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Aging Effects and Nonexponential Energy Relaxations in Charge-Density-Wave Systems
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Low-energy excitations between charge-density-wave metastable states are revealed in low-temper-
ature specific-heat measurements in quasi-one-dimensional materials as an excess contribution (to the
lattice one) following a C~ =T" law with v ( l. In the same temperature range the energy relaxation is
not exponential but follows a stretched-exponential variation. Aging eAects are also demonstrated.
Analogies and diA'erences with other glassy materials are brieAy discussed.

PACS numbers: 63.50.+x, 65.40.—f, 72. 15.Nj

The dynamical properties of charge-density waves
(CDW's) in pseudo-one-dimensional conductors such as
NbSe3, TaS3, (TaSe4)2I, (NbSe4) tpi3, or KQ 3Mo03 have
been intensively studied in the last years. ' The more
common model for explaining CDW sliding has been de-
rived by Fukuyama, Lee, and Rice (FLR) in which the
elastic deformation of the CDW competes with the pin-
ning energy provided by randomly distributed impurities.
In the nonlinear regime, i.e., for electric fields higher
than the threshold value ET, the CDW phase is found to
be unique which means that the average CDW velocity
is identical in all parts of the sample, which accounts for
the spectacular long-range coherence eA'ects. But for
E & ET because of the random pinning the CDW
remains in a metastable state out of its equilibrium posi-
tion. It was shown by numerical simulations of the 1D
FLR model that a metastable state is characterized by
local deformations of the pinned CDW phase which in-

duces a macroscopic polarization. CDW metastable
states have essentially been revealed by the long-time re-
laxation (following a stretched-exponential variation ) of
the depolarization current when a current pulse above
threshold is applied and switched off, and by the
thermally stimulated depolarization current of frozen di-

pole moments when a CDW sample is cooled down un-

der an electric field )ET. The normal conductivity has
also been shown to follow logarithmic time dependence
when an electric pulse higher than ET, or a heat pulse,
(for compounds in which the CDW distortion vector is
temperature dependent as in TaS3 or Ko sMo03) is ap-
plied. Finally the real part of the dielectric constant
shows a cusp ' at low frequency which indicates a
broad distribution of relaxation times extending to
infinite time. These properties show that the pinned
CD W ground state is strongly disordered and that
CDW's behave as other glassy materials such as
structural glasses, spin-glasses, or polymers.

In this Letter, we report on our investigations of meta-

stable states by thermodynamic measurements. The
CDW compound is cooled down through the Peierls
transition temperature without application of any elec-
tric field. The disordered nature of the CDW state is re-
vealed by an excess contribution to the specific heat at
low temperatures following a C~ —T' law with v& 1.
Energy relaxation is then shown to be not exponential,
the involved time constants being strongly dependent on
the time at which the energy Aux is applied. These aging
phenomena, observed for the first time in a CDW,
resemble those recently reported on spin-glasses. ' "

We have measured the specific heat of NbSe3, '

TaS3, ' (TaSe4)qi and (NbSe4)3I, ' and KQ3Mo03, '

between 0.1 and 8 K in a dilution refrigerator with a
transient heat-pulse technique. The specific heat C~ is
calculated from the increment of temperature h, TO after
a heat pulse (duration 0. 1 to 0.9 s, ATo/Tp —5%-10%)
by using the exponential decay of the temperature in-
crease hT(t) =AToexp( —t/r), with the time constant
T; =C~R~,. R~ is the thermal resistivity of the thermal link
to the regulated cold sink, the temperature To of which
can be stabilized within 5 &10 over several hours.

However, in all the CDW conductors that we have
measured, there is a deviation from an exponential decay
without any possibility of fit by an exact exponential in
the whole time range. This deviation observed at low T
(T(0.3 K) is clearly related to the CDW state as can
be seen in Fig. 1 where we have plotted AT(t) at the
same minimum temperature of 0.11 K in structurally
similar compounds: (NbSe4)3I without CDW transition
and (TaSe4)ql with a CDW transition. In this low-
temperature range we determine a "short-time" heat
capacity from the initial exponential decay after the heat
pulse, as drawn in Fig. 1(b). The analysis of C~ defined
in this way is then consistent with an excess heat capaci-
ty following a T' variation with v & 1: v =0.22 in
(TaSe4)2I between 0.1 and 0.25 K, ' v=0.6 in our re-
cent measurements on blue bronze between 0.1 and 0.5
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FIG. 1. Time dependence of the temperature after a heat
pulse of duration 0. 1 s has been applied to the sample (the
reference temperature Tp is 0.11 K and ATp/Tp —10/o) show-
ing (a) an exponential decay in the case of the compound
(NbSe4)II exhibiting no Peierls transition (the time constant
r =1.15 s), and (b) a deviation of the exponential decay in the
case of the CDW (TaSe4)2I compound. In the latter case the
specific heat is calculated from the initial exponential decay as
indicated by the dashed lines (with r =0.60 s).

K, ' v —1 in NbSe3, ' where we have reanalyzed' the
linear term as resulting from metastable excitations rath-
er than from electronic contribution, and v =0.32 in
TaS3, ' between 0.1 and 2 K. Some other values of v
have also been reported: —1 in K03Mo03' and in
(TaSe4)2I '; but for this latter compound, measurements
have not been performed at low enough temperatures
and the pseudolinear term is only a crossover between
two diff'erent temperature-dependent regimes. Notice
that a time-dependent specific heat has previously been
indicated in (TaSe4)zl ' and in Kp3Mo03 ' but without
analysis.

Deviation from the simple exponential decay reveals
very long-time relaxation which leads us to consider en-
ergy relaxation in CDW compounds in the same frame
as for other disordered systems. ' A characteristic
feature of glassy materials is aging properties, as re-
cently demonstrated in spin-glasses ' " when the
response of the system after the switch off' of a perturba-
tion depends on the time this perturbation has been ap-
plied. We may wonder whether such eff'ects exist in
CDW's. So we have performed some appropriate experi-
ments on TaS3 because the temperature range in which
the excess specific heat is observed is the largest. ' Then
we have recorded the time dependence (up to 2x10 s)
of the temperature decrease in three different conditions
as schematically shown in the inset of Fig. 2(b) after (a)
a short pulse duration of 0.9 s is applied, or when the
power {lux is kept constant (b) for 5 h, or (c) for 13 h.
Figure 2(a) shows AT(t) in a semilog plot with the same
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ATp/Tp for the three measurements. Aging eA'ects are
clearly demonstrated with energy relaxation at longer
time when the perturbation h, T has been applied longer.
Similarly to spin-glass experiments, this time plays the
role of "waiting time" as we will call it below.

A simple fashion to understand the waiting time
effects is to assume a wide relaxation time distribution
g(i) for the energy of metastable states due to random-
ness in pinning centers. In general one has ' '

AT(t)/AT(0) =J„g(r)exp[ —(t/r)1 dlnr where rp is a
short-time cutoff'. It has also been shown'' that the par-
tial derivative of the above quantity with respect of lnt
rellects the form of g(r). Figure 2(b) shows BAT(t)/
t)logt for the three waiting times: For a given waiting
time t, g(z) shows a peak at t of the order of t and the
peak is shifted towards long time for longer t„. Follow-
ing results on spin-glasses, it is important to distinguish
diA'erent time scales, one associated with polarization (or
magnetization) relaxation and one corresponding to en-
ergy (or temperature) relaxation. In general the first is
longer than the second one because of the diff'erences be-
tween the explored regions in phase space. Indeed it is
much easier to stabilize the energy in a metastable well
remaining far away from equilibrium than for the polar-
ization, for instance. This property has been shown, in
particular, in homogeneous systems such as Ising fer-
romagnets.

FIG. 2. (a) Variation of the normalized temperature de-
crease AT/ATp as a function of logt for a TaS3 sample with
Tp =0.165 K and ATp/Tp=8%%uo in all three conditions as
schematically drawn in the inset of (b): after a heat pulse of
duration of 0.9 s is applied (e); after the heat flow has been
applied for 5 h and switched ofl (0); and applied for 13 h and
switched off (a). (b) Time dependence of the relaxation rate
d(AT/ATp)/d logt with Tp =0.165 K for the same three condi-
tions of applied heat flow as in (a).
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FIG. 3. Variation of AT/Tp as function of time in a log-log
plot with TO=0. 165 K for a TaS3 sample with the same condi-
tions of heat flow as in the inset of Fig. 2(b). The fits corre-
spond io Eq. (I) (see the text for the values of parameters r~,
a, and P giving the best fits). Inset: The temperature depen-
dence of the time constant ~~ in the case of pulse heat flow, in-
dicating a thermally activated behavior.
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FIG. 4. Variation of (dlnAT/dt (
as a function of time in a

log-log plot for TaS3 for several temperatures in the case of
pulse heat flow. The slope fixes the coe%cient P of Eq. (I). In-
set: The variation of P as a function of T

In glassy materials relaxation is often analyzed by the
product of a power law by a stretched exponential. '

The deep nature of the stretched variation has led to a
long debate but it is now recognized' that the stretched
variation superposes on the power-law decay as reflecting
only the aging eflect during the interval of time in which
the experiment is performed. Then the dynamic equilib-
rium behavior will be only reached for an infinite age of
the system (waiting time plus observation time), i.e., for
extrapolation at short times. In Fig. 3 we have drawn
AT(t) in a log-log plot for the three different waiting
times at the same temperature. A simple stretched ex-
ponential cannot fit the data especially for short times.
The curves in Fig. 3 correspond to the following fits:

with r~ =28 s, a =0.14, and P =0.4 for the shorter wait-
ing time (transient heat pulse); r~ =260 s, a =0.04, and
P=0.42 for a waiting time of 5 h; rz =350 s, a =0.035,
and P=0.43 for a waiting time of 13 h. The curves for
the shorter waiting time [AT~(t)] and for 5 h waiting
time [AT2(t)], for instance, can be superposed by a hor-
izontal shift in the log-log plot such as ATi(r) =AT2(at)
with a —10, except for initial times. This result means
that all the characteristic times in the energy relaxation
should be multiplied by 10 when the waiting time has
been as long as 5 h. For short-time observation, howev-
er, one reaches the stationary regime in which the relax-
ation follows a power law t with a =0.04.

We have also studied the temperature dependence of
the energy relaxation time using the transient heat-pulse
method. Except for initial times, AT(t) can be accurate-
ly analyzed with the only stretched-exponential variation
exp[ —(t/r~)~]. The coefficient P is measured by the
slope of log

~
d InAT/dr

~
as drawn in Fig. 4 for different

temperatures. The temperature dependence of P is plot-

ted in the inset of Fig. 4: P =0.3 at the lowest tempera-
tures and increases up to —1 at T=0.5-0.6 K. Finally
the average relaxation time i~ can be estimated from the
value of

~
d lnAT/dt

~
extrapolated at 1 s. r~ is plotted in

the inset of Fig. 3 as a function of 1/T. In spite of a
large uncertainty, I shows an Arrhenius variation with
an activation energy of 0.3-0.4 K.

The picture which emerges from the measurements of
energy relaxation of CDW systems at low temperatures
is the very broad distribution for relaxation processes.
The CDW metastable states can be described as a frozen
landscape of potential wells and hills with some height
and depth for inhibiting the evolution of the system in
phase space. The time necessary for the system to jump
from a given metastable state to another is shown to be
thermally activated as

r~ = roexp(8'/kT) .

The small activation energy reflects the very small en-
ergy diA'erence between the well and the hill of the po-
tential, i.e., a very small barrier height. A very small
perturbation in energy (as small as 10 6 eV) allows the
system to explore many neighboring states. One might
think that at very low temperature the minima of nearly
equal energy would be separated by high barriers
through which tunneling would take place. Our results
show that thermally activated processes dominate and
not tunneling states as in structural glasses. This is
confirmed by the absence of any electric echo in
Ko 3Mo03 as recently reported.

In conclusion, all the CDW compounds with nonlinear
transport properties have a strongly disordered CDW
state; Excitations between these metastable states yield
an extra contribution to the specific heat with a T' law
with v& 1. Then the energy relaxation extends to very
long times, exhibiting aging efI'ects. We have shown that
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the energy relaxation follows the power law for short
times. These results are consistent with recent theoreti-
cal studies by Littlewood and Rammal for the glassy
relaxation of the polarization in a CDW, and may also
probably be described by an extension of the recent mod-
el of Feigel'man and Vinokur of a one-dimensional
random walk in a random force field. As for spin-
glasses, ' thermodynamic measurements reveal thermal
hopping over a large distribution of barriers between
CDW metastable states with an arbitrarily low height.
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