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Abstract:

The superconducting transition curves measured at various current
densities in TaSe3 were found to show the strong current density, J,
dependence. In the high J regime the superconducting transition curve was
consistent with published ones, but in the low J regime the resistance
increases rapidly up to a value larger than the normal one from the onset
temperature of the Tc transition obtained in the high J regime and had a
peak,'then at low temperature than the TC the sharp superconducting transi-
tion was observed. It is suggested that these results observed first may
be a new phenomenon which is related to a superconductivity itself rather

than the existance of other phases such as the charge-density-waves and

the spin-density-waves phase or the localization effects.

Among the transition-metal trichalcogenides, MX3, TaSe3 is an unique
compound because no anomalies associated with low dimensional phase transition
have been observed. 1In spite of the evidinces of the charge-density-waves
(CDW's) formation in NbSe31) and the Peierls transition in TaS3 ), TaSe3

is a superconductor whose transition temperature, T , has been established

3 4). The superconducting transi-

to be 2.3 K with resistivity measurements
tion curve above Tc has not been explained by the mean-field fluctuation
theory. As the simple interpretation for these facts, it would be proposed
that TaSe3 is a three-dimensional conductor with a great anisotropy rather
than a guasi one-dimensional one.

Recent studies on the diamagnetic susceptibility, Xdia' have shown
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that Xgia 1S extremely small (10 of the perfect diamagnetic susceptibility,
-1/4n) near TC and increases rapidly near 0.3 K to be about 80% of -1/4m.
From this temperature dependence of Xgia’ Bastuscheck oroposed that TaSe3

is a filamentary superconductor in which near Tc TaSe., behaves like a quasi-

one~dimensional superconductor and at lower temperatuies becomes a three- '
dimensional superconductors with filaments coupled by Josephson effects).
Therefore, it needs to re-examine the superconducting transition with resis-
tivity measurements whether a quasi-one-dimensional behavior is exhibited

in the transition curves above Tc in TaSe3. In order to clear the super-
conducting fluctuation effect, measurements of the superconducting transition
have been made precisely at extremely low current densities, J, compared

with those of published ones3’ 4). In contrast to the resistivity decrease
due to the fluctuation effect, the resistivity rise from the onset temperature
of the Tc transition and at a lower temperature the sharp superconducting
transition have been observed in the low J regime. In the high J regime,

on the other hand, the same superconducting transition as the published

ones has been observed. The transition curve above Tc for both low and

high J regimes has not been explained by the mean-field fluctuation theory.
It is suggested that the metal-nonmetal-superconductor transition first

observed here is a new phenomenon related to a superconductivity.

TaSe3 was synthesized by the direct reaction of Ta(99.9z%) and Se(99.9999
%). The mixture was sealed in quartz tube in vacuum of ~10 Torr and heated
to 650°C for 4 weeks. After heat treatment, the quartz tube was cooled
in air. The samples were ribbonlike with typical dimensions being 10 mm
long, 0.05 mm wide and 0.01 mm thick. Residual resistance ratio, RRR =
R(300K) /R(4.2K), of crystals was 100~ 150, which were the highest value

in the published ones.

Resistance of cystal was measured by the usual four probe dc technique
with the current parallel to the b-axis (chain-axis). The electrical contacts
were made with silver paint to Te and Au pads preriously evaporated on the
crystals. The samples were mounted on a holder which immersed in liquid
helium. In this way the temperature could be controlled from 1.2 K to 4.2 K
by pumping helium bath. The temperature stability was kept less than 5mK/min.
Temperature was measured by germanium resistance thermometer. The measured

current was supplied by the constant current sources in the range from 0.1 UA
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to i‘O mA with 0.3% accuracy. The sample voltage was measured by a digital
voltmeter (YEW model 2501) which has 0.1 uv resolution. Measurements were
done by using computer controlled system in which the data was sampled four
times and averaged. Thermoelectoric voltage across the measurement-.circuit

was cancelled by reversing the current direction.

The current vs. voltage characteristic above 2.3 K showed the linear
relation in all regions of the measured current density, J, that is, the
ohmic resistivity was confirmed. However, below 2.3 K the strong J dependent
reéistivity was found. This anomalous behaviors were observed in several
samples. In Fig. 1 is shown the typical temperature dependence of the
electrical resistance normalized by the resistance at 4.2 K, Rn = R(T)/R(4.2K)
for two of samples measured. 1In relatively high J regime, Rn decreases
sharply at near 2.3 K with decreasing temperature and becomes7fully zero
near 1.7 K within the experimental accuracy. Tc defined as the midpoint
of the resistive transition curve is about 2.1 K. The temperature width
of 80% signal change, AT, is about 0.35 K. The Tc and AT were constant
for the region of J from 2 A/cm2 to 40 A/cmz. These results measured
in high J regime are consistent with those of the superconducting transition
with resistivity measurements reported already3' 4). Therefore, it can
be concluded that the decrease of Rn obtained in the high J regime is due
to the superconducting transition. In relatively low J regime, on the other
hand, Rn increases rapidly with decreasing temperature from the nearly same
temperature as the onset temperature of the superconducting transition,

’Tznset' and has a peak, then decreases sharply down to zero resistance.
Thus it is found that TaSe_, shows the metal-nonmetal-zero resistance transi-

3
tion in the low J regime.

The peculiarities of the zero resistance transition with giant resistivity
can be summarized as follows. (1) The matal-nonmetal-zero resistance
transition occurs within the same temperature region as the Tc transition
observed in the high J regime. (2) The onset temperature of the metal-
nonmetal transition, TMN' is almost equal to Tznset and is independent on
the magnitude of J. (3) The peak of the Rn is easily reduced by weak J,
but the temperature corresponding to the peak, Tp, is independent on J.

For higher J, the metal-nonmetal-zero resistance curve coincides with the

superconducting transition curve obtained in the high J regime.

—294~



Considering that Rn decreases with increasing J, the anomalous temperature
dependence of Rn in the low J regime is not interpreted in terms of heating
effects. We consider that the J dependent resistivity should be ascribed

to an intrinsic mechanism in the electronic system.

In the peculiarities of the metal-nonmetal-zero resistance transition,
one of the most interesting problems is whether the state of zero resistance
is a superconducting state. In order to understand the zero resistance
state, the temperature dependence of Rn at several magnitudes of the
magnetic field, H, was measured. The H was applied perpendicular to the
ribbon surface of the crystal. The result is shown in Fig. 2. It can be
seen that Ri is strongly suppressed by weak B and at the same time the Tp
is shifted to low temperatures. The temperature corresponding to Rn =0
also decreases as H increases. From these évidences it is concluded that
the state cf Rn = 0 observed in the low J regime also is a superconducting

state. Therefore, we find that TaSe_, shows the two different superconduct-

ing transition; one of them is the uzual superconducting transition which
is insensitive to J and the other is the metal-nonmetal-superconductor (M-
N-S) transition which is strongly dependent on weak J. Furthermore, it

is found that the resistance in the nonmetal region is strongly suppressed

by weak H, that is, TaSe, shows the large negative magnetoresistance.

3
We replotted the resistance measured in the log R vs. reciprocal
temperature as shown in Fig. 3. In the nonmetal region it is found that
all experimental data points are approximately on a straight line. Thus,
the activation type temperature dependence of resistance is observed in
the nonmetal region. The activation energy, which is obtained as a slope
of the straight line, is strongly suppressed by J. However, T is almost

MN
independent on J.

In Fig. 4 it is shown that the resistance measured in the low J regime
at several magnitudes of the magnetic field is reprotted in the log R vs.
reciprocal temperature. In the nonmetal region the temperature dependence
of resistance in the magnetic field also is the activation type. The activa-
tion energy decreases with increasing the magnetic field. It is found that
T N decreases with increasing the magnetic field, which is different from

M .
the fact that TMN is independent on J. This suggests that the role of the
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J and H for the metal-nonmetal transition is independent each other.

The peculiarities of the nonmetal region can be summarized as follows.
(1) The conductivity in the nonmetal region is nonohmic. (2) The temperature
dependence of the conductivity in the nonmetal region is the activation
type. The activation energy depends on both J and H. (3) The large negative
magnetoresistance is observed in the nonmetal region. (4) TMN is almost
independent on J, but sensitive to H. (5) The metal-nonmetal transition

observed here is very sharp.

Now investigate the mechanism of the metal-nonmetal transition to
explain consistently these facts observed here. As one of the possible
explanatiéns, it is natural to consider that the metal-nonmetal transition
may be due to the CDW formation, since the metal-nonmetal transitions observed

1, 6) 2)

in NbSe, and TaS,”’ have been interpreted in terms of the CDW formation.

The resistivity rise below CDW's transition in NbSe3 and TaS3 is reduced
by dc electric field, E, above a threshold field, Et ! 8). This E dependent

conductivity is understood that the CDW's are weakly pinned and can released
to more freely at high field. It is predicted by Frohlich that if the CDW's
can move without attenuation with a constant speed, the ground state would
be a superconducting state. It is known that the nonohmic conductivity

in the CDW system is not affected by the application of a magnetic field,
but rigid for a magnetic fieldg' 10). This is due to the highly one
dimensional motion of the depinned CDW. However, in the present work it

“is shown that the conductivity strongly depends on H, and the large negative
magnetoresistance is observed. These facts are not expected in the state

of sliding CDW. 1In fact, no evidence due to the CDW formation has been

observed yet in TaSe It is therefore concluded that the metal-nonmetal

3°

transition near Tc in TaSe, is not caused by the CDW formation.

3

The nonohmic conductivity, O(E), has been observed also in the SDW

11 12)
6 and (TMTSF)2C104 .

the O(E) is caused by the depinning of the SDW in analogy with the phenomena

system such as (TMTSF)2PF On the assumption that
found in the CDW systems, it is considered that the conductivity of the
depinned SDW also should be highly E sensitive but independent on H.
Furthermore, the shift of TMN by H of 150 Oe is observed to be 0.15 K whose

value is too large to compare with the Zeeman energy for 150 Oe (0.01 K).
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Therefore it is supposedly that the H sensitive nonohmic-conductivity is
not due to the sliding motion of the SDW. However, to confirm clearly
whether this phenomenon is due to the SDW formation, we need more studies

such as static susceptibility and ESR measurements.

As the other possible explanation of the metal-nonmetal transition,
the localization by impurities of electrons may be proposed. The activation
type conductivity and the large negative magnetoresistance observed in the
nonmetal region are qualitatively consistent with the features of the electron
transport in the localized state. However the transition from the metal
to the localized nonmetal regime is known to be sluggish from the temperature
dependence of the resistivity. This is contrast to the present result in
which the metal-nonmetal transition occures within the narrow temperature
region about 0.4 K. This very sharp transition suggests that it may be '
the phase transition related to the collective excitation effects.
Therefore it is difficult to explain the metal-nonmetal transition in terms

of the localization effects.

These experimental results in the present work are not explained
sufficiently in terms of any of the CDW transition, the SDW transition and
the localization effects. The origin of the new bhenomenon observed here
1s unsetted at the present state. However, we should note tﬁe following
experimental results. (1) TMN is almost equal to Tgnset‘ (2) AT is indepen-
dent on the magnitude of J. (3) With increasing J the M-N-S transition
undergoes the usual superconducting transition. (4) The M~N-S transition
is easily suppressed by the magnetic field. These results suggest that
the M-N-S transition observed first is a new phenomenon which is closely
related to a superconductivity itself rather than the existence of other
phases. Then we believe that this may be the key to the origin of the

M-N-S transition in TaSe, observed in the low J regime.

3

Acknowledgement

The authors are grateful to Professor T. Sambongi, Professor M. Ido,
Dr. K. Kawabata, and Dr. K. Imai for helpful and stimulating discussions.
They also thank Professor H. Fukuyama {(Institute for Solid State Physics,

University of Tokyo) for useful discussiona.

—297~



1

2)

3)

4)

5)
6)

7)
8)
9)
10)
11)

12)

References
K. Tsutsumi, T. Takagaki, M. Yamamoto, Y. Shiozaki, M. Ido, T. Sambongi,
K. Yamaya, and Y. Abe, Phys. Rev. Lett., 39, 1675(1977).
T. Sambongi, K. Tsutsumi, Y. Shiozaki, M. Yamamoto, K. Yamaya, and
Y. Abe, Solid State Comm., 22, 729(1977).
T. Sambongi, M. Yamamoto, K. Tsutsumi, K. Shiozaki, K. Yamaya, and.
Y. Abe, J. Phys. Soc. Jpn., 42, 1421(1977), M. Yamamoto, J. Phys. Soc.
Jpn., 45, 431(1978).
K. Yamaya, T. H. Geballe, J. F. Kwak, and R. L. Greene, Solid State Comm.,
31, 627(1979).
C.VM. Bastuscheck, Ph. D. thesis of Cornell University.
P. Moceau, N. P. Ong, A. M. Portis, A. Meerschaut, and J. Rouxel,r
Phys. Rev. Lett., 37, 602(1976); N. P. Ong and P. Monceau, Phys. Rev.
B16, 3443(1977).
R. M. Fleming and C. C. Grimes, Phys. Rev. Lett., 42, 1423(1979).
A. Zettl, G. Gruner, and A. H. Thompson, Solid State Comm., 39, 899(1981).
K. Kawabata, M. Ido, and T. Sambongi, J. Phys. Soc. Jpn., 50, 1992(1981).
G. X. Tessema and N. P. Ong, Phys. Rev. B23, 5607(1981).
W. M. Walsh, F. Wudl, G. A. Thomas, D. Nalewajek, J. J. Hauser, and
P. A. Lee, and T. Poehler, Phys. Rev. Lett., 45, 829(1980).
P. M. Chaikin, Mu-Yorg Choi, P. Haen, E. M. Engler, and R. L. Greene,
Mol. Cryst. Liq. Cryst., 79, 79(1982).

Figure Captions

Fig. 1. Normalized resistance Rn = R(T)/R(4.2K) vs. temperature at several

current densities for two samples.

Fig. 2. Normalized resistance Rn = R(T)/R(4.2K) vs. temperature at several

magnetic fields in the low current density regime.

Fig. 3. Logarithmic resistance (log R) vs. reciprocal temperature (1/T) at

several current densities.

Fig. 4. Logarithmic resistance (log R) vs. reciprocal temperature (1/T) at

several magnetic fields in the low current density regime.
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