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We have measured the low-field ac conductivity o(w) of switching samples
of NbSey in the lower charge demsity wave (CDW) state, over the

frequency range 10 Hz to 500 MHz.

For zero applied dc bilas fields, o{w)

reflects overdamped response, with no evidence for deminant inertlal
contributions. For dc bias fields exceeding the threshold Eq, a
complicated ac conductivity obtains, whose overall features rule out,
as valid descriptions of switching, simple classical overdamped cemter
of mass motion, or overdamped motion with excessive current noise. Our
results demonstrate the necessity of additional degrees of freedom in

describing switching phenomena.

Several classes of inorganic, quasi-one-
dimensional metals underge Peilerls transitions
to the charge density wave (CDW) state. In
many of these materials, the application of a
longitudinal electric field Eg. exceeding a
well-defined threshold field Ep causes the CDW
condensate to depin from the lattice, and to
"slide" along the crystal axisl. Typically,
the velocity of the CDW increases as a smooth
function of Eg.-Ep . 1In a sizable minority of
samples, however, the depinning of the CDW 1is
quite abrupt. This phenomenon, first observed?
in NbSe3 and known as switching, is manifested
as a sharp break in the dc current-voltage
(I-V) characteristics of the sample. The onset
of CDW conduction in a switching sample 1s in
addition hysteretic, where the onset and extinc-
tion of CDW conduction occurs for different
values of the applied electric field.

A particularly simpie and appealing model
of CDW tramsport is the "rigid particle” descrip-
tion by Grlner, Zawadowskl, and Chaikin 3, In
this phenomenological model the CDW is treated
as a classical point particle with only a single
degree of freedom, The periodicity of the CDW
ig taken into account by considering the CDW-
jmpurity interaction as a periodic function of
the CDW position. If only the first Fourler
component of this interaction potential is re-
tained, the center of mass coordinate obeys an
equation of motion

2
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Here x is the CDW positicm, 1/t = y/o* with v
a damping constant and m the effective mass of
electrons condensed in the CDW state, w2 =kfm
with k a restoring force constant, and A is the
CDW wavelength.

In the context of switching CDW's, Eq.
(1) is attractive in that, without further assum-
ptions, it predicts switching, hysteresis, and

chaos, all of which hﬁvg been observed in switch-
ing samples of NbSe,.”’  For non-switching
samples of NbSe,, the low-field ac conductivity
appears overdamped ~, which justifies neglecting
the first term on the left (inertial term) in
Eq. (1). However, in the framework of Eq. (1),
switching, hysteresis, and chaos imply a finite
CDW inertia. Qur present purpose is to deter-
mine to what extent such an implied CDW inertia
manifests itself in the dynamics of switching
CDW samples, and to what degree Eq. (1) retains
integrity by self-consistently describing the
switching phenomena.

We have grown crystals of NbSe,; by conven-
tional vapor-transport methods. Several batches
of nominally pure material were produced using
identical preparation procedures. The ratio of
switching samples to nonswitching samples (det-
ermined by the dc I-V characteristics at 26 K)
varied widely between batches. In some batches,
no samples displayed switching, while in other
batches the number of switching samples was
quite high, of order 10Z. Typical threshold
fields for switching samples used in this study
were Ep = 30 mv/cm at T = 4B K.

The complex low-field ac conductivity of
single NbSey crystals was measured by two dif-
ferent methods, depending on frequency ramge.
For low frequencies, an HP 4192 computer-con-
trolled impedance analyzer provided continuous
frequency sweeps from 10 Hz to 5 MHz, while
from 4 MHz to 500 MHz an HP 8754A network anal-
yzer was used. Both systems allowed an exter-
nal de¢ bias to be applied to the sample. The
ac test signal was typically between 1 mVrms
and 2.5 mVrms which corresponded roughly to one
percent of Eq in the temperature range of inter-
est. OCur experimental set-up alsoc allowed sim-
ultaneous measurement of the de I-V characteris-
tics of the sample, and also simultaneous spec—
trum analyzer detection of the narrow band moise
in the nonlinear conductivity region. A two
probe sample mounting configuraticn with silver
paint contacts was used exclusively.
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Figure 1 shows both the real and imaginary
parcs of the fow-field complex ac conductivity,
Rec(w) and Imo(w), measured between & MHz and
500 MHz, for a NbSeq crystal at T = 26 K. This
data was obtained at zero applied dc bias. The
same NbSe3 crystal, however, displayed dramatic
switching in the dc I-V characteristics at
threshold, as irdicated in the inset of Fig, 1.
The ac cenductivity data of Fig, 1 show that
both Rec(w) and Img{w) increase smoothly with
increasing frequency between 4 MHz and 500 MHz,
with no evidence for a threshold fregquency for
the onset of ac conduction. The crossing of
Rec{w} and Img(w) indicates a classical "cross-—
over" frequency of 500 MHz.

IN THE SWITCHING REGIME
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Fig. 1 Low-field ac conductivity ccnw(m) of
switching NbSe3, in the pinned CDW
regime. The inset shows the dc I-¥
characteristics for the same crystal.

Figure 2 shows o(w) for the same NbSe

sample as was used for Fig. 1, except now a dc
blas field exceeding threshold has been applied.
The fundamental noise frequency for this value
of dc bias was 25 MHz. Figure 2 indicates
that, for low frequencies, both Reg(w) and
Img{w) initially decreqse with increasing fre-
quency. Between 4 MHz and 20 MHz, Rec{w) de-
creases nearly 70% while Imo(w) increases in
magnitude, by approximately 25%, while remaining
negative in sign. Sharp "dip" structure appears
in Reo(w) and Imo(w) at w/2m = 25 MHz, 50 MHe,
and 75 MHz, the result of interference reson-—
ances between the ac test frequency, and the
fundamental narrow band noise frequency and its
harmonics. 1In the frequency range between the
interference resonances, both Rec(w) and Imo(w)
display similar behavior, first increasing and
then decreasing smoothly with increasing fre-
quency. For frequencies above 25 MHz, the gen-
eral trend for both Reo(w) and Imz(w) is an in-
crease with increasing frequency, with no ap-
parent saturation in Reo(w) or turnover in
Imo{w), up to 500 MHz.

From Fig. 1, it is apparent that the low-
field ac conductivity of switching CDWs ‘n the
pinned regime is qualitatively similar to that
determined previously for nonswitching samples.
The general form of g(w) indicates overdamped
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Fig. 2 Low field ac conductivity o Dw(w] of
awitching Nb5e3, in the sliging CDW
regime. Rescnances correspond to
interference with narrow=band noise.

behavior, with a characteristic crossover fre-
quency near 500 MHz. We note that there is no
apparent scaling relation between the ac and de
conductivities for NbSe3 in the switching re-
gime. Figure 1 shows a smooth rise in Reo(w)
with increasing frequency, while earlier stud-
1es® have demonstrated a differential dc con-
ductivity independent of dc bias above thres=-
hold.

To simplify analysis in terms of rigid-
particle motion, Eqg. (1) may be written in the
dimensionless form

a2
B d%e + EE + ginf=e

™ 3 s de + LI siniie (2}

where A= (uw T] , time is measured in units of
(w Y™+, 8= Sﬂxfl, eq.~E /ET, e, E fE . and
2 2 wi(w T). We also de?ine w 1 < n the
case of zero applied dc bias and sma 1 8, Eq.
(2) 18 easily solved to vield a CDW conductiv-
ity

2 2
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with n the concentration of electrons condensed
in the CDW state. The solid and dashed lines
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in Fig. 1 are Eq. (3), with fiEting parameters
wc/2w = 50{) MHz, and 8 = (mcr) = 107° , This
value of B 1s appropriate to overdamped re-
sponse., The parameter values extracted from the
fit in Fig. 1 may be compared to these deter-
mined from other experiments on switching sam-
ples of NbSej. For example, Shapiro steps ob-
served for switching NbSe, have been analyzed
in terms of Eq. (2). There the variation of
Shapiro step magnitude with applied rf ampli-
tude has indicated a crossover frequency of only
22 MHz = w_ /2%, Additional analy3154 of the
degree of ﬁyateresis in the d¢ I-V characteris-
tics has 5mplied substantial CDW inertia, with
g = (NOT) = 2,2 ., These values of crossover
frequency and inertial ccefficient determined
experimentally for the depinned CDVW condensate
are orders of magnitude different from those
extracted from the low field ac conduceivity of
the pinned CDW condensate, as in Fig. 1.

We investigate the possibility that the
parameters characterizing CDW dynamics for
switching samples are different for pinned and
depinned CDW condensates.

Figure 3 shows the results of an analog
computer solution of Eq. (2) for the ac CDW
conductivity as a function of frequency, with
an applied d¢ bias exceeding threshold.é The
chogsen parameters are mc/2ﬂ = 22 MHz and B =2.1,
close to the values determined from Shapiro step
and hysteresis experiments on NbSe The ap-
plied dc bias field was chosen to generate a
narrow band noise frequency at 18 MHz. The
computer results of Fig., 3 show 2 complicated
behavior for both Reg{w)} and Imo(w). Notable
are the relative frequency independence of both
Reo{w) and Imo(w) at very low frequencles, and
the exceptionally strong interference effects
whenever the ac test frequency matches a narrow-
band noise frequency (or a higher harmonic).
Figure 3 also indicates that the high frequency
conductivity becomes agaln independent of fre-
quency, and both Reov(w) and Imo{w} asymptotic-
ally approach zero at very high frequencies.
Figure 3 shows that Reo{w) at high frequencies
attains a value substantially lower than its
low frequency, w+ 0, limit.
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Fig. 3 Llow-field ac conductivity oqpplw) as

calculated frem Eq. (2), in Ethe
"sliding" regime. The parameters on
the figure are appropriate to under-
damped response.
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The analog computer predictions of Fig.3
should be compared to Fig.2 which shows the ex-
perimental results for o{w} im the presence of
a dc blas exceeding threshold. An obvious dif-
ference between the predictions of Eq. (2) and
the experimental results are the magnitudes of
the interference effects. Experimentally, rel-
atively small anomalies are observed in Reo{w)
and Tmo(w) when the ac test frequency matches a
harmonic of the narrow-band noise frequency.
Eq. (2), on the other hand, predicts nearly di-
vergent behavior in the interference region.
This disc¢repency may not be prefound, however,
as thermal or broadband noise could smear the
resonances and reduce the interference effect
in the real CDW crystal. A strikingdiscrepancy
between theory and experiment is of course the
relative magnitude of Reo(w) measured at lowand
high frequencies. Experimentally, Rec{w} at
high frequencies increases with Increasing fre-
quencies, and exceeds in magnitude the low fre-
quency, w0 limit. Eq. (2}, on the cther hand,
predicts exactly the opposite effect, with the
w0 limit of Rec{w) exceeding the high frequen-
cy limit by a facter of five. This particular
failure of Eq. (2) however is a direct conse-
quence of the divergent differential conductance
predicted near threshold, as the dc blas field
approaches threshold from above. Such a diver-
gence problem at thresheld is endemic to any
single degree of freedom claasical description.

The more serious difference between Figs.
2 and 3 is the form of Imu{w) at high frequen-
cles., Experimentally, Imo(w) rises dramatically
at high frequencies, while Eq. {2} predicts no
cut-of-phase cowponent at sufficiently high
frequencies, Hence the experimentally observed
ac conductivity at both high and low frequencies
appears inconsistent with simple center of masa
motion of the CDW condensate.

We recall that Fig. 3 is appropriate to
classical CDW response in the underdamped re-
gime. We have also solved Eq. (2) by analog
computer, using parameters appropriate to over-
damped response, as might be suggested by the
results of Fig. L. The results are not dram-
atically different from the underdamped case,
and the only significant difference appears to
be the rate of decay of Reo(w) at high frequen-
cy. We note that in this overdamped parameter
range, our analog computer results agree well
with perturbation theory results for Eq. (2) 9.
We alsc remark that cur o{w} results of Fig, 2
appear to rtule out a recent model by Wonneher-
ger -~ where switching is induced by current
noise, In an otherwise overdamped classical
system. In this model, Imo(w) is again predic-
ted to be zero at moderately high frequency in
the sliding regime, in sharp contrast to the
experimental observations.

OQur results thus show that dc switching
and the high frequency ac conduction of the CDW
condensate cannot be fully described by simple
center of mass motion, even with a substantial
inertial contribution or current noise. An ad-
ditional conductivity mechanism is required.
The most natural extension to a rigid-particle
description is one where additional degrees of
freedom are introduced by taking into account
internal CDW deformationstl=13 Alchough switch-
ing has not been explicitly demomstrated for
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such models, the rich spectrum of metastable
states obtainable suggests the possibility of
switching phenomena. The high frequency CDW
conductivity in the sliding regime could then

be totally dominated by internal excitations of
the CDW condensate itself, It 1s not, however,
obvious 1f such a description could in addition
be consistent with the Znductive low frequency
;;iﬁonse of switching CDWs (see Imv(w) in Fig.

We also note that a number of models have
recently been suggested to account for switching
phenomena. These include a statistical "kinetic
Ising" model by Joos and Murrayl?, in which
coupled domains glay a crucial role, and a model
of Oﬁfdepinningl in which macroscopic deforma-
ticns of the COW lead to switching. Unfortun-
ately, none of these models makes predictions
about the ac response, either in the pinned or
depinned regime. However, an essential feature
of such models is that they introduce additional
degrees of freedom, and hence the possibility
exists for an enhanced conductivity at high fre-
quencles, even for a sliding CDW condensate.

The domain-coupling model of Joos and Murray is
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attractive in that it predicts the correct turn-
on statistica for CDW conduction at the switch-
ing threshold, and is consistent with negative
differeniaal resistance and 1/f nolse recently
observed~’ in switching samples of NbSej. 4n
incomplete coupling of domains in the sliding
CDW region could lead to an enhanced polariza-
tion at high frequencies, as observed. We alsq8
remark that although Bardeen's tunneling model
does not predict switching, an increasing con-
ductivity with increasing frequency (even for a
depinned CDW condensate) is in some ways sug-
gestive of tunneling processes. Hence, the pos-—
sibility of macroscopic quantum tunneling here
warrante further Investigation.
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