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The results of a study of the effects of controlled disorder on the electrical conductivity of the one-
dimensional conductor, tetrathiafulvalene-tetracyanoquinodimethane (TTF-TCNQ), are reported. We find
that radiation-induced defects lead to effects which are relatively easy to establish from studies on a given set
of crystals, and do not rely on subsequent synthesis and crystal growth. The temperature of the conductivity
maximum increases with defect concentration [dT,/dc ~5 X 10> K/(percent defects)], whereas the associated
disorder suppresses the phase transitions to lower temperature. The first transition, associated with the onset
of long-range order in pure TTF-TCNQ shifts downward with an initial slope of 1.5 X 10> K/(percent
defects). The 38-K transition, associated with the final locking of the charge-density waves shifts to lower
temperatures with an initial slope of 2 X 10> K/(percent defects). The data have been analyzed in the
temperature range above the conductivity maximum to obtain quantitative information on the overall question
of the importance of defects on the electrical transport properties of quasi-one-dimensional conductors. Both
the conductivity peak ratio and the absolute magnitude of the room-temperature conductivity are extremely
sensitive to induced defects at the level of 20 to 1000 ppm. The results are discussed in the context of the
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Peierls instability and the structural data available for the TTF-TCNQ system.

I. INTRODUCTION

Considerable effort has been devoted toward
understanding the one-dimensional (1D) metal-
lic behavior of tetrathiafulvalene-tetracyano-
quinodimethane (TTF-TCNQ).! The observa-
tion?*® and detailed characterization®™® of the
modulated superlattice structure at low temper-
atures has established the charge-density-wave
(CDW) ground state associated with the Peierls
instability, as proposed earlier based on experi-
mental studies of dc,” microwave,® and optical
electronic,’ and magnetic properties.!® The dis-
covery of precursor phenomena? 3'!! associated
with the giant Kohn anomaly'? and the divergent
response functions expected for ideal 1D metals
has made TTE-TCNQ a model system for exper-
imental study. .

In conjunction with these studies on pure single
crystals of the parent compound, TTF-TCNQ,
attempts have been made to create chemical iso-
morphs'? and thereby enlarge the class of mate-
rials through synthetic means. The comparative
studies on derivative salts with similar struc-
tural features and on alloys' (mixed systems
such as (TTF, TSeF,., )(TCNQ), where TSeF is
tetraselenafulvalene) have been of importance in
verifying the generality of the overall properties,
while clearly pointing out differences in detailed
behavior. However, the nature of the chemistry
has set some limits on this approach. Alloys,
for example, combine both the effects of struc-
tural disorder and different molecular electronic
properties leading to results which are some-

times difficult to separate.

We report here the results of the first study,
in quasi-1D conductors, of the effects of con-
trolled disorder through radiation-induced de-
fects.'® Fast-particle bombardment is known as
an effective method for controlled introduction
of lattice defects into crystalline solids. In par-
ticular for organic 1D solids, we find that radia-
tion-induced defects lead to cause-effect rela-
tionships which are direct and relatively easy to
establish from studies on a given set of crystals,
and do not rely on subsequent synthesis and crys-
tal growth. The radiation induced defect studies
therefore serve to explicitly quantify the impor-
tance of defects in nominally chemically “pure”
crystals.

In this paper we report the effects of radia-
tion damage on the dc electrical conductivity of
single crystals of TTF-TCNQ in the metallic
regime (T >54 K). We include in addition an ini-
tial characterization of the corresponding effects
in the region of the structural transitions (30<T
<55 K). Detailed analysis of the effects of dis-
order on the phase transition will be discussed
in the second paper in the series.'® Related
studies of microwave conductivity and dielectric
constant and of the structural and magnetic
properties are underway.

IL. EXPERIMENTAL DETAILS

The TTF-TCNQ crystals used in this study
were prepared in our laboratory. Crystals were
grown by the diffusion method in acetonitrile
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from multiply gradient sublimed TTF and
TCNQ." A specially designed diffusion cell was
used in a programmable temperature controlled
bath to produce quality single crystals. The
electrical conductivity measurements were car-
ried out using standard four-probe dc techniques
on crystals taken at random from a single-crys-
tal growth batch. )

The radiation damage was carried out at the
University of Pennsylvania Tandem linear ac-
celerator using an 8-MeV deuteron beam. Op-
timum conditions resulted from placing the
samples one at a time directly in the defocused
beam. The 8-MeV deuteron beam current was
in the range of 100 nA; total incident flux was
determined with an integrating ammeter. As-
suming the stopping power of TTF-TCNQ to be
similar to that of amorphous carbon, crystals
of TTF-TCNQ of typical thickness (50 um) are
essentially transparent to 8-MeV deuterons
which lose less than 100 keV during passage.
The experiments reported in this paper covered
a total flux through the samples ranging from
10'3 particles em™2 to 5x 10 particles cm™2,

In general the samples were irradiated and
subsequently mounted for conductivity measure-
ments after irradiation. However, several in
situ measurements were carried out (see below)
in which the room-temperature conductivity was
monitored during the irradiation.

Only a small fraction of the deuteron energy
loss in the sample results in defect production.
Studies!®*!® of the low-temperature transport
after irradiation at 5x10' ¢m™ indicate that
the Ohmic conductance at 4.2 K was increased
by more than two orders of magnitude, and was
reproducible from sample to sample. This de-
fect contribution is described'®'® as
04 =09 exp(~E, /kT) with E, /ky=20 and
09 ~0.5.(2 cm)™. The single-characteristic ac-
tivation energy suggests a single dominant de-
fect. Spin-resonance studies®® of the most
heavily irradiated samples (flux 5X10** ¢m™?)
indicate an induced concentration of spin-%
impurities of approximately 0.1% (1000 ppm).
The measured value of 03 ~0.5 (2 cm)™' is con-
sistent with 0.1% donor/acceptor states with a
carrier mobility of order 2 cm?/V sec consistent
with that inferred from the room-temperature
conductivity of TTF-TCNQ. Detailed studies of
the resistivity in the temperature range 35-60 K
show that for samples exposed to 5x10™ ¢m™ of
8-MeV deuterons, the phase transitions, observed
in pure samples as anomalies in the resistivity,?
are suppressed. Similar experiments on alloys'*
indicate a comparable suppression of the phase
transition at a level of about 3% TSeF in TTF-

TCNQ. Because of the structural and electronic
similarity of TSeF to TTF and the fact that the
transitions are driven by the TCNQ chains,?" 23
we expect that for a given concentration the effect
on the phase transitions of alloying to be some-
what less than that due to the irradiation-induced
defects. It is difficult to establish definite error
bars on this estimate of the total defect scale
factor. The 0.1% concentration of magnetic de-
fects (at a flux of 5X10' cm™2) is an approximate
lower limit. An upper limit would be about 1%
defects (at a flux of 5X10'* ¢m™2) as inferred from
the suppression of the transition temperatures.
Based on the above arguments and the known re-
sult that chemical impurities play an important
role at the 100-ppm level, we conclude that the
value of 0.1% defects from an incident flux of
5x10'* ¢m™2 is approximately correct. We shall
take this value to set the scale of the concentra-
tion of induced defects. Therefore, the experi-
mental results described in this paper cover the
range from approximately 20-1000 ppm.

III. EXPERIMENTAL RESULTS

Figure 1 shows the electrical conductivity of
TTF-TCNQ after irradiation as a function of tem-
perature near the conductivity maximum. The
series of nested curves (each one normalized to
the room-temperature value measured for that
crystal) result from progressively higher flux or
equivalently progressively higher defect concen-
tration. The characteristic behavior of TTF-
TCNQ has not changed due to the irradiation; the
electrical conductivity increases with decreasing
temperature, goes through a relatively sharp
maximum at a temperature T, and becomes ac-
tivated (a semiconductor) at low temperatures.

The phase transitions, observed in pure TTF-
TCNQ in the temperature range 35-54 K, remain
observable for the irradiated samples. However,
the transitions broaden and shift to lower tem-
perature with increasing defect concentration.
Figure 2 shows the resistivity in the transition
region of several samples with progressively
higher defect concentrations. The detailed be-
havior and analysis of the results in the vicinity
of the phase transitions will be presented in a
subsequent paper.'® For the purpose of the pres-
ent discussion we note only the dependence of the
transition temperatures (defined by the peak in
dlnp/dT) as a function of defect concentration.

The results for the three characteristic tem-
peratures are shown in Fig. 3.

(a) T,: The temperature of the conductivity
maximum occurs at 58 K in pure TTF-TCNQ
and increases to 68 K at a defect level of 1000



ppm. Note that samples with conductivity maxi-
mum at 60 K have of order 50 ppm added defects.

(b) T,: The first transition, associated with
the onset of long-range order in pure TTF-TCNQ,
shifts to lower temperatures. The effect of dis-
order is to suppress the phase transition from
52.3 K in our pure samples downward with an
initial slope dT,/dc ~150 K/(percent defects).

(c) T,: The 38-K transition, associated with
the final locking of the CDW’s on the two chains
in pure TTF-TCNQ also shifts to lower temper-

atures; dT,/dc=~200 K/(percent defects).

There has been considerable controversy con-
cerning the dc electrical conductivity® =2 of TTF-
TCNQ centering on the absolute magnitude of the
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FIG. 1. Electrical conductivity of TTF-TCNQ after
irradiation as a function of temperature near the con-
ductivity maximum. @, nonirradiated; +, 1.1x10!% cm™?,
A, 2.4x108% em?; x, 5.2x10 em=2; O, 9.3x10'° cm™?;

O, 51.5x 1013 ecm™2,

16 EFFECT OF CONTROLLED DISORDER ON THE ELECTRICAL...

5165
10!
T T T il T
R
4,
- A
102 [N -
%
.. )
\§7
= .0 °°l;.d“‘l
g "e %"Ae!'x
vo1073 \"',"’%o:\‘:“ -
d' \.”’4 °"o “5“‘5
44 00
~ "o, "’o,’%ooo:. “AAA““‘ f
a e tegeoce,
Y %00 40,000
*e, ’0,% hob888aps e
* .2:;“ T axxnana g
‘{;’:';"’Wonooc
ot |- DMt
) I ! I | L
30 35 40 45 50 55 60

TEMPERATURE (K)

FIG. 2. Resistivity in the transition region from sever-
al samples with progressively higher defect concentra-
tion. (a) @, nonirradiated; (b) +, 1.1x10'3 cm~2; (c) O,
2.4x10"% cm™2; (d) %, 5.2x101 cm~?; (e) A, 9.3x10!3
em™?; (f) A, 51.5x10'% cm~2.
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FIG. 3. Characteristic temperatures of TTF-TCNQ
as a function of incident flux or defect concentration;
T y is the temperature of the conductivity maximum, T
is the first transition associated with the onset of long-
range order in pure TTF~TCNQ, and T, is the 38-K
transition associated with the locking of CDW’s.
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room-temperature conductivity, the size of the
conductivity peak ratio (CPR)[=0(T})/0(300 K)]
and the temperature at which the peak occurs
(T,). Our results for T, are shown in Fig. 3; our
results on the absolute magnitude of (300 K) and
for the CPR are shown in Figs. 4 and 5.

Figure 4 shows the room-temperature conduc-
tivity, 0(300 K), of TTF-TCNQ as a function of
particle flux. The solid line represents the ex-
perimentally determined variation of the conduc-
tivity obtained by on-line measurements. A
sample was mounted for four-probe conductivity
measurements and placed in the scattering cham-
ber; the voltage and current were remotely mon-
itored at short intervals (beam off) during the
irradiation. The experimental points were ob-
tained from samples irradiated as described in
Sec. II and subsequently measured. The agree-
ment and reproducibility are remarkable and
satisfying. Moreover the extreme sensitivity of
the room-temperature conductivity to defects is
clearly evident. The room-temperature conduc-
tivity values reported by other laboratories typi-
cally fall in the region from 300 to 500 (£ cm)™'.%
Figure 4 demonstrates that such values are char-
acteristic of defect levels in excess of about 100
to 200 ppm. Thus the correlation suggested ear-
lier”+26:27 petween the room-temperature conduc-
tivity and increased sample quality is verified by
the present studies.

The conductivity peak ratio o(T})/0(300 K) is
plotted as a function of particle flux in Fig. 5.

As long as the CPR is much greater than 2, this
quantity will be an approximate indicator of
sample quality; in effect a measure of the re-
sidual resistivity if interpreted in the conven-
tional metallic sense. With the starting samples
having only moderate quality (CPR of the order
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FIG. 4. Room-temperature conductivity, 0(300 K), as
a function of particle flux and defect concentration. The
solid curve represents on-line measurements of a single
sample; the experimental points are from separate
samples measured subsequently (see text).
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FIG. 5. Conductivity peak ratio as a function of particle
flux and defect concentration.

of 16), we are unable to extrapolate back to pre-
dict the CPR of the purest defect free TTF-
TCNQ. However, by observing the defect con-
centration needed to reduce the CPR by a factor
of 2 we can evaluate the approximate defect
and/or impurity level in nominally-high-purity
TTF-TCNQ; i.e., characterized by ¢(300 K)
=700 (2 cm)™! and CPR~16-20 (typically). Fig-
ure 4 quantitatively characterizes such samples
as having of order 100-ppm defects and/or im-
purities.

IV. ANALYSIS OF EXPERIMENTAL RESULTS

The temperature dependence of the electrical
resistivity of TTF-TCNQ in the high-temperature
conducting regime was discussed by Groff et al .28
Taking the point of view of simple metallic be-
havior, the resistivity is separated into a tem-
perature-dependent intrinsic term and a temper-
ature-independent residual term, i.e.,

P(T) = py+ p,(T/T)*. 1)

Equation (1) assumes a simple power law for
the intrinsic temperature dependence. Under-
lying Eq. (1) is the assumption that p, will be
proportional to the defect concentration, where-
as the power A and the coefficient A =p,T,” " are
assumed to be intrinsic and therefore indepen-
dent of defects at least in the low-concentration
limit.

In an attempt to evaluate the validity of Eq. (1),
we have carried out least-squares fits to our
data. To avoid a preference for either conduc-
tivity or resistivity, the following was mini-
mized:

g — a 2

2= Z(y, Ve .) , 2)
i Vi

where y; denotes the data point at a temperature

T and yca is the calculated value from Eq. (1).
For each A, x=T* was defined so that



Pea =po+Ax and the matrix equation 3x2/9p, =0,
9x%/8A =0 was inverted to find the best p, and A.
The power A was incremented to find the abso-
lute minimum in 2. For a given set of data (over
a given temperature range), A, p,, and A are the
best parameters that describe the data. For a
given temperature range the only error comes
from the scatter in the data. The variance in A
was calculated using the formula

2q1/2
a=[E () | 3
3 1 3
where Ay; is the error in an individual datum
point. For an (overestimated) scatter of
Ay/y=2%, we find aAr=0.035.

Figure 6 represents a test of the validity of Eq.
(1). For a typical nondamaged sample, we have
carried out the fitting procedure described above
over a temperature interval T,<T <300 K. We
plot the resulting A, as a function of 7. If Eq.

(1) were a true description of the data, the same

" Ap would be found for any temperature interval;
i.e., Az would be independent of Tr." The results
show A, varying significantly; the error bar in-
dicates the variance, AXA, as calculated above
assuming 2% scatter in the data. The value of A,
approaches A=2.3 when the fit includes the entire
temperature interval 80<T <300 K in agreement
with the results of Groff et al.?” who found
A=2.3310.14. However, the strong dependence of
Az on T indicates that Eq. (1) is only a rough ap-
proximation and should not be taken to have funda-
menta) physical significance. The true tempera-
ture dependence is more complex involving at
least higher terms and possibly an altogether dif-
ferent functional form. Nevertheless, with this
caveat in mind, we find it useful to categorize

and quantify the effects of induced defects in terms
of the parameters of Eq. (2).

We have carried out least-squares fits of our
data to Eq. (1) for irradiated samples over the
full range of induced-defect concentrations. The
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FIG. 6. Power-law parameter A as a function of T
where the fitting parameters were determined from data
from successive intervals Ty <T <300 K.
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FIG. 7. Examples of best fit (solid line) of Eq. (1) to
two samples; the lower-resistivity sample was not ir-
radiated, the higher-resistivity sample was exposed to
a total flux of 2.8 x10M cm™2,

results are shown in Figs. 7-9. Figure 7 shows
the best fit to two samples; one not irradiated

and the second exposed to a total flux of 2.8x10*3
cm™2. The data are plotted as Inp vs InT to show
clearly the entire range. Absolute values of p are
given for the two samples. As indicated above,
the resistivity increases on irradiation. The over-
all temperature dependence for both samples is in
agreement with Eq. (1) as indicated by the solid
curves which represent best fits (input data for
fitting restricted to the region above 100 K). As
expected, p, increases with induced defects. How-
ever, our analysis shows that over the defect
range studied, no significant change in A could be
detected. The fits to the experimental data set an
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FIG. 8. Residual resistivity p, as a function of particle
flux and defect concentration. The open circles result
from fitting the data to Eq. (1); the solid points corres-
pond to the measured minimum resistivity (at 7).
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upper limit of AA/AX<0.02 which is within the un-
certainty as described above; see Fig. 6.

Figure 8 shows the residual resistivity p, as a
function of flux. The results indicate that

pp=ac, (4)

where c is the defect concentration and
a=>5%X10"% (2cm)/%. The extreme sensitivity

of the quasi-one-dimensional system to defects
is evident. Figure 9 shows the coefficient

A =p T;* [see Eq. (1)] as a function of flux.

Note that both the values for p, (Fig. 7) and A
(Fig. 9) are dependent on the careful determina-
tion of sample dimensions and require stringent
reproducibility for different samples. The data
obtained in this study meet this standard as evi-
denced by the excellent agreement between the
on-line data and the room-temperature results
from different samples shown in Fig. 3. The nor-
malized on-line data are replotted in Fig. 9 as
confirmation of the dependence of the prefactor
A=p T, " on defect concentration. The strong
dependence of ‘the coefficient A on defect concen-
tration is unexpected and represents an unusual
breakdown of Matthiessen’s rule. The sensitivity
of the “intrinsic” temperature-dependent term to
defects is not an artifact of the data analysis; the
results plotted in Fig. 9 can be anticipated by di-
rect examination of the room-temperature data
in Fig. 3. The initial decrease in ¢(300 K) fol-
lowed by saturation at higher flux levels is the
direct result of the change in the temperature-
dependent term. Note that the variation of CPR
(Fig. 4) and p, (Fig. 8) as a function of particle
flux provides additional evidence that the defect
concentration is proportional to the particle flux
over the entire range under study.

V. DISCUSSION

Any discussion of the mechanism and tempera-
ture dependence of the electrical conductivity in
the “metallic” regime must take into account the
known structural aspects®°'*! of the problem.
The observation®™® of strong 1D x-ray scattering
at 2k, (0.2950*) and 4k, (0.590* or equivalently
0.41b*) at temperatures above 54 K indicate pre-
cursor structural fluctuations associated with
the CDW state established at lower temperatures.
The 2k, anomaly has been identified through in-
elastic-neutron-scattering studies'' as originat-
ing from a soft mode in the phonon spectrum due
to the giant Kohn anomaly associated with the di-
vergent 2k, response of the 1D electron system.
The detailed origin of the 4%, anomaly remains
under study. The major structural features are,
therefore, the observation of the incommensu-
rate charge-density-wave ground state; the tran-
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FIG. 9. Prefactor A=p,T;» from Eq. (1) as a function
of particle flux and defect concentration (the initial value
isAy+=1.1x 1073). The solid curve is the normalized
on-line room-temperature data from Fig. 4.

sitional region between 38 and 54 K, and the ob-
servation of 1D precursor effects associated
with the giant Kohn anomaly above 54 K. Cor-
relations between chains increase (in pure TTF-
TCNQ) in the temperature interval 54<T <60 K,
where the results of Khanna et al.® show the 1D
streaks coalescing into Bragg spots with the on-
set of transverse order. . In the conducting re-
gime, above 58 K, the dynamical distortion has
a well-defined periodicity (A, =3.4b) and a re-
latively long temperature-dependent coherence
length. The x-ray observations indicate stronger
scattering as the temperature is lowered with an
apparent divergence as T — 54 K.

The lifetime of a 2%k, dynamical distortion will
be relatively long on the scale of electronic
times; certainly greater than 1/wp so that the
electrons will experience a periodic superlattice
potential (r;=3.4b) over a distance
A Zvp/wp 2100 A, Therefore, just as the x rays
scatter from the finite coherence-length dynami-
cal distortion, so, too, would the electronic
Bloch waves scatter as a result of the electron-
phonon interaction. Thus the increasing 2ky x-
ray scattering with decreasing temperature
would directly imply a corresponding increase
in electron 2kgback scattering across the Fermi
surface with a reduction in the electron trans-
port mobility and the formation of a pseudogap
in the electronic density of states. The x-ray
data for 58<7T <150 K lead to the conclusion that
the single-particle contribution to the electrical
conductivity decreases as the temperature is
lowered.

The principal experimental results obtained in
the present study relevant to the question of sin-
gle particle versus collective transport are the
dependence of the peak temperature (T,) and the
transition temperatures (T, and T,) on defect con-
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centration (Fig. 3); and the effect of radiation-
induced defects on the CPR (Fig. 5) and the phe-
nomenological parameters p,, A, and A (Figs.
7, 8, and 9).

The observed increase in T, with defect con-
centration can be understood in terms of a flue-
tuation CDW collective transport mechanism.?732
The relatively long coherence-length CDW fluc-
tuations would be expected to exhibit local ran-
dom pinning of the phase in the presence of de-
fects and impurities as shown by Lee, Rice, and
Anderson,*® Fukuyama, Rice, and Varma,* and
Gorkov.* Qualitatively, we would also anticipate
a rounding of the peak since the defect pinning is
random and unrelated in detail to the buildup of
transverse phase coherence. Moreover, the ef-
fect of defects would be to suppress3® the onset
of long-range order, as observed experimentally.

The opposite dependence of T, and 7, on defect
concentration is difficult to understand on the ba-
sis of single-particle theory in which the de-
crease in conductivity just above the phase tran-
sition is usually attributed to the onset of trans-
verse coherence and the associated formation of
an energy gap. The experimental results indi-
cate a suppression of long-range order (and by
implication a suppression of the onset of a mean-
field gap) to lower temperatures while T, in-
creases.

Alternatively, the decrease in CPR and the
shift in T, toward higher temperatures would be
expected from 1D localization of the single-par-
ticle electronic wave functions due to the induced
disorder. Bychkov,% Berezinsky,*® and Gogolin,
Mel’nikov, and Rashba®® have shown that for in-
dependent electrons in a 1D system containing
defects or impurities, the conductivity should de-
crease as the temperature is lowered approach-
ing zero with a temperature dependence deter-
mined by the ratio of the impurity and phonon-
scattering rates Tiy,,/7;n(T). Within this theory,
the conductivity will increase with decreasing
temperature until 7,,(T) > 7y, at which point the
defect localization will dominate. The experi-
mental results for ¢(;) in the irradiated samples
are in qualitative agreement with such predic-
tions.

The effect of induced defects on the tempera-
ture dependence of the conductivity can be dis-
cussed in terms of the parameters p,, 4, and A
of Eq. (1). The approximately linear dependence
of p,(c) is expected and simply provides some in-
dication of the importance of defects as scatter-
ing centers. For example p,= ac with
a=~5%x1073 (2 cm)/(% defects) is in magnitude
consistent with defects blocking a given chain
causing interchain (p,) series resistance to play

an important role. Since p, is only weakly tem-
perature dependent’*® above 58 K, such an effect
would appear as an apparent residual resistivity.

The T dependence has been interpreted as re-
sulting from single-particle transport dominated
by electron-electron scattering.*' However, the
dependence as observed experimentally appears
to be stronger than T2. Moreover, the traditional
T? power-law dependence associated with elec-
tron-electron scattering in three-dimensional
systems is not expected in a 1D system. For 1D
metals electron-electron scattering resistivity
should be linear in T'; the Fermi surface is a
point so that angular scattering around the Fermi
surface is forbidden, and the traditional second
factor of kT /E does not appear.??

The theoretical understanding of the sliding
mode dc conductivity, 0,(T'), within the Peierls-
Frohlich model has developed slowly since the
original suggestion by Bardeen.3° Patton and
Sham argued initially that the Frohlich state was
pararesistive® and later obtained results indi-
cating 0, =«.** Allender, Bray, and Bardeen®
developed a phenomenological theory for the ini-
tial fluctuation regime at high temperature. Their
results were derived microscopically by Strass-
ler and Tombs.*® Rice® has calculated the dc
electron-hole relaxation rate 1/7 leading to an
estimate of the Frohlich conductivity through the
relation

0p = Ne1/M*, (5)

where M* is the Frohlich charge-density-wave
effective mass. Since the theory neglects anhar-
monic elastic effects, the resulting value of o
represents an apparent upper limit to the sliding
mode conductivity. The resulting electron-hole
relaxation rate is given by

1/7 =lim (r/2w) AN () /N,] tanh(w/4ksT),
(6)

where X is the electron-phonon coupling constant,
w, is the bare phonon frequency, N, is the unper-
turbed electronic density of states at the Fermi
energy, and N(3w) is the actual electronic density
of states in the 1D fluctuation regime at frequency
3w. Using the Lee-Rice-Anderson theory* for
the density of states in the fluctuation regime,
one obtains®

2 2 (4R T\E(T

0F=N—‘i(%> Ll )—E( L, )
m TA ) Vg

where m* is the band mass, 2A= E, is the energy

gap, £(T) is the order parameter coherence

length, vy is the unperturbed Fermi velocity, and
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N; is the number of electrons in the condensed
state. For temperatures well below the mean-
field Peierls temperature THF the order param-
eter and energy gap are well formed and N, /N ~1.
The existence of the optical energy gap® at tem-
peratures in the “metallic” regime provides
evidence that this is the case in TTF-TCNQ at
least below 150 K. In this case

0p = 0,(4k5T/T)[E(T)/0] (8)

where o,= (Ne?/m*)(b/vz) =500 to 1000 (2 cm)™?
using values appropriate to TTF-TCNQ. The
implied temperature dependence reflects the
growth of the coherence length £(T) for which
experimental data are available from the diffuse
x-ray scattering studies of Khanna ef «l.® Com-
parison of Eq. (8) with the T dependence in-
ferred from the conductivity measurements im-
plies £(T)/b~T~ Y. We replot the results of
Khanna et al.® in Fig. 10. The observed tem-
perature dependence of the coherence length is
consistent with a power-law dependence with

A=~ 2.3 in satisfactory agreement with the trans-
port results.

The breakdown of Matthiessen’s rule reflected
in the rapid change in room-temperature re-
sistivity (Fig. 3) and in the coefficient A = p,T;"*
with irradiation is a surprising result. Such an
effect is difficult to understand from single-par-
ticle theory where the different scattering mech-

- anisms would not interfere. From the point of
view of Eq. (5), the change in A is attributed
either to a change in the effective oscillator
strength (Ne?/M*) or to a reduction in mean-
field scale temperature and an associated de-
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FIG. 10. Half-width at half-maximum (HWHM) of the
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crease in the coherence length [Eq. (8)]. Al-
though both the Frohlich effective mass and the
scale temperature might be sensitive to impurity
or defect concentration, we currently have no
detailed theoretical understanding of this result.

VI. SUMMARY AND CONCLUSION

In this paper we have presented the results of
an experimental study of the effect of irradia-
tion induced defects on the electrical conduc-
tivity of TTF-TCNQ with emphasis on the high-
temperature “metallic” regime. The results
have been analyzed to obtain quantitative infor-
mation on the overall question of the importance
of defects on the transport properties of quasi-
one-dimensional conductors.

The principal results are as follows: (i) The
conductivity peak ratio decreases with increas-
ing defect concentration (Figs. 1 and 5). (ii) The
temperature of the conductivity peak (7,,) in-
creases with increasing irradiation while the
associated disorder suppresses the onset of
long-range order to lower temperatures (Fig. 3).
(iii) Detailed analysis of the conductivity-as a
function of temperature and defect concentration
(Figs. 7, 8, and 9) provides information rele-
vant to the determination of the mechanism for
transport.

The transport results are discussed in the
context of the known structural aspects of the
problem. It is shown that the observed magni-
tude and temperature dependence are consistent
with the growth of long coherence-length CDW
fluctuations which contribute to the conductivity
particularly in the temperature range below
150 K where there is independent evidence of
such long coherence-length CDW fluctuations
from diffuse x-ray scattering measurements.
Related studies of the microwave conductivity
and dielectric constant and of the structural and
magnetic properties of irradiated TTF-TCNQ
are underway and should provide additional in-
formation toward the eventual understanding of
the electrical transport in this prototype one-
dimensional organic metal.
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