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Critical Divergence of the Transient Response of the Charge-Density Wave
near the Depinning Threshold in KQ 3Mo03
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When a charge-density-wave system is prepared in an unpolarized state the transient response to a
step current shows a sharp divergence near the threshold for depinning. We interpret this singularity as
a phase transition from the ordered pinned phase to the moving state.

PACS numbers: 72. 15.Nj, 64.60.Cn, 71.45.Gm

In the class of quasi one-dimensional charge-density-
wave conductors' exemplified by NbSe3, TaS3, and

Ko 3Mo03, the charge-density-wave (CDW) condensate
can be depinned by an applied electric field E. Despite
intensive investigation, a consistent picture of the depin-
ning process remains elusive. Among the numerous
models which have been proposed, Fisher has made the
interesting suggestion that depinning is a phase transi-
tion in which the applied field E induces a transition
from the pinned to the moving state. If the depinning is

indeed a phase transition it should be possible to demon-
strate critical divergence of the response of the system to
applied fields which implies diverging length scales as the
transition is approached. In this paper we report the ob-
servation of a sharp divergence in the transient response
of the pinned CDW at a critical field E, near the thresh-
old field for depinning, ET, in K03Mo03. The quantity
measured is the total charge Q* accumulated during the
transient response of the system with the system initially
in an unpolarized state. (Q* is proportional to the ir-

reversible polarization P* of the CDW induced by E).
There is also strong evidence of increasing length scales
as one approaches the transition.

In the pinned state the configuration N of the CDW is

nominally determined by the impurity distribution and
the elastic energy. However, @ is especially sensitive to
the recent history of the sample. The processes of
thermal cycling or field cycling which force the system
into special configurations have been studied in de-
tail. ' When a field strong enough to depin the CDW
is applied and then removed the repinned CDW is in a
singular state called the "polarized" state. The polar-
ization P* is difficult to observe because of the presence
of free carriers which screen out internal fields. None-
theless, there exists a strong coupling between the free-
carrier density and @, such that the degree of polariza-
tion of the condensate is rejected in the weak-field resis-
tance R. In the unpolarized state R lies on the pe-
rimeters (saturation curves) of the R vs T hysteresis
loop, whereas in the fully polarized state R lies close to
the midpoint. R may differ by as much as 20% between
the two states in both K03Mo03 and TaS3. Without
recourse to R, it is possible to observe directly the build-

up of P* as a voltage lag in the transient response'' of
the system to a step current. Gill' first showed that
when a current pulse of the opposite sign is applied to
the polarized state a voltage lag is induced. This arises
because P is forced to reverse itself and build up in the
opposite direction. Gill's pulsed (sign) memory effect
has been extensively studied ' ' in the CDW com-
pounds.

We have found that if the temperature T is changed
by a finite amount (—10 K) the polarization built up in

the repinned state is destroyed, leaving the sample in an
unpolarized state at the new T. If a current pulse of the
same sign is now applied a prominent voltage lag is ob-
served because the polarization has to be built up anew.
Hence, in contrast to Gill's effect, h, T alone without field
reversal is sufhcient to induce a voltage-lag response.
Figure 1(a) summarizes the process of recreating the un-

polarized state in the phase diagram defined by R, E,
and T. At 1 the sample is in the unpolarized state @i.
(R is on the cooling saturation curve. ) Application of a
pulse forces 4 to evolve to a new configuration +2 or +2,
depending on the amplitude of the pulse. ReAecting this
change, R increases irreversibly to 2 (or 2'). When the
pulse is removed both R and @ are frozen at these values
(3 or 3 ), indicating that the CDW is repinned in a
configuration distinct from @i. To recover the unpolar-
ized state T is cycled to destroy the polarization induced
by the pulse (3 4 1). Note that if a second pulse of
the same magnitude E and sign is applied at 3, no volt-
age lag is observed since P* appropriate to E already ex-
ists. In contrast, a prominent E-dependent voltage lag is
always observed at 1.

The accumulated polarization charge Q* delivered by
the pulse is determined as follows. In response to the
step-function current the voltage is observed to increase
abruptly for about 80% of the final amplitude before sat-
urating slowly for the remaining portion [Fig. 1(b)].
The transient pulse is preamplified and captured on a
digital oscilloscope. Expressing the total instantaneous
current as I—V'[Go+ Gs (V') l +dQ*/dt we compute
Q* by integrating the transient current:

~ EP

Q*(V, t, ) =„[1—V'(t)[Grj+G~(V'(t)) j1tdt, (1)
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FIG. l. (a) The phase diagram in R E Tspace f-or-the
configurations of the pinned CDW. A lcurrent pulse is applied
at 1 and the charge Q* accumulated during 1 2 is mea-
sured. The path 3 4 1 is used t his use to erase the polarization.
Broken lines indicate the coo

'
cooling and warming saturation

curves. A divergence in Q* occurs at Fc (open arrow). (b)
Recorder traceses of the voltage response to a step current in the
unpolarized state of K03MoO at 80.0 K. A b 'dri ge is used to
suppress the zero level of each pulse.

where Go Gs is the Ohmic (CDW) conductance, tz is
the pulse width, V'(t) is the instantaneous voltage at

is irreversibly accumulated these are single-shot mea-
surements. If t~ is chosen to be very long (1.8 s) a
second pulse with identical parameters will show a Q*
that is essentially zero. (The contribution of the reversi-

e part'' dP/dt makes a negligible contribution to Q*.)
To measure Q* for another value of V the unpolarized
state has to be recreated by warming up the sample by
30 K and slowly recooling to the same T. For each pulse
we have systematically studied the dependenc f thence o t e in-
egra in q. i1i on the cutoA t~ to demonstrate that a

finite Q* exists in the t~ ~ limit, and to explore how
t is imit is approached. It is convenient to display the
approach to the limit by plotting I/Q* vs I/t~ for each
value of E (Fig. 2). At all fields 1/Q* varies linearly
with l,~t at 1

lines with the vertical axis (corresponding to the tz
imit in icate that as V decreases from 152 t 106 V,Q, ~ ) increases rapidly. As V decreases further

from 102 to 82 rnVm o mV, Q (V, ~) turns around and de-
creases rapidly. Thus, Q*(V, ~) goes through a sharp
maximum as V crosses V =100.5 V S 1m . imilar peaking
of Q evaluated at finite tp is discernible from Fig. 2.
However, because of the crossing of the straight lines the
maxima occur at diferent V's for diA'erent t~'s
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FIG. 2. The de
the c

pendence of 1/Q calculated from E . (1)
e cutoff t~ By pl.otting 1/Q* vs I/t~ we find that the varia-

tion is linear for t~ & 0. 1 s. The data are taken on K(j3Mo03
(sample size 6X1 &0.5 rnm ) at 80.0 K.

(2)

This pattern of behavior is confirmed b 1y p otting
vs in Fig. 3 for fixed cutoff times t Th
curve orms an envelope for the finite-t~ data. For short-
er and shorter probing times the mer maximum in occurs
at successively higher fields. (This systematic shift in the

t ough the divergence in Fig. 3 suggests that .Q* be-
comes ~ near 100 mV0 mV, t"ere are practical reasons that

slow rise in V' at the leading edge of the pulse at short

V we
S ig. imposes a finite resolution on V. Non . ear

, we estimate this resolution to be 4%. Second, the

y ig. require the in-iverging time scales implied b Fi . 3
tegration to be continued to longer and longer times as V
approaches V, from either direction. S 1 h
an igitization noise impose an upper bound on the
longest tz that can be used.

The accumulated Q* measured from the transient
current is clearly related to the nonlinear polarizability

tion of the condensate. The singular behavior implied by
the power-law falloA alone is strong evidence for a field-

the t de
in uce phase transition at constant T. A 1n anaysis of
t e t~ dependence of the data further supports the no-
tion of diverging length scales implied by a phase transi-

at each value of V. If we assume that the growth of the
irreversible polarization within th 1e samp e is i usive we

t =Dt w

may associate a length scale l to th b'e pro ing time t~ via
tz =Dt's where D is a diftusion constant, Thus, the

accumulated charge assumes the Lorentzian form

Q*(V, tp) =Q*(V,~)(1+(~/l2)

2376



VOLUME 58, NUMBER 22 PH YSICAL REVIEW I,ETTERS ] JUNE ~987

O

(3

0
60 100 140

V (rnv)

]80 220

ion of *(V,t~) with V at fixed t~ in

.0 K. The solid lines are gui es o
d b extrapolation of t et ~ limit (crosses) is obtaine y e

Fi . 2 to the vertical axis.straight lines in ig.

tion len th g
= [bDQ*(V, ~)] ' . As

ched from the high-fiel si e
oV) I1 as JQ*(V,~). is inse

f h t "1 fi'ld this " th30 mV of t e cri icathe region wit

appears to escalate. yB rewriting q.

=Dt's j[Q (V, oo)/Q (V, tt, ) j —
1

the variation of the ratio
h h dQ*(V, t ) vs V —Vc. in Fig. 3 we see a

ramatically.

h h 1 d'fildarison suggests t at e

to 1/Jt which diverges as a
2 to tta lot of 1 l vs q in neu
th t t I/Zoives a straight line wit an in

Thi i to b o dthe Ornstein-Zemi e regime. is is
of 1/Q* vs I/t~ in ig. awith the plots o

b the comparison, thep' " ggesu ested ytec
eaks in * for various pro i

h 1 obdb hwith an increasing lengt sca e
lfi ldi o hd AtEcurrent pulsee as the critica e is

opic values and de-the length scale divergr es to macroscopic
e whole condensate procee s.pinning of the w o

for a transition is derivedAs noted a~obove the evidence or a ra
with the system initiallyfrom singe-s o1 - h t measurements, wit e

d ( inned) phase. It is not possible byPo P P* alone to detect the transi
'

monitoring Q a one
n (E decreasing or) starting from thethe other direction

in the last two casesrepinned state. After E is decrease in e
m value attainedat the maximumP* remains frozen

ludes study of1 . This remanence prec u(2 3 in Fig. 1). is
1 s. Nevertheless, if* for subsequent pu ses.changes in P or

n there should be a* si nals a transitionthe peak in Q sig
f the system at E~.od namic response ocusp in the thermo y

1 investigated thend that in all samp es invWe have foun t a i

d~V/dl~ shows a s arpharp peak preciselysecond derivative
ak in d V/dl with Ec.at E~, The coiincidence of the pea in

h n E which is 20% tothat Ec (rather t an T wsuggests to us a
h d nning of the whole30% smaller) is the field at whic epi

11 define ET as thers. (If we operationa y econdensate occurs.
find that ET is usuallyarit in dV/dl we n a T

'
onset of non lineari y

() K ) The sharp feature0 below 601ll defined in Kp3Mo03
for decreasingin d V/dl is observable fo

g o " pre inned state.
In the disordere p ased hase the system as a

d In contrast, ifer vs @ landscape. n

he rossed by decrease inthe transition is crosse y
valle ("repinned va ey

'
11 ") selected bypp '" p y

n fact affords a way to detect
ld itself [2 3 in ig. a

d ihW olarization associa eyo p
valle . First t e samp

of a short depinning pu se.by application o a
d lse we readily deter-ppya 1 ing a secon pu se w

11 ( d ).
m * ca ed. The longest ime
have found no evevidence of decay is

h t as E is reduced belownce we deduce that as is
E the system remain pins tra pe in a e

e scales. De-
C

unlikely on laboratory time scawhich escape is un i e y
hould be qualitativelythis olarized state s ou

e g the unpolarized state.e inning from t e u

1 t' th' t"n"tchni ue is sensitive on y oThe present te q
e latter state. Data very sim

K
'

h 1and 3 have been o ttained at 80 in

ified that the diver-ne sample we also veri e

The magnitude o ag ~ .
. doh olam les when normalize oin the three samp es

h olarization is a bulk
h in that occurs at the

su ests that the po ariza
effect r ther than a simple charging a
ends of the samp e.m le. In all three samp es

f linear d V/dl). In-n E (the onset of non inca30% larger than

0 '42 K""''h
is work, Chen an co-wor

in P* in Kp3Mo 3 aserved
r conduction. It s ou e

) =300 t 1 t11onset occurs at fields (26 V cm

ns with P W Anderson and S N
re ratefully acknow e ge .Coppersmith are gr

din some o t e samf h mples used in theG. Gruner for providi g
esting that wed P. W. Anderson for sugges iexperiment an

2377



VOLUME 58, NUMBER 22 PHYSICAL REVIEW LETTERS 1 JUNE 1987

search for a kink at V~ in the dc response. This research
is partially supported by the Department of Physics at
Princeton University.

'For a survey, see Charge Density Wai es in Solids, edited

by Gy. Hutiray and J. Solyom, Lecture Notes in Physics Vol.
217 (Springer-Verlag, Berlin, 1985).

2D. S. Fisher, Phys. Rev. Lett. 50, 1486 (1983), and Phys.
Rev, B 31, 1396 (1985).

3A. W. Higgs and J. C. Gill, Solid State Commun. 47, 737
(1983).

4Gy. Hutiray, G. Mihaly, and L. Mihaly, Solid State Com-
mun. 47, 121 (1983).

5D. M. Duggan, T. W. Jing, N. P. Ong, and P. A. Lee, Phys.
Rev. B 32, 1397 (1985).

6G. Mihaly, Gy. Hutiray, and L. Mihaly, Solid State Corn-
mun. 48, 203 (1983); L. Mihaly and A. Janossy, Phys. Rev. B
30, 3530 (1984).

7Z. Z. Wang and N. P. Ong, Phys. Rev. B 34, 5967 (1986).
8R. J. Cava, R. M. Fleming, P. Littlewood, E. A. Rietman,

L. F. Schneemeyer, and R. G. Dunn, Phys. Rev. B 30, 3228
(1984).

9G. Kriza and G. Mihaly, Phys. Rev. Lett. 56, 2529 (1986).
'nJ. C. Gill, Solid State Commun. 39, 1203 (1981); R. M.

Fleming and L. F. Schneemeyer, Phys. Rev. B 28, 6996
(1983).

''Transients due to P* should be distinguished from tran-
sients caused by the linear dielectric response (Ref. 8). The
latter are reversible and occur on much shorter time scales (10
ps at 80 K). In response to a train of pulses the linear dielec-
tric response produces transients at both the leading and trail-
ing edges of each pulse (Ref. 9 and 10). On the other hand P*
does not decay unless T is changed. Hence, once the CDW is

polarized by a single pulse the sample will show no voltage-lag
response to all subsequent pulses with the same magnitude and
sign (disregarding the weak transients caused by the linear

response. )
' For a review see Jens Als-Nielsen, in Phase Transitions and

Critical Phenomena, edited by C. Domb and M. S. Green
(Academic, New York, 1976), Vol. 5a, p. 87.

'3The sizes of the three samples (current along the longest di-
mension) are 6X I X0.5, 2X 2X0.2, and 2.2x0.7 X 0. 15 mm3.

Ec =166, 86, and 182 mV/cm, respectively. The maximum
Q*/volume=10, 12.5, and 13 pC/mm3. (The volumes are in

the ratio 13:3.5:1.) All show a sharp peak in d V/di at VC.

'4Ting Chen, L. Mihaly and G. Gruner, unpublished;
L. M ihaly and G. Gruner, in Nonlinearity in Condensed
Matter, edited by A. R. Bishop, D. K. Campbell, P. Kumar,
and S. E. Trullinger, Springer Series in Solid State Sciences
Vol. 69 (Springer-Verlag, Berlin, 1987), p, 308.

2378


