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ABSTRACT: The discovery of two-dimensional (2D) magnets
has attracted significant attention in both fundamental research in
low-dimensional physics and potential applications in spintronics.
CrSBr, an A-type antiferromagnetic (AFM) van der Waals material
with intralayer ferromagnetic (FM) order along the b axis, stands
out as one of the most extensively studied 2D magnetic materials
due to the strong coupling between its electronic structure and
magnetic properties. Here, we demonstrate a deep connection
between the magnetic order and Raman scattering of phonons in
CrSBr. By applying a magnetic field along the easy axis, an abrupt
change of Raman intensity is observed in the transition from the
AFM to FM state for both bulk and few-layer CrSBr, which is attributed to the modification of the energy detuning between the
excitation light and the near-resonant exciton. In addition, at the a-axis spin-canted state, we observe three strong zone-folding
phonon modes of the three dominant Ag modes, which are absent at both AFM and FM states. Furthermore, we find that the FM
magnetic order can introduce off-diagonal terms into the Raman tensors, which can dramatically modify the polarization patterns of
the Raman modes and lead to different scattering intensities for the left and right circularly polarized light. Our findings underline
the profound impact of the magnetic order on the Raman scattering intensity, activity of zone-folding phonons, and polarization
properties in CrSBr and expand the scope of magneto-optical effects in 2D magnetic materials.
KEYWORDS: 2D magnets, Raman spectroscopy, zone-folding phonons, CrSBr, magneto-optical effect

■ INTRODUCTION
The advent of 2D magnets has emerged as one of the most
promising areas in condensed matter physics, offering an ideal
platform to explore fascinating physical properties and
potential applications in the two-dimensional limit,1−9

including magnetic proximity effects,10,11 quantum Hall
effects,12 moire ́ engineering,13−15 and spintronics.9,16,17 The
recently discovered A-type AFM semiconductor CrSBr dis-
plays strong anisotropic magneto-transport18−20 and relatively
high air stability,18,21 which is promising for potential
spintronic applications. CrSBr possesses intrinsically coupled
electronic, optical, and magnetic properties, which makes it an
ideal platform to explore novel magneto-optical phenomena.21

The recent experiments demonstrate quasi-1D exciton
emission coupled with magnetic order,21,22 magnon-exciton
coupling,23,24 and exciton polaritons.25−27

Due to the high sensitivity to symmetries of the crystal
lattice, Raman spectroscopy is extensively used to probe both
structural and magnetic phase transitions in 2D magnetic
materials. For example, in CrI3

28 and VI3,
29 the strong

magneto-Raman effect was demonstrated by the different
scattering intensities to the left and right circularly polarized
light; in CrBr3

30 and Cr2Ge2Te6,
31 the strong spin-phonon

coupling was revealed by the anomalous phonon frequency
variation near their Curie temperature; in CrI3

32 and
MnBi2Te4,

33 the Brillouin zone-folding Raman modes due to
the magnetic order were observed. While previous Raman
spectroscopy studies in CrSBr have reported the excitation
wavelength-dependent polarization patterns of Raman modes
and strong spin-phonon coupling,34−37 the direct experimental
study of the Raman spectrum under a magnetic field is still
lacking.
In this work, we report a comprehensive study of the Raman

spectrum of CrSBr under a magnetic field. By applying the
magnetic field along the easy (b) axis, most of the Raman
modes display a sudden intensity drop in bulk CrSBr at the
transition from the AFM to FM state, which originates from
the increase in the energy difference between the excitation
light and the near-resonant B-exciton.21,35,38,39 This Raman
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intensity contrast can also be resolved for few-layer CrSBr,
even for the metastable intermediate magnetic state. In
addition, three zone-folding phonon modes from the Ag
mode branches emerge in the Raman spectrum of CrSBr at
the spin-canted state when the magnetic field is applied along
the a axis, and these zone-folding phonon modes are Raman-
inactive at AFM, FM, and c-axis canting states. Furthermore,
the Raman tensors of the dominant Ag modes are derived by
considering the magnetic order, and the off-diagonal terms are
introduced for the FM state. By applying the magnetic field
along the c axis, we observe dramatic modification of the
polarization patterns for the Ag modes and different scattering
intensities to the left and right circularly polarized light due to
these off-diagonal terms.

■ RESULTS AND DISCUSSION
To study the impact of magnetic order on the Raman spectrum
of CrSBr, we first performed the magneto-Raman measure-
ments on bulk CrSBr with both the magnetic field and the
polarization of the excitation light along the b axis at low
temperature. Figure 1a displays the representative Raman
spectra acquired under magnetic fields of 0 and 0.5 T. Three
prominent Ag Raman modes are observed at 122, 256, and 350
cm−1 labeled as Ag1, Ag2, and Ag3, respectively, and their atomic
displacements are calculated by density functional theory
(DFT) and presented in Figure 1c, which is consistent with the
previous reports.34−37 According to previous studies,21,40,41 the
magnetic order of bulk CrSBr is AFM at 0 T and will be
polarized into FM at 0.5 T. Clearly, all three Ag phonon modes
show significant intensity difference in Raman spectra at the
AFM and FM states, while such intensity difference disappears
for the same magnetic field in the paramagnetic state above TN
(≈132 K), as demonstrated in the inset of Figure 1a. These
results indicate that the Raman intensity difference originates

from the magnetic order of CrSBr rather than the external
fields. To confirm this conclusion, the Raman measurement
with a full sweep of the magnetic field is performed and Figure
1d displays the evolution of the Raman spectrum with the
increasing magnetic field from −0.6 to 0.6 T. We can clearly
see two abrupt intensity changes for all three Ag modes at
critical fields of −0.38 and 0.42 T, while they are otherwise
constant elsewhere. Obviously, these sudden intensity
variations are directly related to magnetic order changes,
which is further confirmed by our magneto-PL measurements
in Figure S2 and previous reports.21,40,41

Besides the three Ag Raman modes, the magnetic order
change also leads to a large intensity modification of the Bg and
multiple-phonon modes.35 Figure 1b shows the magnified low-
intensity spectral region of Figure 1a, in which seven Bg
phonon modes can be identified with the help of a DFT
calculation. We note that these Bg Raman modes are typically
forbidden in the backscattering geometry, and their appearance
may be due to the convergence of the incident light by the
objective. Similar to the Ag phonon modes, all of those Bg
modes show magnetic-order-dependent Raman intensity.
Specifically, most of the Bg (except the B3g1 and B2g3 ) phonon
modes display a higher Raman intensity at the AFM state than
at the FM state. In addition, the B3g1 mode at 74 cm−1 only
shows up at the FM state, and with the disappearance of the
B3g1 mode at the AFM state, a new peak at 54 cm−1 emerges.
This new Raman mode is assigned as a zone-folding phonon
mode of the B3g1 mode through the DFT calculation and
labeled as the B3g1Z. This result is consistent with the previously
reported temperature-dependent Raman study.35

According to previous reports, the characteristics of the
Raman spectrum of CrSBr can be effectively modulated by the
excitation wavelength via the resonance effect.34,36 In our
experiment, the excitation wavelength was fixed at 632.8 nm,

Figure 1. Raman spectra of bulk CrSBr under a magnetic field along the b axis. (a) Raman spectra of bulk CrSBr under a magnetic field of 0 (AFM,
black) and 0.5 T (FM, red) at 1.7 K. Inset: Raman spectra were recorded under magnetic fields of 0 and 0.5 T at temperature above the TN. (b)
Close-up of the low-intensity part (blue shaded area) of the Raman spectrum in panel (a). (c) Schematic crystal structure of CrSBr and the atomic
displacements of the Ag modes. (d) Evolution of the Raman spectra of the Ag modes with the applied magnetic field. The incident light was
polarized along the b axis for all measurements in the figure.
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corresponding to a photon energy of 1.96 eV, which is close to
the B-exciton energy (∼1.8 eV) of bulk CrSBr at the AFM
state.21,35,38,39 By considering the energies of the studied
phonons less than 400 cm−1 (∼0.05 eV), both energies of the
excitation and scattering photons are less than those of the B-
exciton. When the magnetic order of bulk CrSBr is changed
from the AFM to FM by an external field, the B-exciton energy
displays a significant redshift,21,38,39 which is further detuned
from the energies of the excitation and scattering light.
Through this resonance effect analysis, we expect Raman
intensity to decrease for bulk CrSBr from the AFM to FM
state, which is consistent with the clear intensity dropping for
most of the phonons, as shown in Figure 1a,b. We note that
some of the phonons (such as Ag3) display inverse behavior in
different measurement configurations, which might imply that
the Raman scattering process of these phonons has other
connections with the magnetic order besides the resonance
effect (see the Supporting Information, S8 for more
information).
To further investigate the impact of magnetic order on the

Raman spectra, we next performed the layer-dependent
magneto-Raman studies on 1−4L CrSBr samples, and their
spin configurations were recently studied by various methods,
such as PL, differential reflectance, and second harmonic
generation (SHG).21,40,42,43 For 1L CrSBr, the Raman
spectrum shows no discernible change with the magnetic
field (Figure S5a). Figure 2a presents the field-dependent
Raman spectra of three Ag phonons for 2L samples, in which
their intensities undergo two abrupt changes at −0.17 and 0.19
T, similar to bulk samples but with a less coercive field, and
these changes are obviously related to the spin-flip transitions
between the AFM and FM states. For 3L CrSBr, despite the
fact that the spin-left (←→←) and spin-right (→←→) AFM

states are spectrally indiscernible, we still observed a transient
Raman intensity variation for a narrow range of the magnetic
field around 0.23 T (Figure 2b,e). Based on our PL
measurement (Figure S2) and previous report,40,42 we
conclude that this transient Raman feature originates from a
metastable intermediate spin state of “←→→”. Figure 2d,e
plots the Raman intensities of the Ag2 modes for the 2L and 3L
CrSBr as a function of the magnetic field, with the spin-
configuration schematics annotated by arrows in the upper
panels.
Furthermore, the magneto-Raman data for 4L CrSBr are

listed in Figure 2c. Through the Raman intensity contrast, we
can easily identify the AFM state near the zero field, two FM
states for the magnetic field of more than 0.4 T and less than
−0.4 T, and two transitional states with one spin pointing in
one direction and the other three spins pointing in the
opposite direction between the AFM and FM states.
Interestingly, two transitional states display different Raman
intensities, which means that these two states are not
equivalent for the Raman spectrum. With the help of the
magneto-PL results and previous reports,40,43,44 one of the
transitional states is assigned as the opposite-direction spin in
the surface layer and another for the inner layer. The intensity
of the Ag2 mode is extracted and plotted as a function of the
magnetic field in Figure 2e, along with the spin configurations.
In summary, our results establish Raman spectroscopy as an
effective probe of detailed spin textures in bulk and few-layer
CrSBr.
For bulk CrSBr, besides the AFM and FM states, its

magnetic order can be tuned into a spin-canted state by
applying a magnetic field along the intermediate (a) and hard
(c) axes. Here, we turn to explore the impact of the canted
magnetic order on the Raman spectra of CrSBr. Figure 3a

Figure 2. Raman spectra of a few-layer CrSBr under a magnetic field along the b axis. (a−c) Evolution of the Raman spectra of the Ag modes with
the applied magnetic field for 2L (a), 3L (b), and 4L CrSBr (c). (d−f) Plots of the Raman intensity of the Ag2 mode as a function of the applied field
for 2L (d), 3L (e), and 4L CrSBr (f). The interlayer magnetic order is illustrated on the upper panels. The magnetic field is swept from negative to
positive.
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presents the Raman spectra as a function of the magnetic field
along the a axis, with the excitation light polarized along the a
axis (the results for the light polarized along the b axis are
provided in the Supporting Information, S11). As the magnetic
field increases (decreases), the Ag1 (122 cm−1) mode gradually
loses its intensity until the saturation field, while the intensity
of the Ag2 (256 cm−1) mode increases first and then undergoes
a sharp decrease near the saturation field until reaching the
saturation, and the behavior of the Ag3 (350 cm−1) mode is
similar to the Ag2, except its saturation intensity is higher than
that of the initial state. Furthermore, a new peak (112 cm−1) at
the lower frequency side of the Ag3 peak emerges gradually as
the magnetic field increases and then quickly disappears as
CrSBr reaches the FM state. The Raman intensities of the
phonon modes mentioned above are plotted as a function of
the magnetic field in Figure 3b.
To understand the anomalous field-dependent Raman

scattering intensity of the Ag2 and Ag3 modes and the appearance
of the new peak in the spin-canted states, we performed
polarized magneto-Raman measurements. Figure 3f,g shows
the evolution of the Raman spectra from both parallel (XX,
Figure 3f) and cross (XY, Figure 3g) channels as the magnetic
field sweeps from −1 to 1 T. In the XX channel, three Ag
phonon modes display a normal gradual intensity change from
the AFM to FM states, and the new Raman mode is absent. In

the XY channel, the intensity variation of the Raman modes at
around 256 and 350 cm−1 shows remarkable similarity with the
new Raman mode at around 112 cm−1, which indicates that
the abnormal intensity behavior of the Ag2 and Ag3 modes
originates from the overlap of the newly emerged modes with
the old ones. To further confirm the new Raman modes, the
Raman spectra from both XX and XY channels at 0 and 0.6 T
are plotted in Figure 3d and Figure 3e, respectively, and about
a 0.6 cm−1 frequency shift is observed for the Raman modes at
around 256 cm−1 and about 0.15 cm−1 for the Raman modes at
around 350 cm−1 (Supporting Information, S12). These newly
emerged Raman modes in the XY channel are assigned as
zone-folding phonon modes of the Ag branches due to the
spin-canted magnetic order and labeled as Ag1Z, Ag2Z, and Ag3Z.
To confirm our assignment of the zone-folding phonon

modes, we performed DFT calculations for the phonon
dispersion of CrSBr. We first consider the nonmagnetic
primitive cell of CrSBr. There are six atoms in the primitive
cell, leading to 15 optical phonon modes at the Γ-point, with
three Ag modes. The calculated eigenvector of the Ag modes is
displayed in Figure 1c, and the energy band of the Ag branches
along the Γ-Ζ direction is plotted in Figure 3c. By considering
the magnetic order of spin canting, the magnetic unit cell will
be doubled along the Z direction, which will cause the zone
boundary phonons to fold to the Γ point. From Figure 3c, the

Figure 3. Raman spectra of the zone-folding phonon modes. (a) Evolution of the Raman spectra of the Ag modes with the applied magnetic field
along the a axis. (b) Plot of the intensities of the Raman modes (Ag1, Ag2, Ag3, and Ag1Z) in panel (a) as a function of the magnetic field. (c) The DFT-
calculated phonon dispersion of the Ag mode branches along the Γ-Z direction. The measured Ag and zone-folding phonon frequencies are denoted
by the dark and light dots, respectively. (d, e) Linear polarization-resolved Raman spectra from both parallel (XX) and cross (XY) channels at 0 and
0.6 T. (f, g) Evolution of the polarization-resolved Raman spectra from the XX (f) and XY (g) channels with the applied magnetic field.
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Ag1 branch is the most dispersive one, which explains the large
separation between the Ag1 and Ag1Z modes, and the Ag2 and Ag3
branches are nearly flat, leading to the overlap of the zone-
folding phonons and the original phonons.
Whether the zone-folding effects of the Raman modes

appear depends on the symmetry of the magnetic config-
uration and the distortion pattern of the phonon mode. It is
obvious that the FM state does not manifest zone-folding
effects since it shares the same unit cell as the nonmagnetic
primitive cell. For the AFM ground state, although the
magnetic unit cell is doubled with respect to the primitive cell,
the zone-folding effect for the Raman mode should still be
absent. This is because the AFM state has a magnetic space
group of Panma, which has a symmetry operation element of
Tτc/2. In other words, the neighboring layers in the magnetic
unit cell are related simply by time-reversal operation T in the
plane. However, the Raman scattering process is insensitive to
the in-plane time-reversal operation for our backscattering
measurement configuration. Therefore, in the Raman process,
the two CrSBr layers in the AFM cell are indistinguishable and
the Raman scattering dipole should be canceled for the zone-
folding phonon mode of the two CrSBr layers. This is
confirmed by our experiment and theoretical calculations
(Supporting Information, S15).
When spin canting is involved under an external magnetic

field, the Raman zone-folding effects depend on the direction
of the canting direction. Experimentally, we observed that the
zone-folding Raman modes appear for the magnetic field along
the a axis (Figure 3), while they are absent for the magnetic
field along the c axis (Supporting Information, S17). To
understand the underlying mechanism, we examined the
detailed vibrational modes and the symmetry operation
elements of the magnetic space group (MSG) of the two
canting states, i.e., the AFMy-FMx (MSG Pc′cn′) and the
AFMy-FMz (MSG Pnm′a′) states. By examining the allowed
symmetry operation elements, the vibrational patterns of the
Ag modes are symmetric under the MSG operation element
{C2x||τ(0,1/2,1/2)} for the AFMy-FMx state while antisymmetric
under the {C2z||τ(0,0,1/2)} operation for the AFMy-FMz state
(see detailed discussion in the Supporting Information, S18).
In this sense, the zone-folding Raman modes are Bg
(symmetric) modes and Raman-active for the magnetic field
along the a axis, while these modes become Bu (antisym-
metric) for the magnetic field along the c axis, which is Raman-
inactive.
Previous magneto-Raman studies in CrI3

28 and VI3
29

demonstrated that the magnetic order (especially FM) displays
a significant impact on the Raman scattering polarization of
phonons, which is generally characterized by the Raman
tensor. By using the magnetic space group analysis, here, we
derive the Raman tensors for bulk CrSBr at the AFM and spin-
polarized FM (the spins polarized along the a, b, and c axes and
labeled as FM-a, FM-b, and FM-c, respectively) states, as listed
in Table 1. The phase components in the Raman tensors are
from the intrinsic optical anisotropy of CrSBr,45 and the

antisymmetric imaginary off-diagonal terms originate from the
FM magnetic order.28,46 To probe these off-diagonal terms, we
measured the circular polarization-resolved Raman spectra for
bulk CrSBr by applying the magnetic field along the c axis.
Figure 4a displays the representative Raman spectra of bulk

CrSBr at 0 and 3 T in the σ+/σ+ and σ−/σ− channels. At 0 T,
all three Ag modes display identical intensities in the σ+/σ+ and
σ−/σ− channels, which is consistent with the Raman tensor for
the AFM CrSBr. After CrSBr is polarized into the FM-c state,
we observe a significant intensity difference in two channels for
the Ag3 mode and a minor difference for the other two modes,
which originates from the off-diagonal terms in the Raman
tensor and is direct evidence for the time-reversal symmetry
breaking. The evolution of the Raman spectra of the Ag3 mode
in the σ+/σ+ channel with the magnetic field is shown in Figure
4b, and the corresponding degree of circular polarization
(DCP) is plotted in Figure 4c, where the DCP is defined as

= +
+

+

I I
I I

, and the I+ and I− denote the intensities from the

σ+/σ+ and σ−/σ− channels, respectively.
To further confirm the Raman tensors that we derived, the

polarization-resolved Raman measurements are performed on

Table 1. MSGs and Raman Tensors for AFM and FM-a, FM-b, and FM-c Configurations
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Figure 4. Circular polarization-resolved Raman spectra of bulk CrSBr
under the magnetic field along the c axis. (a) Raman spectra from
both σ+/σ+ and σ−/σ− channels at 0 (top panel) and 3 T (down
panel). (b) Raman spectrum of the Ag3 mode from the σ+/σ+ channel
as a function of the magnetic field. (c) Degree of circular polarization
(ρ) of the Ag3 mode as a function of the magnetic field.
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bulk CrSBr at the AFM and polarized FM-a, FM-b, and FM-c
states, and the Raman intensities of the Ag modes from both
XX (I∥) and XY (I⊥) channels are summarized in Figure 5. The
polarization angle dependences of the Raman intensities are
calculated based on the Raman tensors (details are provided in
the Supporting Information, S19). The results are used to fit
the experimental data and match very well, as shown in Figure
5. Obviously, the polarization patterns for the AFM and FM-a
and FM-b are very similar because the polarizations of the
excitation and scattering lights are limited in the plane in our
measurement configuration, and their Raman tensors are
essentially the same. However, the polarization patterns for the
FM-c are dramatically different due to the off-diagonal terms in
the Raman tensor, which originated from the magnetic order.
In addition, we note that for the AFM, FM-a, and FM-b spin
configurations, the intensity polar plots are symmetric along
the a and b axes, while for the FM-c case, this symmetry is
broken, which is due to the breaking of mirror symmetries
along both a and b axes in the FM-c state.

■ CONCLUSIONS
In conclusion, we have systematically studied the effect of the
magnetic order on the Raman spectra of CrSBr. Due to the
resonance effect, the Raman intensities of phonons display
distinct dependence on the magnetic order for bulk and few-
layer CrSBr, and even the metastable intermediate magnetic
states in 3L and 4L samples can be easily resolved, which
makes Raman spectroscopy an effective tool to probe the
detailed spin textures in CrSBr. In addition, we observed
strong zone-folding phonon modes from the Ag mode branches
at the a-axis spin-canted states, and these modes are Raman-
inactive at AFM, FM, and c-axis states due to the symmetry.
Furthermore, we derived the Raman tensors of the Ag modes
based on the magnetic space group analysis, and the off-
diagonal terms that originated from the FM magnetic order
show a dramatic impact on the scattering light polarization
patterns of the phonon modes. Our work demonstrates
profound influence of the magnetic order on the Raman
spectra of CrSBr and highlights CrSBr as a unique platform for
exploring novel magneto-optical effects.

■ METHODS

Sample Preparation
CrSBr crystals were synthesized by the chemical vapor transport
method using the recipe described in ref 21. Bulk CrSBr flakes were
mechanically exfoliated onto 285 nm SiO2/Si substrates in an argon-
filled glovebox, the selected thin-layer samples were encapsulated by
hBN flakes using the dry transfer technique to prevent oxygen and
moisture, and their thickness can be identified by magneto-PL
spectroscopy.

Cryogenic Magneto-Optical Spectroscopy
Both cryogenic Raman and photoluminescence (PL) measurements
were performed in a closed-cycle cryostat (attoDRY 2100) with 9/3 T
superconducting vector magnets at 1.7 K. A 632.8 nm HeNe laser was
used as the excitation source, and the power was kept below 150 μW.
The spot size is roughly 2−3 μm on the sample. The backscattering
light was collected by a spectrometer with 1800 grooves/mm grating
and 3 mm slit width for most Raman measurements, except in Figure
3b, where the slit width was adjusted to 1 mm to improve dispersion
resolution. For PL measurements, the grating was set to 600 grooves/
mm. In angular-dependent polarized Raman measurements, the half
(quarter)-wave plate was used to control the polarization (helicity) of
incident light, and the linear polarizer was used to select the colinear
or cross-linear component of scattered light. For the magneto-Raman
experiments, the Faraday rotation was corrected with our half-wave
plate (Supporting Information, S3).

First-Principles Calculations
Density functional theory (DFT) calculations were performed using
the Vienna Ab initio Simulation Package47 (VASP) to elucidate the
phonon and electronic properties of CrSBr under various magnetic
configurations. The projector-augmented wave (PAW) potentials
were employed,48 explicitly treating the valence electrons with
configurations of 3d54s1 for Cr, 3s23p4 for S, and 4s24p5 for Br.
Exchange-correlation interactions were described using the Perdew−
Burke−Ernzerhof functional optimized for solids (PBEsol).49 To
accurately capture van der Waals interactions between layers, the
DFT-D3 scheme proposed by Grimme with zero damping was
applied.50

Structural relaxations were carried out until the residual atomic
forces were below 1 meV/Å. A Γ-centered Monkhorst−Pack k-point
grid with a dense resolution of 0.02 (in units of 2π/Å) was adopted
for Brillouin zone sampling, ensuring high precision in electronic and
phonon band structures.

Figure 5. Polarization angle-dependent Raman intensities of the Ag modes from both XX and XY channels for bulk CrSBr at the AFM and FM-a,
FM-b, and FM-c states. The polarization angle is defined as the angle between the polarization of the excitation light and the a axis.
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Phonon dispersion calculations were conducted using the finite-
displacement method within the PHONOPY package51,52 interfaced
with VASP. To investigate magnetic-order-dependent phonon
behavior, we explicitly considered different spin configurations,
including AFM and FM structures. Magnetic configurations and
their associated symmetry properties were systematically analyzed in
the framework of magnetic space group theory, enabling the
identification of Raman-active phonon modes and their evolution
under external magnetic fields.
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