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Charge-density-wave transport in orthorhombic TaS3. III. Narrow-band "noise"
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Narrow-band noise measurements are reported for the linear chain Peierls semiconductor,
orthorhombic TaS3. In the nonlinear conductivity region, sharp narrow-band noise peaks
are observed with several harmonic. The amplitudes of the peaks are temperature depen-
dent, starting from zero just below the charge-density-wave (CDW) transition at Tr-215
K, and remaining approximately constant below T=170 K. Between Tp and approximately
100 K, where both the field- and the frequency-dependent conductivities suggest highly
coherent response of the CDW condensate, the noise spectrum is simple (fundamental and
harmonics). At lpw temperatures the noise spectrum becomes quite complicated, with many
fundamental and harmonic peaks present, due to a loss of the transverse coherence in the
material and indicative of a disordered CD%' state. At intermediate temperatures a linear
relationship is found between the excess CD% current and the fundamental noise frequen-
cy. Analysis in terms of coherent motion of the CDW indicates that the characteristic dis-
tance associated with the narrow-band noise is approximately equal to one CD% wave-

length A, and that pinning is dominated by impurities rather than by commensurability. A
comparison of the data is made with the predictions of the classical model of CD% trans-
port and with Bardeen's theory of coherent current oscillations. The noise observations are
compared to and contrasted with related measurements performed on the similar CDW ma-
terial NbSe3.

I. INTRODUCTION

The quasi-one-dimensional linear-chain com-
pound orthorhombic TaS3 undergoes a Peierls phase
transition to a semiconducting state at Tt ——215 K.'
The ground state is characterized by a gap in the
single-particle excitation spectrum and by the collec-
tive charge-density-wave (CDW) mode, which in the
cpnveil'tipilal llptatloli ls written as

hp(x) =A cos(2kFx+P),

where x refers to the chain direction, and A and P
are the amplitude and phase of the CDW. The
period of the CDW is given by A, =nlkF. In TaS3
the associated CDW is commensurate with the
underlying lattice with a period 4c where c is the lat-
tice constant along the chain direction. The highly
unusual electrical transport properties in the CDW
state, in particular the strongly nonlinear dc conduc-
tivity s and frequency-dependent acconductivi-
ty, suggest a collective charge-transport mechanism.
The observed response in TaS3 parallels closely that
of NbSe3, a related linear-chain compound which
has been the prototype for CDW transport studies.
Studies on the incommensurate CDW modes of

NbSe3 have indicated that impurities will pin the
CDW in place for low applied electric fields E, but
that sufficiently high fields can depin the CDW and
enhance the conductivity by the Frohlich mechan-
ism. '0 In addition to nonlinear conductivity stud-
ies,6 s lpw field ac conductivity studies" of NbSe3
show an anomously large dielectric constant, again
indicating a collective response of the CDW mode.

In two previous publications' ' (hereafter re-
ferred tp as I and II), we have described the CDW
response of orthorhombic TaS3 to bpth dc and ac
driving fields. In I we showed that below Tp (but
above apprpximately 100 K the dc response tJ'(E) is
characterized by a strongly nonlinear conductivity
with a well-defined threshold field Er for the onset
of nonlinear conduction. In this same temperature
region the ac conductivity o'(to) suggested an pver-

damped oscillator response when in«rpreted
terms pf a response of a classical haxraonic oscilla-
tor. Detailed analysis of both t7(E) an«(co) gave
excellent quantitative fits to the predictions of a
model of CDW tunneling across a pinning gap. ' '
At temperatures lower than approximately 100 K
the forms of o(E) and o(to) suggested a loss of
correlation between CDW segments and an in-
creased role played by disorder.

One of the most striking features of CDW trans-
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port is the appearance of narrow-band noise in the
response-power spectrum for applied dc fields
exceeding the threshold ET. The noise peaks (fun-
damental and several harmonics) reflect a periodic
time-dependent response to a dc applied field. In
this regard the notation "noise" is not appropriate;
nevertheless we will use this notation to be con-
sistent with the notation used in previous works. '

These noise observations were first made on NbSe3
(Refs. 16—18) and were later also observed in
orthorhombic TaSr. ' In this publication we re-

port detailed measurements of the narrow-band

noise in orthorhombic TaS3. We find that the field
dependence of the peaks in the noise spectrum at in-

terrnediate temperatures suggests a linear relation-

ship between the excess CDW current ICDw and the
fundamental frequency of the narrow-band
noise. ' ' In addition, the temperature dependence
of the noise spectrum suggests coherent sample
response at higher temperatures and a loss of coher-
ence between conducting chains at lower tempera-
tures, a conclusion also reached on the basis of the
field- and frequency-dependent response. We
analyze our data both in terms of a classical model
of CDW transport and in terms of a recent
description ' of coherent current oscillations in

NbSe& where the current oscillations and associated
narrow-band noise are taken to arise from the slid-

ing of the CDW over the peaks and valleys of the
potential that pins the phase of the wave. Analysis
of the data indicates that the characteristic distance
associated with the narrow-band noise is approxi-
inately equal to one CDW wavelength A, and that
pinning is dominated by impurities rather than by
commensurability.

This paper is organized as follows: In Sec. II we
describe the experimental techniques used to obtain
the narrow-band noise data. Section III contains the
experimental results, which are discussed in Sec. IV.
A comparison with NbSe3 in Sec. V is followed by
the conclusion in Sec. VI. Parts of our experiments
were published earlier. '

II. EXPERIMENTAL TECHNIQUES

Orthorhombic TaS3 crystals used in this study
were from the same preparation batch as those used
in o(E) and o(co) reported in I and II. Typical crys-
tal dimensions before mounting were 5 mmX10
pmX1 pm, where the long dimension corresponds
to the chain axis (c axis). We have used a two-probe
mounting configuration with conductive silver paint
contacts. Contact resistances were typically a few
ohms, or more than 2 orders of magnitude smaller
than the sample resistance at T =200 K. To insure
a uniform sample cross section and to avoid self-

heating effects of the sample we have used a contact
spacing less than 0.5 mm. This distance corre-
sponds to that along the chain axis and it is with
respect to this axis that the driving signal was ap-
plied and the response was measured. The sample
was driven by a dc current source and the sample-
current and time-averaged (dc) voltage response
were measured using conventional digital voltme-
ters. By comparing the dc I-V characteristics with
those obtained on similar samples with the use of a
pulsed technique we have verified that sample heat-
ing effects were negilgible for the highest fields re-

ported here.
Simultaneously with the dc measurements the ac

voltage response of the sample was detected and am-
plified with a differential broad-band amplifier
developed by ourselves, with a gain of 50 and a
bandwidth of 100 MHz. A short (10-cm) coaxial
cable was used between the sample and amplifier to
eliminate reflections or standing-wave problems.
The amplifier output was then Fourier decomposed
using a (1—100)-MHz spectrum analyzer. A signifi-
cant improvement in the spectrum-analyzer output
signal was obtained by averaging approximately 250
sweeps of the spectrum analyzer with a multichan-
nel signal averager. Occasionally up to 2048 sweeps
were recorded when the narrow-band noise ampli-
tude was very small. A specially designed He gas-
flow cryostat was used to vary the temperature.
This system has a temperature accuracy of about 1

K and a stability better than 0.1 K at all tempera-
tureS.

III. EXPERIMENTAL RESULTS

Figure 1 shows the frequency spectrum of the
voltage response of orthorhombic TaS3 for various
values of the applied electric voltage at T =165 K.
The sample was actually driven from a current
source and thus V represents the time-averaged dc
value. Below a critical voltage V, there is no evi-
dence for either broad- and narrow-band noise, as
shown in the upper trace of the figure. For V& V„
a dominant and relatively sharp noise peak appears
at frequency f ~

with harmonics of diminishing am-
plitude also apparent. The dominant or fundamen-
tal peak and its associated harmonics move to
higher frequencies with increasing applied bias V
and no upper limit on the frequency of the funda-
mental was observed.

Figure 2 shows the frequency spectrum for an ap-
plied dc voltage V=1.7V„or equivalently, an ap-
plied electric field E =1.7E„ in greater detail. The
strong and sharp fundamental noise peak is clearly
seen at fi ——10 MHz and two higher harmonics of
lesser amplitude are apparent at 20 MHz=2f &

and
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FIG. 1. Narrow-band noise spectrum of orthorhombic
TaS3 at T=165 K for various values of the applied dc
bias voltage. Threshold voltage for the onset of nonlinear
conduction is V~ ——45 mV.

30 MHz=3f i. The dashed line indicates the base-
line for zero ac response and thus a small amount of
broad-band noise is observed between successive har-
monics. Although there is some frequency spread
near the base of the fundamental noise peak at fi,
we find no clear evidence for subharmonics offi.

The dc 1-V characteristics of Ta$3 measured
simultaneously with the data displayed in Fig. 1 and
plotted as a normalized conductivity versus applied
dc bias voltage are shown in Fig. 3. The threshold
voltage for the onset of nonlinear conduction is
clearly seen at VT ——45 mV. With the use of the
measured sample length 1 =0.2 mm this corre-
sponds to a threshold electric field Er ——2.2 V/cm,
in good agreement with values reported in I. A de-
tailed comparison of the noise spectrum for dif-
ferent applied bias fields E and the nonlinear I-V
characteristics of the sample indicates that the criti-
cal field for the onset of narrow-band noise is identi-
cal to the threshold field for the onset of nonlinear
conduction, i.e., E, =Er. Similar observations have
been made in both CDW states of NbSei. '

As can be seen from Fig. 1, the amplitudes of the
fundamental frequency fi and its harmonics are
field dependent. In the nonlinear conductivity re-
gion the peak height first smoothly increases with
increasing E just above ET. Owing to instrumental
limitations we were not able to measure the noise
peaks at frequencies below approximately 1 MHz.
We expect, however, that near ET the fundamental
noise peak will continue to decrease smoothly in fre-

FIG. 2. Frequency spectrum of the voltage oscillations
in the nonlinear conductivity region of orthorhombic TaS3
in the coherent CD%' state. Fundamental noise peak is
clearly seen at 10 MHz with two higher harmonics also
present. Dashed line represents the baseline for zero ac
response.

quency and amplitude with decreasing applied E,
approaching zero amplitude at threshold. Between
approximately 2Er and 3ET the amplitude of the
fundamental peak decreases slightly with increasing
E. An extension of measurements into the high-
field and -frequency limit ( & 100 MHz) was ham-
pered by severe sample-heating effects.

The general appearance of the noise spectrum is
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FIG. 3. Normalized dc conductivity vs applied dc bias

voltage for orthorhombic TaS3 at T =165 K. Threshold
voltage for the onset of nonlinear conduction is indicated

by the arrow. Data are for the same sample as used for
Fig. 1.
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strongly temperature dependent. This is shown in

Fig. 4 where we have selected several frequency
traces at various temperatures for a single sample.
We find that the noise spectrum is most clearly de-
fined at approximately T =170 K. At this tempera-
ture f, and its higher harmonics are clearly seen and
the peaks are quite sharp. In fact, for moderate
electric field strengths the finite width (at half max-
imum) of the peaks appears to be instrumental.
This was verified by substituting for the sample a
carbon resistor driven by a frequency synthesizer
which yielded a comparable peak width at half max-
imum. At higher temperatures the amplitude of the
noise peaks in general decreases and higher harmon-
ics are difficult to observe. Above approximately
205 K we were not able to observe any narrow-band
noise component, although the conductivity is still
nonlinear in this temperature region up to the phase
transition at 215 K with a well-defined threshold
field. At temperatures below approximately T =140
K, the noise spectrum becomes rather complicated
with several fundamental frequencies and harmonics
present. This is shown in Fig. 5 where several fre-
quency traces are shown for different values of the
applied voltage V at T =140 K. The spectrum be-
comes even more smeared with decreasing tempera-
ture and below approximately 90 K it becomes im-
possible to isolate a dominant noise peak. The com-
plexity of the noise spectrum at lower temperatures
appears to be closely related to the smearing of both

the dc and ac responses at low temperatures as dis-

cussed in I and II.
It is important to note that the quality of the

narrow-band noise spectrum in TaS3 is extremely
sample dependent. Even for crystals from the same
preparation batch a wide variety of narrow-band

spectra for a given temperature is found. Some
samples showed complicated spectra even at T = 170
K, similar in appearance to those shown in Fig. 5,
which is for an average quality crystal at T = 140 K.
A few exceptionally high quality crystals showed
reasonably "clean" narrow-band spectra to about
100 K. For such crystals signal averaging of the
spectrum-analyzer output was not necessary and the
frequency of the fundamental noise peak could be
read directly from the spectrum-analyzer cathode-
ray-tube (CRT) display. The fi-vs-E data for such
a sample at T = 130 K is presented in Fig. 6.

IV. DISCUSSION

In both I and II careful comparisons were made
between experimental cr(E) and cr(co) data and the
predictions of the classical model of CDW trans-

port and the quantum-mechanical-tunnehng
model. ' ' Voltage oscillations and associated
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FIG. 4. Frequency spectra of the voltage oscillations in
orthorhombic TaS3 at selected temperature. Above
T~ ——215 K no noise peaks are observed. For each tem-
perature below Tq the dc bias field has been chosen to
produce a fundamental noise peak near 12 MHz.
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FIG. 5. Frequency spectra of the voltage oscillations in
orthorhombic TaS3 at T =140 K. Threshold voltage for
the onset. of nonlinear conductivity is at VT ——75 mV for
this sample. Note the different frequency scales for the
data below V=130 mV.
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FIG. 6. Fundamental noise frequency vs applied dc
bias voltage for orthorhombic TaS3 at T=130 K. Data
are for a particularly good sample which produced a sim-

ple narrow-band noise spectrum even at this low tempera-
ture.

narrow-band noise in the nonlinear conductivity re-

gion are natural consequences of the classical model
but follow also from arguments developed recently

by Bardeen. ' Bardeen's theory does not depend on

the details of the mechanism of the CDW but re-

quires only that the CDW slide without dissipation
over the peaks and valleys of the pinning potential.
This theory should apply to the tunneling model but
it is expected that a description in terms of classical
CDW motion with inertia terms included will lead
to a similar description.

In both descriptions, in the nonlinear conductivity
region the CDW slides over the periodic pinning po-
tential, transporting charge and giving rise to an
enhanced dc conductivity. Assuining a constant ef-
fective charge for the CDW and thus a constant
external driving force provided by the applied elec-
tric field E (voltage-controlled situation), the CDW
velocity will vary periodically in time due to the
motion of the CDW over the potential peaks and
valleys. Thus the excess current provided by the
sliding CDW, ICDw, will contain an oscillating com-
ponent. This oscillating component gives rise to the
narrow-band noise at fi, and, because of the asym-
metry af the velocity functian, to higher harmonics.

Two aspects of the observed noise spectrum are of
importance. First, the relative amplitude of the har-
monics is related, through the time-dependent CDW
velocity vd(t), to the shape of the periodic potential
and to the relative importance of damping and iner-
tia effects. Second, the dependence of the noise fre-
quency on the applied field ar on the current carried
by the CDW establishes the length of the periodic

In this section we analyze the harmonic content of
the narrow-band noise spectrum at intermediate
temperatures (T—170 K). We investigate how the
amplitude of the observed harmonics varies with the
order of the harmonic and also how the amplitude
of a given harmonic varies as a function of applied
electric field E.

As seen in Fig. 1, at T =165 K, TaS3 displays a
reasonably clear and simple narrow-band noise spec-
trum with one sharp noise peak at fi and peaks of
smaller amplitude apparent at 2f i and 3fi. In other
wards, we are able to clearly resolve the first three
harmonics of the coherent voltage oscillations in the
sample. Careful noise ineasurements on NbSe3 with
the use of high-purity samples have revealed very
similar noise spectra with up to eight harmonics ob-
servable. In I and II we discussed a classical model
of CDW transport based on a phenomenological
description of the pinned CDW by Lee, Rice, and
Anderson. ' This model described in a qualitative
way the main features observed for the field- and
frequency-dependent conductivity, i.e., the nonlinear
dc conductivity cr(E) with a sharp threshold ET and
saturation at high electric fields E, the overdamped
response of o(co) with the frequency dependence ex-
tending to co~0, and the saturation of a(co) at high
frequency co. The model also accounts for experi-
ments performed in the presence of ac and dc driv-
ing fields. In this model the CDW is treated as a
charged classical particle of effective charge e and
mass M moving in a periodic potential subject to
external driving forces and to damping. In the
model, far a sinusoidal potential and overdamped
motion, the equation af motion is

2
1 dx o . eE+ sin(Qx) =

where I =M/y with y the damping constant,
coo——k/M where k is the restoring force constant,
and Q =2ir/A. where A, is the period of the pinning
potential. Equation (1} is formally the same as the
equation which describes the behavior of a resistive-

ly coupled Josephson junction. The correspon-
dence between CDW and Josephson-junction phe-
nomena has been recognized by various groups,
among them Ben-Jacob. For E & ET, Eq. (1}yields
a CDW velocity
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a+ —[cos (o)t) —sin (o)t)]—2(1—a )' sin(o)t)cos(rot)

4
' 1/2

e EV o~
M' Q'

and a=E/ET, with the threshold field ET Mo——) /eg. Equation (2) predicts a fundamental oscillation fre-
qUCQGY

with harmonics in the CDW current at

I„-(a —1)'~ [a—(a —I)'~ ]"cos n o)t+ —+sin 'a

with n = 1,2, 3, . . .. The time-averaged CDW
current density for the entire sample is given by

~cDw = (E' ET')'"— (&)

where n, is the density of electrons condensed in the
CDW state. Equation (5) leads to a simple relation
between the CDW current density and the funda-
mental noise frequency,

n(T)eA, .

monies fall off like 1/n, and for a triangular
waveform, they fall off like 1/n . In Fig. 7 we have
plotted both the 1/n and 1/n decays. It is ap-
parent that the experimental data lie intermedia««
the 1/n and 1/n decays, a result also obtained for
narrow-band noise measurements on NbSe3. A de-

tailed fit to the TaS3 data yields a 1/n' decay, but
we do not regard this exponent as significant.

As can be seen from Fig. 1, the amplitude of the
fundamental noise peak at f~ is field dependent.
For E & ET, the amplitude of the noise is zero, as

From Eq. (4) we see that the amplitude of higher
harmonics decreases with increasing n In Fig. .7 we
show the narrow-band noise spectrum of TaS) at
T =16S K and E =1.7ET. The solid line in the fig-
ure is Eq. (4) normalized to the fundamental fre-

quency peak. Although this fit appears to be quite

good, it should be noted that the calculated relative
amplitude of the harmonics is a rather sensitive
function of a=E/ET, and that for increasing E the
amplitudes of the higher harmonics are predicted to
decrease quite rapidly as the time-dependent current
approaches a sinusoidal function. This is in contrast
to experimental observations which indicate that the
relative amplitudes of the noise harmonics are rather
insensitive to the magnitude of the applied field.

In an electrical analog model of CDW response
in the nonlinear conductivity region the CDW's are
represented by relaxation oscillators which lock to-
gether in phase due to a weak resistive or capacitive
coupling. The resulting waveform of the coupled
system is periodic in time and can be rich in har-
monics. For a sawtooth waveform, successive har-

Eq. (4)
——)/n

1in

1Q 2Q

«equency (MHz)

FIG. 7. Narrow-band noise spectrum for orthorhombic
TaS3 at T= 165 K. Amplitude decay of higher harmonics
ts close to a 1/n behavior as indicated by the dashed leone

in the figure. Solid line is a fit to the classical-model pre-
diction, Eq. (4). Dotted line shows a l/n falloff.
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expected for a pinned CDW. For E&ET, the am-

plitude of the fundamental first increases smoothly
with increasing E and then slightly decreases for
fields greater than approximately 2ET. Setting
n =1 in Eq. (4), which then gives the amplitude of
the first harmonic in the classical model, we obtain

2 1/2
E E E

2 1/2

Ai(E)- —1 —1E F. E

Vl

3

C3

Q 2
E

0 ~ 0

o L
0

A similar expression has been obtained rex:ently by
Monceau et al. with the use of the same model as
proposed in Ref. 20. In Fig. 8 we have plotted the
amplitude of the fundamental noise peak of TaS3 as
a function of E with the use of the data of Fig. l.
The full line in Fig. 8 is Eq. (7) normalized to Ai
(E=80 mV)=3. It is apparent that the amplitude
of the fundamental increases much slower with in-

creasing electric field than that predicted by the
classical model. The rapid increase predicted by the
model is related to the rapid increase of IcDw above
threshold and to the divergence of the differential
conductivity dIcDwldE as E approaches Er from
above. As discussed in I, this divergence has not
been observed by experiment where ICDw is found to
increase more slowly with increasing E above ET,
with a functional form suggestive of tunneling phe-
nomena. ' An amplitude of the fundamental pro-
portional to the observed ICDw would lead to the
measured smooth increase of A i as seen in Fig. 8.

Although the scatter of the experimental data is
fairly large in Fig. 8, it appears that in the high-
electric-field limit the amplitude of the fundamental
decrease with increasing E, in contrast to the predic-
tion of Eq. (6) and also in disagreement with an
overdamped response in the current-carrying state
for any form of the periodic potential. This may be
related to a finite-inertia effect of the CDW which is
not included in Eq. (1). A classical harmonic oscil-
lator with inertia described as

40 80

bias voltage (mVj

120

FIG. 8. Amplitude of the fundamental noise peak vs

applied dc bias voltage for orthorhombic TaS3 at T=165
K. Threshold field is indicated by an arrow. Solid line is
the prediction of the classical model (neglecting inertial
effects), Eq. (7). Dashed line is a guide to the eye for the
experimental data.

cillations in NbSe3 it was suggested that the CDW
moves adiabatically over the periodic pinning poten-
tial V((()) in such a way that the total energy of the
wave, kinetic plus potential, is constant. The CDW
velocity is composed of a time-independent and a
time-dependent component,

V =V» + V i (P),
where v» represents the time average velocity, vi is
the oscillating component of the velocity, and P is
the phase of the CDW relative to a potential
minimum. The assumption that the sum of the ki-
netic and potential energy of the moving CDW is
conserved in the large-velocity (v» »vi ) limit leads
one to obtain for the oscillating component of the
current bI,

2dx 1 dx ~o . eE
sin(gx) =

ddt Q M
b,IX IcDw ——

2 2
——const,

—V($)
m'n, e A

(10)

leads to a time-dependent current; however, in the
high-electric-field limit the amplitude of the current
oscillations decreases and is inversely proportional
to the CDW current IcDw. Assuming that the func-
tional form of the time dependence depends only
weakly on E, one expects A ~(E) to decrease with in-

creasing applied bias voltage, as observed experi-
mentally.

Arguments which also emphasize the role in an
inertia term have recently been developed by Bar-
deen. ' In a description of the coherent current os-

where m" is the effective mass of the CDW, n, is
the density of electrons condensed in the CDW
state, and A is the cross-sectional area of the sample.
Here the sample is assumed to be driven by a voltage
source. Equation (10) predicts that in the high-field
limit the amplitude of the current oscillations de-
creases with increasing ICDw, i.e., with increasing E.
The amplitude of the coherent current or voltage os-
cillations is given by the inverse Fourier transform
of the noise spectrum. If the dependence of E on
the higher harmonics in the noise spectrum is the
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same as that of the fundamental frequency, we can

approximate the amplitude of the oscillations by Ai,
the amplitude of the fundamental noise peak. We
see from Fig. 8 that in the high-field limit, A i, and

thus b,I, appears to decrease slightly with increasing

E, in qualitative agreement with the predictions of
Eq. (10). Owing to sample-heating effects, however,
we were not able to extend our experiments to
higher electric fields where Eq. (12) could be tested

quantitatively.

B. Current-frequency relation

In this section we analyze the relation between the
fundamental noise frequency f~ and the excess
CDW current IcDw. We shall proceed with the as-

sumption that the narrow band-noise arises from the
CDW sliding over the periodic pinning potential and

that the fundamental noise frequency f ~
is propor-

tional to the time-averaged CDW drift velocity u~.
If A, represents the period of the potential, then

f, =uqlk, . Since IcDw n, eud——A, Eq. (6) follows.
Equation (6) predicts that for constant n„e, A, , and

A, f) is directly proportional to IcDw. This linear
relation between the noise frequency and CDW
current was first proposed by Monceau et al." on
experimental grounds for NbSe3. It is also predicted
by the classical model. Studies of NbSes have veri-

fied the linear relation up to f ~
——100 MHz.

Figure 9 shows the fundamental noise frequency

f, vs IcDw for TaSs at T=130 K. Experimental
data shown in the figure were extracted from Fig. 6,
which was obtained on an exceptionally good sam-

ple. IcDw is defined by IcDw I —V/Ro wher—e—I is
the measured dc sample current, V is the dc sample
voltage, and Ro is the low-field (Ohmic) sample
resistance. It is clear that a linear relation is found
over a reasonably wide frequency range. From Eq.
(9) and the measured slope IcDw If )

——45
pAMHz ', the characteristic distance A, can be
determined. From the measured sample length, the
sample resistance, and the room-temperature con-
ductivity cr=2.6&10 0 'cm ', we obtain a
cross-sectional area A =9.62)& 10 ~ cm~. n, can be
determined from the published lattice parameters
and we find a value n(T=O)=2. 6y10 '. This
value is easily corrected for finite-temperature ef-
fects with the use of the temperature dependence of
the CDW order parameter as determined from x-ray
studies. We thus obtain n(T =130 K)=1.9X102'
electrons/cms. Equation (6) then yields A, =13.26 A,
in excellent agreement with the CDW wave-

length A,cDw
——13.3 A. It thus appears that although

orthorhombic TaS3 is a commensurate system the
CDW pinning is dominated by impurities. This re-
sult is further substantiated by studies of TaSs crys-
tals with varying amounts of substitutional impuri-

~o ao
noise frequency (MHz I

FIG. 9. Excess CDW current IcD~ vs frequency f ~ of
the fundamental noise peak in orthorhombic TaS3 at
T=130 K. Data correspond to that shown in Fig. 6.
Linear relation yields strong support for Eq. {6).

ties in which the threshold field for the onset of
nonlinear conduction was found to increase dramati-
cally with an increasing concentration of impuri-
ties.

Since the density of electrons per chain condensed
in the CDW state is given by n, =irlk~, Eq. (6) can
also be written as

Icow n, (T)
(per chain) =2e

i n, O

It has recently been suggested that a moving soli-
ton lattice with a fractional soliton charge e/2 is
responsible for the oscillating current. In this case
Eq. (11) must be rewritten as

Iexcess e n, (T)
(per chain) =—

1 n, O

The same result, i.e., Eq. (12), is obtained in the
CDW case if the oscillation frequency corresponds
to a displacement of the CDW by one lattice con-
stant ao ——A, /4. The analysis of IcDw/f i discussed
previously for TaSs indicates that for T =0,
Icow/f ~ (per chain) is 1.8+0.5e, in close agreement
with the predictions of Eq. (11), supporting strongly
that charge transport is by sliding CDW's.

We also mention that a linear relation between f,
and IcDw is not always observed in TaS3 but devia-
tions from such behavior are due to an inhomo-
genous cross section of the specimen or inhomo-
genous current injection through the silver paint
contacts. A complicated noise spectrum is usually
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associated with nonlinear ICDw-vs-f, curves. This
is shown in Fig. 9 where we have plotted f ~

vs ICDw
for a relatively poor sample at T =170 K. Al-
though fi appears to start from zero at ICDw ——0,
the slope dICDwldf, is not constant. Only in the
high-field limit does this slope approach a constant
value. We suggest that the increase in dIcDwldfi
with increasing ICDw reflects an inhomogenous
current density within the sample. As E is increased
above Er more and more CDW domains in the sam-

ple become mobile and contribute to ICDw. For
such ill-defined samples we have also observed a fair
amount of broad-band noise along with abnormally
wide frequency widths for the fundamental noise
peaks. Further evidence for an inhomogenous
current distribution is the form of the dc conductivi-

ty just above threshold. Although at moderate tem-
peratures (T-170 K) a reasonably well-defined
threshold field Er is observed for these samples, the
conductivity increase just above Er is very gradual,
in contrast to the relatively sharp increase in the
conductivity above ET found in high-purity NbSe3
samples. We note that even for NbSe3 samples non-
linear relations have been found between ICDw and

fi with a functional form similar to that shown in

Fig. 9. For high-quality NbSe3 samples, however, a
linear relation is always observed. ' '

From Eq. (6) we see that IcDwlfi gives a direct
measure of n, ( T), the density of electrons condensed
in the CDW state. Using data at various tempera-
tures simlar to those shown in Fig. 7 we have
evaluated IcDwlfi as a function of temperature.
The results are shown in Fig. 1Q. We find an in-

creasing n, with decreasing temperature below the
transition, as expected for the temperature-
dependent CDW order parameter b, (T). Figure 10
also shows b, (T) as evaluated from conductivity
measurements, x-ray studies, and thermopower
measurements. 3 The dc conductivity determination
of b, (T) is from the work of Ido et al. where b(T)
was calculated from the low-field (Ohmic) dc con-
ductivity with the use of the expression

—b, (T)
od, (T)=ooexp

temperature independent, b,(T)-Sk&T. In deter-

mining S we have used TaS3 crystals from the same
preparation batch as was used for the narrow-band
noise measurements and also for the studies reported
in I and II. Figure 10 shows a remarkable agree-
ment between b, (T) as evaluated from the analysis of
the narrow-band noise data and that evaluated from
structural measurements and from experiments
which are sensitive to the number of uncondensed
electrons. A similar conclusion was recently
reached for NbSe3. ' We also note that the tempera-
ture dependence of b, is weaker than that given by
the Bardeen-Cooper-Schrieffer (BCS) form. This
may be due to deviations from mean-field behavior
due to the highly anisotropic electronic structure of
TaS3.

C. Temperature dependence of the noise spectrum

As discussed in I and II the disappearance of a
sharp threshold field and the slow rise of the
frequency-dependent conductivity at low tempera-
tures (somewhat below 13Q K) is indicative of a loss
of coherent CDW response. The noise measure-
ments provide direct evidence for this conjecture:
While only one dominant noise peak and its har-
monics are observed at high temperatures, somewhat
below 130 K the noise spectrum becomes rather
complicated. Although the amplitude of the noise
remains high at low temperatures, the width of the
peaks increases dramatically. Moreover, we can no
longer clearly distinguish the dominant noise peak at
fi. Rather, several large peaks appear, each with

Ta Sg

T = 170K

g 80-

C:
CLP

1

The x-ray data represent the amplitude of the super-
lattice peaks as measured by Tsutumi et al. In the
analysis of the thermoelectric power S we have used
the relation

S-(p, —p„)
b,(T)

where S is the absolute thermoelectric power and the

p, and p„refer to electron and hole mobilities,
respectively. Thus, assuming that the mobilities are

P0 30
noise frequency (MHzj

40

FIG. 10. Excess CDW current IcD~ vs frequency fi of
the fundamental noise peak in orthorhombic TaS3 at
T =170 K. Data are for a rather poor sample and the
nonlinear relation found indicates an inhornogeneous
current density within the sample.
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corresponding higher harmomcs. The situation wor-
sens with lowering temperature and at 90 K we find
that the noise pattern resembles more a high level of
broad-band noise with varying amplitude than clear
narrow-band noise peaks. However, for a given field
E, the noise amplitude above a certain frequency is
very small. This "frequency front" for the noise
amplitude moves to higher frequencies with increas-
ing E. We suggest that these low-temperature ef-
fects are the result of a loss of phase coherence be-
tween the response of different CDW segments. In I
we found that at low temperatures the threshold
field for the onset of nonlinear conduction became
less well defined and below 100 K the nonlinearity
extended to E~O. We called this region a disor-
dered CDW state in which the CDW segments
responded individually to give a smeared response.
In II we found that the low-temperature response
was characterized by an ac conductivity 0(co)-co
characterisitic of a random system, again arguing
for the loss of a coherent CDW response. The loss
of both transverse coupling between chains and
longitudinal coherence in TaS3 at lower tempera-
tures may in part be due to the semiconducting na-
ture of the sample. At lower temperatures fewer
and fewer normal electrons are excited across the
Peirels gap and thus the screening effect of the nor-
mal carriers of the electric field distribution is re-
duced with decreasing temperature. The result is a
nonuniform electric field within the sample due to
electric fields which may build up at grain boun-
daries, dislocations, and impurities. These effects
become especially pronounced in a material with fi-
brous morphology such as TaS3, where inhomogene-
ous electric fields can lead to different current densi-
ties within the sample with each current path pro-
ducing its own narrow-band noise peak. Thus at
low temperatures noise should still be observed but
the dominant frequency will be ill defined, as ob-
served.

In the coherent CDW region between approxi-
mately 130 K and Tz the long-range phase coher-
ence associated with the current-carrying condensate
is directly confirmed by the clean-noise spectrum, as
discussed before. Concerning the temperature
dependence in this temperature region two effects
appear to be important. First, the intensity of the
noise peaks strongly decreases with increasing tem-
perature, and second, we also find a broadening of
the noise peaks with increasing temperature. The
strong decrease of the noise amplitude with increas-
ing temperature appears to have two major sources.
First, due to the semiconducting nature of TaS3 in
this temperature region the sample resistance is
strongly temperature dependent. From the relation
b, V=b,IR, where b, V is the observed oscillation

1.0i

++og
+0~

+

from T~I=

frO(T) X-rOyg

0
100

i

140
I I

180

T(K)

i

220

FIG. 11. Ratio of the excess CDW current Ico~ to the
fundamental noise frequency f~ at various temperatures
for orthorhombic TaS, . In all cases f ~

——12 MHz. Ratio
reAects n, the density of electrons condensed in the CD%
state [see Eq. (6)]. Crosses (+ ) and solid line reflect the
CD& order parameter as determined from the ther-
moelectric power and x-ray diffraction studies (see text).
CD& transition temperature is indicated by an arrow.

voltage amplitude, M is the oscillating current am-
plitude, and R is the sample resistance, one expects
b V to decrease with decreasing R for fixed bL
Since R decreases with increasing temperature a de-
creasing noise amplitude is expected with increasing
temperature. The second source for the decreasing
amplitude is the decrease in M itself due to the tem-
perature dependence of n„ the density of electrons
condensed in the CDW mode. As T approaches Tp
from below, n, falls smoothly to zero, as can be in-
ferred from the data in Fig. 11. The sum of the two
contributions thus leads to a noise amplitude which
strongly decreases with increasing temperature fal-
ling to zero at Tp, in agreement with the experimen-
tal results.

As can be seen from the data of Fig. 1, the de-
crease in noise amplitude with increasing tempera-
ture above 170 K is accompanied by a slight
broadening of the noise peaks, i.e., a drop in the
quality factor. The broadening appears to reflect
the decrease in the CDW order parameter, i.e., a
weakening of the three-dimensional (3D) coherence
in the material as T approaches Tp. Just below the
transition, both the amplitude of the noise peaks and
the quality factor should smoothly approach zero, as
indicated by the experimental results. We remark
that a similar broadening of the noise peaks in
NbSe3 has been observed near the CDW transition
temperature.
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V. COMPARISON WITH NbSe3

Both orthorhombic TaS3 and NbSe3 undergo
Peierls transitions to CDW states with nonlinear
conductivity and associated narrow-band noise ap-
parent in the CDW regions. In this section we com-
pare and contrast the observed narrow-band noise
spectra of TaS3 and NbSe3. We suggest that the
lower effective diinensionality of TaS3 plays an im-
portant role in the spectral purity of its coherent
current oscillations.

In Sec. IV we argued that although the CDW in
orthorhombic TaS3 appears to be cominensurate
with the underlying lattice, pinning is due to impuri-
ties. Further evidence for impurity pinning is the
low threshold field ET-Q. 3 V/cm at T =170 K
found recently for high-quality samples. Thus the
situation is similar to that in NbSe3 where the in-
commensurate CDW is pinned by impurities. ' A
major difference between TaS3 and NbSe3 is the ef-
fective dimensionality of the system. The one-
dimensional character of TaS3 leads to a complete
destruction of the Fermi surface at T~ and thus to a
semiconducting state below the transition. In con-
trast, NbSe3 remains metallic below the Peierls tran-
sitions, indicating that only part of the Fermi sur-
face is removed. Hence in NbSe3 the CDW is ac-
companied by a substantial number of single-particle
carriers even at low temperatures. In contrast, the
semiconducting nature of TaS3 leads to a concentra-
tion of single-particle carriers which goes to zero at
T~0.

The more one-dimensional nature of TaS3 is due
to the relatively small interchain coupling provided
by the sulfur atoms on neighboring chains. A small
interchain coupling often leads to multiple crystallo-
graphic phases for a material as exemplified by the
orthorhombic and monoclinic structures of TaS3.
Multiple phases for TaS3 can even occur within a
single needle.

At intermediate temperature the narrow-band
noise spectrum in TaS3 is very similar to that ob-
served in NbSe3 with the amplitude of the harinon-
ics decreasing approximately as 1/n ' . Studies of
NbSe3 samples have yielded' ' ' a linear relationship
between IcDw and fi, consistent with the linear re-
lationship found for high-quality TaS3 samples.
Various TaS3 crystals have shown a nonlinear rela-
tionship between IcDw and fi with a functional
form similar to that obtained for some NbSe3 crys-
tals. At low temperatures the noise spectrum for
TaS3 becomes quite complicated with many noise
peaks apparent. This is a direct reflection of the
weak transverse coupling between chains and the
freezing out of normal carriers which homogenize
the electric field and current density. Owing to the

sensitivity of fi on the excess current density, TaS3
samples with nonuniform cross sections will give a
complicated noise spectrum even at high tempera-
tures. We have found that very short samples with
uniform cross sections give the clearest noise spec-
tra, in agreement with the above discussion. We
also note that NbSeq samples with obvious physical
defects such as stranding near the contacts or
nonuniform cross-sectional areas show noise spectra
quite similar to those of TaS3 at lower temperatures.

It is worthwhile to remark that the absolute
narrow-band noise amplitude in orthorhombic TaS3
is approximately 100 times smaller than that ob-
served in NbSe3. However, the relevant parameter
in this case is not the height of the peaks, but rather
the integrated noise intensity. It is easy to see that
the slight frequency spreading near the base of the
narrow-band noise peaks, as shown in Fig. 2, contri-
butes significantly to the integrated noise intensity
in TaS3 and we find that the overall observations in
TaS, are entirely consistent with those made on
NbSe&. The higher level of broad-band noise found
in TaS3 most probably reflects the lack of phase
coherence between CDW domains, again due to the
relatively high anisotropy of the TaS3 crystals.

VI. CONCLUSION

In this report we have discussed the narrow-band
noise spectrum of the linear-chain compound
orthorhombic TaS3. Above the Peierls transition
temperature Tp-215 K we see no evidence for
narrow-band noise, while below Tp we see noise only
for E & ET where ET corresponds to the threshold
field for the onset of nonlinear dc conduction. The
amplitude of the narrow-band noise peaks decreases
with increasing temperature above T =170 K, fal-
ling to zero just below the transition. At tempera-
tures near T =170 K the noise peaks are sharp and
well defined with one dominant peak at f~ and
higher harmonics of lesser amplitude present. At
lower temperatures the amplitude of the noise peaks
decreases slightly and the noise spectrum gradually
becomes more complex with decreasing temperature.
At low temperatures we are not able to clearly iso-
late a dominant noise peak, and the response indi-
cates a loss of transverse coherence between con-
ducting chains and an inhoinogenous current distri-
bution within the sample.

At intermediate temperatures and for high-quality
samples, f, is directly proportional to the excess
CDW current IcDw. The amplitudes and frequency
dependence of the narrow-band noise peaks are in
general agreement with the classical model of CDW
transport. The amplitude data however indicates
that an inertia term may be important for the de-
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pinned CDW. Analysis of the IcDw-vs-fi data in-
dicates that the characteristic distance associated
with the narrow-band noise is one CDW wavelength

In the high-field limit the amplitude of the volt-
age oscillations is in qualitative agreement with a
description on narrow-band noise given for NbSe3
where the CDW moves adiabatically over the pin-
ning potential. Using the relation between ICDw
and fi we have evaluated n„ the density of electrons
condensed in the CDW mode. This value is in
agreement with the CDW order parameter as deter-
mined from other transport and x-ray studies.

The narrow-band noise observations presented
here, along with the field- and frequency-dependent
response described in I and II, give strong evidence
for a collective CDW transport inechanism in TaS3.
We note, finally, that the observation of the highly
coherent response, which implies long-range phase
coherence in the current-carrying charge density
state is perhaps the most fundamental unexplained

feature of the CDW transport phenoinena. In both
NbSe3 and TaS3 the CDW is pinned by impurities,
most probably through local deformations of the
CDW. Models which account for pinning by im-

purities do not reproduce the highly coherent
response, while models which lead to macroscopic
phase coherence treat the pinning effects in a
phenomenological way.
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