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Frequency and voltage dependence of the complex shear compliance of TaS3:
A relaxation analysis

X. Zhan and J. W. Brill
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506-0055

~Received 18 February 1997!

We have measured the complex shear compliance of the charge-density-wave~CDW! conductor orthorhom-
bic TaS3 for elastic frequencies between 0.1 and 30 Hz, by directly measuring the sample strain~twist angle!
for an applied alternating stress~torque!. Both the real and imaginary parts of the compliance increase when
the CDW is depinned. If the CDW is depinned with an ac current, the elastic anomalies depend on the
frequency of the current, as previously observed for the Young’s modulus at higher frequencies. For dc
depinning, we have fit the complex compliance to a generalized Debye relaxation expression@S. Havriliak and
S. Negami, J. Polym. Sci. C14, 99 ~1966!#. This fit allows us to determine the voltage dependence of the
relaxation strength and average relaxation time:t;(V2VT)

23, whereVT is the threshold for CDW depinning.
@S0163-1829~97!07928-9#
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INTRODUCTION

Quasi-one-dimensional conductors exhibiting slidi
charge-density-waves~CDW’s! are among the most unusu
materials known.1,2 For zero applied electric field, the CDW
is pinned by crystal impurities and does not contribute to
~dc! conduction. Above a small threshold electric field~as
low as 1 mV/cm!, however, the CDW becomes depinned a
carries current. Among the anomalous properties of CD
conductors, associated with depinning and deforming
CDW, are large non-Ohmic conductivities, huge (e'109)
dielectric constants, a variety of memory effects associa
with the many CDW degrees of freedom and resulting me
stability, and electric-field-dependent elastic moduli.1–3

Most measurements of the elastic moduli have been
formed by measuring the resonant frequencies and b
widths of mechanical oscillators incorporating the samples
the elastic elements: i.e., vibrating reed measurement
Young’s modulus (Y) and torsional pendulum measuremen
of shear modulus (G).3 For orthorhombic TaS3 (o-TaS3),
the best studied material, the real parts ofY andG decrease
by '2% and 20%, respectively, with CDW depinning f
low frequency (,1 kHz) oscillations. The internal friction
~proportional to the imaginary parts of the moduli! increases
rapidly ~by '1023 and 1022, respectively! as the electric
field is increased above threshold.3,4

Interpretation of these elastic changes has proven elus
Models5 that treated the anomalies as intrinsic to a uniform
depinned and sliding CDW have met both theoreti
objections3,6,7 and been inconsistent with several experime
tal observations.3,8 Alternatively, it has been suggested th
the elastic anomalies are associated with the relaxatio
CDW domains in the strained crystal.9,10 In this case, the
average relaxation time is assumed to diverge at the de
ning threshold. However, quantitatively determining the
laxation parameters with resonance experiments has pr
difficult,4 because one is thereby forced to work at a f
widely seperated frequencies and/or resonance modes
volving different strains in the crystal.
560163-1829/97/56~3!/1204~9!/$10.00
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Recently, we developed a technique to directly meas
torsional strain as a function of torque, and therefore
shear compliance (J[1/G), in thin samples ofo-TaS3 for
frequencies between 0.03 and 30 Hz, and showed that
increase in the real part ofJ with CDW depinning grows
~logarithmically! with decreasing frequency in this range.11

We have now extended these measurements to include
imaginary part of the compliance. These measurements s
that for a relaxation model to work, the relaxation strength
well as the relaxation time must be field dependent. We sh
that the complex compliance can be described by a gene
ized Debye-like relaxation equation, and thereby determ
the field dependence of the relaxation strength and ave
relaxation time for one sample at two temperatures.~Note,
however, that the parameters describing the elastic resp
are sample dependent, and are also greatly affected
sample aging.! These and related measurements and anal
are discussed in this paper.

BACKGROUND

o-TaS3 is a quasi-one-dimensional metal that undergoe
Peierls transition atTc5220 K into a semiconducting stat
due to the@three-dimensional# condensation of a periodic
lattice distortion and associated charge-density wave.12 Crys-
tals are filamentary in shape, with typical dimensions 1 cm
the high conductivity direction and 10mm2 in cross section.
In the CDW state, the electronic density is given byr5r0
1r1 cos(qz1f), wherez is the high-conductivity direction,
q/2'kF , the Fermi wave vector,r0 is the density of con-
densed electrons~essentially the entire conduction band f
T,Tc/2 in this semiconducting state!, and r1 is the CDW
amplitude. For small applied electric fields, the local pha
f(r ,t) is collectively pinned by crystal impurities. Th
length scale forf changes is given byjLR , the Lee-Rice
length;jLR}kF /nI , wherenI is the impurity concentration
and is of the order 1mm in typical crystals.13 Because of the
complexity of the dependence of the free energy on the ph
configuration, the CDW is generally trapped in a metasta
configuration when a parameter such as tempera
1204 © 1997 The American Physical Society
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56 1205FREQUENCY AND VOLTAGE DEPENDENCE OF THE . . .
changes.1 When the CDW is pinned, dc current is carried
quasiparticles thermally excited across the Peierls
('150 meV).12

For applied voltages greater than a thresholdVT}nI
2, the

CDW is depinned and carries current.1,2 At 100 K, the col-
lective CDW current forV@VT is two orders of magnitude
larger than the quasiparticle current.1 Nonetheless, the CDW
transport does not proceed by the smooth variation off with
time; rather, in a manner similar to slip-stick friction, th
phase undergoes rapid 2p jumps.14 Thus, the CDW main-
tains local phase memory even when ‘‘sliding.’’

Using vibrating-reed measurements on flexural re
nances ('1 kHz), it was found that the Young’s modulus o
o-TaS3 reversibly decreased with CDW depinning.9,15 Near
threshold,DY}(V2VT)

2, and the modulus decrease sa
rated between 1 and 2% forV'10VT .

9 The internal friction,
given by the reciprocal of the quality factor of the resonan
increased abruptly as the voltage was increased above th
old and then either saturated or slowly decreased for la
voltages. The magnitude of the internal friction change w
sample dependent, but was usually'231023.9 Using the
sample as a torsional pendulum~near 100 Hz!, it was later
found that the shear modulus had a similar voltage dep
dence, but that its anomalies were an order of magnit
larger.6

These voltage dependences suggested that the e
anomalies were relaxational in nature. For a single relaxa
process with relative strengthA and relaxation timet, a com-
plex stiffness modulusM is given by the Debye expression4,9

@M ~v,V!/MU#21511A/@11 ivt~V!#, ~1!

whereMU is the unrelaxed~i.e.,vt5`! stiffness modulus,
presumed to apply atV50. ~For simplicity in comparison
later, the relaxation is expressed in terms of the complian
1/M , instead of the stiffness modulus, as done in Refs. 4
9. ForA!1, the distinction is trivial.! The internal friction
5M Im(1/M ) and peaks atA/2 for vt51. If the CDW
structure needs to adjust to oscillating strain, it is expec
that the relaxation time for these adjustments would be l
for the pinned CDW and would decrease above thresh
The elastic anomalies therefore have a natural explanatio
terms of relaxation. Consistent with a relaxation model w
the observation that the static Young’s modulus, measu
with uniaxial stress, did not change with CDW depinning16

It was initially suggested that the relaxing quantities we
velocity coherent domains,9 since the velocity coherenc
length was thought to diverge at threshold.17 However, this
idea was not developed, in part because mosto-TaS3 crystals
do not exhibit the expected9,17 dependence of CDW curren
on voltage@ ICDW;(V2VT)

3/2#; furthermore, it was found
that the shear modulus anomalies commenced at a vo
somewhat below that for which nonzero CDW velocity~i.e.,
nonlinear current! could be observed.6,11

On the other hand, the fact that the CDW maintains ph
memory when sliding makes it possible that the phase c
figuration is the relaxing quantity, and this was proposed
Mozurkewich in 1990.10 He showed that if the phase do
mains were driven out of equilibrium by the strain depe
dence ofkF , then one would expect a decrease in Youn
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modulus on the order of 1%, independent of sample pur
as observed. The expected change in shear modulus in
model is10,11

DG/GU52~MCDW/G!~] lnkF /de!2, ~2!

whereMCDW is the CDW’s ~longitudinal! rigidity and e is
torsional strain. Taking6,10 GU'5 GPa andMCDW'2 GPa
therefore implies] ln kF /de'1 for a 20% decrease in shea
modulus. Of course, any nontrivial dependence ofkF on
long-wavelength strains implies a non-rigid band structu
in the present case, it means that the Fermi surface an
Brillouin zone is extremely sensitive to changes in bo
angles, reflecting cation/anion covalency and/or interch
charge transfer.

Subsequently, it was found that if instead of depinning
CDW with a dc voltage, a symmetric square wave of fr
quencyf I was applied to the sample, so that the direction
CDW motion was periodically switched, the Young’s mod
lus anomalies varied with switching frequency: the decre
in the real part ofY with depinning was greatest for switch
ing frequencies a few times the flexural resonance freque
while the depinned internal friction had a pronounced ma
mum when the two frequencies were equal.18,4Such a depen-
dence on switching was strong evidence that the ela
anomalies could not be intrinsic~i.e., ‘‘equilibrium’’ effects!
to the depinned CDW. Jacobsenet al.18 suggested tha
switching affected both the relaxation time and the relaxat
strength by opening new channels for relaxation~stirring! for
low f I , but preventing relaxation by the continual change
the relaxed ‘‘ground state’’ for largef I .

Despite the qualitative successes of the phase relaxa
model, it has proven difficult to determine how the relaxati
time varies with voltage, even in the dc situation. The ma
nitudes and voltage dependences of the real and imagi
parts of the moduli implied that a distribution of relaxatio
times was needed at every voltage, i.e., Eq.~1! needed to be
replaced with4

@M ~v,V!/MU#21511E dt Â~t,V!/~11 ivt!, ~3!

but again,Â(t,V) could not be determined. The hope,
course, was that the total relaxation strength,*dt Â(t,V),
would be independent of voltage.3,10Complicating the analy-
sis was the finding, using higher flexural overtones, that
anomalies in the real part of the Young’s modulus decrea
with frequency above 1 kHz asv23/4, but that the shape
@i.e., normalized voltage dependence,F(V)# of the anoma-
lies was independent of frequency.8 This would imply that
Â}t21/4F(V), but this is inconsistent with the observe
magnitude, frequency dependence, and voltage depend
of the internal friction.4

Jacobsenet al.18 took the alternative track of plotting, fo
a single flexural resonance, the imaginary part of 1/Y versus
its real part, with voltage as an implicit parameter. Th
showed that the data could be well represented by the g
eralized Debye expression

@M ~v,V!/MU#21511A/$11@ ivt~V!#12a%b, ~4!
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1206 56X. ZHAN AND J. W. BRILL
where a, b, and the relaxation strengthA were taken as
constants. In this expression,a controls the size of the
anomalies in the imaginary part andb controls the
skewedness of the plot.~For simple Debye relaxation, i.e
a50 andb51, a plot of the imaginary versus real parts
1/M is a semicircle.! This expression had originally bee
used by Havriliak and Negami19 ~HN! to describe the dielec
tric relaxation of polymers, and was subsequently used t
the V'0 ~i.e., pinned CDW! dielectric properties of CDW
materials.20 @Since in principle the modulus described by E
~4! can be expressed in terms of an integral of Debye re
ation modes, i.e., Eq.~3!, we will refer to Eq.~4! as an HN
distribution of relaxation times.# Surprisingly, Jacobsen
et al.18 found thata'0.6 andb'1.35, close to the value
found for the pinned dielectric constant ofo-TaS3.

20 The
dielectric constant had previously been shown to be co
lated with broad band noise~BBN! produced by the sliding
CDW;21 e.g., both vary asv23/4, like the Young’s modulus
anomaly. Jacobsenet al. therefore suggested that the BB
might be related to the elastic anomalies, and pointed out
the internal friction had a qualitatively similar voltage depe
dence to the BBN.18

To best examine the onset of relaxation at threshold, w
was required was to examine a single sample at a rang
low frequencies. We originally attempted this, for both t
shear and Young’s moduli, by studying mechanical re
nances with different weights placed on the samples.4 While
qualitative information was thus obtained, it was impossi
to make quantitative comparisons, because when chan
weights one also changed the detailed nature of the reso
mode. However, we did fit a number of resonances to Eq.~4!
and found that different values ofa andb were needed for
different modes~or thatA was voltage dependent! and that
the similarity to dielectric properties surmised by Jacob
et al.18 was coincidental.4

We therefore developed a subresonance technique fo
amining the shear compliance (J[1/G) of o2TaS3 samples
directly by measuring the twist of the sample resulting fro
an applied torque, and reported on changes of the magn
of the compliance with voltage.11 We found that the increas
in compliance with CDW depinning grows logarithmical
with decreasing frequency between 20 Hz and 30 mHz.
also found that the static, as well as dynamic, shear com
ance increases by 25%~i.e.,G decreases by 20%! with CDW
depinning. This is in striking contrast to the Young’s mod
lus, for which no static depinning anomaly was found,16 and
implies that while the pinned torsional time constant is mu
greater than the experiment time~84 s!,11 the pinned longi-
tudinal time constant is smaller.

We have now extended these low-frequency meas
ments to include the phase shift between the applied tor
and resulting twist, and hence both the real and imagin
parts of the shear compliance. The experimental results,
an analysis in terms of the HN expression@Eq. ~4!#, are dis-
cussed below.

EXPERIMENTAL TECHNIQUES

Relatively thick~.25mm2 cross section! o-TaS3 crystals
were used for these experiments. The ends of the sample
to a length of a few millimeters, were glued with silver pai
fit

.
x-

e-

at
-

at
of

-

e
ng
ant

n

x-

de

e
li-

-

h

e-
ue
ry
nd

cut

to current contacts, and a thin, magnetized steel w
~'60mm diameter, 1 mm long! was glued with silver paint
to the center of the sample. The sample was located in
center of a helical resonator rf cavity22 ~n'450 MHz, Q
'300!, with the wire near ('0.1 mm) the tip of the helix, so
that as the sample twisted, it modulated the resonant
quency of the cavity. Measurements were made by driv
the rf cavity at resonance, and measuring the ph
modulation22 of the transmitted signal with a lock-in ampl
fier, operating in a magnitude/phase mode.

Oscillating torque was applied by a magnetic field pr
vided by Helmholtz coils~27 G/A!. Typically, a dc field of a
few Gauss was applied to the sample during an experim
to maintain the magnetization of the wire. The ac field w
kept slightly smaller than this so that the twist angle osc
lated by,0.5°, corresponding to a maximum strain~i.e., at
the surface! ,1025; we checked that the response was line
for these measurements.

If the magnitude of the oscillating magnetic field was ke
constant, the magnitude of the resulting rf modulation is p
portional to the magnitude of the compliance and the cha
in the internal friction equals the change in tan~d!, whered is
the phase shift. In most of our experiments,J was measured
for a fixed twist frequencyf u while varying the dc voltage
across the sample and simultaneously measuring the~two-
probe! resistance. The magnitude and phase ofJ were nor-
malized to their values at low voltage, which were found
be constant~see Fig. 3!. To compare with the Young’s
modulus results,4,18 we also measuredJ and tan~d! applying
a square wave voltage of fixed amplitude and variable
quency.

The minimum twist frequency of these measurements~0.1
Hz! was limited by the 1/f noise of the demodulating circui
and stability of the helical resonator. The maximumf u ,
'30 Hz, was an order of magnitude below the torsion
resonant frequency of the sample, and was limited by
effective impedance of the magnet circuit. The total fr
quency response of the system was measured at a few
peratures by using a NbSe3 crystal, which has a similar mor
phology to TaS3 but much smaller elastic anomalies,

23 as the
torsional element. We found that the compliance ofo-TaS3
at low voltage, normalized to NbSe3, was independent o
frequency~magnitude61%, phase60.5°!.

As mentioned above, Jacobsenet al.18 had pointed out
that the internal friction had a similar voltage dependence
the BBN, but both of these quantities are sample depend
and they had never been measured for the same sam
Therefore, after completing elastic measurements on
sample, we used a lock-in amplifier to measure the no
generated in the sample~with no applied torque! driven by a
dc current. An attractive feature of this comparison is that
noise could be measured at the same frequency as the i
nal friction. Probably due to the large necessary mechan
contacts on the sample, the noise below threshold is la
than generally observed in noise measurements.21

RESULTS AND DISCUSSION

In Fig. 1~a! are shown the magnitude of the shear comp
ance and the internal friction for ano-TaS3 crystal as a func-
tion of ~dc! voltage measured withf u53.3 Hz at 102 K. The
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56 1207FREQUENCY AND VOLTAGE DEPENDENCE OF THE . . .
results are similar to those we previously reported, altho
for this sample the magnitude of the change in complia
was slightly larger~30%! than usually observed~25%!. In
Fig. 1~b! are shown the voltage dependence of the samp
resistance and voltage noise when driven with a dc curr
the noise was also measured at 3.3 Hz with a bandwidt
0.03 Hz.

As previously noted, the threshold for the elastic chan
lies below that for changes in resistance.6,11 In the CDW
conductor K0.3MoO3, the threshold for resistance chang
has been shown to be greater than the voltage neede
depin and polarize the CDW in the bulk of the crystal. T
difference has been associated with the voltage neede
drive the phase slip processes at the current contacts ne
to convert quasiparticle current into CDW current.24We sug-
gest that the different thresholds observed for nonlinear
rent and elastic changes ino-TaS3 has the same origin, an
that the onset of the elastic changes at the lower thres
reflects the fact that the elastic changes are sensitive to
pinning in the bulk rather than the contacts, as expected

Interestingly, the enhanced broadband noise has the s
threshold as the compliance, suggesting that it too is dri

FIG. 1. ~a! Compliance and internal friction vs dc voltage fo
sample No. 1 atT5102 K and f u53.3 Hz. ~b! dc voltage depen-
dence of resistance and noise]V ~solid circles!, measured at 3.3 Hz
Also shown is the calculated@Eq. ~5!# noise in the threshold volt-
age,]VT ~open triangles!. The vertical arrows show the elastic an
resistance threshold voltages.
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by bulk rather than contact depinning. We are not aware o
previous report of this lower threshold for the BBN
o-TaS3, but the phase slip voltage may be especially large
our samples, for which the current contacts also serve
mechanical contacts. However, the voltage dependenc
the BBN differs significantly from that of the internal fric
tion, in contrast to the discussion of Jacobsenet al.18 More
recently, it was suggested25 that, instead of considering th
noise in the voltage,]V, one should consider the correspon
ing noise in the threshold voltage,

]VT[~]V2]V0!/@12~R0dI/dV!21#, ~5!

whereR0 and]V0 are the resistance and noise atV50. This
expression cannot be applied below the resistance thresh
which is unfortunately where the internal friction is varyin
most rapidly. However, the calculated threshold noise v
age above the resistance threshold is shown in Fig. 1~b! and
it does resemble that of the internal friction.

For the remainder of this paper,VT will be used to denote
the threshold voltage for the elastic anomalies.

In Fig. 2 are shown the effects of reversing the curre
direction on the shear compliance anomalies; as discu
above, the fact that the Young’s modulus anomalies
pended on the frequency of current reversals (f I) was taken
as strong evidence that the elastic anomalies could no
understood in terms of ‘‘intrinsic,’’ single domain models.18

The f I dependence of the compliance and internal frictio
measured atf u53.3 and 23.7 Hz, for a square wave volta
of magnitude 5VT are shown. It is seen that, for both torqu
frequencies, the compliance anomaly doubles whenf I is a
few timesf u ; we have previously also observed doubling
the Young’s modulus anomaly with changingf I .

4 More dra-
matic is the dependence of the internal friction onf I : when
f I5 f u , the internal friction anomaly increases by almost
order of magnitude from its dc value, a few times grea
than the largest change observed for a flexural oscillatio18

We emphasize that in addition to doing measurements o
different elastic modulus than before, we are working at f
quencies two to four orders of magnitude smaller. These
sults are a striking confirmation that arguments made in
vor of a relaxational mechanism for the elastic anoma
still apply at these low frequencies.

In Figs. 3 and 4 are shown the dc voltage dependence
the compliance and internal friction of another sample at
and 102 K. Data are shown for a few values off u ; similar
data at other intermediate frequencies are omitted for cla
The J dependence is similar to that shown in Ref. 11;
particular, at a given voltage above threshold the complia
increases logarithmically with decreasing frequency. The
quency dependence is seen to be slightly greater at 85 K
at 102 K.

As previously noted at higher frequencies, the inter
friction increases much more rapidly at threshold than
compliance. In a relaxation model, e.g., Eqs.~1! or ~3!, this
reflects the fact that tan(d)'vt(J/JU21) as t diverges at
threshold, whereJU is the unrelaxed (V50) compliance. As
for the compliance, the frequency dependence of tan~d! is
greater atT585 K than atT5102 K; this has the results tha
the sharp cusp observed at the lower frequencies disapp
at the higher frequencies at 85 K, but not 102 K.
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1208 56X. ZHAN AND J. W. BRILL
In Fig. 5 is plotted ImJ/JU[J/JU sind versusD ReJ/JU
[(J/JU cosd21) for several frequencies and voltages at
K; qualitatively similar results are obtained at 102
Clearly, the values for different voltages do not lie on t
same locus, so that a basic conclusion of Ref. 18, base
examining Young’s modulus dataat a single frequency, is
incorrect: it would be impossible to fit the compliance data
Eq. ~4! with a single, voltage-independent relaxatio
strength. However, we have found that if we rescale the d
for each voltage and plot ImJ/JUL(V) versus
D ReJ/JUL(V), whereL is a real function ofV, data for all
voltages can be made to lie, within their scatter, on a sin
curve, as shown in Fig. 6, for both 85 and 102 K. The vo
age dependence of the scale factorL, the effective, normal-
ized relaxation strength, is plotted in Fig. 7.

In Fig. 6 are also shown a few plots of the HN express
@Eq. ~4!#, with A5 j 0L, i.e.,

J~v,V!/JU511 j 0L~V!/$11@ ivt~V!#12a%b, ~6!

FIG. 2. Compliance and internal friction measured with squ
wave voltagesV55VT at frequencyf I , at T5102 K for sample
No. 2. The elastic frequenciesf u53.3 Hz ~closed symbols! and
23.7 Hz~open symbols! are shown by the arrows.
on

ta

le
-

n

wherea, b, and j 0 are constants, chosen to approximate
data, andvt is an implicit parameter. Fair fits are obtaine
with a between 0.6 and 0.66 andb between 1.4 and 2.9, bu
the best fits~solid curves! haveb52.75 and 2.00, atT585
and 102 K, respectively, very different from the value fou
by Jacobsenet al.18 for a single frequency.

For each ‘‘fit’’ shown in Fig. 6, the voltage dependence
the average relaxation time can be determined, and thes
shown in Fig. 8. Although the magnitude oft for any voltage
varies by up to an order of magnitude, depending on
fitting parameters chosen, for all fitst diverges as (V/VT
21)2p, with p'3. Although there is some overlap, depen
ing on the fitting parameters chosen, the best fits~shown by
the solid curves in Fig. 6 and circles in Fig. 7! show thatt is
3–10 times longer at 85 K than at 102 K, consistent with
greater frequency dependence noted~when comparing Figs.
3 and 4! at the lower temperature.

In previous work on the Young’s modulus,9,26 it was
found that while the voltage dependence of the soften
varied considerably with temperature, the dependence
Re(Y) on CDW current (ICDW[I2V/R0) was a more uni-
versal function of temperature, and it was suggested that
CDW current controlled the elastic anomalies. As discus
above, the fact that the threshold for changes in shear c
pliance is below that for changes in resistance i.e., the c

e

FIG. 3. Compliance and internal friction vs dc voltage at seve
values off u , as listed, for sample No. 3 atT585 K. The threshold
voltageVT570 mV. Also shown is the resistance.
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56 1209FREQUENCY AND VOLTAGE DEPENDENCE OF THE . . .
pliance begins changing when the CDW current is still ze
means that this relationship must break down near thresh
It does hold for the compliance at larger voltages, as sho
for f u57.8 Hz in Fig. 9~a!. However, as shown in Fig. 9~b!,
the internal friction is clearly not a universal function
ICDW, reflecting the fact that relaxation slows down wi
decreasing temperature. Therefore, there is no advantag
considering the dependence of the HN relaxation parame
on CDW current over voltage.

We need to emphasize that while qualitatively simi
data have been obtained for several samples, the frequ
and voltage dependences of the compliance anomaly of
sample are quantitatively different. Furthermore, these
pendences change with time. The 85- and 102-K data sh
above for sample No. 3~Figs. 3–9! were taken 10 days apar
during which time the sample warmed to room temperatu
We attempted to retake 102-K data two months later; dur
this two month period the sample was at room tempera
~and had been briefly heated to 100 °C!. As shown in Fig. 10,
the compliance anomaly had changed remarkably while
threshold voltage increased by 50%. The data shown are
f u53.3 Hz; similar changes were observed at other tor
frequencies. The increased size of the compliance anoma
the later data indicates that the total relaxation strength

FIG. 4. Compliance and internal friction vs dc voltage at seve
values off u , as listed, for sample No. 3 atT5102 K. The thresh-
old voltageVT555 mV. Also shown is the resistance.
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increased, while the second peak in the internal friction
dicates that a new low-frequency relaxation process
turned on. We suggest that when aging, some silver p
diffuses into the sample, so that the distribution of CD
pinning centers becomes less homogeneous. We have
served similar double internal friction peaks on a few oth
samples. Considerable caution must therefore be use
comparing data taken at different times or on differe
samples.

CONCLUSIONS

We have shown that the frequency- and voltag
dependent elastic compliance can be fit to a Havrilia
Negami expression if one allows the relaxation strength to
voltage dependent, and have determined the voltage de
dence of the relaxation strength and relaxation time; the
ter varies ast;(V2VT)

2p, with p'3, and grows~by up to
an order of magnitude! between 102 and 85 K. This powe
law is much stronger than previously estimated (p'1) from
higher-frequency measurements on a single mode.4 In the
context of the phase relaxation model,t is the average time
needed for phase coherent domains to readjust to a chan
parameter such as stress; we are not aware of any predi
regarding its voltage dependence.

The dielectric relaxation~below threshold! of o-TaS3 was
previously fit20 to the HN expression, witha between 0.5
and 0.6, similar to our results, butb51.35, much less than
our result, indicating a much more symmetric variation
Im(e) with Re(e) than obtained for the compliance. It mu
be emphasized, however, that the dielectric relaxation tim
near 100 K were'0.1ms,20 so that the dielectric measure
ments were sensitive to a much different regime of dynam
than we are probing.~Pinned dielectric relaxation times o
the order of 1 s are observed only atT'25 K.27! We have
not yet considered how to combine our present results w
previous high-frequency measurements of the Youn

l

FIG. 5. Imaginary part of the compliance vs the change in
real part of the compliance for sample No. 3 atT585 K, for the dc
voltages shown.
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modulus,8 which showed that the elastic anomalies vary
v23/4 above 1 kHz.

The voltage dependence of the relaxation strength h
natural explanation in terms of relaxation of velocity coh
ent domains, since the domain size diverges and the num
of domains decreases asV approachesVT from above.17

However, since the elastic threshold is less than the re
tance threshold, an interpretation in terms of CDW veloc
rather than CDW depinning, is difficult. While it is possib
that this inconsistency is related to inhomogeneities in
sample, it is not clear how to correct for them.

On the other hand, the density of phase domains is
expected to vary with voltage, so that in the phase dom
relaxation model, it is expected that the relaxation stren

FIG. 6. Imaginary part of the compliance vs the change in
real part of the compliance, each normalized by the volta
dependent factorL ~shown in Fig. 7! for sample No. 3 at~a! T
585 K and~b! T5102 K. Also shown are plots of Eq.~6! with the
following parameters:~a! solid curve: j 050.257, a50.64, b
52.75; dotted curve:j 050.257, a50.61, b51.8; dashed curve
j 050.257, a50.66, b52.9. ~b! Solid curve: j 050.250, a
50.64, b52.00; dotted curve: j 050.250, a50.61, b51.4;
dashed curve:j 050.250,a50.66, b52.9.
s
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would be independent of voltage. Indeed, this was one of
attractive features of the model when it was proposed.10 Our
results can be reconciled with the model, however, if o
assumes that added to the distribution of relaxation stren
we obtain is a reservoir of domains with much longer rela
ation times~e.g., t.84 s, the time of our previous quas
static experiments11!. Below threshold, all the domains are
this reservoir. As the voltage is increased, an increas
number of domains, indicated by the growth of the relaxat

e
-

FIG. 7. Normalized relaxation strengthL vs voltage for sample
No. 3. Open circles:T585 K; closed circles:T5102 K. Inset: me-
chanical model discussed in text.

FIG. 8. Voltage dependence of average relaxation times for
fits to Eq.~6! shown in Fig. 6. Circles correspond to the solid curv
in Fig. 6, triangles correspond to dotted curves, and squares c
spond to dashed curves. Open symbols:T585 K; closed symbols:
T5102 K. The line with slope53 is for reference.
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strength, respond quickly enough to become observable,
are described by the HN distribution.

The phase domain model can be understood in term
the Voigt anelastic model shown in the inset to Fig. 7. He
the unrelaxed compliance,JU , is that of the ‘‘bare’’ crystal;
the series of small springs with parallel dashpots describe
elastic response of the phase domains; i.e.,DJ[J(v,V)
2JU . Below threshold, the viscosity of the dashpots is ‘‘i
finite,’’ so that the small springs are clamped and the ela
response of the crystal is determined byJU alone. As the

FIG. 9. Compliance~a! and internal friction~b! at T585 K
~closed circles! andT5102 K ~open circles! vs CDW current for
sample No. 3 atf u57.8 Hz.
ic

,

nd

of
,

he

ic

voltage is increased above threshold, the fractionL(V) of
the small springs becomes unclamped, with a time cons
~proportional to the viscosity of the dashpot! distribution
given by the HN expression. If the voltage is decreased
low threshold when torque is applied to the sample,
CDW springs will be clamped in a strained position, givin
rise to the strain memory effects discussed in Ref. 11.

In summary, we have studied changes in the comp
shear compliance ofo-TaS3 observed with CDW depinning
at low frequencies, 0.1 Hz< f u,30 Hz of applied stress. We
have shown that the strong dependence of the elastic ano
lies on the frequency of current reversal, previously obser
at higherf u , persists to low frequency, suggesting that ev
at very low frequencies, the anomalies must be due to
rearrangement of internal CDW structure, i.e., ‘‘domains
rather than intrinsic to the sliding CDW state. We have th
studied the frequency and~dc! voltage dependence ofJ for
one crystal in detail, and shown thatJ(v,V) can be fit to the
Havriliak-Negami generalization@Eq. ~6!# of simple Debye
relaxation, and have used this fit to determine the volta
dependence of the relaxation time and strength.
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FIG. 10. Compliance~solid symbols! and internal friction~open
symbols! for sample No. 3 atT5102 K and f u53.3 Hz. Data
shown with triangles were taken 2 months after the data shown
circles, as described in text.
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