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This document shows additional details of the diffraction and refinement of CrSBr scattering,
details of the spin wave fits, and plots of measured CrSBr neutron scattering from SEQUOIA
alongside the fitted linear spin wave model.

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 BaslIreps package of the FullProf software suite [1].
The CrSBr Pmmn space group decomposes into six irreducible representations: I'y - I'g, shown on the right
hand side of Figure 1. Each of these six irreducible representations gives a unique signal in the magnetic
diffraction pattern. 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 measured CrSBr scattering at 80 K and 5 K in Fig 1.
Although the Bragg peaks are asymmetric and broadened due to sample imperfections, the magnetic order
is nonetheless clear: the magnetic diffraction matches I'y, in-plane ferromagnetic order along a, alternating
between layers to form an antiferromagnetic layered structure.

Because no discontinuity is visible in the (0,1, %) order parameter curve (see main text), we believe
there is no additional low-temperature transition in the magnetic 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 representation 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 deviation uncertainty, coming from the addition of I';. However, the largest
possible secondary irreducible representation weight is from the addition of I'3 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, %) Bragg peak, which we do not observe.

II. KOSTERLITZ-THOULESS PHYSICS

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

One of the original predictions of Kosterlitz [3, 4] was that the high temperature susceptibility of a K-T
system follows a universal curve

X(T) = Aexp(Bt~'/?) (1)

where A and B are fitted constants and ¢t = (T — Tkr)/Tkr. Here Tir is the vortex binding transition,
below which no free vortices can exist in the lattice. Fitting the high temperature CrSBr susceptibility
to this formula, we obtain very good agreement down to ~ 150 K as shown in Figure 3, with a fitted
Txr = 106.3(5) K in the b and ¢ directions and Tk = 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 annihilate. Intriguingly, the fitted T transition is nearly the same as the Tg
temperature identified by muon spin relaxation [5]. Whether this is coincidence or indicates a deep connection
is a question left for future study.
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Figure 1. 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
Ty.
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Figure 2. CrSBr order magnetic parameter measured on the (0, 1,3/2) Bragg peak (main text Figure 2), with the
background (a) and with 2D order parameter (b) subtracted. The fitted critical exponent with the background
subtracted data agrees with the main text 8 = 0.231(6) to within uncertainty, but the fitted exponent with 2D order
subtracted is noticeably higher. Intuitively, this makes sense: upon subtracting the 2D correlations, the result is
more three-dimensional.
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Figure 3. CrSBr magnetic susceptibility along b, from Ref. [6], fitted to Eq. 1 above the magnetic ordering transition.
Between ~ 150 K and 300 K, the susceptibility follows the K-T functional form.

Figure 4. 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.

III. SEQUOIA EXPERIMENT DETAILS

The sample for this measurement is shown in Figure 4. It consists of 13 crystals coaligned with the ¢ axis
vertical, glued to an aluminum plate with CYTOP glue [7].

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 Figure 5. 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 scattering data, we symmetrized the data by folding it over
high-symmetry directions as shown in Figure 6. The magnon modes are clear even without symmetrizing,
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Figure 5. CrSBr scattering with and without the background subtracted. The background significantly reduces the
intensity of the diffuse features whilst leaving the magnon intensity unchanged.
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Figure 7. Possible Hamiltonian solutions within Ax2., = 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 D; = 0.

but applying 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 always converged to the same solution.

Uncertainty was estimated by calculating the Axfed = 1 contour about the best fit Hamiltonian. The
extremities of this contour along each parameter is then a measure of the one standard deviation uncertainty
[8]. We estimate the Ax? ;, = 1 using the same method as employed in Ref. [9], by generating a family
of solutions within Ax?_;, =1 of the best fit Hamiltonian. We first systematically vary a single parameter,
slowly increasing or decreasing its value while re-fitting all other values, keeping solutions within Axfe 0 <L
Then, using principal component analysis to define the vectors along parameter space to search, we perform a
random Monte Carlo search to generate additional solutions within Ax?_, = 1. The ranges of valid solutions
are plotted in Figure 7, which are used to define the statistical uncertainty in main text Table I.

This method of calculating uncertainty also yields the correlations between the various fitted parameters.
Figure 8 shows the correlations between different parameters on Jy in the best fit family of solutions. This
is then used to calculate a correlation matrix, as shown in Figure 9.

The case of the DM exchange D; is somewhat unique as it effects only some of the dispersion @ points.
(It leaves integer and half-integer h unchanged for instance.) So for estimating the uncertainty of D;, we
modified x2,; to be x? 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 D; overlaps with zero.
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Figure 8. Hamiltonian solutions within Ax?2,; = 1 plotted against J2, as an example of correlations between fitted pa-
rameters. A circular distribution shows no correlation, but a tilted ellipsoidal distribution shows nonzero correlation.
The small blue circle represents the best fit values.
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Figure 9. Correlation matrix for nonzero J, from the CrSBr spin wave mode fits, generated from the data in Figure
8 via a Pearson R calculation. Red indicates positive correlation, blue indicates negative correlation.
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Figure 10. (a) dependence of the best fit xZ4 on the number of neighbors n, both with and without a DM term
included. The overall x? is barely different when D; is included, and in fact is slightly higher for all n. (b) Best fit D;
value plotted against n, showing the fitted value is unstable with n. Thus the DM cannot be accurately determined
by this data, but is small enough that it makes no difference to fit.
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Figure 11. Fitted dispersion in the out of plane (¢) direction. (a) shows E; = 20 meV data, with the red lines
indicating the integrated region in panel (b). Panels (c) through (g) show linear spin wave simulations of the CrSBr
dispersion with varying values of the inter-plane exchange Js. As the interplane exchange grows larger, the intensity
concentrates around ¢ = £1/2. Panel (h) shows the integrated intensity from panel (b) in the window between
1.1 meV and 4.1 meV compared to the linear spin wave simulations. Panel (i) shows the reduced x? as a function of
Je, giving a best fit of J¢ = 0.05 meV, with an uncertainty up to 0.5 meV.

Furthermore, although with n = 8 neighbors included in the fit (what is plotted in Figure 7) gives a best
fit value of Dy = 0.4, this value is unstable with n. As shown in Figure 10, the best fit D; value varies
unpredictably as the number of fitted J,, increases—and in most cases refines to zero. Additionally, the
overall Xfe 4 1s never improved by adding a D term to the Hamiltonian, as shown in Figure 10(a). Because
of this, we cannot say that D; is nonzero in CrSBr, but based its statistical uncertainty it could be as large
as 0.8 meV.

V. INTER-PLANE EXCHANGE

As noted in the main text, no inter-plane magnetic dispersion is detectable to within the resolution of the
neutron experiment. Nevertheless, we can attempt to put an upper bound on the Jgs inter-plane exchange
by examining the lowest energy inelastic scattering, as shown in Figure 11.

As is shown by the LSWT calculations in Figure 11, small nonzero Jg 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 (displaced from the (1,1, ¢) so that the inelastic
magnetic signal is distinguishable from the elastic background) in Figure 11(h), we find that the best fit Jg
is 0.05 meV with an uncertainty of 0.5 meV (estimated from a one standard deviation in reduced x?). The
error bars are unfortunately too large to constrain the fit very well, but it is clear that Jg is quite small in
CrSBr, and the system acts very two-dimensionally.
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Figure 12. CrSBr 2 K magnetization as a function of field in the (a) a direction and (b) ¢ direction. The black curve
indicates the experimental data, the red and blue lines are linear fits.

Although the neutron experiments are unable to resolve the low energy magnon gap, we can estimate
the magnetic anisotropy using isothermal magnetization. For magnetocrystalline anisotropy calculations,
a single crystal was oriented along the a or ¢ 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 Quantum Design PPMS Dynacool system. The same crystal was used for both a- and c-axis
measurements. The magnetocrystalline anisotropy (defined here as the energy difference between the b-axis-
magnetized state and the a- or c-axis magnetized state) was calculated using the Stoner-Wohlfarth model
[10]. By measuring the magnetization as a function of field at 2 K, we estimate the saturation magnetic field
H,,: and magnetization Mg,; by linearly fitting the low field and high field magnetization and finding the
intersection as shown in Figure 12. By calculating the effective anisotropy parameter K.y = (toHsatMsat)/2
for each direction as in Refs. [11, 12], we can find the difference between the anisotropy constants for the a or
¢ axis and the b-axis. These are 144 eV /Cr (c-axis compared to b) and 90 peV/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 [13]. Taken as estimates of the spin wave gap, these are much to small
to be resolved with the reported neutron data. Thus, on short timescales (high frequencies), 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 than 10%. As such, possible effects of shape anisotropy do not alter any
conclusions discussed herein.

VII. DISPERSION PLOTS

Figures 13 through 26 show the measured dispersion compared to the linear spin wave theory (LSWT)
simulated intensity from the best fit Hamiltonian in the main text. Note that the data were integrated over
a finite region in ¢, rendering the optic modes faintly visible whereas at ¢ = 0 they would have zero intensity.
To account for this, the LSWT simulations were carried out for ¢ = 1/2. The bin width in A and k was
40.1 reciprocal lattice units, and the linear spin wave simulations assumed a Gaussian in energy with a
constant width of 4 meV (chosen to visually match the experimental plots). The third panel on the right
shows line plots of the calculated dispersion curves. If experimental data were extracted from the particular
slice and used to constrain the fit, they are plotted overtop the calculated dispersion. In some cases, the
data were too noisy to extract the modes, but one can see that the calculated magnon intensity matches
the features in the data. All inelastic neutron scattering data and spin wave analysis code is available at
doi.org/10.13139/ORNLNCCS/1869252.
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Figure 14. Experimental CrSBr scattering compared to LSWT fit.
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Figure 17. Experimental CrSBr scattering compared to LSW'T fit.
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Figure 18. Experimental CrSBr scattering compared to LSWT fit.
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Figure 19. Experimental CrSBr scattering compared to LSWT fit.
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Figure 20. Experimental CrSBr scattering compared to LSWT fit.
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Figure 21. Experimental CrSBr scattering compared to LSW'T fit.
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Figure 22. Experimental CrSBr scattering compared to LSWT fit.
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Figure 23. Experimental CrSBr scattering compared to LSW'T fit.
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Figure 24. Experimental CrSBr scattering compared to LSW'T fit.
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Figure 25. Experimental CrSBr scattering compared to LSWT fit.
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Figure 26. Experimental CrSBr scattering compared to LSW'T fit.
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