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Abstract

Previous theoretical models of organometallic magnetic conductors and superconductors are examined on the basis of ab initio
Hamiltonians and Hubbard models for clusters of p–d and �–d systems in relation to the recently developed �–d systems such
as (BEDT-TTF)2Y and (BETS)2Y (Y=Cu(NCS)2, Cu[N(CN)2]X, Fe(III)X4 (X=halogens, etc.)). The Fe(III) complexes have
been used as spin sources in these systems. The phase diagrams observed for the species are similar to those of cuprate and heavy
fermion superconductors because of the existence of a magnetic phase near superconducting phase. In order to elucidate the
characteristic electronic structures of these species, effective exchange integrals (Jab) for magnetic clusters are calculated by ab
initio density functional (DFT) methods. From the computational results, several model Hamiltonians such as t–J, Kondo and
RKKY models are examined for a theoretical understanding of the experimental phase diagrams. Theoretical possibilities of
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magnetic conductors and spin-mediated superconductors are discussed on the basis of these models in the intermediate region for
metal-insulator transitions. The importance of electron correlation and lattice dimensionality is emphasized in relation to high-Tc

superconductivity. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

During the past decade, molecular magnets, molecu-
lar conductors, and their hybrid systems in intermediate
or strong electron correlation (EC) regimes have at-
tracted much interest in relation to the high-Tc super-
conductivity in copper oxides [1]. Much experimental
and theoretical effort has been made for the elucidation
of a possible interplay between the p- and d-electrons of
transition-metal oxides in such a regime [2–4]. Now it
is well established that copper oxides are antiferromag-
nets before doping, while the species after doping ex-
hibit the high-Tc superconductivity. In a previous paper
[5], we have examined several model Hamiltonians for
copper oxides to elucidate the mechanism of the high-

Tc superconductivity; (1) t–J model, (2) spin-fluctuation
model, (3) spin- and charge-fluctuation model, which is
referred to as an EC model [5], and (4) charge-fluctua-
tion or CT model. Now, the models (1)–(3) are com-
patible with the accumulated experimental results for
copper oxides [4]. Previously [5], we have also investi-
gated possible organic, organometallic and inorganic
analogs to copper oxides on the basis of these models
(1)–(4), which permit the nonconventional BCS mecha-
nisms such as d-wave superconductivity.

In the present paper, we first review the ab initio
calculations of effective exchange integrals (Jab) for
copper oxides and related species, and the t–J model
for high-Tc copper oxides. We also examine recently
developed �–d conjugated systems such as (BEDT-
TTF)2Y and (BETS)2Y (Y=Cu(NCS)2, Cu[N(CN)2]X,
Fe(III)X4 (X=halogens, etc.)). The Fe(III) complexes
have been used as spin sources in these systems. The
phase diagrams observed for the species are similar to
those of cuprate and heavy fermion superconductors
because of the existence of a magnetic phase near the
superconducting phase. Our J model is successfully
applied to these �–d systems to obtain a unified picture
of the magnetism and superconductivity in strongly EC
systems. Finally, implications of the calculated results
are discussed in relation to molecular design of new
extended coordination compounds, which are con-
structed of transition metals and �-electron networks in
two and fractal dimensions [6–8].

2. Ab initio computation of effective exchange integrals

2.1. Effecti�e exchange integrals for transition metal
oxides

As is well known [4,9], conventional density func-
tional theory (DFT) such as BLYP overestimate metal-
lic character, and copper oxides become a metal instead
of an antiferromagnetic (AF) insulator under the DFT
approximation. Previously [9], we have shown that
hybrid DFT(HDFT) methods can be used for strongly
correlated electron systems such as manganese oxides.
Therefore, copper oxides and nickel oxides are appro-
priate examples for explanation of the utility of HDFT
methods. These metal oxides form the 1D chain and 2D
layered perovskite-type structures. First of all, let us
consider cluster models (1) in Fig. 1 in order to explain
the ab initio computational schemes of effective ex-

Fig. 1. The binuclear clusters (1–3) extracted from the K2NiF4-type
solid and dimer (or monomer) models of organic conductors (4–9)
with triangular and square planar sheets.
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change integrals (Jab) in the Heisenberg model [9]. The
linear cluster model (2) is investigated as the simplest
model for 1D Sr2CuO3 and Sr2CuO2 crystals [10–14]. It
is known that the MO2 sheets are mainly responsible
for magnetic properties for K2NiF4-type transition
metal oxides [15,16] such as La2CuO4 and YBa2Cu3O6.
We therefore constructed the square planar M4O4

(model 3) as the simplest model for our theoretical
investigation.

The Jab values are given by using spin-projected and
unprojected schemes as [9]

Jab
(1)=

LSE(X)−HSE(X)
HS�S2�−LS�S2� (1)

Jab
(2)=

LSE(X)−HSE(X)
4(N−1)SaSb

(2)

where YE(X) and Y�S2� denote, respectively, the total
energy and total spin angular momentum for state Y by
the method X. In order to explain ab initio computa-
tional methods in Eqs. (1) and (2), we have calculated
effective exchange integrals (Jab) for 1–3 by the UHF
and Hybrid-DFT methods [17,18]. Table 1 summarizes
the Jab for copper and nickel oxides (1–3). All the Jab

values are negative, showing the AF interaction in
accord with the experiments [10–14]. From Table 1, the
spin-projected �Jab

(1)� value for CuOCu (1a) by each BS
method is a little smaller than the unprojected �Jab

(2)�
value because of the non-negligible orbital overlap be-
tween the magnetic orbitals. The spin-projected �Jab

(1)�
value for the linear cluster CuOCuOCu (2a) by each BS
method is close to the unprojected �Jab

(2)� value, indicat-
ing that the orbital overlap effect is rather small, even
in the case of the half-and-half (HH)-type DFT
method. The �Jab

(1)� value for 2a by UHF is about one
tenth of HH-type DFT method. Experimentally, the
�Jab� values are −904 cm−1 for Sr2CuO3 [12] obtained
by the magnetic susceptibility measurement, and −765
cm−1 for Sr2CuO2 by the same method [13], while a

value of −1049 cm−1 is found for Sr2CuO3 by the
midinfrared optical absorption method [14]. From these
data, the Jab value for the 1D chain is in the range;
−765 to −1049 cm−1. The present HH-type DFT
cluster model calculations reproduced well the experi-
mental results [12,13], in sharp contrast with conven-
tional DFT methods.

The �Jab
(1)� value for the tetranuclear ring Cu4O4 (3a) is

significantly smaller than the �Jab
(2)� value by each BS

method. This implies that the orbital overlap effect is
not negligible because of the electron delocalization (see
also below). The �Jab

(1)� value for 3a by UHF is about
1/5–1/7 of the HH-type DFT methods. Experimentally
[10–14], the Jab values are −484, −488, −536 and
−625 cm−1 for YBa2Cu3O6.15, Pr2CuO4, La2CuO4 and
Nd2CuO4, respectively. Then, we may consider that the
Jab value is in the range; −484 to −625 cm−1, though
the Cu�O�Cu distances are different among the four
oxides, and the correlation between the observed Jab

value and Cu�O length is complex [10]. From Table 1,
we conclude that the HH-type DFT calculations for 3a
can reproduce the experimental Jab values for the cop-
per oxides, though computation of larger clusters are
desirable for refinement of the calculated results for 3a.

In order to confirm the calculated results for the
copper oxides, we have performed the same computa-
tion on the nickel oxides clusters 1b–3b. Similar ten-
dencies are also recognized for the computational
results for NiONi (1b) and NiONiONi (2b). The �Jab

(1)�
value for Ni4O4 (3b) is smaller than the �Jab

(2)� value,
showing a non-negligible orbital overlap effect which
entails the necessity of the approximate spin projection
(AP). Indeed, the �Jab

(1)� values for 3b by the HH-type
DFT methods with the AP procedure are close to the
experimental value [15,16]. The �Jab

(1)� values of 3b for
the 2D sheet model are smaller than those of 2b for the
1D chain model. The same tendency is also recognized
for the copper oxides (3a and 2a). This is consistent
with experimental observation [10–14]. In conclusion,

Table 1
Effective exchange integrals (Jab) a calculated for transition metal oxides (models 1–3)

Exp.UB2LYPUHF US2VWNUB2VWNScheme

Jab
(1)CuOCu −218.1 −1476−1666 −1874

−1800−219.5Jab
(2) −2041 −1576

−1001−907.4−79.71Jab
(1)CuOCuOCu −785.4 −765 to −1049

−80.00Jab
(2) −809.0−1042−939.2

Jab
(1) −108.2 −468.8Cu4O4 −721.4 −514.9 −484 to −625

−652.8Jab
(2) −145.0 −717.2−1014

−229.9NiONi Jab
(1) −49.28 −266.7 −358.3

−238.7Jab
(2) −49.38 −278.4 −373.1

−362.8−383.3−334.1NiONiONi −43.04Jab
(1)

−368.5Jab
(2) −43.10 −339.1 −390.7

−36.47Jab
(1) −139.0Ni4O4 −145.1−156.5−140.6

−196.2−212.5−190.9−49.05Jab
(2)

a Jab are shown in cm−1.
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HH-type DFT methods such as UB2LYP and
US2VWN are reliable enough for theoretical investiga-
tion of the effective exchange integrals in transition
metal oxides, as in the case of transition metal halides
[17]. This indicates an important role for EC in these
species.

2.2. Effecti�e exchange integrals for organic conductors

Recent experiments [19,20] have demonstrated that
an AF phase exists near the superconducting state of
the highest Tc organic superconductors; �-(BEDT-
TTF)2X (X=Cu(NCN)2 (4), Cu[N(CN)2]Cl (5a),
Cu[N(CN)2]Br) (5b)). 4 and 5b are superconductors at
ambient pressure. On the other hand, 5a is a paramag-
netic insulator (PMI), but an antiferromagnetic insulat-
ing phase (AFI) is stabilized below TN=27 K at
ambient pressure [19]. With increasing pressure, the
Neel temperature of AFI is suppressed and the singlet
superconducting phase (SSC) appears. The SSC transi-
tion temperature of 5a takes its maximum value
(TSSC=13 K) at 300 bar, but the SSC phase is also
suppressed under high pressure, giving rise to a para-

magnetic metal (PMM) phase. The phase diagram for
4, 5a and 5b at ambient pressure [20] exhibits the same
characteristic as that of cuprate superconductors [4].

The extended Huckel band models usually provide
Fermi surfaces for organic conductors constructed of
BEDT-TTF and their derivatives, and simple band
pictures have been used for qualitative explanations of
the electronic properties of these complexes. However,
Mott–Hubbard transitions often occur in organic
charge-transfer complexes such as 5a, ��-(BEDT-
TTF)2X (X=ICl2, AuCl2) (6) [21], �-(BETS)2-
GaXzY4−z (7) [22], (C1TET-TTF)2Br (8) [21] and �-
(BEDT-TTF)2RbZn(SCN)4 (9) [23] at low tempera-
tures, and the magnetic properties of these complexes
are expressed by the Heisenberg model. Fig. 2 illus-
trates the molecular structures of BEDT-TTF(ET),
BETS and C1TET-TTF. The quasi-triangular lattice of
(BEDT-TTF)2

+ with one unpaired electron (S=1/2) is
formed in 5, while the quasi-square lattices are formed
in 6 and 7 as illustrated in Fig. 1. The triangular lattices
of C1TET-TTF and (BEDT-TTF)2

+ are constructed in 8
and 9, respectively. The intermolecular �–� interactions
entail AF exchange interactions for 6 (J1= −59 K and
J2/J1=0.5) and for 8 (J1= −6.1 K and J2/J1=0.5).
The J values for 5 (−J1� −J2), 7 (−J1� −J2� −
J3) and 9 (−J1� −J2= −J3) are also negative as
shown in Fig. 1.

As shown in Fig. 2E, we have calculated the Jab (M)
values between monomer cations (namely one-hole in
each monomer (M)) of 4, 5a, 5b and 5c (X=
Cu[N(CN)2]I) by UB3LYP/6-31G, assuming the X-ray
geometries of each dimer. The spin-projected scheme in
Eq. (1) was used for comparison with other groups (see
later). The Jab (D) values between dimer cations
(namely one-hole in each dimer) in Fig. 2F was simply
estimated by assuming Jab (D)=Jab (M)/2. Table 2
summarizes the calculated results. The Jab (M) values
for the nearest neighbor pairs were smaller than −500
cm−1, showing the strong HOMO–HOMO interaction.
The exchange interactions in tetramers with two holes
are approximately regarded as those between dimer
cations with one hole as illustrated in 5, 6, 7 and 9 in
Fig. 1. The calculated Jab (D) values are in the range;
−25–80 cm−1, being compatible with the experimental
values for 4–9.

3. Hubbard and t–J models for strong electron
correlation systems

3.1. Model Hamiltonians and electronic properties

In this section we briefly summarize the theoretical
background for the molecular design of functional ma-
terials [5–9]. Previously, we have examined electronic
structures of high-Tc copper oxides using ab initio MO

Fig. 2. Molecular structures of (A) BEDT-TTF(ET), (B) BETS, (C)
C1TET-TTF and (D) Ni(dmit)2, (E) exchange interaction between
monomer cation radical, (F) exchange interaction between dimer
cation radical, and (G) organic conductors coupled with metal spins.
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Table 2
Effective exchange integrals (Jab) a calculated for dimer models of
superconductors

J2X J3J1 Ref. b

−101 −131�-(BEDT-TTF)2- −111 [56]
Cu(NCS)2 (4)

−111 −143 −124 [52]
−61.0−61.0 −35.5 Present c

−111 −111 −109�-(BEDT-TTF)2- [52]
Cu[N(CN)2]Cl (5a)

−76.4 −76.4 −15.6 [53]
−71.5 −30.2 Present c−71.5

−120 −120 −97.0�-(BEDT-TTF)2- [52]
Cu[N(CN)2]Br (5b)

−84.1 −84.1 −12.5 [53]
−29.9 −12.2−29.9 [54]
−78.5 −25.2 Present c−78.5

−91.0 −124�-(BETS)2- −24.2 [55a]
GaX2Y4−2 (7)

�-(BETS-TTF)2- −126 −28.3 −25.2 [55b]
RbZn(SCN)4 (9)

a Jab are shown in cm−1.
b t, U and V are taken from these references.
c UB3LYP calculation.

has been used for the elucidation of the Kubo–Inagaki
[24,25] mechanism of ferromagnetism (FM) and other
magnetic states, and the Suhl–Kondo mechanism
[26,27] and related multi-band models [28–32] for su-
perconductivity. In previous papers [33–36], the two-
band model combined with the temperature Green
function technique has been applied to elucidate phase
diagrams of the charge density wave (CDW), spin
density wave (SDW), singlet superconductivity (SSC),
triplet superconductivity (TSC) and FM. The g-ology
for the SSC phase is regarded as an extension of the
Suhl–Kondo mechanism [26,27] for superconductivity.
Instead of the two-band model, the Anderson lattice
model [37] or the Kondo lattice model [38] can be used
for theoretical descriptions of ferromagnetic metals,
PMMs and spin liquid of electron- or hole-doped con-
ducting polymers interacting with coordination com-
pounds with spins (M�) [39,40] and donor (D)–acceptor
(A) complexes, where D or A are interacting with the
species (M�) [5,41]. The so-called RKKY model [42–44]
is used for a theoretical description of the effective
exchange coupling of spins via the spin polarization of
the conduction electron. The RKKY model has been
employed for theoretical studies of FM, AF, helical
spin structure and spin glass of organic and
organometallic magnetic materials.

3.2. Superconducti�ity by t–J model

Previously [33–35] the four-component spinor
(Nambu expression) was introduced to characterize
possible electronic phases of molecular materials: (1)

methods [17,18], showing the necessity of N-band mod-
els for the systematic descriptions of magnetism, con-
ductivity and superconductivity of the species as
illustrated in Fig. 3. Some organometallic and organic
systems isoelectronic to copper oxides have also been
proposed on the basis of the ab initio results. N-band
models also often reduce to the two-band model, which

Fig. 3. Multi-bands Hubbard, Anderson and Kondo, and RKKY models for magnetic conductors and superconductors.
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Fig. 4. Phase diagrams for strongly correlated electron systems: (A)
copper oxides, (B) (BEDT-TTF)2X, (C) V2O3 and (D) (BETS)2X.
Notations are given in text.

were referred to as the unified J-model [5,36] as illus-
trated in Fig. 4A.

Our unified J model [6,41] was extended so as to
reproduce experimental results on the basis of the Gins-
burg–Landau (GL) model [33]. The transition tempera-
tures for AF and SSC phase were given by

Tc(AF)�J(xmin−x) (3a)

Tc(SSC)�J(x−xmin)(xmax−x) (3b)

where x is the hole concentration, and xmin and xmax are
its lower and upper limits for SSC. The Tc for AF
phase decreases with the increase of x (x�xmin), while
Tc for SSC has the maximum in the intermediate region
(xmin�x�xmax). The origin of the high-Tc supercon-
ductivity of copper oxides is regarded as a strong
effective exchange interaction (2�J ��1000 cm−1) [5,17]
as illustrated in Fig. 5. The eight J-bonds (8J) are lost
when two holes are separated in 2D plane of copper
oxides in Fig. 5A, while the seven J-bonds (7J) are
broken in the case of the hole paired configuration in
Fig. 5B. This implies that an attractive interaction
between holes is J in our J-model [5,17]. This model at
least works well for a simple explanation of the high-Tc

superconductivity of copper oxides.
In order to confirm the simple picture above, exact

diagonalizations [36] of Hubbard models have been
performed for finite clusters. Recent numerical calcula-
tions [4] for the two-dimensional (2D) t–J model have
been carried out to elucidate the relative stabilities
among the AF state and several SSC states with differ-
ent symmetries:

�k=

�
�
�
�
�

�: s-wave
� sin kx sin ky : d-wave
�(sin kx +C sin ky): (s+d)-wave
�(sin kx+e i� sin ky): (s+ id)-wave

�
�
�
�
	

(4)

where the k-space representation is used instead of the
site representation in Eq. (4). The states with C=1 and
C= −1 denote, respectively, the extended s-wave and
pure dx 2−y 2 (d) wave and the state with q=p/2 means
the (s+ id)-state. At the half-filling state (no-hole), the
AF state is more stable than the SSC state with the
dx 2−y 2 (d) symmetry, though the latter is the most
stable among the SSC states in Eq. (4). On the other
hand, the dx 2−y 2 (d) wave SSC state becomes the
ground state in the approximate hole-doped region, in
accord with the experiment [4]. Interestingly, the kinetic
energy (t) does not favor superconductivity in all the
hole-doped region. The exchange term (J) gives the
attractive force in the dx 2−y 2 (d) channel, supporting
our J-model [5,9].

In fact, the energy gap in Eq. (4) is numerically given
by �=0.15J−0.27J [4] (=1.13 Tc by the BCS theory),
supporting Eq. (3b). The Tc can be estimated easily by

Fig. 5. Simple models (A, B) for Cooper pair formation via exchange
interactions (J) in our J-model.

CDW, (2) SDW, (3) SSC, (4) TSC and (5) FM. The
phase diagrams of these states were depicted using a
two-band model in combination with the temperature
Green function technique (see Fig. 3). Our theoretical
investigations elucidated four different approaches to
obtain high-Tc superconductors in the intermediate
regime of the metal insulator transitions. One of them is
an approach from the strong correlation limit using the
resonating valence bond (RVB) and the other is a
spin-fluctuation model from the metallic side: these
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inserting the ab initio Jab values in this relationship,
providing that Tc=100–150 K [28]. The estimated
values are consistent with the experiments for high-Tc

copper oxide superconductors. Thus ab initio Jab cal-
culations followed by the exact diagonalization of t–J
model is useful for theoretical studies of superconduc-
tivity in strong correlation systems. However, it is
noteworthy that there are many field-theoretical con-
cepts [45] related to the t–J model such as non Fermi
liquid, confinement and interlayer hopping. These are
fully examined in Anderson’s book [46]. It is notewor-
thy that our J model in Fig. 4A [17,28] was indepen-
dently introduced from the t–J model so as to express
ab initio results in terms of spin correlation functions
in both real and k-spaces.

3.3. Spin mediated models for superconducti�ity

The high-Tc cuprate superconductors were fully ex-
amined on the basis of ab initio computational results
and Hubbard [47] models [5,9,41]. They are also inves-
tigated by the band models by the use of Green func-
tion techniques [33–36]. The spin-mediated or EC
models from both AF and metallic sides in Fig. 4
work well for a qualitative understanding of the high-
Tc superconductivity. More reliable computations in-
volving higher-order correlations such as fluctuation
exchange (FLEX) approximation [48–51] also indi-
cated that spin fluctuation effects play an important
role for high-Tc superconductivity. Recent experimen-
tal results [4] are not inconsistent with these theoretical
results.

Recently, spin-mediated superconductivity has also
been proposed for organic conductors and supercon-
ductors mentioned above. Both ab initio and semiem-
pirical calculations [52–55] have been performed to
determine reasonable parameters for the Hubbard
models for 5a. The Hubbard models for 5a and re-
lated species such as �-(BEDT-TTF)2I3 were solved by
the mean field approximation to reproduce the experi-
mental phase diagram given in Fig. 4B [56]. For com-
parison, the three-dimensional (3D) Mott insulator
V2O3 is depicted in Fig. 4C, where a superconducting
phase does not appear because of 3D lattice dimen-
sionality [4]. This in turn implies an important role of
2D character for cuprate and organic superconductors.
The anisotropic triangular lattice Hubbard model for
5a was investigated by the FLEX method, which can
treat AF and superconductivity (SSC) on equal foot-
ing, and it was shown that d-wave SSC is realized in a
wide region of the phase diagram next to the AF
phase [57]. The dynamical susceptibility and self en-
ergy for a simplified dimer Hubbard model were calcu-
lated by FLEX, and TSSC obtained by solving the
linearized Elishberg type equation was in good agree-
ment with the experiment [58]. The third-order correc-

tion was also examined to confirm the spin fluctuation
mediated superconductivity for 5a [59]. The multicriti-
cal phenomena of SSC and AF for 5a were analyzed
in terms of the renormalization and SO(5) symmetry
groups [31,60], suggesting that the origin of the SSC
with d-wave symmetry is common with that of the
AF.

All these advanced theories [52–60] indicated an
important role for EC effects for SSC and AF of 5a.
In fact, we can reproduce the phase diagram in Fig.
4B for 5a, assuming that the transition temperatures
(Tc) for superconductivity are given by Eq. (3b), while
Tc for AF and nonmagnetic insulating (NMI) phases
for 5a and 7, respectively, are given by

Tc(AF or NMI)�J(xmax−x) (3c)

Note that Eq. (3c) is equivalent to that of spin gap
(SG) phase for cuprate superconductors [33]. So, here
we apply our J-model [17] even for organic
superconductors.

To this end, we have calculated Jab values using
transfer integrals (t) and on-site repulsion integral (U)
in Refs. [52–60], assuming the dimer model as:

Jab= −
2t2

U
= −

2sab
2 �2

U
(5)

where sab denotes the SOMO–SOMO overlap integral
between cation radicals of BEDT-TTF and � is the
resonance integral parameter. The �- and U-parame-
ters were calculated by UHF and hybrid DFT/6-31G*
methods. Table 3 summarizes the calculated results.
The �-values are not so different among the methods,
while the U-values are different. The U-values by
UHF and UBLYP are too large and too small, respec-
tively. The �Jab� values by UB2LYP are smaller than
the experiments, in sharp contrast to those of copper
and nickel oxides. In fact, the Jab values for 4, 5a, 5b,
7 and 9 by our B3LYP calculations in Table 2 are
compatible with those of ab initio methods by other
groups [52,54]. This means that these organic systems
belong to the intermediate correlation regime. How-
ever, it is noteworthy that the Jab values by semiempir-
ical methods are larger than the ab initio values as
shown in Table 2.

Interestingly, ab initio calculations predict that the
magnitude of J3 is rather small, and therefore the
magnetic structure of 4 and 5 should be regarded as a
square planar lattice similar to the cuprate supercon-
ductors, though the semiempirical calculations show
the triangular lattice. If we assume the J-model of
copper oxides for TSSC, �=0.10J−0.15J [5] (=1.13
Tc by the BCS theory), the estimated TSCC is in the
experimental order because J= −5 to 15 K for 5–9.
This in turn indicates that the spin fluctuation mecha-
nism may be operative for organic superconductors 5
and 7.
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Table 3
All effective magnetic parameters evaluated with parameter fitting for dimer structure in �-phase crystal of BEDT-TTF and BETS

sab tab (eV) � (eV) aJab (cm−1) Ueff (eV) a x b

0.0324 0.168 5.19UHF/6-31G 1.68−280 0.1
0.0334UB2LYP 0.141−479 4.21 0.603 0.234
0.0338 0.152 4.50−693 0.374UB3LYP 0.406
0.0337 0.147 4.36UBLYP 0.138−1004 1.07

0.269−436 2.68RHF 0.100 Imamura
0.026Hubbard 0.26−1065 10.0 0.78 0.333 Kino

a The J and s values are calculated for all pairs in all complexes and are employed in order to evaluate effective parameters.
b x= (tab)/(Ueff).

4. Magnetic conductors and superconductors via �–d
interactions

4.1. Anderson and Kondo lattice models

As shown in Fig. 3, molecular systems described by
multi-band models are our theoretical targets to realize
multifunctional materials. Previously we have used An-
derson and Kondo lattice models [5,61] for the molecu-
lar design of doped-magnetic polymers and segregated
columns of CT complexes coupled with coordination
compounds with spins (M�) as illustrated in Fig. 2G.
Very recently, AF and ferromagnetic metal states were
discovered for organic–inorganic hybrid systems such
as (BEDT-TTF)2Y and (BETS)2Y (Y=Fe(III)X4 (X=
halogens, etc.)). The Anderson model Hamiltonian for
these species is given by

H=��kck�
† ck�+�EMMi�

† Mi�+U�
i

Mi

† Mi
Mi�

† Mi�

+T�
i�

(Mi�
† ck�+ck�

† Mi�)

=��kck�
† ck�+�EMMi�

† Mi�

+
U
N0

�
k,k�,q

Mk+q

† Mk�−q�

† Mk��Mk


+T �
k�

(Mk�
† ck�+ck�

† Mk�) (6)

where �k is the energy level of the conduction electron
and U and EM denote the on-site Coulomb repulsion of
spin site (M�) and SOMO energy level of M�, respec-
tively, and T is the interaction matrix element between
conduction electron and SOMO electron. Mi� and Mk�

are annihilation operators with spin � at the i-th site
and with momentum k and spin �, respectively. The
electronic structures of the Anderson lattice model are
highly dependent on the relative magnitudes of �k, EM

and U as illustrated in Fig. 6. The spin sites (M�) are
oxidized into the cationic states (M+) if EM��F (Fermi
level of conduction band) in the case of Fig. 6A, while
they are reduced to the anionic sites (M−) if �F �EM

for the case of Fig. 6B. The unpaired electrons on the
spin sites are lost in these situations, leading to PMM
states. On the other hand, the mixed valence (MV)
states become feasible if �F=EM as shown in Fig. 6C.
The average (uniform) net charge (0�Q�1) on radi-
cal sites should be observed because of resonance be-
tween neutral M�, (Q=0) and oxidized M+, (Q=1)
configurations of radical sites in the case of the MV
type III state. Similarly, the MV type III state (−1�
Q�0) may be possible if �F=EM+U as shown in Fig.
6D, where neutral M� (Q=0) and anionic M− (Q=−
1) configurations of radical sites are resonating. The
SOMO electrons on the radical sites are delocalized
over whole lattices, giving metallic states in the MV
type III situations.

The so-called Kondo regime [38,61,62] is defined as a
specific state where the SOMO level (ER) is deeper than

Fig. 6. Five different electronic configurations (A–E) for the Ander-
son lattice Hamiltonian for organic/inorganic hybrid systems.
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the Fermi level (�F), even if the band width (�) of
radical electrons is taken into account (�F−EM��),
where EM+U−�F�G because of the strong on-site
repulsion U of radical sites as illustrated in Fig. 6E.
This implies that subtle balances of Fermi (HOMO)
levels of conducting polymers (or CT complexes) and
SOMO levels of coordination compounds, together
with Coulomb repulsion (U) for spin sites are necessary
for achievement of the Kondo regime. In fact, we have
examined the energy levels of TTF-spin (M�) systems
by ab initio calculations and have shown that such a
situation can be realized in the system [39,40,62].

In this situation, spins on the spin sites are alive
under physical doping to generate conduction electrons
in the field effect transistor (FET) configuration [63].
Therefore, several spin-mediated electronic states such
as ferromagnetic metal and spin mediated superconduc-
tivity are expected in the Kondo regime. The slave
boson method, which eliminates the double occupancy
of radical states (see Ref. [40]), can be used to solve the
Anderson lattice model [37] to depict the phase dia-
gram. Some SOMO electrons on radical sites are almost
localized in the Kondo regime, only their spin freedom
remains, leading to the Kondo lattice model as follows

HKM=�
k�

�kck�
† ck�+JCM �si · Si (7)

where Si means spin localized at radical site i and si

denotes the spin density of conduction electron at site i

si=
1
2

�
���

c i�
† ����ci�� (8)

where �= (�x, �y, �z) is the Pauli spin matrix. The
Kondo lattice model has been used for molecular de-
sign of organic Kondo and dense Kondo systems [62].

Since localized spin �Si� at site i induces the local
magnetic field (−JCM�Si�) on conduction electrons,
the spin polarization on site j is given by

�S j
��= −JCM �

�=x,y,z

	��(j, i)�S i
�� (9)

where 	ab(j, i) denotes the local magnetic susceptibility.
Then the magnetic interaction of localized spin �S�

j � at
site j with �S�

j � is defined by

HRKKY= −JCR
2 �

�ij�
�
��

S j
�	��(j, i)S i

� (10a)

= −2Jij �
�ij�

Sj · Si (10b)

where

1
2
JCR

2 	��(j, i)=Jij
�� (11)

Thus the exchange coupling between radical spins via
the spin polarization of conduction electrons is de-
scribed by the RKKY type spin Hamiltonian [42–44].

The RKKY model has been used for the molecular
design of several magnetic states of magnetic polymers
and crystals [5,61,62].

4.2. Molecular design of �–d interaction systems

Previously [5], we have theoretically examined possi-
ble organic, organometallic analogs to copper oxides
and magnetic conductors on the basis of both ab initio
and Hubbard model calculations. In fact, several strate-
gies are presented: (1) magnetic modification of con-
ducting polymer [6–8], (2) magnetic modification of
TTF BEDT-TTF and BETS derivatives, (3) magnetic
modification of Ni(dimt) systems in Fig. 2D [40], and
(4) construction of organic RVB [61]. During this past
decade, experimental results concerning the proposal
(2) have been reported. We wish to discuss these results
in relation to our theoretical models proposed previ-
ously [5,17,28–31].

4.2.1. Organometallic RKKY systems and
spin-mediated superconductors

Since the direct introduction of a radical group into
BEDT-TTF, BETS and Ni(dimt)2 molecules in Fig. 2
are not so easy [62–66], transition metal complexes
with spin(s) such as Fe(III)X4 (X=Cl, Br, I) would be
used so as to couple with conduction electron [67,68].
The synthesis of organic–inorganic hybrid layer sys-
tems is now receiving considerable interest in relation to
possible electronic phases as illustrated in Figs. 2G and
7A. Active control of �–d levels by experimental proce-
dures is essential to induce strong through-space effec-
tive exchange coupling (Jai) between the conduction
electron and spin. However, organic layers often exhibit
the Mott transition, giving rise to AF insulators such as
5a and 6 as shown in Fig. 7B. While organic metals (M)
or superconductors (SSC) are realized, such as 5b in
Fig. 7C, if the Mott transition to AFI is suppressed. On
the other hand, the SSC state is suppressed if localized
spins in insulating phase are intercalated as shown in
Fig. 7D. Recently, several interesting systems have been
presented (see below).

Mallah et al. [69] and Kurmoo et al. [70] have
investigated �–d interactions in (BEDT-TTF)2FeX4

(X=Cl or Br). The magnetic susceptibility data of
these compounds are fitted well to the Weiss law

	=	0+C/(T−�) (12)

where C and � are the Curie constant and Weiss
temperature, respectively. The Weiss temperatures were
−6 and −5 K for FeCl4 and FeBr4 salts, respectively.
Figs. 2G and 8 illustrate the superexchange interactions
of spins of transition metal ions via donor groups;

Fe(III)�X···(BEDT-TTF)2···X�Fe(III)�. This means a
weak AF superexchange interaction between Fe(III)
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Fig. 7. Possible electronic structures (A–I) of organic/inorganic lay-
ered materials. The notations of NMI, AFI, FMI, M, AFM, FMM
and SC are given in text. Examples of A–G are shown in this review
but H and I are not synthesized yet.

cently, Kobayashi et al. [76–82] found that a series of
�- and �-(BETS)2MX4 systems (MX4=GaCl4, FeCl4,
FeBr4, (FexGa1−x)Cl4 and FeBrxCl1−x) exhibit metal-
insulator transitions, superconductivity, coexistence of
superconductivity and AF, and other electronic proper-
ties. For example, �-(BETS)2GaCl4 and �-(BETS)2-
FeCl4 exhibited, respectively, a superconductivity tran-
sition at TSSC=8 K (Fig. 7B), and a coupled metal-in-
sulator and AF transition at 8.5 K (Fig. 7C). The
localized spin of Fe(III) ion (Sa=5/2) clearly sup-
pressed the superconductivity. The hybrid systems, �-
(BETS)2(FexGa1−x)Cl4 and (BETS)2FeBrxCl1−x

indicated interesting mixed electronic and magnetic
properties, which were highly sensitive to the concentra-
tion x, external pressure and other structural factors.
Meanwhile, �-(BETS)2FeBr4 was an antiferromagnetic
organic metal (AFM) at ambient pressure (TN=2.5 K)
(Fig. 7D), showing the existence of �–d interaction
between conduction electron and Fe(III) spin. More-
over, the heat capacity experiment suggested the coexis-
tence of the superconductivity and AF long-range order
below TSSC=1 K. The same situations appeared in the
case of �-(BETS)2FeCl4, though the corresponding
phase transition temperatures are low; TN=0.65 K and
TSSC=0.1 K, respectively. Fig. 4D illustrates the phase
diagram for the species.

The complex phase transitions of �- and �-
(BETS)2MX4 systems are qualitatively understood in
terms of the generalized Kondo model describing �–d
interactions in section Section 4.1 [5,61–63]. For exam-
ple, Brossard et al. [78] showed that the effects of a
RKKY-type indirect exchange and of applied magnetic
field are described within the framework of a general-
ized Kondo lattice model, namely two chains of S=5/2
Fe(III) localized spins coupled through the itinerant
spins of 2D sheets of BETS in �-(BETS)2FeCl4 as
illustrated in Fig. 7D. Hotta and Fukuyama [83] have
made extensive numerical studies of �- and �-
(BETS)2MX4 systems on the basis of the generalized
Kondo Hamiltonian and have depicted various phase
diagrams under the mean field approximations [83].
Their results are qualitatively consistent with available
experiments.

Coronado et al. [84] have proposed strategies for
creating bifunctionality targets, hybrid organic/inor-
ganic crystals comprising two functional sublattices ex-
hibiting distinct properties. In this way, they recently
found coexistence of FM and metallic conductivity in
[BEDT-TTF]3[Mn(II)Cr(III)(C2O4)3] composite crystals
(Fig. 7E). The transition metal ions form a honeycomb
bimetallic network which exhibit the ferromagnetic
transition at TF=5.5 K. There is no strong interaction
between the ferromagnetic network and (BEDT-TTF)
sheets, showing essential decoupling between the
sublattices.

spins through (BEDT-TTF)2. Day et al. [71] investi-
gated a composite system composed of BEDT-TTF and
copper complexes; (BEDT-TTF)3CuCl4·H2O. The ex-
change coupling constant between the conduction elec-
tron and Cu(II) localized spin in this organic–inorganic
composite system is rather small because of nearly zero
orbital overlap, showing no exotic phenomena arising
from the �–d interaction. Similarly, the �–d effective
exchange interaction was weak in the case of the Coro-
nado composite system; (BEDT-TTF)85.5(H2O)-
[CoW12O40] [72]. The exchange interaction between
conduction electron and spin was also weak in this
case. Recently Enoki and his collaborators [73] and
Marsdon et al. [74] investigated (BEDT-TTF)3CuBr4

and (BEDT-TTF)3CuBr2Cl2 solids and found that the
intralayer AF exchange interaction (Jdd) between 1/2
spin of copper ion (see Eq. (10)) is −12 cm−1 for the
former and the AF transition of Cu(II) layers occurs at
TN=7.65 K. These complexes exhibit a metallic behav-
ior under high pressure and behave as p–d Kondo
systems, which are expected as described in Section 4.1.
Their results indicate that spin delocalization of the
Cu(II) 3d spin over the Br 4p orbital is essential for the
RKKY interaction via Br and BEDT-TTF orbitals
contact. Both crystal and orbital engineering ap-
proaches are necessary for controlling the RKKY inter-
action.

Kurmoo et al. found coexistence of the magnetism
and superconductivity in the (BEDT-TTF)4(H2O)-
Fe(C2O4)3·C6H5CN composite system [75]. Very re-
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4.2.2. Ab initio calculation of J�d �alues
Experimentally, the exchange coupling constants be-

tween conduction electron and Fe(III) spin are in the
range: −8 to −23 K. Judging from TN for AF order,
the magnitude should become large in the case of FeBr4

salts. Thus, the �–d interaction increases in the follow-
ing order:

FeCl4�FeBrxCl1−x�FeBr4 (13a)

BEDT-TTF�BETS (substitution of 4S with 4Se)
(13b)

These tendencies are reasonable from the viewpoint of
spin delocalization in MX4 and intermolecular orbital
overlap. Experimentally, (BEDT-TTF)2FeX4 (X=Cl or
Br) is an antiferromagnetic insulator (AFI), while
(BETS)2FeX4 (X=Cl or Br) is antiferromagnetic metal
(AFM). This implies that metallic character is predomi-
nant for BETS salts. Fig. 4D illustrates the coexistence
of AFM and SSC for these species. If we apply the
J-model from the metallic side (JQ in Fig. 4A) [28], the
origin of SSC should be spin-fluctuation instead of
electron–phonon interaction, though a cooperative
mechanism of electron–phonon and spin fluctuation is
another possibility [5]. Judging from the small �Jab�
values (�J ��10 cm−1), the transition temperature for
spin-mediated superconducting should be low (Tc�1
K).

In order to examine the above picture, we have
performed ab initio calculations of the effective ex-
change interaction between (J�d) cation radical of BETS
and Fe(III)X4 as illustrated in Fig. 8. The J�d values

evaluated by the UHF method with the MIDI ((53321/
53/41)+4p, for Fe) and 6-31G (for others) basis sets
are −0.101, −3.64 and −5.61 cm−1 for BETS+

(1/2
 or 1/2�)···FeCl4(5/2
) [=direct], BETS(0)···
BETS(1/2
 or 1/2�)···FeCl4(5/2
) [=close-spins] and
BETS+ (1/2
 or 1/2�)···BETS(0)···FeCl4(5/2
) [=end-
spins], respectively. From these results it is found that
the J�d values are very small but AF though the mag-
netic interactions in the two latter models cannot be
negligible.

Through-space �–d interactions are usually weak in
the pendant type composite systems. Therefore, the
backbone-type complexes are other targets for magnetic
conductors and superconductors. The composite �–d
systems involving copper ion synthesized by Gatteschi
et al. [85] and Kitagawa and Munakata group [86]
indicated a weak �–d interaction in the main chains.
On the other hand, transition-metal tetrathiolate poly-
mers synthesized by us [40] showed strong superex-
change interactions, though single crystals were not
obtained. Thus, spin–spin interactions become rela-
tively strong in the backbone-type �–d conjugated sys-
tems. In the future, experimental efforts in this
direction may provide the two leg ladders and related
systems with higher transition temperatures.

4.2.3. Spin frustrated systems
After the discovery of high-Tc superconductivity [1],

triangular spin systems have attracted great interest
because of Anderson’s RVB theory [87,88] for mag-
netism and superconductivity. Many field theoretical
models [89] have been presented for the high-Tc super-
conductivity in conformity with Anderson’s proposal.
Instead of the through-bond approach to construct spin
frustrated systems [36,88,89], the through-space ap-
proach is rather simple since many radicals and ion-
radicals can be used for component units. For example,
three-center units (1), nitronyl nitroxide (NN) deriva-
tives, doped BEDT-TTF and BETS molecules, etc.
would be building blocks for organic spin frustrated
systems.

Awaga et al. [90] have discovered the organic
Kagome system (see 8 and 9 in Fig. 1) composed of
p-MPNN, which does not exhibit magnetic ordering
even at low temperature because of strong spin frustra-
tion. The introduction of carrier into this system seems
difficult. Enoki et al. [49] also found the triangular
lattice composed of the BEDT-TTF plus Br complex (8
in Fig. 1). Their results for the complex showed pecu-
liar magnetic behaviors. Recently several theoretical
studies have been carried out to elucidate the possibility
of d-wave superconductivity in doped triangular lattices
[87–89].

Fig. 8. Computational model for the effective exchange interaction
between cation radical of BETS and Fe(III)X4.
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Fig. 9. Metal complexes with four (10–12) and three (13–15) hands for units of constructions of square planar and triangular lattices.

5. Outlook

5.1. Constructions of 2D structure

According to the aforementioned theoretical and ex-
perimental results we wish to refine previous models of
extended organic–inorganic hybrid systems [5,6]. The
key points are constructions of well-organized networks
of transition metal ions, functional groups and other
components. Fortunately, many strategies for the con-
struction of such networks have been developed in the
past decade by several groups [91–99]. Fig. 9 illustrates
component units with four hands (L: ligands) to con-
struct two-dimensional (2D) lattices: (a) chelating com-
pounds (10), (b) porphyrin compounds (11) and (c)
Cotton-type binuclear complexes (12). Some 2D lattices
were already constructed by using Cotton-type binu-
clear transition metal complexes by Yagi et al. [91,92]
and Mori et al. [95] as illustrated in Fig. 10. Benzene
and other hydrocarbons substituted with (COO−)2

groups and other organic ligands were used to con-
struct nanopores for gas occlusion in their cases. Here,
we want to construct the square planar lattices which

are isoelectronic to the CuO2 plane in copper oxide
superconductors. For this purpose, various electron
donors or acceptors are utilized as functional groups,
for which a hole or electron is introduced such as the
hole- or electron-doped CuO2 plane. If necessary, do-
pants are introduced in the pores as shown in Fig. 10A.
Ferrimagnetic or ferromagnetic conductors might be
realized if metal sites have spins like mixed-valence
binuclear systems. The transition metals coordinated by
linking ligands are regarded as junctions for lattice
constructions in these cases, like nanopore systems.
Spin-mediated superconductivity might be realized in
special cases, for which large spin fluctuations and
strong effective exchange interactions are realized in the
2D lattices.

5.2. Constructions of spin-frustrated structures

The introduction of electron carriers into spin frus-
trated systems is one possible way to spin-mediate
superconductors in Fig. 2. The RVB state with spin
frustration is expected to be a possible precursor for
this purpose. Triangular spin lattices and other non-
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collinear spin lattices such as Kagome lattice in Fig. 1
are regarded as possible candidates for the
organometallic RVB states. We have considered possi-
ble organic and organometallic spin frustration sys-
tems such as triangular ladder (9) and Kagome ladder
(8) in relation to the RVB model for copper oxides as
illustrated in Fig. 1. Recent experiments by Yaghi
[91,92] and Williams [99] clearly demonstrated that the
triangular and hexagonal lattices can be constructed
using tridentate ligands (13) as shown in Fig. 9. Other
tridentate organic ligands (14) and trinuclear com-
plexes (15) are also utilized for constructions of these
lattices. Therefore, we may construct spin frustrated
systems by using functional groups with three coordi-
nation groups or triangular transition metal complexes
with functional groups as illustrated in Fig. 9. Judging
from the theoretical background described in previous
[5,100] and present papers, the design and synthesis of
spin frustrated lattices (B and C) and spin frustrated
dendrimers (D and E) in Fig. 10 would be interesting
for many reasons. For example, we may expect several
exotic electronic states in Fig. 3. TTF, BEDT-TTF
and BETS derivatives and other electron donors in

Fig. 2 are utilized as functional groups introduced in
the lattices. Spin dendrimers with fractal dimensions
such as 2.5 dimension [101] would be realized because
of recent developments in their synthetic methods.
Thus, the through-bond approach is an alternative and
promising strategy for the construction of spin frus-
trated systems.

5.3. Acti�e control of superconducti�ity by external
fields

External magnetic field and magnetic impurities usu-
ally suppress or destroy SSC [1–4]. Similarly, the local
spins of the FeX4 magnetic anion should suppress the
superconductivity of organic conductors such as �-
(BETS)2FeX4 and �-(BETS)2FeX4 (X=Cl, Br). Very
recently, it was found that �-(BETS)2FeCl4 undergoes
a transition from an AF insulator to a superconductor
via a metallic state as an external magnetic field is
increased [102]. The magnetic field due to the AF �–d
exchange interaction with the Fe(III) ion could be
compensated by the external magnetic field acting on
the electron spins, leading the magnetic-field-induced
superconductivity (FISC). This compensation is re-
ferred to as the Jaccarino–Peter (JP) effect [103,104].
Our ab initio calculations (see Section 4.2.2) show that
the JP effect is equally expected for �-(BETS)2FeX4

(X=Cl, Br), since the calculated J values are negative
(AF). However, other effects such as orbital effects
may contribute to the FISC. Further experimental and
theoretical investigations are necessary for a complete
understanding of its mechanism. Moreover, instead of
the JP effect, spin fluctuation effects associated with
magnetic ions with S=1/2 such as Cu(II) and Ni(III)
are also interesting in relation to the spin fluctuation
mechanism [5,48–51] of copper oxide and organic
superconductors.

The above example indicates the possibilities for the
active control of superconductivity by external elec-
tronic and magnetic field [33–36]. In fact, photo-in-
duced superconductivity has been realized for
copper-oxide superconductors [105]. Synthetic efforts
toward various coordination compounds responsible
for external fields are very important for the develop-
ment of molecular electronic devices.
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