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Antiferromagnetic spintronics offers the potential for higher-frequency oper-

ations compared to ferromagnetic spintronics and improved insensitivity to

magnetic fields. However, previous electrical techniques to detect antiferro-

magnetic dynamics have utilized millimeter-scale bulk crystals, and have not

yet pursued scaling to more practical device sizes. Here we demonstrate direct

electrical detection of antiferromagnetic resonance in structures on the few-

micrometer scale using spin-filter tunneling in PtTe2/bilayer CrSBr/graphite

junctions in which the tunnel barrier is the van der Waals antiferromaget
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CrSBr. This sample geometry allows not only efficient detection, but also elec-

trical control of the antiferromagnetic resonance through spin-orbit torque

from the PtTe2 electrode. The ability to efficiently detect and control anti-

ferromagnetic resonance provides the means to make detailed studies of the

physics governing these high-frequency dynamics and to pursue applications

including radiation sources, modulators, and detectors.

Manipulation of spin dynamics within antiferromagnets is attractive for future applications

due to the potential for high-frequency (GHz-THz) operation and insensitivity to small mag-

netic fields, but because antiferromagnets have no net magnetic moment, it is challenging to

efficiently detect and control these dynamics (1, 2, 3). The field of antiferromagnetic spin-

tronics has made recent progress in demonstrating that the antiferromagnetic Néel vector can

be reoriented using current pulses (4, 5, 6, 7, 8, 9, 10, 11, 12) and in achieving large magne-

toresistance in tunnel junctions made with metallic antiferromagnet electrodes (13, 14, 15).

High-frequency antiferromagnetic resonance modes have been detected using resonant absorp-

tion (16,17,18), optical (19,20,21,22), and spin-pumping techniques (23,24,25). However, the

previous electrical approaches of resonant absorption and spin pumping focused on millimeter-

scale or larger samples. In order to utilize GHz-THz antiferromagnetic dynamics for appli-

cations such as radiation sources, modulators, and detectors, it will be necessary to develop

much more compact electrical devices which are capable of both (1) detecting and (2) manip-

ulating these dynamics in low-damping antiferromagnets. Here, we demonstrate micron-scale

3-terminal PtTe2/bilayer CrSBr/graphite tunnel junctions which realize both functions. The de-

vices achieve direct read-out of antiferromagnetic resonance in the CrSBr tunnel barrier using

spin-filter tunneling (26, 27, 28), and at the same time allow the resonance damping to be tuned

via spin-orbit torque (29, 30, 31, 32) from the PtTe2 electrode (33, 34). The measurements re-

veal that the spin-orbit torque acts selectively only on the spin sublattice within the CrSBr layer
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adjacent to the PtTe2 electrode.

3-terminal antiferromagnetic tunnel junction devices

The antiferromagnet we employ, CrSBr (35, 36, 37, 38, 39), is an orthorhombic van der Waals

(vdW) material in which spins within each layer are ferromagnetically aligned, while spins in

adjacent layers are antiferromagnetically coupled. The bulk Néel temperature is 132 K and the

magnetic anisotropy is triaxial, with a hard axis along the out-of-plane crystal ĉ axis, an easy

axis along the crystal b̂ axis, and an intermediate axis along the crystal â axis (35,36,37). We will

measure antiferromagnetic resonances for the case where a magnetic field is applied along or

near the in-plane intermediate â axis, for which the equilibrium state of the two spin sublattices

is a spin-flop configuration and the resonances have the form of in-phase (i.e., acoustic) or

out-of-phase (i.e., optical) precession of the spin sublattices. Antiferromagnetic resonances in

CrSBr have been measured previously both by resonant absorption in bulk samples (18) and by

optical pump-probe methods in samples down to bilayer thicknesses (20, 21).

The spin-orbit-torque material we use, PtTe2, is a vdW type-II Dirac semi-metal with an elec-

trical conductivity of order 100 µΩcm and a spin-orbit torque efficiency per unit current density

at room temperature of 0.05-0.15, comparable to Pt (33, 34).

Our device geometry is shown in Fig. 1A,B (see also materials and methods). It consists of a

bottom PtTe2 channel which makes contact to pre-formed Pt electrodes, a bilayer CrSBr flake

on top of the PtTe2 oriented so that the easy b̂ axis of the crystal is 45◦ from the direction of

current flow, and a narrow graphite top contact. The entire structure is encapsulated with a

hexagonal boron nitride layer on top. All transport measurements to be reported in this paper

were peformed in a liquid-nitrogen flow cryostat at 85 K, below the Néel temperature of CrSBr.
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The low-bias magnetoresistance of the PtTe2/bilayer CrSBr/graphite tunnel junction is shown in

Fig. 2A. The behavior differs in two critical ways from previous measurements which studied

spin-filter tunneling between two graphite electrodes through antiferromagnetic CrI3 (27, 28)

or CrCl3 (40). First, the use of PtTe2 instead of graphite for one of the electrodes reduces

the overall tunnel-junction impedance, which is important for enabling high-frequency experi-

ments. We measure a resistance of roughly 700 Ω for the PtTe2/bilayer CrSBr/graphite device,

whereas a comparable graphite/bilayer CrSBr/graphite device (not shown) had a resistance of

2000 Ω. The second important difference is that CrSBr has significant within-plane magnetic

anisotropy whereas CrI3 and CrCl3 have negligible anisotropy within their vdW planes. This

magnetic anisotropy causes the magnetoresistance of the CrSBr junction to differ for in-plane

magnetic fields applied parallel and perpendicular to its easy axis.

When an applied magnetic field H is increased from zero in the direction parallel to the easy

magnetic axis (the CrSBr b̂ axis), we see an abrupt transition from a higher resistance into a

lower resistance state at 0.1 Tesla that corresponds to a spin-flip transition of the CrSBr spin

sublattices from an antiparallel state to a parallel state (Fig. 2A). With H swept parallel to the

intermediate anisotropy axis (the CrSBr â axis), there is instead a gradual transition from high

to low resistance, corresponding to a gradual canting of both spin sublattices away from the

easy axis. The ability to control the angle between the spin sublattices using a magnetic field

applied along the intermediate axis allows us to maximize the sensitivity of the tunnel junctions

for reading out the antiferromagnetic resonance and and also to tune the magnetic damping

using spin-orbit torque.

Spin-filter tunneling detection of antiferromagnetic resonance

Antiferromagnetic resonance can be excited and detected electrically via a 3-terminal version of

the spin-torque ferromagnetic resonance technique, which for an antiferromagnetic resonance
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we will refer to as ST-AFMR (41), via the circuit diagram shown in Figure 1C. We apply a

pulsed fixed-frequency microwave current (P ≤ 5 dBm) to the PtTe2 channel through contact T1.

Most of this current flows out through contact T2, but a small leakage current also flows through

the tunnel junction to the top contact T3. The microwave current excites antiferromagnetic

resonance through a combination of spin-orbit torque and the Oersted magnetic field, which

results in an oscillating tunnel-junction resistance on account of spin-filter tunneling. Mixing

between this oscillating resistance and an oscillating leakage current flowing through the tunnel

junction results in a pulsed dc voltage at contact T3 that is measured using a lock-in amplifier.

By sweeping an applied field through the resonant condition, the frequency of the resonance can

be determined (Fig. 2B). Figure 2D shows the frequency vs. field dependence for magnetic-field

orientations near the intermediate anisotropy axis. In our devices, the leakage current through

the tunnel junction is sufficient to produce a mixing signal with a large signal-to-noise ratio. If

that had not been the case, we could also have applied a separate microwave current directly

through the tunnel junction to achieve an even larger signal.

Of the two antiferromagnetic resonance modes, the measurement is sensitive only to the optical

mode, because this is the mode in which the relative angle between the two spin sublattices

undergoes large changes at the precession frequency to produce a substantial oscillating resis-

tance. Assuming a simple exchange field HE between the spin sublattices in CrSBr, the field

dependence for the optical-mode frequency for a magnetic field along the intermediate axis

should have the form (18)

ω0 = µ0γ

√︄
((Ha + 2HE)2 − H2)Hc

Ha + 2HE

(1)

where µ0 is the magnetic permeability, γ is the gyromagnetic ratio, H is the external field

strength, and Ha and Hc are the anisotropy parameters along the â and ĉ axes respectively.

From simultaneous fits to the resonance spectra in Figure 2D and the spin-flip transition in the
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tunneling magnetoresistance (Fig. 2A), we obtain exchange and anisotropy parameter values

µ0Ha = 0.33(6) T, µ0HE = 0.096(1) T and µ0Hc = 0.77(2) T (supplementary text section 2.1,

Fig. S2A,B). The in-plane and out-of-plane anisotropy parameters are not far from the values

reported previously for bulk CrSBr at 85 K (18) (µ0H
bulk
a ≈ 0.22, µ0H

bulk
c ≈ 0.75 T), but the

exchange parameter is less than half the bulk value (µ0H
bulk
E ≈ 0.27 T). This may be due to

the reduced number of adjacent layers in a bilayer. As we rotate the field away from the inter-

mediate anisotropy axis (Fig. 2D) we see a scaling of the mode to smaller resonant fields, in

agreement with previous measurements on bulk crystals (18).

Spin-orbit torque control of antiferromagnetic resonance linewidth

Our 3-terminal device geometry allows for manipulation of the antiferromagnetic resonance

in addition to simple detection of the resonance. If a direct charge current is applied within

the PtTe2 channel together with the microwave current, the dc current exerts an anti-damping

or damping spin-orbit torque (depending on the sign of the direct current) on the CrSBr that

tunes the resonance linewidth. In conventional ferromagnetic spin-orbit torque devices, the

effectiveness of anti-damping torque for tuning the linewidth is proportional to cos θ, where θ

is the angle between the precession axis of the magnetization and the anti-damping spin-orbit-

torque vector σ̂, which lies in-plane and perpendicular to the current (30, 42). Next we analyze

how the effects of anti-damping torque depend on the orientations of the two spin sublattices in

antiferromagnetic CrSBr.

Figure 3 shows how a direct current affects the linewidths, for a microwave frequency of 13.65

GHz and a magnetic field sweep along the intermediate axis of CrSBr. The resonant mag-

netic field at this frequency causes the two spin sublattices to be canted at a relative angle of

ϕ = 2arccos (
√︂

1− ( H
2HE+Ha

)2) ≈ 80◦ (18). Since the CrSBr crystal is situated with the inter-

mediate axis oriented approximately 45◦ from the direction of current in the PtTe2 channel, this
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means that near the resonance one of the spin sublattices is oriented approximately parallel to

the applied current and the other approximately perpendicular to the current and hence paral-

lel or antiparallel to the spin-orbit torque vector, σ̂ (see Fig. 3, A and B). For the field direction

depicted in Fig. 3A, we find the results in Fig. 3C: a negative dc current yields a linewidth signif-

icantly narrower than a positive current. For the opposite sign of magnetic field (Fig. 3B), there

is negligible dependence of the linewidth on dc current (Fig. 3D). We can quantify the linewidths

by fitting each resonance to a sum of a symmetric and an antisymmetric Lorentzian (41, 30),

with an additional linear term to account for a non-resonant background (41); we define ∆ as

the half width at half maximum of the Lorentzians. The overall dependences of ∆ on current

for the two signs of magnetic field are summarized in Fig. 3E.

From these results we conclude that the anti-damping spin-orbit torque from the PtTe2 layer

acts selectively on one of the spin sublattices in the CrSBr, the sublattice adjacent to the PtTe2

interface (we will call this spin sublattice 1). For the field configuration corresponding to Fig.

3A and C, spin sublattice 1 is aligned with the axis of the spin-orbit torque vector σ̂, giving the

maximum applied anti-damping torque with the maximum current-induced modulation of the

linewidth. For the opposite sign of applied field (Fig. 3B and D), spin sublattice 1 is parallel

to the current channel and hence perpendicular to σ̂, yielding negligible anti-damping torque.

Spin sublattice 2 in this second case is parallel to σ̂ and hence in the orientation favorable to

receive an anti-damping torque, but our measurements indicate that nevertheless little of the

spin current from the PtTe2 penetrates to this second layer so there is little effect on the overall

linewidth. To our knowledge, this is the first technique that allows an individual spin sublattice

within an antiferromagnet to be addressed selectively.

We can model these effects quantitatively using a coupled two-lattice Landau-Lifshitz-Gilbert-

Slonczewski (LLGS) equation (43) (supplementary text section 2.3). Assuming that the anti-
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damping spin-orbit torque acts only on sublattice 1, the dependence of the optical-resonance

linewidth on the dc bias current Idc for magnetic fields applied along the intermediate axis

should have the approximate form:

∆ =
2πf

γω1

(ω2α + γ
h̄

2e

ξSHIdc
MsWtmtnm

cos θ1) (2)

where we define the expressions

ω1 = 2γµ0
H0Hc

(2HE +Ha)

ω2 = γµ0
(2HE +Ha)(2HE +Ha +Hc)− H2

0

(2HE +Ha)
.

(3)

In these equations, θ1 is the angle between σ̂ and spin-sublattice 1, f is the driving frequency,

γ is the electron gyromagnetic ratio, α is the intrinsic damping parameter, h̄ is the reduced

Planck’s constant, ξSH is the spin-Hall efficiency, e is the electron charge, Ms is the saturation

magnetization, W = 3 µm is the width of the PtTe2 channel, tm = 0.79 nm is the thickness of

one CrSBr monolayer, tnm = 93 nm is the thicknesses of the PtTe2 layer, and H0 is the resonant

magnetic field.

A linear fit to ∆ against 2πf
γ

ω2

ω1
at zero bias gives α = 0.066(2) (Fig. S3C). Based on Eq. (2),

the slope of the current-modulated linewidth, normalizing for frequency and field dependencies,

should have a cosine dependence on θ1:

d∆

dIdc

ω1

2πf
=

(︃
h̄

2e

ξSH
MsWtmtnm

)︃
cos θ1. (4)

By changing the microwave frequency we can shift the resonance magnetic field and hence tune

the canting angle of the spin sublattices near the resonance condition. Figure 4C shows how

the current dependence of the damping of the optical mode depends on the orientation of spin

sublattice 1 relative to the direction of the spin-orbit torque vector σ̂ (i.e., the angles θH−
1 and

θH+
1 ). For a magnetic field H applied along the intermediate anisotropy axis (i.e., 45◦ from σ̂),
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we calculate these angles based on the previously-determined parameters µ0HE = 0.096 T and

µoHa = 0.33 T (18):

θ1 =

{︄
45◦ − sin−1(H/(2HE +Ha)) for H < 0

45◦ + sin−1(H/(2HE +Ha)) for H > 0.
(5)

The measured dc-bias-modulated linewidth slopes at different angles in Fig. 4C agree well with

the cos θ1 dependence expected from Eq. (4), with no detectable dependence on θ2. We also

verified Eq. (4) by performing LLGS numerical calculations as a function of H and Idc (Fig.

4D, Figs. S7, S8). Using an estimated saturation magnetization value for bilayer CrSBr at 85

K of µ0Ms = 0.28 T (supplementary text section 2.7, Fig. S3D), a fit of the measurements

to Eq. (4) yields a value for the anti-damping spin-orbit torque efficiency of ξSH = 0.29(2),

somewhat larger than previous room temperature measurements for PtTe2 which ranged from

0.05 to 0.15 (33, 34). We suspect the reason for this larger value may be that µ0Ms is reduced

by heating to make ξSH appear larger and/or the torque efficiency of PtTe2 may be higher near

85 K than at room temperature. The substantial anti-damping spin-orbit torque we measure

acting on the fully-uncompensated CrSBr interface is in contrast to a very small value measured

previously for a spin-compensated α-Fe2O3 interface (44).

It is possible to reverse the Néel vector hysteretically by applying a magnetic field larger than

0.1 T along the magnetic easy axis of the CrSBr. This might be due to a small asymmetry in

the magnetizations of the two layers, perhaps due to differences arising from the PtTe2/CrSBr

interface versus the CrSBr/graphite interface. After the initial Néel vector is reversed relative to

the configuration for the data in Fig. 3E, the asymmetry of the current-dependent damping with

respect to the sign of the applied magnetic field is also reversed (Fig. 3F), as expected based on

our assertion that only the spin sublattice at the PtTe2 interface is affected by the anti-damping

spin-orbit torque.
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Outlook

The ability to both (1) detect and (2) control antiferromagnetic resonance using a tunnel-junction

structure opens the door to both fundamental studies of antiferromagnetic dynamics and poten-

tial high-frequency applications. With spin-filter tunneling, we achieve sensitive detection of

antiferromagnetic resonance in a compact device geometry. The measurements we present rep-

resent only a first step in exploring the physics of antiferromagnetic spin dynamics; for example,

studies with applied magnetic field in other directions than along the high-symmetry intermedi-

ate anisotropy axis should allow examination of the acoustic mode as well as the optical mode,

control over the degree of hybridization between modes (18), and studies of angular momentum

flow between the spin sublattices (which has been shown to be important in synthetic antifer-

romagnets) (45). Another future goal is to create antiferromagnetic nano-oscillators for use

as high-frequency sources – this will require using anti-damping torque to drive the effective

damping of the antiferromagnetic resonance to negative values (46, 47, 48, 49). In our existing

devices, we achieve a maximum damping reduction of ≈ 12% at a current density of 1010 A/m2,

beyond which heating limits further decrease. Negative effective damping might be achieved

by reducing the thickness of the PtTe2 layer to minimize heating, optimizing the ratio between

antiferromagnetic parameters d∆
dI

∝ 2HE+Ha

H0Hc
, decreasing the intrinsic damping α, patterning

the oscillator into a nanowire (50), or applying spin-orbit torque to both the top and bottom

interfaces of the antiferromagnet.
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Fig. 1: PtTe2/CrSBr/graphite 3-terminal device and measurement configuration. (A) Im-
age of the PtTe2/CrSBr/graphite/hBN van der Waals heterostructure mechanically stacked and
transferred onto Ti/Pt electrodes. N̂ indicates the orientation of the Néel vector. (B) Schematic
of the device structure (not to scale), showing alignment of the CrSBr antiferromagnetic sublat-
tices (red and blue arrows) 45◦ with respect to the current in the PtTe2 channel. (C) Schematic
of the experimental circuit for ST-AFMR measurement of antiferromagnetic resonance.
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Fig. 2: Spin-filter tunneling magnetoresistance and ST-AFMR mixing voltage spectra.
(A) Magnetoresistance at 85 K measured between the top and bottom contacts (T3-T2 in Fig.
1) as a function of in-plane magnetic field H applied parallel to the CrSBr easy axis (H ∥ N̂ )
and parallel to the intermediate axis (H ⊥ N̂ ). (B) Antiferromagnetic resonances in the mixing
voltage at 85 K as a function of magnetic field applied along the intermediate anisotropy axis, for
frequencies 12-16 GHz. The mixing voltage curves shown here are normalized to account for
frequency dependent transmission. (C) Depiction of out-of-phase optical and in-phase acoustic
resonance modes. (D) ST-AFMR spectra of antiferromagnetic resonance for a magnetic field
applied along the intermediate anisotropy axis (ϕH = 90◦) and at two other nearby angles. In
the ϕH = 90◦ panel, the dashed gray line is a fit to the optical-magnon field dependence based
on Eq. (1) and the dashed black line is the corresponding field dependence expected for the
acoustic mode, showing that the detection technique is not sensitive to the acoustic mode.
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positive applied magnetic fields. (C, D) Rectified dc mixing voltage as a function of field at ±
3 mA for (C) negative and (D) positive external fields at f = 13.65 GHz. A non-resonant linear
background was subtracted from the raw data. (E) Resonant linewidth ∆ vs dc bias current Idc
at f = 13.65 GHz, for negative (red) and positive (black) fields. (F) ∆ vs Idc after the sublattices
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d∆
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were determined from the standard deviation errors of linear fits to ∆ vs. I. Uncertainties in
θ1 were determined from the width in magnetic field of the corresponding resonance.

(51, 52, 53, 54, 55, 56, 57, 58, 36, 18, 59, 60, 61, 17, 30, 41, 39)
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1 Materials and Methods

1.1 CrSBr synthesis and heterostructure fabrication

CrSBr single crystals were synthesized using a modified chemical vapor transport approach

originally adapted from Beck (53). Chromium, sulfur, and chromium tribromide reagents in a

slightly off-stoichiometric ratio were sealed in a fused silica tube of 20 cm. The tube was heated

in a two-zone tube furnace with a temperature gradient of 950 ◦C to 850 ◦C. Further details

of the synthesis can be found in ref. (54). Graphite and PtTe2 single crystals were obtained

commercially from HQGraphene.

To fabricate the heterostructures, we exfoliated hBN, graphite, CrSBr and PtTe2 flakes onto sili-

con/silicon dioxide (280 nm) wafers using the scotch-tape method. We selected flakes of appro-

priate thicknesses using an optical microscope equipped with a differential interference contrast

prism for enhancing the optical contrast of steps in the flakes. We then mechanically picked up

the selected flakes using stamps made from polypropylene carbonate (PPC) and polycarbonate

(PC) and transferred onto pre-formed Pt contacts (55, 56). During the pick-up procedure, we

aligned the long edge of the CrSBr layer 45◦ to the bottom PtTe2 channel. CrSBr flakes typi-

cally exfoliate into needle-shaped strips along the crystallographic â axis (57,58,59), which can

be used as a reference for aligning the flakes during the stacking process. After completion of

the transfer, we removed the polymer residue in chloroform, and rinsed the devices in acetone

and then IPA before measurements. To prevent degradation, we stored the devices in a glovebox

between measurements. Crystal structures of the vdW layers shown in Fig. 1 were drawn using

VESTA (60).
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1.2 Device Details

Based on atomic force microscope measurements (Fig. S1), the layer thicknesses for the device

that is our focus in the main text are tCrSBr = 1.5(4) nm, tPtTe2 = 93(1) nm and tgraphite = 7(1)

nm. The PtTe2 channel resistance is 280 Ω, and the area of the tunnel junction is approximately

5 µm2. Supplementary data for this device is shown in Figs. S2, S3, S4. Data from a second

device are presented in Figs. S5, S6, S7, S8. Since the thickness of a monolayer of CrSBr is

0.79 nm (36), the CrSBr tunnel barriers in both devices are bilayers. The CrSBr flakes in both

samples are free of any monolayer steps within the device area.

1.3 Spin-torque ferromagnetic resonance

The spin-orbit torque ferromagnetic resonance measurements were performed in a Janis flow

cryostat with a maximum magnetic field of ±0.6 T. An Agilent E8257D microwave frequency

signal generator was used to apply the rf current, which was amplitude-modulated at a 1163.51

Hz. A signal recovery 7265 lock-in amplifier was used to measure the rectified mixing voltage.

2 Supplementary Text

2.1 Magnetic parameters from fits to the resonance spectrum and tunnel-
ing magnetoresistance

In our measurements of the tunneling resistance as a function of field parallel to the easy axis

of CrSBr, we observe an abrupt spin-flip transition from an anti-parallel state to a parallel state.

Here, the spin-flip field is equal to the exchange parameter: µ0Hsf = µ0HE (18), and the resis-

tance can be expressed as a step function:

R = R0 +∆R/(1 + e−β(|µ0H|−|µ0HE|)) (S1)
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where R0 is the resistance at zero field, ∆R is the change in resistance, β is a parameter char-

acterizing the slope of the transition, µ0H is the external field along the easy axis of CrSBr,

and µ0HE is the exchange parameter. In addition, the dependence of frequency versus applied

magnetic field for the out-of-phase optical mode detected in the ST-AFMR spectrum (for field

applied along the intermediate axis) is given by (18):

ω0 = µ0γ

√︄
((Ha + 2HE)2 − H2)Hc

Ha + 2HE

(S2)

From simultaneous fits to the tunneling magnetoresistance and the ST-AFMR spectrum (Figs.

S2A,B), we extract the magnetic anisotropy and exchange parameters µ0Ha = 0.33(6) T, µ0Hc

= 0.77(2) T, and µ0HE = 0.096(1) T for device 1 at 85 K.

We also verified our value for µ0Ha based on the magnetoresistance field sweep along the â

axis. We identify the saturating field from where the resistance saturates, corresponding to

positions where dR/dB approaches 0 (Figs. S2C,D). This gives µ0Hsat,a ≈ 0.49 T, and using

the relation that the saturation field should equal µ0Hsat,a = 2µ0HE + µ0Ha, along with the

value we determined for the exchange field µ0HE = 0.096 T, we arrive at a value of µ0Ha ≈

0.3 T. This is close to the value obtained from fitting the magnetic field dispersion. A large

positive magnetoresistance component from the PtTe2 for field sweeps along the ĉ-axis (Fig.

S2E) precludes a similar analysis for µ0Hc. Our exchange and anisotropy values µ0HE, µ0Ha

and µ0Hc are consistent with other magnetoresistance measurements performed along the â, b̂,

and ĉ axes in bilayer CrSBr (61).
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2.2 Damping parameter of CrSBr

We determine the damping parameter of CrSBr from the frequency dependence of the resonance

linewidth at zero current bias:

∆ = α
ωω2

γω1

+∆0 (S3)

(see Eq. S24) where ∆0 allows for a contribution to the linewidth from inhomogeneous broad-

ening. A linear fit to the linewidth ∆ as a function of ωω2

γω1
(Fig. S3C) gives a damping parameter

of α = 0.066(2) and an inhomogeneous broadening parameter of ∆0 = 1.9(1.3) mT.

2.3 Landau-Lifshitz-Gilbert-Slonczewski equations for an antiferromag-
net with triaxial anisotropy

Following the framework established for ferromagnets (62, 63), we use a similar formalism to

derive analytical solutions for the linewidth modulation of an antiferromagnet in the presence

of spin-orbit torques generated by a dc spin current. To account for the additional exchange

and anisotropy parameters present in an antiferromagnetic system, we adapt the formalism first

introduced in (17) and later generalized for triaxial crystalline anisotropy in (18). We start with

the LLGS equation with unit magnetizations m1,2 for spin sublattices 1 and 2 and a damping-

like torque acting only on sublattice 1:

ṁ1 = −µ0γm1 ×Heff,1 + αm1 × ṁ1 + τSHm1 × (σ̂ ×m1)

ṁ2 = −µ0γm2 ×Heff,2 + αm2 × ṁ2

(S4)

where µ0 is the vacuum permeability, γ is the electron gyromagnetic ratio, α is the Gilbert

damping parameter τSH is the spin-Hall damping-like torque parameter, and σ̂ is the spin po-

larization corresponding to the spin-orbit torque. Heff,1,2 are the effective fields accounting

for the applied external magnetic field H, in-plane and out-of-plane anisotropies Ha and Hc and

the interlayer antiferromagnetic exchange HE . In general, the dynamics are quite complicated.
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However, we can consider the special case when the external field is applied parallel to the

in-plane intermediate anisotropy axis â where we can use the symmetry of the spin-flopped

sublattices about the intermediate axis. We assume an oscillatory expression for the magneti-

zation of the form m1(2)(t) = meq
1(2) + δm1(2)e

iωt. Including terms to first order in precession

amplitudes, the coupled LLGS equations for the antiferromagnetic sublattices m1(2) are:

iωδm1 = −µ0γm
eq
1 × (Heqδm1 +HEδm2 +Hc(δm1 · ĉ)ĉ+Ha(δm1 · â)â)

+ iωαmeq
1 × δm1 + τSHm

eq
1 × (σ̂ × δm1)

iωδm2 = −µ0γm
eq
2 × (Heqδm2 +HEδm1 +Hc(δm2 · ĉ)ĉ+Ha(δm2 · â)â)

+ iωαmeq
2 × δm2.

(S5)

Here, meq
1(2), δm

eq
1(2) are the equilibrium and displacement vectors of each sublattice, respec-

tively.

To further simplify the expression, we note that the effective field magnitude Heq acting on a

given spin sublattice is simply the magnitude of total effective magnetic field at the equilibrium

condition, and given the equilibrium condition this field is parallel to the sublattice moment on

which it acts: Heqm
eq
1(2) = H⊥â − HEm2(1) − Ha(m1(2) · â)â. By balancing the torques at

equilibrium and using a few steps of trigonometry, Heq = |H⊥â − HEm2 − Ha(m1 · â)â| =

HE . Furthermore, because the spin-flop configuration is 2-fold symmetric about â, C2am̂
eq
1 =

m̂eq
2 , where C2a is an operator for a 2-fold rotation about the â axis, we can decouple Eqs. S5

by defining two orthogonal modes that are linear combinations of the sublattice displacement

vectors: δm± = δm1 ± C2aδm2, and we get the LLG equations rewritten in the basis of δm±:

iωδm± = −µ0γm
eq
1 × (He(δm± ± C2aδm±) +Hc(δm± · ĉ)ĉ+Ha(δm± · â)â)

+ iωαmeq
1 × δm±

= iω
(︂
δmeff

± + δmα
±

)︂
.

(S6)

Here δmeff
± and δmα

± are the torques arising from the effective field and Gilbert damping
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respectively. In the absence of the spin-orbit torque, the in-phase (δm−) and out-of-phase

(δm+) modes are fully decoupled. (17, 18) The spin-orbit torque will excite both modes at the

same time, but we make the approximation that this torque is sufficiently weak so that if the

driving frequency is close to one of the antiferromagnetic resonance modes but not the other

then only one mode will be significantly excited, and hence the problem will remain decoupled

to a good approximation. We will focus on the effect of torques on δm+, the out-of-phase mode

that our tunneling measurements detect. Rewriting the spin-orbit torque in Eq. S4 in terms of

δm+ and δm− we get

τSH = τSHm
eq
1 × (σ̂ × δm1)

= τSHm
eq
1 ×

(︃
σ̂ ×

(︃
δm+

2
+

δm−

2

)︃)︃
.

(S7)

If we consider only the out-of-phase mode, we therefore get a factor of 1
2

for the effective

spin-orbit torque acting on δm+:

τSHm
eq
1 × (σ̂ × δm1) →

τSH
2

meq
1 × (σ̂ × δm+). (S8)

Before proceeding to solve the equations of motion, we can try to get an intuition for the effects

of the additional Gilbert damping and damping-like spin-orbit torque terms. We note that the

form of the decoupled equations are very similar to those for a single ferromagnetic layer with

equilibrium position meq
1 and deviations from that position δm±. Namely, the Gilbert damping

torque acts to damp out δm± to zero, whilst the damping-like spin-orbit torque acts either to
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enhance or reduce this damping. Expanding Eq. S6:

iωδmeff
± = −µ0γ

⎛⎝cosχ
sinχ
0

⎞⎠×

⎡⎣HE

⎛⎝⎛⎝δm±,x

δm±,y

δm±,z

⎞⎠±

⎛⎝−δm±,x

δm±,y

−δm±,z

⎞⎠⎞⎠+

⎛⎝ 0
Haδm±,y

Hcδm±,z

⎞⎠⎤⎦

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎛⎜⎝ 0

0

2HEδm+,y cosχ

⎞⎟⎠+

⎛⎜⎝ Hcδm+,z sinχ

−Hcδm+,z cosχ

Haδm+,y cosχ

⎞⎟⎠ out-of-phase

⎛⎜⎝ 2HEδm−,z sinχ

−2HEδm−,z cosχ

−2HEδm−,x sinχ

⎞⎟⎠+

⎛⎜⎝ Hcδm−,z sinχ

−Hcδm−,z cosχ

Haδm−,y cosχ

⎞⎟⎠ in-phase

(S9)

Taking into consideration that δm+ and δm− are always perpendicular to m1, i.e. the length of

m1 is unchanged, we can simplify the problem further by expressing the equation in the spher-

ical coordinate basis (r, ϕ, θ), following the method described in (17). We use the equilibrium

position sinχ = H⊥/(2HE+Ha) calculated by minimizing the free energy, and adopt the basis

(δm+,ϕ, δm+,θ, δm−,ϕ, δm−,θ).

iωδmeff
± =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

(︄
0

2HEδm+,ϕ cos
2 χ

)︄
+

(︄
−Hcδm−,θ

Haδm−,ϕ cos
2 χ

)︄
out-of-phase(︄

−HEδm−,θ

HEδm−,ϕ sin
2 χ

)︄
+

(︄
−Hcδm+,θ

Haδm+,ϕ cos
2 χ

)︄
in-phase

(S10)

In block diagonal form, Eq. S10 can be written as

iω

(︃
δm+

δm−

)︃
=

(︃
A 0
0 B

)︃(︃
δm+

δm−

)︃
(S11)

where

A = µ0γ

(︃
0 Hc

−(2HE +Ha)(1− (H/(2HE +Ha))
2) 0

)︃
(S12)

B = µ0γ

(︃
0 HE +Hc

−(Ha − (Ha −HE)(H/(2HE +Ha))
2) 0

)︃
. (S13)
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With these simplified matrices, we can include the Gilbert damping and damping-like spin-orbit

torque in this basis. Considering only the upper left quadrant of Eq. S11 for the out-of-phase

mode, the LLGS can be written as a 2 × 2 matrix equation:

iω

(︃
δmϕ

δmθ

)︃
= (A+Mα +MτSH

)×
(︃
δmϕ

δmθ

)︃
. (S14)

Considering the Gilbert damping term first

δmα
± = iωα

⎛⎝1
0
0

⎞⎠×

⎛⎝ 0
δmϕ

δmθ

⎞⎠ = iωα

⎛⎝ 0
−δmθ

δmϕ

⎞⎠ (S15)

gives

Mα =

(︃
0 −iωα

iωα 0

)︃
(S16)

and considering spin polarization within the plane

τSH =
τSH
2

⎛⎝1
0
0

⎞⎠×

⎡⎣⎛⎝σr

σϕ

0

⎞⎠×

⎛⎝ 0
δmϕ

δmθ

⎞⎠⎤⎦ = −τSH
2

⎛⎝ 0
σrδmϕ

σrδmθ

⎞⎠ (S17)

where σr and σϕ are the spin polarization components parallel and perpendicular to meq
1 , to give

MτSH
=

(︃
− τSH,∥

2
0

0 − τSH,∥
2

)︃
. (S18)

Putting everything together for the out-of-phase mode in the spherical basis

iω

(︃
δmϕ

δmθ

)︃
=

(︃
−iω − τSH,∥

2
−iωα + µ0γHc

−µ0γ(He,a)(1− ( H
He,a

)2) + iωα −iω − τSH,∥
2

)︃(︃
δmϕ

δmθ

)︃
= 0 (S19)

where we have defined He,a = (2HE + Ha). Solving for the eigenvalues would give us the

out-of-phase mode solutions (18), modified by the additional Gilbert damping and spin-orbit

torque terms. At the same time, we can also deduce the modulation of the linewidth by the

damping-like spin-orbit torque. This linewidth is equivalent to the half width at half maximum

of the response to a periodic driving force, analogous to a damped harmonic oscillator. We

9



deduce this from the susceptibility matrix of the response to an oscillating torque τac, given by

the inverse of the matrix, M−1:(︃
δmϕ

δmθ

)︃
= 1/det[M ]

(︃
−iω − τSH,∥

2
iωα− µ0γHc

µ0γ(He,a)(1− ( H
He,a

)2)− iωα −iω − τSH,∥
2

)︃(︃
τac,ϕ
τac,θ

)︃
. (S20)

The prefactor of the susceptibility matrix is:

1/det[M ] =
1

(µ0γ)2Hc(H2
e,a−H2)

He,a
+

τSH,∥
2

2 − (1 + α2)ω2 − iω[µ0γ
He,a(Hc+He,a)−H2

He,a
α + τSH,∥]

=
1

ω2
0 − (1 + α2)ω2 +

τSH,∥
2

2 − iω[ω2α + τSH,∥]

≈ 1

ω2
0 − ω2 − iω[ω2α + τSH,∥]

=
(ω2

0 − ω2) + iω(ω2α + τSH,∥)

(ω2
0 − ω2)2 + [ω(ω2α + τSH,∥)]2

(S21)

where we have defined ω2
0 = (µ0γ)

2Hc(H2
e,a−H2)

He,a
, ω2 = µ0γ

He,a(Hc+He,a)−H2

He,a
, and taken damping

and torque terms to linear order. Here, we check that ω0 is simply the resonant frequency as a

function of field for the out-of-phase mode, such that the magnetization response is maximized

when the driving frequency is equal to the resonant frequency (ω2 − ω2
0 = 0).

The susceptibility expression looks a little complicated, but has a similar functional form as that

for a ferromagnet (63). Following a similar treatment, we can rewrite the frequency variables

in the form of field variables:

ω2
0(H) = ω2

0(H0) + (H −H0)
dω2

0

dH

⃓⃓⃓
H=H0

= ω2 + (H −H0)
d

dH

⃓⃓⃓
H=H0

γ2µ2
0

(H2
e,a −H2)Hc

He,a

= ω2 − 2(H −H0)γ
2µ2

0

Hc

He,a

H0

= ω2 − γω1µ0(H −H0)

(S22)
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where ω1 = 2µ0γ
Hc

He,a
H0. Substituting this into Eq. S21:

1/det[M ] =
−γω1µ0(H −H0) + iω(ω2α + τSH,∥)

(γω1µ0)2(H −H0)2 + [ω(ω2α + τSH,∥)]2

=
1

γω1

−µ0(H −H0) + i ω
γω1

(ω2α + τSH,∥)

µ2
0(H −H0)2 + [ ω

γω1
(ω2α + τSH,∥)]2

=
1

γω1

−µ0(H −H0) + i∆

µ2
0(H −H0)2 +∆2

(S23)

where we have defined the linewidth:

∆ =
ω

γω1

(ω2α + τSH,∥). (S24)

The amplitude of the spin-orbit torque scales linearly with the applied dc-bias current Idc: (30,

62)

τSH,∥ =
h̄

2e

γξSH cosϕσ

MsWtmtnm
Idc (S25)

where ξSH is the spin-orbit torque efficiency, ϕσ is the relative angle between meq
1 and the spin

polarization σ̂, Ms is the saturation magnetization, W is the width of the PtTe2 channel, tnm is

the thickness of the PtTe2 channel and tm is the thickness of a CrSBr monolayer. Substituting

this into the expression for the ∆, we get:

d∆

dIdc
=

ω

γω1

h̄

2e

γξSH cosϕσ

MsWtmtnm

=

(︃
h̄ξSH

2eMsWtmtnm

)︃
ω

ω1

cosϕσ.

(S26)

Rearranging, the spin-orbit torque efficiency is given by:

ξSH =
2eMsWtmtnm

h̄

ω1

ω cosϕσ

d∆

dIdc
. (S27)
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2.4 Regarding fits to the resonance lineshapes

The resonance lineshapes can computed within the same LLGS formalism described in the

previous section by including oscillatory torques, analogous to conventional ST-FMR studies

of ferromagnetic films (30). The resonance peaks in the mixing voltage take the form of a sum

of symmetric and antisymmetric Lorentzians:

Vmix
dc = cS

∆2

∆2 + (µ0H− µ0H0)2
+ cA

µ0H∆

∆2 + (µ0H− µ0H0)2
(S28)

where ∆ is the half width at half maximum of the Lorentzians, H0 is the resonant field, and

cS and cA are fitting weights. In conventional two-terminal ST-FMR, the symmetric and anti-

symmetric components are associated with the damping-like and field-like torque components,

respectively (30). However, in three-terminal ST-FMR measurements this simple separation is

no longer possible, as parasitic capacitances can give rise to a phase difference between the

microwave currents in the PtTe2 channel and within the tunnel junction which shifts the relative

amplitudes of the symmetric and antisymmetric contributions (42).

2.5 LLGS numerical simulations

To better understand the asymmetry in the linewidth modulation effects for positive and negative

fields in our measurements, we perform macrospin LLGS numerical calculations. We again

consider the case where all of the torques are preferentially acting on sublattice 1:

ṁ1 = −µ0γm1 ×Heff,1 + αm1 × ṁ1 + τSHm1 × (σ̂ ×m1).

ṁ2 = −µ0γm2 ×Heff,2 + αm2 × ṁ2

(S29)

with the external field along the intermediate â axis:

Heff,(1,2) = H⊥â+HEδm(2,1) +Hc(δm(1,2) · ĉ)ĉ+Ha(δm(1,2) · â)â). (S30)
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We numerically integrate these equations to calculate m1 and m2 as a function of time, while

sweeping the external field. We then calculate the time dependent angle between the two sub-

lattices ϕ, from which we can obtain the mixing voltage:

Vmix(t) = IRF sin (ωt)× [R0 +∆R cos (ϕ(t))]

= V dc
mix +O(2ωt).

(S31)

The dc component of the mixing voltage can be compared to the rectified voltage in our ST-

AFMR measurements. As seen in Fig. S9A the amplitude of oscillations in cosϕ is maximum

when the antiferromagnet is on resonance. This can be detected as a peak in V dc
mix (Fig. S9B) on

resonance. We repeat these time-dependent simulations at various external magnetic fields and

positive and negative dc-bias currents to understand how the current-induced spin-orbit torque

modifies the linewidth. We consider the scenario where negative fields cant sublattice 1 parallel

to the spin polarization σ while positive fields cant sublattice 1 perpendicular to σ (Fig. S9C and

D). As shown in Fig. S9E and F, the simulated resonance peaks show an increased(decreased)

linewidth for positive(negative) dc bias current for negative fields. For positive fields, we see

minimal changes in the linewidth for positive and negative dc bias currents. These simulation re-

sults are in agreement with our measurements, supporting our conclusion that spin-orbit torques

from the PtTe2 layer in our heterostructure preferentially affect just one of the two CrSBr anti-

ferromagnetic sublattices. The amplitude of the simulated linewidth modulation (main text Fig.

4D) agrees with the analytical expression derived in the previous section (Eq. S24).

2.6 Effect of reversing the Néel vector on linewidth modulation

We further verify that the linewidth modulation effects observed arise from spin-orbit torques

by measuring the effects on the same CrSBr/PtTe2 heterostructure (device 1) with the antifer-

romagnetic sublattices initialized in the opposite configuration. We do this by sweeping the

magnetic field along the easy axis of CrSBr in either the positive or negative field, i.e., parallel
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or antiparallel to the black dashed Néel-vector arrow N̂ in Fig. S8 A and B. This initializes the

CrSBr sublattices to one of two near-degenerate states with the interfacial CrSBr layer in oppo-

site starting orientations. Experimentally, we then observe that for the different initial conditions

the current-induced linewidth modulation has different dependencies on sign of magnetic field

subsequently applied along the intermediate anisotropy axis. In the first case (main text Fig.

3E) an H- field gives a current dependence with a positive slope, whilst the current dependence

is negligible with an H+ field. When the sublattices are initialized in the opposite direction, we

see that an H- field now gives a negligible current dependence while the H+ field gives a cur-

rent dependence with a negative slope (main text Fig. 3F). This is as expected for the different

orientations of sublattice 1 with respect to σ for the two cases.

We consider the different configurations of the sublattices when canted by the H- and H+ fields

in more detail. In the first configuration depicted in Fig. S8A, the angle θ1 between σ̂ and

sublattice 1 is 0◦ for H- and 90◦ for H+. Given that the spin-orbit torque induced linewidth

modulation follows a cos θ1 relation, we indeed measure a positive slope for H- and a negative

slope for H+. When the sublattices are flipped into the second configuration, the angles become

-90◦ for H- and 180◦ for H+ (Fig. S8B). In agreement with the theory, we now observe negligible

current induced slope for H- and a negative slope for H+. Furthermore, the amplitudes of the

positive slope of d∆/dI = 1.1(2) T/A for H- in main text Fig. 3E and the negative slope of

d∆/dI = 1.07(17) T/A in main text Fig. 3F agree within uncertainties. We observe a similar

effect in device 2, with a positive slope of d∆/dI = 1.7(3) T/A for H- in Fig. S8C and a negative

slope of d∆/dI = 1.6(1) T/A in Fig. S8D. These observations further support our conclusion

that the spin-orbit torques act mainly on the interfacial CrSBr layer and show that the linewidth

modulation effects can be switched by changing the initial sublattice orientations.
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2.7 Damping-like spin-orbit torque efficiency calculation

For device 1 analyzed in the main text, we estimate the lateral width of the PtTe2 channel in the

device region from the optical microscope image (main text Fig. 1A) as W = 3.07(9) µm. The

thicknesses of the PtTe2 and CrSBr layers are measured using atomic-force microscopy, tnm =

93(2) nm, tCrSBr = 1.5(4) nm. The parameters for device 2 are W = 2.7(2) µm, tnm = 61.1(6)

nm and tCrSBr = 1.3(1) nm.

We estimate the saturation magnetization of our bilayer CrSBr using values reported in the

literature. Firstly, we deduce a magnetic moment of 1.95 µB per Cr atom at 85 K for bulk

CrSBr, by interpolating data from the literature (from Fig. 4f of ref. (36)). We calculate a unit

cell volume of 132.11 Å3 from the lattice parameters a = 3.5066(1) Å, b = 4.7485(1) Å, and

c = 7.9341(2) Å (36). Then, given 2 Cr atoms per unit cell, we get a saturation magnetization

value of µ0Ms,bulk = 0.35 T. Recent NV magnetometry measurements report a reduction in

magnetization from bulk to bilayer CrSBr of around ≈ 20% for encapsulated flakes (59), from

which we estimate for our bilayer at 85 K that µ0Ms,2L = 0.28 T (Fig. S3D). The uncertainty in

this value is at least 10’s of percent.

Using these parameters and cosine fits to the dc bias induced linewidth modulation, Eq. S27

gives a damping-like efficiency of ξdevice1DL = 0.29(2) and ξdevice2DL = 0.39(4) for devices 1 and 2

respectively.

2.8 Effect on the fitted linewidth modulation of variations in the magne-
tization angles as a function of magnetic-field magnitude.

As we vary the magnetic field at fixed frequency, the magnetization angle θ1 evolves as we

sweep through a resonance. We have analyzed to what extent this evolution may affect the

fitting of our linewidths and our spin-orbit torque analysis.
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For the data we report, we calculate an expected θ1 variation of ∆θ1 ≈ ±9◦ as the applied

magnetic field is swept through our broadest resonances (the error bars for the values of θ1 in

Fig. 4C of the main text reflect this variation). The consequence of this variation is small around

θ1 = 0◦ (∆cos θ1 ≈ −2%), and is largest around θ1 = 90◦ (∆cos θ1 ≈ ±15%). We have also

performed LLGS simulations with different intrinsic linewidths (α = 0.033 and α = 0.066) and

fitted the numerically-calculated Vmix resonance peaks over different field ranges (∆θ1 ≈ ±4.5◦

and ∆θ1 ≈ ±9◦). As shown in Fig. S11, linewidth modulation values from the simulated fits

show only slight deviations of less than 5% from the analytical trend of cos θ1. These estimated

errors are within the range of our experimental uncertainties and don’t significantly change our

spin-orbit torque efficiency calculations or our findings that the spin-orbit torque acts selectively

on one spin sublattice.

16



Device 2: 1.3(1) nm
Device 1: 1.5(4) nm

A B

Device 1: 93(1) nm

C D

Device 2: 61.1(6) nm

CrSBr CrSBr

PtTe2 PtTe2

Fig. S1. Atomic force microscopy (AFM) linecuts of vdW layers in devices 1 and 2. (A)
AFM linecut of the CrSBr layer in device 1 with an estimated step height of tCrSBr = 1.5(4) nm.
(B) AFM linecut of the CrSBr layer in device 2 showing two steps at the flake edge, each with
a size of tCrSBr = 0.65(5), in approximate agreement with previous measurements of monolayer
CrSBr tCrSBr = 0.79(1) (36). Noise in measurements is due to the thick hBN encapsulation
layers (≈ 20 nm) and polymer residue from the stacking process. (C) AFM linecut of the PtTe2
layer in device 1 with an estimated step height of tPtTe2 = 93(1) nm. (D) AFM linecut of the
PtTe2 layer in device 2 with an estimated step height of tPtTe2 = 61.1(6) nm.
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A B

𝜇!𝐻"#$,# = ±0.49	𝑇C D

E

H ∥ b

H ∥ a

H ∥ c

H ∥ a

H ∥ a

Fig. S2. Anisotropy and exchange parameters of device 1 analyzed in the main text. (A,
B) Simultaneous fits to the magnetoresistance and resonance spectrum of device 1 at 85 K using
S.I. Eqs. S1 and S2, from which we extract the magnetic anisotropy and exchange parameters
µ0Ha = 0.33(6) T, µ0Hc = 0.77(2) T, and µ0HE = 0.096(1) T. (C, D) Magnetoresistance and
first derivative of the magnetoresistance as a function of external magnetic field along the â
axis. Dashed lines indicate the estimated saturation magnetic field of µ0Hsat,a ≈ 0.49 T. (E)
Magnetoresistance as a function of external magnetic field along the ĉ axis.
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A B

C D

Fig. S3. Supplementary characterization of device 1 analyzed in the main text. (A, B)
Transport measurements between T1 and T3 of device 1 at 85 K. (A) I-V curves at 0 field, H
∥ N̂ and H ⊥ N̂ . (B) Corresponding differential resistance as a function of voltage. (C) Linear
fit to resonance linewidth at different driving frequencies at 85 K, from which we extract a
damping parameter α = 0.066(2) and an inhomogeneous linewidth broadening parameter ∆0 =
1.9(1.3) mT. (D) Saturation magnetization of bilayer CrSBr estimated from temperature series
in Lee et al. (36), thickness series in Tschudin et al. (59) and assuming a bulk Ms of 3 µB per
Cr atom at 0 K (58, 39).
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A B

C D

E F

11.13 GHz, 𝜃!"# = −6°, 𝜃!"$ = 96° 13.15 GHz, 𝜃!"# = 3°, 𝜃!"$ = 87°

13.65 GHz, 𝜃!"# = 5°, 𝜃!"$ = 85° 14.85 GHz,𝜃!"# = 12°, 𝜃!"$ = 78°

15.3 GHz,	𝜃!"#= 14.5°, 𝜃!"$ = 75.5° 16.1 GHz,𝜃!"# = 20°, 𝜃!"$ = 70°

H+
H-

H+
H-

H+
H-

H+
H-

H+
H-

H+
H-

Fig. S4. Linewidth modulation slopes as a function of dc bias current for device 1 analyzed
in the main text. (A-F) Linear fits to the modulated resonant linewidth at different resonant
frequencies, with black and red dashed lines showing fits for positive and negative fields re-
spectively. The fitted slopes have a cosθH±

1 dependence (main text Fig. 4C). Uncertainties in
the linewidth ∆ were determined from the standard deviation errors in the Lorentzian fits to the
resonances.
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5µm

CrSBrPtTe2

Graphite

A

B

HBN T3

T1

!"

T2

Fig. S5. Image and data for device 2 (PtTe2(61.1 nm)/CrSBr(2L)) (A) Image of
the hBN/graphite/CrSBr/PtTe2 device 2. (B) Angular dependence of dc-current-modulated
linewidths for device 2. The dc-bias-current-induced resonant linewidth modulation follows
an approximate cos θ1 dependence similar to device 1 in the main text. Uncertainties in the
dc-bias modulated linewidth d∆

dI
were determined from the standard deviation errors of linear

fits to ∆ v.s. I. Uncertainties in θ1 were determined from the width in magnetic field of the
corresponding resonance.
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𝜇!𝐻"#$,# = ±0.5	𝑇

A B

C D

Device 2 Device 2

Device 2 Device 2

Fig. S6. Anisotropy and exchange parameters of device 2. (A, B) Simultaneous fits to
the magnetoresistance and resonance spectrum of device 2 at 85 K using S.I. Eqs. S1 and S2,
from which we extract the magnetic anisotropy and exchange parameters µ0Ha = 0.31(2) T,
µ0Hc = 0.83(6) T, and µ0HE = 0.0975(6) T. (C, D) Magnetoresistance and first derivative of
the magnetoresistance as a function of external magnetic field along the â axis. Dashed lines
indicate the estimated saturation magnetic field of µ0Hsat,a ≈ 0.5 T.
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13.5 GHz, 𝜃!"# = 4.4°, 𝜃!"$ = 85.3° 13.5 GHz, 𝜃!"# = 4.4°, 𝜃!"$ = 85.3°

13.8 GHz, 𝜃!"# = 6°, 𝜃!"$ = 84° 14.6 GHz, 𝜃!"# = 10°, 𝜃!"$ = 80°

14.8 GHz, 𝜃!"# = 11.4°, 𝜃!"$ = 78.6°

A B

C D

E

Fig. S7. Linewidth modulation slopes as a function of dc bias current for device 2
(PtTe2(61.1 nm)/CrSBr(2L)) at 85 K. (A-E) Linear fits to the modulated resonant linewidth
at different resonant frequencies, with black and red dashed lines showing fits for positive and
negative fields respectively. The fitted slopes have a cosθH±

1 dependence consistent with device
1.
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C D
H+
H-

A B𝜎"

N$
H-

2

𝜃!"# ≈ 0°𝜎"

2

1

𝜃!"$ ≈ 90°1
N$

H+

𝜎"

N$

H-

1

𝜃!"# ≈ 270°
𝜎"

1

2

𝜃!"$ ≈ 180°2

N$ H+

Fig. S8. Comparison of linewidth modulation for the spin sublattices initialized in oppo-
site states for device 2, analogous to main text Figs. 3E,F for device 1. (A, B) Illustration of
the antiferromagnetic sublattices 1 and 2 canted by positive (H+) and negative (H-) fields when
sublattice 1 is initialized in the (A) upper right quadrant and (B) lower left quadrant. Black and
orange dashed arrows indicate the initial orientation of the Néel vector N̂ and spin polarization
σ respectively. (C) Measured resonance linewidth as a function of dc bias current, correspond-
ing to the situation depicted in (A). (D) Resonance linewidth as a function of dc bias current
when sublattice 1 is initialized in the opposite direction, corresponding to the situation in (B).
The magnitude of the slopes for H+ and H- in Fig. S8C agree with the slope magnitudes for H-
and H+ respectively in Fig. S8D within uncertainties.

24



12.5 GHz, 𝜃!"# = 0°

12.5 GHz, 𝜃!"# = 90°

12.5 GHz, 0.37 T

A B

E F

12.5 GHz

µ$H (T) µ$H (T)

C D
𝜎"

N$
H-

2

𝜃!"# = 0°𝜎"

2

1

𝜃!"$ = 90°1
N$

H+

Fig. S9. Simulated antiferromagnetic dynamics from numerical integration of the coupled
LLGS equations. Simulation parameters from fits to experimental data, µ0Ha = 0.33 T, µ0HE

= 0.096 T, µ0Hc = 0.77 T, were used for the calculations. Damping-like spin-orbit torques
were exerted only on sublattice 1. (A) Time evolution of cos(ϕ) for 3 different field values.
(B) Mixing voltage on resonance, where the rectified dc component of the mixing voltage is
shown by the red dashed line. (C, D) Schematic of the simulated system, with external fields
perpendicular to the easy axis of antiferromagnetic sublattices 1 and 2 in the (C) negative and
(D) positive directions. (E, F) V dc

mix vs. external field at negative (-I) and positive (+I) dc bias
currents.
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11.13 GHz, 𝜃!"# = −6°, 𝜃!"$ = 96°

13.65 GHz, 𝜃!"# = 5°, 𝜃!"$ = 85°

10 GHz, 𝜃!"# = −11°, 𝜃!"$ = 101°

13.15 GHz, 𝜃!"# = 3°, 𝜃!"$ = 87°

16.1 GHz, 𝜃!"# = 20°, 𝜃!"$ = 70°

H+
H-

H+
H-

H+
H-

H+
H-

H+
H-

F

12.55 GHz, 𝜃!"# = 0°, 𝜃!"$ = 90°

Fig. S10. Simulated linewidth vs spin-orbit torque from numerical integration of the
coupled LLGS equations. (A-F) Linear fits to the simulated linewidth modulation at various
Irf frequencies corresponding to different θ1. The spin-orbit torque is proportional to the applied
dc-bias current Idc and torque efficiency ξSH (30, 62) (S.I. sections 2.3, 2.5). Slopes extracted
from the linear fits show a cosθ1 dependence (Main text Fig. 4D).
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A B
α = 0.033, Δθ ≈ ±4.5°	 α = 0.066, Δθ ≈ ±9°	

Fig. S11. Simulated linewidth modulation for two different intrinsic linewidths. (A)
Linewidth modulation for a system with α = 0.33, from resonance fits over a range ∆θ ≈
±4.5◦. (B) Fitted modulation for α = 0.66 over a range ∆θ ≈ ±9◦. Blue curves indicate the
predicted theoretical cos θ1 angle dependence.

A B

C D

Fig. S12. Subtraction of non-resonant linear background. (A,B) ST-AFMR V dc
mix fitted

with Lorentzian components and a non-resonant linear background at positive and negative dc
current biases. (C, D) ST-AFMR V dc

mix with the non-resonant linear background subtracted.
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