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ABSTRACT: This study investigates the electronic band structure of chromium sulfur
bromide (CrSBr) through comprehensive photoluminescence (PL) characterization. We clearly
identify low-temperature optical transitions between two closely adjacent conduction-band
states and two different valence-band states. The analysis on the PL data robustly unveils energy
splittings, band gaps, and excitonic transitions across different thicknesses of CrSBr, from
monolayer to bulk. Temperature-dependent PL measurements elucidate the stability of the
band splitting below the Neél temperature, suggesting that magnons coupled with excitons are
responsible for the symmetry breaking and brightening of the transitions from the secondary
conduction band minimum (CBM2) to the global valence band maximum (VBM1).
Collectively, these results not only reveal splitting in both the conduction and valence bands
but also highlight a significant advance in our understanding of the interplay between the
optical, electronic, and magnetic properties of antiferromagnetic two-dimensional van der
Waals crystals.

CrSBr, an A-type antiferromagnetic (AFM) material,
features van der Waals ferromagnetic monolayers with

antiferromagnetic coupling along the stacking direction.1,2

Distinct from conventional magnetic materials, CrSBr is a
semiconductor with a sizable direct bandgap, approximately
1.5 eV.1,3 Additionally, it is characterized by a high transition
temperature for antiferromagnetic coupling, reaching 132 K in
its bulk form.1,4,5 These exceptional attributes make CrSBr a
material of great interest for optoelectronics, spintronics, and
quantum technology applications.6−9

Understanding the band structure of CrSBr is critical for
comprehending its physical properties and potential in
optoelectronic applications. Telford et al.4 employed scanning
tunneling spectroscopy (STS) and PL measurements at 300 K
to demonstrate that CrSBr is a direct bandgap semiconductor,
with an electronic bandgap Eg = 1.5 ± 0.2 eV and an excitonic
PL peak at 1.25 ± 0.07 eV. Linhart et al.10 utilized density
functional theory (DFT) calculations with different exchange
and correlation functionals: (DFT+U) and the hybrid
functional HSE06. The calculations revealed an antiferromag-
netic ground state for bulk CrSBr but yielded different bandgap
values of 0.84 and 1.85 eV, respectively.10 The photo-
reflectance and absorption measurements at 20 K disclosed
three photoreflectance resonances at 1.39, 1.45, and 1.77 eV
corresponding to the potential direct transitions in CrSBr.10

Wilson et al.11 conducted electronic structure calculations of
monolayer CrSBr in its ferromagnetic ground state within GW
approximation, identifying a bandgap of approximately 1.8 eV
with highly anisotropic band dispersion. The polarization-
resolved differential reflectance (ΔR/R) spectra of bilayer

CrSBr revealed the polarization-dependent excitonic transi-
tions at 1.34 and 1.75 eV. The lower-energy emission was
identified as the direct bandgap transition, while the higher-
energy emission could be attributed to the transition from the
global conduction band minimum (CBM1) to the secondary
valence band maximum (VBM2) situated about 0.4 eV below
the global valence band maximum (VBM1). Additionally, a PL
peak splitting by roughly 40 meV was observed in the AFM
phase for CrSBr flakes thicker than the bilayer. The dipole-
forbidden optical transition between secondary conduction
band minimum (CBM2) and VBM1 could be brightened
under a reduction in symmetry, for instance, by an asymmetric
dielectric environment.11 In addition, it was proposed that
there is no significant thickness dependence in the calculated
band structure due to the presence of orthogonal spin
polarization in adjacent layers.11 In contrast, Klein et al.12

reported varying energy splitting at the Γ point for different
CrSBr thicknesses, from 33 meV for a monolayer, to 168 meV
for bulk. However, these theoretical predictions of thickness-
dependent band splitting in the conduction band of CrSBr
have not been experimentally verified.
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Our research bridges this gap through a series of
experimental findings, providing new insights into band
splitting in both the valence band and conduction band of
CrSBr. We identified band splitting in the conduction band,
which is manifested in both higher- and lower-energy
emissions. Crucially, our study reveals a consistent pattern of
band splitting across a wide range of CrSBr thicknesses from
monolayer to bulk. This uniformity in band splitting at the Γ-
point, regardless of CrSBr thickness, offers profound insights
into the intrinsic properties of this material and reinforces its
potential for diverse technological applications.
The schematic representation of band splitting in both the

conduction band and the valence band near the Γ point in the
band structure of CrSBr is shown in Figure 1a, where P1
represents the transition from CBM1 to VBM1, P2 for the
transition from CBM2 to VBM1, P3 for CBM1 to VBM2, and
P4 for CBM2 to VBM2. The following experimental analysis
reveals that the splitting within the conduction band, ΔEC, is
approximately 35 meV, while the splitting within the valence
band, ΔEV, is around 0.4 eV. It is worth noting that the value
for ΔEC remains the same for various thicknesses of CrSBr.
Figure 1b displays the photoluminescence (PL) spectrum of

a 103 nm thick CrSBr flake on a SiO2/Si substrate, recorded at
300 K. The spectrum features two distinct emission peaks,
positioned at around 1.30 and 1.73 eV. It is important to note
that at 300 K, thermal broadening of the electronic states can
merge closely spaced energy levels into a single peak.
Consistent with recent studies,11,12 the PL peak at approx-
imately 1.30 eV is associated with the excitonic transition from
the conduction band minimum to VBM1, which comprises P1
and P2 in Figure 1a. The higher-energy peak at 1.73 eV is
interpreted as corresponding to the transition from the
conduction band minimum to VBM2, which comprises P3
and P4 in Figure 1a. To confirm the ubiquity of this higher-
energy peak, extensive PL measurements were performed on
CrSBr flakes of varying thicknesses. As illustrated in Figure 1c,

the higher-energy peak is consistently present in the PL spectra
of CrSBr flakes with different thicknesses, confirming the band
splitting in the valence band near the Γ point, ΔEV, at around
0.4 eV.
In a further investigation of the CrSBr band structure, PL

measurements were conducted at 4 K across a range of
thickness, from 1L to 103 nm. These results, depicted in Figure
1d, uniformly exhibit the most intense emission at approx-
imately 1.332 eV, marked as peak P1. Notably, for thicknesses
from 8 to 103 nm, satellite peaks were observed on the lower-
energy side of peak P1. Based on our recent research,13 these
satellite peaks are attributed to exciton−phonon coupling
states. Dirnberger et al.14 have proposed the existence of
exciton−photon coupling within CrSBr flakes across a broad
thickness range, roughly from 10 to 1000 nm, through
simulation. This coupling leads to exciton−polariton states,
facilitated by the large oscillator strength of excitons in CrSBr,
and exhibits thickness-dependent behavior. Their studies have
verified the existence of exciton−polariton states in CrSBr
flakes, with the thinnest state being 75 nm. Here, we identify
additional peaks, labeled “E”, in the PL spectra of CrSBr with
thicknesses starting from 30 nm. These “E” peaks likely arise
from exciton−photon coupling, as evidenced by their variation
across different flake thicknesses. Notably, in thinner flakes, the
“E” peak is absent, a phenomenon that could be attributed to
the reduced oscillator strength of excitons and weaker photon
confinement within thinner CrSBr flakes.14 Furthermore, each
spectrum includes a peak at around 1.367 eV, referred to as
peak P2. The Lorentzian fitting of the PL spectra for the 30,
45, and 103 nm thick CrSBr, detailed in Figures S1a and S2, in
which the Chi-Square tolerance value is 1 × 10−6, further
clarifies this observation. The energy difference between peaks
P1 and P2, denoted by ΔEC1, quantified at around 35 meV,
closely matches the reported theoretical energy gap11 between
CBM1 and CBM2. The reduction in P2 intensity observed
when the thickness exceeds 20 nm in Figure 1d is likely

Figure 1. μ-PL spectra of thin CrSBr flakes. (a) Schematic representation of the band splitting in conduction band and valence band. (b) PL
spectrum of 103 nm thick CrSBr flake on SiO2/Si substrate acquired at 300 K, with excitation power of 10 mW. (c) PL spectra for CrSBr flakes
with different thicknesses. (d) PL spectra for CrSBr flakes with different thicknesses at 4 K.
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attributed to the more pronounced exciton−photon coupling
that occurs.14 Based on these observations, we conclude that
peak P1 corresponds to the transition from VBM1 to CBM1,
and peak P2 corresponds to the transition from VBM1 to
CBM2, with the splitting between VBM1 and VBM2, ΔEC,
around 35 meV.
Notably, the positions for peak P1 remain constant for

various thicknesses from 1L to 103 nm. This observation
indicates that the optical bandgap of CrSBr maintains
uniformity across these different thicknesses. In contrast,
most two-dimensional (2D) materials, such as transition metal
dichalcogenides (TMDCs), exhibit a significant change in
bandgap when going from bulk to monolayer.15−18 This
phenomenon is primarily attributed to quantum confinement
effects and the modulation of the electronic environment with
thickness.19,20 However, recent studies12,21 suggest that bulk
CrSBr can be conceptualized as a stack of weakly coupled
monolayers that host quasi-1D excitons of high binding energy
with strong quasiparticle interactions. The electronic proper-
ties of individual layers in CrSBr may be relatively unaffected
by the presence or absence of adjacent layers due to weak

interlayer interactions. Furthermore, antiparallel spin polar-
ization in adjacent CrSBr layers may also contribute to this
observed independence of the bandgap from thickness.
To explore the dynamics of conduction band splitting with

respect to temperature, we carried out temperature-dependent
PL measurement on CrSBr samples for different thicknesses:
1L, 2L (bilayer), and 103 nm. The evolution of the PL spectra
with increasing temperature, from 4 to 60 K, is illustrated in
Figure 2a−c for each respective thickness. Notably, peak P2 is
observable within the range from 4 to 30 K. However, as the
temperature rises to 60 K, peak P2 becomes less distinguish-
able, likely due to thermal broadening effects.22

For 1L CrSBr, ΔEC1, the energy difference between peaks P1
and P2, consistently remains at 34.5 meV from 4 to 30 K. In
the 2L CrSBr, this gap stands at 32.0 meV. Analyzing the 103
nm thick CrSBr, which is complicated by the presence of
multiple peaks, necessitates a Lorentzian fitting approach to
accurately determine the positions of peaks P1 and P2. The
outcomes of this fitting for the 103 nm thick CrSBr at 4, 15,
and 30 K, are depicted in Figure S1, where the Chi-Square
tolerance value is 1 × 10−6. This fitting indicates that peaks P1

Figure 2. Temperature-dependent μ-PL of CrSBr flake with different thicknesses. Evolution of PL spectrum measured from T = 4 K to T = 60 K
for (a) 1L, (b) 2L, and (c) 103 nm thick CrSBr flake.

Figure 3. Temperature-dependent μ-PL of 103 nm thick CrSBr flake. (a) Evolution of PL spectrum measured from T = 4 K to T = 300 K. PL
spectrum and Lorentzian Fitting curves of CrSBr acquired at (b) 4 K (c) 300 K. Dotted line: PL spectrum; Solid lines: individual peaks. Solid line
with dots: sum of individual peaks. (d) Peak positions of peak “P3”, peak “P4”, and peak “P3, P4” and (e) corresponding fwhm obtained by
Lorentzian fitting of the PL spectra as a function of temperature.
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and P2 are separated by an energy gap of approximately 35.0 ±
0.4 meV. The minor variation in the energy difference ΔEC1
across different thicknesses of CrSBr supports our hypothesis
that the band splitting between CBM1 and CBM2, ΔEC, is
around 35 meV and remains largely constant across different
thicknesses. Our computational findings, as presented in Figure
S3, are in good agreement with the DFT/PBE results reported
by Wilson et al.,11 suggesting no significant thickness
dependence in the calculated band structure for CrSBr. We
further calculated the electronic structure of CrSBr at different
levels of theory, as listed in Table S1. Although the bandgap
values and conduction band splitting strongly depend on the
applied method, no significant changes (as compared to the
data reported by Klein et al.12) were observed for the results
obtained for the bulk and monolayer systems using the same
method. Furthermore, it is important to highlight that this
band splitting is stable at low temperatures and remains
observable up to a temperature of 30 K.
To further validate our hypothesis regarding the conduction

band splitting, we traced the progression of the high-energy
peak in 103 nm thick CrSBr from 4 to 300 K, as shown in
Figure 3a. Intriguingly, a slight S-shaped shift in the peak
position is observed with increasing temperatures, akin to
behaviors reported in quantum wells and certain bulk III−V
compound semiconductors.23−27 In quantum wells, S-shaped
temperature dependence of the PL peak energy is attributed to
exciton localization in band-tail states, formed due to potential
fluctuations resulting from variations in alloy composition at
interfaces within quantum wells.28 In the context of layered
magnetic materials like CrSBr, potential fluctuations could
arise from changes in magnetic coupling and the presence of
strongly localized states caused by the coupling of magnons
with excitons. Telford et al.4 highlighted the existence of FM
states below 40 K and a transition from AFM to paramagnetic
(PM) phase between 120 to 150 K, identifying a Neél
temperature at around 132 K and observing short-range
correlations that persist up to approximately 180 K.14 Our
research reveals deviations in the temperature-dependent peak
behavior across specific temperature intervals: from 4 to about
60 K, 60 K to around 175 K, and above 175 to 300 K, aligning
with different magnetic phase regimes in CrSBr.10,13,14

To enhance the precision in the data analysis, Lorentzian
fitting was applied to the spectra acquired across the
temperature range under study. This fitting process for two
representative PL spectra, collected at 4 and 300 K, is detailed
in Figure 3b,c, respectively. Between 4 and 60 K, two
Lorentzian functions were necessary for efficient PL spectrum

fitting. However, for temperatures starting from 100 K onward,
a single Lorentzian function proved to be sufficient for
spectrum fitting, indicating the merging of closely spaced
energy levels at elevated temperatures. The positions of the
fitted peaks “P3”, “P4”, and composite “P3, P4”, along with
their corresponding full width at half-maximum (fwhm) versus
temperature, are depicted in Figure 3d,e, respectively. The
energy gap between the fitted peaks P3 and P4, denoted by
ΔEC2, is measured to be 35.0 ± 2.7 meV between 4 and 60 K.
The congruence between ΔEC1 and ΔEC2 reinforces our
hypothesis, affirming that the band splitting in the conduction
band, ΔEC, is approximately 35 meV. Moreover, the increase in
the fwhm of the peak “P3, P4” with rising temperature
corroborates the thermal broadening assumption.
To substantiate the excitonic nature of the high-energy

emission in CrSBr, power-dependent PL measurements were
carried out on the same sample at 4 K, as shown in Figure 4a.
Notably, the normalized PL spectrum remained constant
despite variations in the pumping power, as depicted in Figure
4b. To delve deeper into the interactions between peaks P3
and P4, as well as the excitonic recombination process in
CrSBr, we employed the Lorentzian fitting approach used for
Figure 3b for the power-dependent PL spectra. Figure 4c
showcases double-logarithmic plots illustrating the relationship
between the PL intensity (I) of peaks P3 and P4 and the
excitation power (L). This relationship adheres to a simple
power law, expressed as

=I Lk (1)

where L is the excitation power and k is a dimensionless
exponential coefficient. Importantly, within the explored power
range, we observed no saturation effects, and the PL intensity
displayed an almost linear correlation with the excitation
power. The exponential coefficient k is instrumental in
determining the de-excitation mechanisms in the material. A
value of k exceeding 1 suggests stimulated emission, whereas a
value below 1 indicates the presence of nonradiative pathways,
such as defects, Auger recombination, or exciton-to-trion
conversion, phenomena often observed in 2D van der Waals
crystals.29−32 For the peaks P3 and P4 under investigation, the
fitted exponent k is approximately 1 ± 0.1. This result is
consistent with the radiative recombination of neutral excitons,
corroborating our hypothesis that peak P3 is associated with
the excitonic transition from CBM1 to VBM2, and peak P4 is
associated with the transition from CBM2 to VBM2.
The literature presents divergent findings, particularly from

theoretical calculations, regarding the conduction band

Figure 4. Power-dependent μ-PL of 103 nm thick CrSBr flake. (a) Power-dependent PL spectra at 4 K. (b) Normalized power-dependent PL
spectra at 4 K. (c) PL intensity of peaks P3 and P4 versus excitation power at 4 K. Peak P3 and peak P4 were obtained by Lorentzian Fitting, as
shown in panel b.
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splitting in CrSBr. Experimental outcomes also vary widely due
to different crystal growth techniques impacting the crystal
quality. Ideally, single-crystalline CrSBr exhibits antiferromag-
netic properties with a Neél temperature of around 132 K.
Recent studies indicate that native defects or disorder
introduced by ion irradiation can trigger ferromagnetic states
at temperatures typically below 100 K, although the origin of
ferromagnetic states remains unclear.33 It is assumed that the
presence of Br in interstitial or interlayer positions might
locally enhance magnetic coupling between Cr atoms, altering
the magnetic order from antiferromagnetic to ferromagnetic.33

The optical characteristics of crystals are particularly sensitive
to point defects. Our magnetometry analysis33 suggests that
our pristine CrSBr lacks low-temperature ferromagnetic
phases, implying a defect-free material, thereby enabling a
more detailed exploration of the electronic band structure
through experimental optical methodologies. According to the
selection rule, the transition from CBM2 to VBM1 is dipole-
forbidden.11 However, certain environmental conditions can
disrupt the selection rules. The observation of radiative
transitions from CBM2 exclusively below the Neél temperature
implies that incoherent magnons, i.e., thermal fluctuations of
the magnetic order, might play a major role.13,34 We conjecture
that magnons coupled with excitons are responsible for exciton
localization (manifested as an S-shaped peak position as a
function of energy) and the reduction of symmetry that
promotes the radiative transitions between CBM2 and VBM1.
To conclude, our investigation into the electronic band

structure of CrSBr has uncovered band splitting in both the
valence band and the conduction band, revealed by low-
temperature PL measurements. This conduction band splitting,
evidenced by low- and high-energy emissions, is attributed to
transitions from CBM2 to VBM1 and from CBM2 to VBM2.
Crucially, thickness-dependent PL measurements show that
this band splitting is uniform across a range of material
thicknesses from monolayer to bulk configurations. Further-
more, temperature-dependent PL studies demonstrate the
stability of this band splitting below the Neél temperature,
suggesting a pivotal role for magnon−exciton interactions in
facilitating these symmetry-breaking phenomena and the
resultant brightening of forbidden transitions. These findings
substantially deepen our understanding of CrSBr, establishing
a foundation for its future applications in the realms of optics,
electronics, and magnetism and expanding its potential
technological impacts.

■ METHODS
Crystal Growth and Sample Fabrication. The synthesis of CrSBr
bulk single crystals was conducted by using a chemical vapor
transport method. For this, high-purity chromium (99.99%,
−60 mesh), sulfur (99.9999%, 1−6 mm), and bromine
(99.9999%) were mixed in a stoichiometric ratio of 1:1:1.
The mixture was then sealed in a quartz ampule under a high
vacuum to maintain the integrity of the components. To
prevent bromine evaporation, the ampule was stored in a liquid
nitrogen batch. Initially, a prereaction phase was conducted
within the ampule at 700 °C for 20 h, while keeping the other
end at a lower temperature of 200 °C. Afterward, the reacted
mixture was transferred to a two-zone horizontal furnace for
further processing. The furnace was initially set at 850 °C at
the source end and 900 °C at the growth end. After 25 h, the
temperature gradient in the furnace was reversed, gradually
increasing the hotter end from 880 to 930 °C over a period of

10 days. This procedure yielded high-quality CrSBr single
crystals, which were carefully removed from an Ar glovebox.
For flake samples, mechanical exfoliation using the Scotch tape
method was employed. The substrates used were silicon with a
thermal oxide layer of 260 nm. The thickness of the exfoliated
CrSBr flakes was determined by using atomic force
microscopy.

Raman Spectroscopy. Micro-Raman spectra were obtained by
using a 532 nm wavelength laser for excitation. The laser beam,
focused on the sample through a 50× objective lens, produced
a spot approximately 5 μm in diameter. The excitation power
was consistently set at 1 mW. The scattered light, collected by
the same objective, was subsequently dispersed by using a
Horiba LabRAM HR Evolution Raman spectrometer.
Detection of the signal was carried out by a charge-coupled
device (CCD) camera, which was cooled with liquid nitrogen.

Photoluminescence Spectroscopy. Micro-PL spectra were
obtained by using a 532 nm wavelength laser for excitation.
The laser beam, focused on the sample through a 50×
objective lens, produced a spot approximately 5 μm in
diameter. A closed-cycle helium cryostat was integrated into
the micro-PL system to perform temperature-dependent
measurements. These measurements were conducted under a
base pressure below 1 × 10−5 mbar. The PL signal was
detected using either a CCD camera or an InGaAs camera,
both cooled with liquid nitrogen.
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