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"free" excitons to the Xe impurity.
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Temperature Dependence of Conductivity of Tetrathiafulvalene-Tetracyanoquinodimethane
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The conductivity of single crystals of tetrathiafulvalene-tetracyanoquinodimethane (TTF-
TCNQ) was measured over the temperature range 40-300 K. The maximum low-tempera-
ture conductivity parallel to the 5 axis ranged from 12-35 times the corresponding room-
temperature value. The temperature dependence of the intrinsic conductivity (after resid-
ual resistivities were excluded) was the same for all crystals measured and was fitted by
a T " 0 dependence for 60- T - 300 K.

Extraordinary maxima' in the apparent elec-
trical conductivity of single crystals of tetrathia-
fulvalene-tetracyanociuinodimethane (TTF-TCNQ)
have alternately been ascribed to the presence of
superconducting fluctuations' or experimental
artifacts. ' There is considerable disagreement
on the experimental results for the conductivity
obtained in different laboratories. " We have
measured the conductivity along the a and b axes
of a number of TTF-TCNQ single crystals. Our
measurements show that the temperature depen-
dence of the b-axis conductivity of TTF-TCNQ
can be described by a single function, even for
crystals whose conductivity enhancement differs
by a factor of 3.

Solution-grown TTF-TCNQ crystals were pre-
pared under argon, at room temperature, in
acetonitrile, by diffusion of 5x10 '2lf solutions
of the two components into an equal volume of

pure solvent. Both the TTF and TCNQ had been
twice gradient sublimed under argon. Crystal
growth was allowed to proceed for five days be-
fore harvesting. These crystals grow prefer-
entially along the b axis with a laminar structure
in which individual laminae are oriented parallel
to the a-h plane. In order best to deal with the
problem of nonuniform conductivity between lam-
inae for b-axis measurements, crystals were
selected with one perfectly developed a-b face
and as free as possible from defects, inclusions,
etc. , visible in transmission microscopy with
collimated incident light. Conventional dc mea-
surement techniques were adopted with four sil-
ver-paste (Du Pont No. 7941 thinned with octyl
acetate or hexyl acetate) electrodes attached to
the best developed a-b face. This arrangement
gave more reproducible results than such alter-
native electrode configurations as wrapping the
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FIG. 2. Plot of in[1 —0~ (800)/0~ (T)] versus tem-
perature for the four crystals in Fig. 1 (see text for
explanation) .
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times the corresponding values at 300 K. Al-
though we show only data above the apparent tran-
sition, none of the samples shown here exhibited
any traces of the "double maximum" reported in
Ref. 4. Figure 1(b) shows the same data plotted
as resistances.

If we suppose that we can separate the sample
resistivity p(T) into a sample-dependent residual
component po and some unknown function f(T)
which describes the intrinsic temperature depen-
dence of the material, i.e.,

FIG. 1. (a) Normalized conductivity measured paral-
lel to the 5 axis for four TTF-TONE crystals. (b) Mea-
sured resistance versus temperature for the same
crystals. (Vertical scale expanded 10 & for the crosses) .
Solid curves in both parts of the figure are fits by p
=p +AT "

0

electrodes around the crystals. Crystals with
resistances not reproducing to better than 2%

upon warming and cooling the sample were dis-
carded. Room -temperature conduetivities' along
the b axis (o, '~) typically ranged from 250-500
(G cm) '.

All conductivity measurements along the a axis
(o, ) were made on single crystals grown from
the vapor which grew preferentially along the a
axis. These crystals were prepared in sealed
Pyrex ampules under 1-10 Torr He at ca. 400 K.
Room-temperature conductivities were typically
1 (0 cm) ', increasing to ca. 2. 2 (0 cm) ' at the
transition. '

Figure 1(a) shows a plot of the conductivity
0~~ versus temperature for four crystals with
1ow-temperature maxima ranging from 12 to 35

p(T) =p. +f(T),

we can write

ln 1 — .— =ln 1 —--- - — -ln 1+---"—, 2

where T, is some conveniently chosen normaliza-
tion temperature. The important feature here is
that properties having to do.with a given crystal
appear in the second term on the right-hand side
while the first term contains only the intrinsic
temperature dependence of the material. Hence
a plot of in[1 —o(T,)/o(T)] versus T should yield
a series of identical curves displaced parallel to
one another along the vertical direction. (A sim-
ple plot. of p versus T would also have this fea-
ture; however, it is not possible to determine
absolute values of p accurately. ') Figure 2 shows
such a plot using data shown in Fi.g. 1 and choos-
ing T, = 300 K. The curves have been displaced
vertically to make comparison easier. '

The bottom curve of Fig. 3 shows typical re-
sults of conductivity o, (T) plotted in a similar
fashion. For comparison the points in the middle
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FIG. B. Comparison of functional forms of (bottom
curve} conductivity parallel to the a axis, (middle
curve) conductivity parallel to the b axis, and (top
curve) intentionally generated "false" conductivity data
of Ref. 2.

curve show a sample from Fig. 1 with a low-
temperature conductivity maximum ca. 12 times
its room-temperature value. The different func-
tional forms are clearly evident. The top curve
shows the intentionally generated "false" con-
ductivity data of Ref. 2 plotted in this fashion.

The method outlined above provides a sensitive
test for making quantitative comparisons between
theory and experiment. For example, it has
been suggested4' that

f(T) = A T exp(B/T). (3)

However, a plot such as shown in Figs. 2 and 3
demonstrates dramatically that Eq. (3) does not
fit the available data (with T, =300 K), although a
limited region can be fitted if T, is chosen to be
below 200 K (cf. Ref. 4).

We have found that a remarkably good fit (2/0

standard deviation) to all our data, over the tem-
perature range 60 to 300 K, can be obtained with

f(T)/f(Ti) = (T/Ti)" (4)

where A. = 2.33. The solid curves of Fig. 1 have
been obtained from Eqs. (1) and (4), by least-
squares adjustment of p, and the normalization
of f(T). The mean square relative deviationa has
been minimized, so that an equally good fit ap-
pears in plots of the conductivity [Fig. 1(a)] and
of the resistance [Fig. 1(b)]. Somewhat improved
fits can be obtained by optimizing ~ for each crys-
tal separately. The resulting values of A were
2.23, 2.35, 2.36, and 2.40 for the crystals in
Fig. 1, with normalized conductivity maxima of
35, 12.5, 12, and 15, respectively. In each case

the standard deviation in the value of X was about
0.14.

The original data of Ferraris et al. ' on less
highly purified samples were fitted by a A = 2

power law for T~120 K. This is not inconsistent
with X = 2.3 in view of their experimental uncer-
tainties and lack of reproducibility upon heating
and cooling.

A power-law behavior of the conductivity has
been calculated by Luther and Peschel" in the
Tomonaga model of a one-dimensional metal.
It is also implied in the second-order renormal-
ization-theory calculations of Solyom. " In a
theory similar to that of Luther and Peschel,
Mattis" finds

(5)

Our data are fitted by this form only in the limit
of infinite 0, although a fit with 9-EF/kB -3000 K,

g - —2.5 cannot be ruled out. Although Mattis's
result was evaluated only for Igl«l, no such
restriction on the temperature exponent seems
to be present in Ref. 10, while SQyom" argues
that this exponent should be a universal number,
independent of the electron-electron coupling. "
The power law, Eq. (4), with I, = 2.33, is further-
more consistent with a prediction of Cohen eI al."
that resistivity in a one-dimensional system sub-
ject to dynamic disorder should vary as T' times
a slowly varying function of T.

We also attempted to fit f(T) by the form (T
—T,) ", with both T, and X variable, but found that
only negative values of T, could improve the fit
over the obtained via Eq. (4), and then only slight-
ly. The fact that f(T) thus seems to depend only
on T, and not on T —T„T,-58 K, strongly sug-
gests that the rise in conductivity above the met-
al-insulator transition near 58 K is not related to
this transition but rather is an intrinsic rise
which is interrupted by the transition (as, for
example, suggested in Ref, 8 and by Lee, Rice,
and Anderson" ).

By setting p, = 0, we find the maximum expected
conductivity enhancement at 58 K: For ~ = 2.47,
the largest value consistent with our measure-
ments, we have o(58)/o(300)~»= 58, a result
which contradicts greater values reported by
workers at the University of Pennsylvania. "

We wish to thank L. R. Melby and G. J. Sloan
for providing the crystals used in this study and
P. C. Hoell for use of a computer program.
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Hyperfine Studies of Site Occupation in Ternary Systems
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The analysis of spin-echo spectra of V, Mn, Co, Ru, Rh, Os, and Ir in Fe38i shows
that these impurities unexpectedly enter one of the two available Fe sites in a selective
manner. Those impurities to the left of Fe in the periodic table prefer the Fe site with
eight first-neighbor Fe atoms. Those beneath and to the right of Fe in the periodic table
enter the Fe site with four Fe and four Si first neighbors.

From a pulsed NMR study of dilute transition-
metal impurities in Fe,Si and slightly iron-rich
off-stoichiometric Fe,Si, we report an unexpect-
ed selective site occupation. Fe,Si exhibits long-
range crystallographic order with a bcc structure
and therefore two inequivalent iron sites. In Fig.

0 Fe I atoms
8 FeII atoms
0 Si atoms

I an element of the Fe,Si structure is shown. Ta-
ble I gives the near-neighbor configurations for
both Fe and Si out to the third neighbor. Fe,Si

TABLE I. The first-, second-, and third-nearest-
neighbor (nn) configurations for both the Fe and Si sites
in Fe3si. We specify whether the Fe neighbors are in
FeI or FeII sites. If the alloy is slightly Fe-rich, the
extra Fe atoms occupy Si sites randomly, producing
FeII sites with not only four but also five, six, and
seven Fe first neighbors.

FIG. 1. An element of the Fe&Si structure showing
th FeI FeI I and R ~ One FeI is n
the cube edge and has eight Fe first neighbors; the
other Fe site, FeII, is at the body center and has four
Fe and four Si first neighbors; Si is on a cube edge
with eight first neighbors.

FeII

FeI
Si

4 FeI
4 Si
8 FeII
8Fe

6 Fe»

6 Si
6 FeI

12 FeII

12 FeI
12 Si

42i


