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Abstract. We report on measurements of the voltage dependence of the complex shear compliance of two
crystals of the charge-density-wave (CDW) conductor NbSe3, for torsional frequencies between 1 Hz and 71
Hz. For both samples, there is a frequency independent, ∼1% increase of the magnitude of the compliance
when the voltage exceeds the threshold for CDW depinning, but the internal friction has a striking sample
dependence which we do not understand. For one sample, there is a frequency independent decrease in
internal friction with CDW depinning, suggesting that the elastic changes are not relaxational and might
reflect changes in the screening of the crystal strain by the CDW. For the second sample, the sign and
magnitude of the change in internal friction is strongly frequency dependent, which we associate with a
change in screening due to the finite electron diffusion time. The second sample also exhibits a frequency
dependent peak in internal friction near threshold that may reflect relaxation of the CDW phase.

PACS. 71.45.Lr Charge-density-wave systems – 72.15.Nj Collective modes (e.g., in one-dimensional
conductors) – 62.30.+d Mechanical and elastic waves; vibrations – 62.40.+i Anelasticity, internal
friction, stress relaxation, and mechanical resonances

1 Introduction

It is well known that the depinning and motion of charge-
density-waves (CDWs) in quasi-one-dimensional conduc-
tors gives rise to a number of unusual electronic prop-
erties, including non-Ohmic conductivity, huge dielectric
constants, and ac voltages produced by dc currents [1].
However, CDW interactions and depinning also affect
the host lattice, changing the properties of both acoustic
and optical phonons [2,3]. The most pronounced of these
changes are reductions of low frequency elastic constants
with CDW depinning [3–16].

These changes were originally observed in vibrating
reed measurements of Young’s modulus (Y ) of TaS3 [4,5],
NbSe3 [4,6], and (TaSe4)2I [4,7], in which it was found
that the flexural resonant frequency (∝ Y 1/2) decreases
when the voltage applied to the sample exceeds the thresh-
old (VT) for CDW depinning, while the width of the reso-
nance (proportional to the internal friction) increases for
V > VT. For TaS3, the best studied material, the changes
in Young’s modulus were found to decrease with resonant
frequency as ω−3/4 for frequencies above 1 kHz [8], sug-
gesting that the elastic changes were anelastic, i.e. caused
by the relaxation of internal properties with changing
strain [5,17].

Mozurkewich proposed a phenomenological model in
which the relaxing property is the local CDW phase,
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whose average relaxation time is “infinite” when the CDW
is pinned but becomes finite for V > VT [9]; there is a
dynamic glass-like transition at VT, below which disor-
der in the CDW phase freezes in [18]. Mozurkewich found
that if the strain dependent property is the CDW am-
plitude or stiffness, then the changes in elastic constants
would be small and sample dependent (proportional to the
threshold electric field), but if the strain dependent prop-
erty is the CDW wavelength, then the changes in elastic
constants would be large and sample independent, as was
observed for TaS3 [9,10]. Measurements of torsional reso-
nances in TaS3 revealed that the relative change in shear
modulus (G) was an order of magnitude larger than that
in Y , suggesting that the CDW wavelength was strongly
dependent on transverse strain [11].

To study the voltage dependence of the average relax-
ation time, we studied the frequency and voltage depen-
dence of the complex shear compliance J (|J| ≡ 1/G ≡ J)
of TaS3 at very low frequencies (i.e. below the frequencies
of its mechanical resonances) [12]. For a general linear re-
laxation with a distribution of relaxation times = A(τ, V ),
the complex compliance can be expressed as an integral
over Debye modes with relaxation times τ [17]:

J(ω, V )/JU = 1 +
∫

d ln τA(τ, V )/(1 + iωτ), (1)

where JU is the unrelaxed (i.e. ω = ∞) compliance, and
the internal friction = tan δ ≡ Im(J)/Re(J), where δ is the
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phase shift between the applied stress and the measured
strain. We fit J to a “Havriliak-Negami” [20] distribution
of relaxation times, assuming that the normalized shape
of the distribution was independent of voltage, and found
that the peak relaxation time diverged at threshold as
τ0 ∝ (V/VT − 1)−3 [12,13]. However, the total relative
relaxation strength,

∫
d ln τA(τ, V ), was found to vanish

near threshold in our fits, in apparent contradiction to the
Mozurkewich model [9]. We suggested [12] that this was
a consequence of our assumption of a constant shape of
A(τ, V ) and that near threshold there may actually be a
large increase in relative weight for τ > τ0. Similar changes
in apparent relaxation strength have been observed for
(TaSe4)2I [14].

NbSe3’s elastic anomalies, measured with flexural and
torsional resonances, were found to have some interest-
ing differences with those of TaS3. In both materials,
the Young’s modulus anomalies decrease at high flexu-
ral frequencies as ω−3/4 [8], shear modulus anomalies are
an order of magnitude larger than the Young’s modulus
anomalies [6], and the elastic anomalies depend in similar
ways on the “depinning” frequency when the CDW is de-
pinned with an ac rather than dc voltage [15]. Also, similar
elastic “interference effects” are observed in both materi-
als if ac and dc voltages are simultaneously applied to
the sample [16]. However, the elastic anomalies are much
smaller for NbSe3 than for TaS3, seeming (within consid-
erable scatter) to be proportional to the threshold field [6],
suggesting that the CDW amplitude or stiffness, and not
wavelength, is the dominant strain dependent quantity [9].
Also, for some elastic constants, the internal friction was
observed to decrease rather than increase with depinning,
in some cases after going through a maximum near VT [6],
suggesting that the pinned relaxation time is finite. If
so, the elastic anomalies would be expected to be very
frequency dependent at low frequencies. This possibility
motivated the present experiments, to measure the low-
frequency shear compliance of NbSe3.

2 Experimental techniques

The techniques used were similar to those we used for
TaS3 [12]. The sample, typically a thin crystal∼10×0.05×
0.01 mm3 was suspended between two current contacts, to
which it was glued with silver paint, with a free, suspended
length of ∼4 mm. A thin (∼60 µm diameter, 1 mm long)
magnetized steel wire was glued to the center of the crys-
tal with conducting epoxy. Oscillating torque was applied
to the sample by an alternating magnetic field (∼10 G)
provided by Helmholtz coils; twist angles were kept small
enough (typically ∼1◦) so that the strains (i.e. twist an-
gles) were always proportional to the torques. The oscilla-
tion frequency was kept a few times less than that of the
torsional resonance of the sample (typically 100−500 Hz).

The strains were measured by locating the sample in-
side a helical resonator cavity [21] (resonant frequency
≈450 MHz, quality factor ≈300), with the end of the steel
wire near (∼0.1 mm) the tip of the helix. The cavity was
driven with a resonant RF signal; as the sample twisted, it

phase modulated the output of the cavity, which was mea-
sured with a two phase lock-in operating in a magnitude
(∝ J) / phase (∝ δ) mode [12,21].

Measurements of the elastic changes were made at
102 K, in the NbSe3’s upper CDW state (with transi-
tion temperature T1 = 142 K [1]); the complex compli-
ance at a given frequency was measured as the voltage
across the sample was decreased. Because these were 2-
probe measurements, the measured resistances include the
contributions of leads and contacts (a few ohms). Unlike
semiconducting TaS3, NbSe3 remains metallic in its CDW
states [1] and Joule heating can be significant for voltages
near threshold [6]. To minimize Joule heating, samples
were kept in ∼1/2 atm. helium gas. Even so, Joule heat-
ing changed the temperature of samples by ≤3 K during
measurements. This was noticed in measurements of the
sample resistance (e.g. see Fig. 2a), but for most sam-
ples had negligible effect on the elastic properties (e.g. no
changes were observed below threshold).

Nonetheless, the presence of the helium atmosphere
had a serious effect on the measurements: it caused a drift
in the quality factor of the cavity as the level of the sur-
rounding liquid nitrogen bath changed, even though a vac-
uum space separated the helical resonator from the bath.
While the changing quality factor did not noticeably af-
fect the phase shift of the modulation signal, it caused its
magnitude to drift by up to 0.5%. Because of these cavity
drifts, measurements were not attempted for oscillation
frequencies ω/2π < 1 Hz. For the best cases, the short
term resolution of the experiment was ∂J/J ∼ 0.1% and
∂δ ∼ 0.03◦; these values are, of course, much worse than
for the torsional resonance experiment [6].

3 Results and discussion

Measurements were attempted on several nominally pure
samples from the same growth batch prepared at EPFL,
Lausanne. Results are shown in Figures 1 and 2 for the
two samples with the least noise and cleanest anomalies.
For other samples, the noise levels (∂J/J and ∂δ) were

comparable to the anomalies (∆J/J and ∆δ) and/or there
was excessive Joule heating, but the results for the cleanest
of these samples were similar to those of sample A (Fig. 1).

The upper panel of Figure 1 shows the voltage depen-
dence of the resistance (V/I) of sample A, and the lower
two panels show the changes in magnitude and phase of
its compliance at several frequencies. The changes in com-
pliance are defined with respect to the values measured at
V = 0. For the set of runs shown, the voltage points are
widely separated to minimize the drift in the compliance
data.

Within the scatter in the data (∂J/J ∼ ±0.1%
and ∂ tan δ ∼ ±3 × 10−4), the anomalies in compliance
(∆J/J ≈ 0.6% and ∆ tan δ ≈ −1 × 10−3) are indepen-
dent of frequency for this sample, and appear (within the
voltage resolution of these runs) as “steps” at the elastic
threshold voltage VT ≈ 0.2 V, corresponding to a thresh-
old electric field of ≈0.5 V/cm. Actually, in denser runs we
also observed a sharp (apparently frequency independent)
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Fig. 1. Voltage dependence of the (a) resistance, (b) change
in the magnitude of the shear compliance, and (c) change in
internal friction for sample A at 102 K. J and tan δ are mea-
sured at the torsional frequencies indicated in the legend. The
vertical arrow in (a) shows the resistive threshold voltage. The
lines are guides to the eye, with the scatter in the data indica-
tive of the noise level. The inset shows the internal friction at
13 Hz measured for a denser set of voltages.

peak in the internal friction at threshold, as shown in the
inset. As previously noted [6], the elastic threshold voltage
is less than the resistive threshold voltage, VT(R), shown
by a vertical arrow in the figure, suggesting that depinning
occurs in the bulk of the sample at a lower electric field
than it does at the current contacts. In fact, the anoma-
lies for sample A are similar in shape and size to those of
sample no. 2 of reference [6] measured at its ∼100 Hz res-
onance. For the present case, the frequency independence
of the results indicates that the anomalies are not relax-
ational in origin, but are intrinsic to the depinned CDW.
A possible mechanism is discussed below.

Results for sample B are shown in Figure 2; for these
runs, the voltage points are more closely spaced. The in-
crease in resistance (Fig. 2a) below the resistive threshold
(VT(R) ≈ 150 mV) indicates that there is Joule heating,
as discussed above. As for sample A, the elastic threshold
is below the resistive threshold. The apparent frequency
dependence of the compliance for V > 150 mV shown in
Figure 2b is a consequence of the drift in electronics dis-
cussed above; the results of an experiment in which the
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Fig. 2. Voltage dependence of the (a) resistance, (b) change
in the magnitude of the shear compliance, and (c, d) change
in internal friction for sample B at 102 K. J and tan δ are
measured at the torsional frequencies indicated in the legend.
For (c), the changes in internal friction are defined with respect
to their V = 0 values while in (d) they are defined with respect
to their values at 300 mV. The vertical arrow in (a) shows the
resistive threshold voltage. The lines are guides to the eye,
with the scatter in the data indicative of the short term noise
level. However, a slow drift also affected the magnitude of the
compliance, as discussed in the text, and the inset to (b) shows
the frequency dependence of the change in compliance between
V = 240 mV(= 2.5VT) and V = 0 when measured quickly.

change in compliance was measured when the voltage was
switched from 240 mV to zero are shown in the inset to the
figure: at all frequencies, ∆J/J ≈ (1.7±0.1)%. This value
is larger than that of any of the samples of reference [6].

Unlike the change in the magnitude of the compliance,
the change in phase shift is frequency dependent. Figure 2c
shows the change in internal friction at each frequency,
again referenced to its value at V = 0; i.e. ∆ tan δ ≡
tan δ(V ) − tan δ(0). The low frequency internal friction
behaves similarly to that for sample A; i.e. it decreases by
∼1×10−3 when the CDW becomes depinned, although for
sample B the peak near threshold is more pronounced, e.g.
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similar to that of sample no. 1 of reference [6]. However,
for high frequencies the internal friction increases with
depinning, similar to the internal friction associated with
Young’s modulus [6].

As represented in Figure 2c, tan δ exhibits consid-
erable dispersion for V > 150 mV; the internal fric-
tion increases with increasing frequency (by 6 × 10−3),
suggesting that the average relaxation time τAVERAGE �
1/ωMAXIMUM ≈ 2 ms at these voltages. However, since our
measurements cannot determine the absolute phase shift
at any frequency more precisely than ∼1◦ [13], our as-
sumption that the internal friction is independent of fre-
quency below threshold may not be correct. In Figure 2d,
we plot the voltage/frequency dependence of the change
in internal friction referenced to its high voltage value,
∆′ tan δ ≡ tan δ(V )−tan δ(300 mV); in this representation
the dispersion occurs for voltages below threshold, with
tan δ increasing and saturating with decreasing frequency,
suggesting that below threshold τAVERAGE ∼ 40 ms.

However, for either case, it is difficult to reconcile
the apparent frequency independence of J with this large
dispersion in damping. For relaxational behavior (i.e.
Eq. (1)), the two quantities are related by the Kramers-
Kronig relationship [17]:

(JR − JU)/JU = (2/π)
∫

tan δ(ω′) d lnω′, (2)

where JR is the relaxed (i.e. ω = 0) compliance, the in-
tegral extends over all ω′, and we assume that the total
relative relaxation strength

∫
d ln τA(τ, V ) � 1. There-

fore, in some voltage range , the magnitude of the compli-
ance would be expected to have dispersion: [J(ωHIGH) −
J(ωLOW)]/J > 4 × 10−3, in contradiction to our observa-
tion. Reflection shows that the voltage/frequency depen-
dences of ∆J/J and ∆ tan δ (as plotted in either Fig. 2c
or d) are inconsistent with equation (1) even if one allows
the shape, width, or integral of A to vary with voltage.

In addition to this unusual dispersion in damping,
which occurs over a wide voltage range, the peak near
threshold is also frequency dependent. The magnitude of
this peak is sufficiently small (∆ tan δ ∼ 1 × 10−3) that
resulting dispersion in J , in a relaxational model, would
be comparable to its noise. In Figure 3, we plot the fre-
quency dependence of the peak voltage, normalized to
threshold (taking VT = 95 ± 5 mV). Associating this
internal friction peak with a process with a relaxation
time τ0(VPEAK) = 1/ω, we see that τ0 ∝ (V/VT − 1)−4,
similar to the divergent time constants found for TaS3

and (TaSe4)2I [12–14]. We therefore associate this loss
peak with CDW phase relaxation [9]; it is presumably
responsible for only part of the increase in J , as dis-
cussed below. (The internal friction peak for sample A may
have a similar origin, but its apparent frequency indepen-
dence would imply a much stronger power law.) The much
smaller loss peaks in NbSe3, as compared to TaS3 [12] and
(TaSe4)2I [14], suggests that its CDW properties are much
less strain dependent [9].

We now consider non-relaxational mechanisms for the
elastic anomaly. Several mechanisms by which the lattice
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Fig. 3. Frequency dependence of the voltage (VPEAK) at which
internal friction peaks are observed (normalized to the elastic
threshold voltage, VT = 95±5 mV) in sample B. The reference
line has slope = −1/4.

intrinsically softens with CDW depinning have been pro-
posed [16,22–25], but the only one in which the depinning
is accompanied by a decrease in damping is that discussed
by Virosztek and Maki (VM) [25]. In the VM model, the
lattice is stiffer when the CDW is pinned than depinned
because the depinned CDW can contribute to the screen-
ing of phonons whereas the pinned CDW cannot. In ad-
dition to this frequency independent softening, propor-
tional to the electron-phonon coupling constant, there are
changes in damping: the internal friction increases with
depinning if the phonon frequency ω � ωD ≡ Dq2 and
decreases if ω � ωD, where q is the phonon wavevector
and D is the electron diffusion constant, so that ω−1

D is
the time for electrons to diffuse distance q−1 [25].

The VM model was derived for propagating phonons.
For an acoustic phonon with velocity v ≈ ω/q, the hydro-
dynamic (i.e. ω � ωD) regime corresponds to ω � v2/D.
Taking D ∼ kBTσ/(ne2), where σ is the normal conduc-
tivity (∼5000 Ω−1 cm−1 at 102 K [1]) n is the electron
density (∼4 × 1021 cm−3 [26,27]), and v ∼ 105 cm/s for
“soft” shear modes [6,11], the hydrodynamic regime cor-
responds to ω/2π � 200 MHz. However, for our forced
oscillations, the situation is very different: for all frequen-
cies, the effective wavevector q ∼ π/L ∼ 8 cm−1, where
L is the length of the crystal, so that the hydrodynamic
limit corresponds to ω/2π� ωD/2π ∼ 1 Hz!

In view of the complexity of the band structure [26,27],
it is certainly possible that the effective diffusion constant,
and therefore ωD, may be more than an order of magni-
tude larger than this estimate. We therefore suggest that
VM screening anomalies dominate the low frequency shear
modulus response for both samples. The frequency inde-
pendent results for sample A suggest that we are in the
low frequency limit for all measured frequencies, while the
frequency dependent results for sample B suggest that for
this sample ωD/2π ∼ 20 Hz.
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We note that in subsequent work in which the ef-
fects of long-range Coulomb interactions were included,
VM [28] showed that these screening anomalies would only
be observed for transverse waves propagating perpendicu-
lar to the quasi-one-dimensional conducting chains (b for
NbSe3), making their relevance to our experiments ques-
tionable. However, the relatively strong interchain inter-
actions [1,27] in NbSe3 might allow screening anomalies
to be observed in our experiments. Furthermore, because
of the difficulty in controlling precisely how the magnetic
wires are glued to the sample,G = 1/J may not only be an
undetermined combination of the stiffness constants C44

and C66 [11], but include contributions from other shear
moduli as well.

In fact, the latter effects may account for the sample
dependence of the shear anomalies in NbSe3; however, it is
not clear why the diffusion time, ω−1

D , should also be sam-
ple dependent. We note that not only were samples A and
B of the same length (and therefore should have the same
effective q), but they also had lengths close to those of ref-
erence [6], which all seem to be in the hydrodynamic limit
at much higher frequencies. It is also not clear why the
frequency dependence of the damping peak near thresh-
old is so sample dependent. It is possible that the CDW
depinning anomalies are affected by the transverse dimen-
sions of the samples, reflected in their resistances, or “un-
controlled” properties, such as strains or crystal defects
introduced by the glues at the contacts and/or magnetic
wires. Also, as for TaS3, it is not at all clear how to con-
nect the present results with the high frequency Young’s
modulus results of reference [8].

As discussed above, our previous results on TaS3 cer-
tainly suggest that its elastic anomalies are predominantly
relaxational; however, they may also have small “screen-
ing contributions” which affected the fits of reference [12].
Note that TaS3 and NbSe3 have similar electron mobili-
ties, and therefore diffusion constants [1].

In summary, our examination of changes in the low fre-
quency shear compliance of NbSe3 with CDW depinning
have found different behaviors for two crystals from the
same growth batch. For both samples, the magnitude of
the compliance increases by ∼1% with CDW depinning,
and this increase is independent of frequency. However,
for one sample, the internal friction has a frequency in-
dependent decrease when the CDW becomes depinned,
while for the other the sign and magnitude of the inter-
nal friction change are frequency dependent. We suggest
that these anomalies are due to changes in the screening
of the elastic deformation by the CDW, as proposed by
Virosztek and Maki [25]. Within the context of this model,
the sample dependence would be caused by a difference in
the electron diffusion time, which we do not understand;
however, “extrinsic” (e.g. contact or size) effects may play
a role. The low frequency elastic properties of NbSe3 dif-
fer from those of TaS3, in which the shear compliance
anomalies appear to be predominantly relaxational, with
a relaxation time which diverges at threshold [12]. How-
ever, the second NbSe3 sample does exhibit a frequency
dependent peak in damping near threshold, which might

be associated with relaxation of the CDW phase, similar
to the behavior of TaS3.

This research was supported in part by the US National Science
Foundation, grant # DMR-9731257.

References

1. a) For reviews of CDWs, see G. Gruner, Rev. Mod. Phys.
60, 1129 (1989); Robert E. Thorne, Phys. Today 49, 42
(May 1996); b) for reviews of the electronic properties of
NbSe3, see P. Monceau, Physica B 109 & 110, 1890 (1982);
N.P. Ong, Can. J. Phys. 60, 757 (1982).

2. D. Staresinic, A. Kis, K. Biljakovic, B. Emerling, J.W.
Brill, J. Souletie, H. Berger, F. Levy, submitted to Phys.
Rev. B.

3. J.W. Brill, B.M. Emerling, X. Zhan, J. Solid State Chem.
155, 105 (2000).

4. G. Mozurkewich, P.M. Chaikin, W.G. Clark, G. Gruner,
Solid State Commun. 56, 421 (1985).

5. J.W. Brill, W. Roark, G. Minton, Phys. Rev. B 33, 6831
(1986).

6. X.-D. Xiang, J.W. Brill, Phys. Rev. B 39, 1290 (1989).
7. A. Suzuki, H. Mizubayashi, S. Okuda, J. Phys. Soc. Jpn

57, 4322 (1988).
8. X.-D. Xiang, J.W. Brill, Phys. Rev. Lett. 63, 1853 (1989).
9. G. Mozurkewich, Phys. Rev. B 42, 11183 (1990).

10. R.L. Jacobsen, G. Mozurkewich, Phys. Rev. B 39, 10913
(1989).

11. X.-D. Xiang, J.W. Brill, Phys. Rev. B 36, 2969 (1987).
12. X. Zhan, J.W. Brill, Phys. Rev. B 56, 1204 (1997).
13. X. Zhan, J.W. Brill, Synth. Met. 103, 2671 (1999).
14. A.J. Rivero, H.R. Salva, A.A. Ghilarducci, P. Monceau,

F. Levy, Solid State Commun. 106, 13 (1998); H.R. Salva,
private commun.

15. Z.G. Xu, J.W. Brill, Phys. Rev. B 45, 3953 (1992).
16. L.C. Bourne, M.S. Sherwin, A. Zettl, Phys. Rev. Lett. 56,

1952 (1986).
17. A.S. Nowick, B.S. Berry, Anelastic Relaxation in Crys-

talline Solids (Academic, New York, 1972).
18. This “transition” at VT should not be confused with glass

transitions observed in thermal [2] and dielectric measure-
ments [19], with V � VT. As shown in reference [12], the
time constants associated with the elastic anomalies are
orders of magnitude larger than those associated with elec-
tronic changes.

19. D. Staresinic, K. Biljakovic, W. Bruetting, K. Hosseini,
S. Zaitsev-Zotov, J. Phys. IV France, Pr10-47 9 (1999).

20. S. Havriliak, S. Negami, Polymer 8, 161 (1967).
21. X.-D. Xiang, J.W. Brill, W.L. Fuqua, Rev. Sci. Inst. 60,

3635 (1989).
22. S. Liu, L. Sneddon, Phys. Rev. B 44, 3555 (1991).
23. R. Zeyher, Phys. Rev. Lett. 61, 1009 (1988).
24. A.S. Rozhavsky, Yu.S. Kivshar, A.V. Nedzvetsky, Phys.

Rev. B 40, 4168 (1989).
25. A. Virosztek, K. Maki, Phys. Rev. B 41, 7055 (1990).
26. D.W. Bullett, J. Phys. C 15, 3069 (1982).
27. N. Shima, J. Phys. Soc. Jpn 52, 578 (1983).
28. A. Virosztek, K. Maki, Phys. Rev. B 53, 3741 (1996).


