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Frequency-Dependent Thermoelectric Power in K¢ 3Mo003
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We have measured the frequency dependence of the thermoelectric power, S, in the charge-density-
wave state of Ko3MoOs. A strong frequency dependence with both real and imaginary components was
observed, and we interpret our finding in terms of a two-fluid model. We also discuss the criteria of ob-
servability of this novel phenomenon in other materials where the electrical conductivity is frequency

dependent.

PACS numbers: 72.15.Jf, 71.45.Lr, 72.15.Nj

The electrical transport properties of the charge-
density-wave (CDW) ground state have been thoroughly
explored in various inorganic linear-chain compounds.'
The electrical conductivity, o, is both frequency and
electric field dependent, and the behavior has been ana-
lyzed by assuming a two-fluid model where the current is
carried by both the condensed and uncondensed elec-
trons. This two-fluid model has been successful in
analyzing the main features of the nonlinear conductivi-
ty. However, Hall-effect measurements? in the nonlinear
conductivity region indicate the breakdown of such a
two-fluid model and point to deviations from a descrip-
tion which assumes two independent current-carrying en-
tities.

The nonlinear electrical conductivity is also accom-
panied by changes of the other transport coefficients.
The thermoelectric power was found to be electric field
dependent,? and has also been analyzed first by assuming
a two-fluid picture with the condensate carrying electri-
cal current but no heat. Subsequent experiments, ex-
tending the applied electric field range to high fields,
demonstrated that the heat carried by the condensate is
proportional to the heat generated by the CDW trans-
port.* Such a process requires the boil-off of condensed
electrons, and consequently violates the assumptions of
the two-fluid model. In the high-temperature-gradient
(instead of high electric field) limit nonlinear phenomena
were observed,’ and successfully interpreted in a two-
fluid model as due to nonlinear CDW currents induced
by the high thermoelectric fields of the normal carriers.

In this paper we report our experiments on the
frequency-dependent thermoelectric power, S, in the ma-
terial Ko 3MoQ;. At low temperatures, where the electri-
cal conductivity is frequency dependent in the low audio
spectral range, we find that S is also frequency depen-
dent, and has both in-phase and out-of-phase com-
ponents, which we call ReS and ImS, respectively.
Aside from being the first observation of a frequency-
dependent thermoelectric effect in any solid, our experi-
ments can also be analyzed in terms of two contributions
to both the conductivity and the thermoelectric power.
We also discuss the observability of the phenomenon in
various materials where the conductivity is frequency

dependent.

Ko.3Mo0O3 undergoes a CDW transition at Tp =180
K.® Below T, the conductivity has all the signatures of
a dynamical charge-density-wave transport. The low-
frequency conductivity (a quantity directly related to our
experiments) has been explored earlier.” The conductivi-
ty becomes frequency dependent at progressively lower
and lower frequencies with decreasing temperature,
mainly due to the progressive freezing out of the
normal—and thus frequency-independent— component
to the electrical conduction. The thermoelectric power
has also been investigated by employing conventional
techniques. S increases upon undergoing the CDW tran-
sition, then displays a maximum around 30 to 40 K, and
decreases below this temperature. This behavior is
characteristic of S(7T) measured in other materials with
a CDW ground state.®

We have employed an ac technique to measure the
frequency dependence of the thermoelectric power in the
range of 0.1 to 20 Hz. To produce the time-varying tem-
perature gradient, we have used the following setup. The
two ends of a long, thin Ko 3MoOj; single crystal (Iength:
3 mm, cross section: 700X75 um) were attached to the
tungsten spirals of two subminiature light bulbs as
heaters by GE varnish. A differential thermocouple,
consisting of 7-um-diam Chromel and Constantan wires
was glued to the sample surface opposite to the heaters
to monitor the temperature gradient along the sample.
Two copper-plated electrode contacts were applied to
measure the thermal voltage and the conductivity of the
sample. The heaters were driven by digitally synthesized
sinusoidal currents shifted by n/2 in phase with respect
to each other, so that the total heating power was con-
stant while the temperature gradient varied sinusoidally.
The amplitude of the temperature difference between the
sample ends was typically 0.1 K or smaller. The thermal
voltages on the sample and on the thermocouple were
recorded by a digital oscilloscope. The magnitude and
phase of the sample thermoelectric power were inferred
by comparison of the recorded signals.

At room temperature no reliable data were obtained
above 5 Hz because of the thermal inertia of the system.
With decreasing temperature, however, the thermal iner-
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tia decreased as monitored by the diminishing phase shift
between the heater current and the thermocouple signal.
Below 50 K, the thermocouple signal was frequency in-
dependent in the whole frequency range investigated (0.1
to 20 Hz).

In Fig. 1 the temperature dependence of the magni-
tude of the thermoelectric power, |.S |, is shown at three
selected frequencies: 0.1, 1, and 20 Hz (the thermo-
power is negative at all temperatures below the CDW
transition). In the temperature range of 30 to 50 K, the
thermoelectric power is frequency independent, and its
magnitude agrees with previous measurements. We con-
sider this observation as a further verification of the ex-
perimental arrangement we have employed. Below 30 K,
a strong frequency dependence develops. At the lowest
frequency, 0.1 Hz, S further increases with decreasing
temperature down to the lowest temperature investigat-
ed. At higher frequencies, however, S reaches a max-
imum between 20 and 30 K, below which it drops rapid-
ly. Together with the frequency variation of S, the phase
of the thermal voltage lags behind the temperature gra-
dient. Instead of a single real value, the thermoelectric
power is now characterized by an in-phase component,
ResS, and an out-of-phase component, ImS.

In Fig. 2, the frequency dependence of ReS and ImS
are shown at two different temperatures. The 22.1-K
data show a crossover from a regime of frequency in-
dependent ReS, and small, increasing ImS at low fre-
quencies, to a strongly decreasing ReS and ImS at high
frequencies. The crossover frequency is approximately 2
Hz. At 19.5 K the crossover is at a lower frequency and,
in the measured frequency range, the data are well
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FIG. 1. Temperature dependence of the magnitude of ther-
moelectric power at different frequencies: Circles, w/2z=0.1
Hz; squares, w/2x=1 Hz; diamonds, w/2x =20 Hz. Note that
the thermoelectric power is negative at all temperatures in the
CDW state. The crosses are the prediction of Eq. (1b) with
Scow =0, 6, =0(0.1 Hz), S, =S5(0.1 Hz).

characterized by a power law, S(w) e (iw) ~% with
a=0.36.

We have also measured the frequency-dependent con-
ductivity of the sample at the same frequencies and tem-
peratures. No frequency dependence has been observed
in the temperature range where the thermoelectric power
is frequency independent, but a frequency-dependent
conductivity is found at temperatures where S is fre-
quency dependent. For later comparison, in Fig. 3 we
show the inverse of the conductivity, o(w) ~!, at the
temperatures of the data of Fig. 2. At the higher tem-
perature, o(w) ~! shows the same crossover-type behav-
ior as S with the same crossover frequency, while at the
lower temperature the conductivity is again well de-
scribed by the power law o(w) ~!'e (iw) ~° with the
same exponent.

The starting point of our analysis is a two-fluid model
of the normal (uncondensed) and CDW electrons. In
this model the total conductivity and thermoelectric
power are

oc=oc,+ocpw, (1a)

_ ShontScowocow

ontocpw ’ (1%)
where the subscripts n and CDW refer to the normal and
CDW contributions, respectively. The frequency depen-
dence of the conductivity is attributed to the CDW com-
ponent, ocpw(w), with no contribution at zero frequen-
cy. The normal component, o,, is frequency indepen-
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FIG. 2. Frequency dependence of the real part (circles) and
imaginary part (squares) of the thermoelectric power, S, nor-
malized to the real part measured at w/2zx=0.1 Hz, So. (a)
T=22.1 K, So=—2.35 mV/K; the dashed lines are a guide to
the eye. (b) T=19.5 K, So= —2.6 mV/K; the dashed lines are
the power law S e (iw) ~® with a =0.36.
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FIG. 3. The frequency dependence of the inverse conduc-
tivity, o(w) ~!, at the same temperatures as in Fig. 2: Real
part, circles; imaginary part, squares. Both quantities are nor-
malized to the real part measured at /27=0.1 Hz, oo. (a)
T=19.5 K, 60=6.6x10"° @ “'cm ™!, the dashed lines are a
guide to the eye. (b) T=22.1 K, 6o=7.9%x107°Q ~'em ~},
the dashed lines are the power law o ~! « (iw) ~* with « =0.36,
as in Fig. 2.

dent. Thus the dc thermoelectric power is simply that of
the normal electrons. With increasing frequency, howev-
er, ocpw(w) increases, and becomes comparable to the
normal conductivity o,. At these frequencies the ther-
moelectric power given by (1b) is also expected to be-
come frequency dependent.

In order to analyze our experimental results, we as-
sume that there is no direct CDW contribution to S
(Scpw =0), and the only source of the frequency depen-
dence is ocpw(w) in the denominator of Eq. (1b). As
S.o, is independent of frequency, S(w) and o(w) ~!
should go hand in hand. This is precisely what is ob-
served (see Figs. 2 and 3) demonstrating the validity of
this approach. The close covariation of both the real and
imaginary parts of S(w) and o(w) ™! proves that the
main source of the frequency dependence of the ther-
moelectric power is a frequency-dependent contribution
to the conductivity coming from the response of the
charge-density waves. In this picture the thermal volt-
age developed by one fluid (normal electrons) is shunted
by the current carried by the other one (CDW’s). As a
further verification of the above picture, we also show
the prediction of Eq. (1b) with the assumption of
Scpw =0. Again, there is a good agreement with the
| S| data measured at different temperatures.

The assumption of Scpw =0 implies that the alternat-
ing CDW current contributes to the charge transport
only, but not to the heat transport. Previous studies have
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shown that in the high-field, nonlinear regime, the dc
CDW current does carry entropy,* in apparent conflict
with our conclusion. However, the mechanism of entro-
py production may be fundamentally different for a
pinned mode which oscillates about the equilibrium posi-
tion, and for a condensate which executes large-
amplitude translational motion. Consequently, the dif-
ferent conclusions arrived at by conducting the experi-
ments under different circumstances are a priori not con-
tradictory.

Our analysis relies on the applicability of the two-fluid
model described by Eq. (1). Within this framework, the
thermoelectric power of each fluid is frequency indepen-
dent, and the resulting S varies with frequency due to
the frequency dependence of the conductivity. In other
materials, however, where the electric current is carried
by one type of carrier, a possible frequency-dependent
conductivity does not lead automatically to a frequency-
dependent thermoelectric power. For single-particle
transport, the Peltier coefficient, [1=ST, the ratio of the
heat and charge transported by the carrier, is expected to
be frequency independent in the first approximation. In
a more detailed picture, S may vary with o depending on
the scattering mechanisms, density of states, etc., but no
S(w)o(w) =const law is expected in general.

In conclusion, we have reported the first observation of
a frequency-dependent thermoelectric power in any solid.
The observation is related to the frequency-dependent
conductivity which occurs in the range of our experi-
ments. Crucial to the observation appears to be a two-
fluid description with the measured S being the weighted
average of the thermoelectric coefficients of the con-
densed and uncondensed electrons, each of them giving a
frequency-independent contribution. These assumptions
account well for the frequency dependence of both the
real and imaginary parts of the thermoelectric power.

Aside from charge-density-wave materials, other solids
also may display frequency-dependent conduction at low
frequencies. Our analysis suggests that if the fre-
quency-dependent conductivity is due to one type of car-
rier, such as in most materials where o(w) is due to dis-
order effects, S is not necessarily frequency dependent.
Thermoelectric measurements in some of such materials
would be of great interest.
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