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Crystals of BETS conductors containing FeX4
� (X¼Cl, Br) anions are poly-

morphic. l-BETS2FeCl4 undergoes a p-d coupled antiferromagnetic insulating

transition at about 8.5 K. But it exhibits a paramagnetic metal 7 anti-

ferromagnetic metal transition and superconducting transition at high pres-

sure. k-BETS2FeX4 (X¼Cl, Br) are antiferromagnetic organic superconductors

with the transition temperatures of TN ¼2.4 K (Br), 0.45 K (Cl) and Tc ¼ 1.1 K

(Br) and 0.1 K (Cl). Resistivity step observed at TN is the first direct evidence for

p-d interaction in organic metals. No distinct anomaly in the specific heat at Tc

and the anisotropy of the recovery of resistivity under magnetic field at T < Tc

suggest the coexistence of superconductivity and magnetic order in l-BETS2-

FeBr4. In contrast to the case of k-BETS2FeBr4 exhibiting three-dimensional

magnetic transition, small entropy of the transition of k-BETS2FeCl4 indicates

the low-dimensionality of the spin system.
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INTRODUCTION

Since the discovery of the first organic superconductor [1], an extra-
ordinarily large progress has been achieved in the field of molecular
conductors. In 1980s, a number of molecular superconductors including
the system composed of transition metal complex molecules were de-
veloped [2,3]. Very recently, superconductivity of hole-doped C60 system
was observed at 52 K by using field effect transistor technique [4]. We
have recently succeeded to develop a three-dimensional metal composed
of single component planar molecules [5]. But most of representative
molecular conductors extensively studied in the last two decades are the
conductors composed of TTF-like p donor molecules (D) and inorganic
anions (X), D2X. Since the development of new molecular super-
conductors was the main motif of the chemists in this field in 1980s,
there was no special reason to use magnetic anions, which had been
considered to unsuitable for the development of molecular super-
conductors. However, an increasing interest has been recently focused
on so-called p-d systems constructed of p donor molecules and magnetic
anions. In early 1990s, we have prepared a series of organic metals
based on BETS (¼ bis(ethylenedithio)tetrathiafulvalene) molecules and
FeX4

� (X¼Cl, Br) anions and analogous non-magnetic anions MX4
�

(M¼Ga, In) with the aim of developing multi-functional magnetic or-
ganic conductors [6]. There had been no example of magnetic organic
metal at that time. But the first paramagnetic superconductor discovered
in 1995 [7]. Very recently, ferromagnetic organic metal has been also
developed [8].

BETS SUPERCONDUCTORS WITH MAGNETIC Fe3+ IONS

There are mainly two modifications in BETS2MX4 salts (l and k). Con-
sidering that almost no organic metal had been known to exhibit an evi-
dence for p-d interaction, BETS conductors are very unique [9]. In contrast
to l-BETS2GaCl4 exhibiting a superconducting transition [10], l-BETS2

FeCl4 shows a p-d coupled antiferromagnetic insulating transition
[9,11713]. But it undergoes antiferromagnetic and superconducting tran-
sitions at high pressure [9,14]. Furthermore, the Ga=Fe mixed system,
l-BETS2FexGa1�xCl4 shows unprecedented superconductor-to-insulator
transition [15]. The pressure-temperature-composition phase diagram of
l-BETS2FexGa1�xCl4 is shown in Figure 1. Recently, we have discovered
antiferromagnetic organic superconductors, k-BETS2FeX4 at ambient
pressure [16718].
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RESISTIVITY, SUSCEPTIBILITY AND SPECIFIC HEAT, OF j-
BETS2FeX4 (X¼Cl, Br)

As reported before, k-BETS2FeBr4 shows a characteristic round resistivity
maximum around 60 K [6]. While k-BETS2FeCl4 exhibits a normal metallic

FIGURE 1 Pressure-temperature-composition phase diagram of l-BETS2Fex

Ga1�xCl4. AFI: antiferromagnetic insulating phase; AFM: antiferromagnetic metal

phase; SC: superconducting phase.

FIGURE 2 (a) Resistivities of k-BETS2FeX4 (X¼Cl, Br). The inset is low-

temperature resistivity of k-BETS2FeCl4. (b) Magnetic field effect on the super-

conducting transition of k-BETS2FeBr4. The inset shows the resistivity drop at

0 kOe.
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behavior down to 2 K (Figure 2a). At low temperature, small step indicating
the ordering of Fe3þ spins was observed in both systems (see Figure 2b and
the inset of Figure 2a). In fact, the anisotropy of magnetic susceptibilities
clearly showed antiferromagnetic transition: TN ¼ 2:4 K (FeBr4) and 0.45 K
(FeCl4)(Figure 3). Thus the resistivity step is regarded to be the first direct

FIGURE 3 Magnetic susceptibilities of (a) k-BETS2FeCl4 and (b) k-BETS2FeCl4.

FIGURE 4 Specific heat and entropy (inset) of (a) k-BETS2FeCl4 and (b) k-

BETS2FeCl4.
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evidence for the existence of p-d interaction between localized magnetic
moments and p metal electrons in organic conductors. Furthermore, k-
BETS2FeX4 underwent a superconducting transition ðTc ¼ 1:1 K (Br),
0.1 K (Cl)). The specific heat ðCpÞ of k-BETS2FeBr4 gave a l-type peak at
2.4 K (Figure 4a) and the calculated entropy of 14.9 J mol�1K�1 (¼R ln 6)
(see the inset of Figure 4a), indicating three-dimensional magnetic order at
TN. While small entropy of the magnetic transition of
k-BETS2FeCl4 showed the low-dimensionality of the spin system (Figure
4b). No distinct anomaly of Cp at Tc and the magnetic field effect on the
recovery of resistivity at T < Tc in k-BETS2FeBr4 suggest that k-BETS2-

FeBr4 is antiferromagnetic organic superconductor where superconduc-
tivity and magnetic order coexist. Since the energy level of 4p orbital of Br
atom with larger electron cloud is higher than that of 3p orbital of Cl atom,
the stronger d-p mixing can be expected in ‘‘d-like orbital’’ of FeBr4

� anion.
Consequently, stronger interactions between d-like orbitals of adjacent
FeX4

� anions and d-like orbitals of FeX4
� and p orbitals of BETS are ex-

pected in FeBr4
� salt.
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