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Abstract

Atomic substitution provides a controlled route to engineer lattice dynamics in low-symmetry
two-dimensional materials. Here, by combining polarization-resolved Raman spectroscopy and
first-principles calculations, we investigate the evolution of phonon characteristics in CrSBr;_,Cl,
(0 < x < ~0.5) upon partial substitution of Br with Cl atoms. Progressive Cl substitution of Br
induces systematic shifts of parent CrSBr out-of-plane A; phonon modes and activates additional
Raman features. These features persist across different polarization configurations and excita-
tion energies, reflecting substitution-induced symmetry lowering and local lattice perturbations.
Explicit supercell phonon calculations combined with Raman I'-density-of-states simulations
identify these features as symmetry-lowered descendants of parent modes arising from alloy dis-
order. Complementary strain-dependent calculations reveal that anisotropic lattice compression
plays a key role in renormalizing Cr—S dominated phonons. Under near-resonant excitation, stim-
ulated Raman scattering-like amplification remains observable with increasing Cl content, high-
lighting the resilience of anisotropic electron—phonon coupling in this system.

1. Introduction

Two-dimensional (2D) materials and their bulk layered counterparts provide a unique platform for engi-
neering lattice dynamics due to their reduced dimensionality, weak interlayer bonding, and strong cou-
pling between structural, electronic, and optical degrees of freedom [1, 2]. In this context, phonons
play a central role, governing not only thermal and mechanical properties [3, 4] but also light-matter
interactions [5], symmetry-breaking phenomena [6, 7], and nonlinear optical responses [8]. Developing
reliable strategies to systematically and predictably tune the phonon energies and behavior, therefore,
remains an important challenge in low-dimensional materials.

Chemical substitution has emerged as one of the most effective approaches for phonon engi-
neering in 2D systems, enabling systematic modification of lattice parameters [9] and local bonding
environments [10—12] without extensively altering the overall crystal framework. In transition metal
dichalcogenides such as MoS, [10, 11], MoWS,; [13], MoWSe, [14], and WSSe [15, 16], controlled
substitution has been widely used to tune electronic structure and vibrational properties in a con-
tinuous manner. Across these systems, composition-dependent Raman shifts and the activation of
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disorder-induced modes have provided key insights into how local structural perturbations manifest in
macroscopic vibrational responses [13, 15]. However, most prior studies have focused on high-symmetry
hexagonal lattices, where degeneracies and selection rules constrain the extent of observable phonon
evolution [13, 15].

Low-symmetry 2D materials offer a complementary and largely unexplored opportunity for phonon
engineering. CrSBr, a van der Waals layered antiferromagnetic semiconductor, is particularly well suited
for this purpose. It combines robust air stability with a strongly anisotropic orthorhombic crystal struc-
ture, giving rise to a rich set of Raman-active phonon modes with well-defined polarization dependence
[17, 18]. This intrinsic anisotropy makes CrSBr highly sensitive to lattice perturbations, allowing subtle
structural modifications to be directly tracked through changes in its vibrational spectrum [18, 19].

Halogen substitution in CrSBr provides a clean and controlled route to perturb the lattice. Recent
works have shown that partial replacement of Br by Cl leads to a systematic contraction of the crystal
lattice, most prominently along the a- and c-crystallographic axes, while leaving the optical band gap
largely unchanged [19, 20]. Such composition-induced strain and local disorder are expected to strongly
influence phonon frequencies, symmetry, and scattering pathways. Understanding how these effects man-
ifest in the Raman response of CrSBr, particularly across varying composition and polarization, has so
far remained limited.

In this work, we demonstrate systematic and robust phonon engineering in the mixed-halide series
of CrSBry_,Cl, (0 < x < 0.5) using polarization-resolved Raman spectroscopy combined with first-
principles calculations. Raman measurements performed under near-resonant and far-resonant excita-
tion conditions reveal reproducible composition-dependent mode shifts and the emergence of additional
Raman features (P1—P3). These features persist across different polarization configurations and excitation
regimes, providing direct evidence of substitution-induced symmetry lowering and strain-driven phonon
renormalization.

To establish the microscopic origin of these observations, we employ two complementary theoretical
approaches. Explicit supercell phonon calculations capture the effects of statistical disorder on phonon
frequencies and spectral broadening, while the Raman I'-density-of-states (RGDOS) simulations repro-
duce the composition-averaged spectra and their polarization dependence. Together, these methods con-
sistently identify the newly observed Raman features as symmetry-lowered descendants of the parent Ag
modes, demonstrating that the atomic substitution acts as a reliable tuning parameter for lattice dynam-
ics. We further show that the engineered phonon landscape governs the nonlinear Raman response
under near-resonant excitation, linking controlled structural disorder to enhanced optical amplification
in a low-symmetry 2D system.

2. Methodological background

2.1. Sample preparation and characterization

Bulk CrSBr and Cl-substituted CrSBr crystals were grown using the chemical vapor transport method
and their atomic composition characterized using energy dispersive X-ray spectroscopy, as detailed in
the supplementary data (sections S1 and S2). Thin flakes were obtained by mechanically exfoliating the
crystals directly onto SiO, (285 nm)/Si substrates.

Raman measurements were performed using a WITEC Alpha 300R system (Witec Instruments,
Germany) equipped with a grating of 1800 lines/mm. Lasers with 1.96 eV and 2.33 eV excitation ener-
gies were focused onto the sample through a 100x (NA = 0.9) objective in the backscattering geome-
try. For the polarization-resolved measurements, the sample was fixed to a glass slide and mounted on a
homemade goniometer, which was then rotated in intervals of about 20° while keeping the polarizer and
analyzer fixed and parallel to each other.

All the experiments were conducted at room temperature (295 K) under ambient conditions, unless
otherwise stated. Raman spectra were acquired from several flakes of thickness ranging 40-120 nm for
each composition (typically 5-6) and at multiple locations on each flake to ensure reproducibility.

The Raman spectra were fitted using Lorentzian functions in Origin 2019 to extract peak positions,
widths, and integrated intensities.

2.2. Computational details

Density functional theory (DFT) calculations were performed with the VASP [21, 22] code using projec-
tor augmented wave (PAW) potentials [23]. Exchange-correlation effects were treated with the Perdew—
Burke—Ernzerhof (PBE) functional [24], and long-range dispersion was included using the Grimme
DFT-D3 [25] scheme to account for the van der Waals interactions between layers. The structures were
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relaxed until the change in total energy between electronic steps was below 1077 eV and all residual
atomic forces were lower than 1072 eV A~!. A plane-wave kinetic-energy cutoff of 500 eV was employed,
and Brillouin-zone sampling used meshes corresponding to a k-point spacing of 0.2 A~!. The vibration
modes of the lattice were computed with Phonopy [26] using the finite displacement method. Harmonic
force constants were evaluated in a 4 x 3 X 2 supercell constructed from the primitive unit cell, which
contains two monolayers to correctly reproduce the antiferromagnetic ground state at zero temperature.
The supercell size was chosen to ensure convergence of the phonon frequencies and to accommodate low
defect concentrations.

To describe vibrational disorder in the mixed-halide system, we adopt a two-host framework in
which CrSBr;_,Cl, is treated as a statistical ensemble of locally Br- and Cl-coordinated environments.
Within this approach, phonon eigenvectors and force constants are inherited from the pristine con-
stituents, CrSBr and CrSCI, while mass contrast and configurational averaging are treated explicitly using
large supercells. This enables an efficient reconstruction of composition-dependent Raman responses
while preserving the symmetry constraints of the parent compounds as described previously for differ-
ent systems such as MoS, [27, 28], BN and BP [29], ZrSe,—ZrS, alloys [30], MoWS, [31], and detailed
in the supplementary data (section S3).

In addition to the phonon—dispersion-based analysis and RGDOS simulations described above, con-
ventional phonon DFT (DFPT) calculations were performed to directly obtain Raman-active mode fre-
quencies and spreads for the zone-center phonon modes of the pristine system and to cross-check the
vibrational trends obtained from the supercell calculations. The computational details of these calcula-
tions are provided in the supplementary data (section S4).

3. Results and discussion

3.1. Lattice dynamics of pristine and Cl-substituted CrSBr

We begin by establishing the structural accuracy and reliability of our first-principles calculations (DFT),
which form the foundation for the subsequent analysis of the lattice dynamics and Raman response.
Table 1 summarizes the optimized structural parameters obtained from DFT.

Using the experimentally reported lattice constants for bulk CrSBr, a =3.50 A, b =4.76 A, and
c=15.92 A as reference values [32], our calculations accurately reproduce the equilibrium crystal struc-
ture. In particular, the overall agreement in lattice vectors confirms that the chosen computational
framework reliably captures the structural characteristics of CrSBr, and, thus, also of CrSCL

Experimental extrapolations for CI substitution at the Br site indicate that the evolution from CrSBr
to CrSCl is accompanied by a pronounced anisotropic lattice response: a compressive strain of approxi-
mately 7.4% along the out-of-plane c-axis, while the in-plane b-axis remains nearly unchanged and the
a-axis contracts by up to 3% [19]. This experimentally inferred trend is well reproduced by our calcu-
lations, which yield contractions of 7.8% and 2.3% along the ¢- and a-axes, respectively, with a neg-
ligible change along the b-axis. Both the experiment and theory confirm the anisotropic nature of the
substitution-induced structural response.

Further validation of the optimized structure is provided by the experimentally reported Cr—S—Cr
bond angle of approximately 95° [33], which is in very good agreement with our relaxed geometry.
Together with the accurate reproduction of the lattice parameters, this confirms that our computational
approach reliably captures both global and local structural features.

Having established a reliable computational framework for CrSBr, we now turn to its lattice dynam-
ics, which form the basis for understanding the evolution of Raman-active phonons under halogen sub-
stitution. Bulk CrSBr crystallizes in the orthorhombic Dy, structure with 12 atoms in the primitive unit
cell. The symmetry classification of the corresponding zone-center phonon modes is well established in
the literature [17, 18]; we therefore focus directly on the calculated phonon dispersions and their impli-
cations for lattice dynamics and Raman response.

Figure 1(a) shows the calculated phonon dispersion of bulk CrSBr along high-symmetry direc-
tions of the first Brillouin zone. Using natural isotopic abundances, the average atomic masses of Cr,

S, and Br are 51.99 u, 32.06 u, and 79.90 u, respectively. As expected from these mass differences, the
low-frequency vibrational modes are dominated by Br vibrations, whereas higher-frequency branches
primarily involve vibrations of the lighter Cr and S atoms. A narrow phonon gap of approximately

10 cm™! separates the modes below 253.5 cm™! and above 263.2 cm™!. Below this gap, all atomic
species contribute to the vibrational dynamics, while above it the Br contribution is strongly suppressed
and the phonon modes are largely governed by Cr-S vibrations [18, 34].
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Table 1. The calculated structural parameters comprise the lattice constants a, b, and ¢; the Cr—S and X-Cr
bond lengths (X = Br, Cl); and the X—Cr—X and Cr—S—Cr bond angles.

a(A) b(A) c(A) Cr—S (A) X—Cr (A) X—Cr—X (°) Cr—S—Cr (°)

CrSBr 3.51 4.72 15.68 2.38 2.50 89.3 95.4
CrSCl 3.43 4.74 14.45 2.38 2.35 83.5 92.6
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Figure 1. Phonon dispersion curves along the high-symmetry directions of the first Brillouin zone and the corresponding

phonon density of states for bulk (a) CrSBr and (b) CrSCL The phonon density of states is expressed in units of statescm™!.

The high-symmetry points are defined as I'(0, 0, 0), X(%, 0, 0), S( %, %, 0), Y (0, %, 0), Z(0, 0, %), U(%, 0, %), R(%, %, %), and

T(0, %, %). Dashed lines in panel (b) show the dispersion calculated using mass approximation (MA).

For comparison, figure 1(b) presents the phonon dispersion of the fully Cl-substituted analog, CrSCL
Owing to the substantially lower mass of Cl (35.45 u), halogen-dominated vibrational branches extend
to higher frequencies relative to CrSBr, accompanied by a noticeable stiffening of the Cr-S related
modes [34]. Importantly, no imaginary phonon frequencies are observed for either compound across
the Brillouin zone, confirming the dynamical stability of pure CrSBr and CrSCl.

To isolate the role of the mass effects from changes in interatomic interactions, we also performed
a model calculation in which the Br masses in CrSBr were artificially replaced by Cl masses while keep-
ing the force constants unchanged. As shown by the dashed black curves in figure 1(b), this mass-only
substitution fails to reproduce the full CrSCI phonon dispersion, with the most pronounced deviations
occurring near the I' point and in the high-frequency branches. This behavior is expected, as the Cr—Cl
bond is generally more ionic and therefore stiffer than the more covalent Cr—Br bond [19], leading to
substantial force-constant renormalization upon halogen substitution.

3.2. Composition-dependent Raman response

We begin with the experimental Raman spectra of pristine CrSBr (x = 0). Under polarized excita-

tion along the crystallographic a- and b-axes (solid curves in figures 2(a-b)), the spectra are domi-
nated by the well-defined parent Raman modes at approximately 115 cm™" (Ag), 246 cm™" (A7), and
345 cm™! (Ag). Their frequencies, polarization dependence, and relative intensities are consistent with
previously reported zone-center optical phonons in CrSBr and provide a clear reference for tracking the
composition-induced changes [8, 17, 18].

Upon progressive Cl substitution, these parent modes exhibit systematic and mode-specific frequency
shifts. The lowest-frequency Aé mode undergoes a pronounced blue shift (~10 cm™!) with increasing
Cl content, reaching 126 cm™! at x = 0.5. This behavior reflects the progressive replacement of heavier
Br atoms by lighter Cl atoms in the halogen-dominated vibrations of Aé. In contrast, the Ag mode near
246 cm™ !, which primarily involves Cr-S displacements, shows a modest softening (~8 cm™ 1), while the
high-frequency Ag mode, which also involves Cr-S displacements, exhibits a monotonic blue shift (~17
cm™!), indicating stiffening of specific Cr-S stretching vibrations due to the change in the local environ-
ment. The persistence of these trends across the available composition range highlights the systematic
and robust nature of the phonon evolution.

In addition to the shifts of the parent modes, new Raman features labeled P;—P3 emerge with
increasing Cl concentration and become clearly discernible for x > 0.2. For excitation polarized along
the a-axis, P; and P, appear near 273 cm™! and 281 cm™!, respectively, and shift to higher frequen-
cies with increasing Cl content. For polarization along the b-axis, an additional feature P53 emerges
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Figure 2. Raman spectra of Cl-substituted CrSBr measured under E;, = 2.33 eV excitation at 100 uW for laser polarization along
the crystallographic (a) a-axis and (b) b-axis , as a function of Cl concentration. Solid curves represent the fitted spectra, while
the lighter shaded curves correspond to the raw experimental data. Dashed curves represent the RGDOS-simulated spectra, while
solid circles underneath the spectra mark the phonon energies calculated using the phonon DFT for various Cl substitution
configurations, with horizontal bars indicating the standard deviation arising from local configurational disorder. Vertical solid
(experimental parent A; modes) and dashed (RGDOS-simulated parent A; modes) lines are guides to the eye.

near 340 cm™! and exhibits a similar blue-shift trend, as can also be seen in the supplementary data
(section S5). While the P;—P3; modes evolve with composition, P; and P3 show small, non-monotonic
shifts, whereas P, follows an approximately linear trend. This suggests that P, could be used to esti-
mate the Cl concentration, although the limited number of data points restricts the reliability of such
an approach.

To understand the microscopic origin of the composition-dependent Raman evolution, we combined
explicit phonon calculations (DFPT) with Raman RGDOS simulations based on DFT. In the DFPT
approach, phonon frequencies were calculated for large supercells containing random Cl/Br distribu-
tions. The resulting discrete mode energies, shown as scattered points in figure 2, represent the con-
figurationally averaged shifts of the zone-center phonons. Their increasing spread with Cl substitution
directly reflects the degree of local structural and vibrational disorder in the mixed-halide lattice. The
similarity between these computed frequency distributions and the experimental linewidth broadening
confirms that the observed spectral changes arise primarily from intrinsic disorder through mass contrast
and strain fluctuations, rather than extrinsic defects.

To gain deeper insight into the Raman intensity and polarization behavior, we applied the RGDOS
approach, which reconstructs the Raman response by projecting the supercell eigenmodes onto the
Raman-active eigenvectors of the pristine constituents, CrSBr and CrSCI. This hybrid model captures
the contrast in bond stiffness and mass between Br and Cl while retaining the correct lattice symmetry.
The simulated spectra (shown as dashed lines in figure 2) reproduce most of the key experimental trends
starting with the upshift of halogen-dominated Aé mode with an increase in the Cl content, while the Aé
mode redshifts along with broadening due to local strain and electrostatic perturbations.

A particularly significant outcome of the RGDOS analysis is the emergence of the additional Raman
components within the Aé and A; regions, corresponding to the experimentally observed Py, P,, and P;
peaks. Mode-projection analysis confirms that P; and P, originate from local symmetry-lowered vari-
ants of the Aé vibration, whereas Ps arises from the perturbed Ag manifold. In particular, the P, and
P, modes are found to originate predominantly from halogen-substitution, reflecting the local chemical
disorder within the mixed Br/Cl sublattice. By contrast, the P; mode is mainly driven by the Cr-S vibra-
tions (supplementary data section S6). These symmetry-lowered local vibrations become Raman-active
when the halogen sublattice loses long-range periodicity, giving rise to phonons with finite wavevector
components that acquire Raman activity through disorder-induced symmetry breaking. The calculations
also reproduce the increasing relative intensity of P; and P, with Cl concentration, reflecting the growing
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Figure 3. Raman shifts as a function of compressive strain along the (a) a-axis and (b) c-axis for the three A; modes of CrSBr.
Here, the solid circles are the data points, while the lines are the linear fits.

statistical weight of the mixed-halogen environment. Also, see section S7 of the supplementary data for
all the simulated compositions, i.e. CrSBr;_,Cl,, where 0 < x < 0.88.

Overall, the RGDOS simulations reproduce the ordering and qualitative composition dependence
of the Raman-active modes. However, for the Cr—S dominated Ag mode, the calculations predict only
a weak dependence on Cl substitution, in contrast to the clear and systematic upshift observed experi-
mentally. This discrepancy indicates that the evolution of this mode cannot be fully described within a
mass-only substitution picture using idealized bulk force constants and points to additional structural
contributions that influence the vibrations.

In addition, the RGDOS simulations also predict several weak additional Raman-active components
that are not resolved experimentally in our work, but very low-intensity features, e.g. at ~300 cm™! can
be traced in the work of Badola et al [20] at low temperature (5 K). These features could originate from
low spectral-weight contributions of locally perturbed vibrational configurations and may be strongly
broadened due to configurational averaging and disorder. A further source of the discrepancies stems
from the different thermodynamic conditions: while our experiments were performed at room tem-
perature, the simulations correspond to 0 K. Finite-temperature effects, including anharmonicity and
thermal broadening, are therefore expected to further smear the weak features and renormalize phonon
frequencies.

Opverall, importantly, when comparing our calculations with the recent low-temperature Raman
measurements [20], we find excellent agreement. In this regime, the calculated spectra reproduce the
key experimental Raman features and enable a detailed assignment of the observed scattering response,
indicating that the underlying lattice-dynamical description is robust and that much of the residual mis-
match at room temperature can be attributed to thermal and disorder-related effects rather than funda-
mental shortcomings of the model.

3.3. Strain effects and limitations of the two-host model

Although the two-host model reproduces the overall trends in the vibrational spectra, it implicitly
assumes strain-independent interatomic force constants inherited from the parent compounds. As a
consequence, changes in bond lengths and bonding strengths induced by halogen substitution are not
explicitly captured. Consistent with this limitation, the calculated Ag response develops a clear deviation
from the experimental data, as discussed earlier.

To assess the specific role of lattice strain on the Raman-active phonons, we performed phonon
calculations under controlled compressive deformation applied along the crystallographic a- and c-
axes (figure 3). When compressive strain is applied along the a-axis, the Aé, Aé, and Az modes exhibit
markedly different responses, with frequency shifts of 13.4 cm~Y/%, —0.7 cm™'/%, and 60 cm™!/%,
respectively. This pronounced sensitivity of the Ag mode highlights its strong coupling to in-plane lat-
tice distortions.

In case of compressive strain along the c-axis, the Aé mode remains nearly unaffected, exhibiting a
negligible slope of only 0.02 cm™'/%. The A} and A} modes, however, display clear hardening, with fre-
quency shifts of 6.6 cm™!/% and 13.7 cm™!/%, respectively. These results demonstrate that the strain-
induced modifications of bond lengths and force constants play a central role in determining the mode-
dependent phonon shifts and provide a natural explanation for the residual discrepancies between the
two-host model-based RGDOS-simulated and measured spectra.
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Figure 4. Polarization-resolved Raman maps for x = 0.0,0.2, and 0.5 compositions for (a-c) Ep, = 2.33 eV and (d-f) E;, =

1.96 eV excitation energies at 100 W power revealing the origin of the P modes and the characteristic a-axis to b-axis polar-
ization switching of the Aé, P1, and P, modes between off-resonance and on-resonance conditions.

Further, it must be noted that the strain-dependent calculations are performed within the same crys-
tallographic phase and therefore describe the local phonon response to lattice deformation. Possible
strain-induced phase transitions reported in the literature [35] are not explicitly considered here.

3.4. Polarization-resolved Raman mapping and polarization switching
To better understand the origin of the additional P,—P5 spectral features, polarization-resolved Raman
mapping was performed on the pristine CrSBr and the Cl-substituted samples under 2.33 eV excitation,
as shown in figures 4(a-c) (for x =0.0,0.2, and 0.5) and supplementary information (section S8; for
x=0.3 and 0.4). The first-order A; modes maintain their characteristic [8, 17] angular dependencies,
ie. Ay and A} remain maximized for E||b, while A; is strongest for El|a indicating that the overall lattice
symmetry is retained despite significant halogen substitution. Interestingly, the new modes follow polar-
ization trends closely aligned with their nearest first-order counterparts: P; and P, display maxima along
E||a, akin to Aé, while P3, observed for E||b, resembles the angular behavior of Ag. This suggests that
these features originate from modified local vibrational environments, with slightly shifted frequencies
due to local distortions or electrostatic perturbations introduced by the random distribution of Cl atoms
within the Br sublattice, rather than from the activation of silent Raman modes with different polariza-
tion symmetry.

To further explore the influence of excitation energy on the Raman response of Cl-substituted CrSBr,
we conducted polarization-resolved Raman mapping under 1.96 eV excitation. As shown in figure 4(d),
for the pristine CrSBr sample (x = 0), the Aé mode exhibits a distinct polarization switching. It reaches
maximum when parallel to the a-axis under 2.33 eV excitation, which switches to maximum inten-
sity when parallel to the b-axis under 1.96 eV excitation. This behavior reflects the excitation-energy-
dependent modifications of the Raman tensor, which are governed by the anisotropic electronic struc-
ture of CrSBr and its coupling to specific phonon modes [17].

Remarkably, in Cl-substituted samples (figures 4(e-f)), the same polarization switching is
observed for the P; and P, modes. This confirms their shared vibrational origin with the Aé mode
[5, 8] and supports the presence of excitonic transitions near 1.96 eV that are active even in the presence
of Cl substitution [17, 36]. The persistence of this switching behavior despite alloy disorder suggests that
the essential features of the electronic band structure and its coupling to lattice vibrations remain intact.
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Figure 5. Evolution of the (a) Aé , (b) P1, and, (c) P, mode intensities as a function of laser power in the range of 100 uW — 2500
puW, for x = 0.5 under E;, = 1.96 eV excitation polarized parallel to crystalline a-axis.

Furthermore, these newly emerging modes originate from modified local environments that remain
strongly coupled to the electronic states, indicating robust anisotropic electron—phonon interactions.

3.5. High-order Raman features in Cl-substituted CrSBr

Having established the polarization-resolved Raman behavior of Cl-substituted CrSBr under both non-
resonant and resonant excitation conditions, we now turn to the nonlinear optical response of these
alloys. In particular, we examine the manifestation of stimulated Raman scattering (SRS), a coherent
light amplification process that emerges when the pump intensity exceeds a critical threshold, leading
to directional amplification of specific phonon modes.

In our previous work [8], pristine CrSBr exhibited a strong SRS-like feature under 1.96 eV excita-
tion when the incident laser polarization was aligned along the a-axis, a condition that coincides with
enhanced electron—phonon coupling due to excitonic resonance [5, 36]. This effect was marked by
pronounced, intensity-dependent amplification and sharpening of the existing Raman modes, display-
ing clear signatures of a nonlinear behavior. Given that the Cl substitution alters both the vibrational
landscape and the electronic environment, it becomes important to investigate whether such nonlinear
behavior is preserved, suppressed, or possibly even enhanced in the alloyed system.

Figures 5(a-c), therefore, illustrate the evolution of the integrated Raman intensity (I) with increasing
excitation power (P) for the A2, Py, and P, modes, respectively, in the x = 0.5 sample. For the Aé mode
(figure 5(a)), a clear quadratic dependence I oc P>0+%1 is observed, consistent with our previous obser-
vation of SRS-like feature in pristine CrSBr [8]. This confirms that the Aé mode remains the primary
participant in the SRS-like process, even after Cl substitution. The onset of this nonlinear regime occurs
beyond a threshold power of approximately 300 uW (30 kW cm~2), where the stimulated contribution
begins to dominate the overall scattering intensity [8]. Notably, the P; and P, (figures 5(b-c)) modes,
which appear near the Aé frequency and share similar polarization characteristics, also display supralin-
ear power dependence with fitted exponents of 2.8 £0.1 and 2.1 £ 0.1, respectively. The emergence of
SRS-like behavior in these modes, with comparable threshold, underscores their coupling to the same
phonon excitation channels. This strong amplification confirms the presence of coherent phonon gener-
ation and further supports the interpretation that P; and P, are symmetry-perturbed counterparts of Aé
arising from the modified local vibrational environment due to Cl substitution.

Together, these results reveal that the SRS-like nonlinear response in CrSBr is maintained even upon
Cl substitution, indicating that the underlying electron—phonon coupling remains strong and resilient
across the alloy series. This robustness, combined with the material’s anisotropic optical properties and
chemical tunability, opens avenues for developing polarization-sensitive tunable Raman lasers, nonlinear
optical modulators, and integrated photonic devices based on van der Waals magnets.

4, Conclusion

In summary, this work demonstrates that halogen substitution in CrSBr provides a symmetry-selective
pathway to phonon engineering that extends beyond simple mass-driven effects. By combining
polarization-resolved Raman spectroscopy with first-principles lattice-dynamics modeling, we show
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that the alloy disorder activates symmetry-lowered phonon responses and simultaneously introduces
anisotropic strain that selectively renormalizes specific vibrational modes. The interplay between con-
figurational disorder and strain emerges as a key mechanism governing the evolution of the Raman
spectrum in this low-symmetry van der Waals magnet. Importantly, the persistence of the polarization-
dependent nonlinear Raman amplification under near-resonant excitation indicates that the strong
electron—phonon coupling remains resilient despite substantial chemical substitution. These findings
highlight the unique opportunities offered by low-symmetry layered materials, where controlled disorder
can be used not merely as a perturbation but as a functional parameter to tailor vibrational and nonlin-
ear optical properties.
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