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Negative differential resistance in the Peierls insulating phases of TTF-TCNQ
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Negative differential resistance (NDR) was observed in the most well known organic conductor, TTF-TCNQ,
in its low-temperature Peierls insulator phase below 53 K. The voltage-current (V-1) characteristics below this
temperature, measured by a four-probe method, exhibited unique NDR behavior, in which the dV/dI versus
conductivity (o) plots had the inflection points at the three o values without depending on temperature. These
o values were found to coincide with the conductivities at the three transition temperatures (53, 49, and 38 K)
for the formation of the charge-density waves in TTF-TCNQ. This suggests that the electronic structure of the
Peierls insulating phase of TTF-TCNQ is governed by the total carrier density, which is determined by not only

thermal excitation but also carrier injection.
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I. INTRODUCTION

TTF-TCNQ (tetrathiafulvalene-tetracyanoquino-
dimethane), the first “synthetic metal”, has been investigated
extensively since its synthesis in 1973 [1]. Recently,
TTF-TCNQ has attracted new attention as a contact electrode
material in organic electronics by virtue of its low-temperature
sublimable property compared with metal electrodes [2].
The precise physical measurements for the Peierls state in
TTF-TCNQ have already revealed the presence of internal
transitions, namely, the formation of charge-density waves
(CDWs) along the TCNQ and TTF chains at 53 and 49 K,
respectively [3-5]. Below 49 K, there is a mismatch between
the CDWs along the TCNQ and TTF chains in phase and
periodicity (incommensurate phase). Below 38 K (the locking
transition temperature), the periodicities of the two CDWs
coincide with each other. In these low-temperature phases,
higher-order nonlinear current-voltage (/-V) characteristics
(I < V", n > 2) have been reported [6,7], caused by the
sliding (depinning) of the CDWs under the applied electric
fields. The order n of the nonlinear conductivity gradually
increases with decreasing temperature, depending on the
above temperature regions, and becomes negligible in the
incommensurate phase between 38 and 49 K.

Negative differential resistance (NDR) is a typical nonlinear
transport phenomenon in which the 7-V profile shows a neg-
ative slope (differential resistance, d//dV) in some regions.
I-V profiles can be classified into N-and S-shaped NDR, in
which the current decreases with increasing applied voltage
[8] and the voltage decreases with increasing applied current
[9], respectively. When voltage is plotted on the horizontal axis
and the current is plotted on the vertical axis, they are classified
as N-type and S-type NDR, respectively. S-type NDR has been
reported on Mott insulator Cu-TCNQ thin film [10], TTF-CA
with neutral-ionic transition [11], K-TCNQ with the spin-
Peierls transition [12], and so on. NDR was also observed in the
charge state of 6 - (BEDT-TTF),CsCo(SCN)4 [13] and in an
ion-radical salt of a cyclophane-type donor, CPTD-Br-(TCE),
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[14]. The former exhibited thyristor behavior [13], and the
latter showed a relaxation of charge disproportionation upon
current loading by x-ray crystal structure analysis [14]. Since
NDR materials are expected to be applied to molecular
memory devices [15] and inverters [16], they are attracting new
research interest in the field of molecular conductors. In the
present paper, we report the discovery of NDR in TTF-TCNQ
in the low-temperature Peierls phase. NDR behavior is found
to critically depend on the temperature ranges separated by
the three transition temperatures, 53, 49, and 38 K, consistent
with the reported higher-order nonlinear /-V characteristics
(I o< V*,n > 2).In contrast, it is also found that the inflection
points in the V-I characteristics in the whole temperature
range below 53 K can be well normalized by the sample
conductivity.

II. EXPERIMENT

A single TTF-TCNQ crystal was grown by the liquid-phase
reaction processes of TTF and TCNQ through diffusion in
acetonitrile solution at room temperature (ca. 290 K). A
typical size of the crystal was about 2 x 0.2 x 0.05 mm?. For
four-probe conductivity measurements, four gold wires with a
diameter of 25 um were attached to the crystal by gold paste
along the long axis of the crystal corresponding to the b axis
(parallel to the m-staking direction). The outer two electrodes
for current application were attached around the crystal to
apply a uniform current density through the whole crystal cross
section, because the conductivity of TTF-TCNQ has relatively
large anisotropy along the crystal axes. A typical sample
picture is shown in Fig. S1 in the Supplemental Material (SM)
[17]. The sample was then connected and mounted to a sample
probe and placed in a cryostat (Quantum Design, PPMS).
The transport properties were investigated in the four-probe
current-applying voltage measurement (V-1) method and the
voltage-applying current measurement (/-V) method by an
ADVANTEST R6245 source meter in direct current mode and
pulse mode controlled by a PC through the GP-IB interface
with custom-made software.

Since crystal often breaks through the conductivity mea-
surements, especially at the temperature sweeping, data were
taken on three crystals in this study. Since the observed values,
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FIG. 1. Temperature dependence of conductivity of TTF-TCNQ
in the whole measured temperature range (a) and below the Peierls
transition temperature (b).

such as current (/) and voltage (V), are different for the
different samples due to the difference in the sample size,
the values are normalized to a relative values or converted to
size-independent values, such as current density J (A cm™?),
electric field E (Vcm™!), and conductivity o (Scm™'). Even
so0, there should be some experimental errors due to the errors
at size measurement of small crystals. The relation between
the samples and the data are summarized in the Supplemental
Material (SM) [17].

III. RESULTS
A. Temperature dependence of the conductivity of TTF-TCNQ

The temperature dependence of the conductivity of the
single TTF-TCNQ crystal was measured upon cooling in the
temperature range from 300 to 2 K at a sweep rate of 1 K/min,
by loading a constant current of 1 mA (20.8 Acm™2). The
results are shown in Fig. 1(a), in which the metallic conducting
behavior above 59 K and sharp drop-down of conductivity
below 53 K due to the Peierls transition at this temperature
are clearly seen. The low-temperature behavior is shown in
Fig. 1(b) on an enlarged scale. One can clearly see three
inflection points caused by the presence of the three CDW
phases after the Peierls transition. These results are consistent
with the past reports [3].

B. V-1 measurement in low-temperature phase

The four-probe current-sweeping voltage measurement
(V-I) was carried out at 20, 30, 40, 50, and 60 K [Fig. 2(a)]. In
contrast to the monotonous increase in the V-I characteristics
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FIG. 2. V-I characteristics of TTF-TCNQ at various tempera-
tures (a), and o-J characteristics derived from the V-1 data (b).
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at 60 K, namely, above the Peierls transition temperature
(53 K), the V-I curves exhibit nonlinear behavior below
this temperature. At 50 K, an NDR region appears, and it
grows as the temperature decreases. Figure 2(b) shows the
relation between the sample conductivity o and the current
density J (o-J characteristics) derived from the V-I data.
At all the measured temperatures shown here, conductivity
increases monotonously as increasing current density despite
the appearance of NDR.

Figures 3(a)-3(f) show the temperature dependence of the
electric field versus applied current density (E-J) profiles,
derived from the V-1 curves, in the respective ranges (54—48 K,
46-40 K, 38-32 K, 30-22 K, 20-12 K, and 10-4 K). In the
higher-temperature range [Fig. 3(a)], the E-J curve can be
separated into two regions: a nonlinear transport region at low
loading current density and a linear transport region at high cur-
rent densities. When the data are plotted in a J- E graph, we can
see an S-shaped relationship (Fig. S2(a) in the SM [17]). Below
46 K, E-J plots varied from the simple S shape to having some
complex structures as shown in Figs. 3(b)-3(d). Hystereses
are observed in the E-J plots below 44 K and become clearer
below 34 K, and the hysteresis region moved to higher current
values with decreasing temperature. In addition, clear inflec-
tion points appear in the NDR regions below 36 K [Fig. 3(c)].
In the further low-temperature region as shown in Figs. 3(e)
and 3(f), the peak (highest value) of the electric field increases
rapidly with decreasing temperature whereas the threshold
current density (current density at the highest electric field)
becomes lower monotonously (also seen in Fig. S3(c) [17]).
As the result, NDR is observed in most of the measured current
density range in Figs. 3(e) and 3(f). However, the change
becomes smaller at the lowest-temperature range and the E-J
curves for 4 and 6 K are very close to each other as shown in
Fig. 3(f). The fact that the transport property becomes temper-
ature insensitive in this temperature range would be explained
in terms of the Joule heating by the applied electric power.

To clarify the origin of the hysteresis, we also performed
the V-I measurements by using a pulse current at 30, 32,
34, 36, and 38 K. The results are shown in Fig. 4 (solid
curves), together with the data obtained by a continuous
sweep method on the same sample (broken curves) [18].
The results of the pulse current measurements do not have
hysteretic behavior and the curves agree with those in the
forward (current increasing) scan of the continuous sweep
method. Hysteretic behavior has been reported in relation
to the temperature dependence of TTF-TCNQ conductivity
around the locking transition at 38 K [19,20], suggesting that
the V-I measurement in this region causes the similar phase
transition. On the other hand, as indicated by the straight
line in Fig. 4, the electric fields at the inflection points on
the E-J plots below 38 K are proportional to the loaded
current densities. This means that the inflection points are
strongly related to the sample conductivity, o = 1/p = J/E.
To clarify this relationship, several parameters were compared
with the sample conductivity as shown in Fig. S4 [17].
Among them, the relationship is clearly seen in the plots of
the differential resistance (dV/dI) against the conductivity
o as shown in Fig. 5. In the dV /dI-o plots, the inflection
points appear at the same conductivity. Furthermore,
the specific conductivities, 750, 3800, and 7500S cm™ !,
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FIG. 3. E-J plots of TTF-TCNQ at various temperatures (a) 54-48 K, (b) 4640 K, (c) 38-32 K, (d) 30-22 K, (e) 20-12 K; the inset shows

the logarithmic horizontal scale, (f) 104 K.

also agree with the conductivities of the three transition
temperatures, 38, 49, and 53 K, respectively. On the other
hand, excluding around the inflection point, the dV /dI value
decreases monotonously with increasing o although there
are differences in the absolute values by the temperature.
The negative dV /dI value means the appearance of NDR.
These suggest that the electronic state in the low-temperature
phase of TTF-TCNQ below 53 K could be well described
as the function of the system conductivity itself. The effect of
the applied current density is also observed in the temperature
dependence of the conductivity of TTF-TCNQ, as shown
in Fig. 6. The larger the applied current density, the larger
the conductivity. However, the sample conductivity is not

simply proportional to the applied current density at these
temperatures. The conductivities at 0.1 and 1 mA are nearly
the same above 40 K, but they bifurcate at 38 K, which is the
locking temperature of the CDWs along the TTF and TCNQ
chains. The conductivities at 1 and 5 mA bifurcate at 53 K,
which corresponds to the formation of a CDW along the TCNQ
chain. In cases where the applied currents are larger than 5
mA, the conductivity increases across the whole temperature
range up to 60 K in the metallic phase. These results suggest
that the capable current value with the corresponding transport
mechanism for each temperature region is limited, and that
the excess current value causes the excitation of the upper
conducting mechanism in a stepwise manner.
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FIG. 4. E-J characteristics by pulse measurement (solid line,
period: 1 s; pulse width: 100 ms; integration time: 1 ms) and by
continuous current sweep measurement (dashed line).

IV. DISCUSSION
A. Transport measurement methods

Whereas NDR behavior is classified as N or S type, as
described in the Introduction, the NDRs observed in bulk
crystals of organic conductors are always the latter. In the case
of S-type NDR, with an increase in the current the sample
resistance decreases greatly, more than the current’s rate of
increase. In most cases reported so far, the I-V characteristics
are measured in a situation in which a load resistor is inserted
in series to limit the largest current, and the voltage drop
at the load resistor is subtracted to plot the I-V for the
sample. However, in this case, neither the voltage nor the
current applied to the sample can be controlled precisely.
Since up to three current values can be taken with the same
voltage in the S-type NDR (as shown in Fig. S2(a) in the
SM [17]), voltage oscillation between the states may take
place in some cases. In fact, some investigations were carried
out to stabilize the oscillation of an S-type NDR system by
controlling the time constant, which depends on the additional
resistors and capacitors [21-23]. On the other hand, when
a voltage was applied to a sample showing S-type NDR
without a load resistor, the current monotonically increased
as the voltage increased and only the rapid increase of the
current should be observed [24-26] without a negative slope.
This should be the reason why NDR has not been observed
in TTF-TCNQ so far. Since the sample resistance in the
S-type NDR system decreases monotonously with increasing
current density as shown in Fig. 2(b), the current-applying
voltage measurement method (V'-1) is preferable to figure out
the transport behavior in this system. Furthermore, when
the sample has a semiconducting nature, the interface with
the metal electrode may have nonlinear conductivity due to
the formation of a Schottky barrier in some cases. For these
reasons, a dc four-terminal method was applied, in which four
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electrodes were attached to the sample and the voltage on the
sample was measured with the different pairs of electrodes
from current application. Actually, reproducible results were
stably obtained repeatedly with respect to the behavior of NDR
when the current sweep was performed by the direct current
four-terminal method.

On the other hand, higher-order 7-V (I «x V", n > 2)
and NDR behavior are often doubted as effects of the Joule
heat because the resistance of the semiconducting sample
decreases through thermal excitation. Generally, conductors
with an insulating ground state exhibit thermally activated
conductivity, and thus it is possible to show nonlinear 7-V
characteristics through the Joule heat. However, when the
thermal effect of the Joule heat was taken into account in this
study from the thermal flow through four gold wires (25 um
¢ and 3 mm long at maximum) with the thermal conductivity
of gold (420 W m~' K1), the temperature difference of the
sample from the system temperature was estimated to be
ca. 2 K at maximum with a maximum consumed power of
600 uW as shown in Fig. S4(d) in the SM [17]. In this case,
the conductivity of the sample at 30 K corresponds to that
at 49 K under loading current, and this value cannot be
explained from the thermal effect of the Joule heat (2 K in
maximum). In addition, to minimize the effect of Joule heat
further, measurements were also carried out instantaneously
by applying pulse current in addition to the usual continuous
current sweep method. The fact that the V-1 characteristics
obtained by the continuous sweep method and the pulse
method well agreed with each other also suggests the small
effect of the Joule heat. Therefore, the effect of the Joule
heating would not be the main reason for NDR above 30 K,
mainly discussed in this study, whereas it would take an
important place in the lowest-temperature range (around 4 K)
as described in the Results section.

B. Origin of NDR and temperature dependence in TTF-TCNQ

In general, S-type NDR is caused by some excitation
mechanism from an insulating ground state to a higher-
conductivity excited state by current application. At that time,
when the rate of increase in conductivity is greater than the rate
of change of the current, the voltage drop has a negative slope
relative to the current and can be observed as NDR. Regarding
the organic conductors exhibiting NDR so far reported, they
often have CDW states, such as charge disproportionation and
charge ordering, and the melting of the high- resistivity CDW
state to a higher-conductivity state is caused by the applied
current, although the mechanisms underlying this phenomenon
have not been clarified in some cases.

In the case of TTF-TCNQ, while it shows metallic con-
ducting behavior due to the uniform m-staking structure in
the high-temperature phase, it turned out to be insulating in
the low-temperature phase below 53 K by seven orders of
magnitude, down to 4.2 K, accompanied by lattice distortion
in the m-staking column based on the Peierls transition.
Therefore, inversely, the melting of the distorted structure in
the low-temperature phases to the uniform structure by the
application of current could be a cause of NDR, although there
is no direct evidence of structural change during the appearance
of NDR in this stage. However, although NDR has not been
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reported in TTF-TCNQ, higher-order I-V characteristics (I o
V", n > 2) have been reported in detail and the underlying
mechanism has been discussed [24-26]: The threshold voltage
dependence on the three Peierls insulator phases is explained
in terms of the depinning and sliding of the CDW. Below 53 K,
the periodicity of CDW on the TCNQ chain coincides with the
periodic distortion of the TCNQ chain caused by the CDW
itself and the charge propagation (current) is pinned by the
interaction through the band-gap formation at 2kg in the band
dispersion diagram (Peierls transition). Below 49 K, the same
phenomenon takes place on the TTF chain (4kg). Although
the periodicities of CDWs along TTF and TCNQ chains are
incommensurate with each other below 49 K, they become
integer ratio and the CDWs are immobilized more strongly
below 38 K (interlocking). By applying a strong electric field
(threshold electric field, Et) to overcome the pining potential
energy, the sliding motion of CDW (charge propagation) is
quickly recovered, and the higher-order 7-V curve (I o< V",
n = 2)is observed [6,7]. Although the expression is different
due to the difference in the measurement method (/-V and
V-I), the origin of the reported higher-order 7/-V and that
of the NDR in this study should be basically the same. As
described above, the insulating states of TTF-TCNQ under
the Peierls transition temperature are explained in terms of
the pinning of the sliding motion of the CDW by the periodic
distortion potential of the lattice caused by the CDW itself,
and by the interaction with the CDW of the other chains of
opposite charge (TTF and TCNQ). Since the flowing current
below the Peierls transition temperature is explained as the
sliding of the CDW, a certain point on the lattice will feel
the periodic change (oscillation) of the electric potential from
the sliding CDW. If the lattice distortion cannot follow the
periodic change of the electric potential caused by the sliding
of CDW, the amplitude of the distortion will be weakened by
increasing current density because the higher current density
means the faster sliding motion of the CDW (i.e., faster
oscillation). A similar mechanism could be also discussed on
the interaction between the CDWs of the opposite charges.
Therefore, there should be positive feedback mechanisms
to increase the conductivity by applying current density to
express NDR through the weakening of the pinning potential
of CDW.

The other new finding, that the conducting behavior of
TTF-TCNQ below 53 K seems to depend on the conductivity
of the system itself as shown in Fig. 5, needs further discussion.
It was found that the inflection points in the E-J curves
for different temperatures were well sorted in terms of the
conductivity of the sample. Usually, the conductivity of the
material is considered as the result of the electronic structure
of the sample and the function of the environmental variables,
such as temperature and pressure. Therefore, the relationship
seems opposite in the current case. In the case of TTF-TCNQ,
each phase under 53 K shows S-type NDR. As described
above, S-type NDR is explained as the phenomenon that the
sample conductivity increases as the current increases. In other
words, the conductivity of the NDR system could be changed
by the applied current (two orders of magnitude, in this study).
Since the conductivity o is expressed as the product of the
carrier density n, elemental charge e, and mobility u, and since
e and p are supposed to be constant in the same crystal phase,
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FIG. 7. Schematic drawing of the plausible mechanism for the conductivity change upon current application in TTF-TCNQ.

the conductivity of the sample could be mainly expressed as
the function of n. Namely, n is not only excited thermally,
but also induced by externally applied current in the NDR
system. Therefore, the observed conductivity dependence
would originate from the dependence on the carrier density #.
However, the carrier density n should have some upper limit
for each carrier transport mechanism even in the NDR system.
Actually, the slope of the E-J curves in typical NDR systems
turned out to be positive again in the higher current density
region. This situation is also seen in TTF-TCNQ just below
53 K as shown in Fig. 3(a). However, if the system has a higher
conductive phase, the phase transition will take place to have
higher carrier density n by increasing current density further.
In the case of TTF-TCNQ, two and three upper conducting
phases with higher conductivities exist in the phases below 49
and 38 K, respectively. In fact, the E-J curves of TTF-TCNQ
have complex structures in the lower-temperature region, and
the structures were well characterized in relation with the
three phase transitions at 53, 49, and 38 K. This phenomenon
could be explained in terms of the phase transition to the
higher conducting state, caused by the induced carrier. In TTF-
TCNQ, although the band gap is formed and insulated through
the Peierls transition below 53 K, the insulating electronic
structure is caused by the system’s electrons themselves and
the electric current is nothing but moving electrons (or holes)
in the sample itself. Therefore, the NDR and phase transition
through V-I measurements could be attributed to the function
of carrier density in the insulating states of TTF-TCNQ below
the Peierls transition temperature as drawn in Fig. 7.

V. CONCLUSION

Negative differential resistance (NDR) was found and
added as a new feature of TTF-TCNQ, the most well known
and well investigated organic conductor. NDR was observed
in the whole measured temperature range below 53 K, which
corresponds to the Peierls transition temperature, whereas the
structures in E-J curves including NDR depend on the three
phases below 53, 49, and 38 K. Although the origin of NDR
would be the same as that of the reported higher-order 7-V
characteristics (I o« V", n > 2), it was revealed that both
NDR in V-I characteristics measurements and the phase
transitions in the temperature dependence measurements could
be explained as functions of the charge carrier density in the
sample because the three inflection points observed in both
plots had the same conductivity. This feature originated from
the characteristic electronic structure of TTF-TCNQ. Since
the Peierls phase transition depends mainly on the strong
correlations among electrons in the quasi-one-dimensional
electronic structure, the electronic state would be quite
sensitive for the charge carrier density regardless of the origin
of the carrier, whether it is thermally excited or externally
induced by the current application.
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