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An experimental study of electrical transport phenomena in TTF-TCNQ in the low-tem-
perature (T &4.2 K) dielectric regime is reported. The current-voltage curves are non-

linear with conductance increasing with increasing voltage. The observed nonlinearity is
insensitive to radiation-induced defects at the fraction of a percent level. The data are
discussed in terms of electric field depinning of the incommensurate charge-density wave

with a critical electric field of approximately 1.5&10 V/cm.

Extensive studies of the electrical conductivity
of TTF-TCNQ have generally focused on two tem-
perature ranges~he one-dimensional metal re-
gime at T ) 58 K' ' and the region 38 K& T & 58
K' 9 in which a series of three electronic struc-
tural transitions have been observed. "" In the
dielectric regime below 38 K, the charge-density
waves (CDW) are pinned by interchain coupling
resulting in a three-dimensional superlattice with

a, =4a, b, = 3.4b, and c,=c (where a, b, and c are
the lattice parameters of the undistorted struc-
ture). '0"'~" However, the unusually large low-

frequency dielectric constant" and the related
low resonance frequency" for the coherent pinned

phase mode imply relatively weak pinning forces.
The question which we have approached experi-
mentally is whether the application of an electric
field at low temperatures (T «38 K) can cause
the weakly pinned CDW condensate to depin (par-
tially) and thereby become conducting. We re-
port" in this Letter the results of an experimen-
tal study of nonlinear transport phenomena in
TTF-TCNQ at low temperatures.

All measurements of the current-voltage char-
acteristics were carried out on single crystals of
TTF-TCNQ with use of the standard four-probe
arrangement, with the sample immersed in the
liquid-helium bath. Low current levels ((1 pA)
were supplied by a simple dividing network using

a battery source and were measured with a Kieth-
ley 160B multimeter. At higher current levels,
measurements were carried out in both controlled-
current and controlled-voltage configurations with
either an electronic measurements C612 constant
current supply or a Hewlett-Packard dc power
supply in series with a battery. In all cases, the
voltage across the sample was measured using a
Kiethley 6108 electrometer as a high-impedance
buffer (gain of one) connected to a Keithley 160
multimeter.

Figure 1 shows the I-l' curves of a crystal of
TTF-TCNQ measured along the principal conduc-
ting b axis. The I-U curves are nonlinear, with
the dynamic conductance, dI/dV, increasing with
increasing voltage. As the temperature is low-
ered, the low-field conductance decreases, but
the degree of nonlinearity increases dramatically.
The I-V curves qualitatively appear to be ap-
proaching an off-on situation at T= 0 K where cur-
rent is not generated until a "critical" electric
field is reached. The degree of nonlinearity is
illustrated in detail in the full logarithmic plot.
The results shown in Fig. 1 represent current
levels as low as 10 "A and power inputs as low
as 10 "W. The solid line represents ohmic be-
havior and is shown for comparison. At the low-
est temperatures, the I-V characteristics of TTF-
TCNQ are nonlinear over the entire range meas-
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FIG. 1. Logarithmic plot of I vs V for TTF-TCNQ
showing the nonlinear transport at low temperatures.
The data are plotted as I vs V in the inset.

ured.
To clarify any possible role of crystalline de-

fects or imperfections in these nonlinear trans-
port phenomena, we have initiated a study of the
effects of radiation damage on the electrical prop-
erties of TTF-TCNQ. Samples were bombarded
with a total flux of 5 &10" cm ' of 8-MeV deuter-
ons from the University of Pennsylvania tandem
accelerator. Crystals of TTF-TCNQ of typical
thickness (50 pm) are essentially transparent to
8-MeV deuterons mhich lose approximately 100
KeV during passage. " The induced damage was
monitored by observing the room-temperature re-
sistance during irradiation; initial studies mere
on samples with room-temperature resistance in-
creased by 20%. The electron spin resonance of
the damaged samples at 4.2 K indicates an in-
duced concentration of spin--, impurities of order
of 0.1/(.

The low-temperature I-V curves mere meas-
ured before and after irradiation mith several im-
portant results. The lorn-field ohmic conductance
at 4.2 K was increased by more than tmo orders
of magnitude and mas sample-independent. This
defect contribution to the low-temperature trans-
port is ohmic and described by cr, = o,0 exp(- E,!T),
with F., = 20 K. The previously observed nonline-
arity is masked at 4.2 K by the larger defect con-

tribution. At 1.6 K, where o„ is small and unim-
portant, the nonlinearity shoms up clearly with
identical curvature as a function of applied volt-
age. The absolute current density was reduced
by a constant factor of 3 because of the irradia-
tion-induced defects. The effect of radiation-in-
duced damage on the full range of electronic prop-
erties of TTF-TCNQ is of significant interest and
is being actively pursued. For the purposes of
this Letter, the preliminary results outlined
above bear directly on the question of the origin
of the observed nonlinearity.

A trivial source of nonlinearity in a semicon-
ductor sample is self-heating. 2' The ohmic be-
havior of the irradiated samples at 4.2 K when
combined with the measured temperature depen-
dence of a„allows an upper limit for self-heating
of order 0.1 K at an input pomer level of 10 ' W.
Since the data of Fig. 1 are restricted to power
levels below 10 ' W, the maximum sample heat-
ing is l.ess than 10 ' K, or completely negligible.
This experimental upper limit is consistent with
independent estimates based on values of the ther-
mal conductivity as inferred from thermal time
constants observed in low-temperature heat ca-
pacity measurements.

Transport studies of TTF-TCNQ have revealed
the existence of contact resistance at the silver-
paint-sample interface. ' Although the contacts
have been shown to be ohmic at higher tempera-
tures, ' nonlinearity resulting from rectifying
contacts at low temperatures must be considered.
We have repeated the measurements in a two-
probe configuration using all possible combina-
tions of the four leads. Because of the high input
impedance of the measuring circuit ()10"Q), on-
ly 10 ' of the measuring current passes through
the voltage contacts in the four-probe configura-
tion whereas all the current passes through the
volatge contacts in the two-probe measurement.
In all cases, the tmo-probe and four-probe data
were identical with the magnitude of the voltage
scaling with the intercontact spacing (i.e. , an
electric-field effect). Since a factor-of-10' change
in current through the voltage contacts caused no
change in I-V characteristics, me conclude that
the observed data do not result from contact rec-
tification.

The I-V characteristics of a semiconductor can
be nonlinear if the number of carriers is deter-
mined by the applied electric field through injec-
tion, impact ionization by accelerated carriers,
or field ionization of neutral impurities. Each of
these mechanisms can be ruled out on theoretical
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grounds. To achieve the measured current densi-
ties by injection mould require a mobility in ex-
cess of 10' cm'/V sec." Similarly, impact ioni-
zation at the observed electric field of order 10'
V/cm of carriers with activation energy or order
20 K would require p&10' cm'/V sec." These
values are three to four orders of magnitude
greater than found in even the purest single-crys-
tal organic semiconductors. Moreover, defects
and chain breaks are especially important in qua-
si-one-dimensional systems and will limit the
mobility. Field ionization is a tunneling process
and the available energy is determined by the ap-
plied electric field integrated over the length of
the impurity wave function. To ionize carriers
with binding energy of order 20 K with E= 10' V/
cm would require that the impurity wave function
extend over lengths of order 10' A. Direct exper-
imental evidence that these traditional mecha-
nisms are not involved in the present observa-
tions comes from the relative insensitivity of the
low-temperature nonlinearity to induced defects
at the fraction-of-a-percent level.

The I-V characteristics of more than tmenty-
five samples have been studied. In all cases,
nonlinear I-V curves were observed. The data
from Fig. 1 are replotted in Fig. 2 as lnI versus
1/T at fixed electric field (fixed voltage). The
general features are those of a thermally activat-
ed conductivity, with tbe activation energy, 6/k~,
decreasing with increasing electric field. The
field-dependent activation energy as obtained
from the slopes of the curves is plotted in the in-
set to Fig. 2, which shows 6 decreasing approxi-
mately linearly with increasing field and extrapo-
lating to zero at E, = 125 V/cm. Thus for E &Eo,
the data are adequately described by an expres-
sion of the form j /E = ao exp[- (1 —E/Eo) 6/T j.
The value for FQ as obtained from several sam-
ples is 150+ 50 V/cm, with the variation from
sample to sample consistent with the errors in-
volved in determining the distance betmeen volt-
age contacts on the small samples. The activa-
tion energy is approximately 6/kB —-14 K with lit-
tle variation (a1 K) from sample to sample. The
prefactor, 0„ is somewhat sample-dependent,
ranging from 5&&10 ' to 3 X10 ' (0 cm) ' with a
typical value of 10 ' (fs cm) '. The irradiation
experiments suggest that OQ is dependent on sam-
ple perfection as described above. For F. &E„
the prefactor is only weakly field-dependent, mith

vQ inc reas ing by less than a factor of 2 whereas
j /E changes by three orders of magnitude at the
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FIG. 2. ln & vs & at various values of the applied
electric field. The solid lines represent least-squares
fits to the data at each field. The field-dependent acti-
vation energy is shown in the inset.

lowest temperatures (Fig. 2). Preliminary evi-
dence suggests that at higher fields (E ~ Eo) the
prefactor increases more rapidly, approximately
exponentially, with increasing electric field.
Pulsed measurements are undermay to character-
ize fully this high-current regime.

The critical field for depinning the CD% at T
= 0 K can be estimated from the following argu-
ment. We assume a pinning potential V(y)
= Vo f(y), where f(y) is periodic in cp. The rea. l-
space periodicity mould depend on the pinning
mechanism. " If the pinning is due to high-order
commensurability for example, the potential
would be periodic in the equilibrium lattice con-
stant, cp= (2q/b)r. If the pinning arises from in-
terchain Coulomb interacti. ons, the potential
would be periodic in the superlattice constant
[i.e., q= (2v/A, )x, where P, ,= 3.4b for TTF-TCNQJ.
In order to depin, the electric field energy in
moving the CDW a periodicity length (I) must be
greater than V, ; thus, E, —V, /l. In the simplest
case, f(y) = 1 —coscp and Vo can be related to the
fundamental pinning frequency, (d~, and the Froh-
lich effective mass M* by expanding about the
pinned equilibrium and retaining only the harmon-
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ic term. 2~ We have then

M*&+ dg

Using values of M~ and (d~' from infrared stud-
ies, "we obtain E, of order several hundred volts
per centimeter (a rough estimate due to uncer-
tainties in the values of the parameters) and,
more importantly, the actual form of f(y). For
a rigid CDW, the nonlinear current density would

be zero at T=O K for E &E, . Inhomogeneous pin-
ning or phase -soliton excitations'4 will allow
thermally activated precursor effects to show up

below the critical fieM. %e therefore identify F.,
with the field needed to reduce the activation en-

ergy to zero; F.,= 1.5&&10' V/cm, From this
point of view, the CD% conductivity in this re-
gime (E ~ E, ) is itself nonohmic, increasing ap-
proximately exponentially with applied field.

In summary, we have presented an initial ex-
perimental study of the nonlinear electrical trans-
port in TTF-TCNQ at low temperatures. The in-
sensitivity of the I-V nonlinearity to induced de-
fects argues against traditional semiconductor
mechanisms. The results were discussed in

terms of the onset of electric-field depinning of
the charge-density wave,
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