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I account for the magnitude and temperature dependence of the mobility of TTF-TCNQ
in the range 150—300 K by scattering of the carriers by optical phonons derived from the
symmetric molecular vibrations. The only adjustable parameters are the widths of the
conduction bands on TCNQ and TTF chains, chosen as 3000 and 1500 K, respectively.
I also obtain estimates of the coupling to acoustic phonons and the unbroken chain lengths
by fitting conductivity data down to 70 K.

TTF- TCNQ first attracted attention because its
conductivity is very high for an organic material.
Recent reports, based on measurements at the
University of Pennsylvania of many carefully pre-
pared and mounted samples, give the room-tem-
perature conductivity o„ras 660+130 0 ' cm '.'
With decreasing temperature o increases, reach-
ing a peak 0~ at about 58 K, reported for some
samples to be as high as (100-150)oR7.' From
neutron-scattering studies it has been dedu" ed
that there is a charge transfer of p =0.59 elec-
trons from TTF to TCNQ. ' With the carrier den-
sity n calculated from this, I deduce from o =net,
(where p, is mobility) that the sum of electron and
hole mobilities, in cm'/V sec, is 3+ 1 at room
temperature, and 300-450 at the peak. These
values of ILL and its temperature dependence are
similar to those I have deduced recently for elec-
trons along the TCNQ chain in N-methyl-phena-
zinium tetracyanoquinodimethane (NMP- TCNQ). '
I have been able to account well for the magnitude
and behavior above 60 K of p. in that case by the
interaction of electrons in a tight-binding band
with the molecular vibrations. Here I have suc-
ceeded in extending these calculations to TTF-
TCNQ.

Different explanations have been offered for the
magnitude and temperature dependence of 0 above
58 K. One theory is that many-body collective
effects are involved. Specifically, contributions
to 0- are supposed to arise from charge-density
wave fluctuations which slide via, time-dependent
phases. ' From a one-dimensional (1D) calcula-

tion, Lee, Rice, and Anderson found that fluctua-
tions are important, reducing the Peierls-transi-
tion temperature Tp to about one-fourth the mean-
field value, Tp .+' This makes Tp =250 K for
TTF- TCNQ. For T p&T &Tp~'~, they showed that
the density of states D(e) at the Fermi energy ev
is reduced by 50%%uo or more below T F

' /2. More
recently, however, Horovitz, Gutfreund, and
%cger, by including the effect on TF of interchain
coupling, showed that, for TTF-TCNQ, fluctua-
tions are not important and Tp —T p

~ as deter-
mined by a 1D calculation. ' As a consequence,
D(e) and the conduction are not expected to show
deviations from single-particle behavior until T
is close to TF, i.e. , 54 K.

The evidence cited for a collective-mode con-
tribution to o is the strong dip observed in o(ar)
at low frequencies. ' This has been interpreted
as representing a gap or pseudogap of 1100 cm '
(0.14 eV) in the density of states. ' Since o(&u)

drops by more than an order of magnitude at 300
K, as well as at lower temperatures, it has been
suggested that at the higher T's, rather than rep-
resenting D(e), ".. . the pseudogap in a(e) is in
essence a mobility gap caused by the strong dy-
namic fluctuations. . . below the mean-field tem-
perature. "' This is in conflict with the findings
of Ref. 6 and even Ref. 5. It should be noted also
that the dip in o(&u) changes little from 300 to 5 K,
where there is a real gap. From studies of pho-
toconductivity, Eldridge' finds strong evidence
that the peak at 1100 cm ' is part of an absorption
band that begins at - 315 cm ', the latter corre-
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sponding to the Peierls gap.
Another mechanism proposed to account for the

variation of e with T above 58 K is electron-elec-
tron (e-e) scattering between electrons on TCNQ
and holes on TTF.'" The basis for this was the
finding of Etemad et al. that their data, and some
from other laboratories, could be fitted by a pow-
er law o '=po+p, T' in the range 60-250-K.' The
ratios op/oR~ for the samples in their study were
s 20/1. In another study, including higher-qual-
ity samples as judged by values of vp/vR~ as high
as 35/1, Groff etal. '" found a somewhat similar
law for o ' in the range 60-300 K. However, the
exponent of T was significantly higher than 2,
ranging from 2.23 to 2.40 for different samples.
All samples were well represented by X =2.33.
Thus e-e scattering cannot account for the ob-
served T dependence. In fact, for a 1D case it
leads to a '~T, and there is some evidence that
the criterion for one-dimensionality given in Ref.
10 is satisfied for TTF- TCNQ in the range of T
concerned. " Apart from this, estimates of its
possible importance' were inflated because the
e-e collisions considered" were momentum-con-
serving ones. To affect o the collisions must
transfer momentum to either (1) the lattice,
through unklapp processes, or (2) high-mass or
low-p, carriers which contribute little to o, as io

the transition metals. As regard to (1), unklapp
processes are expected to be much less frequent
than momentum-conserving ones. This is par-
ticularly so for the present case where the max-
imum momentum change in an e-e collision is
-4 times the wave vector at ez, which for TTF-
TCNQ is distinctly less than a reciprocal-lattice
vector. Under mechanism (2) one might argue
that the holes on TTF chains act like high-mass
carriers to drain momentum from the electrons
on TCNQ. However, as will be shown subsequent-
ly, the hole mobility is comparable to that of the
electrons.

To extend the model used for NMP- TCNQ to the
TTF- TCNQ case, one must generalize the calcu-
lations to account for Fermi-Dirac statistics. '
The mobilities are high enough to use the Golden
Rule. The energies 5+; and the coupling con-
stants g, for the optical phonons that interact
significantly vrith the carriers have been calculat-
ed for the highest occupied orbitals of TCNQ,
TCNQ, and TTF,"and also deduced experimen-
tally for TCNQ. " Since the matrix element for
scattering depends on the initial and final elec-
tron states only through the energy difference,
Ice„between them, a relaxation time ~ exists
even for the distribution function f, degenerate,
l.e. )

1 2, 1 —fo(e —h(u, ) H (e —8(u, )
7 h ; ' ' ' 1 -fo(e ) (e - S(o )"'[eo- (e - h(u )]"'

+n$
1-f,(e+K&u, )

1-fo(e)
H[&o —(& + 5&;)]

(e + K~;)"'[eo—(e +I~,)]"'
where n& is the number of phonons in the mode
with 8+&,' c is the energy of the carrier mea-
sured from the band edge; &0 the bandwidth; and

H(A B)=1for A-&B, 0 for A~B. With this, tbe
Boltzmann equation is readily solved, leading to
integrals for p, and the thermoelectric power Q
that must be evaluated numerically since the Fer-
mi energy is not much larger than kB T.

The values of S+,. and g, used for the results of
Fig. 1 are given in Table I. This leaves only the
bandwidths to be chosen. Analysis of magnetic
susceptibility and other types of data points to a
bandwidth of 0.25-0.5 eV for TCNQ, while that
for TTF appears to be about half as large. " As-
suming that the upper limit of oR& cited earlier,
790 0 ' cm ', represents a sample without de-
fects, I obtain agreement of theory with experi-
ment for e o/k~ = 3000 K (0.25 eV) for TCNQ, 1500
K for TTF. For these bandwidths, as seen in

Fig. 1(a), the calculated vR~ for TCNQ is 3.5, for
TTF 1 cm'/V sec, giving a sum, Qp, , of 4.5 in
good agreement with the upper limit cited earlier.
These bandwidtbs, particularly that for TCNQ,
must be considered lower limits since the intrin-
sic oR~ could well be higher. Increase of eo/k~ of
TCNQ from 3000 to 4000 would require the intrin-
sic cr~~ to be about 507o larger. The bandwidth
could also be underestimated if the g values used
are too low. Nevertheless, the theory with the
bandwidths cited leads to a calculated QR~ of —2V

p, V/K, in good agreement with experiment. " Al-
so, in the range j.50-300 K it is seen from Fig.
1(a) that+@, , and therefore v, varies essentially
as T ', in agreement with experiment. "

Below 150 K, the calculated p, z« is much larg-
er than ping'gQ because of the weak coupling of the
TTF chain to the lower-energy molecular pho-
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FIG. l. (a) Calculated p vs 7 due to optical-phonon
scattering. (b) Calculate p, vs 7' due to optical-phonon
scattering plus acoustic phonons of 52 K for TCNQ,
85 K for TTF, both with coupling constant g= 0.35.

TABLE I. Values of @co; and g; used for the results
shown in Fig. 1.

TTFa
Sco

(cm- ')

TCNQ
5co

(cm ')

245
475
736

1094

0.16
1.33
0.49
0.16

148
337
613
725
978

1196
1396
1615

1.54
0.80
0.20
0.24
0.20
0.22
0.20
0.49

'Ref. 14. ~Ref. 15.

nons. Certainly the calculation above overesti-
mates the p, 's at low T's because it neglects the
coupling to acoustic phonons and possibly to other
low-energy lattice modes. Guided in my choices
by the neutron scattering data, ' I have carried
out numerical calculations in which an 85-K pho-
non interacts with the TTF chain, a 52-K phonon
with the TCNQ chain. Actually the latter has lit-
tle effect on the results since the electrons on
TCNQ already have a strong interaction with rel-
atively low-energy phonons. H we accept the ex-

O
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FIG. 2. Calculated o(i')/o(300) for p= 50 vs data
for sample with op/o(800) = 35. The temperature scale
has been shifted 5 from that shown in Ref. 11 to cor-
rect for a constant deviation in the temperature read-
ings for that sample (R. P. Groff, private communica-
tion).

perimental finding that o'p/oRT-100, we must
choose the coupling constant g no larger than 0.35
for the 85-K phonon. The results for g =0.35 for
both phonons are shown in Fig. 1(b). Comparison
with Fig. 1(a) confirms that acoustic-phonon scat-
tering has little effect above 150 K.

From the large variations observed in op/oRT" "
it is clear that some sort of defect scattering is
present in actual samples. An obvious possibili-
ty is breaks in the chains. To incorporate this I
assumed an additonal relaxation time ~d«= va/U,
where va represents the average chain length, a
being the intermolecular spacing and v the veloci-
ty. This differs from the calculation of Rice and
Bernasconi" in that the chain is not assumed to
be a perfectly reflecting barrier. The relaxation
time was then taken as the reciprocal of the sum
of reciprocals of vd, &

and (1), including the acous-
tic phonons. Numerical calculations led to the
normalized o vs T shown in Fig. 2 for v =50,
which is in good agreement with the sample hav-
ing (op/oRT) =35."

I have also calculated the single-particle o(&u)

by inserting the factor (1+uPw') ' in the Boltz-
mann solution for o before averaging. I find that
o(ar) for 300 K drops rapidly with increasing w,
being reduced by more than a factor of 2 at 500
cm '. This is consistent with 77c~ calculated
from (1) for e =a~ being -10 "sec. Thus the
model can explain a rapid drop in o(&u).' It does
not, of course, give the subsequent rise. A pos-
sible explanation for the rise, offered by Hinkel-
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mann, is that for 1D systems the ~ in v(&u) for the
frequency range concerned rises with ~."

In summary, as I did earlier for NMP-TCNQ'
and other TCNQ salts, "I have been able to ac-
count for the magnitude and temperature depen-
dence of the mobility of TTF-TCNQ over a wide

range of temperature, 150-300 K, by molecular
optical-phonon scattering. %e can extend the
range of agreement of experiment and theory to
close to Tp by incorporating acoustic-phonon and

defect scattering.
The model can also explain large variations of

o with pressure, P." Because of the dependence
of v. on ep and the relatively narrow bands, p, is
quite sensitive to ~p. Numerical calculations
show o varies more steeply than E'p for samples
without defects. Since defect scattering is in gen-
eral dependent on (v), still more rapid variation
could occur for samples with (op/O'Ry) —15, as
were used for the measurements. " With the esti-
mates of de, /dI' in Ref. 21, it appears quite like-
ly that the observed variation of 0 with P can be
accounted for by our model. The relatively small
bandwidths also make it possible to account for
the large magnitude of the magnetic susceptibility

X around room temperature without invoking very
large Coulomb correlations. " Some enhancement
of y on the TTF chain due to Coulomb repulsion
may exist because of the very small bandwidth.
This is consistent with the observations of "4kF"
scattering" for the TTF chain but not for TCNQ.

I am grateful to A. J. Epstein for extensive and
valuable discussions. It is a pleasure to acknowl-
edge the programming and computer calculation
of the integrals by N. Oshier, A. Wilson, and

D. Abowitz.
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