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The elastic properties of the charge-density-wave (CDW) conductors TaS3; and NbSe; have been
measured in the presence of ac, dc, and combined ac and dc longitudinal electric fields. For both
TaS; and NbSe;3, application of ac fields E,. in the MHz frequency range softens the crystal lattice (as
indicated by a decrease in Young’s modulus Y), even for values of E,. well below the dc threshold
field Er for CDW depinning. For applied dc fields Eg4c, lattice softening is observed only for
E4. > Er, consistent with previous studies. For combined ac and dc fields, anomalies in the electron-
ic response (such as Shapiro step structure) are reflected also in Y and the internal friction §. On
mode-locked steps, the elastic constants tend toward their pinned CDW values, despite the finite
CDW drift velocity. It is suggested that these electroelastic experiments probe directly the internal
degrees of freedom of the CDW, and our results are discussed in terms of applicable theoretical mod-

els.

I. INTRODUCTION

There has been much recent experimental and theoreti-
cal interest in the charge-density-wave (CDW) state asso-
ciated with a growing class of low-dimensionality elec-
tronic materials.! The CDW is characterized by a macro-
scopic occupation of 2kr phonons, a corresponding modu-
lation of the electronic charge density, and a gap in the
single-particle excitation spectrum. In many cases of in-
terest (such as NbSe;, TaS;, and Ky 3Mo0Os3), the CDW
conductor is metallic (but anisotropic) at room tempera-
ture, with a moderately high (order 100 K) Peierls transi-
tion temperature 7, to the CDW state. Below T, the
(single-particle) transport often resembles that of a
narrow-band semiconductor.

A particularly useful probe for studying static CDW
properties has been elastic measurements. Early *vibrat-
ing reed” studies’ on quasi-two-dimensional CDW ma-
terials such as NbSe, and TaSe, showed sharp anomalies
in Young’s modulus Y and internal friction § at the
structural CDW transitions; such measurements can and
have been related® to thermodynamic properties such as
specific heat, thermal expansion, and stress dependence
of T,. Since the first observation of nonlinear conduc-
tion in the CDW compound NbSe;, much attention has
been focused on the unusual transport properties of the
CDW condensate.! Materials such as NbSe;, TaS;,
(TaSe,),I, and K, ;Mo00O; display enhanced dc conduc-
tivity for dc electric fields E . exceeding a well-defined
threshold field E; (corresponding to a depinning and
subsequent sliding of the CDW), frequency-dependent ac
conductivity in the MHz frequency range (corresponding
to polarization of the CDW about pinning centers), and
coherent current oscillations (narrow-band noise) for
E4. >E7. Mixing between the internally generated
narrow-band noise and an externally applied ac electric
field can also lead to electronic interference structure in
the current-voltage (I-V) characteristics of the crystal,
and mode-locked states.

The same elastic measurement methods developed for
static CDW systems are well suited to the study of CDW
dynamics. Brill and Roark* first showed that both Y and
6 in TaS; are strongly affected by applied dc fields
Ey > Er. In general, dc field-induced depinning of the
CDW causes the crystal lattice to soften and the internal
friction to increase. Similar field dependences were ob-
tained by Mozurkewich et al.’ for NbSe; and (TaSes),l.
A detailed account of low-frequency elastic properties of
TaS; for applied dc electric fields is given in Ref. 6.
CDW depinning in TaS; has also been studied by conven-
tional ultrasonic techniques adapted to the long thin crys-
tal geometry.’

In this report we discuss measurements of the elastic
properties (Y and &) of TaS; (orthorhombic phase) and
NbSe;, in the presence of externally applied ac, dc, and
combined ac+dc electric fields. The elastic properties are
found to be sensitive to CDW motion, even in the limit
where the CDW is excited by a very low amplitude ac
field E,. < Er. For applied dc fields Eg, lattice softening
is observed for E4. > Er, consistent with previous stud-
ies.*”® In the presence of combined ac-+dc fields, a
strong correspondence between the electronic response of
the CDW (as determined by differential resistance mea-
surements) and the elastic response is observed. Our re-
sults suggest an important role played by internal degrees
of freedom of the CDW condensate.

This paper is organized as follows: In Sec. II we de-
scribe the measurement technique and experimental re-
sults. Section III presents applicable theoretical models
and a discussion of our experimental results in terms of
these models. This is followed by a conclusion in Sec. IV.
Some of our experimental results have been previously
published.®

II. EXPERIMENTS AND RESULTS
Materials used in this study consisted of single crystal

samples of NbSe; and orthorhombic TaS;, synthesized
by conventional vapor transport methods. dc I-V

2626 © 1987 The American Physical Society



36 ELASTIC PROPERTIES OF CHARGE-DENSITY-WAVE . ..

characteristics yielded threshold fields E;=30 mV/cm
for NbSe; (T'=48 K) and Er=500 mV/cm for TaS;
(T =200 K), suggesting moderately pure crystals. Both
Young’s modulus Y and internal friction & were mea-
sured simultaneously using a vibrating reed technique
similar in design to that described by Tiedje et al.’ A
long, thin crystal (of typical dimensions 1 mm X2 um X5
pum) was mounted with silver paint in a clamped-
clamped configuration, with one clamp rigid and the
other an inertial clamp consisting of a silver paint blob
with fine gold wire attached. The fine wire was attached
at right angles to the long axis of the crystal to prevent
longitudinal crystal string and violin-string-type crystal
resonances. Wire resonances were present but were
differentiated from flexural resonances of the crystal by
visual inspection of the mechanical vibrations under a
high driving field. The sample was mounted inside a
vacuum chamber located in a liquid-nitrogen or liquid-
helium gas-flow cryostat. In the presence of large ampli-
tude ac and dc electric fields, Joule heating of the sample
was observed with the sample chamber evacuated; this
problem was largely eliminated by pressurizing the
chamber to 5 Torr (nitrogen or helium), thus improving
the thermal conductance between the sample and the
chamber walls. An undesirable side effect of the pressur-
ization was, however, a noticeable increase in the mea-
sured internal friction. Because of this effect and the
possibility of additional friction introduced at imperfect-
ly rigid clamps, we consider in our analysis only absolute
changes in 6.

A simplified schematic of the experimental setup is
shown in Fig. 1. The method allowed simultaneous mea-
surement of dc I-V, differential resistance dV /dI, Y, and
5. An adder circuit combined dc bias field Eq4., ac field
E, cos(wet), a low-frequency modulation signal
E 04 cos(wmogt ) suitable for derivative measurements, and
a high-frequency carrier signal E,; cos(wet). Typically,
wex /27 ranged from 0.5 to 10 MHz and wpnoq/27 was set
at 200 Hz. wc, /27 was tuned to 590 MHz to provide
impedance matching between the pick-up electrode and
the detection circuitry. The modulation and carrier am-
plitudes were kept very small (<0.01E7), and neither the
carrier nor the modulation signals had any measurable
effect on the electronic or elastic properties of the crystal.
The low-potential (inertially clamped) end of the sample
was attached to a suitable rf choke, which allowed full
carrier signal strength along the length of the sample, in-
dependent of the dynamic impedance of the sample.

Flexural vibrations in the kHz frequency range were in-
duced in the crystal by capacitive coupling between a
high-voltage, dc-biased drive electrode, and the sample.
The mechanical resonance of the sample led to a modula-
tion of the strength of the carrier signal as detected by a
capacitively coupled pick-up electrode. The pick-up elec-
trode voltage output was amplified, demodulated, and
detected with a lock-in amplifier referenced to the high-
voltage drive oscillator frequency. For most experiments,
a phase-locked-loop configuration was used to track the
frequency w, of the resonance peak. This was accom-
plished by using the lock-in quadrature output as an error
signal to control the frequency of the high-voltage drive
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FIG. 1. Schematic diagram of the apparatus for measuring Y,
5, and dV /dI of CDW crystal in presence of ac and dc electric
fields. A phase-locked-loop configuration is shown.

oscillator. Small shifts in resonant amplitude and fre-
quency due to applied external ac and/or dc fields could
thus be directly recorded. On occasion, the experiment
was repeated many times and the shifts were signal aver-
aged for an improvement in signal-to-noise ratio.

The geometry of the crystals used in these experiments
resembled that of a long thin bar. The resonant vibration
properties of such a geometry have been extensively stud-
ied.!” For a flexural resonance at angular frequency w,,,,
where m indexes the mode, the Young’s modulus is given
by

Y=wl,D,, (1)

where D,, is a constant which depends on the dimen-
sions and mass density of the sample. For the funda-
mental mode of a clamped-clamped bar of rectangular
cross section, D =0.24/%p /(m*d?) where [ is the sample
length, d is its thickness, and p is its mass density. From
Eq. (1), changes in @, can be directly related to changes
in Y. For all measurements reported here, analysis has
been in terms of a rectangular cross-sectional area for
the crystal, a fair approximation. Internal friction for
the crystal corresponds to an out of phase component of
Y and, in terms of the quality factor Q of the resonance,
85=Q . Hence A8=A(1/Q). In experiments where
the resonance peak was continuously tracked, we associ-
ate A8 with [(A4°/Q°)A(1/4,)] where A, is the ampli-
tude of the resonance peak and 40 and Q° are respec-
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tively the amplitude and Q measured with zero applied
external field. In single sweep data recordings, our ex-
perimental method was typically sensitive to relative
changes in Y of order 10~*, and absolute changes in §
also of order 10~%; with signal averaging the sensitivity
of both parameters could be improved by at least 1 order
of magnitude.
A. TaS;

Figure 2 shows, for a TaS; crystal at T=152 K, Y, §,
and dV /dI as measured in the presence of an externally
applied longitudinal ac field E,c cos(wext) with wex/27m=1
MHz. No dc bias is present. The horizontal ac ampli-
tude scale has been normalized to the dc conductivity
threshold field E7, measured in the absence of any ac ex-
citation. From Fig. 2 it is clear that an ac field of
moderate amplitude has a significant effect on both ¥ and
8; dV /dI is far less sensitive, and begins to deviate from
its E£,.=0 value only above approximately E,./Er=35.
The observed decrease in Y and increase in § with in-
creasing E,. indicates that the external ac field tends to
soften the crystal lattice while increasing the internal fric-
tion. Both parameters are here measured on time scales
much longer than wg'.

From Fig. 2 it is difficult to see clearly if Y and & devi-
ate from their zero-field values for E,. finite but less than
E7. Figure 3 shows this parameter range in detail, again
for TaSs;. Even for E,./Er <1, Y is seen to decrease
smoothly with increasing E,., with no evidence for any
threshold behavior. Assuming simple classical dynamics
for the CDW, we would expect the CDW to remain al-
ways pinned for E,./Er <1, independent of damping.
We therefore identify the lattice softening of Fig. 3 with
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FIG. 2. Y, 8, and dV /dI in TaS; as functions of ac field am-
plitude E,.. The crystal lattice softens and internal friction in-
creases with increasing E,.. No dc bias field is present (sample
TaS; number 32: R =2.9 kQ, Ir=63 puA, length equals 1.5
mm).
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FIG. 3. Detailed behavior of Y and 6 as functions of E,. in
TaS;. Lattice softening occurs even for E,c much smaller than
the dc threshold field Er (sample TaS; number 32).

excitation of the pinned phason mode, not the sliding
Frohlich mode. Figure 3 also shows the internal friction
8. The vertical scale has been greatly expanded, and the
fine structure observed is entirely due to instrumental
drifts. The dashed line represents the averaged E, =0
value. For E,./Er < 1, we find, within experimental reso-
lution, no change in §; for E,./Er =2, however, § has in-
creased significantly, with A§=2x10"°.

The lattice softening observed in Figs. 2 and 3 is
strongly frequency (wex) dependent. Figure 4 shows, for a
TaS; crystal at T=15 1 K, the relative change in Y with
increasing E,. measured for three different values of wex.
As with the data of Figs. 2 and 3, Fig. 4 was obtained
with E4.=0. Figure 4 shows that the ac field-induced lat-
tice softening effect is only observed for relatively low
values of w.,. Curve A4, for example, which corresponds
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FIG. 4. Y as a function of E,. in TaS;, for three different
values of ac frequency w., (sample TaS; number 31: R =3.8
kQ, I+=75 uA, length equals 0.8 mm).
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to wex/2m=0.5 MHz, shows a relative change in Y of or-
der 1073 at E,./Er=1, while curve C, corresponding to
wex/2m=10 MHz, shows no change in Y even for
E,./Er>3.

A vertical cut through data similar to that presented in
Fig. 4 is shown in Fig. 5, where the relative change in Y is
plotted as a function of wy, for fixed E,./Er=2.6. Over
a limited range in frequency, AY /Y changes linearly with
frequency, while as w—0 AY/Y asymptotically ap-
proaches the dc limit (measured independently with an
applied dc field E4./E7=2.6). At high values of wey, Y
approaches the zero bias limit.

Behavior similar to that shown in Fig. 5 was obtained
in TaS; for other fixed values of E,./Er>>1. For
E,./Er=1, however, the behavior of Y is strikingly
different. Figure 6 shows AY/Y versus we for
E.,./Er=1. The dashed line is a guide to the eye drawn
through the few accurately determined data points. From
Fig. 6 it appears that AY /Y deviates dramatically and
smoothly from zero as the frequency is lowered from 10
MHz, yet the ws=0 (dc) point is clearly at AY /Y =0.
As we discuss later, this behavior may suggest critical be-
havior in Y as we approaches a characteristic frequency
@cr.

We now consider the effect of combined ac and dc elec-
tric fields on Y and 8. Figure 7 shows Y, 8, and dV /dI
for a TaS; crystal at T =152 K, as functions of dc bias.
The dc bias is represented as a ratio of applied dc bias
current /4. to the dc threshold current Iy (measured with
no ac field applied). The dc bias field is related to I, by
Eg4.=14.R /I, where R is the (nonlinear) sample resistance
and [ is the sample length. For all data in Fig. 7, the fre-
quency of the applied ac field is we/2m=1 MHz. Curves
A in Fig. 7 are for E,.=0; this limit corresponds to dc
CDW depinning experiments performed previously on
TaS; and other CDW conductors.*”’ In the bottom
group of traces in Fig. 7, curve A4 is a conventional
dV /dI versus dc bias plot. The sharp break in the curve
at I4./Ir =1 clearly identifies the dc threshold for CDW
depinning. As seen in the upper sets of traces labeled A4
in Fig. 7, similar breaks in Y and & are again observed in
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FIG. 5. AY /Y as a function of ac frequency wex in TaS3, with
E.. exceeding Er. The solid line is Eq. (8), with fitting parame-
ters given in the text (sample TaS; number 31).
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FIG. 6. AY/Y as a function of ac frequency wex in TaS;, for
Ea..=Er. Note that AY/Y =0 at we=0. The dashed line is a
guide to the eye (sample TaS; number 31).

Y and 6 at I4./It=1. For I4. > I, Y decreases smoothly
with increasing dc bias, and 8 increases rapidly and ap-
parently saturates near I4./Ir=1.5. The general features
of these traces, corresponding to finite E4. and zero E,,
are in good agreement with previous studies.*® Curves
B, C, and D in Fig. 7 show the effects of ac field on Y, §,
and dV/dI. The dV /dI traces show clearly that the
break in dV /dlI, i.e., the threshold for dc CDW conduc-
tion, is reduced to a lower value I with the application of
ac field. This electronic effect has been previously ob-
served and studied quite extensively in TaS; and
NbSe;.!!-!*  An important point to note is that for the
dV /dI curves B and C in the lower part of Fig. 7, no
change in dV /dI is observed at I4.=0. Only when the
effective depinning threshold has been reduced to zero
does dV /dI at I4.=0 become E,. dependent, as is the
case for curve D.

The Y and § traces of Fig. 7 show that finite E,. has a
dramatic effect on the functional dependence of Y and &
on I4.. It should be emphasized that in Fig. 7 the traces
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FIG. 7. Y, &, and dV /dI as functions of dc bias in TaS; at
T =152 K, for four different values of E,.. Curves within each
group have not been vertically displaced (sample TaS; number
32).
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within a group have not been vertically offset. With
I4.=0, the E,. dependence of Y and 8 in Fig. 7 is con-
sistent with the lattice softening and increasing internal
friction with increasing E,. previously demonstrated in
Fig. 2. For increasing /4., E,.-dependent breaks in Y and
8 are observed; these appear to correspond to the dc de-
pinning threshold I (see below). General features of
Young’s modulus are a general depression in Y with in-
creasing E,., and a weaker dependence of Y on dc bias
with increasing E,.. For I4./Iy>?2, traces of Y corre-
sponding to different E,. values appear to converge. Ex-
trapolating the Y data of Fig. 7 to higher I4. values re-
sults in a convergence point at I4./Ir=9. We were not
able to directly verify such a convergence experimentally
due to significant Joule heating of the sample at large
values of Iy and E .

The E,. dependence of internal friction 8 parallels
that of Y. With increasing E,., & increases, and the
value of 74, at which § “‘saturates’ (i.e., assumes a rela-
tively flat slope) decreases with increasing E,.. The ab-
solute saturation value of § in the saturated region ap-
pears to increase with increasing E, ., although we can-
not rule out the possibility that at large 74 8 becomes
roughly independent of E,.. Indeed, curves C and D for
14. /17 >4 suggest this may be the case.

As mentioned above, the initial “breaks’ in the dV /dI,
Y and 8 versus I4. curves appear correlated. Figure 8
shows this correlation in detail for another TaS; sample at
151 K, with we/27m=1 MHz. The vertical axis
represents that value of I4. (normalized to I7) at which a
finite slope first appears in the dV /dI, Y, or & versus [q4.
curve. For E,./Er > 2, there is, for all three parameters,
no region of finite slope and the breaks all occur at
I4.=0. The critical value of E,./E; above which the
breaks all occur at I43.=0 (i.e., the critical value of
E../Er for which I; is suppressed to zero) is sample
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FIG. 8. Effect of an ac field on the critical dc bias for changes
indV/dIl, Y, and 8. I4 (break) is the dc current value at which
the measured quantity begins to deviate from the /4. =0 value.
It is the depinning current for E,c=0; Er is the corresponding
dc threshold field (sample TaS3; number 31).
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dependent; for the TaS; sample of Fig. 7, for example, the
critical value is E,./Er~4. The strong correlations ob-
served in Fig. 8 indicate that Y and 6 are very sensitive to
dc motion of the CDW, even in the case where the elastic
constants have already been strongly perturbed by a large
amplitude ac field. In the limit E,.— «, however, Fig. 7
would suggest no additional I4. dependence for either Y
or &.

The general features of the Y and 8 versus E,. and E 4.
behaviors shown in Fig. 7 are, for TaS;, very temperature
dependent, and to some extent sample dependent. Figure
9 shows, for TaS; at T=115 K, data in the same format
as was used for Fig. 7. The same sample was used to gen-
erate the data for Figs. 7 and 9. While the d¥V /dI versus
14 traces in Fig. 9 are qualitatively very similar to those
of Fig. 7, there are important differences in dV /dI, and in
particular in Y and 8. We note first that a much larger
ratio of E,./Er is required at low temperature to reduce
the dc threshold field to zero; at 115 K the ratio is three
times the ratio at 152 K. However, the general form of
dV /dI versus 14, is relatively temperature independent in
this temperature range. The low-temperature behavior of
Y and & versus [4. is unusual. In curve A4 of Fig. 9,
which corresponds to E,.=0, the initial break in Y is as-
sociated with an initial increase in Y with increasing Ig.;
at higher values of /4. Y again decreases strongly with in-
creasing I4., consistent with the high-temperature behav-
ior. With increasing E,., this “bump” structure in Y
remains, but moves to lower dc bias values and decreases
in magnitude. For curve C, corresponding to
E../Er=12, the bump structure has nearly coalesced
near the /4. =0 origin, and for curve D, corresponding to
E../Er=19.2, the anomalous feature is no longer observ-
able.

Figure 9 shows that there are no corresponding
“bump” anomalies in & near the dc threshold I7; the de-
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FIG. 9. Y, §, and dV /dI as functions of dc bias in TaS; at
T=115 K, for four different values of E,.. The curves within
each group have not been vertically displaced. This data should
be compared to analogous data in Fig. 7, which is for the same
TaS; crystal but at a higher temperature (sample TaS; number
32).
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pinning behavior is similar to that observed at higher tem-
peratures. At greater values of dc bias, however, Fig. 9
shows, for E,.=0, no fast transition to a zero slope (sa-
turated) state. Rather, curve 4 shows a broad maximum
in 8 near I4./Ir=2. At high values of E,. the maximum
is suppressed, and again “‘saturation” behavior, similar to
that observed at high temperatures, results. It is impor-
tant to note also that at low temperatures, the application
of ac field E,. causes a dramatic decrease in § in the slid-
ing CDW state; this tendency in § is exactly opposite to
that observed at high temperatures.

Although we have routinely observed the anomalous
bump structure in Y and ‘“‘broad maximum” structure in
6 in TaS; at low temperatures, the features are not ap-
parent in all crystals. We have been unable to correlate
such features to other crystal parameters, for example
threshold field (corresponding to sample impurity concen-
tration) or sample size. We note that similar anomalies
have been previously observed in TaS; at 96 K by Brill
et al.,® in the finite E g, E,c =0 limit.

The dV /dI traces of Fig. 9 corresponding to large E .
show peak structure for applied I4 well beyond I7.
These peaks identify Shapiro step interference between w.x
and the internal narrow-band noise frequency wi,. In
TaS; and NbSe;, Shapiro step interference in general
occurs whenever wj,/wex=p/q=n, with p and ¢ in-
tegers.!21316 Peaks corresponding to integral values of n
are denoted as harmonic interference steps, and those cor-
responding to nonintegral values as subharmonic steps.
For a fully volume coherent crystal, Shapiro step interfer-
ence can result in complete mode locking,!” where the en-
tire CDW condensate assumes a constant drift velocity
whose magnitude is dictated by w.. During such mode
locking the dc differential resistance dV /dI assumes its
pinned, E4.—O0 value. The Shapiro step structure ob-
served in Fig. 9 is clearly not in the fully mode-locked re-
gime, and the interference peaks (at I4./I7 =2, for exam-
ple) correspond to only a small portion of the CDW mode
locked. Similar low-fractional locking is present in the
data of Fig. 7, for example at I4./IT=0.3 in dV /dI curve
D. In neither Figs. 7 nor 9 is the experimental resolution
of Y and & sufficient to observe any corresponding struc-
ture in elastic parameters during electronic interference.
Such structure does, however, exist.

Figure 10(a) shows the results of a very careful mea-
surement of Y, 8, and dV /dI in TaS; at 151 K, in the
presence of an ac field at we/2m=1 MHz with
E,./Er=1.3. In the bottom dV /dI trace, Shapiro step
interference is observed at I4. =55 pA, as identified with
the vertical arrow and dashed line. This peak corre-
sponds to n=p/q=1/1. Figure 10(a) shows that, corre-
sponding to electronic Shapiro step interference in dV /dlI,
there occur small anomalies in Y and 8. Y shows a peak
structure similar to that observed in dV/dI, while &
shows a dip during the interference. These features are
seen more clearly in Fig. 10(b), which shows the detailed
behavior of Y and § in the region of the dominant Shapiro
step for the same TaS; crystal. It is apparent that, during
the electronic interference, both Y and 6 tend toward their
respective values assume in the pinned CDW state. Fig-
ure 10(b) also shows that additional Shapiro step structure
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FIG. 10. Y, 8, and dV /dI in TaS; as functions of dc bias in
the presence of an ac field. The position of the n =1 Shapiro
step interference peak is identified with a vertical arrow. Corre-
sponding structure is observed in Y and 6 (dashed vertical line)
(sample TaS3; number 31).

in dV /dI is observed at Iy =63 pA. This interference
peak also corresponds to n =p/q=1/1, and is unrelated
to the peak at I4.=55 nA. The peak at I4.=63 uA ap-
parently arises from a different portion of the sample
mode locking to we, as can result from a nonuniform
CDW current distribution in the crystal and a mul-
tivalued narrow band noise spectrum. Figure 10(b) shows
that this second interference peak is again associated with
well-defined anomalies in Y and &.

B. NbSes

The experiments described above have in part been re-
peated for NbSe;, with similar results. NbSe; has two
CDW transitions, the first at ;=144 K and the second
at T,=59 K. Both the upper (T, <T <T) and lower
(T <T,) CDW states are associated with pinned phason
mode excitations, nonlinear Frohlich mode conduction,
narrow-band noise, and Shapiro step interference.! Most
electronic experiments on NbSe; have been performed in
the lower CDW state, where the response properties are
in general more dramatic. Interestingly, the elastic
response parameters have exactly the opposite sensitivity,
with changes in the elastic properties due to the depinning
of the CDW reported as being substantial in the upper
CDW state but immeasurably small in the lower CDW
state.’

Figure 11 shows Y, &, and dV /dI as functions of dc
bias current Iy in the lower CDW state of NbSe;
T=37.9 K. No ac field is present. The very sensitive
measurement of Y and & is associated with a large amount
of instrumental noise. Nevertheless, it is apparent that
the strong nonlinearity in dV /dI for I4. > It is associated
with a decrease in Y and an increase in 8, similar to the
behavior observed in TaS;. For I4./Ir =2, there are well
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FIG. 11. Y, 8, and dV /dI as functions of dc bias in the

lower CDW state of NbSe;. (sample NbSe; number 38:
R =13 Q, I+=68 uA, length approximately equals 1 mm).

defined changes in Y of order AY /Y =5x10"" and in &
of order A8=5x10"3. There is a broad maximum in &
near Il4./I7=2; for larger values of dc bias & appears to
decrease smoothly with increasing I4.. No saturation in
Y is observed for I4. /It <5.

Because of the relatively small changes in the elastic pa-
rameters of NbSej in the lower CDW state in the presence
of bias fields, we have chosen to study more carefully the
elastic response in the upper CDW state. Figure 12(a)
shows, Y, &, and dV /dI as functions of dc bias current
I4. for NbSe; at T=135 K. Similar to the behavior ob-
served in the lower CDW state, Y and 6 show sharp
breaks at I, with Y decreasing and 8 increasing with in-
creasing Iy, past threshold (the small increase in § with
increasing I4. below It is due to instrumental drift). For
T4 /IT=1.5, 6 is seen to approach a maximum and satu-
rate. At I4./I7=2, Y shows a relative change of approxi-
mately AY /Y =2x10"% and A§=5x10">. The change
in Y is nearly an order of magnitude larger than that asso-
ciated with the lower CDW state of NbSe;. Figure 12(b)
shows the additional effect of an ac field on Y, &, and
dY /dI, with we/2m=2 MHz and E,./E+=3.8. In the
lower dV /dI trace, Shapiro step interference peaks are
identified with corresponding values of n. Both harmonic
and subharmonic steps are observed. The n =1/1 peak is
dominant and displays nearly complete mode locking.
The Y and & traces in Fig. 12(b) show that the electronic
mode locking is associated with striking anomalies in Y
and 8, for harmonic as well as subharmonic interference.
As previously demonstrated for TaSs3, in NbSe; Y and 6
during mode lock approach the values appropriate to the
pinned CDW state. In NbSe; there is an approximate
scaling between the degree of mode lock and the magni-
tude of the elastic anomalies (peak in Y and dip in §).
For example, the dominant electronic interference peak at
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FIG. 12. Y, 6, and dV /dI as functions of dc bias in the upper
CDW state of NbSes, (a) with E,. =0, and (b) with E,./Er=3.8.
In (b), harmonic and subharmonic Shapiro step structure is ob-
served in dV /dI (vertical arrows) with corresponding anomalies
in Y and &. During the electronic interference, dV /dI, Y, and §
tend toward their respective values assumed in the pinned CDW
state. (a) Sample NbSe; number 35: R =220 Q Iy =82 uA,
length equals 1.1 mm. (b) Sample NbSe; number 33: R =214
Q, It =100 pA, length equals 1.0 mm.

n=1/1 is associated with the largest anomalies in Y and
5.

III. MODELS AND DISCUSSION

CDW dynamics have been of considerable interest since
the revival of Frohlich’s theory of superconductivity.!
Models have been advanced which treat the CDW as a
quantum system in which the CDW electrons coherently
tunnel across an impurity pinning gap,'® or as a classical
medium with!®-2! or without?? internal degrees of free-
dom. Such models have been surprisingly successful in
accounting for the electronic CDW response to applied
electric fields, but in general the elastic response is not ad-
dressed.

In the absence of pinning and neglecting amplitude
fluctuations, the phase ¢ of the CDW may be treated as a
clagﬁical field and related to a (one-dimensional) Lagrang-
ian

L=n[(m*/2)1/2kp)dd/dt *—(k/2Xd ¢ /dx)?], (2)

where n, is the one-dimensional CDW carrier concentra-
tion, m* is the effective mass of CDW carriers, kr is the
Fermi wave vector, and « is a phenomenological elastic
constant of the CDW given by k =hvr /2. Including the
effects of impurities and dissipation leads to an equation
of motion?*
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d’¢/dt*+(1/7)d¢ /dt +ofsin(@)+(m /m* hvEd*¢ /dx*=2kreE /m* , (3)

where 7 is the CDW damping time, m is the electron
(band) mass, wp is the CDW pinning frequency, and E is
the applied electric field. Assuming that the CDW phase
varies only slowly in space, Eq. (3) leads to a simplified
equation of motion for the collective CDW phase

d2p/dt*+(1/7)d¢ /dt +wfsin(¢)=2kp0E/m*  (4)

as first derived by Griiner, Zawadowski, and Chaikin.??
Equation (4) has been used extensively as a first order
model to describe dc, ac, and coupled ac+dc electronic
dynamics of the CDW condensate.'? However, since the
CDW is here described as a rigid particle in a rigid
periodic pinning potential, all elastic effects are absent,
and Eq. (4) can at best only describe the behavior of
dV /dI in the presence of applied electric field; Y and &
are absent from the model.

A number of models have been advanced which
specifically address elastic properties of CDW conduc-
tors. Coppersmith and Varma?® have calculated the
shift in longitudinal sound velocity (phonon frequency)
for the underlying deformable lattice due to a sliding
CDW. The predicted softening of the lattice due to
CDW depinning is, however, found to be orders of mag-
nitude smaller than that observed experimentally.
Mozurkewich er al.> have suggested that the total
stiffness of a CDW crystal can be separated into contri-
butions from the CDW condensate (Y) and the under-
lying lattice (Y, ). For a pinned CDW, the stiffnesses
are additive, Y=Y+ Y, while for a fully depinned
CDW, Y. is decoupled from the lattice, hence Y=Y, .
Estimated changes in Y./Y,, based on the Lee-Rice?$
and Fukuyama-Lee?” models, yield® values of order 1%.
The coupled phason-phonon approach thus yields elasti-
city anomalies within the range of experimentally ob-
served shifts, and provides good evidence that lattice
softening upon CDW depinning is indeed due to decou-
pling of the CDW from the underlying lattice. Little-
wood?® has further suggested second order contributions
to Y arising from screening effects, where strain gradient
terms are coupled to CDW phase gradients. In the limit

of large dc bias fields, Littlewood finds a slow saturation
J

T
of Y, with AY /Y ~(E 4. )~ '/2

Brill et al.® have applied standard anelastic relaxation
theory to describe the detailed behaviors of Y and 5. As-
suming a single relaxation time 7, the frequency depen-
dent elastic constants become

Y(w)=Y(0)+ Fo?r5/(1 +w?73)
=Y(ow)—F/(14+0’), (5a)

d=For/(1+w?7}) , (5b)

where F is an (unspecified) internal variable of the system,
perhaps related to temperature. By assuming constant F
and a relaxation time 1o=(1.5/w)[Er/(Eq.—E7)]°>"°,
Egs. 5(a) and 5(b) produce Y and & versus E4. curves with
functional forms similar to Y and 8 experimentally ob-
served in TaSj, but with incorrect magnitudes (experimen-
tally, changes in Y dominate those in 8, while Egs. 5(a)
and 5(b) predict comparable shifts®). Brill et al.® find
that, within the anelastic relaxation model, the experi-
ments suggest a field-dependent relaxation strength, such
as F(E4.,To) increasing with Eg. for 7o<<w™'. Jericho
and Simson’ have proposed a related model, with a tem-
perature and field-dependent relaxation strength and re-
laxation time, to account for high-frequency ultrasonic
pulse propagation in TaS;.

The CDW condensate and underlying lattice can be
treated as coupled deformable media obeying classical
mechanics.?2*3° Sneddon® has considered the case of an
incommensurately pinned CDW in the presence of ap-
plied dc fields E4.. For E4.> E7r, Y and 6 assume forms
similar to those predicted by Egs. 5(a) and 5(b), with &
displaying a broad maximum near E4./E7r=2. A sharp
anomaly (peak) in Y is also found for E4. near E7.
Sneddon’s model suggests an important role played by
internal CDW degrees of freedom in determining the be-
havior of 8. A related model suggested by Sherwin
et al.®?° treats the deformable CDW interacting (via an
impurity pinning potential and CDW damping) with a de-
formable underlying lattice. In its simplest form, the
equations of motion for the CDW and lattice are®

My dzr/dt2+ycd(r —x)/dt+k.r+eErsin[2kp(r —x)]=e[E g+ E . cos(wet)] , (6a)
M d?x /dt* 4 Tdx /dt +y.d(x —r)/dt + K. x +eEr sin[2kgp(x —r)]=F cos(w,?) , (6b)

where » and x are respectively the positions of the CDW
center of mass and lattice, m* is the total CDW effective
mass, M; the lattice mass, . and I'L, respectively, the
total CDW damping and internal lattice friction. k¢ and
K; parametrize, respectively, the total elasticity of the
CDW and underlying lattice, and F cos(w,t) is the
mechanical force applied to the lattice. Equations 6(a)
and 6(b) have been solved in the limit of clamped-clamped
boundary conditions for applied dc fields E4., ac fields
E,. cos(west), and combined ac+dc fields.?’ In the limit
of finite E4., E,. =0, Egs. 6(a) and 6(b) predict shifts in Y
due to CDW depinning consistent with experiment and in

accord with the stiffness of the CDW condensate; the pre-
dicted increases in § are also consistent with experiment.?’
The model fails in the critical region E4.=E7 where, as
expected, square-root singularities dominate. In the limit
of finite E4. and E,., the predictions of Eqgs. 6(a) and 6(b)
are in agreement with lattice softening by an ac field and a
recovery of lattice stiffness on mode-locked steps.?’ In the
following discussion, we consider the importance of incor-
porating internal degrees of freedom of the CDW conden-
sate in the interpretation of electroelastic CDW phenome-
na.
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A. Finite Eac, E4c =0

Figures 2—6 clearly demonstrate that the stiffness of a
TaS; crystal is decreased by application of an external ac
electric field. The decrease is a sensitive function of the ac
amplitude and frequency, with stronger effects occurring
for larger ac amplitude and smaller ac frequency. For
E..> Er, Fig. 5 shows that ac electric fields with frequen-
cy in excess of approximately 10 MHz have no effect on
Y, while at very low frequencies the dc limit of AY /Y is
recovered. This suggests that the lattice softening is a
direct result of CDW motion (i.e., displacement). Because
of the finite damping of the CDW, ac-induced displace-
ment of the CDW from equilibrium becomes more limited
at higher frequencies. Hence, at high frequencies the
CDW remains strongly tied to the lattice, and Y remains
large at Y=Y.+ Y. At low frequencies, the CDW dis-
placement from the equilibrium becomes large; at
sufficiently low w.x the CDW is for much of the cycle
essentially depinned. In the limit we—0, the dc value for
AY /Y of a depinned CDW is then naturally obtained,
and in the limit £,.— o0 we expect saturation at Y =Y.

For E,.<E7 the situation is similar, with AY/Y
becoming larger in magnitude with decreasing w.y, as ob-
served in Fig. 6. The distinction here, when compared to
the results of Fig. 5, is that as w. tends to zero the dc
limit is not approached smoothly, since AY /Y =0 at
wex=0. This features reflects the fact that, for E,. <Er,

the CDW motion or displacement is zero at zero frequen-

cy. 3!

An important question is whether there exists a simple
relation between AY/Y and the maximum CDW dis-
placement X, for a given frequency we. As a first ap-
proximation to the CDW displacement in the presence of
E,., we neglect CDW and lattice elasticity altogether and

assume the ‘“‘rigid particle” motion of Eq. (4). The max-
imum displacement is then'!
Xo=(eEaq?/m*)[1+(we/0§r)?]'/* . (7

Equation (7) has been used to describe ac-induced
enhancement of the low-field dc conductivity in NbSe;
and TaS;, and there provides excellent quantitative
fits.!"'13 We assume a form

AY /Y =c3Xp (8)

with ¢, a normalization constant. Equation (8) provides a
good fit to the data of Fig. 5. The solid line in Fig. 5 is
Eq. (8), with fitting parameters w3r=0.4 MHz and
c1eE,./m*w3=—4%x1073. On the other hand, the value
used for the ‘““crossover” frequency w3r is unrealistically
small in light of ac conductivity experiments®’ on TaS;
which show w§r~900 MHz. We thus rule out simple rig-
id particle displacement as being the sole origin of the ac-
induced lattice softening.

Ac conductivity provides an independent probe of aver-
aged CDW displacement. Even for E,. << E, the CDW
electronic response in TaS; and NbSe; is highly nonlinear.
Stokes et al.’? have demonstrated a highly E,.- and w,-
dependent complex dielectric function € in TaSs in the fre-
quency range wex/2m=3 KHz to 1 MHz. They find a
dielectric constant which, with increasing E,., deviates

L. C. BOURNE AND A. ZETTL 36

markedly from its E,.—O0 value, the deviation being more
severe at lower frequency. This behavior is analogous to
the elastic data of Fig. 5. Stokes et al. conclude that the
E,. dependence of € is inconsistent with rigid motion of
the CDW condensate, and suggest a distribution of pin-
ning fields; such a distribution introduces new degrees of
freedom. A direct comparison between Y (E,.) and
e€(E,.) is complicated by the fact that the electronic
response is highly nonlinear for E,.—~Ey. For a
sinusoidal electric field excitation, a nonsinusoidal
response follows, and only the Fourier component of the
response at w.x contributes to €. In the elastic measure-
ments, on the other hand, all Fourier components of the
electronic response may couple into AY, which is mea-
sured mechanically in the limit of linear mechanical
response.

The coupled Egs. 6(a) and 6(b), which take both CDW
and lattice elasticity into account, predict®® a decrease in
Y with increasing E,., even with E, . <<Er. This is a
direct result of the multiple degrees of freedom of the
CDW condensate (parametrized by k.) in the model,
which again suggests an important role played by CDW
incoherence in the elastic properties of a CDW crystal.

Independent of any particular model, the sharp anoma-
ly in the AY /Y behavior of Fig. 6 as w,—0 is suggestive
of critical behavior. If we assume a form

AY /Y =C(0o /27 —wo /27m) "%, 9)

with C a constant, then the dashed line of Fig. 6 may
again be fit with a«=0.867 and C=108 (assuming
@, <<wex). From the limited data points of Fig. 6 the
value of w.; cannot be determined.

B. Finite E,, finite E4c

In the presence of dc electric fields E4. alone, Y and &
in TaS; and NbSe; are unaffected by the dc field until Eg4.
exceeds Er. Figure 7 demonstrates that the same holds
true also in the presence of an additionally applied ac field
E,.. In effect, the lattice softening and increase in inter-
nal friction generated by E,. (with E4. =0) define new
effective “‘pinned’ values for Y and 8. Deviations in Y
and § from the pinned values are apparently first observed
at Eq.=E7, the dc threshold field measured in the pres-
ence of the ac field.

The reduction of E7 with increasing E,. has been previ-
ously discussed for NbSe; and TaS; from an electronic
transport point of view. The conductivity observations
are consistent with Eq. (4), the simple rigid particle
description, or a quantum tunneling mechanism.!'='* In
the analysis of the electronic behavior, it is generally as-
sumed that the magnitude of the periodic pinning poten-
tial is unaffected by E,; the ac field simply helps the
CDW overcome the fixed pinning potential barrier, lead-
ing to enhanced dc conductivity. Since pinning of the
CDW involves CDW phase fluctuations and the underly-
ing lattice structure (containing the impurity atoms), the
question naturally arises if the reduction in E7 due to E,.
may in fact be due solely to the softening of the lattice
elasticity. A careful comparison between Fig. 8 (which
shows I7 versus E,.) and Fig. 3 (which shows Y versus
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E,.) indicates that there exists no simple relationship be-
tween I and Y: for small E,., AY /Y vanishes asymptot-
ically as E,.—0, while I decreases linearly with increas-
ing E,. for small ac excitations. A similar lack of direct
correspondence between Y and Er is found in the temper-
ature dependences of those parameters in NbSe; and TaS;
(measured with E,.=0).

A constant local pinning potential barrier is assumed
also in Egs. 6(a) and 6(b). The predicted reduction in Er
with increasing E,. in that model is very similar to that
associated with rigid particle behavior.!! The correspond-
ing elastic properties predicted?”® by Eqgs. 6(a) and 6(b)
demonstrate breaks in Y and 8 as functions of E4. which
correspond precisely to E7, the threshold field for CDW
depinning. This is consistent with experiment and is a
consequence of the assumption Y=Y, 4+ Y.

In the discussion of original elasticity experiments on
TaS; in the presence of dc electric fields, it was suggested*
that the functional forms of ¥ and 8 may be directly relat-
ed to the CDW drift velocity vy. The data of Figs. 10
and 12, which shows the elastic properties during Shapiro
step electronic interference, demonstrates that this is
clearly not the case for TaS; or NbSe;. During Shapiro
step interference, a portion (macroscopic domain) of the
CDW condensate becomes mode locked to the external ac
drive, effectively fixing the CDW drift velocity of that
domain at vy=Jcpw/n.e=A(p/q)we/2m, with A the
CDW wavelength. Jcpw is the excess current carried by
the CDW through the macroscopic domain. If Y and &
were strictly functions of v,, then mode locking would re-
sult in regions of constancy in the Y and & versus Ig4
curves, in sharp contrast to the strong peak anomalies ob-
served in Fig. 10 for TaS; and in Fig. 12 for NbSe;.

As mentioned previously, during mode locking the be-
havior of Y and § is to tend toward the value characteris-
tic of the pinned, I4. =0 state; the same holds true for
dV/dI. In general, in a dV /dI interference experiment
the interference peaks do not attain the ohmic value.
Consequently the height h of the dV /dI peak (measured
from the effective baseline, neglecting the peak structure)
is only a fraction of the maximum possible peak height*

hmax :[(dV/dI)IdC:()] - [(dV/dI)unlocked] .

This is clearly observed in Fig. 12(b) for NbSe;, where the
n =1/1 interference peak in dV /dI has h/hy.,x=0.75,
suggesting that the locked domain comprises 75% of the
sample volume, while for the n =1 peak h/hm,=0.25,
suggesting that the locked domain comprises 25% of the
sample volume for this interference. As seen in the Y and
6 traces in the same figure, the corresponding peak
anomalies in Y and & show nearly identical scaling. For
example, the n =1/1 interference peak corresponds to an
anomaly in Y which reaches (correcting for the sloping
baseline) approximately 75% of the I3 =0 value; the
same holds true for the n=1/1 anomaly in &. Similar
25% peak heights are observed in Y and & during the
n =1 interference. This suggests that a fully mode-locked
CDW, with h/hg.x=1, would display elastic constants
indistinguishable from the pinned, 4. =0 state.

On the other hand, the data of Fig. 10(b), appropriate
to TaS;, shows a rough but inexact scaling between the

anomalies in dV /dI, Y, and 6. In particular, the smaller
dV /dI peak at I4.=64 pA is associated with the larger
peak anomalies in Y and 8. This suggests that the mode-
locked region associated with this interference peak might
be physically located near the clamped region of the crys-
tal, where small changes in local elastic constants have a
strong influence on the elastic properties determined for
the overall crystal.

The behavior of Y and 8 during electronic mode lock-
ing suggests that Y, and Y¢ again couple strongly during
mode lock and Y=Y; + Y. This is not an obvious re-
sult, since during mode lock the CDW dynamics are
determined primarily by the external ac field. Hence one
might expect that Y, and Y fully decouple during mode
lock, yielding Y =Y. The experimental results show this
to not be the case, and argue strongly that internal de-
grees of freedom of the CDW condensate are central to
the elastic anomalies. Although the behavior of Y and &
during mode locking has not been investigated in the
framework of anelastic relaxation models, it is apparent
that if the functional forms of Y and 6 versus Eg4. are the
direct result of CDW incoherence, then an increase in
CDW coherence, such as that resulting from electronic
mode locking, will lead to peak structure in Y and § dur-
ing mode lock.

CDW incoherence arising from CDW internal modes
is central to Egs. 6(a) and 6(b), which predict electronic
mode locking in the presence of combined dc and ac
electric fields. The model also predicts corresponding
sharp peak anomalies in Y and 6 in excellent agreement
with experiment. Figure 13 shows an analog computer
solution®® of Egs. 6(a) and 6(b) for dV /dI, Y, and §, for
an ac drive field E,. /Er=5 and with w,,/03r=0.05. It
is apparent that, during electronic mode locking, Y and
8 tend toward their pinned, I4 =0 values, consistent
with the experimental results of Figs. 10(b) and 12(b). In
the model, the behaviors of Y and 6 during mode lock
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FIG. 13. Y, §, and dV /dI as calculated from a many-degree-
of-freedom model [Eqgs. 6(a) and 6(b)]. Interference structure is
observed analogous to that found experimentally in TaS; and
NbSe; (Figs. 10 and 12). The calculated curves are from Ref.
29.



2636

reflects a reduction in effective internal degrees of free-
dom; the CDW phason couples strongly to the underly-
ing phonon structure, and Y=Y, + Y.

A reduction in internal degrees of freedom during elec-
tronic mode locking has been observed in other CDW
transport measurements, in particular the broad-band
noise. During complete (h/hm.=1) mode locking,
broad-band noise generated by a moving CDW is fully
eliminated.!” Since the source of the broad-band noise
may be interpreted as arising from CDW incoherence, the
vanishing of the noise is evidence for a “‘freeze out” of
effective internal degrees of freedom during mode locking.
Hence there may exist a fundamental correspondence be-
tween the broad-band noise and the elastic properties of
CDW conductors. We note also that the decrease in 8
caused by an ac field in the sliding CDW state of TaS; at
115 K (Fig. 9) could be the result of ac-induced coherence
between CDW domains. Strong ac fields applied to CDW
conductors result in enhanced CDW electronic phase
homogenization, as evidenced by the suppression of
broad-band noise by large amplitude ac fields,!” the in-
dependence of Shapiro step quality on the narrow-band
noise spectrum,'® and an increased resistance to splitting
of mode-locked regions in the presence of temperature
gradients.’® An analogous elastic process in a convention-
al metal is the substantially greater (at certain frequencies
and temperatures) internal friction & for a polycrystalline
specimen than for a single crystal specimen; this results
from relaxation of domain boundaries under stress.® In
TaSs, the narrow-band noise spectrum becomes extremely
complex as the temperature is lowered,’ signifying in-
creased disorder and generation of multiple current
domains at lower temperatures. This may explain why &
decreases dramatically with increasing ac field amplitude
in TaS; at low temperatures, as demonstrated for the re-
gion I4./I7 > 2 in Fig. 9.
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IV. CONCLUSION

Measurement of the elastic properties of TaS; and
NbSe; in the presence of ac and combined ac and dc elec-
tric fields has revealed important results complementary
to those previously obtained in the limit of dc fields alone.
Lattice softening in the presence of ac fields with E,. < E7
demonstrates that the CDW need not be depinned in the
Frohlich sliding mode sense to achieve a decrease in Y,
but need only be in motion on a local scale. The behavior
of Y and & on electronically mode-locked steps demon-
strates that the CDW drift velocity alone does not dictate
elastic properties in the sliding state, and that an absolute-
ly essential role is played by the internal degrees of free-
dom of the CDW condensate. The assumption that
Y=Y; +Yc¢ in the pinned and mode-locked states, and
Y=Y, in the sliding state, appears valid.

The strong correspondence between the elastic and elec-
tronic properties of CDW conductors has important im-
plications for the interpretation of previously obtained
electronic response parameters.! It is also apparent that
any complete model of CDW electronic response must in-
corporate in a fundamental way coupling of the deform-
able CDW (obeying classical or quantum dynamics) to the
deformable lattice.
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