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ABSTRACT
The two-dimensional (2D) magnetic material CrSBr has attracted significant interest for developing spin-based optoelectronic devices due 
to its unique magneto-optical properties. In this Letter, we report a systematic study on the photoluminescence (PL) of the high-energy 
excitons in few-layer CrSBr and the associated trions. Besides the broad excitonic emission peak (Xl) at around 1.34 eV, we also observed 
another strong excitonic emission peak (Xh) at around 1.37 eV in a hBN-encapsulated 2L sample, which splits into two peaks in 3L and 
more layered samples. The Xh exciton is associated with the transition between the top valence band and the second lowest conduction 
band, which is forbidden by inversion symmetry in 1L CrSBr. By applying inhomogeneous strain or constructing heterojunction, the 
Xh exciton can be brightened in 1L samples. In addition, we observed two trions associated with the split Xh excitons in electrostatically 
doped 3L CrSBr samples. By tuning the CrSBr sample into a ferromagnetic (FM) state, one of the trions shows enhanced intensity, which is 
more than 40 times that of the original exciton. Our results demonstrate that the excitonic emission in few-layer CrSBr can be effectively 
manipulated by magnetic order, strain, and electrostatic doping.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0315822

The discovery of intrinsic FM order down to the monolayer limit 
has stimulated intensive research interest in both fundamental physics 
and potential spintronics applications in the 2D limit.1–9 The 
magneto-optical properties, magnetic excitations, and manipulation 
of magnetic order by pressure and electrostatic doping in van der 
Waals magnetic materials have been extensively investigated.10–14 

Recently, antiferromagnetic (AFM) semiconductor CrSBr has 
attracted a lot of attention due to many novel magneto-optical phe
nomena,15–20 including anisotropic exciton emission coupled with 
magnetic order,21–24 magnon–exciton coupling,23,25,26 and exciton- 
polaritons.27–29 Previous studies have demonstrated that both the 
energy and emission intensity of excitons can be modulated by the 
interlayer spin configuration.22,30 However, existing literature presents 

conflicting results regarding the layer-dependent spectral features of 
the high-energy exciton (Xh) at 1.37 eV. Farsane et al. reported that 
the exciton Xh exists in 2L CrSBr and splits in samples with three or 
more layers. In contrast, Shao et al. reported that Xh appears only in 
three- or more-layer CrSBr and assigned it as a surface exciton.30–32 

Moreover, the intensity of the excitonic emission is relatively low, 
which limits the application of CrSBr in opto-spintronics.33–36 

Therefore, developing efficient methods to manipulate the optical 
activity of these excitons and improve their emission intensity in 
CrSBr is crucial for its future applications in spin-based optoelec
tronic devices.

In this Letter, we present a systematic study on the excitonic 
emission of hBN-protected few-layer CrSBr. By employing cryogenic 
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PL and differential reflectance spectroscopy, a bright high-energy 
exciton peak (Xh) at around 1.37 eV can be observed in hBN- 
encapsulated 2L CrSBr samples. This peak splits into two peaks in 3L 
and 4L samples, which are associated with excitons from surface and 
interior layers.30 According to first-principles calculations, the high- 
energy exciton peak (Xh) is related to the transition between the 
second lowest conduction band and the top valence band, and this 
transition is forbidden by inversion symmetry in 1L CrSBr. By apply
ing inhomogeneous strain or constructing a heterojunction to break 
the inversion symmetry, the dark exciton Xh in 1L CrSBr can be 
brightened. In addition, by using electrostatic doping, the trions asso
ciated with the high-energy exciton Xh are observed, and the intensity 
of the trion in 3L CrSBr can be enhanced by more than 40 times com
pared to the original exciton through magnetic order.

Figure 1(a) displays the PL spectra of 1–4L CrSBr samples are 
protected by hBN encapsulation at 1.7 K. The PL spectrum of the 1L 
sample only shows one asymmetric, broad peak at around 1.34 eV 
labeled as Xl, which evolved into a more complex feature in 2–4L 
samples; this low-energy excitonic transition originates from the top
most valence band (v) and the lowest conduction band (c1) and has 
been demonstrated through a variety of experimental measure
ments.22,30,31 In sharp contrast, a narrow and strong excitonic emis
sion peak with a width of �3 meV at about 1.37 (eV labeled as Xh) 
can be resolved in the 2L sample, and it splits into two peaks with a 
separation of �5 meV (labeled as X0h) and Xh in the 3L and 4L 

samples. To confirm our observations, reflectance measurements are 
performed and the results are presented in Fig. 1(b). The high-energy 
excitonic transitions can be well resolved in differential reflectance 
spectra, which show excellent agreement with the PL spectra. In addi
tion, the high-energy excitonic transitions become the dominant fea
tures in the reflectance spectra for 3L and 4L samples.

In previous studies, the appearance and origin of the Xh exciton 
peak remained controversial.22,30–32 Farsane et al. reported that the 
Xh exciton appears in the PL spectrum of 2L samples and splits into 
two peaks in 3L samples,30 while other groups have reported that the 
Xh exciton only exists in 3L or more-layer samples.22,31,32 To investi
gate this issue, we prepared 2L and 3L CrSBr samples partially pro
tected by hBN and partially exposed to air. Figures 1(d) and 1(e) show 
the PL spectra of the 2L and 3L samples from the hBN-protected (vio
let) area and exposed (green) area, respectively. Obviously, air expo
sure strongly suppresses the emission of the Xh exciton: the Xh 
exciton peak completely vanishes in the 2L sample, and only a single, 
low-intensity peak remains in the 3L sample. Our results demonstrate 
that hBN protection is essential for obtaining intrinsic PL spectra of 
few-layer CrSBr.

We next investigated the temperature dependence of the PL 
spectra of few-layer CrSBr samples. A representative result of 2L 
CrSBr sample is shown in Fig. 1(c) (the rest results are provided in 
supplementary material Fig. S1). As the temperature increases, the Xl 
peak shows a slight blueshift and loses its intensity at around 80 K; the 

FIG. 1. Optical properties of hBN-protected few-layer CrSBr. (a) PL spectra of 1–4L CrSBr. For better illustration, the spectra are normalized with the maximum intensity. (b) 
Differential reflectance spectra of 1–4L CrSBr. 1L data are magnified threefold for clarity. PL spectra of 2L (c) and 3L (d) CrSBr with (violet) and without (green) hBN protec
tion. (e) PL spectra of 2L CrSBr as a function of temperature. The white dashed line represents TN (N�eel temperature) for 2L CrSBr. (f) Temperature dependence of the Xh 
peak position. Dark blue highlights the AFM regions (T < TN), while light blue indicates the paramagnetic regions.
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Xh peak displays a minor blueshift below 40 K and then a clear red
shift until the temperature approaches the N�eel temperature (TN) of 
140 K. The peak positions of Xh are extracted by Lorentzian fitting 
and plotted in Fig. 1(f). In addition, the Xh peak shows clear broaden
ing and a decrease in intensity above 40 K, and becomes broader and 
weaker above TN.

To reveal the origin of the high-energy excitons in few-layer 
CrSBr samples, we performed first-principles GW calculations (details 
in Methods) to obtain the electronic band structure of 2L CrSBr in 
the AFM state, as shown in Fig. 2(a). Due to the combined symmetry 
of time reversal and spatial inversion, the band structure is degenerate 
in spins, which is almost the same as that of 1L CrSBr except for spin 
degeneracy. According to our calculations, the Xl exciton is assigned 
to the transition between the top valence band (v) and the lowest con
duction band (c1) around the C point, which is a dipole-allowed tran
sition; the Xh exciton is assigned as the transition between the top 
valence band and the second lowest conduction band (c2). From our 
analysis, the transition v ! c2 is dipole-forbidden in 1L CrSBr due to 
spatial inversion symmetry, while this transition becomes dipole- 
allowed in 2L CrSBr because the AFM order breaks the inversion 
symmetry, as shown in Figs. 1(a) and 1(b).

For few-layer CrSBr, the intensity of the Xh exciton in the PL 
spectrum is similar to that of the Xl exciton, which is unusual because 
the c1 band is much more populated than the c2 band at low tempera
tures after excitation. To understand this phenomenon, the details of 
the c1 and c2 bands near the C point are magnified and plotted in 
Fig. 2(b), which shows that the minimum of the c2 band is right at the 
C point and a direct optical transition can occur between the c2 band 
and the v band, while the minimum of the c1 band is slightly away 
from the C point, and the transition between the c1 and v band is 
mostly indirect. Given the broadness of the Xl peak in the PL spectrum, 
it likely originates partially from indirect transitions and partially from 
direct transitions. In addition, the strong PL intensity of the Xh exciton 
in our protected CrSBr samples also requires a relatively slow relaxa
tion rate from the c2 band to the c1 band, while the Xh exciton is unde
tectable in the unprotected 2L CrSBr sample, which may result from 
the increased relaxation rate after air exposure [see Figs. 1(c) and 1(d)].

Now, we turn to understand the PL spectrum in few-layer CrSBr 
under a magnetic field. The relevant energy bands and corresponding 
transitions for 1L and 2L CrSBr are simplified and summarized in 
Fig. 2(d). For 2L CrSBr, the c1 and c2 bands split into two sub-bands 
after changing from the AFM to FM state under the applied magnetic 
field, and this band splitting reduces the bandgaps for v ! c1 and v 
! c2. Consequently, both Xl and Xh excitons display redshifts during 
the transition. Moreover, the FM order does not break inversion sym
metry and the transition v ! c2 becomes dipole-forbidden in the FM 
state, which is consistent with the observed significant decrease in 
intensity of the Xh exciton. Furthermore, the band splitting decreases 
the separation between the c2 and c1 sub-bands and hence increases 
the relaxation rate of c2 ! c1, which might be another important rea
son for the intensity decrease of the X0h and Xh. In addition, the Xh 
exciton is still observable in the FM state as shown in Fig. 2(e), which 
means that the inversion symmetry breaking might not originate 
solely from the AFM magnetic order in 2L CrSBr and that interlayer 
mechanical coupling could be another possible reason.

Based on our analysis, the Xh exciton should also exist in 1L 
CrSBr as dark excitons due to inversion symmetry. To confirm our 

theory, we fabricated a 1L CrSBr sample on a SiO2/Si substrate with a 
SiO2 nanoparticle (diameter is about 1 lm) underneath the sample, as 
shown in Fig. 3(a). The adhesion between the sample and substrate 
produces inhomogeneous strain in CrSBr around the nanoparticle, 
which breaks its spatial inversion symmetry. The PL spectra of the 1L 
CrSBr sample were measured near (point B) and away from (point A) 
the nanoparticle and plotted in Fig. 3(b). The Xh exciton becomes a 
bright after inversion symmetry breaking. This result clarifies the 

FIG. 2. (a) The electronic band structure of 2L CrSBr calculated using the GW 
method. (b) Enlarged band structure of two conduction bands near the C point, 
highlighting the conduction band minima of the first (CBM1) and second (CBM2) 
lowest conduction bands. (c) The spatial inversion symmetry in 1L and 2L CrSBr. 
(d) Optical transitions of 1L and 2L CrSBr in AFM and FM states. The solid lines 
with arrows denote dipole-allowed transitions, while the dashed lines with arrows 
indicate the dipole-forbidden transitions. (e) PL spectra of 2L CrSBr in the AFM 
and FM states.
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conflicting symmetry assignment of the c1 and c2 bands and demon
strates that the Xh exciton emission of 1L CrSBr can be modulated by 
controlling its symmetry.

Furthermore, by an fabricating hBN-protected 1L CrSBr/ 
CrCl3 heterojunction, the Xh exciton emission from 1L CrSBr can 
also be observed, as shown in Fig. 3(c). This observation can be 
understood by inversion symmetry breaking due to different inter
face interactions. To exclude alternative origins of the Xh exciton 
peak (e.g., from the 2L CrSBr), we measured the PL spectrum of the 
heterojunction under an external magnetic field up to 6T 
[Fig. 3(d)]. In contrast to the distinct peak redshifts and intensity 
decreases in the 2L sample [Fig. 2(e)], the PL spectra show no 
marked change in the 1L CrSBr/CrCl3 heterojunction. Our results 
unambiguously demonstrate that the high-energy exciton Xh exists 
in 1L CrSBr as a dark exciton, which can be turned into a bright 
exciton by breaking inversion symmetry.

In addition to the brightening of the dark exciton in 1L CrSBr 
via strain and heterojunctions, modulation of the excitonic emission 
efficiency is also of great significance for advancing opto-spin
tronics.35,36 In the following, we demonstrate the significant enhance
ment of the PL intensity by electrostatic gating in 3L CrSBr. We first 
fabricated a single-gated CrSBr device with its schematic side view 
shown in Fig. 4(a). The heterostructure is composed of a 3L CrSBr 

flake with a graphite contact, two hBN flakes as the protection layers, 
and a graphite top gate (see Methods). Figure 4(b) shows the evolu
tion of the PL spectrum with the applied gate voltage (VG) measured 
at 0 T. As VG is continuously swept from −3 to þ18 V, the emissions 
of the Xh and X0h excitons are gradually suppressed and two new exci
tonic peaks gradually emerge about 20 meV below the Xh and X0h 
excitons. These peaks display a slight redshift with increasing VG and 
are assigned as the negatively charged Xh and X0h excitons (trions), 
labeled as XT and X0T, which is different from the previously reported 
single trion observed in 3L CrSBr.30 To further confirm our assign
ment of the trions, we performed magneto-PL experiments with the 
gate voltage kept at 0 and þ13 V and the results are shown in Figs. 
4(c) and 4(d) and the supplementary material S4. The trion XT (X0T) 
displays the same dispersive behavior as the exciton Xh (X0h), while 
the trion X0T (the exciton X0h) is more dispersive than the trion XT (the 
exciton Xh). These results unambiguously demonstrate the origin of 
the trions.

As shown in Fig. 4(b), the trion XT displays increasing inten
sity with increasing gate voltage VG and similar maximal intensity 
to the exciton Xh, while the intensity of the trion X0T is much higher 
than that of the exciton X0h and is maximized at around 13 V. 
Furthermore, by tuning the AFM order into the fully polarized FM 
order through the magnetic field along the c-axis, the trion X0T 

FIG. 3. Brightening of the dark exciton in 1L CrSBr. (a) Schematic illustration of strained 1L CrSBr device. NP denotes the nanoparticle. (b) The PL spectra of the intrinsic 
and inhomogeneously strained 1L CrSBr sample. The inset displays the optical image of the strained 1L CrSBr sample with marked measurement positions. (c) The PL 
spectra of the isolated 1L CrSBr (green) and 1L CrSBr/CrCl3 heterojunction (violet). The thickness of CrCl3 is around 3–5 nm. (d) Magnetic field dependence of the PL inten
sity of the 1L CrSBr/CrCl3 heterojunction.
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displays a substantial intensity enhancement and the intensity satu
rates at the FM state as shown in Fig. 4(d), while the intensity of the 
trion XT is suppressed by the applied magnetic field. To further 
explore the intensity enhancement effect, we performed the electro
static gating experiment in the FM 3L CrSBr sample and the results 
are plotted in Fig. 4(e). The trion X0T arises and intensifies sharply 
as VG increases until it approaches its maximum at around 13 V. 
However, its intensity is suppressed with further increase in the 
gate voltage VG, which may be due to the high electric field- 
induced trion dissociation. The original excitons and the trion XT 
merge into the background due to the high intensity of the trion 
X0T. For a better illustration, Fig. 4(f) shows the PL spectra with 
increasing voltage, and the intensity of the negatively charged trion 
X0T can reach more than 40 times that of the original exciton X0h. 
We attribute this extraordinary enhancement to an energy cross
over between X0T and the low-energy exciton Xl. Initially, X0T lies 
slightly above Xl in energy [Fig. 4(b)]. With increasing VG, X0T red
shifts and the energy difference between X0T and Xl almost vanishes 
[Fig. 4(b)]. On applying the magnetic field, X0T undergoes a larger 
redshift than Xl [Figs. 4(c) and 4(d)], ultimately dropping below it. 
This energy crossover facilitates efficient population transfer into 
X0T , thereby dramatically boosting its emission intensity. In addi
tion, our electrostatic gating measurements on 2L and 4L devices 
further support our explanation (see Fig. S5 in the supplementary 
material). The PL intensity increases by eight times for the 2L 
device and by 40 times for the 4L device. In 2L CrSBr, only the trion 
XT (the charged Xh exciton) is present; while in 4L CrSBr, both tri
ons XT and X0T exist. The energy of trion X0T exhibits a larger red
shift with magnetic field than that of the trion XT, which leads to 

the 3L and 4L samples showing greater PL intensity enhancement 
than the 2L sample.

In summary, we have systematically studied the high-energy 
exciton Xh emission in hBN-protected few-layer CrSBr, which origi
nates from the transition between the second lowest conduction band 
and the top valence band. This Xh exciton emission is optically forbid
den by inversion symmetry in 1L CrSBr but can be brightened in 
unevenly strained samples. The high-energy exciton Xh splits into two 
excitons Xh and X0h in 3L and more-layered samples. By using electro
static doping, we observed two trions XT and X0T associated with the 
excitons Xh and X0h in the 3L CrSBr sample. By tuning the CrSBr sam
ple into FM state, the trion X0T shows an enhanced intensity more 
than 40 times that of the original exciton, which could be explained 
by the energy crossover between the trion X0T and the exciton Xl. Our 
results highlight the manipulation of excitonic emission in few-layer 
CrSBr by magnetic order, strain, and electrostatic doping, which may 
be useful in future opto-spintronic devices.

See the supplementary material for more details on experiments 
and computations, temperature-dependent PL, magneto-PL of few- 
layer CrSBr samples, magnetic field-dependent PL energies of exci
tons and trions, and electrostatic doping-induced enhancement of PL 
intensity in 2L and 4L CrSBr.
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FIG. 4. (a) Schematic of the gated 3L CrSBr device. (b) PL spectra of 3L CrSBr as a function of the gate voltage VG. PL spectra as a function of the magnetic field with a 
gate voltage VG of 0 V (c) and 13 V (d), respectively. (e) and (f) PL spectra of 3L CrSBr under a magnetic field of 2.5 T as a function of the gate voltage VG. The intensity of 
the trion X0T can reach more than a 40-fold enhancement.
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