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6-phase (f3-PF¢ type) BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene)-based organic conductors are characterized
by the twisted overlap mode in the stack. Since the twisted mode has large intermolecular orbital overlap, the d-phase is
regarded as a twisted dimer structure. This type of overlap is, however, insensitive to small changes of the structure. On
the contrary, an oblique interaction alters the warping of the open Fermi surface, to control the metal-insulator transition
temperature, Tvi. Through the change of this oblique interaction, Ty is scaled by the axis ratio for a family of salts with the
same stacking pattern. As a general summary of BEDT-TTF salts, an empirical rule is proposed to predict, from the number
of crystallographically independent molecules, whether an insulating state of BEDT-TTF salts will be paramagnetic or
nonmagnetic. This rule is based on hypothetical pair formation of spins located on each dimer, and universally applies to all
BEDT-TTF salts. This rule is extended to metallic salts, and among the potentially nonmagnetic salts, a dimerized dimer
structure is the necessary condition of superconductivity. The potentially paramagnetic superconductors have strongly
dimerized structures like 8 and s phases. From this we can make a reasonable prediction as to superconducting phases.

In Part T of the present series,' from the viewpoint of
quantum chemical calculation, we have examined how the
overlap integral between HOMO’s of two parallel BEDT-
TTF (or ET for short) molecules changes depending on the
relative geometry of the two molecules. We have investi-
gated the dependence of overlap integrals on two geometry
parameters: (1) the angle ¢ between the molecular plane and
the intermolecular vector, and (2) the displacement D along
the molecular long axis. In the actual crystals, two kinds of
geometry, ring-over-bond (RB) mode (¢ = 90° and D = 1.6
A) and ring-over-atom (RA) mode (¢ = 60° and D = 0.0 A),
appear most frequently, and are regarded as essential build-
ing blocks. We have proposed a genealogy of ET salts in
which several different ways to pile up these elements lead
to various structures which are conventionally designated as
B.6',B", 0, a, and a’-phases.

There is another type of frequently observed molecular
arrangement: Twisted overlap (Fig. 1), where the molecular
long axes are not parallel any more, but the molecular planes
are parallel to each other.> A classical example which con-
tains this structure is S-(ET),PFs and 5-(ET),AsFg (Fig. 2).
Although these salts are called f3, this name is only based on
historical origin (see Appendix in Part I), and this salt has no
structural relation to the f-phase. There are a considerable
number of salts classified in this family (Table 1). Since this
family is sometimes called &-phase after §-(ET),Aul, and
S8-(ET),AuBry, in this paper we shall designate this family
as O-phase. So-called a’-phase has a related structure and
will be discussed as well.

A comparatively small number of studies have been under-
taken for this family, because of the relatively poor conduct-
ing properties; many members of this family are insulating

(a)

Fig. 1. Twisted overlap modes in (a) S-(ET)2AsFs (D =
2.6 A and ® = 30.8°) and (b) 5-(ET)2AuBr; (D = 0.3
A and @ = 34.1°). These overlaps correspond to the al
interaction in Fig. 2. The parameters D and @ define the
geometry of this overlap mode; D is the displacement along
the molecular long axes, and w is the angle between the
molecular long axes.

even at room temperature, or undergo metal-insulator tran-
sitions at fairly high temperatures. No superconducting salt
has been found among this family. Nevertheless this family
is as important as other phases from the structural point of
view, because the twisted overlap is universally found in ET
conductors. The twisted overlap mode is regarded as the
third overlap pattern of ET, together with the RB and RA
modes, which avoids steric repulsion when ET molecules
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Fig. 2. (a) Structure of the donor sheet in [-(ET),AsFg,

viewed approximately along the molecular long axis. (b)
Energy band structure and Fermi surface of S-(ET),AsFs.
The Fermi surface is depicted in the extended zone scheme,
where the k, direction is doubled on the basis of the degen-
eracy on the X~-G-U zone boundary, which originates in the
a glide plane.

make stacks. In the present paper, we shall examine how
the overlap integral changes as a function of the geometry
of the twisted molecules, as we have done for two parallel
molecules in Part I.

In Part II of this series we have discussed the “universal
phase diagram” of 6- and x-phases.’’ In these phases, the
metal-insulator transition temperatures 7Ty are scaled by the
axis ratio c¢/a, namely the ratio of lattice constants within
the conducting sheet. This logic is based on the idea that
the overlap integral between nonparallel ET molecules is
a sensitive function of the dihedral angle between the ET
molecules. The axis ratio alters the dihedral angle so as
to modify the overlap integral, which in turn regulates the
bandwidth W. In the present paper, we will show that Ty of
the O-phase is also scaled by the axis ratio. Here the “key”
interaction which regulates Ty is not the twisted overlap
itself, but an oblique interaction designated as g in Fig. 2.
This interaction modifies the warping of the Fermi surface,
to change Tyy. In the course of this study, we have found
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different types of stacking patterns of the d-phases. Though
these patterns have not been recognized sufficiently so far,
the difference has to be taken into account for discussing the
physical properties.

To conclude this series, in the latter half of this paper, we
will discuss some empirical rules which are applied to all ET
salts. When an ET conductor undergoes a metal-insulator
transition, some salt becomes nonmagnetic accompanied by
drop of the magnetic susceptibility in an activated manner,
like the Peierls transition. However, other salts remain para-
magnetic, where the magnetic susceptibility follows the two-
dimensional (or one-dimensional) Heisenberg model contin-
vously from the metallic to the insulating regions. This
distinction is predictable from the symmetry of the crystal.
When the spins are hypothetically located on dimers, if the
spins make pairs from the crystal symmetry, the system be-
comes nonmagnetic; otherwise it becomes paramagnetic. To
decide this distinction easily, the concept of “symmetry num-
ber” is introduced. The symmetry number 7 is a product of
the number of ET molecules in a unit cell and the number
of crystallographically independent molecules. In a quarter-
filled case, the salts with 7<4 have a paramagnetic insulating
state, whereas those with # >4 are nonmagnetic.

We can define the symmetry number even for the salts
which do not have any insulating state. As an extreme case,
we can divide ET-based superconductors into “potentially
paramagnetic” and “potentially nonmagnetic” groups. The
potentially nonmagnetic superconductors have a common
structural characteristic; all salts that show superconductiv-
ity have a “dimerized dimer” structure. In the potentially
paramagnetic superconductors, the two-dimensional large
connected Fermi surface as well as the dimer structure are
necessary conditions for showing superconductivity. From
these considerations, we can make a fairly good prediction
as to superconductivity.

Twisted Molecules

Crystal and Energy Band Structures of J-Phase.
The donor sheet structure of S-(ET),AsFg is depicted in
Fig. 2(a).>%3*% In the following discussion, crystal axes are
transformed so as to coincide with those of f-(ET),PFs.
Although it has been previously reported that 5-(ET),AsFg
(monoclinic) belongs to a different crystal system from -
(ET),PF¢ (orthorhombic),’ the recent re-examination of the
crystal structure has shown that S-(ET),AsFs is exactly
isostructural to 5-(ET),PFq.° o

In the stacking (crystallographic a) direction, four ET
molecules make the repeating unit, but owing to the crys-
tal symmetry, the stack comprises two overlap modes al and
a2. Here, only one ET molecule is crystallographically in-
dependent. In the interaction al, as shown in Fig. 1(a), the
molecular long axes are not parallel. We shall call this kind
of overlap mode twisted interaction. The molecules interact-
ing through the al interaction are connected by a two-fold
axis running along the crystallographic ¢ axis (Fig. 3(a)).
As a consequence, the molecular planes are parallel to each
other. The interplanar distance is 3.48 A The molecular long
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Table 1. Lattice Parameters of 3-Phase (8-PFs Type) ET Salts

Compounds a/A b/A c/A c/a Twt Ref.
O-Phases with crystallographically independent one molecule in a sheet

(ET),Au(CN),Cl, 15.284 17.726 6.690 0.4377 250K 3
(ET),CF3S0s3 15.018 33.050 6.649 0.4427 306 K 4
[-(ET),PFs 14.960 32.643 6.664 0.4455 297K 2
B-(ET),AsFs 15.025 33.072 6.695 0.4456 264 K 5,6,32
(ET),C(CN); 14.979 16.395 6.700 0.4473 180 K 7.8
[3-(ET)2SbFg 14.93 33.56 6.70 0.4488 273 K 5
O-(ET):Ni(CN)4(H,0)4 15.084 17.466 6.771 0.4489 180 K 9
(ET)2Br(H,0)3 14.993 32.779 6.734 0.4491 150K 10
J-(ET),Pt(CN)4(H,0)4 15.030 17.403 6.767 0.4502 150K 9
(ET),CI(H,0); 14.854 32.575 6.709 0.4517 120K 11
(ET).CI(H,0), 14.38 17.20 6.684 0.4648 20K 12
J-(ET),AuBr; 14.837 32.624 6.798 0.4582 320K 13
J-(ET)Aul, 14914 33.586 6.849 0.4592 Insulator 14,15
&'-Phases with crystallographically independent two molecules in a sheet

(ET),GaCly 16.580 31.911 6.645 0.4008 1 16
(ET),FeCly 15.025 17.805 6.626 0.4410 1(1072Sem™) 18
(ET),BrC,H4(OH), 14.950 33.692 6.621 0.4429 196 K 19
(ET)2InLs 14.961 19.440 6.715 0.4488 I 20
(ET),Galy 14.950 19.216 6.719 0.4494 I 20
(ET)sHgaBrs(TCE)® 29.418(/2) 19.344 13.401(/2) 0.4555 ? 17
(ET),FeCly 16.620 31.940 6.651 0.4002 230 K 21
o' -Phases®

(ET)2PFs(C4H305) 8.293 33.020 6.703 0.4041 ? 22
(ET),ClO4(Dioxane) 8.242 32.998 6.677 0.4051 1(1072Sem™) 23
(ET),CuCl, 7.940 30.554 6.671 0.4201 1(107%Sem™) 24
(ET)2C4(CN)s 7.958 34.212 6.725 0.4225 1(0.017 Sem™}) 8
a’-(ET),Ag(CN), 7.956 30.738 6.732 0.4231 Insulator 25
a’-(ET); Au(CN), 7.932 31.018 6.735 0.4245 Insulator 25
(ET),(CH3CsH4SO3) 7.785 34.402 6.697 0.4301 Insulator 4
a'-(ET),AuBr, 7.799 31.756 6.723 0.4310 Insulator 25
(ET);N(CN), 14.744/2 32.151 6.676 0.4528 ? 26
(ET)2Cs(CN)s(TCE), 14.657/2 41.05 6.774 0.4621 1(04Scm™) 27
Other modifications®

(ET),(MeO-TCA)® 7.856 39.765 13.419/2  0.4270 1(1073Sem™) 28
¥ -(ET),Aul, 7.738 34.16 12.833/2  0.4146 Insulator 29
(ET)3(HgCl3), 11.24/(3/4) 36.36 6.645 0.4434 1(1072Sem™) 30

a) Lattice constants are transformed so as to coincide with other crystals.  b) The values of ¢/a are modified so as to correspond
to the ordinary J-phase, namely the a axes are converted to the values for four molecules. ¢) MeO-TCA™: 1,1,3,3-tetracyano-
2-methoxy-2-propen-1-ide.

(a) 8-type (b) &-type (c) o'-type
— ) Twisted )Twisted — ) Twisted
]RA )RB — )Twisted
— ]Twisted ) Twisted
)RA ]RB

Fig. 3. Stacking patterns of (a) J-phase, (b) 8'-phase, and (c) @’-phase.

axes make an angle w = 30.8°, and the molecules are slid  of w and D are indicated in Fig. 1(a).
by D = 2.6 A along the molecular long axis; the definitions Another stacking mode a2 is a typical RA overlap (¢ = 62°
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and D = 0.1 A see Table 2). Because these molecules are
related by an inversion center, their molecular planes and
molecular long axes are parallel to each other. Among the
transverse interactions, the interactions c¢ and ¢ are parallel
interactions, whereas the interaction p is a kind of twisted
interaction.

Intermolecular overlap integrals of HOMO’s and geom-
etry parameters are listed in Table 2.** The semiempirical
parameters used in the present calculations are the same as
those in Parts I and I, and are even the same as those in the re-
port in 1985.% Since the twisted interaction al = 13.1x107>
for -(ET),AsFs is much larger than the RA interaction
a2 = —2.8x1073, there is considerable dimerization in the
stacking direction. We shall call this structure a “twisted
dimer” structure. However, the transverse and oblique inter-
actions, ¢, p, and q are significantly large; in particular the
interaction q is larger than the al interaction. In the inter-
actions ¢ and q, the ¢ values are 4° and 37° respectively.
Because these ¢ values are close to maxima of overlap in
parallel molecules (Part I), these interactions afford large
overlaps. In this respect the twisted dimer structure in the
present compound is not a simple dimer structure.

Table 2. Overlap Integrals (x107°) and Geometry
Parameters” in (ET),Br(H,0)s, (ET),AsFs, (ET),Au-
(CN)2Clz, and 6-(ET),AuBr,

Interaction Overlap X(DYA YA  ZIA  ¢r° ol
%1073

(ET)Br(H20)3

al 9.2 22 08 (3.6 (7)) 295

a2 —6.9 05 20 37 62

c 8.8 1.7 65 04 4

p 2.3 3.9 (5.6) 4.0 (35

q 17.2 12 45 32 35

(ET)zASF(,

al 13.1 2.6 09) (3.5 (75 308

a2 —~2.8 0.1 20 38 62

c 10.3 1.7 65 04 4

p 3.6 43 (56) (39 (35

q 16.5 1.6 45 34 37

(ET)2Au(CN),Cl,

al 8.26 2.7 (1.0) ((3.6) (74 309

a2 -0.5 0.1 1.7 38 65

c 74 1.8 64 05 4

p 2.0 45 G4 @40 (36)

q 13.8 1.7 47 33 35

o —(ET)zAuBrz

al 9.2 0.3 ©0.1) (38 (89 34.1

a2 —5.7 0.1 1.9 36 62

c 8.7 2.0 65 03 2

p 1.8 2.3 6.6) (3.6 (29

q 8.9 1.9 46 34 36

a) Geometry parameters have been defined in Fig. 1 in PartI. The
parameters, Y, Z, and ¢ are not defined for the twisted interactions
al and p, but are estimated from the molecular coordinates of
one molecule and the center of another molecule. These values,
however, indicate that the geometry of these overlap is almost the
same for the d-phase salts.
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The energy band structure of this compound has already
been extensively discussed in Ref. 33. The energy band is
represented by the following analytical form.

E(k) = 2tccoskec £ (I £ A)?
T = (ta1 + 22, COSkeC)’ + 1y + 1 + 2taptq cOS ke
A =2(ty) + 28, coskec)(t + 1+ 2ty coskee)'? cos (kaa/2) (1)

The energy band structure is depicted in Fig. 2(b). The
above I term generates the separation of the upper two and
the lower two energy bands. This is a consequence of the
twisted dimer structure. The principal dispersion along the
¢ axis comes from the first 2z, cos k.c term. Though the ¢
interaction is smaller than al and g, this ¢ interaction deter-
mines the main dispersion which makes the Fermi surface
open with respect to the transverse (c) axis. This band struc-
ture is in agreement with the observation of two-fold satellite
reflections along ¢.>® If the interaction along ¢ is regarded
as a simple uniform interaction, 2kg in a quarter-filled band
corresponds to four-fold modulation, and the two-fold satel-
lite corresponds to 4kg lattice distortion. Figure 2, however,
indicates that in the twisted dimer structure 2kg is two-fold
modulation. This agrees with the observation of activated
magnetic susceptibility below Tyg.5** The A term in the
above equation, which is proportional to cos (k,a/2), decides
the warping of the Fermi surface along a.

Twisted Overlap. Inorder to investigate why the twisted
overlap leads to the significantly large al interaction, we shall
examine how the overlap integral of the twisted molecules
changes as a function of the geometry, D and w. As a model
calculation, the overlap integral is calculated as a function of
both D and w (Fig. 4), where the interplanar spacing is kept
at3.5 A.

The most striking feature is that the overlap is positive
everywhere, and does not cross zero. This is reasonable
because HOMO of ET is a m-orbital in which all sulfur ps-
orbitals have positive signs. When we follow the curve
at D=0.0 A along the rear wall, the overlap attains two
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Fig. 4. Overlap integrals between HOMO’s of ET as a func-
tion of D and w. The arrow indicates the al interactions
in B-(ET),AsFs and 5-(ET),AuBr,. Although the face-to-
face overlap of m-orbitals with the same orientation of the
sign gives negative overlap, the absolute values are plotted.
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maxima at @ =0° and 90°. The former corresponds to an
entirely eclipsed overlap. In the latter, the two molecules
are perpendicular to each other, and a sulfur atom of the
inner 1,3-dithiole ring comes approximately on the top of
another sulfur atom; this is another kind of eclipsed mode.
From the symmetry, Fig. 3 is symmetrical with respect to
o =90°. When D increases, this peak shifts to lower ), and
disappears above D =2.8 A

The curve on the left wall represents the D dependence at
w = 0°; this is overlap in parallel molecules. The overlap
attains a maximum at D = 0.0 A a minimum at D=1.6 A
and again a maximum at D = 3.2 A This is the same as the
modulation already observed in parallel molecules (Fig. 2(b)
in Part I). The origin is eclipsed overlaps of the 1,3-dithiole
rings at D =0.0 and 3.2 A.

When we increase @, two ridges which start at D = 0.0
and 3.2 A extend to the right, though the overlap decreases
gradually. The position of the actual al interactions are close
to these ridges. The al interaction of S-(ET),AsF lies at
D=2.6 A and w = 30.8°; this is near the second ridge. As
shown in Fig. 1(a), this geometry is regarded as a staggered
overlap, though at @ = 0.0 A the same ridge starts from an
eclipsed overlap mode. The actual overlap at D =2.6 A and
w =30.8° realizes not only a large overlap of orbitals but
also a preferable overlap that avoids steric repulsion. Here a
sulfur atom comes on the top of a 1,3-dithiole ring, so that this
is regarded as another kind of “ring-over-atom” interaction.
This overlap mode may be called “twisted ring-over-atom
mode”.

The al interaction in é-(ET),AuBr; is different from that
of B-(ET),AsFs (Table 2). The former appears at D =0.3 A
with almost the same w. In Fig. 4, this position is located on
the first ridge at D = 0.0 A. Similarly to the AsF salt, this is
a staggered overlap as shown in Fig. 1(b), and is regarded as
another type of twisted ring-over-atom mode. The AuBr,-
type overlap is also realized in 0-(ET),Aul,. In Table 1,
these two salts are listed separately. All other 0 -phase salts,
namely the majority of the §-salts, have the usual AsFg-type
overlap.

Universal Phase Diagram.  This type of structure has
been observed in a considerable number of ET salts as listed
in Table 1. The entries are aligned in the increasing order
of the axis ratio c/a. There is a general tendency that Ty
decreases with increasing the axis ratio, though there are
some irregularities. This is plotted in Fig. 5(a). From this
figure, if we once know the axis ratio of a d-phase, we can
make a rough prediction of Tyy. This figure constructs the
universal phase diagram of the §-phase.

As c/a increases, the lattice expands along the ¢ axis, and
shrinks along the a axis. When a lattice constant shrinks,
the intermolecular overlap integral increases, because the
intermolecular distance decreases. Roughly speaking, the
overlap integrals along a increase, and those along ¢ decrease.
The Fermi surface of the §-phase is open with respect to the
transverse (c) direction, Consequently, as c/a increases, the
one-dimensionality decreases, or in other words the warping
of the Fermi surface increases. Since the M-I transition
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is a Peierls transition,® this reduces Tyg. This is a naive
explanation of the above phase diagram.

The halide salts, (ET),Br(H,0); and (ET),Cl(H,0); are
the end members of Table 1, which have large c¢/a and com-
paratively low Tyg. The electrical resistivity of (ET),Br-
(H,0); shows a complicated behavior; the resistivity in-
creases by several times below 150 K, but it becomes metal-
like again below 50 K.'° This is reminiscent of the high-pres-
sure resistivity of 5-(ET),PFg; under the pressure above 5
kbar, the resistivity of -(ET),PFg increases by several times
at around Ty = 300 K, whereas the resistivity remains almost
constant down to about 50 K. These semimetallic behaviors
are explained by imperfect nesting of the Fermi surface. Al-
though the authors of Ref. 10 have reported a closed Fermi
surface for (ET),Br(H;0O)s, our re-examination has given an
open Fermi surface that is basically the same as Fig. 2(b)
(Table 3).

The metal cyanide salts 6-(ET),M(CN)4-4H,0 [M = Ni
and Pt] are located next to these halide salts, and have rela-
tively low Ty1.® The Fermi surface that is basically the same
as Fig. 2(b) has been reported for these compounds.® (ET),Cl-
(H,0), shows an exceptionally low Ty =20 K, which is
consistent with its large ¢/a.'* This phase has not been in-
vestigated in detail, probably because of the difficulty of its
crystal growth.

In order to further explore the reason why the universal
phase diagram holds in the &-phase salts, overlap integrals
of representative J-phases are plotted in Fig. 5(b). The
interactions ¢ and p are comparatively insensitive to c/a.
This is reasonable that the geometry parameters concerning
to these interactions are approximately the same (Table 2).
The al interaction also does not show any correlation to Ty.
By contrast, the q and a2 interactions change significantly.
In particular, the interaction q shows a very good correlation
to T, as shown in Fig. 6. The q interaction reduces with the
increase of Tyy. Since the magnitude of overlap integral may
depend on the choice of semiempirical parameters used in
the calculation, the geometry parameters of the g interaction
are compared in Fig. 6. With the increase of Ty, both the
interplanar distance AZ and the displacement D increase.
Both of these contribute to the reduction of the g interaction.

In the equation of the band dispersion (Eq. 1), the A
term determines the warping, because only this term has k,
dependence. In the A term, the factors that are products
of both cos k.c and cos (k,a/2) contribute to the imperfect
nesting. For instance, if we focus on 2f, cos k.c in the first
parentheses, this term gives a contribution depending on
cos k.c cos (kya/2). This term is proportional to the second
parentheses, the square root of 77, +1; +2f,fq coskcc. Since
tq is much larger than f,» (Fig. 5(b)), ¢4 principally regulates
the magnitude of this term, and consequently the warping of
the Fermi surface. The first parentheses also contribute to
the warping through the 2 5 #, cos k.c term in the second
parentheses, whereas this term is again proportional to z;,
and the al and p interactions are comparatively insensitive
to the axis ratio. From this perspective, the q interaction
is the key interaction which regulates the magnitude of the
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(a) Metal-insulator transition temperatures of the J-phase salts, plotted against the axis ratio. (b) Overlap integrals of the J-

phase salts, plotted against the axis ratio. (c) w of the al interaction plotted against the axis ratio. (d) w dependence of Ty and the

q interaction.
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Fig. 6. Overlap integral q of the §-phase salts, plotted against
Twvi. Geometry parameters concerning to the q interaction,
the displacement D along the molecular long axis, and the
interplanar distance AZ are plotted together.

imperfect nesting. This does not contradict with the above
naive explanation, where we have argued that an increase of
c/a reduces the one-dimensionality.

In 6~(ET),AuBr, and 6-(ET),Aul,, c/a seems to increase

too much to maintain the same structure, and changes the
overlap mode of al. At the same time, the interstack interac-
tion is modified, and particularly the q interaction is reduced
considerably. As a result, Ty rises significantly. These salts
are plotted together in Fig. 6. It is remarkable that the same
mechanism applies to these salts.

The energy band structure of -(ET),AuBr, has been re-
ported in Ref. 13, and the results are essentially the same
as those in Fig. 2(b). In this salt, two-fold lattice distor-
tion along the transverse axis has been observed as well.
However, Kobayashi et al."* and Whangbo et al.'® have inde-
pendently reported a closed Fermi surface for 6-(ET),Aul,.
Although Whangbo et al. have not reported the overlap in-
tegrals, their calculation seems to overestimate the overlaps
along the stacking (a) axis. This affords a closed Fermi sur-
face. On the contrary, our semiempirical parameters tend
to give comparatively large transverse overlaps (Appendix
in Part I). We have re-examined the Fermi surface of J-
(ET),Aul, by using the same semiempirical parameters, and
have obtained an open Fermi surface that is basically the
same as the other d-phase salts. This agrees with the ob-
served two-fold modulation of this compound.”® Then we
can conclude that the Fermi surfaces of these compounds are
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essentially the same.

In Fig. 5(c), w of the al interaction is plotted. The shapes
of Figs. 5(a) and 5(c) are almost the same; @ shows a sim-
ilar change to Tyg. Therefore, as shown in Fig. 5(d), with
an increase of w, the q interaction decreases, and Ty in-
creases. These relations hold including 6-(ET), AuBr, and
O0-(ET),Aul,. This reminds us of the #-phase, where the
dihedral angle is the key parameter which regulates Ty In
the O-phase, however, this is not directly through the al
interaction, but indirectly through the q interaction.

In Table 1, some salts which have double conducting
sheets, have b =34 A. In these salts, the inclination of the
molecular long axis with respect to the conducting sheet takes
alternately opposite directions in the succeeding conducting
sheets. On the contrary, salts with a single sheet structure
have b =17 A and here all inclinations are oriented in the
same direction. Since this distinction does not alter the above
rule, these two kinds of salts are listed together in Table 1.

0’-Phase. Crystals of the usual 6 -phase have orthorhom-
bic or monoclinic symmetry; they have two-fold axes run-
ning along the crystallographic ¢ axis (Fig. 3(a)). There is
another modification where these two-fold axes are removed
(Fig. 3(b)). This modification has triclinic symmetry, and
has two crystallographically independent molecules in a unit
cell. Since the distinction from the usual J-phase has not
been recognized seriously, there is no appropriate name for
this low-symmetry J-phase. We shall call this modification
O'-phase in the following discussion. The &’-phase salts are
listed in Table 1.

As one representative 0’-phase salt, crystal and energy
band structures of (ET),Br(C,H4(OH),) are depicted in
Fig. 7. The overlap integrals and the geometry parame-
ters of this salt are listed in Table 3. Owing to the breakdown
of the symmetry, the a2, ¢, and q interactions are separated
into two. In addition, half of the p interaction is lost as
shown in Fig. 7(a). Furthermore, ¢ values of the a2 and a2’
interactions are about 90° (Table 3). Because D’s of these
interactions are about 1.4 A, these are typical RB overlap
modes. On the contrary, the a2 interaction in the usual J-
phase is an RA mode (¢ =60° and D = 0.0 A) (Table 2). The
change of the al overlap from the RB to the RA mode is the
primary origin of the symmetry breakdown (Fig. 3).

The crystal distortion also alters the geometry of the q
interaction; ¢ is reduced from 35° for the usual &-phase
to 22°. The latter direction is close to the point at which
the overlap crosses zero (Fig. 2(a) in Part I), thus the q and
q’ overlaps are comparatively small. Here the q overlap is
again the key interaction which determines Tyy. This is the
principal reason that the 8’-phase salts except for (ET),Br-
(C,H4(OH),) are poor conductors (Table 1).

The displacement D of the al interaction, 1.9 A is sig-
nificantly shorter than the usual d-phase (2.6 A). As Fig. 4
shows, this is located near the trough of the overlap, so that
the al overlap is rather small. In the ¢'-phase, all transverse
interactions, ¢, p, and q, as well as the interdimer interaction,
- al are small, whereas the intradimer overlaps a2 and a2’ are
exceptionally large. Consequently the J'-phase is regarded
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Fig. 7. (a) Structure of the donor sheet in &'-
(ET);BrC,H4(OH),, viewed approximately along the

molecular long axis. (b) Energy band structure and Fermi
surface of &'-(ET),BrC,H4(OH),. The lattice is trans-
formed so as to correspond with the d-phase.

Table 3.  Overlap Integrals (x 10™%) and Geometry Param-
eters in &'-(ET),Br(C2H4(OH),)

Interaction Overlap X(DYA YA ZIA ¢/ ol
x1073
al 3.0 1.9 02 B9 @1 31.7
a2 22.8 1.4 0.1 3.6 89
a2’ 247 1.3 0.0 3.6 90
c 52 1.7 6.3 0.9 8
¢ 4.5 1.7 6.3 1.0 9
p 3.0 3.6 6.5 3.00 @25
q 3.9 32 6.4 2.6 22
q' 54 0.4 6.4 2.7 23

as a strongly dimerized structure with respect to the paral-
lel al interaction, and the other interdimer interactions are
weak. As shown in Fig. 7(b), the band structure has a one-
dimensional character along the transverse (c) direction, but
the bandwidth is relatively narrow. All these points are in
agreement with the poor conductivity of the 6’-phase.
(ET),FeCly is a representative member of the &’-phase.
There are two different (ET),FeCly salts with the same com-
position and different crystal structures; one has been re-
ported by an English group,'® and the other by a Chinese
group.?' The latter has four crystallographically independent
molecules in a conducting sheet, but the former has only two,
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similarly to the other &’-phase salts. We cannot, however,
discuss their structural differences further, because the struc-
tural detail of the latter has not been published. For a long
time, another member (ET),Gals has been recognized as a
[3-phase salt, because the authors of Ref. 20 have pointed out
a similarity to By-(ET),InBrs.> If we replace the twisted al
interaction of the ¢’-phase with a ¢ =90° interaction with
large dislocation (D = 4.8 A in the case of (ET),InBry), a Paa-
phase is constructed. In this sense, the d’-phase is closely
related to the Ss,-phase.

o'-Phase.  The above J- and J’-phases are composed
of an alternate stack of twisted (al) and parallel (a2) in-
teractions. There is another group called o'-type, where
all overlap modes in the stack are twisted (Fig. 8). In the
stack, the molecules are twisted alternately in the opposite
directions. In other words, the parallel layers of the O-
phase, which are composed of the a2 and q interactions, are
removed. Here, only one molecule is crystallographically
independent, and the molecules in the same stack are related
by two-fold axes running along c, just like the d-phase salts.
Consequently, the a’-phase salts have a monoclinic symme-
try. In the following discussion, the lattice constants of the
o' -phase are transformed so as to coincide with those of the
J-phase (Table 1). It should be noticed that this phase has no
structural relation either to the a-phase or to the a’-phase
(Part I).

The overlap integrals and the geometry parameters of o’-
(ET),AuBr, are listed in Table 4. The al interaction is
the usual twisted overlap with D =2.4 A whereas the a2
interaction is the Aul,-type overlap with D =0.2 A. The
chain of the a’-phase consists of an alternate stack of these

N

Energy /eV
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r Dz r x D

Fig. 8. (a) Structure of the donor sheet in &’-(ET),AuBr,,
viewed approximately along the molecular long axis. (b)
Energy band structure and Fermi surface of a-(ET), AuBr;.
The lattice is transformed so as to correspond with the -
phase.
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Table 4.  Overlap Integrals (x 10™%) and Geometry Param-
eters in a’-(ET),AuBr,

Interaction ~ Overlap X(DYA  YIA  ZIA  ¢/F
%1073

al 54 2.4 0.7) 3.5 (79)

a2 11.9 0.2 (0.1) (3.8) (89)

c 8.7 1.9 6.5 0.0 13

pl 1.9 43 (5.8) 3.5) 31)

p2 1.9 1.7 (6.5) (3.8) 30)

two overlap modes.

The ¢ interaction has a considerable magnitude, so that
the Fermi surface is open with respect to the transverse (c)
direction similarly to the d-phase. This is in agreement with
the observation of two-fold modulation along this direction.
Naively speaking, the q interaction, which has been the key
interaction to determine the magnitude of the warping in the
O-phase, is removed in the &’-phase. As a matter of fact, the
p1 and p2 interactions contribute to distort the Fermi surface
and to destroy the perfect nesting, but the magnitudes of these
interactions are small. Hence, the good nesting accounts for
the insulating properties of the ¢’-phase salts (Table 1).

The Fermi surface reported by Whangbo et al. is open
with respect to the stacking (a) direction, instead of the
transverse (c¢) direction. Similarly to the calculation of 8-
(ET),Aul,, " this again seems to be due to an overestimation
of the overlap integrals along the stacking direction. The
observation of two-fold lattice modulation with the nesting
vector (a, b, 2¢) in a’-(ET),Ag(CN),, a’-(ET),Au(CN),,
and a’-(ET);AuBr,,” is in good agreement with the present
calculation (Fig. 8).

(ET),N(CN), and (ET),C5(CN)s(TCE), have basically
the same structure, though the lattice along the stacking (a)
axis is doubled (Table 1).2%%" A repeating unit along this axis
contains four molecules, whereas one molecule is crystallo-
graphically independent. These molecules are connected by
two-fold axes running alternately along ¢ and b axes. As a
result, this phase has an orthorhombic symmetry.

y'-(ET),Aul, is another modification of the a’-phase,”
where all overlap modes in the stack are twisted overlap. The
twisted molecules are, however, slid not along the molecular
long axis (X), but along the molecular short (Y) axis. This is
just like the situation when the RB overlap mode is replaced
by the RA mode. The molecules in a stack are related by
two-fold axes running along the b axis; this makes a sharp
contrast with the a’-phase, where the two-fold axes are along
the c axis. As a consequence, the molecular planes are tilted
with respective to the stacking direction. A unit cell contains
two columns along the ¢ axis, and the molecules in these
columns are tilted alternately in the opposite directions. The
molecules belonging to different columns are related by two-
fold axes running along the a axis. In this respect, this phase
is related to the @-phase, though the intrastack interaction is
changed from the RA overlap to a twisted overlap. This is a
very unique structure, which has no analogous salt.

The stack of (ET)3(HgCls), is made up of repetition of
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two twisted overlaps (w = 35°, D =2.4 A) and one parallel
overlap.*® Then this phase is regarded as a 2:1 hybrid of
the @'~ and &’-phases. The parallel overlap is a ¢ = 90°
interaction, but D is very large (3.7 A). From this, this phase
should be taken as a “twisted trimer” structure.

Interestingly the twisted overlap mode has never been ob-
served in BO and BETS salts.

Magnetic State in an Insulating Phase

In ET salts which undergo metal-insulator transitions, the
magnetic property of the insulating phase is classified into
two groups. Some salts show paramagnetic susceptibil-
ity, in which the susceptibility approximately follows the
Bonner-Fisher-type temperature dependence. In this case
there is usually no anomaly in the susceptibility at Tyy. Oth-
ers become nonmagnetic in the insulating state; in these the
susceptibility follows the singlet-triplet-type behavior below
TMI-

In the present series of papers, we have pointed out whether
each compound becomes paramagnetic or nonmagnetic. One
of the most puzzling example is the ¢’- and &-phases, dis-
cussed in the former half of this paper. The a’-phase shows
paramagnetic behavior and the d-phase becomes nonmag-
netic below Ty.%*¢ Because both compounds have the one-
dimensional Fermi surface with respect to the transverse di-
rection, the only structural difference is two- or four-fold
periodicity in the stacking direction. Obviously here is the
key to resolve this puzzling problem.

One-Dimensional System. In order to account for
the difference of the magnetic properties, first we shall in-
vestigate a one-dimensional system. We shall consider a
dimerized chain illustrated in Fig. 9, where we assume that
the energy band is one-quarter filled, and that a unit cell con-
tains four molecules. Since the molecules form dimers, each
spin is located on a dimer.

As far as all interdimer transfers are equivalent, as shown
in Fig. 9(a), the system is paramagnetic. This situation may
occur when the unit cell contains only two molecules, but we
shall suppose that the equivalency of the transfers is attained
by some symmetry operation, instead of the reduction of the
lattice periodicity. When the interdimer transfers become
alternately non-equivalent, as shown in Fig. 9(b), the system
becomes nonmagnetic.

To translate this situation to crystallographer’s language,
we can say that in the paramagnetic phase (Fig. 9(a)), all
molecules are crystallographically equivalent, so that all in-

e

Pairing
Paramagnetic —* Nonmagnetic
n=4x1=4 n=4x2=8

Fig. 9. One-dimensional quarter-filled chain with a dimer-
ized structure. (a) Paramagnetic phase with equiva-
lent interdimer transfers, and (b) nonmagnetic phase with
nonequivalent transfers.
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terdimer transfers are equivalent. To make all molecules
equivalent, the existence of two kinds of symmetry opera-
tions is required. Usually the interdimer interaction itself is
related by a symmetry operation, for instance, by an inver-
sion center (Fig. 9(a)). If there is an additional symmetry
operation which relates the intradimer interaction, for in-
stance a two-fold axis, all molecules become equivalent and
all interdimer transfers equivalent. Such symmetry proper-
ties are just the same as those of the stacking pattern of -
(ET),AsFg (Fig. 2(a) or Fig. 3(a)), although this compound
is not one-dimensional in this direction.

If we remove the two-fold axis, the two molecules of which
the dimer is composed, become non-equivalent (A and B in
Fig. 9(b)). In this case the two interdimer transfers becomes
non-equivalent, because ¢ is an interaction between A and
A, and ¢’ between B and B. This gives rise to pairing of the
spins, where a spin gap proportional to #2— 2 is expected.

The pairing of the spins is decided by investigating
whether the interdimer transfers are equivalent or not. The
above discussion illustrates that instead of the number of
non-equivalent transfers, we may consider the number of
non-equivalent molecules.

If the transition from Fig. 9(a) to Fig. 9(b) is induced by
temperature, this is a spin-Peierls transition. In the follow-
ing, however, we shall discuss the symmetry of individual
crystals. We shall also confine ourselves to the insulating
phase just below Ty, because an additional low-temperature
transition such as a real spin-Peierls transition or an antifer-
romagnetic transition will remove the spin degree of freedom
in any case.

Symmetry Number. In order to decide the existence of
pair formation from crystal symmetry easily, we shall define
“symmetry number” 7 as follows:

(Symmetr number) 1
= (Number of molecules in a unit cell) X (Number of

crystallographically independent molecules). 2)

In the case of Fig. 9, 7 =4x1=4 for (a), and 7=4x2=38
for (b). The system is paramagnetic if # is less than or equal
to four, and is nonmagnetic if 7 is larger than four. Although
the symmetry number is an abstract concept, it represents the
degree of symmetry; the larger 7 is, the lower the symmetry
is. Every time 7 doubles, the symmetry reduces by one unit.
We can easily extend this criterion to two-dimensional
cases. A two-dimensional system is composed of so many
transfer integrals that it is not easy to decide whether the
interdimer interactions are equivalent or not. However, sys-
tems of low symmetry with 7>4 allows spin pair formation
owing to the nonequivalent transfers, resulting in a nonmag-
netic insulating state. On the contrary, high symmetry with
1<4 gives rise to equivalent interdimer transfers and a para-
magnetic insulating state. In Table 5 7 is compared for
representative ET salts in which the magnetic susceptibility
has been reported. As shown in Table 5, the observations of
susceptibility are in perfect agreement with this prediction.
Although this is an empirical rule that was originally ex-
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Table 5. Symmetry Number # of ET Salts

Compound Molecules Independent n Expected Experiment® Ref.
ina cell molecules magnetism®
ﬁz 1x 2-(ET)2 RCO4 4 2 8 Non Non 37
S’ -(ET)ICL, 2 1 2 Para Para 38
Bii1-(ET),Pd(CN)4 4 2 8 Non Non 39
O-(ET),Cup(CN)[N(CN)2 12 2 0.5 1 Para Para 40
6-(ET),RbZn(SCN)4 2 x 29 0.5 2  Para Para 41
a-(ET), 13 4 2 8 Non Non 42
a-(ET),Ag(CN), 4 1 4 Para Para 43
a”'-(ET),KCu(SCN), 4 1 4 Para Para 44
#-(ET)2Cup(CN)3 4 1 4 Para Para 45
#-(ET),Cu[N(CN),]Cl1 4 1 4 Para Para 46
B-(ET),PFs 4 x 29 1 8  Non Non 6
a’-(ET),AuBr, 2 %29 1 4 Para Para 36
(ET),Cs(CN)s(TCE), 4 1 4 Para Para 27

a) Non: Nonmagnetic, and Para: Paramagnetic.

tracted from the experimental results of magnetic suscepti-
bility, this rule is based on pair formation when the spins
are hypothetically located on the dimers, and universally ap-
plies to all ET salts. Before we discuss why this criterion
holds, it is better to examine the individual crystals depicted
in Fig. 10.4

Individual Crystals. In () «x2-(ET),ReQy (Fig. 10(a)),
the upward and downward spins are placed on AB dimers,
where open and shaded rectangles represent crystallographi-
cally independent molecules, A and B. These two dimers are
connected by different transfers 7 and ¢, because t and ¢’ are
related by two different inversion centers. In two dimension
there are many transfers between the two dimers, but the
present argument examines, from the viewpoint of the sym-
metry, whether the interdimer interactions are equivalent or
not as a whole. In this case, these upward and downward
spins make a pair, and actually the system becomes nonmag-
netic below Ty = 81 K.’

f3'-Phase contains only two molecules in a unit cell
(Fig. 10(b)). Then one spin is placed in a unit cell, and
obviously all spins are equivalent. This results in a paramag-
netic insulating state.’® The two molecules in a unit cell are
connected by an inversion center, and only one molecule is
crystallographically independent. It is instructive to imagine
a crystal structure where this inversion center is removed,
though such a crystal does not exist in reality. This leads to
two independent molecules, and 77 becomes 2x2 = 4. Then,
this system is still expected to be paramagnetic. In the real
space, the pair of A and B molecules makes a dimer, but the
interdimer interactions are equivalent, because the dimer still
construct a unit cell. Consequently, all spins are equivalent,
and a paramagnetic state results.

As shown in Fig. 10(c), £1;-(ET),Pd(CN)y is in principle
the same as ) x2-(ET);ReQ4. The spins are located on the
hypothetical AB dimers. Since the interdimer transfers are
non-equivalent, the system is expected to be nonmagnetic.
Actually §,1,-(ET),Pd(CN), becomes nonmagnetic below
Twr- In £;5,-(ET),Pd(CN)4-H,0, however, the drop of ESR
intensity is not obvious, partly due to the comparatively low

b) Two-fold superstructure.

Tvr (80 K).*

In 6-(ET),Cuy(CN)[N(CN);],, half of a molecule is in-
dependent and a unit cell contains two molecules, so that 7
is one. This compound is insulating from room temperature,
but remains paramagnetic down to low temperatures.*’ 8-
(ET),RbZn(SCN), has the same symmetry at high temper-
atures. Below Ty = 190 K, 7 is doubled by the two-fold
superstructure, but 7 is still two, resulting in no pairing. The
observed susceptibility is Bonner—Fisher-like down to low
temperatures.*! In Fig. 10(d), the spins are located on arbi-
trary dimers (according to Hypothesis (2) in 47)), but these
spins are not paired even if the cells are doubled.

It should be noted that, when the lattice is doubled on ac-
count of the occurrence of superstructure, we have multiplied
7 by two. Naively speaking, this seems reasonable because
the volume of the lattice is doubled. From the structural
point of view, however, lattice doubling is usually accom-
panied by the reduction of the crystal symmetry. When we
attempt a structure analysis of the superstructure, the su-
percell has lower symmetry than the original cell at almost
all times. If we then consider the symmetry of the super-
cell, 7 is more than two times larger than the original one.
Table 5 tells us that we need not to take this into account,
because we can correctly predict the magnetic properties
of 0-(ET),RbZn(SCN)4 (77 =2)," a’-(ET),AuBr, (1 =4),%
and -(ET),PF¢ (77 = 8),° only by multiplying by two. This
means that the number of the independent molecules are
not effectively changed in the two-fold phase. When we
consider a two-fold superstructure, we have to consider the
hidden symmetry; the symmetry of the overlap integrals are,
at least approximately, higher than the crystallographic re-
quirements.

a-(ET),I; has a similar lattice to that of the doubled 8-
phase (Fig. 10(e)), but the crystal symmetry is inherently low
(belonging to the triclinic crystal system). When we place
the spins on any dimers, the dimers are non-equivalent and
the interdimer interactions are non-equivalent. The expected
insulating state is nonmagnetic, and actually below Ty = 135
K the susceptibility exhibits an activated behavior.**
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Fig. 10. Configuration of local spins when spins are located on hypothetical dimers. The shaded molecules represent the crystallo-
graphically independent molecules which should be distinguished from the unshaded molecules.

From the crystal symmetry,”® a-(ET),KHg(SCN), has
77 =8 and is potentially nonmagnetic as well as a-(ET),I;.
The distortion from the #-phase is, however, very small in
the former compound. Furthermore, in the experiments of
quantum oscillations under high magnetic fields, magnetic
breakdown has been reported.* When 1<4, the Fermi sur-
face is expected to be a large connected one like the #-phase.
By contrast, when 7>4, there appears a gap between the
open and closed parts of the Fermi surface. The observation
of the magnetic breakdown indicates that this gap is very
small. Therefore the symmetry is very close to that of the
7 =4 state. Unfortunately the quantum chemical calculation
tends to overestimate this kind of gap, because the slightly
distorted structure gives rise to an enhanced distortion of the
orbitals, which in turn results in a large difference in the
overlap integrals. If a-(ET),KHg(SCN)4 has a hidden =4
symmetry, this accounts for the nature of the 8 K anomaly,
which is most likely a spin-density-wave state.

The »-phase has a definite dimer structure, and we can
place spins on the dimers (Fig. 10(f)). Since the interdimer
p and q interactions are equivalent for all cases, there is no

pairing of the dimers, and the system remains paramagnetic
(n=4). This is exemplified by the insulating phase of -
(ET),Cuy(CN)3,* and the low-temperature insulating state
of %-(ET),Cu[N(CN),]C1.%

The x-phase is, however, located on a marginal posi-
tion. Some #x-salts are non-centrosymmetric mainly due
to the reduced symmetry of the anions, so that the two
molecules composing the dimer are crystallographically in-
dependent. This results in 7 =8, and if the distortion is large
enough, insulating states of non-centrosymmetric x-phases
are potentially nonmagnetic. However, representative non-
centrosymmetric %-phases such as x-(ET),Cu(NCS),,% -
(ET),Cu(CN)[N(CN),15,”! and #-(ET), Ag(CN),-H,0,%* are
metals down to low temperatures. Among a series of x-salts
with the compositions »#-(ET),Hg(SCN),X [X = Cl, Br, and
1] and x%-(ET);Hg(SCN)Cl,,>*— two salts containing chlo-
rine atoms (2%-(ET),Hg(SCN),Cl and x%-(ET),Hg(SCN)Cl,)
are non-centrosymmetric, and two other Br and I salts are
centrosymmetric. ESR intensity of all these compounds de-
crease more or less below Ty.>>> Further study is, however,
necessary to confirm these results. It is sometimes difficult
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only from the observation of ESR intensity to decide whether
an insulating phase is paramagnetic or nonmagnetic. In par-
ticular, when Ty is low (<100 K), the drop of susceptibility
is obscured by the presence of the Curie tail.

Among the compounds that have distorted x-like struc-
tures, (ET)4PtCl4PhCN has a distorted triclinic lattice, so that
n is 8.7 This salt undergoes a M-I transition at 250 K, below
which the susceptibility falls down to zero, in agreement with
the expected nonmagnetic state. (ET)4(Et;N)M(CN)g-3H,0
[M =Fe and Co] also has a triclinic lattice with 7 = 8.5 Al-
though these compounds are reported to be semiconductors
at room temperature, there is a sharp drop of susceptibility
at around 230 K for the Co salt. The existence of magnetic
ions, however, complicates the magnetic properties of these
compounds.

Another marginal case is a’-phase. The symmetry num-
ber is 4, and paramagnetism is predicted (Fig. 10(g)).* In
a"-(ET),CsHg(SCN)4,” however, two-fold superlattice re-
flections similar to those of 8-(ET),RbZn(SCN), have been
observed even above Tyy.%° The two-fold supercell leads to
n =8, and anonmagnetic state. Actual a’’-phases show para-
magnetic susceptibility, but the susceptibility deviates from
the Bonner—Fisher behavior and decreases more rapidly at
low temperatures; the temperature dependence has been fit-
ted by the alternating Heisenberg model, where the spin gap
originating from the dimerization is in the order of 20 K.
In this case, the development of the two-fold modulation
around 250 K is accompanied by about a 20% drop of the
magnetic susceptibility. These observations are explained if
we assume that the two-fold lattice modulation generates a
small spin gap, whose magnitude is in the order of 20 K. Like
this, the distinction between paramagnetic and nonmagnetic
is not obvious in some cases, and the magnitude of the spin
gap must be discussed quantitatively.

As shown in Fig. 10(h), «’-(ET),AuBr; has 7 = 4 by tak-
ing the two-fold supercell into account, and paramagnetism
is predicted. By contrast, -(ET),PFs leads to 7 =8 and
a nonmagnetic insulating state (Fig. 10(i)). These predic-
tions completely agree with the experiments.®3¢ In the former
half of this paper, we have discussed the nesting of the o’'-
phase, as if the insulating phase was the Peierls state. This
is not true, because the insulating phase is a paramagnetic
Mott—Hubbard insulator, which has a charge gap but does
not have a spin gap. In this context, we have to treat the
charge excitation and the spin excitation independently, and
consider the “nesting” of the susceptibility concerning the
charge excitation.

Summary. In summary, magnetic properties are pre-
dicted by investigating the symmetry of the hypothetical
states where each spin is localized onto each dimer. If the up-
ward and downward spins make a pair in view of the crystal
symmetry, the insulating state is nonmagnetic, and otherwise
it is paramagnetic.

This leads to the following simple rule that determines the
magnetic state in a quarter-filled band:

(1) Phases that contain two molecules in a unit cell (5, £,
S, and ) are paramagnetic at all times.
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(2) Phases that contain four molecules in a unit cell are
divided to two cases:

(a) Salts with a triclinic lattice have two nonequivalent
molecules, giving rise to pairing and a nonmagnetic insulat-
ing state. Examples are 51 x2-(ET),ReQy and f4;;-(ET),Pd-
(CN)4.

(b) Salts with a higher than monoclinic lattice have two-
fold axes (a') or two-fold screw axes (&, and x), which
make all molecules equivalent, leading to a paramagnetic
insulating state.

Other Band Filling.  We can extend this discussion to
general band filling other than the quarter-filled band. If the
energy band is 1/n-filled, the critical 7 is expected to be n.
For example, f54],-(ET)3(ClOy), has 1/3-filled band, so that
7. = 3. This compound contains three molecules in a unit
cell, and one and a half molecules are crystallographically
independent (Fig. 11). Here a molecule located on an inver-
sion center is regarded as. a half unit. Then 77is 3x1.5=4.5,
and a nonmagnetic state is expected. This compound show
singlet-triplet-type susceptibility below Tyy = 170 K. a-
(ET)3(ReOy), (17 =4.5, this is a kind of £”-phase as well)
is also reported to show an activated susceptibility below
Ty =88 K77

151 x2-(ET)3CL(H,0), involves six molecules in a unit
cell and three of them are crystallographically independent.®
Hence 77 is 6x3 = 18, and a nonmagnetic state is predicted.
The static magnetic susceptibility of this compound exhibits
a clear drop below Ty = 100 K.%

Site-Equivalency. In a half-filled case, the critical sym-
metry number is 7. =2. As shown in Fig. 12(a), when a unit
cell contains only one molecule, 77is 1x0.5=0.5, and a para-
magnetic state is predicted correctly. However, if a unit cell
contains two molecules (Fig. 12(b)), the transfer integrals
are alternately different, and obviously the system is non-
magnetic. The symmetry number is 7 =2x1 =2, which is
equal to 7., and a paramagnetic state is expected incorrectly.
As shown in Fig. 12(c), there is another configuration, where
a unit cell contains two molecules. Here two molecules are
located on inversion centers, and half of each is crystallo-
graphically independent. This structure results in the same
7 =2%(2x0.5) =2, but is paramagnetic because all transfers
are equivalent. In this case, the symmetry number rule works
correctly.

To distinguish Figs. 12(b) and 12(c), these structures will
be designated as “site-equivalent” and “site-nonequivalent”,
respectively. In a half-filled system, the symmetry number

B"311-(ET)3(ClOg),

n=3x15=45
1/3-filled ->m, =3
Nonmagnetic

Fig. 11. Configuration of local spins in a one-third filled
system, £51;-(ET)3(ClO4)s.
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Nonmagnetic Charge Order?
Site-equivalent Site-nonequivalent
Fig. 12. Half filled systems with (a) one molecule in a unit

cell, (b) two equivalent molecules, and (c) two nonequiva-
lent molecules in a unit cell. Quarter-filled Si-phases; (d)
equivalent dimers in A-(BETS),GaCls, and (e) nonequiva-
lent dimers in Bi-(ET)2InBra.

rule holds for site non-equivalent configurations. In the
preceding discussion, we have implicitly assumed the site-
equivalent configuration, as stated in working hypothesis (3).
In a half-filled system, paramagnetic or nonmagnetic is easily
decided by investigating whether the transfers are equivalent
or not. To avoid confusion, it is better not to apply the
symmetry number rule to a half-filled system.

It is noteworthy to consider the site-nonequivalent config-
uration in an ordinary quarter-filled system. For instance,
site-equivalent and site-nonequivalent patterns for Sy, -struc-
ture are depicted in Figs. 12(d) and 12(e). The site-equivalent
structure (Fig. 12(d)) has dislocations (indicated by arrows)
on inversion centers, so that AB molecules form a dimer. As
a result, the interdimer transfers #; and , are nonequivalent,
because #; is located between A and A molecules, and 7, is be-
tween B and B. This structure is realized in superconducting
A-(BETS),GaCly. :

In the site-nonequivalent structure in Fig. 12(e), the dislo-
cation is present between A and B, so that AA pair and BB
pair form two kinds of dimers. This makes two nonequiva-
lent dimers, but all interdimer transfers ¢ become equivalent,
because they connect A and B molecules. This structure
is realized in By-(ET)InBry. Recently Tanaka et al. have
found this structure in A’-(BETS),GaBry, and designated
this structure as A’-phase.5

In general, in a given couple of site-equivalent and site-
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nonequivalent patterns with the same symmetry number,
the product of the number of the sites and the number of
nonequivalent transfers is constant, so that, if the number of
the nonequivalent sites (or dimers) increases, the number of
the transfers decreases.

Charge Order. It has sometimes been observed that
charge is not evenly distributed on molecules. For the sake
of simplicity, we shall first consider an entirely charge or-
dered state as A°B*. For instance, in the SBj,-structure in
Fig. 12(d), we shall imagine a state in which all charge is
located on the shaded molecules. As far as we may neglect
the existence of the neutral A° molecules and only consider
the B* molecules instead of the (AB)* dimers, the equiva-
lency of the “interdimer” transfers is not altered, so that a
nonmagnetic state is expected. Accordingly the prediction
of the symmetry number rule does not change even under
the charge ordered state. This is valid even under fractional
charge distribution.

However, experimentally, charge-ordered states are usu-
ally paramagnetic. This is not surprising because a charge-
ordered state has a well-established local spin on A*. The
insulating state is not associated with the Peierls-like singlet
pair formation, as assumed in the nonmagnetic insulators.
On the contrary, the uneven distribution and the resulting
localization of the charge is the origin of the insulating state.
It is needless to say that many charge-ordered states have
another transition to a spin singlet state or an antiferromag-
netic state at low temperatures. In some compounds, if an
insulating state is paramagnetic in spite of the large 1 (>4),
we have a good reason to suspect the occurrence of charge
order.

Examples of Charge Order. To be fair, examples that
seem to break the symmetry number rule should be noticed.
An ET salt that involves a large polyanion, (ET)g[SiW,04¢],
contains eight molecules in a unit cell, and two of them
are crystallographically independent.®® Then 7 is 8x2 = 16.
Since this salt is formally quarter-filled, a nonmagnetic state
is expected. This compound is insulating at room tempera-
ture, but exhibits the Heisenberg-like susceptibility down to
low temperatures, in contradiction with the symmetry num-
ber rule.®® The structure is, however, composed of 6-like
array of two kinds of columns, I and II, and charge separa-
tion like I*TI” has been reported. The column I'is made up of a
perfectly uniform stack, so that it is reasonable that a uniform
half-filled band gives rise to the paramagnetic susceptibility.

Another possible example is 6’-phase. As shownin Fig.7,
a ¢'-phase contains four molecules and two independent
molecules, so that 77 is 4x2 = 8, suggesting a nonmagnetic
state. Susceptibility of 6’-(ET),BrC,H4(OH), shows a sharp
drop of about 50% at Ty = 196 K, but decreases very grad-
vally down to 80 K, below which the susceptibility decays
exponentially.®” The state between 196 and 80 K seems to
be paramagnetic, in conflict with the symmetry number rule.
Moreover, 8'-(ET),GaCly is insulating even at room temper-
ature, but exhibits Bonner—Fisher-like susceptibility.'s How-
ever, there is a spin gap of the order of 50 K.® Otherwise,
these observations suggest the possibility of the charge sep-
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aration in these d’-phase salts.

In this context, the symmetry number rule is a necessary
condition that makes the system nonmagnetic, but not a suf-
ficient condition. In a few examples discussed above, the
prospective nonmagnetic systems have exhibited paramag-
netism. There are no opposite exceptions, where a prospec-
tive paramagnetic system becomes nonmagnetic. The sym-
metry number rule may break when: (1) The difference of
t and ¢ is accidentally so small that the resulting spin gap
is smaller than kgThg. (2) The insulator phase is made up
of irregular spin pair formation which leaves some unpaired
spins. Alternatively inhomogeneous charge distribution may
result in unpaired spins as well. These exceptions are, for-
tunately, not many. The important point is that the singlet
states in two-dimensional organic conductors are associated
with the “crystal fields” or with the difference of ¢ and #.

Superconductivity. Although we have discussed the in-
sulating states, we can define # for metallic compounds. We
shall designate the metals with 77>>4 as “potentially nonmag-
netic” metals, and others as “potentially paramagnetic” met-
als. For example, such salts as $-(ET),13, f”'-(ET),AuBry,
#-(ET),Cu[N(CN),]Br, and 8-(ET),15 are potentially para-
magnetic metals. On the other hand, a-(ET),NH;Hg(SCN),,
(ET)4H,0O[Fe(0x)3;]PhCN, and A-(BETS),GaCl, are poten-
tially nonmagnetic metals.

By extending this argument, we can divide superconduc-
tors to potentially paramagnetic and nonmagnetic ones. Ta-
ble 6 lists these classifications.

There is a remarkable common feature in the potentially
nonmagnetic superconductors. All superconductors have
2x2 or42 subscripts. In the former, two dimers are aligned in
the transverse direction in a unit cell, as shown in Fig. 10(a),
and the latter has two dimers stacked in the columnar di-
rection (Fig. 12(d)). These structures are “dimerized dimer”
structures. Tetramer phases such as f5,],-(ET),ClO4(TCE)g 5
and f/1;-(ET),Pt(CN), do not exhibit superconductivity. It

Table 6. Classifications of Superconductors

ET-Based Other donors

Potentially paramagnetic

[-Phase (TMTSF), X

%-Phase (DMET),X
(DTEDT)3Au(CN),

Potentially nonmagnetic
oix2-(ET)2ReOq4
Bi1x2-(ET),SF5CF,505
Bi-(ET),Pt(CN)s-H,0
Biz-(ET);Pd(CN)s-H,0
1x2-(ET)3CL.(H,0),
Biz1-(ET)4H,O[Fe(0x); JPhCN

a-(ET):NHsHg(SCN)4
6-(ET)I3

TMTSE: tetramethyltetraselenafulvalene. DMET: dimethyl(eth-
ylenedithio)diselenadithiafulvalene. DTEDT: 2-(1,3-dithil-2-yl-
idene)-5-(2-ethanediylidene- 1,3-dithiole)- 1,3,4,6-tetrathiapental-
ene. BO: bis(ethylendioxy)tetrathiafulvalene.

Prox2-(BORReOs-H,0
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is particularly remarkable that f,1,-(ET),ClO4(TCE)o s is
not superconducting even though it is metallic down to low
temperatures.

In the three-quarter filled salts, the superconductors have
double column structures such as f43;,,-(ET)3ClLL(H,0),
and f3},-(ET)4H,O[Fe(0x);]JPhCN. Dimerized dimer struc-
ture is also realized in these superconductors.

Salts that have dimerized dimer structure, but do not
show superconductivity, are very few. [;x2-(ET),BrOy is
isostructural to superconducting o1 x2-(ET):ReQy, but Ty
is very high (150 K). /};-(ET),Ni(CN)4-H,O also has too
high Ty =180 K. f4s-(ET),InBry possibly suffers from
charge ordering owing to the site-nonequivalent structure.
Therefore there are good reasons that these salts do not show
superconductivity.

Among the representative potentially paramagnetic
phases, f351,-(ET),AuBr, and ’-(ET),X are not supercon-
ductors. To eliminate these phases, the existence of large
connected two-dimensional Fermi surface is regarded as the
necessary condition of superconductivity. A dimer structure
is also common to these superconducting phases. This rule,
however, only applies to ET-based superconductors. In case
of selenium-containing donors, like TMTSF and DMET, the
salts with open Fermi surface also show superconductivity.
This is the same for DTEDT, which has large m-framework.
The magnitude of the on-site Coulomb repulsion U is impor-
tant in this respect.

We can therefore summarize the requirement of supercon-
ductivity: )

(1) Potentially paramagnetic salts: Dimer structure and large-
connected two-dimensional Fermi surface for ET-based su-
perconductors. Moderate warping in open Fermi surface is
sufficient for selenium-containing donors.

(2) Potentially nonmagnetic salts: Dimerized dimer struc-
ture.

It has been believed that the prediction of superconduc-
tivity is very difficult. From the above criteria, however, we
can make fairly good predictions about superconductivity.
It has been particularly mysterious for a long time that, in
addition to the - and x%-phase superconductors with high
symmetry, there are several low-symmetry superconductors.
The present discussion demonstrates that these superconduc-
tors can be classified in the potentially nonmagnetic group,
and there are definite rules for these superconductors. It
should be pointed out that the above rules are only the neces-
sary conditions for superconductivity. 5-(ET),I,Br does not
show superconductivity owing to the anion disorder. Not all
x-phase salts show superconductivity (Part II). There may
be an additional requirement such as the balance of U and
the bandwidth, but this is judged from the universal phase
diagram, as discussed in Part II.

Two superconductors, a-(ET),NH4Hg(SCN); and 6-
(ET),I3, do not clearly fall into either of the above cate-
gories. However, the former has a weakly dimerized dimer
structure, in a broad sense. If the periodicity of the anion
is taken into account in the latter salt, this is also the same
situation.
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It is beyond the scope of the present work to provide the
sufficient theoretical background for the above criteria. Su-
perconductivity mediated by site-local attraction has been re-
cently investigated extensively.” For instance, in the dimer-
ized dimer structure in Fig. 10(a), the spin configuration
depicted in the figure, where one up-spin and one down-spin
occupy each dimer in the cell, forming a pair, is more sta-
ble than any other configurations. This may give rise to the
attractive force between the electrons located on the neigh-
boring dimers, and promotes the singlet spin pair formation.
Although this driving force is the same as that making the
spin gap, if the electrons are mobile enough, this may con-
tribute to the formation of the Cooper pairs.

The potentially paramagnetic superconductors have dimer
structures as well, so that they have effectively half-filled
two-dimensional bands. In this respect, they have a close
resemblance to the copper oxides. In these compounds, spin
fluctuation gives rise to nearest neighbor attraction, which
may be the origin of the Cooper pair formation. In the cop-
per oxides, the antiferromagnetic instability is suppressed by
doping, and is replaced by superconductivity. In the - and
[3-phases, however, the exactly half-filled band together with
the triangular lattice seems to be important for superconduc-
tivity.

These considerations suggest somewhat different mech-
anisms of superconductivity in the potentially nonmag-
netic and paramagnetic organic superconductors. From the
above discussion, the potentially nonmagnetic superconduc-
tors prefer singlet pair formation, though it is not necessarily
s-wave. On the other hand, the potentially paramagnetic
superconductors have many common points with the copper
oxides, in which d-wave pairing has been established.” Fur-
thermore, when the superconducting phases border on insu-
lating phases, the potentially nonmagnetic superconducting
phase is located near a spin-singlet insulating phase, whereas
the potentially paramagnetic phase borders on a paramag-
netic insulator phase. As a most naive model, in the g-ology
in one dimension, a singlet superconducting phase borders on
a CDW phase, and a triplet superconducting phase neighbors
on an SDW phase.” A similar phase diagram has been pro-
posed for two dimensional square lattices, where the triplet
phase is replaced by a d-wave phase.”' Investigations of pair
anisotropy in organic conductors have been undertaken only
for the potentially paramagnetic superconductors, though,
even in that case, the conclusions have not entirely con-
verged. _

In summary we have investigated the classifications of
phases with twisted molecules. The J-phase consists of
the twisted dimer and the RA overlap, and the &’-phase is
composed of the twisted dimer and the RB overlap, whereas
the a'-phase is made up only of the twisted overlaps. Since
the twisted overlap is not very sensitive to the geometry,
the change of w, and indirectly the axis ratio, regulate the
warping of the Fermi surface and consequently Ty, through
the change of the q interaction; this is the key interaction in
the &-phase.

The symmetry number rule of the magnetic state of insu-
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lating phases has been proposed. By counting the number of
molecules in a unit cell, and the number of crystallographi-
cally independent molecules, we can make a good prediction
whether the insulating phase will be paramagnetic or non-
magnetic. This is based on the possibility of pair formation
of the spins, from the viewpoint of the crystal symmetry.
This distinction is able to be extended to superconductors.
If we once classify superconductors into potentially para-
magnetic and potentially nonmagnetic ones, we can extract
a common structural feature of superconductors, and we can
determine the necessary conditions for superconductivity.

The author is grateful to Dr. G. K. R. Senadeera for help
of the energy band calculations.
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