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Nonlinear transport behavior, which shows a sudden breakdown transition to zero- or negative-
differential resistance in the high field, is observed in the quenched thallium- or tungsten-doped blue
bronzes K, 5T, ;sMoO; and Tly ;Mo,_,W,0; at 77 K. It is found that the critical breakdown transi-
tion threshold is unstable for the induced field and decreases with increasing cycling times of the con-
ducting current and, finally, reaches a definite value. When the current increases from 30 to 100 mA, the
voltage between the two ends of the sample does not show a clear increase, i.e., a similar phenomenon
with zero-differential resistance. On the downward cycle of the current, the voltage-current curve exhib-
its a large electronic hysteresis over the nonlinear region. On the other hand, in the critical region, the
breakdown transition is usually accompanied by a voltage pulse with a large amplitude and exhibits a
negative-differential resistance. These effects of an electric field on a pinned charge-density wave are
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phenomenologically interpreted in analogy with the mechanical deformations of the crystal solid.

I. INTRODUCTION

Potassium blue bronze K,;MoO; has a quasi-one-
dimensional electronic structure' and undergoes a Peierls
transition around 180 K.? Since Dumas et al.® found
nonlinear conductivity resulting from the sliding motion
of a charge-density wave (CDW) in the presence of an
electric field, much effort has been devoted to the study of
this material in order to investigate a rich variety of non-
linear electronic transport phenomena.®® Recently, it
has been noted that at low temperatures (about 7'<40 K)
in pure K, ;M00; an abrupt transition from an insulating
to a highly conducting state can be induced by an electric
field, 97 1¢ and this phenomenon has often been compared
to the model of Frohlich “sliding-mode” conductivity,
which was an early attempt to explain superconductivi-
ty.!7 While the field exceeds a definite threshold field E,
(typically 100 V/cm), the measured dV /dI shows a sud-
den decrease, and a very large noise of typically a few
millivolts is associated with the sudden decrease of
dV /dI. Current densities up to 10* Acm™2 and a dy-
namic resistivity less than 10™* cm ™2 can be achieved. 2
These unusually sharp nonlinear characteristics were
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considered to be a qualitative change in charge-density-
wave dynamics as normal carriers freeze out. %1216 1¢
has been speculated that the transition represents a rigid
motion of the highly coherent CDW in the manner of the
original Frohlich mode.

Up to now, the so-called “breakdown” phenomena in
K, 3;Mo0O; were all found in low temperatures. Above 40
K, no similar phenomena were reported. The reason for
this generally was considered to be due to at least two im-
portant aspects. The first is the notion of pinning by im-
purities which moves the Frohlich mode from zero to a
finite frequency.!® The second is the viscous damping of
CDW motion by normal-carrier screening.'®?° The re-
sults of these assumptions are that a CDW motion above
a threshold field is characterized by deformations and
backflow currents of charge carriers thermally excited
across the Peierls gap at high temperature.

In this paper, we report a similar breakdown
phenomenon at 77 K from a damping state to a
near-zero-differential resistance state in Tl-doped
K, 15Tly ;sMoO; and W-doped Tl sMo,_,W,0; (x <0.1)
blue bronzes. We found that the second threshold field of
transition is unstable for the induced field, and in the
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transition region a large hysteresis and periodic low-
frequency voltage pulse oscillation with large amplitude
were also clearly observed.

II. EXPERIMENTAL PREPARATIONS

Single crystals of pure and T1/W-doped blue bronzes
used in this study were prepared by electrolytic reduction
method with a definite molar ratio of K,CO;-MoOs;,
K,C0;-T1,CO;-M00;, and T1,CO;3;-M00O;-WO; melt, re-
spectively. The resulting crystals were characterized by
the electron-probe, x-ray diffraction method. The unit
cell parameters of three samoples are, respectively,
a=18.245, 18.331, and 18.464 A, b=7.540, 7.542, and
7.543 A, ¢=9.850, 9.931, and 10.014 A, B=117.65,
118.36, and 118.39. The required powder materials of
growing crystals mentioned above are different from the
traditional ones with A4,Mo00,-MoO; or A4,Mo0,-
Mo00O,-MoO; ( 4=K,T]) mixture. Transport and thermo-
power measurements?' show a metal-semiconductor tran-
sition at about 180, 161, and 170 K, respectively, for the
three samples. A Raman-scattering?? study also found a
partially softening CDW amplitude mode at about 57
cm~! for pure and Tl-doped samples in the distorted
state. These results are consistent with that grown by
using 4,Mo00;-Mo0O; (4=K,T]) melt. All measure-
ments of samples K,3;MoO;, K, 5Tl sMoO;, and
Tly ;Mo _ W, 0; (x<0.1) were performed by a two-
probe method in a constant-current mode. The sample
was immersed in liquid nitrogen to avoid the Joule-
heating effect in high current conditions. Electrical con-
tacts were made by soldered indium on the evaporated
Au film and confirmed that the magnitude of the contact
resistance was smaller than that of the sample itself. The
results presented here were obtained on the pure, TI-
doped, and W-doped samples with dimensions of about
3X1.5X0.5, 3.5X1X0.1, and 2X1X0.1 mm?, respec-
tively. The dc voltage-current (V-I) characteristics were
recorded by an X-Y recorder under a sweeping dc.

III. RESULTS

Figure 1 shows the voltage-current (¥-I) characteristics
measured in K 5Tl ;sMoO; with the dc mode at 77 K.
It is seen that in the initial measurements for the virgin
sample quenched by liquid nitrogen, the V-I characteris-
tics present normal viscous damping transport behavior
without a breakdown transition in high field, as shown in
Fig. 1(a). The critical region of the threshold is smooth,
the magnitude of the threshold field is about 1.8 V/cm.
In this viscous damping state of charge-density waves, no
large hysteresis in the nonlinear transport region is
found. However, when the sample has continually under-
gone many cycles of the high conducting current repeat-
edly, the V-I characteristic curve suddenly presents an
onset of a voltage drop by about 50% at about 75 mA,
and, clearly, gives a second threshold I, in the high field.
Such a switching behavior is unstable for the induced
field, and in subsequent measurements, the magnitude of
the threshold voltage decreases with the increase of the
cycling times of the driven current as shown in Fig. 1(b).
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FIG. 1. Voltage-current (V-I) characteristics measured in
Ko.15Tlp 1sMoO; with dc mode at 77 K. (a) is one of the typical
normal V-I curves without breakdown transition recorded in
the virgin sample quenched by liquid nitrogen. After many high
conducting current cycles were applied repeatedly to the sam-
ple, an abrupt breakdown-transition behavior occurred. For the
subsequent current cycles, the corresponding series of curves
are shown in (b); the interval of the waited time of the two
neighboring curves measured is about 3 min, the sweeping rate
of current is about 1 mA/s. c is the final steady V-I characteris-
tic with zero-differential resistance. The four curves labeled (d)
are the downward cycle curves of the curves 1-3 and (c), re-
spectively.

When the sample is repeatedly electronically cycled by
the high conducting current for about 30 min, the system
gradually reaches a steady conducting state with near-
zero-differential resistance above the second threshold I,
as shown in Fig. 1(c), the current increases from 30 to 100
mA, the voltage of the two ends of the sample does not
show an observable increase, i.e., dV /dI ~0. In this final
state, when the current decreases from 100 to 0 mA, a
large hysteresis in the nonlinear transport region occurs,
as shown in Fig. 1(d-4). The three other downward cycle
curves correspond to those of Figs. 1(b-1), 1(b-2), and
1(b-3), respectively. In addition, in the critical region of
the second threshold transition of Fig. 1(b), the abrupt
breakdown transition is not infinitely sharp, instead it has
a finite negative slope accompanied by a sharp voltage
pulse near the leading edge above the critical point Ip,.
This onset point I, is changed for different quenching
times by liquid nitrogen. In this paper we only show one
of the results. If the sample with near-zero-differential
resistance shown in Fig. 1(c) is switched off the conduct-
ing current and kept at 77 K for about 1 h or longer, only
the similar phenomena with a voltage drop at the critical
point can be partially recovered again, but the normal
form of the V-I curve with a smooth threshold point
shown in Fig. 1(a) does not appear, unless the sample is
quenched again by (LN,), as shown in Fig. 2. In this case
the amplitude of the voltage drop at the critical point I,
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FIG. 2. After the sample with a steady zero-differential resis-
tance state is switched off the conducting current and kept at 77
K for 3 h, we again obtained the corresponding voltage-current
characteristics of Kg ;5Tly 1sM0O;

is less than that shown in Fig. 1(b), and the second criti-
cal transition also becomes rather smooth and presents a
negative slope instead of the very sharp feature in Fig.
1(b). If the sample is continually kept in the high field,
the CDW system will still remain in its zero-differential
resistance state. Therefore, the so-called final steady state
actually is a quasisteady state under the repeated high
conducting current cycling. These phenomena men-
tioned above are reproducible for the repeated thermal
cycling rising to room temperature. In a W-doped sam-
ple, we also observed a similar behavior with a negative-
or zero-differential resistance accompanied by a large
hysteresis under the conducting current cycles repeatedly
as shown in Fig. 3, but we do not observe a correspond-
ing large voltage drop at the critical point. The transit
from the viscous damping V-I characteristics to that with
a zero dV/dI form seems to be abrupt. In pure blue
bronze K;;Mo00; we did not observe a similar break-
down transition to the zero-differential resistance state in
a high field at 77 K. In contrast, for a normal switching
shown in Fig. 4, the switching and threshold are indepen-
dent of the conducting current cycles; the hysteresis can
only be observed near the second critical threshold re-
gion.

Figure 5 shows the low-frequency periodic-voltage
pulse oscillation spectra of K, ;sTl, ;sMoO; recorded by
the X-Y recorder as a time function at the second critical
point (b) of the curve in the inseted plot. The inseted plot
is the typical V-I characteristics of the K ;5Tly sMoO;
sample, curve ( 4) is a normal viscous damping transport
form without a large voltage drop, which is similar to
Fig. 1(a). The arrows labeled (a), (b), and (c), respective-
ly, represent the second critical point I, to the presented
abrupt voltage drop for the subsequent current cycles; the
values of the threshold are about 77, 72, and 47 mA, re-
spectively. The voltage pulse spectrum as a time function
in Fig. 5 is just recorded at the critical point (b) ~72 mA
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FIG. 3. Voltage-current (V-I) characteristics for the W-
doped sample Tly ;Mo,_,W,0; (x<0.1) at 77 K. (a) is the typi-
cal'normal V-I curve without breakdown transition, similar to
Fig. 1(a), (b) is the usually V-I curve derived from (a), but not a
breakdown transition after the sample has experienced a series
of high conducting current cycles. The two curves in (c) are the
curves with a near-negative-differential resistance, (d) is the
downward cycle curve of (c).

of the inseted plot. It is clear that at the beginning, the
sweeping trace of the voltage noise spectrum at constant
current 72 mA is irregular with a small amplitude, and
after several seconds relaxation, the sweeping curve sud-
denly presents an abrupt voltage drop and simultaneously
a series of slow periodic voltage pulse oscillations arises,
where the amplitude of the pulses gradually decreases
with the increase of the relaxation time and the periodici-
ty remains almost unchanged with an accuracy of 3 sec.
Relaxing about 30 min later, the system seems to reach a
steady state, where the magnitude of the amplitude of the
oscillation approaches a constant value of the order of
several millivolts. The value of the periodicity is about
14 sec, i.e.,, 0.07 Hz. Such a voltage pulse spectrum is
measured for the sample used in Fig. 1, but for different
quenching times by LN,, where the sample was played in
air for three days and quenched into liquid nitrogen
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FIG. 4. Typical voltage-current (V-I) characteristic with a
normal switching for pure blue bronze K, 3;M00;. The inseted
plot is the amplified V-I curve at low field; the first threshold
voltage is about 180 mV.
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FIG. 5. Low-frequency-voltage-pulse oscillation spectrum
recorded by the X-Y recorder as a time function at critical
point, Ir,~72 mA, for K, 5sTl;5sM0O;. The periodicity is
about 14 sec. The inseted plot is the corresponding V-I charac-
teristics similar to Fig. 1; ( 4) is the initial measured curve of
the sample quenched by liquid nitrogen without breakdown
transition; the arrows labeled (a), (b), and (c) represent the crit-
ical point to be taken at the voltage drop. The voltage oscilla-
tion spectrum was recorded at point (b). It is seen that the am-
plitude of the oscillation decreases with the increase of the re-
laxation time.

again. Figure 6 shows the periodic-voltage pulse oscilla-
tion spectra at different critical points 77 and 47 mA, i.e.,
(a) and (c) points of the inseted plot in Fig. 5. It is seen
that for different current cycle times, although the
threshold of the breakdown transition is different, the
periodicity of the voltage pulse oscillation at different
critical points is found to be almost independent on the
second threshold current I, within an accuracy of 3 sec.
Such a pulse oscillation can only be observed at the criti-
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FIG. 6. The periodic voltage pulse oscillation spectra at
different critical points 77 and 47 mA.
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cal point for the quenched

Ko.15Tlg,1sMoO;.

impure sample

It is mentioned that such breakdown behavior ob-
served in blue bronzes does not always occur in all sam-
ples at 77 K. It seems that this feature is more easily
found in the impurity-doped sample than in the pure
sample, at least several T1/W-doped samples investigated
have shown this unusually nonlinear transport feature,
and the one that we have presented here is the typical
one. If such a feature is assumed to result from the heat
effect, then a similar phenomenon should be expected in
pure samples at 77 K. In fact, the transport properties of
the pure samples investigated do not show the similar
large voltage drop in high field at 77 K, as well as the
large hysteresis similar to that for impurity-doped sam-
ples.

IV. DISCUSSIONS

From the overall aspects of the voltage-current charac-
teristics in an impure sample K, 5T, ;sMoO;, the curves
exhibit an extremely large breakdown transition,
negative-differential resistance (dV/dI), and the very-
low-frequency voltage pulse oscillation at the critical
point I, as well as a large electronic hysteresis in the
nonlinear region. Previously, a similar behavior with
complicated hysteresis and low-frequency voltage pulse
noise were also found in electron-irradiated”* 2% and W-
doped blue bronzes?® as well as in Fe-doped NbSe; sam-
ples.?”"?® Generally, these phenomena in an incommen-
surate CDW system were considered to be related to the
random distributions of the pinning strengths of the
CDW by impurities, contacts, or other lattice defects.
The disorder of random pinning leads to the absence of
the long-range order of CDW and to the glasslike charac-
teristics of CDW states. The depinning of the CDW con-
densate under the external electronic field is most prob-
ably the cause of the finite threshold for CDW motion
and of the strong metastability effects. Although the
above model could prove useful for some CDW systems,
to our knowledge, up to now the real origins of the simi-
lar breakdown phenomena, very-low-frequency voltage
pulse, large hysteresis, and zero-differential resistance,
are still not clear, and remain controversial. In our case,
it is seen that the observed breakdown transition at the
critical point with an abrupt voltage drop is unstable for
the subsequent current cycle, and the extremely low-
frequency voltage pulses and the large hysteresis are
clearly the sign of large length scale relaxation, hardly de-
scribed by the quantum origins of the CDW motions, but
quite similar to the mechanical properties of solids.
Hence, the observed phenomena might, in detail, need a
new theoretical explanation. In this paper, in order to
simplify the interpretation of the results, we mainly focus
our attention on the Tl-doped sample.

It is interesting that all of the observed features in Fig.
1 have surprising similarities to the stress-strain curve in
metallurgy for aluminum alloys®® where the stress-strain
curve often begins smoothly but develops numerous ser-
rations after a sudden plastic deformation. It is also
found that these serrations usually occur in freshly
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quenched commercial Al alloys containing a few percent
of allowing solute elements, but do not appear in pure
aluminum.* This is because the long-scale diffusions of
impurities (alloy elements, vacancies, etc.) are responsible
for the serrated yielding curves obtained during a tensile
deformation. Hence, by comparisons with the CDW sys-
tem, the CDW condensate with an appropriate superlat-
tice can be viewed as an “electronic crystal,” compensat-
ed by a positively charged lattice, in which deformations
and dislocations can be produced by external forces simi-
larly to the usual crystal solid. These deformations and
dislocations will determine the yield point of the electron-
ic crystal, for which an analogous viewpoint was already
given by Lee and Rice,’! Dumas and Feinberg,*? and
Feinberg and Friedel.*® Although the comparison be-
tween V-I curves and stress-strain curves in alloys may be
not rigorous, the phenomena near the second threshold
I, shown in Fig. 1 can be satisfactorily compared to
those occurring at the yield point. The abrupt voltage
drop at a second threshold and a negative-differential
resistance region above it are very similar to the yield
drop in plasticity. A reasonable interpretation can simi-
larly be given in terms of the plastic deformation of the
CDW condensate under an applied field, where the
greatest deformations and strain in the CDW induced by
the external applied field arise at the contacts, perhaps at
the impurities’ centers of strong pinning and on the
roughness of the sample surface.’> 3 Just at the spot
the distortions of the CDW lattice will be produced by
the field, they can be considered as screwed dislocations,
and these dislocations can emit secondary loops under
the field.***® Therefore, a possible source of the multipli-
cations or creations of the dislocations is the Frank-Read
mechanism, starting from pre-existing dislocation lines,
as proposed by Lee and Rice.?! However, we also note
that in our experiment the V-I characteristics with break-
down transition do not appear initially for the virgin
quenched sample, but only occur under the repeated high
conducting current cycles. In addition, the V-I curve
shows two thresholds: the first is smooth without a volt-
age drop; the second presents a sudden breakdown transi-
tion. Therefore, it might indicate that in the CDW sys-
tem there may simultaneously exist two kinds of pinning
centers, i.e., weak and strong ones. The first threshold
corresponds to the depinning of CDW pinned by the
weak centers in the presence of the field; in the
meanwhile, the other part of the CDW pinned by the
strong centers (for example, contacts, etc.) is still strongly
localized and cannot move under the high field at several
initial measurements. When the samples have undergone
several conducting current cycles, the stress of the CDW
condensate localized at strong centers will accumulate
due to the multiplications of the dislocations and the
CDW defects under repeated current cycles. In this way
the internal strain and deformations of the CDW conden-
sate localized at the strong pinning centers are growing,
when the energy of the localized CDW condensate stored
by the repeated external field reaches a finite critical
value, a very strong inhomogeneous local electric field in
the specimen is generated, and consequently, leads to a
breakdown transition at high voltage by the processes of
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the hot electrons hopping over the localized barriers. In
this way, the localized CDW state begins to delocalize
and release the accumulated energy, and as a result, leads
to the propagation or diffusion of the dislocations and the
CDW defects across the CDW crystal with smaller fric-
tion with a reduced voltage as the current increases, lead-
ing locally to a negative-differential resistance region, also
similar to the usual crystal solids above the yield point.
When the shearing movement of the CDW as a whole
evidently becomes possible, some part of the sample
volume, finally, leads to a near-zero-differential resis-
tance.

On the other hand, the very-low-frequency voltage
pulse observed at the second threshold point in a
quenched impure sample is similar to the serrations in
stress-strain curves of Al alloys in the plastic region,
where the sudden plastic deformation causes stress relax-
ation; serrations appear as repeated oscillations of the
stress relaxation. Therefore, a similar mechanism can be
applied to CDW material where one expects current in-
homogeneities localized in filaments, and leads to the
voltage fluctuations. The large voltage pulses and the
broad band noise appearing at the threshold is, i.e., in our
picture, similar to the acoustic emissions reported just
above the yield point. %

As described in the experimental method above, the
unusual properties seem to usually appear on the freshly
quenched impure blue bronze, but are not observed in the
pure sample. This behavior is also in agreement with
that observed in metallurgy, for in the pure Al crystal no
serrations appeared in the plastic region.? Although we
have considered the dislocations and the CDW defects
produced by the plastic deformation of the CDW conden-
sate as responsible for strain-aging, it is also possible to
retain, temporarily, large numbers of nonequilibrium de-
fects (for example, vacancies, etc.) by quenching from
high temperatures. These nonequilibrium defects might
interact with the dislocation and speed up the diffusions
of the dislocations or the CDW defects, for which the ap-
propriate rate of strain-aging is responsible for the serra-
tions.” Though these nonequilibrium defects also exist
by quenching in the nominally pure sample, the number
of the virgin impurities acted on strong center are rela-
tively smaller than that of impure samples, and, there-
fore, the rates of diffusion of the dislocations and the
CDW defects are far too small to account for the neces-
sary rates of strain aging. This is possibly why in the im-
pure or irradiated samples by quenching we easily ob-
serve the low-frequency voltage pulses, breakdown transi-
tion at threshold point. In addition, the transit of the
breakdown transition from a large voltage drop at the be-
ginning to the final zero-differential resistance state
shown in Figs. 1(b) and 1(c) is a slow shift process with a
long-scale relaxation. When the current deceases from
above, the CDW can be partially pinned again by the
strong centers, but these restored processes are not com-
pletely reservable for this slow relaxation system due to
the permanent plastic deformation of the CDW crystal,
and, therefore, the current leads to a large hysteresis.
For the subsequent measurement when the current in-
creases again, the barriers of the moving CDW were
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lowered and this had a smaller threshold. Besides, those
nonequilibrium defects might be one of the origins of the
slow drift effects with the time seen in Figs. 1, 5, and 6.
We also note that such a CDW crystal might be different
from the real solids; this is because the CDW crystal,
which is plastic deformed or cracked under the tensile
force, can almost be restored when the external electric
field is released, leading to the behavior in Fig. 2. In con-
trast to the real solids, once the solid is plastic deformed,
the recovery is small. This means that for the CDW sys-
tem the uniform distribution of the impurities or the
CDW defects is not the minimum state of the energy, the
pinning state with the nonuniform distribution of the im-
purities or defects is stable.

In contrast to the above model, Littlewood’” recently
has shown theoretically that at low temperatures in sem-
iconductive compounds with CDW, the nonlinearity dc-
voltage characteristics should be bistable. The high-
velocity branch, which emerges from the fact that the
normal electrons are almost decoupled at high velocities
when the CDW moves fairly uniformly, describes free
sliding of the CDW. In the low velocity, the CDW is
highly deformed, with a velocity low enough that
backflow currents of normal carriers can screen the local
electric fields produced by the moving CDW. Therefore,
a key characteristic of the Littlewood model is that the
transition results in a large “S-shaped” bistability in V-1
characteristic. A bulk material with an “S-shaped” V-I
characteristic is naturally unstable to breakdown to inho-
mogeneous filamentary conduction. The critical region is
a domain of negative-differential resistance and can be
observed only in current-controlled measurements.
Within the region of negative-differential conductivity
the total damping decreases with increasing current. In
our measurements, these characteristic behaviors all were
observed. Intuitively, our experimental results also seem
to be in good agreement with the model of the bistability
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proposed by Littlewood.’” However, at present it is
difficult to decide which mechanism described here
should be attributed to successfully explain the observed
surprising results. In addition, whether the final break-
down state of the impure samples can be fundamentally
considered as different from the hysteresis behavior seen
in the pure sample is still unclear. Hence, a further inves-
tigation is needed to clarify.

In conclusion, we have described an unusual nonlinear
phenomenon with zero-differential resistance and large
hysteresis above the second threshold in Tl-doped blue
bronzes, which is accompanied by a low-frequency volt-
age pulse oscillation and a large voltage drop at Ir,.
These effects of an electric field on a pinned CDW are
phenomenologically interpreted in analogy with the
mechanical deformations of alloys. The threshold field is
similar to the yield point of a crystal and reflects the ap-
pearance of a permanent plastic flow of CDW defects.
The repeated current cycling may act as a external-
force-induced strain and dislocation loops of the CDW
condensate localized at contacts or other strong pinning
centers. The onset of plasticity provides a possible ex-
planation for the switching and the very-low-frequency
voltage pulse. The origins of the large hysteresis can be
attributed to the incompletely reservability of the CDW
crystal due to the permanent plastic deformations. In ad-
dition, whether these phenomena can also be attributed
to the bistable effects of the CDW proposed by Little-
wood, still needs to be researched further.
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