
PHYSICAL REVIEW B 110, 125151 (2024)

Experimental observation of metallic states with different dimensionality in a
quasi-one-dimensional charge density wave compound
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TaTe4 is a quasi-one-dimensional tetrachalcogenide that exhibits a charge density wave (CDW) instability
caused by a periodic lattice distortion. Recently, pressure-induced superconductivity has been achieved in this
compound, revealing a competition between these different ground states and making TaTe4 very interesting
for fundamental studies. Although TaTe4 exhibits CDW ordering below 475 K, transport experiments have
reported metallic behavior with a resistivity plateau at temperatures lower than 10 K. In this paper, we study the
electronic structure of TaTe4 using a combination of high-resolution angle-resolved photoemission spectroscopy
and density functional calculations. Our results reveal the existence of the long-sought metallic states. These
states exhibit mixed dimensionality, while some of them might have potential topological properties.
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I. INTRODUCTION

Since the discovery of new topological phases of mat-
ter in the last decade [1,2], the general classification of
the electronic structure of solids has been largely enriched.
Topological insulators [3–5], superconductors [6,7], and an
extended set of remarkable materials [8–11] have made con-
densed matter physics much more complex. Because of their
technological potential [12–15], the investigation of novel
materials is crucial [16]. In this context, transition metal
chalcogenides (TMCs) stand out for their diversity and ver-
satility [17,18]. The binary combination of a transition metal
and an element from the chalcogen family (S, Se, or Te)
produces, in most cases, a layered compound that foments the
appearance of interesting physical properties related to low
dimensionality [19,20].

A notable example of materials with intriguing properties
induced by low dimensionality is the family of quasi-one-
dimensional (quasi-1D) transition metal chalcogenides. These
compounds are known for their crystalline structure formed
by linear chains of transition metal atoms surrounded by
chalcogen atoms [21–23]. This peculiar arrangement has
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important implications for the electronic transport in those
compounds, producing effects that should be observed in a
theoretical one-dimensional crystal, such as charge density
waves (CDWs) [24–26]. This is the case for the tellurides
NbTe4 and TaTe4, both of which exhibit charge density
ordering below room temperature [27,28]. Recently, pressure-
induced superconductivity has also been reported for both
compounds [29,30], demonstrating the interplay between
these two nontrivial ground states.

Furthermore, TaTe4 has been predicted to exhibit topolog-
ical properties related to the existence of degeneracy points
in its band structure, referred to as Dirac nodes [31]. In addi-
tion, magnetotransport experiments have revealed the metallic
behavior of TaTe4 with a field-induced metal-to-insulator
transition at about 35 K, followed by a resistivity plateau
below 10 K [32,33]. In nonmagnetic systems [34], a resistivity
plateau can be a fingerprint of low-dimensional states, includ-
ing topological surface states, where the presence of protected
metallic surface states saturates the bulk insulating resistivity
at low temperatures [35,36]. The same feature is observed
in topological semimetals when exposed to magnetic fields
[37,38], but the underlying mechanism is still under debate.

The coexistence of 1D and three-dimensional (3D) elec-
tronic bands in TaTe4 has been revealed more than 20
years ago through angle-resolved photoemission spectroscopy
(ARPES) measurements, albeit no metallic states (i.e., no
states crossing the Fermi level) were observed [39]. Theo-
retically, in quasi-1D materials, the photoemission intensity
vanishes at the chemical potential and no Fermi level cutoff
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FIG. 1. (a) Crystal structure of TaTe4 showing the Ta linear chains and the regular octahedra formed by Ta and the Te squares. Ta and
Te atoms are represented by purple and green spheres, respectively. (b) Reciprocal unit cell of TaTe4 and the corresponding high-symmetry
points. The measurement plane perpendicular to the a∗ axis is highlighted. (c) Angle-integrated intensity map of TaTe4 showing the Fermi
level cutoff and the suppression of spectral intensity in an energy window of 0.2 eV. (d) ARPES energy-momentum maps of TaTe4 along �-X
and �-Z , showing the dispersion perpendicular and parallel to the linear chains, respectively. (e) Energy-momentum maps along �-X and �-Z
with saturated contrast over the region of reduced spectral intensity, showing electronlike metallic states (indicated by green arrows) and a
holelike metallic state (indicated by blue arrows) crossing the Fermi level. The Brillouin zone boundaries are marked by dashed lines in all
ARPES images. All measurements were carried out with a photon energy of 75 eV and linear-horizontal (LH) polarization.

is expected [40,41]. In contrast, TaTe4 exhibits a well-defined
Fermi level cutoff within a region of reduced spectral weight
ranging from the Fermi level down to about −0.2 eV. Al-
though optical conductivity measurements [39] indicate the
presence of free carriers near the Fermi level, in addition to the
metallic character revealed by transport measurements, no dis-
persive states have been observed in this region. The apparent
inconsistency regarding the existence and nature of metallic
states in TaTe4 calls for a new experimental investigation of
its band structure.

In this work we provide insights into the electronic band
structure of TaTe4 by means of high-resolution ARPES and
density functional calculations (DFT). We experimentally
probe the long-sought metallic states that cross the Fermi
level. Some of these experimentally resolved states form
3D Fermi surface contours, while others exhibit quasi-1D
features.

II. MATERIALS AND METHODS

A. Sample growth

Single crystals of TaTe4 were grown by the self-flux
method [42]. Alumina crucibles containing mixtures of 1
mol% elemental Ta and 99 mol% elemental Te powders
were placed in an evacuated, sealed quartz tube. The mixture
was heated in a box furnace up to 700 ◦C and kept at this
temperature for 12 h. The temperature was then gradually
decreased to 500 ◦C at a rate of 2 ◦C/h. The containers were
quickly transferred to a centrifuge, where the TaTe4 crystals
were separated from the remaining melt. Once at room tem-
perature, silver-colored rectangular crystals with dimensions
up to 0.1 × 0.1 × 1 cm3 were obtained. The formation of a
single-crystalline phase was confirmed by x-ray diffraction
(see Sec. I of the Supplemental Material [43]).

B. Experimental methods

ARPES measurements were carried out using hemispheri-
cal electron analyzers with vertical slits at the CASSIOPEE
beamline of Synchrotron SOLEIL (France) and URANOS
and PHELIX beamline of Synchrotron SOLARIS (Poland).
In order to generate pristine surfaces, TaTe4 crystals were
cleaved in situ, exposing the (100) crystalline plane. Typical
resolutions in electron energy and angle were 15 meV and
0.25◦, in all experimental setups. ARPES measurements were
performed at temperatures not higher than 20 K and pressure
below 5 × 10−11 mbar. Measurements with a photon energy
of 75 eV correspond to a measurement plane right across the
center of the bulk Brillouin zone [i.e., blue plane highlighted
in Fig. 1(b)] assuming an inner potential of 18 eV (see Sec. III
of the Supplemental Material [43] for details).

C. Theoretical and computational approach

Theoretical analyses were performed within the frame-
work of first-principles calculations in the density-functional
theory (DFT) [44,45] approach. The mentioned calcula-
tions were carried out in the Vienna ab initio simulation
package, VASP code (version 5.4.4) [46,47]. The projected-
augmented waves approach (PAW [48]) was employed to
represent the valence and core electrons. The electronic con-
figurations considered in the pseudopotentials as valence
electrons are Ta: (5p66s25d3, version 07Sep2000) and Te:
(5s25p4, version 08April2002). The exchange correlation was
represented within the generalized gradient approximation
(GGA-PBEsol) parametrization [49]. The periodic solution
of the crystal was represented by using Bloch states with a
Monkhorst-Pack [50] k-point mesh of 13 × 13 × 13 in the
high-symmetry P4/mcc (SG. 124) phase and scaled to 9 ×
9 × 5 in the low-symmetry CDW P4/ncc (SG. 130) phase
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FIG. 2. (a) ARPES in-plane Fermi surface maps (EB = 0) of TaTe4 obtained with photons of linear horizontal (LH, left panel) and linear
vertical (LV, right panel) polarization, showing the in-plane contours of the electronlike metallic states (elliptical contours) and of the quasi-1D
features (indicated by arrows). (b) ARPES constant energy maps of TaTe4 at EB = −0.3 eV obtained in both polarizations (LH on the left and
LV on the right), showing the contours at the band maximum of the holelike states centered at �. The Brillouin zone boundaries are marked
by dashed lines in all images. All measurements were carried out with a photon energy of 75 eV.

into the 2 × 2 × 3 supercell representation. We used a 600-
eV energy cutoff to ensure forces convergence of less than
0.001 eV Å−1 and energy less than 0.1 meV. Spin-orbit cou-
pling (SOC) effect was considered as implemented in the
VASP code [51]. To analyze the electronic structure, we made
use of the PYTHON library PYPROCAR [52]. To estimate the
surface states, we utilized the Wannier functions methodol-
ogy, for which the wannierization was performed using the
WANNIER90 code [53,54] and postprocessed with the WAN-
NIERTOOLS package [55]. For the Wannierization process, p
orbitals for Te atoms whereas the d orbitals were considered
for Ta sites. Finally, the structural figures illustrations were
performed with the VESTA code [56].

III. RESULTS AND DISCUSSIONS

The crystal structure of TaTe4 [57] consists of linear chains
of Ta atoms surrounded by Te atoms, with each atom rep-
resenting a vertex of a regular octahedron. The underlying
square bases are rotated by 45◦ with respect to each other, re-
sulting in an antiprismatic configuration [Fig. 1(a)]. The high
symmetry (in the non-CDW phase) unit cell is the tetragonal
P4/mcc (SG 124) with lattice parameters a = b = 6.514 Å
and c = 6.809 Å, where the major axis is oriented parallel to
the chains. The reciprocal unit cell is shown in Fig. 1(b). The
natural cleavage plane is perpendicular to a (or equivalently
b), hence the measurements plane is defined by the b and c
axes (or equivalenty a and c axes). Lattice distortions in TaTe4,
driven by a V4 mode as in the NbTe4 case [28], are responsible
for a CDW transition at T = 475 K that leads the system into a
commensurate 2 × 2 × 3 P4/ncc structure [27]. Both crystal
structures are shown in Sec. II of the Supplemental Material
[43]. Although the atomic structure of TaTe4 has been known
for many years, its electronic band structure is still not fully
understood.

A. Electronic band structure by ARPES

According to the electronic configuration of Ta and Te
atoms, the unpaired electrons must be located in the Ta-5d and
Te-5p shells, and their hybridization results in the band struc-
ture of TaTe4 near the Fermi level [58]. In-plane ARPES mea-

surements show that the electronic structure near the Fermi
level consists of a holelike band centered at the � point and
an electronlike band centered at the X point [Fig. 1(d)]. The
spectral intensity is significantly reduced near the Fermi level,
a particular interesting character of TaTe4, which might be
related to the CDW gap opening. The width of the region of re-
duced spectral weight is around 0.2 eV [Fig. 1(c)]. In contrast
to Zwick and coworkers [39], our measurements distinctly
show metallic states crossing the Fermi level [see Fig. 1(e)].
The observation of these states in the aforementioned region
of reduced spectral weight solves the alleged mystery of TaTe4

exhibiting metal-like resistivity curves [32] without any, so
far, experimental fingerprint of a metallic state [39].

The electronlike band around X gives rise to elliptical
electron pockets that are the most readily observable fea-
tures of the Fermi surface contours. The corresponding Fermi
surface maps shown in Fig. 2(a) are obtained using two pho-
ton polarizations: linear horizontal (LH) and linear vertical
(LV). The spectral weight of the Fermi contours is strongly
influenced by the crystal orientation, as manifested by the
lack of symmetry between adjacent Brillouin zones, and by
the polarization of incoming photons. This influence is due
to photoemission matrix elements, which are responsible for
enhancing or attenuating the spectral signal of different wave
functions [59–61]. The effect of the photon polarization is
also shown in Sec. IV of the Supplemental Material [43]. The
dispersion of the metallic states is reminiscent of the Dirac-
type dispersion of surface states reported for several materials,
including topological insulators [62–64]. Nevertheless, before
drawing any conclusion on the origin of these states, their
dimensionality will be further discussed in a later section by
means of photon-energy-dependent ARPES and through com-
parison to DFT calculations. We note that the lower-lying
electronic states of TaTe4 are also subject to strong photoe-
mission matrix elements effects as revealed by the contours
of the band maximum of the holelike state centered at the �

point [Fig. 2(b)].
We now draw the readers’ attention to the holelike metallic

state crossing the Fermi level along �-Z [Fig. 1(e), right
panel]. This state corresponds to quasi-1D Fermi surface
features which are pointed out by arrows in Fig. 2(a). This
means that it poorly disperses along any direction normal
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FIG. 3. (a) Electronic band structure of TaTe4 calculated by DFT in the unmodulated phase with SOC. The yellow arrows point the two
predicted band crossings near the Fermi level. (b) Electronic band structure of TaTe4 calculated by DFT in the CDW-modulated phase folded
into the 1 × 1 × 1 unit-cell reference of the unmodulated structure without SOC due to computational and theoretical limitations. Note: The
marker size emulates the spectral weight of the bands. (c) Comparison between ARPES dispersion and DFT calculations in the unmodulated
phase along �-X , showing the predicted holelike state centered at � and the electronlike metallic states (indicated by green arrows) not
predicted by the calculations. (d) Comparison between ARPES dispersions and DFT calculations in the unmodulated phase along �-Z for both
polarizations, showing the dispersion of the holelike state centered at �, visible only with horizontal polarization, and the electronlike state,
visible only with vertical polarization. The quasi-1D feature is indicated by blue arrows. The calculated band structure in the non-CDW phase
was shifted 0.24 eV in order to achieve a better agreement between theory and experiment. All measurements were carried out with a photon
energy of 75 eV, and the energy-momentum maps were processed using the curvature method [67] to enhance the intensity of weak spectral
features.

to the �-Z high-symmetry line. In terms of spectral in-
tensity, the most intense quasi-1D feature is observed at
ky = −0.64 Å−1 in the LH Fermi surface map, while weaker
features are found at ky = ±0.26 Å−1 and ky = −0.26 Å−1 in
the LV Fermi surface map. The asymmetric intensity distri-
bution observed on different in-plane Fermi surface maps is
again a manifestation of the photoemission matrix elements
[59–61]. We further note the much narrower spectral width
of the holelike metallic states along �-Z , in comparison to the
electronlike bands along �-X [compare left and right panels of
Fig. 1(e)]. Narrower spectral widths are a common character-
istic of surface-derived features. In the following section, we
will further discuss the electronic structure of TaTe4 through a
comparison of the experimental results with DFT calculations.

B. Electronic band structure by DFT

The electronic band structure of TaTe4 was calculated us-
ing first-principles calculations within the density-functional
theory framework for two types of atomic structures: the
unmodulated (i.e., undistorted) phase (1×1 × 1 – P4/mcc)
and the CDW modulated (i.e., distorted) phase (2×2 × 3 –
P4/ncc) folded into the 1 × 1 × 1 unit-cell reference of the

nonmodulated structure. The resulting band structures are
shown in Figs. 3(a) and 3(b). Here, it is worth mentioning
the relevance of the folded band structure chosen to represent
the CDW-modulated phase. Considering 2 × 2 × 3 structure
without band folding, TaTe4 shows a strongly metallic be-
havior [31,58], nonetheless, as the distortion, associated with
the CDW phonon, is introduced into the reference symme-
try a reduction on the bands crossing the Fermi level and
a decrease on the density of state is expected. The latter
suggests an apparent contradiction in the expected effect of a
CDW modulation. The importance of the correlation between
the structure distortions and the folded band electronic struc-
ture to the undistorted reference has been also highlighted in
other works [65,66]. The method employed on that kind of
calculation has an extra advantage: it provides an approxi-
mation of the spectral weight of the folded bands. The TaTe4

folded calculation results on several bands with weak spectral
weight crossing the Fermi level, reminiscent of the 2 × 2 × 3
structure. There are two relevant bands with stronger spectral
weights: one electronlike state centered around the M point,
a high-symmetry point that is not contained in our plane of
measurements, and the already-mentioned holelike state along
�-Z . In fact, the folded calculation results on a gap opening
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of this state, a point that will be important in later discussions.
Although TaTe4 lies in the CDW phase in the temperature
range of our measurements, we observed no clear signs of
band folding. As a matter of fact, and as it will become clear
in the following, the band structure of the unmodulated phase
describes more accurately our experimental results.

A comparative analysis between the electronic bands ob-
served by ARPES and those predicted by DFT calculations
was performed by superimposing of the calculated disper-
sions of the non-CDW phase on the energy-momentum maps
along �-X and �-Z [Figs. 3(c) and 3(d)]. We obtained a very
good agreement of theory and experiment after a rigid energy
shift of the calculated band structure by 0.24 eV to higher
binding energies. All the main features of the experimental
band structure can find a counterpart in the theoretical bands
with the sole exception of the metallic states discussed in
the previous sections and pointed out by arrows in Figs. 3(c)
and 3(d). In particular, along �-X , the holelike state with
a maximum at −0.2 eV is captured by theory, while there
are experimental traces of the lower-lying theoretical bands.
On the other hand, along �-Z , one needs to consider the
experimental maps measured using both photon polarizations
(LH and LV) in order to observe all bands predicted by DFT.
In our experimental configuration, LH photons are sensitive
to the aforementioned holelike band while LV photons to an
electronlike band with a minimum at around −1 eV. This
extreme polarization dependence manifests itself very clearly
in Fig. 2(b), and it is capable of completely suppressing the
holelike state (i.e., the most intense feature of the entire spec-
trum) at the center of the first Brillouin zone (in case of LH
photons) or in neighboring Brillouin zones (in case of LV
photons). The different dependence of these bands on the pho-
toemission matrix elements is an experimental confirmation of
their different orbital origin. Indeed, the holelike band consists
mainly of Te-5p orbitals while the electronlike band of Ta-5dz2

orbitals [58]. We further note that while this electronlike band
is predicted to cross the Fermi level, our results suggest that
it instead bends down and forms a holelike maximum around
the Z point of the Brillouin zone at approximately −0.4 eV:
just as the other DFT bands it seems to avoid entering into
the region of reduced spectral weight. If this region is related
to the CDW as Zwick et al. inferred by comparison to their
optical conductivity measurements [39], the experimentally
observed band maximum along �-Z might be therefore an
indirect fingerprint of the CDW.

We note, however, that the experimental bands do not
match the DFT band structure of the CDW-modulated phase
[Fig. 3(b)]. This observation might be surprising, but one
has to consider that optical conductivity measurements have
concluded that no more than 20%–30% of the charge carriers
are involved in the CDW phase [39]. The folded CDW-phase
calculation predicts the opening of several band gaps on
the electronic band structure. Near the Fermi level, most of
the bands are suppressed with the solemn exception of the
bands in the path M-�-Z . Those bands have an important
role regarding the topological aspects of TaTe4. The folded
calculation predicts the opening of band gaps on the accidental
band crossings in �-M and �-Z , pointed by yellow arrows
in Fig. 3(a). As will be discussed in the following section,
these accidental crossings might be assigned to Dirac points,

opening the possibility for the existence of axions in the ma-
terial, as reported in the similar compound (TaSe4)2I [68,69].
Last but not least, the fact that the metallic states lying in
the region of reduced intensity have no counterpart in bulk
calculations questions their attribution to bulk bands and calls
for a determination of their dimensionality. In the following
we will discuss in more detail the metallic states crossing the
Fermi level by presenting experimental evidence that gives
insights on their nature and origin.

C. Origin of the metallic states

As discussed previously, there are two sets of metallic
states that cross the Fermi level: the states forming the ellipti-
cal electron pockets centered at X and those corresponding to
the quasi-1D features normal to �-Z [Fig. 2(a)]. The former
(latter) states are pointed by green (blue) arrows in Figs. 1–3.
In order to verify the dimensionality of the states forming the
elliptical contours, we have checked their out-of-plane dis-
persion by means of photon energy-dependent ARPES. The
corresponding out-of-plane Fermi surface map of the elliptical
electron pockets [Fig. 4(a)] clearly shows that they are three
dimensional and follow the Brillouin zone periodicity. This
experimental observation may come as a surprise for two
reasons. First of all, they are not predicted by DFT calcula-
tions which should capture all three-dimensional bulk-derived
states. Second, such dimensionality cannot explain the resis-
tivity plateau seen in magnetotransport measurements [32,33],
which is typical of low-dimensional states. On the other hand,
the 3D character is in line with their broad spectral width in
the in-plane measurements of Figs. 1 and 2. This observation
is in contrast to the sharper quasi-1D features measured along
�-Z , that will be the topic of the next paragraph. In order to
get more information on the dimensionality of these states and
the spatial extent of their associated wave functions, we invite
future photoemission studies with bulk-sensitive probes (i.e.,
photons in the soft and hard x-ray regimes).

Moving forward, we will discuss the origin of the metallic
states behind the experimentally resolved quasi-1D features.
Unlike the three-dimensional metallic states discussed in the
last paragraph, the quasi-1D features do not disperse in the
plane that is normal to the sample surface [see Fig. 4(b)].
In other words, they represent surface states. As stated previ-
ously, in the unmodulated phase, both experiment (Fig. 1) and
calculations (Fig. 3) agree that the band structure is dominated
by a holelike band at � having a maximum at −0.2 eV.
Moreover, there is an electronlike state [see Figs. 3(a) and
3(d)] crossing the holelike band at two points: along �-M
and �-Z . As we will shortly explain, this interaction might
be at the origin of the metallic quasi-1D features. Specifically,
such accidental band crossings could evolve into Dirac points
if they result from electronic bands with different symmetries
[3,70]. The two bands in question have indeed different orbital
symmetries as discussed in the frame of Fig. 3(d). The two
alleged Dirac points are shown in Fig. 4(c). It is important
here to note that whether or not a gap opening is observed,
this could be a consequence of the calculation parameters,
more specifically, the number of cells used in the calculations
[71,72]. According to Zhang et al. there is a Dirac point along
�-Z , while the band crossing along �-M results in a small
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FIG. 4. (a) ARPES out-of-plane Fermi surface map (EB = 0) of TaTe4 obtained from the normal emission oriented along the in-plane
direction �-X , superimposing the maps obtained using photons with both polarizations, showing the out-of-plane dispersion of the electronlike
metallic states. The measurements were carried out using photon energies from 50 to 100 eV. (b) ARPES out-of-plane Fermi surface map
(EB = 0) of TaTe4 obtained from the normal emission oriented along the in-plane direction �-Z using LH photons, showing the out-of-
plane dispersion of the holelike metallic states (1D features). The measurements were carried out using photon energies from 70 to 110 eV.
(c) Electronic band structure of TaTe4 calculated by DFT along the M-�-Z direction, showing the band crossings along �-Z (blue) and �-M
(yellow). The projections of the band crossings at the Fermi level are indicated by points D1 and D2, respectively. (d) Schematic of the positions
of the points D1 and D2 in the reciprocal unit cell of TaTe4 and their projections on the surface Brillouin zone indicated by P1 and P2. The
indices 1 and 2 refer to a single and double projection, respectively. (e) Schematic of the positions of the points P1 and P2 on the surface
Brillouin zone with a qualitative description of the Fermi arcs connecting them. (f) ARPES in-plane Fermi surface maps (EB = 0) of TaTe4

maps obtained with LH and LV polarization, and the superimposed expected k location of the Fermi arcs. This measurement was carried with
a photon energy of 75 eV and the energy-momentum maps were processed using the curvature method [67] to enhance the intensity of weak
spectral features. (g) Electronic dispersion of TaTe4 calculated by bulk DFT (black lines) superimposed by the surface-sensitive dispersion
calculated using Wannier functions (red lines) along the �-Z direction. The intensity of the red lines emulates the superficial character of the
bands.

energy gap [31]. On the other hand, Guster et al. reported
Dirac points in both band crossings [58]. In Sec. V of the Sup-
plemental Material [43], we have computed the effect of the
spin-orbit coupling (SOC) on these accidental band crossings.
Although the SOC is responsible for breaking the degeneracy
at band crossings and opening a band gap, the alleged Dirac
points are protected by symmetry and remain intact, providing
further evidence of their topological nature.

We now stress the fact that the intersection point between
the electronlike and holelike bands was predicted to occur
around ky = ±0.26 Å−1 along �-Z , which matches perfectly
with the k-space location of the quasi-1D features. This obser-
vation might provide a new explanation for the origin of these
states since it is reminiscent of Fermi arcs associated with bulk
Dirac points of 3D topological Dirac semimetals [73–75].

To examine the plausibility of the latter scenario, one must
consider all the degeneracy points in the band structure of
TaTe4. Figure 4(c) shows the projection of the Dirac points
along �-Z and �-M on the Fermi level, defining the points D1
and D2, respectively. In the reciprocal unit cell, six of these
projected points are found: two D1 points at the intersection
of the planes kz = 0 and kx = 0, referring to the Dirac points
along �-Z; and four D2 points located at the plane ky = 0,
referring to the Dirac points along �-M [see Fig. 4(d)]. The
in-plane ARPES measurements provide access to the plane kz

= 0, then it is necessary to address the projections of points
D1 and D2 into this plane. The Fermi arcs associated with
points P1 and P2 are shown schematically in Fig. 4(e) and they
are superimposed onto the experimental Fermi surface map in
Fig. 4(f). The result shows a decent agreement between the
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experimentally observed quasi-1D features and the predicted
positions of the Fermi arcs. Despite the fairly good agreement
of our experimental findings with the scenario of Fermi arcs,
one might be surprised that the bulk Dirac points lie at ener-
gies far from the immediate vicinity of the Fermi level, unlike
Na3Bi and Cd3As2 [73–75].

We also performed calculations using the Wannier repre-
sentation for topological insulators [76] in order to examine
the plausibility of the interpretation of the quasi-1D features
as Fermi arcs. In Fig. 4(g), the dispersion relation along �-Z
was obtained by this method. There are two relevant observa-
tions from Fig. 4(g). First of all, since the intensity of lines
emulates the surface character of the bands, one concludes
that the metallic band crossing the experimental Fermi level
is essentially a surface state. Second, and most importantly,
the band disperses to an accidental band crossing 0.16 eV
below the experimental Fermi level. The crossing originated
by this surface state may be ascribed to the Dirac point D1
since, no matter the method employed in the calculations, the
accidental band crossing remains protected, even if there is
no perfect quantitative match with the experimental values
of energy and momentum. An extended analysis of the cal-
culation using Wannier functions is presented in Sec. VI of
the Supplemental Material [43]. On one hand, we stress once
again that this is a rather tentative assignment of the quasi-1D
features motivated by our experimental findings. On the other
hand, recent calculations by Zhang and coworkers [31] have
provided evidence that TaTe4 should be indeed a topological
semimetal making the existence of Fermi arcs highly possible.
No matter the origin of the quasi-1D features, we note that
their low dimensionality makes them likely candidates for be-
ing responsible for the resistivity plateau at low temperatures
[32,33].

As a matter of fact, TaTe4 possesses a unique band structure
with metallic states of different dimensionality. Its peculiar
Fermi surface consists of textbook 3D states, as well as quasi-
1D features that may be part of contours of topological origin.

IV. SUMMARY AND CONCLUSIONS

In summary, our angle-resolved photoemission spec-
troscopy experiments on the charge density wave phase of
the quasi-1D tetrachalcogenide TaTe4 found that aside from
the reduction of spectral weight near the Fermi level, there
are no clear spectroscopic fingerprints of the CDW itself. On
the other hand, our data revealed a well-defined Fermi sur-
face made of various metallic states that had been unnoticed
in previous photoemission studies [39]. Therefore, our work
bridges the gap between spectroscopic studies on TaTe4 and
magnetotransport work [32,33] that had already reported clear
metallic behavior. The metallic states of TaTe4 have differ-
ent dimensionality characters. Our study hints that the latter

low-dimensional states might be part of Fermi arcs connecting
the projections of band intersections. The potential existence
of topological features in a quasi-1D compound combined
with the opening of band gaps caused by the CDW distortion
makes TaTe4 an interesting material to study the relationship
between topology, charge density waves, and axionic physics
[11,68,69].

Note added. Recently, a preprint of a new photoemission
study on TaTe4 reported a similar band structure to the one in
this paper [77]. Nevertheless, the authors attribute the quasi-
1D features to backfolded contours of the 3D bulk states due
to the periodicity of the CDW. In our data we have no signs of
such a periodicity, and we further note that a CDW interpreta-
tion would necessarily mean that those features are purely 3D,
a scenario that is incompatible with the lack of out-of-plane
dispersion shown in Fig. 4(b) and their sharp spectral width.
Moreover, in such case, these states could not be at the origin
of the low-T resistivity plateau. In any case, this renewed
interest in quasi-1D tetrachalcogenides calls for future studies
with bulk-sensitive probes to clarify these issues.
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