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1. Introduction: History and Background

Since the first report of superconductivity in syn-
thetic organic conductors in 1980, chemistry and
physics of molecular-based conductors have achieved
remarkable progress and a number of exotic phe-
nomena have been reported. From the viewpoint of
the electronic structure, this progress has been driven
along the following two major trends: (1) from “one-
dimensional” to “higher dimensional” and (2) from
“single-component” to “multicomponent”.!

Since planar z-conjugated molecules tend to stack
to form the column structure, molecular metals
developed in the early stage had the one-dimensional
(1D) electronic structure. The 1D metallic electron
system characterized by a pair of planar Fermi
surface is inherently unstable and undergoes a
metal—insulator transition accompanied by the den-
sity wave formation at low temperatures.? Much
effort to increase the dimensionality of the electronic
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structure has been made by means of chemical
modification and/or application of pressure. The first
organic superconducting system, (TMTSF).X (TMTSF
= tetramethyltetraselenafulvalene), forms a quasi-
1D system.? The organic donor BEDT-TTF (ET, bis-
(ethylenedithio)tetrathiafulvalene) has provided vari-
ous types of two-dimensional (2D) metallic systems.*
And, the DCNQI-Cu (DCNQI = N,N'-dicyanoquino-
nediimine) salt is the first molecular conductor where
the existence of a three-dimensional (3D) Fermi
surface is confirmed.? On the other hand, for many
years, molecular conductors were assumed to be
electronically single-component systems which ex-
hibit only one electron type. Although the first
organic metal TTF-TCNQ (TTF = tetrathiafulvalene;
TCNQ = tetracyanoquinodimethane) is well-known
to consist of two conducting components, the elec-
tronic structure of this system has an only 1D px
electron character.! Over the past decade, however,
an increasing number of multicomponent systems,
where there exist “two” energy bands with different
characters (for example, orbital character and di-
mensionality) near the Fermi level or where a strong
interaction between itinerant pxr electrons and local-
ized d electron spins operates, have been reported.
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These systems exhibit exotic physical properties
derived from an interplay of various components. The
DCNQI-Cu system where px electrons coexist with
itinerant d electrons is a typical example.? In this
review, since the interplay of different types of energy
bands is mainly discussed, the multicomponent would
be interpreted as “multiband”.

In terms of the band theory, the metallic state is
due to the formation of at least one partially filled
energy band (in other words, the system has a Fermi
surface). A straightforward application of this concept
in the molecular system can be achieved by arranging
open-shell molecules (radicals) so as to enable inter-
molecular electron transfer. In most cases, cation
radicals or anion radicals generated by the chemical
or electrochemical method have been used for the
formation of metallic molecular crystals. It should be
noted that this is not the only approach to the
molecular metal, as one can see, for example, in the
single-component molecular metal (vide infra). Metal
bis-1,2-dithiolene complexes, as well as organic do-
nors and acceptors, have been intensively studied as
the component of molecular conductors and have
provided a unique category of conducting materials.®
This review focuses almost entirely on the Ni, Pd,
Pt, and Au complexes with the square-planar coor-
dination geometry. Dithiolene ligands are known to
stabilize unusual oxidation states. Metal dithiolene
complexes possess a delocalized electron system as
a planar central core M(C2S2); and exist as a series
of compounds in different formal oxidation states
with the same central metal ion. Depending on the
choice of substituent groups (R in Scheme 1) attached
to the central core, metal dithiolene complexes be-
have as both the donor and the acceptor. Table 1
shows an example of the tuning of electrochemical
properties by the choice of dithiolene ligands, where
the potentials E; and E; are correlated to the donor
(acceptor) ability and the AE (=E; — E9) value can
be a measure of the on-site Coulomb energy.” Elec-
trochemical data suggest that the acceptor (donor)
ability and the on-site Coulomb energy for each
mixed-ligand complex are intermediate between those
of the corresponding symmetrical complexes, respec-
tively.
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Table 1. Electrochemical Data for [Ni(X)(Y)] Salts
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TBA[Ni(X)(Y)]* E®/V (0= —1) Eo/V (—1 < —2) AEYV
TBA[Ni(dddt)s] —-0.32 —-1.07 0.75
TBA[Ni(dmit)s] —0.08 —0.49 0.41
TBA[Ni(mnt)s] +0.68 -0.13 0.81
TBA[Ni(dmit)(dddt)] —0.18 —0.79 0.61
TBA[Ni(dddt)(mnt)] +0.10 —-0.67 0.77
TBA[Ni(dmit)(mnt)] +0.32 —-0.35 0.67

« TBA = (n-C.Hy)4N. ° Irreversible. ¢ Reversible. ¢ AE = E;
— E5. Measured at a Pt electrode in CH;CN, 0.1 M TBAP (volts
vs 0.01 M Ag/AgNO:s). Temperature, 25 °C. Dotted lines in the
figure are guides for the eyes.

Concerning molecular conductors based on metal
complexes, partially oxidized tetracyanoplatinate
salts (for example, KCP = Ks[Pt(CN)4Bry30°3H20)
and related materials were intensively studied in the
first stage.® In these highly conducting salts, the
square-planar platinum complexes are stacked to
form a linear Pt-atom chain with a very short Pt---
Pt distance (2.8—3.0 A). The metallic state in these
salts originates from a partially filled energy band
associated with the overlap of 5dz? orbitals of the
central platinum atoms along the stack. The first
observation of metallic behavior in the metal dithi-
olene complexes was reported for (H30)o33Lios[Pt-
(mnt)]-1.67H2O (mnt = maleonitriledithiolate) in
1981.° The Pt---Pt distance (3.639 A) in this salt is
much larger than those in the KCP type conductors,
which indicates that the conduction pathway cannot
be formed by the overlapping of the 5dz? orbitals. On
the other hand, the LUMO of the neutral Pt(mnt),
molecule has dominantly ligand character and the
direct overlapping of the planar complexes with the
interplanar distance of 3.592 A enables the inter-
molecular electron transfer through the ligand =
orbitals. Therefore, the conduction band is formed by
the ligand 7 orbitals or mixed-metal—ligand orbitals
where the sulfur atoms play an important role, which
indicates a resemblance to a situation in conducting
cation radical salts derived from TTF type organic
donor molecules. This illustrated the new aspect of
the molecular conductors based on the metal com-
plexes.

In 1983, the first conducting M(dmit), salt (dmit
= 1,3-dithiole-2-thione-4,5-dithiolate), (BusN)s[Ni-
(dmit)s]7°2CH3CN, was reported.'® In terms of mo-
lecular architecture where the central electron-
delocalized core is extended by the sulfur-containing
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Table 2. Molecular Superconductors Based Metal
Dithiolene Complexes

compound T/K P/kbar ref
(TTF)[Ni(dmit)o]o 1.62 7 12
o-(EDT-TTF)[Ni(dmit)s] 1.3 14
(MeyN)[Ni(dmit)s]e 5 7 13

o -(TTF)[Pd(dmit)s]s 5

o-(TTF)[Pd(dmit)z]s 1

B-(MesN)[Pd(dmit)a]o 6.

(EtsMeoN)[Pd(dmit)s]s 4 2.4 18
ﬂ'-(EtQMegP) [Pd(dmlt)z] 2 4

f'-(Me4Sb)[Pd(dmit)q]» 3

f'-(MesAs)[Pd(dmit)s]s 4

10 20
7 (11b) 21

heterorings, the M(dmit); molecule is similar to the
organic donor BEDT-TTF. In the crystal, the planar
Ni(dmit); molecules are stacked and short S---S
distances are observed between molecules in different
stacks. This indicates that the isotrithione rings
incorporated into the dithiolene moiety can enhance
the transverse S---S contacts. Many of the Ni(dmit)s-
based molecular conductors, however, are revealed
to have a 1D electronic structure, which is due to the
symmetry of the frontier orbital as discussed in
section 2. A genuine 2D electronic structure based
on the Ni(dmit), molecule was first found in o-(Ets-
MeoN)[Ni(dmit)s]e, which exhibits the new type of
molecular arrangement “spanning overlap”.!! In 1986,
(TTF)[Ni(dmit)s]s was reported to undergo a super-
conducting transition at 1.62 K under 7 kbar.'? This
is the first report of the superconductor based on the
metal dithiolene complex. The superconductivity in
the system where the electron conduction originates
from only the M(dmit); molecule was first found in
(Me4N)[Ni(dmit)s]2 at 5 K under 7 kbar.!? Up to now,
ten M(dmit); compounds including one ambient-
pressure superconductor have been reported to ex-
hibit the superconductivity (Table 2).

The concept of “two-band systems” for the M(dmit),
compounds proposed in 1989 gave an essential im-
pact to the study of the electronic structure of
molecular conductors based on the metal dithiolene
complexes.?? The small HOMO-LUMO (HOMO =
highest occupied molecular orbital; LUMO = lowest
unoccupied molecular orbital) level splitting in the
M(dmit); molecule leads to an interplay of two
different types of energy bands associated with the
HOMO and LUMO around the Fermi level, which
means that some M(dmit); compounds can belong to
the multicomponent system. This picture can be
available to other metal dithiolene complexes. When
the M(dmit); molecules are strongly dimerized in the
crystal, the small HOMO—-LUMO level splitting
induces a HOMO—-LUMO band inversion and pro-
vides 2D electronic structures associated with the
HOMO-based energy band. A typical example is the
B(B') type Pd(dmit), system.??

The metal instability accompanied by the density
wave formation in the 1D system (Peierls instability)
has been overcome by the effort to increase the
dimensionality of the electronic structure. Yet, there
exist other mechanisms that lead to the insulating
state. Among them, the strong electron—electron
correlation is rather general and plays an important
role.?* In systems with a half-filled energy band,
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where each unit in the crystal has one conduction
electron, strong on-site Coulomb interaction induces
the Mott-insulating state if the conduction band is
narrow. It should be noted that the Mott insulating
state can occur even in the 2D or 3D system. Many
molecular conductors belong to the (effectively) half-
filled band system with the narrow bandwidth (W)
and the strong on-site Coulomb repulsion (U). The
B(B") type Pd(dmit), system is also the Mott insulator
at ambient pressure. The Mott insulator can turn
metallic, when the bandwidth is enhanced (correctly,
the correlation parameter U/W is reduced) or the half-
filled state is removed by the doping of holes or
electrons. An important point is that the supercon-
ducting phase is frequently situated between the
metallic phase and the Mott insulating phase, as is
the case for the high-T. oxides.?* The application of
pressure can effectively enhance the bandwidth as
well as the dimensionality of the electronic structure.
The pressure effect on the 5(3') type Pd(dmit); system
has been investigated in terms of the strong correla-
tion.

In the Mott insulating state, spin degrees of
freedom play a crucial role in determining physical
properties. In the Mott insulator where the total
number of (conduction) electrons is equal to the total
number of lattice sites, electrons are localized at each
site to avoid the on-site Coulomb repulsion. Such a
situation quite often results in a magnetically ordered
state, for example, an antiferromagnetic ordered
state. In geometrically frustrated spin systems, how-
ever, a long-range ordering of spins is suppressed by
the existence of a large number of minimal energy
spin configurations. Among them, antiferromagnets
with a triangular lattice have attracted extensive
interest.?5 In 2002, it was reported that the temper-
ature dependence of the magnetic susceptibilities of
the (') type Pd(dmit)e salts was explained by the
model of the spin-!/» Heisenberg triangular antifer-
romagnet.?® This is the first time this was reported
in molecular systems and indicates that the spin
frustration operates in this system. The competition
between the spin frustration and the antiferromag-
netic ordering in the Mott insulators is an important
subject. Theoretical studies of ground states in
strongly correlated molecular conductors including
the system with an approximately triangular lattice
structure have been systematically performed.?” It is
suggested that the spin frustration can diminish the
stability of the insulating state by destroying the
antiferromagnetic correlation and induce the para-
magnetic metal state.?8

Cooperative electronic materials where itinerant =
electrons interact with localized spins are categorized
to another type of multicomponent system, and much
effort has been aimed toward the preparation of this
class of materials. Cation radical salts of the organic
donor perylene with anionic M(mnt), species (M =
Ni, Pd, Pt, Cu, Au) were studied in terms of coupled
electronic and magnetic transitions in 1D systems.??
In these compounds, the M(mnt); complexes form
localized spin systems and do not form the conduction
band.
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Table 3. Molecular Conductors Based on M(mnt),
conducting behavior at ambient pressure properties of crystal and
compound [pressure effect]® electronic structures ref
a-(perylene)z[Ni(mnt)s] Tyv-1=25K, ogry ~ 700 S cm ™1 segregated regular stacking 31
arrangement
B-(perylene)s[Ni(mnt)o] shallow resistivity minimum around 250—260 K, disordered structure 31
orr =50—90 Scm1, E; = 0.090 eV at 100 K
(perilo[1,12-b,c,d]thiophene)s- S,orr~9Scem 1, E, =0.168 eV segregated stacking arrangement 32
[Ni(mnt)z]2 dimerization
(DT-TTF)2[Ni(mnt)s] Ty-1=120 K, ogr = 40 Sem ™! segregated regular stacking 33
arrangement
(BEDT-TTF)[Ni(mnt)q] - no S-:-S contacts between donor and acceptor 34
(EDO-TTFI5)2[Ni(mnt)s] Ty-1=88 K, orr =110 Sem™! segregated 1D stacking arrangement 35
ferromagnetic interaction between
cation and anion
(perylene)s[Pd(mnt)s] Ty-1= 28 K, orr = 250—300 S cm ™! segregated regular stacking arrangement 36
(ITTF)2[Pd(mnt)s] orr =2 x 1076 S cm™1 (pellet) mixed stack structure 37
Cso.83[Pd(mnt)s]-0.5H20 S,orr=5Scm™! eclipsed dimer pair 38
[M (>1.4 K) at 13 kbar] 2D interdimer S---S contacts
(H30)0.33Lio g[Pt(mnt)s]-1.67H20 Thy—1 = 220 K, orr ~ 200 S cm ™! 1D regular stacking arrangement with 39
an eclipsed configuration
1D system
Lig5[Pt(mnt)s]-2H>O S, orr = 1 S em™1, small anisotropy within fourfold stacking arrangement 40
the (001) plane
Rb[Pt(mnt)s]-2H0 S,orr=2.5 x 105 S cem™1, 1D dimerized stacking arrangement 41
E, = 0.240 eV (<250 K), 0.300 eV (>250 K)
(perylene)s[Pt(mnt)q] Ty-1= 6.5 K, orr = 500—600 S cm~?! segregated regular stacking arrangement 36
[increase of Tyi—1 with pressure]
(DT-TTF)s[Pt(mnt)s] Tyv-1=127 K, opr =40 Scm™! segregated regular stacking arrangement 42
(EDO-TTFIy)2[Pt(mnt)s] Tyv-1=96 K, opr =170 Secm™! segregated 1D stacking arrangement 35
ferromagnetic interaction between
cation and anion
(perylene)s[Au(mnt)s] broad resistivity minimum at 50—60 K, segregated regular stacking arrangement 36
orr = 500—600 S cm ™!
[an anomaly in the derivative of the
resistivity at 24 K (>17 kbar)]
(BET-TTF)[Au(mnt)s] S,orr =8 x 1073 Scem™1, E, = 0.090 eV mixed stack structure 43
(DT-TTF)2[Au(mnt)s] broad resistivity minimum around 220 K, segregated regular stacking arrangement 42
orr=9Scm™! dimerization of donor molecules (<220 K)
two-leg spin-ladder configuration
(BDNT)[Au(mnt)s]s S,orr=1x10"7Scm™!, E,=0.19 eV crisscross stacks 44
dimerization
(perylene)s[Fe(mnt)q] Ty-1=58 K, orr = 200 S cm™?! segregated 1D stacking arrangement 45
dimerization
(perylene)2[Co(mnt)s] Tyv-1="73 K, ory =200 S cm™! 45
(perylene)[Co(mnt)2]-0.5CH2Cly  Twm-s =277 K, Ts—s = 170—190 K, segregated stacking arrangement 46
orr =60 S cm™! S-+-Co contacts
dimerized polymer of Co(mnt)s
1D system
disorder of solvent molecules
(perylene)s[Co(mnt)s]3 trimerization with S---Co contacts 47

alternate packing of perylene and
Co(mnt)s trimer units

@ M = metallic, S = semiconducting, I = insulating, SC = superconducting.

In the course of the development of molecular
conductors, it has been revealed that their electronic
states are quite sensitive to molecular arrangement
and orientation. The molecular packing in the crystal
is determined by the total balance of many weak
intermolecular interactions, including van der Waals
interaction, hydrogen bonding, and 77— interaction.
Design of the intermolecular interaction is indispen-
sable in the rational development of the molecular
conductors to still higher forms. An introduction of
supramolecular chemistry is a possible solution to
this subject.?? In the case of molecular conductors
based on the metal dithiolene complexes, several
attempts to introduce the supramolecular cation
effect have been reported.th30

This review deals with some selected topics con-
cerning crystal and electronic structures of the
conducting metal dithiolene complexes, including
M(mnt),; (Table 3), M(dmit)s (Table 4), Se-analogues
of M(dmit), (Table 5), M(dddt)s (dddt = 5,6-dihydro-
1,4-dithiin-2,3-dithiolate; Table 6), and Ni(edo), (edo

= 5,6-dihydro-1,4-dioxin-2,3-dithiolate) derivatives
(Table 7) from the viewpoint of chemical and physical
control of conducting properties in the molecular
conductors (molecular structures of components are
shown in Schemes 1 and 2). Most of this review will
be devoted to the M(dmit)s compounds because they
have been investigated most intensively and have
enjoyed increasing use in the design and preparation
of new conducting molecular materials. It should be
added that several leading reviews® have focused on
other topics including preparation and magnetic
properties, and readers are referred to these works
for these topics.

2. Molecular Orbital Aspect: HOMO —-LUMO
Interplay

The molecular conductors often have simple and
clear electronic structures which can be approxi-
mately described by the simple tight-binding band
calculation. In most molecular metals, the conduction
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Table 4. Molecular Conductors Based on M(dmit)»
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conducting behavior at ambient pressure

properties of crystal and

compound [pressure effect]* electronic structures ref
(TTF)[Ni(dmit)s]o M, orr =300 S cm™! segregated 1D stacking arrangement 12, 48
[SC, T'sc = 1.62 K at 7 kbar] parallel band
multisheet Fermi surface
(DBTTF)[Ni(dmit)s] orr =300 S cm™? segregated 1D stacking arrangement 49
parallel band
o-(EDT-TTF)[Ni(dmit)s] SC, Tsc=1.3 K solid crossing column structure 14, 50
S-(EDT-TTF)[Ni(dmit)o] S, orr = 0.01 Scm™! mixed stack structure 50a
y-(EDT-TTF)[Ni(dmit)s] Tv-1 =100 K parallel column structure 50b
(BEDT-TTF)[Ni(dmit)s] S,orr=2x 103 Scm™?! segregated uniform side-by-side array 51
o-(BPDT-TTF)[Ni(dmit)s] Ts-1=120K, ogr =5-10 Scm™! segregated 1D stacking arrangement 52
narrow energy gap
(TMTSF)[Ni(dmit)s] S, orr=300S cm™, E, ~ 0.034 eV segregated 1D stacking arrangement 53
(OMTSF)[Ni(dmit)s] S,orr~1Sem™ L, E, =0.12 eV mixed stack 54
o-(BPDT-TSeF)[Ni(dmit)s]e Tw-1~ 130K segregated regular stacking arrangement 55
f-(BPDT-TSeF)[Ni(dmit)alo I dimerization 55
(BPDT-TSeF)[Ni(dmit)s] Ty-1=162 K, orr = 100 S cm ™! uniform 1D side-by-side array 55, 56
[Pt(dddt)e] [Ni(dmit)s]s orr =5 x 107° S em~! (powder) Ni(dmit)s stacks perpendicular to 57
Pt(dddt)s entities
(NHsMez)[Ni(dmit)z]e S,orr=0.1Sem™ L, E, =0.21 eV weakly dimerized stacking 58
cation disorder
(NHMej3)[Ni(dmit)e]o Thv-1=220 K, opr = 140 S cm ™! weakly dimerized stacking 58
[decrease of the conductivity with cation disorder
increasing pressure] quasi-1D system
(NHMej3)z[Ni(dmit)o]5:2CH3CN S, ogr = 0.2S em™1, E, = 0.23 eV stacking of monomers and weak dimers 58
(NH3Me)s[Ni(dmit)2]5:2CH3CN S, orr = 1.5 Sem™L, E, = 0.20 eV stacking of monomers and weak dimers 58
cation disorder
(MeyN)[Ni(dmit)o]e Tyv-1~ 100 K solid crossing column structure 13, 59
[SC, Tsc = 5.0 K at 7 kbar] weakly dimerized stacking
a-(EtaMeoN)[Ni(dmit)s]e M (>0.5 K), orr = 20—100 S cm™! spanning overlap 10, 60
resistivity jump at 240—245 K 2D system with quasi-3D interaction
B-(EtaMeoN)[Ni(dmit)z]o S,orr=3Scm! strongly dimerized stacking 61
cation disorder
y-(EtoMesN)[Ni(dmit)sa]2 M (>2 K) spanning overlap 62
no resistivity jump
(EtMesN)[Ni(dmit)a]s S,orr=0.4Scem™! strongly dimerized stacking 61
cation disorder
(Et4N)[Ni(dmit)s]2 S,orr=4.5x1072Sem , E, =0.16 eV weakly dimerized stacking 63
(BugN)2[Ni(dmit)e]7°2CH3CN S, orr=1Scm™1, E, = 0.042 eV interstack S-S contacts 9, 64, 68b
(N,N-dimethylpyrrolidinium)- S strongly dimerized stacking 65
[Ni(dmit)z]s
(N,N-dimethylpiperidinium)- M (>0.5 K) spanning overlap 65, 66
[Ni(dmit)z]2
(Me4P)[Ni(dmit)s]a S,orr=0.6 Scm™! «-like arrangement 61
(MePhsP)[Ni(dmit)s]3 S,orr=0.1Scecm™ 1, E, =0.22eV dimer-based packing 67
(Ph4P)[Ni(dmit)e]s S,orr=7Scm™ 1, E,=0.010 eV (<100 K), dimerized stacking + monomer 68
0.017 eV (>100 K)
(benzyltriphenylphosphonium)- S, ogrr = 0.2 S cm™! threefold stacking 57b
[Ni(dmit)o]s
(Me4As)[Ni(dmit)s]2 S,orr=0.1Sem™! dimer-based packing 61
(Ph4As)o 25[Ni(dmit)s] S, orr = 10—15 S cecm™1, E, = 0.010 eV (<150 K), solid crossing column structure 69
0.030 eV (>150 K)
(MesS)[Ni(dmit)o]s S,orr=6.5x10"2Sem ™, E, =0.13 eV twofold stacking 61, 57b, 68b
(Me3SO)[Ni(dmit)so]e S,orr=1Scm™! tetramer-based packing 61
(MesTe)[Ni(dmit)s]o Tu-1=65K solid crossing column structure 70
S---Te interaction
less 1D character
(Me3Te)[Ni(dmit)s]3(CH3)2CO S, orr = 0.25 S cm™! herringbone arrangement 70
a-(MeTeC4HgO)[Ni(dmit)s]o Ty-1=170 K, opr = 2.5 Scm™? almost uniform 1D stacking 70
S-+Te interaction
multisheet Fermi surface
f-(MeTeC4HgO)[Ni(dmit)a]2 temperature-independent o (> ~50 K), herringbone arrangement 70
orr=10S cm™! S:+*Te and O-+*Te interactions
multisheet Fermi surface
y-(MeTeC4HgO)[Ni(dmit)a]o S,orr=0.17S em™?! fourfold stacking 70
S---Te interaction
(acridinium)[Ni(dmit)s]s M (>0.4 K), opr =45 Scm™! spanning overlap 71
[no SC at 8 and 13 kbar (>0.4 K)]
(phenazinium)[Ni(dmit)s]s S,orr=4Scm™ 1, E,=0.11eV weakly dimerized stacking 71b
2D network of S-+-S contacts
[(2-methoxyethyl)ammonium]- threefold stacking 72
[Ni(dmit)z]3:CH3CN
hydrogen bond (—NH*---S=)
(morpholinium)e[Ni(dmit)o]s S,orr=0.1Scecm 1, E, =0.10 eV 1D columnar structure 72
hydrogen bond (—NH*---S=)
(N-methylmorpholinium)- S,orr=4Scm™ 1, E,=0.10 eV fourfold stacking 72

[Ni(dmit)a]o

hydrogen bond (—NH*--+
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Table 4 (Continued)
conducting behavior at ambient pressure properties of crystal and
compound [pressure effect]* electronic structures ref
(1,2,3-trimethylimidazolium)- S,orr=0.21Scecm L, E,=0.11eV possible quasi-3D anion network 73
[Ni(dmit)e] cation disorder
(guanidinium)[Ni(dmit)q]o S,orr=32Scm™ 1, E,=0.12eV 1D and 2D networks of S-S contacts 74
hydrogen bond
(1,1-dimethylguanidinium)- S,orr=0.15Secm™ L, E, =0.13 eV 2D network of S:+-S contacts 74
[Ni(dmit)s]o hydrogen bond
[Mg]g)l\ll\/(I%Hg)4NM63] [Ni(dmit)s]5- S,orr=0.1-1Scem L, E;~0.19 eV stacking of monomers and dimers 75
[MesN(CHg)4NMes] [Ni(dmit)s] 5 S,orr=1-0.1Scm™1, E,~ 0.20 eV alternate stacking of dimers, and 75
2CH3CN trimers
Lis(12-crown-4)3[Ni(dmit)s] 7+ Ts-s=250K, orr =30 S cm™! stacking of trimers and monomers 76
2(CH3)2.CO [no deviation from an Arrhenius
plot at 10.2 kbar]
Lig ¢(15-crown-5)[Ni(dmit)o]orHoO M around RT, ogr ~ 240 S em™! 1D ion channel structure 77
uniform 1D column
(NH4)(15-crown-5)2[Ni(dmit)g] I dimerization 76a
(NH4)(18-crown-6)[Ni(dmit)s]3 S,orr=0.4 S cm™! weakly timerized stacking 76a
(p-EYPNN)[Ni(dmit)e] S,orr =13 x 1074Scem™1, 1D ladder chain 78
E,=0.27¢eV (lle)
[4-(dimethylamino)-1-methyl- S,orr =13 x1072S ecm™}, 2D S---S contacts 79
pyridinium][Ni(dmit)s] E,=0.05eV
oo )-(TTF)[Pd(dmit)s]s ogr =750 S em™1! segregated regular stacking 15, 16, 48b, 80
arrangement
Tvi-1 = 220 K (0, irreversible; o, parallel band
reversible)
[SC, T'sc = 1.7 K at 22 kbar (a)] multisheet Fermi surface
Tsc=5.93 K at 24 kbar (o) o(RT) — p(low temp) — y(RT)
phase transition induced by
heat cycle
O-(TTF)[Pd(dmit)s]s Ty-1= 120 K, orr = 100 S cm ™! dimerization 80
o -(EDT-TTF)[Pd(dmit)s] Ty-m =50 K, orr =58 S em ™! solid crossing column structure 81
[suppression of the 50 K anomaly dimerization
above 5 kbar]
(EDT-TTF)3[Pd(dmit)s]3 orr =120 Scm™! trimerization 8la
semiconductive band structure
y-(EDT-TTF)[Pd(dmit)s] M (>100 K, ll(@ + ¢)), orr = 100 S em™! parallel column structure 50b
[shift of the M—I transition down to the dimerization
low-temperature region under pressure
(<12.2 kbar)] 2D system
(IEDT)[Pd(dmit)s] Tyv-m =80 K parallel column structure 82
dimerization
S-+-I interaction
quasi-2D system
a-(Me4N)[Pd(dmit)s]e S, orr =50 Scm™?! solid crossing column structure 83
[Tyv-1 ~ 60 K (>6 kbar)] dimerization
[-(MesN)[Pd(dmit)a]o S, orr =50 S ecm™1 solid crossing column structure 17, 83, 84
[SC, Tsc = 6.2 K at 6.5 kbar] dimerization
2D system
f'-(Me4P)[Pd(dmit)s]2 S, orr ~ 50 S em™?! solid crossing column structure 85
[Tv-1 = 30—40 K at 13.2 kbar] dimerization
quasi-triangular lattice
2D system
fB'-(MesAs)[Pd(dmit)e]2 S,orr~1Scm™! solid crossing column structure 21, 83, 85b
[SC, Tsc = 4 K at 7 kbar (116)] dimerization
quasi-triangular lattice
2D system
p'-(Me4Sb)[Pd(dmit)s]2 S, orr ~ 10 S em™?! solid crossing column structure 20a, 85b,c
[SC, Tsc = 3 K at 10 kbar] dimerization
quasi-triangular lattice
2D system
(EteMeoN)[Pd(dmit)sz]e S, orr = 10—80 S cm ™! single column 18
[SC, Tsc = 4 K at 2.4 kbar] dimerization
f'-(EtoMeoP)[Pd(dmit)s]e S, orr ~ 10 S ecm™1 solid crossing column structure 19, 85¢, 86
[SC, Tsc =4 K at 6.9 kbar] dimerization
quasi-triangular lattice
2D system
f'-(EtaMesAs)[Pd(dmit)s]s S, orr ~ 30 Scm™?! solid crossing column structure 20a, 86
[M (>1.5 K) at 16.1 kbar] dimerization
quasi-triangular lattice
2D system
f'-(EtoMe2Sb)[Pd(dmit)s]e S,orr~1Scm™! solid crossing column structure 20a, 85c¢, 86
[M (>1.5 K) at 16.4 kbar] dimerization
quasi-triangular lattice
2D system
(Et4N)o.5[Pd(dmit)s] S,orr=0.7Scm ™}, E,=0.10 eV dimerization 87
(n-BuslN)g 5[Pd(dmit)s] Ty-1=240 K, opr =12 Scem™?! dimerization 88

cation disorder
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conducting behavior at ambient pressure

properties of crystal and

compound [pressure effect]* electronic structures ref
(n-BuygN)o.33[Pd(dmit)s] Tn-1 = 120 K (upon cooling), orr = 150 S cm ™! dimerization 88
cation disorder
(MesS)[Pd(dmit)s]e S parallel column structure 89
[small ¢ change (> ~150 K), opr = dimerization
100 S ecm~! at 9.9 kbar]
[enhancement of the insulating behavior 2D system
at 16.1 kbar]
(EtMesS)[Pd(dmit)s]s S single column 89
[M (> ~100 K) above 5.5 kbar] dimerization
2D system
(EtasMeS)[Pd(dmit)s]s small o change (>150 K), ogr = 100 S cm ™! parallel column structure 57b, 90
[shift of the M—I transition down to the dimerization
low-temperature region under pressure]
(EteMeS)o 5[Pd(dmit)s] S, orr = 10—40 Scm ™1, E, ~ 0.06 eV dimerization 90
cation disorder
(Me3Te)[Pd(dmit)s]e M (>50 K) solid crossing column structure 91
S---Te interaction
dimerization
(EtasMeTe)[Pd(dmit)s]s M (>30—40 K) parallel column structure 91, 92
S---Te interaction
(quinuclidinium)[Pd(dmit)s]o Tv-m ~ 200 K solid crossing column structure 93
Th-1~40 K
[suppression of the 200 K anomaly at 12 kbar]
Cs[Pd(dmit)o]s Tw-1=56.5K solid crossing column structure 94
dimerization
(TTF)[Pt(dmit)s]3 S,orr=20S cm™? alternate stacking of dimers and 48a
monomers
(HMTTeF)[Pt(dmit)s] S, orr =20 S cm™! HMTTeF tetramer 95
(MeyN)[Pt(dmit)s]o small o change (>220 K), ogr ~ 10 S cm ™! solid crossing column structure 96
[enhancement of nonmetallic behavior dimerization
under pressure]
(NHMej3)[Pt(dmit)e]3:CH3CN almost constant o (> 180 K) dimerization 58
orr = 140 Scm™! interstack S-S contacts
(MeygN)[Au(dmit)s]o S, orr =5—15S cm™! solid crossing column structure 97
f-(Et4N)[Au(dmit)a]s S,orr=1.0Scm™! isostructural with (Et4N)[Ni(dmit)s]s 98
(Et4N)[Au(dmit); TCNQ] I mixed stack 98, 99
(BEDT-TTF)3[V(dmit)s]s S,orr=3Scm™1, E,=0.025 eV 1D system 100
@ M = metallic, S = semiconducting, I = insulating, SC = superconducting.
Table 5. Molecular Conductors Based on Se-Analogues of M(dmit),
conducting behavior at ambient properties of crystal and
compound pressure [pressure effect]® electronic structures ref
(EDT-TTF)[Ni(dmise)s] Ty-1=100 K, orr = 100 S cm ™! segregated regular stacks 101
parallel column structure
(NH3Me)[Ni(dmise)q]o S,orr=4.5Scm™ L, E,=0.072 eV herringbone arrangement 102
(NHyMeo)[Ni(dmise)q]o almost constant o (>100 K), quasi-3D interaction 102
orr=30S cm™!
(NHMes)[Ni(dmise)q]o M (around RT), ogry = 100 S cm™! 3D system 101, 102
[M (>60 K) at 6 kbar]
a-(Me4N)[Ni(dmise)s]o small o change (>140 K), orr ~ 1 Sem™!  «-like arrangement 103
B-(MesN)[Ni(dmise)sa]o S,orr=10S cm™ !, E,= 0.05 eV solid crossing column structure 103
dimerization
(N,N-dimethylpiperidinium)[Ni(dmise)s]s M (>2 K), orr =70 S cm™! spanning overlap 104
(Me4P)[Pd(dmise)s]s S, ogr ~ 100 S cm™! solid crossing column structure 85b
[almost constant o (>4.2 K) at 20 kbar] dimerization
2D system
(Me4As)[Pd(dmise)s]s S, orr ~ 100 S ecm™?! solid crossing column structure 85b
[M (>4.2 K) at 13.2 kbar] dimerization
[nonmetallic at 16.3 kbar] 2D system
(Me4Sb)[Pd(dmise)s]o S, orr ~ 100 S cm™! solid crossing column structure 85b
[M (>60 K) at 6.1 kbar] dimerization
[nonmetallic at 15 kbar] 2D system
(MeyN)[Ni(dsise)slo S,orr=12S ecm™1, E, = 0.06 eV dimerization with Se:-*Ni contacts 105
B-(MesN)[Pd(dsit)a]o almost constant o (>220 K), solid crossing column structure 85a

@ M = metallic, S = semiconducting, I = insulating, SC = superconducting.

orr = 30—70 Scm™!
[Tv-1 = 70 K at 10.7 kbar]

dimerization with Pd:--Pd contact

band originates from only one frontier molecular
orbital (HOMO for donor or LUMO for acceptor)
which is calculated for the isolated molecule by the
extended Hiickel molecular orbital (MO) method.

This is because the intermolecular transfer energy
among frontier molecular orbitals is smaller than the
energy differences among molecular orbitals. This
single-MO picture enabled quasi-quantitative analy-
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Table 6. Molecular Conductors Based on M(dddt)»
compound conducting behavior at ambient pressure® properties of crystal and electronic structures ref

[Ni(dddt)2]s(HSO4)2 Tu-1=25K 2D semimetal 106

[Ni(dddt)s]3(BFy4). S,orr=1Scm™! weak trimerization 107
different charge states

[N1(dddt)s]3(C104)2 S, orr = 0.25 Scem™! strong trimerization with S---Ni contacts 108

[Ni(dddt)2]s(AuBrs)s M (>1.3 K) side-by-side S:-+S contacts 109

[Pd(dddt)2]Ag1.54Brss0 M (>4.2 K) uniform stacking arrangement 110
2D system

[Pd(dddt)2]sAuBrs S,orr=2.0Scm™! dimerization 111

[Pd(dddt)z]IBrs S, orr=0.5-1.0S em™! dimerization 111

[Pd(dddt)2]oGaBrs S,orr=0.25Scm™ !, E,= 0.66 eV dimerization 112
2D S---S contacts

[Pd(dddt)2]osCF3SO3 S,orr=1Scm™! dimerization 113

[Pt(dddt)s]sIBr2 S, orr=5—-10S cm™! dimerization 107b

[Pt(dddt)2]2ICls S, orr =5—-10S cm™! dimerization 107b

[Pt(dddt)s]2AuBrs S, orr =0.5—1.0 Scem™! dimerization 107b

[Pt(dddt)z]3(BF )2 orr = 0.5—1.0Scem™! isostructural with (ET)sX;, (X = BFy, Cl0y) 107b

[Pt(dddt)s]sFeCly S, orr =1-0.06 Scm ™! isostructural with [Pt(dddt).]oGaBr, 114

@ M = metallic, S = semiconducting, I = insulating, SC = superconducting.

Table 7. Molecular Conductors Based on Ni(edo); and Its Mixed-ligand Derivatives

compound conducting behavior at ambient pressure®  properties of crystal and electronic structures ref
[Ni(edo)s]s(PFe)2 S, orr=9.1 x 1075, E,= 0.2 eV trimer-based « type packing 115
spanning overlap
[Ni(edo)s]oFeCly I trimerization 115
charge separation
[Ni(edo)s]oFeBry 1 twisted stack 115
[Ni(ddt)(edo)]sBF4 S, orr=5.6 x 1073, E,= 0.2 eV head-to-head stacking 115
[Ni(dddt)(edo)]s(FeCly)s S,orr=1.0x 1074 E,= 0.5 eV twisted donor arrangement 115
1D system
[Ni(dtm)(edo)]2Cl1O4 S, orr=7.7x 1075, E,= 0.4 eV fourfold stack 115
1D system
@ M = metallic, S = semiconducting, I = insulating, SC = superconducting.
Scheme 2 : 5 éz :
s 8 s S S8 S-S
[s>_<s] @sﬂsD ESISHSKSJ
LUMO
TTF DBTTF BEDT-TTF
s S S_-s 8§ S_s s_*S
o O OO o Tl T w0
ITTF EDT-TTF BPDT-TTF HOMO
S S, S S-S 8 S S Figure 1. HOMO and LUMO of M(dmit),.
(LT Iy I |
S s s77s s s system. On the other hand, if the HOMO—-LUMO
IEDT BET-TTF DT-TTF energy splitting is comparable to the intermolecular
o s s so s so transfer integrals, two types of energy bands should
[ I = I [ = ] :[ = I be located near the Fermi level. Such a two-MO
0”8 ST Se Se Se se picture was first pointed out for (TTF)[Ni(dmit)e]e and
EDO-TTFI, TSF TMTSF o/-(TTF)[Pd(dmit)s] .22
Figure 1 shows the HOMO and LUMO of an ideal
Se Se S_se se_-S Te Te M(dmit); molecule with Dy, symmetry. They are
O[SZ%Se:O C ISZ%SeI > OIT?QGD different in symmetry; by, for the LUMO and b1, for
oMTSE S BPDT-TSeF S HMTToR the HOMO. Although the metal d,. orbital can mix
into the LUMO, the HOMO has no contribution from
Sy the metal d orbitals due to its symmetry. Conse-
s 0 s quently, there is no metal—ligand interaction which
@[ = )= D stabilizes the HOMO and the HOMO—-LUMO energy
s s splitting A is reduced in the M(dmit)s molecule.
Despite its importance in the band structure, the A
BDNT

sis of the electronic structure using only overlap
integrals derived from the crystal structure data and
opened a way to the molecular design especially for
the construction of the higher dimensional electronic

value is difficult to estimate exactly. The extended
Hiickel MO calculation for the M(dmit)s molecule
using a single-C basis set for the nonmetal atoms and
a double-{ basis set for transition metal atoms
indicates that A is about 0.4 eV.% On the other hand,
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Figure 2. Map of LUMO---LUMO overlap integrals be-
tween two Ni(dmit); molecules, as a function of intermo-
lecular coordinates, D and ¢. The symbols A, B, C, ...
indicate observed arrangements. (Reprinted with permis-
sion from ref 118. Copyright 1987 Elsevier Sequoia.)

the first-principles band calculations for (MesN)-
[M(dmit)e]e (M = Ni, Pd) based on the density
functional theory within the generalized gradient
approximation yielded A = 0.73 eV for Ni(dmit); and
A = 0.59 eV for Pd(dmit):.1*® The A value for
Pd(dmit); was estimated to be 0.8—0.9 eV by optical
studies.!” The A value depends on the dithiolene
ligand and the central metal. The A value of Pt(mnt),
calculated by the extended Hiickel method is almost
twice that of M(dmit), (M = Ni, Pd).®¢ On the other
hand, the calculated A values for M(dddt)s are almost
equal to those for M(dmit)s.

The intermolecular transfer integral which governs
the electronic structure is approximately proportional
to the intermolecular overlap integral. The magni-
tude and sign of the intermolecular overlap integral
calculated from the crystal data strongly depend on
the geometrical relation between the corresponding
two molecules and the symmetry of the molecular
orbital. Figure 2 shows the overlap integral (x10%)
of the LUMO between two Ni(dmit); molecules as a
function of the slipping (D) and the relative angle
(¢).118 In this calculation, the two molecules are
arranged with their molecular planes parallel to each
other. The R value in Figure 2 is assumed to be a
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minimum value for each (D, ¢) under the restriction
that no intermolecular atom pair is allowed to come
within the sum of the van der Waals radii. Although
the M(dmit); has a molecular architecture similar to
that of the organic donor BEDT-TTF, as mentioned
in the previous section, the map for Ni(dmit) is quite
different from the corresponding map for the overlap
integral of the HOMO between two BEDT-TTF
molecules. In the BEDT-TTF compounds, the side-
by-side configuration effectively enhances the trans-
verse intermolecular interaction and provides 2D
electronic structures.!® In Figure 2, however, the
corresponding side-by-side configurations of the Ni-
(dmit); molecule (D ~ 1.8 A) lead to very small
overlap integrals for all ¢ values. This is because
some of overlap integrals for the intermolecular S--
-S pairs are canceled out due to the byy symmetry of
the LUMO. On the other hand, since the HOMO of
the M(dmit); molecule has a symmetry similar to that
of the HOMO of the BEDT-TTF molecule, the trans-
verse HOMO---HOMO overlap integral can be en-
hanced in the side-by-side configuration.

Another aspect of the two-MO nature was dis-
cussed in the dimer system. Charge separation
(charge ordering) is a widely observed phenomenon
in conducting materials, including molecular conduc-
tors and transition metal oxides, and is a subject of
intense research because of its crucial role in the
electronic properties.'?® The conventional charge
separation in the molecular system is driven by
intersite electrostatic repulsions in the single-MO
conductors. If molecules with the two-MO configu-
ration are strongly dimerized, the HOMO—-LUMO
interplay can drive a new type of charge separation
phenomenon due to local quantum resonance. This
possibility was first proposed for the [Pd(dmit)s]s™
dimer in the (' type anion radical salts, as a spon-
taneous charge separation (2 dimer~ — dimer® +
dimer?").12! In this case, the energy cost of electron

pairing within the dimer is largely reduced by form-
ing a HOMO—-LUMO double bond.

When we consider the electronic structure of the
metal dithiolene compounds, the small HOMO—
LUMO energy splitting and the difference in the
symmetry between the HOMO and LUMO should
always be kept in mind. Depending on molecular
arrangements in crystals, these features provide a
variety of electronic states.

3. Geometrical Aspect: Dimensionality,
Dimerization, and Frustration

3.1. (Quasi-) One-Dimensional Systems

3.1.1. Parallel Band vs Crossing Band, Multisheet Fermi
Surface

Acceptor type metal dithiolene complexes, M(mnt)s,
M(dmit);, and their Se-analogues, have planarity
over the whole molecule and tend to stack in the face-
to-face fashion. For example, in the first metallic
metal dithiolene compound (H30)g 33Ligs[Pt(mnt)q]-
1.67H20, the Pt(mnt); molecules stack with an
eclipsed configuration to form a uniform columnar
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Figure 3. Crystal structure of (H30)g33Ligg[Pt(mnt)o]-
1.67H;0. (Reprinted with permission from ref 39a. Copy-
right 1982 Royal Society of Chemistry.)

structure (Figure 3).3%2 There are short S---S dis-
tanced along the transverse direction. This compound
undergoes a metal—insulator transition at about 220
K accompanied by the charge density wave (CDW)
formation. The satellite spots associated with the
CDW indicate that this compound has a partially
(59%) filled 1D band. Since the HOMO—-LUMO
energy splitting A is not so small, the conduction
band is a LUMO-based band. The intercolumn over-
lap integrals of the LUMO are much smaller than
the intracolumn overlap integral, which leads to the
1D electronic structure.3

An enhancement of the intercolumn interaction is
a way to gain higher dimensional systems. Indeed,
in the first organic superconducting system
(TMTSF)2X where S atoms in the TTF skeleton are
replaced with larger Se atoms, short Se---Se contacts
enhance the intercolumn interaction up to about 1/10
of the intracolumn interaction. The Fermi surface of
this system is a pair of distorted planes, and the
density wave formation is suppressed. The intercol-
umn interaction, however, can give another type of
effect on the electronic structure, as was discussed
for (DBTTF)[Ni(dmit)s].4° Let us consider a two-chain
donor—acceptor (1:1 molar ratio) system with non-
interacting segregated 1D columns. In each column,
molecular units are repeated uniformly. According
to the tight-binding picture, there are two energy
bands near the Fermi level; a HOMO-based band
associated with the donor column and a LUMO-based
band associated with the acceptor column. There are
two types of band structure, depending on the sign
of the intracolumn transfer integral (Figure 4). The

Kato
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Figure 4. Crossing band (a) and parallel band (b).

one is the “crossing” band structure composed of
normal and inverted 1D bands, and the other is the
“parallel” band structure where both 1D bands are
normal (or inverted). In the crossing band structure,
the signs of intracolumn HOMO---HOMO and LUMO-
+-LUMO transfer integrals are different. An example
is TTF-TCNQ. When the signs of the intracolumn
transfer integrals are the same, the system has the
parallel band structure, as is the case of (DBTTF)-
[Ni(dmit)e]. The sign of the intracolumn transfer
integral depends on the overlapping mode and the
symmetry of the frontier orbital. In the crossing band
system, the two bands cross at the Fermi wavenum-
ber kp. Therefore, if the intercolumn interaction
between unlike columns is introduced, a covalency
gap develops at the Fermi level, yielding a (narrow-
gap) semiconductor. Indeed, the first-principles band
calculation for TTF-TCNQ indicated the energy gap
formation and resultant hole- and electron-like Fermi
surfaces due to the small but significant intercolumn
interaction between the TTF and TCNQ columns.!??
This feature has been confirmed by angle-resolved
photoemission spectroscopy.'?® On the other hand, in
the parallel band system, the intercolumn interaction
between unlike columns does not form the energy
gap. Of course, in the simple parallel band system
as shown in Figure 4, there still remains the instabil-
ity of the metallic state associated with the planar
Fermi surface if the intercolumn interactions be-
tween like and unlike columns are not effectively
strong.

Such a situation is not limited only to the donor—
acceptor system. In the molecular design for the
(stoichiometrically) single-component molecular met-
als based on the metal dithiolene complexes, a similar
issue was discussed.'?* Even in the single-component
molecular crystal, internal electron transfer between
the HOMO and LUMO bands can occur, if the
HOMO-LUMO energy splitting is small enough.
This generates partially filled energy bands and leads
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Figure 5. Crystal structure of (TTF)[Ni(dmit)s]e. (Re-
printed with permission from ref 48a. Copyright 1986
American Chemical Society.)

to a (semi)metallic state.%® In this sense, the single-
component molecular metal is a multiband system.
One can notice that possible band structures are also
illustrated schematically in Figure 4. Therefore, in
the crossing band case, the HOMO---LUMO interac-
tion removes the Fermi surface. If the higher dimen-
sional HOMO---HOMO and/or LUMO---LUMO in-
teractions are introduced, the Fermi surface survives
even in the presence of the HOMO---LUMO interac-
tion. Indeed, the first single-component molecular
metal Ni(tmdt); (tmdt = trimethylenetetrathiaful-
valenedithiolate) reported in 2001 has the crossing
type band structure and exhibits 3D hole- and
electron-like Fermi surfaces.'?> Another approach is
the formation of the parallel band structure which
is stable against the HOMO—-LUMO interaction and
generates large Fermi surfaces derived from both the
HOMO and LUMO bands. For this purpose, an
important factor is the tuning of the overlap mode.'?*

We now return to the donor—acceptor type com-
pounds. The first superconductor based on the metal
dithiolene complex (TTF)[Ni(dmit)s]s is thought to be
a 1D system with the parallel band structure. Figure
5 shows the crystal structure with the space group
C2/c. The crystal consists of uniform TTF and Ni-
(dmit)s columns. Intercolumn HOMO---HOMO and
(TTF) LUMO---LUMO (Ni(dmit);) interactions are
much smaller than intracolumn ones, which indicates
a strong 1D nature of the electronic structure.''® The
unit cell reduced to the primitive one contains two
TTF molecules and four Ni(dmit), molecules. There-
fore, in the vicinity of the Fermi level, there are one
HOMO (TTF) band and two LUMO (Ni(dmit)s) bands,
each of which is almost doubly degenerate. In addi-
tion, it has been pointed out that there exist partially
filled HOMO (Ni(dmit);) bands near the HOMO
(TTF) band, which is due to the small HOMO—-
LUMO energy splitting in the Ni(dmit), molecule and
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Layer 1

Layer 11
Figure 6. Crystal structure of (MesN)[Ni(dmit)s]s.

is consistent with the result of the X-ray diffuse
scattering experiments.?2 The electronic structure of
this system is characterized by the multisheet Fermi
surface. In general, if one part of the Fermi surface
fits into another part by the translation vector g in
the reciprocal space, it is said that the Fermi surface
“nests” and q is the nesting vector. The instability
of the conventional 1D metallic system accompanied
by the density wave formation is associated with the
shape of its Fermi surface (a set of parallel sheets)
which nests completely with a single q (=2kr). In the
multisheet Fermi surface system, however, complete
nesting of the Fermi surface with a single q is
impossible. The X-ray diffuse scattering experiments
for (TTF)[Ni(dmit)s]s show complicated CDW forma-
tion associated with the nesting of the multisheet
Fermi surface at low temperatures.*®® The temper-
ature dependence of the resistivity, however, remains
metallic and exhibits no anomaly down to 1.5 K. This
is the most unusual feature of this system and
remains an open question. The electronic structure
of o'-(TTF)[Pd(dmit)s] is similar to that of (T'TF)[Ni-
(dmit)o]s. In contrast to (TTF)[Ni(dmit)s]s, this system
is nonmetallic below about 220 K at ambient pres-
sure, which is consistent with the development of
CDW instabilities at low temperatures.*®" This sharp
difference between (TTF)[Ni(dmit),]> and o'-(TTF)-
[Pd(dmit)q]s in the conducting behavior, despite being
isostructural, has not been fully understood.

3.1.2. Solid Crossing Column Structure

The solid crossing column structure is one of the
typical molecular arrangements in the M(dmit), salts.
(MesN)[Ni(dmit)s]s is the first & acceptor-based con-
ductor with the closed-shell cation which exhibits
superconductivity.’3%® In the crystal with the space
group C2/c, the unit cell contains two crystallo-
graphically equivalent Ni(dmit)s layers (I and II,
Figure 6) parallel to the ad plane. These anion layers
are separated from each other by the cation sheet.
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b,*

Figure 7. Calculated Fermi surface of (MesN)[Ni(dmit)s]s.

In each anion layer, the Ni(dmit)s units stack to form
a columnar arrangement with independent interpla-
nar distances of 3.53 and 3.58 A. The Ni(dmit),
columns in the same layer are parallel but lie
crisscross with those in the adjacent layer, owing to
the glide plane along the c axis; the stacking direction
is along the a + b direction in layer I and along the
a — b direction in layer II. In this compound, the band
structure near the Fermi level is described by the
LUMO band and has a 1D nature. Values of intra-
column overlap integrals of the LUMO indicate that
Ni(dmit); units are weakly dimerized in the column.
The Fermi surface obtained by the tight-binding band
calculation is shown in Figure 7. This Fermi surface
consists of two pairs of distorted sheets which are
equivalent but open to different directions owing to
the solid crossing column structure. Therefore, (Me,N)-
[Ni(dmit)s]s is a kind of the multisheet Fermi surface
system. At ambient pressure, this compound shows
the metallic temperature dependence of the resistiv-
ity down to about 100 K, where a resistivity jump
occurs. Below 20 K, a sharp upturn of the resistivity
is observed. The polarized reflectance spectra show
Drude-like behavior down to 20 K.126 The anisotropy
of the plasma frequency within the ab plane suggests
that this compound has a strong 1D character along
the stacking direction. An application of hydrostatic
pressure reduces two types of resistivity anomalies
at 100 and 20 K, and the sample where the 20 K
anomaly is suppressed exhibits superconductivity at
3.0 K under 3.2 kbar. The transition temperature
rises with increasing pressure up to 5.0 K (under 7
kbar). (MesTe)[Ni(dmit)s]s also exhibits the solid
crossing column structure.” Its electronic structure
is largely modified by the intermolecular Te---S
contacts between the cation and the terminal thione
group in the Ni(dmit)s anion, as mentioned in section
5.

Some M(dmit); salts with organic donors exhibit
slightly different types of solid crossing column
structures. a-(EDT-TTF)[Ni(dmit)s] (EDT-TTF = eth-
ylenedithiotetrathiafulvalene) is the only ambient-
pressure superconductor derived from the metal
dithiolene complex.!*5° The crystal belongs to the
triclinic system with the space group P1. EDT-TTF
molecules stack in the head-to-tail manner along the
a + b direction and are weakly dimerized. Ni(dmit)s
molecules on the inversion centers form a uniform
column along the b direction. The calculated Fermi
surface assuming the degree of charge transfer /s
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Figure 8. Anisotropy of the resistivity of a-(EDT-TTF)-
[Ni(dmit)e]. The inset shows the superconducting transition
at 1.3 K. (Reprinted with permission from ref 50b. Copy-
right 1995 Royal Society of Chemistry.)

consists of two pairs of warped planes which are
associated with the HOMO band (the EDT-TTF
layer) and the LUMO band (the Ni(dmit),; layer),
respectively. Due to the difference of the two types
of columns in the stacking direction, these pairs are
orientated differently and are not completely nested
by a single modulation wave vector. It should be
noted that a 2D band associated with the HOMO of
the Ni(dmit); molecule is possibly located near the
Fermi level. Even in this case, there are two pairs of
warped planes with different orientations when the
charge-transfer value is around /s and the HOMO—
LUMO energy splitting A is assumed to be 0.68 eV.5%
At ambient pressure, the electrical resistivity along
the a + b direction decreases monotonically down to
20 K. Below 20 K, the resistivity increases on cooling
and shows a peak around 14 K (Figure 8). Along the
direction almost perpendicular to this direction, on
the other hand, the resistivity anomaly is small. The
resistance along the c¢* direction is weakly temper-
ature dependent, showing a broad maximum around
120 K. The resistance anomaly is also observed as a
peak around 12 K. This system undergoes a super-
conducting transition at 1.3 K. The angle dependence
of the weak-field magnetoresistance within the con-
duction plane indicates that the electrical conduction
is associated mainly with the Ni(dmit); column below
10 K, whereas both the EDT-TTF and Ni(dmit),
columns contribute to the electrical conduction above
20 K.'?" This suggests that the low-temperature
anomaly is due to the density wave (probably spin
density wave) formation on the EDT-TTF column and
the superconductivity below 1.3 K coexists with the
density wave. In contrast to o-(EDT-TTF)[Ni(dmit)s],
y-(EDT-TTF)[Ni(dmit)] has a parallel column struc-
ture where both the EDT-TTF and Ni(dmit), columns
are parallel to the c-axis direction.’”> At ambient
pressure, the resistivity of this compound shows a
metallic temperature dependence down to 100 K,
where a gradual transition into an insulator occurs.

The solid crossing column structure is also ob-
served in other anion radical salts of M(dmit)s (M =
Pd, Pt) and its Se-analogues, including o,3-(IMesN)-
[Pd(dmit)s]2,% 5'-(MeyZ)[Pd(dmit)s]s (Z = P, As, Sb),®
p'-(EtoMeoZ)[Pd(dmit)s]e (Z = P, As, Sb),8¢ Cs[Pd-
(dmit)o]2,%* (MesTe)[Pd(dmit)s]s,°! (quinuclidinium)-
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[Pd(dmit)e]2,”® B'-(MesZ)[Pd(dmise)s]ls (Z = P, As,
Sb),% S-(MeyN)[Pd(dsit)ols,'% and (MesN)[Pt(dmit)s]s.%8
The electronic structures of these Pd and Pt salts,
however, are very different from that of (Me,N)[Ni-
(dmit)s]s, owing to the strong dimerization (vide
infra).

3.2. Higher Dimensional Systems
3.2.1. Spanning Overlap

In the development of molecular conductors with
higher dimensional (2D or 3D) electronic structures,
the organic donor BEDT-TTF played a crucial role.!*
This molecule removed a prejudice that the z-conju-
gated molecules prefer the face-to-face stacking struc-
ture. Indeed, a variety of 2D systems have been
derived from noncolumnar arrangements of BEDT-
TTF molecules. Important features of the BEDT-TTF
molecule are (1) the outer six-membered heterorings
that expand the TTF skeleton and enhance intermo-
lecular S:-*S contacts in the transverse direction, and
(2) the terminal ethylene groups that exhibit flexible
conformations and prevent infinite face-to-face stack-
ing.

On the other hand, acceptor type metal dithiolene
complexes tend to stack in the face-to-face fashion.
As mentioned in section 2, the symmetry of the
LUMO reduces the transverse intermolecular inter-
actions, which is not favorable for the formation of
higher dimensional electronic structures. The span-
ning overlap of the M(dmit); molecules, however, has
shown another route to the higher dimensional
system based on the face-to-face stacking architec-
ture.l! o-EtyMesN[Ni(dmit)s]s is the first 2D metal
derived from the s-acceptor molecule. Figure 9 shows
the crystal structure. The repeating unit along the ¢
axis consists of four Ni(dmit)s molecules (A, B, C, and
D). There are two types of overlapping modes, I (A-
B, C--:D) and II (B-:-C, A-:-D’). Mode I, the spanning
overlap where one molecule overlaps with two mol-
ecules, forms a 2D conduction path parallel to the bc
plane. The Fermi surface of this compound was found
to be two-dimensional.®® The spanning overlap mode
is also observed in y-(EtsMeN)[Ni(dmit)z]2,%? (acri-
dinium)[Ni(dmit)s]3,”* (V,N-dimethylpiperidinium)-
[Ni(dmit)s]s,%® and (NV,N-dimethylpiperidinium)[Ni-
(dmise)s]s.1%4 All these compounds exhibit metallic
resistivity behavior down to low temperatures. De-
spite the normal metallic behavior observed in the
resistivity measurements, an unexpectedly large and
temperature-dependent magnetic susceptibility has
been reported for o-(EtsMesN)[Ni(dmit)s]s, (V,V-
dimethylpiperidinium)[Ni(dmit)s]s, and (IN,N-dimeth-
ylpiperidinium)[Ni(dmise)s]2.1%* This suggests that
the metallic state associated with the spanning
overlap molecular arrangement cannot be explained
by the simple metal model.

Large and planar molecules where the 7-conjugat-
ed system extends spaciously over the molecular
plane are suitable for the spanning overlap. The first
single-component molecular metal Ni(tmdt), demon-
strates the 3D electronic structure associated with
the spanning overlap and the transverse intermo-
lecular interaction.!?*125 The Ni(tmdt); molecule in-
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Figure 9. Crystal structure and calculated Fermi surface
of a-(EtsMe,N)[Ni(dmit)s]s. The C-centered monoclinic cell
is reduced to the primitive one as a, = (a + b)/2, b, = —b,
cp= —c.

cludes extended 7 ligands having a TTF skeleton. In
the crystal, the long and planar Ni(tmdt); molecule
spans the adjacent molecules with the face-to-face
overlap. The intermolecular overlap integrals among
frontier orbitals (HOMO---HOMO, LUMO:--LUMO,
and HOMO---LUMO) exhibit small anisotropy. There-
fore, this system has a 3D Fermi surface.

Molecular design toward the spanning overlap type
of molecular arrangement has been examined for
phthalocyanine neutral radicals and partially oxi-
dized salts.'?® An introduction of axial ligands (CN™)
to the planar phthalocyanines prevents the simple
1D stacking and leads to a variety of 7—x stacking
networks based on the spanning overlap. The dimen-
sionality of the electronic system can be tuned by the
choice of the second component, the crystal solvent
in the neutral radical crystal or the cation in the
partially oxidized salt crystal. In many cases, inter-
actions between the second component and the axial
ligands determine the crystal structure.

3.2.2. Dimerization. HOMO-LUMO Band Inversion

In the conducting anion radical salts of M(dmit),,
dimerization plays a crucial role in determining the
electronic structure and therefore the electronic
properties. A typical example is -(Me4N)[Pd(dmit)q]e
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Figure 11. Schematic electronic structures for dimerized
metal dithiolene systems.

and related Pd(dmit), salts.1”#384 The crystal struc-
ture of f-(MesN)[Pd(dmit)s]e is similar to that of
(MeyN)[Ni(dmit)se]e (Figure 10). In the crystal with
the space group C2/c, the Pd(dmit), molecules form
the solid crossing columns interrelated by the glide
plane. Two crystallographically equivalent conduc-
tion layers (1 and 2) are separated by the insulating
cation layer. In contrast to the Ni salt, the Pd(dmit),
molecules are strongly dimerized in each column.
Within the dimer, two Pd(dmit)s molecules overlap
in an eclipsed mode and a short intermolecular Pd-
--Pd distance (3.116 A) is observed. The intra- and
interdimer separations within the column are 3.28
and 3.81 A, while they are close to each other in the
Ni salt (3.53 and 3.58 A).

Let us consider an effect of the dimerization on the
electronic structure. Within the isolated dimer, each
HOMO and LUMO in the monomer generates bond-
ing and antibonding combinations separated by 2|¢y|
and 2|¢|, where ¢y and ¢1, are intermonomer HOMO-
--HOMO and LUMO:--LUMO transfer integrals
within the dimer, respectively (Figure 11). Since the
HOMO-LUMO energy splitting A is small, there are
two different possibilities for the energy level order-
ing of the dimer depending on the degree of the
dimerization. If |¢tg| and [¢1| are smaller than A/2
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(weak dimerization condition), the antibonding com-
bination of the HOMOs is lower than the bonding
combination of the LUMOSs. On the other hand, if |¢y|
and [t1| are larger than A/2 (strong dimerization
condition), the antibonding combination of the HO-
MOs is higher than the bonding combination of the
LUMOs and a “HOMO—-LUMO level inversion” oc-
curs. It is considered that S-(MesN)[Pd(dmit)]s is in
the strong dimerization condition while (MesN)[Ni-
(dmit)s]s is in the weak dimerization condition.

Next, with the above picture in mind, we consider
a 1D column (along the a direction) of the dimerized
[M(dmit)2] V2~ units as a basic model for the present
system. The simple tight-binding band model indi-
cates that each HOMO and LUMO with an energy
of E, forms two energy bands E(k) = Eq & [ta% + tp?
+ 2¢tatp cos kalY2, where ¢, is the intradimer transfer
integral (= ¢y or ¢1,) and ¢p is the interdimer transfer
integral (|£s] > |¢g]). This means that the dimerization
generates the upper (y~; antibonding) and lower (y;
bonding) bands separated by an energy gap 6 = 2(|¢4]
— |tg|) and the energy level Ej is located in the middle
of the energy gap. The bandwidth of each band is
2|tg|. When the dimerization is strong (|¢4| > |tg|), the
upper and lower bands are largely separated by the
dimerization gap 0 and both bands are effectively
very narrow. When the HOMO—-LUMO level inver-
sion occurs within the dimer, the antibonding HOMO
band v~ momo will be located higher than the bonding
LUMO band y*rumo (Figure 11). In this HOMO—
LUMO band inversion case, the formal charge of —'/2
indicates that the 1y pomo band forms the conduction
band and is effectively half-filled (Figure 11). These
features are not largely affected by an introduction
of intercolumn interactions. As mentioned in section
2, the transverse HOMO---HOMO interaction of the
M(dmit); molecule is stronger than the transverse
LUMO---LUMO interaction. Therefore, the tight-
binding calculation indicated that S-(MesN)[Pd-
(dmit)s]o has a 2D electronic structure where the
Fermi surface consists of two cylinders associated
with conduction layers 1 and 2. It should be added
that the bandwidth of the 1~ momo band is wider than
that of the y*Lumo band, due to stronger transverse
interactions. The results of the first-principles band
calculations for (Me N)[M(dmit)s]o (M = Ni, Pd) based
on the density functional theory within the general-
ized gradient approximation agree with the above-
mentioned picture (Figure 12).11¢ The existence of the
HOMO-LUMO band inversion has been experimen-
tally confirmed by the polarized reflectance spectra
for analogous salts, f'-(MesAs)[Pd(dmit)s]s and Cs-
[Pd(dmit)o]2.117 B-(MesN)[Pd(dmit)s]> shows no clear
metallic behavior at ambient pressure, which indi-
cates that this system is a Mott insulator. The
application of pressure higher than 5 kbar induces a
metallic behavior, and a superconducting transition
occurs at 6.2 K under 6.5 kbar.1"8* It should be added
that o-(MesN)[Pd(dmit)s]e has a crystal structure
similar to that of the S-form but the application of
pressure cannot suppress the nonmetallic behavior
up to 12 kbar. An important structural difference is
that the a-MeyN salt belongs to the triclinic system
and the two conduction layers are crystallographi-
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Figure 12. Band structures of (Me,N)[Ni(dmit)s]; (a) and
p-(MesN)[Pd(dmit)s]s (b) obtained by first-principles band
calculations. (Reprinted with permission from ref 116.
Copyright 1999 American Physical Society.)

cally nonequivalent. A possible effect of such a
symmetry breaking on the electronic state will be
discussed in section 4.2.

In the systems with the small HOMO-LUMO
energy splitting A, the conduction band can originate
either from the LUMO for weakly dimerized systems
or from the HOMO for strongly dimerized systems.
Depending on the original MO character, the dimen-
sionality of the electronic structure can be either 2D
for the HOMO-based band (" momo) or 1D for the
LUMO-based band (¥ rLumo). S-(MesN)[Pd(dmit)s]s
and related Pd(dmit), salts are the former case and
(Me4N)[Ni(dmit)s]2 is the latter case. The strong
dimerizations of the Pd(dmit); salts are associated
with the eclipsed stacking mode of the monomers,
which is very favorable for the po—po type S---S
overlap. For the eclipsed stacking mode, the central
metal plays a crucial role.6e62116.129 The metal d,.
orbital contributes to the LUMO of the monomer, and
the bonding combination of the LUMOs has some
metal—metal bonding character. The larger spatial
extension of the d orbitals of the Pd atom stabilizes
this metal—metal bonding and relieves the excessive
S---S repulsions. The weaker bonds between the Pd
atom and the dmit ligands are responsible for the
smaller energy cost in the bending away of the
ligands at the metal site so as to relieve the steric
hindrance. The smaller A value due to the weaker
metal—ligand bonds supports the HOMO—-LUMO
level inversion and leads to the double occupancy of
the bonding combination of the LUMOs, which
stabilizes the eclipsed stacking mode.
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The Pd(dmit); salt with the organic donor o'-(EDT-
TTF)[Pd(dmit);] exhibits a solid crossing column
structure with the EDT-TTF column along the a-axis
direction and the Pd(dmit); column along the a + ¢
direction.®! The Pd(dmit); anions are strongly dimer-
ized in the column. Consequently, the conduction
band is built from the HOMO of Pd(dmit), and the
HOMO of EDT-TTF. Similar to o-(EDT-TTF)[Ni-
(dmit)q], this compound shows a metallic behavior
accompanied by a resistivity peak around 40 K. The
application of pressure suppresses the resistivity
anomaly at 5 kbar. No indication of the supercon-
ductivity, however, was found down to 400 mK and
up to 10 kbar. The magnetic susceptibility and X-ray
diffuse scattering measurements revealed that the
resistivity anomaly is associated with the CDW
formation on the EDT-TTF column. Comparison
between the observed CDW wave vector and the
nesting vector for the calculated Fermi surface sug-
gests that the charge-transfer value is about %/,. For
this charge-transfer value, the Fermi surface consists
of a pair of warped planes associated with the EDT-
TTF layer and a cylinder associated with the Pd-
(dmit), layer. On the other hand, y-(EDT-TTF)[Pd-
(dmit)e] has the parallel column structure where
EDT-TTF and Pd(dmit), molecules form segregated
columns parallel to the a axis.?® In the triclinic
crystal, EDT-TTF and Pd(dmit)s; conduction layers
parallel to the ac plane are arranged alternately. The
Pd(dmit); molecules are strongly dimerized within
the column. At ambient pressure, the resistivity
perpendicular to the a + ¢ direction is metallic down
to 100 K and shows an upturn at 80 K followed by a
broad maximum around 50 K, while the resistivity
parallel to the a + ¢ direction shows a metal—
semimetal transition at about 50 K. X-ray diffuse
scattering measurements and tight-binding band
calculations indicate that the resistivity anomaly is
associated with the CDW formation due to the partial
nesting of the anisotropic 2D Fermi surface.

In contrast to the M(dmit); (M = Ni, Pd, Pt, Au)
molecules, the M(dddt)s molecules belong to the
electron donor group. The M(dddt); molecule is a
metal complex analogue of the organic donor BEDT-
TTF. Formally, the central C=C bond of BEDT-TTF
is substituted by a metal ion in the M(dddt), mol-
ecule. The HOMO and LUMO of M(dddt); are very
similar in orbital character to those of M(dmit)s. In
addition, the HOMO of M(dddt)s is also very similar
to that of BEDT-TTF. Since the HOMO—-LUMO
energy splitting of M(dddt); is small, the strong
dimerization can cause the HOMO—-LUMO band
inversion in the M(dddt); compounds. For the donor
system, however, the situation is quite different. The
formal charge of +!, (one hole per dimer) is the
frequently observed valence state in the donor system
and corresponds to the —'/, valence state (one elec-
tron per dimer) in the acceptor system. For the donor
system with this valence state, the HOMO—-LUMO
band inversion results in a half-filled LUMO-based
band ¥ Lumo as the conduction band. This is the case
of [Pt(dddt)2]AuBr,.13° The crystal structure of this
compound is similar to that of S-(BEDT-TTF)2IBrs.
The triclinic unit cell contains two Pt(dddt)s cations
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Figure 13. Crystal structure (a), band structure (b), and calculated Fermi surface for an assumed formal charge of +1/5
(c) of [Pd(dddt)s] Ag 54Brs 50. (Reprinted with permission from ref 110. Copyright 1996 EDP Sciences.)

which are strongly dimerized in the eclipsed fashion
with a short Pt---Pt distance (2.98 A). The ¥ Lumo
band is very narrow, which is an origin of semicon-
ducting behavior. [Pt(dddt)s]IBrs is isostructural with
[Pt(dddt)s] AuBr,.17? This salt demonstrates an ex-
ample of the intermediate dimerization with an
intradimer Pt:--Pt distance of 3.36 A. The tight-
binding band calculation indicates that the y*Lumo
band largely overlaps with the 1 gomo band.'®° This
salt is a semiconductor, but the electrical conductivity
is higher than that of [Pt(dddt)e] AuBr;. A remarkable
example of the system with no dimerization is [Pd-
(dddt)2]Ag 54Br3s50.11° The triclinic unit cell contains
only one Pd(dddt), cation (Figure 13a). The Ag and
Br atoms are disordered, occupying four and six
positions, and form nonstoichiometric silver bromide
anions. The Pd(dddt); cations stack uniformly along
the ¢ axis with the interplanar distance 3.84 A. In
the stack, the adjacent cations are displaced along
the short axis of the molecule. Calculated intermo-
lecular transfer integrals indicate that the strongest
interaction is observed along the b-axis direction
rather than along the c-axis direction. The HOMO-
based band slightly overlaps with the LUMO-based
band, but the Fermi level does not cut the LUMO-
based band (Figure 13b). This means that the con-
duction band originates mainly from the HOMO. The
calculated Fermi surface assuming the formal charge
of +1/,—which means that almost all the silver atoms
are in the Ag?" oxidation state—has a 2D nature
characterized by an ellipsoid shape (Figure 13c). For
the formal charge of Pd(dddt); between +0.25 and
+0.55, the calculated Fermi surface retains the

ellipsoid shape. This salt is a stable metal down to
1.3 K.

3.2.3. Quasi-Triangular Lattice: Spin Frustration

An isostructural series of ' type anion radical salts
of Pd(dmit), with tetrahedral cations, '-(MesZ)[Pd-
(dmit)e]e and f'-(EteMeoZ)[Pd(dmit)s]s (Z = P, As, Sh),
is similar to 8-(MesN)[Pd(dmit)z]2.8> Two crystallo-
graphically equivalent conduction layers (1 and 2) in
the C-centered unit cell are interrelated to each other
by the glide plane, and the [Pd(dmit)s]s dimers stack
along the a + b direction in layer 1 and along the a
— b direction in layer 2, respectively. Compared with
the f-Me4sN salt, these salts show some obvious
differences in the positional interrelations between
the dimer and the cation. However, the fundamental
molecular arrangement within the conduction layer
is the same. Calculated Fermi surfaces indicate that
this system is a 2D system associated with the
HOMO-based band (1 momo). This conduction band
is narrow and half-filled. At ambient pressure, all
these salts are nonmetallic due to the strong on-site
Coulomb repulsion. In this Mott insulating state, one
electron is located on each dimer [Pd(dmit)s]s.

As mentioned in section 3.2.2, the band structure
near the Fermi level can be described by the HOMO-
based band () "momo). Furthermore, in the molecular
conductors with strongly dimerized structure, one can
generally extract the essence by taking each dimer
as an effective unit.2’ The present 3’ type Pd(dmit)s
system is also the case.!® Table 8 shows an in-
tradimer HOMO---HOMO transfer integral (¢4) and
interdimer transfer integrals for the antibonding
combination of the HOMOs (¢g, s, and #.). These
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Table 8. Intradimer HOMO---HOMO Transfer Integral
(ta), Interdimer Transfer Integrals for the
Antibonding Combination of the HOMOs (¢g, 5, and
t.), and Néel Temperature (Tx) for
p'-(cation)[Pd(dmit).].

Dimer
[Pd(dmit),],”

a,=(a+b)/2

° b=b,

cation type Tn/K ta/meV ¢p/meV  t/meV t/meV

Me,P A 42 439.5 36.4 33.7 21.5
Me,As A 35 443.5 34.0 32.6 22.8
Et;Me;P B 17 445.8 29.4 29.3 24.3
Me,Sb B 16 450.1 30.0 28.4 25.4
EtsMesAs C 16 446.6 29.6 29.3 24.4
EtsMesSb  C <4.2 4457 25.9 25.5 26.1

intra- and interdimer interactions exhibit the relation
ta > tg ~ ts > t, and can be tuned by the choice of the
cation. The ratio ¢/t ranges from 0.6 to almost 1,
while the ratio ¢¢/tg remains around 1. An important
point is that the dimers form a quasi-triangular
lattice within the conduction layer. In the dimer
model, the two branches of the conduction band
associated with layers 1 and 2 are described as
follows:

E,(k) =
2.0[tg cos ka, + t, cos k(a, — b)) + ¢, cos kb,]

Eyk) =
2.0[t cos k(a, — b,) + ¢, cos ka, + ¢, cos kb,]
where the C-centered monoclinic cell is reduced to

the primitive one as ap,= (@ + b)/2, b, = b, and c,=c.
This simple dimer model well reproduces the energy
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band structure around the Fermi level derived from
the calculation including the HOMO and LUMO
(Figure 14). The interdimer transfer integrals ¢z, Z;,
and ¢, determine the dispersion of the energy band,
while the effective on-site Coulomb energy on the
dimer (Ug) is approximately correlated with the
intradimer transfer integral £4.132 The bandwidth (W)
is determined mainly by the two large interdimer
transfer integrals ¢ and ¢, and the smallest transfer
integral ¢, determines the anisotropy of the electronic
structure.

The magnetic properties in the Mott insulating
state are of special interest.?® Each temperature
dependence of the static magnetic susceptibility y for
this system usually exhibits a broad peak around
~100 K. The essential feature of the y—7 curve in
the high-temperature region can be well explained
by the high-temperature expansion calculations using
the Padé approximants for the 2D spin-1/; Heisenberg
antiferromagnet on the triangular lattice (Figure 15).
Other models including the spin-/; Heisenberg an-
tiferromagnet on the 2D square lattice, and the spin-
!/, Heisenberg chain antiferromagnet cannot explain
the observed behavior at all. This indicates that spin
frustration operates in these salts.

Most of these salts undergo antiferromagnetic
ordering at lower temperatures. An interesting point
is that the Néel temperature T is correlated with
the ratio #,/tg.132 The system with the lower ¢,/tg ratio
tends to exhibit the higher T\, while the Et;MesSb
salt with ¢,/tg ~ 1 shows no magnetic ordering down
to 4.3 K.13* In general, the exchange coupling J is
proportional to #?/U.s, where ¢ is the interdimer
transfer integral. Consequently, the ratio t/tp is
related to the deviation of the exchange coupling from
the regular triangular model. Depending on the
anisotropy of the interdimer interaction, the regular
triangular lattice can be transformed into two im-
portant limits, the 2D square lattice (¢,/tg — 0 with
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Figure 14. Calculated Fermi surface, band structure, and density of state (DOS) for conduction layer 1 in f'-(Et;Mes-
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Figure 15. Temperature dependence of static magnetic
susceptibility y for f'-(Et:Me;Sb)[Pd(dmit)s]e. Solid curves
show yx calculated for the 2D spin-/, Heisenberg triangular
antiferromagnet with various exchange couplings, J. The
broken curve denotes y for the square lattice. (Reprinted
with permission from ref 26. Copyright 2002 IOP Publish-
ing Ltd.)

tg ~ ts) and the uniform 1D chain (¢, = tg — 0). Rich
physics is expected to lie among these three models.
In the present salts, there occurs a crossover where
the frustration is released to afford exponential
growth of the antiferromagnetic correlation due to
the square-lattice-like anisotropy.!?® This explains
the decrease of y in the low-temperature region,
followed by the long-range ordering at Tx in the
presence of the weak interlayer coupling. The degree
of the frustration can be tuned by the choice of the
cation and the application of pressure, which plays
an important role in determining transport properties
under pressure (vide infra).

3.3. Quasi-Three-Dimensional Interaction

The unique feature of the dmit ligand is the
terminal thione groups which jut out toward the long
molecular axis direction and enable an intermolecu-
lar interaction between conduction layers. A precur-
sory example is a-(EtoMexN)[Ni(dmit)s], discussed in
section 3.2.1. This compound is characterized by the
very short intermolecular S---S contact (3.352 A)
observed between the terminal thione groups as well
as by the spanning overlap. An interlayer interaction
is roughly estimated to be about /1o of the intralayer
interactions by the calculation of the intermolecular
overlap integrals of the LUMOSs. The tight-binding
calculation indicates that the conduction band has a
small but definite dispersion along the third direction
(the a*-axis direction), which was the first case in
molecular conductors (Figure 9). The electrical con-
ductivity within the bc plane is isotropic and 20—100
S em™! at room temperature. It is notable that the
conductivity along the a* axis (interlayer conductiv-
ity) is fairly high (1 S em™! at room temperature).

C*

Figure 16. Crystal structure (a) and calculated Fermi
surface (b) of (NHMes)[Ni(dmise)qls. (Reprinted with per-
mission from ref 101. Copyright 1995 Royal Society of
Chemistry.)

M(dmise); (dmise = 4,5-dimercapto-1,3-dithiole-2-
selone) is one of Se-analogues of M(dmit)s, where the
terminal thione groups are replaced by selone groups.
The larger spatial extension of Se orbitals is expected
to enhance the interlayer interaction. The first anion
radical salts of M(dmise)s are o- and [5-(MesN)[Ni-
(dmise)s]2.193 In the crystal of o-(Me,N)[Ni(dmise)s]s,
an extremely short intermolecular Se::-Se contact
(3.277 A) is observed between the terminal selone
groups. Calculated intermolecular overlap integrals
of the LUMOs, however, indicate that the interlayer
interaction is very weak and o-(MesN)[Ni(dmise)q]o
has quasi-1D electronic structure. This is because the
m—m overlap integral is sensitive not only to the
interorbital distance but also to the mutual orbital
orientations.

To reduce the layer---layer separation, smaller
countercations NH,_.Me,* (x = 1, 2, 3) have been
examined.!%? Although there is no short interlayer Se-
-Se contact in (NHsMe)[Ni(dmise)s]s with the small-
est cation, (NHMes)[Ni(dmise)s]s and (NHsMes)[Ni-
(dmise)s]s exhibit enhanced interlayer interactions.
(NHMes3)[Ni(dmise)s]z and (NH;Mey)[Ni(dmise)s]» are
isostructural to the corresponding Ni(dmit), salts,
respectively. In each salt, the triclinic unit cell
contains two Ni(dmise)s anions, and the Ni(dmise);
anions stack to form a twofold columnar structure
(Figure 16). The short interlayer Se--Se distances are
3.801 and 3.486 A in the NHMe;3 salt and 3.504 and
3.617 A in the NHyMes salt. Although these Se---Se
distances are longer than those in o-(Me N)[Ni-
(dmise)s]s, both the NHMes and NHsMes salts exhibit
large values of interlayer LUMO:--LUMO overlap
integrals (about 4.5 times larger than that in a-(Ets-
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MeoN)[Ni(dmit)qe]e). Especially in the NHMes salt, the
interlayer interaction is comparable to the transverse
interaction. The tight-binding band calculations based
on the LUMO indicate that both salts have 3D
electronic structures (Figure 16). Around room tem-
perature, the NHMe;s salt is weakly metallic, while
the NH;Mes salt shows almost constant resistivity.
Both salts, however, are insulating at low tempera-
ture. This would be partially due to the low crystal
quality and the positional disorder at the cation sites.

4. Pressure Effect

4.1. Pressure-Induced Metallic and
Superconducting States

The electronic states of the molecular conductors
can be quite sensitive to the pressure (including
chemical pressure) application if they are situated
near the phase boundary and are soft enough to allow
appreciable changes of molecular arrangement and
orientation. A typical example is the metal—insulator
transition induced by application of a very low
hydrostatic pressure (about 100 bar) or deuterium
substitution (as chemical pressure) in (DMe-
DCNQI)2Cu.? This transition is considered the Mott
transition coupled with the Peierls transition. The
applied pressure is thought to affect the coordination
geometry around the Cu cation and regulate the
degree of charge transfer from Cu to DCNQI. The
application of hydrostatic pressure has played sig-
nificant roles in changing the electronic states of low-
dimensional molecular conductors, as was demon-
strated in the pressure-induced superconductivity of
(TMTSF);PFg and its family.3 In this case, the applied
pressure enhances the intercolumn interactions be-
tween frontier orbitals and thus the dimensionality
of the electronic structure so as to suppress the
Peierls instability. This is the most frequently ob-
served pressure effect. Furthermore, development of
the uniaxial stress and strain methods has enabled
selective or anisotropic regulation of the intermo-
lecular interaction and has provided a powerful
means to search for novel electronic states.!3

As for the molecular conductors based on the metal
dithiolene complexes, the number of stable metals at
ambient pressure is still limited and the application
of pressure plays a crucial role in obtaining the
metallic or superconducting states. Csg gs[Pd(mnt)q]-
0.5H20 has an unusual crystal structure among the
series of M(mnt)s salts (Figure 17a).38 In the crystal,
the Pd(mnt); anions are strongly dimerized with the
eclipsed configuration. The intradimer Pd---Pd dis-
tance is 3.329 A. These dimers form into a 2D array.
At ambient pressure, this nonstoichiometric Cs salt
exhibits a high conductivity (~5 S ecm™! at room
temperature) with an activated temperature depen-
dence. With lowering temperature, the system un-
dergoes two semiconductor—semiconductor transi-
tions, one of which is presumably due to the ordering
of the Cs* ions. Under hydrostatic pressure, transi-
tion temperatures for both transitions increase, but
activation energies for all phases decrease. Under 18
kbar, the system becomes a stable metal with its
resistance still decreasing at 1.2 K (Figure 17b).
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Figure 17. Crystal structure (a) and temperature-depend-
ent resistivity under pressure (b) of Csggs[Pd(mnt)s]-
0.5H;0. (Reprinted with permission from ref 38b,c. Copy-
right 1989 Royal Society of Chemistry. Copyright 1989
Elsevier Sequoia.)

Unfortunately, details of the electronic structure of
this salt were not reported, and the origin of the
pressure-induced metallic state remains an open
question.

The first molecular superconductor based on the
metal dithiolene complex (TTF)[Ni(dmit)q]s is a high-
pressure superconductor.'?48 As mentioned in section
3.1.1, this compound belongs to the multisheet Fermi
surface system. At ambient pressure, the system
remains (semi)metallic with a weak resistivity mini-
mum at 1.5 or 3 K, despite the CDW formation. The
system is not superconducting above 47 mK. The
application of hydrostatic pressure induces successive
phase transitions from the (semi)metallic ground
state to semiconducting and reentrant superconduct-
ing ground states. In contrast to the cases of the
conventional molecular superconductors, the super-
conducting transition temperature increases slowly
with increasing pressure. It is suggested that the
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superconductivity coexists with the high-temperature
CDW instability and is in weak competition with low-
temperature CDW fluctuations. In this multisheet
Fermi surface system, these CDWs are considered
to affect different parts of the Fermi surface. On the
other hand, the Pd-analogue (TTF)[Pd(dmit)s]s ex-
hibits an insulating ground state due to the CDW
formation at ambient pressure.1%16:48:80 The applica-
tion of pressure suppresses the CDW instability and
induces the superconductivity with higher transition
temperature and higher critical pressure.

At present, every molecular superconductor based
on the metal dithiolene complex is derived from the
M(dmit), (M = Ni, Pd) molecules and is a high-
pressure superconductor except for o-(EDT-TTF)[Ni-
(dmit)o]. The pressure effect has been systematically
studied on (MesZ)[Pd(dmit)s]s and (Eto:MesZ)[Pd-
(dmit)s]e (Z = N, P, As, Sb). Especially, the ' type
salts (Z = P, As, Sb) demonstrate the pressure effect
on the strongly correlated 2D system with the quasi-
triangular lattice.'® They are Mott insulators at
ambient pressure and exhibit various electronic
properties including superconductivity under hydro-
static pressure. An important point is that this
pressure effect strongly depends on the countercation
despite the isostructural molecular packing. The '
type salts can be classified into three types. Type A
salts (MesZ; Z = P, As) remain nonmetallic up to
about 17 kbar. Type B salts (MesZ; Z = Sb. Et,MesZ;
7Z = P) show a metallic state accompanied by the
superconductivity, and another nonmetallic behavior
is observed in the higher pressure region. Type C
salts (EtsMegoZ; Z = As, Sb) also turn metallic under
hydrostatic pressure, but the superconductivity and
the high-pressure nonmetallic behavior are absent.

4.2. Pressure Effect on Crystal and Electronic
Structures

To understand the role of pressure, an essential
point to discuss is what happens in the molecular
arrangement under pressure. 5'-(Et;MesP)[Pd(dmit)o]2
is suitable for this purpose. Figure 18 shows the
pressure and temperature dependence of the elec-
tronic state of this type B salt.1®85¢86 Crystal struc-
ture analyses were performed under five conditions
(Figure 18): APRT (at 293 K and under 1 bar),
HPRT1 (at 293 K and under 7.2 kbar), HPLT1 (at
19.1 K and under 7.2 kbar), HPRT2 (at 293 K and
under 16.8 kbar), and HPLT2 (at 17.8 K under 20.5
kbar).13” The unit cell retains the monoclinic sym-
metry with the space group C2/c under pressure
except for at HPLT2. The unit cell of the HPLT2
crystal situated in the high-pressure nonmetallic
state is triclinic with the space group P1. This
symmetry breaking is associated with the loss of the
glide plane and the twofold axis.

With applying pressure, the interplanar distances
decrease more effectively between the dimers than
within the dimer. This indicates that the dimer unit
is stiff, while the space between the dimers is
comparatively flexible. The dimer unit, however,
allows a small but significant reduction of the inter-
planar distance under pressure, which results in a
large enhancement of intradimer interactions. Since
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Figure 18. Pressure and temperature dependence of the
electronic state for f'-(EtsMesP)[Pd(dmit)s]s. SC denotes a
superconducting state. Inserted marks indicate measure-
ment points for high-pressure structure analyses (see text).

the conduction band of the present system originates
mainly from the HOMO of the monomer, we now
focus our attention on the intermolecular HOMO---
HOMO interactions. Figure 19 shows a pressure
dependence of the HOMO---HOMO overlap integrals
at room temperature. All these intermolecular inter-
actions are enhanced by increasing pressure. Among
them, the intradimer interaction A increases most
rapidly. This leads to an enhancement of the dimer-
ization under pressure. The situation is the same for
the LUMO:---LUMO interactions. As mentioned in
section 3.2.2, the dimerization gap 6 grows with the
enhancement of the dimerization. On the other hand,
the bandwidth of the conduction band (W) also
increases with applying pressure, which can be
related to the enhancement of the intermolecular
interactions (B, p, q). Formerly, it was proposed that
an overlap of the antibonding HOMO band % rmomo
and the bonding LUMO band ¥ rumo due to the
enhanced bandwidths of the ¥ momo and ¥ rLumo
bands under pressure would lead the system to the
metallic state.8> This HOMO—LUMO band overlap
is expected to remove the half-filled state of the
1 momo band and induce the metallic state. However,
the tight-binding band calculations indicate that the
expected HOMO—LUMO band overlap does not occur
on every examined condition. This is because the
growth of the dimerization gaps overwhelms the
increase of the bandwidths.

The intradimer transfer integral ¢4 is correlated to
the effective on-site Coulomb energy on the dimer U,
(see section 3.2.3). Consequently, we can discuss the
electron correlation parameter using the ratio #,/W.
It should be noted that Uy as well as W is changeable
under pressure, and their competition is a newly
identified feature in the strongly correlated system
with the dimer structure. At APRT, the system is a
Mott insulator with the value tA/W = 1.77. With
increasing pressure, the ¢4/W value decreases steadily
and reaches 1.40 at HPLT1, where the system is
situated near the metallic state. This indicates that
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Figure 19. Pressure dependence of HOMO---HOMO
overlap integrals (S) at room temperature for 5'-(EtsMeyP)-
[Pd(dmit)s]o.

the insulator-to-metal transition under pressure is
the Mott transition due to the reduced electron
correlation. It should be added that the anisotropy
of the electronic structure is enhanced with increas-
ing pressure, which is related to the ratio of the
intermolecular interaction |r|/|B|. In the low-pressure
region, 13C NMR measurement revealed that the Néel
temperature Ty rises with increasing pressure.!38
This is consistent with the enhanced deviation from
the regular triangular lattice under pressure.

As for the high-pressure nonmetallic behavior, the
symmetry breaking plays a crucial role. At HPLT2,
where the system is in the high-pressure nonmetallic
state, the space group symmetry is lowered to P1,
which makes the two conduction layers crystallo-
graphically nonequivalent. This allows two conduc-
tion bands associated with layers 1 and 2 to have
different degrees of anisotropy and filling. The cal-
culated Fermi surface contains a rather anisotropic
part (Figure 20). Consequently, it is plausible that
the partial nesting of the Fermi surface induces the
high-pressure nonmetallic state. It should be noticed
that the existence of the nonequivalent conduction
layers as well as the HOMO—-LUMO band overlap
can remove the half-filled state and induce the
metallic state. This internal charge transfer between
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Figure 20. Calculated Fermi surface for §'-(EtsMeoP)[Pd-
(dmit)s]s at 17.8 K under 20.5 kbar (at HPLT2 in Figure
18). The C-centered monoclinic cell is reduced to the
primitive one as a,= (@ — b)/2, b, = b, ¢, = c.

nonequivalent conduction layers is a kind of “self-
doping”. At the same time, however, the nonequiva-
lence of the two conduction layers is able to provide
the anisotropic Fermi surface which undergoes the
(partial) nesting and leads the system to the nonme-
tallic state.

4.3. Interplay of Correlation and Frustration

The cation dependence observed in the pressure
effect indicates that in addition to the electron
correlation there is another important factor which
governs the electronic state of the ' type Pd(dmit)s
salts. The ta/W value corresponding to the correlation
parameter increases with the cation in the order
MesP < MesAs < EtaMeoP ~ MesShb ~ EtoMesAs <
EtoMeoSbh (type A < type B < type C; see section 4.1)
for the room-temperature structures. The ease of
stabilizing the metallic state with (hydrostatic) pres-
sure, however, varies in the same order. Since the
metallic state under (hydrostatic) pressure is due to
the reduction of the ¢2/W value, this looks paradoxi-
cal. An important clue is that the Néel temperature
Tx at ambient pressure varies with the cation in the
reversed order (MesP > MesAs > EtsMeo,P ~ Me,sSb
~ Et;MesAs > EtoMeySb; Table 8).132 This order is
related to the deviation from the regular triangular
lattice ¢'/t, where ¢’ = ¢, and t = tg ~ t,.8°¢ The fact
that the Néel temperature T\ is correlated to the
stabilization of the metallic state under pressure
suggests an important role of the spin frustration.

We now return to the dimer model of the present
system (section 3.2.3). The frustration can destroy the
long-range spin ordering in the insulating phase.
Several theoretical works treat frustration effects in
the strongly correlated system and suggest that the
metallic phase appears in the region with weaker
correlation and stronger frustration.?® To obtain a
general picture, two parameters, t4/W and ¢/t (<1),
can be adopted. The former corresponds to the
electron correlation parameter, and the latter ex-
presses the frustration parameter. Figure 21 shows
a very schematic phase diagram for the present
system based on the room-temperature structures.
The hydrostatic pressure effect on the EtsMesP salt



5340 Chemical Reviews, 2004, Vol. 104, No. 11

2.0 T T T r T r
| Insulator Et,Me,Sh |
Et,Me,As
L8 Et,Me,P o o :
(APRT) eSh | o
B L7}t 1=
~N Me,As =
w0 ° g
1.6 |- 4 =
Me,Pe Et,Me,P
L5 - (HPRT1) i ‘
14 Et,Me,P Metal |
(HPRT2)
1.3 1 | ]
04 05 06 07 08 09 10
r/t

— fUStration =———— )

Figure 21. Schematic phase diagram for j'-(cation)[Pd-
(dmit)s]2 based on the room-temperature structures. The
hydrostatic pressure effect for the EtosMesP salt is indicated
by arrows. (See also Table 8.)

is indicated by arrows, which illustrate that the
application of pressure decreases both £,/W and ¢'/t.

4 4. Uniaxial Strain Effect

The uniaxial strain can change only the lattice
parameter parallel to the direction of pressure ap-
plication and regulate the intermolecular interaction
selectively. Within the dimer model for the ' type
Pd(dmit); salts, the electronic state is determined by
the intra- and interdimer interactions #,, ¢z, ¢s, and
t., each of which has its own role (see section 3.2.3).
Selective regulation of these interactions with the
uniaxial strain was first demonstrated for f'-(Mey-
As)[Pd(dmit)s]2.2! This compound belongs to type A,
and its nonmetallic behavior cannot be suppressed
by the application of hydrostatic pressure up to 17.3
kbar. The b-axis strain, however, easily suppresses
the nonmetallic behavior and induces superconduc-

p/Qcm

A P IR B
150 200 250
T/K

Kato

tivity with 7. = 4 K at 7 kbar (Figure 22a). On the
other hand, the uniaxial strains along the a-axis
direction enhance a nonmetallic behavior in the lower
pressure region and a conducting behavior in the
higher pressure region (Figure 22b). The low-tem-
perature insulating state cannot be removed by the
a-axis strain up to 15 kbar. Such a pressure effect is
different from those under the hydrostatic pressure
and under the b-axis strain.

This system has two crystallographically equiva-
lent types of conduction layers, but they are different
in the stacking direction of the dimers within each
layer (figure in Table 8). In general, the uniaxial
strain affects each layer differently except for special
directions. One of the special directions is along the
a axis. The a axis is orthogonal to the b axis, and
thus, the uniaxial strain along this direction should
have a small effect on the interdimer interaction ¢,.
Since the normals of the Pd(dmit); molecular planes
are at rather small angles (+30°) to the a axis, the
a-axis strain would enhance the interdimer interac-
tion ¢, which affects the bandwidth. At the same
time, however, the intradimer interaction ¢4 would
also be enhanced by the a-axis strain. This means
an increase of the effective on-site Coulomb energy
on the dimer (U.x). Therefore, the unique resistivity
behavior under the a-axis strain can be understood
in terms of the competition between Us and W. The
enhancement of the nonmetallic behavior indicates
that the increase of Us overwhelms the increase of
W in the low-pressure region.

The b-axis strain also gives an equivalent effect on
layers 1 and 2. For both conduction layers, the b-axis
strain is expected to enhance mainly the interdimer
interaction s, which closely correlates to the band-
width W, while the intradimer interaction 5 should
be less affected. This would effectively reduce the
correlation parameter, which induces the metallic
behavior.

The uniaxial strain effect also depends on the
choice of the cation.'®! The Me4P salt belongs to type
A. In contrast to the case of the MesAs salt, the b-axis
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Figure 22. Uniaxial strain effects on resistivity for 5'-(Me4As)[Pd(dmit)s]e: (a) b-axis strain; (b) a-axis strain.
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strain cannot suppress the low-temperature insulat-
ing state up to 15 kbar. Under the a-axis strain, the
Me,P salt shows resistivity behavior similar to that
of the Me,As salt. As for the type B salts, the b-axis
strain induces the metallic state more effectively than
the hydrostatic pressure. For the EtoMeoP salt which
shows superconductivity at 4 K under the hydrostatic
pressure of 7.0 kbar, the b-axis strain induces su-
perconductivity at 6.1 K under 4.5 kbar. That is, the
b-axis strain leads to higher 7. and lower critical
pressure. The situation is the same for another type
B salt, the Me,Sb salt, where the resistivity mea-
surement detects superconductivity at 3 K under the
hydrostatic pressure of 10 kbar. Under the b-axis
strain of 4.5 kbar, the MesSb salt exhibits supercon-
ductivity at 8.4 K. This is the highest 7. in the
molecular superconductors based on the metal dithi-
olene complexes. On the other hand, the a-axis strain
effectively enhances the nonmetallic behavior in the
low-pressure region for both salts.

5. Supramolecular Cation Effect

The closed-shell counterions in the molecular con-
ductors discussed in this review do not form the
conduction band. However, they are not mere specta-
tors, but their size, shape, and charge often have a
significant influence on crystal structures and thus
physical properties. In this sense, the conducting
molecular crystal is a stage where every man must
play a part. From the viewpoint of the strong cor-
relation between the molecular arrangement and
physical properties, introduction of the supramolecu-
lar interaction is very useful for crystal engineering.

Introduction of strong and directional supramo-
lecular interactions between the carbon-bound iodine
atoms and various species which can act as a Lewis
base has been found to be effective in the regulation
of molecular arrangement and orientation in con-
ducting cation radical salts.!?® In the anion radical
salts of M(dmit)s, the intermolecular chalcogen-:-
chalcogen contact between the Te-containing cation
and the dmit ligand was reported to improve con-
ducting properties. Te atom has a strong tendency
to form intermolecular interactions called “secondary
bonds” in crystalline compounds.!4?

The crystal structure of (MesTe)[Ni(dmit)s]o is
shown in Figure 23a.7° This compound exhibits the
solid crossing column structure, where the Ni(dmit)s
anions stack along the a + ¢ direction in layer I and
along the a direction in layer II. In contrast to the
case of (Me,N)[Ni(dmit)s]o, the crystal belongs to the
triclinic system with the space group P1 and thus
these two columns are crystallographically indepen-
dent and differ from each other in stacking mode. The
prominent feature of this salt is the existence of three
short Te---S contacts (3.66 and 3.78 A) between the
cation and the terminal thione group in the Ni(dmit),
anion (Figure 23b). These Te-:-S contacts are rather
shorter than the sum of the van der Waals radii (3.90
A) and affect the packing of the Ni(dmit)s anions.
Within layer II, especially, the Te atom bridges
adjacent Ni(dmit); anions aligned along the a + ¢
direction and enhanced the associated intermolecular
LUMO---LUMO interaction. This Te atom addition-
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ally contacts one terminal thione S atom of the Ni-
(dmit)e anion in layer I. The calculated electronic
band structure and Fermi surface are shown in
Figure 23c. The two conduction bands associated with
the crystallographically independent layers differ
from each other in dispersion, degree of filling, and
Fermi surface. The intermolecular overlap integrals
indicate weak dimerization in layer II, which reduces
the dimerization gap and leads to an effectively larger
bandwidth. The difference in the molecular packing
between layers I and II results in the drastic differ-
ence in the associated Fermi surfaces. Both Fermi
surfaces are strongly warped and indicate a large
deviation from the 1D nature. This compound shows
clearly metallic behavior down to about 65 K followed
by a weak upturn of the resistivity at ambient
pressure.

The Te-containing cations have an ability to induce
novel arrangements of the Ni(dmit); units through
the intermolecular Te:--S contacts.” In S-(MeTe-
C4HsO)[Ni(dmit)s]2, the 1D supramolecular array of
the MeTeC4HsO (1-oxa-4-methyl-4-telluracyclohex-
ane) cations through the short Te-:-O contact (3.33
A) promotes the herringbone arrangement of the Ni-
(dmit); anions. In addition, short Te-*S contacts (3.81
and 3.82 A) mediate the interlayer S---S contact. This
system has a multisheet Fermi surface and exhibits
temperature-independent resistivity (prr = 0.1 Qcm)
down to about 50 K followed by a moderate upturn.

In the Pd(dmit)e system, the trialkyltelluronium
cations with the trigonal pyramidal geometry also
exhibit Te---S interactions, which play a significant
role in determining the molecular arrangement and
thus electronic structure. (MesTe)[Pd(dmit)s]o has the
solid crossing column structure with two crystallo-
graphically nonequivalent conduction layers (I and
II, Figure 24).°T Notably, the MesTe cations contact
only layer I with short Te---S distances (3.50 and 3.65
A). This geometrical difference in the cation---anion
contacts between layers I and II causes different
overlap modes of the Pd(dmit), anions. Consequently,
the two energy bands associated with conduction
layers I and II are clearly different in dispersion,
degree of filling, and shape of the Fermi surface
(Figure 24c¢). As discussed in section 4.2, the existence
of the nonequivalent conduction layers can remove
the half-filled state and induce the metallic state.
Indeed, the MesTe salt clearly shows metallic behav-
ior down to about 50 K without applying pressure.
Below this temperature, an upturn of the resistivity
occurs. The system, however, remains moderately
conductive even at 4.2 K, which suggests that this
compound has conduction electrons even at the
lowest temperature. An origin of the transition
around 50 K is thought to be the partial nesting of
the Fermi surface.

The Te---S interaction is also observed in (Ets-
MeTe)[Pd(dmit)z]2, but in a different manner.?*2 The
crystal belongs to the triclinic system with the space
group P1 and consists of two crystallographically
independent conduction layers (I and II, Figure 25).
In contrast to the case of the MesTe salt, the Pd-
(dmit)z columns are parallel to the a-axis direction
within both layers. The EtsMeTe cation contacts two
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Figure 23. Crystal structure (a), intermolecular Te-:-S contacts (b), and band structure (¢) for (MesTe)[Ni(dmit)o]o.
(Reprinted with permission from ref 70. Copyright 2002 Royal Society of Chemistry.)

Pd(dmit); molecules in the dimer within layer I,
whereas it contacts only one Pd(dmit)s molecule
within layer II. In addition, the EtoMeTe cation
mediates the interlayer S---S interaction and leads
to the sizable interlayer overlap integral. In layer I,
the cations squeeze into the dimer through short Te-
--S contacts and behave as props. Competition be-
tween strong Pd---Pd and Te---S contacts bends the
outer five-membered ring toward the terminal thione
groups in adjacent dimers. In the HOMO of Pd-
(dmit)s, the thione S atom p orbitals are out of phase
with other S atom p orbitals (Figure 1). These
features reduce the interdimer HOMO---HOMO in-
teraction within the column and make the overall
interdimer interaction more isotropic. Therefore, the
calculated Fermi surface associated with layer I is
closed, whereas the one for layer II is open. The Eto-
MeTe salt shows a metallic behavior down to 30—40
K. Below this temperature, an upturn of the resistiv-

ity occurs. The system, however, remains moderately
conductive even at 4.2 K.

The above examples demonstrate that the Te-based
secondary bond can be used for the tuning of the
molecular arrangement and thus intermolecular
interactions in the anion radical salts.

Another type of supramolecular structure has been
studied in the conducting Ni(dmit), salts with crown
ether macrocycles.®! The crown ethers accommodate
alkali metal ions forming supramolecular cation
structures. Three kinds of crown ethers (12-crown-
4, 15-crown-5, and 18-crown-6) and an acyclic poly-
ether (pentaethyleneglycol) were examined.

The crown ethers can form an ion channel which
provides for transport of Li* cations.'*! In the crystal
of Lig ¢(15-crown-5)HoO[Ni(dmit)s]s, the crown ether
macrocycles uniformly stack to form a 1D ion channel
structure (Figure 26). The Li cations are observed
just above and just below the center of gravity of the
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crown ether molecule with the occupancy factor of
0.3, while one water molecule is located at the
midpoint of two neighboring crown ether molecules.
The Ni(dmit); anions form a uniform 1D column
parallel to the supramolecular cation column. The
pairs of the Ni(dmit); columns are separated from
each other by the supramolecular cation column,
which prevents the formation of short S---S contacts
between the adjacent pairs. This salt shows high
room-temperature conductivity (about 240 S cm™1)

Layer II
Figure 25. Crystal structure (a) and intermolecular Te---S contacts (b) for (Et;MeTe)[Pd(dmit)]s.

and a crossover from a metallic state near room
temperature to a magnetic insulator state below
about 200 K. This crossover is attributed to the
interaction between the Li* cations in the channels
and the electrons in the Ni(dmit)s columns. In the
low-temperature region, the Li* cations form random
potentials which pin the conduction electrons in the
Ni(dmit); columns. In the high-temperature region,
however, the Li* cations are mobile in the channel
and they no longer form random potentials which
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Figure 26. Crystal structure of Lig g(15-crown-5)H;O[Ni-
(dmit)gls. (Reprinted with permission from ref 141. Copy-
right 1998 Macmillan Publisher Ltd.)

localize the conduction electrons. Indeed, the 7Li
NMR and ion cunductivity measurements indicate
that the Li* cations in the crystal are mobile above
250 K and become immobilized between 250 and 200
K. It should be added that since the cation sites are
not completely occupied, the band-filling control with
tuning of the Li" content would be possible in this
type of materials.

6. Conclusion

Metal dithiolene complexes have provided a num-
ber of unique molecular conductors and will remain
the vast frontier of highly functionalized molecular
systems. The two-MO picture—the interplay of the
HOMO and LUMO—associated with the small HO-
MO-LUMO level splitting is an essential and fasci-

Kato

nating part of the electronic structure. The single-
component molecular metal is one of the landmarks
which the two-MO nature has generated. Such an
orbital degree of freedom is a newly identified aspect
of the molecular conductor. The unique crystal ar-
chitectures including the solid crossing column struc-
ture, the spanning overlap mode, and the strong
dimerization have opened new routes toward molec-
ular materials with high performance. Molecular
conductors based on the metal dithiolene complexes
embrace rich physics concerning the Peierls instabil-
ity of the low-dimensional system, the strong cor-
relation, the charge separation, the frustration, and
so on. The application of pressure has played a crucial
role in studying these physical properties. Technical
progress in physical measurements under high pres-
sure, coupled with the first-principles band calcula-
tion for the high-pressure condition,'*? will bring
about much more information and reveal the un-
charted nature of this fascinating class of materials.
On the other hand, the application of supramolecular
chemistry is one of the key approaches to highly
functionalized materials which operate even at ambi-
ent pressure.

7. Note Added in Proof

During publication of this review, we found that a
sufficiently pure crystal of 5'-(Et;Me2As)[Pd(dmit)s]s
exhibited superconductivity at 5.5 K under 8 kbar.
Although this salt is classified into type C in Table
8, this new result suggests that the EtsMesAs salt
would belong to type B, which is consistent with the
ta/W vs t'/t mapping in Figure 21.
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