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ABSTRACT: Correlated quantum phenomena in one-dimen- 4 Bulk oz

sional (1D) systems that exhibit competing electronic and

magnetic order are of strong interest for the study of fundamental 3

interactions and excitations, such as Tomonaga—Luttinger liquids
and topological orders and defects with properties completely
different from the quasiparticles expected in their higher-
dimensional counterparts. However, clean 1D electronic systems
are difficult to realize experimentally, particularly for magnetically
ordered systems. Here, we show that the van der Waals layered
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magnetic semiconductor CrSBr behaves like a quasi-1D material or 5_/: c © © © 6 c 6
b

. o]
embedded in a magnetically ordered environment. The strong 1D o’ \(@
electronic character originates from the Cr—S chains and the -1 a

X ¢—a—T —b—>Y
combination of weak interlayer hybridization and anisotropy in

effective mass and dielectric screening, with an effective electron mass ratio of my/my ~ 50. This extreme anisotropy
experimentally manifests in strong electron—phonon and exciton—phonon interactions, a Peierls-like structural instability, and
a Fano resonance from a van Hove singularity of similar strength to that of metallic carbon nanotubes. Moreover, because of
the reduced dimensionality and interlayer coupling, CrSBr hosts spectrally narrow (1 meV) excitons of high binding energy
and oscillator strength that inherit the 1D character. Overall, CrSBr is best understood as a stack of weakly hybridized
monolayers and appears to be an experimentally attractive candidate for the study of exotic exciton and 1D-correlated many-
body physics in the presence of magnetic order.

KEYWORDS: CrSBr, van der Waals magnetic semiconductor, quasi-1D material, electron—phonon coupling, exciton—phonon coupling,
anisotropic dielectric screening, van Hove singularity

platforms for the study of quantum phenomena are III-V-based nanowires;'*'® or materials such as ZrTe,,'°

rare; some examples include ultracold quantum gases," NbSes,'” or TiSes'® Low-dimensional systems with both
atomic chains,” or carbon nanotubes.’™® While such platforms
are essential for the study of correlated phenomena like
Tomonaga—Luttinger liquids,”> 1D spin chains,” or for the
realization of quantum conducting wires,'" they may be
unstable, hard to scale up, or suffer from ensemble
inhomogeneities. The recent emergence of the field of quasi-

Experimental realizations of one-dimensional (1D) Examples include MoS, nanotubes'” and hBN nanotubes;"”

electronic and magnetic character are particularly intriguing,
and several efforts have been dedicated to their design and
fabrication.'” Early examples include dilute magnetic semi-
conductors, like Mn-doped quantum wells and quantum wires,

1D materials represents a technologically appealing alter- Received:  July 22, 2022
native."' Quasi-1D materials are ideal systems to realize, study, Accepted: March 3, 2023
and exploit strongly correlated phenomena in a solid-state Published: March 16, 2023

platform. They are typically characterized by an anisotropy of
the structural atomic arrangement and the related electronic
intraplanar interactions in different crystallographic directions.

© 2023 American Chemical Society https://doi.org/10.1021/acsnano.2c07316
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Figure 1. Quasi-1D electronic structure of CrSBr in the bulk. (a) Optical micrograph of mechanically exfoliated CrSBr. Needlelike crystals
extend along the a direction. Scale bar is 4 ym. (b) STEM-HAADF image of multilayer CrSBr taken at an electron beam energy of 200 keV.
Scale bar is 0.5 nm. (c) 1L CrSBr GW calculation of the high symmetry points X—I'-Y, which shows a flat conduction band along the I'-X
direction (effective electron mass m§ = 7.31m,) corresponding to the a direction, and a highly dispersive band along the 'Y direction (m§ =
0.14m,) corresponding to the b direction. The blue and red colors represent the majority and minority (in-plane) spin polarization. The
corresponding density of states (DOS) is shown. Inset: magnification of the split conduction bands at I' (Acz = 33 meV). (de) GW
calculations of 2L and bulk CrSBr. (f—h) Schematic illustration of bulk CrSBr by the relevant electronic structure formed mainly by Cr and S
atomic orbitals. The charge density of states shown near the Fermi level is obtained by DFT calculations. The charge density includes the
states in the range of 0.1 eV below the top of the valence band and 0.1 eV above the bottom of the conduction band. Although the atomic
distance in the a direction is less than in the b direction, the electronic states form chains (charge density in green) along the b direction that
are only weakly hybridized (coupled) along the a direction. (i) Room temperature constant height dI/dV from scanning tunneling
spectroscopy (STS) (I, = 50 pA at Vi, = 0.2 V) with a single-particle gap of ~1.5 + 0.2 eV. Green error bars show the uncertainty from the
CBM and VBM onset. Inset: Topographic STM image of CrSBr showing the Br atoms on the surface. Scale bar is 1 nm. (j) Low-temperature
(42K) PL of 1L, 3L, and bulk (36.8 nm, ~46L) CrSBr for the electric field copolarized in excitation and detection along the b and a
direction, respectively. Excitation power is 100 uW. The PL emission of the 1s exciton in bulk CrSBr is highlighted. Inset: anisotropic 1s
exciton emission of bulk CrSBr.

that exhibit electronic and optical excitations that are strongly materials that have similar structure but even larger structural
correlated with the magnetic degree of freedom.”””’ anisotropy.

Quasi-1D electronic systems that are also magnetic are One such material is CrSBr.”’~*’ This is a semiconductor
expected to offer an even greater range of exotic quantum with a band gap of ~1.5eV.*”" It is also an A-type
phenomena and functionalities. The recent observation of antiferromagnet (AFM) with the magnetic easy axis along

22,23

long-range magnetic order in van der Waals magnets the b direction and a high Neéel temperature of Ty ~ 132

provides a prospect for the experimental realization of K.**?" Significantly, CrSBr is a relatively stable material in
materials with correlated excitations, including electron— air.>’ Recent works have shown structural phase trans-
electron, electron-spin, exchange, and electron—phonon formations,* correlated magneto-optical3’3"3’6’39 and magneto-
interactions. In one such magnet, TiOCl, spin-Peierls and transport’ > properties, and the coupling of excitons and
charge density wave (CDW) physics have been reported.”* ™ magnons.*’ Moreover, a recent transport study has reported an
TiOCl is a member of the group of chalcogen halides that are unusual anisotropy in the electron conductivity along the a and
described by the stoichiometric formula MXP composed of a b directions of CrSBr with striking ratios of up to 10°,
transition metal (M = Cr, Fe, V), a chalcogen (X = S, Se, O), attributed to quasi-1D transport.*”
and a halogen (P = Br, Cl, I). Without including spin, the On the basis of its stability and the optical, electronic, and
chalcogen halides have space group 59 (Pmmn) and point magnetic properties, we believe that CrSBr is an outstanding
group D,;. The observation of correlated physics in TiOCl candidate for the practical engineering of atomic-scale
suggests that electronic 1D character may be visible in magnetic excitations that offer opportunities for nanospin-
5317 https://doi.org/10.1021/acsnano.2c07316
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tronic, nanospin-photonic, and memory devices. However, it is
essential to first understand the origin of the peculiar electronic
structure of CrSBr and its impact on the material’s vibrational,
optical, and magnetic properties and related quasiparticle
interactions. In this manuscript, we have therefore examined
the band structure, atomic structure, quasiparticles, and their
mutual couplings in CrSBr both experimentally and theoret-
ically. Our key finding is that CrSBr is unambiguously a quasi-
1d material even in bulk exfoliated form. We explain this result
by suggesting that CrSBr exhibits a strong 1D electronic
character that is due to electronic chains that are weakly
coupled within each layer in combination with a weak
interlayer hybridization and anisotropy in effective mass and
dielectric screening. This is further corroborated by our
observation of a structural distortion along the direction of
high electronic density, which is suggestive of a Peierls
instability. Moreover, we find that all quasiparticle excitations
and their mutual couplings that we measure experimentally
using resonant and nonresonant Raman, low-temperature
photoluminescence, magneto-reflectivity, and photolumines-
cence excitation spectroscopy can be understood through a
dominant role of this low-dimensional electronic structure.
Strikingly, optical spectroscopy on exfoliated bulk CrSBr shows
ultraclean excitonic signatures with Lorentzian line widths of
only 1 meV, a value usually known only from high-quality
boron nitride-encapsulated monolayer semiconductors, like
MoS, or WSe,; we also attribute this to the 1D electronic
character, in combination with the absence of sample
inhomogeneity from strain or substrate/surface effects that
dominate measurements from other materials that can only be
measured as atomically thin layers. From our results, we
propose that bulk CrSBr is best understood as a stack of
weakly coupled monolayers that host quasi-1D excitons of high
binding energy with strong quasiparticle interactions because
of the quasi-1D electronic character in each layer. Our work
establishes bulk CrSBr as an ideal platform to explore rich
quasiparticle excitations and their mutual couplings in a
magnetically ordered environment.

RESULTS AND DISCUSSION

Quasi-1D Electronic Structure of CrSBr. Unlike the
previously investigated archetypal magnets Crl; and
Cr,Ge,Te,,””** CrSBr shows good air stability and can be
easily cleaved down to a monolayer (1L) (see Figure la).*
Exfoliated crystals have a needlelike shape and exhibit
structural anisotropy, which is apparent from the atomic
arrangement in scanning transmission electron microscopy
high-angle annular dark-field (STEM-HAADF) images (see
Figure 1b).>> The strong electronic anisotropy is directly
apparent from our 1L, bilayer (2L), and bulk GW calculations
(see Figure 1c—e). The 1L calculation shows two conduction
bands (energy splitting of 33 meV at the I" point) that are flat
along the a direction but highly dispersive along the b
direction. Here the a and b directions are defined as I'=X and
I'Y, respectively. The relevant electronic structure around the
I' point can also be well described in a simple three-band k X p
model [see the Supporting Informtion (SI)]. The I' point
effective masses of the lowest conduction band and the highest
valence band in the I'=X and I'-Y directions, respectively, are
extracted from the GW band structures: m% = 7.31mg, m§ =
0.14my, mby = 2.84my, m} = 0.45m, This manifests as a
pronounced effective electron mass anisotropy of m%/my ~ S0.
This mass anisotropy is significantly higher than the value for
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anisotropic black phosphorus.”' The electronic anisotropy
originates from the orbital composition of the electronic bands
around the conduction band minimum (CBM) and the
valence band maximum (VBM). This is best visualized by the
charge density around the Fermi level of CrSBr, with
predominant admixture from the Cr—S chains along the b
direction (see Figure 1gh). The orbitals of the Br atoms only
weakly admix into the conduction bands, thereby resulting in
the weakened interlayer hybridization. In the case of the 1L, we
obtain admixtures for the lower conduction band of 64% Cr,
32% S, and 4% Br and for the upper conduction band of 86%
Cr, 9% S, and 5% Br for the upper conduction band. It is the
dominant admixture of the Cr and S orbitals in the band
structure that cause CrSBr’s strong 1D electronic character,
with a shallow 1D quantum confinement along the a direction
due to a weak intralayer hybridization (coupling) of the chains.
This weak hybridization is also apparent from the GW
calculation of 2L and bulk CrSBr (see Figure 1d,e) and differs
from semiconducting transition metal dichalcogenides
(TMDCs).*** We obtain a qualitatively similar band structure
for 1L, 2L, and bulk along the X—I'-Y direction, as expected
from the weak interlayer hybridization. The fundamental band
gap is direct and situated at the I" point, in addition to a nearly
degenerate conduction band state at the X point for the 1L. In
general, we find that the effect of the flat band along I'-X
becomes even more pronounced in the GW calculation.
Moreover, the strong mass anisotropy results in a large density
of states (DOS) along the I'—X direction at the band edge,
which is expected to be accompanied by a van Hove singularity
(see the SI). However, it should be noted that this is only
slightly apparent from the calculated DOS (see Figure lc)
because of the admixture of bands from all momenta that
makes this effect less pronounced.

In order to access the electronic states experimentally, we
perform scanning tunneling microscopy (STM) and spectros-
copy (STS) at room temperature (T = 300 K) on bulk CrSBr
crystals cleaved under ultrahigh vacuum to obtain a clean
surface. Figure 1i shows a typical dI/dV trace. The extracted
size of the band gap, E, = 1.5 £ 02 eV, is consistent with the
bulk GW calculation yielding an energy gap of 1.56 eV (see
Figure le) and in agreement with a previous STS study.’!
However, the position of the Fermi level Eg in our material
suggests a more intrinsic behavior, likely from a lower density
of defects.”!

Low-temperature (4.2K) PL (see Figure 1j) confirms the
weak interlayer hybridization of CrSBr, which is in line with
the other findings. The optical emission of CrSBr is strongly
linearly polarized along the b direction, thereby reflecting the
electronic anisotropy. The spectra from 1L, 3L, and bulk (36.8
nm, ~46L) show a clear signature of the ls exciton
recombination at ~1.366 eV along with other hitherto
unidentified peaks below the 1s exciton in energy. Most
importantly, the features in all spectra remain the same upon
layer number reduction, but display significant line broadening
that likely originates from disorder-related effects such as
strain, unintentional doping from the substrate, defects, or
adsorbates. For bulk CrSBr, we obtain Lorentzian line widths
of the Is exciton of ~1meV, which is reminiscent of high-
quality hBN-encapsulated TMDCs.***

Anisotropic Structural Distortion. Next, we collect
STEM-HAADF images of exfoliated CrSBr flakes from the
bulk thickness down to the monolayer (see 2L and 4L in
Figure 2 and additional layer numbers in the SI) in order to

https://doi.org/10.1021/acsnano.2c07316
ACS Nano 2023, 17, 5316—-5328
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Figure 2. Anisotropic structural distortion along the b direction in CrSBr. (a,b) STEM-HAADF image of a 4L and 2L CrSBr flake. Image was
taken at room temperature (300 K), a beam energy of 200 keV, and a beam current of 40 pA. The inset shows the atomic arrangement. Scale
bar is 1 nm. (c,d) Corresponding visualization of the percentage change of interatomic distance Ab between the Cr and S/Br atomic columns
along the b direction. The distances are normalized to the pristine nondistorted distance b/2 of a 6L CrSBr. (e) Schematic illustration of the
nondistorted atomic arrangement without a structural distortion, as further corroborated from the histogram of 4L CrSBr obtained from (c).
(f) Schematic illustration of the atomic distortion along the b direction. The absolute lattice distances along the b direction are characterized
by b/2 + Ab. The corresponding histogram of a 2L CrSBr from the analysis in (d) shows additional characteristic shoulders at +Ab ~ +4%

from the alternating line pairs.

probe structural changes that arise from the anisotropic
electronic structure of CrSBr. Strikingly, we observe a
structural dimerization of the crystal lattice along the b
direction forming line pairs as the layer number is reduced (see
Figure 2¢). This is not just a simple surface effect since we do
not observe this structural distortion in STM topographic
images (see inset Figure 1i).*® Importantly, this coincides with
the direction of the strong quasi-1D electronic structure of
CrSBr (see Figure 1g). We further visualize and quantify this
structural distortion by analyzing the percentage change in the
interatomic lattice distance Ab (see Methods) between
neighboring Cr and S/Br atomic columns along the b direction
(see Figure 2c,d). The corresponding extracted percentage
change in the interatomic distances along the b direction is
shown in histograms in Figure 2e,f. We observe a significant
structural distortion that becomes increasingly more dominant
when the layer number of CrSBr is reduced. The bilayer
exhibits a broadened distribution with characteristic shoulders
at +Ab that reflect the expansion and contraction of the
chains. We obtain large structural distortions of Ab ~ +4%
that are comparable with highly correlated materials like 1T-
TaS,.*® All histograms remain centered around 0% for all layer
numbers, thereby suggesting no buildup of net strain. Notably,
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for the 1L, we observe almost fully isolated line pairs that form
1D-like nanowire structures (see SI). Moreover, there is no
structural distortion along the a direction (see SI).

The formation of line pairs along the b direction is a
hallmark signature of a quasi-1D material suggestive of a
Peierls distortion.'' This observation further supports the
strong electronic anisotropy of CrSBr visible from a change in
the atomic arrangement. The magnitude of the structural
distortion is directly related to the strength of the electron—
phonon coupling of the system.”” The high value (+4%)
observed for CrSBr is suggestive of very large electron—
phonon coupling effects. We note that the exact amount of
lattice distortion is likely to further depend on pressure and
temperature. The intricate interdependence of layer thickness,
strain, and electronic structure further provides fertile grounds
for future studies.

Quasi-1D Electron—Phonon Coupling. The pronounced
quasi-1D electronic structure and band anisotropy is expected
to manifest itself in the quasiparticle excitations and their
mutual interactions. From the observed structural distortion
suggestive of a Peierls instability, we already expect a strong
electron—phonon coupling in CrSBr. To explore such
interactions between excitations of the 2D lattice and
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Figure 3. Pronounced and quasi-1D electron—phonon coupling in bulk CrSBr. (a) False color mapping of the polarization angle-dependent
Raman spectra with off-resonant excitation at E; = 2.33 eV far above the single-particle gap, for an excitation power of 250 yW at room
temperature. The three main phonon modes A1 (115 cm™), A2 (245.5cm™), and A3 (344 cm™) in CrSBr are highlighted. (b) Normalized
Raman spectra for each individual mode with polarlzatlon along the b direction (b 0° or 180°) shows Lorentzian line shapes, as does (c) the

a direction (3, 90° or 270°). (d—f) Polarization angle-dependent intensity of the Al A and A3 phonon mode for excitation at E; = 1.58 eV
and an excitation power of 1000 #W. Only mode A2 exhibits an intensity max1mum along the aa direction. The solid lines are sin” fits. (g)
Left: polarization-dependent Raman at an exc1tat1on energy of E; = 1.58 eV that is in electronic resonance with the band gap. Right: the

Breit—Wigner—Fano coupling parameter 1/ggyy of the

Aé phonon mode oscillates between the b and a directions, as further indicated by the

sine fit. (h) Normalized Raman spectra for each individual mode with the electric field copolarized along the b direction. The A mode is
fitted with a BWF resonance (see eq 1). (i) Raman spectrum along the a direction. All modes exhibit fully Lorentzian line shapes

excitations of the quasi-1D electronic system, we perform
resonant inelastic light scattering (RILS) spectroscopy.*® In
order to probe the quasiparticles of the lattice excitations
selectively, we use nonresonant Raman with an excitation well
above the band gap of E; = 2.33 eV; to study the interaction
between the quasiparticles’ electronic interband, intraband, and
lattice excitations, e.g., electron—phonon and exciton—phonon,
we perform resonant Raman with excitation close to the single-
particle band edge of CrSBr (E, = 1.58eV). For this
measurement, we coalign linear excitation and detection
polarizations and collect spectra of a bulk CrSBr flake (~20
nm) as a function of orientation with respect to the crystal
axes.

The contour map for nonresonant excitation (E; = 2.33 eV)
shows three main modes that we identify as the A1 (115 em™),
A; (245.5em™), and A7 (344 cm™) modes (see Figure 3a)
analogously to the modes observed in CrOCL* While all
modes are due to out-of-plane atomic displacements, the Aé
and A} modes exhibit an intensity maximum along the b

directif)n while the A; mode exhibits a maximum along the a
direction (see Figure 3d—f). Importantly, the line shape of all
modes is Lorentzian for all polarization angles.

For resonant excitation (E; = 1.58eV), we observe a
number of additional resonant modes with distinct energies
and a very pronounced asymmetric line shape of the A; mode

(see Figure 3g—i), but only when the electric field vector is
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aligned along the b direction (k-vector pointing along the a
direction). This asymmetry is absent for the same experimental
conditions in CrOCI, which rules out a laser-induced origin
(see SI). This line shape can be interpreted as a signature of
pronounced electron—phonon interactions in the presence of
resonance eﬁects, e.g.,, coupling between lattice and electronic
excitations.”* A potential interpretation is a strong polar-
ization-selective 1D-like electron—phonon interaction of the A2
mode with the electronic structure. The A2 mode is polarlzed
along the a direction and is, therefore, prone to strongly couple
to the high DOS of the electronic system along the I'=X
direction (see Figure 1c). This is known as a Breit—Wigner—
Fano (BWF) resonance, with the phonon as the discrete state
and the 1D DOS along the a direction as the electronic
continuum from shallow 1D quantum confinement.”* The
spectral form of a BWF resonance is given by

1+ [(@ — @pyg)/TT (1)

where the asymmetry factor 1/ggwr characterizes the coupling
strength between the phonon and the electronic continuum,
and wgyyr is the uncoupled BWF peak frequency. The BWF
resonance profile reproduces the experimental A? mode
spectrum under resonant excitation along the b direction
(see Figure 3b). The BWF coupling parameters 1/ggwg
deduced from those fits (see right panel, Figure 3g) reveal a

I(w) =
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Figure 4. Quasi-1D excitons with high binding energy from dielectric and mass anisotropy in CrSBr. (a) Calculated optical absorption
spectrum obtained ab initio by solving the BSE of 1L CrSBr with an electric field polarized along the b direction (I'—Y direction). The
spectrum shows four excitonic resonances. Q; and €2, originate from the two split conduction bands with a small energy splitting of AE,

~ 20 meV. The binding energies are given by 0.88 and 0.90 eV for Q, and ,, respectively. Q; and £, are excitons from energetically higher
lying bands. (b) Calculated optical absorption spectrum from ab initio BSE of 1L CrSBr for the electric field polarized along the a direction
(I'—X direction) showing the strong electronic anisotropy and the absence of Q, and Q,. (c) Corresponding anisotropic real-space exciton
wave function of Q; and Q,. (d) Momentum-space exciton compositions of Q; and Q, have large band contribution along the I'-X
direction. (e) Calculated macroscopic momentum-dependent dielectric function €2*(q,, qy) of freestanding 1L CrSBr exhibiting a strong
anisotropy along q,, and g,. (f) e*(0, qy) and €*/(q,, 0) as a function of q. First-principles results are shown by dots, while solid lines are a
guide to the eye. (g) Low-temperature (4.2 K) PL as a function of excitation power of bulk CrSBr. The spectrum shows a double resonance
for the 1s exciton (~1.366 eV) due to the finite thickness of the flake (~36.8 nm), and two signatures X* and X** at 1.380 and 1.391 eV,
respectively. The energy splitting between the 1s exciton and X* is AE ~ 15 meV. (h) Reflectance contrast R taken at 1.6 K showing the same
resonances. (i) Corresponding derivative AR/AE. (j) False color plot of the magnetic-field-dependent differential reflectivity AR/AE with
the B field applied parallel to the c axis. The data show the 1s exciton, X*, and a faint signature of the X**. (k) Position of the 1s exciton
doublet and X*.

high coupling strength between phonons and an electronic that induce n-doping in the material, which shifts the Fermi
continuum of 1/qgwr = —0.24 for polarization along the b level close to the conduction band. Moreover, low-dimensional
direction. This is comparable with values for metallic CNTs behavior and Fano physics’> have also been observed in
reported between —0.2 and —0.6.°~® In contrast, the line shape TiOC], thereby suggesting that this is likely a universal effect in
of the RILS spectra of A; measured along the a direction is materials that are of FeOCl-type. However, other possible
best described by a pure Lorentzian with 1/ggwg yielding a interpretations exist. For example, the line shape can be
vanishing coupling between phonons and the electronic affected by resonance modes from different points in
continuum. The observation of the highly anisotropic Fano momentum space. Additional insight into the Raman process
resonance can serve as a strong signature for the 1D nature of is required to further elucidate the physics of the line shape of
the continuum.’~® While the observation of a Fano line shape the A; mode and the complex resonance Raman spectrum of
is surprising in a semiconductor like CrSBr, this is not limited CrSBr.

to metallic systems like CNTs but this phenomenon is also The observed 1D nature of the electronic system in this 2D
observed in gapped materials that generally exhibit pro- van der Waals material with 3D spin-exchange interaction is
nounced electron—phonon interactions.””" CrSBr has shown unexpected. We can understand the behavior by considering

. . . . 237
a high intrinsic carrier concentration of ~10" cm™

agreement with a high concentration of Br vacancy defects

in the flat conduction band along the I'=X direction with its very
3 large DOS (see Figure 1c). Under the assumption that the
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lattice excitations (phonons) couple to the highly anisotropic
electronic continuum (collective excitations of electrons), we
expect the BWF coupling term (between the electronic
continuum and the discrete phonon line) to be proportional
to the DOS at Eg. In the resonant Raman process, the excited
phonons from the interband excitation can couple via
intraband scattering processes to the continuum of electronic
states in the lowest CB that are confined into a quasi-1D
system. Using the 1D model for carrier dynamics (see SI), we

can estimate this DOS to be v(E) = «/2m™/E (1/2xl), where
m* is the effective mass in the dispersive direction, / is the
effective interchain distance, and E is the energy relative to the
conduction band minimum. For carrier density n,, we find that
this DOS scales as v(Eg) ~ m™/(z*I*n,), which yields a large
number of electron—hole excitations that can hybridize with
the phonon mode.

Quasi-1D Excitons with Large Binding Energy. CrSBr
exhibits a rich optical spectrum with several peaks that are not
yet identified.****** The quasi-1D electronic structure of
CrSBr is expected to directly affect the properties of the
Coulomb-bound quasiparticle excitations. To evaluate the
implications of the quasi-1D electronic structure on the
complex optical spectrum, we calculate excitonic properties of
monolayer CrSBr on the basis of GW and Bethe—Salpeter
equations (BSE) and compare them with experimental
signatures from optical PL and reflectivity measurements.
Results for the calculated excitonic spectrum are shown for the
electric field polarized along the b and the a directions (see
Figure 4ab). We identify four excitonic resonances in the b
direction: Q; = 1.22 eV, Q, = 1.24 eV, Q; = 1.87 eV, and Q, =
1.93 eV. The two energetically lowest excitons are split by only
AE = 20 meV. This energy difference has its origin in the two
energy-split conduction bands (see inset Figure 1c). We obtain
large binding energies for E,(;) = 0.88 eV and E,(Q,) = 0.90
eV. The corresponding real-space representation of the
excitonic wave functions of €, and Q, suggest a strong 1D
character with the excitons extended along the b direction but
squeezed along the a direction (see Figure 4c). The origin is
the predominant orbital admixture from the flat conduction
bands along the I'—X direction (see Figure 4d). For the most
important orbitals, we obtain an admixture for the lower
conduction band of 61% d,>_,), 10% d;,>_,», and 27% p,

and for the upper conduction band of 61% d(>_,2), 25%
d,2-,2, and 7% p.. Importantly, the anisotropy is found not

only in the effective electron mass along I'=X and I'-Y but
also dominating the dielectric function €*°(g,, qy) in reciprocal
space (see Figure 4e,f) and is shown in the real and imaginary
part of the macroscopic dielectric function in both the
monolayer and the bulk (see SI). It is this intricate interplay
of effective mass anisotropy and dielectric anisotropy that
shows in the quasi-1D character of the excitonic quasiparticles
in CrSBr.

We now probe the excitonic signatures of bulk CrSBr at low
temperature (4.2 K) by nonresonantly exciting the system with
a continuous-wave laser at an energy of 2.384 eV (see Figure
4g). We observe that the 1s exciton at an energy of ~1.366 eV
(at an excitation power of 10 4W) appears as a doublet, likely
because of a cavity effect (interference effects) caused by the
thickness of the crystal (~36.8 nm) (see SI).”> We obtain a
very sharp Lorentzian peak with a full width at half-maximum
(fwhm) of ~1 meV, thereby verifying high homogeneity of the
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parallel, weakly coupled chains in combination with the high
crystal quality. The 1s exciton red-shifts with increasing
excitation power, as is typically observed for increasing
numbers of photogenerated carriers in other semiconducting
van der Waals materials (also see SI).** Moreover, for high
excitation powers, additional resonances above the 1s exciton,
labeled X* and X**, appear at energies of 1.380 and 1.391 eV,
respectively. While they are weakly visible in PL, their
appearance in the low-temperature (1.6 K) reflectance contrast
measurements and derivative (see Figure 4h,i) suggests finite
oscillator strength and band-related transitions. The energy
splitting of the 1Is exciton and the X* is only AE ~ 15 meV.

We next measure the impact and potential origin of the
magnetic order and exchange interaction between the magnetic
moments in the 3D matrix and the quasi-1D excitons by
probing the 1s exciton, X*, and X**, at 1.6 K in reflectivity, as
a function of a magnetic field along the ¢ axis (see Figure 4j).
The signatures show the expected magnetic field-dependent
energy shift due to the change in magnetic ordering from AFM
to FM until reaching the coercive field of 2 T (see Figure 4j,k).
The energy shift of the X* is weaker than the 1s exciton. The
X** js weak in signal for higher fields but the data suggests an
energy shift qualitatively similar compared to that of the X*
(see Figure 4j).

The attribution of the X* and X** is nontrivial. Potential
scenarios would involve momentum direct or indirect
transitions between the split conduction bands and the valence
band. It is, indeed, a possibility that these transitions are more
complex in nature with a momentum indirect character
because of the strong extension of the wave function along
the I'=X direction. Such a transition can furthermore be
phonon-assisted.

The energetic shift in the magneto-reflectivity data of the 1s
exciton and the X* and X** suggests that the main orbital
composition is likely still from the two split conduction bands.
At the I" point in bulk CrSBr, the orbital composition of the
lower conduction band is $9% d,>_,2), 21% d3,2_,2), and 10%

5%
d(3zz_rz), and 34% p,. The upper conduction band has a much

p., while for the upper conduction band, it is 60% d(xZ_yz),

lower admixture of Cr d(;,2_,» orbitals, which suggests a

scenario in which the exciton reacts less to an external
magnetic field since the magnetic moment is situated on the d
orbital. This might indicate a potential origin of the X* and
X** from a transition that involves the upper conduction band.
In general, the excitonic transitions are expected to inherit the
orbital character, and this should also be the case for potential
indirect transitions that preserve the orbital conduction band
admixture away from the I' point. This further illustrates that
the quasi-1D electronic structure and related orbital admixture
have direct consequences on the magneto-optical coupling of
the excitonic complexes in CrSBr.

Pronounced Exciton—Phonon Coupling and Rich
Electronic Structure. In the last part of this investigation,
we further confirm our interpretation of CrSBr as a quasi-1D
material in the bulk limit by studying the electronic structure
and quasiparticle interactions of CrSBr using high-resolution
photoluminescence excitation spectroscopy (PLE) measure-
ments. We spectroscopically probe CrSBr at low temperature
(T = 42K) by tuning a continuous-wave laser in small steps
over a wide energy range from 1.39 to 1.76 eV and collect the
PL from the 1s exciton, with excitation and detection
copolarized along the b direction. Figure Sa shows a false
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Figure S. Pronounced exciton—phonon coupling and rich electronic structure in bulk CrSBr. (a) False color low-temperature (4.2 K)
photoluminescence excitation spectroscopy (PLE) mapping of the 1s exciton at an emission energy of ~1.365 eV. The 1s exciton shows
resonant exciton—phonon coupling with two discrete phonons (A and A3) and additional electronic resonances highlighted with arrows. For
the measurement, an excitation power of 100 #W is used. (b) PL emission spectrum of the 1s exciton at E; = 1.406 eV. Integrated intensity
of the 1s exciton is shown as a function of laser excitation energy. The green line is a moving average of three consecutive points to the data.
The energies of the A7 and A; are highlighted. At higher energies (E > 1.45 €V), additional distinct energy resonances (*) are observed and
highlighted. (c) The PLE mappmg at a second position with a lower energy resolution shows an oscillatory behavior in the intensity of the 1s
exciton. (d) Corresponding integrated intensity of the s exciton as a function of laser excitation energy. The green line is a moving average
of three consecutive points to the data. The purple line is an exponentially damped sin fit to the data with a characteristic energy of fw =
13.99 + 0.25 meV (see dashed lines). For the measurement, an excitation power of 100 gW is used.

color contour plot of the 1s exciton PL as a function of the intensity of the Is exciton shows an oscillatory intensity
excitation energy, with the corresponding integrated 1s exciton modulation with a characteristic energy of 13.99 + 0.25 meV
intensity shown in Figure Sb. The PLE measurement exhibits (112 + 2 cm™) as obtained from an exponentially damped sin
an intricate fine structure with several features and resonances. fit (see dashed lines in Figure 5d). This energy is in excellent
Two energetic regions are of particular interest. In the energy agreement with the A1 phonon mode energy (14.3 meV) (see
range (E < 1.45eV) close to the 1s exciton (~1.365eV), Figure 3). An optlcally dark phonon replica above the 1s
phonons play an important role. Here, we observe two distinct exciton in energy has also been observed in NiPS;***” and
lines crossing the 1s exciton PL signal. We interpret these lines interpreted as optically dark magnetic-bound exciton—phonon
as resonant Raman signatures that suggest pronounced states. A reduced energy of this bound state is expected.’®*®
exciton—phonon coupling between two discrete phonons The observation of such signatures above the exciton in bulk
with the Is exciton. Such signatures appear in the spectra CrSBr further illustrates the strong orbital and quasiparticle
when the energy detuning of the laser photon and the 1s interactions that likely originate from the reduced dimension-
exciton equals a phonon or multiple phonon energies, thereby ality.
leading to the resonant enhancement of the exciton emission. Finally, for higher energy detunings (E > 1.45eV), we
The two phonon lines cross with the s exciton at energy observe a sequence of additional resonances in the 1s exciton
detunings of ~31.1 meV (~249 cm™') and ~42.9 meV (~343 emission that are close in energy to the single-particle gap (see
cm™!), respectively. The energies are in excellent agreement peaks labeled with * in Figure Sab). In this energy range,
with the energies of the Az and A3 phonon modes (see Figure Rydberg states can be expected in bulk CrSBr. In general, the
3). Pronounced exc1ton—ph0non coupling effects are usually anisotropic, quasi-1D screening is expected to result in a

45,55
observed for 2D materials like hBN-encapsulated TMDCs divergence of the 1s state, thereby increasing the energy

as a consequence of narrow ‘exc1ton line widths, 1r£c5rm51cally splitting between the 1s and 2s state. While our results provide
high oscillator strength and high phonon DOS o g but are initial insights into the complex electronic structure of CrSBr,

very pronounced even in our measurement, which further additional measurements and theory are required to under-
reflects the low-dimensional character of CrSBr in the bulk stand potential excited states in this material.

limit.
In the same energy range (E < 1.45eV), we also observe
oscillations in the 1s exciton emission intensity with equi-

CONCLUSIONS

distant energies with respect to the 1s exciton emission. These We have provided strong experimental and theoretical
oscillations become even more apparent when collecting evidence that bulk CrSBr is a quasi-1D material. The
similar data on a second position, but with a lower energy quasiparticles in CrSBr and their mutual couplings illustrate
resolution, to sample less fine structure (see Figure Sc,d). The a 1D electronic character that offers very clean experimental
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signatures in addition to the magnetic order. We find that this
material offers exciting opportunities to study the physics of
quasi-1D electronic systems that are highly interacting, with
vibrational, optical, and excitonic excitations and magnetic
orderings of mixed dimensionalities.

The energetic flat band along the a direction (I'—X
direction) motivates more detailed studies of potentially
correlated behaviors in this material. This is further suggested
by our observation of a structural distortion in thin layers of a
Peierls instability. Generally, 1D systems are known to have
strong tendencies toward charge-density-wave order via Peierls
instability, which is also consistent with the observation of
pronounced electron—phonon interaction in this system. It is
also expected that at low densities other phases may compete
and be favored. In particular, since the Coulomb interaction is
long-ranged in the absence of free carriers, it is possible that at
low carrier densities the system may instead tend toward a 1D
Wigner crystal®” or a stripe phase””®' given that the kinetic
energy is already largely quenched in 1D while the Coulomb
interaction remains long-range (see theoretical considerations
in the SI).

CrSBr is a fascinating material that exhibits an intriguing
electronic structure. We suggest that bulk CrSBr is best
characterized as a stack of weakly coupled monolayers that
each host excitons with large binding energies. The rich
magnetic phase diagram contributes additional complexity,
which renders it an ideal platform for exploring fundamental
physics and exciting applications. We anticipate that the 1D
electronic character will prove to be a universal feature of the
chalcogen-halide materials, and signatures of this are likely to
be expected in other related compounds.

METHODS

Crystal Growth and Sample Fabrication. CrSBr bulk crystals
were grown by chemical vapor transport.>> Samples were fabricated
by mechanical exfoliation onto SiO,/Si substrates. Sample thickness
was verified by a combination of atomic force microscopy, optical
phase contrast, and Raman spectroscopy. For the electron microscopy
studies, exfoliated flakes were transferred to TEM-compatible sample
grids using cellulose acetate butyrate (CAB) as the polymer handle.
Subsequently, the CAB was dissolved in acetone, and the TEM grids
were rinsed in isopropanol prior to critical point drying.

Raman Spectroscopy. Resonant and nonresonant Raman
measurements were performed on a Renishaw inVia micro-Raman
confocal microscope. For the measurements, we used a 100X
objective with a laser spot size of ~1pum. The laser excitation
power used for the measurements taken at 785 and 532 nm was
1000 #W and 250 yW, respectively. Ten individual spectra acquired at
20 s were averaged to result in a spectrum with a total integration time
of 200s. To adjust the polarization, we used a linear polarizer in the
excitation and detection path that we copolarized. To change the
polarization angle, the sample was placed on a rotating stage.

Photoluminescence Spectroscopy. For the PL measurements,
we mounted the sample in closed-cycle helium cryostats (Montana
Instruments or attoDRY 800) with a base temperature of 4.2 K. In
both setups, measurements were made through the side window using
a home-built confocal microscope with a 100X, 0.9 NA objective
(Olympus). We excited the sample using a continuous-wave (CW)
laser at 2.384 or 1.746 eV. The PL was collected confocally after using
a long-pass filter. For the polarization-resolved PL, we used a linear
polarizer in both excitation and detection and a half-wave plate to
rotate the polarization. The light was fiber-coupled and directed to a
high-resolution spectrometer that was attached to a liquid-nitrogen-
cooled charge-coupled device camera.

Photoluminescence Excitation Spectroscopy. For the PLE
measurements, we used a tunable CW Ti:sapphire laser (MSquared
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Solstis) that is highly monochromatic with a line width of 107 nm.
The wavelength was locked using a wavemeter (High Finesse WS8).
After wavelength tuning, we adjusted the excitation power to 100 yW
before the microscope objective. Measurements were taken with the
half-wave plate rotated such that the electric field pointed along the b
direction. The light was fiber-coupled and subsequently dispersed
using a high-resolution spectrometer attached to a liquid-nitrogen-
cooled charge-coupled device camera.

Magneto-Optical Spectroscopy. For the magnetic field-depend-
ent optical measurements, we mounted CrSBr bulk flakes on top of a
Si0,/Si substrate into a closed-cycle cryostat (attoDRY 2100). We
cooled the sample to a lattice temperature of around 1.6K. The
magnetic field of a superconducting solenoid magnet was aligned
along the ¢ axis of the crystal with a maximum field up to 9 T. We
fiber-coupled a broadband light source on the input to perform
magnetic field-dependent reflectance measurements. The signal from
the sample was collected using a second fiber and directed toward a
high-resolution spectrometer attached to a liquid-nitrogen-cooled
charge-coupled device camera. The broadband laser excitation power
was set to 100 gW.

Scanning Tunneling Microscopy. The topographic images were
taken at room temperature with a Unisoku UHV-LT four-probe
scanning tunnelling microscope operated with a Nanonis controller
and equipped with a scanning electron microscope that allowed the
precise location of scan areas. The CrSBr bulk crystal was cleaved
under vacuum to obtain a clean sample surface. Using Ptlr tips, we
acquired differential conductance (dI/dV) spectra using a lock-in
amplifier. During data acquisition, the feedback loop was switched off.

Scanning Transmission Electron Microscopy. STEM imaging
was performed with a probe-corrected Thermo Fisher Scientific
Themis Z G3 operated at 200 kV. The probe convergence semiangle
was 19 mrad. The corresponding probe size of the aberration-
corrected electron beam was sub-angstrom. The typical beam current
used was 40—60 pA. All images were collected at room temperature.
The frame size was 1024 X 1024 pixels, and the dwell time was 500
ns/pixel. Ten images were acquired and overlapped using Velox
software and the DCFI (drift correction frame integration) function
to increase the signal-to-noise ratio.

The STEM-HAADF images were analyzed using a custom-made
Python code framework. The change in lattice distance between
different atomic columns was detected by performing peak finding on
the output of a fully convolutional neural network that predicts the
atomic position as Gaussians in a segmentation map.

The percentage change between Cr and S/Br columns was

%~ binean / 2
calculated by Ab = W

between two atomic positions, and b,,.,,/2 is the mean interatomic
column value. The value was obtained from a 6L CrSBr that was used
as a reference and extracted by fitting a histogram of interatomic
column distances with a normal distribution.

Many-Body Perturbation Theory: GW+BSE. CrSBr exhibits
spin—orbit coupling and in-plane ferromagnetism. To calculate its
electronic ground state from first principles, we employed density
functional theory (DFT) in the generalized gradient approximation
(GGA).”> The correct sépin structure was provided by the noncol-
linear DFT formalism.*>®* This provided the wave function as spinors
and is a good starting point for many-body perturbation theory, which
also readily includes all effects of noncollinear magnetism.

We calculated the quasiparticle (QP) band structures by including
the self-energy X(E) in the GW approximation.”> Here, the one-
particle Green’s function G and the screened Coulomb interaction W
(including the dielectric response in random phase approximation)
are derived, and X = iGW replaces the DFT exchange correlation
energy V... The Hamiltonian becomes

where x is the analyzed distance

HY = H> 4+ iGW -V, 2)
where the resulting difference is the quasiparticle correction A from
many-body perturbation theory. The QP band structure energies are
then given by
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While the one-shot GW is often evaluated only when accounting for
the diagonal terms of & (and A¥, respectively), this is not sufficient
for CrSBr (see e.g., refs 66—68). Therefore, we calculate the QP wave
functions as a linear combination of the DFT wave functions

QL _
ka - Z
" 4)
where the coeflicients D}, are given by the solution of the full

eigenvalue problem
2 Hal(l EJ)D = EXDyy
" ©)

For further details see ref 68. Because of the large changes of the band
gap, we used a scissor operator to anticipate its opening and, thus,
accelerated the self-consistent determination of QP shifts. For the
monolayer, bilayer, and bulk, we employed 1.4, 1.1, and 1.0 eV,
respectively.

In GW we represented all the two-point functions (P, ¢, W) by a
hybrid basis set of Gaussian orbitals with decay constants ranging
from 0.14 to 5.1 aj and plane waves with an energy cutoff set to 1.5
Ry. We applied a k-point sampling of 17 X 13 X 1 points in the first
Brillouin zone. For the BSE, we increased the sampling to 32 X 24 X 1
points. For the resulting spectra (Figure 4a,b), an artificial broadening
of 35 meV was applied.

Macroscopic Momentum-Dependent Dielectric Function.
To obtain the nonlocal macroscopic dielectric function in Figure 4,
we calculated the head element of the dielectric matrix in the static
limit £24(q) = €g-0g-0(q) using BerkeleyGW*””® with 2D Coulomb
truncation.”' To this end, spin-polarized density functional theory
(DFT) calculations were carried out using QUANTUM ESPRES-
SO.”>”> We applied the generalized gradient approximation (GGA)
by Perdew, Burke, and Ernzerhof (PBE)”*”* and used the optimized
norm-conserving Vanderbilt pseudopotential’® at a plane-wave cutoff
of 80 Ry. Uniform meshes with 24 X 18 X 1 k-points were combined
with a Fermi—Dirac smearing of 5 mRy. A large vacuum of 28 A with
a truncated Coulomb interaction’” was included between repeated
supercells in the ¢ axis direction. The calculations were performed
using the same lattice structure and band gap as in the electronic
ground-state calculation for our GW approach.

Charge Density Calculations. The charge density calculations
shown in Figure 1gh were performed using the PWmat package. The
SG1S pseudopotential and HSE exchange correlation functional were
used. A plane-wave energy for the basis set was cut off up to 50 Ry.
The charge density shown includes the states in the range of 0.1 eV
below the top of the valence band and 0.1 €V above the bottom of the
conduction band.

n DFT
Dmkll/nk
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