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Direct observation of anisotropic exciton dispersion in the 2D semiconductor CrSBr
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We report momentum-resolved measurements of exciton dispersion in multilayer CrSBr using
defocus-engineered electron energy-loss spectroscopy, supported by first-principles calculations. A
pronounced in-plane anisotropy is observed, with the exciton exhibiting a linear dispersion along
I'Y within |g| < 0.007 A~! while remaining nearly dispersionless along I'X. The slope reaches
7.02 eV A, among the largest reported in low-dimensional systems. The calculations reproduce
the experimentally observed linear dispersion, confirming its intrinsic origin. We attribute the
anisotropic dispersion to the long-range electron—hole exchange interaction, enhanced by strong
out-of-plane confinement and governed by the directional selection rules of the transition dipole
moment. Comparative measurements across the magnetic phase transition from the paramagnetic
to the A-type antiferromagnetic state show that the dispersion remains essentially unchanged, indi-
cating negligible coupling between exciton propagation and magnetic order. These results establish
CrSBr as a model system for investigating anisotropic exciton dynamics in low-symmetry layered

semiconductors.

Excitons, Coulomb-bound electron—hole pairs, are fun-
damental quasiparticles governing the optical response of
semiconductors[1-3]. Their dispersion relation, describ-
ing the dependence of the exciton energy on the center-
of-mass momentum, plays a central role in determining
the exciton effective mass[4, 5], transport behavior[6, 7],
and radiative dynamics[8-10]. More broadly, exciton
dispersion encodes essential information about the in-
trinsic electronic structure, dimensionality[11, 12], and
symmetry[13] of a material, as well as the strength of its
many-body interactions.

In conventional three-dimensional semiconductors, ex-
citons near the zero-momentum limit typically exhibit
a parabolic dispersion[14-16]. In contrast, theoretical
studies have predicted that reducing dimensionality to
the two-dimensional (2D) limit can fundamentally al-
ter excitonic behavior. Specifically, the long-range elec-
tron—hole exchange interaction introduces a nonanalytic
dependence on momentum, which can give rise to a lin-
ear exciton dispersion in the small-momentum regime
near the Brillouin zone center (I' point)[17, 18], particu-
larly when out-of-plane confinement enhances exchange
effects. This phenomenon has been extensively discussed
in the context of 2D systems such as monolayer transi-
tion metal dichalcogenides (TMDCs)[11, 17] and black
phosphorus[19], where reduced screening and enhanced
Coulomb interactions amplify exchange effects.

Alongside rapid progress in the synthesis and char-
acterization of 2D materials, the experimental determi-
nation of exciton dispersion has emerged as a central
challenge. Momentum-resolved electron energy-loss spec-
troscopy (¢-EELS) provides a powerful approach for di-
rectly probing these excitations in energy—momentum
space[5, 12, 20-22]. Early experimental efforts, how-
ever, were limited by insufficient energy and momentum
resolution, as well as by the intrinsically narrow linear-
dispersion regime in many prototypical 2D materials
such as TMDCs. For instance, measurements on mono-
layer WSes reported predominantly isotropic parabolic
dispersions[21], seemingly contradicting theoretical pre-
dictions. More recently, improvements in instrumental
resolution, together with the identification of materials
in which the exchange-induced linear dispersion becomes
experimentally accessible, have enabled the direct ob-
servation of linear exciton dispersion in systems such as
the quasi-2D Mott insulator Nb3Clg[12] and monolayer
hBNJ22]. These developments highlight the evolving ca-
pability of momentum-resolved spectroscopies to resolve
excitonic dynamics in low-dimensional systems.

Despite these advances, most experimental studies to
date have focused on systems with in-plane isotropy, leav-
ing the role of intrinsic lattice anisotropy in shaping ex-
citon dispersion largely unexplored. Layered CrSBr, a
van der Waals magnetic semiconductor with pronounced
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FIG. 1. Polarization-resolved optical response and extracted
dielectric function of CrSBr. (a, b) Experimental differen-
tial reflectance spectra (symbols) and corresponding transfer-
matrix method fits (solid lines) of a 41-nm-thick CrSBr flake
at T' = 100 K under normal incidence, with light polarized
along the (a) a axis and (b) b axis. The reference reflectance
Ry was obtained from a bare silicon substrate. Inset: Crystal
structure of CrSBr. (c, d) Real (¢1) and imaginary (e2) parts
of the calculated dielectric function along the (¢) a axis and
(d) b axis.

in-plane structural anisotropy|[23], provides an ideal plat-
form to address this question. Its highly anisotropic crys-
tal structure[24] leads to strongly direction-dependent
electronic[25, 26] and optical[27-29] properties. More-
over, CrSBr undergoes a magnetic phase transition from
a paramagnetic state at room temperature to an A-
type antiferromagnetic state below the Néel temperature
(Tx = 132 K)[23, 30, 31], offering a unique opportunity
to investigate the interplay between magnetic ordering
and exciton dynamics within a single material system.

In this work, we employ ¢-EELS in a scanning trans-
mission electron microscope (STEM), complemented by
first-principles many-body perturbation calculations, to
investigate exciton dispersion in free-standing multilayer
CrSBr across different magnetic phases. We observe a
pronounced in-plane anisotropy, characterized by a lin-
ear exciton dispersion along the I'Y direction in the
small-momentum regime near the Brillouin zone center,
while the I'X direction remains nearly dispersionless. The
finite-momentum Bethe-Salpeter equation (BSE) calcu-
lations faithfully reproduce the experimentally observed
dispersion, confirming that it is an intrinsic property of
CrSBr. Combined with an analytical model, the experi-
ment—theory agreement identifies the linear dispersion as
a consequence of long-range electron—hole exchange inter-
action enhanced by strong out-of-plane confinement and
governed by the directional selection rules of the tran-
sition dipole moment. Furthermore, the close similar-

ity between exciton dispersions measured in the para-
magnetic and A-type antiferromagnetic phases indicates
that momentum-dependent exciton dynamics are primar-
ily determined by the intrinsic structural and electronic
anisotropy, with magnetic ordering playing a negligible
role. Our combined experimental and theoretical results
establish the microscopic origin of the anisotropic exci-
ton dispersion in CrSBr, providing a general framework
for understanding exciton dynamics in low-symmetry
layered semiconductors and for engineering directional
exciton transport and anisotropy-enabled optoelectronic
functionalities.

In transmission EELS, the scattering cross section is
proportional to the loss function, Im[—1/e(w, q)], where
¢(w,q) denotes the energy- and momentum-dependent
dielectric function[32, 33]. A quantitative understand-
ing of the dielectric response of CrSBr is therefore es-
sential for interpreting its excitonic excitations. To this
end, we performed polarization-resolved differential re-
flectance measurements on a 41-nm-thick CrSBr flake at
T =100 K. As shown in Fig. 1(a), the reflectance spec-
trum for light polarized along the a axis is nearly fea-
tureless in the energy range of 1.31-1.38 eV. In contrast,
the b-axis spectrum exhibits pronounced excitonic reso-
nances with clear absorption features [Fig. 1(b)].

To quantitatively extract the dielectric function, we
fitted the reflectance spectra using the transfer ma-
trix method (TMM)[34], modeling the complex dielectric
function e(w) within a Lorentz oscillator formalism[35]:

7€bg+z -—w2 iljw’ (1)

Here, eyg is the background dielectric constant, while
wj, I'j, and f; denote the resonance energy, linewidth,
and oscillator strength of the jth excitation, respectively.
For polarization along the a axis, the spectrum is well
described by a constant background with e, = 20, in-
dicating negligible excitonic contribution in this energy
range. In contrast, the b-axis response requires two ex-
citonic oscillators, labeled 1s(X) and X*, centered at
1.360 eV and 1.376 eV, respectively. These resonances
exhibit markedly different oscillator strengths; the X ex-
citon dominates the optical response with fx = 1.7 (eV)2
and I'x = 16 meV, whereas the X* exciton is signifi-
cantly weaker, with fx- = 0.4 (eV)? and a linewidth of
I'x~ = 20 meV. The resulting real (¢1) and imaginary
(e2) parts of the dielectric function are shown in Fig. 1(c)
and Fig. 1(d). Despite the inclusion of two excitonic res-
onances, their small energy separation (~16 meV), com-
parable to their linewidths (16-20 meV), together with
the strongly asymmetric oscillator strengths, renders the
X* resonance a lineshape modulation rather than a dis-
tinct spectral peak.

A pronounced in-plane anisotropy of the excitonic re-
sponse in CrSBr is evident, consistent with the zero-
momentum optical response framework established in our
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FIG. 2. Defocus-engineered ¢-EELS geometry and anisotropic exciton dispersion in free-standing multilayer CrSBr at T' =
100 K. (a) Schematic illustration of the defocus-engineered ¢-EELS geometry. By displacing the sample from the focal plane,
the electron beam becomes defocused at the sample position, causing electrons with different incident angles to spatially separate
into discrete diffraction spots in the image plane. The momentum resolution (Ag) is tunable through the defocus distance (Af).
(b) Reciprocal-space geometry of CrSBr and the position of EELS slot aperture. The blue and green rectangles indicate the
momentum paths along the I'Y and I'X directions, respectively. (c, d) Normalized momentum—energy maps obtained from
¢-EELS measurements in multilayer CrSBr along the (c) T'Y and (d) T'X directions, spanning a momentum range of 0.17 A~*.
(e, f) Magnified views of the boxed regions in (c) and (d), respectively, covering a momentum range of 0.03 A~' near the

Brillouin-zone center.

previous work[36]. The transition dipole moments are
predominantly aligned along the crystalline b axis, with
negligible spectral weight along the a axis. This behavior
is closely linked to the in-plane anisotropic crystal struc-
ture and the quasi-one-dimensional electronic character
of CrSBr[24, 26, 27]. While these zero-momentum mea-
surements confirm the static optical anisotropy, directly
probing the momentum-dependent exciton behaviors re-
quires advanced momentum-resolved techniques.

To investigate exciton dispersion, we performed g¢-
EELS measurements in a STEM operated at 30 kV with
an energy resolution of approximately 18 meV. Multi-
layer CrSBr flakes (6-15 nm thick), prepared by me-
chanical exfoliation, were transferred onto holey carbon
grids and measured at 7' = 100 K, well below the Néel
temperature, corresponding to the A-type antiferromag-
netic phase. To access the small-momentum regime
with sufficiently high momentum resolution, we em-
ployed a defocus-engineered ¢-EELS geometry adapted
from Midgley’s approach and recently developed for low-
energy dispersion measurements [37, 38]. In this con-
figuration, the sample is displaced from the focal plane,
causing the electron beam to become defocused at the
sample position. As a result, electrons with different in-
cident angles are spatially separated into discrete diffrac-
tion spots in the image plane [Fig. 2(a)]. Within the
framework of Midgley theory [39], the momentum reso-

lution Ag is related to the defocus distance (A f) through
Aqg = d/(Af)), where d is the probe size and A is the
electron wavelength. In the present experimental config-
uration, a convergence semi-angle of & = 8 mrad together
with a typical defocus value of A f = 200 pum yields a mo-
mentum resolution of approximately 4 x 10~* A~

Figure 2(b) illustrates the reciprocal-space configura-
tion of CrSBr, where the orthorhombic lattice defines
two principal high-symmetry directions: I'X (along the
a axis) and 'Y (along the b axis). By adjusting the
projector lens, the EELS slot aperture was aligned to
selectively collect inelastically scattered electrons along
these momentum directions, enabling direct mapping of
exciton dispersion in momentum space.

To enhance weak signals at large momentum transfer
and enable consistent comparison across different g val-
ues, the spectral intensity at each ¢ was normalized over
the energy range of 1.25-1.55 eV[40]. Momentum-energy
mappings along the I'Y [Fig. 2(c)] and T'X [Fig. 2(d)]
directions exhibit mirror symmetry about the I' point,
consistent with Brillouin zone symmetry. Along the
T'Y direction, excitonic features remain visible up to
lg| ~ 0.15 A~ and display a pronounced blueshift with
increasing momentum. In the small-momentum regime
near the I' point, the exciton energy rises rapidly, form-
ing a characteristic V-shaped dispersion. This behavior
is further resolved in the magnified view of the |g| <
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FIG. 3. Linear exciton dispersion in multilayer CrSBr near
the T" point along the I'Y direction at 7" = 100 K. (a)
Momentum-resolved EELS spectra showing exciton peak evo-
lution along I'Y. Magenta symbols denote peak positions from
Gaussian fitting; corresponding momentum values (q) are
on the right axis. (b) Exciton energy as a function of mo-
mentum g. Magenta circles represent the experimental peak
positions extracted from ¢g-EELS measurements, while blue
squares denote the finite-momentum Bethe—Salpeter equation
(BSE) calculations. The purple line is a linear fit to the ex-
perimental data, demonstrating the linear dispersion in the
small-momentum regime.

0.03 A—! region [Fig. 2(e)], where the steep energy vari-
ation within the central ~ 0.01 A~ strongly indicates a
nonparabolic dispersion, suggestive of a linear component
in the small-momentum regime. In contrast, the disper-
sion along the I'X direction exhibits markedly different
behavior. Excitonic signals are only observable within
a limited range of |q| ~ 0.04 A~', beyond which they
become indistinguishable from the background. The cor-
responding magnified map [Fig. 2(f)] reveals an almost
flat dispersion with negligible energy shift.

Overall, the exciton dispersion exhibits pronounced in-
plane anisotropy in both the accessible momentum range
and the dispersion behavior, characterized by a strong
momentum-dependent blueshift along the I'Y direction,
particularly in the small-momentum regime near the I'
point, suggesting a nonparabolic dispersion, in contrast
to an essentially dispersionless response along the I'X di-
rection.

To quantitatively characterize the exciton dispersion,
we extracted momentum-resolved spectra from the g¢-
EELS mappings within a momentum range of £0.1 A~!
around the I" point along both the I'X and I'Y directions.
Exciton peak positions were determined by Gaussian fit-
ting [Supplemental Material, Fig. S1], further confirm-
ing the pronounced anisotropy of the dispersion. Fig-
ure 3(a) shows representative spectra along the I'Y di-
rection in the small-momentum regime, with magenta

symbols marking the extracted peak positions. The cor-
responding exciton energy as a function of ¢ is plotted
in Fig. 3(b), where a linear fit (purple line) captures the
dispersion near the I'" point. A clear linear dependence
is observed in the small-momentum regime, followed by
a gradual deviation at larger |g| [Supplemental Material,
Fig. S2]. In addition to the experimental data, the finite-
momentum Bethe-Salpeter equation (BSE) calculations
are overlaid for comparison [computational details de-
scribed in Supplemental Material]. The calculated exci-
ton dispersion reproduces the linear energy—momentum
dependence in the small-momentum regime along the I'Y
direction. This excellent agreement confirms that the ob-
served dispersion is an intrinsic property of CrSBr and
provides a solid basis for understanding its microscopic
origin.

The linear dispersion along the I'Y direction originates
from the interplay between the orientational selection
rules of the transition dipole moment and the long-range
electron—hole exchange interaction. As established in
Ref. [18], such exchange interaction in 2D systems in-
troduces a nonanalytic linear term in the exciton disper-
sion, which for nondegenerate excitons can be generally
expressed as

2.2

h’q; + h gy
* * 7
oM " 2M;

E(q) = EngA|q|Cos2 Oq + (2)

where Ej is the exciton energy at the I' point, A charac-
terizes the strength of the long-range exchange interac-
tion, g is the center-of-mass momentum, and 6, denotes
the angle between g and the transition dipole moment.
Here, M and M, represent the effective masses of the
exciton center-of-mass motion along the z and y direc-
tions, respectively.

In CrSBr, the transition dipole moment is aligned
along the crystalline b axis (y direction), yielding
cos® 0q = q;/|q|*. Substituting into Eq. (2) gives

2 2 92 2 2
q hq h*q

E(q) = Ey+ A~ + = L.
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3)

Along the I'Y direction (g, = 0), this expression reduces
to

K2 qg

E —E,+ A .
(0,qy) = Eo + qu|+2M;

(4)

In the small-g, limit, the linear term dominates, giving
rise to the observed V-shaped dispersion. The observed
linear dispersion reflects the dominance of long-range ex-
change interaction, enabled by strong out-of-plane con-
finement, rather than being a direct consequence of re-
duced dimensionality. Previous first-principles calcula-
tions reveal that the exciton wavefunction is strongly con-
fined within individual CrSBr layers, with weak interlayer
coupling[27]. Such out-of-plane localization enhances the



long-range exchange interaction in CrSBr, leading to the
observed small-momentum linear dispersion even in this
multilayer system.

Furthermore, the slope of the linear dispersion cor-
responds to A times the exciton group velocity, with
v = (1/h)dE/dq[41, 42], providing a direct measure of
the strength of the long-range exchange interaction. The
extracted slope along the I'Y direction is 7.02 eV A, sig-
nificantly exceeding that reported for monolayer MoS,
(1.8 eV A)[17], a-Nb3Clg (0.51 eV A)[12], and monolayer
ABN (6.08 eV A along T'M and 4.22 eV A along T'K)[22].
The unusually large exciton group velocity in CrSBr re-
flects an anisotropy-enhanced nonanalytic long-range ex-
change interaction arising from the directional alignment
of transition dipole moments. Such a high group velocity
establishes an intrinsic velocity scale for exciton propaga-
tion, potentially enabling efficient energy transport over
mesoscopic length scales.

To further investigate the interplay between magnetic
order and exciton dynamics, we performed identical g-
EELS measurements on multilayer CrSBr in the para-
magnetic state at 7' = 300 K [Supplemental Material,
Figs. S3-S5]. A direct comparison between the paramag-
netic and A-type antiferromagnetic phases reveals that
the exciton dispersion is remarkably robust across the
magnetic transition. In particular, the anisotropic dis-
persion characteristics remain essentially unchanged; the
small-momentum linear dispersion along the I'Y direc-
tion persists, while the I'X direction continues to exhibit
negligible momentum dependence. Within experimental
resolution, no discernible renormalization of the disper-
sion is observed.

A strong coupling between exciton propagation and
spin degrees of freedom[36, 43] can lead to a reconstruc-
tion of the dispersion across a magnetic phase transi-
tion, manifested as momentum-dependent renormaliza-
tion of the dispersion arising from exchange-driven mod-
ifications of the electronic structure and spin-dependent
band splitting[44]. Such signatures are absent in our
measurements. The absence of discernible changes in-
dicates that magnetic ordering has a negligible influence
on the exciton dispersion, implying a weak coupling be-
tween the exciton center-of-mass motion and the under-
lying spin system. Instead, the dispersion is primarily
governed by the intrinsic in-plane lattice and electronic
anisotropy.

In summary, we combine defocus-engineered g-
EELS with first-principles calculations to resolve the
momentum-dependent exciton dispersion in multilayer
CrSBr. The measurements reveal a pronounced in-plane
anisotropy, characterized by a linear dispersion along the
T'Y direction in the small-momentum regime and a nearly
dispersionless response along I'X. The excellent agree-
ment between experiment and theory identifies the ob-
served anisotropic dispersion as an intrinsic property of
CrSBr, originating from the long-range electron—hole ex-

change interaction enhanced by strong out-of-plane con-
finement and governed by the directional selection rules
of the transition dipole moment. Despite the presence of
magnetic ordering, the exciton dispersion remains essen-
tially unchanged across the magnetic phase transition,
indicating negligible coupling between exciton center-of-
mass motion and the underlying spin system.

More broadly, our work establishes a general route for
engineering exciton dynamics through the interplay of ex-
change interaction, confinement, and lattice anisotropy.
This provides a framework for controlling exciton trans-
port in low-symmetry layered semiconductors and offers
new opportunities for anisotropy-driven optoelectronic
functionalities.
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