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Abstract — We have synthesized single crystals doped with Cu atoms in TaSes which exhibits
no Charge Density Wave (CDW) transition, and measured precisely the temperature dependence
of the resistance. We discover an anomalous sharp dip in the temperature derivative of the
resistance (dR/dT') at about 91 K in Cu-doped TaSes, which is never observed in pure TaSes.
The dip suggests that there is a phase transition with a relative increase in resistance. In addition,
the dip is “y” shaped. We reveal that the same “y”-shaped dip in dR/dT is commonly observed
at the CDW transition temperature in many CDW conductors, which is a universal consequence
resulting from the opening and growth of a CDW gap on a Fermi surface. Furthermore, the result
of the single-crystal X-ray diffraction (XRD) analysis implies that Cu-doping increases the lattice
parameter of the a-axis and c-axis and decreases that of the b-axis, leading to an improvement
in the nesting condition. Based on the “y”-shaped dip and the result of the single-crystal XRD

analysis, we conclude that a CDW emerges by Cu-doping in TaSes.

Copyright © EPLA, 2017

Introduction. — The induction of superconductivity
has helped in the search for new superconducting char-
acteristics and in answering unresolved questions about
superconductivity. For example, high-temperature super-
conductivity has been induced by doping carriers in insu-
lators [1]. As a result, a new superconductivity mechanism
was found, and the transition temperature (7T¢) achieved
164 K under high pressure [2]. In addition, it was found
that conventional superconductivity appears in a sulfur
hydride system under high pressure [3]. This discovery
brought the leap of T¢ to 203 K and showed the possibil-
ity of realizing a higher T in other hydrogen-based ma-
terials. Moreover, superconductivity was induced in some
Charge Density Wave (CDW) compounds by employing
doping or high pressure, and the coexistence or competi-
tion of induced superconductivity with CDW was inves-
tigated [4-9]. Thus, the induction of superconductivity
provides many opportunities to study superconductivity.

CDW is a macroscopic quantum state as well as su-
perconductivity. CDWs occur in low-dimensional metals
as the result of the Peierls instability of Fermi surface.
Previous CDW studies have provided a lot of knowl-
edge about the mechanisms and the dynamics of CDW

by targeting materials with intrinsic CDW states [10,11].
However, the next stage of this research should involve in-
ducing a CDW in materials that do not normally exhibit
one, because new CDW characteristics might be obtained
and it will provide many opportunities to deal with unre-
solved issues as well as superconductivity. For example,
new driving mechanisms other than conventional Fermi
surface nesting might be found as reported for NbSe, [12]
and TiSey [13]. Moreover, if a CDW is induced in ma-
terials that exhibit superconductivity, we can study the
relationship between induced CDW and superconductiv-
ity and compare it with the conventional coexistence or
competition.

TaSes is a predominant candidate material capable of
inducing a CDW. TaSes is one of the transition metal
trichalcogenides, MX3 (M: Nb, Ta; X: S, Se). MXj are
quasi—one-dimensional conductors with chain structures,
in which electric currents are passed well in the direc-
tion of the chain axis. Generally, the Fermi surface of a
quasi—one-dimensional conductor is close to a plane. If the
Fermi surface was translated by a wave vector, it would
overlap well with that before translation, i.e., the nesting
condition is good. This indicates the intrinsic instability
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Table 1: The synthesis condition and result of ICP-AES.

Crystal Nominal value of Cu (x) Growth temperature Ratio of amount of substance
Ta Se Cu
Pure TaSes 0 678°C 1 2.79+0.10 0
Cu-doped TaSes 0.0075 678°C 1 286=+0.10 0.0051=0.0010
Cu-doped TaSes 0.05 678°C 1 291+£0.10 0.0095+ 0.0010
Cu-doped TaSes 0.05 708°C 1 2.89+0.10 0.0112+0.0010

of the Fermi surface, and as a result, a CDW develops be-
low the transition temperature in a quasi—one-dimensional
conductor. In fact, CDW transitions are observed in
NbSes, TaSs, and NbSs [14-16]. On the other hand,
TaSes exhibits no CDW transition over the entire temper-
ature range, but the superconductivity transition occurs
at about 2 K although it is a quasi—one-dimensional con-
ductor [17,18]. It is considered that the irregular behavior
arises because TaSes is more three-dimensional than the
other MX3 compounds. Actually, the electrical conduc-
tivity anisotropy (o /oL) of TaSes is 3-15, while that of
TaS3 is ~100 and that of NbSes is 10-20 [19-22]. Further-
more, according to the band calculation, TaSes has two-
dimensional Fermi surfaces, which are described as fused
tunnels running in the (—a* + ¢*) direction in contrast
to the one-dimensional flat Fermi surfaces of NbSez and
TaSs [23]. Conversely, if we can reduce the dimensionality,
TaSes may also exhibit a CDW.

There is impurity doping as a predominant candidate
method capable of reducing the dimensionality in TaSes.
In TaSes, the chains are weakly bonded by van der Waals
forces. Therefore, if impurities are doped in TaSes, the
impurities are expected to enter in the van der Waals
gap and to increase the distance between chains. Actu-
ally, in the transition metal dichalcogenides, MXy (M: Ti,
Nb, Ta; X: S, Se), where MXs layers are weakly bonded
by van der Waals forces, impurities enter between lay-
ers and increase the distance between layers, as reported
for Cu,TiSes [5,24]. If Cu-doping increases the distance
between chains in TaSez as well as Cu,TiSes, the over-
lap between electron wave functions perpendicular to the
chain axis decreases, leading to an increase in electrical
conductivity anisotropy. As a result, the dimensionality
may be reduced.

In our research, we tried to induce a CDW in TaSes by
Cu-doping, and investigated the presence of a CDW by
measuring the resistance as a function of temperature.

Experimental. — We prepared single crystals of pure
TaSe; and Cu-doped TaSes synthesized by the vapor
phase transport method. We obtained three kinds of Cu-
doped TaSes crystals by changing the nominal value of
Cu (x) and the growth temperature. First, Ta, Se and
Cu materials (99.95%, 99.999%, and 99.9% respectively,
Nilaco Corp.) were sealed with a molar ratio of 1 to 3 to z
(z =0, 0.0075, and 0.05) in evacuated quartz tubes. They
were then heated at 678 °C (xz = 0, 0.0075, and 0.05) and

708°C (2 = 0.05), and maintained at the temperature for
about seven days. Finally, the tubes were quenched in
water. In this way, we obtained whisker crystals with a
typical dimension of 5 pm x 10 gm x 5 mm.

To examine the actual concentration of Cu in the crys-
tals, we performed inductively coupled plasma atomic
emission spectroscopy (ICP-AES) using an ICPE-9000
(Shimadzu Corp.). We determined the average Cu con-
centration for a bundle of the whisker crystals (a few
milligrams).

The crystal structure was examined by single-crystal
X-ray diffraction (XRD) analysis with Cu K« radiation
(A = 1.5418 A) using a Rigaku XtaLLAB P200 diffractome-
ter. The lattice parameters were extracted by fitting the
XRD spectra using CrysAlisPro.

The temperature dependence of the resistance along the
b-axis (parallel to the chain axis) was precisely measured
with a dc four-probe measurement. We measured the
temperature dependence of the resistance, while the sam-
ples were warmed from 4.2 to 280K for about 30 hours.
The temperature was measured with a Cernox resistance
sensor.

Results. — The synthesis condition and the result of
ICP-AES are listed in table 1. From the ratio of the
amount of substance determined by ICP-AES, we define
the Cu concentration as the ratio of Cu to Ta given as
a percentage. The Cu concentrations of the Cu-doped
TaSes were 0.51 £ 0.10%, 0.95 & 0.10% and 1.12 & 0.10%.
Thus, together with pure TaSes, we prepared four kinds of
crystals with different Cu concentrations. The Cu concen-
tration did not exceed 1.2% even when the nominal value
for Cu was more than 5%.

Figure 1 shows the lattice parameters determined by
single-crystal XRD analysis as a function of Cu con-
centration. The crystal structure of TaSes is mono-
clinic. The a-axis and c-axis are perpendicular to the
b-axis, which is the direction of the chain axis, and (3
is the angle between the a-axis and the c-axis. The
lattice parameters obtained for three samples of pure
TaSes were a = 10.402-10.409 A, b = 3.498-3.500 A, ¢ =
9.824-9.828 A and 3 = 106.24-106.27°, which showed lit-
tle sample dependence. However, the obtained values were
in good agreement with previously reported values of a =
10.40240.004 A, b = 3.495+0.002 A, ¢ = 9.829+0.004 A,
B = 106.26 £ 0.03° [25], and @ = 10.374 A, b = 3.501 A,
c=9.827TA, 8 =106.11° [26]. The lattice parameters we
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Fig. 1: The lattice parameters of pure TaSes and Cu-doped TaSes determined by single-crystal XRD analysis. Three samples
for each Cu concentration are measured. The filled circles show the data for each sample, and the open circles show the average

value for each Cu concentration.

obtained for three samples of each Cu-doped TaSes also
exhibited sample dependence in almost the same range as
that of pure TaSes. The Cu concentration dependence
of lattice parameters does not show a clear change which
satisfies Vegard’s law. However, the average values for the
a-axis, c-axis and 3 tended to increase slightly as the Cu
concentration increased, while that of the b-axis tended to
decrease slightly.

The temperature dependence of the resistance was mea-
sured for several samples for each Cu concentration.
Figure 2 shows typical data for pure TaSe; and Cu-
doped TaSes. In all the samples, as the temperature
increased, the resistance monotonically increased with a
convex downward curvature in the low-temperature range
(T < 70K) and with a convex upward curvature in
the high-temperature range (T' > 70K) unlike the lin-
ear R-T curve for typical metals. The residual resis-
tance ratios (RRR = R(280K)/R(4.5K)) were 43.2-57.1

in pure TaSes, 5.3-6.3 in Cu-doped TaSes (0.51%), 3.2-3.5
in Cu-doped TaSes (0.95%) and 3.0-3.3 in Cu-doped
TaSes (1.12%). The RRR decreased with increasing Cu
concentration.

Figure 3(a) shows the temperature dependence of the
resistance normalized by the difference between the re-
sistance at 45K and that at 280K to compare the
temperature-dependent parts of the resistance of pure
TaSe; and Cu-doped TaSes. The temperature depen-
dence of the resistance shows almost the same functional
form for all samples. As the Cu concentration increased,
the normalized resistance at 4.5K increased almost as
a linear function of the Cu concentration as shown in
fig. 3(b). Therefore, Matthiessen’s rule holds for the Cu-
doped TaSes system.

To compare these temperature dependences of the resis-
tance in detail, we plot the temperature derivative of the
resistance (dR/dT) in fig. 3(c). In pure TaSes, the dR/dT
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Fig. 2: (Colour online) The temperature dependence of the
resistance normalized by the resistance at 280 K of pure TaSes
and Cu-doped TaSes.

increased monotonically from 4.5 K, showed a maximum of
70K, and decreased monotonically above 70 K. In all Cu-
doped TaSes with different Cu concentrations, the dR/dT
showed a similar temperature dependence to that of pure
TaSes over almost the entire temperature range. However,
there was an anomalous sharp dip in the dR/dT at about
91 K in Cu-doped TaSes, but never in pure TaSez. In Cu-
doped TaSes (1.12%) with the maximum Cu concentra-
tion, the dR/dT suddenly decreased from about 102K to
about 91 K, showed a narrow minimum, and began to in-
crease at about 91 K. Below about 91 K, it gradually re-
turned to a temperature dependence similar to that of
pure TaSes. In summary, the anomalous sharp dip was
“y” shaped. The depth of the dip increased with increas-
mg Cu concentration. We call the temperature at which
the dR/dT drops most the dip appearance temperature,
Taip. The Tyi, was observed as 92 £ 2K and 91 + 2K
for Cu concentrations of 0.95% and 1.12%, respectively.
There was no significant difference between the Tg;, values
of Cu-doped TaSes (0.95%) and Cu-doped TaSes (1.12%)
beyond the measurement accuracy (+£2K). In Cu-doped
TaSes (0.51%), the dip was too small to define the mini-
mum dR/dT. The dip was reproduced in all samples mea-
sured for the same Cu concentration. Furthermore, the
same Ty, was observed by cooling and heating the Cu-
doped TaSe3 (1.12%) sample using another mesurement
instrument, that is, no thermal hysteresis is observed.

Discussion. — The single-crystal XRD analysis shows
that the lattice parameters have sample dependence and
do not show Vegard’s law clearly for increasing Cu con-
centration, as shown in fig. 1. On the other hand, the
RRR and the depth of the dip change systematically as
the Cu concentration increases (see figs. 2 and 3(c)). The
beam diameter used in the single-crystal XRD analysis is
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Fig. 3: (Colour online) (a) The temperature dependence of

the resistance normalized by the difference between the resis-
tance at 4.5 K and that at 280 K of pure TaSes and Cu-doped
TaSes. (b) The resistance at 4.5 K normalized by the differ-
ence between the resistance at 4.5K and that at 280K as a
function of Cu concentration. The average value is shown for
each Cu concentration. (¢) The temperature derivative of the
normalized resistance in panel (a). The curves of Cu-doped
TaSes (0.51%), Cu-doped TaSes (0.95%) and Cu-doped TaSes
(1.12%) are shifted vertically by 0.001, 0.002 and 0.003 K~ *,
respectively.
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0.15mm and, as a result, the lattice parameters are deter-
mined as the average value over a local region of 0.15 mm
in comparison with the resistance that is obtained as the
average value over the region of 1-3 mm between the volt-
age terminals. Thus, the inhomogeneity in a single crystal
may cause the sample dependence of the lattice param-
eters. However, the inhomogeneous distribution of Cu
atoms is not the main cause because the sample depen-
dence is observed not only in Cu-doped TaSes but also in
pure TaSes. The ideal value of the molar ratio of Se to
Ta is 3. However, the actual molar ratio obtained using
ICP-AES is 2.8-2.9 as shown in table 1. This fact shows
excess Ta atoms or Se vacancies. It is possible that there is
inhomogeneous distribution of Ta and Se atoms in a single
crystal which disturbs the lattice parameters and obscures
the effect of Cu-doping, i.e., Vegard’s law.

Therefore, we focus on the average value of the lat-
tice parameter for each Cu concentration and discuss the
change in lattice parameters by Cu-doping. As shown in
fig. 1, the average lattice parameter value tends to in-
crease on the a-axis and c-axis (perpendicular to the chain
axis) and tends to decrease on the b-axis (parallel to the
chain axis) as the Cu concentration increases. The expan-
sion of the a-axis and c-axis indicates that Cu atoms may
be intercalated in the van der Waals gap between chains.
When the distance between chains is increased, and the
chain axis is contracted, the dimensionality is expected to
decrease because the overlap between wave functions per-
pendicular to the chain axis decreases and that in the chain
axis direction increases. Therefore, the result of the single-
crystal XRD analysis implies that the change in lattice pa-
rameters caused by Cu-doping changes the Fermi surfaces
from two-dimensional tunnel-like to one-dimensional flat.
This would lead to a better nesting condition in Cu-doped
TaSes than in pure TaSes.

In addition, we can consider the number of carriers to be
another physical quantity that is changed by Cu-doping.
It is reported that the Cu atoms intercalated in the van der
Waals gap are donors contributing delocalized electrons at
the Fermi level [24]. The Cu atoms in Cu-doped TaSes
are assumed to be intercalated in van der Waals gaps,
and contribute delocalized electrons. TaSes is a semimetal
with several Fermi surfaces which consist of a hole and
an electron band [23]. In addition, the result of angle-
resolved photoemission spectroscopy (ARPES) exhibits a
high density of states near the Fermi level [20]. Thus, the
density of states at the Fermi energy and the form of the
Fermi surfaces are sensitive to a change in the number of
carriers. It is possible that the change in the number of
carriers caused by Cu-doping can also change the nesting
condition although it does not necessarily get better.

We find an anomalous sharp dip in the dR/dT value in
the temperature dependence of the dR/dT of Cu-doped
TaSes, which is never observed in that of pure TaSes, as
shown in fig. 3(¢c). The dip in dR/dT is “y” shaped with
a sudden decrease and a narrow minimum. Thus, the
dip suggests a sudden change in state, namely a phase

transition. The emergence of a structural transition is
suggested in pure TaSes under uniaxial strain [27]. How-
ever, the phase transition in Cu-doped TaSes would not
be a first-order transition because we observe no thermal
hysteresis.

We discuss how the resistance changes in the vicinity of
the phase transition temperature where a dip in dR/dT is
present in Cu-doped TaSes. When the dR/dT drops, the
decrease in resistance caused by the decrease in tempera-
ture is suppressed. Thus, the resistance below the onset
temperature of the dip (102K) is larger than the resis-
tance extrapolated from the resistance-temperature curve
above 102 K assuming that there is no dip in dR/dT. In
summary, the dip in dR/dT means a relative increase in
resistance. MXj3 compounds (NbSes, TaSs, NbSs) other
than TaSes show anomalous increases in resistance at the
CDW transition temperatures (Tcpw) because the whole
or part of the Fermi surfaces disappears and the number of
carriers decreases [14-16]. Therefore, the phase transition
with an increase in resistance in Cu-doped TaSes is most
likely to be a CDW transition although the resistance in-
crease is relative.

We discuss the “y”-shaped dip discovered in Cu-doped
TaSes by comparison with the temperature dependence
of the dR/dT in CDW conductors such as NbSes [28],
DyTes [29] and ZrTes [30]. These CDW conductors show
the metallic temperature dependence of the resistance in
the normal state above the Tcpw, and the resistance in-
crease at the Tcpw. However, the temperature depen-
dence of the resistance shows metallic behavior again at
lower temperatures because the Fermi surfaces partly re-
main due to imperfect nesting. Although the magni-
tude of the resistance increase at Tcpw is different for
the three CDW conductors, we find out a common dip
in the dR/dT value corresponding to the resistance in-
crease. The dR/dT is constant above the Tcpw, how-
ever with decreasing temperature, it falls sharply at the
Tcepw and then starts to increase at the minimum point.
At lower temperatures, it increases more gradually with a
convex upward curvature and approaches a certain value.
In short, the temperature dependence of the dR/dT shows
the common “y”-shaped dip, indicating the universal law
peculiar to the CDW transition. The law states that a
CDW is formed with an energy gap opening on a Fermi
surface. In the BCS theory on the CDW transition, the
energy gap opens at Tcpw and grows obeying the tem-
perature dependence of the gap function. The opening
and growth of the CDW gap reduce the number of con-
ducting carriers with decreasing temperature, leading to
an increase in resistance near Tcpw, and at the same time
the dR/dT has a “y”-shaped dip. This fact strongly indi-
cates that the “y”-shaped dip observed in Cu-doped TaSes
is caused by the CDW transition.

As shown in fig. 3(c), the Tyip of Cu-doped TaSes is
about 91 K, which is lower than the Topw of the other
MX3 compounds (340K in NbS3 [16], 218 K in TaS3 [21],
and 145K in NbSes [14]). Originally pure TaSes has
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two-dimensional Fermi surfaces [23], where the nesting
condition is the worst in MX3 compounds, thus it shows
no CDW transition. Even if Fermi surfaces change and
a CDW emerges in TaSes, the Tcpw is expected to be
lower than the Tepw of the other MXj3. Therefore, it
will be consistent to assume that Ty;p, in Cu-doped TaSes
corresponds to Topw.

From the discussions above, the main features of the
Cu-doped TaSes system are summarized as follows: i) The
change in the lattice parameters caused by Cu-doping may
change the form of Fermi surfaces which leads to a better
nesting condition. ii) The dip in dR/dT exhibits a charac-
teristic of phase transition with a relative increase in resis-
tance. iii) The dip in dR/dT is “4” shaped and the same
“~v”-shaped dip is commonly observed in many CDW con-
ductors. Therefore, we can conclude that a CDW emerges
by Cu-doping in TaSes.

If the dip in dR/dT in Cu-doped TaSes is due to the
CDW transition, the size of the dip, i.e., the size of the rel-
ative resistance increase, corresponds to the ratio of the
reduction of the Fermi surfaces due to the CDW transi-
tion. For example, in NbSes, two large humps with differ-
ent sizes are observed in the temperature dependence of
the resistance [31]. From the sizes of the two resistance in-
creases, Kawabata estimates that about 30% of the Fermi
surfaces disappears at the higher Tcpw and about 70%
of the remainder disappears at the lower Tcpw. In the
present case, even if the Cu concentration is 1.12%, the rel-
ative resistance increase in Cu-doped TaSes is extremely
small. This result indicates that the reduction ratio of the
Fermi surfaces is very small and a large number of normal
carriers remain at temperatures below the Tcpw. This re-
sult is also supported by the fact that Matthiessen’s rule
holds, as shown in fig. 3(a) and (b).

Here we discuss the relationship between the size of the
resistance increase at Tocpw and the Topw value. When
the CDW is suppressed by Cu-doping in TiSes or by Se-
doping in ZrTes, the size of the resistance increase be-
comes smaller as the doping concentration increases, and
the Tepw value also decreases [5,9]. These results are
consistent with the prediction obtained for CDW with the
mean-field theory, which shows a positive correlation be-
tween Topw and the area of the reduced Fermi surface,
that is, the size of the resistance increase. As seen in
fig. 3(c), in the Cu-doped TaSes system, the size of the
dip in dR/dT (the size of the relative resistance increase)
increases with increasing Cu concentration, while we ob-
serve no clear change in Ty;, for Cu-doped TaSes (0.95%)
and Cu-doped TaSes (1.12%); here, Ty, corresponds to
Tcpw- In other words, no clear change in Tepw is ob-
served with increasing Cu concentration within our Tcpw
measurement accuracy (£2K). A comparison of our re-
sult to Cu,TiSe; and ZrTes_,Se, shows that the change
in Tepw per @ = 0.0017 (0.17% of doping concentration)
is about 4K in Cu,TiSe; and about 3K in ZrTes;_,Se,.
These values are almost the same as our Topw measure-
ment accuracy. It may be hard to detect the change in

Tcpw clearly because the change in the Cu concentration
is very small (0.17%) in our study. Therefore, we can con-
clude that our result regarding the relationship between
the size of the relative resistance increase and Tcpw does
not contradict the positive correlation predicted from the
mean-field theory.

The above discussions about the CDW transition are
based on the scenario of the Fermi surface nesting. How-
ever, the resistance increase seen in Cu-doped TaSes is
extremely small, suggesting alternative scenario for the
CDW formation. Rice and Scott propose that Fermi sur-
faces with saddle points can be unstable against CDW
formation [32]. In this model, only a relatively small area
of Fermi surfaces disappears and a large area of those re-
mains. Furthermore, the saddle points act as scattering
sinks in the high-temperature phase above Tcpw and the
conductivity can be enhanced at the Tocpw by the disap-
pearance of the saddle points. As a result, the resistance
increase due to the CDW transition is suppressed. There-
fore, the present result suggests the possibility that the
CDW formation is driven by the mechanism of Rice and
Scott. Although the presence of saddle points in pure
TaSes is not mentioned by the result of the band calcula-
tion [23], the result of ARPES shows that there is the flat
band region with a high density of states near the Fermi
level in pure TaSes [20]. This singularity might drive the
CDW transition in Cu-doped TaSes. In order to verify
this mechanism, the band structure of Cu-doped TaSes
has to be investigated by ARPES.

Conclusion. — By measuring precisely the tempera-
ture dependence of the resistance in pure TaSes and Cu-
doped TaSes, we discovered an anomalous sharp dip in
the temperature dependence of the temperature deriva-
tive of the resistance (dR/dT) in Cu-doped TaSes, which
is never observed in pure TaSes. The dip suggests that
there is a phase transition with a relative increase in re-
sistance. Furthermore, the dip is “y” shaped. We reveal
that many CDW conductors commonly exhibit the same
“y7-shaped dip in dR/dT at the CDW transition temper-
ature, which is a universal consequence of the opening and
growth of a CDW gap on a Fermi surface. Furthermore,
the result of the single-crystal X-ray diffraction (XRD)
analysis implies that the lattice parameters perpendicular
to the chain axis increase and that parallel to the chain
axis decreases by Cu-doping, leading to an improvement
in the nesting condition. From the “+”-shaped dip and the
result of the single-crystal XRD analysis, we conclude that
a CDW emerges by Cu-doping in TaSes. Further studies
are needed to obtain direct evidence of the CDW transi-
tion. In addition, we are studying the relationship between
the emerging CDW and superconductivity, because TaSes
exhibits a superconductivity transition at about 2 K.
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