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Résumé. 2014 Nous présentons des mesures de la conductivité et de son anisotropie effectuées sur le conducteur
organique quasi unidimensionnel (TMTSF)2PF6 sous 12 kbar entre 200 K et la transition supraconductrice.
Il apparaît difficile d’admettre comme interprétation des résultats un mécanisme de conduction en terme de
conduction de particules individuelles. Une telle interprétation conduirait à une très grande valeur du libre parcours
moyen électronique d’environ 3 000 Å à la température de l’hélium liquide. Au lieu de la précédente interprétation
nous proposons une explication en terme de paraconduction induite par les fluctuations supraconductrices. Nous
présentons un calcul de cette paraconductivité effectué au moyen de la théorie de Landau-Ginzburg dépendant
du temps. L’accord quantitatif satisfaisant entre le modèle et les résultats expérimentaux suggère bien que les
fluctuations supraconductrices jouent un rôle important jusqu’a 40 K environ. Le même modèle indique en outre
que la susceptibilité n’est pas augmentée par les fluctuations de façon significative.

Abstract. 2014 We report an investigation of the temperature dependence of the conductivity and conductivity ani-
sotropy in the single-chain quasi-one-dimensional organic conductor (TMTSF)2PF6 under 12 kbar between
200 K and the superconducting transition temperature. An interpretation of the data in terms of a single-particle
conduction mechanism would lead to a huge mean free path of about 3 000 Å at helium temperature which seems
rather hard to accept. Instead, we propose an interpretation based on superconducting fluctuations induced para-
conductivity. The calculation is performed with a time dependent Landau-Ginzburg theory. The satisfying quan-
titative agreement between the theoretical model and the experimental data points out the dominant role of super-
conducting fluctuations in this conductor up to about 40 K. The theory shows that unlike conductivity the suscep-
tibility is not significantly enhanced by the fluctuations in the same temperature domain.
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1. Introduction. - Recent transport properties stu-
dies of the quasi-one-dimensional organic conductors
TMTSF-DMTCNQ and (TMTSF)2PF6 have shown
that the conducting state stabilized at low tempera-
ture under a pressure larger than 10 kbar exhibits
several interesting features [1, 2] :

i) At helium temperature the longitudinal conduc-
tivity exceeds the value of 105 (Qcm)-1 which is

roughly an order of magnitude larger than the figure
obtained in other conducting materials.

In most organic conductors a conductivity of
~ 104 (S2cm)-1 seems to be an upper limit; for exam-
ple, this is the value observed at 60 K in TTF-TCNQ [31
at 40 K in TSF-TCNQ [4], and at helium temperature

in imperfect HMTSF-TCNQ crystals under pressure
above 4 kbar [5].

ii) When compared to regular 3-D metals the

resistivity of (TMTSF)2PF6 [6] does exhibit a parti-
cular feature, namely a very strong temperature depen-
dence in the helium temperature range, whereas in
the same temperature domain the resistance of ordi-
nary 3-D metals tends to saturate towards a residual
resistance value limited by lattice imperfections or
impurities.

iii) A transition towards a superconducting state
is observed at 0.9 K in (TMTSF)2PF6 under 12 kbar.
It has been characterized by a drop of the sample
resistance to a zero value [7] and the existence of
diamagnetic currents in the bulk superconductor
below 0.9 K [8]. Very large magnetoresistance effects
have been reported well above the superconducting
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transition at 12 kbar [7] and also at 20 K under ambient
pressure [6].
The purpose of the present study is threefold, first

a thorough investigation of the (TMTSF)2PF6 lon-
gitudinal and transverse resistivities in the whole

conducting domain of temperatures at 12 kbar.

Secondly, a discussion which shows that transport
properties at low temperature cannot be interpreted
in terms of regular metallic or semimetallic behaviours
and thirdly the presentation of a simple theoretical
model for the superconductivity induced paraconduc-
tion, in a quasi-one-dimensional conductor above Tc.
We shall also comment in a discussion section on

the relation between the paraconductivity theoretical
model and the experimental data. The final section
will deal with the problem of the stability of the super-
conducting state versus the Peierls state in an organic
conductor.

2. Experimental results. - The resistance of

(TMTSF)2PF6 single crystals obtained from ultrapure
constituents by an electrochemical technique [6]
has been measured either by usual low frequency
techniques (v  100 Hz) or by DC techniques.
Typical crystals sizes were 4 x 0.2 x 0.1 mm’ and
some crystals were large enough to allow a direct
measurement of the transverse resistivity. For the case
of one crystal we have been able to performe simul-
taneously the measurement of both conductivity
components on the same specimen using a 6-contact
arrangement, whereas for all other cases the two

components of the conductivity were measured inde-
pendently on different crystals. Contacts between
thin gold wires and the sample were made with either
silver or gold dags. Contact resistances were under
10 Q and great care has been taken in the experiments
as to keep unnested voltages at a level always smaller
than 10 % of the nested voltages.
Two different pressure equipments have been used

for this experiment : a steel pressure vessel for non-
magnetic measurements down to 1.2 K and at lower
temperatures a clamped copper-beryllium vessel cool-
ed by a ’He-’He dilution refrigerator [7]. The tempe-
rature is measured inside the pressure bomb by a
copper-constantan thermocouple down to 4.2 K and
by carbon or germanium thermometers at lower

temperatures.
Room temperature transverse conductivities range

from 0.1 to 0.4 (S2cm)-1 in four different crystals
suggesting an average value of 0’.1 = 0.25 (Scm)-1.
This value is somewhat smaller than the first publish-
ed DC data for the direction labelled 1 en reference [6],
but we feel confident that the transverse direction
chosen in the present measurements corresponds
roughly to the Se-Se intermolecular direction, since a
measure of 0’.1 along the other perpendicular direction
gave a value of only 0.03 (f2cm) - 1. The longitudinal
conductivity was in average not quite as large as that

reported earlier [6] and the room temperature ambient
pressure value amounts to ~ 400 ± 100 (Qcm)-l.
Therefore, the conductivity anisotropy is about 10’
for the transverse direction investigated in this work
and ~ 104 for the other transverse direction, which
has not been studied at low temperature. Both 1
and 11 conductivities increase under pressure at room

temperature at a common rate of ~ 23 % kbar-1
in the low pressure domain. We have succeeded
several times in the measurement of 61 up to 12 kbar
without voltage jumps (oy (12 kbar)/61 (1 atm.)=3.3).
However, as far as the longitudinal component is
concerned, small sample breakings are usually noticed
above 4 kbar or so, resulting in minor voltage jumps.
But a much better stability of the measurements is
reached as soon as the isopentane pressure medium
freezes, namely below 210 K under 12 kbar.

Therefore, the measurements reported in this work
are displayed only below 200 K.
The longitudinal resistivity of (TMTSF)2PF6 decre-

ases monotonously = 100 X from 200 K to 4.2 K.
A somewhat similar overall temperature dependence
is observed for the transverse resistivity with the

special features that first the ratio p1 (200 K)/p 1
(4.2 K) is larger than 200 and secondly that the drop
of resistance below 50 K is faster for the transverse
than for the longitudinal component. Figure 1 displays
the temperature dependence of the longitudinal resis-
tance below 200 K under 12 kbar. The temperature

Fig. 1. - Temperature dependence of the longitudinal resistivity
of (TMTSFhPF 6 below 200 K at 12 kbar pressure.

dependence of the conduction anisotropy is shown
on figures 2a and 2b. Figure 2a displays the anisotropy
data derived from the measurements on the same

sample, whereas figure 2b presents the anisotropy
obtained from the ratio of independent measurements
of (J .1 and J on different crystals.

Figure 2 reveals that 6l,l6_ shows a weakly pro-
nounced maximum around 100 K. A very significant
decrease of 6 / 6 is observed below 50 K, by a factor 3
roughly at helium temperature.
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Fig. 2. - Temperature dependence of the conductivity anisotropy
(1111 (I.l at 12 kbar : (a) with (III and 6 measured on the same sample,
(b) on different samples.

Figure 3 shows the temperature dependence of the
longitudinal resistance from 40 K down to 20 mK.

Besides weak changes of the ratio tl,lt, which can
be expected as either temperature or pressure are
varied, all/a, must be essentially T and P indepen-
dent. The previous situation is encountered in TTF-
TCNQ and TSF-TCNQ [10], as pressure is increased
at room temperature since the conductivity aniso-
tropy remains practically constant up to 10 kbar.
A temperature independent anisotropy is also met in
TTF-TCNQ at ambient pressure between 300 and
150 K and practically over the entire metallic region

Fig. 3. - Temperature dependence of the longitudinal resistivity
of (TMTSF)2ZPF6 below 40 K at 12 kbar pressure.

when pressure is such as to achieve longitudinal
commensurability (2 kF = b*/3) around 19 kbar [11,
12].
As far as the incommensurate metallic state of TTF-

TCNQ is concerned, the conductivity anisotropy is

clearly temperature dependent below 150 K ; increas-
ing by a factor 5 between 150 and 60 K. This behaviour
is the result of the CDW fluctuations contributing to
the 11 conduction but leaving the 1 conduction
unaffected [13].
The situation where the anisotropy decreases

towards low temperatures raises more puzzling pro-
blems.

As z n is increasing at low temperature, due to the
weakening of the various single particle electron
scattering processes a 1-D band picture remains no
longer valid when t ~ h/T,II This condition can be
met in a compound for which the 3-D coupling t1.
is large and the impurity content low enough [14]
(TII II large at low temperature). Thus a diffusive to
coherent transition of the transverse conduction can
take place at low temperature. Moreover, a drop of the
anisotropy is associated with this change over from
diffusive to coherent motion since 6II/6L = A II I A 1..
The ratio of mean free paths in an anisotropic conduc-
tor is tlllt1.. Therefore the anisotropy is expected to
drop from (tii/tl)2 at high temperature to tlllt 1. at

low temperature.
Why not take the above-described interpre-

tation for the behaviour of (TMTSF)2PF6 ? since (i)
6j_ ~ 150 (Klcm)-’ at 1.2 K (i.e. a value which could
be described by a coherent band picture [15]) and
(ii) 11. ,...., 4 meV with 11. = til j30, where 111 is derived
from optical spectra or thermopower data [6] and
thus the very large conductivity at low temperature
could lead to tl &#x3E; lilt II.
Assuming the picture of an anisotropic 3-D conduc-

tor to be valid for (TMTSF)2PF6 under 12 kbar at
low temperature would, lead to the following conse-
quences : given the electron density n ~ 1022 char-
geS/CM3, the conductivity of 5 x 105 (Qcm)-1 leads
to mean free paths of ~ 2 800 A (i.e. 700 intermole-
cular spacings), corresponding to a mobility of
2 x 103 cm2jV . s at low temperature. Such a large
mobility requires a degree of purity and perfection
unlikely to be met in organic conductors. However
large mobilities have been measured under very
special circumstances in organic conductors, when,
for example, a semimetallic state can be stabilized
by pressure in disordered HMTSF-TCNQ crystals [5,
16].
Low temperature galvanomagnetic measurements

[17] have shown that the carrier mobility may be fairly
large, of the order of 104 cm2 IV . s or so. Such a

large value is compatible with the band structure of
HMTSF-TCNQ, which is a two-chain conduc-
tor [18]. Consequently, as a result of the hybridization
between neighbouring chains of different nature the
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Fermi surface undergoes a transformation between
that of a 1-D conductor at high temperature and that
of a 3-D anisotropic semimetal at low temperature.

Unlike I-D Fermi surfaces, the Fermi wave vector
becomes small at low temperature in a semimetallic
band model (bkF - 10- 2 kF). Thus, a mean free path
of 50 A or so is derived eventhough the mobility is

very large [18]. (TMTSF)2PF6 is a single-chain con-
ductor and as such closed Fermi surface cannot

form unless t1 becomes of the order of tjj, which is

obviously far from being satisfied. Moreover, the

conductivity anisotropy is still ~ 300 at low tempera-
ture, whereas a 3-D anisotropic band model would
predict only 30 (given the measured value of 1 000 at
room temperature). 

In summary, the diffusive to coherent model does
not lead to a reasonable interpretation of the trans-
port measurements of (TMTSF)2PF6 performed in
this work. The experiments suggest that one must
look for an other interpretation, possibly in terms
of conduction being strongly influenced by collec-
tive mechanisms whenever the conductivity exceeds
104 (Qcm)-l. The theory for an other interpretation
is described in the forthcoming section.

3. Superconducting fluctuations in a quasi-one-dimen-
sional metal : Ginzburg-Landau theory. - A conve-
nient way to treat fluctuation effects in superconduc-
tors is the Ginzburg-Landau theory. Though this

approach suffers from serious limitations, especially
in quasi-one-dimensional conductors, as discussed

later, it provides a starting point of the understand-
ing of the fluctuation effects.

In the microscopic derivation of the coefficients
of the GL theory the Cooper-pair propagator plays
a central role [19, 20]. To derive this function we
use a model system of square array of parallel conduct-
ing chains with the possibility of electron tunnelling
between adjacent chains. The single electron propa-
gator is

J/2 and a are the transverse tunnelling integral t,
and lattice constant respectively and! is the single-
electron lifetime due to impurity scattering within a
single-chain and in this section we set h = 1.

The calculations follow closely reference [19] and
the free energy is given to lowest order in the Fourier
components §k of the superconducting order para-
meter by :

where vF is the Fermi velocity, T’ the mean-field
transition temperature and x(x) Gorkov’s x-func-
tion [19]. The effect of higher-order terms in the free
energy, important in one-dimension, will be discussed
below. From equation (3.1) the longitudinal and
transverse temperature dependent correlation lengths
are [20] :

It is interesting to note that the transverse coupling
in (3 .1) is proportional to J 2, i.e. to the square of the
transverse electronic effective mass at Fermi level. This
is a consequence of the weak interchain coupling,
which may be considered as Josephson coupling, and
therefore the anisotropy of the order parameter fluc-
tuations as given by ç//,(T)/ç.1(T) is equal to the aniso-
tropy of the electronic spectrum. A similar result has
been found for weakly coupled superconducting
layers [21] and for coupled Peierls chains [22]. The
J 2-dependence is valid as long as the transverse

coupling is smaller than the Fermi energy, i.e. as long
as the Fermi surface is open in the transverse direc-
tions. On the other hand, if the Fermi surface becomes
closed (J &#x3E; e,), the transverse coupling is linear ins
J [23], so that the order parameter anisotropy is

proportional to the square root of the anisotropy of
the electronic spectrum. This case may well be describ-
ed by an anisotropic effective mass of the electrons [24,
25]. However, in organic conductors one has typically
J/EF ~ 10- 2 [9, 26], so that the weak coupling condi-
tion is very well satisfied.
The longitudinal and transverse supercurrents are

given by :

For the calculation of the fluctuation conductivity,
a knowledge of the dynamics of the order parameter
is necessary [27]. In time-dependent Ginzburg-Landau
theory [28, 29] this is given by the equation of motion :

We follow now closely the method of reference [27]
to calculate the contribution of the superconducting
fluctuations to the conductivity.



995

An approximate evaluation of the resulting inte-
grals [23] gives :

for the longitudinal and transverse conductivity, res-
pectively. The transverse correlation length ç 1- is

given by (3.3).
We now consider two limiting cases :

i) near Tf, a becomes sufficiently small, so that
the transverse coherence length becomes larger than
the lattice spacing. Then, the fluctuations are essen-
tially three-dimensional and (3.6) reduces to :

This shows the typical (T - T2)-1/2 divergence of a
three-dimensional superconductor [27] in both the

longitudinal and the transverse conductivity, however
the longitudinal value is enhanced over its value in
an isotropic superconductor by a factor vF/J 2 a2,
which may be very large in organic conductors due
to the small interchain tunnelling integral. This
enhancement is due to the small transverse coherence
length compared to jjj II which leads to a large mean
square amplitude of the superconducting order para-
meter. The anisotropy of the paraconductivity is the
same as the anisotropy of the single electron conduc-
tivity, provided that the transverse single electron
conductivity is diffusive [9].

ii) At temperatures sufficiently above T°c ç 1.
becomes smaller than the interchain distance. If

03BE1(T)  a, fluctuations on adjacent chains are essen-
tially uncorrelated and can therefore be considered as
one-dimensional. The longitudinal and transverse

conductivities then follow from (3.6) as :

and the anisotropy is

61D is the well known result for a one-dimensional
superconductor [27]. A transverse supercurrent bet-
ween adjacent chains requires a well developed order
parameter on the two chains. As the probability for
this to happen decreases with increasing tempera-
ture, for ç.L  a, alD decreases much faster than CID.
Correspondingly, the anisotropy of the fluctuation
conductivity, equation (3.9), is much larger than the
anisotropy of the single-electron conductivity, so

that there may be a considerable contribution of
fluctuations to the longitudinal conductivity, whereas
the transverse conductivity is dominated by single-
electron conduction.

In figure 4, we show the variation of the longitudinal
resistivity (6- 1) with varying 03BE,(T) as resulting from
equation (3.6a), together with its three-dimensional

(3.7) and one-dimensional (3.8a) limiting forms. The
figure shows that deviations from the 3-D behaviour
become important for 03BE1(T)  a, however the I-D
limiting form is only slowly approached with decreas-
ing 03BE1.

Fig. 4. - The theoretical result for the fluctuation resistivity of a
quasi-one-dimensional metal : (a) strictly one-dimensional form
(Eq. (3. 8a)), (b) isotropic system with j II = ç1.’ and (c) the general
form (Eq. (3. 6a)).

Another quantity of interest is the fluctuation
induced diamagnetism. This effect can be calculated
including a vector potential in the free energy func-
tion (3.1), as done by Turkevich and Klemm [30]. It
is then straightforward to calculate the fluctuation
diamagnetism, following the method of Schmid [31]
wjth the results :
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for a field applied perpendicular and parallel to the
chain direction respectively. Both expressions apply in
the low field limit. Equation (3.10a) shows that the
fluctuation diamagnetism is not enhanced over its value
in an isotropic superconductor with 03BE(T) = 03BEll(T).
This result may be understood noting that the
circular Meissner currents which are at the origin
of the diamagnetism have to pass between adjacent
chains. Due to the weak coupling (Eq. (3.4)) the
currents between chains are strongly suppressed.
This effect compensates (for perpendicular field and
çJ. &#x3E; a) the large amplitude of the fluctuations, so
that for 03BE1 &#x3E; a, xl is the same as in an isotropic super-
conductor. For 03BE  a, the interchain currents are
further suppressed, so that x1 is reduced. In a parallel
field, the Meissner currents pass only between the
chains and never along the chains. Therefore x II is

always smaller than xi.
Up to now we have considered the fluctuation

effects only in lowest order, so that the quadratic
expansion (3.1) is sufficient. However, it is well
known that in one-dimensional systems fluctuation
effects are strong and therefore the lowest order
terms are not sufficient and a fourth order term :

with :

has to be included, where n is the total electron

density.
The width of the temperature region where strong

fluctuations appear is given by the Ginzburg critical
region [32] which in one dimension is [33] :

In the clean case (x = 1) one has from the coefficients
given above AT = 1.6 Tfl and even larger values are
obtained for the dirty case which is probably realized
in organic conductors. Thus, strong fluctuation effects
are to be expected in a wide temperature range.
Static properties of a strictly one-dimensional system
like the specific heat and static correlation functions
can be calculated exactly using functional integration
methods [33]. However this method cannot be gene-
ralized to the dynamic properties like the conductivity.
An approximate way to calculate the effect of the

strong fluctuations is to use a Hartree-Fock-like

procedure to account for the fourth-order term (3 . 9a),
Then there appear «self-energy» corrections and
the coefficient a has to be replaced by a + E, where
for the case of one-dimensional fluctuations (çl.  a)

the self-energy Z satisfies the self-consistency equation

This equation can be solved analytically. In figure 5,
we show the result for the square of the inverse cohe-
rence length, which is proportional to a + M, together
with the exact [33] and mean-field results for â T /T2 = 1.

Fig. 5. - Temperature dependence of the inverse square of the
correlation length of a one-dimensional system : (a) Hartree-Fock
approximation, (b) exact result, and (c) mean-field theory result.

Here for simplicity a = a’(T/T° - 1) and tempera-
ture independent constants a’ and b have been
assumed. The interesting feature of figure 5 is that
the approximate solution is in very good agreement
with the exact result down to nearly T°/2. Above
this temperature the solution is a nearly perfect
straight line, which cuts the T-axis at a positive
temperature. Therefore above about T°/2, the tem-
perature dependence of the fluctuation conductivity
is given by equation (3.6), only Tfl being replaced by
some effective temperature To ~ Tco /3, see figure 5.
For larger AT the temperature region where a + E

is quasi-linear is even larger and To correspondingly
smaller. At very low temperatures the Hartree-Fock
approximation fails. This is due to the fact that at
these temperatures only the phase of the order para-
meter fluctuates, whereas the amplitude is nearly
constant, in contrast to the situation at higher tem-
peratures, where amplitude fluctuations are dominant
due to the large value of AT. The Hartree-Fock renor-
malization (3.11) describes the harmonic motion of
the order parameter around the origin in an effective
field, i.e. amplitude fluctuations. On the other hand,
in the phase fluctuation region the amplitude is

nearly fixed and only the phase of the order para-
meter rotates. Clearly, this cannot be described by a
renormalized harmonic motion around the origin
and therefore the Hartree-Fock approximation fails
at very low temperatures. We remark, however,
that the above description applies to one-dimen-
sional fluctuations, i.e. for 03BE(T)  a in a quasi-
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one-dimensional conductor. At sufficiently low tem-
peratures, however, one always has 03BE(T) &#x3E; a, and
then the three-dimensional results (Eq. (3.6)) apply.
The Ginzburg-Landau calculation presented above

gives, in microscopic terms, the contribution of the
Azlamazov-Larkin (AL) diagram [35] to the fluctua-
tion conductivity [27]. However, it cannot account for
the Maki-Thompson diagrams [36, 37]. It is well
known that these diagrams are very sensitive to pair-
breaking effects and their contribution may thus be
suppressed in the usually quite impure organic
conductors. Inclusion of these diagrams and of the
effect of the coupling between the BCS and the Peierls
instability in one-dimensional conductors [38] requires
a microscopic calculation. However we expect that
the most interesting results, namely the strong enhan-
cement of the fluctuation conductivity due to the

large anisotropy (Eq. (3.6)) and the reduction of the
fluctuation diamagnetism with respect to an isotropic
superconductor (Eq. (3.10)) should be unchanged.
A full account of the above presented calculations
will be given in a subsequent publication [23].

4. Comparison between theory and experiments. -
We shall now attempt to see whether the large value
and the temperature dependence of the conductivity
of (TMTSF)2PF6 can be related to the theory of
paraconductivity in a very anisotropic conductor,

proposed in the previous section. For the purpose of
comparison between theory and experimental data
it is convenient to deal with the resistivity, which
following (3.6a) becomes :

with the notations of section 3 and :

where h/z is the energy broadening of the Fermi
distribution at low temperature due the finite electron
life time.
The limiting forms 1-D and 3-D for p II can be

easily derived from (4.1)

where the finite electron life time broadening of the
Fermi distribution can be approximated by the

optical scattering time measured in TTF-TCNQ at
100 K, T ~ 10- 14 s, and a = 4 A.
B in equation (4. 2a) is related to the cross-over tem-

perature between 1-D and 3-D regimes. According to
equation (4.1) it is given by the relation B = 2 03C02 t2/9.
However, the latter derivation depends strongly on
the approximate forms taken for the integrals in

equation (4.1). So we prefer to use B in the rest of
this section as an adjustable parameter.

First, we pay attention to the T-domain very close
to the superconducting transition at Tc = 0.9 K. Near
Tc the transverse coherence length becomes larger
than the interchain lattice spacing and the 3-D form
of the resistivity, equation (4.2a), is expected to fit
the data of figure 3. The experimental value

substituted into equation (4.2a), with O/TF = 0.2,
leads to B = 0.85 K and hence to a cross-over tem-

perature T* = 1.75 K with T* = Tc + B. Given the
above derived value of B, we have plotted on figure 6a
the T-dependence of pl’(T) up to 2 K (in a tempera-
ture domain where the 3-D approximate form for p II
is likely to be applicable).

Fig. 6a. - Comparison of experimental resistivity (points) with
the theoretical results (full lines) in the region of one-dimensional
fluctuations : (a) with To = 5.6 K, 0/Tp = 0.2, and a = 3 A in
equation (4.2b) and (b) after introduction of a normal conductivity
of ao = 4 000 (Qcm)-1, so that p = (61D + Qo)-1.

Secondly, the 1-D form of p II is expected to explain
the temperature dependence of the resistivity as long
as the paraconductivity of superconducting origin
dominates over all other conductivity channels. This
condition is likely to be fulfilled at helium temperature
if paraconductivity is important. Thus the resistivity
of the 1-D regime depends only on one additional
parameter, To, the 1-D mean-field temperature. Given
TF = 1 000 K and 0/Tf = 0.2 the experimental value
at 10 K, namely pf¡D(10 K) = 2 x 10- 5 CM leads to
To = 5.6 K, according to equation (4.2b). At higher

64
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temperatures the PID(T) theoretical curve (with
0/TF = 0.2, To = 5.6 K) deviates significantly from
the observed data. For example at 40 K, the theory
leads to twice the observed resistivity, see figure 6b.
The agreement between the theory and experimental
data can be improved by realizing that the para-
conductivity at 40 K calculated from equation (4.2b)
amounts to 4 166 (Q cm)-’. This value is no longer
large compared to other mechanisms of conduction,
in particular the single-particle channel limited by
impurities and (or) lattice imperfections. If we take
a T-independent single particle contribution below
40 K equal to 4 000 (Q cm)-’ as observed in other
organic conductors in absence of Frohlich fluctuating
conduction we obtain a theoretical resistivity

Fig. 6b. - Comparison of experimental resistivity (points) with
the theoretical results (full line) in the region of three-dimensional
tluctuations (Eq. (4. 2a)) with Tc = 0.9 K, 8/T F = 0.2, and B = 0.85.

which follows more closely the experimental data, see
figure 6b. Moreover, the observed shape of the tem-
perature dependence of pII II, between 40 K and 4.2 K
can vary slightly from sample to sample. In some
samples, we have noticed a steep descent of the

resistivity below 40 K, resembling closely the theore-
tical behaviour, equation (4.2b).

It is not unlikely that the sample of figure 7 is
indeed more impure than that of figure 6 with a
smaller contribution of the single-particle conduction
channel at low temperature.
We wish to point out from the above interpretation

that the low resistivity observed at low temperature
in (TMTSF)2PF6 can be explained with very reaso-
nable values of the band parameters within the frame
work of the paraconductivity model, whereas a single
particle model for the conduction would necessitate
mean free paths of the order of 3 000 A which seem
unlikely in organic conductors.

In the 1-D regime of fluctuations, whenever the
paraconduction is dominant over the single-particle
conduction the anisotropy given by equation (3.9) is

Fig. 7. - Temperature dependence of the longitudinal resistivity
of another sample of (TMTSF)2PF6 at 12 kbar.

temperature dependent. In the vicinity of To the ani-
sotropy is given by :

where tjj and t, are the longitudinal and transverse
electron transfer integrals, respectively.

Therefore, the decrease of the anisotropy towards
low temperatures figure 2a can be readily understood
in terms of equation (4.3) and its value, order of
magnitude wise, is similar to the value of the room

~ t II
temperature anisotropy = (t/t . . Within the para-t-L/
conductivity picture the anisotropy begins its low

temperature descent when the paraconductive chan-
nel becomes a dominant process over the regular
single-particle one. Figure 2a shows that the onset
temperature for the fluctuations is about 40 K, in

satisfying agreement with the quantitative analysis of
the longitudinal conductivity.
Moreover an anisotropy of 103 at high temperature

dropping to about 300 at low temperature indicates
a band structure anisotropy t//t, ~ 30, along the
Se-Se direction. As the temperature is further decreased
towards the superconducting transition the aniso-

tropy tends to saturate at a level given by equa-
tion (3. 7) (6//6I/~- (tlllt1-)2. Such a value is also in

good agreement with a study of the HC2 critical field
anisotropy presently under completion [39].
On figure 8 we have plotted the temperature depen-

dence under 12 kbar of the resistivity of the two-chain
charge transfer complex TMTSF-DMTCNQ which
can be stabilized in a conducting state at low tempe-
rature under pressure [1, 2]. The conductivity of
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Fig. 8. - Temperature dependence of the longitudinal resistivity
of two samples of TMTSF-DMTCNQ. At helium temperature and
under a 12 kbar pressure the conductivity reaches 105 (Qcm)-l [1, 2].

TMTSF-DMTCNQ reaches = 105 (Q cm)-1 at

helium temperature. However, contrary to the parent
compound (TMTSF)2PF6 a saturation of the resis-
tance is observed below 8 K and low temperature-
high pressure studies down to 100 mK have failed to
detect superconductivity [40]. The reason for the
absence of superconducting state in TMTSF-

DMTCNQ may lie in the presence of paramagnetic
centres which have been found by susceptibility
measurements [41] to be more abundant in TMTSF-
DMTCNQ than in (TMTSF)2PF6’ In a quasi-one-
dimensional system impurities are expected to be far
more effective in destroying long-range order than in
an isotropic system due to the decoupling of the
order parameters on adjacent chains [42]. Even if the
long-range three-dimensional order is completely
destroyed, however, there is still the possibility of
large 1-D fluctuations on the individual chains.

Therefore, despite significant differences between these
two conductors as far as ordered state superconduc-
tivity is concerned we consider as very likely the
existence of a strong paraconductive mechanism
enhancing the conduction of TMTSF-DMTCNQ at
low temperature [1]. The temperature dependence
and amplitude of the conductivity are very similar
in both compounds in the region of temperatures 40
to 10 K where paraconductivity could be the domi-
nant conductivity channel in (TMTSF)2PF6-

Attempts to detect strong fluctuation diamagnetism
above Tc in (TMTSF)2PF6 have not given significant
results, using a compensated coil AC technique in
earth field [39].
Given the sensitivity of the experimental set-up, we

find that the fluctuation induced diamagnetism is
smaller than, say 10-4 times the diamagnetism
corresponding to a Meissner effect, namely 1/4n.
However these results are in agreement with the
discussion of section 3 which has clearly established
that the fluctuation diamagnetism above Tc is not

enhanced in a quasi-one-dimensional conductors by
dimensionality effects. Equation (3.10a) shows that
in the low field perpendicular geometry the suscepti-
bility in the 1-D regime becomes

Compared to the value in an isotropic conductor,
equation (4.4) indicates that k is reduced by the
ratio çl.(T)/a  1 in the 1-D regime of fluctuations.
However there is still a possibility to observe

significant diamagnetism in the temperature domain
extending from Tc up to T2 where 03BE II (T) should retain
a large value. This may be the interpretation for the
rather large value of the diamagnetism found in

TMTSF-DMTCNQ at low temperature under pres-
sure [43]. We must notice that the theory of section 3
is a low-field theory, whereas measurements of the
susceptibility in [43] were performed in a field of at
least 20 k0e or so. But it is not unlikely that the
superconducting fluctuations survive the application
of a rather large magnetic field since, due to the rather
weak interchain coupling, the establishment of magne-
tic-field induced screening currents require large
magnetic fields.

Finally, there is an other experimental result for
(TMTSF)2PF6 and TMTSF-DMTCNQ which could
be understood with the suggestion of strong para-
conductivity up to about 40 K : the unusually large
effect of a magnetic field on the resistance (longitudinal
or transverse) provided it is applied perpendicular to
the chain direction [1, 2, 7]. Considering the relatively
small transverse conductivity, magnetic fields much
larger than the critical fields of the condensed super-
conducting state are necessary to destroy the fluctua-
tions above Tc’ When the field is applied parallel to
the conducting axis, the induced currents cannot take
advantage of the large longitudinal conductivity and
consequently the superconducting fluctuations are

hardly affected by a field as large as 75 kOe [1, 2].

5. Nature of the ground state. - We now consider
the microscopic origin of the superconducting insta-
bility in (TMTSF)2PF6. A one-dimensional inter-

acting electron gas is usually described in terms of
two coupling constants gl and g2 for electron-electron
backward and forward scattering respectively. Bych-
kov et al. [38] pointed out that the BCS and Peierls
instabilities have to be considered simultaneously in
one-dimension. Their results as well as renorma-

lization group calculation [44, 45] indicate that for
g 1 &#x3E; 0, g1, - 2 g2 &#x3E; 0 the system shows a BCS
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instability, for g 1 &#x3E; 0, g 1 - 2 92  0 a Peierls (or
spin density wave) instability, and for gl 1  0 simul-
taneous BCS and Peierls instabilities. However, for

gl  0 the parquet [38] and renormalization [44, 45]
methods are unreliable and mean-field [46, 49] theory
as well as scaling [50, 51] to an exactly solvable case [52]
show that for g 1  0 the line g 1 = 2 g2 separates
the regions of BCS and Peierls instabilities. In these
calculations electron-phonon interaction may be
included by an effective coupling constant and an
energy cut off of the order of the phonon frequency.
If the retardation of the electron-phonon interaction
is fully accounted for, it has been shown [46, 49] that
for strong’coupling the Peierls state is stable even in
the region gl  0, gl - 2 g2 &#x3E; 0.

In a strictly one-dimensional system an ordered
state may only occur at T = 0. In quasi-one-dimen-
sional systems however, there are always interactions
between neighbouring chains, leading to phase tran-
sitions at finite temperature. The Coulomb interac-
tions between neighbouring chains couple charge
density waves [53] and therefore leads to a Peierls
transition at finite temperature [54, 57]. On the
other hand, coupling between superconducting order
parameters requires electrons to move from one

chain to the next, so that a BCS transition may only
occur for finite interchain tunnelling integral [55, 56,
59].
To apply these results to an organic superconductor

like (TMTSF)2PF6 we note first that the interchain
tunnelling coupling is weak compared to the coupling
of the charge density waves due to the small interchain
coupling integral. This can be seen by noting that the
anisotropy of the Peierls coherence length in a typical
organic conductor like TTF-TCNQ [60] is about 10
whereas the anisotropy of the superconducting cohe-
rence length, equation (3.3), is proportional to the
ratio of longitudinal and transverse tight-binding
integrals, which is of the order 30 in typical organic
conductors [9, 26]. This is in agreement with the large
anisotropy of the conductivity of (TMTSF)2PF6 [6].
Therefore, to obtain the observed superconducting
transition with g 1  0, i.e. attractive interactions, one
has to be well on the left of the g, 1 = 2 g2, line since
near to this line, even for g 1 - 2 g2 &#x3E; 0 there is still
a weak divergence of the Peierls response function
which due to the relatively large interchain Coulomb
coupling would lead to a Peierls transition. In fact,
preliminary X-ray measurements [61], indicate no
CDW fluctuations above the Peierls-transition at

ambient pressure, in contrast to other 1-D conduc-
tors [60]. An effectively attractive interaction is
obtained by electron-phonon interactions [64-66].
Acoustic phonons are not expected to give a signifi-
cant contribution, as their cut off, namely, the Debye
frequency, is very small compared to the Fermi

energy, which is the cut off for the electron-electron
Coulomb interaction. On the other hand intramole-
cular modes have often very high frequencies, and, as

pointed out by Horovitz [48], high frequencies are
favourable for a high BCS transition temperature. In
fact, it is well known that in organic conductors
intramolecular modes of high frequencies may be
strongly coupled to the conduction electrons [63-66].
A possible explanation of the superconductivity

instability is therefore an intramolecular-phonon
mediated electron-electron attraction. This would

bring confirmation to the early ideas of Little [67] on
the possible role of intramolecular interactions, though
of a somewhat different kind, in organic superconduc-
tivity.

Another possible explanation, due to Barisic and
Brazovskii [68] would be a strong reduction of the
long range (g2) part of the Coulomb interaction due
to non-logarithmic screening effects. This would
allow to reach the gl &#x3E; 2 g2 region even for gl,
g2 &#x3E; 0, i.e. there would be a superconducting insta-
bility with repulsive interactions.

6. Conclusion. - The present study was devoted
towards understanding the unusual transport pro-
perties of (TMTSF)2PF6 at 12 kbar above TC, namely,
the longitudinal conductivity in excess of 105 (Q cm)-1 1
at low temperature and the ratio Q///Ql decreasing
below 50 K. We do not find satisfactory the inter-
pretation of the conduction in terms of a single-
particle model with a transverse conduction becoming
coherent at low temperature since this would mean
extremely large longitudinal mean free paths of about
3 000 A. Instead, we claim that a fluctuation-enhanced
conduction of superconducting origin can explain the
experimental data. We have presented the calculations
of the effects of Azlamazov-Larkin diagrams on the
onset of superconducting above the phase transition in
the frame work of the time dependent Ginzburg-
Landau theory. The theory provides two different

regimes for the paraconductivity (i) a 3-D regime res-
ATc

tricted to the very vicinity of T namely AT ; 1 whereT c Y 
Tc 

,~

ç1-/a &#x3E; 1 and U3D - TI/2(ln T/Tc)-1/2 and (ii) a 1-D
regime, with ç1-/a  1 and alD~_ T-I/2(ln T /To) - 3/2,
where To represents some kind of renormalized
mean-field temperature, which can very well be

depressed from the bare mean-field temperature T° by
a factor 3 or so.
We wish to point out that the proposed theory for

paraconductivity leads to reasonable agreement with
the experimental data. Around 40 K, the paraconduc-
tive contribution is already equal to the single-particle
contribution and it is about 25 times larger than the
single-particle conductivity at low temperature.
The latter remark supports the point of view [69]

that observation at low temperature of conductivity
of the order of that of copper in 1-D organic conduc-
tors involves superconductivity. Although, one-dimen-
sionality enhances drastically the paraconductivity
with respect to its value in a regular isotropic super-
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conductor (by a factor (ç(0)/a)2 ~ 105 in (TMTSF)2PF6
at T = 2 Tc) the fluctuation diamagnetism is not

enhanced in the 1-D temperature regime. This latter
point is in agreement with the failure to detect strong
diamagnetic fluctuations in (TMTSF)2PF6.
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