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Irreversibility and nonequilibrium dynamics in the pinned charge-density wave
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In the pinned state the charge-density wave displays irreversibility and nonequilibrium dynamics of an
unusual nature as the applied voltage Vis cycled. Relaxation from unstable states terminate at end points.
In the process of depinning, the charge-density wave traverses a wide spectrum of time scales. The close
relation of the time scales to the pulse-memory effect and ac dielectric constant is discussed.

The relaxation of disordered condensed systems ("glassy
relaxation" ) towards equilibrium states has been a subject
of great interest in recent years. ' In systems as different as
disordered dielectrics, polymers, spin glasses, and random-
field magnets, logarithmic time or "stretched-exponential"
time dependence of the relaxing observable 0 are frequently
encountered. In many models2 the time dependence results
from a continuous distribution of relaxation times. In a
more recent theory the stretched-exponential dependence

Q(r) = Qpexp[ —(r/ro)a] (O ( p & I)
is derived from a hierarchy of levels, whereby the relaxation
of the (n+ l)st level is constrained by the relaxation of the
n th 1evel.

A system that is receiving increased attention from the
viewpoint of "glassy relaxation" is the pinned deformable
charge-density wave (CDW) interacting with weak impuri-
ties. 4 ~ In a class of quasi-one-dimensional compounds6
typified by NbSe3, TaS3, and Ko3Mo03 the CD% conden-
sate can be depinned when the applied electric field E
exceeds a threshold ET. In the pinned state the CD% has
many configurations which are almost degenerate in energy
because of its deformability and the large number of inter-
nal degrees of freedom. 5 In the process of pinning and de-
pinning the system is forced to visit a succession of these
states. Transitions between these configurations may occur
on time scales for exceeding experimental times. Such a sit-
uation leads to irreversibilty and nonequilibrium dynamics
in the pinned configuration. We show in this paper that the
CDW (unlike many disordered systems) can always be
prepared reproducibly in a stable state. It can subsequently
be made unstable and studied, by simply changing the ap-
plied dc voltage V. The relaxation process, although rich
and varied follows a clear, reproducible pattern. We
demonstrate the existence of a line of stable points with an
interesting structure. The approach of the system towards
this stable line is via a unique interrupted relaxation process.
We also show the existence of a very large range of relaxa-
tion times 7 which is continuously accessed by the pinned
CDW as E is increased from zero towards ET. The effect of
F. on v has also been studied recently by Mihaly, Janossy,
and Kriza7 in TaS3. The pulse-memory effect first seen by
Gill is shown to be a direct consequence of this distribution
of v.

As shown by Gill the differential resistance R in these
CD% compounds has an unusual dependence on the elec-

trical history. The R- V curves are hysteretic, with the zero
field R depending on the current direction when V last
crossed the threshoM VT. The inset of Fig. 1 sho~s a typi-
cal hysteretic loop obtianed by cycling Vslowly (5 mV/min)
so that it crosses threshold VT for both current directions.
As long as V exceeds VT in both directions the same loop is
traced out in each cycle. (The dashed lines in the inset
show the bowing due to Joule heating. ) By halting the vol-
tage ramp at selected points we find that the region bounded
by the 1oop is rich with structure, displaying mell-defined re-
gions of stable and unstable points. Some of these features
are shown in the main panel of Fig. 1. Initially the CDW is
pinned by reducing V below the threshold VT (path 1-2).
The system is stable every~here along 1-2 and moves rever-
sibly (1-2-3) as long as V is positive. We call this stable
state A. Instability sets in when Vchanges sign. For exam-
ple, when V is held fixed at 7 the system relaxes downwards
(R decreases). However, instead of proceeding to the line
4-5 the relaxation stops at 8 (which we call a stable end
point). If V is next increased to zero the system remains
stable until Vcrosses zero, whereupon it again becomes un-
stable, this time (8-9) relaxing upwards. Corresponding to

FIG. 1. Hysteresis traces of the differential resistance R
{= dV/dI) vs the applied voltage V in NbSe3 at 29.6 K. The verti-

cal lines are nonequilibrium relaxations of the system with V held
constant. Threshold voltage (7 mV} is outside the range of the
drawing. The overall size of the hysteresis (0.2 Q) is 0.4% of the
total dc resistance. A schematic of the full hysteresis including
threshold is shown in inset.
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FIG. 3. Main panel: The relaxation of R aR at fixed Vvs logiot in
NbSe at 28.5 K. The data are direct digitizatiotions of the lock-in am-

The solid line through the data is a fit to Eq. 1 .
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32 IRREVERSIBILITY AND NONEQUILIBRIUM DYNAMICS IN. . . j.399

vs t data can also be fitted (for t(7) to the stretched-
exponential form [Eq. (I)] with ra=3.93 s and p=0.800.
Directly after V is frozen the system appears to pause briefly
before undergoing relaxation. [This initial pause is not ade-
quately described by Eq. (1); it is also responsible for the
horizontal trajectories away from the stable end points
described above. ] By measuring r for various T and V we
find empirically that it obeys

0 lO

9
0'

BO

r(T, E) = raexp(A/TE), (2)

where A is a positive constant, i.e., ~ is both field and tem-
perature activated. The fit of the data at 28.5 K is shown in
Fig. 3 (inset). The rather large value of A means that the
CDW (starting in an unstable state) accesses an enormous
range of time scales as V is increased from zero towards
threshold (100 s to 10 p, s in our studies).

A more direct measurement of v is to exploit the
response of the pinned CDW to voltage pulses. As found
by Gill the current response of the CDW to unipolar vol-
tage pulses is as fast as allowed by the electronic circuitry.
However, when pulses of opposite signs are applied the
response is sluggish. This is often called the pulse-memory
effect. In view of the R- Vstructure presented here, this ef-
fect may be seen to be a direct consequence of relaxation
from unstable to stable states. In Fig. 1 the CDW. pins and
depins reversibly along curve 1-2 in response to a string of
positive V pulses; i.e., it always enters and leaves the same
stable state A. However, for a negative pulse, the CD% is
forced to convert to the state 8 along a trajectory such as
7-8 (depending on the magnitude Vof the new pulse). The
sluggish response of the sample merely reflects the time ~

of relaxation. (Hence the pulse-memory effect is a property
of the pinned CDW )Using . a fast digitizer we have studied
the current transients (Fig. 4, inset) as a function of V and
T and verified that I is again an interrupted stretched ex-
ponential or logarithmic curve analogous to Fig. 3. The
time v can thus be read directly off the digitized trace. In
Fig. 4 we show the verification of Eq. (2) over the time
scales 3 ms to 4 p, s for NbSe3 and orthorhombic TaS3.

Discussion. Some of the phenomena discribed here are
reminiscent of those observed in spin-glass' and random-
magnet systems. " Several classical models which incor-
porate the existence of multiple closely degenerate states
separated by barriers are capable of describing the irreversi-
bility and hysteresis. The T-activated behavior of v and the
logarithmic variation of R can be described in models' in
which the barriers grow as the system advances in its confi-
guration space. However, the abrupt interruption of the
logarithmic decay appears to be unique to the present sys-
tem. Clearly many questions remain. . Whi1e it is natural to
suppose that the hysteretic change in R is due to the normal
carriers moving in different CD% configurations, we need
to postulate a microscopic mechanism such as the existence
of a screw dislocation (in the host lattice) which allows the
sample to distinguish left from right. After that we still
have to account for the peculiar double-sheet structure in
the R-V plane, the unusual structure of the stability loci,
and the existence of the large range of time scales implied
by Eq. (2). The larger question of the connection between
the strong T and E dependence of 7. and its relation to de-
pinning is also interesting. Although the two states 3 and 8
are most easily distinguished by observing R we note that
the sign of Rz-Rs (i.e. , the sense of rotation of the loop) is

o
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FIG. 4. The relaxation time ~ measured by current transient
response vs 1/(TV), where T is the temperature and Vthe voltage-
pulse height. The f~t to Eq. (2) gives ~0=10.4 p, s, 3=72.3 VK/cm
for NbSe3 (upper line), and F0=6.7 ns, 3=5850 VK/cm for TaS3
(lower line). ~0 and A are strongly sample dependent. The inset
shows the applied voltage pulse and the transient (zero-suppressed)
current response. Between measurements the samples are prepared
by applying a large negative pulse.

not intrinsic to the system. It can be changed by altering
the contacts or by a thermal gradient. We have established
that the sign is neither correlated with the growth direction
of the sample nor determined by E-field cooling. What is
intrinsic is the relaxation dynamics and measured time con-
stant when the system evolves from A to 8 at fixed T. Al-
together 26 samples of NbSe3 and five samples of TaS3 were
studied.

Aside from the pulse-memory effect and the zero-field
logarithmic-decay experiments, the work here may relate to
recent studies of the ac response of the pinned CDW. The
system switches between stable and unstable states each
time the applied field changes sign. The relaxation from the
unstable states during part of the ac cycle will induce a reac-
tive current which can be shown to be capacitive in phase.
(In the pulse-memory effect this phase relation corresponds
to a current overshoot as drawn in the inset of Fig. 4.) It
would be interesting to demonstrate that the low-frequency
dielectric response recently reported' " for TaS3, NbSe3,
and Ko 3Mo03 is in fact a manifestation of the relaxation
processes described here in the frequency domain. The ac-
tivated behavior of the mean-ac relaxation time seen' ' in

Ko 3Mo03 and TaS3 is encouraging in this regard.
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