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We have investigated nonlinear characteristics of high-quality K0.3Mo03 single crystals in the
temperature range of 30-100 K covering eight orders of magnitude in current and more than

three decades in voltage. At some temperatures, high-field measurements were extended up to
1000 times the threshoM electric 6eld ET for nonlinear conduction. In the wide 6eld and temper-
ature range of the experiments, the charge-density-wave conductivity follows the empirical form

crmw~o„(Er/E)(E/Er —1)', where cr„ is the conductivity of normal carriers. Our results sug-

gest that damping of the collective mode arises from dissipative normal currents induced by dy-

namic deformation of the charge-density wave.

Collective charge transport by means of sliding charge-
density wave (CDW) results in nonlinear conduction in
several hnear chain compounds below the Peierls transi-
tion temperature. ' 5 At low electric fields the CDW is
prevented from moving by pinning to impurities and nor-
mal conductivity characterizes the single-particle excita-
tions of the system. Above the depinning threshold con-
ductivity is strongly enhanced by the field-dependent
CDW transport. Despite considerable experimental
and theoretical9 ' activity a coherent picture of the
CDW damping mechanism is still lacking. Experiments
aimed to determine the field dependence of CDW conduc-
tivity in NbSe3 (the most investigated material in this
respect) were fitted by different analytic forms with
different physical meanings. s' A low-temperature diver-
gence of CDW "viscosity" in semiconducting systems, as
reported recently by Fleming et al. , s may well arise from
enhanced damping due to normal carrier screening. 'o A
thermally activated depinning process" has also been sug-
gested, however.

In this Rapid Communication we present results of de-
tailed measurements on the field dependence of sliding
charge-density-wave conduction in the potassium blue
bronze' Ko 3Mo03. Our experiments demonstrate the
strong coupling between single-particle and collective ex-
citations of the Peierls-Frohlich system and indicate that
damping of CDW motion arises from dissipative normal
current induction in the sliding state. These observations
favor the screening prediction of Sneddon. ' Recent low-

temperature experiments' ' revealing that freezing out
of normal carriers results in a different type of sliding con-
duction with anomanously low damping also call attention
to the role of single-particle excitations in the damping
mechaaism at higher temperatures.

Ko 3Mo03 single crystals were grown by standard elec-
trocrystalHzation. Copper contacts were deposited by
electroplating on cleaved surfaces previously cleaned by
dilute aqueous solution of NH3. Gold wires were attached
to copper areas by silver paste. We obtained the best
copper contacts with a pulsed current electrolysis: ap-

proximately 20-mA current pulses of length 10 ms and
separation ~ 100 ms were applied 10-20 times for a crys-
tal of usual size. In case of such preparation the contact
resistance was negligible even in the metallic phase as it
was measured by comparing four- and two-probe con-
figuration.

Most experiments reported in the present paper were
performed on crystal A with dimensions of 3.85&0.37
X0.066 mm3. The homogeneous current injection for this
crystal is reflected in the high value of the Ohmic conduc-
tivity observed both in the metallic and the semiconduct-
ing phase: tr(300 K) 2.5X103 0 ' cm ' and ct(78
K) 12.5 0 ' cm '. Above the threshold electric field
the whole crystal cross section participates in sliding
CDW conduction as indicated by sharp peaks in the
narrow-band noise spectra' with temperature-inde-
pendent frequency per current-density ratio of 11.4 kHz
cm2/A. '7 The high sample quality is reflected in the non-
linear characteristics as well.

At low voltage levels I-V curves were recorded by a
continuous method with a constant current configuration.
Effects of metastable CDW states were reduced by several
field cycles preceeding the first experiment at a given tem-
perature. At higher fields we carried out pulsed experi-
ments with pulse length in the range of 1 ps-100 ms.
Large resistances were applied in series with the pulse
generator to be close to a current driven arrangement.
Curves measured in two- and four-probe configurations
coincided when scaled with the contact distance. For
technical reasons we preferred two-probe experiments at
low temperatures and a four-probe configuration at high
temperatures.

Determination of the current-voltage relation corre-
sponding to steady-state values requires a careful analysis
of the pulse shape. While at short times the influence of
nonexponential polarization current distorts the pulses, for
long times it is the resistance decrease due to Joule heat-
ing, which may lead to systematic error. Fortunately the
characteristic time of polarization effects strongly de-
creases with increasing field, thus the pulse length could
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always be shortened below the heating limit. (Both polar-
ization and heating time scales vary with the temperature
as well. ) Voltage and current values averaged over several
pulses (4-64) were recorded at fixed time delay, Ig, mea-
sured from the leading edge of the pulses. With increas-
ing voltage Ig was decreased by decades. Overlapping
ranges of I-V curves recorded with different time delays
gave an additional check of the measurements. The
computer~ntrolled experimental setup consisted of a TK
2230 digital storage oscilloscope, a HP 214B pulse gen-
erator, and TK AM 502 differential amplifiers.

Figure 1 shows the field dependence of the conductivity
normalized to the low-field Ohmic value at T 78 K. The
onset of charge-density-wave conduction results in sharp
nonlinearity as shown in the inset. Then the conductivity
increases orders of magnitudes and at electric 6elds of a
few V/cm it reaches a metallic value of about 1000 0
cm '. In this "high field" range o(E) is still not saturat-
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In Fig. 2 we plotted the total current as a function of
voltage on logorithmic scales at different temperatures.
At low voltages straight parts with slope 1 correspond to
singe-particle conductivity, cr„. It shows an activated be-
havior; cr„eexp(-6/kT), with an activation energy

480 K in the T 50-100 K temperature range. The
lowest temperature where Ohmic conduction could be
clearly observed was T~48 K for this crystal. Below this
no Ohmic segment can be detected in the I-V curve: The
threshold voltage decreases below the sensitivity of the ex-
periment. (The temperature dependence of the threshold
field is shown by full circles for sample A in Fig. 3.)

Well above the threshold, where chargeMensity-wave
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FIG. 2. I-V curves of sample A plotted on logarithmic scales.
Continous lines: dc method; dots: pulsed technique.

conduction dominates over single-particle contribution,
the current follows a power law as a function of the volt-
age. The exponent is given by the high-6eld slope of the
curves plotted on logarithmic scales. We observed this
high-field power-law dependence over several orders of
magnitude in current, especially at low temperatures
where the voltage could be increased up to about 1000
times the threshold. The exponent, a, is temperature
dependent as shown on Fig. 3.

We emphasize that the strongly damped CDW conduc-
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FIG. 1. Nonlinear conductivity measured at T 78 K on
sample A by four-probe pulsed technique. Data are normalized
to the normal conductivity, o 12.5 0 ' cm . Segment of
I-V curve clove to the threshold recorded by continous method is
enlarged in the inset.

FIG. 3. Temperature dependence of the exponent u and the
threshold Seld Er. Crystal dimensions: sample A (0), 3.85
x Q.37 x Q.Q66 mm, II (a), 5 x 5 x0.Q mm, C (~),
3x0.85x0.15, and D (&&), 3.6x0.36x0.06 mm3. The same
samples ~ere investigated in Refs. 14 and 15.
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tion is still present at low temperatures (even below 30 K),
but it is hard to distinguish from an Ohmic conduction be-
cause the exponent tends towards one and simultaneously
the threshold goes to zero as the temperature is lowered.
Figure 3 shows that this behavior does not depend on the
crystal quality; we have found similar temperature depen-
dence of a and ET for all samples investigated.

The power-law dependence is not only a high-field limit
for the charge-density-wave current. If data shown on
Fig. 2 are plotted on the same scales by substracting the
normal-current component (I„V/R, ) and the voltage is
measured from the threshold, then the I-I„vs V Vr -plots

give straight lines in a much wider range. Figure 4 shows
the current density as a function of electric field at T 78
K both on logarithmic and linear scales. The dotted line is
the power-law variation with exponent determined from
the logarithmic plot. We found that the

Jcowo:

curve gives a satisfactory description for the field depen-
dence from about l0% above the threshold up to the
highest jtelds of the experiments. We note that both the
normal resistance (which determines the normal current
subtraction) and the threshold field are measured values
and were not used as free parameters to fit the data to the
dotted line.

The same analysis performed at different temperatures
gives a simple empirical form for the CDW conductivity:

E
rrcDw ~&~k (2)
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FIG. 4. CD% current density vs electric 6eld at T 78 K
(sample A). Dotted line is the power-law dependence with ex-
ponent e 1.4.

where k is a temperature-independent constant (k 20
for sample A). Although nonlinear curves of Ko.3Mo03
crystals prepared and measured in different laboratories
show large scattering, we believe that Eq. (2) is a general
expression for crt:Dw in this compound. In high-field mea-
surements performed on several samples of different qual-
ities we found that sample dependence appears in the
above empirical form only through the proportionality
factor k and the absolute value of Et.

It is well established that the magnitude of ET is corre-
lated with the impurity content. ' We have found, in ad-
dition, that the sharpness of nonlinear conduction in most
cases is limited by the quality of the contacts. ' The
temperature-independent parameter k in Eq. (2) reflects
the homogeneity of CDW current injection; the lower

v/jcDw is observed in narrow-band noise study the higher
k value is found in Eq. (2). Such a correlation suggests
that in case of smooth I-V curves CDW current flows
only in a small fraction of the crystal.

CDW current injection is much more sensitive to con-
tact quality than the normal current component. In a
two-probe experiment, where contacts on a high-quality
sample were destroyed by a chemical reaction, we ob-
served only a factor of 3.5 decrease in the apparent nor-
mal conductivity while k dropped nearly two orders of
magnitude. Since the threshold voltage did not change,
we conclude that variation both in normal and CDW con-
duction arise from the decrease of active cross section of
the contacts.

Due to the single-particle gap in the normal conductivi-
ty, crcDw also seems to be activated when measured at
fixed field [see Eq. (2) and Fig. 2]. In the exact tempera-
ture dependence however variation of a(T) and ET(T)
cannot be neglected. Differences in activation energies of
acDw reported in recent papers ' ' ' may arise from these
terms since experiments were performed at different field
levels.

One of the most important conclusions of Eq. (2) is that
in a wide field and temperature range the collective
response of CDW is determined by the single-particle con-
ductivity. It is valid even in the high-field limit where
crcnw exceeds the normal conductivity by orders of mag-
nitudes. Our results strongly suggest that dissipative nor-
mal currents induced by dynamic deformations cause the
damped nature of the collective mode.

The possibility of increased damping due to coupling of
CDW deformation to normal electrons was theoretically
predicted by Sneddon. ' In his model normal currents de-
velop to screen fluctuating charges associated with the
CDW deformations and these dissipative currents lead to
CDW damping. Such a mechanism is consistent with the
fact that the temperature dependence of rrcDw is mainly
determined by the normal conductivity. Deviation be-
tween the predicted and the experimentally observed field
dependence might arise from corrections due to high-
frequency terms in e„.

The characteristic frequency of single-particle currents
induced by dynamic deformation of CDW depends on the
drift velocity, vo. (It is of the order of ro-Uo/L„where
L, is the length scale of CDW distortions. ) We raise the
possibility that the observed power law field dependence
reAects the frequency dependence of normal conduction in
a semiconductor "disordered" by dynamic CDW defor-
mations. Weakly localized midgap states formed around
pinning centers can contribute to the normal conductivi-
ty at relatively low frequencies. As far as we know, none
of the present microscopic theories of CDW damping sug-
gests power-law dependence.

FinaHy we comment on the behavior close to the thresh-
old. Equation (I) might seem to correspond to a critical
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behavior of COW drift velocity, suggested recently by
Fisher. ' The exponent is, however, temperature depen-
dent and the analytic form characterizes the moderate
and high-field range rather than the E ET limit. Al-
though we do not exclude the possibility of a critical be-
havior with an universal exponent, z we note that it should
be present only in a narrow range in the vicinity of the

threshold, where the experimental situation is greatly
complicated by metastable COW states.
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