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Abstract – A series of isovalent Nb-substituted Ta1−xNbxTe2 (0 ≤ x ≤ 1) single crystals, which
crystallizes in a monoclinically distorted CdI2-type structure with the C2/m space group, were
grown by the chemical-vapor-transport (CVT) method. For TaTe2 (x = 0), a first-order transition
at ∼178 K is observed by heat capacity (Cp) measurement, accompanying with an anomaly in
electrical resistivity (ρ), Hall resistivity (RH), and especially, the sign change of thermoelec-
tric power (S), implying the multi-band transport. This transition can be gradually suppressed
by isovalent Nb substitution and disappears as x ≥ 0.2, and correspondingly, an enhancement
of electronic density of states (DOS) near the Fermi level is obtained. In addition, the local
Ta-Te/Ta-Ta bonding instability may play an important role for the structural phase transition
of TaTe2.

Copyright c© EPLA, 2015

Introduction. – Layered transition metal dichalco-
genides (TMDs) have been studied for several decades
due to their rich structural chemistry and various un-
usual physical properties [1–6]. TMDs can be typically
represented as MX2, where M stands for the transition
metal and X is one of the chalcogenides (S, Se, Te).
Structurally they could be stacked by X-M-X sandwiches,
with strong covalent intralayer bonding, while the inter-
layer bonding is weak van der Waals interaction. Depend-
ing on the different composition and atoms arrangement,
TMDs could be semiconducting, metallic, and/or even
superconducting [7–10].

Recently, IrTe2 and AuTe2 have triggered a con-
siderable interest in transition metal ditellurides due
to the peculiar structural phase transitions and the
emergence of superconductivity upon chemical doping
or intercalation [11–17]. As regards IrTe2, it under-
goes a structural transition at ∼270K from the trigonal
(P -3m1) to the monoclinic (C2/m) structure, accompa-
nied by distinct anomalies in transport, magnetic, optical,

(a)E-mail: wjlu@issp.ac.cn
(b)E-mail: ypsun@issp.ac.cn

and thermodynamic properties [18–20]. Interestingly,
this structural transition can be quickly suppressed in
Ir1−x(Pt/Pd)xTe2, (Pd/Cu)xIrTe2, or Ir1−xRhxTe2, and
superconductivity appears at low temperatures [21,22].
The origin of this structural transition is widely dis-
cussed, including formation of a charge/orbital density
wave or orbital Peierls state [12,13], kinetic energy [18],
and Te 5p bonding instabilities [19], which is still under
debate.

In TaTe2, a structural transition at ∼170K is also ob-
served, which has not been paid close attention to yet [23].
For TaTe2, the room temperature structure is a monoclin-
ically distorted CdI2-type with the C2/m space group, in
which it forms double zigzag Ta chains along the b-axis
direction [24–26]. The structural change at ∼170K upon
cooling is reflected by further clustering of Ta atoms [23].
In the previous report, the structural distortion of TaTe2

was investigated in M-substituted Ta1−xMxTe2 with M =
Ti, Zr, Hf, V, and Nb, indicating that the electronic
effect plays a major role rather than the size of the sub-
stituting cation [27]. However, the origin of the struc-
tural transition of TaTe2 has not been discussed, and
its effect on the physical properties, especially the Hall
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resistivity and thermoelectric property, has not yet been
clarified.

Isovalent substitution is an effective method to clarify
the origin of the structural transition in terms of tuning
structural parameters, ionic size and/or electronegativity
of elements [22,28]. In this study, a series of high-quality
isovalent Nb-substituted distorted 1T -Ta1−xNbxTe2 (0 ≤
x ≤ 1) single crystals has been grown via the chemical-
vapor-transport (CVT) method. Systematic X-ray diffrac-
tion (XRD), electrical resistivity (ρ), heat capacity (Cp),
and especially, the Hall resistivity (RH) and thermoelec-
tric (S) measurements have been performed. The local
chemical bonding instability is proposed to be responsible
for the structural phase transition in the TaTe2 system.

Experimental. – The single crystals were grown via
the CVT method with iodine as a transport agent. Sto-
ichiometric amounts of high-purity elements Ta, Nb, and
Te were mixed and heated at 850 ◦C for 4 days. Then
the obtained Ta1−xNbxTe2 powder and iodine (density:
5mg/cm3) were sealed and heated for 10 days in a two-
zone furnace, where the temperature of source and growth
zones were fixed at 900 ◦C and 800 ◦C, respectively. The
XRD pattern was obtained on a Philips X’pert PRO
diffractometer with Cu Kα radiation (λ = 1.5418 Å). The
average stoichiometry was determined by examination of
multiple points using X-ray energy dispersive spectroscopy
(EDS) with a scanning electron microscopy (SEM). The
EDS result indicates that the actual concentration x is
close to the nominal one. The electrical resistivity (ρ),
heat capacity (Cp), Hall resistivity (RH), and thermoelec-
tric (S) measurements were carried out in a Quantum De-
sign Physical Property Measurement System (PPMS).

Results and discussion. – The single crystals of
Ta1−xNbxTe2 (0 ≤ x ≤ 1) are black with metallic luster.
TaTe2 and NbTe2 are typical TMDs with the monoclini-
cally distorted CdI2-type structure with the C2/m space
group. Figure 1(a) shows the single crystal XRD patterns
at room temperature, reflecting the preferred orientation.
With increasing x, the diffraction peaks distinctly shift
to the higher angle degrees, confirming the lattice con-
traction caused by smaller Nb substitution. Figure 1(b)
exhibits the enlargement of the (−804) peak. Further-
more, several single crystals were crushed and used in
the powder XRD experiment. As shown in fig. 1(c), the
powder XRD patterns of x = 0, 0.5, and 1 are simi-
lar except for the slightly different relative peak inten-
sity and slight shifts in positions, implying the series of
Ta1−xNbxTe2 (0 ≤ x ≤ 1) crystallizes in the same struc-
ture. All the reflections could be indexed with the space
group C2/m. The refined lattice parameters of x = 0
are a = 14.781(9) Å, b = 3.638(2) Å, c = 9.341(5) Å
and β = 110.89(4)◦. For x = 0.5, the lattice parame-
ters are a = 14.723(7) Å, b = 3.638(5) Å, c = 9.329(4) Å
and β = 110.45(3)◦. For x = 1, the lattice parameters
are a = 14.682(7) Å, b = 3.638(1) Å, c = 9.319(4) Å and
β = 110.16(3)◦. Undoubtedly, the values of a, c, and β

Fig. 1: (Color online) (a) Single-crystal XRD patterns of
Ta1−xNbxTe2 (0 ≤ x ≤ 1). (b) The enlargement of the (−804)
peak. (c) Powder XRD patterns for x = 0, 0.5, and 1.

monotonously decrease with increasing x due to slightly
smaller ion radius of Nb than that of Ta atom. The a-axis
contraction δa is about 0.67% (δa = (ax=1 − ax=0)/ax=0),
which is about three times larger than the c-axis variation
δc∼0.23%. However, the value of the lattice parameter b is
almost unchanged, implying the crystal structure is stable
for all the Nb doping levels.

Figure 2(a) shows the room temperature structure of
Ta1−xNbxTe2 (0 ≤ x ≤ 1), which is a monoclinically dis-
torted CdI2-type structure with corrugated Te sheets [29].
Double zigzag Ta/Nb chains, also called ribbon-chain–
type clustering, are formed along the b-axis, as shown
in fig. 2(b). The atomic force microscopy (AFM) and
scanning tunneling microscopy (STM) studies of TaTe2

and NbTe2 have made clear that the corrugated Te sheet
is affected strongly by the modulation of the neighbor
Ta/Nb layer [26]. It is worth noting that the double
zigzag chains of the Ta/Nb atoms are considered to be
intermediate between the

√
13 ×

√
13 clusters of the d1

configuration of 1T -TaS2 and the zigzag chains of the d2

configuration of 1T -MoTe2 [26,30]. In the ionic picture,
the Ta (Nb) atom has a 5d36s2 (4d45s1) configuration,
at the same time, the Te atom has a 5s25p4 configura-
tion, missing two electrons for a filled shell. Therefore,
TaTe2 and NbTe2 will be nominally in a d1 configuration.
However, the recent calculations indicate that there is a
stronger interaction between Ta/Nb and Te atoms and
the Te 5p-derived valence bands overlap the Ta/Nb 5d
bands significantly [31]. A local chemical-bonding consid-
eration suggests the lattice distortion brings about a con-
siderable electron transfer from the Te 5p valence bands
to the Ta/Nb 5d bands and therefore the formal d elec-
tron count is d

4
3 other than the nominal d1 [32]. This

suggestion was also confirmed by the X-ray photoelectron
spectroscopy (XPS) and the inner-shell-electron energy-
loss spectroscopy (ISEELS) studies [26].
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Fig. 2: (Color online) (a) Crystal structure of Ta1−xNbxTe2

(0 ≤ x ≤ 1) at room temperature. (b) The formation of double
zigzag Ta/Nb chains.

Figure 3 shows the temperature dependence of the
in-plane resistivity ratio (ρ/ρ2K) of Ta1−xNbxTe2 (0 ≤
x ≤ 1) with the temperature range 2K ≤ T ≤ 350K. The
values of room temperature resistivity (ρ300K) are about
143μΩ cm and 54μΩ cm for x = 0 and x = 1, respectively.
The electrical transport behaviors are uniformly metal-
lic type, for which the resistivity monotonically decreases
with decreasing temperature. The superconductivity is
absent in TaTe2 [33], while NbTe2 exhibits superconduc-
tivity at 0.5K [34]. For the series of Ta1−xNbxTe2, no
superconductivity above 2K was obtained. However, it is
interesting that a step-like anomaly is observed at ∼180K
for x = 0, of which the temperature is defined as the
maximum of dρ/dT , as shown in fig. 3. The resistivity
shows slight decrease at the transition temperature upon
cooling. It is in contrast to the experience from many of
the other TMDs with the formation of charge density wave
(CDW), which typically show an increase of resistivity due
to the presence of gapping in the Fermi surface. With in-
creasing x, the resistivity anomaly shifts to T∼146K for
x = 0.06 and T∼123K for x = 0.1, and then disappears as
x ≥ 0.2, indicating the transition is gradually suppressed
by Nb substitution. Additionally, the value of residual
resistivity (ρ2K) is ∼9.3μΩ cm for x = 0, and it quickly
increases to the maximum ∼55.9μΩ cm for x = 0.1, and
then decreases to ∼8.6μΩ cm for x = 1, as shown in the
left inset of fig. 3(b). The value of residual resistance

Fig. 3: (Color online) (a) The temperature dependence of in-
plane resistivity ratio (ρ/ρ2K) for x = 0, 0.06, and 0.1. (b) The
temperature dependence of ρ/ρ2K for x = 0.2, 0.5, and 1. In-
sets: the evolution of residual resistivity (ρ2K) and residual
resistance ratio (RRR = ρ300K/ρ2K).

ratio (RRR = ρ300K/ρ2K) also shows a minimum ∼3.6 for
x = 0.1, as shown in the right inset of fig. 3(b). The resid-
ual resistivity and RRR are indicators of disorder in the
sample. That is to say, the sharp increase in the residual
resistivity indicates that significant disorder is induced by
Nb substitution and probably gives rise to the suppression
of the phase transition.

In order to study the type of carriers and the anoma-
lous transition in TaTe2 (x = 0), the Hall coefficient (RH)
and thermoelectric power (TEP) are systematically mea-
sured. The magnetic field dependence of the Hall resis-
tivity ρxy(H) at various temperatures is shown in fig. 4.
The Hall coefficient RH (= ρxy(H)/H) shows a posi-
tive value, indicating the hole-type carriers dominate the
transport. The inset of fig. 4 shows the calculated den-
sity of carriers (n = 1/|eRH|), which shows a slight up-
turn at T∼180K, in accordance with the temperature of
the resistivity anomaly. Furthermore, the TEP measure-
ments of Ta1−xNbxTe2 (0 ≤ x ≤ 1) were performed within
the temperature range from 320K to 5K, as shown in
fig. 5. For TaTe2 (x = 0), the S(T ) shows positive val-
ues in two temperature regions, namely, T ≥ 180K and
T ≤ 50K. The room temperature S300K of TaTe2 (x = 0)
is about 5μV K−1, and the S(T ) shows weak temperature
dependence in the high-temperature region. However, the
S(T ) sharply drops at around T = 180K, coinciding with
the temperature of the anomaly observed in resistivity
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Fig. 4: (Color online) The magnetic field dependence of Hall
resistivity ρxy(H) at various temperatures for x = 0. Inset: the
temperature dependence of carrier density n = 1/|eRH| based
on the single-band model.

Fig. 5: (Color online) The temperature dependence of thermo-
electric power S(T ) for Ta1−xNbxTe2 (0 ≤ x ≤ 1).

and Hall coefficient, and significantly, changes its sign at
this temperature, implying a possible Fermi surface re-
construction [35–38]. A minimum about −6.5μV K−1 is
observed at T = 146K for TaTe2 (x = 0). Addition-
ally, the sign change of the S(T ) also implies multi-band
transport [39]. Even though the Hall coefficient RH is un-
changed in this temperature range, the sign of S(T ) might
change since they have a different dependence on carrier
density ne (nh), mobility μe (μh), and Se (Sh) in the two-
band model [40]

RH =
nhμ2

h − neμ
2
e

e(nhμh + neμe)2
, (1)

S =
Seneμe + Shnhμh

neμe + nhμh
. (2)

With increasing x, the S(T ) anomaly is gradually
suppressed and disappears as x ≥ 0.2, implying the Nb-
substitution suppresses the structural phase transition of
TaTe2 (x = 0) and the hence corresponding Fermi surface
reconstruction.

Figure 6 exhibits the heat capacity (Cp) of
Ta1−xNbxTe2 with x = 0, 0.06, and 0.1. For x = 0, the

Fig. 6: (Color online) The temperature dependence of heat
capacity Cp for Ta1−xNbxTe2 with x = 0, 0.06, and 0.1. Insets:
the enlargement of the specific-heat anomaly for x = 0 and the
evolution of γ and ΘD as a function of doping level.

specific-heat approaches the value of 3NR (N = 3 and
R = 8.314 J mol−1 K−1) at high temperature, in accord
with the Dulong-Petit law. The λ-shape peak is observed
at ∼178K upon cooling for x = 0, which is gradually
suppressed with increasing x, as shown in fig. 6. The
left inset of fig. 6 exhibits the clear thermal hysteresis
between the heating and cooling cycle for x = 0, showing
the phase transition is first order in nature. Furthermore,
we fitted the specific-heat curve between 5K and 12K by
using the formula

Cp

T
= γ + βT 2, (3)

where γ is the Sommerfeld electronic specific-heat co-
efficient and β is the low-temperature limit of the lat-
tice heat capacity. The obtained γ∼2.2(9)mJ mol−1 K−2

of TaTe2 (x = 0) and the derived Debye tempera-
ture ΘD∼175K from β∼1.09(1)mJ mol−1 K−4 using the
equation

ΘD =
(

12π4NR

5β

) 1
3

, (4)

where N = 3 is the number of atoms per formula unit and
R is the molar gas constant, are comparable to the values
of IrTe2 [11,18]. According to the Sommerfeld theory of
metals, γ can be written as a function of the density of
states (DOS) at Fermi level as

γ =
π2k2

B

3
N(EF)(1 + λ), (5)

where N(EF) is the DOS at the Fermi level and λ is the
electron-phonon coupling constant. Owing to λ ≥ 0, the
obtained value of N(EF) is below 0.9(3) states eV−1 f.u.−1.
When Nb is doped at Ta sites, the derived Debye temper-
ature ΘD monotonously increases with increasing x, how-
ever, the γ increases to ∼7.6(14)mJ mol−1 K−2 for x = 0.5
and then slightly decreases to ∼5.1(9)mJ mol−1 K−2 for
x = 1, as shown in the right inset of fig. 6. Because the
value of γ is proportional to the DOS near the Fermi level,
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the Nb substitution likely increases the area of Fermi sur-
face companying the suppression of structural transition.

In spite of no superconductivity above T = 2K in
Ta1−xNbxTe2 (0 ≤ x ≤ 1), the suppression of struc-
tural phase transition is observed as x ≥ 0.2. For TaTe2,
owing to the diffuse character of Te 5p-orbital and to
the weaker electronegative character of Te compared to
S and Se atoms, it yields a direct overlap between the va-
lence band (VB) and the conduction band (CB) around
the Fermi level, as studied by the density functional the-
ory (DFT) calculations [41,42]. The VB/CB overlap is
strong enough to induce an electron transfer that mainly
affects the local Ta-Te bond strength. As a consequence
of the important Ta(5d)-Te(5p) orbital mixing, this elec-
tron transfer is associated with a decrease of the number
of occupied Ta-Ta bonding states [41]. That is to say, the
weakening of the local Ta-Te (Ta-Ta) bonds are likely re-
sponsible for the instability of the TaTe2 structure. The
low-temperature modification of TaTe2 (x = 0) is also
studied in details [23], leading to further clustering of the
Ta atoms. As Nb doping at Ta sites, the local chemical
bonds, namely, the Ta/Nb-Te and Ta/Nb-Ta/Nb bonds,
are mainly affected and probably responsible for the final
absence of structural phase transition for Ta1−xNbxTe2

(x ≥ 0.2). This local bonding instability picture is consis-
tent with the conclusions of ref. [16] and ref. [17] for the
IrTe2 system.

Conclusion. – In summary, we have successfully pre-
pared a series of distorted 1T -Ta1−xNbxTe2 (0 ≤ x ≤ 1)
single crystals and systematically investigated the effect of
isovalent Nb substitution on the physical properties of the
crystals by means of electrical resistivity (ρ), heat capac-
ity (Cp), Hall resistivity (RH), and thermoelectric power
(S) measurements. The first-order transition at ∼178K of
TaTe2 (x = 0) is gradually suppressed by Nb substitution
and disappears as x ≥ 0.2. For TaTe2, the S(T ) sharply
drops and changes its sign at the transition temperature,
implying multi-band behavior and a possible Fermi surface
reconstruction. The isovalent Nb substitution is helpful
to understand the origin of the structural phase transi-
tion in terms of tuning structural parameters, ionic size
or electronegativity of the element, suggesting the local
chemical-bonding instability may play an important role.
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[35] Laliberté F., Chang J., Leyraud N. D., Hassinger

E., Daou R., Rondeau M., Ramshaw B. J., Liang R.,

Bonn D. A., Hardy W. N., Pyon S., Takayama T.,

Takagi H., Sheikin I., Malone L., Proust C., Behnia

K. and Taillefer L., Nat. Commun., 2 (2011) 432.

[36] Rourke P. M. C., Bangura A. F., Proust C., Lev-

allois J., Leyraud N. D., LeBoeuf D., Taillefer

L., Adachi S., Sutherland M. L. and Hussey N. E.,
Phys. Rev. B, 82 (2010) 020514R.

[37] Pascut G. L., Haule K., Gutmann M. J., Barnett

S. A., Bombardi A., Artyukhin S., Birol T., Van-

derbilt D., Yang J. J., Cheong S.-W. and Kiryukhin

V., Phys. Rev. Lett., 112 (2014) 086402.
[38] Toriyama T., Kobori M., Konishi T., Ohta Y., Sug-

imoto K., Kim J., Fujiwara A., Pyon S., Kudo K.

and Nohara M., J. Phys. Soc. Jpn., 83 (2014) 033701.
[39] Liu R. H., Tan D., Song Y. A., Li Q. J., Yan Y. J.,

Ying J. J., Xie Y. L., Wang X. F. and Chen X. H.,
Phys. Rev. B, 80 (2009) 144516.

[40] Su T. H., Lue C. S. and Kuo Y. K., J. Appl. Phys.,
104 (2008) 093705.

[41] Doublet M. L., Remy S. and Lemoigno F., J. Chem.
Phys., 113 (2000) 5879.

[42] Sharma S., Nordstrom L. and Johansson B., Phys.
Rev. B, 66 (2002) 195101.

17003-p6


