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CrSBr is an air-stable 2D van der Waals semiconducting magnet with great technological promise,
but its atomic-scale magnetic interactions—crucial information for high-frequency switching—are
poorly understood. We present an experimental study to determine the CrSBr magnetic exchange
Hamiltonian and bulk magnon spectrum. We confirm the A-type antiferromagnetic order using
single crystal neutron diffraction. We also measure the magnon dispersions using inelastic neutron
scattering and rigorously fit the excitation modes to a spin wave model. The magnon spectrum is well
described by an intra-plane ferromagnetic Heisenberg exchange model with seven nearest in-plane
exchanges. This fitted exchange Hamiltonian enables theoretical predictions of CrSBr behavior: as
one example, we use the fitted Hamiltonian to predict the presence of chiral magnon edge modes
with a spin-orbit enhanced CrSBr heterostructure.

I. INTRODUCTION

Two-dimensional (2D) magnetism has long been a
topic of theoretical investigation, but only recently has it
become experimentally accessible through van der Waals
materials [1, 2]. With monolayer magnetism preserved
through magnetic anisotropy, these materials promise
to yield cleaner experimental realizations of theoreti-
cal states, novel spintronic devices, and new topological
phases of matter [3, 4]. However, accurately predicting
the magnetic properties and excitations requires a de-
tailed knowledge of the magnetic exchange Hamiltonian.

A promising 2D van der Waals magnet is CrSBr.
CrSBr forms in 2D layers of magnetic Cr3+ ions form-
ing a rectangular lattice, as shown in Fig. 1. In bulk,
it orders magnetically at TN = 132 K [5, 6] with A-
type antiferromagnetism: ferromagnetic planes polarized
along the b axis, alternating in orientation for an over-
all antiferromagnetic (AFM) order, and becoming ferro-
magnetic (FM) in the monolayer limit [8]. This material
is air-stable and has a semiconducting gap low enough
to gate with realistic electric fields [6, 9]. There is also
intricate interplay between electronic transport, optical
properties, and magnetism [10, 11], with the potential
for exploiting both spin and charge degrees of freedom
for technological purposes [12]. To understand, predict,
and ultimately exploit the spin transport properties of
CrSBr, it is necessary to know the magnetic exchange
Hamiltonian between Cr ions and the resulting magnon
dispersions. In particular, the high-frequency behavior
of the magnon bands is critical to understanding the
short-time behavior relevant for electronic switching and
information processing. In this study, we measure the
static magnetic structure and the high energy magnon
dispersions, experimentally determine the spin exchange
Hamiltonian using inelastic neutron scattering, and then
use this Hamiltonian to predict the presence of chiral
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Figure 1. CrSBr crystal structure. (a) shows the crystal struc-
ture and Cr3+ magnetic order, ferromagnetic in-plane but lay-
ered in alternating directions for a bulk antiferromagnetism.
(b) shows the Cr neighbors in the plane from the central red
atom, numbered in order of bond length (neighbors 6, 9, 10,
and 12 are between planes).

edge modes in layered heterostructures.

II. RESULTS AND ANALYSIS

A. Static magnetism

The single crystal neutron diffraction is shown in Fig. 2
and confirms the ground state magnetic order in Ref. [5]:
below a transition temperature of 132.3(6) K, new Bragg
peaks appear at half-integer ` positions in accord with
(00 1

2 ) magnetic order. In the Supplemental Information,
we refine the Bragg intensities and show they indicate A-
type antiferromagnetism in Fig. 1. At temperatures near
TN , a streak of scattering appears at (0, 1, `), signaling
2D magnetic correlations in the ab plane. Tracking the
2D correlations as a function of temperature, we see they
peak at TN , but with significant 2D magnetic correlations
above TN .

The 3D Bragg intensity vs temperature follows a
smooth curve between TN and 5 K. Although CrSBr sam-
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Figure 2. Single crystal CrSBr neutron diffraction. (a)-(d)
show the temperature evolution of the (0, 1, 3

2
) Bragg peak

(which is smeared out in Q⊥ due to crystal twinning). Above
and near the phase transition, a streak of scattering along
` appears, signaling two-dimensional (2D) magnetic correla-
tions. We track the 3D and 2D correlations using the red
and white boxes in panels (a)-(d) (the black box is the back-
ground), plotted in panel (e). The 2D correlations peak at the
ordering temperature TN = 132.2(6) K, and decrease at lower
temperatures. The fitted order parameter curve is shown in
grey, with a fitted β = 0.231(6).

ples show a sample-dependent discontinuity in magnetic
susceptibility at 30 K [10], no such feature is observed
in the neutron diffraction. Furthermore, aside from a
larger static moment at 5 K, we also find no difference
between 80 K and 5 K refined magnetic structures. Thus
we conclude, as did Ref. [5], that the 30 K discontinuity
is not associated with a change in the spatially-averaged
magnetic order. This is consistent with the proposal in
Ref. [10] that the susceptibility discontinuity is due to
local or impurity spins. Fitting the 3D Bragg intensity
to an order parameter curve, we find a critical exponent
β = 0.231 ± 0.006. This is far from the theoretical 3D
Heisenberg critical exponent β = 0.36 [13]. Instead, this
is remarkably close to the critical exponent β = 0.231 de-
rived for the 2DXY model via Kosterlitz-Thouless (K-T)
theory [2], showing very 2D exchange interactions with
easy-plane anisotropy, in accord with expected Van der
Waals behavior.

B. Dynamic magnetism

Several plots of CrSBr inelastic neutron scattering data
are shown in Fig. 3. Because of the small sample mass,
there is substantial background noise from phonon scat-

tering in the aluminum sample holder. Nevertheless, the
magnon modes are clearly distinguished by (i) their sym-
metries following the CrSBr reciprocal lattice units, (ii)
their intensities following a magnetic form factor with in-
tensity largest near |Q| = 0, and (iii) comparison with a
measured background (see section V).

The magnon dispersions in the (hk0) plane reach a
maximum energy of ∼ 45 meV. To within an energy res-
olution of ±0.5 meV FWHM in the Ei = 20 meV data in
Fig. 3(d), the modes are gapless at h+ k = even integer
points in reciprocal lattice units (RLU). This lack of ob-
servable gap evidences highly isotropic magnetism, as one
expects for S = 3/2 Cr3+. This comports with density
functional theory predictions [15] and recent photon mea-
surements finding Q = 0 magnon gaps of 0.102(3) meV
and 0.141(4) meV [13], as well as magnetization measure-
ments finding a maximum anisotropy of 0.144 µeV at 2 K
(c-axis compared to b) in CrSBr (see Supplemental Infor-
mation [17]): too small to be resolved in this experiment.

In the ` direction, we find no measurable dispersion
out of plane at all h and k, as shown in Fig. 4. This
evidences very weak inter-plane magnetic exchange, as
one would expect for a highly 2D system (see the Sup-
plemental Information for further details [17]). This is
consistent with the photon excitation study in Ref [13]
which finds an interlayer exchange < 0.01 meV, as well
as density functional calculations in Ref. [18] which finds
a CrSBr interlayer magnetic interaction three orders of
magnitude weaker than the in-plane interactions. Be-
cause the modes are flat with `, all in-plane scattering
data presented here is integrated over −1 < ` < 1 RLU
to maximize the magnon mode visibility.

C. Fitting the exchange Hamiltonian

We determined the CrSBr magnetic exchange con-
stants from this scattering data by performing a fit to
a linear spin wave theory (LSWT) model. The spin wave
model for a bipartite ferromagnetic lattice is calculated
following Ref. [19] using the Hamiltonian

H =
∑
i,j

J〈ij〉 ~Si · ~Sj (1)

where ~Si are vectors of length |~Si| = 3/2 and J〈ij〉 are
magnetic exchange constants between pairs of spins. Be-
cause many exchanges are symmetry-equivalent, we write
Jn where n is the neighbor number. The fitted neighbors
n are shown in Fig. 1(b).

To constrain the fit, we extracted 188 unique Q and
h̄ω points by fitting constant |Q| cuts of the magnon
modes to Gaussian profiles in energy across 11 differ-
ent data slices, using only regions where the magnons
are clearly distinguishable from background (see Supple-
mental information for details [17]). We then defined a
global reduced χ2 function based on magnon mode en-
ergies at those Q points, minimizing χ2

red by varying Jn
using Scipy’s optimization package [20].
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Figure 3. Measured and fitted spin wave spectra of CrSBr. The top row (a)-(d) shows the measured spin wave spectra of
CrSBr. Panels (a)-(c) were measured with Ei = 70 meV neutrons, while panel (d) was measured with Ei = 20 meV neutrons.
The middle row (e)-(h) shows the LSWT calculated spectrum from the best fit Hamiltonian in Table I. The bottom row (i)-(l)
shows a portion of the data points used in the fit (black circles), and the fitted dispersion (blue solid line). For a complete list
of fitted data, see the Supplemental Information.
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Figure 4. CrSBr dispersion along `. Panel (a) shows a cut
along (1, k, 0) with red lines delineating the cut in panel (b)
along (1, 2, `). There is no detectable dispersion along ` at
this or any other wavevector, showing that the inter-plane
magnetic exchange is negligibly weak.

To systematically determine the number of exchange
constants to include in our model, we fitted the magnon
modes to a spin wave model beginning with only two
neighbors, and increasing the number of neighbors up to
the 17th neighbor exchange (excluding all inter-plane ex-
changes), re-fitting for each new neighbor. We find that
additional neighbors improve the best fit χ2

red value up to
the 8th neighbor. Including neighbors beyond 8 does not
improve χ2

red by a significant amount, as shown in Fig.
5. Furthermore, we find that the statistical uncertainty
of all exchanges beyond the 8th neighbor overlap with
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Figure 5. Dependence of the best fit χ2
red on the number of

neighbors included in the fit. Panel (a) shows χ2
red vs neigh-

bor number n, and panel (b) shows these fitted values in a
colormap. Beyond the 8th neighbor, the χ2

red does not appre-
ciably improve by adding additional neighbors, so we truncate
our model at the 8th neighbor.

zero, and so we truncate our model at the 8th neighbor
exchange and consider all further exchanges to be negli-
gible in CrSBr.
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Table I. Best fit Hamiltonian exchange parameters for CrSBr.

J1 = −1.90 ± 0.10 meV J5 = −0.09 ± 0.06 meV
J2 = −3.38 ± 0.06 meV J7 = 0.37 ± 0.09 meV
J3 = −1.67 ± 0.10 meV J8 = −0.29 ± 0.05 meV
J4 = −0.09 ± 0.05 meV

The best fit CrSBr Hamiltonian is given in Table I.
Uncertainty was calculated via a ∆χ2

red = 1 contour
for a one standard deviation statistical uncertainty [8],
see Supplemental Information for details [17]. This was
added in quadrature to the systematic uncertainty from
truncating the model to the 8th neighbor exchange, taken
to be the range of parameter variation between n = 11
and n = 17 fits. We simulated the neutron cross sec-
tion for this best fit Hamiltonian using SpinW software
package [22], plotted in Fig. 3(e)-(h).

The agreement between theory and experiment is re-
markably good for this isotropic exchange model. How-
ever, asymmetric Dzyaloshinskii-Moriya (DM) exchange
H = ~D〈ij〉 · (~Si× ~Sj) is symmetry-allowed on the nearest
neighbor Cr-Cr bond, with a ~D1 vector along the b direc-
tion [23]. This DM interaction would produce a magnon
mode splitting at half-integer k wavevectors. Although
this exchange is expected to be weak in Cr3+ because of
its small spin-orbit coupling, such mode splitting was ob-
served in CrI3 with a fitted DM interaction of 0.31 meV
[4]. Thus it may be that a weak DM exchange also plays
a role in CrSBr.

To test whether the DM exchange is significant, we
added a nearest neighbor DM exchange to our fitted
model and allowed it to vary along with the other fitted
parameters. No mode splitting is observed in our data,
so any split modes are below the experimental resolution
(see Fig. 6). We find that the best fit nearest neighbor ~D1

is unstable against the number of neighbors n included in
the model, varying between 0.0 meV and 0.4(4) meV. We
also find that the uncertainty overlaps with zero for all
n. Furthermore, the best fit χ2

red slightly worsens when
the DM exchange is added: χ2

red = 13.5819 with ~D1,
χ2
red = 13.5818 without ~D1 (see Supplemental Informa-

tion [17]). Therefore, we consider the DM exchange to
be negligible for CrSBr. While it is presumably nonzero,
it is too small to resolve using this data.

III. DISCUSSION

These results show that the CrSBr spin exchange
Hamiltonian can be accurately approximated as a single-
layer ferromagnet. Single-ion anisotropy, inter-plane ex-
change, and anisotropic exchange are all too small to re-
solve, leaving the exchange constants in Table I as an
effective minimal model for the high frequency (short
time) behavior of CrSBr. The fitted exchange param-
eters are almost uniformly ferromagnetic, with very sim-
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Figure 6. Effect of nearest neighbor DM interaction on the
CrSBr dispersion. Panel (a) shows the CrSBr data along
(0.75, k, 0), and panels (b) and (c) show the LSWT predic-
tions with and without a DM term. The DM induces a gap
at k = 1.5, but no gap is resolvable in the data. This con-
strains the nearest neighbor DM term to be < 0.8 meV.

ilar exchange in the a and b directions, evidencing very
two-dimensional magnetism (in contrast to the quasi-1D
electronic bands [24]). The CrSBr magnetic Hamilto-
nian having significant magnetic exchange out to the 8th
neighbor is somewhat surprising, but is consistent with
the strong Cr-S and Cr-Br covalency [18] which gives op-
portunity for extended orbital overlap.

We can compare this with first principles predictions
for CrSBr. Guo et al [25] used density functional theory
to predict J1 = −1.72 meV, J2 = −3.25 meV for CrSBr
(normalized to the S = 3/2 vector convention we use in
Eq. 1). This is very close to the fitted J1 = −1.9(1) meV
and J2 = −3.38(6) meV, showing good agreement be-
tween experiment and theory. Similarly, Wang et al [15]
and Yang et al [18] also used density functional theory
on to predict weak CrSBr single-ion anisotropy (too weak
to be measured with our measurements), although both
their calculated CrSBr bulk exchange constants are larger
than we observe in experiment.

Because the CrSBr semiconducting gap is 1.25(7) eV [6]
(14500 K), the effects of thermally populated conduction-
mediated exchange will be very minor between 5 K and
300 K. Some exchange constant shifts with lattice expan-
sion is possible, but such effects will also be minor [26].
Therefore we expect the magnetic exchange constants in
Table I can be considered approximately correct at all
temperatures below 300 K.

Calculating edge modes

Having determined the spin exchange Hamiltonian for
CrSBr, we can begin using it to calculate relevant quan-
tities. Among many spintronics proposals are “topo-
logical magnonics”: using magnon edge modes for low-
dissipation transport and switches [27]. Magnon edge
states, which only exist on the edge of a 2D material, gen-
erally have different dispersions than those in the bulk.
For certain lattice geometries and Hamiltonians, the edge
magnons can be “chiral”, with a directional velocity pref-
erence based on the terminating surface [28]. Such chi-
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surface modes split and have linear crossings at integer and
half-integer h, signaling potential chiral edge modes with op-
posite group velocities on opposing edges.

ral edge modes can be induced in ferromagnets via an
anisotropic DM interaction [29].

In 2D materials, it is possible to increase the anisotropy
via proximity effects with layers of heavy atoms, thereby
enhancing spin-orbit interaction [30, 31]. This has been
powerfully demonstrated with graphene heterostructures
[32, 33]. Because spin orbit interaction drives the asym-
metric DM exchange [23], it is possible to increase the
CrSBr DM interaction via layering with a strong spin-
orbit coupled material [34, 35].

To examine the effect of large DM exchange on the
surface magnon modes of CrSBr, we performed large box
spin wave simulations using SpinW [22]. We generated
a lattice 12 unit-cells in extent along the b axis with pe-
riodic boundary conditions along a and c. We then per-
formed LSWT calculations with and without periodic
boundary conditions along b using the Hamiltonian in
Table I, with and without D1 (DM on the first neigh-
bor) exchange. The results are plotted in Fig. 7. The
surface modes are clearly visible as the modes at lower
energies than the bulk dispersions, and which disappear
when periodic boundary conditions are applied.

Without DM interaction, the surface modes have a
sinusoidal character, with the same dispersion for both
surfaces. However, with a nonzero DM interaction, the
modes split and shift left and right in reciprocal space,
leading to crossing points at h = 0 and h = ±1/2 where
the surface magnon modes have opposite group veloci-
ties. This signals a potentially chiral surface mode which
can be induced in CrSBr. If a magnon mode is excited
in the frequency and momentum window of a crossing
point, its direction will be constrained by the dispersion
to travel along a particular edge direction. The chiral
edge modes may be visible in a thermal hall experiment.

Inducing these chiral edge modes via proximity effects is a
real possibility: CrSBr heterostructures are already being
fabricated [12] and furthermore layered WTe2/Fe3GeTe2
were able to achieve 1.0 mJ/m2 proximity induced DM
exchange [35], which would be 1.9 meV per Cr ion in
CrSBr—larger even than our DM simulations in Fig. 7.

As an aside, these simulations show that the DM in-
teraction would also shift the mode energy minima from
Q = 0 to an incommensurate value along a. This indi-
cates that D1 would produce an incommensurate spiral
spin modulation along a (the in-plane direction perpen-
dicular to the ordered moment).

IV. CONCLUSION

In conclusion, we have measured the magnetic diffrac-
tion of CrSBr and confirmed the 2D XY A-type anti-
ferromagnetism. We also measured inelastic spin wave
spectra of CrSBr and fitted the observed magnon modes
to a linear spin wave model. We find a minimal magnetic
exchange model with seven in-plane exchanges accurately
reproduces the experimental spectra, with both single-
ion and exchange anisotropy being too small to resolve.
We also find no visible dispersion in the out of plane di-
rection, confirming the highly 2D nature of CrSBr. We
anticipate this experimentally derived Hamiltonian to be
useful for calculating the behavior of this material in het-
erostructures and spintronic devices.

We then use this calculated spin wave model to pre-
dict the presence of a chiral edge mode if the nearest
neighbor DM exchange interaction could be enhanced by
proximity effects. These results suggest potential topo-
logical edge modes in CrSBr heterostructures is a future
direction worth exploring.

V. EXPERIMENTAL SECTION

A. Sample synthesis

Reagents: The following reagents were used as re-
ceived unless otherwise stated: chromium powder
(99.94%, -200 mesh, Alfa Aesar), sulfur pieces (99.9995%,
Alfa Aesar), bromine (99.99%, Aldrich), and chromium
dichloride, (anhydrous, 99.9%, Strem Chemicals)

Synthesis of CrBr3: High quality CrBr3 was synthe-
sized from the elements (Cr, 1.78 g, 34.2 mmol and Br2,
8.41 g, 52.6 mmol) with one end of the tube maintained
at 1000◦C and the other side at 50°C with a water bath.
Details of the reaction can be found in [13]. Caution:
One end of the tube must be maintained below 120◦C to
prevent the tube from exploding from bromine overpres-
sure.

Synthesis of CrSBr: A modified procedure from ref
[13] was used to synthesize large single crystals of
CrSBr. Chromium (0.174 g, 3.35 mmol), sulfur (0.196 g,
6.11 mmol), and chromium tribromide (0.803 g, 2.75



6

mmol) were loaded into a 12.7 mm O.D., 10.5 mm I.D.
fused silica tube. The tube was evacuated to a pressure
of ∼ 30 mtorr and flame sealed to a length of 20 cm.
The tube was placed into a computer-controlled, two-
zone, tube furnace. The source side was heated to 850◦C
in 24 hours, allowed to soak for 24 hours, heated to
950◦C in 12 hours, allowed to soak for 48 hours, and
then cooled to ambient temperature in 6 hours. The sink
side was heated to 950◦C in 24 hours, allowed to soak for
24 hours, heated to 850◦C in 12 hours, allowed to soak
for 48 hours, and then cooled to ambient temperature
in 6 hours. The crystals were cleaned by soaking in a
1 mg/mL of CrCl2 aqueous solution for 1 hour at am-
bient temperature. After soaking, the solution was de-
canted and the crystals were thoroughly rinsed with DI
water and acetone. Residual sulfur residue was removed
by washing with warm toluene.

B. Neutron experiments

We measured the neutron diffraction of CrSBr with
the TOPAZ diffractometer [36] at Oak Ridge National
Laboratory’s SNS. TOPAZ uses the neutron wavelength-
resolved Laue technique for data collection to measure
a 3D volume from a stationary single-crystal sample.
Diffraction study was made on a plate-shaped single crys-
tal with dimensions 5 x 2.5 x 0.8 mm, orientated with
the a axis vertical. Sample temperature was controlled
by a Cryomech P415 pulse tube cryocooler. Data were
collected using crystal orientations optimized with the
CrystalPlan software in the range −161◦ to 180◦ [37] at
200 K, 80 K and 5 K. We also measured an order param-
eter curve heating from 5 K to 200 K at a fixed rotation
angle. As explained in detail in the Supplemental Infor-
mation, we use the BasIreps [1] and JANA software pack-
ages [39] to perform a refinement to the magnetic Bragg
intensities and find a static ordered moment of 3.56(2) µB

at T = 5 K. This is consistent with the theoretical static
moment of a S = 3/2 Cr3+ ion: g(3/2) = 3 µB plus a
small orbital contribution.

We measured the inelastic neutron spectrum of CrSBr
using the SEQUOIA spectrometer [40, 41] at Oak Ridge
National Laboratory’s SNS [42]. The sample consisted of
13 coaligned crystals with a total mass of 300 mg, aligned
with the c axis vertical and glued to an aluminum plate
using CYTOP glue [7] (a picture is shown in the Sup-

plemental information). The sample was mounted in a
closed cycle refrigerator and cooled to a base tempera-
ture of 5 K. We measured the scattering with an incident
energies Ei = 70 meV and Ei = 20 meV.

For the SEQUOIA neutron measurements, we set the
T0 chopper at 60 Hz, and used high flux Fermi 1 chopper
at 240 Hz, for Ei = 70 meV, and the neutron absorbing
slits in front of the sample were set to provide the beam
size 44 mm wide and 6 mm tall. We also measured the
spectra with Ei = 20 meV neutrons using high resolution
Fermi 2 chopper at 240 Hz, T0 chopper at 60 Hz. For the
Ei = 70 meV data we rotated the sample a full 180◦ in
1 degree steps, but for the Ei = 20 meV data we rotated
only 35◦ to capture the bottom of the dispersion around
(1, 1, 0).
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S1

SUPPLEMENTAL INFORMATION FOR SPIN
WAVES AND MAGNETIC EXCHANGE

HAMILTONIAN IN CRSBR

I. DIFFRACTION AND REFINEMENT

To analyze and fit the neutron diffraction peaks to a
magnetic structure model, we decomposed the CrSBr
space group into irreducible representations using the
BasIreps package of the FullProf software suite [S1]. The
CrSBr Pmmn space group decomposes into six irre-
ducible representations: Γ1 - Γ6, shown on the right hand
side of Fig. S1. Each of these six irreducible representa-
tions gives a unique signal in the magnetic diffraction pat-
tern. Susceptibility and neutron order parameter curves
indicate a second order (continuous) phase transition,
which means the transition involves a single irreducible
representation.

These calculated patterns are compared with the mea-
sured CrSBr scattering at 80 K and 5 K in Fig S1.
Although the Bragg peaks are asymmetric and broad-
ened due to sample imperfections, the magnetic order is
nonetheless clear: the magnetic diffraction matches Γ4,
in-plane ferromagnetic order along a, alternating between
layers to form an antiferromagnetic layered structure.

Because no discontinuity is visible in the (0, 1, 32 ) or-
der parameter curve (see main text), we believe there
is no additional low-temperature transition in the mag-
netic order at 30 K. Nevertheless, we can use the 5 K
data to constrain the possible magnetic order at lower
temperatures, allowing for an additional irreducible rep-
resentation which would modify the magnetic structure.
Fitting combinations of irreducible representations to the
observed intensities, we find that the largest possible spin
canting angle at 5 K is 14◦ to within one standard devi-
ation uncertainty, coming from the addition of Γ1. How-
ever, the largest possible secondary irreducible represen-
tation weight is from the addition of Γ3 which modulates
the size of the ordered moments, up to ±45%. Thus even
were a low temperature transition to exist, its effect on
the overall spin structure would be quite mild. However,
both of these possibilities would involve a discontinuity
in the (0, 1, 32 ) Bragg peak, which we do not observe.

II. KOSTERLITZ-THOULESS PHYSICS

In the main text we show that the magnetic order pa-
rameter follows the 2D XY critical exponent associated
with Kosterlitz-Thouless (K-T) physics [S2], indicating
the possible existence of magnetic vortices in the param-
agnetic phase. As shown in Fig. S2, this result is robust
against background subtracted fits.

One of the original predictions of Kosterlitz [S3, S4]
was that the high temperature susceptibility of a K-T
system follows a universal curve

χ(T ) = A exp(B t−1/2) (S.1)

where A and B are fitted constants and t = (T −
TKT )/TKT . Here TKT is the vortex binding transition,
below which no free vortices can exist in the lattice. Fit-
ting the high temperature CrSBr susceptibility to this
formula, we obtain very good agreement down to∼ 150 K
as shown in Fig. S3, with a fitted TKT = 106.3(5) K in
the b and c directions and TKT = 93.7(3) K in the a
direction. This confirms that CrSBr behaves as a 2D K-
T system, and potentially that around 100 K magnetic
vortices and antivortices would bind together and anni-
hilate. Intriguingly, the fitted TKT transition is nearly
the same as the TS temperature identified by muon spin
relaxation [S5]. Whether this is coincidence or indicates
a deep connection is a question left for future study.

III. SEQUOIA EXPERIMENT DETAILS

The sample for this measurement is shown in Fig. S4.
It consists of 13 crystals coaligned with the c axis vertical,
glued to an aluminum plate with CYTOP glue [S7].

To estimate background for this experiment, we moved
the absorbing slits up by 9 mm so that the neutron beam
illuminates the middle of the aluminum sample mount
and not the CrSBr crystals. This was subtracted from
the data as shown in Fig. S5. The diffuse background is
not eliminated, but it is reduced to the point where it is
clear what the magnon modes are.

To increase the statistical clarity of the CrSBr scatter-
ing data, we symmetrized the data by folding it over high-
symmetry directions as shown in Fig. S6. The magnon
modes are clear even without symmetrizing, but apply-
ing the symmetry operations increases the effective signal
intensity.

IV. SPIN WAVE FITS

As noted in the main text, the spin wave Hamiltonian
was fitted to the energies of magnon modes extracted
from the scattering data. This optimization was repeated
several times using different starting parameters, and al-
ways converged to the same solution.

Uncertainty was estimated by calculating the ∆χ2
red =

1 contour about the best fit Hamiltonian. The extremi-
ties of this contour along each parameter is then a mea-
sure of the one standard deviation uncertainty [S8]. We
estimate the ∆χ2

red = 1 using the same method as em-
ployed in Ref. [S9], by generating a family of solutions
within ∆χ2

red = 1 of the best fit Hamiltonian. We first
systematically vary a single parameter, slowly increas-
ing or decreasing its value while re-fitting all other val-
ues, keeping solutions within ∆χ2

red ≤ 1. Then, us-
ing principal component analysis to define the vectors
along parameter space to search, we perform a ran-
dom Monte Carlo search to generate additional solutions
within ∆χ2

red = 1. The ranges of valid solutions are plot-
ted in Fig. S7, which are used to define the statistical
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Figure S1. CrSBr single crystal diffraction and refinement. The top two rows show the experimental diffraction data, in the
(0, k, `) (left column), (h, k, 1/2) (middle column), (h, k, 3/2) (right column) scattering planes. The top row (a)-(c) shows the
80 K scattering with 200 K subtracted as background, and the second row (d)-(f) shows the same for 5 K scattering. Note that
no new Bragg peaks appear at the lower temperatures. The bottom section (g)-(x) shows the calculated scattering intensity
for the six possible irreducible representations for CrSBr, one for each row, with the magnetic structures shown on the right.
The only structure that matches the observed scattering pattern is Γ4.

uncertainty in main text Table I.
This method of calculating uncertainty also yields the

correlations between the various fitted parameters. Fig.
S8 shows the correlations between different parameters
on J2 in the best fit family of solutions. This is then
used to calculate a correlation matrix, as shown in Fig.
S9.

The case of the DM exchange D1 is somewhat unique
as it effects only some of the dispersion Q points. (It
leaves integer and half-integer h unchanged for instance.)
So for estimating the uncertainty of D1, we modified χ2

red
to be χ2 per data point for which DM has a noticeable
effect. This reduced the uncertainty from ±0.5 meV to
±0.4 meV. But in either case, the uncertainty in D1 over-
laps with zero.

Furthermore, although with n = 8 neighbors included
in the fit (what is plotted in Fig. S7) gives a best fit value
of D1 ≈ 0.4, this value is unstable with n. As shown in
Fig. S10, the best fitD1 value varies unpredictably as the
number of fitted Jn increases—and in most cases refines
to zero. Additionally, the overall χ2

red is never improved
by adding a D1 term to the Hamiltonian, as shown in
Fig. S10(a). Because of this, we cannot say that D1 is
nonzero in CrSBr, but based its statistical uncertainty it
could be as large as 0.8 meV.
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Figure S2. CrSBr order magnetic parameter measured on
the (0, 1, 3/2) Bragg peak (main text Fig. 2), with the back-
ground (a) and with 2D order parameter (b) subtracted. The
fitted critical exponent with the background subtracted data
agrees with the main text β = 0.231(6) to within uncertainty,
but the fitted exponent with 2D order subtracted is notice-
ably higher. Intuitively, this makes sense: upon subtracting
the 2D correlations, the result is more three-dimensional.
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Figure S3. CrSBr magnetic susceptibility along b, from Ref.
[S6], fitted to Eq. S.1 above the magnetic ordering transition.
Between ∼ 150 K and 300 K, the susceptibility follows the
K-T functional form.

Figure S4. CrSBr sample used for the neutron experiment,
consisting of 13 coaligned crystals glued to an aluminum plate
for a total mass of 300 mg. The c axis is vertical, and the
longest crystal edge is along the a axis.
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Figure S5. CrSBr scattering with and without the background
subtracted. The background significantly reduces the inten-
sity of the diffuse features whilst leaving the magnon intensity
unchanged.
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Figure S6. Symmetrized and unsymmetrized CrSBr data,
showing a constant energy slice at h̄ω = (30 ± 2) meV.

V. INTER-PLANE EXCHANGE

As noted in the main text, no inter-plane magnetic dis-
persion is detectable to within the resolution of the neu-
tron experiment. Nevertheless, we can attempt to put
an upper bound on the J6 inter-plane exchange by ex-
amining the lowest energy inelastic scattering, as shown
in Fig. S11.

As is shown by the LSWT calculations in Fig. S11,
small nonzero J6 causes the low energy magnon spectral
weight to concentrate around ` = ±1/2. Experimentally,
no such intensity concentration is observed. Fitting the
` dependence of the intensity at h = 0.9, k = 1.0 (dis-
placed from the (1, 1, `) so that the inelastic magnetic
signal is distinguishable from the elastic background) in
Fig. S11(h), we find that the best fit J6 is 0.05 meV
with an uncertainty of 0.5 meV (estimated from a one
standard deviation in reduced χ2). The error bars are
unfortunately too large to constrain the fit very well, but
it is clear that J6 is quite small in CrSBr, and the system
acts very two-dimensionally.
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Figure S7. Possible Hamiltonian solutions within ∆χ2
red = 1 of the global optimum fit (see text). Each panel shows the range

of such solutions, which we take as an estimate of uncertainty. The small blue circle represents the best fit values. Note that
the DM interaction in panel (b) is symmetric about D1 = 0.
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Figure S8. Hamiltonian solutions within ∆χ2
red = 1 plotted against J2, as an example of correlations between fitted parameters.

A circular distribution shows no correlation, but a tilted ellipsoidal distribution shows nonzero correlation. The small blue
circle represents the best fit values.

VI. MAGNETIC ANISOTROPY

Although the neutron experiments are unable to re-
solve the low energy magnon gap, we can estimate the
magnetic anisotropy using isothermal magnetization. For
magnetocrystalline anisotropy calculations, a single crys-
tal was oriented along the a or c axis and attached to
a quartz paddle with GE varnish, and field-dependent
magnetization measurements were collected at 2 K using
the vibrating sample magnetometry module of a Quan-
tum Design PPMS Dynacool system. The same crys-
tal was used for both a- and c-axis measurements. The
magnetocrystalline anisotropy (defined here as the en-
ergy difference between the b-axis-magnetized state and
the a- or c-axis magnetized state) was calculated us-
ing the Stoner-Wohlfarth model [S10]. By measuring
the magnetization as a function of field at 2 K, we es-
timate the saturation magnetic field Hsat and magne-
tization Msat by linearly fitting the low field and high

field magnetization and finding the intersection as shown
in Fig. S12. By calculating the effective anisotropy pa-
rameter Keff = (µ0HsatMsat)/2 for each direction as
in Refs. [S11, S12], we can find the difference between
the anisotropy constants for the a or c axis and the
b-axis. These are 144 µeV/Cr (c-axis compared to b)
and 90 µeV/Cr (a-axis compared to b). These estimates
are remarkably close to the measured magnon gaps from
transient reflectance spectroscopy of 0.141(4) meV and
0.102(3) meV [S13]. Taken as estimates of the spin wave
gap, these are much to small to be resolved with the re-
ported neutron data. Thus, on short timescales (high fre-
quencies), CrSBr can be approximated as a very isotropic
2D magnet.

We note that the values calculated here do not account
for possible effects of shape anisotropy, which would be
largest for the c-axis, given the plate-like morphology of
the crystals. However, correcting the magnetization data
with a demagnetization factor near unity (N = 0.9) alters
the calculated anisotropy energy for the c-axis by less
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than 10%. As such, possible effects of shape anisotropy
do not alter any conclusions discussed herein.
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