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The van der Waals (vdW) material CrSBr exhibits a distinctive hetero-bonded structure, characterized by fence-like
and rectangular configurations viewed from different crystallographic orientations. Mechanical deformation of this unique
structure can induce significant anisotropic electronic and optical properties. In this study, we systematically investigate
the non-synchronous strain response of CrSBr through theoretical and experimental approaches. Our results reveal that the
electronic band structure of CrSBr is predominantly governed by the intralayer Cr—S bonds along the b-axis, whereas the
characteristic Raman peak Ag arises from interlayer Cr—S bond vibrations in each quasi-monolayer. Notably, the different
strain responses of these two types of bonds, stemming from the hetero-bonded architecture, lead to distinct behaviors in
photoluminescence (PL) and Raman spectra under uniaxial strain. Specifically, the electronic band structure demonstrates
heightened sensitivity to tensile strain along the b-axis, while the Aé Raman mode exhibits greater sensitivity to strain along
the a-axis. These insights advance the understanding of strain-induced anisotropies in CrSBr and provide valuable guidance

for the design of vdW-based optoelectronic devices.
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Two-dimensional (2D) van der Waals (vdW) materials
represent a distinct class of layered crystals, exemplified
by graphite, !> black phosphorus (BP),>-! transition metal
dichalcogenides (TMDs) MX, (M = Mo, W; X =S, Se),[2’7’8]
and transition metal phosphorus chalcogenides MPX3 (M =
Mn, Fe, Co, Ni; X = S, Se).[] These materials demonstrate
exceptional mechanical exfoliation capabilities down to mono-
layer thickness, establishing them as pivotal platforms for fun-
damental investigations and technological applications in 2D
electronics and optoelectronics. While prototypical vdW sys-
tems such as graphene and hexagonal boron nitride (h-BN)
maintain absolute atomic monolayer configurations, the ma-
jority exhibit vertically stacked multiple sublayers intercon-
nected through covalent bonding within quasi-monolayer ar-
chitectures, which manifests as a fence-like arrangement from
side view illustrated in Fig. 1(a). When tensile strain was ap-
plied to this kind of fence-like structures, the chemical bond
usually elongated isotropically, which leads to isotropic elec-
trical or optical responses. This behavior is exemplified by
MoS; monolayers, where in-plane tensile strain induces uni-
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27.8] Similar strain

form extension of Mo—S covalent bonds.!
response have also been experimentally verified in ReX, (X =
S, Se) systems, where the Raman and photoluminescence
spectra display the same monotonic trend under the applied
strain along b axis.!!0!1]

In contrast to the most popular fence-like structure,
there is rarely alternative rectangular lattice configurations
within quasi-monolayer structure, as shown in Fig. 1(b).
Uniaxial tensile strain induces bond elongation along the
strained axis while simultaneously provoking compressive lat-
tice distortion in orthogonal crystallographic directions. No-
tably, such rectangular architectures remain exceptionally rare
among vdW materials, with black phosphorus representing
the sole reported exception exhibiting this structural coupled
with anomalous negative Poisson’s ratio.*! This structural di-
chotomy between fence-like and rectangular vdW configura-
tions raises a fundamental question regarding strain-mediated
electronic and optical response: What distinct response mech-
anisms emerge when comparing conventional fence-like con-
figurations with rectangular lattice systems in vdW materials,
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and how do their respective bonding topologies govern these
phenomena? The A-type vdW semiconductor CrSBr presents
an ideal platform for such investigations due to its unique
hetero-bonded structure.

OCroS @Br

Fig. 1. Schematic illustrations of (a) fence-like and (b) rectangular-like
(side view) vdW materials under uniaxial tensile strain. (c) The crys-
tal structure of vdW CrSBr. (d) Schematic diagram of a scissor lift.
The red diamond and dashed rectangular represents the fence-like and
rectangular-like structures in CrSBr crystal structure.

In recent years, the A-type antiferromagnetic vdW semi-
conductor CrSBr has garnered significant attention owing to
its high air stability, relatively high Néel temperature, and
pronounced in-plane magnetic,!'>"'°! electronic,?*->?! and
optical1®17-22 anisotropies, making it a promising candidate
for optoelectronic devices. The crystal structure of CrSBr
(Fig. 1(c)) forms both fence-like atomic bonds structure at ac
plane and rectangular-like structure at bc plane, leading to the
hetero-bonded structure. This unique architecture, reminis-
cent of a scissor lift (see Fig. 1(d)), implies that the material
may exhibit markedly different mechanical responses when
uniaxial tensile strain is applied along the in-plane a- and b-
axes. Consequently, as a hetero-bonded vdW material em-
bodying both fence-like and rectangular-like structures within
each quasi-monolayer, CrSBr is expected to respond to strain
in a manner distinct from other vdW materials. Notably, a re-
cent study has demonstrated a reversible strain-induced mag-
netic phase transition in CrSBr when uniaxial tensile strain is
applied along the a-axis, with the Raman-active Aé mode un-
dergoing a significant shift while the bandgap remains largely
insensitive to the strain.!!'”] Considering the unique crystalline
anisotropy, it is essential to apply strain along distinct crys-
tallographic directions to fully elucidate the strain-dependent
phenomena, thereby comprehensive theoretical and experi-
mental investigations involving simultaneous uniaxial strain
along both in-plane directions are quite necessary.

In this work, we apply uniaxial tensile strain simulta-
neously along both in-plane a- and b-axes of CrSBr to ex-
amine the anisotropic responses in electronic structure and
phonon vibration modes via photoluminescence (PL) and Ra-
man spectra, respectively. Complementary first-principles
calculations were employed to investigate the evolution of

bandgap, phonon and atomic bond lengths under strain. Our
findings reveal that the PL and Raman spectral features exhibit
non-synchronous modifications with respect to the direction of
the applied strain, indicating a distinct response between the
intralayer Cr—S bonds and the interlayer Cr—S bonds within
each quasi-monolayer.

CrSBr bulk crystals were grown by chemical vapor

transport.[23]

The CrSBr flakes were mechanically exfoliated
on SiO,/Si substrates and thickness was verified by atomic
force microscopy (AFM). Then an efficient strain engineer-
ing approach by encapsulating CrSBr flakes in a flexible

polyvinyl alcohol (PVA)[8:2425]

was used (Note S1, supple-
mentary material) to apply uniaxial tensile strain simultane-
ously along both the a- and b-axes. Raman and PL mea-
surements were conducted using a micro-Raman spectrome-
ter (LabRAM Horiba Odyssey, Fig. S1, supplementary ma-
terial) with a x 100 objective lens (NA = 0.90). The first-
principles calculations based on DFT are performed using
VASP software. [26-27]

We first performed PL and Raman spectra measurements
on unstrained CrSBr crystals (Fig. S1, supplementary mate-
rial). Thickness-dependent measurements revealed negligi-
ble variations in peak positions (Fig. S2, supplementary ma-
terial). As illustrated in Fig. 2(a), the PL peak of CrSBr is
located at approximately 1.31 eV, in agreement with previous
reports.!17-2228] Notably, the intensity of PL peaks measured
along the b-axis (90°) is considerably higher than that along
the a-axis (0°), with an anisotropy ratio of approximately 3.5.
Consequently, polarization-dependent PL. measurements were
conducted to further elucidate the anisotropic optical behav-
ior of CrSBr. The inset of Fig. 2(a) clearly demonstrates a
two-fold anisotropy in the PL peak intensity. To clarify the
origin of this anisotropy, we calculated the electronic structure
of CrSBr using density functional theory (Note S4, supple-
mentary material). Our calculations indicate that the wave-
functions near both the valence band maximum (VBM) and
conduction band minimum (CBM) are predominantly com-
posed of bonding and antibonding states associated with in-
tralayer Cr—S bonds within the quasi-layer oriented along the
b-axis (inset of Fig. 2(b)). This quasi-one-dimensional char-
acter of the band-edge electronic structure subsequently leads
to optical transitions at the band edges primarily along b-axis
(&2yy(Eg) > & ,x(Eq)), as depicted in Fig. 2(b), and is consis-
tent with previously reported PL behavior.”?!! Thus, the pro-
nounced optical anisotropy near the bandgap in CrSBr can be
attributed to the dominant contribution of intralayer Cr—S bond
along the b-axis.

Subsequently, we examined the Raman spectrum of
CrSBr. Based on the Pmnm (No. 59) space group of CrSBr,
we determined that only three Raman-active A, modes are

allowed in the ab plane. As shown in Fig. 2(c), these
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I and

Raman-active peaks are located at 114 em~!, 245 cm™
344 cm™!, labeled as Aé, Aé, and Ag, respectively. Although
all three modes exhibit two-fold anisotropy in polarization-
dependent Raman measurements, the Aé and Aé modes dis-
play an anisotropy opposite to that of the Aé mode. This be-
havior arises from the anisotropic Raman tensor R(A,) along
the a- and b-axes (Note S5, supplementary material), which
influence the polarization state of the Raman spectra.!?>?°! To
further investigate the phonon vibration modes of the Raman

peaks, we calculated the phonon spectrum of CrSBr. The cal-
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culated frequencies for the three Ag modes are 121.0 em~ L,

245.0 cm™ !, and 346.6 cm™~!, respectively, which are in close
agreement with our experimental values. Due to symmetry
constraints, the phonon vibrations of the three A, modes are
all along the c-direction (Note S5, supplementary material).
In particular, the highest Aé mode primarily involves the rela-
tive vibrations between interlayer Cr and S atoms within each
quasi-monolayer, as illustrated in Fig. 2(d). On the other hand,
the contribution from Br atoms vibrations is negligible due to

their relatively large mass.
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Fig. 2. (a) PL spectra of unstrained CrSBr with linearly polarized light parallel to the a-axis (0°) and b-axis (90°), respectively. Inset:
polarization-dependent PL peaks of CrSBr without strain. (b) The imaginary part of the dielectric function calculated by DFT. Note that the
peak positions in the calculated dielectric function are smaller than the PL peaks, which is due to the underestimation of the bandgap by
DFT (calculated value is 0.85 eV). Inset: The charge density at the conduction band minimum (CBM) and valence band maximum (VBM).
(c) Raman spectra of unstrained CrSBr with linearly polarized light parallel to the a-axis (0°) and b-axis (90°), respectively. Inset: polarization-
dependent Raman peaks. (d) The vibration of the Raman mode Ag. The black and blue double-arrows denote the interlayer and intralayer Cr—S

bonds in the quasi-monolayer, respectively.

Building on the above elucidation of the roles played by
intralayer and interlayer Cr—S bonds of unstrained CrSBr in
PL and Raman spectroscopy, we next investigated the effects
of strain by applying uniaxial tensile strain simultaneously
along both the a- and b-axes. To achieve this, two perpendicu-
lar CrSBr flakes with comparable thickness were assembled
into a single flexible film using an encapsulation technique
(Fig. 3(a), Note S1, supplementary material), thereby ensur-
ing that identical tensile strain is applied simultaneously along
both the a- and b-axes (Fig. S3, supplementary material). As
shown in Figs. 3(b) and 3(c), with increasing tensile strain, the
peak positions along both the a- and b-axes decrease. This

trend suggests a reduction of bandgap and a shrink of the en-
ergy difference between the bonding state at the VBM and
the antibonding state at the CBM. Then, PL peak positions
were extracted at various strain and were plotted in Fig. 3(d),
which reveals that the bandgap under the b-axis strain changes
more significantly than that under the a-axis strain, with a lin-
ear dependence on the applied strain. This observation unam-
biguously indicates a direction-dependent strain effect on the
electronic structure. Notably, a marked decrease in PL peak
intensity is observed when strain is applied along the b-axis
(Fig. 3(c)). This intensity reduction can be attributed to the
tensile strain-induced bandgap narrowing, which diminishes

104203-3
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the probability of direct radiative electron—hole recombination
transitions, ultimately leading to lower PL intensity.3%-3?]

To explain the above experimental findings, we calcu-
lated the bandgap of CrSBr as a function of strain using DFT.
Although conventional DFT tends to underestimate absolute
bandgap values due to the inherent defects of delocalization er-
ror and derivative discontinuity, 3! it reliably describes trends
in the change of bandgap qualitatively. Our calculations in-
dicate that while tensile strain applied along either crystal-
lographic direction decreases the bandgap, the magnitude of
this reduction is significantly greater for strain along the b-
axis compared to the a-axis (Fig. 3(e)). This behavior is pri-
marily attributed to the fact that the wavefunctions of CBM
and VBM in CrSBr are predominantly derived from intralayer
Cr-S bonds that are aligned along the b-axis (the inset of

Fig. 2(b)). Consequently, tensile strain along the b-axis is ex-

—~
o
=

pected to substantially elongate these intralayer Cr—S bonds,
whereas strain along the a-axis exerts a relatively minor influ-
ence. To validate this hypothesis, we calculated the changes of
the intralayer Cr—S bond lengths under different strain condi-
tions. As depicted in Fig. 3(f), the strain along the b-axis sig-
nificantly increases the Cr—S bond distances, while the strain
along the ag-axis has only a minor effect. Moreover, our cal-
culations suggest that the Poisson’s ratio of CrSBr is approx-
imately three times lower than those of other 2D materials
(Note S7, supplementary material), which implies the pres-
ence of hybrid bonding characteristics in this material.3*3]
In a short conclusion, both our theoretical and experimental
results demonstrate that the tensile strain along the b-axis can
significantly modulate the electronic structure of the CBM and
VBM, thereby offering considerable potential for tuning the
optical properties of CrSBr.

—~
Q
~
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Fig. 3. (a) Schematic diagram for applying uniaxial strain along different directions simultaneously. Inset: Optical photograph and atomic
force microscopy (AFM) images of the two perpendicular CrSBr flakes on Si/SiO, substrate. The line profiles of the AFM show the thickness
of the two CrSBr flakes, indicating the similar thickness. Scale bar is 5 pm. (b)-(c) The PL spectra under the uniaxial strain along a-axis and
b-axis, respectively. (d) The extracted PL peak position from panels (b) and (c) as a function of strain. The black and red lines are the linearly
fitting lines along a-axis and b-axis, respectively. (e) The calculated bandgap with strain and the linear fitting lines. (f) The calculated intralayer
Cr-S bond length. Inset: The blue arrow indicates the intralayer Cr—S bond.

To investigate the strain effects on the interlayer Cr-S
bonds, we examined the behavior of the Raman spectra under
applied strain. As shown in Fig. 4(a), increasing tensile strain
induces a redshift in all three Raman peaks, suggesting that
the atomic vibrational modes are weakened and that the vibra-
tional frequencies decrease with strain. By extracting the po-
sitions of these peaks as functions of strain, we observed that
the Aé mode exhibits a more pronounced response than the
Aé and Aé modes for strain applied along either the g-axis or
the b-axis (Figs. 4(b) and S4, supplementary material). More
importantly, it is observed that the changes of strain response

of Raman spectrum are opposite to those of the PL spectrum,
with the Raman shifts along the a-axis changing more signif-
icantly than those along the b-axis (Fig. 4(b)). This behav-
ior suggests the different bond responses on these two spectra.
To elucidate the mechanism underlying these observations, we
performed first-principles calculations of the phonon spectrum
of CrSBr under strain. The results reveal that the phonon fre-
quency of the Aé mode decreases under strain along the a-
axis, whereas it increases slightly with tensile strain along the
b-axis (Fig. 4(c)), a trend that is qualitatively consistent with

the experimental results.
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Although the Ag mode primarily involves the relative mo-
tion between Cr—S pairs across two sublayers (i.e., the inter-
layer Cr—S bonds), the effects of strain along the two different
directions on the interlayer Cr—S bond distances may not be
isotropic, which will lead to different behaviors in the Raman
response. Accordingly, we calculated the interlayer Cr—S bond
lengths under strain and found that the tensile strain along the
a-axis increases the bond length, while the strain along the
b-axis decreases it (Fig. 4(d)). This finding explains the diver-

gent Raman responses observed in experiments under the two
strain directions. Moreover, these results provide direct evi-
dence that the tensile strain on the rhombohedral bonds con-
figuration results in the elongation of all bonds (as depicted
in Fig. 1(a)), whereas for rectangular bonds configuration, the
strain stretches the bonds that are parallel to the strain direc-
tion and compresses those that are perpendicular (as illustrated
in Fig. 1(b)).

f (b) ()
@[ AL A% A% 344} W a-axis 350}
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o N o T, 340t
2 JLM s o g30| =65 cm~1/%
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Fig. 4. (a) Strain-induced Raman spectra under applied strain along a-axis and b-axis, respectively. The gray lines are the guide to show the
Raman peak position changes under strains. (b) The peak position of Ag mode with strains. (c¢) Theoretical calculated Ag frequency with
strains. (d) The calculated interlayer Cr—S bond length. Inset: The blue arrow indicates the interlayer Cr—S bond.

In summary, we systematically investigated the photolu-
minescence and Raman spectra of CrSBr under uniaxial strain,
revealing a non-synchronous strain response. Our findings in-
dicate that the PL spectrum is predominantly sensitive to ten-
sile strain applied along the b-axis, whereas the Raman spec-
trum of Ag mode is more responsive to strain along the a-axis.
This contrasting behavior arises from the distinct responses of
the interlayer and intralayer Cr—S bonds to the applied ten-
sile strains. Our work not only deepens the understanding of
the fundamental properties of CrSBr but also provides critical
insights for the design and optimization of its electronic and
optoelectronic devices.

Supplementary material

Supplementary material includes ample preparation,
setup for Raman and PL measurement, thickness-dependent
Raman and PL spectrums of CrSBr, strain calculation method,
symmetry of Raman modes of CrSBr, density functional
theory (DFT) calculations, calculation of Passion’s ratio of
CrSBr, strain dependence of the Raman modes Aé and Aé,

repeatability for strain application.
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