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Temperature-Gradient-Induced Open-Circuit Electric Currents
in Charge-Density-Wave Condensates
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%e have induced nonlinear conduction and current oscillations in the charge-density-wave state
of o-TaS3 in an open-circuit (I = 0) configuration using a temperature gradient to generate thermal
voltages exceeding a threshold. The above features are associated with a current carried by the con-
densate which is compensated by a normal current in the opposite direction. Our experiments pro-
vide the first clear observation of decoupled motion of the condensed and uncondensed electrons in
solids with a charge-density-wave ground state.

PACS numbers: 72.15.Jf, 72.15.Eb, 72.15.Nj

Electric and heat currents induced by electric and
thermal gradients are described by well-known trans-
port equations. Aside from the electrical conductivity
o, the most commonly measured quantity is the ther-
moelectric power S, which relates the temperature gra-
dient '7T to the thermal voltage 5 Vr measured in an
open-circuit (1=0) configuration. If carriers of dif-
ferent types contribute to the transport, the most wide-

ly used description is in terms of a two-band (or
many-band) model; and o and S are given by'

treSs + rrbSbtr=a~+ab, and S= (I)
V'g + Q'y

where the subscripts a and b refer to the different
bands. With two types of carriers present and provid-
ing different channels for electric and heat conduction,
electric currents in the two bands could in principle be
induced by a temperature gradient in an open-circuit
(I, = I, +Ib =0) configuration. The flow of electrons
in one band is compensated by a flow in the opposite
direction in the other band with the conversion
between the two bands due to interband scattering
processes. While two-band descriptions of transport
have been widely used for specimens where both types
of carriers are single-particle-like, the situation is
much clearer when part of the carriers are condensed
into a collective mode that can support an electric
current; and the other part is uncondensed, providing
single-particle transport. This occurs in superconduc-
tors, and the effect has been clearly observed. 2 3

Two-fluid models have also been used to describe the
conductivity and thermoelectric power in materials
where a different type of condensate, called a charge-
density wave (CDW), develops. " s Because the con-
ductivity due to both the normal and the condensed
electrons is finite, a finite voltage can be generated by
a temperature difference between the two ends of the
specimen, 5 T, in an open-circuit configuration.

In this paper we give unambiguous evidence for
decoupled normal and charge-density-wave-supported

electric currents provided by condensed and uncon-
densed electrons in an open-circuit configuration. We
have induced both nonlinear conduction and coherent
current oscillations with a temperature gradient in the
CDW state of orthorhombic TaS3 (o-TaS3). The above
features are regarded as trademarks of collective CDW
conduction, 4 and consequently our experiments
demonstrate the existence of both normal and CDW
currents which persist in the presence of a temperature
gradient with the total current across the sample
I( I~ + Icnw——= 0.

The low-field thermoelectric power S has been stud-
ied in o-TaS3 before. s 7 It rises sharply below the
phase transition at T = 220 K and reflects the progres-
sive development of the single-particle gap. Around
100 K, S is approximately 1 mVlK; and at this tem-
perature the threshold electric field, where in pure
specimens the onset of nonlinear conduction occurs, is
around 200 mVlcm. Earlier studies5 concentrated on
the effect of electric fields on the thermoelectric power
by keeping b T small. The values quoted above indi-
cate that in pure, short specimens the thermal voltage
5 VT induced by a substantial temperature gradient
may exceed the threshold voltage for nonlinear con-
duction t, .

In order to study the various nonlinear effects which
occur under such circumstances, we used short
(l =0.3 mm), high-purity (E,= 180 mVlcm at T
=100 K) specimens. One end of the crystal was at-
tached to a short gold wire by silver paint, and the gold
wire was thermally anchored to a Peltier cell capable of
generating temperature differences as large as 50 K.
The other end was silver painted to a thick copper wire
serving as both a heat shunt to the base and a current
lead. A differential thermocouple measured the tem-
perature difference across the sample. The system was
sealed and evacuated in order to keep the thermal
leaks as low as possible. A liquid N2 bath cooled the
device, and a controlled heater stabilized the tempera-
ture of the base at 100 K.
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FIG. l. (a) Thermal voltage b, Vr vs temperature differ-
ence AT and (h) low-field differential resistance vs hT for
sample No. I (length I =0.3 mm, room-temperature resis-
tance RRT=90 0). The dashed line corresponds to the
thermal voltage obtained by integration of the temperature-
dependent thermopower (see text). The arrow denotes the
threshold voltage for nonlinear conduction measured at 100
K in the absence of a temperature gradient.

We first describe the joint effect of thermal gra-

dients and dc currents. In order to measure the ther-
mal voltage, the external circuit connected to the sam-

ple has to have a much greater impedance than the
resistance of the specimen. We used a I-MQ output-
impedance current generator and a 100-MQ input-
impedance lockin amplifier for the resistance measure-
ments, while the typical sample resistance was approxi-
mately 40 kO.

In Fig. 1 the gradient-induced thermal voltage ob-
tained in an open-circuit configuration is displayed to-
gether with the differential resistance measured with

utilization of small ac electric fields [Figs. 1(a) and

1(b), respectively]. The slope 5 V/5 T in Fig. 1(a)
gives the thermoelectric po~er directly. Notice that
because the 5 V vs AT curve is nonlinear, both chordal
and differential thermopowers can be defined in a

manner analogous to the chordal and differential con-
ductivities widely used to characterize the current-
voltage characteristics in various materials which

display CDW transport. For small gradients, b, V is
proportional to AT giving values for S in agreement
with that observed before. With an increasing tem-
perature gradient, a substantial nonlinearity sets in, in-

dicated by a decreased 5 V induced by the temperature
gradient when compared with the slope at small 5 T.

For a sample having a large temperature difference
between the ends, the total thermal voltage 4 VT

should be calculated by taking into account the tem-
perature dependence of the thermopower S(T). This
leads to

5 Vr =„,S ( T (x ) ) (dT/dx )dx

~ To+A, T
S(T)dT, (2)

where To ——100 K is the base temperature. We as-
sumed that the temperature gradient is constant along
the sample length I, dT/dx=hT/I. The thermal vol-
tage calculated with the above assumptions is indicated
by the dashed line in Fig. 1(a). The agreement
between the measured and calculated AVz is within
the experimental accuracy for small b, T, but a consid-
erable deviation becomes apparent at large gradients.
The threshold voltage for nonlinear conduction, deter-
mined in an independent measurement by recording of
direct I- V curves at T = 100 K, is also indicated in the
figure. The coincidence of voltages obtained by apply-
ing an electric field or a temperature gradient suggests
that the breakdown of the thermal voltage is associated
with the onset of nonlinear conduction due to a CDW
current.

To investigate this possibility further, we recorded
the differential resistance of the sample, d V/dl, versus
the temperature difference, /t T [Fig. 1(b)]. dV/dl was
calculated from the voltage response at low-amplitude
ac currents. At low thermal gradients, dV/dI changes
smoothly, and a hysteresis is observed in qualitative
accordance with the earlier measurements performed
with homogeneous temperature cycling. s A sharp
drop is observed in the resistance at the temperature
difference where the anomaly in the thermopower is
observed, again suggesting that CDW conduction is in-
duced by the temperature gradient. Differential resis-
tance measurements were extended by the simultane-
ous application of a temperature gradient and a dc bias
current (Fig. 2). It is apparent that the anomaly in the
differential resistance observed in the zero-current
measurement [Fig. 1(b)] is indeed associated with the
onset of nonlinear conduction in the presence of a
temperature gradient.

It is well known that the CD% conduction is associ-
ated with coherent current oscillations generally stud-
ied by the recording of the Fourier-transformed vol-
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FIG. 2. Differential resistance, normalized to the 100-K
low-field value, vs sample current at three different tem-
perature gradients for sample No. 2 (I =0.3 mm; RRT
= 170 0 ). The curves shift as 3 T is increased. No similar

shift is observed in the 8-vs- V curve.
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tage or current. The spectrum displays a fundamental
and several harmonics with decreasing intensity. Fig-
ure 3 shows the Fourier-transformed voltage spectra
recorded on our sample in the absence of a tempera-
ture gradient for different applied dc currents. The
behavior exhibited in Fig. 3(a), where the frequency
of the fundamental peak increases linearly with the ex-
cess current associated with the nonlinear conduction,
is regarded as clear evidence for electric-field-induced
CDW motion. We detected voltage oscillations in the
presence of a thermal gradient with no current flowing
through the sample [Fig. 3(b)j. Oscillations appear
when the thermally induced voltage exceeds approxi-
mately 8 mV, and the main peaks increase with in-

creasing hT and consequently with increasing 5 V.

The conclusion which can be reached on the basis of
Fig. 3 is clear: Temperature gradients of sufficient
magnitude lead to CDW transport in the absence of a
current in the specimen. %e note that the spectrum
also becomes progressively more complex with in-
creasing 5 T, indicating a progressive breakdown of
coherence, a phenomenon studied in NbSe3 in detail
before. "

We believe that the experimental results presented
above provide clear evidence for thermal-
gradient-induced electric currents in materials display-

ing charge-density-wave conduction. For a small ap-
plied temperature gradient, the resulting thermal vol-
tage is small, and a CDW current is not induced. Con-
sequently, after an initial transient normal current
flow, both Iv and Icow are zero. With an increased
gradient, thc thermal voltage exceeds the threshold
voltage required to produce a CD% current. Under
such circumstances, current carried by the condensate
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FIG. 3. Noise spectra taken on sample No. 1 at (a) zero
temperature gradient with various currents and (b) at zero
current with several temperature gradients. The spectra are
shifted vertically for a better view. The temperture differ-
ence 4T, the sample current Iq, and the dc voltage 5 V are
also denoted.

starts to flow with Icow determined by the thermal
voltage AVT. This current is balanced by a normal
current flowing in the opposite direction with
I~ = —IcDw. The phenomenon requires a continuous
conversion of carriers between the condensate and the
sea of uncondensed electrons. Such a conversion may
occur at the ends of the specimen" and also in the
bulk'; the experiments reported here do not address
this question. The observations also provide strong
support for the two-band model used before to
describe the electric-field and frequency-dependent
conductivity and the thermoelectric power.

While the implications and the qualitative explana-
tion of our experiments are straightforward, a detailed
description is most likely complicated for several
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= o.(E)E+S(E)o(E)V T, (3)

reasons. The electric current in the presence of an
electric field E and a temperature gradient '7 T is given
by

L t i (E)E L t 2 (E)'vr Tj(E)= +
T2

in materials displaying CD% transport, as in supercon-
ductors, 2 3 with quasiparticle current compensating the
CD% current in an open-circuit configuration.

%e acknowledge many useful discussions with
A. Janossy who also participated in some of the early
experiments. This research was supported by the Na-
tional Science Foundation through Grant No. DMR
84-06896.

where L &, and L» are the Onsager coefficients, and cr

and S refer to quantities that are the standard conduc-
tivity and thermoelectric po~er when the electric
and thermal gradients are small. For j (E) =0, E
=S(E)'vtT which for small applied temperature gra-
dients reduces to the conventional expression for the
thermoelectric voltage. The analysis can be extended
to a situation ~here the current-voltage characteristic
is nonlinear. For a small '7 T, the expression for the
current in terms of the temperature gradient is similar
to Eq. (3) with differential conductivities replacing the
chordal conductivities. Such analyses and experi-
ments employing a small temperature gradient demon-
strate that S(vr T= small) decreases when nonlinear
conduction is induced. 5 Figure 1 (a) clearly shows that
the total thermoelectric voltage induced by a large
temperature gradient exhibits anomalies when the
thermal voltage exceeds the threshold voltage. How-
ever, because of the nonlinearity in the problem, an
analysis similar to that performed in Ref. 5 cannot be
carried out. Similar comments apply for our experi-
ments where both the temperature gradient and the
applied dc current are large, and neither of these can
be treated as a small perturbation.

Our experiments demonstrate that decoupled
motion of normal and condensed electrons can occur
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