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Large exciton binding energy in a bulk van
der Waals magnet from quasi-1D electronic
localization

Shane Smolenski 1, Ming Wen2, Qiuyang Li 1, Eoghan Downey1, Adam Alfrey3,
Wenhao Liu 4, Aswin L. N. Kondusamy5, Aaron Bostwick 6, Chris Jozwiak 6,
Eli Rotenberg 6, Liuyan Zhao 1, Hui Deng 1, Bing Lv 4,5, Dominika Zgid1,2,
Emanuel Gull 1 & Na Hyun Jo 1

Excitons, bound electron-hole pairs, influence the optical properties in
strongly interacting solid-state systems and are typically most stable and
pronounced in monolayer materials. Bulk systems with large exciton binding
energies, on the other hand, are rare and themechanisms driving their stability
are still relatively unexplored. Here, we report an exceptionally large exciton
binding energy in single crystals of the bulk van der Waals antiferromagnet
CrSBr. Utilizing state-of-the-art angle-resolved photoemission spectroscopy
and self-consistent ab-initio GW calculations, we present direct spectroscopic
evidence supporting electronic localization and weak dielectric screening as
mechanisms contributing to the amplified exciton binding energy. Further-
more, we report that surface doping enables broad tunability of the band gap
offering promise for engineering of the optical and electronic properties. Our
results indicate that CrSBr is a promising material for the study of the role of
anisotropy in strongly interacting bulk systems and for the development of
exciton-based optoelectronics.

Excitons are energetically favorable bound states of excited elec-
trons and holes with an energy less than the single-particle (elec-
tronic) band gap. This energy difference between the exciton energy
and the electronic gap is the exciton binding energy. Since excitons
are bound by the Coulomb interaction, the binding energy can pri-
marily be enhanced by weak dielectric screening and charge
localization1–8. Strong interactions, manifested by large exciton
binding energies, can stabilize excitons up to room temperature9 and
enhance the associated emergent phenomena, such as exciton
condensates10 and charged excitons11. In addition to stabilization,
large binding energies lead to enhanced absorption, sharp spectral
emission, and electrical tunability12, all of which are promising
properties for next-generation optoelectronic applications,

including photovoltaics13 and single photon emitters14. These large
exciton binding energies are most prevalent in monolayer materials,
namely monolayer transition metal dichalcogenides (TMDs) where
binding energies exceed 500 meV, because of reduced dielectric
screening and geometrical confinement1,4,7–9. Bulk materials, with
significantly stronger screening environments, typically host exci-
tons with binding energies orders of magnitude lower4 yet would
provide a platform on which to explore the role of dimensionality in
many-body interactions. In theory, bulk materials with strong Cou-
lomb interactions encouraged by anisotropy could overcome this
limitation15,16. Particularly, van der Waals magnets, in which aniso-
tropy is necessary to stabilize magnetic order down to the 2D limit17

and which host exotic quasiparticle interactions18, could thus provide
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promising materials in which to detect tightly bound bulk excitons
and explore their rich many-body physics.

Among 2D magnets, CrSBr stands out as a highly promising can-
didate due to its strong optical response and pronounced anisotropy.
CrSBr is a van der Waals antiferromagnet that crystallizes in the
orthorhombic space group Pmmn (space group number 59) with lat-
tice parameters a = 3.50Å, b = 4.75 Å, and c = 7.94 Å near T = 200 K19,20.
Its structure is comprised of van der Waals layers in the ab plane with
each layer consisting of two buckled CrS sheets capped by Br (Fig. 1a).
The corresponding Brillouin zone is shown in Fig. 1b. Below the bulk
Néel temperature TN = 132 K, CrSBr develops A-type antiferromagnetic
(AFM) order where the Cr magnetic moments couple ferromagneti-
cally within the ab plane but antiferromagnetically in the stacking
directionwith the b-axis being the easy axis19,21. Themonolayer has also
been proven to remain stable in air and exhibits ferromagnetic
ordering within the plane below 146 K 20,22. Moreover, an extraordinary
phase transition, which is indicative of weak interlayer coupling, has
been revealed in bulk CrSBrwhere the surface transitions into the AFM
state at 140 K while the bulk transitions at 132 K23. Importantly, CrSBr
exhibits a large optical response arising from Wannier excitons with
binding energies predicted to be between 500–900 meV for the
monolayer24,25. Correspondingly, a large exciton-photon coupling
strength of ~20 meV per monolayer was measured in 2D CrSBr
polaritons26. Coupling between charge, spin, and lattice further
demonstrates the presence of rich quasi-particle interactions24–28.
Alongside structural and magnetic anisotropy, calculations and elec-
trical transport measurements suggest that the electronic structure
exhibits strong electronic anisotropy in the form of a quasi-one-
dimensional (quasi-1D) conduction band25,29. This is also well captured
by our self-consistent GW (scGW) calculation on monolayer CrSBr
shown in Fig. 1c. From these optical and computational results, it has
been suggested that CrSBr hosts tightly-bound quasi-1D exctions24,25,30.
However, direct experimental observation of these remarkable exci-
tonic properties and their underlying mechanisms has not yet been
realized.

In this study, we report the direct measurement of an excep-
tionally large exciton binding energy in single crystals of CrSBr
through angle-resolved photoemission spectroscopy (ARPES) and
opticalmeasurements.We attribute the large binding energy to strong
charge localization due to electronic and structural anisotropy as well
as enhanced Coulomb interactions from diminished dielectric

screening, confirming the inferences from optical and computational
results. To our knowledge, this is the first direct measurement of a
large exciton binding energy in a 2Dmagnet.We alsodemonstrate that
the introduction of surface dopants can reduce the band gap and thus
tune the electronic and optical properties. Through our study, we shed
light on the role of anisotropy in the stabilization and tunability of
many-body interactions in bulk excitonic materials.

Results
To evaluate the exciton binding energy, we must compare the elec-
tronic gap (Eg, the energy necessary to separately create an electron
and a hole) with the optical gap (Eo, the energy necessary to create a
bound electron-hole pair). We first investigated the optical gap
through reflection and photoluminescence (PL) measurements. At
40K, both reflection and PL data show strong, narrow features and
reveal the optical gap to be 1.362 eV (Fig. 1d and Supplementary
Note 1). The good agreement between the PL and reflection data
suggests that we are probing the direct transition at Γ.

We next explored the electronic gap by performing ARPES mea-
surements on single crystals of CrSBr. Figure 2a, b show the band
dispersion of pristine CrSBr at T = 192K along the high symmetry
directions Γ −Xand Γ−Y, respectively.Note that high symmetry points
are designated based on photon energy scans and iso-energy plots at
high binding energies (Supplementary Note 2). The relatively high
temperature was chosen to avoid charging effects seen below TN
although low-temperature measurements confirm that the key fea-
tures do exist at lower temperatures as well (Supplementary Note 3).
The shape of the band structure along the high symmetry directions is
in strong agreement with previously published ARPES data31 and our
scGW calculations (Fig. 2e, f). All of these results corroborate the
insulating nature of the material, as evidenced by the lack of intensity
at the Fermi level EF. It should be noted that while our calculations
predict a valence band maximum (VBM) at Γ, we do not immediately
observe this in the ARPES data due tomatrix element effects in the first
Brillouin zone31. However, the maximum at Γ can be observed in the
second Brillouin zone and we thus determine the VBM to be at an
energy of 1.84 eV below EF (Supplementary Note 4). Since we do not
observe the conduction band in our pristine samples, this implies that
the electronic gap is greater than 1.84 eV. The minimum gap size
estimate of 1.84 eV is derived from high-temperature data, which does
not exhibit the charging issues present at lower temperatures.
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Fig. 1 | Structural, electronic, and optical properties of CrSBr. a Three-
dimensional representation of the real-space crystal structure of CrSBr, created
with the VESTA software package69. The pink rectangular prism represents the unit
cell. b The corresponding Brillouin zone of CrSBr with high symmetry points

labeled. c Self-consistent GW calculations of the electronic band structure of
monolayer CrSBr along high symmetry directions in the ΓXSY plane. d Reflection
contrast and photoluminescence spectra of bulk CrSBr at 40K. Features in the two
spectra are in excellent agreement, revealing an optical gap at Γ of 1.362 eV.
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Importantly, however, low-temperature measurements are able to
demonstrate that this lower bound (i.e. minimum possible value) on
the electronic band gap does not decrease at either 97 K or 40 K
(Supplementary Note 3) and that changes to the band structure are
minor, in agreement with theory25. This establishes the electronic gap
to exceed 1.84 eV at 40K. This measure of the lower bound on the
electronic gap is larger than the gapof 1.5 ± 0.2 eV foundwith scanning
tunneling spectroscopy (STS)21,25 and contains significantly less
uncertainty. Additionally, previous bulk ARPES measurements found
the VBM to be at 1.51 eV below EF, also with no observation of the
conduction band, and thus established 1.51 eV as a lower bound of the
electronic gap31. Yet, due to significant charging at low temperatures,
the authors speculated that the gap is likelymuch larger than 1.51 eV31.
Our ARPESmeasurements are able to establish a larger lower boundon
the electronic gap because our sample is heavily n-doped, as evi-
denced through comparison to our calculations. This eliminates (or
significantly reduces) charging effects in our samples (Supplementary
Note 5). This n-doping arises from our growth procedure where the
high vapor pressure helps reduce halide vacancies.

Because our sample is heavily n-doped, we expect the conduction
band to be just above EF. Therefore, it is likely that the conduction
band can be detected through in-situ alkali metal surface doping
(dosing), a procedureexpected to donate electrons to the system, thus
raising the Fermi level and causing a rigiddownwardenergy shift of the
bands. Using potassium (K) as our dopant, we performed five rounds
of dosing to reach a surface dopant density of 0.35 electrons per unit
cell (Supplementary Notes 6 and 7). The successful dosing of K is
confirmed through thegrowthof theK3p corepeakat ~19 eVbelow EF,
as shown by the vertical dashed line in Fig. 2g. More importantly, a

feature arises at EF upon dosing, highlighted by the black arrows in
Fig. 2g. To explore this feature more closely, we present the high
symmetry band dispersion along Γ − X and Γ − Y for fully dosed (0.35
electrons per unit cell) bulk CrSBr in Fig. 2c, d. In the dosed sampleswe
observe a band near EF that is nearly flat along kx but highly dispersive
along ky. By comparing the dispersion to our scGW calculations, we
conclude that this feature is the conduction band and not from other
sources such as degenerate defect states. We observe that the
experimental band gap is indirect, as the conduction bandminimum is
located at the X point, ~50 meV lower than at Γ (Supplementary
Note 8). Note that, despite the indirect gap, the dominant optical
response is due to the transition at Γ24,32. Additionally, we observe that,
besides broadening, the shapes of the valence bands remain qualita-
tively similar upon K dosing but that the energy of the top valence
band has increased while the energies of the lower valence bands
remain roughly unchanged. As the conduction band shifts downward
while the valence band shifts upward, we necessarily observe a
reduction in the band gap as a function of K dosing (Fig. 2h). This
evolution diverges from the expected rigid downward band move-
ment and fixed band gap.

Discussion
Thus, our ARPES experiments have unveiled three notable findings: (1)
a substantial band gap exceeding 1.84 eV; (2) a highly anisotropic
conduction band; and (3) an anomalous evolution in the band gap
upon K dosing. We now explore the implications of each of these
observations. First, it is evident that CrSBr hosts tightly bound exci-
tons. Comparing the values of Eo to the lower bound of Eg extracted
from our ARPES data, we establish the exciton binding energy
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gap as a functionof K dosing (h). Error bars indicate estimated error in determining
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(Eb = Eg − Eo) in single crystal CrSBr to be greater than 478 meV. An
exciton binding energy of this magnitude is significantly larger than
other bulk inorganic semiconductors1,4,8,33–44, including bulk TMDs
(Fig. 3). Rather, this lower bound on the exciton binding energy

roughly follows the universal trend of monolayer semiconductors
where Eb =

1
4 Eg

45, suggestive of the strong van der Waals character of
bulk CrSBr.

To explore the physical mechanisms for this exceptionally large
bulk exciton binding energy, we examine the evolution of the elec-
tronic structure upon K dosing. First, we analyze the significant ani-
sotropy of the conduction band to understand charge localization.
Figure 4a presents the iso-energy plot in the ΓXSY plane at an energy
corresponding to the conduction band at Γ (0.29 eV below EF). The
presence of a single stripe-like feature that is extended along kx and
truncated along ky directly confirms the in-plane anisotropic nature of
the conduction band. This feature is in excellent agreement with our
scGW calculation (Fig. 4b). Additionally, we observe a stripe-like fea-
ture extended along kz and truncated along ky, indicating a relatively
flat conduction band along the kz direction (Supplementary Note 7).
From these observations along with Fig. 2c, d, it is evident that the
conductionband exhibits quasi-1D characteristics.While suchquasi-1D
nature has been theoretically predicted and inferred through electrical
transport andopticalmeasurements24,25,29, this presents the first direct,
momentum- and energy-resolved confirmation of the quasi-1D elec-
tronic structure in bulk CrSBr.

We quantify this observed anisotropy by fitting the peaks of the
energy dispersion curves (EDCs) along Γ − X and Γ − Y to extract the
effective mass of the electrons in the vicinity of Γ (Fig. 4c). We report
experimental electron effective masses of m*

x = 12:26me (3.58 me, cal-
culated) and m*

y =0:48me (0.22 me, calculated), where me is the free
electron mass. These values correspond to an effective mass ratio of
m*

x
m*

y
=25:63 (16.43, calculated). The discrepancy between experimental

and calculated values is likely due to strong correlation effects outside
the scope of our calculations. This effective mass anisotropy is large,
even among other known quasi-1D materials46. Notably, the mass ani-
sotropy is significantly greater than previous reports of m*

x
m*

y
=6:50 in

exfoliated CrSBr47, likely due to substrate effects in exfoliated CrSBr.
Furthermore, calculations reveal significant anisotropy in the valence
band as well with hole effective masses of m*

x =3:75me and
m*

y =0:17me which correspond to a ratio of m*
x

m*
y
= 22:32.
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This effectivemass anisotropy in both the conduction andvalence
bands is indicative of localization of the charge carriers. To confirm
this charge localization, we calculated the real-space densities of the
dominant orbitals comprising the lowest conduction and highest
valence band (Fig. 4d, e). We observe a strong charge localization
along the crystallographic b-axis, consistent with previous
calculations25 andour observations in the electronic structure.We thus
confirm the robust confinementof charge carriers along 1Dchannels in
bulk CrSBr. Crucially, spatial confinement, typically arising from geo-
metric origins, is known to enhance exciton binding energy in van der
Waals semiconductors1,4,5,7. Therefore, we argue that the charge loca-
lization arising from the quasi-1D electronic structure contributes to
the tightly bound excitons observed here in CrSBr. Notably, this
localization arises from electronic anisotropy, potentially offering
insight into the mechanisms enabling the existence of tightly bound
excitons in a bulk material.

We next examine the anomalous evolution of the electronic band
structure upon K dosing. From Fig. 2a–d, it is clear that in the K-dosed
dispersion the conduction band has shifted downward in energy while
the valence band has shifted upward, relative to the pristine bands. By
measuring the conduction and valence band positions as a function of
Kdosing,we track this evolutionmore closely (SupplementaryNote 7).
We observe that the conduction band suddenly appears after the first
dosing round (0.07 electrons per unit cell). It then proceeds to shift
only slightly downward in energy upon further dosing. In contrast, the
valence band initially shifts downward before gradually moving
upward. Importantly, we observe a significant reduction in the direct
gap at Γ from greater than 1.84 eV down to 1.65 eV at a dosing level of
0.07 electrons per unit cell before a roughly linear reduction down to
1.39 eV at 0.35 electrons per unit cell (Fig. 2h). This tunability of the
band gap with K dosing is consistent within multiple samples.

We now discuss the physical explanations for this anomalous
behavior. We first rule out the possibility of negative electronic com-
pressibility (NEC), a decrease of the Fermi level upon an increase in
carrier density, as we do not observe an upward energy shift in neither
thedeep valence bands nor the core levels48 (Fig. 2a–d, g and the traces
for Sample 1 in Supplementary Fig. 6). Additionally, the evolution
cannot be explained by the intercalation of K atoms as the K 3p core
peak maintains its sharp line shape throughout the entire dosing
process49 (Supplementary Note 7). Instead, we propose that the
anomalous band evolution and reduction of the gap are most likely
due to carrier-induced band gap renormalization (BGR) and the sur-
face Stark effect (SSE).

First, BGR is a well-documented effect where the introduction of
free carriers alters the screening environment and causes a sharp
decrease in the electronic gap50,51. Notably, this effect is theorized to be
most pronounced for low doping levels and for a high density of states
of the free carriers51. Indeed, our data demonstrate a large band gap
reduction upon light K dosing and the quasi-1D nature of the con-
duction band supports a large electronic density of states. Further-
more, previous ARPES studies on low-dimensional CrSBr exfoliated on
Au and Ag report band gaps of only 1.14 and 1.18 eV47, respectively,
which, we argue, is suggestive of substrate-induced BGR. Similar to the
addition of free carriers, a substrate can drastically alter the screening
environment of exfoliated flakes, reducing electron-electron interac-
tions and causing a sharp drop in the electronic gap. The observation
of this substrate-induced effect suggests that the analogous carrier-
induced BGR may also be observed in CrSBr. Additionally, a similar
evolution of the valence and conduction bands has been observed in
K-dosed WS2/h-BN where the increase in screening from the filling of
the conduction band is found to be responsible for the band
renormalization52. This is consistent with our BGR description of the
band normalization we observe in CrSBr. Thus, we ascribe the sudden
emergence of the conduction band and immediate decrease in gap
size to carrier-induced BGR.

The linear upward shift in the valence band and the resultant
reduction in band gap for dosing levels greater than0.07 electrons per
unit cell can then be explained by the SSE (Fig. 2h and Supplementary
Note 7). The SSE is a phenomenon whereby a vertical electric field
localizes the conduction and valence electrons at different potentials
in real space which results in a renormalization of the band gap53,54.
Notably, this effect has been throughly demonstrated in alkali metal-
dosed van derWaalsmaterials44,55 where the ionized alkalimetal atoms
on the surface are responsible for the vertical electric field. Further-
more, previous theoretical work has demonstrated that an external
vertical electric field applied to CrSBr is capable of creating the strong
real-space separation of the conduction and valence electrons neces-
sary to produce the SSE56. Additionally, the band gap reduction from
the SSE is expected to be linear as a function of electric field for large
fields53,54, in agreementwith our ARPES data (Fig. 2h).We also note that
competition between the chemical potential shift and the SSE has been
previously reported and can explain the initial downward movement
of the valence band55.

Importantly, large contributions from both carrier-induced BGR
and SSE are indicative of weak dielectric screening and strong 2D
character44,50–52,57. This strong 2D character and related weak screening
observed in bulk samples of CrSBr can be understood through the
highly anisotropic electronic structure. In tandem with the formation
of in-plane quasi-1D chains of electron density, weak interlayer cou-
pling driven by the orbital contents of the lowest energy conduction
band and highest energy valence band contributes to out-of-plane
localization. Specifically, these bands have minimal contribution from
Br orbitals (<10% Br any orbital, <5% Br pz) throughout the Brillouin
zone, as deduced from our scGW calculations (Supplementary Note 9)
and visible in Fig. 4d, e. SinceBr atoms formcapping layerson eachvan
der Waals sheet, the lack of Br pz orbital contribution results in wea-
kened interlayer coupling and, consequently, out-of-plane localization
and reduced screening25. Compared to MoS2, a TMD with weak con-
tributions from S pz orbitals near K ( <6%) but significant contributions
near Γ (28%)58, CrSBr demonstrates even weaker interlayer coupling
and thus the electronic properties are less affected by the inclusion of
additional layers, enabling weak screening even in the bulk. Crucially,
weak dielectric screening strengthens Coulomb interactions and has
been shown to contribute significantly to large exciton binding ener-
gies in 2Dmaterials2–8. Thus, the largeobserved excitonbinding energy
in bulk CrSBr can be further explained by weak dielectric screening
arising from the anisotropic electronic structure. Additional experi-
ments exploring the effects of doping and externally-applied electric
fields can further establish the role of BGR and SSE in CrSBr.

We therefore determine that bulk CrSBr hosts tightly bound
excitons due to quasi-1D charge localization and weak dielectric
screening. The key role of the anisotropy, both structural and elec-
tronic, provides optimism that large exciton binding energies can be
found in other highly anisotropic bulk van der Waals systems. Parti-
cularly, other van der Waals magnets, where predictions of extra-
ordinarily large exciton binding energies in CrBr3, CrI3, and MnPS3
have already beenmade6,59, could provide additional systems in which
to study the dimensionality of excitons. The band gap tunability upon
surface doping also presents a method to easily adjust the electronic
and optical properties of CrSBr, an effect that opens possibilities for
both the further study of many-body physics and the development of
semiconductor devices.

Methods
Crystal growth
CrSBr single crystals were synthesized via the direct solid-vapor
method following the one we described before20. Chromium powder
(Cr, Alfa Aesar, 99.97%), sulfur powder (S, Alfa Aesar, 99.5%), and
solidified Br2 were loaded into a clean quartz ampoule in an atomic
molar ratio of 1:1.1:1.2, then sealed under vacuum using a liquid
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nitrogen trap. The sealed ampoule was gradually heated to 930 °C,
maintained at this temperature for 20 hours, and then slowly cooled to
750 °C at a rate of 1 °C per hour followed by the furnace cooling to
room temperature. Large CrSBr single crystals formed naturally at the
bottom of the ampoule, while a small amount of CrBr3 appeared at the
top of the ampoule and was easily separated from the CrSBr crystals.

Optical measurements
Reflection contrast (RC) and photoluminescence (PL) spectroscopies
were conducted by real-space imaging of the sample. The sample was
kept in aMontana Fusion system for temperature control. An objective
lens with a numerical aperture (NA) of 0.42 was used for both focusing
and collection. A supercontinuum white light laser (NKT Photonics,
SuperK) with a beam size of ~2 μm in diameter was used as the white-
light source for RCmeasurements. A continuous-wave solid-state laser
at 532 nmwith a power of 100μWand abeamsize of ~2μmindiameter
was used as a pump for PL measurements. The collected signals were
detected by a Princeton Instruments spectrometer with a cooled
charge-coupled camera.

ARPES measurements
All ARPES measurements were performed at Beamline 7.0.2 (MAES-
TRO) of the Advanced Light Source. The beamline is equipped with a
R4000 spectrometerwith deflectors that enable data collection across
the full Brillouin zone without moving the sample. Bulk CrSBr crystals
weremounted onCupuckswith EpotekH20E silver epoxy and cleaved
in situ at vacuum better than 5 × 10−11 mbar. All measurements with
fixed photon energywere performedwith 83-84eV photonswith linear
horizontal polarization. The beam spot size was 15 μm x 15 μm. Para-
magnetic measurements were performed at temperatures of 192K,
195K, and 195K for Sample 1, Sample 2, and Sample 3, respectively
while antiferromagnetic measurements (Supplementary Note 3) were
performedonSample 1 at a temperatureof 97K andona fourth sample
at roughly 40K (Supplementary Note 3). Potassium dosing experi-
ments were performed by evaporating potassium onto the cleaved
CrSBr surface in situ from a SAES getter source such that the sample
was not moved from the measurement position. The level of potas-
sium adsorption was estimated using Luttinger’s theorem (Supple-
mentary Note 6).

Self-consistent GW calculations
Self-consistentGW calculations were performed on theMatsubara axis
using a finite-temperature Gaussian-orbital based self-consistent
Green’s function solver60–62. Calculations used the gth-szv-molopt-sr
basis set63 with the gth-pbe pseudopotential64.

Self-consistent GW iterations were initialized with a density
functional calculation using the PBE functional65, using the pyscf66

software package, and iterated to self-consistency.
Results were converged on theMatsubara axis using convergence

acceleration67. Results were then analytically continued to the real
frequency axis using Nevanlinna analytical continuation68.

The results shown here are obtained in a monolayer geometry
using a periodic k-space mesh of size 6 × 8 × 1. Supporting Materials
present additional details regarding the symmetrized atomic orbital
decomposition, charge density calculation, and 2-D density of state
iso-energy surface.

Data availability
Relevant data for the work are available at the Deep Blue Repositor-
ies:DOI: 10.7302/8rxk-b929. Further information are available from the
corresponding author upon reasonable request.

Code availability
The MIT-licensed open source code GREEN is available at https://doi.
org/10.5281/zenodo.12541090.
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