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The charge-density-wave contribution to ac and de conductivity, rectification, and
harmonic mixing has been measured on a single crystal of orthorhombic TaS;. A modi~
fied tunneling theory based on the Zener model of charge-density-wave conduction pro-
vides a detailed and quantitative account of these experiments. This evidence strongly
supports the hypothesis that macroscopic quantum effects are observed in the megahertz
frequency region at temperatures as high as 200 K.

PACS numbers: 72.15,Nj

Nonlinear collective charge transport due to
the motion of charge-density waves (CDW’s) is
observed in the inorganic “one-dimensional” met-
als NbSe, ! and TaS,? below their Peierls transi-
tions. A dc threshold field E;~0.01to 1 V/em is
required in order to depin these CDW’s from
their equilibrium configuration.®* The nonlinear
ac conductivity resulting from CDW motion in-
creases with applied frequency in the megahertz
region, and eventually saturates at the limiting
value observed for large dc fields.*

There has been controversy as to whether the
depinning of CDW’s can be described by classical
models, or whether an explanation based on quan-
tum tunneling is required. Simple overdamped
oscillator models describe many qualitative fea-
tures,’ and classical theories which incorporate
internal degrees of freedom have also been pro-
posed.® A quantum theory,” based on Zener tun-
neling of the electron condensate through a small
pinning gap, has been shown to give quantitative
agreement with the nonlinear dc I-V character-
istic. An extension of this theory utilizing the
concept of photon-assisted tunneling® predicts a
scaling relation between ac and dc conduction,
and also the effects of combined ac and dc fields.
In a previous series of experiments, Gruner et
al.® and Zettl, Gruner, and Thompson!® tested
various aspects of this tunneling theory and found
the predicted scaling relation to be accurately
obeyed in both NbSe, and TaS,. Serious discrep-
ancies were found, however, for effects involv-
ing combined ac and dc fields.® Experiments re-
ported here on TaS; have led to a revised form
of the scaling relation between field and frequen-
cy that gives excellent quantitative agreement for
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ac-dc coupling effects, and removes the discrep-

ancies with the original formulation of the theory.

These results provide strong evidence in favor

of the tunneling interpretation of CDW depinning.
The tunneling model gives an expression for

the dc current of the form

I3 (E) =Iy(E) +I cpy (E)
=G,E+G,(E —E ) exp(-E,/E). (1)

Here E; is the threshold field, G, and G, repre-
sent the Ohmic and CDW conductances, and E|

is the characteristic field for Zener tunneling.
The observed dc nonlinearity for fields E >E ,
above threshold is very accurately described by
Eq. (1) in both NbSe, and Ta$S, out to the largest
potentials E ~ 100E ; that can be experimentally
applied.*'® Also, photon-assisted tunneling theo-
ry® may be adapted in this context to yield de-
tailed predictions for the ac response of the CDW
condensate, utilizing only the fit of Eq. (1) to the
nonlinear dc I-V curve.

Experimental measurements of ac conductivity
show no dependence on dc bias voltage V in the
range -V, <V,<+V; below threshold. We be-
lieve that polarization effects in this region are
decoupled from the tunneling currents induced by
small-amplitude ac signals, and that the effective
dc voltage is V' =0 for |V <V, According to
this hypothesis, the relevant dc bias is V=V,
=Vgfor Vo>Vyand V! =V, +V, for Vo<=Vi.
The ac conductivity inferred from photon-assist-
ed tunneling theory then becomes

vy +aw)=I'V,! —oaw)
2aw

olw,Vy)= , )
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where I' (V') =I oy (V) for 1Vyl>Vy. With use of
this revised interpretation, there is no sharp fre-
quency threshold, and no change in the small-sig-
nal ac response for |V,l <V, in agreement with
experiment.

The frequency dependence of the ac conductivity
in Eq. (2) for V=0 is predicted to scale with V
-V, inthe form I oy (V)/(V = V,), instead of with
Icpw(V)/V as in the original version of the theory.
This modified scaling between ac and dc response
is illustrated in Fig. 1 for a crystal of orthorhom-
bic TaS; whose threshold is V=32 mV across a
sample length /= 0.5 mm at 7 =190 K. The scal-
ing parameter is inferred to be a/27=0.7 mV/
MHz for this sample, consistent with microscop-
ic estimates for tunneling across a 10-um co-
herence length. The solid line in Fig. 1 is a the-
oretical fit to the dc data based on the Zener tun-
neling expression of Eq. (1) with G,=0.56 mmbhos,
G,=2.50 mmhos, and

E,/Er=25+0.5E;/(E —=Ey). (3)

The second term here is included ad hoc to elim-
inate singularities in the derivatives of Eq. (1) at
E=E,.

The data of Fig. 1 can be utilized to predict the
complete ac response on the basis of photon-as-
sisted tunneling theory. The nonlinear ac conduc
tivity measured as a function of both frequency
and applied dc bias is found to be in excellent
quantitative agreement with Eq. (2). Much more
sensitive tests of CDW dynamics can, however,
be carried out in the form of mixing experiments.
A dc field may be combined with the output from
two frequency-locked signal generators to apply
a voltage across the sample of the form

V({)=V,+V,cos(w,t +@)+Vycos(wyt). 4)

Rectification due to the CDW nonlinearity may
then be probed by setting V,=V,<«<V; and choos-
ing a small difference frequency w,=w, — w, suit-
able for lock-in detection. Under these condi-
tions, the magnitude of the time-dependent recti-
fication signal AI,cos(w,t +¢) is predicted to be

1V 2[1’(170’ +ow)=2' (V) +I' (V! —aw)}
1 ’

Al 2 (aw)?

(5)

where w=w,=w,. The expression in square !
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FIG. 1. Comparison of nonlinear dc and ac conduc-
tance for a crystal of orthorhombic TaS; at 7=190 K,
according to the scaling relation derived from Eq. (2).
The solid line is a theoretical fit of the dc data to
Eq. (1).

brackets is seen to approach the second deriva-
tive of the dc I-V characteristic for aw <V,;. In
Fig. 2, experimental rectification measurements
are compared with the tunneling result of Eq. (5)
for the sample characterized in Fig. 1. The theo-
retical curves are generated with use of the fit
to the nonlinear dec I-V characteristic described
previously, together with the ac amplitude V,=5
mV applied in these experiments. Note that both
scales in Fig. 2 are absolute, and that there are
no adjustable parameters.

Harmonic mixing experiments, again taken on
the same TaS, sample during the same experi-
mental run, are illustrated in Fig. 3. In this
case, the applied signal in Eq. (4) is adjusted so
that the output frequency w,=2w, —w, due to har-
monic mixing is detected by the lock-in amplifier.
A frequency doubler together with a double-bal-
anced mixer was used to synthesize the refer-
ence frequency, and a Schottky diode mounted in
place of the sample provided an absolute phase
calibration. The tunneling-theory prediction for
the magnitude of the harmonic mixing signal
Al cos(w,t +2¢) is given by

Al == VIZVZ[

8 (aw)?*(Caw)

'V, +20w)=2I'(V) +aw)+2I' (V) —aw) =I'(V,! —Zaw)J 6)
s
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FIG. 2. (a) Rectification vs dc bias and frequency
for a crystal of orthorhombic TaS; at 7=190 K.
(b) Predictions of the tunneling model from Eq. (5)
and the fit to the dec I~V data shown in Fig. 1.

where w=w, ~w,/2. The theoretical curves in
Fig. 3 are generated by inserting the fit to the
dec 7-V characteristic into this expression, The
dashed portion of the theory curves indicates that
a bias-independent harmonic-mixing current is
expected for V, < V, below threshold. This be-
havior is indeed observed for large output fre-
quencies w, =1 MHz. The experimental harmon-
ic-mixing results for w,=1 kHz shown here are
seen to vanish for V< V,, while the behavior
above threshold is in good semiquantitative agree-
ment with the theory. Finite ac amplitudes V,
=11 mV and V,=15 mV were required to charac-
terize the response over the entire range of pa-
rameters. This causes some apparent rounding
of the sharp peaks in the mixing signal at low
frequencies, and agreement with theory in this
region is substantially improved by using smaller
applied ac amplitudes. Previous measurements
of harmonic mixing in NbSe, at microwave fre-
quencies by Seeger, Mayr, and Phillip'! are also
in general agreement with the tunneling theory.

A further result which supports the tunneling
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FIG. 3. (a) Zero-phase harmonic mixing signal vs
dc bias and frequency for a crystal of orthorhombic
TaS; at 7=190 K. (b) Predictions of the tunneling
model from Eq. (6) and the fit to the de I-V data shown
in Fig. 1.

theory is the absence of an internal phase shift in
harmonic mixing. In general, the time dependence
of the harmonic mixing signal will be given by
cos(w,t+2¢@=13). The tunneling theory predicts
that ¥ =0 under all conditions, while classical
models are expected to yield nonzero phase shift
at high frequencies. For large applied frequen-
cies aw> V,,V,, Eq. (6) becomes

INOE (%)Z (%ﬂ) Y6, V,cos(wt+2¢), (T)

where =E,/E, and w, =V,;/a. A straightfor-
ward calculation using the classical overdamped
oscillator model® with a sine-Gordon potential
gives
n=L (LY (@) ¢y 2¢ -1
A]O()—§ —17; ” G, Vycos(wyt+2¢— %)
(8)
for frequencies w > w, = w7 large compared to
the classical “crossover” frequency. The phase
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shift in the overdamped limit is expected to in-
crease from =0 for w < w, to Yy=n/2 for w
> w,.'? Applied frequencies as high as v, =500
MHz and v, =1 GHz have been mixed in a second
crystal of TaS, whose classical crossover fre-
quency is v, =80 MHz. A phase shift ¥=0+10° is
observed, and the absence of any measurable
quadrature component is therefore additional
strong evidence for a quantum interpretation of
CDW depinning in a regime where 2y ~10%kT.
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