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Decoupling of ac dynamics from dc polarization below threshold
for charge-density waves in NbSe;
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Experiments on nonlinear charge-density wave motion in NbSe; demonstrate that the small-signal ac
dynamics for megahertz frequencies is effectively decoupled from the dc response for bias voltages
| Vol < V7 below threshold. Mixing signals generated at megahertz frequencies indicate an effective dc
voltage V=0 for all | Vol < V7 in this region. This ac-dc decoupling is further illustrated by rectification
measurements made in the presence of a large-amplitude ac signal. The results are consistent with a re-
vised tunneling theory, but inconcistent with the simplest classical model.

Collective charge transport due to motion of charge-
density waves (CDW’s) is observed in NbSe; (Ref. 1) and
TaS; (Ref. 2) below their Peierls transitions. The dc con-
ductivity I/E increases due to CDW depinning for applied
fields greater than a threshold field Er~0.01 to 1 V/cm,
and eventually saturates at about the same conductivity that
would be expected in the absence of a CDW condensation.?
Similarly, the nonlinear ac conductivity due to CDW motion
increases with applied frequency in the megahertz region,
and at high frequencies approaches the same value as the
high-field dc conductivity.* Periodic oscillations with fre-
quencies proportional to CDW current are present at dc
biases above threshold,*’ and this effect can produce in-
terference phenomena with applied ac signals.®’ A number
of experiments have shown that the CDW can store energy
in metastable polarization states with extremely long relaxa-
tion times.! Experiments reported here demonstrate that
the small-signal ac dynamics in the megahertz region is
decoupled from the dc polarization below threshold—a
result which is inconsistent with the simplest classical
model, but consistent with a revised tunneling theory.

In the simple classical oscillator model,’® the response of a
rigid CDW is characterized by an overdamped motion of its
position in the periodic pinning potential created by either
spatial fluctuations in impurity density or lattice commen-
surability. Applied dc fields tilt the pinning potential in
space as illustrated in Fig. 1, so that dc current. accompanied
by periodic oscillations occurs above the threshold field E7.
This picture is qualitatively inconsistent, however, with
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FIG. 1. Classical overdamped oscillator model: (a) at zero ap-

plied dc field, and (b) at threshold.
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several pieces of experimental evidence. First, the differen-
tial conductivity dV/dI is predicted to diverge at Er, while
good quality crystals show a smooth onset of CDW conduc-
tion. Also, since the restoring force goes continuously to
zero at threshold, the ac conductivity should depend
dramatically on applied dc bias in this region. To the con-
trary, the observed ac conductivity is essentially indepen-
dent of dc bias below threshold.””!® This fact could be ex-
plained if each well were taken to have a parabolic shape in
a piecewise continuous periodic pinning potential. Such a
picture would predict no harmonic mixing below threshold,
however, in contrast to the experiments reported here.

The quantum theory of CDW conduction!! is based on
Zener-type tunneling of condensed electrons through a
small pinning gap. This theory yields an expression for the
dc current of the form

I(E)=Iy(E) +Icpw(E)
=G (E)+Gy(E—Ep)e TF ®
when E > Er. Here G, and G, represent the normal and
CDW conductances, and E is the activation field for Zener
tunneling. Equation (1) has been found to fit the dc
current accurately in both NbSe; (Ref. 12) and TaS;.1?

The theory of photon-assisted tunneling (PAT)!* has
been adapted to interpret the small-signal ac dynamics using
only a fit of Eq. (1) to the measured dc I-V characteristic.
The PAT theory predicts a scaling relationship between the
voltage-dependent dc conductance and the real part of the
frequency-dependent ac admittance taken at zero bias. This
scaling behavior is observed in both NbSe; (Ref. 12) and
TaS3.!* The nonlinear ac response was probed in mixing ex-
periments!® using an applied voltage of the form

V(t)=Vo+ VicosQQmvit) + Vycos(2mvat +¢) . (2)

The generated current components Al cos(2mwvet +¢) for
direct mixing (vo=v2—v;) and harmonic mixing
(vo=v,—2v;) were measured and compared with the tun-
neling theory. The amplitude of the mixing signal is given
by Al = % V1V2d?*I/dV¢ for direct mixing or % Viv,d3I/av}
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for harmonic mixing when v; and v, are small. According
to the PAT theory, the derivatives are replaced by corre-
sponding finite difference forms with a quantum step size
AV =av proportional to the frequency. For example,
d*I/dV$ becomes

(Votav) =2I(Vy) +I(Vo—av) 1/ (avy)?

when vg << v;. A value of the parameter « ~1 mV/MHz
(~10° h/e) is inferred from the scaling relation between
ac and dc conductances, consistent with the theory for CDW
tunneling over a distance ~ 10 um with ¥V, applied accross
an ~ l-mm sample length.

In these previous experiments on ac conductance, direct
mixing, and harmonic mixing in TaSs; ' the tunneling
theory was shown to provide a complete and semiquantita-
tive account of the observed small-signal ac dynamics for
frequencies 1 to 1000 MHz. This agreement with experi-
ment depends, however, on regarding all dc bias voltages
below threshold as equivalent to zero bias in calculating the
ac response, yielding the collapsed effective dc -V curve il-
lustrated in Fig. 2(a). The amplitude of the direct mixing
signal, for example, is calculated as a second difference us-
ing the values of CDW current shown in the figure. At dc
voltages above threshold, the total dc bias V), is replaced
with an effective bias V¢ =sgn( Vo) (|Vo| — V7). Using this
revised interpretation, the PAT theory predicts a scaling
between Icpw(V)/(V — Vr) and the ac CDW conductance
Ga(v) — G, measured at zero bias. This revised scaling is
accurately obeyed over the entire experimental range of fre-
quencies and dc fields in TaS;. An applied dc field below
threshold apparently distorts the CDW into a different me-
tastable configuration,® without affecting its high-frequency
behavior.

This revised interpretation of the tunneling theory
predicts that there should be a bias-independent harmonic
mixing signal in the region Vj =0 below threshold, since
d’I/dV? and its finite difference generalization are even
functions of the effective dc bias. No harmonic mixing sig-
nal was observed in this region in the previous experiments
on TaS; using a quasi-dc output frequency vo=1 kHz. Fig-
ure 3 (solid lines) confirms that a measurable current is
indeed generated in NbSe; when the output frequency
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FIG. 2. (a) Effective collapsed dc -V curve used in PAT theory
calculations. In the figure, Vo=Vo—Vp, 1,=1(Vj+av), and
I_=1(Vy—av). (b) Large-amplitude applied ac signals modify
the collapsed /-V characteristic as shown, yielding the true dc 7-V
curve with reduced threshold voitage Vy.
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FIG. 3. Bias-dependent harmonic mixing (solid lines, v,
=2v;+vy) and direct mixing (dashed line, vo=v;+v() for a sam-
ple of NbSe; at T=125 K. Applied rf amplitudes were
Vi=V,=4.4 mV. The relative scale for the direct mixing signal at
v1=20 MHz is approximately a factor of 4 higher than for the har-
monic mixing curves.

(vo=12 MHz) becomes sufficiently large. Experiments in
which vg is varied while holding v; constant show a mono-
tonic increase of the zero-bias harmonic mixing signal with
output frequency, until saturation takes place for vo> 12
MHz. The same qualitative behavior is also observed in
TaS; for v in the megahertz region.

In contrast with harmonic mixing, the tunneling theory
predicts that direct mixing should vanish for V§ =0 below
threshold at all applied frequencies. This has been verified
at all frequencies observed in the ranges 1 MHz << v; < 500
MHz and 0 < vo=<100 MHz. Figure 3 (dotted line) shows
a representative bias-dependent direct mixing curve with
v1=20 MHz and vo=12 MHz. It should be noted that a
classical CDW oscillating in an anharmonic potential well
would also yield a finite harmonic mixing signal but no
direct mixing at zero bias. However, such a picture would
require that the effective well does not tip with an applied
dc potential below threshold, in contrast to the interpreta-
tion of the threshold field illustrated in Fig. 1(b).

A revealing aspect of CDW dynamics is the nature of the
response in the presence of large-amplitude ac signals. Ear-
ly measurements found that the low-field dc conductance
increases with the amplitude of an applied ac field for
Va> Vr1,'¢ and this result was interpreted in terms of both
the classical overdamped oscillator model'® and the unmodi-
fied tunneling theory.!” More recently, Zettl and Griiner’
have measured dV/dl versus bias voltage in the presence of
a large-amplitude ac signal. Their results show that the dc
threshold decreases with increasing ac amplitude, but that a
threshold voltage Vr < V7 remains sharply defined until it
reaches zero and is completely suppressed.

" Our model predicts that a sufficiently large applied ac field
should cause the effective collapsed I-V curve to approach a
straight line with slope G, as shown in Fig. 2(b). However,
so long as the actual dc threshold V7 has not been com-
pletely suppressed, a very low-frequency probe should
detect a sharp peak in d?I/dV? as a result of the rapid
change in differential conductance at Vo= V7. This expecta-
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FIG. 4. (a) d*I/dV? vs bias voltage for a sample of NbSe; at
T =125 K in the presence of a 10-MHz signal with rms amplitudes
indicated in the figure. (b) Direct mixing (v;=v,=5 MHz, vo=1
kHz, V1=V,=0.37 mV) vs bias voltage in the presence of the
same 10-MHz signals.
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tion is confirmed in Fig. 4(a), which shows d%I/dV? versus
bias voltage for several amplitudes of an applied 10-MHz
signal. The traces beyond the initial peaks at ¥V = V7 are
suppressed for clarity, since this region exhibits interference
effects associated with the coherent oscillations. These
measurements were performed by applying a 1-kHz, 0.3-mV
(rms) signal to the sample and probing the 2-kHz com-
ponent of the induced current with a lock-in amplifier.

If the small-signal ac dynamics is decoupled from the dc
response at bias voltages below threshold, then the singular-
ity at V1 should not be present when the rectification is
measured by small-signal direct mixing at megahertz applied
frequencies. In this case, the effective I-V curve will be the
collapsed curve of Fig. 2(b). Figure 4(b) shows that the
peak value of the direct mixing signal for v;=v,=5 MHz
and vo=1 kHz is indeed successively reduced as the ampli-
tude of the 10-MHz signal is increased. This remarkable
difference in the rectification properties measured at 1 kHz
and at 5 MHz, which are nearly identical in the absence of
the large ac signal, provides strong evidence for the inter-
pretation of ac-dc decoupling illustrated in Fig. 2.
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