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A charge-density-wave topological semimetal
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Yiwei Li¢, Lei Shen®?, Yanpeng Qi®?, Lexian Yang’, Jagannath Jena*, Peter Werner*, Klaus Koepernik®,
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Topological physics and strong electron-electron correlations in quantum materials are typically studied independently.
However, there have been rapid recent developments in quantum materials in which topological phase transitions emerge when
the single-particle band structure is modified by strong interactions. Here we demonstrate that the room-temperature phase
of (TaSe,),l is a Weyl semimetal with 24 pairs of Weyl nodes. Owing to its quasi-one-dimensional structure, (TaSe,),l also
hosts an established charge-density wave instability just below room temperature. We show that the charge-density wave in
(TaSe,),l couples the bulk Weyl points and opens a bandgap. The correlation-driven topological phase transition in (TaSe,),|
provides a route towards observing condensed-matter realizations of axion electrodynamics in the gapped regime, topologi-
cal chiral response effects in the semimetallic phase, and represents an avenue for exploring the interplay of correlations and

topology in a solid-state material.

dimensional (3D) materials whose bulk Fermi pockets derive

from linearly dispersing, point-like nodal degeneracies.
Unlike in other solid-state semimetals with lower dimensionality
or higher symmetry"~'¢, the Fermi pockets of 3D Weyl semimetals
carry integer-valued topological (chiral) charges, reflecting that the
nodal points are sources and sinks of Berry curvature'. Because the
low-energy spectra of the nodal points in Weyl semimetals resemble
the Weyl equation in high-energy physics, the nodal points have
become known as condensed-matter Weyl points (WPs)'~'%.

In Weyl semimetals, the surface projections of WPs of opposite
chirality are connected by topological surface Fermi arcs'. These
surface Fermi arcs have emerged as the primary experimental
means of confirming the presence of bulk WPs, and their signatures
have been observed in angle-resolved photoemission spectroscopy
(ARPES) experiments*'*"7~?! and scanning tunnelling microscopy
probes of quasiparticle interference’>*. Researchers have also pro-
posed bulk probes of chiral topology in Weyl semimetals, including
the intrinsic spin Hall effect*, the anomalous Hall effect*>* and the
quantized circular photogalvanic effect”.

Most interestingly, although the above response effects can
be understood from the perspective of single-particle physics,
researchers have also proposed more exotic response effects in Weyl
semimetals with significant electron-electron interactions. For
example, in several theoretical proposals®-*, attractive electron—
electron interactions have been shown to drive a Weyl semimetal
into a topological superconductor. Even in the absence of super-
conductivity, interactions can still drive a Weyl semimetal into a
(generically incommensurate) charge-density wave (CDW) phase
in which the CDW wavevectors ‘nest’ bulk WPs. If the nested WPs
carry the same chiral charges, the CDW may access a gapless topo-
logical phase with monopole harmonic order”, and if the nested

( :onventional solid-state Weyl semimetals'”'* are three-

WPs carry opposite chiral charges, the CDW may access a gapped
phase in which dynamical CDW angle defects bind chiral modes as
a result of effective axion electrodynamics*>**. Although there has
been substantial recent interest in measuring unconventional super-
conductivity and axionic response effects, the relative dearth of can-
didate Weyl semimetals with interacting instabilities has hindered
the confirmation of these theoretical proposals.

In this Article, we make a link between non-interacting and cor-
related Weyl semimetals by employing first-principles calculations
and experimental probes to demonstrate that quasi-1D (TaSe,),I
crystals™ are in fact Weyl semimetals whose WPs become coupled
and gapped by the onset of a CDW. Although the high-temperature
phase of (TaSe,),I has previously been highlighted for exhibit-
ing linear crossings near the Fermi energy (E;)*>* and Kramers—
Weyl fermions far below E;. (ref. ), our work shows that (TaSe,),I
hosts topological chiral fermions at Ej, and reports a link between
the bulk WPs and the CDW wavevectors. Furthermore, because
(TaSe,),I crystallizes in chiral space group (SG) 97 (I422), it hosts
WPs with opposite chiral charges at different energies*** and
therefore provides a promising platform for the observation of
bulk probes of topological chirality”. In (TaSe,),I, we find that all
of the Fermi pockets originate from Bloch states that lie within a
small energy range of the nodes of 48 WPs, which we designate
as the Fermi-surface WPs (FSWPs). The 48 FSWPs specifically lie
within 15meV of E;: 16 C=+1 FSWPs lie ~9 meV below Ej, and the
remaining 32 lie above. The net +16 chiral charge of the WPs below
E, is the largest value thus far predicted in a real material.

Previous experiments have shown that (TaSe,),I transitions into
an incommensurate, gapped CDW phase when cooled just below
room temperature®-*'. Using first-principles calculations, we compute
the high-density electronic susceptibility and FSWP nesting vectors
(Supplementary Sections A and G, respectively). We then performed
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Fig. 1] Crystal structure, 3D bulk and 2D surface Brillouin zones and electronic structure of (TaSe,),l. a,b, The crystal structure is shown from both top (001)
(a) and tilted side (b) perspectives, where, throughout this work, surface terminations are labelled using the conventional-cell lattice vectors (q, g, ¢). Because
(TaSe,),| crystallizes in the body-centred tetragonal space group 97 (1422)*, its primitive cell contains half as many atoms as the conventional cell shown in

a and b (Supplementary Section I). ¢, The bulk BZ and its projections onto the conventional-cell (001) and (110) surfaces. d, The electronic band structure of
(TaSe,),| with spin-orbit coupling. Bands along I'Z cross at the Fermi energy (E;) near the halfway points k,==+r/c—a remnant of a filling-enforced nodal plane
that is present in the band structure of a crystal of decoupled TaSe, chains (Supplementary Section ). Away from the high-symmetry BZ lines, there are 48
WPs lying within the energy range —10 meV < (E—E;) <15meV (Fig. 2), which we designate the FSWPs. The momentum-space coordinates and chiral charges
of all 48 FSWPs are provided in Supplementary Section A, and characteristic band dispersions for each FSWP are provided in Supplementary Section B. Further
below E, there are also eight C,,-enforced chiral fermions (WPs) along I'Z. As shown in the left inset of d, moving along I'Z in increasing k,, four of the eight
C,,~enforced WPs exhibit the compensating chiral charges +2, —1, +1and —2 (their partners under 7 along I'Z with negative values of k, also exhibit the same
charges, because 7 does not invert the chiral charge of a WP'*"). In the right inset of d, we show that bands along PN are gapped at E;. e, Bands between the

W and W, FSWPs (Fig. 2) are separated by a large non-trivial energy window of 0.123eV, or on the order of 1,400K.

ARPES and X-ray diffraction (XRD) experiments on (TaSe,),I sam-
ples to determine the gap, symmetry and modulation vectors of the
CDW phase (Supplementary Section H). Our theoretical and experi-
mental analyses suggest that (TaSe,),I is the first known material to
host a correlation-driven Weyl semimetal-insulator phase transition.

Crystal structure. (TaSe,),I (Inorganic Crystal Structure Database*
no. 35190, further details available at https://topologicalquan-
tumchemistry.org/#/detail/35190***) crystallizes in a quasi-1D,
body-centred tetragonal chiral structure in SG 97 (1422)**. The con-
ventional cell of (TaSe,),I contains two TaSe, chains aligned along
the ¢ axis and four iodine atoms separating the chains (Fig. 1a,b).
Each chain is formed of four alternating layers of Ta atoms and rect-
angles with four Se atoms on each corner, for a total of four Ta atoms
and 16 Se atoms per chain. Within the conventional cell, there are
two chains, implying a total chemical formula of (TaSe,);l, per
conventional cell (Fig. 1a,b). When decoupled, each chain exhib-
its exotic ‘non-crystallographic’ screw symmetries, which we detail
further in Supplementary Section I. Because the crystal structure
of (TaSe,),I is only generated by (body-centred) lattice transla-
tions and the proper rotation symmetries, C,, and C,,, where C,
is a rotation by 360°/n about the i axis, then it is structurally chi-
ral”. Additionally, because (TaSe,),I is nonmagnetic, its spectrum
respects time-reversal (7)) symmetry. Because the monopole chi-
ral charges (Chern numbers) of chiral fermions are left invariant
under proper rotations and 7 (see ref. ''), WPs in (TaSe,),I with
opposite chiral charges are free to lie at different energies. Although
an energy offset between oppositely charged chiral fermions has
been predicted in Kramers-Weyl” and unconventional-fermion
semimetals®*, (TaSe,),I presents a rare example of this energy oft-
set in a conventional Weyl semimetal.
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Fig. 2 | The distribution of FSWPs in the first bulk BZ. a,b, The distribution
of FSWPs in the first bulk BZ, viewed from the top (001) (a) and side (110)
(b) surfaces. In b, the FSWPs are concentrated in the vicinity of the k,=+n/c
planes. The black lines in a and b represent the boundaries of 2D slices

of the bulk BZ (Fig. 1c). In b, aj, indicates the (110)-surface BZ primitive
reciprocal lattice vectors (Supplementary Sections C and E), and the dashed
blue box indicates the boundary of the second surface BZ (Supplementary
Section C). In a, because of the bulk crystal symmetries, each symbol
represents a pair of WPs with the same chiral charge lying at the opposite
momenta +k, (Supplementary Section A). All of the symbols ina
consequently represent FSWP projections with chiral charge |C|=2. In b, the
relationship between the bulk WPs and symmetries is more complicated.
We therefore use arrows to indicate which symbols in b correspond to the
surface projections of only a single bulk FSWP (with charge |C|=1); in b, like
in a, the symbols without arrows indicate the projections of two bulk FSWPs
with the same chiral charge (for a net charge of |C|=2). The coordinates of
the FSWPs are provided in Supplementary Section A.
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Fig. 3 | The surface states of (TaSe,),| terminated in the experimentally favoured*> (110) direction, (001) direction and (100) direction. The labelling is

as in Fig. 2. a,d, The (110) surface can be terminated with either TaSe, chains (Se-term.) or | atoms (I-term.). For both terminations of the (110) surface, the
projections of the bulk states form four islands (and their time-reversal partners), which we enclose with blue dashed lines and label a (o), B (8'), 1 (7')

and v, (v'), respectively (Supplementary Sections A and C provide the definition of k;, the distribution of states within the full (110)-surface BZ and an
examination of the surface projections of bulk states). The two x symbols in a and d represent surface TRIM points. The horizontal and vertical dashed lines
in a and d indicate two cuts through the surface BZ at k,=0.54(2xn/c) and k| = 0.50(27:/\/50), respectively. b,c,e f, For both the Se- and I-terminations,

the horizontal cut at k,=0.54(2n/c) exhibits Chern number C=—4 (b,e), while the vertical cut at k| = O.50(2n/\/§a) exhibits a trivial Chern number
(C=0) (cf). The trivially connected surface states in € and f both intersect in two-fold linear crossings that are protected by 7-symmetry. Ind and f, the
I-termination surface atoms pull the trivial crossing in € towards the Fermi energy, and drive the four surface Fermi arcs at k; > O to merge in a surface Lifshitz
critical point between a topological Fermi-arc connectivity linking the f and v’ islands and a connectivity linking the f and v, islands. Additionally, in d, the
Fermi arcs that previously connected y, and B’ (and their time-reversal partners) in a instead connect y, to p (and v’ to B'). g-j, Topological Fermi arcs are also
present on the (001) surfaces (g h) and (100) surfaces (i,j). In particular, like in the RhSi family’®?273847 the (001)-surface Fermi arcs span the entire BZ (g),

and the projected Fermi pockets at k,, =0, /a exhibit large Chern numbers (|C]|

Electronic structure. Owing to its quasi-1D crystal structure,
(TaSe,),I exhibits a strongly anisotropic electronic structure. In
Fig. 1d, we show the band structure of (TaSe,),I calculated along
high-symmetry lines in the first Brillouin zone (BZ) (Fig. 1c). We
correspondingly observe weak dispersion in the k,=m/c plane along
PN, and observe much stronger dispersion along I'Z, as k, is recip-
rocal to the chain translation direction ¢ (z). We observe that there
is a 1eV gap in the k,=0, 2n/c planes, whereas there is no band-
gap in the vicinity of the k,=+m/c planes. In fact, we find that the
entire Fermi surface of (TaSe,),I in SG 97 is localized near k,= +n/c.
This is surprising, because, in SG 97, generic points in the k,=+m/c
planes are not fixed by symmetry, as they would be in a primitive
tetragonal structure with a periodicity of c in the z direction (further
WP symmetry analysis is provided in Supplementary Section A).
In Supplementary Section I, we show that the localization of the
Fermi surface can be understood by recognizing that (TaSe,),I is
formed from weakly coupled screw-symmetric chains that indi-
vidually exhibit symmetry- and filling-enforced nodal degeneracies
near k,=1/c.

Weyl point distribution. In 3D (TaSe,),], the entire Fermi surface
is formed from topological bands connected to bulk chiral fermions
(WPs). Specifically, because (TaSe,),I crystals in SG 97 (1422) are
symmorphic, chiral and exhibit non-negligible spin-orbit coupling
(SOC), all of their bulk degeneracies are necessarily point-like and
carry non-trivial chiral charges, as explicitly shown in ref. ¥’ and
discussed in Supplementary Section A. In the electronic structure
of (TaSe,),I calculated from first principles, we observe 48 WPs
within 15meV of E; (Fig. 2), which we designate as FSWPs, as well
as eight C,-enforced chiral fermions (two pairs of conventional
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=8) (h).

WPs and two pairs of double-WPs***¢) along I'Z lying between 16
and 20 meV below E; (left inset, Fig. 1d). In Supplementary Section
I we detail the origin of the C,.-enforced WPs in terms of the sym-
metry eigenvalues and band connectivity of isolated TaSe, chains.
Because the C,,-enforced WPs below E; are only weakly separated
(Ak, ~ 0.002(27")) and carry a net-zero chiral charge within each
narrow grouping, they are not likely to contribute experimentally
detectable Fermi-arc surface states. Additionally, because all eight
enforced chiral fermions are fully occupied and carry compensat-
ing chiral charges, they do not contribute to the bulk response or
transport effects at intrinsic filling. Therefore, we will neglect the
C,,-enforced WPs below E;. in further discussions of the chiral fer-
mions in (TaSe,),l.

In Fig. 2a,b, we show (001)-surface (top) and (110)-surface (side)
views, respectively, of the bulk FSWPs in the first BZ. The solid lines
indicate the projected boundary of the first bulk BZ, and the dif-
ferently shaped symbols each denote one set of symmetry-related
FSWPs. Note that, although the FSWPs are distributed over a
wide range in k., (Fig. 2a), they all lie within a close vicinity of the
k,==+mn/c planes (Fig. 2b). As shown in Supplementary Section I,
this distribution of nodal points reflects that a crystal of decoupled
TaSe, chains and iodine atoms is a filling-enforced semimetal with
4,-screw- and 7 -symmetry-enforced nodal surfaces that lie in the
vicinity of the k,=+n/c planes.

Surface states. Weyl semimetals most notably exhibit characteris-
tic topological Fermi-arc surface states. To confirm the presence of
topological surface Fermi arcs in (TaSe,),I, we calculated the surface
states with surface Green’s functions, as detailed in the Methods.
(TaSe,),1 is known to experimentally cleave on the conventional-cell
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Fig. 4 | XRD data for the CDW phase of (TaSe,),l. a, XRD line scan along the k,

X+y

Temperature (K)

Intensity (counts) —>

direction through the G=(110) main reflection. FWHM indicates the

full-width at half-maximum. b, XRD line scan along the k, direction through the Q = (hkl, mno) = (110, 110) satellite reflection. ¢, Total measured satellite
intensity in the vicinity of the G=(110) main reflection as a function of temperature. We observe that all satellites simultaneously disappear at T. ~ 248K,
representing a signature of a transition away from a CDW phase. The measured T in ¢ is slightly lower than, but still in close agreement with, the value
of T.=260K previously reported in refs. %°*°. d,e, Two-dimensional reciprocal-space maps plotted on a logarithmic intensity scale and recorded near
the G=(420) (d) and (620) (e) main reflections collected in the k,, and k, ., planes, respectively. We attribute the elongated profile of the reflections

in d and e to the logarithmic intensity scale and to the mosaicity of our sample, which we have measured through transverse angular scans to be 0.3° to

0.5°, well within the range of typical high-quality samples (~0.01° to ~1.0°, Supplementary Section H.1). In b, satellite reflections related by C.

exhibit

2x+y

the same intensities. In d, pairs of satellite reflections related by C,, (respectively labelled with white and dark dashed circles) exhibit the same intensities
within uncertainty, but satellite reflections related by C,, (for example, one satellite in a dashed white circle and one satellite in a dashed dark circle) exhibit
intensities that differ by an order of magnitude. This implies that our sample contains two macroscopic domains with different, C,,-related CDW orderings,
where the CDW order within each domain respects the symmetries of point group D, (222) in a setting with C,, and C, ., symmetry. The data for a, b, d
and e were collected within a temperature range of roughly 88 K to 100K, which is well below the sample critical temperature T~ 248 K determined in

c. Taken together, the XRD data imply that the CDW order within each of the domains in our sample would respect the symmetries of SG 22 (F222) or

SG 16 (P222) if the underlying lattice were ignored or if the modulation vectors were tuned to a lattice-commensurate limit. Further details of our XRD
experiments and CDW symmetry analysis are provided in Supplementary Section H.1.

(110) surface due to the weak van der Waals interactions between
the TaSe, chains***. In Fig. 3, we show the calculated surface
states of (TaSe,),I on the experimentally favourable (110) surface
(Fig. 3a-f), as well as on the (001) and (100) surfaces (Fig. 3g,h
and 3i,j, respectively).

The conventional-cell (110)-surface projections of the bulk
Fermi surface of (TaSe,),I form four time-reversal pairs of sepa-
rated islands in each surface BZ. In Fig. 3a,b, the islands (and their
T partners) are enclosed with dashed blue lines and labelled as
a(o), B(B) v1 (v}) and v, (v,) (additional details are provided
in Supplementary Section C). Each island is formed from the pro-
jected bulk Fermi pockets of the FSWPs, and can thus carry a total
chiral charge. From the surface projections of the FSWPs, we infer
that a, B, 7, and y, carry the net chiral charges —4, —4, +4 and +4,
respectively. Because the chiral charge of a WP does not change sign
under 7 (see ref. ') then o, B/, ¥} and 7, also exhibit the same net
charges of —4, —4, +4 and +4, respectively.

On both the TaSe,-chain (Fig. 3a—c) and I-atom (Fig. 3d-f) termi-
nations of the (110) surface of (TaSe,),], eight topological Fermi-arc
surface states are present within each surface BZ. Like the bulk Fermi
surface (Fig. 2b), the surface Fermi arcs are largely localized within a
narrow k, range near k,==+m/c. To diagnose the topology of the sur-
face Fermi arcs, we calculated the surface-state energy dispersion
on closed loops traversing the (110)-surface BZ (horizontal and
vertical cuts in Fig. 3a,d at k,=0.54(2x/c) and k| = 0.50(2n/v/2a),

384

respectively). On both the TaSe,-chain and I-atom terminations, the
horizontal cut (Fig. 3b,e, respectively) exhibits a C=—4 topological
spectrum, and the vertical cut (Fig. 3¢.f, respectively) displays a triv-
ial spectrum. This can be understood by recognizing that the hori-
zontal cut in Fig. 3a,d along k,=0.54(2x/c) is equivalent to a loop
around P. Conversely, the vertical cut in Fig. 3a,d, which lies along
the projection of a 7 -invariant bulk plane, is required to exhibit a
net-zero Chern number. Consequently, on both possible termina-
tions, no topological surface states cross E;. along the vertical line
at k| = 0.50(2r/v/2a) (Fig. 3c,f). Interestingly, on the I-atom ter-
mination (Fig. 3d), the four surface Fermi arcs at k; <0 exhibit a
different connectivity than in Fig. 3a, and the four surface Fermi
arcs at k; > 0 all intersect at a single time-reversal-invariant momen-
tum (TRIM) point. Because the bulk projections and Fermi level
in Fig. 3a,d are the same, we attribute the difference in Fermi-arc
connectivity between Fig. 3a,d to surface Lifshitz transitions driven
by the additional layer of (110)-surface I atoms that is present in
Fig. 3d. In Supplementary Sections E and E, we respectively analyse
the quasiparticle interference patterns and temperature dependence
of the (110)-surface Fermi arcs.

Finally, although (TaSe,),I does not favour cleavage in the
(001)-direction®, the calculated (001)-surface Fermi arcs (Fig. 3g,h)
still provide useful topological information. On the (001) surface,
the projections of the bulk Fermi pockets lie close to k,,=0, n/a
and are connected by eight, zone-spanning topological Fermi arcs

NATURE PHYSICS | VOL 17 | MARCH 2021 381-387 | www.nature.com/naturephysics


http://www.nature.com/naturephysics

NATURE PHYSICS

075-1) \%
0.50+ 1—‘9——— 2 )
5B

—_ ™ ~
3 o 3
z 025 Q / 3
~ - >
< s A | y o
0 - A I q,
XN @
—0.254) N\ GD
* * *
s A £a N g
050 -025 0 025 050 0.75
k, (2n/a)
d

q,=0.000 (2n/c)

q,=0.070 (2n/c)

RTICLES

q,=0.090 (2n/c)

q, (2n/a)

0.2

q, (2n/a)
q, (2n/a)
<

e
,=0.064 (27/c)

q, (2n/a)

Low

q, (2n/a)

Fig. 5 | The (001) projection of the bulk Fermi surface of (TaSe,),l and the electronic susceptibility calculated from first principles. a, A top view ((001)
projection) of the Fermi surface and the projected distribution of the FSWPs. Electron (hole) pockets are plotted in blue (red) and the FSWPs are labelled
following the convention established in Fig. 2. The black dashed square in a indicates the boundary of the 3D conventional (second) BZ (Figs. 1and 2).
b-f, The electronic susceptibility y, calculated using the Fermi surface in a at q, = 0.070(%) (b), g, = 0.090(%) (¢), g, = 0.000(Z) (d), g, = 0.064(%)
(e)and q, = 0.086(27") () (further calculation details are provided in Supplementary Section G). Up to symmetry-equivalent scattering vectors, the strong
peaks shown in b-f represent all of the discernible peaks in y, in the first 3D scattering BZ indexed by g, , that coincide with FSWP nesting vectors

(Table 1). We have also labelled the vector E|G within the large spot ind at q=0. E|G coincides with the = (110) CDW modulation vector observed in our
XRD experiments, which we emphasize to be much shorter than the FSWP nesting vectors in (TaSe,),! (Fig. 4 and Supplementary Sections G and H.1).
This suggests that FSWP nesting is not itself the origin of the CDW in (TaSe,),|. Nevertheless, we find that the high-density peaks q; in y,—as well as

the nesting vectors between all of the FSWPs in (TaSe,),| with opposite chiral charges (Supplementary Section A)—still match integer multiples of the
experimentally observed CDW modulation vectors. This indicates that the CDW in (TaSe,),| backfolds and gaps the FSWPs, consistent with the
appearance of a CDW gap in our ARPES experiments (Supplementary Section H.2).

(Fig. 3g). Calculating the (001)-surface states on a loop separating
the projected Fermi pockets (Fig. 3h), we find that the projected
Fermi pockets exhibit the largest Chern numbers thus far predicted
(IC|=8). The (001)-surface states of chiral (TaSe,),I crystals are in
this sense reminiscent of the experimentally confirmed large Fermi
arcs of chiral crystals in the RhSi family'*-*"*7***, which also span
the entire surface BZ and connect projected Fermi pockets with
large Chern numbers.

Electronic susceptibility and experimental data. Having theoreti-
cally established that the high-temperature phase of (TaSe,),I is a
Weyl semimetal, we will now demonstrate a relationship between
the bulk FSWPs and the modulation vectors of the CDW phase.
First, we performed experimental investigations of (TaSe,),I sam-
ples using XRD and ARPES probes to measure the CDW modu-
lation vectors and gap, respectively (Supplementary Section H).
Next, to characterize the electronic contribution to the CDW phase,
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we calculated the electronic susceptibility from first principles
(Supplementary Section G). Finally, for comparison, we calculated
the ‘nesting’ vectors between the FSWPs.

To begin, we first performed XRD experiments on single-crystal
(TaSe,),I samples to infer the CDW modulation vectors and ampli-
tude from satellite reflections. Specifically, when a crystal with the
lattice constants a, b and c¢ is periodically modulated, as occurs in
a CDW phase, then satellite Bragg reflections begin to appear in
XRD probes at the momentum-space locations Q=G+ q, where
G=ha +kb +Ic" are the larger reciprocal lattice vectors of the
smaller unit cell of the unmodulated (high-temperature) structure,
and q=mmn,+nn,+ 08 are the smaller modulation vectors of the
(typically incommensurate) CDW-modulated structure. Examining
the results of our XRD probes of (TaSe,),I, we observed the appear-
ance of satellite reflections in the vicinities of the G=(110), (420),
(620) and (554) main reflections after samples were cooled below the
sample critical temperature, T~ 248K (Fig. 4 and Supplementary
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Table 1| Data for the symmetry-equivalent sets of peaks in the
electronic susceptibility that match FSWP nesting vectors

q; Coordinates Coupled (m, n, 0) Re (xg,)
(4.%.0,%.9,%)  Weylpoints

9 (0.41039, —0.46969, W — W,  (15,-17,6) 151,945
0.07045)

q, (0.45748, 0.45748, Wi —-WwW:  (17,17,8) 235,822
0.09085)

CH (—0.30640,0.30643, W; —W;  (=11,11,0) 112,025
0.00000)

q, (0.43364,0.00000, W; — W (16,0,0) 104,570
0.00000)

qs (0.41496, 0.33791, Wi — W (16,13,5) 119,227
0.06479)

9 (—0.41496,0.39853, W; —WJ  (=15,15,7) 155170
0.08547)

q° (0.02700, 0.02700, NA 1,1,0) 691,542
0.00000)

Electronic susceptibility z, is plotted in Fig. 5b-f and Supplementary Section G. Listed are the
indices q; of one vector within each symmetry-equivalent set of peaks in y,, the coordinates

of g;in the 3D conventional scattering BZ, the FSWPs nested by q; (Supplementary Table 1),

the closest integer multiple of the experimentally observed CDW modulation vectors

q = (m,n,0) = mp, + g, + 08 = [my(22), (%), 05()], where =0.027+0.001
and 6=0.012 + 0.001 (further details are provided in Fig. 4 and Supplementary Section H.1), and
the value of Re ()(q’) in relative units. Among the vectors listed in this table, g, and g, notably nest
FSWPs with opposite chiral charges, and q, is the strongest peak in y, away from the large central
spot near =0 (Supplementary Section G). We have additionally listed the vector , which
coincides with the high-intensity q=(110) satellite reflection observed in our XRD experiments
(Supplementary Section H.1).

Section H.1), representing clear evidence of a CDW transition. The
value of T~ 248K observed in our sample is slightly lower than,
but still in close agreement with, the value of T.=260K previ-
ously measured in (TaSe,),I (see refs. ***). In the XRD data col-
lected below T, (Fig. 4a—e), we observe a tetragonal arrangement
of satellite reflections whose modulation vectors (but not intensi-
ties) follow q = [mn(3), ny(%), 05(%)], where m+n+o € 27,
7=0.027 £0.001 and 6=0.012+0.001 (further details are provided
in Supplementary Section H.1).

However, through a careful analysis of the satellite reflection
intensities in Supplementary Section H.1, we determined that our
sample contains two macroscopic domains in position space in
which the CDW exhibits a lower point group symmetry (D, (222) in
a setting with C,, and C, ., , symmetries) than the high-temperature
crystal structure in SG 97 (I422) (D, (422)). This can be seen from
the XRD data shown in Fig. 4d, in which pairs of satellite reflec-
tions related by C,, exhibit the same intensities within experimental
uncertainty (Supplementary Section H.1), but satellite reflections
related by C,, exhibit intensities that differ by an order of magni-
tude. Isolating the satellite reflections within the domain of larger
spatial volume—which we term the majority domain—we observe
a pattern of satellite reflection vectors and intensities that would
respect the symmetries of either SG 22 (F222) or SG 16 (P222) if the
underlying lattice were ignored or if the modulation vectors were
lengthened to a lattice-commensurate limit. Notably, the spacing of
the satellite reflections in the g, , plane (Fig. 4a,d,e) indicates that the
CDW order is weakly 3D, consisting of both a Peierls-like modula-
tion along the ¢ axis, as well as weak modulation in the x-y plane.
In Supplementary Section H.1, we use the intensities of the satel-
lite reflections to obtain an estimate for the strength of the in-plane
modulation, which we find to be small, but non-zero. We attri-
bute the relative weakness of the in-plane CDW modulation to the
weak van der Waals interactions between the TaSe, chains®**. We
emphasize that we were only able to obtain the CDW modulation
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vectors and estimate the magnitude of the in-plane CDW modula-
tion because of the quality of our crystal sample and because of the
high k- (g-) space resolution and dynamic intensity range of our
experiments, which we further detail in Supplementary Section H.1.

Next, to characterize the electronic contribution of the Fermi sur-
face of thehigh-temperature phase of (TaSe,),I to thelow-temperature
CDW phase*~’, we calculated both the Fermi-surface nesting vec-
tors between the FSWPs (Supplementary Section A), as well as the
electronic susceptibility”. In Fig. 5b-f, we plot the real part of the
bare electronic susceptibility in the constant-matrix approximation
%o (further details are provided in Supplementary Section G). To
understand the origin of the peaks in y,, we compare the q vectors
of the strong peaks to Fermi surface nesting vectors. We find that
most—but not all—of the peaks in y, match FSWP nesting vectors,
and that the strongest peaks in y, away from q=0 (q, in Fig. 5c and
Table 1) coincide with nesting vectors between FSWPs with opposite
chiral charges. In Supplementary Section G, we detail the remaining
peaks in y,, which are weaker than q,, but comparable in magnitude
to q,;_¢ in Fig. 5b—f and Table 1. Furthermore, as shown in Fig. 4
and in Supplementary Section H.1, the CDW modulation vectors
observed in our XRD experiments (for example, q° in Fig. 5d) are
much shorter than the FSWP nesting vectors, suggesting that FSWP
nesting is not itself the origin of the CDW in (TaSe,),I. Hence, our
XRD and electronic susceptibility analyses provide further support
for the recognition in ref. °' that 3D CDWs rarely originate from
electronic instabilities. Nevertheless, as shown in Supplementary
Section A, because all of the nesting vectors between FSWPs with
opposite chiral charges can be expressed as integer-valued linear
combinations of the much shorter, majority-domain CDW modula-
tion basis vectors (Supplementary Section H.1), then we conclude
that the CDW in (TaSe,),! still backfolds and couples the FSWPs.

To further confirm that the CDW in (TaSe,),I opens an insu-
lating gap, which has been measured in several previous stud-
ies™***%, we performed ARPES probes of samples at 100K and
270K, which are respectively well below and above the CDW tran-
sition temperatures observed in our XRD experiments (T~ 248K,
Fig. 4c) and in the aforementioned previous works (T,=260K). In
the low-temperature phase, we observe a gap of roughly 0.12¢V,
which shrinks to less than 0.04eV when samples are warmed to
270K (additional details are provided in Supplementary Section
H.2). We attribute this change in gap size to a transition from a
low-temperature phase with a CDW-induced bandgap at all crystal
momenta into the high-temperature Weyl-semimetal phase pre-
dicted in this work. Our ARPES experiments thus provide further
evidence that the CDW couples all of the WPs with compensating
chiral charges, because a gap cannot be opened by only coupling
WPs with the same chiral charges® .

Topology of the CDW gap. Because there are a large number of
FSWPs, it is difficult to determine the precise topological nature of
the CDW gap in (TaSe,),I at a static value of the CDW phase angle
¢. However, it is plausible, and bolstered by recent experimental
findings performed concurrently with this work®, that the CDW
gap is topologically non-trivial. Specifically, recent works have dem-
onstrated that 7 -symmetric Weyl-CDWs at fixed ¢ can be topolog-
ically equivalent to mean-field weak topological insulators whose
weak-index vectors lie parallel to the CDW wavevector®***. More
generally, because we have shown that the CDW order in (TaSe,),I
preserves two-fold rotation symmetries (Fig. 4 and Supplementary
Section H.1), which, along with 7 symmetry, can protect a variety
of topological crystalline insulating phases™, then it is also possible
that the CDW gap at static ¢ is topologically non-trivial in a man-
ner distinct from previously studied Weyl-CDWs. This is further
supported by analysing the high-temperature electronic structure
of (TaSe,),I from the perspective of topological quantum chem-
istry” (Supplementary Section I). We leave for future study the
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precise question of whether the CDW gap in (TaSe,),I accesses a
lattice-incommensurate topological crystalline insulating phase
with a single-particle description or whether the CDW accesses a
more exotic, correlated topological phase beyond mean-field theory.
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Methods
We performed ab initio calculations based on density functional theory as
implemented in the FPLO package®, and used the full-potential local-orbital basis
within the generalized gradient approximation”, fully incorporating the effects of
SOC. The projected atomic Wannier functions (PAWFs) were constructed using
the Ta d, Se p and I p orbitals to reproduce the band structures obtained from ab
initio calculations. The surface states were obtained by calculating the surface
Green’s functions™* of a semi-infinite tight-binding model constructed from the
above PAWFs. All calculations were performed employing the experimental lattice
parameters**°!,

We also performed XRD and ARPES experiments on (TaSe,),I samples to
study the CDW wavevector and electronic band structure, respectively. The
XRD experiments were performed at beamline 25B of the European Synchrotron
Radiation Facility in Grenoble, France using a six-circle diffractometer and a
wavelength of 1=0.71 A. The whisker-shaped (TaSe,),I sample—which was
~100 pm in diameter and grown using the method detailed in ref. **—was first
mounted on a copper sample holder oriented with its ¢ axis perpendicular to the
incoming beam and cooled to a minimum temperature of 88 K using a flow of
liquid nitrogen. We then measured the intensities of the diffracted X-rays near
several main Bragg reflections, employing a 2D pixel detector with pixel size of
55pum placed 1,250 mm away from the sample to collect the data from both 1D line
scans and 2D reciprocal-space maps. ARPES measurements were performed at the
high-resolution branch of beamline 105 at the Diamond Light Source (DLS) with a
Scienta R4000 analyser. The photon energy range for the DLS was 30-220eV. The
angles of the emitted photoelectrons were measured with a resolution of 0.2°, and
their energies were measured at an overall resolution of <15 meV. After samples
were glued to the sample holder, they were then cleaved in situ to expose the (110)
surface, which is the favoured cleavage plane of (TaSe,),I (see ref. ). Throughout
our ARPES experiments, samples were kept at a pressure of <1.5x 10~"°torr,
and measurements of the low- and high-temperature phases of (TaSe,),I were
performed at 100K and 270K, respectively.
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