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Nonlinear conductivity of organic conductors is explained quantitatively starting from a phenomenological
energy-balance equation. Experimental results of (TMET-TTP),PF¢ are presented, where TMET-TTP is 2-[4,
5-bis(methylthio)-1,3-dithiol-2-ylidene]-5-[4,5-ethylenedithio-1,3-dithiol-2-ylidene - 1,3,4,6-tetrathiapentalene,
and the simulation reproduces the nonlinear properties very well, including the voltage-current characteristics,
power-law excess conductivity, and temperature dependence of the threshold field and current. The obtained
heat capacity is much smaller than the lattice heat capacity, indicating unimportance of the Joule heating. Since
the organic conductors show very little hysteretic switching, the time dependence of the energy balance is
traced explicitly, defining nonlinear dynamics of hypothetical electron temperature, which reproduces oscillat-
ing states similar to that of the organic thyristor and even chaotic states under certain circumstances. It is
expected that transient phenomena such as oscillatory and random outputs in some sort of organic and inor-
ganic nonlinear conductors are quantitatively explained by this method, which in turn affords a playground of

nonlinear dynamics.

DOI: 10.1103/PhysRevB.79.115108

I. INTRODUCTION

Nonlinear conductivity has long been investigated in a
considerable number of materials, including inorganic
semiconductors,!-? transition metal oxides,? low-dimensional
materials,* and organic conductors,> and particular atten-
tion has been devoted to the potential application to switch-
ing and memory devices.>® Recently, unusual spontaneous
current oscillation, called an organic thyristor, has
been found in the organic charge-transfer salt,
0-(BEDT-TTF),CsZn(SCN), (BEDT-TTF: bis(ethylene-
dithio) tetrathiafulvalene),®° followed by some other organic
and inorganic materials, such as K,;MoO; and VO,.!%!?
Giant nonlinear conductivity has been found in an increasing
number of organic materials,'®!3-1¢ but there has been no
sufficient framework to analyze nonlinear transport in or-
ganic conductors. Nonlinear transport in low-dimensional or-
ganic conductors has been investigated extensively on the
basis of collective motion of density waves,* but this mecha-
nism does not seem to apply to the recently found organic
conductors. The nonlinear conductivity in the 6-phase or-
ganic conductor has been interpreted from the standpoint of
competition between two charge-order patterns: a low-
conducting stripe pattern and a high-conducting nonstripe
pattern,®!”7 but we cannot quantitatively discuss the voltage-
current V-I characteristics based on this mechanism. Taka-
hide et al.'®!° succeeded in explaining the power-law V-I
characteristics at very low temperatures only assuming the
long-range Coulomb interaction. For inorganic conductors,
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several theories of nonlinear transport have been
proposed.*?%22 Among them, the electrothermal model is a
phenomenological but classical standard approach that is
useful to quantitatively discuss the V-I characteristics and the
inhomogeneous current.?’ The present paper provides a mac-
roscopic energy-balance analysis based on a modified ther-
mal model that reproduces nonlinear transport and the oscil-
lating phenomenon. Although the present analysis is
generally applicable, we show comparison of observed and
simulated nonlinear conductivities for a charge-transfer salt,
(TMET-TTP)4PF, (the molecular structure is depicted in Fig.
1) as an example to show the general analytic procedure.
Since this compound shows a simple activated conductivity
(Fig. 1),% the agreement between observation and simulation
is particularly obvious. Although (TMET-TTP),PFy has a
herringbonelike 6-type molecular arrangement as well, the
composition is 4:1, and nonstripe charge order is the only
expected charge-order phase, thus leading to the simple ac-
tivated conductivity (Fig. 1).

When we slightly change an adjusting parameter from the
actual one, we can reproduce oscillating states. The time-
dependent energy-balance equation defines nonlinear dynam-
ics of hypothetical electron temperature, represented by a
single hump diagram just like the logistic map.?* To analyze
nonlinear conductivity, we can use mathematical methods
that have been extensively studied in conjunction with non-
linear physics, chemical oscillations,”® mathematical
biology,?® and social science.?’

©2009 The American Physical Society
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FIG. 1. (Color online) Temperature dependence of conductivity
in (TMET-TTP),PF¢ with the molecular and crystal structures (Ref.
23). The conductivity is well represented by o=0y exp(=T,/T),
where Tg=660 K, 07=450 Q cm for the in-plane conduction, and
01=0.9 Q cm for the out-of-plane conduction.

II. EXPERIMENTAL

Single crystals of (TMET-TTP),PF, were prepared by
electrochemical crystallization as described previously.??
Nonlinear conductivity was measured with a short voltage or
current pulse of 5 ms length and with a 1 s interval in order
to avoid heating. Nonlinearity was observed when the elec-
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tric fields were applied both along the crystallographic ¢ (in-
plane) and a (out-of-plane) axes. The sample cross section is
S=1.8X 107 cm?, and the distance between the voltage
contacts is L=0.036 cm for Fig. 2(a), S=1.2X 10~ cm? and
L=0.018 cm for Fig. 2(b), and §=9.6X 10~ cm? and L
=0.002 cm for Fig. 2(c).

III. RESULTS

Figure 2 compares observed and simulated nonlinear
characteristics, plotted with respect to the current density J
and the electric field E. We have carried out two different
measurements: the four-probe and two-probe methods, here-
after abbreviated as 4P and 2P, respectively. In the 4P mea-
surement, a regulated current pulse is applied to the outer
two terminals, and voltage between the inner two terminals
is measured [Fig. 2(a)]. Below 100 K, negative differential
resistance (NDR) is observed. Although a variety of formu-
lae that represent non-Ohmic conductivity has been
proposed,*> the present results seem to be well represented
by a power-law phenomenological equation rather than the
exponential dependence,?®

o(T,J) = oy exp(=T,/T) + 0,J", (1)

where the first term stands for the thermally activated Ohmic
conductivity and the second term is current-dependent non-
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FIG. 2. (Color online) Observed (a)—(c) and simulated (d)—(f) nonlinear conductivities in (TMET-TTP),PF,. (a) E-J characteristics
measured by the four-probe method, applying a 5 ms current pulse parallel to the stacking direction (lic). The fitting curves are derived from
Eq. (1). (b) E-J characteristics measured by the two-probe method with application of a 5 ms voltage pulse parallel to the stacking direction
(llc). (¢) E-J characteristics measured by the two-probe method with application of a voltage pulse perpendicular to the conducting sheet (lla).
(d) In-plane four-probe E-J characteristics simulated from Eq. (3) so as to reproduce (a). The dotted curve is based on smaller «
=50 W K~ cm™ at 60 K, and the other parameters are unchanged. () In-plane two-probe measurements at 60, 70, 80, 90, 100, and 120 K.
p.=0.8 Q cm. The dotted curve is based on larger nC=1.0 J K~! em™ at 70 K. (f) Out-of-plane two-probe measurements (lla) at 60, 70, 80,

90, 100, and 120 K. p;=860  cm.
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linear conductivity. Though the microscopic basis of this
equation is not certain, many compounds follow this equa-
tion, where the exponent is usually about m=1.5.19%28 The
NDR region in Fig. 2(a) follows a power law with m=1.28.
The temperature dependence of the threshold current J;, ex-
tracted from the peaks in Fig. 2(a), is plotted in Fig. 3(a). The
threshold current is represented by an activated process Jy,
xexp(-T,/T) with the activation energy of 7,,=380 K.

In the 2P measurement, a voltage pulse (V) is applied to
the circuit shown in the inset of Fig. 2(b). A sample electric
field E=V,/L is calculated from the sample voltage V,=V,,
—R; 1, where R; =5 k() is series load resistance and / is the
measured current. Figures 2(b) and 2(c) show the 2P mea-
surements in the in-plane (llc) and out-of-plane (lla) direc-
tions. The E-J characteristics show remarkable NDR. In con-
trast to inorganic thin films, no hysteresis or switching
effects have been observed when V) decreases. The threshold
electric fields E, extracted from the peaks, are plotted in
Fig. 3(a). Ey, is well represented by an activated process
Ey,ocexp(T,/ T) with the activation energy of 7,=220 K (lic)
and 400 K (lla). The threshold power increases with increas-
ing the temperature [Fig. 3(b)].

IV. SIMULATION

When nonlinear transport originates in definite collective
mode such as charge density waves, we can investigate the
detail starting from the corresponding equation of motion.*
Since this is not possible in the present case, we have to
develop a phenomenological model on the basis of macro-
scopic quantities. It is customary in device physics to discuss
high-field transport from the standpoint of hot electrons,?
postulating that they follow the energy conservation.'220

dT,
—“=P+V-(KVT,).

dt @

The supplied energy is P=o(T,)E? for the voltage-regulated
2P measurement and P=J?/0(T,) for the current-regulated

T(K)

4P measurement. This P term gives rise to the energy gain of
the electrons, and increases electron temperature 7, as esti-
mated from the left-hand side (C term). C corresponds to
electron heat capacity per carrier and 7 is the carrier number
density so that nC is the electron heat capacity per volume.
The last K term gives the spatial distribution of 7, due to
thermal conductivity K. The resulting filamentary current has
usually been investigated in a steady state by neglecting the
C term.?’ Since filamentary current is relatively unimportant
in the present elongated samples, we explicitly deal with the
C term instead, and the K term is simplified to the Newtonian
cooling —a(T,—T), where T refers to the environmental tem-
perature and « stands for the energy transfer rate from the
electron system to the lattice. & may change depending on
the sample shape and the surface area. Accordingly, the
energy-balance equation is, for the current-regulated 4P mea-
surement,

dT,
nCd—: =o(T,) - a(T,-T). (3)

This is valid for homogeneous or constant 7, distribution
under certain boundary conditions.

In conventional inorganic semiconductors, such as GaAs,
mobility drops at high fields. In the present case, however,
the conductivity increases both at high fields and at high
temperatures so that high-field conductivity o(7,) is repre-
sented by the corresponding low-current conductivity taken
from Fig. 1 at T,, elevated from the environmental tempera-
ture 7. Although we do not necessarily intend to attribute the
nonlinearity to thermal effects, T, is uniquely defined from o
and represents the population of the excited states rather than
the thermal equilibrium so that the real lattice temperature 7
can be different from 7,.3° It should be emphasized that al-
though the present formulation is identical to the classical
thermal model,”® the hypothetical electron temperature 7T, is
not a real temperature but a parameter characterizing the
population of the excited states. Then 7, rather than T, cor-
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responds to the electron temperature in the classical electro-
thermal model,”’ where the difference of resistances at T,
and 7, is attributed to the high electric field. Nevertheless,
the present formulation largely simplifies the following non-
linear dynamics.

To numerically calculate Eq. (3), we take T, at discrete
times. First we calculate the right-hand side and estimate the
rise in 7, from the left-hand side. Then, the new 7, is used to
estimate the next right-hand side o(7T,) and «(7T,—T), and
this process is repeated. By taking one step to be 0.1 ms, we
carried out 50 iterations to reproduce a 5 ms pulse.

Simulated characteristics are shown in Figs. 2(d)-2(f).
Figure 2(d) represents the 4P E-J characteristics, which cor-
respond to the observation in Fig. 2(a). Figures 2(e) and 2(f)
show the 2P characteristics corresponding to Figs. 2(b) and
2(c). The simulations look very similar to the experiments.
Once o(T,) is determined (Fig. 1), there are only two param-
eters, C and «a, which are adjusted so as to reproduce the
observed E-J curves. The parameters used are nC
=0.1 JK'em™ and =200 W K~! cm™ throughout the
present paper unless otherwise stated.

From these simulations, Jy;, and E, are extracted as shown
in Fig. 3(c). The results satisfactorily reproduce the experi-
ments [Fig. 3(a)]. The activation energies are 440 (4Pll¢c),
300 (2Pllc), and 300 K (2Plla). The simulation verifies the
relations such as Jy, < exp(-T,/T) and Ey,>exp(T,/T). In the
low-current limit, it is instructive to neglect the K term in Eq.
(3) because T, is very close to T;

AT,
P=cgE*=nC—=, (4)
T

where T, rises by AT, after the time of 7. If this relation is
valid up to the threshold Ey, while o is kept unchanged, Ey, is

. AT, . . .
obtained as Ey,=(nC—,)". Since P is J*/o in the current-

regulating 4P measurement, Jy, is Jthz(nCA—TT”(r)”z. These
equations demonstrate that E, is proportional to o~ !,
whereas Jy, is proportional to o'/?. This is the reason why Ey,
increases at low temperatures, while Jy, decreases.

This simple approximation indicates that if o follows an
activated process with an activation energy of 7,, activation
energies of Ey, and Jy, are both afforded by T,=T,/2. The
observations are 220 K for E;, and 380 K for Jy;,, and the sum
(600 K) is approximately equal to 7,=660 K. The experi-
ments as well as the simulation show that 7, for Ey is
smaller than that for Jy. As a consequence, the threshold
power Jy, X Ey, increases as the temperature rises [Fig. 3(d)].

In 4P measurement, a constant current pulse is applied,
and the voltage (E) behaves as shown in Fig. 4(a). First the
resistance is high and very high voltage is applied. As a
result, 7, and o increase. Accordingly, the voltage drops until
equilibrium is reached after about 0.5 ms. As shown in Fig.
4(b), the P term drops and the K term increases. After 0.5
ms, the P term equals the K term, and the C term disappears.
T, does not increase further, and the system is in equilibrium.
By varying the applied J, the equilibrium 7, and the P term
are depicted in Fig. 4(c). The P term equals the K term and is
exactly proportional to 7,-T.

PHYSICAL REVIEW B 79, 115108 (2009)

__ 400 T 40 ‘
- (a) (b)
& &
> 300 — E — g 30 —
w b
200 - o 1 = 20— —
< —> —~ —
< t g P-term
> 100+ 056 Q10+
N Te n K-term
o C-term
0 1 0 0 1
0 025 0.5 0 025 0.5
t (ms) t (ms)
&
£
(]
<
50 —> 10 =
P = K-terms g
0 [ S R N 0o 8
0 50 100 150 200 250 300
J (A cm2)

FIG. 4. (Color online) (a) Time profile in 4P measurement, E, o,
and T,; and (b) P term, K term, and C term in Eq. (3) at J
=100 A cm™ and T=60 K. (c) J dependence of equilibrium T,
and the P term at 70 K. The solid curves are for «
=200 W K~! cm™ and the dotted ones for =50 W K~! cm™.

If the pulse is too short to reach equilibrium, the E-J
curve deviates from the calculation. Since this does not hap-
pen in the actual observations, equilibrium is achieved. This
also indicates the absence of filamentary current in the 4P
characteristics because it leads to highly conducting ON
states, which should bifurcate from the homogeneous
curve.?

In this calculation, we have limited the maximum applied
field to 400 V cm™', as the actual current source does. Oth-
erwise, on account of the initial high resistance state, the
initial voltage becomes very large, exceeding 1000 V, and
results in overshooting 7,. The very high T, gradually drops
to the equilibrium value, but it takes a longer time.

For another plot of the E-J curves, Fig. 5(a) shows the p-J
curves. The flat low-current region indicates an Ohmic char-
acteristic, and the resistivity drops following the J power,
where the resistivity is represented by Eq. (1) with m=1.40.
As a simple approximation to the high-current limit, the C
term is neglected in an equilibrium state; Eq. (3) gives E
= Q(T;_T) , and E is inversely proportional to J for the constant
K term. This represents NDR, leading to o J?. The actual m
is smaller than this because 7, increases at high currents.

As an improved approximation, Eq. (3) gives an implicit
function, J?/ o(T,)=a(T,—T). This function does not depend
on C. By systematically varying a, the peak height of the
E-J curve [Fig. 2(d)], corresponding to Ey, is plotted in Fig.
5(b), together with the exponent m. As a decreases, heat
dissipation decreases and the equilibrium 7, rises [dotted
curves in Fig. 4(c)]. This leads to relatively low resistance at
high currents, and the right end of the E-J curve falls, as
exemplified by the dotted curve in Fig. 2(d). For the same
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FIG. 5. (Color online) (a) p-J plot of the 4P measurement. (b) «
dependence of the peak height Ey, in Fig. 2(d) and m in Eq. (1) at 70
K. The solid curves are for nC=0.1 J K~! cm™3, and the dotted
curves for nC=1.0 J K~! cm™3.

reason, Ey, decreases and m increases in Fig. 5(b). In particu-
lar, Ey, is a sensitive function of «, and comparing E, with
the actual observation [Fig. 2(a)], we can determine « to be
200 W K~ ecm™.

In the 2P measurements, it is characteristic that the peak
tops in Figs. 2(b) and 2(c) are located very close to the ver-
tical axis. This indicates that the power at the threshold is
relatively small. A large C gives rise to a round threshold
peak, as exemplified in Fig. 2(e). In the transient state, as
shown in Fig. 6(a), at the beginning most voltage is applied
to the sample, but then it abruptly drops. The delay time is
proportional to C. To reproduce the observed sharp threshold
peaks and delay times, we have chosen nC
=0.1 JK'em™.

As shown in the triangles in Fig. 3(d), large C makes the
threshold power large. In order to reproduce the observed
small threshold power, we have to choose nC
=0.1 JK~' cm™. In another interpretation, from Eq. (4) the
delay time 7 is proportional to C. Thus, 7 gives a good mea-
sure of C. The delay time in Fig. 6(a), together with the
threshold power in Fig. 3(d), provides that the transition
takes place at AT, as small as 1 K. This is applied to
the actual threshold power [Fig. 3(b)] to give nC
=0.1 J K~! cm™ again.

In the actual system, C should be temperature dependent;
electronic C is T linear, and lattice C is proportional to T°.
We have carried out a simulation by assuming temperature-
dependent C, but, as shown in Fig. 4(d), even a constant C
gives T-dependent power, and we could not find clear evi-
dence that we have to assume a 7T-dependent C. This comes
in part from the fact that the 4P measurement is essentially
independent of C.

The above value nC=0.1 JK'cm™ affords C
=33.7 J K~! mol~!/molecule because 7 is inverse of the lat-
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FIG. 6. (Color online) (a) Simulated time profile of a voltage
pulse in 2P measurement with various electron heat capacities. The
vertical axis was shifted appropriately. (b) Chaos appears at nC
=0.02 JK™' em™.

tice volume per carrier (per four molecules),”’ V.
=1348 cm® mol™!, derived from the Ilattice volume,
2240 A3. Although the lattice heat capacity of organic con-
ductors at around 60 K is ambiguous, it is approximately
300 J K mol™! per two molecules, based on a smaller
molecule.!®3! Per four molecules, this number should be
doubled. Furthermore, the present large TMET-TTP mol-
ecule includes nearly twice the number of atoms, and should
have nearly twice-larger heat capacity: approximately
1200 J K~' mol™! per four molecules or 300 J K~! mol™!
per molecule. Consequently, the obtained C is an order of
magnitude smaller than the expected lattice heat capacity.
The small C may be attributable to the inhomogeneous
high-conducting state.?? If the high-conducting path is one-
tenth of the total volume, it may be reasonable to assume that
the observed C is one-tenth of the total C. The influence of
the filamentary current can be included in the small C.2° In
another interpretation, if we consider 7; independent of T,
(Fig. 7), we assume the energy conservation for the lattice.

dT
nch = (T, - T)) - a)(T, - T). (5)

The first term in the right-hand side is the input energy from
the electron system, and the second term is the outgoing
energy. In a steady state, the left-hand side is zero, and

115108-5



MORI et al.
Electronic Lattice
heat capacity heat capacity
nC,— nC,—L&
Input power Hot electron Lattice £ tT |
EJZZGE oz L er)iveirrgr?ment
= Electron
S0 S Je 07T 8 0, (7,7

FIG. 7. (Color online) Schematic representation of energy flow
from the electron system to the lattice and to the external
environment.

T, -T
L= _ 2% 6)

T,-T, a

Here the overall C, is the weighted average of the electron
and lattice.

T,-T
+
T,-T

c,=C, C, (7)
because the energy values required to heat the electron and
lattice are C,(T,—T) and C,(T,-T), respectively. Accord-

ingly, C,/C;=1/10 indicates TT(L__TTL=1/ 10, and a,/a;=1/10.
ay is 10 times larger than «,, and 7} remains still close to T
in the a,<qa; limit. For example, the high-current end of
Fig. 4(c) affords T,=150 K for T=70 K, but the lattice tem-
perature remains 7, =80 K. C,/C; should be estimated for
individual compounds, but similar ratios have been obtained

for other organic compounds.

V. NONLINEAR DYNAMICS

In Eq. (3), the C and K terms are linear with respect to 7,
but the P term is nonlinear. As we did in the iterative calcu-
lation, the left-hand side gives AT, and determines new T7,,
leading to the successive development of T,. Accordingly,
this equation defines nonlinear dynamics with respect to 7.
Figure 8(a) plots AT, in the vertical axis given by T, plotted
in the horizontal axis. In the 4P measurement, the curve
crosses zero at point A. When 7, is lower than A, positive
AT, increases T, to approach A. Above A, AT, is negative
and 7, decreases to approach A. Therefore, A is a stable fixed
point.

For the 2P measurement without R,, in Eq. (3), J?/o(T,)
is simply replaced by E’c(T,). As shown in Fig. 8(a), the
resulting curve crosses zero at B from negative to positive.
Below B, T, decreases to zero, whereas above B, T, in-
creases to infinity. Accordingly, B is an unstable bifurcation
point. When we insert a load resistor, Eq. (3) changes to

nCTE = By pPo(T) ~alT,-) @
and the curve becomes that shown in Fig. 8(b). This is a
return map in which the vertical axis is 7,+AT, instead of
AT,.33 The curve crosses the slope=1 line at C. A point start-
ing from D approaches C and E approaches C so that C is a
stable point. When sufficiently low voltage is applied (E,
=100 V/cm), the resulting green curve is located below the
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FIG. 8. (Color online) (a) AT, given by T, for 4P (red curve at
J=200 A cm™?) and 2P (blue curve at E=100 V cm™!) measure-
ments at 60 K and nC=0.1 JK~! cm™. (b) Return map, where
AT,+T, is given by T, for 2P measurement with a load resistor
p.=0.8 Q cm at T=60 K. Blue (E;=400 V cm™!) and green (E,
=100 V cm™) curves at nC=0.1 J K™ ! ecm™, and red curve (E,
=400 V cm™!) at nC=0.025 J K' em™.

slope=1 line, and the low-conducting state at 7,=T7 is the
stable point.

If we use an artificially small nC, the hump is more pro-
nounced, and the point starting from F goes to G and oscil-
lates around C. This is why oscillation occurs in Fig. 6(a)
(red curve). Accordingly, the observation of oscillation is
strong evidence of small nC and of only a small contribution
of lattice heating. In the oscillating state, T, takes two values
alternately. The frequency can be discussed by incorporating
a parameter characterizing the delay in Eq. (8).2° Equation
(8) is different from the conventional nonlinear circuit using
an NDR device because it does not contain a term coming
from a capacitor. The present oscillation is an inherent prop-
erty of the material.

The return map is a single hump diagram analogous to the
logistic map,>* and chaos appears for smaller nC [Fig. 6(b)],
where no more periodicity is observed. We have observed
analogous random output in conditions similar to those of the
spontaneous current oscillation. The present model can ex-
plain the wide band noise and random oscillation, which
have been frequently observed together with nonlinear
transport.*34-36

The bifurcation diagram plotted for (nC)~! is depicted in
Fig. 9. Only one stable point appears for (nC)™!
<378 Kem®J™!, and the present material [(nC)~!
=10 K cm? J7'] is located in this region. Above this, period
two oscillation occurs. It bifurcates to period four at 47.2,
and chaos appears for larger values. Period three appears at
around 51.4. The diagram is relevant up to 62.4.
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FIG. 9.
T=60 K.

Bifurcation diagram at Ey=400 Vcm™' and

VI. CONCLUSION

In conclusion, we have demonstrated that many features
of nonlinear conductivity are understood from the standpoint
of nonlinear dynamics with respect to 7,. The E-J character-
istics, the power-law current dependence of the excess con-
ductivity, and the activated temperature dependence of E
and Jy, are derived from this model. The 4P characteristics,
as well as the low-conductive and high-conductive states in
the 2P measurements, are respectively equilibrium states and
have been dealt with in the steady state.”’ The present inves-
tigation demonstrates that the explicit evaluation of the time-
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dependent C term defines nonlinear dynamics and leads to
oscillation and chaos inherent in the nonlinear transport.

We have applied similar simulations to other nonlinear
organic materials and obtained basically similar results.>!
The obtained results are, however, very sensitive to the func-
tional shape of o(T,). Since o(T,) of these compounds does
not behave in a simple activated manner, more detailed
analysis is necessary to attain quantitative agreement. On the
other hand, unusual two-step E-J characteristics have been
observed in another organic compound.'® A variety of o(T,),
not limited to organics, is expected to afford a playground of
nonlinear dynamics.

We have started from a simple formulation that is basi-
cally the same as the thermal model, but the obtained small
C indicates that the simple thermal model is inappropriate.
Accordingly, 7, is an abstract parameter that characterizes
the excited states rather than the real sample temperature.
Nonetheless, the present method provides a simple way to
analyze the nonlinear characteristics and the time depen-
dence quantitatively. There have been several attempts to
analyze the chaotic outputs associated with nonlinear trans-
port as nonlinear time series,>”3® but the nonlinear dynamics
behind them has not been described. The present approach
potentially provides a way to construct a nonlinear model
that can explain the oscillating and random outputs.
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