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H I G H L I G H T S

• NbTe4-δ samples were prepared through conventional solid state reaction within the range of 0≤ δ≤ 2.

• Interstitial Te atoms enhances the resistivity anomaly related to the CDW transition.

• Te deficiency induces a superconductor state to emerge at 5.5 K.
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A B S T R A C T

Transition metal chalcogenides usually crystallize in low-dimensional structures that frequently host electronic
instabilities such as charge density waves (CDW) and superconductivity. Among them is NbTe4. This compound
is a quasi-one-dimensional conductor that exhibits successive CDW transitions and superconductivity at 2.2 K
when hydrostatic pressure is applied. The binary Nb-Te phase diagram predicts that this compound is non-
stoichiometric and exists within a Te composition range. This work presents a systematic investigation of the
physical properties of NbTe4-δ polycrystalline samples. Electrical resistivity measurements show a large en-
hancement of the anomaly related to the CDW transition in the vicinity of 200 K. Further characterization
demonstrates that Te deficiency can also induce superconductivity in this compound at 5.5 K and coexists with
the CDW state.

1. Introduction

Transition metal chalcogenides (TMCs) compounds typically have
formula such as MX2, MX3, and MX4 where M is a transition metal and
X= S, Se or Te. MX2 compounds usually crystallize in layered-like
structures that are frequently pointed out as examples of two-dimen-
sional compounds [1]. On the other hand, MX3 and MX4 crystallize in
quasi-one-dimensional structures [2,3]. Both families are well known as
hosts of a great variety of electronic properties and instabilities, such as
the formation of charge-density waves (CDW) and its competition with
superconductivity as a ground state [4–7].

The idea that superconductivity and CDW are competitive states at
low temperatures represents one of the fundamental concepts of con-
densed matter physics, because compounds that exhibit both phe-
nomena may hold answers to a better comprehension of the mechanism
of Cooper pair formation in high TC superconductors [8]. In this

scenario, several transition metal chalcogenides have been identified as
compounds that exhibit both states under application of external
pressure or chemical doping. It is worth citing some remarkable com-
pounds such as 1T-TiSe2 that undergoes a CDW transition close to 220 K
and becomes superconductor below 4.15 K when Cu is intercalated
between the Te-Te van der Waals bonds [4]. The same occur with TaS2
under Na intercalation or under hydrostatic pressure [5,9]. NbSe2 and
NbSe3 are well-known examples of coexistence of superconductivity
and CDW under ambient conditions [10–13]. More recently, coex-
istence of CDW and superconductivity was observed in Hf and Zr based
chalcogenides [14–16].

Within this context is NbTe4. This compound crystallizes in a tet-
ragonal structure, space group (SG) 124 (P4/mcc) that was first de-
termined by Selte and Kjekshus in 1964 [17]. This structure can be
pictured as a 3D parallel stacking of antiprism formed by the Te atoms
in the apexes and a linear chain of Nb atoms in the center. Each Nb
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atom is surrounded by 8 Te atoms and this bonding structure leaves
enough charge free for conduction in the d band of the Nb atoms. The
low dimensional character of its structure hosts a propitious environ-
ment for CDW transitions.

It is well established that the structure determined by Selte and
Kjekshus is, in fact, the average of an incommensurate modulated su-
perstructure with wave vector of (½, ½, 0.688) [3]. This distortion
happens in each Nb-Nb chain with a phase difference of π. The in-
commensurate structure undergoes a transition at 180 K that consists in
an intermediate incommensurate state that some authors address as a
discommensurate transition. In fact, the distortion vector of this su-
perlattice changes its period of modulation in 16c’/2 [3]. At 50 K this
discommensurate state undergoes a lock-in transition becoming a
commensurate superstructure with wave vector of (2x2x3) [18]. All of
these successive CDW transitions in NbTe4 have been already observed
by diffraction techniques, however, these transitions have a small effect
on the electrical resistivity that was observed by S. Tadaki and colla-
borators. Tadaki et al. observed a small deviation of the linearity
around 180 K in the derivative dρ/dT vs T [19]. At 50 K, the electrical
resistivity data shows a small discontinuity that is related to the lock-in
transition reported by D. J. Eaglesham et al. [18]. Recently, X. Yang
et al. reported the CDW transition at 200 K, which is in agreement with
our data [22]. It is important to mention that the effect of these CDW
transitions on the electrical properties of the NbTe4 is much smaller
than the effects of the CDW transitions on the electrical resistivity of
other compounds, such as NbSe3 or 1T-TaS2 [5,20]. Band structure
calculations show that the conduction band consists of half-filled dz2
from the Nb atoms, and furthermore, three different CDW nesting
vectors in the Fermi surface were identified that suggest three in-
dependent CDW states on this compound that depends on the position
of the Nb-Nb chain [21]. Recently, a report demonstrated that external
pressure can suppress the CDW state and simultaneously, a super-
conductor state emerges at 2.2 K [22].

This report aims to investigate the influence of Te content in the
physical properties of NbTe4. We present a systematic study on the
preparation of polycrystalline samples with nominal composition of
NbTe4-δ in order to investigate the influence of Te deficiency (δ) in the
crystal structure and in the physical properties of this quasi-one-di-
mensional conductor. Our results suggest that the presence of Te atoms
in some interstitial positions can significantly increase the CDW
anomaly in the electrical resistance around 200 K. Also, a super-
conductor state emerges at 5.5 K in the sample with the highest Te
deficiency.

2. Experimental procedure

Polycrystalline samples of NbTe4-δ with 0≤ δ≤ 2 were prepared by
powder metallurgy solid-state reaction. High purity powders of Nb
(99.8%) and Te (99.998%) were weighted in the defined stoichiometric
proportions, homogenized, pressed into pellets, sealed in a quartz tube
under argon atmosphere, heat treated at 400 °C for 72 h and finally
quenched in iced water. Then, the samples were grounded, homo-
genized, pressed into pellets and heat treated again at 400 °C for an-
other 72 h and quenched in iced water. X-ray powder diffraction mea-
surements were carried out at room temperature with 40 kV–30mA,
Cu-Kα radiation, and Ni filter. The 2θ data were collected from 10 to
90° using a step of 0.05°. X-ray diffraction data were analyzed using
Rietveld refinement with the software PowderCell [23], Vesta Crystal-
lography [24], and EXPGUI (GSAS) [25]. Magnetization, resistivity and
heat capacity as a function of temperature measurements were carried
out in a PPMS Evercool II from Quantum Designs. Magnetization was
determined with zero field cooling (ZFC) and field cooling (FC) with an
applied magnetic field of 20 Oe. Electrical resistivity as a function of
temperature was measured using the standard four-probe method from
2 to 350 K.

3. Results and discussion

Before introducing the Rietveld Refinement results, our discussion
will first illustrate some important features of the crystal structure and
XRD patterns of these Te deficient samples. Fig. 1(a) presents the crystal
structure of NbTe4 proposed by Selte and Kjekshus [17]. It is possible to
observe the Nb-Nb chain along the c axis gives NbTe4 its quasi-one-
dimensional character. Fig. 1(b) shows the same structure with Te
atoms positioned in interstitial sites with Wyckoff positions of 2c, 2d,
and 4f that are represented by blue, purple and red spheres respec-
tively. The original structure proposed by Selte and Kjekshus [17] is
tetragonal with SG P4/mcc, number 124, lattice parameters a=b=
6.496 Å and c = 6.823 Å. It is important to mention that pure tellurium
crystallizes in hexagonal structure with SG P3121, number 152, lattice
parameters a= b=4.44 Å and c=5.92 Å. Hence, a powder X-ray

Fig. 1. Crystal structure of (a) NbTe4 and (b) NbTe4 with Te atoms occupying
2c, 2d, and 4f Wyckoff sites. (c) and (d) XRD data for samples heat treated at
400 °C over 144 and 744 h respectively. Right panels show the vicinity of re-
gions in which pure Te peaks overlap with NbTe4 peaks.

Fig. 2. X-ray diffraction pattern of NbTe4-δ samples with 2 ≤ δ≤ 4.
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diffraction pattern of a real mixture of these two phases would exhibit
an overlap of several peaks. This is the case of peaks close to 2θ=27.3,
38.1, 40.6, 46 and 51.8° and etc. Fig. S1 in the Supplementary Material
shows a simulation of the XRD data of these two phases plotted together
where it is possible to observe the proximity of some diffractions peaks.
Fig. 1(c) and (d) presents X-ray diffraction data and the Rietveld Re-
finement of two samples with nominal composition of NbTe4 prepared
at 400 °C over 144 h of heat treatment (Fig. 1(c) and a sample prepared
at 400 °C over 744 h (Fig. 1(d)). The right panels illustrate the region in
the vicinity of 27°.

One can observe in Fig. 1 (c) and (d) that the sample prepared with
144 h of heat treatment have much more intense peaks related with
unreacted Te in comparison with the sample treated during 744 h. In
fact, the presence of Te in samples prepared with nominal composition
of NbTe4 at 400 °C is expected [26]. According to the peritectic trans-
formation predicted in the Nb-Te phase equilibria diagram (Te
(l) + NbTe3(s)=NbTe4) the optimal composition should be at 79 at. %
of Te instead of 80 at. % [26]. For the sample treated over 144 h, the
lattice parameters obtained with the Rietveld Refinement were
a= b=6.503 Å, c=6.835 Å for the NbTe4 (SG P4/mcc) phase and
a=4.458 Å c=5.927 Å for the Te phase (SG P3121). Furthermore, the
Rietveld Refinement allowed us to estimate the amount of Te present in
which of the Wyckoff sites pointed out in Fig. 1(b). In the sample
treated over 744 h, the Refinement converged fast and yielded error
parameters of χ2= 1.447, RWP=10.45% with Nb and Te occupancy
factor of 1 at the 2a and 8m Wyckoff positions respectively. This result
suggest that 744 h of heat treatment is enough time to Te atoms sit in

the predicted position proposed by Selte and Kjekshus [17]. On the
other hand, the sample treated over 144 h showed occupancy factors of
0.8559 and 0.8941 for the Nb 2a and Te 8m. Also, the Refinement
showed that some of the 2c and 2d positions are occupied by Te atoms,
with occupancy factors of 0.1357 and 0.0869. This Refinement had
errors parameters estimated in χ2= 1.94 and RWP=7.96%. The Te
weight fraction was estimated at 0.199. It is important to mention that
if one does not consider Te in the refinement, the smallest errors
parameters obtained for this sample are χ2= 9.862, RWP=18.03%.
These results demonstrate that after 144 h of heat treatment the solid-
state reaction was not complete, with some Te atoms occupying inter-
mediate positions between the main antiprisms chain and with some
unreacted Te present in the sample. All the structural parameters of the
Rietveld Refinement of these samples are shown in Tables S1 and S2 in
the Supplementary Material.

Fig. 2 presents X-ray diffraction data for samples prepared with
nominal composition of NbTe4-δ (0≤ δ≤ 2) heat treated over 144 h in
400 °C. Table 1 summarizes the results of the Rietveld refinement of

Table 1
Rietveld Refinement results of the XRD presented in Figs. 1 and 2.

Composition (δ) NbTe4 (P4/mcc) Te (P3121) χ2 RWP

a (Å) c (Å) Weight Fraction a (Å) c (Å) Weight fraction

0.0a 6.5016 6.8359 1 – – 0 1.347 10.08
0.0 6.4965 6.8232 0.801 4.4534 5.9211 0.199 1.924 7.96
0.3 6.5014 6.8329 0.896 4.4572 5.9258 0.123 1.798 7.80
0.6 6.5017 6.8326 0.918 4.4563 5.9257 0.082 1.911 7.88
1.0 6.5025 6.8338 1 – – 0 2.073 8.24
1.3 6.5036 6.8344 1 – – 0 1.767 7.77
1.6 6.5025 6.8338 1 – – 0 2.136 8.23
2.0 6.5025 6.8338 1 – – 0 1.936 7.93

a Rietveld refinement data from the XRD shown in Fig. 1(d).

Fig. 3. Electrical resistivity as a function of temperature for a sample prepared
with nominal composition of NbTe4. Nonlinear behavior shows two transitions
related to the formation of the CDW transitions [3,18,19].

Fig. 4. Normalized resistivity for NbTe4-δ samples. From lower to upper panel,
δ=0, 0.3, 0.6 and 1 respectively. For comparison, the curve for δ=0 is plotted
with the other curves in black. The Inset shows the low-temperature resistivity
data of the samples δ=0 and δ=0.3.
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these samples. One can observe in Fig. 2 that the relative intensities of
the peaks related with unreacted Te decrease monotonically with the Te
deficiency (δ). This is also confirmed by the amount of unreacted Te
fraction in Table 1. In samples with δ≥ 1 (nominal composition of
NbTe3) the Rietveld analysis does not show any other phases rather
than NbTe4 which can be seen in further details in Table 1. Another
feature of these samples is that the Te content has no effect upon the
lattice parameter of the NbTe4 phase as one can notice in the calculated
lattice parameters shown in Table 1.

Another important feature of these samples is related to the occu-
pancy factor of the Nb (2a) and Te (8m). One can observe that Te de-
fects in the 8m positions are accompanied by Nb defects in the 2a po-
sitions to maintain the neutrality of the system. It is possible to observe
that all of these samples have Te atoms located in the 2c and 2d
Wyckoff positions. However, only samples with δ=0.3 and 0.6 have
some Te atoms in the 4f positions with an occupancy factor of 0.0009
and 0.0198 respectively. Figs. S2 and S3 present the average atoms per
unit cell for each of the samples. The average number of Te atoms per
unit cell is 7.96, which is the maximum value for the sample with de-
ficiency of δ=0.6. This estimation can be carried out by multiplying
the occupancy factor and the multiplicity of each Wyckoff position. The
ratio of Te/Nb atoms is approximately the same for all the samples and
was estimated in 4.4 ± 0.1. From Figs. S2 and S3, it is possible to
observe that the sample with δ=0.6 has the highest value Te atoms per
unit cell, while the sample with δ=2 has the lowest.

Now, let us turn the discussion to the electrical properties of these
Te deficient samples. Fig. 3 exhibit the electrical resistivity data as a
function of temperature for the sample with nominal composition of
NbTe4 treated over 144 h. In Fig. 3 one can observe two clear transi-
tions that had its temperature defined after the deviation from linearity
in the dρ/dT curve (inset). By this criterion, one can estimate the
transitions temperatures as 208 K and 50 K. In fact, these values are in
agreement with the temperature for the CDW transitions that have been
reported for single-crystalline samples of NbTe4. Diffraction studies
show that the incommensurate transition happens in the vicinity of
180 K [3]. Even though X-ray diffraction data demonstrated that this
sample exhibit unreacted Te, we argue that the electrical behavior
observed in the data presented in Fig. 3 is related to the NbTe4 phase.
Our argument is based on the fact that Te has electrical resistivity of 0.5
and 10Ω.cm at room temperature and at 2 K respectively [27], which
are values four orders of magnitude larger than what is observed in the

sample of the present work. Hence, the electronic path would take place
in the lowest resistivity phase, which is NbTe4. The other Te deficient
samples were also characterized by the four probe method, in order to
better understand the influence of Te deficiency in the electrical
properties of the NbTe4. Fig. 4 presents electrical resistivity as a func-
tion of temperature for the samples in which δ=0, 0.3, 0.6, and 1.

The results presented in Fig. 4 demonstrate that the anomaly related
to the intermediate incommensurate transition at 208 K increases dra-
matically by increasing the Te deficiency. For comparison, the curve
related to the sample of nominal composition NbTe4 were plotted to-
gether with all the other samples (black curve). When δ=0.3, the
maximum in the normalized resistivity curve (ρ/ρ300) reaches 3 and
surpasses 10 when δ=0.6. It is important to emphasize that these
samples are the only samples that exhibit Te atoms occupying the 4f
Wyckoff positions. This value decreases again to 3 when δ=1 and
seems to stabilize in other samples with higher Te deficiency contents.
It is important to point out that samples with Te deficiency of δ≥ 1 are
single-phased according to the XRD data presented in Fig. 2 and
Table 1. The inset in the δ=0.3 (red dots in Fig. 4) shows that the low-
temperature anomaly is suppressed as it was not observed in samples
with higher Te deficiency. Another sample with nominal composition of
NbTe2 (δ=2) had its electrical properties also evaluated. These results
are presented in Fig. 5.

The CDW anomaly at 208 K is also present in the sample prepared
with nominal composition of NbTe2, as it can be seen in Fig. 5(a). The
inset shows the deviation from linearity in the derivative curve as a
criterion to define the transition temperature. Surprisingly, however,
this sample also exhibits the emergence of a superconducting state at Tc
∼5.5 K. Regarding Te atoms positioning, it is important to mention that
this sample is the only one that exhibit 2d Wyckoff empty vacant and
still several positions of Nb (2a) and Te(8m) unoccupied. The resistivity
drop due to this transition is pointed out in the red square and can be
seen in further details in Fig. 5(c). Specific heat as a function of tem-
perature is presented in Fig. 5(b). One can observe a small jump in the
vicinity of 208 K which is in agreement with the resistivity data.
Fig. 5(c) shows the electrical resistivity in the low temperature region.
The superconducting transition is clear and the TC shifts towards low
temperature as magnetic field increases. Magnetization data is pre-
sented in Fig. 5(d). The superconducting volume was estimated with the
magnetization data in 4.5%. The small superconducting fraction ex-
plains why the resistance does not drop to zero and why it is not

Fig. 5. Experimental data for a sample with nominal com-
position of δ=2. (a) Electrical resistivity as a function of
temperature. The inset presents the derivative as a function
of temperature to define the transition temperature in TCDW

∼208 K. (b) Specific heat as a function of temperature. The
inset shows δCP/T as a function of temperature. A small
discontinuity is observed in the vicinity of 208 K. (c) Low-
temperature resistivity data with different applied magnetic
fields. (d) ZFC and FC magnetic susceptibility for 20 Oe
showing a superconducting transition at 5.5 K.
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possible to observe the superconducting characteristic jump in its heat
capacity curve. The small superconducting fraction can be explained
due to chemical inhomogeneity of Te.

4. Conclusions

This report demonstrated an experimental procedure to synthesize
Te deficient polycrystalline samples of NbTe4. It is shown that Te de-
ficient samples exhibit Te atoms occupying interstitial positions of the
original crystal structure of NbTe4. This defective structure causes a
large enhancement of the electrical resistivity anomaly related with a
CDW ordering around 200 K. It is shown that this enhancement
achieves a maximum point in a sample with deficiency δ=0.6. It is
shown that further increase of Te deficiency does not affect the CDW
state and causes a superconducting state to emerge in samples when
δ=2. The superconducting transition temperature is equal to 5.5 K.
This works opens a research perspective to study Te deficient NbTe4
single crystals, and the dynamics of Te positioning by neutron diffrac-
tion techniques. Also, to study whether hydrostatic pressure is able to
suppress the CDW transition and enhance the superconducting fraction
observed in these samples.
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