PHYSICAL REVIEW B VOLUME 56, NUMBER 3 15 JULY 1997-I

Frequency and voltage dependence of the complex shear compliance of EaS
A relaxation analysis
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We have measured the complex shear compliance of the charge-density&zad conductor orthorhom-
bic Ta$S for elastic frequencies between 0.1 and 30 Hz, by directly measuring the sampldstistirangle
for an applied alternating streg®rque. 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 expf&ssianriliak and
S. Negami, J. Polym. Sci. @4, 99 (1966]. This fit allows us to determine the voltage dependence of the
relaxation strength and average relaxation time(V—V;) ~3, whereV is the threshold for CDW depinning.
[S0163-18207)07928-9

INTRODUCTION Recently, we developed a technique to directly measure
torsional strain as a function of torque, and therefore the
Quasi-one-dimensional conductors exhibiting slidingshear complianceJ& 1/G), in thin samples ob-Ta$; for
charge-density-wave&CDW'’s) are among the most unusual frequencies between 0.03 and 30 Hz, and showed that the
materials knowrt:2 For zero applied electric field, the CDW increase in the real part of with CDW depinning grows
is pinned by crystal impurities and does not contribute to thélogarithmically with decreasing frequency in this range.
(do) conduction. Above a small threshold electric figs We have now extended these measurements to include the
low as 1 mV/cn), however, the CDW becomes depinned andimaginary part of the compliance. These measurements show
carries current. Among the anomalous properties of cpwhat for a relaxation model to work, the relaxation strength as

conductors, associated with depinning and deforming th(gvell as the relaxation tirr_1e must be field dep_endent. We show
CDW, are large non-Ohmic conductivities, huge~(1C°) that the complex compliance can be described by a general-

dielectric constants, a variety of memory effects associate ed Debye-like relaxation equation, and thereby determine

with the many CDW degrees of freedom and resulting meta e flel_d de_pendence of the relaxation strength and average
stability, and electric-field-dependent elastic modufi relaxation time for one sample at two temperatuiééte,
M 3{ ¢ fthp lasti auli h b however, that the parameters describing the elastic response
ost measurements of the elastic modull have been pely o sample dependent, and are also greatly affected by

formed by measuring the resonant frequencies and bandz e aging. These and related measurements and analysis

widths of mechanical oscillators incorporating the samples ag,e giscussed in this paper.
the elastic elements: i.e., vibrating reed measurements of

Young’s modulus Y) a3nd torsional pendylum measurements BACKGROUND
of shear modulus®).” For orthorhombic Tag$(o-TaS),
the best studied material, the real partsYoindG decrease 0-Ta$S; is a quasi-one-dimensional metal that undergoes a

by ~2% and 20%, respectively, with CDW depinning for Peierls transition al =220 K into a semiconducting state
low frequency &1 kHz) oscillations. The internal friction due to the[three-dimensiondlcondensation of a periodic
(proportional to the imaginary parts of the moduticreases lattice distortion and associated charge-density wa@rys-
rapidly (by ~10°2 and 102, respectively as the electric tals are filamentary in shape, with typical dimensions 1 cm in
field is increased above threshdld. the high conductivity direction and 10m? in cross section.
Interpretation of these elastic changes has proven elusivé) the CDW state, the electronic density is given @y po
Models that treated the anomalies as intrinsic to a uniformly+ p; cos@z+ ¢), wherez is the high-conductivity direction,
depinned and sliding CDW have met both theoreticald/2~kg, the Fermi wave vectofp, is the density of con-
objectiong®” and been inconsistent with several experimen-densed electrongessentially the entire conduction band for
tal observationd?® Alternatively, it has been suggested that T<T./2 in this semiconducting stgteand p, is the CDW
the elastic anomalies are associated with the relaxation aimplitude. For small applied electric fields, the local phase
CDW domains in the strained crysfal In this case, the ¢(r,t) is collectively pinned by crystal impurities. The
average relaxation time is assumed to diverge at the depilength scale for¢ changes is given by g, the Lee-Rice
ning threshold. However, guantitatively determining the re-length; & g<ke/n;, wheren, is the impurity concentration,
laxation parameters with resonance experiments has provemd is of the order um in typical crystals-> Because of the
difficult,* because one is thereby forced to work at a fewcomplexity of the dependence of the free energy on the phase
widely seperated frequencies and/or resonance modes inenfiguration, the CDW is generally trapped in a metastable
volving different strains in the crystal. configuration when a parameter such as temperature
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changes.When the CDW is pinned, dc current is carried by modulus on the order of 1%, independent of sample purity,
guasiparticles thermally excited across the Peierls gaps observed. The expected change in shear modulus in this

(=150 meV) 2 model 01
For applied voltages greater than a threshéjd n|2, the
CDW is depinned and carries currérftAt 100 K, the col- AG/Gy=—(Mcpw/G)(d Inkg /de)?, )

lective CDW current folv>V is two orders of magnitude

larger than the quasiparticle currérilonetheless, the CDW where M ¢py is the CDW’s (longitudina) rigidity and e is
transport does not proceed by the smooth variatiop ofith  torsional strain. Takify'® Gy~5 GPa andM cpw~2 GPa
time; rather, in a manner similar to slip-stick friction, the therefore impliess In ke/de~1 for a 20% decrease in shear
phase undergoes rapidrgumps!* Thus, the CDW main- modulus. Of course, any nontrivial dependencekefon
tains local phase memory even when *“sliding.” long-wavelength strains implies a non-rigid band structure;

Using vibrating-reed measurements on flexural resoin the present case, it means that the Fermi surface and/or
nances {1 kHz), it was found that the Young’s modulus of Brillouin zone is extremely sensitive to changes in bond
0-Ta$; reversibly decreased with CDW depinnifd Near  angles, reflecting cation/anion covalency and/or interchain
threshold,AY>(V—V+)2, and the modulus decrease satu-charge transfer.
rated between 1 and 2% fot~ 10V~ .° The internal friction, Subsequently, it was found that if instead of depinning the
given by the reciprocal of the quality factor of the resonanceCDW with a dc voltage, a symmetric square wave of fre-
increased abruptly as the voltage was increased above thresjuencyf, was applied to the sample, so that the direction of
old and then either saturated or slowly decreased for largaCDW motion was periodically switched, the Young’s modu-
voltages. The magnitude of the internal friction change wasus anomalies varied with switching frequency: the decrease
sample dependent, but was usuaiy2x 10~3.° Using the  in the real part ofY with depinning was greatest for switch-
sample as a torsional pendulumear 100 Hg, it was later ing frequencies a few times the flexural resonance frequency,
found that the shear modulus had a similar voltage deperwhile the depinned internal friction had a pronounced maxi-
dence, but that its anomalies were an order of magnitudgnum when the two frequencies were eqtfdlSuch a depen-
larger? dence on switching was strong evidence that the elastic

These voltage dependences suggested that the elastifomalies could not be intrinsice., “equilibrium” effects)
anomalies were relaxational in nature. For a single relaxatiofo the depinned CDW. Jacobseet all® suggested that
process with relative strengfand relaxation time, a com-  switching affected both the relaxation time and the relaxation
plex stiffness moduluM is given by the Debye expressibh  strength by opening new channels for relaxatstirring) for
low f,, but preventing relaxation by the continual change of
the relaxed “ground state” for largé, .

Despite the qualitative successes of the phase relaxation
model, it has proven difficult to determine how the relaxation
whereM | is the unrelaxedi.e., o 7=) stiffness modulus, time varies with voltage, even in the dc situation. The mag-
presumed to apply a¥=0. (For simplicity in comparison nitudes and voltage dependences of the real and imaginary
later, the relaxation is expressed in terms of the compliancegarts of the moduli implied that a distribution of relaxation
1/M, instead of the stiffness modulus, as done in Refs. 4 antimes was needed at every voltage, i.e., @9.needed to be
9. For A<1, the distinction is trivia). The internal friction replaced with
=M Im(1/M) and peaks atA/2 for w7=1. If the CDW
structure needs to adjust to oscillating strain, it is expected -
that the relaxation time for these adjustments would be long ~ [M(w,V)/My] t= 1+f dr A(r,V)/(1+iwT), (3
for the pinned CDW and would decrease above threshold.
The elastic anor_nalies the_refore h_ave a natura_ll explanation ilgut again,A(T,V) could not be determined. The hope, of
terms of relaxation. Consistent with a relaxation model was ~

the observation that the static Young's modulus, measurefourse, was e hdtie relaé%tion str_engtdr A(7.V),
with uniaxial stress, did not change with CDW depinnifig. would be independent of voltagé” Complicating the analy-

It was initially suggested that the relaxing quantities wereSis was the finding, using higher flexural overtones, that the

velocity coherent domairissince the velocity coherence anomalies in the real part of the Young’s modulus decreased

; -3/4
length was thought to diverge at threshbidHowever, this W'th freque?cydabolve 1 SHZ az ! \t;Ut t?ath the shape
idea was not developed, in part because mesas; crystals [i.e., normalized voltage dependenégV)] of the anoma-

do not exhibit the expectéd’ dependence of CDW current lies was independent of frequenijThis would imply that

on voltage[l cpw~ (V—V)¥?]; furthermore, it was found Aocr*_l"‘F(V), but this is inconsistent with the observed
that the shear modulus anomalies commenced at a voltagé@gnitude, frequency dependence, and voltage dependence
somewhat below that for which nonzero CDW veloditg., ~ ©f the intemal f”&t'orﬁ . .
nonlinear currentcould be observei!! Jacobseret al.™ took the alternative track of plotting, for

On the other hand, the fact that the CDW maintains phas@ Single flexural resonance, the imaginary part &f ¢érsus
memory when sliding makes it possible that the phase corilS real part, with voltage as an implicit parameter. They
figuration is the relaxing quantity, and this was proposed byshowed that the data could be well represented by the gen-
Mozurkewich in 19909 He showed that if the phase do- €ralized Debye expression
mains were driven out of equilibrium by the strain depen-
dence ofkg, then one would expect a decrease in Young's (M(0,V)IMy] =1+ A{1+[ion(V)]* )5, (9

[M(w,V)IMy] t=1+A/[1+iwr(V)], (1)
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where a, B, and the relaxation strength were taken as to current contacts, and a thin, magnetized steel wire
constants. In this expressiom; controls the size of the (=~60um diameter, 1 mm longwas glued with silver paint
anomalies in the imaginary part an@ controls the to the center of the sample. The sample was located in the
skewedness of the plotFor simple Debye relaxation, i.e., center of a helical resonator rf cavity(v~450 MHz, Q
a=0 andB=1, a plot of the imaginary versus real parts of ~300), with the wire near£0.1 mm) the tip of the helix, so
1/M is a semicircle. This expression had originally been that as the sample twisted, it modulated the resonant fre-
used by Havriliak and Negaffi(HN) to describe the dielec- quency of the cavity. Measurements were made by driving
tric relaxation of polymers, and was subsequently used to fithe rf cavity at resonance, and measuring the phase
the V~0 (i.e., pinned CDW dielectric properties of CDW modulatiorf? of the transmitted signal with a lock-in ampli-
materials?® [Since in principle the modulus described by Eq.fier, operating in a magnitude/phase mode.
(4) can be expressed in terms of an integral of Debye relax- Oscillating torque was applied by a magnetic field pro-
ation modes, i.e., Eq3), we will refer to Eq.(4) as an HN  vided by Helmholtz coil§27 G/A). Typically, a dc field of a
distribution of relaxation times$. Surprisingly, Jacobsen few Gauss was applied to the sample during an experiment
et al® found thata~0.6 andB~1.35, close to the values to maintain the magnetization of the wire. The ac field was
found for the pinned dielectric constant ofTaS;.2° The  kept slightly smaller than this so that the twist angle oscil-
dielectric constant had previously been shown to be correlated by<<0.5°, corresponding to a maximum strdire., at
lated with broad band nois@BN) produced by the sliding the surfack<10~°; we checked that the response was linear
CDW;% e.g., both vary as %, like the Young's modulus for these measurements.
anomaly. Jacobseet al. therefore suggested that the BBN  If the magnitude of the oscillating magnetic field was kept
might be related to the elastic anomalies, and pointed out thaonstant, the magnitude of the resulting rf modulation is pro-
the internal friction had a qualitatively similar voltage depen-portional to the magnitude of the compliance and the change
dence to the BBN® in the internal friction equals the change in ¢tdnwheredis

To best examine the onset of relaxation at threshold, whahe phase shift. In most of our experimenisyas measured
was required was to examine a single sample at a range &r a fixed twist frequencyf , while varying the dc voltage
low frequencies. We originally attempted this, for both theacross the sample and simultaneously measuringttie-
shear and Young's moduli, by studying mechanical resoprobe resistance. The magnitude and phase afere nor-
nances with different weights placed on the sampMthile  malized to their values at low voltage, which were found to
gualitative information was thus obtained, it was impossiblebe constant(see Fig. 3. To compare with the Young's
to make quantitative comparisons, because when changingodulus result§;*® we also measured and tarid) applying
weights one also changed the detailed nature of the resonamtsquare wave voltage of fixed amplitude and variable fre-
mode. However, we did fit a number of resonances to(8qg. quency.
and found that different values @f and 8 were needed for The minimum twist frequency of these measureménits
different modegor thatA was voltage dependenand that Hz) was limited by the 1/ noise of the demodulating circuit
the similarity to dielectric properties surmised by Jacobserand stability of the helical resonator. The maximump,
et al'® was coincidentat. ~30 Hz, was an order of magnitude below the torsional

We therefore developed a subresonance technique for exesonant frequency of the sample, and was limited by the
amining the shear compliancé= 1/G) of o—TaS; samples  effective impedance of the magnet circuit. The total fre-
directly by measuring the twist of the sample resulting fromquency response of the system was measured at a few tem-
an applied torque, and reported on changes of the magnitugeeratures by using a Nb@erystal, which has a similar mor-
of the compliance with voltag¥.We found that the increase phology to Tagbut much smaller elastic anomali&sas the
in compliance with CDW depinning grows logarithmically torsional element. We found that the complianceoeTaS;
with decreasing frequency between 20 Hz and 30 mHz. Weit low voltage, normalized to Nb§ewas independent of
also found that the static, as well as dynamic, shear complifrequency(magnitude+ 1%, phase*+0.5°).
ance increases by 25@e., G decreases by 20pavith CDW As mentioned above, Jacobsehal® had pointed out
depinning. This is in striking contrast to the Young’s modu-that the internal friction had a similar voltage dependence to
lus, for which no static depinning anomaly was fodfidnd  the BBN, but both of these quantities are sample dependent,
implies that while the pinned torsional time constant is muchand they had never been measured for the same sample.
greater than the experiment tini@ 9,'" the pinned longi-  Therefore, after completing elastic measurements on one
tudinal time constant is smaller. sample, we used a lock-in amplifier to measure the noise

We have now extended these low-frequency measuregenerated in the sampleith no applied torquedriven by a
ments to include the phase shift between the applied torqugc current. An attractive feature of this comparison is that the
and resulting twist, and hence both the real and imaginaryiise could be measured at the same frequency as the inter-
parts of the shear compliance. The experimental results, anghl friction. Probably due to the large necessary mechanical
an analysis in terms of the HN expressidty. (4)], are dis-  contacts on the sample, the noise below threshold is larger

cussed below. than generally observed in noise measurem@nts.
EXPERIMENTAL TECHNIQUES RESULTS AND DISCUSSION
Relatively thick(>25 um? cross sectiono-TaS; crystals In Fig. 1(a) are shown the magnitude of the shear compli-

were used for these experiments. The ends of the sample, camce and the internal friction for an Ta$; crystal as a func-
to a length of a few millimeters, were glued with silver paint tion of (dc) voltage measured with,=3.3 Hz at 102 K. The
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by bulk rather than contact depinning. We are not aware of a

oo previous report of this lower threshold for the BBN in
1.3 4 ° oo o easesa’ononstengee " 0.03 0-TaS;, but the phase slip voltage may be especially large in
o ..0"‘" our samples, for which the current contacts also serve as
°.o~° L 002 mechanical contacts. However, the voltage dependence of
12 4 o e % the BBN differs significantly from that of the internal fric-
s CoaRo T, tion, in contrast to the discussion of Jacobstral'® More
33 = . 0O 5 Au0e® OO_ 001 & recently, it was suggest&tithat, instead of considering the
° 4 ° - noise in the voltagejV, one should consider the correspond-
1.1 3 oo ing noise in the threshold voltage,
o° o ® - 0.00
° . INT=(IV—dVo)/[1—(Redl/dV) 1], (5)
L J
4
R e 001 whereR, anddV,, are the resistance and noiseVat 0. This

expression cannot be applied below the resistance threshold,
which is unfortunately where the internal friction is varying
most rapidly. However, the calculated threshold noise volt-
- 50 age above the resistance threshold is shown in Flg.dnd

it does resemble that of the internal friction.

For the remainder of this paper; will be used to denote
- 40 the threshold voltage for the elastic anomalies.

In Fig. 2 are shown the effects of reversing the current
direction on the shear compliance anomalies; as discussed
- 30 above, the fact that the Young’s modulus anomalies de-
pended on the frequency of current reversd|3 (vas taken
as strong evidence that the elastic anomalies could not be
- 20 understood in terms of “intrinsic,” single domain modéfs.
The f, dependence of the compliance and internal friction,
measured at,=3.3 and 23.7 Hz, for a square wave voltage
of magnitude ¥ are shown. It is seen that, for both torque
frequencies, the compliance anomaly doubles wheis a
few timesf,; we have previously also observed doubling of

FIG. 1. () Compliance and internal friction vs dc voltage for the Young's modulus anomaly with changifig* More dra-
sample No. 1 af=102 K andf,=3.3 Hz. (b) dc voltage depen- Matic is the dependence of the internal friction fon when
dence of resistance and noi&é (solid circles, measured at 3.3 Hz. f;="f,, the internal friction anomaly increases by almost an
Also shown is the calculatelEqg. (5)] noise in the threshold volt- order of magnitude from its dc value, a few times greater
age,dVr (open triangles The vertical arrows show the elastic and than the largest change observed for a flexural oscilldflon.
resistance threshold voltages. We emphasize that in addition to doing measurements on a

different elastic modulus than before, we are working at fre-
results are similar to those we previously reported, althouglquencies two to four orders of magnitude smaller. These re-
for this sample the magnitude of the change in complianceults are a striking confirmation that arguments made in fa-
was slightly larger(30%) than usually observe®5%). In  vor of a relaxational mechanism for the elastic anomalies
Fig. 1(b) are shown the voltage dependence of the sample’still apply at these low frequencies.
resistance and voltage noise when driven with a dc current; In Figs. 3 and 4 are shown the dc voltage dependences of
the noise was also measured at 3.3 Hz with a bandwidth dhe compliance and internal friction of another sample at 85
0.03 Hz. and 102 K. Data are shown for a few valuesfgf similar

As previously noted, the threshold for the elastic changeslata at other intermediate frequencies are omitted for clarity.
lies below that for changes in resistarficé.In the CDW  The J dependence is similar to that shown in Ref. 11; in
conductor K 4MoO;, the threshold for resistance changesparticular, at a given voltage above threshold the compliance
has been shown to be greater than the voltage needed ifacreases logarithmically with decreasing frequency. The fre-
depin and polarize the CDW in the bulk of the crystal. Thequency dependence is seen to be slightly greater at 85 K than
difference has been associated with the voltage needed @i 102 K.
drive the phase slip processes at the current contacts neededAs previously noted at higher frequencies, the internal
to convert quasiparticle current into CDW curréhwe sug-  friction increases much more rapidly at threshold than the
gest that the different thresholds observed for nonlinear cureompliance. In a relaxation model, e.g., E¢b. or (3), this
rent and elastic changes irTaS; has the same origin, and reflects the fact that tadf~wn(JJy—1) as 7 diverges at
that the onset of the elastic changes at the lower thresholifireshold, wherdy, is the unrelaxed\{=0) compliance. As
reflects the fact that the elastic changes are sensitive to dér the compliance, the frequency dependence ofdais
pinning in the bulk rather than the contacts, as expected. greater ail =85 K than afl =102 K; this has the results that

Interestingly, the enhanced broadband noise has the sartige sharp cusp observed at the lower frequencies disappears
threshold as the compliance, suggesting that it too is driveat the higher frequencies at 85 K, but not 102 K.

aV, oV (uv)
R(KR)

0 50 100 150 200 250 300
V(mv)
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e — S FIG. 3. Compliance and internal friction vs dc voltage at several
01 1 10 100 1000 values off 4, as listed, for sample_ No. 3 éftf 85 K. The threshold
voltageV;=70 mV. Also shown is the resistance.
f(Hz)

whereq, B, andj, are constants, chosen to approximate the

FIG. 2. Compliance and internal friction measured with squaredata, andwr is an implicit parameter. Fair fits are obtained
wave voltagesv=5Vy at frequencyf,, at T=102K for sample  wjth « between 0.6 and 0.66 arglbetween 1.4 and 2.9, but
No. 2. The elastic frequenciefy,=3.3 Hz (closed symbolsand the best fits(solid curve$ have3=2.75 and 2.00, af =85
23.7 Hz(open symbolsare shown by the arrows. and 102 K, respectively, very different from the value found

by Jacobseret all8 for a single frequency.

In Fig. 5 is plotted ImJ/Jy=J/Jy sin & versusA ReJ/Jy For each “fit” shown in Fig. 6, the voltage dependence of
=(J/Jy coss—1) for several frequencies and voltages at 85the average relaxation time can be determined, and these are
K; qualitatively similar results are obtained at 102 K. shown in Fig. 8. Although the magnitude efor any voltage
Clearly, the values for different VOltageS do not lie on thevaries by up to an order of magnitude’ depending on the
same locus, so that a basic conclusion of Ref. 18, based Gfiting parameters chosen, for all fits diverges as {/Vy
examining Young's modulus datt a single frequengyis  —1)~P with p~3. Although there is some overlap, depend-
incorrect: it would be lmpOSSible to fit the Compliance data tOing on the f|tt|ng parameters chosen, the best(ﬁmwn by
Eqg. (49 with a single, voltage-independent relaxation the solid curves in Fig. 6 and circles in Fig. §how thatr is
strength. However, we have found that if we rescale the datg_10 times longer at 85 K than at 102 K, consistent with the

for each voltage and plot 1MyA(V) versus greater frequency dependence notetien comparing Figs.

A ReJlJyA(V), whereA is a real function o, data for all 3 and 4 at the lower temperature.

voltages can be made to lie, within their scatter, on a single |n previous work on the Young's moduldg® it was
curve, as shown in Fig. 6, for both 85 and 102 K. The volt-found that while the voltage dependence of the softening
age dependence of the scale factorthe effective, normal-  varied considerably with temperature, the dependence of
ized relaxation strength, is plotted in Fig. 7. Re(Y) on CDW current (cpw=!—V/R,) was a more uni-

In Fig. 6 are also shown a few plots of the HN expressionersal function of temperature, and it was suggested that the
[Eq. (9], with A=joA, i.e., CDW current controlled the elastic anomalies. As discussed
above, the fact that the threshold for changes in shear com-
pliance is below that for changes in resistance i.e., the com-

Jw,V)Iyg=1+jAV{1+[iwn(V)]1" %2, (6)
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0.01 4 ot B 2L T8 00 increased, while the second peak in the internal friction in-
. 2 Ao, ML “AAFA =t dicates that a new low-frequency relaxation process had
. s ‘A“ turned on. We suggest that when aging, some silver paint
0.00 Aggéh® . diffuses into the sample, so that the distribution of CDW
pinning centers becomes less homogeneous. We have ob-
I l I l l l served similar double internal friction peaks on a few other

samples. Considerable caution must therefore be used in
Vg comparing data taken at different times or on different
. ) - samples.
FIG. 4. Compliance and internal friction vs dc voltage at several
values off 5, as listed, for sample No. 3 =102 K. The thresh-
old voltageV;=55 mV. Also shown is the resistance.

CONCLUSIONS

We have shown that the frequency- and voltage-

pliance begins changing when the CDW current is still zerodependent elastic compliance can be fit to a Havriliak-
means that this relationship must break down near thresholdNegami expression if one allows the relaxation strength to be
It does hold for the compliance at larger voltages, as shownoltage dependent, and have determined the voltage depen-
for f,=7.8 Hz in Fig. 9a). However, as shown in Fig.(§),  dence of the relaxation strength and relaxation time; the lat-
the internal friction is clearly not a universal function of ter varies as~(V—Vy) P, with p~3, and growgby up to
lcow. reflecting the fact that relaxation slows down with an order of magnitugebetween 102 and 85 K. This power
decreasing temperature. Therefore, there is no advantage liaw is much stronger than previously estimatg@d=(1) from

considering the dependence of the HN relaxation parametefigher-frequency measurements on a single nfolte the
on CDW current over voltage. context of the phase relaxation modelis the average time

We need to emphasize that while qualitatively similarneeded for phase coherent domains to readjust to a changing
data have been obtained for several samples, the frequenpprameter such as stress; we are not aware of any prediction
and voltage dependences of the compliance anomaly of eachgarding its voltage dependence.
sample are quantitatively different. Furthermore, these de- The dielectric relaxatiofibelow thresholglof o-TaS; was
pendences change with time. The 85- and 102-K data showpreviously fit® to the HN expression, withy between 0.5
above for sample No. §igs. 3—9 were taken 10 days apart, and 0.6, similar to our results, b= 1.35, much less than
during which time the sample warmed to room temperatureour result, indicating a much more symmetric variation of
We attempted to retake 102-K data two months later; durindm(e) with Re(e) than obtained for the compliance. It must
this two month period the sample was at room temperaturbe emphasized, however, that the dielectric relaxation times
(and had been briefly heated to 100 °8s shown in Fig. 10, near 100 K were<0.1 us,%° so that the dielectric measure-
the compliance anomaly had changed remarkably while thenents were sensitive to a much different regime of dynamics
threshold voltage increased by 50%. The data shown are faghan we are probing(Pinned dielectric relaxation times of
fy=3.3 Hz; similar changes were observed at other torqué¢he order 61 s are observed only &t~25 K.2") We have
frequencies. The increased size of the compliance anomaly abt yet considered how to combine our present results with
the later data indicates that the total relaxation strength hagrevious high-frequency measurements of the Young's
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ImJ/(J,A)

IMmJ/(J,A)

FIG. 6. Imaginary part of the compliance vs the change in the
real part of the compliance, each normalized by the voltage-
dependent facto (shown in Fig. 7 for sample No. 3 ata) T a4
=85 K and(b) T=102 K. Also shown are plots of E¢6) with the
following parameters:(a) solid curve: j;=0.257, «=0.64, B
=2.75; dotted curvej,=0.257, «=0.61, 3=1.8; dashed curve:
j0=0.257, «=0.66, B=2.9. (b) Solid curve: j;=0.250, «
=0.64, B=2.00; dotted curve:j;=0.250, «=0.61, B=1.4;
dashed curvej;=0.250, «=0.66, 3=2.9.

modulus® which showed that the elastic anomalies vary as
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The voltage dependence of the relaxation strength has &
natural explanation in terms of relaxation of velocity coher-
ent domains, since the domain size diverges and the numbe -5 -
of domains decreases a6 approachesV/; from above!’
However, since the elastic threshold is less than the resis-
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FIG. 7. Normalized relaxation strengthvs voltage for sample
No. 3. Open circlesT=85 K; closed circlesT=102 K. Inset: me-
chanical model discussed in text.

would be independent of voltage. Indeed, this was one of the
attractive features of the model when it was propcSe@ur
results can be reconciled with the model, however, if one
assumes that added to the distribution of relaxation strengths
we obtain is a reservoir of domains with much longer relax-
ation times(e.g., 7>84 s, the time of our previous quasi-
static experiments). Below threshold, all the domains are in
this reservoir. As the voltage is increased, an increasing
number of domains, indicated by the growth of the relaxation

log T(sec)

0.1

tance threshold, an interpretation in terms of CDW velocity,
rather than CDW depinning, is difficult. While it is possible
that this inconsistency is related to inhomogeneities in the FiG. 8. Voltage dependence of average relaxation times for the

sample, it is not clear how to correct for them.
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fits to Eq.(6) shown in Fig. 6. Circles correspond to the solid curves

On the other hand, the density of phase domains is nah Fig. 6, triangles correspond to dotted curves, and squares corre-
expected to vary with voltage, so that in the phase domaigpond to dashed curves. Open symbdls:85 K; closed symbols:
relaxation model, it is expected that the relaxation strengtiT=102 K. The line with slope=3 is for reference.
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0.030 e g0 ® ¢ 0. symbolg for sample No. 3 afT=102K and f,=3.3 Hz. Data
o * R A shown with triangles were taken 2 months after the data shown with
° .‘00. circles, as described in text.
0.025 o7 .
w o voltage is increased above threshold, the fracthafV) of
c o o P ! 3 .
8 020 4 ° oo the small springs becomes unclamped, with a time constant
0. o o . (proportional to the viscosity of the dashpadtistribution
o CPC)O & . . .
LIS g.‘ given by the HN expression. If the voltage is decreased be-
0.015 4 %DQ)O&OB low threshold when torque is applied to the sample, the
o o@;@ CDW springs will be clamped in a strained position, giving
SAS) rise to the strain memory effects discussed in Ref. 11.
0.010 -
) & In summary, we have studied changes in the complex
shear compliance af-TaS; observed with CDW depinning
0.005 | | | | at low frequencies, 0.1 Hzf ,<<30 Hz of applied stress. We
0.001 0.01 0.1 1 10 100 have shown that the strong dependence of the elastic anoma-
. (1A) lies on the frequency of current reversal, previously observed
CcDOwW

at higherf 4, persists to low frequency, suggesting that even

at very low frequencies, the anomalies must be due to the
rearrangement of internal CDW structure, i.e., “domains,”
rather than intrinsic to the sliding CDW state. We have then
studied the frequency andc) voltage dependence df for
e crystal in detail, and shown thiiw,V) can be fit to the
Havriliak-Negami generalizatiofEq. (6)] of simple Debye
laxation, and have used this fit to determine the voltage
ependence of the relaxation time and strength.

FIG. 9. Compliance(a) and internal friction(b) at T=85K
(closed circles and T=102 K (open circley vs CDW current for
sample No. 3 af ,=7.8 Hz.

strength, respond quickly enough to become observable, a
are described by the HN distribution.

The phase domain model can be understood in terms d
the Voigt anelastic model shown in the inset to Fig. 7. Here,
the unrelaxed compliancd,,, is that of the “bare” crystal,
the series of small springs with parallel dashpots describe the
elastic response of the phase domains; ¥el=J(w,V) We thank Sa-Lin Cheng for assistance in some experi-
—Jy . Below threshold, the viscosity of the dashpots is “in- ments. Crystals ob-TaS; were provided by Robert Thorne
finite,” so that the small springs are clamped and the elastiof Cornell University. This research was supported by NSF
response of the crystal is determined ly alone. As the Grant No. DMR-93-00507.
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