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ABSTRACT: In thin layers of the 2D magnetic semiconductor CrSBr,
very recent studies identified two distinct band-edge optical resonances,
believed to arise from distinguishable bulk and surface excitons. This
behavior reportedly originates from the highly anisotropic nature of
CrSBr—particularly in its antiferromagnetic state—where excitons are
effectively confined within individual monolayers, such that excitons in
the two surface layers “see” a different local dielectric environment and
have a lower resonance energy. To explore this scenario, here we
investigate optical absorption properties of few-layer CrSBr in magnetic
fields. In addition to the fundamental exciton resonance at ~1.36 eV, we
observe an absorption resonance ~20 meV lower in energy. Compared to
the fundamental transition, this resonance redshifts only half as much in
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small magnetic fields that induce ferromagnetic order, while in high fields to S5 T it exhibits a smaller diamagnetic shift. Both
behaviors point to distinguishable populations of bulk and surface excitons in CrSBr.
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mong the emerging families of two-dimensional van der

Waals (vdW) magnets,'~* the magnetic semiconductor
CrSBr has focused particular interest owing to its stability in
air, direct optical bandgap in the near-infrared, and variety of
magnetic phases (antiferromagnetic, ferromagnetic, para-
magnetic) that are readily tuned with temperature and
magnetic field.”~'" Moreover, CrSBr couples strongly to light
and hosts tightly bound electron—hole pairs (excitons) whose
properties are intimately tied to the underlying magnetic
order.”'°7'® CrSBr therefore provides a natural platform for
investigating the interplay between spin, charge, and light in
atomically thin materials.

Individual monolayers of CrSBr comprise two planes of CrS
sandwiched between Br atoms (see Figure la). Owing to its
highlﬁy anisotropic crystalline and electronic band struc-
ture,”*”' V117 optically allowed transitions at the CrSBr

band-edge are linearly polarized along the in-plane b axis, and
excitons have an elongated (cigar-like, nearly 1D) shape that is

stretched along b but tightly localized along the in-plane @ axis
and the out-of-plane ¢ axis. Crucially, excitons are largely
confined within individual CrSBr monolayers due to weak
interlayer coupling, because the band-edge conduction and
valence bands are composed primarily of Cr and S orbitals,
with little admixture of Br.*®’ This intralayer confinement is
strongest in the A-type antiferromagnetic phase below Ty ~
133K, wherein all Cr spins within each monolayer align
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ferromagnetically along +b, while spins in neighboring
monolayers orient in the antiparallel direction.'® The opposite
Cr spin orientation in neighboring layers further suppresses
interlayer hopping of band-edge electrons and holes.

A very interesting consequence of this intralayer confine-
ment is that excitons residing in the two surface monolayers of
a CrSBr crystal (layers 1 and N in an N-layer sample) may be
spectrally distinguishable—and may exhibit fundamentally
different properties—in comparison to excitons confined to
the internal “bulk-like” layers within the crystal (layers 2
through N — 1). This is because, as depicted schematically in
Figure la, electrons and holes confined to the surface layers
“see” a different local dielectric environment, which leads to a
different exciton binding energy E,, a locally modified free-
particle bandgap E,, a different exciton resonance energy (E, —
Ey), and a different exciton size. The strong influence of local
dielectric environment on these exciton properties has been

explored, both theoretically'”™>* and experimentally,”*™>’ in
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Figure 1. (a) Ilustration of bulk and surface excitons (Xjyjo Xeu¢) in a
hBN-encapsulated N-layer CrSBr sample. Excitons are largely
confined within individual monolayers, due to weak interlayer
coupling. Excitons in surface layers see a different local dielectric
environment due to the neighboring hBN (eypx < €c,sp,), leading to
weaker screening and slightly different resonance energy. Blue, yellow,
and red spheres denote Cr, S, and Br atoms, respectively. (b)
Schematic of the sample-on-fiber assembly, which enables absorbance
spectroscopy of exfoliated vdW materials in high (pulsed) magnetic
fields (see main text). (c) Photograph of an encapsulated 4L CrSBr
sample, affixed over the fiber’s S ym diameter core (green $32 nm
light, used for alignment, is coming through the fiber core and
sample). (d) The optical absorption spectrum, calculated as —In(T/
T,), of this 4L CrSBr sample at low temperature (4 K) and at zero
magnetic field (B = 0), using linearly polarized light with electric field
E||£ The reference spectrum T, was acquired using E||d; both raw
transmission spectra T and T, are also shown. The absorption
resonances from Xy, and X, have Lorentzian lineshapes and are
centered at ~1.359 and 1.338 eV, respectively, in this 4L sample.

nonmagnetic semiconductor monolayers such as WSe, and
MoS,. In magnetic CrSBr, local dielectric effects’”*' may also
be anticipated to manifest in a modified coupling of surface
excitons to applied magnetic fields and the underlying
magnetic order parameter, thereby providing additional
avenues to experimentally test and engineer the impact of
dielectric environment on 2D magnets.

A very recent study by Shao et al.** provided compelling
experimental evidence (and theoretical support) for distinguish-
able surface and bulk excitons in CrSBr; namely, the clear
identification of an additional optical resonance in few-layer
samples, lying ~20 meV below the fundamental band-edge
exciton, with energy and oscillator strength independent of
sample thickness for N > 2. If correct, this discovery has
exciting potential implications for the ability to selectively
target—and spectrally address—distinct exciton populations
residing in neighboring monolayers within layered vdW
magnets, enabling, for example, studies of interlayer exciton
interactions and dielectric engineering of excitonic properties.

Here we explore—and aim to validate—this picture of
distinguishable surface and bulk excitons in CrSBr by
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investigating and quantitatively comparing the effects of
applied magnetic fields B on their optical properties, which
was not done previously but for which there are clear and
testable expectations. Specifically, the well-documented cou-
pling of excitons to the underlying magnetic order in
CrSBr”®'*7'® is anticipated to be weaker for surface excitons,
because they have only one neighboring layer that is
magnetically active, as opposed to two neighboring layers for
excitons confined within internal “bulk-like” monolayers.
Furthermore, the characteristic average radius r of a surface
exciton’s spatial wave function should be different because of
different local dielectric screening,26 which in turn should
directly manifest in quantitative measurements of the exciton’s
quadratic diamagnetic shift, AEy;,, in large applied magnetic
fields, because AEg, « {r*)B

In this work, we experimentally test these predictions by
measuring the polarized optical absorption of few-layer CrSBr
at low temperatures (4 K) and in high magnetic fields to S5 T.
We confirm the presence of an additional absorption resonance
lying ~20meV below the fundamental band-edge exciton
resonance, and find that it systematically exhibits only about
half the redshift in small applied fields (B < 2 T) that induce
ferromagnetic order. Furthermore, it systematically exhibits a
smaller diamagnetic shift in high fields to 55 T. Both of these
behaviors are consistent with, and provide magneto-optical
evidence in favor of, a scenario of distinguishable bulk and
surface exciton populations in CrSBr.

We focus on measurements of optical absorption spectros-
copy, because it provides an especially direct measure of
absorption oscillator strengths in materials, in comparison to
the more commonly utilized reflectivity spectroscopy for which
Kramers—Kronig analysis and transfer-matrix formalism are
generally required to account for multilayer interference effects
from thin layered materials.”””** To measure the optical
absorption of small, few-layer exfoliated CrSBr samples in high
(pulsed) magnetic fields, we adopt a sample-on-fiber approach
that has previously enabled absorption studies of nonmagnetic
monolayer semiconductors.””*>***” Figure 1b shows a
schematic of the assembly, where an exfoliated CrSBr flake is
encapsulated between thin slabs of hexagonal boron nitride
(hBN), and then placed over the core of a single-mode optical
fiber using standard methods for vdW dry stacking (the CrSBr
thickness was measured separately by atomic force micros-
copy). Broadband white light from a xenon lamp was then
directed through the fiber and the sample. Thin-film linear or
circular polarizers were used to select out specific optical
polarizations, and the transmitted light was then retro-reflected
back into a separate multimode collection fiber and then
dispersed in a spectrometer and detected by a cooled CCD
camera. A photomicrograph of an encapsulated CrSBr sample,
affixed over a fiber core, is shown in Figure lc. The sample
assembly was mounted on fiber-coupled probe and loaded into
a helium bath cryostat, in the bore of a capacitor-driven pulsed
magnet. This sample-on-fiber approach ensures a rigid and
robust optical path through the sample, that is unaffected by
the vibrations and drift that can exist in low-temperature
measurements in magnetic fields.

Figure 1d shows the optical absorption spectrum, calculated
as —In(T/T,), of a 4-layer CrSBr sample at low temperature
(4K) and zero field (B = 0). To best capture the exciton
absorption, the transmission spectrum T and the reference
spectrum T, were acquired using light linearly polarized along

the crystal’s b and 4 axes (where band-edge exciton absorption
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in CrSBr is maximal and where it vanishes, respectively). In
this way polarization-independent spectral features cancel out,
as seen in Figure 1d. The strong and narrow resonance from
the well-studied fundamental band-edge exciton at ~1.359 eV
dominates the spectrum. A weak high-energy shoulder at
~1.373 eV is also present; this commonly observed spectral
feature®”'>'*3»3% i often ascribed to the nominally forbidden
optical transitions from upper conduction bands. Most
importantly, a prominent additional absorption resonance is
also plainly revealed at ~1.338 eV, which is ~21 meV below
the fundamental exciton resonance.

This additional lower-energy resonance is in close
correspondence with the recent results of Shao et al,’” who
observed a lower-energy optical resonance in reflectivity
studies of few-layer (and also bulk) CrSBr. Based on their
finding that its energy and oscillator strength did not vary with
sample thickness, and by also considering its evolution with
temperature, Shao et al. proposed that the lower-energy
resonance originates from excitons confined in the two surface
monolayers of their CrSBr samples. Such surface excitons
necessarily see a different (typically less-screened) dielectric
environment in comparison to excitons confined to the bulk-
like monolayers within the crystal, and the concomitant
reductions of the free-particle bandgap E, and the exciton
binding energy E, do not exactly compensate, leading to an
optical transition energy (E, — Ej) that is slightly less than that
of the more highly screened bulk-like excitons within the
CrSBr crystal.

The proposed picture of distinguishable populations of bulk
and surface excitons in CrSBr invites (at least) two
experimental tests in applied magnetic fields B, which to date
have not yet been explored: First, it is well established that
excitons in CrSBr are intimately coupled to the underlying
magnetic order, such that the 1.36eV band-edge exciton
resonance redshifts by ~15 meV when CrSBr is driven from
antiferromagnetic to ferromagnetic order by small B.%%'>'*71°
For B applied along the hard (out-of-plane, ¢) magnetic axis,
the redshift is parabolic in B as the Cr spins smoothly cant
toward ¢ until out-of-plane ferromagnetic alignment of all the
layers is achieved for IBl 2 2T. The redshift in the
ferromagnetic state arises because interlayer hopping of
electrons and holes is no longer quite as strongly suppressed
(by the antiferromagnetic spin orientation in neighboring
layers), and the exciton’s spatial wave function can expand
(delocalize) slightly in both the +& and —¢ directions, such
that it is no longer as strictly confined to a single CrSBr
monolayer. This spatial deconfinement leads to a reduction of
the exciton’s transition energy. Crucially, however, for surface
excitons, this deconfinement can necessarily occur only in one
¢ direction, not both, and a smaller redshift can be anticipated.

Second, it is also well-known from studies of excitons in
monolayer semiconductors®®*’ that local dielectric environ-
ments with weaker screening (smaller €) result in excitons with
spatial wave functions that are physically smaller, which leads
to smaller measured diamagnetic shifts in applied B. We recall
that diamagnetic shifts are proportional to the square of the
exciton’s characteristic radius r; in the plane perpendicular to
B,

2
€ 2\ p2 2
AE, = —(r{)B” = oB
dia 8//l< J_> (1)
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where (r}) = (wlx> + y*ly) is the expectation value of r}
calculated over the exciton’s spatial wave function w(r), p is
the exciton’s reduced mass, and o is the diamagnetic shift
coeflicient. Equation 1 remains valid for arbitrarily shaped
wave functions y(r), and applies in the “weak-field” limit

where the magnetic length [y = \/7i/eB (~26/\/§ nm)

exceeds the exciton radius, which is the case for CrSBr and
the fields used in these studies. Surface and bulk excitons
should therefore exhibit different diamagnetic shifts. Specifi-
cally, because the dielectric constant of the hBN encapsulating
layers (€npy & 4.5) is smaller than that of CrSBr (estimates and
measurements for €cp, lie in the range of ~10*"%), surface
excitons experience less dielectric screening, are expected to
have smaller lateral extent within the a—b plane, and should
exhibit smaller diamagnetic shifts.
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Figure 2. (a) Low-temperature absorption spectra from 4L CrSBr
with increasing B (||¢) from 0 — 2 T (in steps of ~0.2 T). Both Xy
and X, resonances redshift to lower energies as the CrSBr reorients
from antiferromagnetic to ferromagnetic order. The redshift of X,
(~6 meV) is slightly less than half that of X (~14 meV). The red
ovals in the cartoon insets represent their spatial envelope wave
functions W) and W (r) within the CrSBr sample, and depict
how Yy (r) delocalizes in both +¢ and —¢ directions when interlayer
coupling becomes more likely in the ferromagnetic state, whereas
Waut(r) can delocalize in only the +¢ direction (or —¢ for the top
surface), leading to its smaller redshift. (b) A 2D plot of the energy-
and B-dependent absorption, showing more clearly the large and small
parabolic redshifts of X and X

In Figure 2 we explore the first test discussed above, and
show how the exciton resonances redshift in small B||¢, which
drives the CrSBr from its antiferromagnetic to ferromagnetic
phase. The fundamental absorption redshifts by ~14 meV
(from 1.3594 to 1.3452 eV) as the Cr spins in the sample cant
and reorient from A-type antiferromagnetism to a ferromag-
netic state where all layers are magnetized along ¢ by 2 T. The
parabolic nature of the redshift is seen clearly in the 2D map
shown in Figure 2b and has been observed many times in

https://doi.org/10.1021/acs.nanolett.6c01661
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recent studies of CrSBr.”'®'>'* More importantly, Figure 2
also shows that the lower-energy exciton resonance also
redshifts, but only by about 6 meV (from 1.3380 to 1.3324
eV). As discussed above, and as the cartoons in the inset of
Figure 2a depict, this is consistent with the assignment of the
lower-energy resonance to surface excitons, which can
delocalize only in one ¢ direction as interlayer hopping
becomes slightly more allowed in the ferromagnetic state, in
contrast to excitons confined within bulk-like layers in CrSBr
which can delocalize in both +¢ directions (thus approximately
doubling the redshift, if the degree of delocalization is small).
We emphasize that, as recent ab initio calculations by
Heiflenbiittel et al. have shown,'* the spatial wave function
of optically allowed excitons delocalizes only by a limited
amount along ¢ (acquiring only ~10% interlayer character), so
that the notion of layer-confined excitons still applies even in
the ferromagnetic state. As discussed later in Figure 4, these
overall trends are also consistently observed in 2-layer, 3-layer,
and thick CrSBr samples.

1.38
<1.36
Ch
31 34
[}
5 1.32
1.30 .
-50 -40 -30 -20 -10 0 10 _20 30 40 50
Magnetic field (T)
T T T T
1.34541 (b) .-
— ,-1';:‘
> ce o Y
e . ele
81 3453+ . ..-:.:__'_._-' 4
5 s . oot
& i Kok
1.34521 Opui = 45 £ 2 neV/T2 -
i ; f ; t
(c)
_1.33261 . R
S Lo
C . o, e
§13325- T L N e . . 1
[~ A o e AL *
w Srehe T . Xsurt
L. . Ot = 34 £ 5 neV/T?
1'33240 10 20 30 40 50 60
Magnetic field (T)
1 x
@] 3 [e) enen
—~o8 Lost
£ T :
206 &8 ‘
= 0 A4~ <—measured|
=04 o 07 ;
X = . u=0.85m,
T02f r,=3.6nm 206F u= 0.45 m,
0 fu=0'145 Mo \‘505 I L i lll_ 02\5 Mo
0 1 2 3 > 2 4 6 8 10
r(nm) ~ €environment

Figure 3. (a) Absorption of the 4L CrSBr sample in high magnetic
fields to +55 T, using circularly polarized light. (b,c) The quadratic
diamagnetic shift of the bulk and surface exciton resonances. The
diamagnetic shift of X, is 25% less than that exhibited by Xy,
consistent with the reduced dielectric screening of X, due to the
hBN encapsulation. (d) Calculated radial probability density of bulk
and surface exciton wave functions in hBN-encapsulated CrSBr (see
main text). (e) Calculated ratio 6,/ 6y for CrSBr, versus dielectric
constant of the surrounding environment, for different exciton
reduced masses .
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In Figure 3 we investigate the second conjecture and
measure the diamagnetic shifts of these exciton resonances in
high magnetic fields to +55T. Here we detect circularly
polarized light, because field-induced polarization (Faraday)
rotation of light in optical components, combined with linear
polarizers, can lead to intensity modulation artifacts in the
detected signals. The entire field dependence of the absorption
spectra is shown in the color map of Figure 3a. Forall IBI 22 T
(that is, in the ferromagnetic state of CrSBr), the detailed
shape of the absorption spectra are essentially unchanged
except for the small diamagnetic shifts which are on the order
of 100 ueV. However, the good signal-to-noise of the measured
absorption signals (¢f Figure 2a) allows to accurately fit these
resonances to Lorentzian oscillators. Figures 3b and 3c show
the field-dependent shifts exhibited by the two exciton
resonances. Both follow a quadratic B> dependence, consistent
with diamagnetic shifts, with coeflicients ¢ = 45 + 2neV/ T?
and 6 = 34 + S neV/T? Crucially, the diamagnetic shift of the
lower-energy absorption resonance is ~25% smaller, indicating
that it originates from an exciton state with 25% smaller
characteristic mean-squared radius (rf), which is consistent
with a picture of excitons in CrSBr surface layers that
experience weaker local dielectric screening in comparison to
those in bulk-like layers. Along with the low-field exciton
redshifts shown in Figure 2, the high-field diamagnetic shifts
shown in Figure 3 provide the second key new piece of
magneto-optical evidence supporting the proposed scenario®”
in which surface excitons in CrSBr generate a distinguishable
optical resonance at lower energy.

In an idealized material hosting excitons with isotropic
reduced mass pt = 1my, the measured diamagnetic coeflicient o
= 451neV/T? would indicate small excitons with r; = 1.45 nm.
However, CrSBr is highly anisotropic, with both theoretical
and experimental studies”'”'*'>"” indicating anisotropic
exciton masses (p, & 0.1my, yu, =~ 2m;) and elongated excitons

that extend ~3 and 1 nm along the b and 4 axes, respectively.
Such tightly bound band-edge excitons are on the border
between “Wannier-like” and “Frenkel-like”,'*'® and an
accurate comparison of the measured diamagnetic shifts
requires a suitable integration over the calculated exciton
wave functions. Nonetheless, we can quantitatively estimate
exciton sizes and diamagnetic shift ratios assuming isotropic
excitons with reduced mass u = \/M ~ 0.45m, (the

geometric mean of in-plane masses), within the framework
of the Rytova-Keldysh potential for a 2D material sandwiched
above and below by other dielectrics:***°
Ve (1) = S_e_Zr()[Ho(ﬂ) - Yo(’:_:)] Here, H, and Y are Struve

o
. . 1
and Bessel functions of the second kind, = ~(€;pove + €peton)
is the average dielectric constant of the surrounding materials,
d . .
and rp = E(€CrSBr — 1) = 3.6 nm is the characteristic screen-

ing length of a CrSBr monolayer (thickness d = 0.8 nm).
Figure 3d shows the calculated radial wave functions y(r)

for excitons in bulk monolayers where k = €¢,g5, and for (the

smaller) excitons in surface monolayers where

k= S(€cisp + €an) = 5(10 +4.5) = 7.25. Figure 3e

shows the calculated ratio 6,¢/0y . (= rszurf/ rlfulk) versus the
dielectric constant of the surrounding environment, for
different masses p. The calculated ratio is in quite good
agreement with the measured ratio of 0.75, using u = 0.45m;,
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Figure 4. (a) The four panels show low-temperature optical absorption spectra from a 2L, 3L, 4L, and a thick (~18L) CrSBr sample respectively, as
B|¢ increases from 0 — 2 T (in steps of ~0.2 T). Note that the 2L sample lacks the central absorption resonance from X, because no “bulk-like”
layers exist in 2L CrSBr. (b) These panels show the corresponding B-dependent energies of the absorption resonances. The net redshifts of the
resonances (between 0 T and ~2 T) are indicated. In all cases, the redshift of X, is slightly less than half the redshift of Xj;. (c) These panels
show the high-field diamagnetic shifts of these absorption resonances, along with best quadratic fits. Tick marks on the vertical axes indicate 0.1
meV intervals, and are also represented by the vertical scale bars. The diamagnetic coeflicients ¢ are indicated. The spectra and the diamagnetic
shifts for the 4L sample are the same as shown in previous figures but are reproduced here for completeness and comparison. To within
measurement uncertainty, diamagnetic shifts of X, ¢ are consistently less than those of X .

To summarize, the distinct diamagnetic shifts point to two
distinguishable species of excitons in CrSBr: well-screened
excitons residing in the bulk layers, and less-screened excitons
confined to the surface layers.

These overall magneto-optical trends in both low and high B
are consistent across a range of CrSBr samples. Figure 4 shows
results from 2-layer (2L), 3-layer (3L), and thick (~18L)
CrSBr samples. Absorption spectra from 0 — 2 T are shown in
Figure 4a, the energies and low-field redshifts of the individual
absorption resonances are shown in Figure 4b, and the high-
field (diamagnetic) shifts are shown in Figure 4c. Crucially, all
samples except for the 2L sample exhibit three absorption
resonances, which are assigned to X5 Xy, and the highest-
energy resonance (denoted X’) that may arise from nominally
forbidden transitions to an upper conduction band. The 2L
sample lacks the resonance associated with Xj, in line with
the expectation that 2L CrSBr has only surface layers and no
bulk layers. We further note that these data are in quite good
agreement with the exciton resonances recently tracked in
reflection studies of thin CrSBr by Tabataba-Vakili et al,'”
although the assignments of the individual peaks differ.

Figure 4b confirms that the lowest-energy resonance
consistently exhibits slightly less than half the low-field
parabolic redshift in comparison to the most prominent
resonance that appears when N > 3 (i.e, S—7 meV vs. 12—15
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meV), supporting their assignments as X,
respectively, as discussed above.

Lastly, Figure 4c shows that oy in the 3L and thick samples
are ~43 and 37 neV/T?, respectively, in line with that from the
4L CrSBr sample discussed earlier, and also in approximate
agreement with the high-field diamagnetic shift of the
reflection resonance from bulk CrSBr reported by Smiertka
et al."> More importantly, these data also show that, for every
sample we studied, oy, is consistently smaller than oy to
within experimental uncertainty, again in support of a picture
where X, experiences weaker dielectric screening and are
physically smaller than X . Where such fits were possible, the
diamagnetic shifts of the highest-energy (X’) resonance are
also shown or indicated in the panels in blue colors; they are
comparable to those of Xj .

The extracted absorption oscillator strengths of all the
exciton resonances are summarized in Figure S, for all
measured CrSBr sample thicknesses. Crucially, the net
oscillator strength of Xy, appears only when N = 3 and
doubles when N = 4 (to within 10%, which is the estimated
uncertainty of these extracted values), while that of X
remains approximately constant (to within +15%),
agreement with the expectation that any multilayer CrSBr
sample has N — 2 bulk layers but only two surface layers. (The
extracted oscillator strength of X’ is also shown; it remains

¢ and Xy
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Figure S. Oscillator strengths (i.e, the area of the absorption
resonances) of all excitons are shown as a function of CrSBr layer
thickness N. The oscillator strength of X, increases with thickness
for N > 3, while that of X, remains small and approximately
constant, in agreement with the expectation that multilayer CrSBr
samples have only two surface layers.

small across all thicknesses and shows large sample-to-sample
variations, suggesting that it may arise from surface
inhomogeneities or defects.)

Taken all together, the low-field redshifts and high-field
(diamagnetic) blueshifts of the different exciton resonances
provide new magneto-optical evidence consistent with a
picture of distinguishable species of bulk and surface excitons
in the vdW magnet CrSBr. Being spectrally distinct, while
originating from proximal atomic layers (for example in 3L or
4L CrSBr), strongly motivates future optical studies of
interspecies exciton interactions and distinguishable exciton-
magnon dynamics,""~* and opens the door to dielectric
engineering and control of these exciton energies.

B AUTHOR INFORMATION
Corresponding Author

Scott A. Crooker — National High Magnetic Field Laboratory,
Los Alamos National Laboratory, Los Alamos, New Mexico
87545, United States; © orcid.org/0000-0001-7553-4718;
Email: crooker@lanl.gov

Authors

Junho Choi — National High Magnetic Field Laboratory, Los
Alamos National Laboratory, Los Alamos, New Mexico
87545, United States; Department of Physics, Kyung Hee
University, Seoul 02447, Republic of Korea; © orcid.org/
0000-0002-8740-650X

Yihyun Moon — Department of Physics, Kyung Hee University,
Seoul 02447, Republic of Korea; © orcid.org/0009-0006-
4828-5748

Doohyeon Lee — Department of Physics, Kyung Hee
University, Seoul 02447, Republic of Korea

Iva Plutnarova — Department of Inorganic Chemistry,
University of Chemistry and Technology Prague, Prague 6
166 28, Czech Republic

Zdenek Sofer — Department of Inorganic Chemistry,
University of Chemistry and Technology Prague, Prague 6
166 28, Czech Republic

Vinod M. Menon — Department of Physics, Graduate Center
of the City University of New York, New York, New York
10016, United States; © orcid.org/0000-0002-9725-6445

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.6c01661

8676

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank M. Semina, M. Glazov, and M. Goryca for helpful
discussions, and we acknowledge support from the US
Department of Energy (DOE) “Science of 100 T” program.
The National High Magnetic Field Lab is supported by the
National Science Foundation DMR-2128556, the State of
Florida, and the US DOE. This work was also supported by the
National Research Foundation of Korea grant funded by the
Korean government (MSIP) (RS-2025-2546631S and RS-
2026-25497294). Work at City College was primarily
supported by the U.S. DOE Office of Science, Basic Energy
Sciences (BES), under Award DE-SC0025302. Z.S. was
supported by project LUAUS25268 from Ministry of
Education Youth and Sports (MEYS) and by the project
Advanced Functional Nanorobots (reg. no. CZ.02.1.01/0.0/
0.0/15 003/0000444) financed by the EFRR.

B REFERENCES

(1) Gong, C.; Zhang, X. Two-dimensional magnetic crystals and
emergent heterostructure devices. Science 2019, 363, eaav4450.

(2) Gibertini, M.; Koperski, M.; Morpurgo, A. F.; Novoselov, K. S.
Magnetic 2D materials and heterostructures. Nat. Nanotechnol. 2019,
14, 408.

(3) Coraux, J.; Rougemaille, N.; Robert, C.; Faugeras, C.; Saul, A,;
Grémaud, B.; Hueso, L.; Casanova, F.; Manchon, A. Colloquium: A
critique on van der Waals and two-dimensional magnets. Preprint,
arXiv, 2025. DOI: 10.48550/arXiv.2512.19417.

(4) Park, J.-G.; Zhang, K; Cheong, H; Kim, J. H.; Belvin, C. A;
Hsieh, D.; Ning, H,; Gedik, N. 2D van der Waals magnets: from
fundamental physics to applications. Rev. Mod. Phys. 2026, 98,
025003.

(S) Telford, E. J.; Dismukes, A. H.; Lee, K.; Cheng, M.; Wieteska, A.;
Bartholomew, A. K; Chen, Y.-S.; Xu, X,; Pasupathy, A. N.; Zhu, X,;
Dean, C. R; Roy, X. Layered Antiferromagnetism Induces Large
Negative Magnetoresistance in the van der Waals Semiconductor
CrSBr. Adv. Mater. 2020, 32, 2003240.

(6) Wilson, N.; Lee, K; Cenker, J.; Xie, K; Dismukes, A. H.;
Telford, E. J.; Fonseca, J.; Sivakumar, S.; Dean, C.; Cao, T.; Roy, X,;
Xu, X; Zhu, X. Interlayer electronic coupling on demand in a 2D
magnetic semiconductor. Nat. Mater. 2021, 20, 1657—1662.

(7) Lee, K.; Dismukes, A. H.; Telford, E. J.; Wiscons, R. A.; Wang, J.;
Xu, X,; Nuckolls, C.; Dean, C. R;; Roy, X.; Zhu, X. Magnetic Order
and Symmetry in the 2D Semiconductor CrSBr. Nano Lett. 2021, 21,
3511.

(8) Ziebel, M. E.; Feuer, M. L.; Cox, J.; Zhu, X; Dean, C. R;; Roy, X.
CrSBr: An Air-Stable, Two-Dimensional Magnetic Semiconductor.
Nano Lett. 2024, 24, 4319.

(9) Klein, J.; et al. The Bulk van der Waals Layered Magnet CrSBr is
a Quasi-1D Material. ACS Nano 2023, 17, 5316—5328.

(10) Klein, J; Ross, F. M. Materials beyond monolayers: The
magnetic quasi-1D semiconductor CrSBr. J. Mater. Res. 2024, 39,
3045S.

(11) Bianchi, M.; Acharya, S.; Dirnberger, F.; Klein, J.; Pashov, D.;
Mosina, K.; Sofer, Z.; Rudenko, A. N.; Katsnelson, M. I; van
Schilfgaarde, M.; Résner, M.; Hofmann, P. Paramagnetic electronic
structure of CrSBr: Comparison between ab initio GW theory and
angle-resolved photoemission spectroscopy. Phys. Rev. B 2023, 107,
235107.

(12) Tabataba-Vakili, F.; Nguyen, H. P. G.; Rupp, A.; Mosina, K;
Papavasileiou, A.; Watanabe, K; Taniguchi, T.; Maletinsky, P,;
Glazov, M. M,; Sofer, Z.; Baimuratov, A. S.; Hogele, A. Doping-
control of excitons and magnetism in few-layer CrSBr. Nat. Commun.
2024, 15, 4735.

https://doi.org/10.1021/acs.nanolett.6c01661
Nano Lett. 2026, 26, 8671-8677

9z0z isnbny €0 uo Jdsn A INN JLVIS VA MOT4 Ad 4pd "T99TOI9 " 119 |OURU "SI® /L E€6/.259 /TL98 /L2 /92 /4pd -2 |2 114 /p 4o [eu /B0 "soe 'sgnd //:d 13y WO 14 papeo jumog


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+A.+Crooker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7553-4718
mailto:crooker@lanl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junho+Choi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8740-650X
https://orcid.org/0000-0002-8740-650X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yihyun+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0006-4828-5748
https://orcid.org/0009-0006-4828-5748
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Doohyeon+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iva+Plutnarova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zdene%CC%8Ck+Sofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vinod+M.+Menon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9725-6445
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01661?ref=pdf
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1126/science.aav4450
https://doi.org/10.1038/s41565-019-0438-6
https://doi.org/10.48550/arXiv.2512.19417
https://doi.org/10.48550/arXiv.2512.19417
https://doi.org/10.48550/arXiv.2512.19417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/2pff-xy6n
https://doi.org/10.1103/2pff-xy6n
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1002/adma.202003240
https://doi.org/10.1038/s41563-021-01070-8
https://doi.org/10.1038/s41563-021-01070-8
https://doi.org/10.1021/acs.nanolett.1c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00219?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.4c00624?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.2c07316?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1557/s43578-024-01459-6
https://doi.org/10.1557/s43578-024-01459-6
https://doi.org/10.1103/PhysRevB.107.235107
https://doi.org/10.1103/PhysRevB.107.235107
https://doi.org/10.1103/PhysRevB.107.235107
https://doi.org/10.1038/s41467-024-49048-9
https://doi.org/10.1038/s41467-024-49048-9
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01661?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.6c01661?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c01661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

(13) Semina, M. A.; Tabataba-Vakili, F.; Rupp, A.; Baimuratov, A. S.;
Hogele, A.; Glazov, M. M. Exciton and trions in CrSBr bilayers. Phys.
Rev. B 2025, 111, 205301.

(14) Heifenbiittel, M.-C.; Piel, P.-M.; Klein, J.; Deilmann, T.;
Wourstbauer, U,; Rohlfing, M. Quadratic optical response to a
magnetic field in the layered magnet CrSBr. Phys. Rev. B 20285, 111,
075107.

(15) Smiertka, M.; Rygala, M.; Posmyk, K; Peksa, P.; Dyksik, M.;
Pashov, D.; Mosina, K.; Sofer, Z.; van Schilfgaarde, M.; Dirnberger,
F.; Baranowski, M.; Acharya, S.; Plochocka, P. Distinct magneto-
optical response of Frenkel and Wannier excitons in CrSBr. Nat.
Commun. 2026, 17, 1777.

(16) Komar, R; Lopion, A,; Goryca, M.; Rybak, M.; Wozniak, T;
Raczynski, M.; Galazka, K. M.; Mosina, K.; Soll, A.; Sofer, Z.; Pacuski,
W.; Faugeras, C.; Birowska, M.; Kossacki, P.; Kazimierczuk, T.
Colossal magneto-excitonic effects in 2D van der Waals magnetic
semiconductor CrSBr. Preprint, arXiv, 2024. DOI: 10.48550/
arXiv.2409.00187.

(17) Smolenski, S.; Wen, M.; Li, Q.; Downey, E.; Alfrey, A.; Liu, W.;
Kondusamy, A. L. N.; Bostwick, A.; Jozwiak, C.; Rotenberg, E.; Zhao,
L; Deng, H; Lv, B,; Zgid, D,; Gull, E;; Jo, N. H. Large exciton
binding energy in a bulk van der Waals magnet from quasi-1D
electronic localization. Nat. Commun. 2025, 16, 1134.

(18) Géser, O.; Paul, W.; Kahle, H. G. Magnetic properties of
CrSBr. J. Mag. Mag. Mater. 1990, 92, 129.

(19) Cudazzo, P.; Tokatly, I. V.; Rubio, A. Dielectric screening in
two-dimensional insulators: Implications for excitonic and impurity
states in graphane. Phys. Rev. B 2011, 84, 085406.

(20) Komsa, H.-P.; Krasheninnikov, A. V. Effects of confinement
and environment on the electronic structure and exciton binding
energy of MoS, from first principles. Phys. Rev. B 2012, 86, 241201.

(21) Latini, S.; Olsen, T.; Thygesen, K. S. Excitons in van der Waals
heterostructures: The important role of dielectric screening. Phys. Rev.
B 2018, 92, 245123.

(22) Kylinpid, I; Komsa, H.-P. Binding energies of exciton
complexes in transition metal dichalcogenide monolayers and effect
of dielectric environment. Phys. Rev. B 2018, 92, 205418.

(23) Andersen, K.; Latini, S.; Thygesen, K. S. Dielectric Genome of
van der Waals Heterostructures. Nano Lett. 20185, 15, 4616.

(24) Rosner, M.; Steinke, C.; Lorke, M.; Gies, C.; Jahnke, F.;
Wehling, T. O. Two-dimensional heterojunctions from nonlocal
manipulations of the interactions. Nano Lett. 2016, 16, 2322.

(25) Van Tuan, D,; Dery, H. Effects of dynamical dielectric
screening on the excitonic spectrum of monolayer semiconductors.
Phys. Rev. B 2024, 110, 125301.

(26) Stier, A. V,; Wilson, N. P.; Clark, G.; Xu, X;; Crooker, S. A.
Probing the Influence of Dielectric Environment on Excitons in
Monolayer WSe,: Insight from High Magnetic Fields. Nano Lett.
2016, 16, 7054.

(27) Lin, Y,; Ling, X;; Yu, Y.; Huang, S.; Hsu, A. L;; Lee, Y. H,;
Kong, J; Dresselhaus, M. S.; Palacios, T. Dielectric screening of
excitons and trions in single-layer MoS,. Nano Lett. 2014, 14, 5569.

(28) Raja, A; et al. Coulomb engineering of the bandgap and
excitons in two-dimensional materials. Nature Commun. 2017, 8,
15251.

(29) Stier, A. V.; Wilson, N. P.; Velizhanin, K. A.; Kono, J.; Xu, X,
Crooker, S. A. Magnetooptics of Exciton Rydberg States in a
Monolayer Semiconductor. Phys. Rev. Lett. 2018, 120, 05740S.

(30) Rudenko, A. N.; Résner, M.; Katsnelson, M. L Dielectric
tunability of magnetic properties in orthorhombic ferromagnetic
monolayer CrSBr. npj Comp. Mater. 2023, 9, 83.

(31) Piel, P.-M.; Schaper, S.; Lopion, A.; Henz, J.; Soll, A.; Sofer, Z.;
Waurstbauer, U. Dielectric Tensor of CrSBr from Spectroscopic
Imaging Ellipsometry. Preprint, arXiv, 2026. DOI: 10.48550/
arXiv.2603.10698.

(32) Shao, Y.; et al. Magnetically confined surface and bulk excitons
in a layered antiferromagnet. Nat. Mater. 2025, 24, 391.

(33) Raja, A.; Waldecker, L.; Zipfel, J.; Cho, Y.; Brem, S.; Ziegler, J.
D.; Kulig, M.; Taniguchi, T.; Watanabe, K;; Malic, E.; Heinz, T. F,;

8677

Berkelbach, T. C.; Chernikov, A. Dielectric disorder in two-
dimensional materials. Nat. Nanotechnol. 2019, 14, 832.

(34) Byrnes, S. J. Multilayer optical calculations. Preprint, arXiv,
2016. DOI: 10.48550/arXiv.1603.02720.

(35) Goryca, M,; Li, J.; Stier, A. V.; Taniguchi, T.; Watanabe, K;
Courtade, E.; Shree, S.; Robert, C.; Urbaszek, B.; Marie, X.; Crooker,
S. A. Revealing exciton masses and dielectric properties of monolayer
semiconductors with high magnetic fields. Nat. Commun. 2019, 10,
4172.

(36) Li, J.; Goryca, M.; Wilson, N. P.; Stier, A. V.; Xu, X,; Crooker,
S. A. Spontaneous Valley Polarization of Interacting Carriers in a
Monolayer Semiconductor. Phys. Rev. Lett. 2020, 125, 147602.

(37) Li, J.; Goryca, M.; Choi, J.; Xu, X.; Crooker, S. A. Many-Body
Exciton and Intervalley Correlations in Heavily Electron-Doped WSe,
Monolayers. Nano Lett. 2022, 22, 426.

(38) Kurelle, L; Tan, R;; Markina, D.; Mondal, P.; Mosina, K;
Hagmann, K.; von Klitzing, R.; Watanabe, K.; Taniguchi, T.; Sofer, Z.;
Urbaszek, B. Magnetic correlation spectroscopy in CrSBr. ACS Nano
2025, 19, 33156.

(39) Dirnberger, F.; Quan, J.; Bushati, R.; Diederich, G. M.; Florian,
M.; Klein, J.; Mosina, K.; Sofer, Z.; Xu, X.; Kamra, A.; Garcia-Vidal, F.
J.; Alu, A;; Menon, V. M. Magneto-optics in a van der Waals magnet
tuned by self-hybridized polaritons. Nature 2023, 620, 533—537.

(40) Bae, Y. J.; et al. Exciton-coupled coherent magnons in a 2D
semiconductor. Nature 2022, 609, 282.

(41) Li, Q; Xie, X.; Alfrey, A;; Beach, C. W.; McLellan, N.; Ly, Y,;
Hu, J.; Liu, W,; Dhale, N,; Lv, B.; Zhao, L.; Sun, K; Deng, H. Two-
dimensional Magnetic Exciton Polariton with Strongly Coupled
Atomic and Photonic Anisotropies. Phys. Rev. Lett. 2024, 133, 266901.

(42) Datta, B.; et al. Magnon-mediated exciton—exciton interaction
in a van der Waals antiferromagnet. Nat. Mater. 2025, 24, 1027.

https://doi.org/10.1021/acs.nanolett.6c01661
Nano Lett. 2026, 26, 8671-8677

9z0z 1SnBny €0 uo Jasn A INN FLVIS VA MOTH Aq Jpd "T99T099 * 119 [OURU "SOR //E€62259 /TL98 /L2 /92 /4pd -3 |9 11 4B /p 4o [eu /6 10 "soe "sqnd //:d 11y WO 1} Papeo jumog


https://doi.org/10.1103/PhysRevB.111.205301
https://doi.org/10.1103/PhysRevB.111.075107
https://doi.org/10.1103/PhysRevB.111.075107
https://doi.org/10.1038/s41467-026-68482-5
https://doi.org/10.1038/s41467-026-68482-5
https://doi.org/10.48550/arXiv.2409.00187
https://doi.org/10.48550/arXiv.2409.00187
https://doi.org/10.48550/arXiv.2409.00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.48550/arXiv.2409.00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-025-56457-x
https://doi.org/10.1038/s41467-025-56457-x
https://doi.org/10.1038/s41467-025-56457-x
https://doi.org/10.1016/0304-8853(90)90689-N
https://doi.org/10.1016/0304-8853(90)90689-N
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.84.085406
https://doi.org/10.1103/PhysRevB.86.241201
https://doi.org/10.1103/PhysRevB.86.241201
https://doi.org/10.1103/PhysRevB.86.241201
https://doi.org/10.1103/PhysRevB.92.245123
https://doi.org/10.1103/PhysRevB.92.245123
https://doi.org/10.1103/PhysRevB.92.205418
https://doi.org/10.1103/PhysRevB.92.205418
https://doi.org/10.1103/PhysRevB.92.205418
https://doi.org/10.1021/acs.nanolett.5b01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b01251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b05009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.110.125301
https://doi.org/10.1103/PhysRevB.110.125301
https://doi.org/10.1021/acs.nanolett.6b03276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b03276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl501988y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl501988y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms15251
https://doi.org/10.1038/ncomms15251
https://doi.org/10.1103/PhysRevLett.120.057405
https://doi.org/10.1103/PhysRevLett.120.057405
https://doi.org/10.1038/s41524-023-01050-3
https://doi.org/10.1038/s41524-023-01050-3
https://doi.org/10.1038/s41524-023-01050-3
https://doi.org/10.48550/arXiv.2603.10698
https://doi.org/10.48550/arXiv.2603.10698
https://doi.org/10.48550/arXiv.2603.10698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.48550/arXiv.2603.10698?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41563-025-02129-6
https://doi.org/10.1038/s41563-025-02129-6
https://doi.org/10.1038/s41565-019-0520-0
https://doi.org/10.1038/s41565-019-0520-0
https://doi.org/10.48550/arXiv.1603.02720
https://doi.org/10.48550/arXiv.1603.02720?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-12180-y
https://doi.org/10.1038/s41467-019-12180-y
https://doi.org/10.1103/PhysRevLett.125.147602
https://doi.org/10.1103/PhysRevLett.125.147602
https://doi.org/10.1021/acs.nanolett.1c04217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c04217?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5c05470?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-023-06275-2
https://doi.org/10.1038/s41586-023-06275-2
https://doi.org/10.1038/s41586-022-05024-1
https://doi.org/10.1038/s41586-022-05024-1
https://doi.org/10.1103/PhysRevLett.133.266901
https://doi.org/10.1103/PhysRevLett.133.266901
https://doi.org/10.1103/PhysRevLett.133.266901
https://doi.org/10.1038/s41563-025-02183-0
https://doi.org/10.1038/s41563-025-02183-0
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.6c01661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

