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Superconducting Transition of (TMTTF) ,PFs above
50 kbar [TMTTF = Tetramethyltetrathiafulvalene]

viewpoint, the crystal and electronic band structures of (TMZSF)
PF gave us a very useful guiding principle to develop two-
dimensional organic conductot&!' That is, the simple extended
Huckel tight-binding band calculation based on the frontier
molecular orbitals of the constituentmolecules enabled us to
analyze the molecular conductors from the viewpoint of molecular
designt?

Soon after the discovery of the superconductivity in (TMTSF)
PF;, a series of organic superconductors, the so-called Bechgaard
salts (TMTSF)X (X = PR, ClO,, AsF, ...), were discoveret?.
Almost a decade ago, the generalized presstemperatureR—

T) phase diagram was proposed, where all the Bechgaard salts
including isostructural sulfur analogues ((TMTER) were
located!® TMTTF is tetramethyltetrathiafulvalene and (TMTS¥)

and (TMTTF)X systems are frequently collectively referred to
as TMpX systems. This diagram predicts that (TMT3B7) and
(TMTTF),PFR become superconductors by applying 25 and 35
kbar of pressure, respectively. In fact, the superconductivity of
(TMTTF),Br was discovered in 1994T{ = 0.8 K at 26 kbar}*
However, there have been no FKIsystems whose supercon-
ductivities were confirmed in both Se- and S-analogues. Therefore,
the discovery of the superconductivity in (TMTTEP) has been
highly desired. Recently, Moser et al. have reported the detailed
phase diagrams of (TMTSBFR and (TMTTF)PR; up to 30
kbar!®> Combining these phase diagrams, (TMTH¥ is ex-
pected to become a superconductor around 38 kbar. However,
this expected critical pressure is too high to be realized by the
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Since the discovery of the first organic superconductor
(TMTSF)LPR in 1980 (TMTSF = tetramethyltetraselenaful-

valene)! much progress has been achieved in the field of organic

usual clamp-type high-pressure cell currently used in the high-

conductors. Two-dimensional organic superconductors such asPressure experiments on organic conductors. We have recently

- and k-(BEDT-TTF)l; were discovered at 1984 and 1987,
respectively (BEDT-TTF= bis(ethylenedithio)tetrathiafulvalen®),
which were followed by the discoveries of so-called “10 K-class”
«-type BEDT-TTF superconductots’ Furthermore, exotic mag-

succeeded in improving the technique of diamond anvil four-
probe resistivity measurements and obtained the resistivity of an
organic single crystal up to 150 kb¥rln the course of these

studies, we have examined the possibility of superconducting

netic organic superconductors such as paramagnetic and antiferfransition in (TMTTF)PFs.*/
romagnetic organic superconductors and organic superconductor The black needle crystals were prepared electrochemically from
with Fe¢* ions exhibiting the superconductor-to-insulator transition acetonitrile solution containing TMTTF and [BN][PF]. Fresh
have been also developed recefit\Despite the vast number of  crystals with typical dimension of 0.30 0.08 x 0.08 mn? were
organic conductors developed so far, there are many physicistsused. Four gold wires (5 or 10m ¢) bonded to the crystal with
and chemists who still regard the TMTSF superconductor to be gold paint were used as leads, which were set in the four ditches
the most attractive organic conductor. Besides superconductivity,engraved in the surface of a metal gasket by stiff needles.
this system exhibits novel transport phenomena related to the spinPowdered alumina and epoxy resin were used to keep the
density wave (SDW) instability originating from the one- insulation between the leads and gasket. Mixed silicone oil was
dimensional nature of the electronic structure. From the chemical used as a pressure medium. The pressure was determined by the
standard ruby fluorescence method. The detailed procedure will
be reported elsewheté.The resistivities were measured along
the needle axes of the crystal®) down to 1.7 or 0.5 K.

The results of the resistivity measurements are shown in Figures
1 and 2. Despite of the difficulty in obtaining high-quality
resistivity data by the diamond anvil technique, sufficiently
accurate resistivity data comparable to those obtained by the usual
clamp-type high-pressure cell were obtained by virtue of the
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Figure 3. The P—T phase diagram of the (TMTTE R system. The
data points indicated by closed squares and circles were obtained in this

T /K
Figure 1. The resistivity of (TMTTF)PF; along the molecular stacking

direction (la): (a) 8, (b) 18, and (c) 47 kbar. The inset shows the pressure work and the open circles are taken form ref 15. SP, spin-Peierls phase;
dependence of the room temperature resistivity.

SDW, spin density wave phase; and SC, superconducting phase.

102 kbar) is much higher than th€&; of the (TMTSF)}PF; system:
£ the maximumT, of (TMTSF),PF; estimated from the reported
10’ o P—T phase diagram is about 1.2'K.Roughly speaking, the
NG important parameters to characterize the electronic structure of
£ 10%p the TMpX system are the transfer integrgl énd on-site Coulomb
8 0 interaction Q). It may be imagined that can be enhanced by
<107} pressure bub is considered to be almost pressure independent.
QIOQ It is well-known that the difference between the first and second
i i oxidation potentials of the donor moleculA&;, = Ej;»(1) —
1030 (i) i E1»(2)) can be regarded as a rough measuté:oAE; (TMTTF)
(a) (b) = 480 meV and\E;x(TMTSF) 390 meV8 The generalize®—T
ol v 4 L phase diagram suggests the value/of of (TMTSF),PF; at 9
0 10;) , 12(00 0 ]OTO/ éOO 300 kbar is approximately equal to that of (TMT PR around 50

kbar, which requires the largefor largeU. The largert andU
in (TMTTF),PR will be consistent with the highdrr.. This allows
us to have a new understanding of a very simple way to elevate
T. of the organic superconductor. That is, the simultaneous
improved diamond-anvil four-probe technique. Below 10 kbar, enhancement of botk) andt will elevate T.. In the present
the resistivity showed a sluggish increase with decreasing (TMTTF).PF; system, largeJ is realized by the replacement of
temperature, indicating the localization of conduction electrons. Se atoms into S atoms and largés realized by pressure. The
It has been reported that the system has a spin-Peierls (SP) grounénhancement of; by the strong electron correlation has been
state in this low-pressure regiéh!® The resistivity around 18  found in x-type BEDT-TTF andl-type BETS superconductors
kbar showed a metallic behavior down to ca. 30 K and increased with correlated semiconducting properties around room temper-
very sharply below 25 K. This resistivity behavior is essentially ature: maximun is 13 K for «-type BEDT-TTF superconduc-
the same as that reported by Moser et®alhe ground state in  tors’ and 10 K for A-type BETS superconductors (BETS
this pressure region has been reported to be the SDW*3tate.  bis(ethylenedithio)tetraselenafulvaledn general, strong elec-
The resistivity increase due to the SDW transition was suppressedtron correlation (or largé)) and metallic properties are contra-
with increasing pressure. Unexpectedly, however, the crystal dictive to each other but the present work supports the very simple
showed a metatinsulator (Ml) transition even at 47 kbar. The idea that the design of organic conductor with latyjand large
room temperature resistivitygr) was decreased with increasing t will be a shortcut to obtain an organic superconductor with
pressure (see the inset of Figure 1): the ratip@ilbar)prr- enhancedr,.
(50 kbar) was about 100. In summary, we have observed a superconducting transition
As shown in Figure 2a, the small resistivity increase in the of (TMTTF),PFs: T.is 1.4-1.8 K at 52-54 kbar. The present
low-temperature region, which is the trace of the SDW transition, work shows not only the validity of the reported generaliPeel’
was observed even around 52 kbar. Thus the critical pressure wagphase diagram of Bechgaard salts but also the applicability of
revealed to be much higher than the expected one (35 kb¥&r).  the convenient diamond anvil four-probe resistivity measurements
The resistivity measurements at 52 kbar showed a peak aroundo the soft organic single crystals.
2.3 K and a sharp drop around 1.8 K, indicating the supercon-
ducting transition. The resistivity drop was observed in all the
crystals (three samples) examined up to 52 kbar and down to 1.7
K. At 54 kbar the low-temperature resistivity increase was
suppressed and a sharp resistivity drop was observed at 1.4
(Figure 2b). At 66 kbar no trace of any resistivity drop was JA0001254
observed down to 0.5 K, showing the suppression of the ™ (1g)papavassiliou, G. C.; Terzis, A.; Delhaes, POyanic Conductie
superconducting phase by higher pressure. These results are imolecules and Polymerslalwa, H. S., Ed.; John Wiley & Sons: Chichester,
good agreement with the generaliz@dT phase_dlagram except Neﬁgﬂgn?k?ﬂ.; Kobayashi, A.; Sato, A.; Akutsu, H.; KobayashiJH.
for the pressure scale (Figure 3). However, it should be noted om” Chem. Soc999 121, 760-768. Kobayashi, H.; Akutsu, H.. Arai, E.;
that the maximunT, of (TMTTF),PFK; (=1.4—1.8 K at 52-54 Tanaka, H.; Kobayashi, APhys. Re. 1997, B56, R8526-R8529.

Figure 2. (a) The resistivity of (TMTTFR)PFK at 52 kbar. (b) The
resistivity of (TMTTFLPFs at (i) 54 and (ii) 66 kbar.
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