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Charge density wave order, local lattice distortions, and topological electronic states in NbTe4
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Assessing the atomic and electronic structure of strongly correlated systems in which the crystal symmetry
changes due to emergent lattice distortions, such as charge density waves (CDWs), is nontrivial because the
distortions are not necessarily amenable to a traditional crystallographic description. Using advance scattering
and modeling techniques, we reveal the evolution of the atomic displacement modes behind the CDW phases
of quasi-one-dimensional NbTe4 and derive the so far unknown atomic structure of its low-temperature com-
mensurate (C) CDW phase. Electronic structure calculations based on the experimental C-CDW structure data
predict the existence of Dirac fermions whose multiplicity turns out to depend on the degree of lattice distortions
accounted for in the experimental structure derivation. We argue that the electronic structure of CDW systems in
general, and in particular in transition metal tetratellurides, can be strongly impacted by local lattice distortions
and, therefore, they should be fully accounted for when their rich physics is considered.
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I. INTRODUCTION

Low-dimensional transition metal (TM) chalcogenides ex-
hibit a rich diagram of charge density wave (CDW) phases
and unusual physical properties resulting from the presence
of strong correlations between spin, electronic, and lattice
degrees of freedom, including metal-insulator transitions,
superconductivity (SC), and topological states [1–8]. To un-
derstand the properties, a good knowledge of the crystal
structure is needed. The knowledge, however, is nontrivial to
obtain because lattice distortions accompanying the forma-
tion of CDWs are not necessarily amenable to a traditional
crystallographic description. A typical example is quasi-one-
dimensional NbTe4. Similar to its sister compound TaTe4, it
exhibits lattice distortions due to the emergence of CDW order
and becomes a superconductor under high pressure [9,10].
Unlike TaTe4, however, the lattice distortions in NbTe4 un-
dergo a complex temperature evolution resulting in a series
of phase transitions between three distinct CDW phases. Fur-
thermore, its ground state CDW structure is not well known.
This makes it difficult to assess the interplay between the SC
and CDW orders in NbTe4 and explore its electronic structure
for fermionic excitations [6–8].

In particular, at high temperature, both NbT4 and TaTe4

adopt a tetragonal structure with a ten-atom unit cell and space
group (S.G.) P4/mcc symmetry [11–15]. In the structure,
chains of uniformly spaced TM atoms run in parallel to the
c axis of the crystal lattice, passing through rectangles of Te
atoms coupled by Te-Te dimerlike bonds, as shown in Fig. 1.
With decreasing temperature below 475 K for TaTe4 and
520 K for NbTe4, lattice distortions involving both TM and
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Te atoms develop due to the emergence of CDW order. The
distortions include a correlated displacement of TM atoms
along the chains to form trimers, leading to doubling of the
a axis and tripling of the c axis of the tetragonal unit cell of
the undistorted lattice. In NbTe4, there are three types of Nb
chains where two of them have incommensurate distortions
and the third chain suffers a very weak distortion. Hence, at
room temperature, NbTe4 exhibits an incommensurate (IC1)-
CDW order. The lattice distortions in TaTe4 are as above but
are commensurate with the crystal lattice. Thus, TM tetratel-
lurides appear to be the only reported strongly correlated
systems in which three distinct lattice distortion modes related
to emergent CDW order coexist.

The structure of the C-CDW phase of TaTe4 has been
determined by single-crystal experiments and described in
terms of a 120-atom, 2a × 2a × 3c supercell with tetrago-
nal S.G. P4/ncc symmetry [16]. Based on the experimental
crystal structure data, the electronic band structure has been
computed and the emergence of fermionic excitations, in-
cluding double Dirac fermions, predicted [6]. For NbTe4, the
IC1-CDW structure has been determined at room temperature
by single-crystal experiments using a superspace formalism
[17]. It has been found that it evolves with decreasing tem-
perature and transforms to a distinct IC2-CDW structure via
a rare incommensurate-to-incommensurate CDW phase tran-
sition [12,18,19,20]. The IC2-CDW structure has also been
determined using a superspace formalism. In addition, a com-
mensurate approximation to it based on a 120-atom, 2a ×
2a × 3c supercell with tetragonal S.G. P4 symmetry has been
derived [21]. Upon further cooling, C-CDW order emerges at
50 K. The C-CDW structure of NbTe4 is assumed to share
common structural features with that of room-temperature
C-CDW TaTe4, but this assumption has not been rigorously
proven. The question as to what drives the evolution of IC-
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FIG. 1. (a) Projection of the crystal structure of NbTe4 down
the c axis of a 2a × 2a × 3c tetragonal lattice (outlined). It features
(b) strings of Nb atoms (brown circles) passing through rectangles
of Te atoms (dark-blue circles). (c) Temperature dependence of the
magnetization for NbTe4. Areas shaded in different colors highlight
temperature ranges where it shows distinct variation with tempera-
ture and the material exhibits IC1-CDW (blue), IC2-CDW (light red),
and C-CDW (green) order. Color map of selected Bragg peaks in the
XRD pattern (d) and low-r peaks in the PDFs (e) for NbTe4 as a
function of temperature. Arrows mark changes in PDF features, i.e.,
atomic-pair distances, accompanying the IC1-CDW to IC2-CDW and
IC2-CDW to C-CDW phase transitions.

CDW order in NbTe4 into C-CDW order with decreasing
temperature has also remained unclear. Using atomic-pair
distribution function (PDF) analysis and computer modeling,
we reveal the evolution of the NbTe4 structure over a broad
temperature range, including the IC1-CDW to IC2-CDW and
IC2-CDW to C-CDW phase transitions. The advantage of
this approach is that it takes into account both the sharp
and the diffuse features of the diffraction data allowing us to
simultaneously explore and refine both the longer range and
the local structural features of CDW phases. The resulting
structure models provide a sound basis for electronic structure
calculations, allowing us to explore high-symmetry features of
the Brillouin zone of C-CDW NbTe4.

II. EXPERIMENT

High-quality NbTe4 crystal was synthesized following the
growth conditions described in [9]. To assess the interplay
between the electronic properties and emergent CDW order,
we measured the magnetization using a physical property
measurement system from Quantum Design. As can be seen in
Fig. 1(c), the magnetization exhibits inflection points at about
150 K and 50 K, which, similar to the inflection points exhib-
ited by the electrical resistivity [10,22,23], can be associated
with the IC1-CDW to IC2-CDW and IC2-CDW to C-CDW
phase transitions, respectively. The result shows that the CDW
order in NbTe4 affects its electronic properties significantly.

Synchrotron x-ray diffraction (XRD) experiments were
conducted at the beamline 28-ID-1 at the National

Synchrotron Light Source-II, Brookhaven National Labora-
tory using x rays with energy of 74.46 keV (λ = 0.1665 Å).
The sample was sealed in a Kapton tube and positioned inside
a liquid He cryostat used to control its temperature. XRD
data were taken in the range from 10 K to 300 K in trans-
mission geometry. Scattered intensities were collected using a
PerkinElmer area detector positioned 204 mm away from the
sample to reach wave vectors qmax as high as 28 Å−1, which is
necessary to obtain high real-space resolution atomic PDFs.
The PDFs were derived from the XRD patterns using stan-
dard procedures [24]. XRD and PDF intensity color maps are
shown in Figs. 1(d) and 1(e). Because the XRD data include
both principal Bragg peaks and superstructure satellites (see
Fig. S1 in the Supplemental Material [25]), the experimental
PDF data directly show the evolution of both the average
crystal lattice and its distortions with temperature, including
changes in atomic-pair distances taking place in the vicinity
of IC1-CDW to IC2-CDW and IC2-CDW to C-CDW phase
transitions [see arrows in Fig. 1(e)].

III. CRYSTAL STRUCTURE MODELING

A. Assessing lattice distortions in NbTe4

by small-size structure modeling

To investigate changes in the average crystal lattice in
NbTe4 in the temperature range from 50 K to 300 K, we
performed Rietveld analysis of the respective XRD data sets
employing the S.G. P4 model, which was found useful in
approximating its IC2-CDW phase. To investigate changes in
the temperature range from 10 K to 50 K, we performed a
Rietveld analysis of the respective XRD data sets using the
S.G. P4/ncc model, which was found useful in describing
the structure of C-CDW TaTe4. The models share a common
tetragonal 2a × 2a × 3c supercell but have a different number
of refinable parameters. The computations were done with the
help of the software FULLPROF [26]. Both models fit the XRD
patterns very well, as demonstrated in Figs. 2(a) and 2(b).
Indeed, the Rietveld results changed little when either the S.G.
P4 or the S.G. P4/ncc model was used to fit the XRD patterns
for the whole 10–300 K temperature range. For completeness,
Rietveld refined supercell parameters for both models are
shown in Fig. 3 (left). As can be seen in the figure, values for
the supercell parameters aS (aS = 2a) and cS (cS = 3c) gradu-
ally decrease with decreasing temperature down to about 50 K
where the rate of their decrease diminishes sharply, reflecting
the IC2-CDW to C-CDW phase transition. Changes in that rate
in the vicinity of the IC1-CDW to IC2-CDW transition (150 K)
are subtle, reflecting its sluggish nature [20,27,28].

Next, we used the Rietveld refined structure models as an
input to fits to the respective atomic PDFs, which are known
to have an increased sensitivity to local lattice distortions
[29–35]. Structure models derived from Rietveld refinements
alone captured the basic PDF features but failed in many
important details, as shown in Figs. 2(c) and 2(d). Once the
models are refined further against the PDF data, the agreement
is improved, as shown in Figs. 2(e) and 2(f). Here, again,
the values for the PDF-refined supercell parameters and their
temperature dependence changed little when either the S.G.
P4 or the S.G. P4/ncc superstructure model was used to fit
the PDF patterns for the whole 10–300 K temperature range.
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FIG. 2. (a), (b) Rietveld fits (red line) to XRD patterns (black symbols) for NbTe4 obtained at 299 K and 19 K where the material exhibits
IC1-CDW and C-CDW order, respectively. The fits are successful and based on suggested in literature S.G. P4 and S.G. P4/ncc structure
models. The residual difference is in green. (c), (d) Comparison between computed (red) and experimental (symbols) atomic PDFs for NbTe4

obtained at 299 K and 19 K. The computed PDFs are based on the results of the Rietveld fits shown in (a) and (b). The computed and
experimental PDFs are similar but disagree in many important details. The disagreement is exemplified in the insets, which show fine PDF
features outlined with rectangles (broken green line). The agreement improves to an acceptable level when the models are further refined
against the experimental PDF data, as shown in (e) and (f). The residual difference is in blue.

For completeness, PDF-refined parameters for both models
are shown in Fig. 3 (right). As can be seen in the figure,
the irregularities in the temperature evolution of the super-
cell parameters revealed by PDF analysis appear stronger in
comparison to those revealed by Rietveld analysis, indicating
that the local crystal structure of NbTe4 undergoes stronger
changes with the evolving CDW order in comparison to the
average structure.

FIG. 3. Temperature evolution of tetragonal supercell parameters
aS (blue) and cS (red) for NbTe4 obtained by Rietveld (left) and
PDF (right) fits. The fits are based on the S.G. P4/ncc and S.G.
P4 models explained in the text. The parameters show discontinu-
ities at the temperature of IC1-CDW to IC2-CDW and IC2-CDW to
C-CDW phase transitions. The discontinuities are particularly well
expressed with the PDF-refined parameters. Solid lines through the
data points are used to emphasize changes in the rate of change in the
lattice parameters with temperature. Areas shaded in different colors
highlight temperature ranges where NbTe4 exhibits IC1-CDW (blue),
IC2-CDW (light red), and C-CDW (green) order.

B. Assessing lattice distortions in NbTe4

by large-size structure modeling

As can be seen in Figs. 2(e) and 2(f), otherwise successful
PDF fits constrained to 2a × 2a × 3c supercells appear unable
to reproduce fine details in the experimental data, i.e., fine
local structure features. To reveal the local structure of NbTe4

in full detail, we carried out reverse Monte Carlo (RMC)
simulations where large-size models were refined against the
experimental PDF data. The initial atomic configurations fea-
tured 30720-atom, approximately 80 Å × 80 Å × 80 Å in size
model boxes with an average tetragonal symmetry where Nb
and Te atoms are arranged according to the rules of S.G. P4
symmetry. Initial models based on the S.G. P4/nnc symmetry
produced similar results. The large model boxes allowed us
to explore lattice distortion patterns with a length- scale much
larger than the characteristic 2a × 2a × 3c supercell of NbTe4

at any temperature while maintaining the average tetragonal
symmetry of the crystal lattice intact. The simulations were
carried out with the help of the software FULLRMC [36]. Dur-
ing the simulations, no crystal symmetry related constraints
were applied. Physically sensible constraints were, however,
applied. In particular, atoms were not allowed to come closer
to each other than the known bonding distances in NbTe4.
The simulations were considered complete when no further
improvement of the agreement between the RMC simulated
and experimental PDFs was possible to be achieved. Repre-
sentative RMC fits to PDF data obtained at 299 K (IC1-CDW
order), 99 K (IC2-CDW order), and 19 K (C-CDW order) are
shown in Fig. 4. As can be seen in the figure, the RMC simula-
tions produce structure models that fit the experimental PDFs
in very fine detail. Partial Nb-Nb, Te-Te, and Te-Nb atomic
PDFs computed from the models are also shown in Fig. 4.
As manifested by the sharpening of the respective partial
Nb-Nb PDF peaks, distances between further Nb neighbors
(∼6–7.5 Å) are seen to increasingly become better defined
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FIG. 4. Left: RMC fits (red) to experimental PDFs (black) for
NbTe4 obtained at 299 K, 99 K, and 19 K, where NbTe4 exhibits
IC1-CDW, IC2-CDW, and C-CDW order, respectively. The residual
difference is in blue. Data in the insets illustrate the superb quality of
RMC fits to fine PDF features, outlined with rectangles (dashed green
line), in comparison to crystallographic PDF fits (compare with data
in Fig. 2). Right: Temperature evolution of partial Nb-Nb, Te-Te, and
Nb-Te atomic PDFs for NbTe4, as computed from the RMC-refined
models. Arrows mark changes in atomic-pair distances with evolving
temperature and CDW order.

with the temperature decreasing below 150 K (see arrows),
signaling the evolution of IC2-CDW order into C-CDW order.
The same pertains to first neighbor Te-Te distances (∼2.9 Å).
Here, in addition, below 200 K, a new Te-Te distance emerges
at 3.8 Å. At the temperature of IC2-CDW to C-CDW transi-
tion (50 K), another Te-Te distance emerges at about 3.1 Å.
The evolution of Te-Nb distances appears as a combination
of the evolutions of Nb-Nb and Te-Te distances, including
both the emergence of new Nb-Te distances (∼ 6 Å) and
the sharpening of the distance’s distribution with decreasing
temperature (see arrows).

IV. DISCUSSION

Results from folding the 80 Å × 80 Å × 80 Å RMC de-
rived configurations into 2a×2a×3c tetragonal supercells are
shown in Figs. 5(a), 5(b), and S2. An analysis of the data
in Figs. 5(a) and 5(b) shows that, during the evolution of
IC1-CDW order into IC2-CDW order taking place when the
temperature decreases from 299 K to 99 K, Nb-Nb dis-
tances redistribute such that distinct Nb trimers emerge [green
bonding distances in Fig. 5(a)]. Concurrently, a significant
shortening of Te-Te distances in the Te rectangles takes place
[e.g., see the disappearance of dashed Te-Te distances in
Fig. 5(b)]. The characteristic pattern of Nb separations does
not seem to change significantly below 100 K but does seem to
become better expressed (see the sharpening of Nb-Nb partial
PDFs in Fig. 4). On the other hand, the pattern of Te distances

is seen to change significantly when the C-CDW order is
approached upon cooling the sample (follow the sequence of
arrows and changes in bond color/length). Overall, while the
repositioning of Nb atoms along the chains (longitudinal mod-
ulation of Nb displacements) appears to drive the evolution of
IC1-CDW into IC2-CDW order, in-plane repositioning of Te
atoms (transversal modulation of Te displacements) appears
to drive the evolution of IC2-CDW into C-CDW order. Other
structural studies have also emphasized the important role of
both Nb and Te repositioning in the evolution of CDW order
in NbTe4 [22]. The analysis also shows (Fig. S2) that, as might
be expected [16,19], the 19 K RMC configuration exhibits
C-CDW order while the 99 K and 299 K RMC configura-
tions exhibit IC-CDW order. Notably, no particular atomic
displacement modes have been promoted during the RMC
simulations. It is the experimental PDF data that guided the
evolution of CDW order in the RMC models with tempera-
ture.

A striking feature of the electronic structure of some
strongly correlated systems is the existence of symmetry pro-
tected degeneracies that impart semimetallic behavior, such
as Weyl and Dirac points (DPs) [4,6,37,38]. It has been
shown that non-CDW TaTe4 may host DPs while, thanks
to the emergence of periodic lattice distortions and related
changes in the crystal symmetry, C-CDW TaTe4 can host dou-
ble DPs [8]. Self-consistent density functional theory (DFT)
calculations including spin-orbit coupling were performed to
assess the electronic structure of NbTe4 using the general-
ized gradient approximation using the generalized gradient
approximation [39] as implemented in the Vienna ab initio
Simulation Package [40]. The energy cutoff for the plane-
wave basis was set to 420 eV and k meshes of 7 × 7 × 7
for the non-CDW phase and 2 × 2 × 2 for the CDW phase of
NbTe4 were adopted. Similar to the case for non-CDW TaTe4,
a linear band crossing appears between the �-Z and M-A
points in the band structure for non-CDW NbTe4 (ten-atom
unit cell; S.G. P4/mcc), leading to DPs (see Fig. S3). The
band structure for C-CDW NbTe4 computed from structural
data obtained through PDF fits constrained to tetragonal S.G.
P4/ncc symmetry (120-atom, 2a × 2a × 3c tetragonal super-
cell; Supplemental Material Table S1) is shown in Fig. 5(c).
The two DPs in the band structure no longer exist. Instead,
an eightfold degeneracy, equivalent to a double Dirac point
(DDP), emerges at point A about 0.73 eV below the Fermi
level [Fig. 5(f)]. In addition, a new fourfold degeneracy, equiv-
alent to a DP, emerges 0.47 eV below the Fermi level at
point Z [Fig. 5(e)]. The band structure of C-CDW NbTe4

computed from structural data obtained through RMC fits,
which break the S.G. P4/ncc symmetry constraints locally
to fully take into account fine PDF/local structural features
(120-atom, 2a × 2a × 3c tetragonal supercell; Supplemental
Material Table S2) is shown in Fig. 5(d). As can be seen in the
figure, because of the locally broken symmetry, the topology
of the band structure is modified to such an extent that the
degeneracy of band crossings at point A is partially lifted [see
Fig. 5(g)] and the DDP is transformed into a DP.

Angle-resolved photoemission spectroscopy experiments
on C-CDW TaTe4 found evidence for band folding that is a
prerequisite for the emergence of higher-order Dirac fermions
but failed to reproduce the DFT predicted band structure in
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FIG. 5. (a) Characteristic distances between Nb atoms in a 2a × 2a × 3c tetragonal cell of NbTe4 at 299 K, 99 K, and 19 K, where it
exhibits IC1-CDW, IC2-CDW, and C-CDW order, respectively. Distances shorter than 3.1 Å are given in red. Distances falling in the range
from 3.1 Å to 3.2 Å, from 3.2 Å to 3.35 Å, and from 3.25 Å to 4 Å are given in green, blue, and black, respectively. (b) Characteristic distances
between atoms in Te planes in NbTe4 at 299 K, 99 K, and 19 K. Te-Te dimerlike distances (red) bridging rectangles of Te atoms appear shorter
than 3.0 Å at any given temperature. Distances between Te atoms falling in the range from 3.0 Å to 3.25 Å and from 3.25 Å to 3.5 Å are given
in green and blue, respectively, while those longer than 3.5 Å are given as a dashed line. Arrows emphasize changes in the length of particular
atomic-pair distances with decreasing temperature. The configurations presented in (a) and (b) are obtained by folding 30720-atom RMC
models into 120-atom tetragonal unit cells. Each of the atoms in the configurations is located at the center of gravity of a distribution of 256
Nb/Te atoms, the positions of which have been individually RMC refined against experimental PDF data. The band structure for C-CDW NbTe4

at 19 K as computed from 120-atom tetragonal supercell models where the atomic positions are obtained by crystallographic (S.G. P4/ncc
symmetry strictly imposed) and RMC (locally broken S.G. P4/ncc symmetry) fits to atomic PDF data is shown in (c) and (d), respectively. Red
rectangles outline Dirac points (DPs) and double Dirac points (DDPs). The DP and DDP in (c) are shown enlarged in (e) and (f), respectively.
The DP in (d) is shown enlarged in (g).

good detail [8]. The disagreement has been attributed to strong
electron-electron correlation effects, but unaccounted for local
lattice distortions that coexist with the emerged 2a × 2a × 3c
tetragonal superstructure may well be another major factor
that contributes to it. Lattice distortions are indeed demon-
strated to induce distinct topological states [7,41,42].

V. CONCLUSION

In summary, atomic PDF analysis coupled to computer
modeling allows one to assess both the average crystal struc-
ture and the lattice distortions in complex CDW systems,
producing the most probable positions of the constituent
atoms. The positions may be constrained to a particular lattice
symmetry suggested by traditional or superspace crystallo-
graphic studies, group theory, or DFT predictions. In addition,
when prompted by the experimental data, the positions can
deviate from it locally so that fine-structure features are fully
reproduced. This technique allowed us to resolve atomic dis-
placement modes in CDW phases of NbTe4 without a priori
crystal structure knowledge. It helped confirm the expected
S.G. P4/ncc-type structure for C-CDW NbTe4 and provided

a solid ground for electronic structure calculation. The calcu-
lations suggest that C-CDW NbTe4 may harbor topological
electronic states and, therefore, is a potential member of the
emerging family of topological superconductors. Given
the presence of significant local lattice distortions, however,
the multiplicity of the states may be lower than anticipated
based on average crystal structure studies. The results in-
dicate that the marked flexibility of the crystal lattice in
CDW systems in general, and in particular in transition metal
tetratellurides, must be accounted for when their rich physics
is considered.
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