nature nanotechnology

Supplementary information https://doi.org/10.1038/s41565-025-02068-y

Exciton transportdriven by spin excitations
inanantiferromagnet

In the format provided by the
authors and unedited



https://doi.org/10.1038/s41565-025-02068-y

CONTENTS

S1.
S2.
S3. Spectral analysis of PL emission spectra under increasing laser excitation fluences
S4.

S5.

S6.

S7.

S8.

59.

Supplementary figures

Sample details

Differences in the optical properties of 2L and 10L

Discussion of other exciton transport mechanisms
A. Linear exciton diffusion

B. Exciton-exciton annihilation

Discussion of key experimental results in the context of exciton-exciton

annihilation.

C. Exciton Seebeck effect

Calculation of the magnon dispersion

A. Short-range exchange interaction and basic approach

B. Dipole-dipole interaction

C. Macroscopic approach to the dipole-dipole interaction
1. Magnetic susceptibility in the macroscopic approach
2. Dipole-dipole interaction via susceptibility

3. Dipole-dipole interaction in CrSBr bulk and multilayers

Magnon-exciton drag effect
A. Exciton-magnon interaction
B. Two component exciton-magnon drift-diffusion
C. Contraction of the exciton cloud
1. Excitation-induced transient attractive potential
2. Negative magnon group velocity and exciton-magnon drag

3. Kinetic approach to exciton contraction

Emission dynamics at different energies in the 10L crystal.

Size of the zero-delay PL emission spot.

11
11
13

14
16

21
21
23
24
24
26
28

32
32
33
36
36
37
38

42

43



S10. Temperature dependence of exciton lifetimes

References

44

45



S1. SUPPLEMENTARY FIGURES
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Supplementary Figure 1. Thermal breakdown of exciton superdiffusion in 2L. Exciton transport

in 2L measured at a T = 20K, b 60K, and ¢ 100K. Excitation fluence was 310 j.J/cm? and the transport

was measured in the b—direction.
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Supplementary Figure 2. Exciton transport in 10L at 7' = Ty. Comparison between the spatiotem-
poral dynamics of excitons observed at low and high excitation fluence along the b—axis. Particularly at
large fluence, two distinct slopes of Ao (t) indicate distinct transport regimes labeled initial and delayed

dynamics are noticeable. Error bars indicate the statistical error of the Gauss line fit.



S2. SAMPLE DETAILS

Position (um)

Supplementary Figure 3. Determination of the crystal thickness. a Optical microscope image of
the 10L crystal. b Atomic force microscopy image recorded at the position marked by the white square
in a. ¢ Height profile obtained at the position indicated by the white dashed line determines a crystal
thickness of h = 9.2nm. Following Ref. [53] and the empirical relation A = 0.79N +1.12 nm, this thickness

corresponds to a layer number of N = 10.



S3. SPECTRAL ANALYSIS OF PL EMISSION SPECTRA UNDER INCREASING
LASER EXCITATION FLUENCES

In this section we provide arguments and analysis regarding estimated photo-excited electron-
hole-pair densities and compare them to the Mott density where excitons dissociate into dense
electron-hole plasma. The analysis presented below suggest that excitons dominate the photo-
excited density of optical quasiparticles even at the largest excitation fluences applied in our study.
Strong confinement of excitons by the magnetic AFM configuration in the out-of-plane direction,
as well as the large effective exciton mass (M, = 10.2my) along the in-plane a—direction lead to
excitons with very small radii and a quasi-1D density of electronic states [54]. Both render the
excitons in CrSBr particularly robust against screening by free electron-hole pairs in contrast to
other systems, such as semiconducting transition-metal dichalcogenides, for example.

Theoretical considerations. In our 10L crystal, under 1.61eV excitation, the largest exciton
density we estimate per layer is 1.3 x 10'® em~2. Using the exciton Bohr radii (a} =4.2A along
b- and a% —=1.3A along a—direction) reported in a recent study [55], the approximate relation
ny ~ 1/(ma%al) leads to a Mott density of ny ~ 6 x 10 em™2. Thus, while this relation is
known to slightly overestimate the Mott density, even for the largest excitation fluences used our
study, exciton densities are still more than one order of magnitude below the Mott transition. For
the key results presented in Fig. 1, for example, the estimated densities were substantially smaller,
one the order of 102 em=2 per layer.

Fluence dependence in a 10L crystal. Overall, this theoretical estimate seems to be in good
agreement with the fluence-dependent PL spectra measured in the 10L crystal. While we observe
a broadening of the PL emission spectrum, as expected for increasing fluence, the absolute increase
in linewidth is rather moderate. The PL data presented in Fig. R1 shows that the X, linewidth
increases from 6 meV at the lowest fluence to 11 meV at the highest excitation fluence applied in
our study. Even at this fluence, the Xy exciton peak is still clearly visible and does not change
its spectral shape. Moreover, we find that the integrated PL intensity of the X, peak increases

2. As also noted above, most of the

linearly up to exciton densities as large as ~ 5 x 102 cm™
transport measurements reported in our study are conducted in this linear regime, suggesting the
optical excitations are predominantly comprised of excitons. Even at larger densities, the main
effect appears to be the onset of the saturation of the PL emission signal, not exciton dissociation.

Fluence dependence in a 2L crystal. It is important to note that much smaller fluences are

required in order to observe pronounced transport phenomena in 2L, because exciton transport
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Supplementary Figure 4. Spectral analysis of the fluence-dependent PL emission at T = 4K
in the 10L crystal. a PL emission spectra obtained under different excitation fluences. b Spectral width
of the Xy exciton emission peak determined from Lorentzian fits (black dashed lines in a) as a function
of exciton density. Error bars indicate the statistical error of the Gauss fits (dashed lines) shown in a.
c Corresponding integrated intensity of the Xy emission peak. Conversion of excitation fluence to exciton
density as shown in Extended Data Fig. 2. Blue-shaded rectangles mark the regime used to study exciton

transport. Laser excitation energy was set to 1.61eV.

in these crystals is superdiffusive and exceptionally fast. Hence, our 2L transport measurements
(with very few exceptions) were conducted entirely in the linear response regime. This regime is
marked by the gray rectangle in Fig. R2. It is characterized by a linear scaling of the integrated
PL intensity as a function of excitation fluence, consistent with the excitonic regime below the
Mott transition. Moreover, we note that the linewidth of the 2L emission increases only slightly,
from 14 meV to 17meV, similar to the thicker samples. Strong screening effects that dissociate the
excitons into an electron-hole plasma are therefore not expected at the fluences we used to study

exciton transport also in the 2L crystals.
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Supplementary Figure 5. Spectral analysis of the fluence-dependent PL emission in a 2L
crystal at T = 4K. a PL emission spectra obtained under different excitation fluences. b Full width
at half maximum (FWHM) of the PL signal determined from the numerical integral as a function of
the exciton density. c¢ Corresponding integrated intensity of the full PL spectrum under increasing ex-
citon densities. Blue-shaded rectangles mark the regime used to conduct the majority of 2L transport

measurements. Laser excitation energy was set to 1.61¢€V.



S4. DIFFERENCES IN THE OPTICAL PROPERTIES OF 2L AND 10L
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Supplementary Figure 6. Analysis of exciton properties in a 2L. a Spatial PL map recorded
at T = 4K. b Comparison between PL spectra measured at 4K and at 100 K. c Integrated total PL
emission as a function of temperature. d PL lifetime determined by a single exponential fit as a function

of temperature. e Exciton propagation velocity as a function of temperature.
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Supplementary Figure 7. Analysis of exciton properties in a 10L. a Spatial PL map recorded
at T = 4K. b Comparison between PL spectra measured at 4K and at 100K. c Integrated total PL
emission as a function of temperature. d PL lifetime determined by a single exponential fit as a function

of temperature. e Exciton propagation velocity as a function of temperature.
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S5. DISCUSSION OF OTHER EXCITON TRANSPORT MECHANISMS

Here we discuss the exciton and magnon transport in CrSBr from a general theoretical stand-
point. Based on the experimentally observed spatial, ~ um, and temporal, ~ 10...100 ps, scales
of exciton propagation we conclude that the most appropriate description of the propagation of
quasiparticles is the drift-diffusion model. It is because the spatial and temporal scales exceed mi-
croscopic lengths and times related to the mean free path, scattering time, de Broglie wavelength,
etc. of excitons. We start with the linear diffusion model in Sec. S5 A, then analyze possible non-
linear effects within the excitonic system including the exciton-exciton annihilation (Auger-like
effect, cf. Section S5B), and Seebeck effect related to heating of the exciton gas (cf. Section S5C).

Then, we address the intertwined propagation of excitons and magnons in Section S7.

A. Linear exciton diffusion

The diffusion equation for the exciton density n(r,t), where r = (z,y) is the in-plane position
vector and ¢ is time, for an anisotropic van der Waals semiconductor can be written as
2 2
(Z,—Z‘ +o= (Dm% + Dyyaa—yQ> n. (S1)
Here we assumed that x and y are the principal axes in the sample plane along the crystallographic
a— and b—direction, 7 is the exciton lifetime related to the radiative and non-radiative recombina-
tion processes and D,,, D,, are the exciton diffusion coefficients. Microscopically, the diffusion

coefficients are related to the velocity autocorrelation functions [56, 57| in the form

D, = /Ooo<va(t)va(0))dt, (S2)

where a = z,y is a Cartesian subscript and v, is the velocity component. Based on the observed
values of diffusivity we assume semiclassical exciton propagation where the autocorrelation function

takes the form
(va(t)va(0)) = (V2(0))e ™™, (S3)
where 7, is the scattering time and (v2(0)) = kgT'/M,, with kp being the Boltzmann constant, M,
and M, being exciton translational masses along the principal axes of the structure.
As a result, for the linear diffusion coefficients we have

 kgT kT

Dmc — Ts; D, = —
M, w =,

Ts. (S4)

11



150 2.0
a i n b
o E """ - linear diffusion
20 o s,
1.5+
S\ [¢] ,.q&; \,\.\
g 100 o©° °1 B
= 000°0 £ .
X 38 1.0
2 0 OOOOO c
E 0 3
kel =)
g 50 E05¢
o ©
o [0)
>
[$)
o rexp Qo
= 0.0F
0 © I‘exp w/o l-‘inh w sz from Texo
0 100 200 300 0 100 200 300

Temperature (K) Temperature (K)

Supplementary Figure 8. Estimated temperature dependence of linear diffusion coefficients.
a Spectral broadening of the Xy emission peak determined from temperature-dependent PL measurements
(black circles). Deconvolution removes contributions from inhomogeneous broadening I';,;, (blue circles).
Solid line represents the fit described in the text. Inset shows Xy line broadening in the low-temperature
range. b Effective diffusion coefficients estimated from Eq. (S4) for different broadening parameters I" and

crystallographic directions (a: turquoise, b: red).

This result also follows from the kinetic equation, see Sec. S5C. Equation (S4) shows that the
linear exciton diffusivity is strongly anisotropic since M, # M, in CrSBr.

To obtain further insight into the linear exciton diffusion scenario we estimate the diffusion
coefficients (S4) based on the bandstructure from Ref. [26] which yields M, = 10.2mg, M, = 0.6m,
and 7y extracted following Ref. [58] from the temperature dependence of the exciton linewidth
broadening I'.,, assuming the relation

Lo =7, 1, (S5)

which is valid for a number of relevant scattering mechanisms, particularly in the case of long-
wavelength acoustic phonon scattering.

The experimentally determined broadening is plotted in Fig. 8a. We fit I'.,;, by a standard
model, Degp(T) = To + 1T + 2/ exp[(E}, /kpT) — 1], with ¢15 scaling parameters, Iy a temper-
ature independent parameter, and £}, as an effective average phonon energy. The contribution
x ¢ effectively accounts for the exciton interaction with long-wavelength acoustic phonons with
linear dispersion and the contribution o< ¢y accounts for the coupling of excitons with optical and
zone edge phonons with flat dispersion. We estimate D, (T") for two cases of the scattering time
7(T). First, we use 7, Y(T) = Tepp(T) to determine D,,(T) along a— and b-directions (solid

lines in Fig. 8b). This estimate assumes all processes contributing to I'c,,(0) involve momentum

12



scattering and thus impact the diffusion of excitons. Second, we consider the role of inhomoge-
neous broadening [58] and that momentum scattering by acoustic phonons dominates at very low
temperatures. Deconvolution of I'.,,(7) with I';,, = 8meV renders the blue circles in Fig. 8a.
The corresponding temperature dependence of the exciton diffusion coefficient is plotted as dashed

dotted lines in Fig. 8b for transport along a— and b—directions.

B. Exciton-exciton annihilation

Diffusion Eq. (S1) assumes linear, monomolecular exciton recombination. At elevated exciton
densities, bimolecular exciton recombination processes become important. In particular, exciton-
exciton (X-X) annihilation where, as a result of the collision, one exciton non-radiatively recombines
and the second one takes the corresponding energy and momentum |36, 59-61|. Such processes
are generally described by a non-linear, quadratic recombination term [56],

?)_7; + ; + Run? = (Dmaa—;2 + Dyyaa—;> n, (S6)
and the coefficient R4. Following Refs. [30, 62|, we obtain an increase of effective diffusion coeffi-
cients in the form

No

D' =D —
ao ax + RA 871'7 (S7>

where the initial exciton distribution is taken in the Gaussian form

n(r,0) = %e_r2/rg, (S8)
with Ny being the number of injected excitons while 7y determines the size of the excitation spot.
We stress that the enhancement of D  is mainly related to the modification of the shape of the
exciton profile which becomes more flat at the top due to an efficient increase of the recombination
rate at the spot center with the highest n(r,¢). An important consequence of this result is the fact
that the enhancement of the effective diffusivity is isotropic regardless of the strong anisotropy of
the linear diffusion coefficients.

From our time-resolved PL measurements, we can directly estimate the impact of X-X an-
nihilation in our experiments. Figure 10 shows the changes in the exciton decay dynamics we
observe at T' = 4, 132, and 300 K when increasing the excitation fluence. The slope of the fluence-
dependent increase of the initial decay rate I';,; directly determines the annihilation coefficients

R4 displayed in the inset. Using these coefficients as input allows us to model the temporal evolu-

tion of Ao? under the impact of X-X annihilation by the non-linear transport equation Eq. (S6).

13



In Fig. 9a,b, we directly compare the simulated results obtained for two different exciton densi-
ties with the corresponding values of Ao? measured in our experiments. For the simulation, we
use 1o = V209 ~ 0.6pm for the width of the initial exciton distribution, which we determined
by imaging the laser profile on our CCD detector. For the exciton densities, we exemplarily use
n(0,0) = 1.3 x 10 em™2 and n(0,0) = 1.3 x 10" cm™2, which in our experiments corresponds to
an excitation fluence of 310 1J /cm? and 3100 pJ /cm?, respectively.

The grey diamonds plotted in Fig. 9 are obtained by imposing a linear fit onto the non-linear
dynamics of the simulated Ac?(t) values in the first 50 ps, similar to the analysis of the corre-
sponding experimental data sets. This facilitates a meaningful comparison between the effective
diffusion coefficients obtained from the simulated and the measured values of Ac?(t).

As can be seen in Fig. 9, the simulated values of Aco?(t), which include the contribution from
X-X annihilation, lead to a non-linear increase as a function of time. At T'= 4K and 132K, we
find a significant discrepancy between the simulated and measured values of Ac?(t), indicating
that X-X annihilation does not dominate the experimentally observed exciton transport dynamics.
Moreover, the annihilation coefficient increases monotonously with temperature and does not ex-
hibit a maximum at the Neél temperature, in particular. We thus conclude that X-X annihilation
is not responsible for the signatures of exciton transport, such as the lack of in-plane anisotropy,
observed in our experiments at low and moderate < 150 K temperatures. At 7' = 300 K, however,
good agreement between the measured and the modeled values of Ag?(t) implies a major impact
of the X-X annihilation effect on the transport dynamics of excitons measured in our experiments.

Besides the influence of X-X annihilation on exciton transport, we also note that interactions
between optically created electron-hole pairs can result in their repulsion and an effective increase
of the observed exciton diffusion coefficient. This effect, however, is expected to be anisotropic due
to the Einstein relation between the exciton mobility and the diffusion coefficients, thus inheriting

the anisotropy of D,z (further discussion provided below).

Discussion of key experimental results in the context of exciton-exciton annihilation.

Exciton-exciton annihilation effects are well-known to dominate exciton diffusion coefficients in
many systems under elevated excitation conditions, as was found to be the case in several earlier
studies of exciton transport in monolayer transition metal dichalcogenides [30, 63, 64]. Below, we
therefore discuss point by point that key exciton transport signatures in CrSBr cannot be explained

by exciton-exciton annihilation effects.
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1. Maximum of D* near the Néel temperature. This is one of the central results of
our study and a robust observation that is confirmed by measurements using two different
excitation energies (at 1.61 eV, off resonance, and at 1.77¢eV, in resonance with B-excitons).
We find that D* exhibits a maximum near Ty not only at large fluence but in fact across
a vast range of laser excitation fluences. This maximum is even observed at the smallest
fluences applied in our work (see, e.g., Extended Data Figs. 4 & 8). It cannot be explained
by Auger recombination effects, since the extracted Auger rates substantially underestimate
the resulting effective diffusion coefficients but also do not exhibit a maximum at the Néel
temperature. Instead, they show a smooth temperature dependence, somewhat similar to

that in transition metal dichalcogenides monolayers.

2. Exciton contraction & anisotropy at low fluence. At low temperature and for a
sufficiently small fluence, we consistently observe a contraction of the exciton cloud. This
phenomenon was measured in 2L, 4L, 10L & 11L thick crystals. Moreover, exciton transport
is anisotropic under these conditions, because contraction is only prominently observed along
the crystallographic b-direction. With respect to these observations, Auger recombination
can neither account for contraction nor the resulting anisotropy, while the drag of excitons
by magnons with negative group velocity may provide a reasonable explanation, as discussed

in detail in Supplementary Section S7.

3. 2L superdiffusion. The superdiffusive behavior of excitons in 2L crystals is a robust
phenomenon observed in 2L sampes both with and without hBN encapsulation. In contrast,
Auger recombination would lead to sub-diffusive propagation dynamics with faster initial
expansion that slows down over time as the exciton density decreases. It thus does not

provide an explanation for this phenomenon either.

4. Fluence dependence & nearly isotropic transport. These observations can result
from Auger recombination. Indeed, both the fluence dependence of D* and the observation
of (nearly) isotropic transport can be signatures of Auger effects. However, even with re-
spect to fluence dependence itself, Auger recombination quantitatively fails to account for
the majority of experimental conditions explored in our study. This is especially clear for
transport at the Néel temperature: Here, we observe the strongest fluence-dependence of
D* and almost isotropic exciton transport. In order to estimate whether Auger effects can

be responsible for the observed effects, we analyze the changes in the initial PL decay dy-
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namics induced by increasing fluence (cf. Fig. 10). Excitation density dependent increase
of the initial rate provides an independent, quantitative evaluation of the Auger recombina-
tion (see also discussion above). However, the magnitude of the effect consistently fails to
explain the dependence of D* observed along a— and b—directions by more than one order of
magnitude. This strongly contrasts the results of similar analysis directly comparing density
dependent recombination and diffusion in non-magnetic 2D semiconductors [30, 63]. In the
case of CrSBr, to explain the experimental observation, the initial decay rate would need to
be as short as one picosecond, which is clearly not within the margins of error in Fig. 10.
Similar arguments can be made for our results at low temperature (7" = 4K). Only at room
temperature, we find that Auger effects can strongly contribute or may even determine the

exciton transport observed in our experiments. For all other conditions, this is not the case.

. Linear fluence-dependence of PL intensity. Lastly, we emphasize that our transport
measurements are performed in a range of fluences characterized by a primarily linear PL
response. This is shown in Fig. S4 for the example of our 10L crystal. Only for the largest
fluence values we observe a small deviation of the PL intensity from a linear response. This
provides further evidence that Auger recombination effects are not dominating the PL decay,

especially at small to intermediate fluence levels.

C. Exciton Seebeck effect

Excess energy stored in the course of X-X annihilation results in local heating of excitons and

thus energy gradients that can drive excitons. These gradients are inhomogeneous in space, because

they are proportional to n(r,t). To analyze their impact, we consider a minimum model assuming

that excitons can be described by a local temperature T'(r) and a local chemical potential p(7),

i.e., we assume that thermalization within the exciton ensemble is comparable to, or faster than,

both the propagation timescales and the energy relaxation time (the latter describes the exchange

of energy between excitons and the lattice). The temperature and chemical potential gradients

result in the directed flux of excitons. To describe the effects microscopically we use the kinetic

equation for the exciton distribution function f = f(k,r,t) in the form

of . 0f
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where the exciton velocity vy is

10e, [ hk, hk,
i —_— 1
U ok (Mx’My)’ (510)

and e, = h?/2(k2 /M, +k; /M,) is the exciton dispersion. In Eq. (S9), Q{f} is the collision integral.
We consider an exciton gas in quasi equilibrium whose chemical potential p and temperature
T are smooth (on the scale of the mean free path) functions of the coordinate. Taking the exciton

distribution in the form of the quasi-equilibrium one and a small non-equilibrium correction

p(r) — ek
k,rt)= _ ) S11
) = o (405 ) 4o, (s11)
we obtain the following equation for the non-equilibrium correction 0 f
— 4]
— v - (Vu + ng MVT) fo = ——f, (S12)
Ts

where f} is the energy derivative of the equilibrium exciton distribution function and we used the
relaxation time approximation 7, for describing exciton scattering. For an anisotropic dispersion,
the scattering could be anisotropic as well, but this effect is typically weaker than the effect of the

mass anisotropy on transport parameters, see, e.g., [65, 66|. It follows from Eq. (S12)

5f = vy (Vu+ EkT_ “VT) fir, (S13)

and the exciton flux density reads (normalization volume is set to unity)

. €k — ,

i= gvkaf = ;Ws [@k V) + (v, - VT) kT “} . (S14)
For non-degenerate excitons, u < 0, |u| > kgT', Eq. (S14) can be further simplified to

, T

la = —Pas —ﬁvgu + VQT} 5 Sag = %vakv@m}f{). (815)

k

Here S,4 is the tensor of Seebeck coefficients. We recall that by definition the tensors of diffusion
and Seebeck coefficients are

ia = —Dagvlgn - SQ5V5T.

The density of excitons is related to their chemical potential as

/M, M, 21 h?
n=Y_" Yp Ter/ksT o 1= kgTIn ( UL ) ) (S16)

2h? kT \/M, M,

and the exciton compressibility is
on n
e S17
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As a result, we obtain the diffusion coefficients in the form of Eq. (S4) and Seebeck coefficients

Sap = (=p/T)CDag:
mon Lon
M,T'™ M, T

Note that the anisotropy of the diffusion and Seebeck coefficients is mainly inherited from the

Sez = Syy = (S18)

effective mass anisotropy. As a result, the enhancement of exciton propagation via the Seebeck

effect is expected to be strongly anisotropic: Sy, /Sy, o< M, /M,.
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Supplementary Figure 9. Impact of X-X annihilation on exciton transport. Comparison between
Ac?(t) obtained from experiments and by simulating X-X annihilation effects for an excitation fluence
of a 310 pJ/em? (n, ~ 1.3 x 102 cm? per layer) and b 3100 pJ/cm? (n, ~ 1.3 x 103 cm? per layer).
Data is shown for transport along the b—axis. Auger coefficients R4 used as input for the simulation are
determined directly from excitation-induced changes of the initial exciton decay rate (see inset of e and
Section 4B for details). c-e Fluence dependence of D* measured for transport along a— and b-directions
at 4K, 132K, and 300K. Solid lines indicate linear fits. Grey diamonds and black lines represent the
temperature- and density-dependent contribution of X-X annihilation effects to the measured effective
diffusion coefficient D*. Plotted values are estimates obtained from the simulation of Ac?(t) shown in
a,b (cf. Section 4B). Inset in ¢ further shows the transition from exciton contraction to expansion under
increasing sample temperatures for a fluence of 310 pJ/cm?. We emphasize that the particular value of
the transition at about 25K is density dependent and thus does not represent any specific temperature.

Error bars indicate the statistical error of the Ac?(t) line fits.
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Supplementary Figure 10. Impact of X-X recombination on exciton transport. Exciton decay
under increasing excitation fluence at T'= 4 K, 132 K, and 300 K. Fluence-dependent changes in the initial
decay rate I';,; are approximated by exponential fits. Insets: Dependence of the respective initial decay

rate on exciton density nx per layer. Line represents a fit to the data, the slope of which determines the

annihilation coefficient R 4.
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S6. CALCULATION OF THE MAGNON DISPERSION
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Supplementary Figure 11. Calculation of the CrSBr magnon dispersion including exchange
and dipole-dipole coupling effects. a Magnon dispersion in the full Brillouin zone. Solid and dashed
lines in a represent the two branches plotted as red and blue lines in b. b Effects of dipole-dipole coupling
at small magnon momenta ). Red and blue lines denote the two lowest branches of the dispersion.

¢ Magnon velocity for large momenta in a 10L. d Magnon velocity for very small momenta.

A. Short-range exchange interaction and basic approach

We consider a bilayer structure for illustration of the method, but note that for a quantitative
comparison with an experimental bilayer, one needs to include the impact of surface- and substrate-
related changes on the magnetic properties, or other effects. The Hamiltonian of magnetic system

(Cr ions) in the lattice representation consists of several contributions:

e The intralayer ferromagnetic interaction has the form

HM =37 T (sz.(”s](.” + s§2>s§.2>) . (S19)
(2%

21



Accordingly, the Fourier transform of the ferromagnetic interaction reads (the sign is selected

for convenience and in accordance with our previous notes)
T M) = = J e, (S20)
j—i

Here i,j enumerate lattice sites (Cr ions), r;_; = r; — r;. Note that the ferromagnetic

interaction is isotropic.
e The interlayer exchange interaction (we consider it only for the sites one on top of the other)
HAM =" 1SV S (S21)
i
The antiferromagnetic interaction in a reciprocal space takes the form
JAM () = — Ty (S22)
The antiferromagnetic interaction is also isotropic in the spin space.

e The contribution describes crystal anisotropy with the easy y-axis

=3 A (S8 + 525%) + 30 AL (S8 + 525 (S23)

i,z i,z

In Hamiltonians above for CrSBr the dominant .Ji;;y < 0, while J;;,, > 0, A, > 0 and A, > 0.
In our model in the equilibrium the spins in the first and second layers are saturated along and
opposite to the y-axis.

It is convenient to introduce the coefficients

A = 28T, (S24a)
B =28 [Jipe + Ap + A, + JY(0) — T (R)] (S24b)
Cr = 25(A, — A,), (S24c)
Dy, = 0. (S24d)

and express the eigenenergies of two splitted modes as

B = %\/(Bk: + Di)? — (A £+ Cr)*. (525)
These expressions can be explicitly written in the form
FM(()) — JFM FM(() _ JFM
E} = 25\/{AI + J(0) 5 J (k)} {Jmt + A, + S 0) 5 J (k:)}’ (S26a)
FM(()) — JFM FM(() — JFM
E, = 25\/{/12 + JT(0) 5 J (k)} {Jmt + A, + J(0) 5 J (k:)} (S26b)
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Equations (S25) and (S26) are derived using the standard Holstein-Primakoff transformation

introducing the Bose operators

s = v2Sal, SJ(FI) =v2Sa, Sz(jl) =S —ala,

1 /S

50 =L S a—an, s =\ [Sara) (s2a)
1

=V25b, S =v2su!, S® =35 +f,

s?
S@ — %\/g([ﬂ —b), SW= \/g(b + b1, (S27Db)

and applying the generalized Bogoliubov transform.

B. Dipole-dipole interaction

Now let us, in addition to the short-range exchange interaction, allow for the dipole-dipole
interaction of spins. We are not interested in the effect of the dipole-dipole interactions on the
ground state energy and here we study only the long-range contribution to the dispersion of
magnons. Thus, for our model, it is sufficient to neglect the distance between the layers and consider
a 2D lattice with the effective spins [the macroscopic approach allowing to consider multilayer bulk-

like crystals is presented below in Sec. S6 C]|
Sieff _ Si(l) + SZ'(Q)‘ (S28)

By virtue of Egs. (S27) the effective spin operator can be expressed as
eff _ 1[5 fopt off erf _ |9 f gt
Sell = — E(a—b—a +b), Sfh =0, S = §(a+b+a +b). (529)
i
The Hamiltonian of dipole-dipole interaction between the spins has a general form [67, 68]
eff . eff (o _mY) _ Qeff . qeff|p 0|2
o 12" 5 3(S (g —1) (877 (ry =) = S-Sy .
7y —ril° ’

i#j
where v = 2ug/h(s/S) (where s ~ 3.56/2 [69]) is the effective gyromagnetic ratio for both layers

together. The dipole-dipole interactions are important in the range of small wavevectors only,
thus, at k — 0, we can treat the system as continuous. In the continuous form Hamilonian (S30)

transforms to

el . /d2 /d2 3(S<I1(r) - p) (S (7 + p) - p) — S (r) - S (r + p)p?

dd _ _
H™ = 2A2 ,05

)

($31)
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where Ay is the area of the unit cell. The additional factor 4 is due to the presence of 2 Cr atoms
in the plane of elementary cell.

Evaluating the integrals and assuming that the short-range contributions from the dipole-dipole
interaction are included in the parameters of the basic Hamiltonian introduced in Sec. S6 A we

find that the parameters Ag,... Dy acquire contributions due to the dipole-dipole interaction in

the form

Add — —25huk2 ; ki, (S32a)
Bid — —25huk2 ; kg, (S32b)
it — g™ Z ke ($32¢)
Dt — —o5h Z K (S32d)

where we introduced the constant of the dimensionality of velocity
w= QWZZQ. (S33)

The energies of the magnons are

B} = 25\/ {Aw 10 ; JFM("’)} [JM 144 0 ; JHk) _ 2huk} : (S34a)
E, = 25\/|:Az + SO ; JFM(k)} |:<]mt + A, + SO ; S (k) + ZHU%Q%] . (S34b)

The branch E; is polarized along the z-axis and the branch E, along the z-axis. Note that the

magnon velocity for the branch 4+ at £ — 0 can be evaluated as

A,
S YOy e —,
Uy S ; Jintu (835)

C. Macroscopic approach to the dipole-dipole interaction
1. Magnetic susceptibility in the macroscopic approach

We are interested at the fine structure of the magnon dispersion in the vicinity of a I" point. To
that end we consider only homogeneous (or almost) magnetization in the layers plane. Following

Refs. [70-72] we present the energy density in the form
w = Ay (SV - S@) — AA, [(s“) n)’ + (S n)Q] — hyh (SW 4+ 8@). (S36)
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Here Ay = Ao /2 is the magnetic unit cell area (area per one spin), S is the spin density in
the layer i (i = 1,2), 1 = —7, h is the magnetic field acting on the spins. Here we use the
convention that the magnetization density and the spin density are related by M® = kv, S®. We
consider, for brevity, the axially symmetric case of A, = A, = A > 0, taking into account that
<S;(f)> i + <Sl(,i)> i + (Sﬁ“)Q = const we have rewritten the anisotropic term in the form of Eq. (S36)
with n || y being the unit vector along the y (easy) axis. The total energy W = [ d*rw.

The spin dynamics equations can be derived by variational principle in the form

ds® . ow
SWx =0, Q=-h"'—-.
a 7 0 550 (S37)
Explicit calculation gives

Jl‘nt./zt() @ QAA() (i) - 2, 1=1,

Q,=— S+ n(SY -n)+yh, i= (S38)
h h .

1, 1=2.

In equilibrium at h = 0 the magnetizations are aligned antiparallel: S(()Q) = —Sél) = —Smn. In

order to determine the magnetic susceptibility we need to find magnetization induced by h. Let

5§80 = 80 _ S(()i) and let m; = h168% o h. Linearizing Eqs. (S37) we have

dm1 o JintAO _ 2A./Zlo

T = et [ml x 8 4+ 8 x mQ} my x S — 128" x h, (S39a)
d Jim A 2AA
ZZQ - ;_LAO [mQ x S+ 82 x ml} - hAO my x S? — 1728% x h. (S39b)

It is convenient to introduce the total magnetization density m = m; +my and the antiferromag-

netic vector density I = m; — msy. Hence, Egs. (S39) transform to

dm B QAAU (1)
% = — 3 l x SO s (S40a)

x S — 2128V x h. (S40D)

dl 2 Jine Ao
=———m

2A A,
at n m

X Sél) 5

Combining Egs. (S40) we obtain a single equation for m in the form

de . 2A./~l0 (QA.A() i 2Jmt.f40

o ; s . ) [m x sg”] x SV 4 4AApy? [sgv X h] x SO (841)

From Eq. (S41) we obtain the magnetic susceptiblity tensor components defined by

My = Xighﬂ, a,f =y, 2, (S42)
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and m (as before) is the magnetic moment per unit area in the form

X?,]; =0, Xig = 0 with o # g, (S43a)
F
and -
4. ) 2
07 = (A0S0 AA + Juu), F = 4401 Ao} = 4407 20 (5430
0

Note that F' > 0.
Expression (S43c) for Q (spin resonance frequency) is consistent with Eqs. (S26) (or Eqgs. (S34))
at k = 0 taking into account that S = AyS, = 3/2:

By =28\ A(A + Jins) = hQ.

In the vicinity of the resonance w =~ €2 the expressions for non-zero components of the suscep-

9D _ 2D f F_ 4 5
— ~ =50 =MW T S
Xow =Xeo Mg S =g =0 \/rjint'AO o

2. Dipole-dipole interaction via susceptibility

tibility take the form

We use the macroscopic approach for accounting for the dipole-dipole interactions in magnetic
system. To account for the dipole-dipole interactions it is sufficient to self-consistently calculate
the effect of magnetic field produced by the magnetization. We focus on the relevant case of
negligble retardation, k > w/c where c is the speed of light, i.e., we disregard the magnons within
the light cone. In this case, it is sufficient, instead of the whole set of the Maxwell equations, to

solve only the magnetostatic equation
divh(r,t) = —4n divm(r,t), (S45a)
with additional requirement of the curl-less field
rot h = 0. (S45Db)

Equation (S45b) allows us to present h(r,t) = VO(r,t) where 6(r,t) plays a role of potential.

We have for the three-dimensional magnetization density
m(k,w) = VP (k,w)h(k,w)d(z), or ma(k,w) = x25(k,w)hs(k,w)d(2), (546)
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where the Dirac J-function accounts for the 2D nature of the studied system, k is the two-

dimensional wavevector. Equation (S45a) for the potential 6 takes the form

0?0k (2) 2 _ 2D 0 20 00k (2)
V —k ek(z) - 47Tkak5Xa59k<Z)5(Z> - 471—%6(2))(,% Oz :

(S47)

Here we assumed that «, 5 are the in-plane Cartesian components (z,y), the components of the
susceptibility Xa,z, Xz.0 = 0 and made a Fourier transform over the in-plane coordinates.
Passing to the Fourier transform along the z-axis, Ox(z) = >_ 0Ok exp(igz) we have from
Eq. (S47)
— (K + ¢*)0k g = ATk kax25 Z Or.q +47X*Pq Z @Ok q- (548)

q

Summing 6 , from Eq. (548) and ¢fy, over ¢ we obtain the equations for the eigenmodes of the

system

D=0, (S49a)

and

1 —27kx*P = 0. (S49b)

Here we have made use the following expression
P
- k2+q2 2k

In derivation of Eq. (S49b) we have also excluded the depolarization shift by the following relation

(it corresponds to the inclusion of the depolarization shift into the frequency )

2 1
Z k2q_|_q2 - Z (1 /{:2 +q ) Z k2+q __k' (850)
q q

In-plane polarized magnon

Taking the susceptibility in the resonant form, Eq. (S44), and substituting it in Eq. (S49a) we

have
2

w= Q" (k) :Q+27Tf%, (S51)

where we made use of the fact that x,, = 0. This expression describes the dispersion of the
“longitudinal” magnon in complete agreement with Eq. (S34b) at k, — 0.
Out-of-plane polarized magnon

In this case we have from Eq. (S49b) for the renormalized dispersion
O (k) = Q — 27 fk. (S52a)
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The second term provides a negative contribution to the dispersion with the speed

A why? A 2mhoy?
=2nf =25/ ————— = =254/ S52b
“ ﬂ-f A+ Jint _,40 A+ Jint AO 7 ( )

in agreement with Eqs. (S34a) and (S35).

3. Dipole-dipole interaction in CrSBr bulk and multilayers

The macroscopic approach allows us to analyze the magnon dispersion for multilayer systems
as well. To that end, we introduce the (bulk) magnetic susceptibility of CrSBr tensor y(k,w) and
consider only small wavevectors (in the vicinity of the I'-point of the Brillouin zone) such that

there are just three independent components of the susceptibility:

F:E:E ‘FZZ
Q. (k) —w’ Q. (k) —w’

The x,, is zero because the y-axis is the magnetization axis. The constants F,,, F,. determine

sz<k>w) = Xzz(kaw) = Xyy = 0. (853)

the coupling of the spin waves with magnetic field and Q,(k), Q. (k) are the dispersions of the spin
waves found neglecting the dipole-dipole interaction.

To find the dispersion of magnons with the dipole-dipole interactions taken into account [71-73|
we solve the Maxwell’s equations (S45a) and (S45b). We consider a slab of CrSBr occupying the
space —L/2 < z < L/2 with L being the slab thickness. The standard boundary conditions of
continuity of tangential components of h and normal components of b = h 4+ 47mm are imposed.

We seek the solutions of Eqs. (S45) in the form
0(r) = O(2)e*, (S54)

where k = (k,, k) is the in-plane wavevector. Our approach follows the procedure outlined in
Ref. [51, 72].

In-plane polarized magnons

To study x-polarized magnons let us consider the frequencies w = €2, and assume that only Y.
plays a role (the magnetization is in the plane of the slab). It follows from Eq. (S45) that

2 Ik xO(2), 2| < L/2,
8392(22)_’“2@(2): XaxO(2), [2| <L/ (555)

0, |z|>L/2,

where k* = k2 4 k2. The boundary conditions are
00(z)

0z 2=+L/2

O(2)|,—11/» is continuous, is continuous. (S56)
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We are looking for the lowest frequency mode only and, accordingly, seek for the solution that

corresponds at k — 0 to a homogeneous magnetization. Hence,

cos (kz), |z < L/2,
O(z) = ) (S57)
cos (L/2) exp{[— k(12| = L/2))}, |2 > L/2

where!
k2 = —k? — Amxaok?. (S58)

The boundary conditions (S56) result in the equation for the eigenmodes

kL k
tan <7) =5 (S59)

For k — 0 we can find solution of Eq. (S59) analytically decomposing the left- and right-hand
sides in series in small kL with the result
kL k -
— == =k
2k

2_ 2k
T

Combining this expression with Egs. (S53) and (S58) we have

]{2
=Qi(k)=Q,(k)+4 —r
w= (k) = Q(k) + wfszk/L+k2 (S60)
In particular, for £ — 0 we obtain
k2
(k) =Q.(k)+ QW.Fxfo. (S61)

Equation (S61) demonstrates that the z-polarized magnon branch has anisotropic linear-in-k in the
dispersion for small wavevectors in agreement with Eq. (S51). The factor F,,L = f in Eqgs. (S44)
and (S51). The absolute value of the magnon velocity at small wavevectors increases with increase
in the thickness. For large kL > 1 the magnon dispersion reaches Q% (k) ~ 4nF,,, namely, the
bulk longitudinal magnon frequency. True asymptotics at kL. — oo can be derived to be

O (k) = Qu (k) + 4 F,, [1 - (%)2} . (S62)

Out-of plane polarized magnons

! The modes we study have frequencies in the range Qo (k) < w < Qu(k) + 41 Fon where 1+ 4mxqq is negative.

As a result k is real.
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Now we turn to the z-polarized magnons. To that end we consider the frequencies w =~ €2, and
take into account x,, component of the susceptibility. In this way, we arrive from Eq. (S45) at
il 0
—An 5 x..5.0(2), 2| < L/2,

— R20(z) = (S63)
0, |z|>L/2,

0?0(z)
072

For z-polarized waves we have the boundary condition in the form
©(2)|,—17/» is continuous, g[l + 471X .]0(2) is continuous. (S64)
< 2=+L)2
It is convenient to assume that y.. is a function of z that turns to zero outside the slab.
We look for solution where ©(z) is an odd function of the coordinate (note that h, = 00/0z,
hence, to have an even h, the potential should be odd). Introducing
. L2
k* = e (S65)
we arrive at the following form of ©(z):

() = sin (kz), |z| < L/2, (566)

sign zsin (kL/2) exp{[—k(|z] — L/2)]}, |z| > L/2.

By virtue of the boundary conditions (S64) we obtain the equation for the eigenmodes

ot (FEy ok (S67)
2 (14 4mx..)k

Similarly to the analysis for the x-polarized modes, we consider the limit of k& — 0 (strictly

speaking, kL < 1) and decomposing the cotangent for small argument arrive at

2 k kL

- = T N 1 4 zz — )
L (14 4mx..) - X 2
and using Eq. (S53) we finally obtain
1
=Qik)=Q.(k)+4 —_.
w = (k) = Q.(k) + szszL/Q (S68)
In particular, for £ — 0 we obtain
(k) =Q.(k)+4nF,, — 2nF,. Lk. (S69)
For kL > 1 we have from Eq. (S67)
O (k) = Q.(k) + 4 F., <k_L) . (S70)
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Equation (S69) shows that the z-polarized magnon branch has an isotropic k-linear contribution
to the dispersion with negative slope. Equation (S69) is in agreement with Egs. (S35) and (S52).

Naturally, for kL < 1 the system is essentially two-dimensional and the dispersion is linear in
the k. The propagation velocity linearly increases with the thickness L, but the range of validity
of linear dispersion shrinks with increase in the thickness. The relation between the bulk and
two-dimensional susceptibilities is basically the same as for the dielectric susceptibilities in two-

dimensional transition metal dichalcogenides:
Xas = Xas L. (S71)

Note that this expression is approximate for actual bilayer or four-layer CrSBr samples due to
atomistic effects and in that case the magnetic response of a few layer CrSBr is more rigorously

described within a two-dimensional model (S46).
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S7. MAGNON-EXCITON DRAG EFFECT

We turn now towards discussing the coupled propagation of excitons and magnons. As outlined
in the main manuscript, we assume that the optical excitation of the sample generates both excitons
and magnons. These quasiparticle ensembles form a two-component system with mutual drag
caused by the interactions of excitons and magnons. Below we discuss basic scenarios of the

magnon-exciton drag effect within a semi-phenomenological model.?

A. Exciton-magnon interaction

Microscopically, the exciton-magnon interaction can be easily understood for a two-layer case
where canting of spins in the two magnetic sublattices with spins §®) and S® results in the
variation of the exciton energy, e.g., due to electron and hole interlayer tunneling in the canted
configuration. In this case, intralayer excitons become mixed with the interlayer ones and their
energy decreases. We present the exciton energy variation as a function of layer magnetization in

the form (cf. Refs. [4, 7, §|):
vz / dr X1 ()X (r) [S2 + SV(r) - SO (r)] | (872)

which is related to a local coupling of the intralayer exciton with the higher-in-energy interlayer
one. In Eq. (S72), = = Z(S) < 0 is the parameter, and XT, X are the exciton creation and

annihilation operators. The combination is
52+ 8W(r) .- SP(r) = 25%cos? (6/2), (S73)

where 6 is the angle between the vectors S and §®). Equation (S72) demonstrates the reduction
of the exciton energy for = < 0 if the magnetizations in the layers are canted with respect to their
equilibrium S = —8§® = S orientations.

It is convenient to introduce

S = 502 4 15012 (S74)
obeying the commutation relations
S g g = 95l g1 gD g1 (L) = £ g1, (S75)

2 A detailed theory of the magnon-exciton interactions and drag based on the microscopic Hamiltonian and kinetic

equation will be presented elsewhere.
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Let Sg(,l) = —Sz(f) = S > 0 (antiferromagnetic configuration at saturation). In the case of classically
large spin we can use the Holstein-Primakoff transformation [70] and present the spin operators in
the approximate form

SsY = V25l SJ(FI) = V2Sa, S;l) =S —ala, SV = l\/g(a —a), S = \/g(a—i- al),

1

(S76a)
(2) (2) Fo@ t @ _ L1 /5.4 @) S t
SP = V2Sh, P = VRSH, SP =—S+blb, SO =[S —b), S =[S+,

(S76h)

via bosonic operators a, a', b, bf. Making use of Eq. (S76), we obtain (keeping only the lowest

powers of the a and b operators)
= ES/ drXT(r)X(r) [a'(r)a(r) + b1 (r)b(r) + o’ (r)b' (r) + a(r)b(r)] . (S77)

Operators a, af, b, bt are linearly related (via the Bogoliubov transform) with the magnon creation
and annihilation operators. Thus, Eq. (S72) shows that only two-magnon processes are of impor-
tance: exciton can be scattered by the magnon or can emit or absorb two magnons simultaneously.

To obtain deeper insight into this two-magnon-exciton interaction, let us analyze the exciton-
magnon interaction from the symmetry standpoint. We focus on the coupling between a non-
degenerate optically active exciton state (allowed in y polarization) that transforms according
to the By, or I'; irreducible representation of the Dy, point group. The effective Hamiltonian of
exciton-magnon interaction should be invariant under all point-group transformations. Since By, X
B, = A, (or I'T, identity representation) the only components or combinations of components of
magnetization that enter the coupling Hamiltonian should be invariant. In our case it is Sy, Sj, S2
52 ...(in each layer the magnetization is either parallel or antiparallel to the easy-y-axis, thus S,
is invariant). These combinations are quadratic in the magnon operators, thus only two-magnon
processes are possible at zero external magnetic field in agreement with the microscopic analysis

presented above.

B. Two component exciton-magnon drift-diffusion

Under the same assumptions as in Section S5 A, let us derive phenomenological equations de-

scribing the propagation of excitons and magnons. Introducing m(r,t), the magnon density?,

3 Here, for simplicity, we sum over all magnon branches.
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we obtain, assuming its smooth variation in space and time, the set of continuity equations for

magnons and excitons

T 4V G Rudm) = G, (S78a)
Z—ZL—FV-i—l—Rm{n} — G, (S78b)

Here 5 and 2 are the magnon and exciton fluxes, GG,,, and G, the magnon and exciton generation
rates, respectively, R,,{m} and R,{n} are the operators describing relaxation of the quasiparticles,
e.g., R,{n} = n/7 + R4n? describing monomolecular and bimolecular recombination of excitons.

Within the drift-diffusion approach, the fluxes should be related to the density gradients and
interparticle drag forces related to exciton-magnon interaction. We focus here on the exciton flux

and present it in the form

1 = taiff T %ar, (S79)
via the diffusive igir o = —DapOn/0zs and 24, components. We recast the drift contribution as
tqr = N, (S80)

where v is the exciton drift velocity determined as an average over the exciton ensemble
V= Z'kak, (881)
k

in terms of a non-equilibrium distribution function of excitons fy. Similarly, the drift flux of
magnons reads

Jar = ma, (S82)

where u is the magnon drift velocity.

Due to the exciton-magnon interaction the exciton and magnon velocities are coupled as
— + Fgﬁ’l)g + FZLB(’UB — uﬁ) = M;lFﬁ. (883)

Here I') ; is the exciton momentum relaxation rates tensor unrelated to the exciton-magnon scat-
tering (due to phonons, disorder, etc.) and ['}s 1s the tensor of exciton-magnon scattering rates.
The rates I'}; can depend on the excitation power due to magnon population. In Eq. (S83), F
is the external force acting on the excitons (due to the Seebeck effect of excitons, exciton-exciton

repulsion? or phonon drag/wind), see Refs. [40-42, 74-77] for details.

4 In the presence of effective exciton-exciton repulsion F o Vn and effective diffusion coefficient is enhanced.
However, this enhancement is anisotropic due to inverse effective mass factor in the right hand side of Eq. (S30),

see also Sec. S5 and Refs. [1,7] for details.

34



Assuming that F' = 0 and that = and y are the principal axes of the structure, we have in the
steady state
Ita

= Uam, a=x or y. (884)

Vo

At I' < I'° (conventional, linear drag regimes), the exciton velocity v < . In this case only a
small fraction of magnon momentum is transferred to excitons. At I'™ > T (a lot of magnons,
highly nonlinear regime) the exciton velocity saturates at w irrespectively of its direction. Thus,

the propagation speed of excitons is limited by the magnon speed.

Equation (S84) is the central result of our model. It allows to understand key features of the

exciton propagation in few-layer CrSBr:

1. Fast exciton propagation with effective diffusion coefficients exceeding by far the estimates
based on the exciton linear diffusion model in Sec. S5 A. Indeed, we assume that for a wide
range of excitation powers used in experiment the magnon occupancies are high and exciton-
magnon scattering dominates over the exciton momentum relaxation related to phonon and

disorder scattering:

rm™ >1° (S85)

In that case exciton propagation velocities are close to those of magnons. The exciton
transport velocities (~km/s) observed in our experiment are in overall good agreement with

the transport velocities of magnons reported in recent studies [7].

2. Maximum of the effective exciton diffusion coefficient in the vicinity of the Néel temperature
Tn: An increase in the magnon occupancies as the temperature 1" approaches Ty results in
the increase of I'". As a result, the effective diffusion coefficient of excitons should have a

maximum at T~ Ty.

3. Almost isotropic exciton propagation: Under condition (S85), the excitons co-propagate
with magnons whose dispersion is just weakly anisotropic in contrast to that of excitons (cf.
Refs. [7] and [26]). Hence, the magnon cloud expands virtually isotropically and due to
exciton-magnon interactions, the expansion of the exciton cloud follows the magnon cloud

expansion.
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C. Contraction of the exciton cloud

We briefly discuss two mechanisms potentially responsible for the contraction of excitons ob-
served in our measurements at low temperature and under low excitation fluence (see, for example,
Fig. 3 of the main manuscript). In the first mechanism, we consider that optical excitation may
locally create a transient, attractive potential for excitons which leads to exciton funneling, an
effect that would be observed as negative transport (contraction) in our experiments. From a com-
parison with our numerical model, however, we conclude that the intrinsic diffusion coefficients
required in this model to match our experimental results are unreasonable. We therefore also
consider that the negative group velocity of low-frequency, I'-point magnons in CrSBr reported in

a recent study [21] could lead to a negative magnon-exciton drag effect.

1. FExcitation-induced transient attractive potential

With the drift-diffusion model, we estimate the transport of excitons in the presence of an
attractive, excitation-induced transient potential. Such a potential may in principle be created by
the distortion of the magnetic order in the region of optical excitation, as is discussed in the main
text in the context of Fig. 2. It is important to note, however, that negative transport of excitons
is only observed under low excitation fluence. The density of thermal fluctuations (incoherent
magnons) induced in this case are therefore small. Nonetheless, they may lead to a local minimum
in the exciton energy landscape. From optical spectroscopy, however, we can conclude that the
depth of this potential cannot be more than ~ —1 meV; otherwise, it would lead to notable spectral
shifts of the exciton emission peak in the upper panel of Fig. 2¢ of the main manuscript.

We therefore model exciton transport by including in the left-hand side of kinetic Eq. (S9) the

force term

F of
h Ok’
where V(r,t) is the attractive potential produced by the magnon cloud. As a result, the diffusion

Eq. (S1) takes the form

where F = —-VV(r,t), (S86)

on n 0? 1 o0 oV
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Figure 12b shows the results of a simulation of exciton transport within this model with

2
V(r.t) = ~Voexp (—— - i) | (558)
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Supplementary Figure 12. Simulation of exciton transport dynamics in the presence of an
attractive potential. a Sketch of the attractive potential considered in the model. Spectral analysis of
the X emission peak limits the depth of the potential to Vj ~ 1 meV. b Calculated time evolution of Ac?
for different values of the exciton diffusion coefficient D. Depth of the potential used in the simulations is
Vo=1meV, the exciton lifetime is 7=15ps, and T=>5 K. The decay constant of the potential is 7. = 27 for
all curves except for the yellow dashed line (7. = 67). Blue dots and line represent Ac? values measured

in a 10L crystal under 155 pJ/cm?.

where 7 is the excitation spot size [cf. Eq. (S8)], Vo > 0 is the depth of the potential well created
by the magnons, and 7. is the decay time of this potential. It is seen from Fig. 12b that to
describe the dynamics of Ac?(t) for a reasonable depth of the potential well and realistic values of
temperature, the diffusion coefficient should significantly exceed the value estimated on the basis

of the linewidths.

2. Negative magnon group velocity and exciton-magnon drag

Another possible scenario for the contraction of the exciton cloud is related to the specifics
of the magnon dispersion in CrSBr in the region of small wavevectors & < 1 um™!, which are
the result of dipole-dipole interaction in the spin system. Indeed, as demonstrated theoretically
and experimentally [21] the group velocity of one of the magnon branches becomes negative or,

strictly speaking, the group and phase velocities become antiparallel (see Fig. 11 and also Fig. 3b

37



of Ref. [21]):

_ Ow (k)
R (S89)

As a result, two effects become possible

1. The non-equilibrium magnon can contract, since magnons with negative group velocity can
propagate towards the density gradient in contrast to the equilibrium diffusion where the

particles propagate against the density gradient.

2. The direction of exciton drag can be opposite to the direction of the magnon propagation as
a result of the negative magnon dispersion in the energy and momentum conservation laws

underlying exciton magnon collisions.

Below we present a model which demonstrates that the exciton drag can be opposite to the

direction of magnon propagation (scenario 2 above).

3. Kinetic approach to exciton contraction

We present the kinetic equation (S9) for the exciton distribution function in the form

Lol =qun et m, (590)

where we explicitly separated the collision integral in two contributions Q°{ f} and Q™{f, m} that
describe exciton scattering by static disorder/phonons and by magnons, respectively. Hereafter we
omit all irrelevant arguments of the distribution function for brevity.

In the case of exciton-magnon scattering (2 magnon processes) the collision integral describing
the process

exciton k 4+ magnon p — exciton k + g + magnon p — q,

where q is the transferred wavevector, reads
Q™{f,m} = Z _|M (k, ;@) *0(ck + Ep — g — Ep-q)

X {f(k+q)[1+ f(k)Imp-q[l +mp] — f(R)[L+ f(k + q)lmp[l + mp_g]}. (591)

Here M (k, p; q) is the appropriate matrix element, e, is the exciton dispersion, £, is the magnon
dispersion [for simplicity we consider only one branch|, m,, is the (nonequilibrium) magnon distri-

bution function. Equation (S91) accouts for the processes where exciton with the wavevector k
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and magnon with the wavevector p scatter each other and, as a result, exciton arrives at the state
with the wavevector k + g and magnon to the state p — q (and the reverse process), where g is
the scattering wavevector.

We neglect exciton exciton collisions and assume that the magnon distribution function m, (p

is the magnon wavevector) is in the form
myp = mo(Ep) + mo(Ep)Tin(VpV fim). (592)

Here, the first term, mo(E),), is the isotropic quasi-equilibrium magnon distribution function, and
the second term represents the non-equilibrium contribution related to the magnon propagation,
T is the magnon relaxation time, p,, is the magnon chemical potential, and V, = h™'9E,/dp
is the magnon velocity. We use the notation m((E,) = dmg/dE,. Note that the total magnon

velocity described by the distribution function (S92)

S Ve B (Vo Vi) O Y, Vimi ()
- S mo(Ey) TS malBy) VM (593)

The magnon flux is counter to the gradient of chemical potential, as expected (m{, < 0 for equilib-

rium distribution) regardless the sign of the magnon dispersion.

Linearizing the collision integrals and solving the kinetic equation we arrive at

51(K) = 1 x 2 fy(en) 3 1Mk, 93 @)26(ek + Ep — cieg — Epq)imo(Ep)

h
P.q

X T [(Vp—g = Vp) - Vium] . (S94)

where as above we assumed that the occupancies of the states are small, fl(ex) = dfy/de and
7, is the exciton momentum relaxation time contributed both by exciton-magnon and exciton-
phonon/disorder collisions [cf. Eq. (S83)]

I_poypm

Tp
Hereafter we assume either isotropic approximation or one-dimensional propagation, that is why
the subscripts o and ( are omitted.

Neglecting the magnon dispersion compared to the exciton dispersion in the energy conservation

O-function, changing the summation variable from q to k' = k + q and assuming isotropy in the
plane or one-dimensional propagation we have

of(k) =1, x 2%fé(ﬁk) > IM(k,p; K — k)[*5(ex — ex)mo(Ep) (Vprk i - VitmTm) . (S95)

p,k’
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The excitons drift with the velocity

1 18€k
V=" "<

>k Jo(ek) A h ok

2 ! /
= Tp% > folew)| M (K, p; k' — k)[*6(ek — e )mo(Ep)vk (Vpsk-i - ViimTm) . (S96)

kK

6 (k)

Equation (S96) can be simplified assuming that the magnon momentum p exceeds by far the
momentum of exciton. Such a large-p/small-k asymptotics corresponds to the regime studied above
in Sec. S7B. Hence, in Eq. (S96) we decompose V,i_p in series over |k — k| < p. Technically,

it is convenient to introduce a novel variable P = p + k — k/, rewrite the sum as

1 2m
V=~ 7/ 7 Z fo(er) | M (k, p; k' — E)[*6 (e — er)mo(Epir—i)Vk (Ve - Vi T
Zk folek) " R Pk
1 2w
— =T Y [olex)|M(k,p; K'—k) |’ (ex—ex )mi(Ep)h[(K —k)Velvk (Ve - V i) -
Zk fo(gk) h PRk
(S97)
This expression can be brought to the form similar to Eq. (S84):
m Fm
vV = TpF u = m—wu, (898>

where the magnon velocity w is defined in Eq. (S93). Note that in this approximation

SF(K) =7 % o falen) S Mk pi B — B)P6ek — e b (B B~ )] (Vi V)

p.k’

/ 27T /
=T, X (—k)fo(ek)? Z |M(k,p; k' — k)|[*6(ep — er) (1 — cos O )
k/

J/

T, mo(Eyp)

X Tuty(Ep) V[ Vo V] . (S99)

s

g

u Zp mO(EP)

Let us now analyze the non-equilibrium exciton distribution function and drift velocity de-
pending on the properties of exciton-magnon interaction. To that end, let us consider a simple
one-dimensional version of the model above which simplifies the calculations and allows us to
present the results for the distribution function in a simple analytical form. We note that the
energy conservation law €, = ¢ provides two solutions: (i) &' = k and (ii) ¥ = —k. The first

solution does not provide any contribution to 0 f(k) in Eq. (S95) after summation over p since V,,
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is an odd function of p. The remaining contribution simplifies to

SF(K) =7 % T faler) S UM, i K — K)PS(es — cidmo(By) (Vi - Vpemr) - (S100)
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Supplementary Figure 13. 1D toy model. (a) Magnon dispersion E, = —alp| + p?/2M,,. (b)

Magnon group velocity. (c,d) Anisotropic part of exciton distribution §fj [blue solid curve, up to a
positive prefactor| found numerically from Eq. (S100) (solid curve) and using the small-k asymptotics [red
dotted curve, cf. Eq. (S99)]. Exciton dispersion e, = h?k?/2M,. We use the dimensionless parameters

a=1, M, =1, M,/M,, =0.1, T = 0.3. No cut-off (py — 00) in (c¢). Cut-off parameter pp = 0.5 in (d).

Figure 13 shows the toy model dispersion of magnons (a), their group velocity (b) and the
exciton distribution function found numerically from (S100) (c,d) for two models of interaction.
For panel (c) we consider momentum independent matrix element M. For panel (d) we consider

a more general case with the cut-off momentum py:

M, p < po,
M(k,p,q) = ’ (S101)

0, p=po.
In this model the interaction with magnons with large momenta is absent. The result of numerical

calculation of §f(k) after Eq. (S100) is shown in Fig. 13(d). In contrast to Fig. 13(c) [and large
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p/small k asymptotics (S99) shown by the dashed curve| here the occupancies of excitons with
k > 0 are higher than those with £ < 0 and excitons flow counter to the magnon flux v 1| w. The

situation shown in panel (d) corresponds to the negative drag of excitons by magnons with

v T u.

S8. EMISSION DYNAMICS AT DIFFERENT ENERGIES IN THE 10L CRYSTAL.

We measured the spectrally dispersed PL decay of our 10L crystal at low temperature where
spectral features are well resolved. The color-coded rectangles superimposed on the time-integrated
PL spectrum Fig. 14a indicate the respective spectral positions of the PL decay curves in b
extracted from the Streak camera image. A single exponential fit shows that all four PL decay
curves are essentially characterized by the same lifetime (7 = (12 4 1) ps). It does not depend on
the emission energy and is the same whether we analyze the X, peak or any of the other low-energy
peaks. These results therefore complement our analysis shown in Extended Data Fig. 1: Whether
we isolate the X, emission peak or integrate over all low-energy emissions and the X, peak, the

spatio-temporal dynamics and the extracted diffusion coefficients are essentially the same.

T (ps)

I: 13.40.1

II: 12.8+0.1

I 12.2+0.1
IV: 12.1£0.1

1000{ #
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Supplementary Figure 14. Emission dynamics at different energies in the 10L PL signal.
a Time-integrated PL emission spectrum. b PL decay curves extracted from a spectrally resolved Streak

camera measurement at the energy windows color-coded in a. Laser excitation fluence was 490 1J/cm?

and the sample temperature T' = 4 K for all measurements.
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S9. SIZE OF THE ZERO-DELAY PL EMISSION SPOT.

a. ° 300K
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Supplementary Figure 15. Variance of the PL emission profile collected for four picoseconds.

Data is shown for different crystallographic axes and excitation fluences. The width of the laser imaged
on the Streak camera is indicated by the black dashed line.
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S10. TEMPERATURE DEPENDENCE OF EXCITON LIFETIMES

Here, we briefly discuss the anomalous temperature dependence of the exciton lifetime shown
in Extended Data Fig. 3b. In most materials, the emission lifetime of excitons tends to decrease
with increasing temperatures, mainly due to faster, temperature-activated non-radiative recom-
bination channels. Interestingly, in an ideal semiconductor quantum well with intrinsic radiative
recombination, the lifetime is in fact expected to increase with temperature [78|, as the excitonic
distribution spreads out in momentum space, which reduces the fraction of excitons with momenta
inside the light cone. Similar behavior is predicted for 2D semiconductors, with values in the range
of 10’s to 100’s of ps for monolayer transition-metal dichalcogenides in the similar temperature
range [79].

For the magnetic semiconductor CrSBr, additional effects may be considered. A recent spec-
troscopy study reports an anomalous temperature dependent reduction of the exciton oscillator
strength [80]. The oscillator strength is observed to sizably decrease as a function of temperature,
an unusual behavior when compared to Wannier-Mott excitons in other inorganic semiconductors.
Calculations based on ab-initio many-body perturbation theory suggest an intriguing microscopic
reason for this peculiar change in oscillator strength, which is related to the presence of spin
fluctuations. Spin disorder modifies the orbital composition of the exciton wave function. More
specifically, it quenches the inter-site contribution, i.e., the hopping of electrons and holes between
neighboring Cr-atoms, which is to a large extent responsible for the large oscillator strength of
excitons in CrSBr. Phenomenologically, it can be argued that magnetic disorder, by reducing
inter-site hopping, leads to a decrease of the exciton oscillator strength, and, as a results, to an
increase of the radiative lifetime of excitons. If the decay of the exciton population observed in our
experiments is indeed limited by radiative recombination, this effect could qualitatively explain

the peculiar dependence of the exciton lifetime in Extended Data Fig. 3b.
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