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The ac response of the pinned-charge-density-wave conductor orthorhombic TaS; at low frequencies is
found to be strongly ac-amplitude dependent for amplitudes well below the dc threshold field. In the low-
amplitude regime, the behavior is strongly temperature dependent suggesting the existence of thermally ac-
tivated relaxation processes. The ac-amplitude dependence reflects the presence of a distribution of local

pinning fields.

Quasi-one-dimensional conductors such as NbSe; and
TaS; form a spatially periodic charge density along the chain
direction below the Peierls transition temperature. Below a
dc threshold field, this charge-density-wave (CDW) conden-
sate is pinned by impurities.! However, at finite frequencies
or above the threshold field E7, the CDW slides yielding a
unique mechanism of electronic transport. The behavior of
the collective mode in the pinned regime has been studied
extensively in recent years through the measurements of ac
conductivity and dielectric constant. Early measurements>
were found to be in qualitative agreement with a rigid CDW
model®> which predicts a classical overdamped oscillator
response. However, recent low-frequency measurements in
orthorhombic TaS; (Refs. 4 and 5) and the blue bronze®’
(K¢3Mo0O;) found signigicant departure from the expected
low-frequency response:

o'(w)~wl o'(w)~w , 4}

where o' and o'’ are the real and imaginary parts of the
complex ac conductivity. The results reflect strong disorder:
A broad distribution of relaxation times is present in both
materials. The temperature dependence of the relaxation-
time spectrum in the latter material® indicates an activated
behavior, very similar to that reported recently in the orien-
tational glass (KBr)os(KCN)gs.?

In this Rapid Communication, we report measurements
of the ac conductivity in orthorhombic TaS; between 10 Hz
and 10 MHz over a wide temperature range. We demon-
strate that the dynamics of the pinned CDW is considerably
more complicated than has previously been recognized. We
have found that in the pinned state, the ac conductivity is
strongly nonlinear for ac amplitudes well below the dc
threshold field. Moreover, in the linear response regime,
the results are significantly different from what have been
reported.** In what follows, we demonstrate that the low-
frequency ac response in the small amplitude regime is
caused by relaxational processes associated with thermally
activated transitions among metastable states. We also
describe the ac nonlinearity at higher amplitudes and pro-
pose that its frequency dependence provides evidence of a
distribution of local pinning forces.

Measurements were made with an HP4192A impedance
analyzer on samples in a two-probe configuration with plati-
num paint contacts. Figure 1 shows the frequency depen-
dence of o’ and o’ at 120 K for different values of the ac
amplitude (V= Vycoswt). Clearly, both o' and o’
depend on the ac amplitude for amplitudes as small as 5%
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of the dc threhsold voltage, Vy. (For this sample, Er= 600
mV/cm at 77 K.) This is in contrast with previous measure-
ments* where no amplitude dependence was reported to ex-
ist until the ac amplitude was comparable to Vy. These
measurements also indicated a power-law dependence of o’
and o’ on w. The exponents for ¢’ and o'’ were found to
be nearly equal and temperature independent and suggested
a divergence of the dielectric constant, €, at low frequency.
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FIG. 1. Frequency dependence of the real and imaginary parts of
the ac conductivity at 120 K for various ac amplitudes.
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Our low-amplitude results are inconsistent with all these
findings.

As shown in Fig. 1, o’ rises faster with  than o'’ at low
amplitudes. A power-law analysis of the data yields a higher
exponent for o’ than for o’ (about 1.35 and 0.95, respec-
tively). However, a simple power-law description of the fre-
quency dependence is incorrect, as we show below. The
frequency dependence clearly changes with amplitude in Fig.
1. The slope of o’ changes more rapidly than that of o/,
and at high amplitudes, they are almost parallel. Since this
is the behavior reported in previous measurements,*> they
are likely to have been made in this high-amplitude regime
and do not reflect the low-amplitude behavior.’

We now focus our attention on the temperature depen-
dence of the ac response. Here the differences with earlier
studies®* are even more striking. A more instructive way to
display the results is to plot the real and imaginary parts of
the dielectric constant €'=0"/w and €'=o0'/w. Figure 2
shows the frequency dependence of €’ and €’ at various
temperatures in the low-amplitude regime. In strong con-
trast with earlier studies*’ we find the frequency depen-
dence changes rapidly with temperature.!® At high tempera-
tures, e.g., 180 K, €’ is essentially frequency independent in
the frequency range shown, while €’ increases linearly with
frequency [this implies o'~ w? and o’ ~ w as in Eq. (D].
As temperature decreases, frequency dependence appears in
€’. The value of €' decreases rapidly above a frequency
which decreases with decreasing temperature. Analogous
behavior is seen in €. Clearly, a single power law cannot
fit these data, and €’ remains finite at low frequency.

This behavior is similar to what has been observed® in
Ko3MoOs3, where it was attributed to a distribution of relax-
ation times. Our measurements on TaS; suggest that this is
a generic feature of CDW dynamics. Within a relaxation-
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FIG. 2. Low-amplitude ac response at diffeent temperatures. €’

and €'’ represent the real and imaginary parts of the dielectric con-
stant. See text for discussion.
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time description, the conductivity o’ is given by

i »*1g(r)dr
7 1+ (wr)? @

If the relaxation time 7 reflects hopping between metastable
states, it will generally be of the form 7 ~ roexp(B/ksT),
with B the barrier height and 75! the attempt frequency. A
distribution g(7) can arise from a distribution of barrier
heights, a distribution of attempt frequencies, or a combina-
tion of both. In either case, as the temperature is lowered,
the characteristic frequency will decrease. A distribution of
barrier heights will also lead to broadening of the distribu-
tion of relaxation times as 7 decreases. Our data show both
a decrease in the characteristic frequency and a broadening.
The decrease in characteristic frequency is consistent with a
typical barrier height of 600 K. However, this value is sam-
ple dependent and appears to increase with increasing Er.
A similar distribution of relaxation times and typical barrier
height are observed in the “1/f’ noise.!! More work is
needed to clarify the connection between these distributions
and whether a fixed distribution of barrier heights can fit
the data at all temperatures.

The temperature dependence of the low-frequency €’ is
also interesting. While above 100 K, €’ scales approximately
as the inverse of Er,'? below 80 K €’ drops precipitously.
This drop cannot be accounted for by the increase in Ey.
Instead, the frequency and temperature dependence of €’ is
symptomatic of the onset of a glassy state,® where the relax-
ation times have become very long, i.e., the deformations of
the CDW are frozen-in and cannot respond to the ac field.
This behavior might also reflect the presence of an
incommensurate-commensurate transition. Detailed studies
of this temperature region will be presented elsewhere.

We now return to the ac-amplitude dependence. As the
ac amplitude increases the value of €’ at low frequencies
rises more rapidly than that at higher frequencies (Fig. 1).
Interpretation of the data in terms of a relaxation-time pic-
ture implies that the mean relaxation time increases. One
model proposes that the relaxation time is activated in both
temperature and field.!*> This implies a decrease in the re-
laxation time with increasing field, which is exactly opposite
to the experimental trend. The ac-amplitude dependence
has also been observed in Kg3Mo0Os, !* where it has been at-
tributed to field-assisted transitions among metastable states
that are not accessible at lower fields. The barriers for these
new. transitions are assumed to be higher than at low fields,
leading to longer relaxation times. While an increased ac
amplitude will be able to excite the CDW over more of the
low barriers between metastable states, this should only
result in a decrease in €’ at the high frequencies corre-
sponding to these low barriers. It is difficult to understand
how it would lead to the observed increase in €'’ at all fre-
quencies. We propose a different explanation.

Figure 3 shows the amplitude dependence of the dielectric
constant and the conductivity for different frequencies at
77 K. At low frequencies, amplitude dependence is not
measurable until ¥, is close to V7, and then the response
increases rapidly. At higher frequencies ac-amplitude
dependence is observed at lower amplitudes and increases
more slowly. We note that the rigid CDW model of an
overdamped particle in a sinusoidal potential also is intrinsi-
cally nonlinear. In this model the nonlinear part of the ac
conductivity increases as F?2 until the amplitude reaches the
pinning field where it increases more rapidly. In our experi-
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FIG. 3. Amplitude dependence of (a) the real part of the dielec-
tric constant and (b) the real part of the conductivity at 77 K.

mental results the nonlinear component of o rises more
slowly than V?, and the effective exponent decreases
markedly with increasing frequency.

We propose that this behavior reflects the existence of a
distribution of local pinning fields. In classical models of
CDW conduction, impurities produce local pinning forces
whose strength varies spatially. There is a coherence length
for CDW motion due to the deformation energy of the con-
densate. At zero frequency, this coherence length diverges
as V— Vr, leading to a single sharply defined dc threshold
representing an average of the local pinning strengths.’* We
propose that at finite frequencies the response samples the

inhomogeneity in pinning strengths. At a finite frequency
there is a maximum length for correlated motion because of
the time needed for information to propagate. For the dif-

‘fusive dynamics usually assumed, this length L« o~ Y2, At

high frequencies this characteristic length is small, and the
effective distribution of pinning fields is broad. Lowering
the frequency is equivalent to a coarse graining of the sys-
tem which leads to a sharper distribution function, as the
central limit theorem would imply. This qualitative picture
is consistent with Fig. 3. At high frequencies ac-amplitude
dependence is appreciable at very low amplitudes, indicating
that the distribution of local pinning fields extends to these
low values. At lower frequencies the amplitude dependence
becomes sharper and approaches that for a single pinning
field. This variation of the local pinning field distribution
should also affect the frequency dependence of the low-
amplitude conductivity.

The qualitative behavior of the ac-amplitude dependence
is the same at higher temperatures, although there are
quantitative differences. At higher temperatures the ac-
amplitude dependence at a given frequency moves to higher
amplitudes and sharpens. A possible explanation of this
behavior is that thermal energy helps to overcome the low-
lying barriers, thereby providing a low-end cutoff for the
distribution of pinning fields. However, other factors also
change with temperature, such as the relaxation times,
number of normal electrons excited across the gap, and the
characteristic pinning frequency ( ~ 100 MHz). In addition,
the conductivity of normal electrons increases with tempera-
ture, reducing the accuracy of measurements. What effect
these factors have is not clear.

The results presented here raise several questions which
need to be addressed theoretically. The effect of local inho-
mogeneities in pinning field on the ac conductivity and its
amplitude dependence should be explored. Furthermore, a
variety of experiments indicates that thermal effects are im-
portant. Theoretical studies are urgently needed to under-
stand what thermal effects are essential in'CDW dynamics.

We thank R. A. Klemm for growing the samples used in
this study. We acknowledge helpful discussions with
R. Cava, R. Fleming, G. Grtiner, R. A. Klemm, L. Mihaly,
and N. P. Ong.

IFor a review of the properties of CDW conductors, see G. Griiner,
Comments Solid State Phys. 10, 183 (1983).

2A. Zettl and G. Griiner, Phys. Rev. B 25, 2081 (1982).

3G. Griiner, A. Zaweadowski, and P. M. Chaikin, Phys. Rev. Lett.
49, 511 (1981).

4W.-Y. Wu, L. Mihaly, G. Mozurkewich, and G. Griiner, Phys. Rev.
Lett. 52, 2382 (1984).

SW-Y. Wu, L. Mihaly, G. Mozurkewich, and G. Griiner, in Charge
Density Waves in Solids, edited by Gy. Hutiray and J. Sélyom
(Springer-Verlag, New York, 1985), p. 311.

6R. J. Cava, R. M. Fleming, P. Littlewood, E. A. Rietman, L. F.
Schneemeyer, and R. J. Dunn, Phys. Rev. B 30, 3228 (1984).

7R. P. Hall, M. Sherwin, and A. Zettl, in Ref. 5, p. 314.

8N. O. Birge, Y. H. Jeong, S. R. Nagel, S. Bhattacharya, and S. Sus-
man, Phys. Rev. B 30, 2306 (1984); S. Bhattacharya, S. R. Nagel,
L. Fleishman, and S. Susman, Phys. Rev. Lett. 48, 1267 (1982).

9Amplitude and frequency dependence similar to what is reported

here have also been observed by another group in a temperature
range below 130 K. R. J. Cava, R. M. Fleming, R. G. Dunn, and
E. A. Reitman, Phys. Rev. B 31, 8325 (1985).

10C, B. Kalem, N. P. Ong, and J. C. Eckert (unpublished). The
results in this study in the overlapping frequency and temperature
range are in qualitative agreement with our low-amplitude mea-
surements.

113, Bhattacharya, J. P. Stokes, M. O. Robbins, and R. A. Klemm,
Phys. Rev. Lett. 54, 2453 (1985).

12W.Y. Wu, A. Janossy, and G. Griiner, Solid State Commun. 49,
1013 (1984).

I3N. P. Ong, D. D. Duggan, C. B. Kalem, T. W. Jing, and P. A.
Lee, in Ref. 5, p. 387.

14R. J. Cava, R. M. Fleming, R. G. Dunn, E. A. Rietman, and L. F.
Scheemeyer, Phys. Rev. B 30, 7290 (1984).

15D, S. Fisher, Phys. Rev. Lett. 50, 1486 (1983).



