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We report the observation of strongly frequency (w)-dependent conductivity (o) in the
charge-density-wave state of orthorhombic TaS;. Both o(w) and the field-dependent conduc-
tivity o(E) are analyzed in terms of Bardeen’s tunneling model. Experiments involving the
joint application of ac and dc fields are also reported.

The linear chain compound TaS; (orthorhombic
form) undergoes a Peierls transition! at temperature
T,=216 K. The charge-density wave (CDW) is com-
mensurate with the underlying lattice and has a
periodicity 4c¢, where c is the lattice constant along
the chain direction.? We have reported earlier’ that
the dc conductivity o is strongly nonlinear above a
threshold electric field E7r and have also observed
narrow band noise in the nonlinear region,* with
noise frequency f, ~ Icpw Where Icpw is the current
carried by the CDW. These observations, similar to
those found in NbSe;,” give clear evidence that the
nonlinear phenomena are associated with moving
charge-density waves.

In this Communication we report the observation
of frequency-dependent conductivity in the CDW
state and also report on experiments involving a joint
application of ac and dc driving fields. The frequency
(w) and electric field (E) dependent conductivity o
obeys the scaling relation proposed by Bardeen,® with
an additional contribution from the oscillating CDW
at low frequencies.” Excess dc conductivity can be
induced by the application of an ac field, with ac-dc
coupling characteristic of a strongly damped oscillator
response.

The real and imaginary parts of the conductivity,
Reo(w) and Imo(w), were measured using an HP
8754 A network analyzer. The applied ac voltage am-
plitude V,. was one to two orders of magnitude
smaller than the threshold voltage V7 for the onset
of dc nonlinearity. The experiments involving the
joint application of ac and dc voltages were performed
using radio-frequency circuits developed by us. The
experiments were performed on needle-shaped crys-
tals with the chain direction parallel to the needle
axis. The measured o then refers to the conductivity
along the chain direction. In all cases two probe con-
figurations were used, with contact resistances more
than two orders of magnitude smaller than the sam-
ple resistance.

Figure 1 shows Reo(w) and Imo(w), normalized
to the dc conductivity at room temperature, at vari-
ous temperatures below 7,=216 K. Down to about
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130 K, Rea(w) smoothly increases from the dc value
and saturates above 1 GHz; Imo(w) shows a max-
imum at frequencies where Reo(w) strongly in-
creases with increasing w. The overall behavior of
both the real and imaginary parts is similar to that
observed in NbSe; in both CDW states,”® and is
characteristic of a strongly damped oscillator
response. Following Lee, Rice, and Anderson’® the
pinned CDW can be represented by a harmonic oscil-
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where ¢ is the phase of the CDW. T is the damping
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FIG. 1. Reo(w) and Imo(w), normalized to oy, mea-
sured at room temperature. The temperature is shown only
for Reo(w); the same symbols are used for Imo(w).
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constant and w,, is the pinning frequency, and m and

M are the band mass and Froélich mass, respectively.
Equation (1) leads to the following conductivity when
the inertia term is neglected:

Reo(w) = ne’l v’
m+Mr o*+ (0}/T)? '
Imo(w) = —" 2 @

m +Mro} o'+ (0}/T)?

When the response is weakly damped, Reo(w) has a
peak, and Imo(w) a zero crossing at  =w2/T. Fig-
ure 1 then shows that the CDW response is not
weakly damped, but rather overdamped. Fits of Egs.
(2) to the experimental data displayed in Fig. 1 give
weo=w2/T =240 MHz, independent of temperature
between T, and 140 K. Below this temperature the
o(w) curves become progressively broader, indicat-
ing a distribution of pinning energies, in accordance
with the conclusion drawn from the nonlinear con-
ductivity studies.>1?

An alternative description of both o(w) and o (E),
based on tunneling of macroscopic CDW segments,
was proposed recently by Bardeen.® The model leads
to a CDW tunneling contribution to the dc conduc-
tivity

0 (E< ET)
o' (E) =

(3

The parameter Ej is given by Eq=me2/4ke vy, where
€, is the CDW gap and vy the Fermi velocity, and
e*=me/(m + My) is the effective charge of the
CDW. The threshold field E7 is given by

e*ErL = €z, where L is the length of the CDW. The
tunneling contribution to the w-dependent conduc-
tivity is given by

oc(w/wr) =ci.(E/Er) 4)

with the relation between the w and E scale given by
wr=e*LEr. Thus the field- and the frequency-
dependent conductivity have the same functional
form. To test Egs. (3) and (4) we have measured
both o(E) and o(w) on the same sample during the
same experimental run to avoid uncertainties associ-
ated with variations from sample to sample. Figure 2
shows o (w) and o (E) with a4(E —0) subtracted in
both cases and with the w and E scales adjusted at
high frequencies and electric fields. The full line is
Eq. (3) with chosen parameters E;y=1.3 V/cm and
Ey=5Er=6.5 V/cm. With the measured sample
length / =0.4 mm, this corresponds to a threshold
voltage Vr=Erl =52 mV and Vy=E¢ =260 mV. It
is clear from Fig. 2 that o (E) is well described by Eq.

o(E —'oo)ll —%]exp(—Eo/E) (E=E7;) .
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FIG. 2. Normalized o(E) and o(w) at T=170 K.
a4 (E —0) has been subtracted in both cases. The solid
curve is Eq. (3) with parameters V=52 mV and V=260
mV. The w and E scales are normalized using the measured
values of o above 3 V7. The inset shows the difference
between o(w) and o (E).

(3) over the whole electric field range. Also above
about E ~3Er, o(w) and o (E) have the same func-
tional dependence on w and £. The scaling relation,
as shown in Fig. 2, gives a threshold frequency
wr/27m =25 MHz. The CDW gap €, =fwr=1.6

x 1071 ergs, orders of magnitude smaller than the
thermal energy k7.

Below E ~3E7, o(w) > o(E), indicating an excess
contribution to o(w). This has been suggested to re-
flect the excitation of oscillations of the pinned
CDW.” The pinned mode [Eq. (1)] leads to a con-
ductivity contribution

P(w) = oP(wp) o0 ®)
g\w)=0 (W Ty T AT — >y

T (0} — 0?) +TMw?
and the total w-dependent conductivity is to first or-
der given by

o) =0c'(w) +cf(w) . (6)

Making use of Eq. (4), o”(w) =o(w) —o'(E). This
is shown in the inset of Fig. 2, where we have sub-
tracted from o(w) the experimental field-dependent
conductivity o(E). It is apparent that Eq. (5), with
wr/2m ~100 MHz and w7/T ~1, provides an ap-
propriate description of o”(w). We conclude, there-
fore, that Bardeen’s tunneling model accounts for
both the field- and frequency-dependence conductivi-
ty in TaS;. A similar analysis for NbSe; has been
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performed recently,” and similar conclusions concern-
ing the field and frequency dependence of o are ob-
tained.

Next we discuss our experiments involving the
joint application of ac and dc fields. For a conductivi-
ty which shows both a pronounced field and frequen-
cy dependence, various combinations of ac and dc
fields V = V4. + V,.coswt can be applied, and the dc
and ac current and polarization can be detected to
study the fine details of CDW transport. In this
Communication we discuss two such experiments,
which we believe give significant information about
the CDW dynamics. We also give a tentative descrip-
tion, in terms of a classical analysis, for some of our
findings.

1. Search for photon-assisted tunneling. The single-
particle theory of tunnel junctions,!! used to arrive at
Egs. (3) and (4), also predicts a finite dc current
when the combined dc and ac field energy is larger
than that corresponding to the threshold field, i.e.,
eEL +%w > eErL. After establishing the relation
between w and F as shown in Fig. 2, we have tried to
induce a dc current for various E and o values which
satisfy the condition for photon assisted tunneling.
With a sensitivity two orders of magnitude larger
than the theoretically predicted® !! excess current
Icpw, we did not find an excess dc current and there-
fore conclude that photon-assisted tunneling does not
occur for CDW transport.

2. dc conductivity induced by large amplitude ac field.
While excess dc current cannot be observed by apply-
ing a high frequency but small amplitude ac field, dc
current can be induced when Vg + V.. > Vr, ie., by
a large amplitude ac field. We have measured /4 in
the presence of an ac field of varying amplitude and
frequency. Figure 3 shows the ac amplitude required
to give a dc conductivity 1% or 2% higher than
o4(V —0), at various frequencies, with parameters
V4 and V7 given on the figure. The strong increase
of V,. with increasing frequency has also been ob-
served recently in NbSe;.!2 For a strongly damped
CDW the displacement cannot follow the ac field at
higher frequencies; consequently, larger and larger ac
amplitudes are required to lead to the same critical
displacement for which dc conduction occurs. For an
overdamped system, the assumption that a critical
displacement X is required for dc conduction leads
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FIG. 3. Frequency dependence of the ac amplitude which
leads to an excess dc conductivity 1% and 2% larger than the
o(V —0) value. Vy refers to the threshold field for dc
nonlinearity. The solid curve is Eq. (7) with parameters
Velw=0)=0.14 V and w.o/27 =50 MHz.

12,13
Ei(0) = Ex(0=0)[1~(0/w)?]'? . @)

The full line of Fig. 3 is Eq. (7) with V,.(w=0)
=0.14 V and w.o/27 =50 MHz.

In conclusion, we have tested experimentally the
various aspects of CDW dynamics in TaS;. We find
that certain features, in particular, the detailed form
of o(E) and the scaling relation of o(w) and o(E),
strongly favor a description in terms of a quantum-
mechanical tunneling of charge density waves.’
Photon-assisted tunneling, however, is not observed,
and also a tentative explanation can be advanced,
based on a classical motion,!? to account for our ac-
dc coupling experiments. We believe that a micro-
scopic theory of CDW transport should reflect both
the quantum-mechanical and classical (time-
dependent) aspects of our experimental findings.

Noted added in proof. The effect of ac excitation on
the dc conductivity has also been interpreted in the
framework of the tunneling model.!*
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