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Visualization of Chiral Electronic Structure and Anomalous
Optical Response in a Material with Chiral Charge Density Waves
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Chiral materials have attracted significant research interests as they exhibit intriguing physical
properties, such as chiral optical response, spin-momentum locking, and chiral induced spin selectivity.
Recently, layered transition metal dichalcogenide 17-TaS, has been found to host a chiral charge density
wave (CDW) order. Nevertheless, the physical consequences of the chiral order, for example, in electronic
structures and the optical properties, are yet to be explored. Here, we report the spectroscopic visualization
of an emergent chiral electronic band structure in the CDW phase, characterized by windmill-shaped Fermi
surfaces. We uncover a remarkable chirality-dependent circularly polarized Raman response due to the
salient in-plane chiral symmetry of CDW, although the ordinary circular dichroism vanishes. Chiral Fermi
surfaces and anomalous Raman responses coincide with the CDW transition, proving their lattice origin.
Our Letter paves a path to manipulate the chiral electronic and optical properties in two-dimensional
materials and explore applications in polarization optics and spintronics.
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Chiral objects are ubiquitous in nature, from gigantic
galaxy to microscopic DNA structure [1-3]. They host
fundamental physics (such as parity violation of subatomic
weak interaction) and are essential for life (homochirality
of natural biomolecules) [1-3]. In condensed-matter sys-
tems, materials with chiral electronic states exhibit in-
triguing optical, magnetic, and transport properties and
have attracted great research interest [1,2,4—7]. In principle,
crystals with a chiral lattice structure naturally exhibit
chiral electronic band structures. One example is the chiral
topological semimetals, whose chiral crystal symmetry
enforces chiral surface Fermi arcs that are expected to
display numerous exotic physical phenomena such as
circular dichroism, unusual photogalvanic effect, and
nonreciprocal transport [4,8—11].

The chiral electronic structure can emerge alternatively
in materials with achiral crystal structure. Because of the
limited material choice, such emergent chiral electronic
structure and its unique physical properties has not been
investigated. The layered transition metal dichalcogenide
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17-TaS, provides such an opportunity. It hosts an achiral
crystal structure with both inversion and mirror symmetries
preserved in its high-temperature normal state [Fig. 1(a)].
Upon cooling down, 17-TaS, transits to an incommensurate
CDW (ICDW) phase at around 550 K, nearly commensurate
CDW (NC-CDW) phase at around 350 K, and finally
commensurate CDW (CCDW) phase at 180 K [12-14].
The CCDW phase features commensurate lock-in of star-of-

David clusters under v/13 x v/13 reconstruction [Fig. 1(b)],
in which the reconstructed superlattice rotates by 13.9° with
respect to the pristine lattice [Figs. 2(c) and 2(d)], thus
breaking the mirror symmetry while preserving the inversion
symmetry, which is addressed as the chiral CDW phase. The
chiral CDW state is investigated for intriguing phenomena,
such as cluster Mott insulator [15,16], quantum spin liquid
[17-19], superconductivity under pressure [20], carrier
doping [21-23], and isovalent substitution [24-26].
Because of the existence of inversion symmetry, such a
chiral CDW exhibits no circular dichroism which can probe
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FIG. 1. (a) Schematic of crystal structure of 17-TaS, in the
normal state, which is achiral as both inversion and mirror
symmetries are preserved. (b) Sketch of the David-Star clusters
in the CCDW state. (c) The hidden chiral order in 17-TaS,,
which is featured by the chiral CDW and windmill-shape band
structure with broken mirror symmetry. (i)—(iv) are the sketch of
chirality, calculated constant-energy contour at —0.1 eV and
related schematic, topography via STM (sample bias: 500 mV,
tunneling current: 19 pA, sample temperature: 4.3 K; scale bar
1 nm), respectively.

the conventional chirality. However, the direct physical
impacts, e.g., the chiral electronic structure and the conse-
quent optical properties, of the chiral order have not been
addressed [25,27-41].

In this Letter, by performing angle-resolved photoemis-
sion spectroscopy (ARPES) measurements on 17-TaS,
with high quality, we discover a chiral electronic structure
emergent in the chiral CDW phase of 17-TaS, [Fig. 1(c)].
The chiral electronic structure appears as windmill shape
Fermi contours with two distinct handedness on different
samples and domains. Remarkably, although the chiral
electronic structure shows no circular dichroism in optical
reflectivity, we observe an anomalous, chirality-dependent
circularly polarized Raman response, induced by the CDW-
induced symmetry breaking. Furthermore, across the CDW
phase transition at 350 K, we observe a simultaneous chiral
transition in the electronic structure and Raman response,
thus proving their common lattice origin as the chiral CDW
order. Our Letter reveals a mechanism to generate chiral
electronic structures with unique anomalous Raman
responses (Supplemental Material [42]). The chiral elec-
tronic structures in 17-TaS, host application potentials on
polarization optics and spintronics [55-57], nanoelectronics

based on mirror domain walls [58], CDW-based memory
[58], stereo chemistry and pharmacology [59,60], etc.

Figure 2(a) plots the measured band structure of 17-TaS,
in the CCDW phase. From the Fermi energy to high
binding energy, the constant energy contours (CECs)
clearly demonstrate counterclockwise windmill shape fea-
tures, as shown by three representative CECs at different
binding energies [Figs. 2(a)(i)-2(a)(iii)]. These windmill
shaped CECs are nicely reproduced by our ab initio
calculations [Figs. 2(a)(iv)-2(a)(vi)] (calculation details
can be found in Supplemental Material [42], Notes S1
and S3). We rule out the origin of the windmill shape being
the photoemission matrix element effect by systematic
polarization and photon-energy dependent ARPES mea-
surements (Supplemental Material [42], Note S4 and
Fig. S1). As the windmill shape features break the mirror
symmetry (they cannot be overlapped with their mirror
images), we could describe them as chiral electronic
structures [1,60].

Interestingly, the other type of chiral electronic structure
rotating clockwise [Fig. 2(b)] could be obtained from another
sample (and also from different regions on the same sample,
see Supplemental Material [42], Fig. S2). The three repre-
sentative CECs [Figs. 2(b)(i)-2(b)(iii)] nicely match the
mirror images of Fig. 2(a)(i)-2(b)(iii), suggesting they are
of the same physical origin only with opposite chirality.

We attribute the origin of the chiral electronic structure to
the emergent chiral CCDW state, since 17-TaS, crystal-
lizes in the achiral space group of P-3m1 (No. 164) with
both mirror and inversion symmetries [Fig. 1(a)]. The
commensurate lock-in of star-of-David clusters leads to
the rotation of 13.9° of the CDW vector with respect to the
crystal lattice [14] [Fig. 2(c)], which breaks the mirror
symmetry and gives rise to the emergence of in-plane
chirality. As the rotation can occur clockwise or counter-
clockwise, two enantiomers [58,61] with mirrored chiral
band structures are formed (Fig. 2) with left and right
handedness [Figs. 2(c) and 2(d)], thus different geometrical
chirality (Supplemental Material [42], Fig. S3). The two
enantiomers (left and right handed) and their rotation
angles of +13.9° are directly confirmed by scanning
tunneling microscopy [via topography and the correspond-
ing Fourier analysis in Figs. 2(c) and 2(d)] and ARPES
studies as reconstructed band structures match its own
reconstructed Brillouin zone (Supplemental Material [42],
Figs. S16 and S18).

Although circular dichroism has been observed in
compounds with chiral crystal and electronic structure
[62], it is not observed in the CCDW phase of 17-TaS,,
due to the preserved inversion symmetry. Instead, one
significant new property of the latter is the chirality-
dependent Raman response to circularly polarized light.
By definition, a two-dimensional (2D) chiral object is not
superimposable on its mirror image by in-plane operations
unless it is flipped in three-dimensional space. A 2D chiral
crystal necessitates nonzero off-diagonal components for
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(a) Windmill-shape band structures of the chiral-left domain of 17-TaS, in the CCDW phase. (i)—(iii) Representative CECs at

—0.1 eV, —0.3 eV, and —0.51 eV measured with 94 eV linearly polarized photons at ~15 K. (iv)—(vi) Calculated CECs at the
corresponding energies. (b) Same as (a) but measured on the chiral-right domain. (c¢) Topography (upper) and its Fourier transform
results (lower) on the chiral-left domain via STM (sample bias: 500 mV, tunneling current: 19 pA, sample temperature: 4.3 K). Scale bar
1 nm. The unit vector of the CCDW (yellow arrow) rotates clockwise by 13.9° with respect to the lattice vector (cyan arrow). Here we
show the close-up topography image for better presentation of the rotated supercell, and the raw data are shown in Supplemental
Material [42], Fig. S34. (d) Same as (c) but measured on the chiral-right domain. The unit vector of the CCDW (yellow arrow) rotates
counterclockwise by 13.9° with respect to the lattice vector (cyan arrow). Discussions on the chiral domain size are presented in

Supplemental Material [42], Note S8.

its Raman tensor R = (%), because the mirror operation
on R yields R’ = (“7°), and nonzero ¢ guarantees
R’ # R, that is, two chiral counterparts. When the tensor
elements are complex, the Raman intensities exhibit a
contrast in the circular contrarotating configurations,
I+ # 1.+, where 6'6°(i, s = +, —) represents the hel-
icities for the incident and scattered photons [see the
measurement schematic in Fig. 3(a)]. More importantly,
the two types of chiral structures are distinguishable by the
reversed contrast, because /,+,- =1’ and [,-o+ =1/, _,
where I and I’ represent the Raman intensities measured for
opposite chiral structures. More detailed discussions can be
found in Supplemental Material [42], Note S6.

This type of Raman response is realized in 17-TaS, in
the CCDW phase, because its point group Cs; features E,

phonon modes with Raman tensors in the above form
[63-65], and its absorbing nature at the excitation photon
energy [66] makes the Raman tensors complex. Its Raman
spectra show a large number of A, and E, phonon modes
associated with the CDW superlattice [63—65] [Fig. 3(b)],
consistent with our ab initio calculations on the star-of-David
structure (Supplemental Material [42], Fig. S4). The A,
modes are only detected in the two equivalent circular
corotating configurations (/,+,+ = I,-,-), whereas the E,
modes exhibit /;+,- # I,-,+ as expected. Only the E, modes
can reflect the chirality because they correspond to two
degenerate vibrations with clockwise or counterclockwise
circling motions of atoms, i.e., two chiral phonon modes
with opposite angular momentum (Supplemental Material
[42], Fig. S5).
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Photon-helicity-dependent Raman response in CCDW phases of 17-TaS,. (a) Schematic of polarization-resolved Raman

response measurements. (b) Raman spectra of sample A measured in the circular corotating (66" and 6~ ¢™) and circular contrarotating
(676~ and 6~ 6") polarization configurations. (c) Raman spectra of samples A and B showing opposite 676~ /6 6" response.
(d) Swapped 676~ /66" Raman response on the opposite sides of sample C. All Raman spectra taken at T = 4 K.

Focusing on the E;, modes in the CCDW phase, the
contrasting Raman response /,+,- # I,-,+ was reproduced
in multiple samples, divided into two groups with opposite
chirality (Supplemental Material [42], Fig. S6). Each of them
shows homogenous properties. Figure 3(c) shows the Raman
spectra of Samples A and B with opposite chirality at 4 K,
which are almost identical for exchanged ¢’ and ¢°. They are
indistinguishable if measured in the linear or circular
corotating  polarization configurations (Supplemental
Material [42], Fig. S7). As a more direct test of the chirality,
the spectra taken on the two faces of Sample C agree perfectly
when ¢’ and ¢* are swapped [see Fig. 3(d) and more details in
Supplemental Material [42], Fig. S8]. These results establish
a correspondence between the two types of photon helicity-
dependent Raman scattering and distinct crystal structures
with opposite chirality.

We further investigate the CDW origin of the chirality in
the electronic structure and photon-helicity-dependent
Raman signal by temperature-dependent ARPES and
Raman scattering (Fig. 4). When raising the sample
temperature to 370 K (in ICDW) and across the NC-
CDW to ICDW transition, the observed band structure

becomes quite simple [Fig. 4(a), Supplemental Material
[42], Figs. S17 and S25] compared to that of the CCDW
state measured at 21 K [Fig. 4(b)]. Specifically, the
observed CECs do not show chiral structure anymore
and mirror symmetry is restored [one mirror plane is
marked by dotted magenta line in Fig. 4(a)(ii)]. This
indicates a chiral-to-achiral transition since the rotation
angle between the CDW lattice and crystal lattice relaxes to
0° and the mirror symmetry restores via changing temper-
ature, accompanying the disappearing with the geometrical
chirality (Supplemental Material [42], Fig. S3). (Empirical
tight-binding modellings and discussions on the chiral
domain size can be found in Supplemental Material
[42], Notes S7 and S8). We note that chiral electronic
structure also exists in the NC-CDW phase (between
CCDW and ICDW) featuring a rotation of ~12° [14],
though the windmill shape is not as evident as that of the
CCDW (Supplemental Material [42], Figs. S17 and S28).
The disappearing of the chirality also manifests in the
temperature-dependent Raman scattering data. Figure 4(d)
shows that when temperature is raised from 349 to 355 K
across the transition from the NC-CDW to the ICDW
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FIG. 4. Chiral-to-achiral transition when elevating temperature to cross ~350 K. (a),(b) Comparison of band structures of 17-TaS, at
21 K (CCDW) (a) and 370 K (ICDW) (b). (c) Schematic illustration of chiral-to-achiral transition at ~350 K. (d) Circular contrarotating

Raman response of sample D at 349 K (i) and 355 K (ii). The shaded area in (ii) highlights 7+ -

dependence of the normalized differential spectra (1,+ -
chiral-to-achiral transition occurs ~350 K.

phase, the contrast between the 676~ and 6 6" spectra
disappears. This is because the ICDW phase features E,
Raman tensors with only diagonal or off-diagonal compo-
nents, but not both (see Supplemental Material [42], Note
S6). We plot the temperature dependence of the integrated
intensity of the normalized differential spectra (1, —
Lo+ )/ (I o~ + 15+ ) over 20 — 300 cm™! [Fig. 4(d)(iii)]
which clearly demonstrates the correlation between the chiral
Raman response and the chiral CDW phase. The reversibility
exhibited in the warming and cooling processes demonstrates
efficient control of the electronic chirality as well as Raman
responses by temperature. The simultaneous chiral transition
in the electronic structure and Raman response thus proves
their common lattice origin as the chiral CDW order.

Our observation of chiral Raman spectra points to a new
type of optical response from chiral crystal structures. We
derive a complete list of point groups with this form of
Raman tensor (Supplemental Material [42], Table S1),
providing a guide to search for 2D chiral crystals. The
uniqueness of the chirality in 17-TaS, lies in its CDW
origin, which makes it susceptible to a variety of tuning

— I+ at 349 K. (iii) Temperature

—I,-+)/(Iy+ 5~ + I ,-,+) integrated over 20-300 cm~!, clearly showing the

parameters, such as temperature [12—14], pressure [20], and
doping [21-23]. We note that Raman optical activity [67],
which measures the difference in the Raman intensity for
either incident or scattered ' and ¢~ polarized light from
chiral molecules, peptides and proteins (chiral structures in
3D), is several orders of magnitude weaker [68].

In summary, we have discovered chiral electronic struc-
ture for both enantiomers in 17-TaS, in the CCDW phase.
We further show that the chirality naturally originates from
in-plane mirror symmetry breaking associated with the
commensurate lock-in of the star-of-David clusters. The
emergent chiral crystal structure leads to striking photon-
helicity-dependent Raman peaks at different chirality. With
elevating temperature to the ICDW phase, mirror symmetry
is restored, realizing a chiral-to-achiral transition. Future
studies can be carried out on the exotic physics of domain
walls between different enantiomer domains, manipulation
of the chirality [58,69], and the intricate interplay between
chiral order and other rich physics (CDW, Mott insulator,
QSL, superconductivity, etc.). The anomalous Raman
response of the CCDW phase hints other fascinating optical
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properties may exist in compounds with chiral CDW, which
opens up the new revenue for new physics and device
applications.
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