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Low-frequency dielectric response of the charge-density wave in (TaSe,),I

R. J. Cava, P. Littlewood, R. M. Fleming, R. G. Dunn, and E. A. Rietman
AT&T Bell Laboratories, Murray Hill, New Jersey 07974
(Received 16 July 1985)

We have found the charge-density wave (CDW) in (TaSe,),I to display a low-frequency dielectric
relaxation characterized by a distribution of relaxation times. The mean relaxation times vary be-
tween approximately 10~* and 10~8 sec in the temperature range of 90 to 180 K, and display an Ar-
rhenius temperature dependence with the same activation energy (1436 K) as the normal resistivity.
This is the only material thus far studied where such a straightforward connection between CDW

relaxation and the band gap has been observed.

INTRODUCTION

(TaSe4),I undergoes a metal-semiconductor phase tran-
sition at 263 K due to the development of a charge-
density wave (CDW).!~3 It is a member of a small class
of anisotropic materials with CDW’s that can be depinned
from the underlying lattice with the application of small
electric fields.* These compounds display enhanced con-
ductivities at frequencies on the order of megahertz. We
have recently shown that this enhanced conductivity is
best described as being due to the dielectric relaxation of
the CDW in response to the small ac driving field.” The
relaxation is described to an excellent approximation by
an empirical modification of the expression for a Debye
relaxation that allows for the existence of an asymmetric
distribution of relaxation times associated with a single
type of relaxation process. The complex dielectric con-
stant [e(w)=io(w)/w] is given by®

€lw)=epp+(€g—€exp) /[ 1+ (iw7y) ~%]8, (1)

where 7 is the mean relaxation time, €, and eyp are
frequency-independent dielectric constants for o <<1/7
and o >>1/7, respectively (static and high-frequency
dielectric constants), and a and B describe the width and
skewness of the distribution of times. For a nondistribut-
ed Debye process, a=0 and B=1.

With use of expression (1) the dielectric response at low
frequencies has been analyzed in the CDW bearing ma-
terials pure® and doped’ K, 3;Mo00O;, NbSe;,* and TaS;.»°
Although Eq. (1) fits the data well for all compounds, the
detailed temperature dependences of the static dielectric
constants, mean relaxation times, and shapes of the distri-
bution are considerably different for the different materi-
als. In pure K;3;Mo0O; both ¢ and 7, increase in a
thermally activated manner with decreasing temperature,
each with a different activation energy. These energies
are on the order of but not equal to the activation energy
for the resistivity. At a fixed temperature, €, decreases
dramatically and 7, increases dramatically for the addi-
tion of both weakly and strongly pinning impurities to
Ky.3Mo00;. The width of the distribution of relaxation
times also increases. The temperature dependences for the
doped bronzes are more complex than in the pure case,
with increasing and/or temperature-independent €;’s and
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thermally activated increasing 7¢’s with decreasing tem-
perature. Again, neither parameter shows the same tem-
perature dependence as the resistivity. The behavior for
orthorhombic TaS; is significantly different, showing first
an exponential increase with decreasing temperature in €,
at high temperature and then a dramatic decrease begin-
ning at approximately 100 K, finally indicating the com-
plete disappearance of the low-frequency relaxation at ap-
proximately 65 K.»° The disappearance of the low-
frequency relaxation at low temperatures in TaS; coin-
cides with the disappearance of thermal hysteresis effects
in such properties as resistivity and Seebeck coefficient.?
In this paper we report the low-frequency dielectric
response of the CDW in (TaSe,),I between 90 and 180 K,
and find it to display still another type of behavior, with
the mean relaxation time of the CDW scaling with tem-
perature exactly as does the normal resistivity. Both the
dielectric constant €, and the threshold field E; show a
much weaker temperature dependence.

EXPERIMENTAL

Single crystals of (TaSey),I were grown from stoich-
iometric mixtures of the elements in sealed, evacuated
quartz tubes by vapor transport for two weeks in a
600—550°C thermal gradient. Crystals for dielectric stud-
ies were mounted on sapphire substrates. Current flow
was along the crystallographic ¢ axis in a two-probe mea-
surement configuration. Ultrasonic indium contacts were
applied to the samples. Analysis of the data in the com-
plex impedance plane’ showed these contacts to have
negligible contact resistance and capacitance at all tem-
peratures studied. Real and imaginary parts of the con-
ductivity were measured between 5 Hz and 7 MHz at 20
points per frequency decade by a Hewlett-Packard
HP4192A impedance analyzer. We surveyed the dielec-
tric response for several samples at temperatures near 100
K and found them all to have the same general behavior.
We selected for more detailed study the crystal with the
lowest threshold field (E7) for nonlinear conductivity, and
the lowest characteristic relaxation frequencies. That
sample was basically tabular in shape, of dimension
0.510.51X2.66 mm. The dielectric response was stud-
ied between 90 and 180 K at 5-K intervals by mounting
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the sapphire substrate on the cold finger of a closed-cycle
helium refrigerator. Measurements were made on heating.
The rms signal amplitude employed was less than 6% of
Er at all temperatures. We tested the response for ac sig-
nals up to twice that level and found it to be independent
of signal amplitude in that range.

RESULTS

The dielectric response of the CDW in (TaSe,),I be-
tween 90 and 180 K is fit very well by expression (1), indi-
cating as in other materials that the relaxation of the
CDW can be described as a single process with a distribu-
tion of characteristic times. The data were fit from a
minimum frequency where €'(w) and €”(w) were both sig-
nificant, to a frequency of 7 MHz, where the stray admit-
tances from the measurement circuit were less than 3% of
the measured admittances; this involved between 120 and
150 observed €(w) values, dependent on the temperature.
Fits were obtained by minimization of the average agree-
ment index, defined in Table I, by variation of €y, eyF, @,
B, and 7. At high temperatures, eyr was excluded from
the fits as it was not significant. Estimates in the errors
of the parameters are £0.02 for a and B, +£3% for €, and
7o, and +5% for eyp. Values for the parameters are
presented in Table I. The agreements, which are between
1% and 2%, except at low temperatures where there is
scatter in the low-frequency data, indicate the high quali-
ty of the fits. The data for three temperatures are present-
ed in Fig. 1, along with the calculated values from Eq. (1)
and Table L.

There are both similarities and differences in the
characteristics of CDW relaxation in (TaSe4),I and the
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FIG. 1. Frequency dependence of the real (solid symbols) and
imaginary (open symbols) parts of the dielectric constant for
(TaSe,),I at three representative temperatures. Solid lines from
fits of Eq. (1) to the data and parameters in Table I.

materials previously studied. Most striking is the relative-
ly low value of the static dielectric constant €, which is
on the order of 10° in the temperature range studied. this
is significantly lower than that observed for NbSes, TaS;,
and pure K, 3Mo00O;, but is in the order of those we have
observed in the doped K, 3Mo00; bronzes. Further simi-
larity to the CDW relaxation in the doped bronzes can be
found in the relatively low value of eyg, and the broad,

TABLE 1. Parameters describing the low-frequency dielectric response of the charge-density wave in (TaSe,;),I, where
€lo)=€yr + (€—enp)/[1 + (iwr) ~%]P.
Temperature Agreement
(K) € €HF a B 70 (sec) wo/2m (Hz) R (%)*
177.7 1.13x 108 0.54 1.09 3.60x 1078 4.4210° 1.3
172.7 1.15%x10° 0.54 1.09 5.10x 108 3.12x 108 1.4
167.6 1.16 X 10° 0.54 1.09 7.00x 108 2.27%10° 1.3
162.6 1.18x 10° 0.54 1.09 9.50x 10~% 1.68x 10° 1.7
157.7 1.17x 10° 0.53 1.09 1.25x 1077 1.27x 10° 1.7
152.7 1.17x 108 0.53 1.09 1.79x 1077 8.89 10° 1.9
147.7 1.16x 10° 0.51 1.09 2.65x 1077 6.01x10° 2.0
142.8 1.15x 10° 0.51 1.09 3.70x 1077 4.30% 10° 2.0
137.8 1.13x10° 0.49 1.09 5.10x 1077 3.12x10° 1.8
132.7 1.10¢ 10° 0.47 1.09 7.70x 107 2.07%10° 1.4
127.6 1.05% 108 1.6x10* 0.45 1.09 1.16x10°¢ 1.37x10° 1.7
122.6 1.01x 108 1.6x10* 0.43 1.09 1.80x 10~¢ 8.84 < 10* 1.6
117.7 9.68 < 10° 1.6x10* 0.43 1.09 2.82% 1076 5.64 % 10* 2.0
112.7 9.34x 10° 1.6 10* 0.43 1.09 5.10x 10~ 3.12x 10* 1.8
107.8 8.90 10° 1.9 x 10* 0.41 1.09 9.70%x 10~¢ 1.64x10* 1.8
102.8 7.90 10° 1.9 10* 0.39 1.06 1.74x 10~* 9.15%x10° 1.8
97.7 7.26 % 10° 2.0x10* 0.39 1.06 3.65x1073 4.36%x10° 2.0
92.8 6.40< 10° 2.0x 10* 0.39 1.06 8.20%x 1073 1.94 % 10° 2.8
87.8 5.56 10° 2.0x 10* 0.39 1.06 1.60x 10~* 9.95 X 10? 42

R =[] €aosl®) —€ratel@) | + | €opsl@) — €l @) | 1/ I [ €ops(@) + €apsl@)].
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only weakly-temperature-dependent distribution of relaxa-
tion times (a), which is also seen in TaS;. In (TaSey),I the
distribution seems to get slightly sharper with decreasing
temperature, with the skewness (B) being relatively tem-
perature independent. Surprising are the very long mean
relaxation times of the CDW. At 93 K, for instance, the
relaxation time for the CDW in this sample, 8.2 10~°
sec, is almost 2 orders of magnitude longer than that we
have observed in the pure bronze at 91 K (4.5x 10~7 sec).
(TaSe,),I is unusual among the compounds so far studied,
as it has a low static dielectric constant and long CDW re-
laxation times: For the doped bronzes with low €;’s the
relaxation times are many orders of magnitude shorter
than those found here for (TaSe,),1.

The temperature dependencies of the CDW relaxation
parameters in (TaSe,),I, as found in Table I, are presented
in Figs. 2 and 3. The static constant €, changes by ap-
proximately a factor of 2 between 90 and 180 K, increas-
ing with increasing temperature, and reaching a broad
maximum at about 150 K. This is in general agreement
with the 1-MHz €' data reported for (TaSe;),I (Ref. 10)
although our observed €, are smaller. The value of €’ at 1
MHz would be at first above @g and then below wg for our
sample in the temperature range of the measurement in
Ref. 10. The temperature dependence of €; in (TaSey),I is
significantly different from that in K, 3M00;, which de-
creases with increasing temperature, and although it is
similar to that in orthorhombic TaS;, it does not show
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FIG. 2. Temperature dependence of the static dielectric con-
stant (€p) and the threshold field for nonlinear conductivity (E;)
in (TaSey),l.

such a dramatic disappearance of the relaxation at low
temperatures. The low-frequency relaxation in (TaSe4),1
may, of course, disappear at temperatures lower than
those of this measurement. We have also measured the
temperature dependence of the threshold field of this sam-
ple!! and found it to decrease with increasing temperature,
by a factor of about 30—40 % over the temperature range
of this experiment. The threshold fields, which are be-
tween approximately 0.7 and 1.0 V/cm, are relatively low
compared to those found in other samples of
(TaSe,),1.'%!2 The temperature dependencies of €, and
E; are presented in Fig. 2. Other samples we studied
with higher threshold fields displayed higher wg’s as has
also been observed for the K, 3MoO; bronzes.’

Figure 3 presents the temperature dependence of the
mean CDW relaxation time 7o. In the temperature range
90—170 K the relaxation times fit an excellent Ahrrenius
behavior over more than three decades of times. Linear
regression analysis of the data finds the slope of
ro=Toexp(—A/T) to be 1436 K (0.124 eV). Such
Ahrrenius behavior of 7y has been observed over various
regions of temperature for pure and doped bronzes and
orthorhombic TaS;. The surprising result for (TaSey),l,
however, is that the activation energy for CDW relaxation
is the same as that for the normal resistivity (o). This is
not observed in other materials, where the temperature
dependences of py and 7 are of the same order of magni-
tude but not equivalent. The temperature dependence of
the normal resistivity between 90 and 180 K is presented
in Fig. 4 and is fit in a linear regression analysis by an
Ahrrenius law with a slope of 1434 K (0.124 eV) over
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FIG. 3. Temperature dependence of the mean CDW relaxa-
tion time 7o in (TaSes),I. Solid line fit to the data with
E,=1436 K.
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FIG. 4. Temperature dependence of the normal resistivity po
in (TaSe4),1. Solid line fit to the data with E, =1434 K.

three and a half decades of resistivity. This resistivity is
in excellent agreement with that reported in the literature
for (TaSe;),I. We have also measured the temperature
dependence of the (inverse of the) CDW current in this
sample!! and found it to follow a similar temperature
dependence as for py and 7, but with a somewhat higher
activation energy, 1741 K (0.15 V).

DISCUSSION

We have found that the dielectric response of the CDW
in (TaSey),I in the audio frequency range is described very
well by the dielectric relaxation of a system with a (rela-
tively broad) distribution of characteristic times which is
only slightly assymmetric (B~1) about the mean times.
The mean relaxation times are long for (TaSey),I com-
pared to other materials we have studied. We have also
found the dielectric constant for times much longer than
the mean time (€y) to be low relative to other materials
that have been studied. In addition, there is a relatively
large dielectric constant (eyp) at times much shorter than
the mean relaxation times, suggesting that there may be
another relaxation process present that is related to CDW
dynamics at higher frequencies than are accessible in our
experiment.
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The surprising result is that the mean relaxation time of
the CDW follows the same temperature dependence as the
normal resistivity. The static dielectric constant and
threshold fields for nonlinear conduction change only by a
factor of 2 at most in the temperature range where the
resistivities and relaxation times change by over 3 orders
of magnitude, indicating that the CDW response is dom-
inated by dynamic rather than static effects.

The case of (TaSe4),I seems to be the first of the ma-
terials studied where the classical theory for CDW trans-
port can by employed in a straightforward manner to
understand the CDW relaxation and transport. Within
the context of the classical model of the pinning of a
CDW by impurities due to Lee and co-workers,>!* one
considers the pinning of an incommensurate CDW of
wave vector Q,. If the effective pinning by disorder is
weak, and the correlation length is long, only the effect of
long-wavelength phase fluctuations in the CDW is con-
sidered. The electric field is assumed to couple to the full
collective charge density p. of the CDW. Within this pic-
ture, the dynamics is assumed to be given by an over-
damped equation of motion.’* The model can be used to
estimate the relative magnitude of various quantities.
A straightforward analysis’ gives €,~p./Q,Er,
To~AQ,/p.Er, and a value of the high-field CDW con-
ductivity ocpw ng /AQ?2, where Eg is the threshold field
and A is the damping factor. The values of ¢, and E
change little with temperature in (TaSe,),I, and roughly
inversely with each other. In addition, the wave vector of
the CDW is incommensurate and independent of tempera-
ture.'®!” The model then indicates that the CDW current
and mean relaxation time are governed by the same
dynamic damping factor, A. Our measurements of ocpw
and 7, indicate that this is approximately the case for
(TaSeq),I. Further, 7, follows the same temperature
dependence as the normal conductivity, indicating a mi-
croscopic connection between the CDW relaxation and the
CDW-induced band gap. This straightforward behavior
is not observed in the bronzes and is complicated in
orthorhombic TaS; by the complete disappearance of the
low-frequency relaxation. The implication of this data is
that in (TaSe,),I the viscous drag force —Av acting on a
moving CDW is directly proportional to the normal resis-
tivity po. This suggests that motion of the CDW involves
CDW to normal carrier conversion in the bulk of the sam-
ple. (Contact effects could produce this behavior for a
uniformly sliding CDW but would not affect the dynamic
linear response.) At present there is no microscopic ex-
planation of this unusual behavior. The dynamics of the
CDW relaxation and transport in (TaSes),I may be more
straightforward than the other materials studied due to its
long-wavelength incommensurate CDW with
temperature-independent wavelength, and the relatively
large CDW band gap (0.25 eV).
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