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Abstract
The class of organic solids based on cation radical salts deriving from the parent molecule TTF 
provides one- and two-dimensional conductors (superconductors) in which the electron delocal­
ization proceeds via a strong overlap between neighbouring molecules. Their magnetic properties 
reveal in both series a common border between magnetism and superconductivity. Furthermore, 
the existence of antiferromagnetic fluctuations in the conducting phase is clearly established by 
susceptibility and NMR experiments. Magnetism is also relevant in the alkali-doped fullerene 
AiCöo and gives rise to an antiferromagnetic ground state and strong ferromagnetic fluctuations 
at high temperature.

1 Introduction

The development of itinerant magnetism in organic conductors is tightly linked to 
the history of organic superconductivity. Magnetism is indeed found in the same 
materials, where conductivity and superconductivity can be stabilized at low tem­
perature, although under different conditions. The actual start of the research 
on organic conductors was 1972 when a metallic-like conduction and a huge in­
crease of conductivity down to 60 K was reported in the organic charge compound 
TTF-TCNQ before a Peierls transition (Jérome and Schulz, 1982). In this ma­
terial, conduction proceeds very much like in a regular metal although no metal 
atoms are present in the molecules. This is the characteristics for organic conduc­
tivity. Soon after the discovery of organic superconductivity, itinerant magnetism 
appeared to be a frequently accompanying phenomenon. Contrasting with conven­
tional molecular crystals made of neutral organic molecules held together by weak 
Van der Waals forces, organic conductors contain molecules with unpaired carriers 
in 7T-molecular orbitals presenting an open shell configuration. Such a situation 
originates from a partial oxidation (reduction) of donor (acceptor) molecules in the 
formation of a salt with an inorganic anion (cation). In addition, a strong inter-
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molecular overlap of 7r-orbitals allows the electron delocalization over all molecular 
sites in the crystal. However, in most cases the delocalization occurs preferentially 
along selected crystallographic directions. Such a packing optimizes the overlap 

Figure 1. Donor molecule TMTSF, entering the Q-1D structure of (TM^X com­
pounds. The structure is dimerized with an alternating intermolecular distance 
(overlap integrals).

between molecular orbitals along the stacking direction. As long as the on-site 
Coulomb repulsion U does not overcome the energy gained by the band formation, 
conducting properties can be observed with a very pronounced one dimensional 
character along the stacking axis. The planar TMTSF (tetramethyl-tetraselena 
fulvalene) donor molecule with the TTF skeleton forms loosely connected stacks 
of molecules in the crystalline state of (TMTSF^X salts (Fig. 1, where the or­
ganic molecule is oxidized in the presence of an inorganic acceptor X = PFß, CIO4, 
NO3,...) (Bechgaard et al., 1980).

Other derivatives of the TTF molecule also give rise to higher dimensionality 
conductors. These are the planar donor molecules BEDT-TTF (ET) (Williams et 
al., 1991). The «-type packing of ET molecules is unique in that the molecules 
first form dimers and then adjacent dimers are arranged in planes in an almost 
orthogonal order (Urayama et al., 1988), Fig. 2. Intra and interdimer interactions 
are nearly equal in amplitude. Secondly, the planes are packed in a 3D structure
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Figure 2. Transverse view of the 2D organic superconductor K-(ET)2Cu[N(CN)2]Br.

of (ET)2X materials with an alternation of organic and inorganic planes of anions 
X = Cu(NCS)2, Cu[N(CN)2]Br (or Cl), etc... .

This crystal structure gives rise to a large metal-like conduction within the 
molecular layers and a very loose coupling between layers. In both 1- and 2D se­
ries, the negatively charged anions adopt a closed-shell configuration and do not 
contribute to the electrical conduction. So far, we have introduced organic com­
pounds displaying 1- or 2D conducting properties. However, the recent discovery 
of the Cßo molecule (Kroto et al., 1985) has allowed the synthesis of isotropically 
conducting organic solids. Unlike the TMTSF molecule (called TM from now on), 
neutral Cßo molecule is a good electron acceptor molecule. Hence, when electrons 
are added to the LUMO of individual molecules through their reduction by an 
alkali cation the strong intermolecular interaction between u-orbitals makes a salt 
such as A3C60, A = K, Rb, Cs a 3D conductor and even a superconductor (Heb- 
bard et al., 1985), Fig. 3. We shall restrict the subject of this review to the three 
families of organic conductors which have been mentioned above. They all exhibit

25
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Figure 3. Crystal structures of Cßo and various alkali-doped fullerides, after Goze 
(1996).

superconductivity with critical temperatures ranging between 1 and 30 K in the 1-, 
2- and 3D series. They can also exhibit itinerant antiferromagnetic ground states 
instead of superconductivity and strong magnetic fluctuations at high temperature. 
A conduction band formed by the intermolecular overlap of 7r-molecular orbitals 
giving rise to bandwidths of the order of 1 eV, Fig. 4.

The family of organic conductors extends far beyond those discussed in this 
short survey but the interplay between magnetism and superconductivity is best 
illustrated by the restricted choice made in this article.

2 One dimensional conductors

2.1 Materials

Practically all properties that can be anticipated from the theory of ID conductors 
(Solyom, 1979) are observed in the prototypic family (TM)2X where TM means the 
symmetrical TMTSF molecule or its sulfur analogue TMTTF and X is a monoanion 
such as an halogen or PFß, CIO4, etc- • -. This brief review will not discuss the prop-
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Figure 4. Energy dispersion of (TMTSF^PFß using the double C, calculation and 
density of states or (TMTTF)2Br (a) and (TMTSF^PFß (b) (E. Canadell, 1995). 
The interchain coupling is responsible for the small warping of the Fermi surface. 
The dimerization gap is visible at the point X of the zone boundary. The minimum 
near the center the density of states is a reminiscence of the dimerization.

erties related to structural disorder introduced by non symmetrical molecules such 
as TMDTDSF (Auban, 1989), DMET (Ishiguro and Yamaji, 1990), or by alloying 
the organic stack. According to the 2 : 1 stoichiometry of the salt, oxidation of the 
neutral TM molecule should lead to the presence of half a hole per TM molecule. 
However, the intermolecular distance along the stacking direction in the crystal 
exhibits a dimerization with the important consequence of opening a dimerization 
gap in the ID electron dispersion (Ducasse et al., 1986), hence, the ID conduc­
tion band becomes half-filled instead of 3/4-filled as can be inferred from chemical 
considerations only. The conduction band is about 1 and 0.5 eV wide for TMTSF 
and TMTTF salts respectively, Fig. 4. It will become clear that the half-filling 
character is one of the crucial parameters which governs the electronic properties 
of these materials at low temperature. This property can be related to the gap Ôq 
(the dimerization gap) which is opened in the middle of the originally 3/4 filled 
band and gives rise to full (empty) lower (upper) bands. The dimerization gap is 
related to the alternation of the intra stack transfer integral. Structure determi­
nations and band calculations show that the relative bond alternation is large for 
sulfur based molecules 38% in (TMTTF) 2PF6 and smaller in selenium compounds 
19% and 15% in (TMTSF)2PF6 and (TMTSF)2C1O4 respectively with a further 
decrease under pressure and (or) at low temperature due to thermal contraction. 
There exists a finite (although small) interstack coupling tj_ which makes these ID 
conductors actually quasi-ID (Q-1D) when the temperature is smaller than a cross­
over temperature Tx. In a non-interacting electron gas Tx reads Tæ = ij_/7r (Emery, 
1983). However the cross-over temperature is influenced by Coulombic intrachain 
interactions and Tx could very well be much smaller than the bare cross-over tem­
perature Tæ (vide-infra). Consequently, we may anticipate that sulfur compounds 
in the (TM)2X series with large dimerization gaps and low cross-over temperatures 

25*
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should exhibit more pronounced ID features than the selenium-based conductors. 
Such an expectation is corroborated by the examination of the (TM)2X phase 
diagram.

2.2 High temperature regime
Electronic, magnetic and structural properties of (TM)2X compounds are now 
fairly well understood in a quasi-one dimensional (Q-1D) theoretical framework 
where the band-filling character, the amplitude of the Coulomb repulsion and intra 
(inter) chain overlaps are the relevant parameters. The generic diagram in Fig. 5 
displays the variety of regimes than can be observed among (TM)2X compounds 
(Jérome, 1991). Special attention has been paid to key compounds on which trans­
port, magnetic, NMR and structural experiments have been performed varying the 
temperature or pressure. They are labeled by letters in Fig. 5. The transport in 
the high temperature domain (T > 300 K) is governed by the strength of the ID 
lattice dimerization. This dimerization makes the half-filling of the band a par­
ticularly relevant concept for compounds at the left of the diagram but much less 
pertinent (although non zero) where moving towards the right. The band structure 
of these ID conductors is relatively simple as it comprises two nearly planar and 
open Fermi surfaces, Fig. 4. The interactions between electrons are usually taken 
as three constants gi, and g$ modeling the backward, forward and Umklapp 
scattering of two electrons respectively. When the band is half-filled, the scatter­
ing of two electron from one side of the Fermi surface to the other via the Umklapp 
repulsion <73 = #i contributes to localize the ID carriers (Barisic and Brazovskii, 
1979) since the momentum transfer in this scattering is a reciprocal lattice vector. 
The transport becomes activated below a temperature with an activation energy 
Ap = tvTp (Emery et al., 1982). (TMTTF)2PF6 (a) provides a good example for 
the strong Mott-Hubbard localization Ap ~ 600 K of carriers in a half-filled band. 
The magnetism of such a Mott-Hubbard localized phase is that of a ID Heisenberg 
chain. The uniform susceptibility (g — 0 fluctuation modes) follows a Bonner- 
Fisher behaviour with a maximum at a temperature inversely proportional to Ap. 
The 2kF fluctuations modes are also low lying excitation mode of this AF chain. 
They can be probed by the measurement of the hyperfine spin-lattice relaxation 
rate T^1 (Moriya, 1963) which reads for a ID conductors (Bourbonnais, 1987),

Tf1 = C0Txi(r) + C1TK- (1)

where q = 0 (2kp) spin fluctuations contribute to the first (second) term in 
Eq. (1). Kp is the exponent related to the spatial dependence of the charge­
charge correlation function in ID theory (Schulz, 1991). It also enters the power 
law temperature dependence of the density wave (DW) response at 2kp, namely
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Figure 5. Generalized phase diagram for the (TM^X series. Spin-Peierls (SP), spin 
density wave (SDW) and superconductivity (SC) are indicated together with the 
zero pressure location of prototypical compounds (TMTTF^PFö (a), (TMTTF^Br 
(b), (TMTSF)2PF6 (c) and (TMTSF^CICU (d). The dotted line represents the 
temperature Tp separating the metallic phase at high temperature from the charge 
localized phase (CL) at low temperature.

Xdw(2^f) ~ TKp~1. If ID charge localization comes into play, Kp —> 0, and the 
2kF contribution to 7j_1 should become T-independent according to Eq. (1).

The temperature dependence of Tf1 of (TM)2X compounds provides a remark­
able illustration for the evolution between Mott-Hubbard localized electrons in (a) 
and delocalized ID electrons in selenium compounds (c) and (d), Fig. 6. In those 
selenium compounds, because of the weakness of the half-filling character, ID Mott- 
Hubbard (localization is not efficient until a cross-over towards a 2- or 3D electron 
gas is reached at the cross-over temperature Tx). It has been pointed out that 
the cross-over temperature can be strongly suppressed by intrachain Coulombic 
interaction in the Q-1D electron gas and should read (Bourbonnais and Caron,
1986)

According to Eq. (2), a single particle cross-over temperature is either non relevant 
or at most very small whenever the Mott-Hubbard localization is developed. This 
is the situation which is encountered for sulfur compounds with Kp —> 0. For 
selenium compounds, Umklapp can no longer be a strong localizing mechanism 
although strong 2k p fluctuations are still seen by NMR experiments and a metal-
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Figure 6. 13C-relaxation rate of two compounds of (TMTTF)2X series versus T\2S, 
X = PFß and Br. Tp is the temperature showing the charge localization. The 
localized limit is reached at low temperature in all sulfur compounds. The finite 
intercept of Tÿx at T — 0 is attributed to the role of ID AF-fluctuations. These 
fluctuations, although present in selenium compounds as well cannot be detected on 
such a plot, see the dashed line for the schematic behaviour of (TM^X compounds. 
The T-dependence of the spin susceptibility is similar throughout the (TM)2X series.

like behaviour survives down to a critical temperature where the conducting state 
undergoes a transition towards an itinerant magnetic ground state (Bechgaard et 
al., 1980; Jérome and Schulz, 1982). The extensive NMR investigation conducted in 
various compounds of the (TM)2X series (Wzietek, 1993) has led to a determination 
of the intrachain interactions governing the magnetic and transport properties of 
the ID metallic phases (Jérome, 1994).

Table I: Parameters describing the behaviour of transport (Kp, gs) and magnetic 
properties (<u) of some (TM)2X compounds in the conducting (or localized) phase 
at high temperature.

Compounds TP «P 9i
7TVf

93 
ttvf Tx ^F

(TMTTF)2PF6 > 250 K 0
(T < 250 K) 1 0.4 < 20 K 1600 K

(TMTTF)2Br 100 K 0
(T < 50 K) 0.9 0.35 < 20 K 1900 K

(TMTSF)2PF6 No 0.15
(T < 100 K) 1.1 0.16 10 K 3100 K
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2.3 (TM)2X ground states
At the left side of the diagram Fig. 5(a) (TMTTF^PFß presents an insulating 
spin-Peierls ground state in which the electrons of a uniform Heisenberg chain at 
high temperature are dimerized and form a non-magnetic singlet ground state with 
a 2fc/?-lattice distortion below Tsp = 19 K (Pouget et al., 1982). The spin-Peierls 
instability is slightly depressed under pressure (Jérome, 1991) and above 10 kbar 
a ground state with an internal magnetization is stabilized; a spin-density wave 
(SDW) phase with a commensurate wave vector (Brown et al., 1997). That is also 
the situation encountered in (TMTTF^Br at ambient pressure (a) (Barthel et al., 
1993). Increasing pressure, the Néel temperature increases and the commensurate 
antiferromagnetic Néel state becomes incommensurate above a critical pressure of 
10 and 5 kbar for (a) and (b) respectively with a concomitant maximum of the 
AF transition temperature (Klemme et al., 1995), Fig. 7. The 3D coupling which 
promotes the existence of long-range order at low temperature is the intrachain 
interaction between 2k p bond CDW for the spin-Peierls ground state and the 
interchain exchange coupling for the commensurate Néel instability (Bourbonnais,
1987).  When the conducting phase is stable below Tx, it is the nesting properties 
of the 2D Fermi surface which triggers the establishment of the Overhauser ground 
state at TN given by 1 — (Ta:)xgDW(Q,T) = 0 where gi(Tx) stands for the 
amplitude of the electron interaction renormalized down to Tx and Q is the best 
nesting vector of the 3D Fermi surface (Ishiguro and Yamaji, 1990). With a 2D 
model for the Fermi surface (FS), Q — (2kp,Tt/b) when only nearest neighbour 
interchain interactions are included in the energy dispersion, namely

s(fc) = 2t|| cosk\\a + 2t±cosk±b. (3)

Deviations to perfect nesting are taken into account by adding a contribution 
2t'± cos2k±b to Eq. (3). Thus, the nesting vector becomes incommensurate with 
the underlying lattice. This is the situation which prevails in (TMTSF^PFß (c) 
at ambient pressure or in (TMTTF^PFß and (TMTTF^Br under high pressure. 
Evidences for the incommensurability of the magnetic modulation have been given 
by NMR and transport properties experiments. The 13C-NMR single crystal line­
shape of (TMTSF^PFß reveals a continuous distribution of local fields (Barthel et 
al., 1993) instead of the narrow lines related to the finite number of magnetically 
inequivalent nuclei at high temperature.

At first sight, the field distribution can be explained by a sinusoidal modulation 
with amplitude (0.06-0.08 pb)- This spectrum is at variance with the discrete 
NMR spectrum observed in the commensurate SDW of (TMTTF^Br at ambient 
pressure using 13C and 1H-NMR.

Other evidences for the incommensurability of the SDW ground state are given
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Figure 7. The SDW ground state of (TMTTF^Br under pressure. 5 kbar is a critical 
pressure between a commensurate SDW (P < 5 kbar) and an incommensurate SDW 
at P > 5 kbar.

by the consequence of the existence of a low lying long wavelength phason mode in 
the excitation spectrum corresponding to the sliding of the modulation. This mode 
gives rise to a hyperfine relaxation of the nuclear spins which is T-independent when 
the SDW effective mass is not enhanced by a coupling to phonons (Barthel, 1994). 
This behaviour has been clearly identified in the SDW state of (TMTSF^PFß 
(Barthel et al., 1993a) and also in (TMTTF^Br under 12 kbar (Klemme et al., 
1996), Fig. 8. The behaviour of (TMTTF^Br at 1 bar or (TMTTF^PFß at 10 
kbar is in striking contrast. There, the gapless phason mode is suppressed by 
commensurability and nuclear relaxation is induced by the thermal excitation of 
magnon modes with an activation energy of ~ 12 K at H = 9.4 T.

Another consequence of the SDW incommensurability can be observed in the 
transport properties of the Overhauser state. The magnetic incommensurate struc­
ture has no preferential position with respect to the lattice; it can slide and con­
tribute to a collective conducting channel similar to the Fröhlich mode of CDW 
systems (Grüner, 1994). This mode consists in the joint displacement of both spin 
polarized CDW modulations building up the SDW ground state. Hence, the con­
ductivity of the SDW state becomes electric field dependent. However, a non linear 
conductor is only observed above a threshold field Et (of the order of 5 mV/cm 
(Tomic and Jérome, 1989)). The threshold field is related to the breaking of the 
translational invariance of the SDW by the existence of randomly distributed im-
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T(K)

Figure 8. Temperature dependence of the 13C-relaxation in the incommensurate 
SDW phase of (TMTSF^PFß. The T-independent relaxation below the peak due 
to 3D fluctuations at TN is attributed to the gap less phason mode. The relaxation 
is activated in (TMTTF^PFß under 13 kbar as the ground state is expected to be 
a commensurate. SDW.

purities acting as pinning centers on the condensate, Fig. 9. The oscillation of the 
SDW condensate around its equilibrium position can contribute to the AC con­
ductivity (at E < Et) and gives rise to a resonance in the far infrared regime. 
This is the pinned mode resonance. The very large electrical polarizability of the 
condensate gives rise to a large static dielectric constant which in turn is related 
to the threshold field by the equation

s(0)Et = constant. (4)

The validity of Eq. (4) has been proven for a variety of CDW phases (Grüner,
1988).  It is also followed over a wide domain of threshold fields in the 
(TMTSF)2[AsF6](i_æ)[SbFe]! series as Et is varied by several orders of magni-
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Figure 9. Non linear conduction in the SDW phase of (TMTTF^AsFß at T = 4.2 
K.

tudes throughout the solid solution (Traetteberg et al., 1994). The DC collective 
motion of the SDW condensate generates an AC component at a frequency vn which 
is linearly related to the collective current. The existence of the oscillating current 
is well established in (TMTSF^PFß by looking at the interference between an ex­
ternal AC driging source and the internal AC current (Kriza et al., 1991). This is 
the equivalent of the Shapiro steps in the physics of Josephson junctions. Further­
more, the rigid motion of the magnetic modulation induces a local magnetic field 
modulation at a frequency as observed from the magnetic motional narrowing 
of the NMR lineshape (Barthel et al., 1993b). There still remains a controversy 
about the relation between vn and (at a given SDW current) in a SDW state. 
The origin of the AC current oscillation, rigid motion of the condensate or single 
particle to collective conversion at the electrodes is not settled for a SDW state 
(Clark, 1996).

A recent claim has been made about the existence of CDW x-ray scattering 
satellites (extremely weak) in the (TMTSF^PFß ground state at a wave vector Q 
corresponding to the wave-vector of the magnetic modulation (Pouget, 1996). The 
coexistence between magnetic and electric modulations implies that the two spin 
polarized CDW building up the SDW modulation are not exactly out of phase, as 
expected for a pure SDW. This mixture between degrees of freedom could possibly 
explain the weakly first-order character of the transition revealed in transport and 
magnetic measurements. The 2D nesting becomes frustrated when 2P± is increased 
(changing the anion or under pressure). Consequently the SDW ground state is 
rapidly suppressed. The possible divergence of the Cooper channel at low temper-
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T(K)

Figure 10. Superconducting transition in (TMTTF)2Br under 26 kbar.

ature is unaffected by the increase of 2t/_L since inversion symmetry e(fe) = e(—fc) 
is preserved for very general energy dispersion laws. A superconducting ground 
state can thus be stabilized for (TM)2X compounds. The critical temperature 
never exceeds 2 K. High pressure is required for the superconductivity of sulfur 
compounds (TMTTF)2Br (Balicas et al., 1994), Fig. 10, and selenium compounds 
(TMTSF)2PF6 (Jérome et ah, 1980), Fig. 11. (TMTSF)2C1O4 is the only member 
of the (TM)2X series in which superconductivity exists under ambient pressure 
(Bechgaard et al., 1981). What has emerged from the study of (TM)2X super­
conductors is the strong competition existing between superconducting and DW 
instabilities governed by the FS nesting. Attempts to raise Tc (superconductivity) 
in TMTSF2ReO4 using a pressure cycling procedure to prevent the formation of 
an anion ordered insulating phase has led to the stabilization of the more stable 
SDW phase (Tomic and Jérome, 1989). Therefore, Tc cannot be raised above 1.3 
K but superconductivity in the (TM)2X series develops in a background of AF 
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spin fluctuations. Unlike 2D superconductors which are the subject of the next 
section, the properties of the anisotropic ID superconducting state have not yet 
been studied in details.

3 Two dimensional conductors

3.1 Ground states
When 2D organic superconductors first appeared, they became very popular for 
a lot of reasons. Rather high superconducting Tc (as compared to the (TM)2X 
series) could be stabilized in the phase /?h-(ET)2I3 (Tc = 8 K) (Laukhin et al., 
1985; Creuzet et al., 1985) and Tc = 9.4 K in k-(ET)2Cu(NCS)2 (Urayama et 
al., 1988), Fig. 11, or even 11.4 and 12.8 K in K-(ET)2Cu[N(CN)2]Br (Kini, 1990) 
and k-(ET)2Cu[N(CN)2]C1 under 0.3 kbar (Williams et al., 1990) respectively. 
Owing to the very pronounced 2D character of the FS, textbook examples for 
quantum oscillations of the magnetization and resistivity have been observed in 
«-(ET)2Cu(NCS)2 (Oshima et al., 1988) and /3//-(ET)2l3 (Kang et al., 1989) lead­
ing to a detailed determination of the FS (Wosnitza, 1995). The importance of 
magnetism in 2D conductors is less apparent than for Q-1D conductors since the 
absence at first sight of any nesting feature on the FS precludes the stabilization 
of SDW phases. Consequently, several 2D conductors remain metallic down to low 
temperatures. At variance with Q-1D conductors, what is exceptional for 2D con­
ductors is the absence of magnetism under ambient pressure. There are, however, 
some indications that in these systems too, superconductivity is located close to 
an insulating state which shows magnetic properties. The relevance of magnetism 
becomes clear from the phase diagram in Fig. 12 displaying the different ground 
states which can be stabilized in the k;-(ET)2CuX series varying the nature of the 
anion CuX or the pressure parameter. The origin of pressure has been fixed at the 
compound k-(ET)2Cu[N(CN)2]C1 undergoing the onset of a magnetic modulation 
below 26 K (Miyagawa et al., 1995). The magnetic nature of the ground state 
is also supported by the observation of an antiferromagnetic resonance in ESR 
experiments. Furthermore, 13C and XH-NMR data suggest the stabilization of a 
commensurate magnetic structure with an amplitude of 0.4-1 fig which is about 
ten times the amplitude measured in the (TM)2X series. The origin for such a 
commensurate magnetic ground state is not clear at the moment as the FS of these 
2D conductors does not reveal any obvious commensurate nesting vectors. In spite 
of its unknown origin the interplay between magnetism and superconductivity is 
obvious in Fig. 12. A minute pressure of 0.3 kbar is enough to suppress the mag­
netic ground state and stabilize superconductivity below 12.8 K (Sushko et al., 
1993).



MfM 45 Magnetism and Superconductivity in Organic Conductors 389

Figure 11. Superconductivity at 1 K in (TMTSF^PFß under 9 kbar and at 9 K in 
k-(ET)2Cu(NCS)2 at ambient pressure.

3.2 Magnetic fluctuations at high temperature
Although the role of Coulomb repulsions in 2D conductors could be anticipated 
from the early data of frequency dependent optical conductivity leading to U/W ~ 
1 (Jacobsen, 1987; Jérome, 1994). This is the NMR investigation of K-phase con­
ductors which confirm that magnetic fluctuations govern the electronic properties 
of the conducting phase at high temperature. First, the pressure dependence of 
the Knight shifts (KS) in K-Br is large (—6% kbar-1) and can only be explained if 
the on-site Coulomb repulsion to bandwidth ratio is of the order unity (Mayaffre 
et al., 1994). Secondly, an anomalous temperature dependence was found for the 
Knight shift and the spin-lattice relaxation rate (Mayaffre et al., 1994), Fig. 13. 
At ambient pressure, the Knight shift shows a smooth T-dependence between 300 
and 50 K which can be understood by the thermal contraction but below 50 K 
a further pronounced drop of the susceptibility is observed (Kataev et al., 1992). 
Concomitantly, (TiT)-1 reveals near 50 K an important enhancement which obvi­
ously departs from the usual Korringa relation (Mayaffre et al., 1994; Kawamoto
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Figure 12. Generalized phase diagram for the «-(ET^CuX 2D conductors.

et al., 1995). This behaviour of the relaxation rate seems to be general for most 
K-phase materials. At a pressure of 4 kbar, all anomalies of KS and (TiT)-1 are 
removed and a Korringa law is recovered (Mayaffre et al., 1994). The temperature 
profile of both (TiT)-1 and KS suggest the existence of a pseudo-gap in the den­
sity of states and of strong spin fluctuations at a wave vector nesting the 2D Fermi 
surface. Besides magnetic properties there exists an anomalous behaviour for the 
resistivity as well in the same temperature range. The temperature of 50 K is the 
temperature where a peak of dR/dT is observed (Sushko, 1991). As for (TiT)-1 or 
KS, a regular behaviour of the metallic conductivity is recovered under a pressure 
of « 4 kbar (Sushko, 1991).

3.3 Comparison with high Tc cuprates
The temperature profiles of (TiT)-1 and KS show a striking similarity with those 
reported in underdoped cuprates, for example via 63Cu-NMR in YBa2Cu3O6.63 
(Takigawa et al., 1991). This relaxation behaviour in HTSC has often been ex­
plained by the existence of short range AF correlations in the CuC>2 planes giving 
rise to a gap in the spin excitations (Kampf and Schrieffer, 1990). However, for 
AC-ET2X materials, the tight correlation between the relaxation peak and the tem­
perature dependence of the resistivity makes it difficult to consider a decoupling 
between the spin and charge degrees of freedom. The origin of enhanced relax­
ation and transport scattering rate could be due to some nesting properties of the
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Figure 13. K-(ET)2Cu[N(CN)2]Br NMR under pressure. Temperature dependence 
of the Knight shift at 1 bar (•) and 4 kbar (o) normalized to the 300 K value (a) 
and of (7iT)_1 at different pressures 1, 1.5, 3 and 4 kbar from top to bottom (b).

2D Fermi surface with two possible incommensurate wave vectors connecting the 
flat portions (Oshirna et al., 1988), Fig. 14. Both nuclear relaxation and electron 
scattering depend on the imaginary part of the spin susceptibility. Thus,

(TiT)-1 (5)

If Q is the vector nesting the Fermi surface even partially, this features leads to an 
enhancement of the real part of the bare susceptibility Xo(q, co) at q = Q and with 
the RPA (TxT)-1 reads (Charfi-Kaddour et al., 1992).

(TIT)-1 S £

Q

__________1_________ Xo(q^n)

(1 - ^Xo(q>wn))2 (6)

Therefore, a maximum of (TiT)-1 could derive from the nesting at the wave vector 
Q enhancing ^(q,un) in Eq. (6). Going beyond the RPA, the Fermi liquid theory 
in the presence of nesting properties explains the development of the pseudo gap in
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Figure 14. Calculated band structure (a) 
(ET)2Cu[N(CN)2]Br, after Canadell (1996).

and Fermi surface (b) of k-

the density of states at the Fermi level. Such pseudo-gap would affect the static and 
dynamic susceptibility explaining both the drop of KS and the peak of relaxation. 
Furthermore, the peak of resistivity can be attributed to the enhanced scattering 
against AF fluctuations. The high pressure work shown how the various manifes­
tations of AF fluctuations on magnetism and transport vanish very quickly. T\ or 
the pseudo gap, being related to the nesting properties are much more sensitive 
to pressure than the high temperature Knight shift (or susceptibility). Further­
more, as observed in Q-1D superconductors the suppression of AF fluctuations 
under pressure goes together with the disappearance of superconductivity. This 
observation emphasizes the experimental relation between spin fluctuations and 
superconductivity in both ID and 2D series of organic superconductors (Wzietek 
et al., 1996).

4 Fullerides

4.1 Phase 3 fullerides
Among the various kinds of A^Cßo fullerides superconducting compounds A3C60 
(A = K, Rb, Cs) are probably those in which magnetism plays the smallest role. 
The metallic character of A3C60 is fairly well understood in terms of a half filling 
of a band deriving from the six threefold-degenerate lowest unoccupied molecular 
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orbital (LUMO) of Cßo- The study of the spin susceptibility of K3C60 via 13C 
Knight shift and Tj measurements (Kerkoud et al., 1994) reveals a very small 
pressure coefficient (« —1% kbar“1) which is in fair agreement with the pressure 
dependence of the band structure neglecting Coulomb interaction. In addition, the 
superconducting transition of phase 3 compounds with different alkali atoms or 
under pressure supports an interpretation in terms of a weak coupling BCS model 
with a pairing interaction mediated by intramolecular electron-phonon coupling 
(Haddon, 1992).

4.2 Phase 4 fullerides
In A4C60 compounds, four levels among the six threefold-degenerate tiu orbitals 
are occupied by alkali metals electrons implying a partial filling of the band in 
the solid. However, the metallic character which could be expected from the par­
tial band filling is not observed from photoemission spectra (Benning et al., 1992) 
optical conductivity (Iwasa et al., 1993) and thin film resistivity (Haddon et al., 
1994) data. Furthermore, ESR susceptibility (Kosaka et al., 1993) and T^1 data 
(Zimmer et al., 1994) show the non-magnetic and insulating nature of the ground 
state, Fig. 15. However the nuclear spin-lattice relaxation is very fast at room 
temperature and cannot be explained by a straightforward semiconducting band 
structure model. Following an NMR investigation under pressure (Kerkoud et al., 
1996), an interplay between the molecular Jahn-Teller and the energy dispersion 
has been proposed for the interpretation of the electronic properties of AjCßo- The 
tyu manifold is split into three components with two lower degenerate components 
filled by the four alkali atom electrons and one empty higher component. Moreover, 
the molecular interaction gives rise to the broadening of the molecular level into 
a semiconducting band scheme. If the Jahn-Teller effect Ajt is strong enough to 
overcome the band broadening an insulating material is obtained. The fast relax­
ation at room temperature has been explained by intrinsic localized paramagnetic 
centers provided by local excitations of the Cgg molecules. The lowest excited 
state (CgQ )* differs from Cgg by the inverse arrangement of the doubly degen­
erate and non degenerate Jahn-Teller levels. The lower level is completely filled 
by two electrons and the higher is half-filled by the two residual electrons. The 
latter, according to the Hund’s rule form a triplet state giving rise to thermally 
activated localized paramagnetic centers with an activation energy which amounts 
to Ajt/2. A Jahn-Teller splitting of 140 meV has been derived from the activated 
temperature dependence of in Rb^. The exciton level at Ajt/2 lies within 
the Jahn-Teller gap and at increasing pressure the bandwidth increases with a con­
comitant merging of the localized states into the itinerant states. The material 
evolves from a narrow gap semiconductor with localized paramagnetic excitations

26
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TEMPERATURE (K)

Figure 15. Temperature dependence of 13C-T1_1 in Rb-jCeo for different pressures. 
The fit with the model of localized triplet excitons (Kerkoud et al., 1996) is shown 
by the continuous line at 1 bar. The relaxation of thermally activated carriers in a 
semiconductor would follow the dashed line.

at ambient pressure to a semimetal under a pressure of 12 kbar as shown from the 
recovery of the Korringa behaviour for Tf1, Fig. 15.

4.3 Phase 1 fullerides
AiCßo forms a remarkable system where the stabilization of an itinerant magnetic 
ground state has been identified for the first time in the A^Cßo series (Chauvet 
et al., 1994). AiCßo undergoes a first-order structural transition around 350 K 
between a fee phase at high temperature and an orthorhombic phase at low tem­
perature (Stephens et al., 1994). The orthorhombic phase is particular as it exhibits 
a polymerized structure along chains of C60 molecules. ESR (Pekker, 1994) and 
optical conductivity (Bommelli et al., 1995) data support the conducting nature of 
AiCßo down to 50 K. However, the progressive opening of a pseudo-gap in N(Ep) 
is observed at low temperatures (Chauvet et al., 1994) and a magnetic ground state
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Figure 16. Relation between 13C-7\ 1 and xs in RbiCßo when the pressure is varied 
between 1 bar and 4.5 kbar. The best fit is obtained for T^~ ss %3/2.

sets in below 20 K (Uemura et al., 1995; Mac Farlane et al., 1995). The unusu­
ally large pressure coefficient of the susceptibility (« —9% kbar“1) (Forro et al., 
1996) reveals the importance of the exchange enhancement in these materials with 
a Stoner factor of about 3 under ambient conditions (Auban-Senzier et al., 1996). 
The magnitude of the enhancement may be explained by two specific features for 
phase 1 fullerides. First, the calculation of the effective Coulomb repulsion tak­
ing into account the Jahn-Teller energy and the bare on-site repulsion provides a 
value of 0.2 e"V for HbjC>go but nearly negligible for A-ßCgo (Victoroff et al., 1995). 
Secondly, a large contribution to N(Ep) can be expected from a singularity in the 
density of states located in the vicinity of the Fermi energy (Victoroff and Héritier, 
1996).

The nature of magnetic fluctuations is still very controversial. One-dimensional 
AF fluctuations, related to the polymerized structure have been claimed to per­
sist up to room temperature on the basis of a temperature independent nuclear 
relaxation (Brouet et al., 1996). However, this suggestion is in agreement neither 
with the conducting character of the compound nor with the experimental relation 
between and ys leading to 1/Ti ~ or y2s which is followed (Moriya, 1995), 

26*
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Fig. 16, as the pressure is increased up to 6 kbar (Auban-Senzier et al., 1996). What 
has been proposed instead is the model of ferromagnetic fluctuations within chains 
or planes of the body centered orthorhombic structure of AxCßo- AF-fluctuations 
between planes grow below 50 K and provide a two-sublattice magnetic ground 
state at 15-20 K (Erwin et al., 1995). The band structure calculation (Erwin et 
al., 1995) has shown that the 3D AF-modulation opens a gap at the Fermi level 
and makes the ground state insulating. The magnetic ground state is suppressed 
under pressure as shown by NMR data under pressure, Fig. 17, but at 6 kbar even 
in the absence of long range ordered magnetism strong 3D AF-fluctuations remain, 
in the incipient antiferromagnet as indicated by the temperature dependence of the 
relaxation, 1/Ti « T1/4 (Moriya, 1995). Under 12 kbar, the existence of a Korringa 
relaxation down to the lowest temperatures supports the existence of a weakly 
correlated metallic phase bearing much resemblance with the conducting phases of 
RbaCßo at ambient pressure or RKjCßo under pressure.

Figure 17. Temperature dependence of 13C-TX 1 at different pressures.
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5 Conclusion

Organic superconductivity has been around for the last 15 years. Remarkable 
progresses have been achieved in terms of increasing the stability of the supercon­
ducting state from IK in one dimensional organic conductors pertaining to the 
(TM^X series up to 30 K in the fullerides. The systematic study of isostructural 
series of either ID or 2D conductors has shown that the phase diagrams exhibit 
magnetic phases in close proximity to the superconducting state. Furthermore, 
superconductivity emerges out of a “normal conducting” state in which the pres­
ence of magnetic fluctuations has been clearly identified by a wealth of NMR data. 
As far as ID conductors are concerned, the U/W ratio is close to unity and the 
interplay between the half-filling character (the Umklapp scattering term) and the 
interchain overlap (the cross-over temperature Tæ) makes the generalized phase di­
agram remarkably diversified with spin-Peierls, SDW and superconducting ground 
states. Proximity between superconductivity and magnetism is also observed in 
high Tc superconductors with a noticeable difference since the critical temperature 
reaches zero at the borderline. The anisotropic character of the pairing interac­
tion in 2D organics is inferred from the gapless character of the quasi particle 
energy spectrum. However, the symmetry of the order parameter is still waiting 
for phase-sensitive experiments. In this context the role of magnetic fluctuations 
in pair formation of organic superconductors has to be clarified (Mayaffre et al., 
1995). In spite of the narrow bandwidth, magnetism is less present in the series 
of Aj-Cßo fullerides. Only in AiCßo uniform spin fluctuations are observed at high 
temperature and the AF coupling between ferromagnetic planes allows the stabi­
lization of an AF ground state at low temperature. High pressure decreases the 
importance of magnetic fluctuation and suppresses the stability of the AF ground 
state.
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