧 𝑗𝑑𝑧 , where 𝑑𝑧 is the interlayer spacing in z-direction and 𝑗 describes the layer number.139

Inserting the new exchange term from Eq. (16) in Eq. (13) gives rise to the terms140

∼ 𝐻E

©­­­­«
𝛿𝑚

| |
𝑖
(cos2 𝜃 − sin2 𝜃)

𝛿𝑚𝑎
𝑖

cos 𝜃

𝛿𝑚a
𝑖

sin 𝜃

ª®®®®¬
− 𝐻E

©­­­­«
𝛿𝑚

| |
𝑖−1 (sin2 𝜃 − cos2 𝜃)

𝛿𝑚𝑎
𝑖−1 cos 𝜃

−𝛿𝑚𝑎
𝑖−1 sin 𝜃

ª®®®®¬
(1 + 𝑒−2𝑖𝑘𝑧𝑑𝑧 ) (17)

which are the same as the ones found for 𝑘𝑧 = 0, apart from the last term ∝ 𝑒−2𝑖𝑘𝑧𝑑𝑧 . This changes the matrix equation141

from Eq. (14) to:142

𝑖𝜔

𝛾

©­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

ª®®®®®®®¬
=

©­­­­­­­­«

0 −𝐻E − 𝐻b cos2 𝜃 0 𝐻E cos(2𝜃)
(
1 + 𝑒−2𝑖𝑘𝑧 ·𝑑𝑧

)
𝐻E + 𝐻b − 𝐻a 0 𝐻E

(
1 + 𝑒−2𝑖𝑘𝑧 ·𝑑𝑧

)
0

0 𝐻E cos(2𝜃)
(
1 + 𝑒−2𝑖𝑘𝑧 ·𝑑𝑧

)
0 −𝐻E − 𝐻b cos2 𝜃

𝐻E
(
1 + 𝑒−2𝑖𝑘𝑧 ·𝑑𝑧

)
0 𝐻E + 𝐻b − 𝐻a 0

ª®®®®®®®®¬

©­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

ª®®®®®®®¬
.

(18)

We solve this to extract the dispersion relation in Fig. 3a of the main text.143

In Fig. 8 we show the dependance of the modes on gyromagnetic ratio, anisotropies and interlayer exchange. They144

mirror those shown in Fig. 3 of the main text for the numerical model. We also see that increasing 𝐻𝑎 and decreasing145

𝐻𝑏 has a similar effect on the frequencies, and thus we fix 𝐻𝑏 for all fits to avoid overfitting.146

5 Layer-resolved macrospin model147

For the layer-resolved macrospin model, we again introduce a layer-dependent effective field into the LL equation.148

Now, however, the parameters can be varied independently from each other in each layer. We start with the LL equation149

𝑑 ®𝑚𝑖

𝑑𝑡
= −𝛾𝑖 ®𝑚𝑖 × ®𝐻eff𝑖

(19)

where 𝛾𝑖 is the layer-dependent gyromagnetic ratio. The energy of the system is given by150

𝐸 = − ®𝐻0
∑︁
𝑖

®𝑚𝑖 +
∑︁
⟨𝑖, 𝑗 ⟩

𝐻E𝑖 𝑗
®𝑚𝑖 · ®𝑚 𝑗 −

1
2

∑︁
𝑖

𝐻a𝑖
(
𝑚a

𝑖

)2 − 1
2
𝐻b

∑︁
𝑖

(
𝑚b

𝑖

)2
. (20)
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Figure 8: Analytical macrospin model Influence of changing (a) 𝛾, (b) 𝐻E, (c) 𝐻a and (d) 𝐻b on the magnon modes.

We now use explicitly layer-dependent parameters, in particular the interlayer exchange interaction between layers 𝑖151

and 𝑗 , 𝐻Ei,j , as well as the intermediate axis anisotropy in individual layers 𝑖, 𝐻a𝑖 . The external field and easy-axis152

anisotropy remain layer-independent. The effective field in layer 𝑖 then results to153

®𝐻eff𝑖
= −∇ ®𝑚𝑖

𝐸 = ®𝐻0 −
∑︁
<𝑖, 𝑗>

𝐻𝐸𝑖, 𝑗
®𝑚 𝑗 + 𝐻a𝑖𝑚

a
𝑖 𝑎̂ + 𝐻b𝑚

b
𝑖 𝑏̂. (21)

We can still describe the equilibrium macrospins ®𝑚𝑖,0 by their tilt angle 𝜃𝑖 away from the easy 𝑏̂-axis: ®𝑚𝑖,0 =154

(0, sin 𝜃𝑖 ,± cos 𝜃𝑖). However, the 𝜃𝑖 are now layer-dependent. By minimizing the energy in Eq. (20) with respect to155

the 𝜃𝑖 , we can find their equilibrium position, analogous to the bulk model in Eq. (12). For three layers, the explicit156

system of equations is157

d𝐸
d𝜃1

= −𝐻0 cos 𝜃1 + 𝐻E1,2 (cos 𝜃1 sin 𝜃2 + sin 𝜃1 cos 𝜃2) + 𝐻b cos 𝜃1 sin 𝜃1 = 0 (22)

d𝐸
d𝜃2

= −𝐻0 cos 𝜃2 + 𝐻E1,2 (cos 𝜃2 sin 𝜃1 + sin 𝜃2 cos 𝜃1) + 𝐻E2,3 (cos 𝜃2 sin 𝜃3 + sin 𝜃2 cos 𝜃3) + 𝐻b cos 𝜃2 sin 𝜃2 = 0 (23)

d𝐸
d𝜃3

= −𝐻0 cos 𝜃3 + 𝐻E2,3 (cos 𝜃3 sin 𝜃2 + sin 𝜃3 cos 𝜃2) + 𝐻b cos 𝜃3 sin 𝜃3 = 0, (24)

which we solve numerically.158

Next, we again linearize the LL equation in Eq. (19) and write 𝛿 ®𝑚𝑖 =

(
𝛿𝑚a

𝑖
,∓𝛿𝑚 | |

𝑖
cos 𝜃𝑖 , 𝛿𝑚 | |

𝑖
sin 𝜃𝑖

)
. Inserting this159

into Eq. (13) and using the ansatz 𝛿 ®𝑚𝑖 (𝑡) = 𝛿 ®𝑚𝑖 (𝑡 = 0)𝑒−𝑖𝜔𝑡 results in the following matrix equation for the case of160

three layers:161

𝑖𝜔

𝛾

©­­­­­­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

𝛿𝑚𝑎
3

𝛿𝑚
| |
3

ª®®®®®®®®®®®®¬
=

©­­­­­­­­­­­­­­­­­­«

0 −𝐻𝐸1,2
cos 𝜃2
cos 𝜃1

−𝐻b cos2 𝜃1 0 𝐻𝐸1,2 cos(𝜃1+𝜃2 ) 0 0

𝐻𝐸1,2
cos 𝜃2
cos 𝜃1

+𝐻b−𝐻𝑎1 0 𝐻𝐸1,2 0 0 0

0 𝐻𝐸1,2 cos(𝜃1+𝜃2 ) 0 −𝐻𝐸1,2
cos 𝜃1
cos 𝜃2

−𝐻𝐸2,3
cos 𝜃3
cos 𝜃2

−𝐻b cos2 𝜃2 0 𝐻𝐸2,3 cos(𝜃2+𝜃3 )

𝐻𝐸1,2 0 𝐻𝐸1,2
cos 𝜃1
cos 𝜃2

+𝐻𝐸2,3
cos 𝜃3
cos 𝜃2

+𝐻b−𝐻𝑎2 0 𝐻𝐸2,3 0

0 0 0 𝐻𝐸2,3 cos(𝜃2+𝜃3 ) 0 −𝐻𝐸2,3
cos 𝜃2
cos 𝜃3

−𝐻b cos2 𝜃3

0 0 𝐻𝐸2,3 𝐻𝐸2,3
cos 𝜃2
cos 𝜃3

+𝐻b−𝐻𝑎3 0

ª®®®®®®®®®®®®®®®®®®¬

©­­­­­­­­­­­­«

𝛿𝑚𝑎
1

𝛿𝑚
| |
1

𝛿𝑚𝑎
2

𝛿𝑚
| |
2

𝛿𝑚𝑎
3

𝛿𝑚
| |
3

ª®®®®®®®®®®®®¬
(25)

which can be solved numerically. Eq. (25) can be expanded for an arbitrary amount of layers 𝑁 . For large 𝑁 , we extract162

the 𝑘z value of each eigenmode via Fast Fourier transform and arrive at the dispersion relation for thick samples, as163

shown in the main text Fig. 3a for 𝑁 = 100.164
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6 Excitation of coherent magnon modes by laser pulses165

In thick samples, previous studies have established that light pulses excite the optical and acoustic mode around166

𝑘𝑧 ≈ 0 [7, 8]. In thin samples, however, the spacing along the z-direction becomes discrete, so that the notion of a167

wavevector 𝑘z loses meaning. Therefore, we need to establish which modes in the layer-resolved macrospin model168

correspond to the modes we excite and probe in the experiment in few-layer samples (and to what modes in bulk169

samples they correspond). We use the following set of assumptions to estimate the coupling of the eigenmodes to170

excitation by light:171

• The ultrafast pump pulse leads to a step-like change in the layer-resolved effective fields:172

®𝐻eff 𝑗
(𝑡 > 0) = ®𝐻eff 𝑗

(𝑡 < 0) + ®Δ𝐻eff 𝑗
(26)

• This step-like change can be in the same direction across layers – e.g. due to heating decreasing the exchange173

interaction – or alternate in direction in every second layer – e.g. due to magnetoelastic coupling [9]:174

®Δ𝐻eff 𝑗
= ®Δ𝐻effeven + (−1) 𝑗 ®Δ𝐻effodd (27)

• The change in effective field leads to a new equilibrium macrospin position:175

®𝑚0, 𝑗 (𝑡 > 0) = ®𝑚0, 𝑗 (𝑡 < 0) + Δ ®𝑚 𝑗 (28)

• After the excitation, the macrospins want to align along their new equilibrium positions, leading to magnon176

oscillations. We use the projection of the eigenmodes before the laser pulse ®𝛿𝑚 𝑗 (𝑡 < 0) onto the Δ ®𝑚 𝑗 resulting177

from the aforementioned excitation as an estimate of how efficiently each eigenmode ®𝛿𝑚 𝑗 (𝑡 < 0) is excited by178

light:179

®𝛿𝑚 𝑗 (𝑡 < 0) · Δ ®𝑚 𝑗 = ®𝛿𝑚 𝑗 (𝑡 < 0) · ( ®𝑚0, 𝑗 (𝑡 > 0) − ®𝑚0, 𝑗 (𝑡 < 0)) (29)

• We assume that |𝑚 𝑗 ,0 | = 𝑐𝑜𝑛𝑠𝑡., and therefore ®𝑚 𝑗 ,0 (𝑡 < 0) · 𝛿 ®𝑚 𝑗 (𝑡 < 0) = 0, so that the projection is simply180

given by181

®𝛿𝑚 𝑗 (𝑡 < 0) · ®𝑚0, 𝑗 (𝑡 > 0) (30)

First, we model an excitation which is homogeneous across layers, changing the effective field by182

®Δ𝐻effeven,i = −Δ𝐻E𝑖 𝑗

®𝐻E𝑖 𝑗

| ®𝐻E𝑖 𝑗
|
, (31)

i.e. reducing the interlayer exchange in every layer. To account for heating effects, we include a gradient in Δ𝐻E𝑖 𝑗
183

(resulting layer-dependent exchange interaction after laser excitation in Fig. 9a). As a result of the decreased exchange184

interaction, the equilibrium macrospin position after excitation points more along the 𝑐-direction in all layers:185

®𝑚𝑖,0 (𝑡 > 0) = ®𝑚𝑖,0 (𝑡 < 0) + Δ𝑚𝑖𝑐. (32)

Now, we calculate the projection ®𝛿𝑚𝑖 (𝑡 < 0) · ®𝑚𝑖,0 (𝑡 > 0) for this case, shown colorcoded in the layer-dependent186

eigenvalues in Fig. 9b. For large 𝑁 , the projection is largest for the lowest frequency bulk modes (yellow dots at187

∼ 20 GHz), which is consistent with the 𝑓IP of bulk measurements [7]. For small 𝑁 , one of the edge modes starts188

to couple strongly to light as it spreads across the sample (light green dots with lowest 𝑓 for 𝑁 < 10), while the189
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coupling of the former 𝑓IP becomes weaker. Therefore we assign the corresponding eigenvalue of this edge mode to190

the experimental 𝑓IP in few-layer devices.191

Next, we explore the effect of an alternating laser-pulse-induced change across layers, e.g. an additional effective field192

term along the c-direction due to magnetoelastic coupling [9]:193

®Δ𝐻effodd,j = (−1) 𝑗Δ𝐻T 𝑗
𝑐. (33)

As ®𝐻0 = 𝐻0𝑐 in our model, we introduce this additional effective field as a change in 𝐻0, including a gradient due to194

heating effects (see Fig. 9c). The new equilibrium macrospin positions after excitation now alternate between layers:195

®𝑚0, 𝑗 (𝑡 > 0) = ®𝑚0, 𝑗 (𝑡 < 0) + (−1) 𝑗Δ𝑚 𝑗𝑐. (34)

The resulting projections are shown colorcoded in Fig. 9d. The largest projection is seen for the highest frequency196

mode – corresponding to the 𝑓OP (𝑘z ≈ 0) mode in bulk experiments. For small 𝑁 , the largest projection also belongs197

to the mode with the largest eigenvalue, which we therefore assign to our experimental 𝑓OP (at 𝑁 = 3 the bulk 𝑓IP and198

𝑓OP modes converge). In Fig. 3b of the main text, the modes are colored according to the coupling to a homogeneous199

(blue) vs. alternating (red) excitation.200

In Fig. 9e, f we show the components 𝑚𝑎 and 𝑚 | | for the trilayer modes. The mode 𝑓middle (bright blue) is asymmetric201

across the device, while 𝑓IP (dark blue) and 𝑓OP (red) are symmetric. An excitation by light should have a similar effect202

in every second layer (due to the long wavelength of light compared to the sample thickness), and therefore cannot203

couple to the 𝑓middle mode. In Fig. 9g, h we show the 𝑓IP (dark blue) and 𝑓OP (red) and the two edge modes (bright204

blue, green) in a 100-layer device. The edges modes are confined to the first ∼ 8 layers. The 𝑓IP and 𝑓OP modes spread205

across the complete bulk and have the maximum possible real space wavelength, i.e. minimal 𝑘z, which is consistent206

with the argumentation in previous studies that light excitation couples to these two modes.
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Figure 9: Numerical macrospin model (a) Homogeneous change in 𝐻E across layers (e.g. due to heating) leads to (b)

a strong coupling with the acoustic mode for bulk samples or the "surface" mode for thin samples. (c) An alternating

change in 𝐻0 (which is expected to arise from, e.g., magnetoelastic effects) strongly couples to excitation of the optical

mode (d). (e-f) Mode shapes of the trilayer. (g-h) Surface modes and example of a bulk mode for a 100-layer device.
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7 Macrospin fit results208
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Figure 10: Macrospin fitting results trilayer The results of the macrospin model fitted to the capacitor model for the

(a) exchange fields, (b) anisotropy fields and (c) gyromagnetic ratios.

Using the dependencies from the main text and the results from Fig. 5, we fit the lowest and highest eigenvalue of209

Eq. (25) to the observed gate-dependent 𝑓IP and 𝑓OP of the trilayer. We use the resulting fitting parameters from Table210

1 of the main text to calculate the interlayer exchange and intermediate axis anisotropy fields and gyromagnetic ratios211

for each layer in Fig. 10.212

The maximum changes in gyromagnetic ratio we predict in the top layer roughly correspond to a change of 2.75 to 3.2213

𝜇𝐵 per Cr atom, which is an order of magnitude more than predicted for CrSeBr by doping [10]. Our dependence of214

anisotropy on electric field of −0.8 T nm V−1 corresponds to ∼ −600 fJ V−1 m−1 of changes in anisotropy constant per215

unit surface per unit electric field. For comparison, usual voltage controlled magnetic anisotropy (VCMA) coefficients216

describing changes of interfacial perpendicular magnetic aniostropy at ferromagnet-oxide interfaces reach around217

∼ −100 fJ V−1 m−1 [11–13]. The tunability we reach in the interlayer exchange field is comparable to that in bulk218

CrSBr when applying in-plane strain [14], however, the exchange interaction becomes stronger rather than weaker.219

We do the same calculations for the 5- and 8-layer devices using the results of the electrostatic modelin in Figs. 6220

and 7 and the fitting parameters from Table 1 of the main text. The resulting internal fields and gyromagnetic ratios221

are shown in Figs. 11 and 12.222
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Figure 11: Macrospin fitting results 5-layer The results of the macrospin model fitted to the capacitor model for the

(a) gyromagnetic ratios, (b) anisotropy fields and (c) interlayer exchange fields.
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Figure 12: Macrospin fitting results 8-layer The results of the macrospin model fitted to the capacitor model for the

(a) gyromagnetic ratios, (b) anisotropy fields and (c) interlayer exchange fields.

15



8 Gate dependence of magnons in 8-layer device223

The compelete gate-dependence of the magnons in 8 layers is shown in Fig. 13 together with the macrospin modeling.224

Overall, the model predicts the experimentally observed frequecies. There are discrepancies mainly in the doping225

dependence of 𝑓IP (top left panel). These could be due to some simplifications we made for fitting: For example,226

we fixed 𝐻𝑏 = 1.3 T in all devices. However, 𝐻𝑏 could vary slightly between edgexfoliated flakes – this can lead to227

differences in 𝜈a across samples. This could result in over- or underestimating changes in 𝑓IP for certain field- and228

doping conditions. This is reflected in the larger errors for the 8-layer fitting results in Table 1 of the main text.
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Figure 13: Gate-dependent magnon frequencies of 8-layer device Complete gate-dependence of (a) 𝑓IP and (b) 𝑓OP

in the 8-layer device (dots: experimental data, solid lines: macrospin model).

229

9 Gate-dependent magnetic phenomena230

As mentioned in the main text, multiple gating effects on magnetic properties have been suggested as illustrated in231

Fig. 14. (1) By increasing the electron doping n, the magnitude of the gyromagnetic ratio 𝛾 of the macrospins can232

increase due to an increase in carriers with magnetic moment [10]. The Coulomb repulsion parameter U can increase233

with 𝑛, possibly influencing the exchange constants according to the Kugel-Khomskii model [15–17]. (2) When doping234

with electrons, 𝑒𝑔 levels will be populated in addition to 𝑡2𝑔 ones [16–18]. This can change the orbitals involved in235

the hopping between sites, again affecting the (anti-)ferromagnetic exchange coupling parameters. Additionally, the236

different orbital shapes can influence the anisotropy of the material [19]. (3) A perpendicular electric field between237

layers can shift the energy positons of bands associated with different orbitals in neighboring layers with respect to each238

other, again influencing the (anti-)ferromagnetic exchange coupling parameter [20]. (4) Gates can influence orbital239

filling especially in the outer layers due to the resulting electric field, as electrons want to reside further/closer to240

the gate, shuffling them into 𝑑𝑥2−𝑦2 or 𝑑𝑧2 orbitals, respectively. This is commonly called voltage-induced magnetic241

anisotropy [11, 21, 22].242
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Figure 14: Possible doping- and field related effects on magnetic parameters Sketch of possible gating effects on

gyromagnetic ratio, anisotropy and exchange fields.

10 Thickness measurement of CrSBr flakes243

To find the layer number of the measured flakes, we performed AFM measurements (Fig. 15). We find the following244

thicknesses – Sample 1: 2.4 nm, Sample 2: 4 nm, Sample 1: 6.4 nm – corresponding to 3, 5 and 8 layers, respectively245

[23].
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Figure 15: AFM images (a) AFM image of a small portion of the trilayer device (marked in optical image). The height

profile corresponds to a linecut of the CrSBr flake along the marker in the image. (b) AFM (top) and corresponding

optical (bottom, CrSBr flake outlined) image of the 5-layer device before contact patterning. The height profile

corresponds to a linecut of the CrSBr flake along the marker in the image. (c) AFM (top) and corresponding optical

(bottom, CrSBr flake outlined) image of the 8-layer device before contact patterning. The height profile corresponds

to a linecut of the CrSBr flake along the marker in the image.
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