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Correlated quantum phenomena in one-dimensional (1D) systems that exhibit competing elec-
tronic and magnetic orders are of fundamental interest. Interaction effects in low-dimensional sys-
tems can lead to fundamental excitations which are completely different from the quasi-particles one
would expect in a higher-dimensional counterpart, such as Tomonaga-Luttinger liquids and topolog-
ical orders and defects. However, clean 1D electronic systems are difficult to realize experimentally,
particularly magnetically ordered systems. Here, we show that the van der Waals layered magnetic
semiconductor CrSBr behaves like a quasi-1D electronic material embedded in a magnetically or-
dered environment. The strong 1D electronic character is due to the unique combination of weak
interlayer hybridization and anisotropy in effective mass and dielectric screening. The band struc-
ture and quasi-particle excitations are dominated by the Cr-S chains and a shallow 1D quantum
confinement normal to these chains, manifesting in an anisotropic band with an effective electron
mass ratio of me

X/m
e
Y ∼ 50. Strong quasi-particle interactions and 1D electronic character are

indicated by Fano resonances from a van Hove singularity of similar strength as in metallic carbon
nanotubes. The spectrally narrow excitons (1 meV) inherit the 1D character and show pronounced
exciton-phonon coupling effects. Overall, CrSBr appears to be an experimentally clean candidate
for the study of 1D correlated many-body physics in the presence of magnetic order.

Experimental realizations of one-dimensional plat-
forms for studying quantum phenomena are rare, some
examples being ultra-cold quantum gases, [1] atomic
chains [2] or carbon nanotubes. [3–8] While such plat-
forms are essential for the study of correlated phenomena
like Tomonaga-Luttinger liquids, [2, 5] 1D spin chains [9]
or for realizing quantum conducting wires, [10] they may
be unstable, hard to scale up or suffer from ensemble
inhomogeneities.

Quasi-1D electronic systems are an appealing alter-
native. Examples include MoS2 [11] and hBN nan-
otubes, [12] III-V-based nanowires [13, 14] or other quasi-
1D materials like ZrTe3, [15] NbSe3 [16] or TiSe3. [17]
Some systems show interesting quantum phenomena such
as charge density wave physics (CDW) [15]. Low-

dimensional systems with both electronic and magnetic
character are particularly intriguing and several efforts
have been dedicated to their design and fabrication. [18]
Early examples include dilute magnetic semiconductors
like Mn-doped quantum wells and quantum wires that ex-
hibit electronic and optical excitations that are strongly
correlated with the magnetic degree of freedom. [19, 20]

A particularly exciting development is the observa-
tion of long-range magnetic order in van der Waals
magnets. [21, 22] Such materials attract interest due to
their correlated excitations including electron-electron,
electron-spin, exchange and electron-phonon interactions
that are expected to result in new exotic quantum
phenomena and functionalities. This motivates the
exploration of new quantum materials that are low-
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FIG.| 1. Quasi-1D electronic structure of CrSBr in the bulk. a, Optical micro-graph of mechanically exfoliated
CrSBr. Needle-like crystals extend along the a-direction. Scale bar is 4 µm. 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 DFT-GW calculation of the high symmetry
points X − Γ − Y showing a flat conduction band along the Γ − X direction (effective electron mass me

X = 7.31m0) and a
highly dispersive band along the Γ−Y direction (me

Y = 0.14m0). The blue and red colors represent the majority and minority
(in-plane) spin polarization. Inset: Zoom in of the split conduction bands at Γ (∆CB = 33meV). d, and e show DFT-GW
calculations of the 2L and bulk CrSBr. f-h, Schematic illustration of bulk CrSBr with the relevant electronic structure that
is formed by atomic orbitals mainly from the Cr and S orbitals. The charge density of states near the Fermi level is shown as
obtained by DFT calculations. The charge density includes the states in the range 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 STS (It = 50 pA at Vbias = 0.2 V) with a single-particle gap
of ∼ 1.5 ± 0.2eV. Inset: Topographic STM image of CrSBr surface showing the Br atoms on the surface. Scale bar is 1 nm.
j, Low-temperature (4.2 K) PL of 1L, 3L and bulk (36.8 nm ∼ 46L) CrSBr for the electric field co-polarized in excitation and
detection along the b-and a-direction, respectively. The PL emission of the 1s exciton in bulk CrSBr is highlighted. Inset:
Anisotropic 1s exciton emission of bulk CrSBr.

dimensional in nature, not only magnetically but also
electronically.

A material that fulfills many requirements is the emer-
gent van der Waals magnet CrSBr [23–27] from the group
of chalcogen-halides that are described by the stoichio-
metric formula MXP. These consist of a transition metal
(M = Cr, Fe, V), a chalcogen (X = S, Se, O) and a
halogen (P = Br, Cl, I). Without including spin, the
chalcogen-halides have space group 59 (Pmmn) and point
group D2h. CrSBr combines several particularly in-
teresting properties. [23–33] It is a semiconductor with

an energy gap of ∼ 1.5 eV. [25, 27] It is also an A-
type antiferromagnet (AFM) with the magnetic easy-
axis along the b-direction and a high Néel temperature
of TN ∼ 132 K. [24, 27] A number of recent works have
shown structural phase transformations, [31] magneto-
optical [29] and magneto-transport [27, 32, 33] properties
and exciton-magnon coupling. [34]

Understanding the underlying electronic structure, the
quasi-particles and their mutual couplings is key to en-
gineering magnetic properties in CrSBr. In another
chalcogen-halide, TiOCl, Spin-Peierls and CDW physics
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has been reported, [35–37] suggesting that materials with
even larger structural anisotropy, such as CrSBr, may po-
tentially show electronic 1D character. Indeed, a recent
transport study has reported an unusual anisotropy in
the electron conductivity along the a- and b- directions
of CrSBr with striking ratios of up to 105, attributed to
quasi-1D transport. [33] This observation motivates our
interest in the origin of the peculiar electronic structure
of CrSBr and its impact on the material’s vibrational,
optical and magnetic properties.

In this manuscript, we report evidence for quasi-1D
electronic behavior of CrSBr based on both experiment
and theory. We suggest that the strong 1D electronic
character is due to a unique combination of weak
interlayer hybridization and anisotropy in effective
mass and dielectric screening that show unambiguously
in all our experiments and calculations. Experimen-
tally, the 1D electronic character manifests in strong
exciton-phonon and electron-phonon interactions. By
inelastic light scattering, we reveal a Breit-Wigner-Fano
resonance in the phonon mode from resonant quasi-1D
electron-phonon coupling effects with its origin in a 1D
density of states (DOS). The 1D electronic character in
combination with the absence of sample inhomogeneity
from strain or substrate/surface effects that are very
common in atomically thin materials results in clean op-
tical signatures with spectrally narrow (1 meV) exciton
emission in low-temperature photoluminescence (PL)
measurements. The excitons inherit the 1D electronic
character owing to the dominant orbital admixture from
electronic flat bands and a quasi-1D dielectric screening.
The low-dimensionality of bulk CrSBr is further corrob-
orated by pronounced exciton-phonon interaction effects
with the observation of exciton-phonon bound states
from photoluminescence excitation (PLE) spectroscopy.
Our work establishes bulk CrSBr as an ideal plat-
form to explore rich quasi-particle excitations and their
mutual couplings in a magnetically ordered environment.

Quasi-1D electronic structure of CrSBr. Un-
like the previously investigated archetypal magnets CrI3
and Cr2Ge2Te6, [21, 22] CrSBr shows good air-stability
and can be easily cleaved down to a monolayer (1L) (see
Fig. 1a). Exfoliated crystals have a needle-like shape and
exhibit a structural anisotropy (see Fig. 1b). [31] The
strong electronic anisotropy is directly apparent from
our 1L, 2L and bulk density functional theory (DFT-
GW ) calculation (see Fig. 1c-e). The 1L shows two
conduction bands (energy splitting of 33 meV at the Γ
point) that are flat along the a-direction (Γ − X) and
highly dispersive along the b-direction (Γ− Y ). The rel-
evant electronic structure around the Γ-point can also
be well described in a simple three-band k · p model
(see SI). The Γ-point effective masses of the lowest con-
duction band and the topmost valence band in Γ − X-
and Γ − Y -directions, respectively, are extracted from

the DFT+GW band structures: me
X = 7.31m0, me

Y =
0.14m0, mh

X = 2.84m0, mh
Y = 0.45m0. This manifests

in a pronounced effective electron mass anisotropy of
me

X

me
Y
∼ 50. This mass anisotropy is significantly higher as

compared to anisotropic black phosphorous [38] The elec-
tronic anisotropy originates from the orbital composition
of the electronic bands around the conduction band min-
imum (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 Fig. 1g and h).
The orbitals of the Br atoms only weakly admix into the
conduction bands, resulting in the weakened interlayer
hybridization. In the case of the 1L, we obtain admix-
tures to the lower conduction band of 64% Cr, 32% S and
4% Br and for the upper conduction band 86% Cr, 9% S
and 5% Br. 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 con-
finement along the a-direction due to a weak intra-layer
hybridization (coupling) of the chains. This weak hy-
bridization is also apparent from the DFT-GW calcula-
tion of bilayer (2L) and bulk CrSBr (see Fig. 1d and e)
and differs from semiconducting TMDCs. [39, 40] We ob-
tain a qualitatively similar band structure for 1L, 2L and
bulk along the X−Γ−Y direction, as expected from the
weak interlayer hybridization. The fundamental band
gap is direct and situated at the Γ 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 Γ−X becomes even more pronounced in the
GW calculation. Moreover, the strong mass anisotropy
results in a large density of states (DOS) along the Γ−X
direction at the band edge which is expected to be ac-
companied by a van Hove singularity (see SI).

In order to access the electronic states experimentally,
we perform scanning tunneling microscopy (STM) and
spectroscopy (STS) at room temperature (T = 300 K)
on bulk CrSBr crystals cleaved under ultra high vacuum
to obtain a clean surface. Figure 1i shows a typical dI/dV
trace. The extracted size of the band gap, Eg = 1.5 ±
0.2eV, is consistent with the bulk DFT-GW calculation
yielding an energy gap of 1.56 eV (see Fig. 1e) and in
agreement with a previous STS study. [27]

Low-temperature (4.2 K) PL (see Fig. 1j) confirms the
weak interlayer hybridization of CrSBr, in line with all
other findings. The optical emission of CrSBr is strongly
linearly polarized along the b-direction reflecting the
electronic anisotropy. The spectra from 1L, 3L and bulk
(36.8 nm ∼ 46L) show a clear signature of the 1s exciton
recombination at ∼ 1.366 eV along with other hitherto
unidentified peaks energetically below the 1s exciton.
Most importantly, the features in all spectra remain
the same upon layer number reduction, but display
significant line broadening that likely originates from
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FIG.| 2. Resonant and non-resonant Raman spectroscopy in bulk CrSBr. a, False color mapping of the polarization
angle dependent Raman spectra with off-resonant excitation at EL = 2.33 eV far above the single-particle gap. The three
main phonon modes A1

g (115 cm−1), A2
g (245.5 cm−1) and A3

g (344 cm−1) in CrSBr are highlighted. b, Raman spectrum with
polarization along the b-direction (b̂, 0◦ or 180◦) shows Lorentzian line shapes as does c the a-direction (â, 90◦ or 270◦).
d-f, Polarization angle dependent intensity of the A1

g, A2
g and A3

g phonon mode for excitation at EL = 1.58 eV. Only mode
A2

g exhibits an intensity maximum along the â-direction. g, Left: Polarization dependent Raman at an excitation energy of
EL = 1.58 eV that is in electronic resonance with the band gap. Right: The Breit-Wigner-Fano coupling parameter 1/qBWF of
the A2

g phonon mode oscillates between the b- and a-direction as further indicated by the sine fit. h, Raman spectrum with the
electric field co-polarized along the b-direction. The A2

g mode is fitted with a BWF resonance (see Eq. 1). i, Raman spectrum
along the a-direction. All modes exhibit fully Lorentzian lineshapes.

disorder-related effects such as strain, unintentional
doping from the substrate, defects or adsorbates. For
bulk CrSBr, we obtain Lorentzian linewidths of the 1s
exciton of ∼ 1 meV, reminiscent of high-quality hBN
encapsulated TMDCs. [41, 42]

Quasi-1D electron-phonon coupling. The quasi-
1D electronic structure and band anisotropy is expected
to manifest itself in the quasi-particle excitations and
their mutual interactions. To explore such interactions
between excitations of the 2D lattice and excitations of
the quasi-1D electronic system, we perform resonant in-
elastic light scattering (RILS) spectroscopy. [43] In order
to selectively probe the quasi-particles of the lattice ex-
citations, we use non-resonant Raman with an excitation
well above the band gap of EL = 2.33 eV; in order to
study the interaction between the quasi-particles’ elec-
tronic inter-band 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 (EL = 1.58 eV). For the measurement, we co-align
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 non-resonant excitation (EL =
2.33 eV) shows three main modes that we identify as
the A1

g (115 cm−1), A2
g (245.5 cm−1) and A3

g (344 cm−1)
modes (see Fig. 2a). While all modes are due to out-of-
plane atomic displacements, the A1

g and A3
g modes ex-

hibit an intensity maximum along the b-direction while
the A2

g mode exhibits a maximum along the a-direction
(see Fig. 2d-f). Importantly, the lineshape of all modes
is Lorentzian for all polarization angles.

For resonant excitation (EL = 1.58 eV), we observe a
number of additional resonant modes with distinct ener-
gies and a very pronounced asymmetric Fano line shape
of the A2

g mode (see Fig. 2g-i) but only when the elec-
tric field vector is aligned along the b-direction (k-vector
pointing along the a-direction). This line shape is a hall-
mark signature for the presence of resonance effects, e.g.



5

coupling between lattice and electronic excitations. [3, 4]
We attribute this to the strong polarization-selective 1D-
like electron-phonon interaction of the A2

g mode with the
electronic structure of CrSBr. The A2

g is polarized along
the a-direction and is therefore prone to strongly couple
to the high DOS of the electronic system along the Γ−X
direction (see Fig. 1c). This is known as a Breit-Wigner-
Fano (BWF) resonance with the phonon as discrete state
and the 1D DOS along the a-direction as the electronic
continuum from shallow 1D quantum confinement. [3, 4]
The spectral form of a BWF resonance is given by

I(ω) = I0
[1 + (ω − ωBWF /qBWFΓ)]2

1 + [(ω − ωBWF )/Γ]2
(1)

where the asymmetry factor 1/qBWF characterizes the
coupling strength between the phonon and the electronic
continuum and ωBWF is the uncoupled BWF peak fre-
quency. The BWF resonance profile reproduces the ex-
perimental A2

g mode spectrum under resonant excitation
along the b-direction (see Fig. 2b). The BWF coupling
parameters 1/qBWF deduced from those fits (see right
panel Fig. 2g) reveal a high coupling strength between
phonons and electronic continuum of 1/qBWF = −0.24
for polarization along the b-direction that is comparable
with reports on metallic CNTs with values between −0.2
and −0.6. [6–8] In contrast, the line shape of the RILS
spectra of A2

g measured along the a-direction is best de-
scribed by a pure Lorentzian with 1/qBWF yielding van-
ishing coupling between phonons and the electronic con-
tinuum. The observation of the highly anisotropic Fano
resonance is a strong signature for the 1D nature of the
continuum. [6–8]

The observed 1D nature of the electronic system in the
2D van der Waals material with even 3D spin exchange
interaction is highly unexpected. We can understand the
behavior by the flat conduction band along the Γ − X
direction with its very large DOS (see Fig. 1c). Under
the assumption that the 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 EF . Using the 1D model for carrier dynamics (see

SI), we can estimate this DOS to be ν(E) =
√

2m∗
E

1
2π`

where m∗ is the effective mass in the dispersive direc-
tion, ` is the effective interchain distance, and E is
the energy relative to the conduction band minimum.
For carrier density nel, we find that this DOS scales as
ν(EF ) ∼ m∗

π2`2nel
, yielding a large number of electron-hole

excitations which can hybridize with the phonon mode.

Quasi-1D excitons in CrSBr. CrSBr exhibits a
rich optical spectrum with several peaks that are not yet
identified. [29, 34] The quasi-1D electronic structure of

CrSBr is expected to directly affect the properties of the
Coulomb bound quasi-particle excitations. To provide
more understanding to the complex optical spectrum and
the implications that arise from the quasi-1D electronic
structure, we calculate excitonic properties of monolayer
CrSBr based on DFT+GW and Bethe-Salpeter equa-
tions (BSE) and compare them with experimental sig-
natures 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 Fig. 3a and b). We identify four exci-
tonic resonances in the b-direction: Ω1 = 1.22 eV, Ω2 =
1.24 eV, Ω3 = 1.87 eV and Ω4 = 1.93 eV. The two ener-
getically lowest excitons are split by only ∆E = 20 meV.
This energy difference has its origin in the two energy
split conduction bands (see inset Fig. 1c). We obtain
large binding energies for Eb(Ω1) = 0.88 eV and Eb(Ω2)
= 0.90 eV. The corresponding real-space representation
of the excitonic wavefunctions of Ω1 and Ω2 suggest a
strong 1D character with the excitons extended along
the b-direction but squeezed along the a-direction (see
Fig. 3c). The origin is the predominant orbital admix-
ture from the flat conduction bands along the Γ − X
direction (see Fig. 3d). For the most important orbitals
we obtain an admixture for the upper conduction band
of 61% d(x2−y2), 10% d(3z2−r2), 27% pz and for the lower
conduction band of 61% d(x2−y2), 25% d(3z2−r2), 7% pz.
Importantly, the anisotropy can not only be found in the
effective electron mass along Γ−X and Γ− Y , but also
dominates the dielectric function ε2D(qx, qy) in reciprocal
space (see Fig. 3e and f). It is this intricate interplay of
effective mass anisotropy and dielectric anisotropy that
shows in the quasi-1D character of the excitonic quasi-
particles in CrSBr.

We now probe the excitonic signatures of bulk CrSBr
at low temperature (4.2 K) by non-resonantly exciting
the system with a continuous-wave laser at an energy of
2.384 eV (see Fig. 3g). We observe that the 1s exciton
at an energy of ∼ 1.366 eV (at an excitation power of
10 µW) appears as a doublet, likely due to a cavity ef-
fect (interference effects) caused by the finite 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 verifying high homogeneity of the
parallel weakly coupled chains in combination with the
high crystal quality. The 1s exciton red-shifts with in-
creasing excitation power typically observed for increas-
ing number of photo-generated carriers in other semicon-
ducting van der Waals materials (also see SI). [44] More-
over, for high excitation powers, additional resonances
above the 1s exciton, labelled X∗ and X∗∗, appear at en-
ergies of 1.380 eV and 1.391 eV, respectively. While they
are weakly visible in PL, their appearance in the deriva-
tive of the low-temperature (1.6 K) differential reflectiv-
ity measurements (see Fig. 3h) suggests finite oscillator
strength and band related transitions. The energy split-
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FIG.| 3. Excitons with quasi-1D electronic character from dielectric and mass anisotropy in CrSBr. a, Calculated
optical absorption spectrum from ab initio by solving the BSE of 1L CrSBr for an electric field polarized along the b-direction
(Y -direction). The spectrum shows four excitonic resonances. Ω1 and Ω2 originate from the two split conduction bands with a
small energy splitting of ∆EΩ1,Ω2 ∼ 20 meV. The binding energies are given by 0.88 eV and 0.90 eV for Ω1 and Ω2, respectively.
Ω3 and Ω4 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 (X-direction) showing the strong electronic anisotropy and the
absence of Ω1 and Ω2. c, Corresponding anisotropic real space exciton wavefunction of Ω1 and Ω2. d, Momentum space exciton
composition of Ω1 and Ω2 have large band contribution along the Γ − X direction. e, Calculated macroscopic momentum-
dependent dielectric function ε2d(qx, qy) of freestanding 1L CrSBr exhibiting a strong anisotropy along qx and qy. f, ε2d(0, qy)
and ε2d(qx, 0) as a function of q. First-principle results are symbolized by the 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 eV and
1.391 eV, respectively. The energy splitting between the 1s exciton and X∗ is ∆E ∼ 15 meV. h, Derivative of the differential
reflectivity ∆R/∆E taken at 1.6 K showing the same resonances. i, False color plot of the magnetic field dependent differential
reflectivity ∆R/∆E with the B-field applied parallel to the c-axis. The data show the 1s exciton, X∗ and a faint signature of
the X∗∗. j, Position of the 1s exciton doublet and X∗.

ting of the 1s exciton and the X∗ is only ∆E ∼ 15 meV.

In order to learn about the impact of the magnetic or-
der and exchange interaction between the magnetic mo-
ments in the 3D matrix and the quasi-1D excitons and
their potential origin, we probe the 1s exciton, X∗ and
X∗∗ at 1.6 K in reflectivity as a function of a magnetic
field along the c-axis (see Fig. 3i). 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 Fig. 3j). The
energy shift of the X∗ is weaker as compared to the 1s
exciton. The X∗∗ is weak in signal for higher fields but
suggests a qualitatively similar energy shift as the X∗
(see Fig. 3i).

The attribution of the X∗ and X∗∗ is non-trivial. Po-
tential scenarios would involve momentum direct or indi-
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FIG.| 4. Pronounced exciton-phonon coupling and rich electronic structure in bulk CrSBr. a, False color low-
temperature (4.2 K) 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 (A2

g and A3
g) and additional electronic resonances highlighted with arrows.

b, PL emission spectrum of the 1s exciton at EL = 1.406 eV. Integrated intensity of the 1s exciton as a function of laser
excitation energy. The green line is a moving average to the data. The energies of the A2

g and A3
g are highlighted. Moreover,

the 1s exciton exhibits intensity oscillations that are equidistant in energy with a periodicity of ∼ 12.4 ± 1.0 meV (see dashed
lines and SI). At higher energies (E > 1.45 eV) additional distinct energy resonances (∗) are observed and highlighted.

rect 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 momen-
tum indirect character due to the strong extension of the
wavefunction along the Γ−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 Γ point in bulk CrSBr, the
orbital composition of the lower conduction band is 59%
d(x2−y2), 21% d(3z2−r2), 10% pz while for the upper con-
duction band it is 60% d(x2−y2), 5% d(3z2−r2), 34% pz.
The upper conduction band has a much lower admix-
ture of Cr d(3z2−r2) 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 would suggest the potential origin of the X∗ and
X∗∗ from a transition that involves the upper conduc-
tion band. In general, the excitonic transitions are ex-
pected to inherit the orbital character, also for potential
indirect transitions that preserve the orbital conduction
band admixture away from the Γ point. This further
illustrates that the quasi-1D electronic structure and re-
lated orbital admixture have direct consequences on the
magneto-optical coupling of the excitonic complexes in
CrSBr.

Exciton-phonon coupling and electronic struc-
ture of CrSBr. In the last part of this manuscript, we
further confirm our interpretation of CrSBr as a quasi-1D
quantum material in the bulk limit by studying the elec-
tronic structure and quasi-particle interactions of CrSBr
using high-resolution PLE measurements. Therefore, we
spectroscopically probe CrSBr at low-temperature (T =
4.2 K) by tuning a continuous-wave laser in small steps
over a wide energy range from 1.39 eV to 1.76 eV and col-
lect the PL from the 1s exciton with excitation and detec-
tion co-polarized along the b-direction. Figure 4a shows
a false color contour plot of the 1s exciton PL as a func-
tion of the excitation energy, with the corresponding in-
tegrated 1s exciton intensity shown in Fig. 4b. The PLE
measurement exhibits an intricate fine structure with sev-
eral features and resonances. Two energetic regions are
of particular interest. In the energy range (E < 1.45 eV)
close to the 1s exciton (∼ 1.365 eV) phonons play an im-
portant role. Here, we observe two distinct lines crossing
the 1s exciton PL signal. We interpret these lines as res-
onant Raman signatures suggesting pronounced exciton-
phonon coupling between two discrete phonons with the
1s exciton. Such signatures appear in the spectra when
the energy detuning of the laser photon and the 1s exci-
ton equals a phonon or multiple phonon energies, lead-
ing to the resonant enhancement of the exciton emis-
sion. The two phonon lines cross with the 1s exciton
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at energy detunings of ∼ 31.1 meV (∼ 249 cm−1) and
∼ 42.9 meV (∼ 343 cm−1), respectively. The energies are
in excellent agreement with the energies of the A2

g and A3
g

phonon modes (see Fig. 2). Pronounced exciton-phonon
coupling effects are usually observed for 2D materials
like hBN-encapsulated TMDCs [42, 45] as a consequence
of narrow exciton linewidths, intrinsically high oscillator
strength and high phonon DOS ∝ q [42] but are very pro-
nounced even in our measurement further reflecting the
low-dimensional character of CrSBr in the bulk limit.

In the same energy range (E < 1.45 eV), we also ob-
serve oscillations in the 1s exciton emission intensity with
equidistant energies with respect to the 1s exciton emis-
sion with a periodicity of 12.4± 1.0 meV (99.2± 8 cm−1)
(see dashed lines in Fig. 4b and SI). This energy is ∼
15% lower than the A1

g phonon mode energy (14.3 meV)
(see Fig. 2). We interpret the equidistant features as
exciton-phonon bound states. The observation of opti-
cally dark phonon replica energetically above the 1s ex-
citon has been recently observed in NiPS3 [46, 47] and
interpreted as optically dark magnetic bound exciton-
phonon states. A reduced energy of this bound state
is expected for [46, 48] and further illustrates the strong
orbital and quasi-particle interactions in bulk CrSBr due
to the reduced dimensionality.

Finally, for higher energy detunings (E > 1.45 eV),
we observe a sequence of additional resonances in the 1s
exciton emission that are energetically close to the single-
particle gap (see peaks labelled with * in Fig. 4a and b).
In this energy range, Rydberg states can be expected in
bulk CrSBr. In general, the anisotropic, quasi-1D screen-
ing is expected to result in a divergence of the 1s state, in-
creasing the energy splitting between the 1s and 2s state.
While our results provide initial insights into the complex
electronic structure of CrSBr, additional measurements
and theory are required to understand potential excited
states in this material.

Conclusion and Outlook. We have provided strong
experimental and theoretical evidence that bulk CrSBr
is a quasi-1D quantum material. The quasi-particles in
CrSBr and their mutual couplings illustrate the 1D char-
acter electronic that offers very clean experimental signa-
tures in addition to the magnetic order. We find that this
material represents an exciting new platform to study the
physics of quasi-1D electronic systems that are highly in-
teracting with vibrational, optical, excitonic and mag-
netic degrees of mixed dimensionalities.

The energetic flat band along the a-direction motivates
more detailed studies of potential correlated behaviors in
this material. Generally, 1D systems are known to have
strong tendencies towards charge density-wave order via
Peierls instability, which is consistent with the observa-
tion of pronounced electron-phonon interaction in this
system. While this is a strong possibility, it is also possi-
ble that at low densities other phases may compete and
be favored. In particular, since the Coulomb interac-

tion is long-ranged in the absence of free carriers, it is
possible that at low carrier densities, the system may in-
stead tend towards a 1D Wigner crystal [49] or a stripe
phase, [50, 51] 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 a very
intriguing electronic structure. The rich magnetic phase
diagram contributes additional complexity rendering it
an ideal platform for exploring fundamental physics and
exciting new applications. We believe that the 1D elec-
tronic character is 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. [31] Samples were fabricated by mechanical ex-
foliation onto SiO2/Si substrates. Sample thickness was
verified by a combination of atomic force microscopy, op-
tical phase contrast and Raman spectroscopy.

Raman spectroscopy

Resonant and non-resonant Raman measurements
were performed on a Renishaw inVia micro-Raman con-
focal microscope. For the measurements we used a 100x
objective with a laser spot size of ∼ 1 µm. The laser exci-
tation power used for the measurements taken at 785 nm
and 532 nm was 1000 µW and 250 µW, respectively. Ten
individual spectra acquired at 20 s were averaged result-
ing in a spectrum with a total integration time of 200 s.
To adjust the polarization we used a linear polarizer in
the excitation and detection path that we co-polarized.
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
×100, 0.9 NA objective (Olympus). We excited the sam-
ple using a continuous-wave (CW) laser at 2.384 eV or
1.746 eV. The PL is collected confocally after using a
long-pass filter. For the polarization resolved PL, we used
a linear polarizer in both excitation and detection and
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a half-wave plate to rotate the polarization. The light
was fiber-coupled and directed to a high-resolution spec-
trometer 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 Solstis) that is highly
monochromatic with a linewidth of 10−6nm. The wave-
length is locked using a wavemeter (High Finesse WS8).
After wavelength tuning, we adjusted the excitation
power to 100 µW before the microscope objective. Mea-
surements 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-dependent optical measure-
ments we mounted CrSBr bulk flakes on top of a SiO2/Si
substrate into a closed-cycle cryostat (attodry 2100). We
cooled the sample to a lattice temperature of around
1.6 K. The magnetic field of a superconducting solenoid
magnet is aligned along the c-axis of the crystal, with
a maximum field up to 9 T. We fiber-coupled a broad-
band light source on the input to perform magnetic field-
dependent reflectance measurements. The signal from
the sample was collected using a second fiber and di-
rected towards a high-resolution spectrometer attached
to a liquid nitrogen-cooled charge-coupled device cam-
era. The broadband laser excitation power was set to
100 µW.

Scanning tunneling microscopy

The topographic images were taken at room tempera-
ture with a Unisoku UHV-LT four-probe scanning tun-
nelling microscope operated with a Nanonis controller.
The CrSBr bulk crystal was cleaved in under vacuum
to obtain a clean sample surface. The STM is equipped
with a scanning electron microscope to allow precise loca-
tion of scan areas. We acquired differential conductance
(dI/dV) spectra using a lock-in amplifier. During data
acquisition, the feed back loop was switched off. The
data were acquired with PtIr tips.

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 semi-angle was 19 mrad.
The corresponding probe size of the aberration-corrected
electron beam is sub-Angstrom. The beam current was
60 pA.

Many-body perturbation theory: GW+BSE

CrSBr exhibits spin-orbit coupling and inplane ferro-
magnetism. To calculate its electronic ground state from
first principles, we have employed density functional the-
ory (DFT) in the generalized gradient approximation
(GGA) [52]. The correct spin structure is provided by
the noncollinear DFT formalism [53, 54]. This provides
the wavefunction as spinors and is a good starting point
for many-body perturbation theory, which straightly in-
cludes all effects of noncollinear magnetism as well.
On top of DFT, we have calculated the quasi-particle
(QP) band structures by including the self energy Σ(E)
in the GW approximation [55]. 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 Σ = iGW replaces the
DFT exchange correlation energy Vxc. The Hamiltonian
becomes

HQP = HDFT + iGW − Vxc (2)

where the resulting difference is the quasi-particle correc-
tion ∆QP from many-body perturbation theory. The QP
band structure energies are then given by

EQP
nk = EDFT

nk + 〈ψDFT
nk |Σ(EQP

nk )− Vxc|ψDFT
nk 〉 (3)

While often the one-shot GW is evaluated only account-
ing for the diagonal terms of Σ (and ∆QP, respectively),
this is not sufficient for CrSBr (see e.g. [56–58]). There-
fore, we calculate the QP wavefunctions as linear combi-
nation of the DFT wavefunctions

ψQP
mk =

∑

n

Dn
mkψ

DFT
nk . (4)

where the coefficients Dn
m~k

are given by the solution of
the full eigenvalue problem

∑

n′

HQP
nn′

(
k;EQP

mk

)
Dn′
mk = EQP

mkD
n
mk . (5)

For further details see [58]. Because of the large changes
of the band gap, we use a scissor operator to anticipate
its opening and thus accelerates the self-consistent deter-
mination of QP shifts. For monolayer, bilayer and bulk
we employ 1.4 eV, 1.1 eV and 1.0 eV, respectively.
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In GW we represent all the two-point functions (P, ε,W )
by a hybrid basis set of Gaussian orbitals with decay
constants ranging from 0.14 to 5.1 a2B and plane waves
with an energy cutoff set to 1.5 Ry. We apply a k-point
sampling of 17× 13× 1 point in the first Brillouin zone.
For the BSE we increased the sampling to 32 × 24 × 1
points. For the resulting spectra (Fig. 3a and b) an arti-
ficial broadening of 35 meV is applied.

Macroscopic momentum-dependent dielectric
function

To obtain the nonlocal macroscopic dielectric function
in Fig 3 we calculate the head element of the dielec-
tric matrix in the static limit ε2d(q) := εG=0,G′=0(q)
using BerkeleyGW [59, 60] with 2-d Coulomb trunca-
tion [61]. To this end, spin-polarized density functional
theory (DFT) calculations are carried out using Quan-
tum Espresso [62, 63]. We apply the generalized gradi-
ent approximation (GGA) by Perdew, Burke, and Ernz-
erhof (PBE) [64, 65] and use optimized norm-conserving
Vanderbilt pseudopotential [66] at a plane-wave cutoff
of 80 Ry. Uniform meshes with 24 × 18 × 1 k-points
are combined with a Fermi-Dirac smearing of 5 mRy. A
large vacuum of 28Åwith a truncated Coulomb interac-
tion [67] is included between repeated supercells in c-axis
direction. The calculations are performed using the same
lattice structure and band gap as in the electronic ground
state calculation for our DFT+GW approach.

Charge density calculations

The charge density calculations shown in Fig. 1g and
h were performed using the PWmat package. SG15
pseudopotential and HSE exchange correlation functional
were used. A plane wave energy for the basis set is cut
off up to 50 Ry. The charge density shown includes the
states in the range 0.1 eV below the top of the valence
band and 0.1 eV above the bottom of the conduction
band.
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3

THREE BAND K·P MODEL

Monolayer CrSBr holds space group 59. The direct optical absorption in CrSBr is predominantly around the Γ-
point. At the Γ-point, the valence band transforms as the B3g irreducible representation, and the first conduction
band transforms as the Ag irreducible representation. According to the symmetry, we build a three-band k · p model
around the Γ point in the space spanned by the basis set of (|B1u〉,|Ag〉,|B3g〉). The perturbation is kept up to the
second order term. The resulting Hamiltonian is as follows

Ĥ =




E2 + h̄2k2

2me
0

h̄kypy
me

0 E1 + h̄2k2

2me
+

h̄2k2y
m2

2

p2y
E2−E0

0

h̄kypy
me

0 E0 + h̄2k2

2me
+

h̄2k2y
m2

2

p2y
E0−E2

.


 (1)

Here py = 〈B3g| p̂y |B1u〉. For the modelling we used an energy splitting in the conduction band of ∆E2−E1
= 33 meV

and py = −1.5eV me/h̄. The k · p band structure is in good accordance to the calculated DFT-GW band structure
(see SI Fig. 1a and b) and captures particularly the electronic anisotropy.
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SI Fig.| 1. Comparison between three band k · p model and DFT+GW calculated band structure for monolayer CrSBr around the
Γ-point. a, Three band k · p band structure modelled around the Γ-point as obtained from SI Eq. 1 b, Calculated DFT+GW band
structure of 1L CrSBr.
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LASER EXCITATION POWER DEPENDENCE FOR DIFFERENT THICKNESSES.
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SI Fig.| 2. Excitation power dependent PL of bulk CrSBr of different thickness. a, Power dependence of bulk CrSBr with a thickness
of 36.8 nm. The PL exhibits the 1s exciton that shows a double peak (X0,1 and X0,2) and two additional resonances X∗ and X∗∗.
b, Power dependence of bulk CrSBr with a thickness of 181.3 nm. The 1s exciton is split into three peaks, likely due to interference
effects from the finite thickness of the material. However, the resonances X∗ and X∗∗ are unchanged and appear at the approximately
same energy difference with respect to the 1s exciton.
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SI Fig.| 3. Power dependent exciton red-shift. a, Exciton peak position as a function of laser excitation power for an excitation
energy of 2.384 eV. The exciton red-shifts at a critical power of Pcrit ∼ 100 µeV. b, Exciton peak position as a function of laser
excitation power for an excitation energy of 1.746 eV. The exciton red-shifts at a critical power of Pcrit ∼ 80 µeV.
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PHOTOLUMINESCENCE EXCITATION SPECTROSCOPY OF THE 1S EXCITON.
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SI Fig.| 4. Excitation laser energy dependent intensity of the 1s exciton of bulk CrSBr. a, Spectrally integrated PL intensity of the
1s exciton for the laser energy tuned from 1.39 eV to 1.76 eV. The solid line is a moving average to the data. b, Spectrally integrated
intensity of the 1s exciton emission. The solid green line is a moving average to the data. The intensity decreases until reaching a
minimum at ∼ 1.68 eV and increases towards higher energies due to contributions from higher lying bands.
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OSCILLATIONS IN THE PHOTOLUMINESCENCE SIGNAL OF THE 1S EXCITON.
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SI Fig.| 5. Photoluminescence excitation spectroscopy of the 1s exciton in bulk CrSBr. a, False color mapping of the excitation laser
energy dependent spectral response of the 1s exciton at a sample temperature of 4.2 K. The laser energy is tuned from 1.39 eV to
1.46 eV with larger energy steps. The 1s exciton exhibits intensity oscillations with equidistant energy spacing. b, Spectrally integrated
intensity of the 1s exciton emission. The solid line is a moving average to the data. The order of the oscillations is highlighted. c,
Corresponding energy position of the oscillations plotted as a function of energy detuning with respect to the 1s exciton. The solid
line is a linear fit to the data resulting in a slope of 12.2± 1.0 meV (97.8± 8.0 cm−1). This energy is 15% smaller as compared to the
energy of the A1

g phonon mode. Equidistant replica energetically above the 1s exciton have been observed in NiPS3. [1, 2] The features
have been attributed to optically dark bound exciton-phonon states. d, False color mapping of the excitation laser energy dependent
spectral response of the 1s exciton taken at a second spot on the sample with higher energy resolution. e, Spectrally integrated
intensity of the 1s exciton emission. The solid line is a moving average to the data. The order of the oscillations is highlighted. f,
Corresponding energy position of the oscillations plotted as a function of energy detuning with respect to the 1s exciton. The solid
line is a linear fit to the data resulting in a slope of 12.4 ± 1.0 meV (99.2 ± 8.0 cm−1).
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ONE-DIMENSIONAL CORRELATED PHASES

We provide additional insights into the potential correlated physics of CrSBr. Below the Curie temperature, this
CrSBr exhibits intra-layer ferromagnetic order due to Stoner-type interactions resulting in a spin-polarized band
structure. As we described in the main manuscript, the conduction band is highly anisotropic, and is nearly completely
flat along one axis (Γ−X), and dispersive along the other (Γ−Y ). This leads us to a model of the system at low carrier
doping of that of weakly coupled electronic chains. The chains are furthermore spin-polarized due to the magnetic
order (below the Curie temperature).

We consider a toy model Hamiltonian for the band structure of

H =
∑

p

c†pEpcp (2)

where c†p creates an electron in the conduction band with momentum p. Because of the large exchange energy, we
neglect for the time being the spin minority band, though this may be important once fluctuations in the magnetic
order are incorporated.

The dispersion is modeled as

Ep =
p2
x

2m∗
+ t⊥(1− cos py`), (3)

where m∗ is the effective mass of the conduction band along the dispersive direction, and t⊥ is the bandwidth of the
interchain tunneling, and ` is the interchain separation, on the order of one lattice constant.

We take t⊥`2� 1/m∗ so that the band dispersion is highly anisotropic. In the absence of electron interactions, this is
already interesting as it implies the possibility for very strong impurity RKKY interactions and other one-dimensional
electronic liquid physics. We begin by determining the density of states.

We have the density of states of the conduction band of

ν(E) =

∫

p

δ(E − Ep) ∼ 1

`

∫
dpx
2π

δ(E − p2
x/2m

∗) =
2m∗

`

2

2π2
√

2m∗E
=
√

2m∗/E
1

2π`
, (4)

evaluated in the flat band limit. We see the emergence of a prominent van Hove singularity due to the low dimen-
sionality. We also see the factor of 1/` which is the effective density of chains in the Y -direction (b-direction), and is
a very large factor owing to the lattice scale origin.

Based on simple integration of density of states, or in general Luttinger’s theorem, we find the area of the filled
Fermi surface to be equal to the carrier density

2π/`× 2kF = 4π2nel (5)

in the case of a spin-polarized system. We have as a result the relation

kF = π`nel (6)

and the Fermi level of

EF =
π2`2n2

el

2m∗
. (7)

We find the density of states at the Fermi level is

νF =
m∗

π2`2nel
. (8)

For purposes of estimation, we use the calculated effective mass me
Y = 7.31m0, and take an interchain separation of

` = 4Å.
Since the carrier density is likely to be small in comparison to the chain separation `2, we expect a very small Fermi

level even for appreciable doping. As a result, the interaction effects are likely to be dominated by electron-electron
interactions and strong Coulomb energy.
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INTERACTION EFFECTS

We now briefly discuss interaction effects. Since the model is effectively single channel due to the ferromagnetic
ordering, we have comparatively few possible outcomes. The first is the standard Peierl’s instability, resulting in a
charge density wave (CDW) order, with density (and possibly therefore also magnetization) oscillations along the
dispersive direction. We also briefly discuss the possibility of a second, related instability towards Wigner crystal
order at low densities. Finally, we will discuss possible effects due to disorder, which is likely to be highly relevant in
the low-dimensional transport.

CDW

For charge density wave order, we consider a model of the free electrons interacting with a phonon mode bq via

Hint =
∑

p,q

gp(q)√
Vol.

bq + b†−q√
2Ωq

c†
p+ q

2
cp− q

2
+
∑

q

Ωqb
†
qbq (9)

where the phonon mode is assumed to be of appropriate symmetry and dispersion, captured by Ωq. We treat this in
a perturbative manner, integrating out the fermionic operators.

We find the phonon propagator is dressed by hybridization with the electron-hole excitations. This results in phonon
Green’s function, in equilibrium, of

D(q) =
2Ωq

(iωm)2 − Ω2
q −

∫
p
|gp(q)|2G0(p+ q

2 )G0(p− q
2 )
. (10)

The ionic effective mass Meff has been absorbed into the coupling constant g.
We carry out the Matsubara sum and analytically continue to obtain

DR(ω,q) =
2Ωq

(ω + i0)2 − Ω2
q +

∫
p
|gp(q)|2

f(βξp+
q
2

)−f(βξp− q
2

)

ξp+
q
2
−ξp− q

2
−(ω+i0+)

. (11)

Here, f(z) = 1
2 tanh(z/2) is the Fermi occupation function. To proceed, we need to specify more details about the

phonon coupling function, and also numerically integrate the Lindhard function, in general.
We focus on the static response function for the phonons, as this will signal the onset of the Peierl’s phase. We have

instability when

Ω2
q =

∫

p

|gp(q)|2
f(βξp+ q

2
)− f(βξp− q

2
)

ξp+ q
2
− ξp− q

2

. (12)

In the case of a Holstein-type coupling to the density alone, we get gp(q) = g(q) and thus find the phase boundary
determined by

Ω2
q/|g(q)|2 = χ0(q). (13)

where here we have introduced the bare static Lindhard function

χ0(q) =

∫

p

f(βξp+ q
2

)− f(βξp− q
2

)

ξp+ q
2
− ξp− q

2

. (14)

The key observation is that at zero temperature there is a Kohn anomaly in the density-density response due to the
perfect nesting with the phonon mode exhibiting extreme softening at q = 2kF before onset of the CDW transition.
We have the Lindhard response at T = 0 of (for q < 2kF )

χ0(q) =
m∗

π`|qx|
log

(
2kF + |qx|
2kF − |qx|

)
. (15)

Note this only depends on qx in the extreme flat band limit of t⊥ → 0. This has a logarithmic singularity at the
nesting wavevector of 2kF , which is the origin of the instability. We find as q → 2kF from below that χ0(2kF ) →
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m
π`2kF

log(2/(1− q/(2kF )))→ +∞. Therefore, the equation Ω2
2kF

/|g(2kF )|2 = χ0(2kF ) always has as solution at zero
temperature. We also see static screening of χ0(q → 0) = ν(EF ) which is consistent with a Thomas-Fermi result.

The complication is that CDW order requires temperature T � EF . However, we find that EF also evolves with
doping such that we need to solve this more carefully in the T, nel plane. Note that nel is related to the Fermi
momentum by

kF = π`nel (16)

so that the density directly sets the wavelength of the CDW. We plot the function

χ0(q = 2kF , T ) =
m∗

π2`2nel

∫ ∞

−∞

dx

2x

(
tanh

(
(x+ 1)2 − 1

4m∗T/(π`nel)2

)
− tanh

(
(x− 1)2 − 1

4m∗T/(π`nel)2

))
, (17)

which depends on temperature relative to the Fermi level, and carrier density which in turn tunes the Fermi level.
Note that in the tanh functions we ignore the x2 term, which amounts to implementing the linearized Fermi surface.

0 2 4 6 8 10

2

3

4

5

6

7

8

9

nel [1014 cm-2]

χ
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10

14
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-
2
]

T=.1K

T=.05K

T=.02K

T=.01K

SI Fig.| 6. Lindhard function. Lindhard function at q = 2kF as a function of carrier density evolving with temperature. The peak of
this function determines if there is a charge-density wave instability, and at lower temperatures this peak becomes more pronounced,
becoming singular only at zero temperature. As the carrier density increases this rises as the Fermi energy grows and eventually passes
the temperature, establishing quantum coherence. However, the density of states also falls off as nel increases, with χ(2kF ) ∼ 1/nel.
Therefore, the potential emergence of a CDW phase clearly requires low temperatures and a high, but carefully tuned carrier density.

We ought to carry out a more systematic analysis with better estimates for parameters, but this is a decent starting
point to guide the qualitative discussion. We now move to a related scenario, which involves the long-range Coulomb
interaction rather than the phonon mediated interaction.

Stripe Crystal

It is reasonable to expect a form of Wigner crystal to be stabilized. In order to capitalize on both Coulomb repulsion
and kinetic energy, a reasonable guess is a form of striped state where electron density occupies conducting chains
but the filled chains space out so as to reduce Coulomb interaction. Consider a system where the wavefunction is
given by ansatz consisting of a product state across different chains, and within each chain a Fermi surface. Let us
consider each filled chain to be filled to Fermi level kF such that each chain carries a linear charge density, guaranteed
by Luttinger’s theorem of

n1D = kF /π. (18)

This leads to an average kinetic energy per particle of

〈T 〉 =
1

n1D

∫ kF

−kF

dp

2π

p2

2m
=

1

πn1D

k3
F

6m
=
EF
3
. (19)

Now, let us consider the equal spaced chains with distance b between them. Then we consider an ansatz of every
ν = 1, 2, ... chains being filled (so for ν = 1 we have every chain filled, for ν = 2 every other, so on), with the other
chains being empty. This gives an overall two-dimensional charge density of

n2D = n1D/(νb) =
kF
νπb

. (20)
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We now take the Coulomb repulsion into account. We use a rough model which only accounts for the repulsion
between neighboring chains. We also use a model based on a point charge, and it is unclear at the moment how to
generalize this to continuum distributions of lines of uniform charge. Nevertheless, we know the potential due to a
linear distribution of charges when the charge is distance r away

V = −en1D

2πε0
log(r/b)

with a cutoff placed on the logarithm of order b, the lattice constant. The energy per unit area is

U = −e
2n1D

2πε0
log(ν)n2D. (21)

We combine the kinetic and potential energies to obtain an energy per electron of

E =
π2n2

1D

6m
− e2n1D

2πε0
log(ν). (22)

We consider fixed areal charge density, implying

n1D = νbn2D. (23)

This means that holding the total carrier density fixed while increasing the stripe separation requires increasing the
charge per stripe. We find as a function of ν

E =
π2b2n2

2D

6m
ν2 − e2bn2D

2πε0
ν log(ν) =

π2b2n2
2D

6m

[
ν2 − gν log ν

]
(24)

where

g =
3me2

ε0π3bn2D
(25)

is the tuning parameter, similar to a Wigner crystal. We find the ground state energy is minimized for 2ν−g−g log ν =
0. The solution to this equation exhibits a transition from ν = 1 to ν = 2 for roughly g ∼ 2. At this point, the increased
kinetic energy due to the increased Fermi level in the conducting chains is offset by the reduced Coulomb repulsion
as the chains undergo a phase separation into stripes. Increasing g further we see a sequence of further separations
into increasingly sparse chains. The condition of increasing g is affected by reducing the equilibrium carrier density,
indicating this is essentially a Wigner crystallization, as argued in [3–5].

We comment that in this case, while the interchain direction remains frozen into a striped crystal, the intrachain
dynamics remains coherent in this picture, being essentially regions of electron-rich liquids separated by empty in-
sulating regions. Therefore transport along the chains is still coherent, barring effects due to disorder which is likely
to dramatically reduce this transport. It is possible that for sufficiently strong interactions this will also exhibit an
instability, e.g. of Peierls type into a checkerboard type insulator, but this probably requires substantial doping in
order to obtain the finite density of states.

Clearly, this problem is very interesting and warrants more attention. In particular, it is important to develop a
better model of the correlations and also account for the kinetic energy in the dispersive direction. More generally, we
see that the "coupled" chain model suggested in [6] is extremely illuminating and if one can dope into this regime, it
is likely that low-dimensional strongly-correlated physics will emerge.
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