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Current Oscillations and Stability of Charge-Density-Wave Motion in NbSe;
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Observations are reported of current oscillations with frequency proportional to cur-
rent in the nonlinear conduction region in NbSe;. At high electric field strengths the am-
plitude of the oscillations decreases with increasing charge-density-wave current. It is
suggested that this behavior is due to the periodic motion of the charge-density wave as
it slides through pinning potential, and good agreement is found when the potential is
evaluated from the frequency-dependent conductivity. The same theory is used to esti-

mate the stability of the pinned charge-density wave.

PACS numbers: 72.15.Vj

A nonlinear current is observed in the quasi
one-dimensional transition metal trichalcogenides
NbSe, ' and TasS, ? when the applied field is above
a threshold field, E;. The current results from
depinning of the charge-density waves (CDW’s)
to give Frohlich sliding-mode conduction.® The
excess current, /(f), has, in addition to broad-
band noise, current oscillations giving narrow-
band noise at a fundamental frequency, v, and
various harmonics with amplitude decreasing with
the order of the harmonic."’*® The relative mag-
nitude of the harmonics is independent of frequen-
cy.

We report direct measurements of the ampli-
tude and frequency of the current oscillations at
various applied fields E above E; in the lower
CDW state (I',<59 K) of NbSe,. It is suggested
that this noise arises from sliding of the CDW
over the peaks and valleys of the potential that
pins the phase of the wave.

We have used two methods to observe the oscil-
lating response of the NbSe, sample. In the first
method a current pulse was applied through the
sample, and the resulting voltage drop across
the sample was displayed on an oscilloscope. The
second method involved application of a voltage
pulse to the sample and observation of the sample
current on the oscilloscope. Both above methods
employed unidirectional, rectangular pulses.

For applied currents I or voltages V less than
the threshold value, V;, for the onset of nonlinear

conduction, a time-independent response with
only broad noise was observed. A typical wave
form obtained for a constant-current pulse in the
nonlinear conductivity region above V; is shown
in Fig. 1.

The response is characterized by a time-depen-
dent voltage, which is the sum of a constant and
a periodic oscillating component: V() =V + AVg(t/
7), where V is the time-average component of the
voltage, and £ is a periodic function of time ¢, of
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FIG. 1. Amplitude of the current oscillation AI and
CDW current I py Vs voltage in NbSe;. The threshold
voltage V »=1.75 mV. The upper portion of the figure
is a schematic representation of the response wave
form from a current pulse with I well above I (see
Ref. 5).
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unit amplitude and period 7. For currents just
above threshold, the wave form is a sensitive
function of V', but for voltages V larger than ap-
proximately 1.5V ; the form of the oscillating
component is independent of V up to highest volt-
ages applied, ~6V ;. At higher voltages this has
been confirmed earlier by measurements of the
harmonic content.® The applied current I and the
time-average voltage drop across the specimen
was also measured by a dc technique. The thresh-
old voltage V;, the sample resistance R, and the
excess current due to the moving CDW, Icpw
=I(V) —I(ohmic), where /(ohmic) is the current
which corresponds to the ohmic conductivity
measured below threshold, were evaluated from
the measured / and V values.

The amplitude of the current oscillations A7 to-
gether with Icpw is shown in Fig. 1. These data
were obtained using the constant-current pulse
method, and we have used the relation AI=AV/R,
where R is field-dependent sample resistance, to
convert the measured voltage oscillation to an ef-
fective current oscillation. The arrow indicates
the onset voltage of the oscillations and it also
corresponds to the onset of nonlinear conduction
Vr as measured by dc technique.

The relation between Icpw and the frequency of
the current oscillations v =7"! is shown in Fig. 2.
As established by previous studies where the fre-
quency of the current oscillations was measured
at various applied fields,*® v is proportional to
the CDW current. Experimental data similar to
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FIG. 2. Noise frequency v = 771 vs CDW current
Icpw. The inset shows Ipy,/v measured at various
temperatures.
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those shown in the figure were taken at various
temperatures, and the temperature dependence
of Icpw/v is shown in the inset of Fig. 2. The
linear relation between /cpyw and v has been in-
terpreted by Monceau, Richard, and Renard* as
due to the motion of the CDW in a periodic poten-
tial. The CDW current is given by Icpw=n.eV, A,
where V, is the drift velocity of the CDW, n, is
the density of electrons condensed in the CDW
mode, and 4 is the cross section of the specimen.
The oscillation frequency is v =V, /A, where A is
the wavelength of the CDW, leading to Icpw/vA
=n,ex.

With A independent of the temperature, /cpw/v
is a direct measure of the number of electrons
participating in the CDW state. The temperature
dependence of this ratio, as shown in the inset of
Fig. 2, closely follows the order parameter as
established by x-ray studies,” and can also be fit-
ted well with the BCS expression for the tempera-
ture dependence of the order parameter A. The
condensed fraction® p, =n,/n varies as A (T') near
the Peierls temperature, T'p. Such a fit gives
Icpw/v =8 uA/MHz at T =0. From the published
room-temperature resistivity p =250 p - cm of
similar, specimens, the cross section A of the
specimen can be evaluated and we obtain Icpy/VA
=38 A/(MHz - cm?®), in good agreement with pre-
vious experimental results®*™® that suggest that A
corresponds to the wavelength of the CDW, A =14
A. However, the uncertainties are such that if,
as suggested by Bak® and by Weger and Horowitz,!°
the CDW is commensurate over most of the
volume, the period possibly could be the lattice
constant @ ~A/4 rather than A.

The amplitude of the oscillating current just
above threshold is a large fraction of the time-
average current. Figure 3 shows AI/Icpyw as a
function of V/V, obtained from both the current-
pulse and voltage-pulse methods. AtV =1.05V,
the oscillating component has the same magni-
tude as the time-average CDW current. We were
not able to evaluate Al and Icpyw closer to V;, but
we expect AI/Icpy to increase further as V ap-
proaches V; from above. We conclude that in this
specimen the active volume must be acting as a
single domain with a single degree of freedom for
the motion of the CDW. A similar conclusion has
been reached by Fleming' recently.

While the oscillating component of the CDW cur-
rent is a large fraction of the time-average cur-
rent just above threshold, A/ decreases in the
high-field (V> V) limit. In Fig. 3 we also show
AIXIcpw which is constant within experimental
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FIG. 3. AI/Icpy and AIXIcpy vS V/V p. Open and
solid circles are constant-current pulses; crosses are
constant-voltage pulses.

error at applied voltages between about 2V, and
6V ;. We account for this behavior by an exten-
sion of a model proposed recently'?™* to account
for the nonlinear and frequency-dependent con-
ductivity and for ac-dec coupling experiments.'*™¢
The theory does not depend on the details of the
model but requires only that the CDW slides with-
out additional dissipation over the peaks and val-
leys of the pinning potential.

Pinning may be described by a pinning potential
V(¢), where ¢ is the phase of the wave relative
to that of the potential minimum V(0) =0. The po-
tential V(¢) is defined as the energy per electron
condensed in the CDW without including the asso-
ciated kinetic energy of the ion motion. The total
energy is then V(¢) multiplied by the Frohlich
mass ratio, @ =(My +m)/m, to include the ion mo-
tion, and by N, the number of electrons con-
densed in the wave.

The coefficient of ¢? in the expansion of V(¢)
in powers of ¢, expressed in terms of the pinning
frequency, v,, is

V(Q) = gm M\, 202 =5 m*V 2%, 0(¢?), 1)

where m * is the band mass, A=7n/k ¢ is the wave-
length of the CDW, and V, is the velocity for a
frequency v,.

The maximum height of the barrier depends on
its shape. I tunneling of electrons is described
as Zener tunneling in a semiconductor model
with an energy gap #v,, the effective height of
the tunneling barrier is™®

Vimax =h%0,2/16E s =5 m*V 2, (2)

which happens to be equal to the coefficient of ¢?
in (1). The peak of the sine-Gordon function
N™3(1 - cosNg) is 2/N¢ which gives (2) for N=2
and is four times larger for N= 1.'3''* Equation
(2) is also consistent with the impurity-pinning
theory of Lee and Rice® which relates pinning
energy with pinning frequency.

The current oscillations may result from the
CDW moving adiabatically over the varying pin-
ning potential in such a way that the total energy
of the wave, kinetic plus potential, is constant.
If the velocity of the wave is V, + V,(¢), where
V4 is the average velocity and V, is the periodic
part that gives the oscillating current, then

sm*(V, + V)2 +V(p) =const =} m *V 2, (3)
Thus if V, <V,,
V(@) ==m*V,V (). 4)

This implies that the current oscillations, given
by V,, should be inversely proportional to the
drift velocity, V,;. AsIcpw=n.eV,A and Al
=n.eV, A, Eq. (4) leads to AIXIcpy==V(p)/

m*n %A% =const, which is consistent with the
values plotted in Fig. 3. We can combine Eq. (4)
with the relation v =Icpw/n.AA to obtain

ViVy=@I/Icpy) (A)?, (5)

where the right-hand side of Eq. (5) contains
only parameters which are measured during the
experiment.

For V> 2V,, AIXIcpw=Tx10"1 A2, With v/
Icpw=2.8x10" Hz- A" and A =14 A, Eq. (5) leads
to V,V,=17.7x10"2 (cm/sec)®. According to (2)
this equals 3V % thus V,=0.39 cm/sec corre-
sponding to a threshold frequency vp=Vp/r =2.8
MHz. The threshold frequency can also be evalu-
ated by using the scaling relation'? petween the
field- and frequency-dependent conductivity pre-
dicted by the tunneling model. We have measured
() and o(E) on specimens from the same prepa-
ration batch, and the scaling of the v and E de-
pendence leads to v, =3.5 MHz, in excellent
agreement with the above estimate.

The same theory may be used to estimate the
stability of a pinned CDW in a domain containing
N, electrons against thermal fluctuations. It is
necessary that the maximum of the pinning bar-
rier be larger than thermal energy, $k3T, or

LaN m*Vp2> kT, (6)

For v,=3 MHz, Vp=0.4 cm/sec, @ =10°, and T
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=40 K,

N,>3x10%/(n */m), )

or the order of 4X10°, There are about 2 X10%e/
cm® in the chain, so that this corresponds to a
volume greater than 4x10'°/2x10* =2x107'2 ¢m?,
The cross-sectional area for a domain of length
100 pm is then about 2X10™° cm?,

Thus to be stable, a coherent domain must have
a large volume if the pinning frequency is small.
In specimens for which the narrow-band noise is
a large fraction of the time-average current, the
entire volume must be acting as a single domain
in the sliding CDW region with a single degree of
freedom for motion of the CDW. The most likely
explanation for this observation is that if there
are CDW segments they are strongly coupled to
lead to a highly coherent response.

Although the explanation of current oscillations
given here is rather general and model indepen-
dent, the agreement between the pinning frequen-
cy derived from the current oscillations and that
derived from the scaling relation between field-
and frequency-dependent conductivity lends strong
support to the tunneling model of CDW depinning.
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