PHYSICAL REVIEW B VOLUME 54, NUMBER 19 15 NOVEMBER 1996-I

Low-temperature shear compliance of Tag
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We have measured the low-frequeri@ Hz) and quasistatic shear compliandg 6f orthorhombic Tagas
a function of applied electric fieldH) at 4.2 K. In contrast to liquid-nitrogen temperatures, whemecreases
by 25-30 % when the electric field depins the charge-density wave, at 4.2 K the compliance is field indepen-
dent forE up to 270Ey_, the field where nonlinear current is first observed, and well into the regime where
the conductance is proportional #?. A few possible reasons for the lack of an elastic anomaly at low
temperature are suggest¢80163-182606)02643-4

TaS;, is one of a handful of quasi-one-dimensional, total relaxation strength of the shear compliance is given by
charge-density-wav¢éCDW) materials in which the CDW  [A(7,E)dr=JoM cpw(d INQ/de)?, wheree is the torsional
can be depinned by a small electric field, resulting in a numstrain andM cpy, the (longitudina) modulus of the CDW
ber of unusual propertid§sAmong the most poorly under- (essentially the Bohm-Staver modulus of the condensed
stood properties of depinned CDW'’s di¢ the changes in electron.'®
elastic properties that accompany depinfiramd (ii) the Because the frequencies of the mechanical resonances are
properties at low temperature, where quasiparticles freezesually low(<10 kHz) and easily damped by a surrounding
out and CDW deformations cannot be screetiédn this  medium, it has been difficult to investigate elastic changes at
paper, we report on measurements of the shear compliandew temperatures, where the conductance is generally stud-
(J) of orthorhombic Tagat 4.2 K. We find that, unlike at ied using short pulses and/or immersion in liquid helium to
higher temperaturé~100 K) whereJ increases by=25%  minimize Joule heating. For example, small changes in the
with depinning!®!J is independent of electric fieldAJ/J| flexural-resonant frequency of the related compound
<2%) at low temperature. However, it is not clear if we have Ky 3M0oO; were observed with CDW depinning at 4.2 K, but
bulk depinning of the CDW at the highest fields we reach. the authors were not certain that these changes were not due

Orthorhombic Ta$ (0-TaS;) has a metal-semiconductor to sample heating’
transition due to the condensation of a CDWIa&220 K2 We recently reported direct measurements of torsional
Below T, application of an electric field greater than a smallstrain(i.e., twist angled) as a function of stress.e., torque
thresholdE leads to striking non-Ohmic conductance asso-4n 0-TaS; at 100 K. A magnetic wire was glued to the center
ciated with the depinning and motion of the CDWAt high  of the sample to make a torsional pendulum, with the sample
temperatures, the onset of non-Ohmic current is “gradual”;as elastic element, which was placed inside ar{=~r#00
e.g., at 100 K, the conductan¢&/R) typically doubles at MHz) cavity. Applied torque was proportional to a magnetic
E=2E;."® Since at low temperatures CDW deformationsfield provided by Helmholtz coils surrounding the cavity,
cannot be screened by thermally excited quasiparticles, thand 8 was found by measuring the modulated output of the
field dependence of the conductance becomes extremebtavity. The responses to both oscillatiig:20 Hz) and
abrupt[1/Rx(E—E5)P, with p~15, aboveE],* reflecting  “static” torques were measured. For the former, the magni-
the lack of quasiparticle damping, aft} grows exponen- tude of the oscillating twist anglé,. is proportional to the
tially with 1/T. However, smaller, “gradual” nonlinear cur- shear compliance. For constant torques, it was found that
rent is also observed at low temperatures above a mucstrains could be frozen into the sample when the CDW was
smaller thresholdEy, ; the nature of this conduction is not pinned, but for a fixed applied electric field, the “quasi-

well understood;® as discussed below. static” compliance is proportional to the slope &¥s mag-
Because of the fibrous morphology ofTaS; samples net current.
(crystals are typically 1 cik10 umx10 um in size, with Because these measurements are subresonance and damp-

highest conductivity in the long directih, most elastic ing by the environment inconsequential, it is possible to do
measurements®*Shave been done by measuring flexural orthem with the sample immersed in a liquid-helium bath, and
torsional resonances of the sample. The large increases we report on the results of this investigation here. Two crys-
elastic compliancef25% for J and 2% forsss (the inverse  tals were investigated. Sample 1 wag mm long and=150
Young’s modulug]*®® near 100 K have been modeled in um?in cross-sectional area. Sample 2 we2 mmx12 um?.
terms of relaxational dynamics; e.g.J(E,w)/Jy—1 Silver paint was applied to copper films evaporated on the
=[A(7,E)d7/(1+ w?7), wherel, is the unrelaxed compli- ends for electricalland mechanicalcontacts. dc currents
ance and the average relaxation time is assumed to decreasere applied to the sample and voltagasthe current con-
with increasing field above threshald’® Mozurkewich has  tacty measured with an electrometer.

shown that the relaxation may be associated with changes in In Fig. 1, we show the current and resistance of the
the configuration of phase coherent CDW domains driven byample vs applied electric field for sample 1. The inset shows
a strain-dependent CDW wave vect@: In this case, the the current at low fields with the onset of non-Ohmicity at
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FIG. 1. Current and resistance, normalized to its room- % } Jr
temperature valuéRzy, =60 Q), vs electric field, normalized to 1.00 -
the onset field for nonlinear responsg, ~270 mV/cm, for sample A
1 at 4.2 K. AboveE, , 1/R=E?. The inset shows the field depen- 0.1 1 10 100
dence of the current at low fields in a linear plot. BBy
En.~0.27 Vicm. For currents above 7QA (where FIG. 2. The electric-field dependence of the magnitude of the

E/Ey_=270), the voltage becomes noisy, indicating that Sig_oscillating-twist angle, normalized to its low-field value at 13.3 Hz
nificant Joule heating>1 K) of the sample is occurring. at (a) 80 K and(b) 4.2 K, for sample 1. The threshold field at 80 K
Very similar results (with noticeable Joule heating at IS Er~350 mVicm; at 4.2 KEy ~270 mV/cm.

E/Ey >125 were obtained for sample 2.

The field dependence of the resistance of our sample8. For these measurements, the magnet current was linearly
differs somewhat from that reported by ltkis, Nad’, andramped with time, as shown; the total changelié~=0.04°
Monceau for a sample with a similar value By (/R.  (Ae~2x10 ). At 80 K, J (which is proportional to the
(Note that smaller values of low-temperature conductivityslope is ~25% greater alE =4.6 E; than atE =0, consistent
are associated with less ptffeand/or much smallér with the ac results of Fig. 2 and previous results at 108 K.
samples. The onset of non-Ohmicity &, is much more At 4.2 K, the same slopé+2%) was observed at all fields
gradual for our samples, but the conductance starts increashecked. Similarly, no electric-field dependence of slope was
ing rapidly (1/R=E?) at the knee fiel&,~10E,, , whereas observed for sample 2.

Ex~100E,, in Ref. 4. Despite the immersion in liquid he-  We therefore conclude that at 4.2 K the shear compliance
lium, we cannot reack; (=3000E,, in Ref. 4, where the is independent of field for fields up to 2EQ, (and total
conductance grows even more rapidly. However, at our higheurrent=900 times the Ohmic currentthe compliance cer-
est field, the conductance 181000 times its low-field value tainly does not have the large field dependence observed near
and 50% greater than the ratio reportedBst in Ref. 4. 100 K. If the domain relaxation model is correct, this implies
Therefore, while we do not achieve the “rigid” CDW mo- that either the relaxation strength has vanished or that the
tion (—d InR/d InE>1) associatet® with E>E;, we do average relaxation time has become field independent. A few
have a huge non-Ohmic currefin fact, our maximum cur-  possibilities will be discussed.

rent is an order of magnitude larger than the CDW current at If the average relaxation time is field independent in this
3E+ at 80 K) A power-law variation of conductance with, regime, it presumably means that it remains long even for
such as we observe abokg , has been associated with bulk E>Ey (i.e., 7,,o>period/2r=70 3. If the CDW is moving
CDW motion in other materials at higher temperatur®s, throughout the sample at our largest voltages, then our re-
and we feel that it is likely that there is significant, althoughsults imply that, unlike at higher temperature, CDW motion
incoherent, CDW sliding foE>Ey . does not allow the phase domains to readjust to the strain in

The field dependence @ (at 13.3 Hz for sample 1 at a time <70 s, presumably because the lack of quasiparticle
4.2 and 80 K is shown in Fig. 2. For these measurementsscreening prevents the local deformations needed to readjust.
6,~0.002°, corresponding to a strail 0. At 80 K, Jo6,. On the other hand, thaveragerelaxation time may be
increases by=30% with CDW depinning, similar to the be- large at all fields we investigated because the non-Ohmic
havior at 100 K previously reportéd However, at 4.2 K, no  conductivity belowE; may involve inhomogenous CDW
change ind,. (=1%) with field up to the highest field pos- motion in a small fraction of the sample. The anomaly in
sible was observed; similarly, no changetipwas observed shear compliance 2%, as compared t4J/J;~30% at 80
for sample 2 at 4.2 K. K, suggesting that the CDW is moving ir7% of the

Results of measurements of twist angle vs time at 80 andample at any instant. Such might occur if the sliding CDW
4.2 K at a few electric fields for sample 1 are shown in Fig.percolates between small, weakly pinned regions. A similar
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FIG. 3. Changes in the twist angles vs time for sampl&@)180
K (solid circles,E=0; open circlesE=4.6 E1); (b) 4.2 K (solid
circles,E=0; open circlesE=95 Ey ; pluses E=270Ey,). The
solid lines show the corresponding currents in the madgBed
mT/A) providing the torque on the sample.

CDW “creep” ® mechanism, yielding the power-law depen-

dence of the conductivity on field mentioned above, was sug

gested for monoclinic TaSat E>E; .2 Alternatively, the
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an analysis of the narrow-band noise amplitude, suggest that
such does not occur for closely related monoclinic J/aS

Itkis, Nad’, and MoncedtP have suggested that fields
E<E; are inadequate to drive the phase-slip procéSses
needed for bulk motion of the CDW. Instead they suggest
that the non-Ohmic conduction at these fields may be due to
hopping of carriergpossibly charged dislocation limgse-
tween localized CDW defects, such as soliton states. Such
hopping is not expected to have a significant effect in allow-
ing CDW domains to relax.

The most interesting possible reason for the lack of a
compliance anomaly is that the relaxation strength vanishes
becausal InQ/de vanishes at low temperature. Such would
be consistent with the lack of thermal hysteresis in resistance
at low temperaturé! since metastability is associated with a
CDW wave vector which changes with external parameters.
For exampleQ may become locked into its close commen-
surate valugQ=c*/4) (Ref. 29 at low temperature. There
has been much speculation but little firm evideéaabout
such a low-temperature lock-in m+Tas;.

In conclusion, we have shown that any changes in the
shear compliance 0b-TaS; at 4.2 K at fields almost 300
times the non-Ohmic thresholdnd ~30 times the “knee”
field above which 1RxE?) are at least an order of magni-
tude smaller than the changes observedB&¢ Bear 100 K.
Possible reasons are th@t the domain relaxation remains
very slow due to the lack of quasiparticle screening even
though there is CDW motion thoughout the bulk of the
sample;(ii) the CDW is only moving in a small fraction of
the sample(iii ) the non-Ohmic conduction in this field range
is associated with carrier hopping between defects rather
than CDW motion; andiv) the CDW wave vector is inde-
pendent of strain, e.g., due to a commensurate lock-in.
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