npj | 2D materials and applications

Article

Published in partnership with FCT NOVA with the support of E-MRS

https://doi.org/10.1038/s41699-025-00542-8

Raman polarization switching in CrSBr

®| Check for updates

Priyanka Mondal', Daria I. Markina', Lennard Hopf', Lukas Krelle', Sai Shradha', Julian Klein?,
Mikhail M. Glazov?, lann Gerber®, Kevin Hagmann', Regine von Klitzing', Kseniia Mosina®, Zdenek Sofer® &
Bernhard Urbaszek®

Semiconducting CrSBr is a layered A-type antiferromagnet, with individual layers
antiferromagnetically coupled along the stacking direction. Due to its unique orthorhombic crystal
structure, CrSBr exhibits highly anisotropic mechanical and optoelectronic properties acting itself as a
quasi-1D material. CrSBr demonstrates complex coupling phenomena involving phonons, excitons,
magnons, and polaritons. Here we show through polarization-resolved resonant Raman scattering the
intricate interaction between the vibrational and electronic properties of CrSBr. For samples spanning
from few-layer to bulk thickness, we observe that the polarization of the AS Raman mode can be
rotated by 90 degrees, shifting from alignment with the crystallographic a (intermediate magnetic) axis
to the b (easy magnetic) axis, depending on the excitation energy. In contrast, the A; and Ag modes
consistently remain polarized along the b axis, regardless of the laser energy used. We access real and
imaginary parts of the Raman tensor in our analysis, uncovering resonant electron-phonon coupling.

Investigating new air-stable materials that intrinsically exhibit both semi-
conducting behavior and magnetic ordering is imperative to advancing
electron spin-based technologies'”. Recent progress in such materials
mainly concern van der Waals materials such as FePS;°, Cr,Ge,Tes ",
Crl;”", the latter of which is not air stable. Among the most promising
materials of this family is chromium sulfide bromide (CrSBr). CrSBr is an
A-type antiferromagnet with a Neel temperature of 130 K with tunable
interlayer coupling"''™"". It is a two-dimensional layered material with
orthorhombic crystal structure of Pmmn space group and D,y point group'®.
A single layer of CrSBr is built up by two planes of chromium and sulfur
atoms sandwiched between layers composed of only bromine atoms
(Fig. 1c). Due to its pronounced orthorhombic crystal structure and rela-
tively weak interlayer hybridization, the material’s physical properties are
expected to exhibit a quasi-1D character. Current research aims to explore
this pronounced anisotropy manifested, among other factors, in a 50-fold
difference in effective carrier mass between the a and b axis directions'”. The
exact interplay between anisotropic electronic band structure effects and
excitons in optical transitions across the bandgap is not yet well understood
and is currently actively investigated'>" . Exciton states are sensitive to
magnetic order and vice versa, making this a key area of research for
understanding the properties and applications of CrSBr. A powerful tech-
nique to probe the symmetry of layered materials is Raman
spectroscopy”®". In our experiments, we investigate the coupling between
the vibrational modes and electronic properties of CrSBr. In polarization-
resolved Raman spectroscopy, we uncover strong variations of the

polarization angle (with respect to the magnetic easy axis) and Raman
scattering intensity for the AZ, mode as we vary the laser energy from 1.58 to
2.33 eV. Surprisingly this behavior is observed for samples from 4 mono-
layers to bulk thickness, indicating that the relevant electronic states do not
evolve considerably as a function of the number of layers. By extracting the
real and imaginary elements of the Raman tensor we quantify the anisotropy
and electron-phonon coupling in the crystal.

Results

As a van der Waals material CrSBr can be exfoliated to monolayer-thick
flakes™. Typically exfoliated CrSBr flakes have a rectangular shape with the
long edge oriented along the a axis and the short edge aligned along b, its
(magnetic easy) axis. Figure 1a shows an exfoliated CrSBr flake on an 85 nm
SiO,/Si substrate, the white arrows indicate the crystal axes orientation. The
thickness of exfoliated samples was estimated using atomic force micro-
scopy (AFM, see “Methods”), as shown in Fig. 1b and Supplementary Fig. 1.

Polarization-resolved photoluminescence spectroscopy

Polarization-resolved optical spectroscopy on exfoliated flakes is employed
to probe the anisotropic optical transitions in CrSBr***. The room tem-
perature linear polarization-resolved photoluminescence (PL) spectra of a
four-monolayer (4L) thick CrSBr sample are represented in Fig. 1d. At room
temperature, PL emission is centered at 1.31 eV with FWHM = 90 meV. We
observe stronger PL emission along the b direction than along the a
direction (Fig. 1e). This observation remains valid across the investigated
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a

Fig. 1 | CrSBr crystal structure and photoluminescence. a Optical image of
investigated CrSBr sample on SiO,/Si substrate. The white arrows indicate the 2 and
b crystallographic axes of the depicted flake, and the red box denotes the area
covered by the AFM scan. b Atomic force microscopy image of the sample. The
atomic layer thicknesses of different areas are marked in red. ¢ Sketch of CrSBr
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crystal structure, crystallographic axes a, b, and ¢ are indicated.

d Photoluminescence spectra of four-layer (4L) thick CrSBr flake at T'= 300 K, PL
emission is measured along the a (dashed line) and b (solid line) crystallographic
directions. e Polar plot of the PL intensities as a function of light polarization
orientation to a b axis (0 degrees).

excitation laser energy range (E; =1.96 eV to 2.33 eV) and sample thick-
nesses, from a few layers to bulk (see Supplementary Fig. 2). Polarization-
resolved PL spectroscopy enables the determination of the a and b axis
orientation, providing a reference for subsequent Raman spectroscopy
analysis.

Polarization-resolved excitation dependent Raman
spectroscopy

In total, there are 18 phonon modes of CrSBr in the first Brillouin zone: 15
optical modes, and 3 acoustic ones. Based on the symmetry analysis of the
Raman tensors, only the three optical A, modes are expected to be observed
in first-order Raman scattering'®** and our experimental investigation is
focused on these three modes. The atomic displacements for the low-
frequency Ay, AZ, and A} modes are shown schematically in Supplementary
Fig. 3. The A, modes correspond to out-of-plane lattice vibrations of
chromium, sulfur, and bromine atoms, with varying interlayer and intra-
layer character'.

In our Raman scattering experiments, the linearly polarized laser light
is incident along the ¢ crystallographic axis on the sample, and the laser
polarization axis is rotated to cover all angles in the crystallographic ab
plane, as shown in the schematic of the measurement setup in Supple-
mentary Fig. 4. This scheme provides a parallel-scattering polarization
configuration. Figure 2 shows the Raman scattering data on a 4L-thick flake
at room temperature for different excitation energies (E;=2.33 and
1.96 eV). Experimental results reveal well-separated out-of-plane modes Aé

(114cm™), Aé (244 cm™) and A; (344 cm ™), which is consistent with the
result shown in previous studies on few-layer CrSBr'*"". In the top spectrum
(Fig. 2a, b) excitation polarization is aligned along the b axis of CrSBr, in the
bottom spectrum it is aligned along the a axis. For excitation with the laser
energy of 2.33 eV, which exceeds the single-particle band gap, the A! and A;
modes show maximum signal along the b axis, and the Afg mode along the a
axis (Fig. 2c), which agrees with previous reports using E; =2.33 eV". In
contrast, for excitation at E; = 1.96 eV, all three primary modes (A;,, A;, Az)
exhibit maximum intensity along the b axis, and the Raman scattering signal
for these modes essentially vanishes for incident polarization along the a
axis, as can be seen in Fig. 2d. The Raman active modes A, and A; are
polarized along the b axis for both excitation energies used in Fig. 2, whereas
mode A? switches polarization by 90° with variation of the laser energy.
To gain further insights into the polarization switching of the A; mode,
we conducted polarized Raman measurements using various laser excita-
tion energies between 1.96 eV and 2.33 eV. These measurements were
carried out using a tunable laser (see “Methods” section), which enables the
extraction of polarization dependencies (see Supplementary Fig. 5). This
experimental approach allows insights into electron-phonon interactions as
shown for various anisotropic materials such as CrOCI”, black
phosphorus™, ReS,”, ReSe,”, GaTe*, PdSe,* and also MoS,***.
Polarization dependences of the Afg (Fig. 4, top panel) and A; modes
(Fig. 4, bottom panel) in 6L-thick CrSBr for excitation energies of 2.33, 2.25,
2.06,2.03,and 1.96 eV are presented. The angles are measured relative to the
b axis direction. Obtained data shows that the polarization of the A; mode
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Fig. 2 | Raman modes polarization switching at different laser energies. All results
are obtained from a four-monolayer (4L) thick CrSBr sample. Raman spectra at
T'=300 K under an excitation laser energy of (a) E; =2.33 eV and (b) E; = 1.96 eV
for polarization along the b axis (top) and a axis (bottom). Color mapping of Raman
scattering signal for (c) E; =2.33 eV and (d) E; = 1.96 eV as a function of
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polarization orientation angle, a and b axes are indicated as horizontal dotted lines
and correspond to the individual spectra shown in (a, b). Under excitation 0f2.33 eV
A% mode reveals the polarization along a direction rotated by 90 degrees concerning
A!f and A2 modes polarized along b axis. While under 1.96 eV all phonon modes are

< <
polarized along the b axis.

gradually changes with excitation energy. The Af{ mode exhibits maximum
intensity along the a axis for 2.33 eV and 2.25 eV excitation energies. For a
laser excitation of 2.06 €V, the A? polarization is drastically different: the
scattered light along the a and b direction (and for orientations in-between)
have almost equal intensities, resulting in a close to circular polar plot. We
discuss this later in terms of the Raman tensor contributions along the a and
b axis. For laser excitation energies below ~ 2.06 eV, the polarization of A:,
mode shows maximum intensity along b axis, changing its polarization by
90°. It is important to mention, that at lower excitation energies
(EL = 1.58 €V) polarization of the A2 mode switches back along a crystal-
lographic axis as for energies higher than 2.06 eV (see Supplementary Figs.
6 and 8). This excitation energy-dependent switching in Raman spectro-
scopy can be compared with the results of Photoluminescence Excitation
Spectroscopy (PLE), showing resonance behavior at around 1.87 ¢V and out
of resonance at E; =2.33eV and E; =1.58 eV when exciting with light
polarized along b axis and more complex behavior under the excitation
polarization along a axis with two resonances at ~1.65 and ~1.95eV (see
Supplementary Fig. 9). Although the excitation energies used in this work
are above the main PL emission energy, they can be in resonance with
higher-energy optical transitions that involve distinct electronic branches as
shown in refs. 13,17 and cause the resonance peaks in PLE. It is important to
note that the variation in the intensity of the PLE signal corresponding to
energies of the 90-degree polarization switch of the A> Raman mode is
relatively subtle. This can be attributed to the inherent differences between
PL and Raman signals, as well as the fact that all measurements were con-
ducted at room temperature. In our experimental data, each Raman peak is
well-resolved and corresponds to a specific phonon mode. In contrast, each
PLE data point reflects the peak intensity of the thermally broadened PL
curve, which contains information about various exciton species that cannot
be spectrally resolved at room temperature. More pronounced difference in

the light-matter interaction along different crystallographic axes is reflected
in the linear polarization degree Py;,, = (I, — 1,)/(I, + I,) (see Supplementary
Fig. 9).

In contrast to the excitation energy dependent polarization beha-
vior of the A2 mode, the A> mode consistently exhibits the strongest
intensity when the incident polarization is aligned with the CrSBr b axis
for all the excitation energies between 1.96 and 2.33 eV, although the
exact ratio in the intensities along the b versus a directions changes for
A;, see also minor deviations in the polar plot shape (see Supplementary
Figs. 6-8 for additional excitation energies for both A% and A> modes).
Thus, in CrSBr the polarization axis of the A2 Raman mode can be
switched between the b and a directions of the CrSBr crystallographic
axes depending on the laser excitation energy.

Polarization-resolved thickness dependent Raman
spectroscopy

Besides the excitation energy, the thickness of the sample could also affect
the Raman scattering results. To investigate it, we conduct the polarization-
dependent Raman scattering measurements for samples of different
thicknesses ranging from ~3.5 to 62 nm (Fig. 3, top panel). All samples were
excited with the energies of 2.33 eV (Fig. 3, middle panel) and 1.96 eV (Fig. 3,
bottom panel). Analogous to the 6L sample (Fig. 4) laser excitation at
1.96 eV for all thicknesses results in the polarization of all three primary
Raman modes along the b axis, which corresponds to 0°. In contrast, for an
excitation with E; = 2.33 €V, both the Aé and Ag modes in all four samples
shown in Fig. 3 exhibit maximum intensity at 0° along b, while the A2 mode
shows maximum intensity at 90° along a. We experimentally observe a
consistent polarization switching of the A2 Raman mode between the a and
b crystallographic axes of CrSBr, depending on the laser excitation energy,
across a wide range of CrSBr flake thicknesses.
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Fig. 3 | Polarization dependence of Raman modes for different sample thickness.
The top panel demonstrates bright field imaging of the samples of different thick-
nesses from ~3.6 to 62 nm, columns under each image correspond to the results
measured on the area marked with a red dashed line. The middle panel shows the
polarization polar plots of all three Raman modes at the excitation of 2.33 eV, and the
bottom panel illustrates the same Raman modes under 1.96 eV excitation. Dots
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correspond to experimental results, and the solid lines are fitting curves using Eq. (2).
The angle of the polarization orientation of the Raman signal is measured from the
direction of the b axis (0 degrees). The radial axis corresponds to the signal intensity,
which differs for each plot. The polarization orientation of each Raman mode is
independent of the sample thickness.
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Fig. 4 | Polarization dependence of Raman modes of 6L CrSBr for different
excitation energies. The top panel presents the polar plot of Raman scattering signal
intensity dependent on the polarization rotation angle of A; (blue color), while the
bottom panel shows the same for A> mode (pink color) at different excitation
energies ranging from 2.33 to 1.96 eV (each column reflects a certain excitation

energy). Dots correspond to an experimental spectrum, and the solid lines are fittin
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curves using Eq. (2). The angle of the polarization orientation of the Raman signal is
measured from the direction of the b axis (0 degrees). The radial axis corresponds to
the signal intensity, which differs for each plot, the center point is 0 counts on all
plots. The A; mode polarization behavior switches from being polarized along a to
along b direction at around 2.07 eV excitation energy.
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In addition to the polarization state of all the modes mentioned above,
analyzing the relative Raman scattering intensities gives additional insights.
For E; =1.96 eV, all modes possess comparable signal intensities (Fig. 3,
bottom panel). This is not the case for 2.33 eV excitation. A; and A2 modes
demonstrate similar intensities for thicknesses from 3.5 to 20 nm (Fig. 3,
middle panel). For a sample thickness of 62 nm, the A2 Raman signal is
considerably stronger than the A> one. This might be due to optical inter-
ference effects which play a role in the light-matter-interaction for thicker
samples and which must be explicitly considered when evaluating the

Raman tensor’>*"*,

Discussion

We demonstrated experimentally that the A; phonon mode is polarized
differently from the A! and A®> modes. The Raman tensor f{(EL) that
describes the intensity of the scattered light I, o |elflej|2 as a function of
polarization vectors of the incident, e;, and scattered, € fields and the
excitation laser energy E; depends on both the crystal symmetry and
electron-phonon coupling*, see details on Raman tensor in the Supple-
mentary Note 1. For Ag-symmetry modes the non-zero components of the
Raman tensor are R, R, and R with x, y, and z being the principal axes of
the system (a-, b-, and c-axis, respectively). Phenomenologically, the
response of A} and A? is dominated by R, (along the b-axis). The response
of A2 shows sizeable contributions of both R, and Ry, and for certain
incident laser energies R,, dominates the Raman process. The contribution
of these two Raman tensor elements to the scattering intensity for different
energies in the range from 1.58 to 2.33 eV can be seen in Supplementary
Figs. 10 and 11. Microscopically, the Raman scattering in the optical range of
incident laser frequencies is mediated by electronic excitations. The Raman
intensity can be calculated by Fermi’s golden rule transition probability for
the third-order time-dependent perturbation process™. This gives the
Raman tensor elements RZ for the phonon branch y that depend on the laser

excitation energy E; according to*":

Ry =3 (Ol - pin) (o [y ) nle; - pIO)
i [E, — E, + iL][E, — By, — B,/ +iT,,]

nn'

(1

Here i and j denote the polarization (x, y or g, b) of the incident and scattered
photon, respectively, e;; are the corresponding polarization vectors, |n) and
|n') are the eigenstates of electronic excitations of the crystals, namely,
electron-hole pairs, E,, E,, are their energies, I',, T',, are their damping. The
interaction of crystal with light is described by the matrix elements of the
momentum operator (e.g., (nle;-pl0)) and H ’517 o for the
Hamiltonian of the electron interaction with the phonon mode y with the
energy EZh' Equation (1) describes virtual or real (depending on the relation

stands

between |E;, — E,| and I,)) excitation of the excited state of the crystal # with
the incident photon with polarization i, emission of the phonon in the state
accompanied by transition to the state #" and subsequent emission of the
scattered photon with the energy E, = E; — Egh and polarization j. The

non-zero elements of the Raman tensor Rfj,
determined by the selection rules, detunings |E; — E,|, |E, — E, |, and,
importantly, the intermediate states, see below, Supplementary Note 1 and
refs. 33,47. For the fully symmetric A, mode the matrix element

(n’lH’:FPh |n) is non-zero for the states |n) and |#’) of the same symmetry

their magnitude and phase are

A, A, A .
that results in three independent components R.{, R);/, R, out of which
only two (xx and yy) are accessible in our experimental geometry.

For fitting of the polarization-dependent Raman scattering intensities
¢ in Figs. 4 and 3, we used the following function™:

Iﬁg(e) =(a-cos’0+b-cos¢y, - sin*0)’ + b - sin*6 - sin¢, (2

where a = |R,,| and b = |R,,| are the magnitudes of non-zero components of
Raman tensor, responsible for a- and b-crystallographic axis, 6 is an angle

between the incident light polarization and the a-axis, ¢, = (¢ — ¢,) is a
relative phase between b and a components of A, Raman tensor. The ratio of
Raman tensor elements along different crystallographic axes (b/a) can be
considered as an anisotropy factor, while the phase difference ¢,
demonstrates an interplay of the real and virtual transitions (for the details
see Supplementary Note 1) As reported for other anisotropic materials™>**,
we demonstrate that the anisotropy factor b/a for the CrSBr 6L sample varies
significantly, ranging from 0.38 to 3.05 (see Supplementary Figs. 12 and 13),
depending on the excitation energy and Raman mode. This variation reflects
changes in the degree of anisotropy. Additionally, ¢,;, ranges from 0 to 360
degrees, also depending on the excitation energy and Raman mode (see
Supplementary Figs. 12 and 13). Therefore, taking into account the imaginary
part via ¢,,;, allows fitting the four-fold shape for the A% mode for E; =2.25 eV
(Fig. 4). For the other laser energies investigated a fit using only the real part
reproduces the experiments well, see the comparison of two fitting
approaches with and without ¢,, in Supplementary Figs. 6 and 7. For
additional numerical parameters which were obtained as fitting parameters
from the experimental polar plots (Supplementary Figs. 6 and 7) using Eq. (2)
see in Supplementary Figs. 12 and 13.

Our measurements on polarization switching indicate that the AZ
mode couples differently to the electronic states compared to the A; and A§
modes. Calculations (refs. 13,17) suggest that excitonic states polarized
preferentially along the a axis exist at energies around 1.9 eV. This contrasts
with the lowest-lying exciton states, which are polarized along the b axis, as
seen in the PL measurements in Fig. 1d. We can speculate that the A; mode
is coupled stronger to these transitions. It is also consistent with the fact that
the fitting of the Raman scattering polarization dependence in Fig. 3 with (2)
requires to account for both real and imaginary parts of the Raman tensor
components suggesting that a resonance or close-to-resonance condition
occurs in Eq. (1) where |E; — E,| ST, or |[E; — Egh — E, | ST. The exact
bandgap and energy position of excitonic states depend on layer thickness,
however, the observed polarization switching of the A; mode is consistent
across all thicknesses. Further resonant experiments at cryogenic tem-
peratures would help target specific exciton states. It is important to note
that the exact energy order and characteristics (dark versus bright states) of
the excitonic states are still being investigated through various experimental
and theoretical approaches in this complex system'™>.

In summary, the intrinsic anisotropy in the crystal structure of CrSBr
impacts photoluminescence (PL) and Raman scattering polarization. We
find that, across a range of samples with different thicknesses, the PL
emission is oriented along the b axis for various laser excitation energies. In
contrast, in Raman spectroscopy, different excitation energies reveal that the
Raman-active modes A;, A;, and Ag possess distinct polarization proper-

ties. This indicates an intricate interplay between electron-phonon inter-
actions and crystal symmetry in this layered material. Our findings
demonstrate that the A; mode can switch its polarization axis between the a

and b crystallographic directions as a function of excitation laser energy. We
assume that among the three different A, modes, A; in particular couples to

the electronic band structure at certain resonance energies, resulting in
modified Raman polarization and scattering intensity. The Raman polar-
ization switching is observed for a range of sample thicknesses (here from
~3.6 to 62 nm). This suggests that the electronic band structure does not
change drastically as thickness changes as it was also shown in ref. 49,
contrary to MoS,, for example™'. This might be an indication that the bulk
bandgap is similar to the few-layer gap due to the extreme quasi-1d char-
acter of the material. Further studies are needed to understand this sur-
prising observation. Our approach, using polarization and energy-
dependent Raman scattering, provides detailed insights into the aniso-
tropic optical and vibrational characteristics of CrSBr and can be applied to
different sample structures and experimental conditions. Energy-dependent
Raman mode polarization switching can enable precise control over photon
polarization and light-matter interactions. This control allows for selective
interaction with specific quantum states, making the observed phenomenon
a potential tool for quantum communication and quantum sensing.
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Methods

Sample fabrication

Bulk CrSBr crystals were fabricated through chemical vapor transport™. The
samples were prepared through mechanical exfoliation onto SiO,/Si sub-
strates with an 85 nm SiO, layer. To probe the topology of the CrSBr flakes
Oxford Instruments Cypher atomic force microscope with AC160 canti-
levers was used.

Atomic force microscopy

Atomic force microscopy measurements were performed at room tem-
perature on a Cypher AFM (Asylum Research/Oxford Instruments,
Wiesbaden, Germany). Height images of CrSBr flakes were obtained in
AC tapping mode using the cantilever AC160TSA-R3 (300 kHz, 26 N/m,
7 nm tip radius). Images were post-processed with the in-built software
features of IGOR 6.38801 (16.05.191, Asylum Research, Santa Bar-
bara, CA, USA).

Photoluminescence spectroscopy

PL polarization-dependent measurements were performed using a home-
built spectroscopy setup”. For above-band-gap excitation HeNe laser
(Erc=1.96 €V, Thorlabs) and laser diodes (E;c = 2.33 eV and E;c = 1.58 €V,
Thorlabs) were used. The incident light was polarized using a Glan-Laser
prism and then rotated with an achromatic half-wave plate placed in front of
the objective (50x, CryoGlass Optics), providing a parallel-scattering
polarization configuration. The measurement error for the polarization
orientation angle is 1 degree. The sample is placed on a 3-axis nano-
positioner. The objective (CryoGlass, 50x) in reflection configuration
focused the laser beam on the sample surface at normal incidence. The spot
size was in diameter of the order of the wavelength used, confirmed
experimentally for different wavelengths by scanning the reflection signal
over a metal stripe. Spectral purity of the excitation light was ensured by
using corresponding MaxLine filters (Semrock). PL signal emitted by the
sample was collected by the same objective and sent via free space to the
spectrometer (Teledyne Princeton Instruments SpectraPro HRS-500)
coupled with liquid nitrogen-cooled CCD (Teledyne Pylon 100BR excelon).
The collected signal was dispersed with 150 lines/mm diffraction grating.
The absence of the parasitic signal was provided by a long-pass filter
(800 nm) and spatial filtering with a slit. To provide more accurate
polarization-resolved dependencies a liquid crystal rotator instead of a half-
wave plate was used proving the Raman mode switching effect. All mea-
surements were conducted at ambient conditions.

Raman spectroscopy

Raman spectroscopy was performed in the setup described in the previous
section. The same excitation sources used for PL spectroscopy were used to
achieve narrow spectral lines. For the excitation in the wide excitation
energy range from 1.96 to 2.33 eV we utilized a continuous white light fiber
laser (Fianium FIU-15, NKT Photonics) coupled with tunable high-contrast
filter (LLTF Contrast VIS HP8, NKT Photonics) providing the spectral line
width of ~1 nm. The average power for all measurements was maintained at
~100 uW. Polarization-resolved measurements were carried out with a
rotated half-wave plate before the objective or liquid crystal rotator. A
spectral cleaning of the laser excitation signal and blocking of the Rayleigh
line of the collected signal was made with tunable short-pass and long-pass
filters respectively. To achieve higher spectral resolution of narrow Raman
lines we used 1200 lines/mm diffraction grating. All measurements were
conducted at ambient conditions.

Photoluminescence excitation spectroscopy

The same continuous white light fiber laser with a tunable filter was used as
an excitation source for PLE measurements. The average incident power of
100 uW was maintained at each excitation energy from 1.46 to 2.76 eV with
a gradient ND filter wheel and measured before the objective. The polar-
ization of excitation light was set along a or b crystallographic axis of specific
CrSBr flake.

Data availability
The data that support the findings of this study areavailable from the cor-
responding authors upon request.
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