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Transport and thermal behavior of the charge density wave phase transition in CuTe
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Copper monotelluride CuTe is of current interest due to the discovery of the quasi-one dimensional charge
density wave (CDW) behavior below the transition temperature TCDW � 335 K. To explore the transport and
thermodynamic properties and provide experimental insights into the underlying origins of the CDW, we have
carried out a combined study by means of the electrical resistivity, Seebeck coefficient, thermal conductivity, as
well as specific heat measurements on single crystalline CuTe. The CDW phase transition has been characterized
by marked features near TCDW from all measured physical quantities. In particular, the observed Seebeck
coefficient and electronic thermal conductivity exhibit a pronounced reduction as cooling the temperature
across TCDW, indicative of the partially gapped Fermi surfaces associated with the CDW formation. From the
examination of the excess specific heat in the vicinity of TCDW, we obtained evidence for the strong-coupling
character of the CDW, suggesting that the electron-phonon coupling plays an important role for the CDW
instability in CuTe.
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I. INTRODUCTION

Binary compound of CuTe has been reported to be a
unique charge density wave (CDW) system with the tran-
sition temperature at TCDW � 335 K [1]. The CDW-type
modulation along the wave vector qCDW = (0.4, 0.0, 0.5) has
been identified by the analysis of the superlattice in the
diffraction images of the high-resolution transmission elec-
tron microscopy (HRTEM) [2]. This observation coincides
with the electronic band nesting wave vector obtained from
the angle-resolved photoemission spectroscopy (ARPES) ex-
periment [1]. Based on the peak feature of the computed
electronic susceptibility, the Fermi-surface nesting driven
by the electron-electron scattering has been proposed to be
responsible for the CDW ordering [1]. In addition, the cal-
culated phonon dispersion showing a softening mode at qph =
(0.4, 0.0, 0.5) is identical with the direction of the CDW mod-
ulation. With this accordance, the electron-phonon coupling
would be a possible origin for the CDW instability [1]. Very
recently, a theoretical calculation further revealed the emer-
gence of the imaginary phonon frequency at qph as including
the Coulomb correction of Cu d electrons [3]. Such a result
highlights the importance of the interplay between electron-
electron correlation and the electron-phonon interaction for
the CDW in CuTe.

While CuTe adopts an orthorhombic structure [2,4], the
aforementioned CDW is localized on the chain of the Te
atoms separated by the wrinkled Cu layer [1,2], making
CuTe a quasi-one-dimensional (1D) character of the CDW.
Among the reported quasi-1D CDW compounds, NbSe3 and
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K0.3MoO3 are well-studied examples. The thermodynamic
properties related to the CDW phase transition for both mate-
rials have been widely investigated since the thermodynamic
parameters could be affected by the critical fluctuations aris-
ing from the interchain coupling [5–12]. As motivated, it
is desirable to examine whether CuTe follows similar ther-
modynamic behavior as in conventional quasi-1D CDWs.
Moreover, the characterization of thermodynamic features in
CuTe, especially focusing on the temperature region in the
vicinity of TCDW, would be essential to elucidate the nature of
the CDW transition. Nevertheless, thermal properties of CuTe
have not been explored to the best of our knowledge.

In order to provide experimental insights into the ther-
modynamic properties and the CDW phase transition, we
have carried out a combined study of single-crystalline CuTe
by means of the electrical resistivity, Seebeck coefficient,
thermal conductivity, as well as specific-heat measurements.
Distinctive features associated with the CDW transition near
TCDW � 335 K have been observed by all measured thermody-
namic quantities. The lack of the thermal hysteresis behavior
indicates the second-order phase transition in nature. The
pronounced reductions in the Seebeck coefficient and elec-
tronic thermal conductivity across TCDW give indications for
the partially gapped Fermi surfaces. From the analysis of
the excess specific heat in the vicinity of TCDW, we obtained
conclusive evidence for the strong-coupling character of the
CDW, suggesting that the electron-phonon coupling plays an
essential role for the CDW instability in CuTe.

II. EXPERIMENT DETAILS

Single crystals of CuTe were grown by a Te self-flux
method. The high-purity elements of Cu (99.99%) and Te
(99.9999%) were mixed with a molar ratio of 35:65. The
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FIG. 1. (a) Single-crystal x-ray diffraction of the (00l ) planes
measured at room temperature. The inset shows a photograph of
CuTe crystal. (b) Room-temperature powder XRD pattern with the
Rietveld refinement for crushed single crystals of CuTe, in which all
diffraction peaks can be indexed to Pmmm space group. The black
cross and red and blue lines represent the observed pattern, calcu-
lated profile, and the difference between the observed and calculated
intensities, respectively.

mixture was transferred to a fused quartz tube and sealed
under vacuum. The quartz tube was heated up to 600 °C for
10 h, cooled to 430 °C for 2 h, and then slowly cooled down
to 350 °C at a rate of 1 °C/h. The excess flux was decanted
with a centrifuge at 350 °C and several plateletlike crystals
with a typical size of 2 × 3 × 0.2 mm3 were mechanically
removed from the inner wall of the quartz tube. A photograph
of single-crystalline CuTe is given in the inset of Fig. 1(a).
The single-crystal x-ray diffraction (XRD) pattern is shown in
Fig. 1(a). Only sharp (00l) diffraction peaks are observable,
suggesting that the crystallographic c axis is perfectly perpen-
dicular to the surface facet of the crystal. We also performed
XRD on a powder specimen which was obtained by crushing
several single crystals. As displayed in Fig. 1(b), all diffrac-
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FIG. 2. Temperature variation of the electrical resistivity ρ of
CuTe. The arrow indicates the temperature of TCDW. Inset: The data
of ρ below 50 K with a solid curve which are a fit to a power law
described in the text.

tion peaks can be indexed to the expected Pmmn space group.
The Rietveld refinement for the room-temperature XRD pat-
terns yields the lattice parameters a = 3.149 ± 0.002, b =
4.085 ± 0.002, and c = 6.951 ± 0.004 Å, identical with those
reported in the literature [1,2,4].

Electrical resistivity was measured using a standard four-
probe method, with an electrical current flowing along the
direction perpendicular to the c axis of the crystal. The See-
beck coefficient and thermal conductivity measurements were
performed in a closed-cycle refrigerator, using a direct heat-
pulse technique. The temperature difference was detected by
an E-type differential thermocouple with junctions thermally
attached to two well-separated positions along the longest
direction of the specimen. The low-temperature specific-heat
measurement was carried out in a physical property measure-
ment system (PPMS) with a heat-pulsed thermal relaxation
calorimeter in the temperature range from 0.2 to 3.8 K.
The high-temperature specific-heat data between 85 and
400 K were obtained from a home-built ac calorimeter, using
chopped light as a heat source.

III. RESULTS AND DISCUSION

Temperature dependence of the electric resistivity ρ for
CuTe is displayed in Fig. 2. At low temperatures, ρ tends to be
a constant, with a small residual resistivity ρo = 1.19 μ� cm
at T = 2 K, yielding a large residual resistivity ratio (RRR)
ρ(300 K)/ρ(2 K) � 66. Such a result confirms the high qual-
ity of our CuTe single crystal since the residual resistivity
usually arises from the scattering due to domain boundaries
and/or defects. The CDW ordering is characterized by a
pronounced hump near TCDW � 335 K, identical with that
observed by Zhang et al. [1]. The anomaly in ρ is a typical
signature for the CDW transition attributed due to the partial
opening of the electronic gap at the Fermi surfaces. Similar
observations have been found in many CDW systems, e.g.,
R2Ir3Si5 [13–17], RNiC2 (R = rare-earth elements) [18–27],
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FIG. 3. Temperature dependence of the Seebeck coefficient S of
CuTe. The arrow indicates the position of TCDW.

LaAgSb2 [28–30], and LuPt2In [31]. Below 30 K, ρ can be
fitted to the power-law relation ρ = ρ0 + AT n, as shown in
the inset of Fig. 2. The prefactor A ∼ 1 × 10−3 μ� cm K−n

with the exponent n = 2.43 was extracted from the fit. The
obtained exponent n falling in between 2 and 3 has also been
reported in other quasi-1D materials [32–34], presumably
attributed to the electron-electron umklapp scattering at low
temperatures [35].

It is known that the Seebeck coefficient is a sensitive
probe for the phenomenon associated with changes in the
Fermi surfaces, such as CDW ordering and structural distor-
tions [17,21,29,36–44]. As shown in Fig. 3, the observed S
exhibits a strong temperature dependence, indicative of the
multiband effect on the thermoelectric transport in CuTe. Ac-
cordingly, the measured Seebeck coefficient can be described
as S = (σnSn + σpSp)/(σn + σp), where Sn,p and σn,p repre-
sent the Seebeck coefficients and electrical conductivities for
the n- and p-type carriers from electronic and hole bands,
respectively. In principle, each parameter is governed by
the corresponding effective mass and temperature-dependent
scattering relaxation rate. According to the theoretical band
calculation of CuTe, the p-type carriers are mainly from the
Cu orbitals, while the n-type carriers are from the Te states [3].
Hence, the p-type carriers are dominant at high temperatures,
and the sign of S is positive. With lowering the temperature, S
gradually decreases and exhibits an abrupt drop in the vicinity
of TCDW. Upon further cooling, the contribution from the n-
type carriers becomes important, leading to a sign reversal
at 270 K and a presence of a broad minimum near 220 K.
Below 150 K, S shows positive again, attributed to the positive
phonon drag effect which peaks at around 20 K.

As for the dramatic reduction in S near TCDW, it can be re-
alized as a decrease in the number of p-type carriers due to an
imbalance charge contribution arising from the modification
of the Fermi surfaces. This is consistent with the theoretical
band calculation, in which the reduction of the weight of Cu
orbitals arising from a non-negligible Coulomb correlation
has an effect to enhance the Te character at the Fermi level,
leading to the enhancement of the quasi-1D nature for the
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FIG. 4. Temperature variation of the thermal conductivity κ of
CuTe. The dotted and cross curves represent the decomposed elec-
tronic and lattice thermal conductivity, respectively. The arrows
highlight the temperature of TCDW.

CDW formation [3]. The scenario connected to the change
in the electronic bands also agrees with the conclusion drawn
from the results of the ARPES where an anisotropic CDW gap
has been observed, suggesting the presence of the Fermi sur-
face nesting in CuTe. It is worthwhile mentioning that similar
features in S have been reported in prototypical CDW systems
such as Lu2Ir3Si5 and LaAgSb2 [14,29]. In these materials,
the CDW ordering associated with the Fermi surface nesting
has been identified through various measurements.

Figure 4 illustrates the temperature variation of the thermal
conductivity κ for CuTe. A phonon drag peak at around 20
K is identical with that found in S. Near TCDW, a pronounced
change has been observed, being consistent with the results
of ρ and S measurements. In ordinary metals or semimet-
als, the total thermal conductivity is a sum of electronic
and lattice contributions. The electronic thermal conductiv-
ity (κe) can be evaluated using the Wiedemann-Franz law:
κeρ/T = L0 where ρ is the dc electrical resistivity and L0 =
2.45 × 10−8 W � K−2 is the theoretical Lorentz number. The
determined κe for CuTe is plotted as a dotted curve in Fig. 4.
The lattice thermal conductivity κL, obtained by subtracting
κe from the measured κ , is also presented in Fig. 4. It is clear
that κe exhibits a marked drop at TCDW, and the reduction
feature is almost identical with the observed κ . In this respect,
the decrease in κe across TCDW implies that the CDW insta-
bility in CuTe is essentially caused by the reduction of the
electronic contribution. Such an interpretation is in agreement
with the description for the Fermi surface nesting associated
with the CDW phase transition. Similar analyses of κe have
been employed in various CDW materials such as SmNiC2,
Rb0.3MoO3, and LaPt2Si2 [21,45–47], for providing insights
into the electronic origin for the CDW formation.

The low-temperature specific heat Cp measured between
0.2 and 3.8 K is shown in Fig. 5. The temperature depen-
dence of Cp for CuTe exhibits a smooth increase with no
signature of the magnetic or superconducting phase transition.
For nonmagnetic metals at low temperatures, the experimen-
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FIG. 5. Temperature dependence of the specific heat Cp of CuTe.
The inset is a plot of Cp/T vs T 2 with a solid curve, which is a fit to
the experimental data according to Cp/T = γ + βT 2 + δT 4 between
0.2 and 3.8 K.

tal specific heat can be expressed as Cp(T ) = γ T + βT 3 +
δT 5. The first term is the electronic specific heat associated
with the Sommerfeld coefficient γ while the remaining two
terms arise from the contributions of the phonons including
the anharmonic effect. In the inset of Fig. 5, we plotted
Cp/T versus T 2, with a solid curve representing the best
fit to the experimental data. Such a fit yields the values of
γ = 1.52 mJ mol−1 K−2, β = 0.496 mJ mol−1 K−4, and δ =
0.0088 mJ mol−1 K−6. The Debye temperature 	D = 198 K
was derived from β using 	D = (12π4ZR/5β )1/3, where
Z = 2 is the number of atoms per formula unit and R =
8.314 J mol−1 K−1 is the gas constant. According to the Som-
merfeld theory of conduction, the measured γ can be used to
estimate the Fermi-level density of states (DOS) N (εF ) via
γ = (π2/3)kB

2N (εF ), where kB is the Boltzmann constant
and εF is the Fermi energy. Accordingly, a small N (εF ) =
0.65 states/eV in CuTe was deduced. Such a low N (εF ) has
been found to be consistent with the theoretical results ob-
tained from different calculations [3,4]. It should be noted
that this value represents an upper limit since the effect of the
electron-phonon coupling was not considered here. In general,
the electron-phonon coupling constant should be included to
relate to the experimental γ , and consequently to reduce the
value of N (εF ).

The high-temperature Cp for CuTe measured between 85
and 400 K is given in Fig. 6. The presence of an evident peak
in Cp demonstrates the intrinsic phase transition at TCDW �
335 K. We have carried out the measurement under the cool-
ing and warming processes, and found no thermal hysteresis
behavior around TCDW. The absence of thermal hysteresis
indicates that this phase transition is second order in nature. To
gain insights into the CDW phase transition, we analyzed the
excess specific heat �Cp in the vicinity of the phase transition.
The temperature-dependent �Cp was obtained by subtracting
a smooth background of the lattice specific heat, which was
estimated by fitting the experimental data far from the transi-
tion region to a polynomial function. The result is shown in

100 200 300 400

35

40

45

50

C
p

(J
m

ol
-1

K-1
)

T (K)

FIG. 6. Temperature-dependent Cp of CuTe over the temperature
range between 85 and 400 K. The light blue curve is the calculated
background due to the lattice specific heat. The upper panel of the
inset is the excess specific heat �Cp. The lower panel of the inset
shows the plot of �Cp/T vs T and the corresponding entropy change
�S associated with the phase transition.

the upper inset of Fig. 6. We found �Cp/Cp � 0.04 at TCDW,
similar to �0.025 at higher TCDW � 145 K in NbSe3 and
� 0.03 in K0.3MoO3 [5,48]. To further evaluate the change of
the entropy �S associated with the CDW transition, we first
determined the temperature dependence of �Cp/T (plotted
in the lower inset of Fig. 6), and then integrated �Cp/T
through the entire phase-transition region. The magnitude of
�S � 0.27 J/mol K for CuTe was thus obtained. The weak
anomaly of �Cp leading to a small entropy change is also
identical with �S � 0.083 and � 0.10 J/mol K for NbSe3 and
K0.3MoO3, respectively [5,48].

It is noticeable that the feature of �Cp in CuTe is quite dif-
ferent from those found in the well-characterized Lu5Ir4Si10

and newly discovered Sm2Ru3Ge5 CDW systems [49–52].
The specific heat for each of these materials exhibits a spiky
cusp within a very narrow transition regime. The divergence-
like �Cp in Lu5Ir4Si10 has been attributed to the strong critical
fluctuations in addition to the mean-field contribution. The
origin for the critical fluctuations has been connected to the
strong coupling between the quasi-1D CDW chains [50]. As
viewed from the wide transition region of about 100 K, we
considered that the presence of strong critical fluctuations is
not likely for CuTe. In this accordance, there would be little
effect on �Cp from the critical fluctuations but the mean-field
contribution needs to be examined.

From the mean-field prediction within the weak-coupling
limit [53], the specific-heat jump at the transition tem-
perature can be expressed as �CMF = 1.43 γ TMF, where
γ is the electronic specific-heat coefficient and TMF

is the mean-field temperature. Using experimental γ =
1.52 mJ mol−1 K−2 and taking TMF = 335 K, we evaluated
�CMF = 0.73 J mol−1 K−1, much lower than the observed
�Cp of approximately 2 J mol−1 K−1. It thus yields an en-
hanced ratio of �Cp/�CMF = 2.74. Such an enhancement
is consistent with the high ratio of the CDW gap (�CDW �
0.19 eV) relative to kBTCDW obtained from the ARPES study
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[1]. Accordingly, the obtained ratio of 2�CDW/kBTCDW � 13
is well above the value of 3.52 in the limit of weak electron-
phonon coupling [54], giving an enhanced factor of about
3.69, a bit larger than 2.74 derived here. While both val-
ues differ, the enhancement beyond the mean-field prediction
implies that the effect of the electron-phonon coupling is non-
negligible for the CDW phase transition in CuTe. With respect
to these results, it allows us to reinforce the conclusion that the
strong electron-phonon coupling plays a significant role on the
CDW instability in CuTe.

IV. CONCLUSIONS

In summary, the second-order CDW phase transition in
CuTe with distinctive features near TCDW � 335 K has been
explored. The pronounced decrease in both S and κ at around
TCDW implies that the CDW ordering is essentially caused by

the reduction in the number of the electronic carriers, identical
with the picture of the Fermi-surface nesting associated with
the CDW formation. Meanwhile, we pointed out the strong-
coupling nature of the CDW, as suggested by the observed
excess specific heat larger than the mean-field expectation at
TCDW. These results provide experimental evidence for the
importance of the interplay between electron-electron cor-
relation and the electron-phonon interaction for the CDW
instability in CuTe, which was proposed by theoretical inves-
tigations.
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