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Electric-field-dependent nonlinear conductivity and the current response in the time domain for
dc electric fields were investigated in K, ;M00; at low temperatures, where a dramatic and sudden
increase of the conductivity (we will refer to this increase as ‘“‘switching”) due to the collective con-
tribution of the charge-density wave (CDW) was observed. The conductivity in the highly conduct-
ing state was found to increase with decreasing temperature, whereas the conductivity in the low-
conducting state decreases with decreasing temperature. We interpret this phenomenon as a transi-
tion from the ordinary sliding state, which is already observed among various materials, to another
sliding state with higher velocity, where the CDW can move without generating a backflow current
of normal electrons. Around the threshold field for this switching, three kinds of current responses
were observed in the time domain; these responses are likely to correspond to the three types of unit
motions of the CDW. As a result of a detailed investigation of these responses, it is suggested that
the current oscillation associated with the sliding motion of the CDW is usually generated in the
bulk, but that the local mechanism for the generation of the oscillating current becomes dominant
just around the switching threshold field. This implies that the amplitude mode should also be tak-
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en into account in order to obtain a correct description of the dynamics of the CDW.

I. INTRODUCTION

Quasi-one-dimensional materials have attracted much
attention because they condense into various phases ow-
ing to inherent instability. In particular, charge-density
waves (CDW’s) attract a great deal of interest because
they can be collective charge carriers.! Since the
discovery of the collective motion of the CDW in NbSe,
by Monceau et al.,? for more than a decade extensive
studies have been made to clarify these highly peculiar
phenomena.’

K;.3;Mo0O; is one of the quasi-one-dimensional materi-
als* that show the sliding conduction of the CDW’s.’
The electric conductivity is highest in the direction where
the MoOg octahedra form an infinite series.® Owing to
the strong one dimensionality of the electronic structure
of K, ;M00,,” the destruction of the Fermi surface by the
formation of the CDW is complete. Below the CDW
transition temperature 7, (=180 K), in addition to the
electric-field-dependent conductivity and the associated
current oscillation,’ the low-frequency dielectric response
is prominent in this material.> "2 The excess conductivi-
ty decreases with decreasing temperature and approxi-
mately scales with the conductivity of the normal carriers
that are thermally excited above the Peierls gap.'*

Switching at the threshold field of 10-100 V/cm is ob-
served below about 30 K.!>!%!5 At this threshold the
conductivity suddenly increases by several orders of mag-
nitude. The direct observation of the inherent oscillation
in this state'® clearly demonstrates that this phenomenon
is also due to the sliding motion of the CDW. The
switching phenomenon due to the participation of the
CDW in the electrical conduction was already reported
in NbSe; (Ref. 17) and TaS; (Ref. 18) and at much higher
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temperatures in K, ;Mo00;.>!° However, the switching
of K;;MoO; at low temperatures has the following
characteristic aspect. In many cases of sliding, the
motion of the CDW is associated with the screening
effect of the normal electrons, which prevents the obser-
vation of the true features of the sliding CDW’s,!%20:2!
In the temperature region where switching becomes ob-
servable, however, almost no normal carriers are present.
Thus, the bare response of the CDW is expected to be ob-
served. However, the detailed features of this
phenomenon have not been understood; it has been inves-
tigated both experimentally and theoretically by several
groups.?? 3?2 We investigated in detail the response of
Ky 3MoO; to dc and ac electric fields in the low-
temperature highly conducting state attained by the
switching. In this paper, the results of the field-
dependent conductivity and the time-domain current
response to the dc field is presented. The results of the
response to the ac field will be presented separately.

A part of the present results were very briefly reported
in Refs. 12, 16, 22, and 32.

II. EXPERIMENTS

Single crystals of K, ;M00; were prepared by the elec-
trolytic reduction method described in Ref. 6. The re-
sulting crystals were characterized both by powder and
single-crystal x-ray-diffraction methods. The magnetic
susceptibility was also measured in order to estimate the
value of the local magnetic moment. As a result, it was
found that the crystals usually have magnetic moments
due to localized spins of the order of 1000 ppm on aver-

age. Samples appearing in this paper are described in
Table I.
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TABLE 1. Samples appearing in this paper. “S” and “NS” in dc I-V characteristics denote switch-

ing samples and nonswitching ones, respectively, and “osc,

LLINT

jump,” and “RTO” denote the circuit-

independent oscillation, discrete jumps, and circuit-sensitive relaxation-type oscillation, respectively.
The symbol “II” in the last column represents figures appearing in the following paper.

Time-domain observation

Sample no. dc I-V osc jump RTO ac conductivity Figure no.
1 S X 1II1,II3
2 NS X 1,I12,114
3 S 2,3,4
4 S 5
5 NS 7
6 S 6
7 S X X X 8,9,13
8 S X X 11
9 S X X 11
10 S X X X 12

A conductivity measurement was performed by the
two-probe method. Electrical contact was made by ul-
trasonically soldered indium. Electrical contact using
several types of silver paste was also tried. The reprodu-
cibility with respect to heat cycles was not good when
silver paste was used. We confirmed that the magnitude
of the contact resistance was smaller than the resistance
of the sample itself by comparing the resistance with that
obtained by the four-probe method.

The dc electric conductivity was measured under both
constant-voltage and constant-current conditions. For
the constant-current measurement, a Keithley 220
current source was used, and the voltage drop across the
sample was measured by a Keithley 617 electrometer.
For the constant-voltage measurement, a Keithley 617
was used as a voltage source, and the voltage was applied
to the circuit that included the sample and an Ohmic
resistor in series with the sample. In this configuration,
the Keithley 617 can provide a current of up to 2 mA.
The resistance R, of the Ohmic resistor was selected to
be much lower than that of the sample. The voltage drop
across the Ohmic resistor was detected by a Yokokawa
2501A digital multimeter. In order to check the Joule-
heating effect, a conductivity measurement with rec-
tangular pulses was also performed. Rectangular pulses
were applied by a Hewlett-Packard HP8116A pulse gen-
erator and amplified by an NF4005 amplifier, whose band
width is 1 MHz.

The time-domain measurement was performed mainly
in the nearly constant-voltage condition. The current
response (namely the voltage drop across R) was record-
ed by an Autonics S121 digital memory, whose capacity
is 4 kilowords and the maximum sampling interval is 50
nsec.

III. EXPERIMENTAL RESULTS

A. The dc conductivity measurement

Figure 1 shows two different types of I-V characteris-
tics of K, ;Mo00; obtained at low temperatures. In Fig.
1(a), discrete jumps were observed in both the increasing

fields and the decreasing fields. Within the resolution of
10 mV, both jumps were clearly observed. On the other
hand, we sometimes obtain the sample which does not
show the discrete jump or the hysteresis as is shown in
Fig. 1(b) (we will call it the “nonswitching” sample). We
sometimes obtain nonswitching samples after several heat
or field cycles on the switching sample, whereas we never
got the switching sample from the nonswitching sample.
The origin of the different I -V characteristics will be dis-
cussed in Sec. IVD. It should be noted that for both
types of samples, the conductivity depends on the electric
field even below the sudden increase of conductivity. We
could not observe any hysteresis in this field region.

In most of the samples we investigated, the observation
of the high-field conductivity in the highly conducting
state was impossible, owing to the Joule-heating effect
even in the pulsed measurements. However, there were a
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FIG. 1. The I-V characteristics of (a) a switching sample (no.
1) and (b) that of a nonswitching sample (no. 2) of Ky 3Mo00;.
Dashed lines are a guide for the eye.
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few cases where we could perform the detailed investiga-
tion of the conductivity in the highly conducting state at
various temperatures. Figure 2 shows the voltage depen-
dence of the conductivity of a switching sample (no. 3) at
various temperatures. A large hysteresis is observed at
the switching-threshold field. The width of the hysteresis
increases with decreasing temperature. Figure 3 shows
the temperature dependence of the threshold voltage of
the switching V7 in this sample. Although the tempera-
ture dependence of ¥V is weaker than that in high-
temperature region,'> ¥V, takes a minimum value at
around 12 K. The conductivity in the highly conducting
state o, increases with decreasing temperature, whereas
the conductivity in the low-conducting state o de-
creases with decreasing temperature. In order to com-
pare the temperature dependence of o, and that of o &
much more definitely, the conductance at 45 and 57 V
were drawn as a function of temperature in Fig. 4. In
Fig. 4, we regard the value of the conductance at 45 and
57 V as o, and o, respectively. In Fig. 4, o de-
creases with decreasing temperature, and behaves as
though it is thermally activated with an activation energy
of 20 mV. On the other hand, o, increases with decreas-
ing temperature. Thus, the increase in conductivity by
the switching decreases with increasing temperature.
The observed temperature dependence of o, is highly
unusual if we consider the scaling relation between the
conductivity due to the uncondensed carrier o and that
due to the CDW (ocpyw), which has been reported to
hold in various materials including this material in the
high-temperature region.'>?%2! Even in samples whose
0,, Was investigated in detail, very slight Joule-heating
may be unavoidable in the highly conducting state even
for the pulse measurement. Thus, the true o,,(7) may be
slightly different from the observed o,(T). However, the
tendency for o, to decrease with increasing temperature
is probably true. If we assume that o, increases with in-
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FIG. 2. The conductance of a switching sample (no. 3) as a
function of applied voltages at various temperatures. Solid

curves are a guide for the eye.
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FIG. 3. The temperature dependence of the threshold field
for switching of sample no. 3.

creasing temperature, the Joule heat produced under the
constant-voltage condition increases with increasing tem-
perature. Therefore, do,/dT would stay positive even
when Joule heat is produced, irrespective of the tempera-
ture dependence of the heat capacity. In this sense, we
think the Joule-heating effect did not play an essential
role in the conclusion we reached here.

As shown in Fig. 2, the conductivity in the low-
conducting state o is also dependent on the electric
field, and behaves as

Oo=01exp[ —(Ag—aE)/kgT] (3.1

as a function of the electric field E and temperature T
above 13 K, where 0, A, and « are constants.

Figure 5 shows the I -V characteristics of sample no. 4
at 29.7 K. In Fig. 5, I is linear in ¥ around zero field, and
the switching occurs at around 15 V. Thus, we think that
the nonlinear conduction below the switching-threshold
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FIG. 4. The temperature dependence of the conductance in
the highly conducting state o, (V' =57 V) and that in the low-
conducting state 0,4 (¥ =45 V) obtained in sample no. 3.
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FIG. S. The I-V characteristics of sample no. 4 measured at
29.7K.

field and the switching itself are a separate phenomena.
Hereafter, we call the former threshold and the switching
one E; and Ep, respectively.

It should be also noted that in Fig. 2 the increase of the
conductivity at E; seems to become zero continuously
with increasing temperature at around 22 K.

Figure 6 shows the comparison of the I -V characteris-
tics observed in the constant-current condition and the
constant-voltage condition. In the constant-voltage con-
dition, clear jumps were observed both in decreasing and
increasing fields. On the other hand, in the constant-
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FIG. 6. I-V characteristics of a switching sample (no. 6) ob-
tained both in constant-current condition (open circles) and in
constant-voltage condition (solid circles). For the data obtained
in the constant-voltage conditions, hysteresis and observed for
the voltage sweep. Dashed lines are a guide for the eye. On the
other hand, in constant-current condition, no hysteresis is ob-
served for current sweep.
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FIG. 7. The conductivity of a nonswitching sample (no. 5) as
a function of voltage at various temperatures.

current condition, the S-like I -V characteristics with neg-
ative differential resistance were observed. The S-like
I-V characteristics were also observed by Martin et al.?’

Figure 7 shows the electric-field dependence of the
nonlinear conductivity of a nonswitching sample (no. 5)
at various temperatures. The conductivity at high fields
decreases with decreasing temperature, which is in con-
trast to the temperature dependence of o, in switching
samples.

B. The current response in the time domain

Figure 8 shows the current responses observed in a
switching sample at various applied voltages. The I-V
characteristics of this sample are shown in the inset of
Fig. 9. When the load line of the circuit has no crossing
point, the current response is the relaxation-type oscilla-
tion shown in Figs. 8(a) and 8(b). With increasing applied
voltages, different types of the oscillation began to be ob-
served, as shown in Figs. 8(c)-8(h). With further increas-
ing applied voltages, the oscillation could not be found in
the time domain [Fig. 8()]. However, the spectral
analysis in the frequency domain clearly shows the ex-
istence of the well-defined peak and its harmonics. Previ-
ously, we showed!'® that the frequency of the latter type
of the oscillation does not depend on the external passive
element, and that this oscillation is the inherent oscilla-
tion associated with the sliding motion of the CDW,3%34
Figure 9 shows the frequency of the oscillation as a func-
tion of the average current, together with that of the
circuit-dependent relaxation-type oscillation (RTO).*
The frequencies of both types of oscillation are roughly
proportional to the average current. It should be noted
that two branches were observed even for the circuit-
independent oscillation.

Figure 10 shows the period of the RTO as a function of
the total capacitance C,,,, which is the sum of the capaci-
tance C, existing without any external capacitance and
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the externally attached capacitance C,,, parallel to the
sample (see Fig. 11 for the circuit). The value of the ca-
pacitance C, was estimated assuming that the period in-
creases linearly with increasing C.,, for small C,,,, which
is shown in the inset of Fig. 10. C, was found to be 90
pF, which is of the same order of magnitude as the stray
capacitance of the circuit. Furthermore, for comparison,
the period of the RTO observed in a neon tube instead of
the sample is also shown in Fig. 10. The period P in-
creases with increasing C,, as P < C%¥ for C,, larger
than about 4 X 10" 1°F.

The current response just above E; was sometimes
stepwise as shown in Fig. 12. The histogram of the mag-
nitude of the current jumps clearly shows that the jump
magnitude was always the integer multiples of a unit
value.”? This quantization was also observed in Ta$S,.3¢
With increasing applied voltages, the stepwise response
changes into the oscillation gradually.??

Near Ep, the current response was also intermittant
when observed with a longer time scale,® which is the
origin of the broadband noise with the Lorentz spectrum
in the frequency domain.*® The temperature dependence
of the characteristic time of the intermittency was found

0.5msec
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to be of the Arrhenius type.?? Thus, it is likely that the
intermittency is caused by the thermal fluctuation, and
not due to the chaotic nature of the nonlinear system. A
detailed discussion will be given in Sec. IV F.

IV. DISCUSSION

A. Is the switching due to the sliding of the CDW?

The observation of the inherent current oscillation in
the time domain and the frequency domain definitely
shows that the conductivity increase at Er is due to the
sliding motion of the CDW. The current oscillation was
often observed in the time domain at the beginning of the
response to the rectangular pulsed voltage.’” In that
case, the amplitude of the oscillation decays and vanishes
after several cycles. This has been interpreted to be due
to the degradation of the phase coherence of the CDW as
the time passes. Thus, the time-domain observation of
the current oscillation for the stationary dc voltage is
difficult except for a few cases.’® Thus, the present result
clearly means that in the highly conducting state the
phase coherence of the sliding CDW is well developed.
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FIG. 8. The current response observed in a switching sample (no. 7) at various averaged currents at 10.7 K. (a) 10 uA, (b) 16 A,
(c) 20 A, (d) 25 pA, (e) 40 A, (D 50 1A, (g) 78 A, (h) 80 uA, and (i) 102 pA.
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B. The origin of the energy dissipation
of the CDW in the highly conducting state above E

As was already shown in Fig. 4, in switching samples,
0., did not scale with o, in contrast to the result ob-
tained at a higher-temperature region in the same materi-
al.!l3 The scaling relation between o, and ocpw is also
well established in other materials.?>?! This is interpret-
ed as a result of the screening of the deformation of the
sliding CDW by normal carriers.*’

Experimentally, it is clear that the CDW suffers finite
damping when it moves, which prevents the occurrence
of the so-called Frohlich superconductivity.! The origin
of the damping was considered theoretically by several
authors. Boriak and Overhauser® proposed that the
finite damping is possible by the drag of normal carriers
interacting with impurities. Takada et al.*! proposed the
damping through the interaction between the thermally
activated phason modes, and calculated the temperature
dependence of the relaxation time, which behaves as
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FIG. 9. The frequency of the current oscillation as a function
of the average current for sample no. 7. Circles and triangles
are for circuit-independent oscillation and for circuit-dependent
RTO, respectively. Open and solid symbols represent that each
belongs to the different branches with different current to fre-
quency ratios. The inset shows the I-V¥ characteristics of the
same sample.

1 0 8 T T T
§ sample No.9
(=]
1 =4 *
0F < .
B2 .
805 3 ? ;3 10 12
C nF
. ext +
10% . © :
O
~ +
I o
[ A
a1t . o - -
O
o
g | e
Q 44 A ¥
10 B v N
A v é K0'3MOO3
Sample No.9 No.8
. A ¥ S0 kQ o °
0T y 2 SkQ A A
‘ 1kQ V v
Neon tube +
10%1 =3 p) 7 6
10 10 10 10 10

CiF)

FIG. 10. The period of the RTO for various series resistance
R, as a function of the total capacitance C,, in sample no. 8
(solid symbols) and in sample no. 9 (open symbols). As a refer-
ence, the period of the RTO observed in the circuit where the
sample was replaced by a neon gas tube was also shown. The
inset shows the period of the RTO as a function of the external-
ly attached capacitance C,,.

CO Cext

FIG. 11. Schematic drawings of the circuit used in the exper-
iments discussed in this paper.
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FIG. 12. An example of the stepwise current response ob-
served in a switching sample (no. 12) for a pulsed dc voltage of
43.5 V. Repetition rate and the duration of the pulse are 1.4
kHz and 75 usec, respectively.

r<T~? for high temperatures , (4.1)

r< T~ for low temperatures . 4.2)

They also calculated the contribution of the amplitude
mode to the damping, which was found to be much
smaller than that by phason-phason interaction.

In almost all of the experiment, however, the damping
of the CDW is dominated by the screening of the CDW
deformation by the normal carriers rather than by the
microscopic mechanisms introduced just above.!*2%2! In
the low-temperature region of K, ;M00;, the same mech-
anism is valid at least in the weak-field region. However,
in the highly conducting state in the same temperature
region, the breakdown of the scaling relation between o,
and o clearly demonstrates that the damping in the
highly conducting state is irrelevant to the screening by
the normal carriers. Kim et al.*? proposed that a finite
gap appears in the phason spectrum under the presence
of the long-range Coulomb interaction, which prevents
the deformation of the CDW condensates. However, the
ac conductivity measurement under the dc bias larger
than E; (Ref. 32) suggests that the coherent deformation
(phason excitation) is still present even in the sliding
state. Therefore, the weakly temperature-dependent o,
suggests that the phason-phason mechanism or phonon-
phason mechanism*! is partly responsible for the damp-
ing. In many samples, we could not observe finite o,
partly because of the destruction of the samples and the
contacts due to the heating effect and partly because of
the true high value of o,. Thus, it seems that o,
strongly depends on samples. When the “dirty” samples
were obtained “fortunately,” the experimental observa-
tion of o, may be possible. Therefore, the interaction
between the CDW and the impurities may also be respon-
sible for the mechanism of the damping in the highly con-
ducting state.

Here we should mention that the different 7-V charac-
teristics were reported by Mihaly et al.?® In their report,
the S-like characteristics were not observed, and o, in
their sample was reported to be larger than 10*
Q 'cm ™!, whereas ours are 1072 Q" 'cm ! at best. Al-
though the difference of the magnitude of o, can be ex-
plained by the above-mentioned picture, the difference on
the existence of the S-like characteristics are not known.
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C. The nonlinear conduction
below the switching threshold field

As was shown in Fig. 2, the conductivity below E7 is
also nonlinear. This nonlinearity seems to be connected
to the ordinary nonlinear conduction at higher tempera-
tures. As was mentioned in Sec. IIT A, this nonlinear
conduction was found to be a separate phenomenon from
the switching. Thus, irrespective of whether the switch-
ing takes place in the high-field region at low tempera-
tures or not, the nonlinearity of the I -V characteristics in
the lower-field region exist. Thus, it is likely that the
nonlinear conduction below E; at low temperatures is
the same kind of phenomenon as that at higher tempera-
tures, that is, the nonlinear conduction due to the sliding
motion of the CDW. Thus, the switching or strong in-
crease of conductivity at E; should be regarded as the
transition from a sliding state to another sliding state,
which is in agreement with Refs. 26, 27, and 29, but in
disagreement with Ref. 42. The difference of the sliding
motion below and above E; will be discussed in the next
section.

D. The origin of the switching at low temperatures

The switching phenomenon associated with the non-
linear conduction of the CDW is often observed in this
material and in other materials.'” ~!° In NbSe;, the effect
of the amplitude mode is proposed as the origin of the
switching.*’ Theoretically, several models were also pro-
posed, including the effect of the viscous interaction be-
tween domains,* and the phase-slip process among
strong impurities.*> However, all of these models were
based on the assumption that the CDW is pinned below
the threshold field, which is in contrast to our experi-
ment. Thus, these models cannot be compared with the
present experimental results directly.

Even if we assume that these models are applicable to
the present problem, it should be mentioned again that
the frequency dependence of the ac conductivity under
the dc bias above E; can be well explained®? by the
Fukuyama-Lee-Rice (FLR) model,***’ in which only the
dynamics of the phase was included. Thus, it is likely
that the amplitude mode plays no crucial role in the high-
ly conducting state above Er. Microscopic theoretical
calculation*! also showed that the effect of the amplitude
mode on the damping of the CDW is small. Thus, it is
unlikely that the amplitude mode introduces a qualitative
change in the damping of the sliding CDW. The above
models only explain the appearance of the discrete jumps
in the I -V characteristics, but do not explain the qualita-
tive difference appearing in the temperature dependence
of o(E) between the two states described in Sec. IIT A.
Thus, in order to explain the switching phenomena in
K, 3Mo00; at low temperatures, a quite different ap-
proach seems necessary.

Recently, Littlewood?® proposed a model which treats
explicitly the low-temperature switching of K, ;MoO;.
In this model, the origin of the switching is closely relat-
ed to the effect of the screening of the deformation of the
CDW by the normal carriers, and the switching occurs
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only in semiconducting materials like TaS;, K, ;Mo00;,
and (TaSe,),I. In general, random deformations are in-
duced when the CDW moves, because of the existence of
pinning centers. According to the continuity equation,
the backflow current of the normal carriers is generated
in order to screen the polarization induced by the CDW,
which produces the energy dissipation. Thus, the lifetime
of the sliding CDW is restricted by the conductivity o of
the normal carriers. In the semiconducting materials, o
is due to the thermally activated normal carriers. Thus,
the lifetime of the damping of the CDW, 7py, becomes
long with decreasing temperature as
Tcpw < explA/kgT) 4.3)
where A is a constant. For instance in K ;M00;, at 25
K, Tcpw reaches 22 min.” Thus, in this temperature re-
gion, the screening of the deformation is almost impossi-
ble. In this situation, when the CDW is accelerated, the
damping force acting on the moving CDW becomes
closer to that without the screening. The result of nu-
merical calculation of the I-V characteristics based on
this picture shows that the S-like bistability appears only
at low temperatures. This means that the switching I-V
characteristics are obtained in the constant-voltage
configuration. In this model, the switching occurs only
after the first depinning of the CDW. Thus, the I-V
characteristics are nonlinear even below E;. This is con-
sistent with our consideration that the nonlinear conduc-
tion below E; is also due to the sliding motion of the
CDW. The appearance of the S-like I-V characteristics
under the constant-current configuration in our experi-
ment (Fig. 6) is in agreement with this model, but is in
disggrgement with other models introduced previous-
ly.*>~
Another important experimental result is the existence
of the finite time delay in the time-domain current
response.'? In this model, a finite time is required until
the velocity of the CDW reaches the critical value for the
switching to occur. This just corresponds to the finite de-
lay time observed in the time-domain current response.
The temperature dependence and the electric-field depen-
dence of the time delay is also consistent with this model.
Thus, the switching in Ky ;M00; at low temperatures is
considered to be due to the change in the damping force
acting on the CDW, as was proposed by Littlewood.?
Next, we should discuss the origin of the difference be-
tween the nonswitching and the switching I-V charac-
teristics shown in Fig. 1. The most trivial reason for the
absence of the discontinuous jump at Er is the inhomo-
geneous current distribution in such samples. However,
the inherent oscillating current was often observed more
definitely in nonswitching samples than in switching sam-
ples.*® Moreover, there is definite difference in the tem-
perature dependence of the conductivity in the highly
conductive state in high-field region, as was shown in
Figs. 2 and 7. This difference cannot be understood only
in terms of the degree of macroscopic inhomogeneity of
the current distribution in samples. Thus, we think that
other intrinsic factors are correlated with whether the
I-V characteristics have a discontinuity or not. Here, we
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should note that the continuous I -V characteristics ap-
pear also in Littlewood’s model introduced just above.
Within the framework of this model, the continuous I-V
characteristics were obtained for low-dimensional (less
than two) bulk systems.

Distribution of the time constant for the screening of
the CDW deformation due to the distribution of the pin-
ning potential may also lead to the continuous I-V
characteristics. The increasing conductivity with increas-
ing temperature even in the high-field region in
nonswitching samples will be explained also in terms of
the distribution of the characteristics time for screening.

E. The unit motion of the CDW
and the effect of the amplitude mode

1. The stepwise current response

The experimental results performed in the time domain
showed that the CDW has various responses to the ap-
plied field, reflecting the absence of the normal carriers.

The current response was sometimes stepwise and
quantized. This kind of response can be interpreted in
terms of the creation and annihilation of vortices of the
CDW phase.’®* According to this model, the current
response is composed of a series of random jumps near
the threshold field, where the distance between vortices is
long. With increasing field, the distance between vortices
becomes shorter and vortices begin to move coherently.
Thus, the current response is expected to become the reg-
ular oscillation. In our experiment, the crossover from
the stepwise response to the relaxation-type oscillation
was observed.?? This behavior seems to coincide with
that expected by the vortex model. The quantitative es-
timation also agrees with this model well.?> Thus, the
stepwise response in K; ;M00; can be well explained by
the creation and annihilation of the phase vortices. This
simultaneously means that the dynamics of the amplitude
mode should be taken into account in the more detailed
description of the sliding motion of the CDW.

2. The relaxation-type oscillation (RTO)

In the situation where the I-V characteristics of the
sample in the constant-voltage configuration do not have
any crossing point with the load line of the circuit, the
RTO was observed, as was shown in Fig. 8. The period
of the oscillation depends on the external capacitance
C.- This type of oscillation is also possible without the
inherent periodicity. A typical example of this type of os-
cillation is that of a neon gas tube. The current can oscil-
late by the repetition of charge and discharge of the
parallel capacitor C.,,. Thus the period of the oscilla-
tion, and also the charge contained in one period is pro-
portional to C,,,, and the net current flows in the on
state. More generally, these behaviors can be described
by the van der Pol equation,

d?x /dt*+u(x*—1)dx /dt +x =0, (4.4)

where x is the time derivative of the output current, 7 is
time, and u is a positive parameter.
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The RTO in K, ;Mo00O; surely possesses the above
characteristics. However, it is clear that, at least, the on
state (highly conducting state) is due to the sliding
motion of the CDW’s. Therefore, even if the RTO ob-
served in K, ;Mo00; is easily influenced by the external
circuit, the charge contained in each period is carried by
the CDW. Thus, it can be concluded that at least the
current corresponding to the one-wavelength motion of
the CDW is involved under each oscillation. Thus, in the
limit C,,,—0, it is likely that each RTO corresponds to
the unit motion of the CDW. In this viewpoint, the in-
crease of the charge involved in each oscillation with in-
creasing C,,, can be interpreted in the following two
ways. One possibility is that the distance over which the
CDW moves under each oscillation increases with in-
creasing C,,,. An alternative possibility is that the cross
section through which the coherent motion of the CDW
occurs increases with increasing C.,,. In the former case,
some structure may appear in the time-domain current
response corresponding to each one wavelength of the
motion, which is not observed in our experiment. On the
other hand, in Fig. 9, even for the circuit-independent os-
cillation, two branches with different I.pw/f ratio
(Icpw is the current carried by the CDW, and f is the
frequency of the oscillating current) were observed,
which means that the coherent cross section in the sliding
state can easily be changed. Thus, the latter possibility
seems more likely. From this point of view, the satura-
tion of the charge involved in each oscillation is expected
to be observed with further increasing C.,,. We have not
succeeded in observing such saturation, because the
switching vanishes with further increasing C.,,. Thus,
the external circuit was found to affect the I-V charac-
teristics. Figure 13 shows the current response at the
same bias voltage with different C,,. Without any exter-
nally attached capacitor, the inherent oscillation was ob-
served in the frequéncy domain at around 40 kHz. On
the other hand, with a capacitor of 0.047 uF, the
relaxation-type oscillation appeared. Thus, this result
also showed that the C,,, surely affects the I-V charac-
teristics.

At present, the origin of this change is puzzling. In the
following, however, we show a simple numerical simula-
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FIG. 13. The current responses of a switching sample (no. 7)
at the same dc bias voltage with different C.,,.
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tion which treats the motion of the CDW and the exter-
nal circuit simultaneously. This may give some clue for
the understanding of this phenomenon.

The equivalent circuit of the experiment shown in Fig.
11 is represented as

I=(V/Ry)—[1+(Ry/Rg)(V/Ry)
—CtoldV/dt (Roﬂ‘>R0)7
I=Sn._edx/dt ,

(4.5)
(4.6)

where ¥V, is the applied voltage on the sample plus the
Ohmic resistance R, V, and I are the voltage drop across
the sample and the current through the sample, respec-
tively, R is the resistance of the sample in the low-
conducting state, C,,, is the capacitance parallel to the
sample, ¢ is time, n, is the carrier density condensed into
the CDW, e is the electronic charge, x is the coordinate
of the CDW, and S is the cross section of the sample.
For simplicity, the I-V characteristics below the
switching-threshold field are assumed to be linear. Con-
sidering the highly coherent nature in the highly con-
ducting state, the motion of the CDW is assumed to be
described by the simplest version of the classical model,
namely the single-particle “washboard”” model:*

d*x /dt*+y dx /dt +(1/Q)w3sinQx =eE /m* , 4.7)

where m* and Q are the effective mass and the wave vec-
tor of the CDW, respectively, ¥ is the damping of the
CDW, w, is the pinning frequency, and E is the applied
electric field, which is connected to the voltage V as
V =ElI, where [ is the length of the sample. As was al-
ready discussed in Sec. IV D, we think that the switching
is a transition from a sliding state to another sliding state.
On the other hand, this model clearly regards that the
CDW is pinned below E;. However, as will be seen
below, the application of this model does not affect the
conclusion of this section. Below, the term with second
derivative is neglected because the CDW motion in this
material is overdamped.’® Substituting Eqs. (4.6) and
(4.7) into Eq. (4.5), and by the moderate scale transforma-
tion, the following equations were obtained:

d*0/dr"*+B(6)d0/dr" +sinf=¢, , (4.8)
B(0)=w(tpt,)'"*(K +cosb) , 4.9)
K =(wots) 'G+H , (4.10)
H=RSn.e/IE;1,Q , 4.11)
ty=1/7, (4.12)
ts=RCy: » 4.13)
' =w(ts /tp) 7t (4.14)
e=V,/IEr , (4.15)

where 6 is the phase of the CDW. In Eq. (4.8), if we take
E;=10 V/cm, S=10"% cm? [=10"" cm, n,= 102!
cm ™3, Ry=5 kQ, C,,, =400 pF, 0,=10'2 Hz,® 1/7=50
GHz,*® then a=10"*and G =5, and H =0.1. Then, we
got K =0.1. Thus, the sign of “the damping term” B(8)
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FIG. 14. The dependence of the period of the oscillation ob-
tained by the numerical calculation of Eq. (4.7) on the capaci-
tance C,, for €,=1.1, w,=10'* Hz, and t,=10""" sec. The
open and solid circles are for Ro=2 and 5 k{2, respectively.
The inset shows an example of the time dependence of the
current (C,o, =107° F and R, =2 kQ).

changes when the time proceeds in one period. This is
analogous to the van der Pol equation [Eq. (4.4)]. Thus,
the RTO accompanying the sliding motion of the CDW
is expected. In fact, numerical calculation shows the
current response as shown in the inset of Fig. 14. Figure
14 shows the dependence of the period of the oscillation
on C.,,. Because of the existence of the inherent periodi-
city, the period is not simply proportional to C,,,. Thus,
the experimental results in Fig. 10 probably correspond
to the region of intermediate C,,,. This analysis may also
explain the slight difference in the dependence of the
period of the oscillation on C,, between K, ;M00; and
the neon gas tube, shown in Fig. 10.

Equation (4.8) with the parameters used above does not
show the I-V characteristics with discontinuous jumps.
Thus, the analysis presented here is far from the real situ-
ation. However, what we stress in this analysis is that for
the highly coherent motion of the CDW, the external cir-
cuit strongly affects the current response of the CDW. In
particular, increasing the C.,, leads to the appearance of
the RTO and an increasing coefficient of B(8). Thus,
CDW suffers large “damping” (negative or positive) for
large C.,,. This may make a larger cross section to parti-
cipate in the sliding motion. This will explain the ob-
served increase of the charge contained in each oscilla-
tion.

3. The three types of the unit motion
of the CDW and their interrelation

From the above argument, it can be concluded that at
least three types of unit motions exist in the sliding of the
CDW. That is (1) the current oscillation independent of
the external circuit, (2) the RTO which is strongly
affected by the external circuit, and (3) the quantized
stepwise response.

The quantized response and the RTO were only ob-
served in the voltage region where the I -V characteristics
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show the discrete jumps. The quantized response was
well explained by the phase-vortex model.” Thus it can
be said that the phenomena in which the amplitude mode
plays an important role can be observed in the electric-
field region where the I-V characteristics are unstable.
Here, it should be noted that there is another possibility
in the destruction of the CDW amplitude other than the
creation and annihilation of phase vortices. Gor’kov
et al.’! proposed that in some samples the phase-slip pro-
cess is more favorable than the creation-annihilation of
vortices. In this process, the amplitude of the CDW is
completely destroyed on a whole plane normal to the
current direction. Our experimental result is that with
increasing applied field, the stepwise response changes
into the RTO. Thus, if the stepwise response is under-
stood in terms of the vortex model, the RTO may corre-
spond to the phase-slip process. With increasing applied
voltage, the number of the vortices increases and the dis-
tance between them becomes shorter. Thus, in order to
carry much more current, the phase-slip process becomes
naturally preferable.

We speculate, however, that in usual cases the pinning
is likely dominated by that in the bulk. The current oscil-
lation is generated as the bulk effect, as was also shown
by the numerical simulation based on the FLR mod-
el.’>%3 At the same time, the vortex generation or the
phase-slip process may occur at the interfaces. However,
these processes are probably not dominant. They become
dominant only in the field region where the I-V charac-
teristic shows a discrete jump. In this region, the CDW
can move fast in the bulk, but cannot move at the inter-
face (electrical contacts, etc.) due to the pinning there.
Thus, the effect of the amplitude mode is expected to be-
come dominant.

F. Intermittency

The current response to the dc field is often intermit-
tent near E;. In the presence of the bistability, there are
two possibilities for the origin of the intermittency. One
is the transition between the two states due to the fluctua-
tion of thermal®* or quantum origins.>® In fact, it was ob-
served in the resistivity-shunted Josephson junction.’ 38
The other is the chaotic response without any stochastic
fluctuations, which is characteristic of the nonlinear sys-
tems.>® Previously, based on the phenomenological two-
valued process model, we showed that the intermittency
is due to the fluctuations which have a thermal origin.?

Grassberger and Procaccia® proposed a method which
can determine whether the observed intermittency has
the thermal origin or the chaotic origin by estimating the
dimension of the attractor, using the time series data ob-
tained by the experiment.®>®! By this method, it was also
shown that the intermittency observed in K, 3;Mo00O; can
be interpreted as the transition between two metastable
states due to the thermal fluctuation.*?

To be more quantitative, the average lifetime in the
low conducting state 74 is represented as follows:

rog=Torl E)exp[U(E)/kyT] ,
U(E)=Uy(1—x)*?,

(4.16)
(4.17)
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Tl E)=w, (1—x?) 71/, (4.18)
where x =E/E; and Uy=eEpAcpw, which is the
effective barrier from the low-conducting state of the
highly conducting state, Acpw is the wavelength of the
CDW, and o, is the attempt frequency in the potential
well.*® The fitting of our experimental data to these equa-
tions gives the attempt frequency w, =220 Hz and the ac-
tivation energy U,=30 K. If we assume that the transi-
tion is that from the pinned state to the sliding state, the
threshold field for the transition U,/eAqpw estimated us-
ing the experimentally obtained U, becomes 1.8 kV/cm,
which is in strong disagreement with the experimentally
observed E;. And, the “pinning frequency” is too small
when compared with the value obtained by the
millimeter-wave technique.’® These disagreements may
also support the consideration that the switching is not
the transition between the pinned state and the depinned
state.

V. CONCLUSION

The conductivity and the time-domain current
response to the dc electric field were investigated in the
low-temperature switching state of K, ;M00;.

By the observation of the current oscillation, this
phenomenon was found to be due to the sliding motion of
the CDW.
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In the highly conducting state, the conductivity in-
creases with decreasing temperature, which means that
the damping by the screening of the CDW deformation
by the normal carriers is almost absent in the highly con-
ducting state. The switching was found to be well ex-
plained by the model proposed by Littlewood. The S-like
I -V characteristics and the existence of the finite time de-
lay, and the other phenomena described in the text seem
to support this model.

Three types of the current response were observed in
the time domain, namely the ordinary current oscillation,
the relaxation-type oscillation and the quantized voltage
response. Each of them is considered to correspond to
the different types of the unit motion of the sliding of the
CDW’s. Interrelation among them was discussed. From
these results, it can be said that the current oscillation is
usually generated in the bulk. When the pinning at the
interface becomes dominant, the amplitude mode plays
an important role, as in the form of the phase-slip process
or the vortex formation annihilation. Therefore, for the
better description of the sliding of the CDW, the effect of
the amplitude mode should be taken into account.
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