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Inertial dynamics of pinned charge-density-wave condensates. II. Orthorhombic Tas3
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Complex conductivity aco~(~, T) measurements in the ranges 10—110 GHz and 20—300 K are
reported on the charge-density-wave (CD%) material orthorhombic TaS3. In the CD% state be-

tween approximately 130 and 210 K, the complex conductivity obeys a Drude behavior

oco~(~)=(ne ~/m*)(1+i~~), which we associate with damped inertial response of the CD%.
The measurements, together with earlier results in the radio-frequency spectral range, enable us to
extract all the phenomenological parameters: damping constant ~, effective mass m*, pinning fre-

quency ~o, and maximum CD% conductivity o,„.The experimental results for these parameters
are compared with available microscopic theories. The full dynamic response of the CD% between
10' and 10" Hz is also presented and shows the conductivity resonance well belo~ the single-particle

gap, representing both the relaxational and inertial dynamic response of the collective CD%' mode.
A comparison is made to similar results on the related CD% compound NbSe3.
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Orthorhombic TaS3 (o-TaS3) is a quasi-one-
dimensional inorganic conductor in which the electronic
ground state is well established to correspond to a
charge-density wave (CDW) (Ref. 1) below a Peierls tran-
sition temperature Tz-225 K. In the CD%' state, the
material displays strikingly novel transport properties,
such as nonlinear and strongly frequency-dependent con-
ductivity, narrow band noise, etc. qualitatively similar to
those observed in NbSe3. These have been interpreted as
due to the collective response of the electrons condensed
in the CDW state. In an accompanying paper (hereafter
called I), the frequency-dependent conductivity, measured
in the microwave and millimeter-wave spectral range is
discussed in terms of the collective response of the pinned
CD%' mode in the inorganic compound NbSe3. Here we
present experimental results in related compound of the
same family, o-TaS3.

The single-particle band is more anisotropic in o-TaS3
than in NbSe3. Consequently, The Peierls transition opens
up a gap at the whole Fermi surface, leading to a semi-
conducting behavior below the transition. The gradual
freezing out of the normal electrons with decreasing tem-
perature is expected to have important consequences.
While the normal electrons in NbSe3 can, in principle,
contribute both to the screening of long-wavelength fluc-
tuations, and also to damping, such effects are unimpor-
tant in O-Ta83, at least well below the Peierls transition.
Another difference between the two materials is that o
TaS3 becomes commensurate with the underlying lattice
as the temperature is lowered (with a CDW period, A, , of
4 times the lattice constant), while in NbSe3, in both
phases, A, is incommensurate with the lattice period.

In this paper we report extensive measurements of the
complex conductivity ocDw(co) of o-Tas3 between 10 and
100 GHZ and as a function of temperature. Between 210
K and approximately 130 K in the COW state, our results
for trcDw(co) can be very well described by the Drude
law:

where m
' is the effective mass, n is the number of con-

densed electrons, and ~ is the damping constant,
Thus the response of the CDW in the present spectral

range can be described in terms of a damped inertial
dynamics of the CDW. From the data the CDW parame-
ters o,„,the maximum CD%' contribution to the con-
ductivity and r, the damping constant can be directly ex-
tracted. Further, since cr,„=ne rlrn ', the effective
mass m ' of the CDW condensate is obtained.

Below 10 6Hz, extensive available measurements of
trcDw(co) reveal that at these lower frequencies, the CDW
response is relaxational. In contrast, at higher fre-
quencies used in this w'ork, we observe inertial response.
Combining all the available results below 100 GHZ, we
clearly show that the full dynamic response of the CDW
is in the form of a collective conductivity mode. A simple
description of this mode in a single oscillator model gives

ne 'T JN~cDw(~)= m' r(too co )+j to—
where coo is a phenomenological pinning frequency. The
low-frequency measurements yield a crossover frequency
co« ——coos, which with the present measurements of v.

yields ~0. Thus we obtain all the phenomenological pa-
rameters, m', 7, and coo, associated with dynamics of the
pinned CDW mode. Deviations from Eq. (2) at low fre-
quencies have been extensively discussed in the literature.

An analysis in terms of Eqs. (1) and (2) provides an ade-
quate description of our experimental results at tempera-
tures below 210 and 100 K, and effects associated with
disorder provided by randomly distributed impurity
centers plays an important role only in the very-low-
frequency end of the spectrum, at radio frequencies.
Below about 100 K, disorder effects become more prom-
inent, leading to serious deviations from Eq. (2) even in
the spectral range covered by this study.
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Here we briefly provide several experimental details
specific to TaS&, and refer the reader to I and Ref. 9 for
further details.

The TaS3 samples were prepared using we11-known

techniques. The Peierls transition temperature, evaluated
from the temperature derivative of the dc resistivity
dR /dT was found to be TI =220+2 K, and the threshold
electric field for nonlinear conduction Er ——200 mV/cm
at T=150 K. Consequently, our materials have a purity
comparable to pure 0-TaS3 specimens used by various
groups. We also note that, while both Er, and the low-
frequency behavior of ocDw are sensitive to impurity con-
centration and other (uncontrolled) defects, at microwave
and millimeter-wave frequencies our results depend only
weakly oil lillpuritles.

Complex conductivity measurements at fixed frequen-
cies 32, 60, 94, and 109 GHz were carried out utilizing
mm-wave. bridges, as discussed in Ref. 9. For the mm-
wave bridge measurements, very thin (cross-sectional area
—1 p,m ) needless of typical lengths 2—4 mm (exceeding
the small waveguide dimension for a given band) were
selected. In contrast to NbSei, the conductivity of TaS3 is
low at all temperatures. Consequently, the series
geometric reactance of the sample (see I), which was in-
ductive for all the samples due to their selected lengths,
was small compared to the intrinsic impedance due to
their conductivity. This enables us to extract both the real
and imaginary parts of o(co).

The results reported here are independent of mm-wave

power. They are reproducible for samples within the
same batch and for samples of different batches. Our
measurements at 9 GHz are consistent with previous mea-
surements at the same frequency reported in the litera-
ture '0

The total conductivity Rar(co, T) measured at dc and
several microwave and millimeter-wave frequencies is
shown in Fig. 1 as a function of temperature between 300
and 20 K. The data is normalized to the room-
temperature dc value. The qualitative features of the data
are as follows.
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FIG. 2. Real part of the dielectric constant Res(co, T) versus
temperature at 60 and 94 GHz.

(1) Almost no frequency dependence is observed be-

tween 300 K and the transition temperature Tp ——225 K,
consistent with metallic behavior in the normal state.

(2) Below Tp, in the CDW state„a strong frequency
dependence develops. Between 210 K and approximately
100 K the conductivity is clearly decreasing with increas-
ing frequency at frequencies above 10 GHz. Only a weak
temperature dependence is observed in this temperature
range.

(3) Below approximately 100 K, the co dependence is
much more comphcated and is strongly temperature
dependent.

The associated dielectric constant ReE(co, T) versus T
measured at two frequencies, 60 and 94 GHz, is shown in

Fig. 2. Above Tp, Ree is zero to within the measurement
accuracy, again consistent with metallic behavior. In the
CD& state below Tq, Res is negatiUe in the temperature
region where Rar is decreasing with co. At low tempera-
tures below —100 K, Re@ changes sign and becomes posi-
tive. (Similar data was obtained at 32 and 109 GHz but is
not shown to avoid crowding. )

Figure 3, which is a plot of Reer(co, T) versus 10 /T at
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FIG. 1. Real part of the total conductivity Reo(u, T) normal-
ized to the room-temperature value crRT plotted as a function of
temperature T for 0-TaS3, at dc, 9, 32, 94, and 109 GHz.
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FIG. 3. Reer(+, T)/+~T vs 10'/T at dc, 9, 32, 60, and 94
GHz.
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dc and high frequencies, clearly displays the magnitude of
the effects being observed here. Below Tr, crd, decreases
nearly exponentially with temperature due to the decreas-
ing number of quasiparticles. However, the millinmter-
wave conductivities are orders of magnitude higher, and
show a much weaker T dependence. As our measuring
frequencies are much smaller than the single-particle gap,
consequently the extra conductivity at these high frequen-
cies is to be associated with the electrons condensed in the
CD%' state.

III. ANALYSIS AND DISCUSSION

0-TaS3 (a)

The frequency dependence of the CDW contribution to
the conductivity

Reocpw(co, T) =Reo (co, T) od, ( T—)

Imocpw(cu, T)= Imo (co, T),
both normalized to od, (300 K), are shown in Figs. 4 and 5
at representative temperatures. Figures 4(a) and 5(a) are
typical of the data for the temperature region
130~ T& 210 K; Figs. 4(b) and 5(b) for 100 & T & 130 K,
and Fig. 4(c) for T (90 K.

An extensive body of experimenta1 data is availab1e in
TaS& in the "low-"frequency spectral range below 10
6Hz. The results possess two dominant qualitative
features: (1) Reacpw(co) increases with frequency tending
to saturate at about 5—10 GHz, (2) Irno or Rem is posi-
tive. The data are conventionally analyzed in terms of a
"relaxational" dynamic response of the CDW, with a
characteristic frequency called the "crossover" frequency
cu„/2m.-10 —10 Hz. Here a description in terms of a
single harmonic oscillator response, while reproducing the
overall qualitative features, has to be supplemented by a
distribution of relaxation times, or pinning frequencies.
Alternatively, Reocpw(co) in this spectral range is
analyzed in terms of a tunneling model, wherein a
photon-assisted tunneling description leads to Reocpw(co)
in good agreement with experimental findings. Note that
these lower-frequency measurements would, in the linear
horizontal frequency scale of Figs. 4 and 5, be confined to
the vertical axis near zero frequency. They are not includ-
ed both for reasons of clarity and because they are not
necessary for the present analysis. (The full frequency
dependence will be discussed later. )

(a)

-0,8-

(c)

Frequency cu/P ir (6Hz)

FIG. 4. Reo.co~(~, T) normalized to the room-temperature
conductivity aR~ as a function of frequency ~/2n. at (a) 160 K.
The solid line is a fit of the data to the real part of Eq. (1) with
1/2m. v=125 GHz, o,„=Reo.co~(9 GHz). (b) Same as (a), but
at 100 K. The solid line is a fit of the data to the real part of
Eq. (2) using 1/2m' =100 GHz, mo ——21 GHz. (c) Same as (a),
but at 60 K. The sohd hne represents Eq. (2) with 1/2rrr= &0

GHz„coo——SS GHz.

-0,8-

120

FIG. S. Im~co~(~, T) normalized to o.zz as function of
~/2m at (a) 160 K. The solid line is a fit to the imaginary part
of Eq. (1) with the same parameters as in Fig. 4(a). (b) Same as
(a), but at 100 K. The solid line is fit to the imaginary part of
Eq. (2) with the same parameters as in Fig. 4(b).
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Confining ourselves, for the moment, to the tempera-
ture range 210 to 130 K, the present data between 10 and
110 GHz possess two new qualitative features [see Figs.
4(a) and 5(a)].

(1) Recrcz&w(co) decreases with increasing frequency in
the entire frequency range.

(2) ImcrcDw(co) and Re@(co}are negative in the full fre-
quency range. We interpret these results in terms of a
damped inertial response of the CDW, represented by the
equation of motion

m 'x'+ x /w= eE exp(icot),

where x is the displacement of the CDW due to the driv-

ing electric field E. This yields the Drude behavior for
ocow given by Eq. (1). For the present temperature range
(130—210 K), the data reveals that

a,„=ner!m'=Recrcow(9 GHz) .

The solid lines in Figs. 4(a) and 5(a) are fits of the data to
the real and imaginary parts of the Drude equation (1),
from which the damping parameter I/2m~ is extracted.
As Figs. 4(a) and 5(a) show, crcDw(co) is very weil
described by the damped inertial response represented by
Eq. (1) with well-defined parameters. Furthermore, since
m ' =ne ~/cr, „,the effective mass can also be calculated,
with n being evaluated from the crystal structure and
band filhng. Thus three of the parameters of the CDW
response: ~, rn', and o~,„areobtained from the Drude
response.

In the above analysis, pinning was ignored since the re-
laxational response occurs at these temperatures at much
lower radio frequencies. However, the rf data can be
combined with the present data to yield the pinning fre-
quency coo. The single oscillator response Eq. (2) yields a
characteristic frequency called the crossover frequency
co„,which can be defined as the frequency at which Imo.
reaches its maximum value (see Fig. 6). For TaSi at 160
K, this method gives co„/2m =150 MHz, which with
1/2@~=125 GHz yields coo ——4.3 GHz. Since in practice
the single oscillator response gives a semiquantitative but
not accurate fit to the low-frequency data, the evaluation
of co„is not unambiguous. However, other methods of
evaluating this quantity, e.g., as the frequency at which
ReacDw(co„)=cr,„/2,yield values which agree within a
factor 2 with those evaluated from the frequency where
Imo (co) has a maximum.

Another method of evaluating coo is by using the low-

frequency dielectric constant together with the effective
mass measured in this work, through the relation

m * are obtained by examining the full frequency range.
At temperatures below about 130 K, Figs. 4(b) and 5(b}

show that because of the increased pinning frequency, it is
no longer possible to treat the inertial and relaxational
responses separately, as was possible at higher tempera-
tures. Thus we have found it necessary to use Eq. (2),
representing the full response of the CDW. However,
now it is necessary to treat both a,„and~0 as additional
fit parameters, and a best fit is shown in Figs. 4(b) and
5(b). Again all the parameters: ~, coo, and m ' (from cr,

„

and r) are obtained, by examining data only in the mi-
crowave and millimeter-wave spectral range.

At temperatures below about 60 K, the frequency
dependence is much more complicated than the simple
single oscillator descriptions used above [Fig. 4(c)], and a
fit in terms of Eq. (2) is not possible. This is demonstrat-
ed in Fig. 4(c) where the measured ReocDw(co) is com-
pared to Eq. (2). Consequently, we have not attempted to
extract the parameters which characterize Eq. (2) for this
temperature region. (For further discussions of the validi-

ty of the single oscillator description, see Sec. III C.)
The present work yields all the phenomenological pa-

rameters, ~, m ', ruo, and 0,„,relevant to the single oscil-
lator description of CDW dynamics. In the following we
discuss the experimental findings and compare with avail-
able microscopic theories.

240-

FV

160-
I

C4

80-

o-TaS&

~ oo~o+

(a)

16QQ—

A. Damping (v ) and maximum conductivity (0,„)
The damping frequency 1/2m' determined at different

texnperatures in the CD% state is displayed versus tem-
perature in Fig. 6(a). The remarkable feature of the re-
sults is that I/2m+ is relatively temperature independent
between 100 and 210 K, increasing slightly near Tr .

In the temperature range 210 K to approximately 120
K (see Fig. 7), o,„=cr„,the conductivity in the normal
state above Tz, since cr„=ne ro/mo, where ~0 is the

e(co~0)= 1+ 4mne

P7l QPO

(4)
l—

1200- 0
0 0

At 160 K for TaSi, e(1 MHz) (Refs. 6 and 8) =4)& 10
and m '/m, =940 from the present work. With
n =6.5X10 '/cm (Ref. 2), Eq. (4) yields coo/2m=3. 7
GHZ, in agreement with the other method. It should also
be noted that ~0 is impurity and hence sample dependent.

In this temperature regime, these measurements con-
firm the overdamped behavior, since ~&~ «» 1. Further-
more, all the parameters of CDW dynamics: coo, r, and

0

i

180 240 500

FIG. 6. (a) Damping frequency 1/2m~ versus temperature T.
(b) m (T)/n(T) normalized to m, /n(0) versus temperature T.
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FIG. 7. Maximum conductivity o. ,„(T)/oRT versus tempera-
ture.

where k is the electron-phonon coupling constant,
p=m'/mb, with mb the band mass, and Q, =co2k /2.
Since mb is not known, we take p =m '/m„available
from the present measurements. The above result also
leads to

0'max = ne 64 ~~ 1

Ir'~2 (6)

These expressions are valid well below TJ where
n(T)=n(T=O), since effects of quasiparticles are ig-
nored. Thus in its present form, the theory predicts a T
dependence for I/2m' and 1/cr,„atlow temperatures
where the quasiparticle number is negligible. The above
expressions are valid for T ~ 8D, the Debye temperature,
which is approximate1y 50 K for TaS3. For T ~eD, the
theory predicts an even stronger temperature dependence,
1/w~ T .

The T dependence for 1/2Irr is not observed in the
present experiment [see Fig. 6(a)] and the damping con-
stant is nearly independent of temperature. Regarding
magnitudes, using k=0.34, 0,=25 K, and p=940, the

damping time of normal electrons and mo is the band
mass above Tp. This result implies rim'=ro/mo, con-
sistent with arguments" implying such a relationship.
Hence the damping frequency I/2mr in the CDW state is
smaller by the factor mo/m' (=10 ) than the corre-
sponding quantity 1/2171 0 ill the IlorIIlal state. Tllis is
why we are able to observe the Drude response of the
CDW [Eq. (1)] in the mm-wave frequency range, in con-
trast to most metals, where the Drude response occurs at
optical frequencies.

A microscopic theory of CDW damping has been ini-
tiated by Takada, %'ong, and Holstein. ' According to
these authors, the dominant contribution arises from
scattering with thermally ambient phasons. The effects of
thermally generated acoustic phonons and amplitons are
much weaker. Damping due to impurities and normal
electrons is neglected. The results of the theory can be
represented as

21/2 4

2m 64

theory yields 1/2Irr=4 6.GHz at T= 160 K, nearly a fac-
tor of 24 lower than the experimental results.

The maximum conductivity o,„does increase quite
rapidly below Tp, in qualitative agreement with the
predicted 1/T dependence. However, it must be remem-
bered that in this region quasiparticle damping probably
cannot be ignored. The theory yields o. ,„=6.3&10
(Qcm) ' at 160 K, higher by 24 than the experimental
value o~,„=2.6X10 (Qcm) '. At T &100 K, Ir~,„be-
gins to decrease. We associate this with the increasing
disorder, possibly arising from increasing commensurabil-
ity.

It would appear that the theory in its present form un
derestimates the magnitude of CDW damping. Further
analysis by the same authors' indicates that Coulomb in-
teractions, originally ignored, play an important role, and
could significantly enhance the damping.

B. Effective mass ( m )

From the experimentally determined ~ and
o,„=ner/m', the effective mass m' was determined.
Strictly speaking, the experiments yield m'(T)/n (T), and
this quantity normalized to the free-electron value

m, /n(0) is plotted as a function of temperature in Fig.
6(b). At low temperature, since n(T)=n(0), Fig. 6(b)
directly yields m*/m„which is seen to be —10I. The
dynamical response of the CDW is thus characterized by
a very high effective mass in o-TaS&. Also, m "(T)/n (T)
is nearly independent of T, except near Tp where it tends
to increase slightly.

In mean-field theory the effective mass is given by'

m' 4h (0) n(T)=1+
2

mi, &~yak n (T =0)

Therefore mean-field theory predicts m "(T)/n (T) should
be temperature independent since m*(T) ~n(T) 0: b (T).
As is evident from Fig. 6(b), our results are in general
agreement with this prediction except near Tp. Compar-
ison between theory and experiment regarding magnitudes
is dependent on parameter values in Eq. (7) for I,, a@2k,,

and 6(0). For TaSI, it is reasonable to take A, =0.34 and

uzk„=50 K, the same values as for NbSe3. Using a

mean-field result, 6(0)/kII ——1.74T& =390 K yields
m'/mb-715. However, in TaS3, due to strong one-
dimensional fluctuations, 5(0) can be considerably higher.
From dc resistivity measurements below the Peierls transi-
tion, b(0) =700 K„which gives m'/m& ——2200. The ex-

perimental results lie between these two estimates, and
considering the uncertainty in mb, the agreement within a
factor 2 is quite acceptable. The temperature dependence
suggests that the mean-field theory is less appropriate
near Tz. Overall our results indicate that while a mean-
field theory is appropriate to a first approximation, addi-
tional effects may have to be included.

C. Pinned mode and oscillator strengths

The full frequency dependence of the CDW conductivi-
ty from 10 to 10" Hz, including lower-frequency data, is
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sllowil ill Fig. 8 for botli tile real and imaginary parts. It
is clear that in this range, the full response of the q=0
CD% phason mode is observed, which has a damped
resonant character due to pinning, damping, and finite
mass.

The solid line represents a fit to Eq. (2) based on a sin-

gle oscillator model with parameters ~o ——5 6Hz„
I/2@v=125 Ghz, and o,„=ReocDw(9GHz). While this
simple oscillator description works well for the high-
frequency part describing damping and inertia (as is to be
expected from the discussion in Sec. III), the lower-
frequency part disagrees (which had been known previous-

ly ). In this relaxational regime it is common to consider
a distribution P(coo) of pinning frequencies. Such a
description yields the dashed line in Fig. 8, from

O'CDw(CO) = P (COO)0'so(COO)dNO,
0

(8)

where o„is the single oscillator conductivity, given by
Eq. (2). For Fig. 8, P(coo)=1 for coo&5 GHz, P(~o)=0
for coo& 5 GHz. It is seen that the distributed oscillator
model yields a better fit to the lower-frequency data, and
hence to the overall response. As is to be expected, the
distribution of pinning frequencies does not affect the
inertial response since the latter occurs at much higher
frequencies.

An important quantity that can be obtained from the
present measurements is the oscillator strength of the

CD% mode. For a single collective mode whose linear
response is given by Eq. (2),

00 me

0
Reocow(co) dao =

2
n (T)

m*(T)

The temperature dependence of the inverse of this quanti-
ty has already been plotted in Fig. 6(b). From Fig. 6{b) we
see that the oscillator strength is almost temperature in-
dependent, decreasing slightly near Tp. (In a mean-field
theory it should be constant for T & Tp. )

The CD% contribution represented by the above equa-
tion, is —10 of the total oscillator strength (i.e., includ-
ing all frequencies co—+ ao ). This is due to the large effec-
tive mass, which makes the Drude response accessible on
this mm-wave frequency range. Further, this area should
be "missing" from the optical part of the conductivity
spectrum at frequencies co ~ b, .

While the area under Reo.cow is relatively temperature
independent, the whole spectrum shifts to higher frequen-
cies, as is evident from Fig. 4, as the temperature is
lowered below approximately 100 K. This can be associ-
ated with the tendency of the CDW to become increasing-
ly disordered, thus developing higher-frequency com-
ponents, as the temperature is lowered.

As we have already remarked before, the frequency-
dependent response at low temperatures appears to be
more complicated, and a description in terms of a Drude
response is not possible. Various evidences, such as long-
time relaxational phenomena and remanent polarization
effects suggest that at these temperatures disorder plays
an especially important role, and this has been called a
"charge-density-wave glass. "' It is anticipated, that the
~ dependent response is characterized by an extremely
broad distribution of pinning frequencies, with an upper
cutoff beyond the millimeter-wave spectral range. The re-
sults presented in Fig. 4{c)are indicative of such behavior,
but we have not yet attempted to analyze our experimen-
tal data in detail. The frequency-dependent response may
be further complicated in this temperature region because
of commensurability effects, leading to soliton excita-
tions' of the collective mode. Experiments at higher fre-
quencies are required to clarify this point.

3
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FIG. 8. CD%' conductivity o.co~(~, T) normalized to
o,„(T)at T=160 K versus frequency ~/2m, including the
present higher-frequency data and other lower-frequency data
(Refs. 5 and 7), thus covering the range 10 —10" Hz. (a)
Re~, (~,T)/~, „(T);(b) Imcrco~(~, T)/a. ,„(T).The solid
lines represent fits to the real and imaginary parts, respectively,
of Eq. (2) with coo/2m=5 GHz, 1/2m~=125 GHz. The dashed
line represents Eq. (7) with parameters discussed in the text.
Above approximately 5 GHz the dashed and solid lines coincide.

IV. CONCLUSIONS

In this paper, and in I, we have presented clear evidence
for inertia effects which characterize the dynamics of the
collective mode in two, widely investigated model com-
pounds, NbSe3 and 0-TaS3. In both eases, the response in
the microwave and millimeter-wave spectral range can be
described by a Drude expression, and —with n evaluated
from the known crystal structure and band filling —the
parameters m' and ~ can be extracted. When combined
with lower-frequency measurements, the pinning frequen-

cy ~0 is also obtained. The magnitude and temperature
dependence of the damping constant ~ are, at present, not
accounted for by theories and we conclude that damping
associated with the dynamics of the pinned collective
mode is not fully understood at present. Our results,
together with those performed on alloys, ' indicate that
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TABLE I. Charge-density-wave parameters for NbSe3 and TaS3 deduced from the present experi-
ments. N/A denotes not available.

Measured
o,„=ne'r/m" [(Qcm) 'j
1/2m~ (sec ')
co„/2'=no~/2m (sec ')
coo/2m (sec ')
m */m,

24000
70' 10'

100' 10
2.6g10'
117,95'

2000
90' 10'

N/A
N/A
270

TaS3
(160 K)

2500
125 g10'
150' 10'
4.3y10

940

5(0) K

m */mb

106'
0.32

78

253'
0.30

340

390
0.34

715

'm /m, =95 is deduced from a two-fluid model (see text).
bFrom mean-field theory, 5(0}= 1.74k T~.
'A. Zettl, G. Gruner, and A. H. Thompson, Phys. Rev. 8 26, 5760 (1982).

damping is not an impurity effect, but rather is deter-
mined by an intrinsic mechanism.

Well below the Peierls transitions, the measured effec-
tive masses are independent of the temperature, in agree-
ment with the mean-field results, but increase when the
Peierls transition is approached. This latter observation
may be related to the effect of normal electrons, as dis-
cussed in I. In Table I, we have collected the measured
effective-mass values at selected temperatures, in both
phases of NbSe3 and for o-TaS3. The electron-phonon
coupling constants [evaluated using the mean-field expres-
sion b, =a exp( —I/A, )] are also given with our best esti-
mates for the single-particle gap A. The mean-field ex-

pressions for m*/m, are also displayed in Table I. The
agreement between our experimental values and the
mean-field results is adequate, considering the uncertain-
ties of the parameters involved. We also note that our re-
sults for m'/mb are different from those evaluated re-
cently by Thorne et al. ,

' using the low-frequency end of
the spectrum, and also the tunneling model. ' The reason
for the disagreement is not clear at present and the issue
clearly requires further attention.

%e have also examined the m-dependent response in a
broad frequency range, and analyzed the results in terms

of a distribution of characteristic frequencies. Such a dis-
tribution does not affect the higher-frequency end of the
spectral range, but leads to drastic deviations from a sin-
gle harmonic oscillator response at radio frequencies. In
this low-frequency regime, the tunneling model also gives
an approximate description of the measured low-

frequency response. '

Our results may also be related to the observed
electric-field-dependent response, as various models sug-
gest that the characteristic fields which describe cr(E) are
related to the characteristic pinning frequency coo. The re-
lation between co- and E-dependent response will be dis-
cussed in a later publication.
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