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An experimental  i n v e s t i g a t i o n  of t h e  e l e c t r o n i c  pro- 
p e r t i e s  of the  conducting c a t i o n  r a d i c a l  s a l t s  
(TMTSF) X,has shown how the  development of  supercon- 
duct ivi$y a t  low temperature i s  a f f ec t ed  by t h e  low 
dimensional cha rac t e r  of t h e  band s t r u c t u r e .  E lec t ron  
Schottky tunnel  spectroscopy has given evidence t h a t  
t he  c r i t i c a l  temperature i s  no t  an i n t r i n s i c  proper ty  
of the  i n t r a c h a i n  superconducting pa i r ing .  The pa i -  
r i n g  energy i n  (TMTSF),PF6 (P=l1  Kbar) der ived  from 
the  pseudo-gap i n  the  quas i  p a r t i c l e  dens i ty  of s t a -  
t e s  amounts t o  840 K i.e about  40 times the  c r i t i ca l  
temperature. Consequently, p r o p e r t i e s  such a s  conduc- 
t i v i t y ,  thermal conduct iv i ty ,  thermopower, etc. .  .of 
these  Quasi-One-Dimensional Superconductors a r e  t o  a 
l a rge  ex ten t  dominated by t h e  onse t  of 1-D f l u c t u a t i n g  
superconducting p a i r i n g  below 30 K o r  so. Moreover, 
the s t a b i l i z a t i o n  of t hese  f l u c t u a t i o n s  i n t o  a 3-D 
ordered superconducting s t a t e  a t  h igher  temperature,  
namely 12 K f o r  (TMTSF),PF6 (P= l l  Kbar) seems f e a s i b l e  
v i a  chemically induced cha in  br idging .  The l a r g e  pa i -  
r i n g  energy a s  w e l l  a s  t he  presence of a sp in  dens i ty  
waves s ta te  i n  the  (T.P ) phase diagram of these  orga- 
n i c  superconductors suggest  t h e  importance of t h e  
Coulomb i n t e r a c t i o n s  i n  the  mechanism of Cooper p a i r  
format ion.  

tWork p a r t l y  supported by a DGRST c o n t r a c t  no  80-70165 
and a CNRS-ATP con t rac t  1981. 
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INTRODUCTION 

The discovery of superconductivity in condensed organic 
matter(1) is the outcome of a concerted work initiated by 
a suggestion of F.London(2) in 1950. According to F.London, 
superconductivity need not be limited to the class of inor 
ganic conductors but could possibly play an important role 
in certain large organic molecules of biochemical interest. 

Following Bardeen, Cooper and Schrieffer's successful 
theory of superconductivity in metals (3)based on the cohe- 
rent motion of electron pairs comprising electrons with 
equal and opposite momentum and spin and held together by 
a phonon-mediated attraction, Little proposed an extension 
of that same pairing idea to electrons moving in media of 
high electrical polarizability(4). In Little's model the 
attractive interaction in a pair of electrons moving along 
an organic chain occurs through interactions with the elec 
trons of conjugated ring side-molecules; i.e.molecules 
that have alternating double and single bonds, as in ben- 
zene. In this case the electron pair should be more firmly 
bound than in the usual type of pairing, and should help 
to stabilize the superconducting state and so allow super- 
conductivity at higher temperatures. 

However,despite the stimulating proposal of Little it 
was not until the early seventies that organic conductors 
appeared in the guise of radical-cation salts(5) and char- 
ge transfer complexes(6). Both systems contain open shell 
planar molecules between which large intermolecular r-wa- 
ve function overlaps are responsible for an electron delo- 
calization. The stacked configuration of the planar mole- 
cules in the crystals confines the motion of the carriers 
to a single direction in space since the r-electrons inte- 
raction is weak in the directions perpendicular to the 
stacking axis. It appeared therefore that the concepts of 
Physics in One Dimension fitted the description of the 
electronic properties of such unusually anisotropic conduc- 
tors ( 7 ) .  

gas in which the Fermi surface consists of two 
planar sheets interseccing the k,, axis at +% and -$ is 
qualitatively different from what we know about 3-D conduc- 
tors. A 1-D interacting electron gas is usually decribed 
in terms of two coupling constants g and g2 for electron- 
electron backward and forward scattering respectively. 
Byschkov et a1(8) pointed out that in the framework of the 
parquet approximation in which only terms like g Rn EF/T 
are kept in the perturbation expansion, charge density 

The behaviour at low temperature of a 1-D electron 
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ORGANIC SUPERCONDUCTORS [ 5 1 3111 57 

fluctuations develop simultaneously with the fluctuations 
towards superconductivity. Renormalization group calcula- 
ti~n(~) indicates that for g >O, g1>2g 1 shows a superconducting instability (a$ T = 0 strictly 
speaking for a 1-D electron gas), for gl>O, g <2g2 a char- 
ge density wave (CDW) or spin density wave (SAW) instabi- 
lity and for g <O a superconducting or CDW state for 
g1>2g2 and g1<1g2 respectively. In quasi one dimensional 
systems however, there are always interactions between 
neighbouring chains leading to phase transitions at finite 
temperature. On the one hand, interchain Coclomb interac- 
tions between neighbouring chains couple CDW's (lo) and 
therefore lead to a Peierls transition at finite tempera- 
ture(11,12). On the other hand, coupling between supercon- 
ducting order parameters requires the electrons to move 
from one chain to the next, so that a superconducting trarr 
sition may on1 
integral , tL (1s 9 14,15,16). 

In an attempt to understand the phase transitions of 
quasi one dimensional (9-1-D) conductors two scales of tempe 
ratures are important. First, the temperature T at which 
three dimensional long range order occurs and wiere a pha- 
se transition is detected as in 3-D materials. Secondly, 
the temperature T1 such as T >T which characterizes the 
growth of the expectation value of the order parameter 
without any interchain coherence. A s  far as superconducti- 
vity is concerned the dimensionality of the order parame- 
ter is two (amplitude and phase). The treatment of the 
superconducting phase transition of a Q-1-D conductor is 
thus equivalent to the ordering of a Heisenberg two dimen- 

the electron gas 

occur for finite interchain tunnelling 

3 

sional -ferromagnet and the transition temperature is given 
by(17) 

where all and al are respectively the intra and interchain 
superconducting coupling s trenghts. all is related to the 
temperature T (or the amplitude of the pseudo-gap at the 
Fermi level o$ the quasi particle density of states) and 
a is given by the interchain Josephson coupling t2 /t,l 
(ill is the intrachain overlap integral). A weak inierchain 
coupling can lead to a sizeable depression of the transi- 
tion temperature by phase-fluctuations of the order para- 
meter below T 

which currespar.ds to a real phase transition of the Q-1-3 
conductor is relatively easy to determine since 

1' From the experimental stand-point the temperature T 
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158/[514] D. JEROME 

singularities in the transport, magnetic, t\ermodynamic 
etc. .. nroperties are expected to occur there in a way 
very similar to that of 3-D conductors. The temperature T1 
possesses however a slightly more abstract meaning. No 
singularities of thermodynamic functions occur at T so- 
metimes refered as the l-D mean-field transition tempera- 
ture i.e. the temperature where a real phase-transition 
would occur within the mean-f ield approximation for the 
l-D electron gas. 

l’ 

EXPERIMENTAL : THE (TMTSF) 2X FAMILY 

Effects of low dimensionality on the electronic properties 
of organic conductors have first been encountered in the 
extensive studies of the Peierls transition(7 1. As far as 
the CDW instability is concerned both a gap in the density 
of states around the Fermi level and a contribution of the 
fluctuating CD ‘ s  to the conduction are expected to take 
place below T Yl8). This question is by now well establis- 
hed in TTF-TCBQ thanks to unambiguous experiments such as 
commensurability induced pinning of the fluctuating sli- 
ding conduction(l9)and far-infrared optical studies at low 
temperature(20). 

In 1979, Bechgaard et a1.(21) found that the family 
of Q-1-D conducting salts based on the tetramethyltetrase- 
lenafulvalene (TMTSF) molecule, namely (TMTSF) X with 
X = (NOg, PF6, AsF6, SbF ...I exhibits unusually large 
values of the conductivify at low temperature. Around 15K, 
conductivities of the order of 1OS(Qcm)” have been repor- 
ted for (TMTSF)2PF6 or (TMTSF)2N03. The increase of the 
conductivity at low temperature is however interrupted by 
the occurence of a sharp transition towards an insulating 
ground state. As far as (TMTSF) PF is concerned the metal- 
insulator transition occurs at $ 
pressure. (TMTSF)2X salts are carion-radical salts of 
TMTSF with inorganic anions X = NO3, BF,,, PF6, AsF6,SbF6, 
TaF6, C104, Re04, etc....in which a positive charge is 
shared between two organic molecules. The three-dimensio- 
nal structure consists of a triclinic columnar arrangement 
of TMTSF molecules in the form of sheets of donor stacks 
separated by anion sheets(22) ,figure 1.The three dimensional 
side-view of the structure as shown 06 figure(1)could imply 
that the potential created on the TMTSF molecules by the a- 
nions on the left and on the right of a given stack cancel 
each other.However, a consideration o f  the full three-dimen- 
sional triclinic structure indicates that no such cancellation 

‘% 12 K under ambient - 1% 
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ORGANIC SUPERCONDUCTORS [5 15]A 59 

FIGURE 1 A side-view of the (TMTSF)2PF structure. The 
high conductivity direction coincides wifh the stacking 
axis. PF anions are located at inversion centers of the 
triclinic unit cell. 6 

occurs, and therefore the periodicity of the potential seen 
by the delocalized charges on the TMTSF stack is fixed by 
the distance between the anions, namely a. Consequently, 
the conduction band becomes half-filled (instead of 114 
filled as suggested by the stoechiometry and figure 1. The 
existence of a weak dimerization of the average intermole- 
cular distance is the signature of the a lattice periodici- 
ty along the stacking direction. 

At room temperature, under ambient pressure, the dime 
rization amounts to 0.08% 
(TMTSF)2C104 respectively %!2,23). It is however interes- 
ting to notice that the sulfur analogue series of the 

nd 0.027% in (TMTSF),PF6 and 
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160/[516] D. JEROME 

(TMTSF)2X family exhibits a dimerization which, crudely 
speaking, is one order of magnitude lar er, since it 
amounts to 0.6% at 300 K in (TMTTF)*Br b4)(the less dime- 
rized salt of the sulfur series). 

The (TMTSF)2X family exhibits a wide spread of elec- 
tronic properties, with the perrhenate (Re04) and the te- 
trafluoroborate (BF~) becoming insulating at 180 K and 40K 
respectively (21926) 9 

SbF ) under oing a metal to insulator transition at low 
temperatureT21.27) 6 (TMTz 212 K) ,see figure 2, and the per- 
chlorate (C104)remainlng in a-highly conducting state,witL 
U>105 (Rcrn)-’ down to helium temperature(28). 

the hexaf luorate salts (PF6, AsF6, TaF6 

I TMTSF), As F6 

2 -  

0 XI 30 40 50 

FIGURE 2 Temperature dependence below 50 K of the 
(TMTSF) AsF6 longitudinal resistance normalized to unity 2 at 50 K, showing a metal to insulator transition at 12 K 
under ambient pressure and the stabilization of a highly 
conducting state at low temperature under 11 Kbar, beco- 
ming superconducting at T = 1.1 K. 
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ORGANIC SUPERCONDUCTORS [517]/161 

The s a l i e n t  f e a t u r e  of t h e  conduct iv i ty  of a s a l t  such 
as(TMTSF)2PF6 remaining h ighly  conducting below 20 K is  
the  discrepancy e x i s t i n g  between t h e  temperature dependen- 
ce of the  DC conduct iv i ty  inc reas ing  by x 100 between am- 
b i e n t  and 20 K and the  o p t i c a l  conduct iv i ty  inc reas ing  by 
no more than a f a c t o r  3.5 i n  t h e  same temperature i n t e r v a l  
(29) .  A s i m i l a r  discrepancy observed between t h e  tempera- 
t u r e  dependences of DC and o p t i c a l  conduc t iv i t i e s  of 
TTF-TCNQ (30)has been taken a s  a suggest ion f o r  t h e  ex is -  
tence of f l u c t u a t i n g  c o l l e c t i v e  conduct iv i ty  i n  t h a t  mate- 
r i a l .  

However,the f l u c t u a t i n g  Fr8hl ich  mechanism cannot con- 
t r i b u t e  i n  a s i g n i f i c a n t  way t o  t h e  conduction above T 
s ince  f o r  t he  h a l f - f i l l e d  band s i t u a t i o n  of (TMTSF)2X %i 
pinning of t he  CDW's i s  l i k e l y  t o  be e s p e c i a l l y  strong(31)! 

Furthermore,contrast ing wi th  a l l  o t h e r  s tud ied  charge 
t r a n s f e r  Q-1-D molecular conductors ,  X-ray d i f f u s e  s c a t t e -  
r i n g  inves t iga t ions  have f a i l e d  t o  d e t e c t  any apprec iab le  
precursor  s c a t t e r i n g  wi th  wave vec to r  2% a t  T l a r g e r  than 

erved below TM- I 
TM-I in(TMTSF)2PF6 were of a Peier ls  nature"'. I n s t ead ,  
magnetic measurements performed i n  t h e  i n s u l a t i n g  state of 
s a l t s  such a s  (TMTSF)2PF and (TMTSF)2AsF have provided 
c l e a r  informations regar8 ing  t h e  n a t u r e  of t he  i n s u l a t i n g  
phase of these  sal ts .  The ex i s t ence  of i n t e r n a l  magnetic 
f i e l d s  a t  T<T has been suggested by the  inhomogeneous 
broadening of%e NMR methyl-group protons ( 3 4 9  35)and77Se 
(I=1/2) 0 4 ) s i g n a l s  f i g u r e  3,  and by an add i t iona l  sp in- la t -  
t i c e  r e l axa t ion  mechanism occur ing  i n  the  i n s u l a t i n g  s ta te  
0 4 ) .  1 /T2  ( the  homogeneous l i n e  width) decreases  s i g n i f i -  
c a n t l y  below 12 K, f i g u r e  4 .  This  has been a t t r i b u t e d ( 3 4 )  
t o  the  d e t u n i n g  of the  proton sp ins  on a microscopic s c a l e  
i . e  t h e  d i f f e r e n c e  i n  magnetic f i e l d s  a t  the  s i te  of two 
neighbouring protons i s  l a r g e r  than the  i n t e r  proton dipo- 
l a r  f i e l d .  

The ESR l i n e  d isappears  ab rup t ly  i n  the  i n s u l a t i n g  
s t a t e  below T (361, whereas hard ly  any change of t he  pow- 
der  s u s c e p t i b i l i t y  i s  not iced  wi th  a Faraday s u s c e p t i b i l i t y  
technique (37 ) . 

Moreover, s i n g l e  c r y s t a l  s u s c e p t i b i l i t y  measurements 
(38 )have revealed a behaviour of t he  s u s c e p t i b i l i t y  of t he  
i n s u l a t i n g  s t a t e  analogous t o  t h a t  of an ant i ferrornagnet .  
Below T 
c lose  t$-$ie b::-axis of t he  c r y s t a l  s t r u c t u r e  whereas a and 
c--axis a r e  r e spec t ive ly  the  in te rmedia te  and hard axis. 
F i e l d  dependence s t u d i e s  of t h e  magnet izat ion show the 
ex is tence  of a spin-f lop t r a n s i t i o n  a long  b:: a t  f i e l d s  

('.32)as expected i f  the  i n s u l a t i n g  s ta te  o 

M-I 

t he  easy a x i s  of t h e  magne t i za t ionog)  l i es  

.. 
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exceeding 24.5 kOe(39 1. 

FIGURE 3 
in(TMTSF) PF6. The signal vanishing observed below 12 K, 
instead o$ a Curie law temperature dependence (dashed cur- 
ve), is due to the inhomogeneous broadening by internal 
magnetic fields . 

The 77Se (I=l /P)NMR signal versus temperature 

These results point out that unlike TTF-TCNQ and si- 
milar compounds exhibiting a Peierls insulating ground 
state, magnetism remains present in the insulating state 
of (TMTSFI2PF6, (AsF 1. 

The possibility for the occurence of magnetic orde- 
ring i. e. spin density waves (SDW) in low dimensional conduc- 
tors has been suggested by Slater(40). Quite generally the 
stabilization of a SDW state implies the predominance of 
the repulsive electron-electron over the electron-phonon 
interactions. Therefore. in a SDW state the exchange part 
of the electron potential couples the states at + 
-$ and opens an exchange gap at the Fermi level w ich 
transforms the Q-1-D conductor at high temperature into an 
insulator below T 
very strongly favoured by the quasi planar geometry of the 
Fermi surf ace. The new periodicity of the electron 

?.and 

The establishment of a SDW state is M-I 
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0 

10 
r l - h l -  

v 
X 

0 

- 
ra 
Y 

(TMTSF),PF, (proton resonance) 5 

9” = 45MHz 

I 0 

FIGURE 4 
an inhomogeneous l i n e  broadening and a homogeneous l i n e  
narrowing below 12  K. 

The proton NMR s i g n a l  i n  (TMTSF)2PF6 revea l ing  

p o t e n t i a l  i s  l i k e l y  t o  be 2a along the  s tacking  a x i s ,  hu t  
neutron d i f f r a c t i o n  techniques have f a i l e d  so  f a r  t o  show 
any evidence of magnetic s c a t t e r i n g .  

The temperature dependence of the  r e s i s t i v i t y  of 
(TMTSF)2X s a l t s  comprising non-centrosymmetric anions such 
a s  t r i angu la r  NO3 (41 1, o r  t e t r a h e d r a l  BF4, Re04 o5 )and 
C10 (28) ions  r evea l s  some i n t e r e s t i n g  f e a t u r e s  r e l a t e d  t o  
the anion organizat ion.  The anions a r e  loca ted  on invers ion  
cen te r s  of the t r i c l i n i c  u n i t  c e l l  of t he  3-D s t r u c t u r e .  
Therefore i n  absence of magnetic doubling of the u n i t  c e l l  
the wavelength of the p o t e n t i a l  sensed by the  e l e c t r o n s  
moving along the  s t ack ing  a x i s  i s  e i t h e r  a o r  2a depending 
on the  geometry of the  anion. The wavelength i s  a f o r  sym- 
me t r i ca l  octahedral  anions(PF6, AsF6, e tc  ...) o r  s t a t i s t i -  
c a l l y  disordered non-cent rosymetr ic  anions but  i s  doubled 
i f  non-centrosymmetric ions order .  The l a t t e r  s i t u a t i o n  is 
encountered i n  the  NO3, BF4 and Re0 sal ts  below t h e  order- 
d i so rde r  t r a n s i t i o n  TOD a t  35,39 a n i  180 K respec t ive ly(42) .  
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A s  f a r  as  te t rahedral  anions a r e  concerned, X-ray d i 5  
fuse scattering(42 )has shown t h a t  the s u p e r l a t t i c e  wave 

, Tlb, T I C ) .  This is  a l s o  the vector  which 
es t  nest ing of Q-1-D Fermi surfaces.  

(TMTSF) NO 
wave ve$to?(43)does not allow a gap t o  open on the  whole 

At TOD area of the Fermi surface of the Q-1-D conductor. 
a small r e s i s t ance  anomaly is  recorded, 
gap opens i n  the densi ty  of s ta tes ,  f igu re  5. The 
t r ans i t i on  towards an in su la t ing  s t a t e  observed below 10 K 
corresponds probably to  the onset of a SDW s t a t e  as f o r  
(TMTSF)2AsF6 or PF6. 

In  
however, the observed (2%' 0, 0) s u p e r l a t t i c e  

but no 

(TMTSFIZ NO) 

P : 6.5 kbar 

FIGURE 5 
dinal  res is tance under 6.5 Kbar showing both ( i j  the metal 
t o  semi metal t r a n s i t i o n  occuring around 40 K, with a small 
reduction o f  charge c a r r i e r s  as a result  of NO ions  orde- 
r i n g  with wave vector (112, 0,  0),  ( i i ) t h e  metal t o  insula- 
t o r  t r ans i t i on  a t  6 K, which is  very s imilar  t o  the one ob- 
served i n  (TMTSFl2PF 
The low temperature t r a n s i t i o n  is probably driven by magne 
t i c  ordering ( t h i s  awaits fu r the r  invest igat ions) .  

Temperature dependence of (TMTSF) 2N0(41?ongifu- 

3 

or(TMTSF)2AsF6 a t  t he  same pressure. 

(TMTSF)2C104 is the only s a l t  of a te t rahedral  anion 
known so f a r  i n  which the anions remain disordered down to 
low temperature. Correspondingly the resis tance of 
(TMTSF)2C104 exhibi ts  a continuous f a l l  by about two orders 
of magnitude between room temperature and 5 K(28). Below 
5 K a s l i g h t  up turn of the r e s i s t ance  i s  observed i n  good 
quality(1ow resistance)crystals(27). The r e s i s t ance  a t  1 . 2 K  
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ORGANIC SUPERCONDUCTORS [521]/165 

can become two or fotr times larger than the value at 5 K. 

PRESSURE STUDIES 

The stabilization of a highly conducting state is possible 
under pressure for all the members of the (TMTSF) X series 
(X=PF ( 1  ) AsF (321,  TaF6(27), SbF (271, BF 

played on figure 6. As shown on fig (6), $he SDW state is 
very quickly suppressed by the hydrostatic pressure above 
6 Kbar. Above 8.5 Kbar the conducting state of 
(TMTSF)2PF6(A~F6) undergoes a transition towards a super- 
conducting state at low temperature, as shown by a zero 
resistance, diamagnet Lc state (1,45,46),figure 7. In the 
pressure regime where SDW and superconductivity coexist 
with a common phase ti.ansition line, the phase diagram is 
rather complex(A7 1. 111 fact, a detailed pressure investiga- 
tion performed on the (TMTSF) AsF phase diagram shows that 
superconductivity is reentranj unier the SDW state at low 
temperature in that pressure regime cG8). No superconducti- 
vity has yet been observed in (TMTSF) NO down to 50 mK 
either by resistive or inductive techiiq2esbl)above 8Kbar, 
figure 8. The figure 9 shows that the order-disorder tran- 
sition of the anion NO3 remains practically unaffected by 
pressure (41). 

As displayed on 1 igure (6), the superconducting criti- 
cal temperature is stiongly pressure dependent with 
aRnTc/aPa-7% Kbar-’ t t 11 Kbar(49). Although the suppres- 
sion of &e supercondiction under pressure, a general beha- 
viour in the (TMTSF)2> series, is not fully understood, we 
feel it cannot be attiibuted solely to a band broadening 
(decrease of N(E ) or to an increase of the 3-D coupling 
under pressure) .fn fact, the Seebeck coefficient of 
(TMTSF) PF does ot xary significantly at 300 K between 
1 atm aid 9 2  Kbarl50)and the pressure dependence of the 
longitudinal conductitity obtained without sample breaks 
in (TMTSF)2N0 
ul pressure aependence, figure 10 shows that neither t,, 
nor the anisotropy t,,/tl can be drastically affected by 
pressure. 

Magnetization curves of the superconducting states of 
(TMTSF)2X salts show that field penetration occurs already 
at very small values o f  magnetic field, namely H I  is lo- 
wer than the earth magnetic field or so . Supehconduc- 
tivity in (TMTSF)2X follows a type I1 behaviour. The upper 
critical field H& 

Re64(44) 
and N83(41j. Th: phase diagram of ( k S F )  PF6(AsF6) 4’ is dis- 

up to 1 2  Kbar(4l)which is analogous to the 

C 

is 2asily measured by the field at which 
2 
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166/[522] D. JEROME 

the r e s i s t i v i t y  recovers i t s  value above Tc. 

Y 

\ 
- 
e” 

1-0 Superconductor 

I 

0.1 I I I !1 I I 1  I I I 

0 4 8 12 16 20 24 28 
Pressure/( kbarl 

FIGURE 6 The phase diagram o f  (TMTSP)2PF6. The various 
experimental points on the superconducting t r a n s i t i o n  l i n e  
have been compiled i n  the l i t e r a t u r e ,  Orsay A (49) , Bell  
Labs 0 (46) and IBM u (47). A c lose r  invest igat ion of the 
s imilar  phase diagram f o r  (TMTSF)*AsF6 ( 4 8 )  shows a s l i g h t  
reentrance phenomenon near the t r i p l e  point a t  P % 8 . 5  Kbar, 
T 2 1 . 2  K.  

The angular dependence of H t 2  reveals a very pronoun- 
ced anisotropy of the c r i t i c a l  f i e l d  i n  the plane perpendi- 
cular  to the stacking axis. For example i n  (TMTSF)2AsF6 the 
r a t i o  H, //b:: /Hc2//c:: i s  equal t o  15+2 under 9.5 and 
11 KbarCF8 1. f igu re  11. This anisotropy of H c i  reveals a 
band anisotropy along the transverse d i r ec t ions .  
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ORGANIC SUPERCONDUCTORS [523]/167 

FIGURE 7 
under 12 K at T =0.9 K detected by resistance measurements 
(left) and AC-sngceptibility methods (right). A marker sam- 
ple (niobium mcta1)located in the pressure cell, TG9.5 K, 
is used €or the purpose of signal calibration. 

The superconducting transition of (TMTSF)2PF6 

I 

0 I 
I . , , , ,  

0 1 2 3 4 5 6 7 6  
P(kbar1 

FIGURE 8 The phase diagram of(TMTSF)*NO . Above 8 Kbar a 
highly conducting phase is stable at low $emperature, but 
no superconductivity has yet been found either resistively 
or inductively down to 50 mK. 
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(TM T S F )2NO 3 
li P =  12 kbar 
-1.0 1 
3 

FIGURE 9 
longitudinal resistance at 12 Kbar showing (i) the sgabili- 
zation of the conducting state at low temperature and (ii) 
the order-disorder transition around 40 K which is hardly 
affected by pressure between 1 atm and 12 Kbar. 

The temperature dependence of the (TMTSF) NO3 

I 
I '  

FIGURE 10 
ductivity of(TMTSF)2N0 
15% Kiiar'l.Various symzols correspond to different samples. 
The data displayed on this figure have been obtained without 
sample breaking.The transverse conductivity exhibits the s a  
me pressure coefficient.The dash-dot line shows the P-depew 
dence of the lon itudinal conduction of the sulfur analogue 

The pressure dependence of the longitudinal COIF 
at T=300K, increasing at a rate of 

salt (TMTTF) 2PF6 R1, . 
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ORGANIC SUPERCONDUCTORS [525]/169 

FIGURE 11 Anisotropy of t h e  upper c r i t i c a l  f i e l d  Hk20f 
(TMTSF)2A~F6 under 11 Kbar i n  t h e  a-b plane.  

Within the frame work of t he  Landau-Ginzburg theory f o r  
t he  superconducting s t a t e  below T 
ces ,  the an iso t ropy  of coherence fength  and band parameter 
a r e  equal(51!,. Therefore,  a s  f a r  a s  (TMTSF) AsF6 i s  concer- 
ned t b:: / tp*'= 15t2.  The accu ra t e  measure o$ t he  an i so t ro -  
py beikween the  s t ack ing  a x i s  d i r e c t i o n  and t h e  t r ansve r se  
d i r e c t i o n s  i s  hard t o  reach v i a  c r i t i ca l  f i e l d s  experiments 
s ince  i t  r equ i r e s  an alignment of t he  sample wi th  the  ex- 
t e r n a l  f i e l d  which i s  very d i f f i c u l t  t o  achieve wi th  small 
c r y s t a l s .  

The band s t r u c t u r e  an iso t ropy  can a l s o  be der ived  from 
DC and microwave conduct iv i ty  an iso t ropy .  The DC and 35 GHz 
a to  b conduction an iso t ropy  amounts t o  450 and 90 respec-  
t i v e l y  f o r  (TMTSF) PF6 a t  ambient t e m p e r a t u r e e l ) .  These,, 
values  correspond $0 
i n  t h e  range of 10 t o  20  fol lowing the  r e l a t i o n  
a,,/D+% ( t , , / t l)  2which is  obeyed when the  t r ansve r se  conduc- 
t i v i  y i s  d i f f u s i v e  ( 52). Plasma edge s t u d i e s  on(TMTSF) 2PF6 
a t  25 K lead to  t r a n s f e r  i n t e g r a l  of 250 meV and 3 meV 
f o r  a and b:: a x i s  r e spec t ive ly (29) .  Therefore ,  o rde r  of 

w i th  open Fermi sur fa-  

a band s t r u c t u r e  an iso t ropy  t,,/t 1 
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170/[526] D. JEROME 

magnitude wise it seems reasonable to take t1f/t1~''230 or 
so. Consequently,the band parameters of the(TMTSF)2PP6and 
(TMTSF) AsF structures are within the ratios 
t,,a: tib::~C:@= 1, 1/30, 1/450 respectively, with an aniso- 
tropy which is independent of pressure. 

THE FLUCTUATIONS ABOVE T3 

So far, this article has been concerned with the phenome- 
non of superconduction occuring at very low temperature 
(T C1.2 K),whenever the resistance drops to zero. However, 
above T the electronic properties of (TMTSF)*X are remar- 
kably dffferent from those of regular metallic conductors. 
We shall list now some of these remarkable properties. 

a)The longitudinal conductivity overcomes lo4 (Rcm)-' 
below 40 K or so, and reaches ;105(S2cm)-'around 4.2 K 
(21, 1)i.e. a value which is about 10 times larger than the 
maximum conductivity observable in other conducting charge 
transfer compounds at low temperature. Given the electron 
density of 1022charges/cm3, a mobility of > 2. lo3 cm2/V.S 
is derived at 1.3 K (for GI, = 5.105 (flcm)") leading to 
an approximate mean-free path of 700 intermolecular spa- 
cings along the a ax.is(m::=free-electron mass). 

temperature dependence as the longitudinal component down 
to 50 K and increases somewhat faster at low temperatures 
(51953), see figure 12. 

tivity is extraordinarily affected by the application of a 
magnetic field along the transverse c::-directi~n(~~ )but 
the magnetoresistance is reduced for H//b:: (48) and even 
practically inexistant up to 75 kOe as H//a . 

d)The temperature dependence of the electrical resis- 
tivity is still large below 4.2K, in a temperature domain 
where the resistance of all 3-D metallic conductors is li- 
mited by residual impurities( 

Admittedly the picture of especially light and aniso- 
tropic carriers in motion along stacks of great perfection 
could probably explain these peculiar transport properties. 
However, we find such an interpretation rather unlikely 
considering (i) the optical effective mass along the chain 
axis close to the free electron mass(29) (ii) the extraordi- 
nary sensitivity of the resistance at low temperature in 
the conducting regime to the presence of defects since 
Ap %3000 W c m  per 2 of defects ( 5 4 )  .When a similar highly 

b)The transverse conductivity displays about the same 

c)The longitudinal low temperature (1.2<T<30 K) conduc- 

)figure ( 7 ) .  
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FIGURE 12 Temperature dependence of t h e  conduct iv i ty  
an iso t ropy  for(TMTSF)2PF6 a t  12 Kbar. The t r ansve r se  d i rec-  
t i o n  has no t  been determined i n  t h i s  experiment. 

conducting s t a t e  had been s t a b i l i z e d  under p re s su re  i n  the  
charge- t ransfer  compound TMTSF-DMTCNQ, wi th  u,,>105 (Qcm)-' 
a t  1 .2  K and P>10 Kbar(55)we suggested the  ex i s t ence  of a 
gradual  growth of a f l u c t u a t i n g  superconducting p a i r i n g  
a r i s i n g  below 30 K 0 6 ) f i g u r e  13. 

I n  order  t o  support  a similar i n t e r p r e t a t i o n  f o r  t h e  
unusual p rope r t i e s  of conducting(TMTSF) X a t  low tempera- 
t u re ,  experiments probing the  dens i ty  o$ s t a t e s  around t h e  
Fermi l e v e l  have been c a r r i e d  out .  

A s  a mat te r  of f a c t s ,  a s  s h o r t  range superconducting 
order  develops on each cha in  below the  temperature T o r  
so ,  t he  growth of t he  average amplitude of t he  o rde r  para- 
meter must be accompanied by t h e  occurence of  a pseudo-gap 
i n  the  dens i ty  of q u a s i p a r t i c l e  s t a t e s  a t  the  Fermi l e v e l  
(57,581. This pseudo-gap could be v i s i b l e  a t  T<T3 b u t  a l s o  
a t  T <T<T1 s i n c e  i t  cha rac t e r i zes  the  onse t  of 1-D f l uc -  
t ua t ions .  This i s  the  reason which t r igge red  the  i n v e s t i -  
ga t ion  of the  superconduct iv i ty  by e l e c t r o n  tunneling 
spectroscopy, a technique which has been widely used t o  
der ive  the  quas i  a r t i c l e  dens i ty  of s t a t e s  i n  m e t a l l i c  su- 

1 

3 

perconductors (59 P . 
A s  f a r  as(TMTSF)2PF6 is concerned t h e  Schottky b a r r i e r  
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I I 

200 
1 5 1 0  50 100 300 

Temperature ( K )  

FIGURE 13 Temperature de endence of the longitudinal re- 

field o,, reaches 2x105(Qcm)-' at low temperature, (ii)a very 
large magnetoresistance is observed up to 30 K for a trans- 
versely applied magnetic field. 

sistance of TMTSF-DMTCNQG P )at 13 Kbar (i)without magnetic 

technique has been used with some success@'). Schottky 
junctions are prepared by evaporating tellurium doped 
GaSb (ND>3. lo'* em3) on a natural face of a(TMTSF) 2PF6 sin- 
gle crystal. After pressurization and cooling, the diffe- 
rential resistance of the junction is studied versus the 
bias voltage. The large resistance maximum at zero bias, 
together with the two minima observed on each sides of the 
characteristics, point out the existence of a gap in the 
quasiparticle density of states, figure 14. The recording 
on figure (14) has been performed under 11 Kbar, at 
T-50 mK. Followin the traditional interpretation of the 

amounts t o  3.6 mV (40 K) i.e.about 40 times the critical 
temperature for (TMTSF) PF at 11 Kbar. 

At high temperaturas, 6namely T>T3, the amplitude of 
the zero bias resistance maximum decreases steadily, but 
remains clearly visible up to about 15 K. A large magnetic 

tunneling data(59 f the pairing energy 26 on figure 14 D
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Silver daq 
2 n/Ga Sb 

Gold wire 

- 
- 2 0  -1c 

I P z 11 kbar 
T z O 0 5  K 

3.6 mV 

FIGURE 14 Tunneling c h a r a c t e r i s t i c s  of a(TMTSF) PF6- 
N/Ga-Sb Schottky junc t ion  under 11 Kbar a t  50 mK. $he 
energy d i f f e r e n c e  between the  two sharp  r e s i s t a n c e  minima 
is  taken a s  a measure of the pseudo-gap i n  t h e  dens i ty  of 
q u a s i p a r t i c l e  s t a t e s  i.e.2A = 3.6 meV (40K). 

f i e l d  appl ied i n  a d i r e c t i o n  perpendicular  t o  the  s t ack ing  
ax i s  removes the  l a rge  zero-bias r e s i s t a n c e  peak. Resu l t s  
such a s  those displayed on f i g u r e  (14) have been i n t e r p r e -  
ted  by the  opening of a gap i n  the  q u a s i p a r t i c l e  dens i ty  
of s t a t e s  due t o  the formation of superconducting p a i r s  i n  
(TMTSF)2PF6. Elec t ron  tunnel ing .  da t a  suggest  t h a t  t he  gap 
of 28 = 40 K i s  not  r e l a t e d  t o  the  es tab l i shment  of a 3-D 
superconducting s t a t e  below T but  i n s t ead  t o  the  onse t  o f a  3 very l a r g e  in t r acha in  p a i r i n g  up t o  T 

pressure  wi th  a Schottky b a r r i e r  performed on (TMTSF)2C104 

1’ A s imi l a r  behaviour has been observed under ambient 
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(61). There, a pseudo-gap LA24mV in the tunneling charac- 
teristics is visible at low temperature. 

However in a large number of junctions the tunneling 
data display a behaviour different from that shown on f i -  
gure 14. Often a zero bias resistance minimum develops at 
low temperature and once in a junction of relatively low 
resis tance(z1OQ) at high temperature, the zero bias con- 
tact resistance dropped sharply to zero below 12 K, figure 
15. Such a behaviour can be understood in terms of a super- 
conducting short-circuit at the barrier (62) . That a zero 
resistance superconducting state can be stabilized at 12 K 
in the vicinity of the barrier is not too surprising within 
the model of Q-1-D superconductivity. 

T I ( K  I :J . I  . . . .  I , . I . '  

.i r c  (TMTSF),PF, - Ga Sb contact 

FIGURE 15 
contact under 11 Kbar i.e. the resistance at zero k a s  
(according to figure 14). The superconducting short circuit 
below 12 K suggests the presence of 3-dimensionally stabi- 
lized superconducting domains in the vicinity of the inter- 
face between the organic conductor and the evaporated semi- 
conductor. 

Temperature dependence of a (TMTSF)2PF -GaSb 

Any mechanism establishing interchain coherence for the 
phase of the order parameter should have the tendency to 
raise T 
foreign atoms allowing electron pairs to jump from one 
chain to its neighbour through local interchain bridges 
could lead to a significant Tc enhancement(62). The 

Randomly distributed interchain cross-links via 3' 
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calculation(6&ows t h a t  a concent ra t ion  of  4% pe r  molecule 
of c ross - l inks  (with t l  ( l o c a l )  = t l l )  i s  l a r g e  enough t o  
r a i s e  T given by eq.1 up t o  t h e  neighbourhood of  T . 3 The temperature of 12 K ,  below which the  (TMTSh)2PF - 
GaSb con tac t  becomes superconducting, i s  very c l o s e  t o  tke 
1-D mean-field temperature der ived  from the  weak coupl ing 
l i m i t  BCS r e l a t i o n ,  namely 2A/kT = 3.5 .  This agreement is  
probably no t  very s i g n i f i c a n t ,  bu t  o rde r  of magnitude wise 
the tunnel ing d a t a  show t h a t  t he  onse t  of superconduct ing 
p a i r i n g  along each chain occurs  i n  a temperature  domain 
which i s  a t  l e a s t  10 times l a r g e r  than  the  temperature  
where 3-D order ing  takes  p l ace  i n  the  bulk of a c r y s t a l .  

fo re ign  atoms ( f o r  example antimony) between organic  
s t acks  i n  t h e  v i c i n i t y  of t h e  i n t e r f a c e  between t h e  
(TMTSF) 2PF6 c r y s t a l  and t h e  evaporated Ga-Sb l a y e r  (62 1. 

de wi th  Schottky b a r r i e r s  and point-contact  j unc t ions  on 
(TMTSF) PF and (TMTSF)2C104. They are reported i n  o t h e r  
publ ica  $ *  i o n s  ( 6 4 ) .  

(TMTSF)2PF6 between 4.2 and 77  K have l e d  t o  an i n t e r p r e -  
t a t i o n  which cor robora tes  t h e  tunnel ing  da ta .  Such i s  t h e  
case  of thermal conduc t iv i t  
(TMTSF) 2PF6 under 12 Kbar (63). The thermal conductarice 
d i sp lays  a very l a r g e  drop a t  low temperature,  beginning 
around 40 K. Since the  Wiedeman-Franz law i s  f a i r l y  w e l l  
obeyed a t  high temperature,  namely ,oand K i nc rease  both 
with t h e  same rate a t  300 K between 1 atm and 12 Kbar, w e  
f e e l  f a i r l y  conf ident  t h a t  the  e l e c t r o n i c  con t r ibu t ion  
i s  dominant i n  t h e  t o t a l  thermal conduct iv i ty  a t  40 K. The 
drop of t h e  thermal conduct iv i ty  below 40 K can t h e r e f o r e  
be r e l a t e d  t o  the  opening of a pseudo-gap a t  the  Fermi le- 
v e l  . Spin s u s c e p t i b i l i t y  measurements i n  (TMTSF),C104 
using the  EPR techniqueo8)revea l  a s i g n i f i c a n t  drop of 
the  dens i ty  of  s t a t e s  below 7 K ,  whereas the  t r a n s i t i o n  
towards the  superconducting s t a t e  occurs  a t  b e s t  below 
1.2 K (under zero magnetic f i e l d ) .  S imi l a r  precursor  e f -  
f e c t s  h v been r ecen t ly  observed wi th  (TMTSF)2PF6 under 
p r e s s u & % J e  consider  t h a t  they b r i n g  a d d i t i o n a l  suppor t  
t o  t he  ex i s t ence  of pseudo-gap f a r  above the  superconduc- 
t i n g  c r i t i c a l  temperature.  

(TMTSF)2PF6 a t  25 K under ambient pressure  
the  ex i s t ence  of a pseudo-gap around 50 c m - l  and a very 
l a r g e  con t r ibu t ion  t o  the  frequency dependent conduct ivi-  
t y  which is sharp ly  peaked around zero frequency. 

C 

Cross- l inking can be achieved v i a  the  d i f f u s i o n  of 

Several  o t h e r  i n t e r e s t i n g  observa t ions  have been ma- 

Other s t u d i e s  of the e l e c t r o n i c  p r o p e r t i e s  of 

experiments performed on 

F i n a l l y ,  f a r  i n f r a r e d  r e f l e c t a n c e  p r o p e r t i e s  of 
(67)support  
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I n  the presence of a gap(or pseudo-gap)at the Fermi 
level  the density of p a r t i c l e s  able t o  contr ibute  t o  the 
conduction i s  l i k e l y  to  decrease with decreasing tempera- 
tures.  This i s  however i n  s t r i k i n g  con t r a s t  with the huge 
enhancement of the conduction observed experimental1 
low temperature e i t h e r  i n  (TMTSF) PF6 under ressure  
or even i n  (TMTSF)2C104 a t  ambien$ pressure 88). 

TMTSF-DMTCNQ the formation of f luc tua t ing  pairs can contri- 
bute to  the conduction even a t  temperatures much l a rge r  
than Tg i n  Q-1-0 conductors (56,511. Since the excess con- 
duction(or paraconduction) i s  proportional t o  < ] A 1  '>, 
it becomes negl igible  above Tc i n  most 3-D superconductors. 
But the problem is qu i t e  d i f f e r e n t  whenever the volume of 
a f luc tua t ing  domain i s  reduced by a f ac to r  (dlIC,,)', as 
i n  the 1-D f l uc tua t ion  regime(c <d ) of a Q-1-D supercon- 
ductor 1. 

f 1°F 
As i t  was suggested following the study of 

1 1  

The para on u c t i v i t y  of a Q-1-D superconductor worked 
out by Schulz $ r f  51 leads t o  the following contribution: 

T-T1 
where E = - and C,,(O) is  the zero femperature Landau- 

Ginzburg coherence length. Besides supercurrents along the 
chains i n  the f luc tua t ing  regime, transverse supercurrents 
a r e  l i k e l y  to occur between adjacent chains with well de- 
veloped order parameters. As the l ikelihood of t h i s  occu- 
rence decreases with increasing temperature 0' decreases 
i n  temperature f a s t e r  than U',,, i.e.0' Q  consequently 
the anisotropy of paraconductivity va r i e s  l i n e a r l y  with 
temperature above T and i s  kikely t o  explain the behaviour 
of the experimental data  below 50 K i n  (TMTSF) PF6 under 
1 2  Kbar, f i gu re ( l2 ) .  A numerical estimate of tge paracon- 
duction, eq(2), leads to  a,', > lo4 (Qcm)-'at T=25 K, given 
~, , (o) /d1~50 and T Q12 K accordin t o  the tunneling data  
i n  (mSF)2PF6 uni2r presaure(608. 

Following the previous estimate,  the paraconductivity 
i s  largely dominant a t  helium temperature and consequently 
i s  l i k e l y  t o  be suppressed by ( i )  the appl icat ion of a ma- 
gnetic f i e l d  along a transverse d i r ec t ion  and ( i i )  a low 
concentration of magnetic defects  created by i r r a d i a t i o n  
(54). 

T1 

1 %  

1 
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CONCLUSION 

In t h i s  conclusion sect ion we s h a l l  summarize the most si-  
gnif icant  experimental r e s u l t s  of Organic Superconductivity 
and attempt t o  suggest some guidelines towards an interpre-  
t a t ion  of the phenomena. 

i n  the conducting cation-radical salts(TMTSF)2X is  strongly 
influenced by Low Dimensionality. In  t h i s  respect the tun- 
nel ing data have answered key questions.  Short range super- 
conducting pair ing takes place along the chains(without in- 
terchain coherence) a t  temperatures as  high as 15 K. The 
impact of t h i s  sho r t  range pa i r ing  manifests i t s e l f  on the 
quasi p a r t i c l e  densi ty  of s t a t e s  by the observation of a 
pseudo-gap a t  the Fermi l eve l  below 15 K o r  so in(TMTSF) 
PF6 under pressure. Moreover the r a t i o  2A/kTc of about 46 
fo r  (TMTSF)2PF6 under 11 Kbar ind ica t e s  t h a t  the ac tua l  
c r i t i c a l  temperature T3 below which both a zero r e s i s t ance  
s t a t e  and magnetic f lux  exptjlsion a r e  observed i s  not de- 
termined so le ly  by the s t rength of the superconducting pai- 
r i ng  within each chain. The superconducting phase t r ans i -  
t ion occurs when coherence e s t ab l i shes  between the  phases 
of the order parameters on adjbcent chains. As f a r  as su- 
perconductivity is concerned, the t ransverse couplings 
which matter most a r e  on the  one hand the so-called trans- 
verse tunneling coupling t l  which allows an electron t o  
t r ave l  from one chain t o  i t s  neighbour, and on the other 
hand the Josephson coupling tt/tll which can t r ans fe r  an 
electron p a i r  between the chains.There exists a broad tem- 
perature domain extending up t o  30 K or  so i n  which the 
electronic  propert ies  of conductors like(TMTSF) C104  o r  
(TMTSF) PF a r e  to a very large extent  dominate2 by the 
onset o$ interchain superconducting order ,  ( i )  the pseudo- 
gap i n  the density of s t a t e s  observed by tunneling and 
FIR r e f l e c t a n c e , ( i i )  the large paraconductivity r i s i n g  be- 
low 40 K which can be removed by the appl icat ion of a ma- 
gnetic f i e l d  i n  the appropriate transverse d i r ec t ion  o r  a 
very low concentration of defects  ( i i i ) t h e  drop of thermal 
conductivity and Seebeck coe f f i c i en t  below 40 K. 

f l uc tua t ion  regime and s t a b i l i z e  the 3-D ordered supercon- 
ducting s t a t e  a t  a temperature r e l a t ed  t o  the amplitude of 
the intra-chain pair ing energy ( i .e .  12  K, f o r  (TMTSF)2PF6 
under 11 Kbar) provided the interchain coupling i s  enhan- 
ced v i a  a small concentration of i n t e rca l a t ed  foreign 
atoms, es tabl ishing bridges between the chains. Prelimina- 
r y  r e s u l t s  on (TMTSF)zPF6 tend t o  support t ha t  Tc 

The properties of the superconductivity which occurs 

6 

Moreover, one can probably take advantage of the 1-D 
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enhancement is possible following this approach. Besides, 
One Dimensionality of organic conductors is likely to con- 
trol the nature of the coupling leading to an electron pai- 
ring. We consider that the existence of a common phase li- 
mit in the phase diagram of the(TMTSF)2X series between 
superconductivity and a magnetic state is the crucial ex- 
perimental evidence which should guide the interpretation. 
The key question is the followin hich of the two inte- f'@ electron-electron 

Within the framework of the 1-D theory@') which 

some arguments support the idea of a non-phonon media- 

in the pairin echanism?. 

reduces the interaction to two coupling constants gl and 
g 2 
ted pairing, namely(i) the interplay between superconducti- 
vity and a magnetic state which suggests the presence o f  
dominant Coulomb interactions,(ii)the enhancement of the 
spin susceptibility at irigh temperature and its non active 
ted temperature dependence which agrees with a positive g1 
( 7 0  (iii) the observation of (weak) 1-D 4k 
scattering at high temperature in (TMTSFT2PF6, (TMTSF) 2C104 
and Re04(72). Admittedly 1-D theory is not appropriate for 
the determinaticin of phase transition temperatures, but a 
refinement of the theory shows that the nature of low tem- 
perature phases (depending on the respective values of g 
and g ) is not significantly modified by the inclusion ok 
an ineerchain tunneling coupling( l5). However, the role 
played by the retarded electron-phonon interactions versus 
the non retarded electron-electron interactions awaits 
further investigations. It is very likely that the stabi- 
lity of the dielectric SDW state is favoured by the presen- 
ce of Umklapp scattering of two electrons from one side of 
the Fermi surface to the other. All theories seem to agree 
on the important role played by Umklapp scattering on the 
nature of the ground state(689 73). Under ambient pressure, 
the dimerization along the a-axis (and consequently the 
amplitude of the Umklapp scattering) appears to be smaller 
in (TMTSF) C10 where superconductivity is observed than 
in(TMTSF)2i!F6 where a dielectric SDW state is the stable 
ground state. However it is only with a structure determi- 
nation of (TMTSF12PF6 under pressure that the role of 
Umklapp scattering will be more firmely established. 

that probably the most original aspect of organic supercon- 
ductivity in the Q-1-D series (TMTSF)2X is the existence of 
two energy scales governing the onset of the superconductivity 
instahility.(i) A small energy scale (of the order of a few 
degrees Kelvin) which sets the establishment of 3-D order. 

X-ray diffuse 

4 

In a last (but not least) remark we wish to reemphasize 
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This energy fixes the "true" critical temperature (Tc < 1.2K) 
and the values of the critical fields. 
(ii) A much larger energy scale (% 40 K) which is the charac- 
teristic of isolated chains and consequently not in direct 
correspondance with the Tc and critical fields values for 
the 3-D ordered state. 

to superconductivity with organic conductors built from 
molecules others than TMTSF, namely (TMTTF)*Br and 
(TM"TF)2PF6 (74) suggests that Superconductlon might be a 
general property of Q-I-Dorganic conducting salts with 
stoechiometry 2:l. Besides the interest of these fascinating 
materials from the point of view of their new properties, 
we feel they represent a possible way towards the stabili- 
zation of superconductivity at high temperature. 

Furthermore, the recent observation of phenomena related 

ACKNOWLEDGMENTS 

I wish to acknowledge the very fruitful cooperation 
which I have with my colleagues in the field, in particu- 
lar K.Bechgaard, L.Gira1 and J.M.Fabre as well as J.P.Sor- 
bier and his group in Marseille, J.M.Delrieu at Onne des 
Merisiers and all the members of the experimental groups 
at Orsay working on Organic Conductors. I am very grateful 
to J.Friede1, S.BariSit! and H.J.Schulz who have strongly 
influenced the development of the theory in the field of 
One-Dimensional Conductors and Superconductors. 

REFERENCES 

1. 

2. 

3 .  

4. 
5. 

6. 

D.JGrome, A.Mazaud, M.Ribault and K.Bechgaard, J.Physi- 
que Lett 41, L-95, (1980), D.Je'rome, J.Phys.Soc.Japan 
- 49 Suppl A845 (1980). 
F.London, Superfluids Vol 1, John Wiley and Sons Inc. 
New York (1950). 
J.Bardeen, L.N.Cooper and J.R.Schrieffer, Phys.Rev.108 
1175, (1957). 
W.A.Little, Phys.Rev.Al34, 1416 (1964). 
F.Wudl, G.M.Smith and E.J.Hufnage1, J.C.S.Chem.Com. 
1970, 1453 (1970). 
L .B .Coleman, M. J.Cohen, D. J.Sandman, F.G.Yamagishi ,A.F. 
Garito and A.J.Heeger. Solid State Com.12, 1125 (1973). 

- 
- 

- 

- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 2
1 

Fe
br

ua
ry

 2
01

3 



180/[536] D. JEROME 

7. For recent reviews on Physics in One-Dimensional Metals 
see for example: V.J.Emery in Chemistry and Physics of 
One-Dimensional Metals, p.1, H.J.Keller editor, Plenum 
Press, New York (1977)and T.D.Schultz in The Physics 
and Chemistry of Low Dimensional Solids p.1, L.Alcacer 
editor D.Reide1 Publis.Comp.Dordrecht (1980). 

- 23, 489, (1966). 
8. Yu.A.Byschkov, L.P.Gorkov and I.E.Dzyaloshinskii,JETP 

9. J.Solyom, J.Low Temp.Phys.12, 547, (1973). 
10. K.Saub, S.Barisic and J.FrZde1, Phys.Lett - 56 A, 302 

11. L.P.Gorkov and I.E. Dzyaloshinskii, Sov.Phys JETP - 40,. 

12. P.A.Lee, T.M.Rice, R.A.Klemm, Phys.Rev.B 15,2984 (1977). 
13. R.A.Klemm and H.Gutfreund, Phys.Rev.u,1086, (1976) 

and H.Gutfreund and R.A.Klemm Phys.Rev.B 14 1073,(1976). 

(1976). 

198, 1975. 

14. L.Mihaly and J.Solyom, J.Low.Temp.Phys.24, 579 (1976). 
15. Y.Suzumura and H.Fukuyama, J.Low.Temp. Physics 31, 273 

16. V.N.Prigodin, Yu.A.Firsov, Sov.Phys.JETP 49, 813 (1979). 
17. S.Barisic and K.Uzelac, J.Physique 36, 701(1975). 
18. J.Bardeen, Solid State Corn 13, 35771973). 
19. A.Andrieux, H. J.Schulz, D. J&me, K. Bechgaard, Phys . 

Rev.Lett - 43, 227 (1979) and A.Andrieux, H.J.Schulz, 
D.Jbrome, K.Bechgaard, J.Physique Lett 40, L 385, 
(1979). 

20. D.B.Tanner, K.D.Cummings and C.S.Jacobsen, Phys.Rev. 
Lett 47, 597, (1981). 

21. K.BecGaard, C.S.Jacobsen, K.Mortensen, H.J.Pedersen 
and N.Thorup, Solid State Corn 33, 1119, (1980). 

22. N.Thorup, G.Rindorf, H.Soling a a  K.Bechgaard, Acta 
Cryst.B37, 1236 (1981). 

23. K.BechKrd, private communication. 
24. J.L.Galign6, B.Liautard, S.Peytavin, G.Brun, J.M.Fabre 

25. C.S.Jacobsen and K.Bechgaard, privFcommunication. 
26. S.S.P.Parkin, D.JCrome and K.Bechgaard, this Conferen- 

ce. 
27. S.S.P.Parkin, M.Ribault, D.JBrome and K.Bechgaard J. 

Phys.C.Solid State - 14 L-445 (1981)and J.Phys.C.Solid 
State (in press). 

C.S.Jacobsen, Phys.Rev.Lett - 46, 852 (1981) and J.Am. 
Chem. SOC .lo3 2442 (1981). 

Lett, 46, 1142 (1981). 

- 
(1978). 

- 

E.Torreilles, L.Gira1, Acta Cryst.B 34 620 (1978). 

28. K.Bechgaard, K.Carneiro, M.Olsen, F.B.Rasmussen and 

29. C.S. Jacob=, D.B.Tanner and K.Bechgaard, Phys .Rev. 
- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 2
1 

Fe
br

ua
ry

 2
01

3 



ORGANIC SUPERCONDUCTORS [53 71/18 1 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 
41. 

42. 

43. 

44. 

45. 

46. 

47. 
48. 

49. 

50. 
51. 

A.J.Heeger and A.F.Garito, in Low Dimensional Coopera- 
tive Phenomena p.89, H.J.Keller editor, Plenum Press, 
New York (1975). 
P.A.Lee, T.M.Rice, P.W.Anderson, Solid State Com.14 
703 (1974) and H.J.Schulz, Solid State Corn 34 455- 
(1 980) . 
M.Ribault, J.P.Pouget, D.JGrome and K.Bechgaard,J. 
Physique Lett 41 L-607 (1980). 
R.Comes in Chezstry and Physics of One Dimensional Me- 
tals p.315 H.J.Keller editor, Plenum Press New York 
(1977). 
A.Andrieux, D.JErome and K.Bechgaard, J.Physique Lett 
- 42, L-87, (1981). 
J.C.Scott, H.J.Pedersen and K.Bechgaard, Phys.Rev.B - 24 
475 (1981). 
H.J.Pedersen, J.C.Scott and K.Bechgaard, Solid State 
Corn 35, 207 (1980). 

J.C.Scott, H.J.Pedersen and K.Bechgaard, Phys.Rev.Lett 
- 45, 2125 (1980). 
K.Mortensen, Y.Tomkiewicz, T.D.Schultz and E.M.Engler 
Phys.Rev.Lett 46, 1234 (1981). 
K.Mortensen, Yyomkiewicz and K.Bechgaard, this Confe- 
rence. 
J.C.Slater, Phys.Rev.82, 538, (1951). 
A.Mazaud. Thesis University of Paris-Sud (1981) unpu- 
b lished . 
J.P.Pouget, R.Comes, K.Bechgaard, J.M.Fabre and L.Gi- 
ral, this Conference and Proceedings of Low Temperatu- 
re Physics Conference XVI Los-Angeles (1981). 
J.P.Pouget, R.Moret, R.ComSs, and K.Bechgaard, J.Phy- 
sique Lett to be published. 
S.S.P.Parkin, F.Creuzet, D.Jgrome and K.Bechgaard,this 
Conference. 
M.Ribault, G.Benedek, D.Jdrome, K.Bechgaard, J.Physi- 
que Lett 41 L-397, (1980). 
K.Andres, F.Wuld, D.B.Mc-Whan, G.A.Thomas, D.Nalewajek 
and A.L.Stevens, Phys.Rev.Lett 45 1449 (1980). 
R.L.Greene and E.M.Engler, Physxev.Lett 45 1587 (1980). 
R.Brusetti, D.Jgrome, M.Ribault and K.Bechgaard pre- 
print (1981). 
H.J.Schulz, D.JGrome, M-Ribault, A.Mazaud and K. 
Bechgaard, J.Physique Lett 42 L-51 (1981). 
C.Weyl, D. J6rome and K.BechEard, unpublished. 
H.J.Schulz, D.Jgrome, A.Mazaud, M.Ribault and K. 
Bechgaard, J.Physique - 42 991, (1981). 

- 

- 

- 

- 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 2
1 

Fe
br

ua
ry

 2
01

3 



182/[538] D. JEROME 

52. G.Soda, D.Jdrome, M.Weger, J.Alizon, J.Gallice, H. 
Robert, J.M.Fabre and L.Gira1, J.Physique - 38, 931, 
(1977). 

53. D.JQrome, Chemica Scripta, 17, 13, (1981). 
54. S.Bouffard, M.Ribault, R.Brusetti, D.J&rome and K. 

Bechgaard, J.Phys.C.Solid State submitted (1981). 
55. A.Andrieux, C.Duroure, D.JBrome, K.Bechgaard, J.Physi- 

que Lett 40 L-381 (1979). 
56. A.AndrieuE P.M.Chaikin, C.Duroure, D.JBrome, C.Wey1, 

K.Bechgaard and J.R.Andersen, J.Physique - 40, 1199, 
(1979). 

57. A.Bjelis and S-Barisic, J.Physique Lett 36, L-169(1975) 
P.A.Lee, T.M.Rice and P.W.Anderson, Physxev.Lett. - 31 
p.462 (1973). 

58. M.V.Sadovskii, Sov.Phys.JETP 50 989 (1979). 
59. Tunneling Phenomena in Solids,E.Burstein and S .  

60. C.More, G.Roger, J.P.Sorbier, D.JQrome, M.Ribault and 

61. J.P.Sorbier et al, unpublished. 
62. A.Fourne1, C.More, G.Roger, J.P.Sorbier, J.M.Delrieu, 

Lundvist editors Plenum Press, New York (1969). 

K.Bechgaard, J.Physique Lett - 42 L-313 (1981). 

D.Jbrome, M.Ribault, and K.Bechgaard, J.Physique Lett. 
42 L-445 (1981). 

63. KJ.Schulz, this Conference. 
64. A.Fourne1, C.More, G.Roger, J.P.Sorbier, J.M.Delrieu, 

D.Jdrome, M.Ribault, K.Bechgaard, J.M.Fabre, L.Gira1, 
this Conference and to be published. 

65. D.Djurek, C.Wey1 and D.JCrome, this Conference. 
66. L.Azevedo, this Conference. 
67. C.S.Jacobsen, D.B.Tanner, K.Bechgaard, this Conference. 
68. B.Horovitz, H.Gutfreund and M.Weger. Solid State Corn. 

69. KBarisic and S.Brazovsk3, Recent Developments in Solid 
State Physics Vol 1 Plenum-Press New York (1981). 

70. J.Solyom, Adv.in Phys.28 201 (1979). 
71. P.A.Lee, T.M.Rice and KA.Klemm, Phys .Rev.=, 2984, 

(1977) and S.Barisic, private Communication. 
72. J.P.Pouget, Chemica Scripta 2, 85, (1981) and private 

Communication. 
73. S.Barisic, V.J.Emery, S.A.Brazovskii, R.Bruinsma, this 

Conference. 
74. S.S.S.Parkin, F.Creuzet, D.Jdrome, J.M.Fabre, L.Gira1 

and K.Bechgaard, this Conference and to be published. 

39, .54i (1981). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
39

 2
1 

Fe
br

ua
ry

 2
01

3 


