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When a switching charge-density-wave (CDW) conductor is driven with a rectangular voltage
pulse, the CDW begins to slide only after a delay 7. We present detailed measurements of the
impulse response of the charge-density-wave conductor NbSes as a function of the pulse height,
temperature, and initial configuration. We find that the average conduction delay 7 has an activated
temperature dependence for pulse heights sufficiently far above threshold: 7 o< exp(Ea./ksT), where
E, = 24.1+3.2 meV, comparable to the CDW gap. We have also performed numerical experiments
based on a model which includes the interaction of the CDW with uncondensed electrons. Within
this model, we can account for the polarization dependence of the threshold for sliding and the
dependence of the conduction delay on the pulse height. If we assume that the ungapped carriers
in NbSes do not screen the motion of the CDW, then the Arrhenius temperature dependence of the
delayed conduction can also be explained. The excellent qualitative agreement between theory and
experiment provides a compelling argument that switching behavior arises from the interaction of
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the CDW with uncondensed carriers.

I. INTRODUCTION

Charge-density-wave (CDW) conductors display a re-
markable diversity of nonlinear phenomena.! The source
of the nonlinearity arises from the interaction of the
CDW, commonly treated as an elastically deformable
medium,? with randomly spaced impurities. The incom-
mensurate CDW is pinned by these impurities, but slides
and carries current when an applied electric field ex-
ceeds a threshold Er. At temperatures near the Peierls
transition temperature Tp, the threshold is unique and
nonhysteretic. At lower temperatures, the interaction of
the CDW with thermally excited quasiparticles becomes
as important as the interaction with impurities in the
semiconducting CDW materials such as Ky 3sMoO3 and
0-TaS3;. Experimental evidence for this includes the ob-
servation that the CDW conductivity above threshold
becomes proportional to the number of normal carriers®
and the presence of a broad overdamped mode (associ-
ated with internal modes of the CDW) which freezes out
at low temperatures.? At still lower temperatures a sec-
ond hysteretic threshold E}. develops, above which the
CDW slides almost without damping.5—8

It has been known for some time that normal carrier
screening increases the effective CDW damping,® but it
was Littlewood who suggested that this interaction might
explain the existence of two threshold fields and the hys-
teretic behavior in the semiconducting materials.® Much
of the behavior observed in the semiconducting com-
pounds is also seen in NbSes, which remains metallic at
low temperatures. The so-called “switching” behavior,
in which the CDW depins suddenly and hysteretically, is
observed in some, but not all, samples of NbSe3.1! Several
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attempts have been made to understand switching behav-
ior in NbSes in terms of phase slip,’2 CDW inertia,3 and
other processes.!! We have proposed a model'* similar to
Littlewood’s and have shown that the uncondensed car-
riers produce a global coupling term in the equations of
motion for the CDW. Current-voltage curves computed
from these equations exhibit a single hysteretic depin-
ning transition in one dimension and two threshold fields
in two dimensions.23

Charge-density-wave dynamics in the switching regime
differs markedly from the nonswitching regime; included
are the observation of negative differential resistance
and related instabilities,'® anomalously large broadband
noise,'® and period doubling and chaotic behavior in the
presence of combined dc and ac fields.16'7 A particularly
unique and puzzling phenomenon was observed by Zettl
and Griiner, who found that if one applies a voltage (or
current) pulse above threshold, the CDW will begin to
slide only after a delay 7.1® Delayed conduction has also
been observed in 0-TaS3.1°

The phenomenon of delayed conduction provides a
stringent test for competing models of switching CDW
transport. Joos and Murray?® proposed an explanation
of the results of Zettl and Griiner based on a kinetic Ising
model. Strogatz and Westervelt?! later applied bifurca-
tion theory to several models of switching to make pre-
dictions for the dependence of the switching delay on the
height of the applied voltage pulse. We showed in a pre-
vious paper?? that, near threshold, the average delay de-
creases much more steeply with normalized pulse height
than predicted by any of the models studied by Strogatz
and Westervelt. Furthermore, the distribution of delays
displayed a sensitive dependence on the initial configura-
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tion, and the delays varied over five orders of magnitude
for identical external parameters. The sensitive depen-
dence on initial configuration was not predicted by previ-
ous models. Wiesenfeld and co-workers?4:2° showed later
that such a sensitive dependence arises naturally in an
extension of the Fukuyama-Lee-Rice model with nonuni-
form impurity strength and the possibility of phase slip.

In this paper, we present the main results of a detailed
experimental and numerical study of the phenomena of
conduction delays in CDW’s. In Sec. III, we describe
experiments which have investigated the phenomenon of
conduction delays as a function of temperature, pulse
height, and initial configuration. Our main results are
as follows: Near the threshold for sliding, we observe a
broad distribution of “long” delays 7, whose standard de-
viation exceeds the average, and whose average 7 depends
quite strongly on the pulse height. As the pulse height is
increased there is a distinct crossover to “short” delays,
in which the standard deviation is below the average.
The short delays decrease approximately exponentially
with pulse height. The delay at the crossover between
long and short delays (or the delay for a fixed fraction
above threshold) displays an Arrhenius temperature de-
pendence with an activation energy FE, comparable to
previous measurements of the CDW gap. The switch-
ing time ts, (defined as the time taken for the CDW
current to rise from 10% to 90% of its asymtotic value)
displays a similar temperature dependence. We have also
performed experiments in which the initial configuration
was prepared in specific ways. The first method involved
heating the CDW crystal above the Peierls transition and
allowing it to cool in zero field. The second method in-
volved applying a negative pulse to the CDW. In both
cases, we observed a lower threshold for sliding when a
positive pulse was applied starting from the relaxed con-
figuration.

In Sec. IV, we describe numerical “experiments” on
delayed conduction. The model we simulate is a variant
of the model of switching and nonswitching CDW trans-
port discussed in Ref. 14. In this variant, both the in-
teraction between the CDW and normal carriers and the
nonuniform spatial distribution of impurities are taken
into account, but phase slip is ignored. We observe de-
layed conduction and explain its origin in the model. We
find good qualitative agreement with the surprising ex-
perimentally observed dependence of conduction delays
on initial conditions and pulse height. If we assume that
the ungapped carriers in NbSes do not screen the motion
of the CDW, then the model is also consistent with the
observed Arrhenius temperature dependence of the con-
duction delays 7 and switching time tsy. The agreement
between experiment and theory provides strong support
for the model. The surprising implication, that ungapped
carriers in NbSej3 play a negligible role in screening CDW
deformations, is an interesting topic for further study.

II. EXPERIMENTAL METHODS

The experiments were performed on three samples of
NbSes at temperatures 18 K < T < 33 K. All three
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samples displayed a single, clean switch. In this paper,
we will present mostly the results for a single sample, but
will summarize the results for the other samples where
appropriate.

The samples were grown by conventional vapor trans-
port methods. Switching samples of NbSez generally are
obtained in freshly grown batches, but we have found
that cooling the samples in liquid nitrogen and/or stor-
ing them in vacuum greatly prolongs the life of a switch-
ing batch. The samples were placed inside of a con-
flat flange filled with 1 atm of helium gas, in order to
minimize Ohmic heating of the sample, and cooled us-
ing a closed-cycle helium refrigerator. The samples were
mounted in a two-probe configuration on a ceramic 50-Q
microstripline terminated by 50-Q2 resistors at each end.
The conflat flange can hold up to six samples at a time,
which was important because the success rate in finding
high-quality samples is quite low. Temperature stabil-
ity was somewhat problematic, because of the uneven
cooling power of the refrigerator, but this difficulty was
overcome by using two pairs of temperature sensors and
heaters, one near the cold head and one inside the con-
flat flange. With this method we were able to achieve a
temperature stability of £10 mK over an indefinite range
of time. The samples were driven by a pulse generator
with a rise time of 5 nsec.

III. EXPERIMENTAL RESULTS

At temperatures near the Peierls temperature
Tp2=59 K, the CDW depins smoothly at a threshold E;.
As the temperature is lowered, the CDW conductivity
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FIG. 1. I-V curves at various temperatures for sample 1
(length is 0.4 mm; Ohmic resistance is 32  at T=20 K).
The onset of hysteresis occurs near 28 K, although the I-V
curve is double valued at higher temperatures due to the finite
impedance of the voltage source. The transitions to and from
the sliding states are not vertical, due to the 50-€2 impedance
of the voltage source and the 50-Q terminating resistors. As
the temperature is lowered, the Ohmic (low-field) resistance
decreases and the hysteresis increases.
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near E; decreases, and a second threshold develops at a
higher field E}. This threshold becomes hysteretic, and
the width of the hysteresis loop increases as the tem-
perature is lowered further. Figure 1 shows the current
as a function of the voltage drop across the sample for
sample 1, at temperatures ranging from 28.2 K down to
18.8 K. Due to the low impedance of the sample (32 Q
at T=20 K), the voltage across the sample differs in the
sliding and pinned state. The width of the hysteresis
loop increases as the temperature is lowered. The Ohmic
resistance of the sample decreases with temperature in
this range, whereas the sliding state conductivity is ap-
proximately independent of temperature.

In the first set of experiments, a 1-sec voltage pulse V,,
was applied to the sample, followed by a 2-sec interval
with zero voltage, as depicted in Fig. 2. The CDW cur-
rent was digitized over the range 0.1 usec—1 sec, and the
delay 7 was determined by a computer algorithm. The
switching time ¢, was also measured from the resulting
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FIG. 2. Schematic representation of the impulse response
experiments. The sample is driven by a 1-sec voltage pulse of
height V,,, followed by a 2-sec wait period. The CDW current
is then digitized, and the conduction delay 7 and switching
time tsw are determined from the current trace. The exper-
iment is repeated 1024 times for various values of V,, and at
different temperatures.
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current trace. Typically, 1024 delays were measured for
a given V}, and temperature.

A. Distribution of delays

Figures 3(a)-3(d) show a histogram of the conduction
delays for various temperatures T' and pulse heights V.
The various histograms are offset for clarity. We define
as threshold V4, the pulse height for which half of the
pulses do not result in CDW conduction. Our main re-
sults do not depend critically on this choice for V;;. For
T=19.8 K, V*=14.96 mV, as seen in the top trace of
Fig. 3(a). As V, is increased, the distribution remains
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FIG. 4. Plot of average switching delay ¥(O) and standard
deviation o(A), for samples 1-3, respectively. Near threshold,
the delays are “long”: 7 depends strongly on the reduced pulse
height € and the standard deviation o on the order of 7. At
larger €, the delays become “short”: the standard deviation
falls below the average and the dependence of T on Vpulse is
much weaker. There is a fairly well-defined crossover time 7o
which separates the two regimes. (a) Sample 1. (b) Sample 2
(length is 0.6 mm). (c) Sample 3 (length is 1.2 mm).
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broad, but begins to narrow relative to its average near
Vp=15.31 mV. Above this pulse height, the distribution
remains narrower and the average decreases much less
rapidly. Similar behavior is observed in Figs. 3(b)-3(d).

The crossover from a fairly broad distribution to a
much more narrow one can be seen more clearly if one
looks at the average delay 7 and standard deviation o
as a function of V,. Figures 4(a)-4(c) show the av-
erage delay and standard deviation versus the reduced
pulse height € = (V, — thh) / Vpth for the three samples
which were studied. For values of ¢ below a sample- and
temperature-dependent crossover value €.,, the distribu-
tion of “long” delays is quite broad and the average de-
lay 7 depends sensitively on €. Associated with e, is a
fairly distinct crossover at time 7., to “short” delays, in
which 7 depends much more weakly on V,, and for which
the standard deviation o is much smaller than #. This
crossover time is more pronounced in samples 2 and 3
than in sample 1. The dependence of the short delays on
€ can be fit fairly well to a power law 7 < ¢4 with § ~ 2
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FIG. 5. Average switching delay 7 (in seconds) versus € for
different temperatures. The delays decrease monotonically as
the temperature is increased. (a) Sample 1. (b) Sample 2.
(c) Sample 3.
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for sample 1, but samples 2 and 3 clearly appear to fit
an exponential form much better.

B. Temperature dependence of delays

The conduction delays display a very strong depen-
dence on temperature. By changing the temperature over
a few degrees, the average delay can change by several or-
ders of magnitude. Figures 5(a)-5(c) show the average
delay 7 versus reduced pulse height € at various temper-
atures for samples 1-3, respectively. As the temperature
is increased, the average delay decreases. The tempera-
ture dependence of €., is very much sample dependent,
remaining essentially constant for sample 1, decreasing
with temperature for sample 2, and apparently increas-
ing for sample 3. These sample-to-sample variations may
have to do with the fact that the distribution of delays is
bimodal in many samples;2? the presence of only a small
fraction of “long delays” may overwhelm an otherwise
smaller average, as is the case for Fig. 5(c) at T=31.0 K.
The exponential dependences of ¥ on € seen in samples
2 and 3 are more robust at lower temperatures, becom-
ing less dependent on € as ¥ approaches a critically small
value (3 usec for sample 2).

The switching time tg, displays a similar dependence
on temperature. Figure 6 shows typical short switches
for sample 1 at four different temperatures, for values of
€ slightly above €.,. As the temperature is increased from
19.8 K to 27.0 K, 7 decreases by more than two orders of
magnitude. The switching time ¢, decreases in a similar
fashion. The switching time t,, while highly dependent
on temperature, displays no observable dependence on €.

The temperature dependence of both 7., and tg, are
shown in Figs. 7(a) and 7(b). Figure 7(a) shows an Ar-
rhenius plot of 7, versus inverse temperature for three
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FIG. 6. Experimentally measured CDW current versus
time for a typical short delay at four different temperatures.
The four traces are offset vertically for clarity. Note that the
time scale for both 7 and ¢.w scale together (i.e., the curves
look similar but shifted on a logarithmic scale).
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FIG. 7. (a) Plot of crossover time 7., versus inverse tem-
perature for three different samples of NbSes;. The solid lines
represent fits to the form 7., «x exp(Ea./ksT). (b) Plot of
switching time t.w for the same samples as in (a). Solid lines
are fits to the same functional form as in (a).

different samples. The data are clearly fit well by straight
lines, with a mean activation energy F, = 24.14+3.2 meV.
The switching time ts, also appears to behave in an
activated fashion (with mean activation energy E, =
24.0 + 3.8 meV), as shown in Fig. 7(b). The activa-
tion energy is comparable (i.e., within factors of 2) to
more direct measurements of the CDW gap,26728 as well
as measurements of the activated behavior of the CDW
current in NbSes below E% by Adelman et al.2°

C. “Melting” the CDW

We have also performed experiments in which we pre-
pared the initial configuration of the CDW in various
ways. One method that we have used previously?? in-
volves applying a sinusoidal signal to the CDW of the
form V(t) = Vo(3)(1 — cos t) cos(2n ft), where 2m/Q =
3 sec and f ranged from 100 Hz to 100 kHz. The dis-
advantage of this method of preparing the initial config-
uration is that one has little intuition of what the final
configuration of the sample might be, and there is no
guarantee that the configuration will be the same for ev-
ery pulse. A conceptually simpler method of preparing
the initial configuration is the following: first, the sample
is heated above the Peierls temperature, in effect “melt-
ing” the CDW. Next, the sample is allowed to cool slowly
at zero electric field, to a final temperature. The CDW
should then be in a highly reproducible configuration,
and one can investigate the impulse response beginning
from this configuration. Several 1-sec pulses are then
applied as in the earlier experiments.
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Figure 8 shows the time evolution of the current for
two successive pulses (pulse 1 and pulse 2) at various
values of V, and T' = 20 K for sample 1. The initial con-
figuration of the CDW was prepared as described above.
The traces for different values of V,, are offset for clar-
ity, but there is no offset between pulse 1 (squares) and
pulse 2 (circles). The top two traces show the current
versus time for V,=14.14 mV. At the end of both pulses
the CDW remained in the pinned state. For pulse 1,
there is a large polarization current, which appears to
decay abruptly near 30 usec and disappear completely
by 10 msec. This polarization current is not observed for
pulse 2. At V,=14.19 mV, one sees a similar polarization
current for pulse 1 and the CDW remains in the sliding
state. After approximately 100 usec, even though there is
no clear switch, the current has reached an approximately
steady state with the CDW sliding. The second pulse
shows no polarization current and remains in the pinned
state. Similar behavior is also observed at V,=14.73 mV,
although the time at which the polarization current de-
creases has decreased. At V,=15.00 mV, one observes
delayed conduction in pulse 2 at 100 msec. The conduc-
tion delay shortens as V,, is increased to 15.45 mV, con-
sistent with earlier experiments. The response to pulse
2 and successive pulses is qualitatively indistinguishable
from the response of the CDW when its initial condition
was not specially prepared.

The initial configuration of the CDW appears to have a
profound effect on the pulse-driven threshold for sliding.
Figure 9 shows a plot of the total current through the
sample at the end of the first and second pulses versus V.
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FIG. 8. Current versus time for various values of V,, for
two different initial conditions. Pulse 1 (O) is the response
after heating the sample to 70 K and cooling down to 20 K
over a period of 600 sec. Pulse 2 (o) started 3 sec after the end
of pulse 1. The current traces for different Vjuise are shifted
for sake of clarity. See text for a detailed description.
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FIG. 9. Final current versus pulse height V,, for two succes-
sive pulses (1 and 2) after heating the sample above the Peierls
temperature (T ~70 K) and allowing it to cool to 7’ = 20 K at
zero field. The dashed line represents the I-V curve for slow
ramping. The threshold for switching is significantly lower for
the first pulse.

The dashed line indicates the hysteresis loop obtained
from a slowly ramped I-V trace. For pulse 1, the CDW
slides when V,, is near the middle of the hysteresis loop,
while for pulse 2 and successive pulses, the CDW slides
only if V, exceeds the threshold obtained from the slowly
ramped I-V curve.

The polarization currents described above, as well as
the polarization dependence on the threshold for sliding,
were reproduced in sample 2 and were not checked for
sample 3. However, sample 2 displayed a clear “switch”
into the sliding state even in response to the first pulse
after “melting.”

D. “Depolarizing” the CDW

A similar experiment was performed in which the
CDW was prepared by a l-sec pulse of strength Viep,
followed by 2 sec at zero bias. Several 1-sec pulses were
then applied as in the earlier experiments. Figures 10(a)
and 10(b) show current traces for two values of Vyep. As
in Fig. 8, the traces for different values of V,, are offset for
clarity, but there is no offset between pulse 1 (squares)
and pulse 2 (circles). In Fig. 10(a) Vgep = —4.18 mV.
At V, = 14.87 mV, there are no measurable polariza-
tion currents for pulse 1, in contrast to the behavior for
Fig. 10. As V}, is increased, we observe no statistically
significant difference between pulse 1 and pulse 2. At
Ve = 14.95 mV, switching occurs for pulse 1, but not for
pulse 2, while at V,, = 15.05 mV, the situation is reversed.
At V, = 15.23 mV, both pulse 1 and pulse 2 produce a
switch at almost exactly the same time.

The situation is different when the magnitude of Ve, is
increased to —8.36 mV, as shown in Fig. 10(b). The cur-
rent traces are essentially the same for both pulse 1 and
pulse 2 at V, = 14.23 mV. At V,, = 14.32 mV switching
occurs for pulse 1, but not for pulse 2. At V, = 15.05 mV
both pulse 1 and pulse 2 produce switching, although one
can see that the delay is much longer for pulse 2. The
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switching time tg, is approximately the same for both
pulses.

Figures 11(a) and 11(b) show plots of the total current
through the sample at the end of the first and second
pulses versus V,, for the two values of Vje, correspond-
ing to Figs. 10(a) and 10(b), respectively. The dashed
line indicates the hysteresis loop obtained from a slowly
ramped I-V trace. In Fig. 11(a), there is no appreciable
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FIG. 11. Final current versus pulse height V, for pulse 1
and pulse 2 for depolarizing experiment (see Fig. 10). Dashed
line shows hysteretic I-V curve for slowly swept voltage. The
voltage shown assumes that the response of the sample is
ohmic (cf. Fig. 1). (a) Vaep = —4.18 mV. There is little
difference between pulse 1 and pulse 2. (b) Vi, = —8.36
mV. Pulse 1 ends up in the sliding state for Vouise >14.2 mV,
whereas the threshold is Vpuise >15.0 mV for pulse 2.
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Pulse 1
Pulse 2
100pA

FIG. 10. (a) Current versus time for two
successive pulses [1 (O) and 2 (o)] at vari-
ous values of Vjuise, after a 1-sec depolarizing
pulse of strength Vyep. (a) Vaep = —4.18 mV.
(b) Viep = —8.36 mV.

difference between pulse 1 and pulse 2, while Fig. 11(b)
clearly shows that the threshold for switching is some-
where near the middle of the hysteresis loop for pulse 1
and near the threshold for the slowly ramped I-V curve
for pulse 2 and successive pulses. Behavior similar to
Fig. 11(b) was observed for higher values of Vgep, with
no appreciable change in the threshold for pulse 1. For
pulse 1, the CDW slides when V, is near the middle of the
hysteresis loop, while for pulse 2 and successive pulses,
the CDW slides only if V}, exceeds the threshold obtained
from the slowly ramped I-V curve.

IV. NUMERICAL RESULTS

A. Previous work

Several theories have been proposed to explain CDW
conduction in switching samples. Hall, Hundley, and
Zett13° have proposed that switching samples contain a
few “ultrastrong pinning centers,”3! which prevent the
intact CDW from sliding. The CDW can slide only when
the internal strains become sufficiently large to cause
tears, or phase slips, in the fabric of the condensate.
Inui et al.l? proposed a many-body Hamiltonian em-
bodying these ideas, and they numerically investigated
a one-degree-of-freedom version. Strogatz et al.32 have
proposed a different, exactly soluble many-body Hamilto-
nian that is isomorphic to the mean-field z-y model. Each
of these models shows delayed switching,?! and there has
not been much experimental work that could distinguish
between them. Other mechanisms have also been pro-
posed to explain delayed conduction specifically.'8:20,33,34
In this section, we discuss a variant of the model de-
scribed in Ref. 14, in which the distribution of impurities
has been taken into account. We then present numerical
simulations and compare our results with experiment.
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B. Equations of motion

We first discuss the origin of the equations of motion
that we use for our simulations. We have found that
it is crucial to employ a nonuniform (Poisson) distribu-
tion of impurity spacings, because it is this distribution
which gives rise to polarization-dependent effects such
as the pulse-sign memory effect.3> Our method of dis-
cretization differs slightly (but significantly) from previ-
ous methods.36:3% We start as usual with the Fukuyama-
Lee-Rice energy functional:

K

52] —#E@ + Lo -,
(4.1)

where ¢(z) is the CDW phase as position z, K is
the CDW elasticity, E(x) is the (local) electric field,
p(z)V(z) = — cos[Qzx + ¢(x)]6(z) is the impurity energy
associated with impurity site z;, and Q is the CDW wave
vector. We then make the ansatz that the system is over-
damped, with a damping constant . The overdamped
equation of motion arises from the equation

§U
S¢(z)

We then integrate Eq. (4.2) between impurity sites, mak-
ing the following approzimations:

Yod(z) = — (4.2)

/ " de p(2) ~ (3501 — 83) dlag) = dyds . (4.3a)

3

/3”1 dz sin[Qz + ¢(x)]6(z — z;) = sin[¢(z;) + Q]

3

= sin [¢J - ,BJ] 5 (43b)
8j4+1 62(]5 3¢ 8j+1

f, e =[5,

n P =% 9 =P _pg (4.30)
Ti+1 —Tj  Tj — Tj-1
8i+1

/ de E(z) ~ d; E(z;) = d; B, (4.3d)
where s; = (z;_1 + z;)/2 and B; = —Qz;. (If the av-

erage impurity spacing is much larger than the CDW
wavelength, then the §; can be considered to be random
numbers modulo 27.) The discrete equations of motion
then become3”

'ygdjc,b] KA¢; —sin(¢p;

~B) +dE(1).  (4.4)

The CDW current density Jocpw coexists with a normal

current density jn, which together form an incompress-
ible fluid:
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. _dJcow | dJIn
= —b4 = = 4.5
Vi dx dx 0, (4.5)
where Jepw(z) = é(z) and Jx(z) = E(z)/v:. Here

71 is the resistance of the uncondensed carriers which
are excited across the CDW gap at finite temperature.
Condition (4.5) implies that the total current obeys the
condition

L
J(z) = %./o dz J(z), (4.6)

where L = Z;\le d; is the length of the CDW. The dis-
crete version of Eq. (4.6) is the following:

é; + 5 de(k+—~>

. E
st
If one substitutes for d; E; using Eq. (4.7), then Eq. (4.4)
becomes
(Yo +m)d;d; = KA¢; —sin(¢; — B;)

+d;E(t) + v1d; (br ) (4.8)

C. Numerical experiments

We have studied the impulse response of Eq. (4.8) as
a function of 1 /70 and initial configuration, in analogy
with the experiments described in Sec. III. We chose
a system of size L = N = 64, with K = 0.1. Periodic
boundary conditions were employed. Time was measured
in units of o, which was set to 79 = 1 in all the compu-
tations. We looked at a single distribution of impurities
zj, and we do not expect the general results to depend
critically on the exact distribution. Our aim was to re-
produce qualitatively the striking features of our experi-
ments on delayed conduction. We have not attempted to
make a quantitative comparison of experiment and the-
ory, although such a comparison is in principle possible.
We have concentrated on features of our results which
appear robust in the three samples which we have exam-
ined.

In the first set of numerical experiments, we applied a
time-dependent field E(¢) of the form

t<0
t>0,

E()=0

B(t) = By, (4.9)
starting from two different initial configurations, as
shown in Fig. 12(a). Configuration 1 was obtained by
setting all of the phases ¢; to zero and allowing the CDW
to relax into a metastable state. Configuration 2 was ob-
tained by allowing the final configuration of one of the
first pulses with E, = 0.523 to relax at zero field. Fig-
ure 12(b) shows the CDW current as a function of time
for two different values of E, and ~; = 10, starting from
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configuration 1. For E, = 0.523, the CDW polarizes, but
does not switch. The CDW switches for E, = 0.524, and
the delay changes from 7 = 270 to 7 = 240 when F, is
increased to E, = 0.525. Figure 12(c) shows the CDW
current as a function of time for two different values of
E, and v, = 10, starting from configuration 2. When
the CDW starts in a highly polarized state, the polar-
ization currents become much smaller and the switching
delays much longer. For E, = 0.585, the CDW polar-
izes somewhat but does not switch. For E, = 0.586,
the CDW switches near ¢ = 700, more than three times
longer than near threshold in the unpolarized case (note
the change of time scale). The dependence of T on E, is
also more pronounced for configuration 2. The pulse for
which E, = 0.587 switches near ¢t = 475, a much larger
fractional change than for configuration 1.
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FIG. 12. Numerical simulations of Eq. (4.8) for two dif-
ferent initial configurations. Time is expressed in units of
Y0 = 1. Current ¢ is dimensionless. (a) Plot of two initial
configurations. For configuration 1, the CDW is in a relaxed
state of minimum strain energy, obtained by letting the CDW
relax from ¢;=0 at ¢ = —oo. For configuration 2, the CDW
was allowed to relax to a metastable condition after a pulse
(which did not switch) with E,= 0.523. (b) Current versus
time for three values of E, for configuration 1. At E,=0.523,
the CDW remains pinned, but slides after a delay 7=270 for
E,=0.524 and 7=250 for E,=0.525. (c) Current versus time
for three values of E, for configuration 2. Note the change in
time scale. At E,=0.585, the CDW remains pinned, but slides
after a delay 7=700 for E,=0.586 and 7=475 for E,=0.587.

12 231
0-7 i T T L] T r' T ] L] '
i v,=10
L 05 L O Config. 1
£ O Config.2 _~
= i -
© 03} -
=z [ ad
SN !
0.1 |- "
Il tae)
-0.1 P |
0.3 0.4 0.5 0.6 0.7
E
p

FIG. 13. Final CDW current versus pulse height E, for
configurations 1 and 2 and «;=10. The current for configu-
ration 1 is shifted slightly for clarity. The transition to the
sliding state occurs at a smaller value of E, for the unpolar-
ized state. E, is dimensionless [see Eq. (4.8)].

The threshold for conduction E;,h depends on the ini-
tial configuration. Figure 13 shows a plot of the final
CDW current versus E,, for configurations 1 and 2. The
current for configuration 1 is offset slightly for clarity.
The dashed line represents the hysteretic I-V curve ob-
tained by slowly ramping the field E. Just as was seen
experimentally in Fig. 9, E;,h is much smaller for config-
uration 1 where the CDW is unpolarized, than for con-
figuration 2, where the CDW is initially polarized.

We have also examined switching behavior in Eq. (4.8)
as a function of <, the normal carrier resistance. Fig-
ure 14 shows a plot of the current versus time for three
values of «; for the unpolarized initial condition shown
in Fig. 12(a). Not shown in this figure is a small initial
polarization current which is independent of y;. The cur-
rent quickly drops to almost zero after that and remains
small until ¢ = 7, when the current switches on. At the
switch, the current oscillations are quite large and the
current has been averaged over several oscillation peri-

1 L] T
N=64 K=0.1 EP=O.6

T rrrr| T T | B A

CDW Current
© o o <
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FIG. 14. CDW current response to a pulse E, = 0.6 for
three different values of «1, the normal carrier resistance.
The current has been coarse grained in time for clarity (cf.
Fig. 17). The three current traces appear shifted by a con-
stant horizontal amount, indicating that both the delay time
7 and the switching time t.w are proportional to ;.
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FIG. 15. Plot of delay 7 versus reduced pulse height € for
two values of ;. The initial configuration is a polarized state
similar to that shown in Fig. 12. For € < 0.02, 7 depends quite
sensitively on €. Above € = 0.02, the decrease in 7 is much less
rapid, although still approximately exponential. For v, =50,
there is a discontinuous jump near € = 0.5, corresponding to
the condition |¥(t = 0)| = E,.

ods for the sake of clarity [cf. Fig. 17(b)]. It takes a time
tsw for the current to reach a maximum. As one can see
from Fig. 14, both 7 and ¢, are proportional to ;.

The dependence of the delay 7 on € = (E, — Ef*)/EL"
is shown in Fig. 15. Very close to € = 0, 7 depends quite
sensitively on €, becoming less so for ¢ > 0.05. As one
can see, 7 drops roughly exponentially as € is increased,
similar to that seen experimentally (cf. Fig. 4). The
dependence is more closely exponential for v; = 50 than
for v, = 10.

V. ANALYSIS AND DISCUSSION
A. Origin of delayed conduction

In trying to understand why delayed conduction is ob-
served at all in Eq. (4.8), it is useful to define a complex
order parameter

N N

U= io:i i(¢j_ﬁj):l . 5.1

=re _NZe _NZ’(/)J. (5.1)
i=1 =1

The order parameter is represented graphically in Fig. 16.

Im ¥
.000 Re‘l’L

FIG. 16. Phasor representation of the order parameter
V=% Eivzl s = = f;l exp(¢; — B:). The space-averaged
CDW velocity ® = E(t) — Im ¥, while the pinning energy
Vpin = —Re ¥. In the E = 0 pinned state, Im ¥ = 0 ezactly,
and for strong pinning |¥| ~ 1.
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The spatially averaged pinning energy Fi, and pinning
force Fjiy, are given in terms of ¥ by

Upin = —rcos(6) , (5.2a)
F,in = —7sin(0), (5.2b)

whereas the CDW current is given by
Yok} = E(t) + Fyin = E(t) — rsin(f) , (5.3)

and is well approximated by ((;Sk)k ~ 0 when v; > o,
for reasons which will become clear below. We shall con-
sider the case of strong pinning (K < 1), which is both
conceptually simpler and the case we have considered in
our simulations. In the E = 0 pinned state, Upin will be
minimized, which means that r =~ 1, or ¢; — 5; = 0 =6
for all j.

If the normal carrier resistance y; is much larger than
the intrinsic CDW damping ~o, then there is a separa-
tion of time scales for the rigid translation of the CDW
and the motion of internal degrees of freedom. However,
there is an important coupling between the two, and it
is this coupling which leads to conduction delays. To see
why this is so, we define new variables ® and 7;, which
correspond to the rigid translation of the CDW and to
the motion of internal degrees of freedom, respectively:

¢E<¢k>k7
ni=¢; —®.

The equations of motion for these new variables can be
found from Eq. (4.8):

(5.4a)
(5.4b)

Yo® = —rsin(8) + E(t) , (5.5a)
(Yo +711)d;7i; = KAn; — sin(n; — 8 + ®) + d;rsin(0) .
(5.5b)

One can find the equation of motion for the magnitude
and phase of the order parameter ¥:

cos(n; — B; + @ — O)nj; + & ,

2|~
S

<
I
-

6 = (5.6)

2

. 1
= —

N 2 ~sin(n; — B + @ — O)ij . (5.7)
i

1
-

By combining Egs. (5.5a) and (5.6), one sees that
when the pulse is turned on, the CDW behaves like a
single-degree-of-freedom damped driven pendulum:

'yOé = E, —r(t)sin(0) + O(vyo/71)-

The initial polarization of the CDW is brief, and after
a time t ~ 9 the CDW current drops almost to zero.
The internal degrees of freedom move on a time scale ~y;.
For now, let us consider the case in which the CDW is
initially unpolarized. Then, one can ignore the elastic
contributions, and the 7; obey the approximate equation

(5.8)

(Yo + 71)0; = rsin(0) — sin(n; — B; + ®)/d;

~ Ep —sin(n; — B; + ®)/d; . (5.9)
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The 7; for which d; > 1 will be above “threshold” and
will advance, while the n; for which d; < 1 will remain
“pinned” and will in fact move slightly in the opposite
direction, due to the value of ®. The net result is that the
magnitude r will decrease due to dephasing of the order
parameter. This dephasing occurs on a time scale ;. As
r decreases, the effective threshold in Eq. (5.8) decreases,
and when r = E, the CDW switches. Even when the
CDW begins to slide, there is still a bottleneck because r
is still comparable to E. The steady state is characterized
by r = 0, and takes a time tg, o< ; to approach that
state. Hence both 7 and ¢ are proportional to ~;.

The motion of the order parameter ¥ is shown graph-
ically in Fig. 17(a) for a numerical simulation in which
v1=50 and E, = 0.6. The dashed line corresponds to
Im¥ = E, = 0.6. At point A, ¢ = 0 and the current

® = 0.6. The order parameter ¥ moves in a circular arc
towards point B, which is reached at ¢ = 6. The dynam-
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FIG. 17. (a) “Configuration-space” plot of

¥(t) = r(t)exp[if(t)] for v1/v0 = 50, and E,=0.6, begin-
ning from a polarized configuration. The dashed line cor-
responds to Im¥ = E,. The CDW current is given by
Yo(¢r)x = Ep — Im¥. The CDW begins at point A at t = 0
in a state of minimum pinning energy, with ¥(¢ = 0)=0.88.
When the pulse is turned on, 6 increases with r essentially
constantly until ¥ approaches the dashed line at point B. At
this point the velocity is nearly zero. Because of the distri-
bution of impurity domain sizes d;, the ¢; begin to dephase,
and 7 decreases at a rate o< ;. Near point C, r =~ E,, and
the CDW can begin to slide quasirigidly and ¥(¢) spirals in
toward r ~ 0. The peak of the first current oscillation occurs
at point D. (b) Plot of CDW current for same conditions as
in (a). The current increases abruptly near ¢ = 940. The
current oscillations are large near the beginning of the switch
because |¥(t)| ~ Ej, and the CDW is behaving like a single
degree of freedom oscillator near theshold.
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ics are very slow as ¥ creeps along the dashed line, and
at t = 933 the current has reached point C. The peak of
the first current oscillation occurs at point D at ¢t = 945.
The corresponding CDW current is plotted versus time
in Fig. 17(b). The current oscillations are quite large
when the CDW switches because r is still large. The fact
that the current oscillations are large is an artifact of the
equations of motion in one spatial dimension. Oscilla-
tions are not expected to be large in higher dimensions.

B. Dependence on initial configuration

It was seen both experimentally and numerically that
the threshold for conduction depended sensitively on the
initial configuration. Experimentally, the threshold volt-
age Vpth was lower if the CDW configuration was prepared
either by heating the CDW above the Peierls transition
or by polarizing it in the opposite direction. Numerically,
we observe a similar dependence on initial configuration.
If the CDW begins in a polarized configuration, then the
amount of dephasing of ¥ will be much smaller because
the “local fields” which cause the 7; to move at different
velocities in Eq. (5.5b) will be counterbalanced by elastic
forces, and the threshold field will increase as a result.

Experimentally, the polarization currents were much
larger when the initial configuration was prepared by
heating the CDW above Tp than by driving the CDW
with a pulse of the opposite sign. The excess current seen
in the heating experiments may be due to a weak tem-
perature dependence in the CDW wave vector @. This
hypothesis is consistent with a small shift in the CDW
wave vector observed by x-ray diffraction, depending on
whether the CDW was cooled in zero electric field or
driven above threshold.3® This effect cannot be modeled
using closed boundary conditions, but presumably could
if one employed open boundary conditions.

C. Pulse-height dependence

The dependence of 7 on pulse height agrees well be-
tween experiment and theory. In both cases one sees
roughly two regions: for very small reduced field ¢ there
is a very sensitive dependence of 7 on €, whereas for larger
€ the delay 7 decreases approximately exponentially with
€. We have not tried to find numerically the distribution
of delays versus € because that would require knowing the
distribution of initial configurations, but we do expect a
more sensitive dependence of 7 on initial configuration
near the threshold. The threshold itself depends on the
initial configuration, as was discussed in Sec. V B.

D. Temperature dependence

The temperature dependence of the average delay 7
and the switching time ¢, were both found to be acti-
vated with an activation energy E, comparable to the
CDW gap. Numerically, it was found that both 7 and
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tsw were proportional to 7;, where ; is interpreted as
the resistance due to uncondensed carriers. In a semi-
conducting CDW, one would expect v; to be activated.
In order for the numerical simulations to be consistent
with experiment, one must assume that
Y1 o exp(Eq/kpT). (5.10)
In NbSes, however, the Fermi surface is not completely
gapped, and hence contributions to the Ohmic conduc-
tivity come from both quasiparticles excited across the
CDW gap and from ungapped electrons. Below T =
48 K the resistance in NbSez decreases with tempera-
ture, while the hysteresis in the I-V curves increases.
Although it appears difficult to justify microscopically,
the evidence is quite compelling that the ungapped elec-
trons in NbSegz do not play a significant role in screening
CDW fluctuations.'%2°
The remarkable qualitative agreement between the ex-
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perimental results and numerical simulations provides
strong evidence that the mechanism for switching in
NbSej is governed by the interaction between the CDW
and uncondensed carriers. However, assumption 5.10 is
clearly at odds with the fact that NbSes; is metallic at
low temperatures. The mounting body of evidence con-
sistent with this assumption impels us to search for a
microscopic description.
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