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Polarization Divergence in Driven Charge-Density Waves
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We report the first direct measurement of the polarization divergence associated with charge-density-
wave depinning in K03Mo03 at low temperatures. The field-dependent remanent polarization diverges
as P(E) Pa(1 —E/Er) "with Er the threshold field and the "critical exponent" y(1. We discuss
the novel eA'ects associated with the polarization divergence and the inherent difficulties of the analysis.

PACS numbers: 77.30.+d, 72. 15.Nj

dP/dE —(ET —E ) a (2)

wtth p = —
2 . The total polarization P =2de, where e ts

the electric charge and d is the displacement of the aver-
age coordinate of the collective mode, is finite and given
by P =2(X/2)e =Re with X the period of the CDW.
Various model calculations, ' which take the many-
degrees-of-freedom aspects of the dynamics into account,

In spite of a large body of experimental and theoreti-
cal work, ' several aspects regarding the charge-
density-wave (CDW) dynamics still remain elusive. The
collective mode, driven by an applied dc electric field, de-
velops into a current-carrying state above a well-defined
threshold field ET, signaled by nonlinear current-voltage
characteristics.

The low-frequency dynamics is dominated by disor-
der, brought about by competition between elastic ener-
gies associated with local distortions of CDW and local
configurational energies due to the interaction of the col-
lective mode with randomly positioned impurities. The
Hamiltonian is analogous to that of a random-field L-Y
model, with the applied electric field analogous to an ap-
plied torque which leads to a phase-winding state. While
a single-degree-of-freedom dynamics leads to a sharp
threshold field, it does not reproduce several essential
features of the nonlinear conduction. One explanation
for this is in terms of the quantum effects. It has also
been suggested that randomness plays an important role
in the nonlinear response of the collective mode. This
leads to a semiqualitative agreement with the nonlinear
behavior for electric fields E &ET. In particular, the
diA'erential conductivity above ET is given by

dj /dE —(E ET)'—
with a = —,', in contrast to the single-degree-of-freedom
model which leads to a= —

—,'. In Eq. (1) a can be re-
garded as a critical exponent, characterizing the depin-
ning as a dynamical critical phenomenon. Below ET,
the relevant parameter within the framework of the
single-degree-of-freedom description is the differential
dielectric constant, which is given by

suggest a situation dramatically different from that
which is predicted by the single-degree-of-freedom dy-
namics. In particular, at finite frequencies dP/dE does
not diverge (although, strictly speaking, the dc value

displays a divergence); instead the polarization P
diverges as E ET from below. Moreover, numerical
simulations on a simple model" are suggestive of a criti-
cal phenomenon, with a well-defined exponent character-
izing P(E).

In order to study the dynamics of this driven random-
field system, we have performed detailed experiments in

the model compound Ko3Mo03 at low temperatures.
Recent experiments, performed in the liquid-He tern-

perature range, ' ' show sharp nonlinear I-V charac-
teristics with threshold field ET=10-50 V/cm. X-ray
measurements, ' as well as the detailed study of the
real-time oscillations in the nonlinear conduction re-

gime, ' ' indicate that the nonlinearity is due to the
CDW conduction and is not a conventional breakdown
eA'ect. At low temperatures, where Ko 3Mo03 is an insu-

lator with a low-field resistivity p&10' 0 cm, direct
measurement of the polarization can be made by a capa-
citive method. This is in contrast to the recent experi-
ments' performed at higher temperatures where normal
electrons may play important roles and can obscure the
critical behavior which may occur.

Before discussing our experiments concerning the
field-dependent polarization, in Fig. 1 we show the dc
current-voltage characteristics obtained in nominally

pure Ko3Mo03 at liquid-He temperature. Similar I-V
curves have been reported earlier. ' ' In order to clarify
whether the threshold field is due to the pinning by elec-
trical contacts, or by impurities and/or lattice defects, we

measured the length dependence of the threshold field

ET. The sample length along the b axis was shortened

by fine polishing after each measurement of ET. The
contacts were prepared with copper electroplating. The
threshold fields measured at 77 K range from 65 to 90
mV/cm for various samples. The inset of Fig. 1 displays
VT as a function of sample length L,. The linear length
dependence of VT provides clear evidence that, with the
contacts prepared by us, the nonlinearity associated with
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FIG. 2. Polarization P(E) measured at T 5 K vs E/Er.
Different symbols represent the values of P(E) measured at
different tf, the times elapsed after the field is applied.

FIG. 1. Nonlinear current-voltage characteristics of
K0.3Mo03 measured at the liquid-He temperature with con-
stant dc current configuration. Inset: The threshold voltage
Vy as a function of the sample length L. The line gives the
threshold field Ez 24 V/cm.

the depinning of CDW's is a bulk phenomenon.
At low temperature, the polarization P(E) below ET

can be measured directly by the measurement of the sur-
face charge which is proportional to the bulk polariza-
tion. As the polarization may depend on the initial state
as well as the detailed time dependence of the applied
electric field E(t), a well-defined protocol has to be fol-
lowed during the experiment. The initial state was es-
tablished as follows. After each measurement, the I-V
curve was again measured with the applied voltage in-

creased above the threshold voltage VT several times.
Specimens conditioned with such a procedure displayed
symmetric and reproducible response to voltage steps of
both polarities. Procedures similar to the demagnetiza-
tion of ferromagnets, i.e., applying a sequence of binary
pulses with decreasing amplitude, led to essentially the
same polarization. Bipolar voltage steps were also ap-
plied and resulted in slightly different time dependence
of the response for a given amplitude Vp. The time
dependence of the polarization was measured by moni-
toring of the charge accumulation as a function of time
after the voltage step V(t) =Vp8(t —tp) was applied.
The measurement was repeated with increased Vp. The
polarization P(E), measured at different times tf (as-
suming to =0), is shown in Fig. 2 as a function of E/ET
with E =Vp/L.

The time dependence of the polarization can also be
evaluated and in general we have found that P(t) can be

well described by the so-called stretched-exponential
fOrm I 4y20y2 1

P(t) Pp[1 —exp( —(t/zo) «)] (3)

P(E) =Pp(1 E/ET) (5)

with ((1 over a broad time domain, between 0. 1 and
100 s. The time dependence was, however, not measur-
able for times exceeding approximately 100 s, as is also
evident from Fig. 2. Consequently, we regard P mea-
sured at tf 500 s as close to the remanent polarization
which corresponds to the saturation polarization in the

tf ~ limit. This point will also be discussed later.
It is clear from Fig. 2 that the depinning is accom-

panied by a polarization which diverges as E ET from
below, a phenomenon drastically different from the
single-degree-of-freedom dynamics of this driven sys-
tem. It is instructive to compare the measured maxi-
mum polarization with P, expected from a rigid dis-
placement of the collective mode by one-half wavelength,
the condition for depinning of a completely rigid CDW
condensate. With n i 5 x 10' cm for the number of
conducting chains per unit area perpendicular to the b
axis, the surface charge corresponding to a rigid CDW
displacement by A,/2 (note that there is 2e charge per
chain per wavelength A, ) is given by

P*=eni=1.6x10 ' x5x10' C/cm

=Sx10 C/cm . (4)
The measured maximum polarization P,„, from Fig. 2,
is 2.4x 10 C/cm, close to P*. Whether this is a coin-
cidence or P is a fundamental limit remains to be seen.

More detailed analysis of the apparent polarization
divergence shown in Fig. 2 reveals that the field depen-
dence of P(E), as E~ ET from below, can be described
by
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FIG. 3. Polarization P(E) measured at T =5 K vs

I E/Er. —Different symbols represent the values of P(E)
measured at diA'erent tf, the time elapsed after the field is ap-
plied. The solid line gives P(E) =const x(1 —E/Er) " with
the exponent y 0.7.

with the exponent y characterizing the critical diver-
gence. In Fig. 3, the field dependence of the polarization
P(E), measured at different times tf, is displayed as a
function of 1 E/ET. Th—e full line in Fig. 3, which fits
the data in the electric field range of 0.45ET & E
&0.998ET, gives a "critical exponent" y=0.7. Here

the threshold field ET is determined from the I-V charac-
teristics. It is also evident from the figure that, within
the framework of our analysis, the time dependence of
P(E), for tf & 10 s, does not play a significant role on
the critical behavior. On the other hand, we note that
because of the inhomogeneities in the specimens, the
threshold field may have a slight distribution even within
a single specimen. In this case the threshold field ET, at
which nonlinear conduction occurs, signals the depinning
of certain sections where the pinning is the weakest and
consequently ET is the smallest. We have, therefore,
also attempted to fit Eq. (5) to the experimental results
by keeping ET as an adjustable parameter, but no
significant variation of y was found.

We now discuss the implications of our experiments
and some questions relevant to the dynamics of driven
random systems. First, the divergent polarization is the
clear signature of a many-degrees-of-freedom system, in
contrast to the single-degree-of-freedom treatment of
the dynamics which leads to finite polarization at
E =ET. As discussed elsewhere, the polarization also
remains after the electric field is switched off, and this
remanent polarization is another bit of evidence for the
importance of many metastable states, which arises as
the consequence of the disorder. Both a simple one-
dimensional (ID) model" and more realistic treatments
of the depinning lead to a divergent polarization which
reflects the development of dynamically coherent do-

mains with domain size D ~ at ET. Moreover, within
the framework of the 1D description, a critical behavior
can be recovered only by solutions which go beyond the
mean-field treatment of the depinning process. The ex-
ponent y =3, however, is in sharp contrast to our
findings.

There are several fundamental questions which make a
detailed comparison between theory and experiment im-

possible at present. In contrast to the response of a regu-
lar or single-degree-of-freedom system, here the re-
sponse depends (a) on the initial state of the system be-
fore the electric field is applied, and (b) on the detailed
time dependence of the field. As we have discussed ear-
lier, two different procedures used to establish the initial
state led to similar results for P(t) for a given field am-
plitude E. In contrast to the relative insensitivity of the
system as to how the initial state was established, we
have found important differences in P(E) with the appli-
cation of various time-dependent fields. For example, bi-
polar steps lead to time dependences and also to P(E)
different from that of unipolar steps, and also a progres-
sive steplike increase of En leads to P(E) which is
different from the polarizations obtained by driving the
system out of the initial "depolarized" state. These as-
pects will be treated in detail in a forthcoming publica-
tion. In addition to these questions (which can in princi-
ple be answered by experiments), the long-time phenom-
ena lead to complications which may make a description
in terms of critical behavior extremely difficult if not im-
possible. As discussed earlier, the time dependence of
P(E) can, for short times, be adequately described by
the so-called "stretched exponential" expression. Equa-
tion (3) can, therefore, be used to evaluate both rn and
Po as functions of the applied electric field. Such a pro-
cedure also leads to a divergent Po, but with a critical
exponent y which is between 2 and 3. While this does
not affect our analysis based on long-time behavior (see,
for example, Fig. 2 and Fig. 3), Eq. (3) suggests that, as
rn may be field dependent, P(E) is ill defined. At the
same time, Eq. (3) is, most probably, an empirical ap-
proximation of the observed time dependences, and is not
expected to be correct for rather short or long time
scales. Consequently, it cannot be used to evaluate the
remanent polarization P (E) and tp(E ).

In conclusion, we have observed an electric-field-
dependent polarization in K03Mo03 at low tempera-
tures, which diverges as E ET from below with ET the
threshold field for nonlinear conduction. This divergence
can be described in terms of a critical behavior with a
critical exponent y=0.7. Although we have attempted
to describe P(E) in terms of a critical divergence, we
have also pointed out the uncertainties of this analysis.
Finally, we note that a critical divergence in the tran-
sient response was also inferred from measurements of
the polarization currents at higher temperatures. ' Aside
from the obvious differences related to the different non-
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linear characteristics, there are important differences be-
tween the two types of measurements. In our experi-
ments, because of large background resistance, the polar-
ization is directly measured, while in experiments utiliz-

ing transient currents, the normal-electron contributions
are important and may also lead to a divergence in the
accumulated charge, comparable to the effect reported
in Ref. 19. Further investigation is clearly required to
clarify the relation between the critical behavior of the
transient response and of the polarization.
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