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Pressure dependence of the organic superconductivity in (TMTSF),PF,
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Résumé. — Les mesures de résistivité effectuées sur le composé (TMTSF),PF, font apparaitre une décroissance
trés appréciable de la transition supraconductrice sous pression. Ce phénomeéne est difficile a interpréter avec les
théories habituellement utilisées dans les supraconducteurs & bandes étroites. Nous proposons de relier la dépen-
dance en pression de la supraconductivité au mode mou qui est a l'origine de la transition métal-isolant existant

a basse pression.

Abstract. — High pressure resistivity measurements reveal a very large decrease of the superconducting transition
temperature of (TMTSF),PF, with pressure. It is difficult to explain this phenomenon with current theories of
narrow band superconductors. An explanation in terms of the soft mode of the low pressure metal to insulator

transition is proposed.

The existence of bulk superconductivity in the
quasi-one-dimensional (Q-1-D) organic conductor
(TMTSF),PF¢ at high pressure has been unambi-
guously established by resistive [1] as well as coupled
low frequency susceptibility and critical current
measurements [2].

According to reference [1] high pressure is required
for the observation of superconductivity, and, indeed
at pressures lower than about 9 kbar, (TMTSF),PF
undergoes a metal to insulator transition at low tem-
perature as shown by thermopower and resistivity
experiments [3].

Quasi-one-dimensionality of the electron energy
spectrum, namely the existence of open Fermi sur-
faces influences the properties of the superconducting
state in several ways. First, below T, the upper critical
field exhibits an anisotropy which reflects the band
structure anisotropy [4]. Second, above T, the high
conductivity and the large transverse magnetoresis-
tance existing up to 40 K can be quantitatively under-
stood in terms of one-dimensional enhanced para-
conductivity [5]. However, at present there is no
entirely satisfactory microscopic explanation of the

(*) Present address : L. Institut fiir Theoretische Physik, Univer-
sitit Hamburg, 2000 Hamburg 36, W. Germany.

(**) Laboratoire associ¢ au C.N.R.S. Work supported in part by
a DGRST contract n° 80.7.0165.

superconducting state occurring under pressure. The
purpose of this study is to present new experimental
results and suggestions which may promote in the
future a better understanding of organic superconduc-
tivity. We have investigated superconductivity of
(TMTSF),PF¢ at the maximum hydrostatic pressure
(P = 24 kbar) which we can achieve at present in a
beryllium-copper alloy pressure vessel at very low
temperatures (T < 0.1 K). The single crystals used in
this work are similar to those studied previously [1].
After calibration of the applied load versus hydro-
static pressure, a pressure of 24 kbar is applied at room
temperature. The pressure medium (isopentane) freezes
under 24 kbar at 300 K. Therefore, the cooling of the
pressure vessel is made with a solidified pressure
medium from room temperature. This procedure
produces very stable contact resistances between
the electrical leads and the samples. Two samples
were studied simultaneously with two independent
electrical circuits. At 24 kbar, the conductivity
increases between 300K and 1.2K by a factor of
260 and the low temperature conductivity is about
6 x 10° (Q.cm)™! prior to the superconductivity
which is observed at T, = 0.19 K (Fig. 1).

The application of a small transverse magnetic
field induces a shift of the R versus T curve down in
temperature and allows the determination of a
critical field (Fig. 2). Superconductivity is drastically
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Fig. 1. — Temperature dependence of the resistivity of

(TMTSF),PF, at 24 kbar.
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Fig. 2. — Temperature dependence of the transverse critical field
of (TMTSF),PF at 24 kbar.

suppressed by increase of pressure, suggesting that a
reduction in pressure will increase T,. However below
9 kbar superconductivity is inhibited by the occur-
rence of a very sharp metal to insulator (M-I) transi-
tion (see Fig. 3 for the 6.5, 8 and 9 kbar behaviour of
the resistance). The data obtained at 9 kbar are interest-
ing in that down to the lowest temperature attainable
at this pressure, namely 1.28 K, neither the M-I nor
the superconducting transition are observed. At
this pressure the temperature dependence of the resis-
tance is essentially metallic-like, although there may
be a very weak minimum at 3 K.

In figure 4 we have plotted the dependence of the
transition temperatures, Tyy_; and T, on the lattice
constant along the packing direction of the molecules.
Since the axial compressibility of (TMTSF),PF,
is not yet known, we have used in figure 4 the com-
pressibility of a typical organic conductor, TTF-
TCNQ [6]. High pressure studies [7] have indicated
very similar compressibilities for both TTF-TCNQ
and its selenium analogue TSF-TCNQ.

The shape of the phase diagram in the neighbour-
hood of 9 kbar is not yet known with great accuracy.
A better determination will require further high
pressure studies with smaller pressure increments.
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Fig. 3. — Evolution of the resistivity versus temperature curves at
several pressures. The results at successive pressures have been
shifted by two units.
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Fig. 4. — Phase diagram of (TMTSF),PF, displayed as T, versus
chain-axis lattice constant. The open dots together with the corres-
ponding pressures denote the transition to an insulating state and
the open triangles refer to the superconducting transition. The 9 kbar
point is not a phase transition point. It simply indicates that no
transitions have been detected under these conditions.

However even with these limited data some comments
can be made concerning possible transition regions
between the insulating and superconducting states.
One possibility is a V-shaped phase diagram with
no phase transition at all for some critical pressure
in the neighbourhood of 9 kbar. Such a point of view
which follows from some theoretical work [8, 9] has
been presented in reference [10]. A second possibility
is the existence of a first order phase transition line
between the insulating and superconducting states {11].
This would imply (for a non vertical transition line)
the sequence of phases Metal-Insulator-Supercon-
ductor, ie. reentrant superconductivity. Some effects
of coexistence between insulating and superconducting
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instabilities may have been observed in the critical
pressure domain [12]. However the insulating insta-
bility does not completely develop before the occur-
rence of superconductivity [13]. This may be explain-
ed by non magnetic impurities smearing the M-I
transition but leaving the S-transition unaffected.

The behaviour of the upper critical field at 24 kbar
in figure 2 can be interpreted in terms of the Landau-
Ginzburg analysis of Josephson coupled chains [4,
51. Within this model we have :

dHL
dT

r = @o/2 7755”(0) £, )T,

where the zero temperature coherence lengths are
related to the band structure anisotropy by :

/6y =1ty/ty and &) ~ vgft,.

This implies that oM. /dT |;, becomes propor-
tional to T,. The data of figure 2, with

dHL/dT |;, =80 0e/K and T, =0.19K

are therefore in fair agreement with the 12 kbar
results [1] (dH/dT |r, = 222 Oe/K and T, = 09 K).

In the rest of this article we shall try to draw some
conclusions concerning the origin of superconducti-
vity in (TMTSF),PF,, from figure 4.

The decrease of T, from 0.9 K at 12 kbar to 0.19 K
at 24 kbar gives a mean pressure dependence of
dInTJoP ~ — 7 x 107° bar~!. The bandwidth of
(TMTSF),PF derived by optical and thermopower
results, of about 1 eV [3], suggests its pressure depen-
dence should be compared with that of d-band super-
conductors.

The pressure dependence of T, in those substances
where the electron-electron attraction is due to acous-
tic phonons can be ascribed to a combination of three
effects [14] : (i) under pressure the acoustic phonon
frequency increases, as described by the lattice
Gruneisen constant, which leads to a decrease of T,
(ii) the diminished ion-ion distance leads to a larger
electron-phonon matrix element, thus increasing T,
(iii) the bandwidth is increased by pressure so that the
density of states decreases, but the effect of Coulomb
repulsion is also decreased. This bandwidth effect
is usually less important than points (i) and (ii).

The combination of these effects may lead either to
an increase or a decrease of T, with pressure, as
observed experimentally [15]. Although the Gruneisen
constant of (TMTSF),PF, has not been measured,
for a typical organic conductor, TTF-TCNQ, a
value of 3 at 300 K can be deduced from the pressure
dependence of the axial compressibility [6, 16], and
even lower values (by about a factor two) have been
derived at low temperatures [17]. Thus on the one
hand we expect the changes of lattice properties of
(TMTSF),PF, under pressure to be comparable to
those of the d-band superconductors. But on the
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other hand the decrease of T, with pressure in
(TMTSF),PF, is larger than the values of decrease
of T, found in d-band superconductors [15] by at least
a factor of 10. Consequently, it seems unlikely that
one can explain this large decrease by the same mecha-
nism for the d-band superconductors.

In molecular metals, intramolecular phonons are
known to be strongly coupled to the electrons [18]
and such modes have been shown to be favourable to
superconductivity [19]. However, both the frequency
and strength of coupling of these modes to the elec-
trons are molecular properties and are therefore
independent of pressure. Thus only point (iii) remains
as a possible explanation of the pressure dependence
of T,. However, from optical data on TTF-TCNQ
[20] and the occurrence of longitudinal commensu-
rability under pressure in TTF-TCNQ [21] and TSF-
TCNQ [7] the changes of the bandwidth under pres-
sure are shown to be quite small and can surely not
account for the variation of T.

Another possibility for a pressure dependent T,
are changes in the « one-dimensionality » under
pressure. In an isolated metallic chain a superconduct-
ing phase transition at finite temperature is not possi-
ble and in a system of coupled chains a finite inter-
chain tunnelling integral ¢, is necessary to obtain a
non zero transition temperature. If only the super-
conducting transition is considered, current theories
[22, 24] predict an increase of T with increasing ¢,.
As t, is increased with pressure one would expect
0T /0P > 0 from this mechanism, in contrast to the
experimental result. One should also note that the
conductivity anisotropy at room temperature is
nearly constant, at least up to 12 kbar [4]. We must
therefore rule out changes in the « one-dimensiona-
lity » as an origin of the pressure dependence of T..

In the above discussion we have not considered the
presence of a metal-insulator transition with a tran-
sition temperature vanishing at a critical pressure of
about 9 kbar. Although at higher pressures there is
a superconducting phase transition instead of the
metal-insulator transition, one may reasonably assume
that a soft mode corresponding to the metal-insulator
transition is still present slightly above the critical
pressure and vanishes with increasing pressure. For the
case of competition between a charge-density wave
(CDW) and superconducting transitions in 1-D con-
ductors, it has been shown that the presence of a soft
mode enhances T, [8, 9, 25}, so that vanishing of the
soft mode may lead to a rapid decrease of T, as
observed experimentally. This explanation does not
of course exclude acoustic or intramolecular pho-
nons from playing a role in the superconducting
transition,

Moreover, it has been suggested that the low pres-
sure insulating phase [26] is a spin-density wave
state (SDW) which indicates spin-density fluctuations
instead of a coupled charge density-lattice modula-
tion [27] (soft phonons) as the soft mode, ie. an
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electron-electron interaction not mediated by the
lattice. Furthermore, the presence of a SDW means
that one is in the g, > O part of the usual g, g,
phase diagram [28] and the transition to the super-
conducting also takes place in that part of the diagram,
as suggested by Barisi¢ and Brazovskii [29]. Although
the triplet superconducting response function is
more strongly divergent than the singlet function [30]
for g, > 0, a triplet superconducting phase is extre-
mely sensitive to impurities, so that impurities
tend to stabilize the singlet phase. Experimentally it
is found that T, is independent of the sample purity
(where T, is derived from the width of the supercon-
ducting transition) so that it seems unlikely that
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the superconducting phase is of the triplet type.
In conclusion, the most likely reasonable explanation
for the strong pressure dependence of T is by the
presence of a soft mode, possibly a SDW fluctuation,
which would enhance T.. The vanishing of this soft
mode with increasing pressure would then result in
adropin T,

Acknowledgments. — We would like to thank
G. Benedek for his help in pressure experiments. We
have had very fruitful discussions with J. Friedel and
S. BariSic. One of us (H.J.S.) thanks J. Appel for
helpful conversations.

References

[1] JéromE, D., MAZAUD, A., RiBAULT, M. and BECHGAARD, K.,
J. Physique Lert. 41 (1980) L-95.

[2] RiBAULT, M., BENEDEK, G., JEROME, D. and BECHGAARD, K.,
J. Physique Lett. 4}-(1980) L-397.

[3] BEcHGAARD, K., JacoBseN, C. S., MORTENSEN, K., PEDER-
seN, H. J. and THoruP, N., Solid State Commun. 33 (1980)
1119.

[4] JéroME, D., to be published in Chemica Scripta, Proceedings
of the International Conference on « Low Dimensional
Synthetic Metals » Helsingor, Denmark, August 1980,
and JéroMmE, D. and ScHuLz, H. J., to be published in
Physics in One Dimension, editor J. Bernasconi (Springer)
1980.

[5] Scaurz, H. J., JEROME, D., MAazAUD, A., RiBAULT, M. and
BecHGAARD, K., preprint (1980).

[6] DEBRAY, D., MILLET, R., JEROME, D., BARISIC, S., GIRAL, L.
and FaBrE, J. M., J. Physique Lett. 38 (1977) L-227.

[7] THOMAS, J. F. and JfROME, D., Solid State Commun. (1980),
in press.

[8] PriGoDIN, V. N. and Firsov, Yu. A., JETP Lett. 25 (1977) 79
and Sov. Phys. JETP 49 (1979) 813.

[9] SuzuMuRra, Y. and Fukayama, H., J. Low. Temp. Phys. 31
(1978) 273.

[10] JErOME, D., presented at the International Conference on
« Low Dimensional Synthetic Metals » Helsingér, Den-
mark, August 1980, to be published in Chemica Scripta.

[11] Private Communication from J. FRIEDEL.

[12] Greeng, R. L. and ENGLER, E. M., preprint.

ANDRES, K., WUDL, F., MCWHAN, D. B., THoMaS, G., NALE-
WAIJEK, D. and STEVENS, A. L., preprint.

[13] Preliminary results obtained with the system (TMTSF),AsF,

indicate such a behaviour.

[14] GARLAND, J. W. and BENNEMANN, K. H., in Superconductivity
in d- and f-Band Metals, ed. by D. H. Douglass (American
Institute of Physics, New York) 1972, p. 255.

[15] SmrtH, F. F., in reference {14], p. 293.

[16] DEBrRAY, D., JEROME, D. and BARISIC, S., High Pressure and
Low Temperature Physics, edited by C. W. Chu and
J. A. Woollam (Plenum Press) 1978, p. 565.

[17] We thank S. MEGTERT for a discussion of his recent data on the
low temperature compressibility of TTF-TCNQ.

[18] Ricg, M. J. and Lipari, N. O., Phys. Rev. Lett. 38 (1977) 437.

[19] Horovitz, B., Phys. Rev. B 16 (1977) 3843.

[20] WELBER, B., SEDEN, P. E. and GraNT, P. M., Phys. Rev. B 18
(1978) 2692.

[21] FrienD, R. H., MILJAK, M. and JErROME, D., Phys. Rev. Lett.
40 (1978) 1048.

[22] KLEmM, R. S. and GUTFREUND, H., Phys. Rev. B 14 (1976)
1086.

[23} LARKIN, A. I. and SAK, J., Phys. Rev. B 18 (1978) 6053.

[24] Buragvski, L. N. and Buzpin, A. L., preprint (1980).

[25] GuTtrreuND, H., Horovitz, B. and WEGER, M., J. Phys. C 7
(1974) 383.

[26] WALsH, W. M., WupL, F., THoMAs, G. A., NALEwAJEK, D.,
HAUSER, J. J., Leg, P. A. and PoEHLER, T., Phys. Rev.
Lett. 45 (1980) 829.

[27] PouGeT, J. P., in Proceedings of the International Conference
on « Low Dimensional Synthetic Metals » Helsingér,

, August 1980, to be published in Chemica Scripta.

[28] For a review see SoLYOM, J., Adv. Phys. 28 (1979) 201.

[29] BARiSIC, S. and Brazovski, S. A., Proc. EPS Conference,
Antwerp 1980 and BARISIC, S., preprint (1980).

[30] Fuxuyama, H., Ricg, T. M., VARMA, C. M. and HALPERIN, B. 1.,

" Phys. Rev. B 10 (1974) 3775.






