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Excitonic optical absorption in strained monolayer CrSBr
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Recently, the isolation of two-dimensional magnetic materials has opened several avenues for possible
applications in spintronics. Among these materials, CrSBr has sparked interest due to its relatively high Curie
temperature, highly anisotropic lattice structure, and high structural stability. These properties run along with
others shared by any atomically thin material such as its outstanding deformation capacity and a strong optical
response dominated by excitonic effects. The combination of these properties provides a fairly uncharted
playground to explore the interplay between magnetism and optical excitations. Here, we focus our attention
on the theoretical optical response of CrSBr under several distinct strain configurations, analyzing the resulting
changes to both the excitonic peaks and overall shape of the diagonal components of the linear conductivity

tensor.

DOI: 10.1103/8pdd-5md4

I. INTRODUCTION

Ever since the first isolation of two-dimensional (2D)
or atomically thin materials [1], it has been understood
that excitons are key to the understanding of the subgap
optical response when these materials are semiconducting
or insulating [2,3]. Since the number of nonzero unrelated
components in the optical response tensors increases as the
symmetry decreases, interest has grown in materials with
intrinsically or extrinsically broken symmetries, such as the
broken vertical symmetry in buckled monolayers [4—8], Janus
materials [9—13], biased homobilayers [14—18] and heterobi-
layers [19,20], or the broken in-plane symmetries created by
lattice strain [21-23] or an intrinsic lattice anisotropy, such as
the one present in phosphorene [24-27].

In the past few years, since the isolation of the semicon-
ducting 2D magnets Crls [28] and Cr,Ge,Teg [29] in 2017,
it has been an explosion in the discovery of 2D materials
with magnetic properties [30]. While Crl; [31], Cr,Ge,Teg,
and CrBr; [32] present a ferromagnetic order out of plane,
there are also materials that are in-plane ferromagnets, such
as CrCl; [33] and CrSBr [34-36]. In particular, CrSBr has a
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great potential for spintronics applications in nanoscale de-
vices [37], in which the use of the spin degrees of freedom
permits the manipulation and communication of information
with extremely low power consumption [28,38-42]. Quan-
tized collective spin excitations, known as magnons, are ideal
quasiparticles for encoding spin information and developing
spin-wave-based quantum computing concepts [43,44].
CrSBr is a semiconductor whose direct band gap has
been reported as E,~ 1.5eV and an A-type antiferro-
magnet, with a magnetic easy axis along the B direction
[34-36,45-57] (see Fig. 1). Significantly, CrSBr is a rel-
atively stable material in air [56] for which recent works
have shown structural phase transformations [51], correlated
magneto-optical [34,52,56] and magnetotransport [49,53,54]
properties, and highly anisotropic electron conductivity [54].
Two-dimensional materials offer an excellent platform for
tuning their properties through strain, which has a pronounced
impact on magnonic behavior [58—62]. Strain also signif-
icantly influences the optical response of these materials,
particularly the characteristics of excitons [63]. Recent re-
search has uncovered strong interactions between excitons
and magnon quasiparticles in 2D magnetic systems [64-72],
an effect absent in conventional three-dimensional magnets.
This effect opens avenues for controlling the magnetic re-
sponse of 2D semiconducting magnets through light-induced
excitations. These findings highlight the need for advanced
theoretical frameworks to accurately describe strain effects
on excitons in 2D magnetic materials. State-of-the-art the-
oretical approaches typically rely on the Bethe-Salpeter
equation (BSE) to describe excitons and magnons [73,74].
Such methods have been successfully applied to study

Published by the American Physical Society
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FIG. 1. Top (left) and side views (right) of the unit cell of a
single CrSBr layer, where green, yellow, and pink represent the Cr,
S, and Br atoms, respectively. In the plots, the A, B, and C directions
correspond to x, y, and z axes, respectively.

excitons and optical phenomena in CrSBr, including magneto-
optical effects and linear dichroism [36,57]. However, strain
effects on CrSBr excitons were not investigated.

In this work, we investigate the impact of strain on the lin-
ear optical response of CrSBr. This study represents a first step
toward exploring exciton-magnon coupling and understand-
ing strain-induced effects relevant for spintronic applications.
We begin in Sec. II by defining the lattice structure of CrSBr,
discussing the overall shape of its band structure, and pro-
viding a brief overview on the effects of lattice strain in this
material. In Sec. III, we outline the methodology that will be
considered to obtain the excitonic states, namely, the BSE,
together with the necessary modifications to the electrostatic
interaction such that the intrinsic anisotropy of the lattice can
be properly accounted for. Finally, in Sec. IV, we analyze the
effects of strain on the diagonal components of the linear con-
ductivity, together with the response for circularly polarized
light.

II. LATTICE STRUCTURE

Monolayer CrSBr is a layered van der Waals antiferromag-
net with a rectangular lattice structure [36,60]. It essentially
consists of two buckled rectangular planes of CrS fused to-
gether, with both surfaces capped by Br atoms. Each atomic
site sits at a linear combination of the Bravais vectors:

a; =(a,0,0), a=(0,b,0), 1)

where a ~ 3.59 A and b ~ 4.81 A. As seen in Fig. 1, each unit
cell counts with three pairs of Cr, S, and Br located at

_a+a

Y= +hz (Cr),

y1 =0,

a]

Ul=?+dCr—Sia o2 =y,—01 (S),

aj

Igl = 5 — dCr—Briy

) B, =y, — B(Bn), 2

k — path

FIG. 2. Top: Band structure of CrSBr along the X—I'-Y—-S—T
path in the first Brillouin zone. Red bands were directly utilized
for the BSE calculations in this work. Bottom: Contour plots of
highlighted bands (increasing in energy from top left to bottom right)
in the FBZ (red rectangle). Gray, green, blue, and orange points
represent the high-symmetry I', X, Y, and S points, respectively.

where h ~ 2.08 A is the difference in height between the two
Chromium atoms, dc.s ~ 1.61 A and derpe ~ 1.77 A. In this
notation, y, is located in the middle of the unit cell, o/,
halfway along a; /> + dcsZ, respectively, and B, , vertically
shifted from o/, by F(dcr-s + dcr-nr)Z, Tespectively.

The high-symmetry points of the rectangular lattice have
coordinates

I =[0,0],
Y = [0, 1/2],

X =1[1/2,0],
S =1[1/2,1/2], A3)

in the basis of the reciprocal lattice vectors b; and b,. These
points are represented in Fig. 2 by the gray, green, blue, and
orange points, respectively.

For our calculations, we consider a tight-binding-like
Hamiltonian written in a basis of maximally localized
Wannier functions [75,76], as obtained and discussed in
Ref. [60], where the preferential magnetization direction was
set along the y axis. The Wannierization was performed
on collinear DFT + U calculations, where U is the on-site
Coulomb repulsion. The exchange-correlation energy was de-
scribed by the generalized gradient approximation and the
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FIG. 3. Contour plots of the two bands closest to the Fermi level (valence top, conduction bottom) in the FBZ (red rectangle) for strain
configurations 95% A, 105% A, 95% B, 105% B (left to right, respectively).

Perdew-Burke-Ernzerhof functional. The band structure of
this Hamiltonian is portrayed in Fig. 2, where a scissor cut
has been applied to match the direct band gap with other theo-
retical works at E, = 2.1eV [36,57]. The top panel shows the
energy following a path in k space along the high-symmetry
points of the material [see Eq. (3)]. We note the extremely
flat dispersion of the first two conduction bands along the
I'X direction, in contrast to the much steeper dispersion along
I' and Y, where the lowest conduction band rises from ap-
proximately 2 and 4 eV between the I' and Y points. As
discussed below, this anisotropy in the energy dispersion leads
to a quasi-one-dimensional (1D) exciton wave function for
the lowest-energy states. To illustrate this, we plot the en-
ergy dispersion as a function of k, and k,. The bottom panel
portrays the contour plots of the two highest valence bands
and two lowest conduction bands in the FBZ. As these states
are included in the BSE calculations, we ensured convergence
by using N; = 90% k points in the Brillouin zone. With this
sampling, the excitonic energies remain stable within less
than 1%.

Strain

The strain configuration will be described by its effects on
the a;,» vectors. Recalling the definition of the primitive vec-
tors given by Eq. (1), we will identify the strain as A or B strain
as it will directly affect the a and b lengths in Eq. (1). There-
fore, besides the unstrained system, we will also consider
compression (95% strain) and extension (105% strain) of the
material along both A and B directions. Recent experiments
show strains up to 4% in thin bulk CrSBr [77]. The effects of
strain on the first valence and conduction bands are presented
in Fig. 3. For each strain configuration, DFT + U calculations
followed by Wannierization were performed. Note that the
lowest-energy region of the conduction band, which is like
a cylindrical-shape valley along the I'X direction, is modified
by the strain configuration. As we will see in the following
sections, this will have clear implications on exciton wave
functions and, consequently, in the optical response of the

material. More pronounced is the effect of strain on the
valence band. The highest-energy region is like a cylindrical-
shape mountain along the I'X direction, and the compression
along the A direction clearly affects the energy between
the I'Y direction. Furthermore, the lowest conduction band
remains largely unchanged across all strain configurations, be-
coming noticeably flatter along the I'X direction near the band
gap under compression along the A axis and stretching along
the B axis. In contrast, the highest valence band develops a
more “plus-shaped” dispersion around I' when compressed
along the A axis. Furthermore, stretching along the B axis
significantly reduces the extent of the flat region near the gap.
This modification enhances the localization of exciton wave
functions along the same axis, as detailed in Appendix B,
and strongly influences exciton energies, as discussed in the
following sections.

III. BETHE-SALPETER EQUATION

The excitation of a valence band electron onto the conduc-
tion band of a material, leaving behind a hole in the valence
band, can lead to the formation of bound states. Those states
are bound via the Coulomb interaction of the electron-hole
pair and their energy lies within the band gap of the system.
Using valence (v) and conduction (c) single-particle states,
we expand exciton states of zero center of mass momentum
(Q = 0) in a basis of free electron-hole pairs as

Xy) =Y ANchcul0). )

vck

where |0) is the ground state, identified as the Fermi sea,
Aggﬁ are the coefficients in the expansion of the excitonic
states in terms of electron-hole excitations, and N is a generic
quantum number that describes the excitonic state. Following

from Esteve-Paredes et al. [78], exciton states are found by
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solving the BSE [79] in the Tamm-Dancoff approximation as

EM AN = (Ea — Ea)AD + ) (vck|Kan|v'CK)ADD,
el ' <

Q)
where E ;i are the conduction/valence electronic bands and
K. is the electron-hole interaction kernel. Following the nu-
merical implementation of the BSE in the XATU code [80],
the interaction kernel reads K., = —(D — X)), where D is the
direct term, given by

Dyeve (k. K) = / YO (W (@, XY (0P (),
(6)

and X is the exchange term (obtained by interchanging ¢'k’
and vk). The W (r, r’) represents the screened Coulomb inter-
action between two charged particles, which will be treated in
the static limit as we detail in the following section.

Screened Coulomb interaction

When solving the BSE for excitons in 2D materials
[18,78,80-82], the electrostatic interaction modeled by the
Rytova-Keldysh (RK) potential [83,84] may represent a good
description. The RK potential is derived from the Poisson’s
equation, in which the charge from the induced polarization
in response to an external electric field is only contained in a
2D plane. In real space, this potential is given by

, hca r —r/| r —r/|
Wek (r, 1) = ———=—| Ho -Y ;
€ 2ry ) ro
@)

where Hy(x) is the zeroth-order Struve function, Yy(x) is
the zeroth-order Bessel function of the second kind, rg is a
material-specific screening length [85], and ¢, is the average
dielectric constant of the medium surrounding the monolayer.
This value is set at €, = 1, corresponding to a freely sus-
pended monolayer. While most frequently studied materials,
such as hexagonal Boron-Nitride (hBN) [86], transition metal
dichalcogenides (TMDCs) [85,87,88], and biased bilayer sys-
tems [89,90], are well modeled by an isotropic screening
length, the high intrinsic anisotropy of CrSBr (see Fig. 1, for
instance) demands that we consider a more general form of
screening. From the large anisotropy of the bands, as it can
be observed in Fig. 2, we will consider different screening
lengths along the x and y directions.

Explicitly, the anisotropic Rytova-Keldysh potential will
read as

h
Wek (r, 1) = — ——

. m[Ho(p) - Yo(p)l, (8)

where the ry term usually outside of the Bessel and Struve

functions is now taken as the average of the screening lengths
along the x () and the y (rg) direction. Here,

X —x' 2 y_y/ 2 Z—Z/ 2
p=(x)+(v)+(z>, ©
I’O }’b r(j

where the z component is explicitly included due to the com-
plex lattice structure and r§ is also taken as the average of the

x and y components. While the material is still an atomically
thin layer and, therefore, finite in the z direction, it is impor-
tant to define a “vertical screening length” as we will have
distinct z, 7’ positions for many of the atomic sites. Regarding
the values of r§ and ry, these can be obtained by doing a
linear fit of the dielectric function of the material (as obtained
via density functional theory (DFT) calculations) near g = 0.
Considering previous calculations of the dielectric function
for monolayer CrSBr [57], a linear fit near ¢ = 0 along both
qx and g, directions gives

ro =26.3894A, 1) =653451A. (10)

Note the significant difference of the screen parameter de-
pending on the direction. This presents an “anisotropy ratio”
of ry/ry ~ 2.476, in good agreement with other computed
results presented in Ref. [36].

Knowing the specific form of the anisotropic Rytova-
Keldysh potential, we can now proceed to compute the
excitonic wave functions. While the large anisotropy means
angular momentum is not a good quantum number in this
system, we can still label the excitonic states by their energy
ordering. In Fig. 4, we plot the exciton wave functions for the
lowest-energy state (n = 1), which is optically dark, together
with the first four optlcally bright states (n = 7, 14, 19, 26),
defined as |y = A" 1. Although it will be dis-
cussed in the followmg sect10n the states are presented with a
snippet of the subgap optical conductivity for easier visualiza-
tion, with solid and dot-dashed lines highlighting the spectral
location of the optically bright and dark states, respectively.
We only represent the first eight optically dark states (n = 1
state highlighted in blue for easier identification). Note that
7-exciton and 26-exciton strongly contribute to the optical
conductivity, and while 7-exciton is quite spread in the k,
direction, i.e., it behaves as a 1D exciton, the 26-exciton starts
to have some spread along the k, direction. We note that
the optical activity of excitons can be understood from the k
distribution of the exciton dipole matrix elements (see more
details in Appendix C).

While there is a resemblance of the found excitonic states
with previous calculations in Ref. [57], there are important
differences, particularly in the energies. This can be easily
understood by analyzing the used bands structure, which sig-
nificantly differ. As a consequence, the resulting Wannier
Hamiltonian will be quite distinct and, therefore, the excitonic
states resulting from solving the BSE in the two systems are
difficult to compare.

IV. STRAIN EFFECTS ON THE LINEAR
OPTICAL RESPONSE

Having examined both the Bethe-Salpeter equation and the
role of anisotropy in the electrostatic electron-hole interaction,
we now turn to the influence of strain on the linear optical
response of CrSBr.

To understand the impact of strain on the linear optical
response of the 2D magnetic material, it is instructive to
examine the optical response in the absence of electron-hole
interactions, i.e., within the independent particle approx-
imation (IPA). The IPA calculations allow us to isolate
the primary changes in optical conductivity arising from
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FIG. 4. Wave functions of the n =1 (optically dark), n =7, n = 14, n = 19, and n = 26 exciton states plotted in the FBZ [top panels
(a)—(e)], together with the subgap region of the optical conductivity (bottom panel). In the bottom panel, vertical dashed line at /iw = 2.1eV
corresponds to the band gap at the I" point for the unstrained system, solid vertical lines correspond to the optically bright states, and dot-dashed

lines correspond to optically dark states until n = 7 (blue dot-dashed line highlights the lowest-energy exciton state, n = 1).

modifications in the energy band dispersion. This, in turn, pro-
vides an initial information to further analyze and disentangle
the excitonic effects under strain. Accordingly, we compute
the linear optical response at both the IPA level and with full
excitonic interactions.

The excitonic optical conductivity is computed directly
from the eigenstates of the Bethe-Salpeter equation as

@) _ L [—E ik -, —w)*:|, (i
00 23 E,—h

where oy = 4ﬁ a/B are Cartesian directions, and E, is the

energy of the excitation, in which an imaginary broadening

I' = 20 meV is introduced via the transformation £, — E, —

il" to model a realistic spectrum. The generic exciton dipole

matrix element reads [8,91,92]

o n pl}(‘
Xon—z—Z [ anglemawaz

with AE}’ZL the exciton wave function between conduction band
¢ and valence band v, pS_, the interband momentum matrix
element between the same band pair, defined as
oH(K)

kg

p vek — A ( k| |C7 k) s
and E, i the dispersion of the bands in question.

The TPA contribution to the linear optical response will be
obtained by directly applying the Kubo formalism as defined
in Refs. [80,91] and computed with the OPTICX code [78,93].

As the dominant contribution to the subgap response will
stem from the bands closest to the Fermi level, we perform
the excitonic computations while taking into account the two
valence and two conduction bands highlighted in red in Fig. 2.
This decreases the computational cost without compromis-
ing the accuracy of the calculations and it makes possible
to consider a greater number of neighboring unit cells in

the calculation. Considering N = 90 neighboring cells and
an imaginary broadening of I' = 0.025eV, we compute the
linear optical conductivity under both A and B strain (see
Fig. 5).

Figure 5 portrays the xx (top panels) and yy (bottom pan-
els) tensor components of the linear conductivity tensor for
five distinct strain configurations: an unstrained system, 95%
strain along both A and B directions, and 105% strain along
the same directions. In this figure, the panels in the diagonal
(top left and bottom right) correspond to strains parallel to
the tensor component of the linear conductivity, while the
off-diagonal panels (top right and bottom left) correspond to
strains perpendicular to the tensor component of the linear
conductivity.

First, we note that the excitonic optical conductivity
presents strong exciton peaks within the band gap for y po-
larization (B axis), while excitonic peaks for x polarization
are very small. This is in agreement with what is observed in
experiments (see, for example, Ref. [69]). This results in sig-
nificant birefringence or linear dichroism for photon energies
within the energy gap.

By first examining the IPA calculations, Fig. 5 reveals
that strain effects are significantly more pronounced when
the strain direction is collinear with the diagonal component
of the linear optical response under consideration. This is
because strain alters the orbitals involved in bonding along
that direction, thereby modifying the band energy structure.
The primary manifestation of these changes is a redshift or
blueshift in energy, corresponding to tensile or compressive
strain, respectively, which are consistent with variations in the
band gap. The excitonic optical conductivity also inherits the
same behavior, with its dominant feature being a redshift or
blueshift depending on the sign of the applied strain.

When examining the effects of strain applied perpendicular
to the diagonal component of the linear optical response,
we find that the IPA optical conductivity remains largely
unchanged. However, significant modifications appear in the
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FIG. 5. Excitonic (solid lines) and IPA (dashed lines) contribution to the diagonal tensor elements of the linear optical conductivity (top:
0y, bottom: oy,). Left panels (a) and (c) correspond to strain in the A direction (x axis), while right panels (b) and (d) correspond to strain in the
B direction (y axis). Blue, black, and red lines correspond to 95% strain, unstrained, and 105% strain in the corresponding column’s direction,
respectively. In all panels, vertical dashed line at iw = 2.1 eV corresponds to the band gap at the I point for the unstrained system.

excitonic states, particularly those within the band gap along
the y direction. This behavior can be understood by analyzing
the exciton wave functions shown in Fig. 4, especially bright
excitons that contribute to the optical response of the system.
These wave functions are localized in regions of k space
where the band energies are sensitive to strain, as illustrated
in the conduction and valence energy bands in Fig. 3. This is
particularly visible under tensile strain, in which we observe
a strong redshift energy. Although bound excitons in CrSBr
exhibit quasi-1D behavior along the y (B) direction, they are
clearly influenced by strain applied along the x (A) direction.

Moreover, the lineshape of the excitonic optical conduc-
tivity evolves under strain, an effect attributed to the high
sensitivity of exciton wave functions to lattice distortions.
For instance, the wave functions of excitons 7 and 26 in
the unstrained system differ notably; exciton 7 is primar-
ily extended along the k, direction, while exciton 26 has a
stronger contribution along the k, direction. This wave func-
tion distribution implies a distinct response to strain, with
direct consequences for the energy positions of the excitonic
series (see more details in Appendix B) and the corresponding
oscillator strengths.

Now, we consider the optical response to circularly polar-
ized light, which is related to the magnetic circular dichroism
(MCD) (see Fig. 6). The circular optical conductivity can be
related to the off-diagonal components of the linear optical
conductivity. Simplifying Eq. (12) for circularly polarized
light, we have

on = f Uck Eck _ Evk
- L[Xé‘n +iX;, ] (3
V2

meaning that circular polarization will, in general, mix the
four in-plane tensor components as

oi(w) = 242 4 20 4 Loy () — o ()], (14)

When all four tensor components are mixed, the effects
of strain become considerably more complex. However, in
monolayer CrSBr, the yy tensor component is the dominant
one until iw ~ 3-3.5 eV and, examining Eq. (14), one expects
the circular optical conductivity under strain to closely resem-
ble the features observed in the yy component of the linear
optical conductivity within this frequency range. The MCD
signal, which is computed by taking the difference of the left-
and right-handed circular optical conductivity, is found to be
very small within the band gap region (see bottom panels of
Fig. 6). The MCD is directly connected to the xy and yx tensor
components, which are antisymmetrical between themselves.
The small MCD signal is understood because the xy and yx
tensor components are 3 orders of magnitude smaller than the
xx and yy tensor components. Additionally, while a subtle
difference is observable below the band gap (more clearly
visible when considering strain in the B direction), the effect
is much smaller than what is observed in the single-particle
regime and, therefore, is barely observable even when mag-
nified by a factor of 10%. As a final comment, the xy and yx
tensor components are also responsible for magneto-optical
phenomena such as the Faraday and Kerr effects. Due to their
small magnitude, these effects are likewise weak, consistent
with experimental observations.

In the ground state, the magnetization orientation in CrSBr
lies along the y (B) direction. This orientation, which can
be modified by an external magnetic field, influences the
optical and the magneto-optical response of the material. In
Appendix A, we compare the effects of the three distinct
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FIG. 6. Linear optical conductivity with both excitonic and IPA contributions for circularly polarized light. Left panels (a) and (c)
correspond to strain in the A direction (x axis), while right panels (b) and (d) correspond to strain in the B direction (y axis). Top panels
correspond to left-handed circular polarization, while bottom panels correspond to difference between left- and right-handed polarization.
Blue, black, and red lines correspond to 95% strain, unstrained, and 105% strain in the corresponding column’s direction, respectively. In both
panels, vertical dashed line at iw = 2.1 eV corresponds to the band gap at the I" point for the unstrained system.

magnetization orientations on the diagonal tensor compo-
nents of the conductivity and the circular dichroism. Notably,
we observe that the MCD signal becomes two orders of
magnitude stronger above the band gap when the magne-
tization is aligned along the z direction. This enhancement
is consistent with observations in other materials, such as
Crl;, where out-of-plane magnetization leads to strong MCD
signals [94].

V. SUMMARY

In this work, we investigate the influence of strain on
the linear optical response of monolayer CrSBr. By solving
the Bethe-Salpeter equation, we compute the linear optical
conductivity with explicit consideration of excitonic effects.
We find that bound excitons predominantly form along the
B direction and exhibit pronounced sensitivity to the strain
configuration.

Despite the quasi-one-dimensional nature of the exciton
wave functions, strain applied along both the A and B direc-
tions significantly alters their energies and directly impacts
the subband gap optical conductivity. When strain is applied
collinearly to the polarization direction of the optical con-
ductivity, we observe an energy redshift and blueshift for
tensile and compressive strain, respectively. In contrast, strain
applied perpendicular to the polarization direction leads to
substantial modifications in the spectral lineshape, which we
attribute to changes in the energetic ordering of the excitonic
series.

Furthermore, magnetic circular dichroism is found to
be negligible for bound excitons, with the signal primar-
ily emerging at energies above the band gap. The MCD
signal above the gap is notably sensitive to the orientation

of the magnetization. This work opens the door to investi-
gate coherent exciton migration controlled by strain [63,95]
in monolayer CrSBr and the manipulation of the magne-
tization at the attosecond time scale by using strong laser
pulses [96]. For that, we could extend the methodology used
here to real-time approaches that also consider excitonic
effects [97-99].
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FIG. 7. Influence of magnetization direction on linear optical conductivity with both excitonic and IPA contributions for (left panels)
linearly polarized light and (right panels) circularly polarized light. Blue, black, and red lines correspond to magnetization chosen to be along
the A, B, and z axis for the Wannierization process, respectively. In all panels, vertical dashed line at iw = 2.1 eV corresponds to the band gap
at the I" point for the unstrained system. For linearly polarized light, excitonic (solid lines) and IPA (dashed lines) contributions to the diagonal
tensor elements of the linear optical conductivity (top: oy, bottom: o,,) are considered separately to better showcase the different effects of
the magnetization direction on either component. Inset in the bottom-left panel presents the subgap region of the conductivity to more clearly

observe the changes in the excitonic peaks.
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APPENDIX A: EFFECTS OF MAGNETIC
MOMENTUM DIRECTION

In this Appendix, we provide a comparison for the xx
and yy components of the linear optical conductivity for the
three distinct directions of the magnetization chosen during
the Wannierization process (specifically, along either A or
B axis, or perpendicular to the plane of the monolayer). As
can be seen in Fig. 7, the xx component of the linear optical
conductivity barely changes depending on the magnetization
choice. On the other hand, the yy component presents quite
clear changes in the subgap response of the material (see inset
in the bottom panel), with the two most pronounced excitonic
peaks having quite distinct intensities and locations depending
on the axis chosen for the magnetization. However, as can be
seen in both the top and bottom panels, the conductivity above
the band gap remains essentially unchanged between the three
distinct magnetization directions.

APPENDIX B: STRAIN EFFECTS ON EXCITONIC
WAVE FUNCTIONS

In this Appendix, we provide a comparison between the
excitonic states for strains along the A and B directions. These

are presented in Fig. 8 for systems under (top to bottom, in
pairs) 95% A, 105% A, 95% B, and 105% B strain. In the con-
ductivity panels, the lines follow the same notation as those in
Fig. 4, with blue dot-dashed line corresponding to the lowest-
energy excitonic state, dot-dashed lines representing first few
dark states, solid lines representing the plotted bright states,
and dashed line representing the gap at the I' point. As it can
be clearly seen, the overall shape of the state corresponding
to the dominant peak changes slightly with strain (see third
wave function for strain 95% A and second wave function for
the remaining strains in Fig. 8), although its position in the
excitonic series differs depending on the strain configuration.
For easier comparison, we list the energies of each of these
five states in Table I.

We emphasize that the excitonic evolution presented here
arises from strain-induced modifications of the electronic
structure while maintaining a fixed in-plane ferromagnetic
configuration of the monolayer. This assumption is supported
by recent first-principles studies showing that monolayer

TABLE 1. First energy eigenvalue, corresponding to the dark
exciton state, along with the energy eigenvalues of the four lowest
bright exciton states, as a function of strain configuration, as illus-
trated in Fig. 8.

100% S5%A 105%A 95%B 105%B
n=1 1.60eV 1.67eV  1.56eV 1.80eV 1.38eV
First bright 1.84eV  1.79eV  1.74eV  2.07eV  1.58eV
Second bright 1.92eV  1.86eV 1.75eV  2.11eV  1.69eV
Third bright 1.96eV  1.88eV 1.84eV 2.19eV 1.72eV
Fourth bright  1.98eV  1.96eV  1.96eV  2.20eV 1.77eV
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FIG. 8. Excitonic wave functions of first (dark) state, together with first four bright states and the corresponding subgap response for clearer
identification for systems under (top to bottom, in pairs) 95% A, 105% A, 95% B, and 105% B strain.
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FIG. 9. Real and imaginary parts of the k-resolved exciton momentum matrix elements of the n = 1 and n = 7 exciton states for band pairs
vi2)¢1(2)- Color scales have been normalized by the extreme of Re(P\]),) and Im(P{]), ) for the real and imaginary components, respectively.
For clarity, the matrix elements corresponding to the n = 1 state have been magnified by a factor of 30.

CrSBr preserves its ferromagnetic order under substantial
lattice distortions, with the primary effect being a renormal-
ization of the band structure [100].

APPENDIX C: EXCITONIC DIPOLE MATRIX ELEMENTS

In this Appendix, we provide a comparison between the
k-resolved exciton momentum matrix elements along the y
direction in unstrained CrSBr, defined from Eq. (12) as

P(”) — A(Vl)

vck vckPock?

(CI)

where the y index has been dropped from the P,fﬁl)( notation
for compactness. Upon integration in k and sum over bands
[see Eq. (12)], these k-resolved momentum matrix elements

give rise to the excitonic optical selection rules governing
whether a state is optically dark (n = 1 exciton in this system)
or optically dark (n = 7 exciton).

In Fig. 9, we plot both real and imaginary components
of the k-resolved exciton momentum matrix elements for
each of the band pairings considered in the BSE calculation
(see Fig. 2), where valence and conduction bands are labeled
vi/2¢12 in ascending order. The optically dark character of
the n = 1 state arises from both its significantly smaller am-
plitude and its antisymmetric distribution around the I' point.
Notably, for this dark state, P{!) and P{!) exhibit comparable
amplitudes, whereas the bright n = 7 state is dominated by
a single transition, ngz, which is symmetric with respect
toT.
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