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Nanoscale phase-slip domain walls in the charge density wave state of the Weyl
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The transition-metal tetrachalcogenides are a model system to explore the conjunction of correlated electronic
states such as charge density waves (CDWs) with topological phases of matter. Understanding the connection
between these phases requires a thorough understanding of the individual states, which for the case of the CDW
in this system, is still missing. In this paper we combine phonon-structure calculations and scanning tunneling
microscopy measurements of NbTe4 in order to provide a full characterization of the CDW state. We find that, at
short range, the superstructure formed by the CDW is fully commensurate with the lattice parameters. Moreover,
our data reveals the presence of phase-slip domain walls separating regions of commensurate CDWs in the
nanoscale, indicating that the CDW in this compound is discommensurate at long range. Our results solve a
long-standing discussion about the nature of the CDW in these materials and provide a strong basis for the study
of the interplay between this state and other novel quantum electronic states.
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I. INTRODUCTION

Transition-metal chalcogenides are a model family to study
a large variety of quantum phenomena, including charge den-
sity wave (CDW) formation, superconductivity, topological
states, and magnetism [1–3]. Among this family, the quasi-
one-dimensional transition-metal tetrachalcogenides, with
their representative members NbTe4 and TaTe4, have recently
gained a renewed interest due to the possibility of hosting
axionic states connecting different Weyl points in the Fermi
surface through the formation of a CDW [4–6]. Therefore,
these compounds provide an ideal opportunity to study the
connection between topological states of matter and cor-
related electronic states such as CDWs [7,8]. In addition,
recent high-pressure experiments have reported the presence
of superconductivity in both NbTe4 [9] and TaTe4 [10], mak-
ing them strong candidates for a new class of topological
superconductors. All of these novel phenomena motivate a
thorough characterization of the different physical properties
of these materials, in particular, of the details and origin of
the CDW at low temperatures, where the possible topological
properties are more likely to be observed.

The crystal structure of NbTe4 originates from subtle de-
formations of its high-temperature tetragonal space group
P4/mcc, shown in Figs. 1(a) and 1(b), with reported unit-cell
parameters a, b = 6.499 Å and c = 6.837 Å at room temper-
ature, confirmed by our x-ray data [Fig. 1(c)] [13]. In this
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structure, Nb atoms are at the center of two square antiprisms
of Te atoms, each rotated with respect to the other [Fig. 1(a)].
These units form linear chains in the c direction [Fig. 1(b)],
which are bonded to other chains by van der Waals inter-
actions. As a consequence, single crystals of this compound
grow as long needles parallel to the c axis, which evidences
the quasi-one-dimensional character of its crystal structure.

X-ray and electron diffraction studies in NbTe4 have
revealed distortions from the P4/mcc structure and have as-
sociated those to several possible CDW distortions [7,14,15].
A variety of satellite peaks and streaks in the diffraction pat-
terns develop at different temperatures, and the appearance
of such features roughly coincides with features observed in
electrical resistivity measurements [see vertical dashed lines
in Figs. 1(d) and 1(e) for such features] [12]. At room tem-
perature, satellite peaks at q1 = ( 1

2 a∗, 1
2 a∗, ( 2

3 + δ)c∗), q2 =
(0, 0, ( 2

3 − 2δ)c∗), q3 = (0, 0, ( 2
3 + 4δ)c∗), where a∗ and c∗

are the inverse of a and c, respectively, and δ = 0.022 (fol-
lowing the notation of Eaglesham et al.), are observed by
selected-area diffraction patterns as reported by several au-
thors [15–17]. Below approximately 210–180 K (varies for
different authors and on cooling–warming history), diffuse
streaks at different positions of the reciprocal space are pro-
gressively developed and are even reported to evolve into
regularly spaced spots as temperature is decreased [15].
Below about 50 K, the different satellite diffraction peaks
become commensurate with the P4/mcc lattice parameters
(meaning, δ = 0) and the q2 and q3 peaks merge into one
[q2 = (0, 0, 2

3 c∗)]. This has been interpreted as a lock-in
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FIG. 1. (a) Crystal structure of NbTe4, with space group P4/mcc
(SG. 124) projected along the (a) [001] and (b) [010] directions.
The Te atoms with red borders in (a) and (b) are atoms forming a
cleaved {010} surface. (c) Powder x-ray diffraction measurements of
ground single crystals (black line), with diffraction peaks consistent
with the P4/mcc space group (refinement in red). (d) Temperature
dependence of the resistivity, normalized by the room-temperature
value. The residual resistivity ratio (RRR) is 6.3, similar to previ-
ously reported studies [9,11,12]. (e) Derivative of the normalized
resistivity curve in (d). Vertical dashed lines indicate changes in the
temperature dependence of the resistivity, previously associated to
CDW transitions.

(incommensurate-to-commensurate) transition of the CDW
distortion [16].

Although the characterization of the lattice distortion and
reciprocal space mapping of NbTe4 by diffraction experiments
has been extensive, direct observation of the CDW modulation
by real-space imaging techniques is scarce. Previous scanning
tunneling microscopy (STM) data attempted to characterize
the charge modulation at room temperature, however, with a
limited resolution [18]. To our knowledge, there are no previ-
ous reports of the observation of the low-temperature CDW
modulation of NbTe4 by STM experiments. Recent experi-
ments in the other family member of the tetrachalcogenides,
TaTe4, reported on the observation of a new type of charge
modulation, distinct from the ones reported by diffraction
experiments, presumably coming from surface effects in this
compound [6]. All of these observations motivate a thorough
characterization of the low-temperature CDW states in NbTe4

by direct imaging and spectroscopic techniques.
In this article we report on a combination of low-

temperature STM measurements and phonon-dispersion cal-
culations of the quasi-1D transition-metal tetrachalcogenide
NbTe4. Our measurements of the low-temperature charge dis-
tribution in the {010} plane directly reveal the superstructure

created by the CDW in this material, which agrees with our
theory predictions. Furthermore, we present evidence for the
presence of a discommensurate CDW (i.e., commensurate
regions separated by phase-slip domain walls) at low temper-
ature, with wave-vector and phase-slip conditions consistent
with the features reported by previous diffraction experiments
at room temperature, although our measurements are per-
formed at 1.7 K. This observation suggests that the CDW
in this compound is discommensurate for all temperatures
below room temperature, therefore inviting the characteristics
and conditions of the presumable lock-in transition and other
intermediate-temperature transitions reported for this material
to be revisited. Our results provide strong evidence to solve
a long-standing discussion around the characteristics of the
CDW in this material and provide a strong basis for the study
of the interplay between this state and other novel quantum
electronic states, such as the recently predicted Weyl points.

II. MATERIALS AND METHODS

A. Computational approach

The density-functional theory (DFT) [19,20] calculations
were performed with the ABINIT package (v8.11.8) [21,22].
The norm-conserving pseudopotentials from the PseudoDojo
project (v0.4) [23] were used with the generalized gradi-
ent approximation PBEsol exchange correlation functional
[24] and a Fermi-Dirac electronic smearing of 0.001 Hartree
(Ha). The phonon calculations were performed using the
density-functional perturbation theory (DFPT) [25], and a
good convergence (about 1 cm−1 on the frequencies) was
obtained with a k-point mesh of 8 × 8 × 8 in the recipro-
cal space and a cutoff energy for the plane-wave expansion
of 35 Ha. The phonon dispersions were interpolated with
a grid of 4 × 4 × 4 q points in the reciprocal space. The
symmetry-adapted mode contributions to the phase transition
were analyzed using the software AMPLIMODE [26].

B. Experimental methods

Single crystals of NbTe4 were grown using a self-flux
technique [27]. A mixture of 1 mol % elemental Nb and
99 mol % elemental Te was put in alumina crucibles and
sealed in evacuated quartz tubes. The mix was heated to
700 ◦C, held at this temperature for 12 h, and then slowly
cooled to 500 ◦C at a rate of 2 ◦C/h. The remaining melt
was decanted and separated from the NbTe4 crystals using
a centrifuge. Silver-colored, long rectangular prism–shaped
crystals were obtained, with sizes up to 0.1 × 0.1× 1 cm3.

Powder x-ray diffraction measurements were taken from
a collection of ground single crystals, in Eulerian-Cradle
geometry, using a Panalytical X-Pert system. Resistivity mea-
surements as a function of temperature [Figs. 1(d) and 1(e)]
were taken in cleaved crystals using a four-probe configu-
ration with electrical current running along the c direction.
Electrical contact was made using sputtered gold pads. A
4He VTI cryostat was used to vary temperature from room
temperature down to 2 K.

STM was performed with a hybrid UNISOKU-USM1300
system constructed with a homemade ultrahigh-vacuum sam-
ple preparation and manipulation system. The samples were
cleaved at room temperature at pressures lower than 10−10
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FIG. 2. (a) Scanning tunneling topography image of a cleaved
NbTe4 single crystal. The CDW superstructure formed at the Te-
terminated surface is observed. The area enclosed by the red square
is magnified in (b) in which the unit cell of the superstructure (pink
square), with size 2a × 3c, can be clearly identified. (c) Fourier
transform of the image shown in (a). Different peaks have been
highlighted by different-color circles. The peaks highlighted by
the pink circles correspond to the CDW superstructure unit cell.
The peaks highlighted by the green circles correspond to the distance
between adjacent “cashews” (Te trimers) with opposite curvature,
along the c direction, that is, with central q = (0, 2

3 c∗). Theses peaks
are split, as better seen in the inset. (d) Closeup view of STM image,
presented using a color scale that highlights the asymmetry in the
charge distribution of the cashews or Te trimers. The maximum of the
scale (yellow colors) is shifted toward the right side for all cashews,
independent of their orientation (facing up or down).

torr and immediately transferred to the low-temperature STM.
Crystals cleave exposing the {010} surface, that is, the a-c
plane. All topographies were performed at 1.7 K, with tunnel-
ing parameters of Vbias = 100 mV and I = 100 pA.

III. RESULTS AND DISCUSSION

A. Short-range STM measurements

Figure 2 shows STM measurements taken at the {010} sur-
face of a NbTe4 crystal. The cleaved surface that is observed
in the image is formed by Te atoms in the a-c plane, as the
bonding between Te atoms is weaker than between Nb and
Te [13], a common feature in all low-dimensional transition-
metal chalcogenides. The Te atoms expected to be observed in
the surface are highlighted in red circles in Fig. 1(b), forming
zigzag chains that run along the c direction. The large-scale
topographic image [Fig. 2(a)] reveals a periodic modulation of
the electronic density, formed by rows of cashew-shaped units
with alternating up-down curvatures, and with adjacent rows
shifted 1/3 of a row period. This modulation forms a super-
structure with the unit cell as highlighted by the pink rectangle
in the close-up look of the topographic image, shown in

FIG. 3. (a) Calculated phonon-dispersion curves along various
paths between high-symmetry points in the P4/mcc Brillouin zone
of NbTe4. The unstable modes with imaginary frequencies are pre-
sented by negative values on the plot. The dispersion line color has
been assigned to each point according to the contribution of each
kind of atom to the associated eigenvector (red for Nb and blue for
Te). (b) Schematic picture of the eigendisplacements of the V4 unsta-
ble phonon at the q = 1

2 , 1
2 , 1

3 ) vector. The atom displacements are
shown as red arrows in the high-symmetry P4/mcc phase. (c) Fully
relaxed modulated P4/ncc structure is presented.

Fig. 2(b). The spatial periodicity can be accurately determined
through the fast Fourier transform (FFT) in Fig. 2(c), resulting
in a 2a × 3c periodicity [FFT peaks labeled as (a∗/2, c∗/3)].
The size of this superstructure matches the commensurate
CDW superstructure reported by several diffraction experi-
ments at low temperatures (< 50 K) [7,16,17]. We will later
discuss other important features of the FFT of the topographic
image.

B. Phonon-dispersion calculations

In order to explain the superstructure shown by the to-
pography images and the origin of the CDW modulation in
NbTe4, we have computed the vibrational landscape of the
high-symmetry structure P4/mcc [space group (SG) 124].
Figure 3(a) shows the calculated phonon-dispersion curves
of the P4/mcc high-symmetry structure. An instability ap-
pears at the A ( 1

2 , 1
2 , 1

2 ) high-symmetry point of the Brillouin
zone (with the irreducible representation – irrep – A2),
which disperses quickly when going away from the A point.
However, the strongest unstable phonon frequency is located
in a point between the A and M point, in a region close to
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q=( 1
2 , 1

2 , 1
3 ) (irrep V4). To resolve the lowest energy structure,

we condensed the A2 and V4 unstable mode eigenvectors into
two different structures, with 2a × 2a × 2c and 2a × 2a × 3c
supercells with respect to the high-symmetry unit cell, respec-
tively. We find that the phase formed by the V4 mode (which
leads to the P4/ncc - SG 130) has a lower energy than the
phase formed by the A2 mode (I4 - SG 79). This result is
in good agreement with the observed 2a × 3c superstructure
seen at low temperatures in our STM data. Interestingly, our
calculations show that the V4 mode is strongly driven by the
Nb sites with a small deviation, from the high-symmetry posi-
tion, of the Te sites. Figure 3(b) shows the undistorted P4/mcc
phase in which the most significant atomic displacements of
the V4 mode are depicted by red arrows. Once these distortions
are condensed and the structure fully relaxed, the obtained
structural modulation can be observed in Fig. 3(c). In such
a phase, the modulation induces a trimerization of the Nb
sites in the one-dimensional (1D) chains. The three Nb-Nb
distances, dNb-Nb, are 3.137 Å, 3.168 Å, and 3.971 Å, hence,
two short and one long. This result is in line with suggestions
from previous works [14,28]. Figure 4(a) shows the spatial
configuration of the Nb trimers that lie just underneath a
cleaved surface, in the final modulated structure, as calculated
by our DFT model. This figure highlights the A-B-A stacking
of the trimers in adjacent chains, with the B-chain trimers
shifted by one Nb atom to the right (or two Nb atoms to the
left), or equivalently, c/2 to the right (or c to the left), with
respect to the A-chain trimers. This specific A-B-A stacking
of the chains is responsible for the 2a periodicity of the super-
structure along the direction perpendicular to the chains.

C. CDW structure

The trimerization of Nb atoms, predicted by our DFT
calculations, has important consequences for the charge dis-
tribution in the cleaved surface of the NbTe4 crystals. As
mentioned previously, this surface is formed by Te atoms.
The schematic configurations shown in Figs. 4(a)–4(c) show
these surface Te atoms in a {010} cleaved surface, together
with the Nb atoms just underneath this surface. The cashew
shapes observed in our topographic images can be naturally
explained by the trimerization of the Te atoms in the surface,
which are arranged in zigzag along the chains, as represented
in Fig. 4(b). (See Fig. 6, in Appendix A, for an image that
reveals the internal structure of a cashew.) The formation of
Te trimers (or cashews) is a consequence of the trimerization
of the Nb atoms underneath. This trimerization also natu-
rally explains the alternating up-down curvature of successive
cashews within a chain. The cashew configuration along each
chain, with period 3c, is shifted by c in both up- and down-
adjacent chains [to the left if taken with respect to the middle
B chain in Fig. 4(b), or equivalently, 2c to the right] and in the
same direction for both adjacent chains. This specific A-B-A
stacking of the chains is fully equivalent to that found in our
DFT calculations and reproduces the unit cell of the super-
structure, with period 2a × 3c, observed by our topographic
images.

Noteworthy, the charge distribution within a single cashew-
like structure is asymmetric, as is better appreciated in
Fig. 2(d). The position where the maximum charge distribu-

FIG. 4. All figures show the Te atoms (dark-yellow balls) of
three chains in a {010} cleaved surface, as well as the closest Nb
atoms (green balls) underneath this surface. (a) Spatial configuration
of the Nb trimers in the final modulated structure as calculated
by our DFT model. Three nonequivalent distances between the Nb
atoms are found in the model, with two short (d1 and d2) and one
long (d3), therefore forming Nb trimers as represented by the green
solid lines. The unit cell of the Nb-trimer superstructure is indicated
by the pink rectangle. A-B-A refers to the stacking of the chains.
(b) Representation of the Te-trimer formation, which leads to the
cashew shapes observed in the topographic images. The unit cell
of the Te-trimer superstructure is indicated by the pink rectangle,
matching the unit cell of the Nb-trimer superstructure. (c) Red arrows
in this figure indicate a simplified representation of the Nb atom
displacements, which lead to the CDW modulation in this compound.
The charge density is maximum around the center of each Nb trimer,
which coincides with the right side of the cashews, generating their
asymmetric charge density (gradient color fill). The charge density
amplitude variation is depicted by the black waves. The wavelength
of the CDW is λ = 3c/2, and the phase shift between adjacent chains
is ±2π/3.

tion occurs, as observed in the topography image, is shifted
toward the right side on each cashew. This asymmetry is an
indication that the CDW distortion indeed originates in the
Nb atoms, instead of the Te atoms, in full agreement with our
DFT calculations. Figure 4(c) shows a simplified schematic
representation of the Nb-atom displacements that give rise
to such an asymmetric Te-surface charge distribution. In this
picture, the central Nb atom of each Nb trimer, where charge
density is expected to be higher, is located toward the right
end of the Te trimer, which could explain the accumulation of
charge toward the right side of the cashews in the observed
Te surface. Within this picture, the CDW is represented by
the waves depicted in Fig. 4(c), with a maximum amplitude
right at (or very close to) the center of the Nb trimer (which
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FIG. 5. (a) Wide-area STM topographic image of a cleaved NbTe4 single crystal showing different domain walls (some are highlighted by
the yellow arrows) which run over long distances along the a direction. (b) and (g) show topographic images taken at a reduced area (therefore
with an improved resolution), in which two different types of domain walls can be recognized (see Fig. 8 for five other types of domain walls).
(c) and (h) show schematic representations of the cashew configuration across the domain walls in (b) and (g), respectively. The cashews
forming the domain walls are represented in red. The blue dashed lines represent the sign of the phase shift of the CDWs of two adjacent
chains: a change in inclination represents a change of phase sign. The schematic representations in (c) and (h) capture the change of sign of
this phase difference at the left and right side of the domain walls. (d) and (i) show the atomic configuration of the Te atoms at the surface (and
the Nb atoms underneath), which lead to the domain walls of [(b), (c)] and [(g), (h)], respectively. [(e), (f), (j), (k)] show the FFT of the images
in [(b), (c), (g), (h)], respectively. Red ovals in all FFTs highlight the (0, 2c∗/3) peaks, in which splitting is reproduced in the real image FFTs
and the schematic representation FFTs. Blue ovals in the FFTs of [(j), (k)] highlight the (a∗/2, 2c∗/3) peaks, which are split for the second
type of domain wall [(g)–(k)] but not for the first type [(b)–(f)]. Green ovals in the FFTs of [(j), (k)] highlight peaks along the horizontal axis
and close to the origin, which are present for the second type of domain wall but not for the first type.

coincides with the right side of each Te trimer or cashew), and
a minimum amplitude in the space between two Nb trimers.
The wavelength of this CDW is λ = 3c/2, and it therefore
implies a CDW wave vector within each chain of qCDW =
(0, 0, 2c∗/3). Waves in both up- and down-adjacent chains of
each chain are shifted by 2π/3 either both to the left or both
to the right, generating the observed A-B-A stacking of the
superstructure. As a consequence of the CDW wave vector
and the phase shifts in adjacent chains, the observed super-
structure in the Te atoms surface has a periodicity of 2a × 3c,
as revealed by our topographic images and predicted by our
DFT calculations. Therefore the phonon mode responsible for
such a commensurate distortion is the V4 mode.

Tunneling conductance curves reveal the presence of a gap
of 2� ≈ 24 meV (see Fig. 9 in Appendix C). However, this
value is an order of magnitude lower than the expected gap
originated in a CDW distortion with TC above room tem-
perature, as reported for this material [7]. This suggests the
presence of an electronic instability of different origin (see
Appendix C).

D. Wide-area STM measurements: Phase-slip domain walls

We will now discuss the intricacies of the FFT, which
reveal the presence of discommensurations of the CDW
in NbTe4. The FFT [Fig. 2(c)] of the topographic image
of Fig. 2(a) reveals other intense peaks in addition to the
(a∗/2, c∗/3) peaks of the superstructure unit cell. Interest-

ingly, the peak at around (0, 2c∗/3) (highlighted in the green
circle) is split in two, as can be better observed in the inset
to this figure. Although the presence of split peaks as well
as the presence of other satellite peaks in diffraction experi-
ments have been interpreted as signatures of incommensurate
CDWs [7,15,29], we argue that all satellite peaks observed
by diffraction experiments in all ranges of temperatures are
a consequence of discommensurations of a unique commen-
surate CDW phase, that is, regions of commensurate CDW
separated by domain walls. Figure 5(a) shows a wide-area to-
pographic image of a cleaved NbTe4 surface. Long columnar
features along the a direction, and running from top-to-down
all through the image, can be observed (yellow arrows high-
light three of those columns). Careful and closer inspection
to different areas containing such columnar features reveal
different patterns. Two examples of the type of features that
can be found are shown in Figs. 5(b) [same as in Fig. 2(a)]
and 5(g). The FFT of these images, Figs. 5(e) and 5(j), re-
spectively, show marked differences. For instance, whereas
the (0, 2c∗/3) peaks of the first type of domain wall are split,
the (a∗/2, 2c∗/3) peaks are not. In contrast, both of those sets
of peaks are split for the second type of domain wall, and
furthermore, additional peaks along the horizontal axis close
to the origin (green ovals) appear in its FFT. Figure 5(c) shows
a cartoon model of the distortion of the cashew pattern for
the first type of domain wall (highlighted in red). This type
of domain wall can be generated by the situation depicted in
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Fig. 5(d) in which, within a chain, two nearest-neighbor Nb
trimers share one atom (or site). This implies a CDW phase
slip of 2π/3 to the left within the chain, which results in
the partial merger of two cashews for the Te trimers at the
surface and therefore, the flip on the orientation of one of the
cashews. The Nb (and Te) trimers in adjacent chains remain
intact, creating a domain wall with alternating double-simple
cashews. One way to validate this picture is by observing the
flip in the CDW phase difference between successive chains
on the left and right of the domain wall: with respect to the
top chain in Fig. 5(d), the CDW phase of the middle row is
shifted 2π/3 to the left on the left of the domain wall, but
2π/3 to the right on the right of the domain wall. This is
represented by the flip in orientation of the dashed blue lines
in Figs. 5(b)–5(d). The FFT of the cartoon model in Fig. 5(c)
is shown in Fig. 5(f), and it reproduces the main features
observed in the FFT of the corresponding real topographic
image. The second example of the domain wall [in Fig. 5(g)]
is represented by the cartoon model in Fig. 5(h). This pattern
can be obtained by the situation shown in Fig. 5(i) in which
five Nb atoms within a chain are not clearly bound to trimers,
deriving in a CDW phase slip of 4π/3 to the right (or 2π/3
to the left) within each chain. This phase slip happens for
every chain (row) in the structure, which implies an equiva-
lent CDW interchain phase shift at the right and left of the
domain wall [situation highlighted by the dashed blue lines in
Figs. 5(g)–5(i)], in contrast with the first example of domain
wall. The FFT of the cartoon model is shown in Fig. 5(k),
and also reproduces the main features of the FFT of the
corresponding real topographic image.

Other types of domain walls, different from the two
examples discussed previously, can be found within our topo-
graphic images (see Appendix Fig. A3). In principle, a domain
wall can be created by any possible combination of phase
slips for different chains. Nevertheless, only intrachain CDW
phase slips of ±2π/3 (or equivalently, ±n ∗ c/2 displace-
ments of cashews, where n is an integer) are allowed by the
symmetry of the crystal structure and the CDW wavelength,
which limits the possibilities for domain-wall configurations.
This constrain in the phase slip can be the reason for the
finite set of satellite peaks found in diffraction experiments.
In addition, the splitting of the (0, 2c∗/3) peaks seen in this
work is comparable to those reported by diffraction exper-
iments by several authors [7,15–17]. This highly suggests
that what had been interpreted before as signatures of the
presence of incommensurate CDWs in NbTe4 (as, for ex-
ample, in Refs. [7,9,11,15,16,18,29]) are, on the other hand,
signatures of discommensurations due to phase-slip domain
walls (as previously suggested in Refs. [16,17,30]), which
separate regions of commensurate CDW with wave vector
qCDW = (0, 0, 2c∗/3) within a chain, a phase difference of
±2π/3 with adjacent chains, and ABA stacking.

An important characteristic of the domain walls is that they
run over large distances along the same line in the a direc-
tion, with no (or minor) disruptions, and are not necessarily
periodic along the c direction [the (0, 2c∗/3) peak splitting
does not come from a periodic arrangement of domain walls
but instead from the repeated phase slip along multiple chains
involved in a single domain wall, as shown in Appendix B,
Fig. 7]. The highly coherent domain walls along the a direc-

tion may be a consequence of the interchain coupling strength,
which for NbTe4 is much more significant than for other low-
dimensional transition-metal chalcogenides. For instance, the
interchain Te-Te distance in the tetrachalcogenides is shorter
than the intrachain Te-Te distance, which has been predicted
to result in the formation of interchain Te-Te dimers that
can hybridize with the transition-metal atoms, leading to a
large metallic conduction in the direction perpendicular to the
chains [28,31]. In fact, the resistivity anisotropy of NbTe4

has been reported to be very close to 1 [12], unexpected
for such an anisotropic quasi-1D crystalline structure. The
results presented by our study inspire a relevant question
that can help with understanding these electronic properties.
For example, the large tunnel conductance values observed
in some of the domain walls, which could be an indication
of a largest charge density, invites study of the domain-wall
contribution to the electronic conductance in the a direction.
On the other hand, similarly long and coherent columnar
domain walls have been observed in other low-dimensional
systems (for example, graphene nanostructures [32]), in which
topological defects due to atomic vacancies in the crystalline
structure form extended dislocations. A similar mechanism
could also be the origin of the observed CDW domain walls in
NbTe4, possibly originated by Te vacancies. Another relevant
question is the influence of random quenched disorder on the
domain-wall density, coherence length, and even CDW fun-
damental properties, as observed for other prototypical CDW
systems [33].

E. Wider implications

It is important to emphasize that our STM measurements
have been performed at low temperature and not at room
temperature. The presence of split peaks in diffraction ex-
periments have been reported at room temperature, with the
appearance of other streaks and peaks as temperature is
lowered. The equivalent characteristics of the FFTs of our
topographic images and those reported by diffraction exper-
iments suggest that the CDW in NbTe4 is discommensurate
and with an unchanged CDW wave vector from room temper-
ature down to 1.7 K. Nevertheless, resistivity measurements
as a function of temperature [see Figs. 1(d) and 1(e)] reveal
marked changes of slope at certain temperatures (both in our
data and data taken by other authors), which have been his-
torically interpreted as CDW phase transitions. Interestingly,
a temperature of ∼50 K, at which a marked feature in the
derivative of the ρ vs T curve appears [see Fig. 1(e)], seems to
coincide with the temperature below which the peak splitting
and presence of diffuse streaks disappear in electron diffrac-
tion experiments, which has been interpreted as a lock-in
(incommensurate-to-commensurate) transition of the CDW.
As argued, the features observed in diffraction experiments
could be explained by discommensurations, rather than in-
commensurations, of the CDW, inviting consideration of the
configuration and dynamics of the phase-slip domain walls
as possible candidates driving the presumed phase transitions
suggested by the features in resistivity curves and diffraction
experiments (as observed in other CDW systems [34]). Ev-
idence supporting this scenario can be found in a previous
electron diffraction study in NbTe4 in which indications of
discommensuration arrays with a varying density as a function
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of temperature were reported [30]. The disappearance of peak
splitting in diffraction experiments below 50 K could be re-
lated to a significant reduction of domain-wall density. Given
the much wider sample areas involved in diffraction experi-
ments compared to STM, a low density of domain walls might
not be enough for resolving the peak splitting in diffraction
given their low statistical weight. However, as STM typically
measures much smaller areas, the presence of a couple of
domain walls can enhance the signal of the peak splitting
given their larger statistical weight in the smaller area.

Finally, it is pertinent to highlight that our topographic
data can be fully reproduced by the condensed V4 phonon
instability predicted by our DFT calculations. This indi-
cates that an electron-phonon coupling mechanism is largely
responsible for the commensurate CDW formation in this
compound, in contrast to the Fermi-surface nesting or Peierls
mechanism commonly expected in low-dimensional com-
pounds [35]. This observation is in line with previous works
suggesting the electron-phonon mechanism as the dominant
driving force for CDW formation in most real materials, even
in the 1D limit [28,36]. Since the transition-metal tetrachalco-
genides have been predicted to host Weyl nodes in their
electronic structure, our results motivate further theoretical
and experimental studies aimed at understanding the influence
of electron-phonon coupling on the determination of complex
Fermi-surface topologies and its connection with novel topo-
logical quasiparticles in materials [37–39].

IV. SUMMARY AND CONCLUSIONS

Through the combination of low-temperature STM mea-
surements and phonon-dispersion calculations we have de-
termined the characteristics and origin of the CDW in the
quasi-1D transition-metal tetrachalcogenide NbTe4. In the
nanoscale, the CDW is commensurate with the lattice pa-
rameters, with a CDW wave vector within each chain of
qCDW = (0, 0, 2c∗/3). Waves in both up- and down-adjacent
chains of each chain are shifted by 2π/3, either both to the left
or both to the right, generating an A-B-A chain stacking. As
a consequence of the CDW wave vector and the phase shifts
in adjacent chains, the observed superstructure in the Te atom
surfaces has a periodicity of 2a × 3c. Such CDW originates
in a V4 unstable phonon mode and an electron-phonon cou-
pling mechanism, in contrast to the Peierls-like mechanism
expected to dominate in low-dimensional systems.

In the long range, the CDW is discommensurate, i.e.,
commensurate CDW regions separated by phase-slip domain
walls, with wave-vector and phase-slip conditions consistent
with the features reported by previous diffraction experiments
at room temperature, although our measurements are per-
formed at 1.7 K. This observation suggests that the CDW
in this compound is discommensurate for all temperatures
below room temperature, therefore inviting us to revisit the
characteristics and conditions of the presumable lock-in tran-
sition and other intermediate-temperature transitions reported
for this material. Our results provide strong evidence to solve
a long-standing discussion around the characteristics of the
CDW in this material and provide a strong basis for the study
of the interplay between this state and other novel quantum
electronic states, such as the recently predicted Weyl states.
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APPENDIX A: CHARGE DISTRIBUTION WITHIN A
CASHEW

Figure 2(d) revealed an asymmetric shape of the charge
density within a cashew. However, this and most topographic
images taken in this study do not allow one to directly resolve
the Te trimerization within a cashew. Figure 6 a shows a
topographic image of the {010} surface of a NbTe4 sample
for which a clear separation of the charge density within
the cashews is resolved. The FFT of this figure [Fig. 6(b)]
reproduces the main features of the CDW superstructure,
particularly the (0, 2c∗/3) peak splitting (in red circles).
Figure 6(c) shows an expanded view of one of the cashews
in Fig. 6(a), revealing its internal structure. Three different
maxima in the charge density can be observed (green circles),
consistent with the presence of three Te atoms in each cashew.
Two of those maxima are on the right side of the cashew and
are close to each other, and the other maximum is on the left
side, further apart from the other two. This leads to the asym-
metric average charge distribution within a cashew observed
for the other topographic images with less resolution, and to
the conclusion that the trimerization of the Te atoms in the
surface originates in the trimerization of the Nb atoms just
underneath the surface, as discussed in Sec. III C.

APPENDIX B: DOMAIN WALLS AND FFT PEAK
SPLITTING

The peak splitting observed in the FFT of the topographic
images, particularly of the (0, 2c∗/3) peaks, are not a conse-
quence of a periodic arrangement of domain walls but instead,
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(a)

1.1{1/nm}

(b)

3.5Å
0pm
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(c)

FIG. 6. (a) Topographic image of NbTe4 in which the internal
structure of the charge distribution within the cashews can be re-
solved. (b) FFT of the image in (a). The (0, 2c∗/3) split peaks are
highlighted in red circles. (c) Expanded view of one of the cashews
in (a), in which three maxima of the charge density can be clearly
resolved (green circles). This is consistent with the presence of three
Te atoms per cashew.

of the phase slip along a large number of chains, as illus-
trated in Fig. 7. In order to prove this, we select two small
regions of the 15 × 15 nm topographic image in Fig. 7(a).
The first region, enclosed by a green square [Fig. 7(b)], shows
no domain walls. Its corresponding FFT [Fig. 7(c)] does not
show evidence of splitting of the (0, 2c∗/3) peaks (circled in
red). The second region, enclosed by a red square [Fig. 7(d)],

FIG. 7. (a) Large topographic image of NbTe4 in which two
smaller areas are selected and expanded. (b) Highlights the region
enclosed by the green square in (a), in which no domain walls can
be identified. (c) The FFT of the image in (b). No peak splitting is
recognized for the (0, 2c∗/3) peaks circled in red. (d) Highlights the
region enclosed by the red square in (a), in which a single domain
wall can be identified. (e) The FFT of the image in (d) with a clear
splitting in the (0, 2c∗/3) peaks circled in red.

FIG. 8. Topographic images (left-column figures) around dif-
ferent domain walls found in our NbTe4 samples and their
corresponding FFTs (right-column figures). Al FFTs show the split-
ting of the (0, 2c∗/3) peaks, circled in red.

contains only one domain wall that extends along all 15 chains
that form the image. Its corresponding FFT [Fig. 7(e)] shows a
clear splitting of the (0, 2c∗/3) peaks plus additional features
in other locations of the reciprocal space.

Different types of domain walls can be recognized in this
material. As mentioned in the Discussion section, intrachain
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CDW phase slips of ±2nπ/3 are the only ones allowed,
but different combinations of phase slips in adjacent chains
can create different possibilities for domain-wall configura-
tions. Figure 8 shows five different examples of domain walls
and their respective FFTs, in addition to the two discussed
in Fig. 5. For all of these domain walls, a splitting in the
(0, 2c∗/3) peaks is clearly observed.

APPENDIX C: SPECTROSCOPY CURVE IN THE
CDW STATE

Figure 9 shows a representative tunneling conductance vs
bias voltage curve taken at a temperature of 1.7 K. In this
region a gaplike feature, with 2� ≈ 24 meV, is observed,
similar to the gaplike feature recently measured in TaTe4 at
4.2 K in Ref. [6]. In that work the gap of 2� ≈ 23 meV is
ascribed to a new surface CDW modulation with a q vector
distinct from that of the bulk CDW modulation, (0, 2c∗/3).
We do not observe such a surface modulation in NbTe4. How-
ever, we do observe the same gap spectral feature as in TaTe4.
This fact suggests the existence of other low-energy electronic
excitations that are common to both NbTe4 and TaTe4, and not
necessarily associated with a CDW instability.

FIG. 9. Tunneling conductance vs bias voltage curve taken at T
= 1.7 K. A gaplike spectral feature of 2� ≈ 24 meV can be observed,
similar to recent results in TaTe4 [6].
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