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Switching and charge-density-wave transport in NbSe3. II. ac characteristics
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The phenomenon of switching is studied further in the lower charge-density-wave (CDW) state of
NbSe3 by measurements of ac conductivity. Switching CDW's are found to be dynamically over-

damped when pinned, but underdamped when sliding. The results support a phase-slip interpreta-
tion of switching.

I. INTRODUCTION

This article is the second in a series of papers on the
phenomenon of switching in NbSe3. ' The term
"switching" refers to the threshold behavior of a charge-
density wave (CDW). In nonswitching CDW transport,
the velocity of a CDW increases gradually as an applied
electric field exceeds the threshold field ET for CDW de-
pinning. In switching transport, the CDW velocity in-
creases abruptly and often hysteretically. The resulting
difference between I-V curves for switching and non-
switching CD% s is quite striking. A nonswitching I-V
curve departs smoothly from Ohmicity at threshold,
whereas a switching CDW displays one or several step-
like breaks.

The first paper in this series, paper I, discussed the dc
characteristics of switching CDW's. ' Paper I showed
that besides abrupt depinning, switching CD%'s are asso-
ciated with another striking phenomenon: discontinuities
in CDW current. Under the application of only a dc
electric field, a switching CDW typically breaks up into a
series of velocity-coherent domains that are separated by
extremely narrow interface regions. Even those CDW's
that comprise a single current domain are only marginal-
ly stable against breakup into smaller domains. ' Current
domains are notable because they are absent from
nonswitching CDW's, as well as from switching CDW's
which are heated to temperatures that suppress switch-
ing. Current domains imply the existence of phase-slip
centers between domains, where the CD% amplitude
fluctuates at the interdomain beat frequency. Paper I ar-
gued that phase slippage and amplitude fluctuations pro-
vide a natural explanation of the dc characteristics of
switching CDW's.

The dynamics of switching CDW's are explored fur-
ther in this paper, by studying the response of both
pinned and sliding CDW's to small ac electric fields. We
show that when switching CDW's are pinned, their dy-
namics is equivalent to the dynamics of nonswitching
CDW's; but when switching CDW's are depinned, their
dynamics is quite different. We argue that the dichotomy
between pinned and sliding CDW dynamics supports a
phase-slip interpretation of switching. Thus our results

and analysis emphasize that switching represents a
unique regime of CDW motion, in which amplitude dy-
namics is as important as phase dynamics to a description
of CDW sliding.

II. METHODS AND RESULTS

Measurements of ac conductivity were performed on
single crystals of NbSe3 or iron-doped NbSe3. Paper I
describes the preparation and characteristics of the crys-
tals used in these experiments. Only results on NbSe3 are
reported here, because results on iron-doped NbSe3 are
essentially identical. The ac conductivity of a sample was
measured in either the presence or absence of a dc bias
field. A voltage of the form

V= Vd, +. V,,cos(tot)

was applied to the sample and the current response I„of
the sample was detected synchronously using a phase-
sensitive amplifier. At low frequencies, 10 Hz & co/2m & 5

MHz, a Hewlett-Packard HP-4192 impedance analyzer
was used to make two- and four-probe measurements of
the sample response. At higher frequencies, 4&co/2sr(500 MHz, a Hewlett-Packard HP-8754A network
analyzer was used to make two-probe measurements.
The ac test signal was 1.0 or 2.5 mV rms, for high and
low frequencies, respectively, whereas threshold voltages
for the onset of CDW sliding were 3-30 mV in a typical
sample, at high and low temperatures, respectively. The
dc bias voltage varied between zero and several times the
sample threshold voltage.

Measurements were made at temperatures below 59 K,
in the lower CD% state of NbSe3. In principle, the
response of a crystal consists of contributions from the
uppe~ (T, =144 K) and lower CDW states of NbSe3, as
well as from uncondensed electrons. However, at the fre-
quencies and voltages applied in these experiments, the
upper CDW state of NbSe3 does not contribute to the to-
tal electronic current. Furthermore, the conductivity due
to uncondensed electrons (measured at temperatures
above 144 K) has no frequency dispersion. Therefore the
ac conductivity of the lower CDW state is defined as
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CD~
——I„/V„—uo

where o.
o is the low-field dc conductivity of the crystal

(due to uncondensed electrons).
The experimental setup permitted measurements of dc

I-V curves and narrow-band noise spectra, in addition to
measurements of ac conductivity. In order to make a
connection with the results of paper I, Fig. 1 shows the
(current-controlled) I Vc-haracteristics of a switching
crystal at high and low temperatures. At the higher tern-
perature, 39 K, the response of the crystal is indistin-
guishable from the response of a nonswitching crystal.
The I-V curve becomes smoothly nonlinear for bias
currents exceeding 24 pA (corresponding to a threshold
field of Er ——41 mV/cm), and narrow-band noise spectra
show that the departure from Ohmicity is due to uniform
depinning of the CDW throughout the crystal. But at
the lower temperature, 24 K, the I-V curve is broken at
two critical biases, I„=206pA and I,z ——242 pA (corre-
sponding to critical fields of E„=328 mV/cm and

E,z
——348 mV/cm, respectively). The first break is pro-

duced by a region of steep negative differential resis-
tance, ' whereas the second break is marked by a sharp,
hysteretic switch. The existence of two critical fields in-
dicates that the CDW does not depin uniformly. Instead,
the CDW forms two current domains and each domain
depins separately. Narrow-band noise spectra confirmed
the presence of two incommensurable noise fundamen-
tals, and hence the existence of two independent current
domains. The drastic change in the dc characteristics of
this crystal between high and low temperatures is typical
for switching crystals, but does not occur in nonswitching
crystals.

In contrast to dc conductivity, the ac conductivity of a

switching crystal does not change qualitatively between
high and low temperatures, as long as the CDW remains
pinned. Figure 2 shows the pinned, Vd, =0 conductivity
of the same crystal at 47 and 24 K. At 47 K, the in-phase
component of conductivity (Reo CDw, open circles) is zero
at low frequencies and increases monotonically with in-
creasing frequency. The out-of-phase component
(Imo CDw, open triangles) is small but nonzero at low fre-
quencies, increases until moderately high frequencies,
and then decreases for frequencies past 200 MHz. A
crossover frequency, co, /2m=60 MHz, defines the fre-

quency above which ReocDw exceeds Imo. cow. The gen-
eral shape of o.cDw is described by the response of an
overdamped harmonic oscillator. In particular, Imo. cDw
remains positive even at frequencies exceeding the cross-
over frequency by an order of magnitude.

Some relatively minor changes are apparent in the con-
ductivity at 24 K (solid symbols). The crossover frequen-
cy has increased from 60 to 500 MHz, and the conduc-
tivity at the crossover frequency has increased from 2.25
to 5.25 rnS. Also, the shape of o.cDw has changed slight-
ly. The slopes of Reo CD' and Imo CD' are Batter at low
frequency and steeper near the crossover frequency.
However, similar changes in the shape of OcDw(co), and
in the magnitudes of co, and OcDw(co, ), are observed in
nonswitching CDW's. We have generally found that the
pinned conductivities of switching and nonswitching
CDW's are indistinguishable, whether at high or low
temperatures.

Many of the similarities in the ac response of switching
and nonswitching CDW's disappear when the CDW's be-
gin to slide. Figure 3 shows the low-temperature conduc-
tivity of the crystal in Figs. 1 and 2 at three dc biases: a
subthreshold bias, 186 pA, just below I„,and two sliding
biases, 210 and 243 pA, just above I„andI,z, respective-
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FIG. 1. Current-controlled I- V curves for a switching crystal
of NbSe3, at temperatures above (39 K) and below (24 K) the
onset of switching.

FIG. 2. The zero-bias, complex conductivity of the crystal in

Fig. 1. Circles and triangles indicate the in-phase and out-of-

phase components of conductivity, respectively. Open and solid

symbols indicate data taken at 47 and 24 K, respectively.
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FIG. 3. (a) The in-phase component of conductivity at 24 K
for the crystal from Fig. 1. The data are taken at three dc
biases: just below the first break in the I-V curve of Fig. 1, just
above the first break, and just above the second break. The lines
are guides for the eye. (b) The out-of-phase component, taken
at the same three dc biases.

ly. The subthreshold conductivity is identical to the con-
ductivity in Fig. 2, but the sliding responses deviate sub-
stantially.

At high frequencies, differences between the pinned
and sliding CDW responses are the least pronounced. In
Fig. 3, the sliding response of the CDW asymptotically
approaches the pinned response at frequencies above 200
MHz. The real component of conductivity approaches
the pinned data from above, while the imaginary com-
ponent approaches from below. As the dc bias increases,
from 210 to 243 pA, convergence recedes to higher fre-
quencies. Similar behavior is observed in the high-
frequency behavior of nonswitching CDW's. As dis-
cussed in Sec. III, the high-frequency convergence of
pinned and sliding responses, both in switching and

nonswitching CDW's, can be attributed to the effect of
internal deformations of the CDW phase. '

At intermediate frequencies, the sliding conductivities
in Fig. 3 are marked by a series of sharp interference
features that occur when the ac frequency matches a
narrow-band noise fundamental or one of its leading har-
monics. With a current bias of 210 pA, interference
effects occur at 27, 54, and 81 MHz due to the narrow-
band noise associated with the first current domain that
depins at 206 pA. With a current bias of 243 pA, the in-
terference features that are prominent at 46, 92, and 138
MHz are again due to the first domain. In addition, a
small feature occurs at 26 MHz due to the second current
domain. (The narrow-band noise signal of the second
current domain was much smaller than the signal of the
first, which presumably explains why the interference
effect produced by the second domain is so weak. ) In-
terference effects also occur in nonswitching crystals, al-
though only one series of peaks is usually observed.

Differences between the pinned and sliding CDW
responses are largest, both quantitatively and qualitative-
ly, at frequencies below the narrow-band noise frequency.
For example, Re+CDw in the pinned data is less than
0.03o.o between 4 and 27 MHz, while Reo.CDw in the
210-pA data begins at 0.600.

O and then decreases by over
60%%uo. Similarly, Imo. CDw in the pinned data begins at
zero and increases to 0. 100.o, while Imo. CDw in the slid-
ing data begins at —0. 150.

O and decreases to —0.20o.o
before slightly increasing again. At least for Reo.CDw,
the difference between pinned and sliding conductivities
at the lowest frequencies can be explained by the I-V
curve in Fig. 1. The dc differential conductance of a
CDW is the co=0 limit of ac conductivity. In Fig. 1, the
conductance of the CDW at 210 pA is 0.67o.o, a value
which is close to the observed value of RecrcDW at 4
MHz. But the other aspects of Fig. 3—the large disper-
sion in ReocDW and the inductive behavior of ImocDw
over a decade in frequency —are quite striking and are
without parallel in the conductivity of nonswitching
CDW's.

In nonswitching CDW's, the sliding conductivity
remains equal to the co=a limit, ReocDw dI/dV —oo-—
and Imo. CDW=-O, until just below the narrow-band noise
frequency. Inductive features are sometimes seen in
nonswitching CDW's over narrow frequency ranges
where the ac frequency matches the narrow-band noise
frequency, but the features in Fig. 3 are much larger. To
underscore the size of inductive features in switching
crystals, Fig. 4 shows the conductivity of a second NbSe3
crystal, measured at frequencies from 10 Hz to the
narrow-band noise frequency of 1 MHz. Both Reo.cDw
and ImacDW are reduced below their co=0 limits over
very broad frequency ranges, three decades in frequency
from 1 kHz to 1 MHz. These large, broad reductions in
RecrcDw and Imo. CDW are characteristic features in the
conductivities of all the switching crystals that we have
examined. We shall refer to these features as inductive
anomalies.

The effect of inductive anomalies can be displayed in
an alternative fashion by fixing the ac frequency and
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sweeping the dc bias. Figure 5 shows the conductivity at
4 and 50 MHz for the crystal of Figs. 1-3. Two separate
depinnings of the CDW, one by each current domain, are
evident in the data for ReocDw and ImocDw. Each de-
pinning causes an abrupt increase in ReocDw and an
abrupt decrease in ImocDw. In addition, both ReocD~
and IrnocDw decrease as the narrow-band noise frequen-
cy (of the first current domain} approaches the frequency
of the ac signal. This e6'ect is observable only in the 50-
MHz data, since narrow-band noise frequencies in this
crystal are always well above 4 MHz because of switch-
ing. A striking feature of Fig. 5(a) is that the 4-MHz data
are larger than the 50-MHz data when the CDW is de-
pinned. The 50-MHz data exceed the 4-MHz data only
when the CDW is pinned or when the current bias is
much greater than 300 pA. In a nonswitching crystal, a
conductivity measured at 50 MHz always exceeds a con-
ductivity measured at 4 MHz, because the conductivity
of a nonswitching CDW is a rnonotonically increasing
function of ac frequency and dc bias. The inversion of
conductivities in a switching CDW is produced by the
unusual dispersion of inductive anomalies, in which
CDW conductivity decreases with increasing frequency.

As a final observation, we comment briefly on the tem-
perature dependence of inductive anomalies. Although
we have observed inductive anomalies only in crystals
that display switching, we have observed inductive
anomalies at temperatures well above the onset of switch-
ing. For example, switching and hysteresis in one crystal
were observed starting at temperatures below 30 K, but
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FIG. 5. (a) The in-phase conductivity, measured at 4 and 50
MHz, for the crystal from Fig. 1 as a function of dc bias. Ex-
cept when the CDW is pinned, the 50-MHz conductivity is
smaller than the 4-MHz conductivity. The lines are guides for
the eye. (b) The out-of-phase conductivity as a function of dc
bias.

inductive anomalies were observed at temperatures as
high as 42 K. Inductive anomalies are not unusual in this
respect. Other phenomena connected with switching,
such as a bistable low-field resistance' or a period-
doubled response to ac signals, " are also observed
above the onset of switching. In fact, all three phenome-
na are closely related by their dependence on a polarized
CDW phase, as we shall explain in the next section and in
paper III.

III. ANALYSIS

CDW dynamics may be analyzed in terms of the classi-
cal, rigid-phase model of Gruner, Zawadowski, and Chai-
kin. ' The model is relatively simple, possesses an intui-
tive physical interpretation, and qualitatively reproduces
many aspects of the ac conductivity of nonswitching
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CDW's. These advantages make the rigid-phase model a
useful starting point for a discussion of the ac conductivi-
ty of switching CDW's.

The rigid-phase model treats the CDW amplitude as
fixed and the CDW phase as uniform throughout a CDW
conductor. The equation of motion is

plied bias is zero, the in-phase and out-of-phase com-
ponents of conductivity are given, respectively, by

2 0Reo(A) =
m* (1 P—A ) +A

dp ldll 2 e
, + —

d
+rvoF(p)= „&Q, (3)

ne r A(1 —PA )

m* (1 —PA ) +A

where P is the CDW phase, m* is the effective CDW
mass, Q is the CDW wave vector, and r is a phenomeno-
logical time constant describing dissipation. The fre-
quency ~o parametrizes the strength of CDW pinning,
and the function F(P) is a dimensionless pinning force.
The pinning force is a periodic function of the CDW
phase, and is usually approximated by its first Fourier
component, F (P) =sing. Equation (3) may be rewritten
in a dimensionless form,

pp+p+F(p) =ed, +e„cos(At),
where overdots represent differentiation with respect to
time, which is measured in units of (cool) '. The frequen-

cy of the ac field is normalized to the corresponding unit
of frequency, A=rv/(rvor), and the dc and ac field

strengths are normalized to the threshold field: ed,.
=Ed, /ET and e„=E„/ET,where ET=m*rvo/eQ

The remaining coefficient in Eq. (4) is the inertial pa-
rameter, p=(coo~) . The inertial parameter is basically
the time constant with which the CDW velocity ap-
proaches equilibrium. When p is zero or small, the CDW
velocity is a deterministic function of the electric field
and CDW phase, P=e F(P). In t—his case, CDW dy-
namics is referred to as overdamped. When p is large, the
CDW velocity lags behind the difference of the field and
pinning forces, and CDW dynamics is called under-
damped. In nonswitching crystals of NbSe3, the inertial
parameter is negligibly small and CDW dynamics is over-
damped. ' Typical numbers are ~=2.3)&10 ' s and
coo ——16 GHz, which yield an inertial parameter of
p=1.4X10 . But in switching crystals, the magnitude
(or even the relevance) of the inertial term is ambiguous.
On one hand, Eq. (4) predicts switching and hys-
teresis" ' when p ~ 1, and analysis of the chaotic
response in switching crystals leads to values of p that are
as large as 2.1." On the other hand, large values of p are
grossly inconsistent with estimates of coo and ~ obtained
from dc I-V characteristics. ' In the analysis that follows,
we shall compare the ac conductivity of switching
CDW's to the ac conductivity of the underdamped and
overdamped rigid-phase equations. We shall show that
switching CDW's appear overdamped when pinned, but
underdamped when sliding. We believe, however, that it
is physically implausible to interpret our results in terms
of phase inertia. Instead, we shall argue that phase slip-
page can mimic the effect of a motion-dependent inertia.

Figure 6 shows these components as functions of the ac
frequency. The curves in Fig. 6 define three characteris-
tic frequencies:

p
—1/2

A =(&I+4P+1)/2P .

The quantity Ao is the normalized pinning frequency
coo /cooT. The quantities 0+ are the frequencies at which
Imcr =+Reer. For overdamped CDW's, 0 reduces to
coo~, which is called the crossover frequency, and 0+
reduces to the damping frequency ~ '. The frequencies
0 and 0, + demarcate regimes of CDW response. For
frequencies between 0 and 0, CDW conductivity is
mainly capacitive; between 0, and 0, +, mainly dissipa-
tive; and between 0, + and ~, mainly inductive.

As shown in Fig. 6, the inertial parameter may be
determined directly from a measurement of ac conduc-
tivity, as long as measurement frequencies extend into the
inductive regime of CDW conductivity. Measurements
in the present experiments, such as in Fig. 2, were re-
stricted to the capacitive regime of CDW response.
However, the inertial parameter still may be determined,
or at least bounded, by its effect on the shape of CDW
conductivity. As the inertial parameter increases, the
CDW conductivity Aattens out at low frequencies and
rises more steeply at frequencies approaching the cross-
over frequency 0 . This effect is shown in Fig. 7, where
Eqs. (5) have been plotted for two values of the inertial
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FIG. 6. The zero-bias pinned ac conductivity of the classical,
rigid-phase of CDW dynamics [Eq. (4)].
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frequency, pinned conductivity of the rigid-phase model, for
two values of the inertial parameter: f3=0 and 0.2. The other
parameters in the rigid-phase model are chosen so that the
crossover frequency 0 is 500 MHz and the conductivity at the
crossover frequency is cr(Q l=5.25 mS. The theoretical curves
are superimposed on the 24-K data from Fig. 2.

parameter. The other parameters in Eqs. (5) have been
adjusted so that Q and o(Q ), respectively, match the
crossover frequency and conductivity of the 24-K data in
Fig. 2, which are superimposed on the theoretical curves.
Although neither the P=O nor the P=0.2 curves fit the
data in detail, the data are consistent with an over-
damped inertial parameter somewhere in the range
0&P&0.2. Furthermore, as remarked earlier, the data
are essentially identical to data measured on nonswitch-
ing crystals in this temperature range. Therefore, we
conclude that switching CDW's, when pinned, are
dynamically overdamped.

B. Sliding response

When the CDW slides in Eq. (4), the dc-induced
narrow-band noise frequency Qz replaces the frequencies
0+ as a characteristic frequency of CDW dynamics. In
the context of Eq. (4), the narrow-band noise frequency is
usually referred to as the washboard frequency It is.
equal to the reciprocal of the time-averaged phase veloci-
ty in Eq. (4), Q~=(P) '. For ac frequencies below or
far above the washboard frequency, the ac conductivity
of a sliding CDW may be calculated perturbatively. At
frequencies below the washboard frequency, the main
effect of an ac test signal is to produce a slow modulation
of the dc bias. Therefore the ac conductivity is closely re-
lated to the dc differential conductivity of the CDW:

2 dReer(Q)= [1—(PQ) ],m*

The prefactor (ne r/m * )d ( P ) /de is the slope of the
(voltage-controlled) I V-curve. As a function of frequen-
cy, the real component of conductivity starts at dI/dV
and decreases quadratically with increasing frequency.
The imaginary component starts at zero and decreases
linearly. The rate of decrease for both Rea and Imo is
set by the inertial parameter. For overdamped CDW's,
in which P is small, reductions in Reer and Imcr are negli-
gible. ' For underdamped CDW's, in which PQ can ap-
proach 1, reductions in Reo. and Imo. are appreciable and
in fact resemble the inductive anomalies that characterize
the sliding conductivity of switching CDW's.

At ac frequencies above the washboard frequency and
its leading harmonics, the role of the ac and dc signals in
Eq. (4) is reversed. The dc signal now produces a slow
variation of the potential tested by the ac signal, and
therefore the CDW conductivity is given by

ne r iQ
m* [(iQ —PQ ) —1]'

For overdamped CDW's the limit 1 « Q «P ' is
relevant. To order 0, the CDW conductivity reduces
to

2

Reo (Q) = (1——,'Q ),m*

Imo (Q) =0 .

The sliding conductivity of an overdamped CDW is
essentially constant and in phase with the test signal at
high frequencies. For underdamped CDW's the limit
PQ&&1 is relevant, and the CDW conductivity reduces
to

Reo(Q)=, (PQ)

Imo(Q)= — (PQ)
m

The sliding conductivity of an underdamped CDW
quickly approaches zero at high frequencies.

At ac frequencies that are comparable to the wash-
board frequency or its harmonics, an ac signal interacts
nonlinearly with the sliding motion of a CDW. In addi-
tion, ac-induced oscillations of the CDW are difficult to
separate from the dc-induced narrow-band noise. Rather
than calculate ac conductivities in this frequency range,
we have used instead an analog computer (Philipp-
Gillette JA-100) to simulate Eq. (4) and to measure con-
ductivities directly. The simulated measurements are
identical to the experimental measurements in Sec. II. A
small ac signal is applied to the analog and the analog
response is measured synchronously with a phase-
sensitive detector. As with the experimental measure-
ments, the simulated measurements do not distinguish
between ac- and dc-induced oscillations of the CDW.
The measurement procedure is equivalent to defining
conductivity in Eq. (4) as

2 dImo(Q)= — ~ (PQ) .
m de

ne r P(Q)
7

eac
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where P(Q) is the Fourier component of the CDW phase
velocity at the applied frequency.

Figures 8(a) and 8(b) show the results of analog simula-
tions appropriate to overdamped and underdamped dy-
namics, respectively. In Fig. 8(a), the fitting parameters
of Eq. (4) were chosen to be odor/2m. =500 MHz and
13=0.005, values which are consistent with the pinned ac
conductivity in Fig. 7. In Fig. 8(b), the fitting parameters
were chosen to be coor/2m. =22 MHz and P=2. 1, values
which are suggested by Shapiro step and hysteresis exper-
iments on NbSe3. " In both figures, the dc bias was ad-

justed so that the narrow-band noise frequency was com-
parable to the noise frequencies in Fig. 3.

The results in Fig. 8 agree with the results of Eqs.
(7)—(9). At low frequencies, Retr(Q) decreases quadrati-
cally from dI/dV and Imtr(Q) decreases linearly from
zero. The rate of decrease is set by P, so reductions in
Reo and Imcr are negligible in Fig. 8(a), where P is small,
and appreciable in Fig. 8(b), where P is large. [In Fig.
8(a), the increase in Reo just before the washboard fre-
quency is due to mode locking between the ac and wash-
board frequencies. ' j At high frequencies, the behavior
of o(A) depends on whether the CDW is underdamped
or overdamped. For the overdamped calculation, Reo.
attains the high-field, high-frequency limit of ne rim',

while Imcr is identically zero. For the underdamped cal-
culation, Reo rolls off as 0, while Imo. decreases as
—0 '. At intermediate frequencies, both the under-
damped and overdamped conductivities display a series
of large interference peaks where the test frequency
matches the washboard frequency or its harmonics.

The sliding ac conductivity of the rigid-phase
model —whether underdamped or overdamped-
obviously does not agree with the experimental data on
switching CDW's. The model also does not agree with
experimental data on nonswitching CDW's. ' Three
discrepancies are notable.

1. In the rigid-phase model, Reo. is larger at low fre-
quencies than at high frequencies. In experiment, just the
opposite behavior is observed: Reer is smaller at low fre-
quencies than at high frequencies.

2. At high frequencies in the rigid-phase model, Imo.
is zero, but in experiment, Imo. approaches its pinned
value.

3. Interference effects are much larger in the rigid-
phase model than they are in experiment.

These discrepancies, however, can be traced to the
model's assumption of a rigid CDW phase. Better results
are obtained if the CDW phase is treated as deformable. '

Fukuyama and Lee showed that a deformable CDW
breaks up into a series of phase-coherent domains. '

Within a domain, the CDW phase is fairly rigid. The dy-
namics of an individual domain may be modeled by Eq.
(4) if an elastic coupling of the CDW phase to neighbor-
ing domains is included. '

Application of an electric field to a deformable CDW
not only produces sliding motion of the CDW, but also
internal motion of the CDW domains with respect to one
another. The internal modes of a deformable CDW have
three effects on its dynamics. First, the slope dI/dV of
the dc I-V curve is reduced below the high-field limit
ne r/m'. ' Consequently, Reo becomes smaller at low
frequencies than at high frequencies. Second, internal
modes dominate the CDW response at high frequencies. '

Therefore, Imo. approaches its high-frequency, pinned
value even when a CDW is sliding. Third, internal modes
reduce the size of the narrow-band noise signal. ' This in
turn reduces the interference features in cr(Q) to a size
which is consistent with experiment.

While improving agreement with the low-frequency
limit of Reo. , the high-frequency limit of Imo. , and the
size of interference features, a deformable CDW phase
does not account for the inductive anomalies that are
characteristic of switching CDW's. Discounting the
discrepancies caused by the rigid-phase assumption, Eqs.
(5) and Fig. 8 show that inductive anomalies are indica-
tive of a CDW phase velocity that lags behind the applied
ac signal. (The literature contains no underdamped,
deformable-phase calculations of ac conductivity; there-
fore we cannot compare our experimental results with
theoretical curves. ) However, it is unlikely that the lag in
CDW response is literally caused by phase inertia, only
that the lag can be modeled by inertia. Phase inertia is an
unappealing explanation of the CDW response for several
reasons. As paper I points out, the origin of inertia
would be difficult to explain in switching crystals. Furth-
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ermore, phase inertia would have to depend on CDW
motion in a peculiar manner. Because the CDW
response is overdamped when pinned but underdamped
when sliding, a hypothetical inertia would have to appear
whenever a CDW started to slide. On the other hand, a
velocity-dependent inertia would be evident in the high-
frequency response of a pinned CDW, since the rms ve-
locity of a CDW increases as the ac frequency increases.
Because there is no evidence for an underdamped pinned
mode, a hypothetical inertia would have to depend on the
sliding motion of a CDW without depending on the
CDW velocity. With such a complicated dependence on
CDW motion, phase inertia does not provide a natural
explanation for the underdamped response of switching
CDW's.

C. Phase slippage

This section will argue that phase slippage can explain
the ac characteristics of switching CDW's. To summa-
rize the model presented in paper I, switching crystals are
distinguished from nonswitching crystals by the presence
of a small member of strong- (or "ultrastrong"-) pinning
sites. Strong-pinning sites, which are present in addition
to the weak impurities found in nonswitching crystals,
nucleate the phase-slip centers that enable a switching
CDW to slide. Strong-pinning sites produce large gra-
dients in the CDW phase when an electric field is applied
to a crystal. Polarization of the CDW phase leads to col-
lapse of the CDW amplitude as the electric field in-
creases. When the amplitude collapses, the phase slips
by a factor of 2~ to relieve polarization. Then the ampli-
tude reforms, phase polarization reaccumulates, and the
phase-slip cycle repeats as the CDW amplitude collapses
again. Each cycle of the phase-slip process advances the
CDW phase by a factor of 2m.

Phase slippage causes switching when the polarization
that accumulates at strong-pinning centers is very
large. ' A large polarization of the CDW phase is not
relieved appreciably by a single phase-slip event; there-
fore the CDW amplitude reforms only partially during
the phase-slip cycle. The elasticity of the phase depends
on the CDW amplitude, and in turn the pinning of a
CDW depends on phase elasticity. As a result, CDW
pinning is restored only partially during each phase-slip
cycle, and the effective collapse in pinning produces
switching. When a CDW is pinned, its amplitude does
not fluctuate and phase elasticity restrains motion of the
CDW. When the CDW begins to slide, phase elasticity is
reduced and the CDW velocity jumps from zero to a
large value.

The phase-slip model explains the co=0 limit of ac con-
ductivity, since it accounts for the shape of the dc dI/d V
curve in switching crystals. ' The phase-slip model may
be extrapolated to finite frequencies by considering sepa-
rately the cases of pinned and sliding CDW's. For the
case of a pinned CDW, the interactions that determine
the ac response of a switching CDW are the same as
those for a nonswitching CDW. In a nonswitching
CDW, phase domains respond to an ac signal like a col-
lection of overdamped oscillators coupled together by the

elasticity of the CDW phase. In a switching CDW, the
only difference is the additional presence of strong-
pinning sites. But the phase is essentially fixed at strong-
pinning sites, because pinning frequencies there are corn-
parable to the Peierls gap frequency. Therefore, strong-
pinning interactions do not contribute to the ac response
of a CDW for frequencies below the far infrared. Furth-
ermore, because of their small number, strong-pinning
sites do not appreciably reduce the oscillator strength of
weak impurities. Therefore the pinned conductivity of
switching CDW's should be nearly identical to the
response of nonswitching CDW's.

For the case of a switching CDW, phase slippage pro-
duces a delayed motion of the CDW phase that has no
counterpart in nonswitching CDW's. In order for the
phase to advance in a switching CDW, the abrupt phase
changes that occur at phase-slip centers must diffuse
from the centers into the bulk of neighboring phase
domains. The time required for a 2m change of phase to
diffuse across a domain is on the order of the phase relax-
ation time. In the overdamped rigid-phase model, the re-
laxation time is given by (coor) ', or by P= 1 in normal-
ized units. When an ac signal is applied to a switching
crystal, the phase diffusion time produces a delay between
advances of the CDW phase and the maximum field of
the ac cycle. Therefore the CDW velocity lags behind
the ac signal with a time constant of P-1. The lag has
exactly the same effect that a phase inertia would have,
and produces inductive anomalies in the ac response of
the crystal. Because phase slippage occurs only when a
CDW slides, inertialike effects are present only in the
sliding, and not in the pinned, CDW state.

Significantly, switching and hysteresis are not required
in the dc characteristics of a crystal in order for inertial
effects to be present in its ac response. Switching and
hysteresis require special conditions of phase polarization
and impurity concentrations, but inertial effects require
only phase slippage. This explains why inductive
anomalies are observed in the ac response of a crystal at
temperatures above the complete onset of switching.

IV. SUMMARY

We have presented the results of ac-conductivity mea-
surements on switching crystals of NbSe3. At tempera-
tures well above the onset of switching, the ac response of
switching and nonswitching crystals is equivalent. At
temperatures below the onset of switching, the ac
response of switching and nonswitching crystals is distin-
guishable only when the CDW's within the crystals are
sliding. The sliding ac conductivity in switching crystals
is marked by inductive anomalies, which are broad dips
in ReocDw(co) and ImacDw(co) at frequencies below the
narrow-band noise frequency. We have analyzed the ac
response of switching crystals in terms of the rigid-phase
model, which is the simplest differential equation of
CDW transport. Although the data are not described in
detail by this model, the model does show that switching
CDW's are overdamped when pinned and underdamped
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when sliding. We have argued that inertial effects in the
sliding state arise from the same phase-slip mechanism
that produces bistability and hysteresis in dc I-V curves.
Thus phase slippage provides a self-consistent explana-
tion of the ac and dc characteristics of switching CDW
transport.
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