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Measurements of the conductivity of single-crystal TTF- TCNQ are reported for pres-
sures 0-20 kbar and temperatures 20-273'K. The metal-insulator transition tempera;
ture increases about 1'K/kbar. The conductivity at 278'K increases by a factor of 4.5 at
20 kbar, while the peak conductivity near the metal-insulator transition remains indepen-
dent of pressure. These results are discussed in terms of current models describing
the properties of TTF-TCNQ,

The organic salt tetrathiofulvalinium tetracy-
anoquinodimethane (TTF-TCNQ) has been of
great interest recently because it exhibits high
room-temperature conductivity and metallic be-
havior down to about 60'K where it undergoes a
metal-insulator (MI) transition. " The metallic
state is quasi one-dimensional (1D) and results
from strong m-orbital overlap along separate
TCNQ and TTF chains. ' The transition to the
insulating state has been attributed to the Peierls
instability in one dimension, although no direct
evidence from x-ray or neutron scattering has
been reported that supports this hypothesis. Mea-
surements of the magnetic susceptibility, ' ther-
mopower, ' microwave conductivity, ' and optical
ref lectivity" have been reported recently and
are consistent with the Peierls interpretation,
but do not definitely rule out other possible caus-
es of the MI transition.

%e report here the first measurements of the
pressure dependence of the conductivity cr in
TTF-TCNQ. We find that the MI transition tem-
perature TM&, as signaled by a conductivity max-
imum, increases from 54 to 70 K for a 0-16-
kbar pressure change. In addition, for the same
pressure variation, the temperature dependence
of o changes dramatically above T«, the room-
temperature cr increases by a factor of 4.5, where-
as the conductivity at TM, is hardly altered.
These results imply that it is unlikely that super-
conducting fluctuations are responsible for the
high conductivity in our sample and indicate that
the MI transition is not of the Mott-Hubbard type
as has been proposed' for N-methyl-phenazinium
tetracyanoquinodimethane (NMP- TCNQ). Our re-
sults are consistent with the idea of a Peierls-

like instability causing the MI transition, but sug-
gest that interchain, and hence more than 1D, in-
teractions are important, particularly near TM, .

The temperature dependence of cr along the b
axis of TTF-TCNQ single crystals was measured
with an ac (20 Hz) four-probe technique using
silver-paste contacts with the current leads cov-
ering the entire end of the sample. "Typical"
atmospheric-pressure values of 0 were found,
i.e., a(300'K) = 200-600 0 ' cm ', with v(60'K)/
v(300'K) -10 to 15. No evidence of anomalously
large conductivity was found in any of the sam-
ples. Permutations of the leads were made dur-
ing the cr measurements to ensure that the ob-
served results were representative of bulk prop-
erties. Deterioration of sample conditions dur-
ing temperature and pressure cycling could easi-
ly be determined by lead permutation and by un-
usual phase changes in the ac signal. A self-
clamp technique" was employed to provide the
hydrostatic pressure environment in a 1:1 mix-
ture of n-pentane and isoamyl alcohol. " The
pressure was changed near room temperature
and was determined at low temperature by a
superconducting Pb manometer situated next to
the sample. The pressure difference between
room temperature and low temperature (-7 K) is
1-2 kbar. Further details of the experimental
techniques will be discussed elsewhere.

The variation of the resistivity p along the b
axis with temperature and pressure is shown in
Fig. 1. The runs above atmospheric pressure
were made on the same sample and showed only
slight hysteresis with cycling of the temperature.
The atmospheric-pressure run was made on a
different sample from the same batch. Measure-
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FIG. 1, Single-crystal TTF-TCNQ resistivity versus
temperature for several pressures. The resistivity is
measured along the crystallographic b axis. For clari-
ty, the actual data points have been deleted near the Ml
transition.

ments of several samples from the same batch
showed only a slight variation in TM, (+ O'K) at
atmospheric pressure. In Fig. 2 the same data
as in Fig. 1 are plotted as conductivity versus
temperature to clarify the location of the conduc-
tivity peaks. The shift of T M& with pressure for
several samples is shown by the solid curve of
Fig. 3, with TM, defined by the conductivity max-
imum. Several other features of the resistivity
results are noteworthy. First, there is a small
shoulder in p at -45'K which disappears as pres-
sure increases. This shoulder is too small to be
seen clearly in Fig. 1 but was a reproducible
feature of p(T) in all our samples. The origin of
the shoulder is unknown, but it may result from
separately conducting TCNQ and TTF chains
which undergo MI transitions at slightly different
temperatures. The application of pressure could
then increase the interchain coupling such that
only one MI transition occurs. Second, we find
that the temperature dependence of p above T M,
changes significantly with pressure. The pres-
sure variation of o at 273 K is shown in Fig. 3,
and it should be noted that it is markedly larger
than the change near T». The temperature de-
pendence of p has been fitted with p =a+bT+cT'
over the range T M, & T - 300'K in an attempt to
characterize the effect of applying pressure. The
primary result is that the atmospheric-pressure
resistivity is dominated by a substantial quadrat-
ic term which is suppressed by the application of
pressure, so that at high pressure the linear and
quadratic terms have approximately the same
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FIG. 2. The same data as Fig. 1 plotted as conductivi-
ty 0 to clarify the location of the conductivity peaks.

magnitude. Perlstein et al. ' have found that the
conductivity perpendicular to the 5 axis has a
linear temperature dependence above TM, , and
hence, our results may again indicate that inter-
chain coupling is becoming significant under
pressure. Third, we have found that at atmo-
spheric pressure our samples often broke during
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FIG. 8. Pressure dependence of the metal-insulator
transition temperature TM~ and the b-axis conductivity
of single-crystal TTF- TCNQ at 278'K. TMI was de-
fined as the temperature of maximum conductivity.
The order of the pressure runs on two different sam-
ples (open triangles and open circles) is indicated by
the number near the TM~ data points. Only a lower lim-
it for T~~ could be determined for the highest-pressure
run on one sample (open circles). The 278'K conductivi-
ty data (filled circles and filled triangles) are for two
samples, both with 0(800 K) - 300 ~ cm and both
cycled in pressure several times.
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cooling in the pressure fluid, whereas with the
application of pressure we have successfully
cooled and warmed the samples through the tran-
sition without breakage or other deterioration.
This suggests that some change in physical di-
mensions occurs in TTF- TCNQ upon cooling
through the MI transition. The compressibility
and thermal expansion are not known for TTF-
TCNQ, and hence we are not able to estimate the
change in the lattice constant for our range of
pressure and temperatures. The data below T»
could not be fitted with any reasonable form be-
cause of the shoulder at 45'K and the limited tem-
perature range. Experiments are in progress to
measure p(P, T) to lower temperatures.

Several models" have been proposed to explain
the unusual behavior of conducting 1D materials
like the TCNQ salts and the mixed-valence com-
plexes of platinum. For instance, the properties
of NMP-TCNQ have been attributed to Coulomb
correlations (a Mott-Hubbard system) and/or to
1D disorder. Pn the other hand, the platinum
complexes have been interpreted with a Peierls-
instability model and also a disorder model. The
existing experimental evidence seems to support
the Peierls model for the platinum complexes,
with the situation in the TCNQ salts still unclear.
Below we discuss our results in terms of some
of the present models.

First, the fact that T» increases with pres-
sure appears to rule out the possibility that the
MI transition results from electron correlation
effects, i.e., a Mott-Hubbard transition. Pne
would expect t (the transfer integral) to increase
and U, fq (the effective Coulomb interaction') to
decrease with increasing pressure, leading to
wider bands, a smaller Hubbard gap, and hence,
a stabilization of the metallic state to lower tem-
perature. " To confirm this point, we are in the
process of measuring the shift of the MI transi-
tion temperature in NMP- TCNQ, a system in
which correlation effects have been shown to be
important. '

Pur results also indicate that the large increase
in o with pressure observed at 273 K is not due
to superconducting fluctuation effects. If it were,
do/dP would be expected to increase as kT is
lowered, not to decrease markedly, as observed
(Fig. 1). An attempt to fit our data, with the expo-
nential form proposed by Anderson, I ee, and
Saitoh' to be appropriate for superconducting
fluctuations gave poor fits to straight lines at all
pressures, although the slopes corresponded to
transitions in the 500 K range, as those authors

suggested.
The increase of TM, with pressure is at least

consistent with current theories ascribing the
MI transition to a Peierls-like instability. ""
Mean-field theory predicts TF, -eFe ' ~, where
A. is the electron-phonon coupli~ constant and
eF the Fermi energy. In the tight-binding model,
eF is proportional to t and will increase with
pressure. The dependence of A. on pressure is
not so obvious. Patton and Sham" have shown
that A. increases with pressure in the tight-bind-
ing limit; hence, in that limit dT~ /dP will be
positive in agreement with experiment. I,ee,
Rice, and Anderson" and Rice and Strh, ssler"
consider the effect of fluctuations and interchain
coupling on the Peierls transition. They show
that in one dimension TF, is reduced to zero by
the effects of fluctuations; however, weak inter-
chain coupling leads to a 3D transition at Tp

Tp . The 3D transition temperature corre-
sponds to what we have defined as TM, and is
proportional to the magnitude of the interchain
coupling and the coherence length along the chain.
Since we expect the interchain coupling to in-
crease with pressure, dT~' /dP will again be
positive in agreement with experiment.

The most puzzling feature of our data is the in-
sensitivity of p near T» to increases in pres-
sure, while at higher temperature it decreases
significantly. This result is not obviously ex-
plained by any existing theory. In a tight-binding
limit, '

p =h'w/4''tTa', and we expect the pres-
sure-induced increase in t to lead to a decrease
of p at all temperatures (the temperature depen-
dence of p is contained in the scattering rate 1/7
and possibly in t, if lattice contraction is signifi-
cant). Since this is not observed, the behavior
of p must be caused by unusual changes in the
scattering rate or in the Peierls fluctuations with
pressure. The substantial decrease in the qua-
dratic term in resistivity under pressure also
suggests changes in the scattering mechanism.
It is tempting to suggest that interchain scatter-
ing contributes significantly to the resistivity
near the MI transition, and thus, the expected
increase in this scattering rate with pressure
could offset a decrease in the single-chain scat-
tering rate or an increase in t near TM, , but not
at higher temperatures.

In conclusion, the rapid increase of g at high
temperature and the insensitivity of cr at EM, un-
der hydrostatic pressure suggest that the maxi-
mum cr at T M, is very unlikely to be caused by
superconducting fluctuations. The observation
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of a positive pressure effect on TM, is consistent
with predictions of current theories based on the
Peierls instability. The results also suggest
that interchain coupling is important in TTF-
TCNQ, particularly near the metal-insulator
transition temperature.
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Critical Behavior of Anisotropic Cubic Systems in the Limit of Infinite Spin Dimensionality
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The zero-field critical behavior above T~ of ferromagnets (or ferroelectrics) with a
Hamiltonian of cubic symmetry is studied, in d space dimensions, in the limit of infinite
spin dimensionality, & —~, with the cubic term of order unity, but the usual ~ term of
order n . A diagrammatic expansion about an Ising model (instead of the normal Gauss-
ian model) is used. Characteristic cubic behavior is discovered, with renormalized Is-
ing-model exponents (in the Fisher sense).

Recent diagrammatic expansions of critical ex-
ponents, either in powers of e (= 4 —d) or of 1/n
(n being the number of components of the order
parameter), have greatly improved our under-
standing of critical phenomena. " All the exist-
ing expansions are based on a perturbation about
the Gaussian or "free-field" model. This type of
expansion is inappropriate for problems in which
the reduced Hamiltonian deviates strongly from
that of the Gaussian model. The purpose of the

present note is to generalize the basis of the 1(n
expansion for one such case. The procedure
should prove useful for other similar problems.

The Hamiltonian we consider is that of a sys-
tem with "cubic" anisotropy, i.e., in addition to
the usual rotationally invariant exchange inter-
actions the Hamiltonian contains a term like'
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