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Uniaxial-strain dependence of shear-modulus anomalies in Tas3

Z. G. Xu and J. W. Brill
Department ofPhysics and Astronomy, University ofKentucky, Lexington, Kentucky 40506-0055

(Received 18 October 1990)

We have measured the changes in shear modulus and internal friction in TaS3 when the charge-
density wave (CDW) becomes depinned, as a function of uniaxial strain (e), and compared the re-
sults with the strain dependence of transport properties. For strains above a critical strain
e, =0.5%, where the normal conductivity is a maximum and CDW conductivity a minimum, a
second depinning threshold appears, and the elastic anomalies decrease by an order of magnitude.
Unlike the case for the conductivity, the low-strain elastic anomalies are not restored by further in-
creases in strain. The results are interpreted in terms of the interaction of a soliton lattice with the
CDW.

I. INTR&DUCTION

In several materials exhibiting charge-density-wave
(CDW) ground states, the CDW can be depinned by ap-
plication of an electric field greater than a small thresh-
old, ET. As the CDW becomes depinned, the resistance
drops and becomes "noisy"; both broadband ( —I /f ) and
narrow-band noise (i.e., voltage oscillations at well-
defined frequencies) appear. ' In most models of the de-
pinned CDW, it is assumed that the extra current is car-
ried by the CDW moving in bulk. ' Most sliding CDW
materials also become elastically "softer" in the depinned
state; the dynamic Young's and shear moduli de-
crease. For example, the Young's modulus ( Y) (Refs.
2 and 3) of TaS3 slowly decreases by 2% and its shear
modulus (G) (Ref. 4) by 20% as the electric field exceeds
ET. The internal friction associated with both moduli in-
creases rapidly with electric field above ET, typically
reaching maxima of -0.2% (for Y) (Ref. 2) and 2% (for
G) (Ref. 3) at 2ET. The Young's modulus anomalies have
also been observed to decrease rapidly with increasing
(flexural) strain frequency. No model of the elastic prop-
erties of the CDW state " has been successful in ex-
plaining the variety of observed effects ' " and their
surprising frequency dependence.

Equally surprising has been the unusual dependence of
the transport properties of TaS3 on applied uniaxial
strain (e). The pinned conductivity (i.e. , for E (ET and
due to normal carriers) has a maximum a.t a sample-
dependent strain e, -0.5%.' At the same strain, ET
changes and the high-field CDW conductivity has a
minimum. ' These results suggested' that the non-
Ohmic current in TaS3 is not due to (conventional) bulk
motion of the CDW but to motion of an intrinsic array of
charged discommensurations, present because the CDW
is nearly (fourfold) commensurate, ' which are also large-
ly responsible for the normal electron scattering. At e„
it was suggested that the CDW becomes commensurate,
increasing the normal electron mobility and reducing the
non-Ohmic conductivity. ' This suggestion was support-
ed by the finding' that at e, the narrow-band noise van-
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FICs. 1. Noise spectra taken at (a) @=0, non-Ohmic current
IcDw =13 1 pA; (b) e=e„ IcDw =13 1 pA; (c) @=5' /3,
IcDw = 13.1 pA& (d) 6' = 56'& /3& IcDw =0.

ishes, reappearing at larger strain, where the CDW is
again incommensurate. An example of this is shown in
Fig. 1; for some samples, as shown here, the narrow-band
noise spectral features are sharper at large strain than at
small. "' lt was also observed that near e„a second,
smaller threshold field appears, ' ' and it was suggested
that the two threshold fields were associated with bulk
and discommensuration depinning. '

In this paper, we report on measurements of the
uniaxial-strain dependence of the shear-modulus
anomalies in TaS3 near 100 K.' This work was motivat-
ed by the hope that a common investigation of both of
these poorly understood phenomena would help clarify
them, and the recent report' that under small (e-0. 1%)
uniaxial strain, the static Young's modulus anomaly
disappears. We have found that the dynamic (f—100
Hz) shear-modulus anomaly varies weakly with strain for
e & e, ; for larger strains, the anomaly decreases by an or-
der of magnitude. Using the elastic rather than the trans-
port anomalies, we were able to trace the evolution of the
two threshold electric fields. As for the strain depen-
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dence of the transport properties, it is difticult to inter-
pret the shear-modulus results in terms of bulk CDW
motion alone.
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II. EXPERIMENTAI. TECHNIQUES

Grthorhombic TaS3 is a quasi-one-dimensional conduc-
tor which undergoes a CDW phase transition into a semi-
conducting state at 220 K." Single crystals, of typical
dimensions 10 pmX10 pmX1 cm, were grown by the
standard vapor transport technique the long axis coin-
cides with the high conductivity direction. ET was typi-
cally 0.25 V/cm at 100 K.

Change in the shear modulus was measured by gluing a
stiff wire "Gag" to the center of a crystal and measuring
changes in the resonant frequency fG (typically 100 Hz)
of the resulting "torsional pendulum. " One end of the
crystal was epoxied to the grounded end of a piezoelectric
element and the other end to a sapphire substrate held on
a second piezoelectric element. Electrical contact was
made to the ends of the sample with silver paint; the con-
tacts were typically separated by 5 mm. For the torsional
resonance, fG

~ V'G; changes in internal friction are
given by changes in the reciprocal quality factor I/Q. ~

The resonance was excited by applying voltage to one of
the piezoelectric elements, and detected using a helical
resonator circuit.

Uniaxial strain was applied with the second piezoelec-
tric element. Because the defIection of the element is a
hysteretic function of applied voltage, the latter could not
be used to determine the strain. Instead, the frequency of
the flexural resonance, fFLEx, excited and detected in the
same way as the torsional mode, was used as a relative
measure of the strain. For the Aexural resonance,
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FIG. 2. Flexural resonant frequency vs voltage applied to
piezoelectric transducer, taken during a single monotonic sweep
to minimize hysteresis in the piezoelectric transducer. The ar-
row indicates the critical strain (see text). The curve is a guide
to the eye. Inset: Enlargement of low-frequency data taken
during a separate sweep.

f„,„~+Y[C(a/L) +e),

where a is the sample thickness, L its length, and C a
strain-dependent. number of order 1. Hence for
e))(a/L) —10, e~fFLEx. This is shown in Fig. 2,
for which the piezoelectric voltage is varied monotonical-
ly, minimizing hysteresis so e= Vpz ~ To establish a rela-
tive scale for the strain, the normal low-field resistance
R o was measured as a function offFLEx, as shown in Fig.
3. A sharp minimum was observed at a value identified
as e„' although hysteresis was observed in the strain
dependent resistance' ' (the depth of the minimum usu-

ally increased as larger strains were applied), the location
of the minimum was sufficiently independent of repetition
for the critical value of fFLEx to be well defined, e.g. ,

within a few percent. (Creep in the transducer limited
the long-term stability of applied strain to -0.03%.)
is apparently sample (and temperature) dependent, vary-
ing from 0.4 to 0.7%%uo near 100 K. ' ' ' ' Strains up to
—1% could be applied without damaging the sample.

After determining the strain scale and approximate
values of (strain-dependent) threshold field, the resis-
tance, torsional resonant frequency, and quality factor
were simultaneously measured as functions of voltage for
several values of strain. The normal (i.e., low-field) tor-
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FIG. 3. Normal (low-field) resistance vs flexural resonant fre-
quency; the top scale shows the deduced strains. (Dots: increas-
ing strain; crosses: decreasing strain; curves are guides to eye. )
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FIG. 4. Resistance, change in shear modulus, and internal friction vs voltage for sample no. 2 at 103 K. (Dashed curves: @=e, /6;
dotted curves: e=5e, /6; solid curves: e=4e, /3. ) Upward pointing arrows indicate the upper threshold voltages; the second, small
threshold at high strain is shown by downward pointing arrows. There are small differences in the threshold voltage observed in
different measurements, as described in Ref. 4.

sional resonant frequency was independent (+2%%uo) of
strain, and its variation, possibly due to dimensional
changes (from Poisson contraction) is ignored below.
Most data were taken near 100 K, where ET/Ro, and
hence Joule heating, is a minimum. For E &4Ez., effects
of Joule heating are small and ignored; however, the
anomaly in modulus only saturates at —10Ez. To find
the total modulus anomaly [G(E »ET) —G(0)]/G(0),
the frequency shifts were corrected for Joule heating, as
described in Refs. 2 and 3.

III. RESULTS

Figures 4 and 5 show the voltage dependence of the
resistance, shear modulus, and internal friction at
different strains for two samples at 103 K. The arrows
indicate the positions of the threshold voltages Vz-, where
the resistance falls, the modulus decreases, and/or the
internal friction increases. The most salient features are
(i) the anomalies only vary slowly with strain for e(e„
so the absence of a Young's modulus anomaly in Ref. 18
is probably not due to the finite strains (-0.1%-e,/5)
used there, (ii) at high strain, the elastic anomalies are

greatly reduced, and (iii) at high strain, two threshold
voltages are observed. Similar results were found on all
six samples checked.

The total elastic anomalies [G (0)—G( V» Vr)]/G(0)
and [1/Q(V» VT) —1/Q(0)] at 103 K are shown as
functions of strain in Fig. 6. The magnitude of the de-
creases in elastic anomalies with strain is sample depen-
dent. However, in all cases, the decrease occurs at a
strain slightly larger than e, and the anomalies do not re-
cover for strains up to 1.7e„ the largest applied. In these
regards, the elastic anomalies differ from the resistance
anomalies, which are (roughly) symmetric about
e, . ~ '3' ' (The thermoelectric power is also asymmetric
about e, ."")

The presence of two threshold fields slightly above e,
was previously reported, ' ' but their strain dependence
was difticult to determine because both are usually ap-
parent over a limited range in resistance measurements.
The two thresholds are more readily observed in the elas-
tic properties, however. The strain dependence of the
thresholds at 97 K is shown in Fig. 7. It does not appear
as if the lower threshold splits continuously from the
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FIG. 5. Resistance, change in shear modulus, and internal friction vs voltage for sample no. 3 at 103 K {Ref. 17). (Dashed curves:
@=e, /3; solid curves: a= 3m, /2. ) Arrows indicate threshold voltages, as in Fig. 4.
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FIG. 6. Total shear modulus and internal friction depinning
anomalies at 103 K vs strain. (Circles: sample no. 2; crosses:
sample no. 3; triangles: sample no. 1; curves are guides to eye
only. )

FIG-. 7. Strain dependence at 97 K of threshold voltages
(crosses) and internal friction anomaly (dots) at lower threshold,
normalized to total (see text), for sample no. 4.
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FIG. 8. Resistance, change in shear modulus, and internal friction vs voltage for sample no. 3 at 84 K. (Dashed curves: a=0;
solid curves: e —3e, /2. ) Arrows indicate threshold voltages, as in Fig. 4.
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FIG. 9. Strain dependence of shear-modulus anomalies of
sample no. 2 at 84 K (dashed curve), 103 K (dotted curve), and
125 K (solid curve). Anomalies are measured at twice the
(upper) threshold voltage.
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FIG. 10. Temperature dependence of resistance at two
strains; e, is determined at 100 K (Ref. 17).
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upper near e, . Rather, at e, a small decrease in modulus
becomes apparent at the lower threshold. As this anoma-
ly grows, anomalies in internal friction and resistance at
the lower threshold become apparent; the resistance
anomaly at the upper threshold is already not evident in
this sample by —1.1e, . Because the internal friction
anomaly saturates (as a function of voltage) much more
rapidly than the modulus anomaly, it is possible to
characterize the sizes of the two anomalies in internal
friction. This is also shown in Fig. 7, where the magni-
tude of the lower anomaly, normalized to the total
lb, [1/Q(lower)]+A, [1/Q(upper)]] is plotted versus
strain. The lower anomalies grow at the expense of the
upper with increasing strain for all samples; however, the
speed of the growth varies considerably with sample (e.g. ,
compare Fig. 5).

Although most data were taken near 100 K, we also
examined the temperature dependence (between 84 and
125 K) of these effects for some samples. No significant
change in behavior is observed with increasing tempera-
ture. The voltage dependences of the resistance,
modulus, and internal friction at two strains at 84 K are
shown in Fig. 8. Here, for e) e, the lower threshold is
observed only for the resistance; the elastic anomalies at
the lower threshold are (0. 1%%uo. However, the "total"
elastic anomalies continue to vanish with increasing
strain, as shown in Figs. 8 and 9. In the latter figure, the
strain dependences of the elastic anomalies at 84, 103,
and 125 K are compared. (Here, to avoid Joule heating
effects, the anomalies are measured at 2VT, thus these re-
suits are colored by difticulties in identifying the thresh-
old precisely, especially at the lower temperature, and
possibly different rates of growth of the anomalies with
voltage at different temperatures. )

Finally, we measured the temperature dependence of
the (low-field) resistance at constant strain of zero and
1. 17m, (measured at 100 K, where two thresholds were
clearly seen), by keeping f„LEx constant as the tempera-
ture was varied. The results, shown in Fig. 10, are simi-
lar to those of Ref. 12; strain greatly broadens the CDW
transition [taken as the maximum in d logio(R)/de and
slightly increases the activation energy below the transi-
tion.

IV. DISCUSSION

Most models of the elastic properties of CDW conduc-
tors consider a bulk sliding CDW, and rely on nontrivial
changes of the CDW wave vector q with strain,
b,q /q W —e, to account for the depinning anomalies.
Such a change in q, in turn, depends on a strain-
dependent band structure, e.g. , due to strain-dependent
interchain coupling, bond hybridization, or charge
transfer between inequivalent chains. For example, early
models considered decoupling of the effective modulus of
the CDW from that of the lattice when the CDW be-
comes depinned; it was pointed out ' that this can only
have effect if q changed nontrivially with strain.
Mozurkewich considered relaxational models of the
anomalies and pointed out that the most likely possibility
was also nontrivial changes in q. " In a model proposed

by Maki and Virosztek, the elastic anomalies are propor-
tional to the electron-phonon coupling constant, which to
be nonzero at the long phonon wavelengths measured
also implies a strain-dependent band structure. As men-
tioned above, none of these models has had complete suc-
cess in qualitatively explaining all effects observed. ' '"

The simplest interpretation of the two threshold fields
is that chemically distinct chains become decoupled at e„
with the lower threshold associated with the smaller
shear anomalies (especially at 84 K). A correlation be-
tween threshold field and shear-modulus depin ning
anomaly size was previously observed in NbSe3. Note
that although the structure of orthorhombic TaS3 is not
known, inequivalent chains must exist. There are 24
chains per unit cell. ' If they were chemically equivalent,
simple valence considerations indicate that the band
would be half (rather than approximately quarter) filled;
thus the chains must ge grouped into at least two ine-
quivalent types. The fact that only a single CDW transi-
tion is observed (at zero strain) then implies that either
only one group of chains is metallic, or that the distor-
tions on different chains are strongly coupled. '

Davis et al. ' argued against bulk CDW conduction
on different chains giving rise to the two thresholds on
the basis of the observation that the ratio of CDW
current to narrow-band noise frequency is approximately
independent of strain. This ratio is assumed to be pro-
portional to CDW wavelength times condensate density
in models of bulk CDW conduction. ' Their argument is
incomplete, however. Assuming that the wavelength
changes are not large, the ratio should be roughly pro-
portional to the depinned CDW charge moving at a given
velocity, which might still be constant, except for the nar-
row voltage range where two thresholds are observed in
the resistance. Here, however, no narrow-band noise is
observed.

Since Poisson contraction would suggest that chains
become more strongly coupled with increasing uniaxial
stress, this decoupling must refiect either qualitative
changes in pinning potential on different chains or
changes in band structure, e.g., charge transfer between
chains. The failure to observe a second phase transition
in the stressed sample [Fig. 10(b)] argues against these
possibilities, although this failure may be due to an in-
crease in e, near the transition. ' The weak dependence
of activation energy, and presumably CDW gap, on
strain [Fig. 10(a)] also argues against significant band-
structure changes. Perhaps the strongest argument
against a "chain decoupling" model is that, for a bulk
CDW, the threshold field is expected to vary inversely
with condensate density. Then the finite values for the
two thresholds at e, indicate that the sliding CDW must
have a finite amplitude, but the electronic and elastic
anomalies vanish.

Thus we are led to the possibility that the lower thresh-
old is not connected to bulk CDW motion. Indeed, the
most successful model of the strain dependence of the
transport properties of TaS3 assumes that the non-Ohmic
current is carried, at least in part, not by the bulk CDW,
but by charged, solitonlike discommensurations, '

which vanish at e„where the CDW becomes fourfold
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commensurate. The two thresholds near e, may reAect
separate depinning of the bulk CDW and the discommen-
surations, although the lack of symmetry of the (two)
thresholds about e, is baNing. ' The change in the quali-
ty of the narrow-band noise spectrum upon passing
through e, may be due to an interaction between the slid-
ing soliton lattice, which changes sign at e„and the slid-
ing bulk CDW. ' The large change in thermopower at e,
suggests that there is also a strong interaction of the
discommensurations and phonons. '

There is no model, however, of how a sliding soliton
lattice in itself would afFect the elastic properties. The
presence of large elastic depinning anomalies in (TaSe4)2I,
which is (very) incommensurate, indicates that elastic
anomalies can be caused by a sliding bulk CDW, with no
discommensurations present, so that the strain-dependent
changes may be caused by changes in the bulk CD@'
caused by the solitons. At first sight, the remarkable lack
of symmetry about e, in the elastic anomalies would then
seem inconsistent with a lock-in at e„with (oppositely
charged) discommensurations appearing for both larger
and smaller strains. However, a key to eventually recon-
ciling these facts may be the increased coherence of the
CDW for e) e„suggested by the sharper narrow-band
noise spectrum (Fig. I).' ' While a search for a correla-
tion in CDW coherence and the magnitude of elastic
anomalies in diferent samples failed, it was previously
found that, within a given sample, the application of a rf
signal at the same frequency as the noise, which increases
CDW velocity coherence, ' also decreased the elastic
anomalies. Although the mechanism through which in-
terchain CDW phase incoherence can aA'ect the shear
modulus (i.e., total interchain coupling) by 20% is far
from clear, we assume that such a correlation exists.

We then propose the following scenario. At e„ the

CDW is commensurate, so all the non-Ohmic current
and elastic anomalies are associated with the bulk CDW.
As discussed above, the growth (from zero) of resistive
and elastic anomalies at the lower threshold, which
remains finite at e„suggests that this is associated with
the growth of the soliton lattice as the incommensurabili-
ty is increased. [Weger and Horowitz suggested that
the threshold for the soliton lattice should be smaller (go-
ing to zero if no defects are present) than that for the
bulk CDW. ] The elastic anomalies associated with the
motion of the soliton lattice alone are small, vanishingly
small at 84 K. The lack of a small threshold for e & e, in-
dicates that solitons of the opposite sign are strongly cou-
pled to the bulk CDW and have the same threshold. This
apparent change in soliton interactions with sign may in
fact be due to small band structure or pinning potential
changes with strain. For the largest strains applied, the
solitons sufFiciently dominate the transport so that the
resistance change due to the comparatively gradual onset
of bulk CDW motion at the upper threshold is not ap-
parent; the increased velocity coherence of the CDW also
signals the decrease in the elastic anomalies at the upper
threshold. Presumably, at even larger strains, when the
CDW is sufficiently (probably a few percent' ' ) incom-
mensurate, the solitons will overlap, and the CDW will
become uniformly incommensurate, and a single thresh-
old will be seen.
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