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Based on the extended Huckel molecular orbital calculations, the relation between the anisotropy of the
band structure and the arrangement of the organic molecules is investigated for two organic donors, tetrathia-

fulvalene (TTF) and bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF).

The intermolecular overlaps of

their HOMO are calculated while the intermolecular arrangements are varied. The maps of the overlaps thus
obtained are then used to estimate the band-structure parameters of (TMTTF):X and (BEDT-TTF)2:ClO4-

(C2H3Cl3)oss.

The Fermi surface of (TMTTF)2X is quasi-one-dimensional and not closed. On the contrary,

(BEDT-TTF)2Cl04CzH3Cls)os is regarded as a two-dimensional semimetal.

It has been widely believed that a face-to-face stacking
of planar molecules is an indispensable requirement of
organic metals and that most of organic metals are
quasi-one-dimensional conductors. In these com-
pounds, the intermolecular 7~ interaction is responsi-
ble for their one-dimensional energy band. However,
charge- and spin-density-wave instabilities inherent in
one-dimensional metals tend to destroy the metallic
states. In the organic superconductors (TMTSF)2X
(TMTSF; tetramethyltetraselenafulvalene, X=PFs,
AsFg, SbFg, ClOy, etc.), however, it has been pointed out
that the metallic states are stabilized by the relatively
large transverse interaction.!*? Molecular orbital cal-
culations using seiempirical parameters (extended
Hiickel method) have been performed by different
authors for the (TMTSF)2X series compounds.
Whangbo et al.,® Grant,? and the present authors®
obtained a quasi-one-dimensional Fermi surface, at
least when selenium 4 d orbitals were not included in
the calculation. In these calculations, the ratio of the
transverse and the longitudinal transfer integrals tv/ta
was about 0.1. Including selenium 4d orbitals,
Whangbo et al. noticed a large enhancement of the
transverse dispersion leading to a closed Fermi surface
on the a* b* plane. However, we found that the change
in fp/ta was too small to close the Fermi surface. Minot
and Louie obtained a complicated semimetallic band
structure, with closed Fermi surfaces, by using ‘swelled’
selenium 4p orbitals, but no 4d orbital.® We obtained
a similar result when the ionization potential of sele-
nium 4d atomic orbitals was chosen close to the energy
level of the highest occupied molecular orbital
(HOMO).

On the other hand, increasing interest has been taken
in the cation radical salts of BEDT-TTF (4,5-4",5"-
bis(ethylenedithio)tetrathiafulvalene). Saito et al. re-
ported that the conductivity of (BEDT-TTF)2ClOs-
(C2H3Cls)os is metallic down to 16 K; below this
temperature it decreases slightly, but remains high
(670 - cm~1)even at 1.4 K.” The X-ray structure anal-
ysis showed that this compound does not have the
column structure characteristic of one-dimensional

organic conductors.® We have calculated the inter-
molecular overlap integrals of this compound and
showed the importance of the transverse interactions.?
Recently it has also been observed that, in -
(BEDT-TTF)2PFg, which shows metal-insulator tran-
sition at 297 K, the most conducting axis is parallel to
the molecular plane.’® These results suggest that, in
BEDT-TTF compounds, the transverse interaction is
more important than, or at least is similar in impor-
tance to, the longitudinal interaction.

The present investigation is intended to clarify the
relation between the anisotropy (dimensionality) of the
band structure and the mode of the intermolecular
arrangement of organic molecules. In the calculation,
the methyl groups of TMTSF can be replaced by hydro-
gens (TSF; tetraselenafulvalene) without any signifi-
cant change in the molecular orbitals. However, if its
selenium atoms are replaced by sulfur (TTF; tetrathia-
fulvalene), the subsequent significant contraction of
the atomic orbitals influences the molecular orbitals.
In the present investigation, the calculation is per-
formed for two organic donors, TTF and BEDT-TTF.

In order to discuss the physical properties on the basis
of quantum-chemical calculations, it is necessary to
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carry out an energy-band calculation which takes the
three-dimensional periodicity of the crystal into consid-
eration. However, it is not easy to calculate the energy-
band structure considering all electrons because of the
large size of the organic molecules and because of the
complicated crystal structures. Since the anisotropy of
the physical properties mainly reflects the shape of the
Fermi surface, we may neglect the levels other than the
conduction level. Our procedure of the approximate
band-structure calculation is thus (Scheme);

(1) Since the size of the organic molecules is very
large, the molecular orbitals of a single molecule are
calculated by means of the extended Hiickel method.

(2) In the case of donor molecules, the intermolecu-
lar overlap S of the HOMO is calculated.

(3) Transfer integrals ¢ are estimated using the rela-
tion t=ES, where E is a constant of the order of energy
of the HOMO. This relation is the same as that gener-
ally used in the extended Huckel method to obtain
resonance integrals.

(4) Using the standard tight-binding approxima-
tion, the band structure of the conduction band and the
shape of the Fermi surface are obtained.

Alternatively, the transfer integrals can be obtained
by calculating the molecular orbitals of a dimer. Un-
like this method, our approximation completely neg-
lects the polarization of the molecular orbitals caused
by the interaction with other molecules. However,
the simplicity of the calculation is more efficient
in comparing a number of different intermolecular
arrangements. In the present investigation, the in-
termolecular overlaps of the HOMO are calculated
while the molecular arrangements are varied. Using
the maps of the intermolecular overlaps thus ob-
tained, the band-structure parameters of (TMTTF)2X
and (BEDT-TTF):ClO4C2HsCls)os are estimated,
and the shape of their Firmi surface is discussed.
In addition, the characteristic side-by-side arrange-
ment of BEDT-TTF moleculesin (BEDT-TTF)2ClOs-
(CeHsCls)os is interpreted in view of the electronic
stabilization due to the maximum overlap of the con-
duction orbitals.

Molecular Orbital Calculation

The molecular structures of TTF and BEDT-TTF
were idealized so as to have a D2y symmetry, based on the
crystal structures of TTF-TCNQ and (BEDT-TTF)z-
ClO4(CeH3Cl3)os (Fig. 1).8:10 All the atoms except the
hydrogens in BEDT-TTF were put on the xy-plane,
and the x-axis was placed so as to correspond with the
long axis of the molecule. The C-H bond lengths were
assumed to be 1 A,

Since the large size of the molecules prevented us
from adopting ab initio calculations, the simple
extended Hiickel method was used. The parameters
(Table 1) were taken from Ref. 12.

The coefficients of the HOMO are shown in Table
2. The HOMO of BEDT-TTF as well as that of TTF
has a m-character with Bj, symmetry (in the Dag,
point group) and has nodes on all the C-S bonds. The
electron density is largest on the inner sulfur atom, S;.
The fact that the charge density on the outer sulfur
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(a) TTF

(b) BEDT-TTF

(c)

Fig. 1. Molecular structures of (a) TTF and (b) BEDT-
TTF. Bond lengths in A. (c) Relative orientation
of a molecular dimer. D represents the molecular
slipping along the long axis, R stands for the distance
between the long axes of the two molecules, and ¢
is changed from 0° (the side-by-side arrangement) to
90° (the face-to-face stacking).

TABLE 1. THE EXPONENTS { AND THE IONIZATION
ENERGIES ¢ (€V) FOR ATOMIC ORBITALS

Atomic Orrbitals 4 €
S 3s 2.122 —20.0
3p 1.827 —11.0
3d 1.5 —5.44
C 2s 1.625 —21.4
2p 1.625 —11.4
H Is 1.0 —13.6

atom, Sz, of BEDT-TTF is larger than the charge on
the Cz of TTF, shows the considerable expansion
of the HOMO of BEDT-TTF in comparison with
TTF.

Intermolecular Overlaps

Since, both in the (TMTTF): X analogs and in many
BEDT-TTF salts, molecules are arranged so as to keep
their long axes and their molecular planes parallel to
each other, we did not consider the relative rotation of
the molecules. The relative arrangement of two mole-
cules is represented by a set of cylindrical coordinates
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TABLE 2. COEFFICIENTS OF THE HIGHEST OCCUPIED

ORBITALS

TTF BEDT-TTF
C, 2p, —0.26614 C, 2p, —0.23510
S 3p, 0.45070 S, 3p, 0.41358
3d,, 0.12960 3d,, 0.12596
3d,,  —0.00412 3d,,  —0.00498
C, 2p, —0.13851 C, 2p, —0.15968
S, 3p, 0.16581
3d,, 0.06339
3d,, 0.01547
C; 2p, -0.01877
H Is 0.00927

(D, R, @), as is shown in Fig. 1 (c).

The molecular orbital calculation of a dimer when
¢=90° has been repeatedly carried out for TCNQ
and TTF as a function of D, in which attention has
been paid to the most favored slipping D of the

stacked molecules.’® The total energy of a dimer may . //¥_
be divided into the core repulsion and the electronic ° n e

bonding energy. In the case of TCNQ, the core re- SRl Gel Lo I"“D' R T
pulsion is a flat function of D over a wide range of _ )
D, and the maximum of the overlap of the lowest Fig. 2. Overlap integral (x10~%) of the HOMO

between two TTF molecules as a function of the slipping
D and the relative angle ¢ (FAI) (see Fig. 1(c)).
The triangle designates the stacking mode in TTF-
I,.;, or TTF-SCN,.;;. The aquare shows the slipping
in the TTF-TCNQ analogs. The other symbols
correspond to the interactions in (TMTTF),X shown
in Fig. 5.

unoccupied molecular orbitals (LUMO) corre-
sponds with the minimum of the total energy and
also agrees with the slipping in the actual crys-
tals.13.19  On the contrary, in the case of TTF, the
actual slipping corresponds with the minimum of
the core repulsion, and the overlap of the HOMO
has a minimum near this slipping. The applica-

1vd
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9.60 8.e0 8.00 7.20 .40 1.80 o.
a2 al

Fig. 3. Overlap integral (x 10-*) of the HOMO between two BEDT-TTF molecules as a function
of the slipping D and the relative angle ¢(FAI).
The symbols al, a2, etc. correspond to the interactions in (BEDT-TTF),ClO, (C,H,Cl,),.s shown
in Fig. 6.
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Fig. 4. Cross section of Figs. 2 and 3 at D=1.60 A.
In the right hand, the HOMO viewed along the long
axes of the molecules are shown.

tion of the local-density-functional theory also sug-
gests the importance of the core repulsion.’® These
results are not surprising, for the van der Waals
radius of sulfur is considerably larger than those of
carbon and nitrogen. In order to eliminate the ef-
fect of this core repulsion, we restricted our calcu-
lation to the plane of a crumpled cylinder where the
shortest sulfur-to-sulfur distance was arbitrarily fixed
as 3.80 A. The effect of changing the sulfur-to-sulfur
distance will be discussed later. By this ‘rigid-body
approximation,” the coordinate R is given as a
function of the other two coordinates, D and ¢.

In Figs. 2 and 3, the intermolecular overlap integrals
are shown as a function of D and ¢. Figure 4 shows the
cross-section of Figs. 2 and 3 at D=1.60 A. The largest
overlap at $=90° corresponds to the normal face-to-face
stacking. The interaction at $=0° is the 7-like interac-
tion of the p. (and d) orbitals. The peak around ¢=30°
corresponds to the o-like interaction. In these contexts,
o-like and =-like represent the overlaps which mainly
come from the components of the p, orbitals projected
parallel to and perpendicular to the bonding direction
respectively. The peak at $=60°, D=1.60 A, mainly
comes from the overlap between the central carbon, C;,
and the sulfur.

The interactions of the TMTTF molecules in (TMTTF)>-
Br are shown in Fig. 2 by five symbols, ai, as, p1, p2, and
b, which correspond to the interactions designated in
Fig. 5.1 Other (TMTTF)2X type compounds are
isostructural to (TMTTF)2Br, regardless of X. The
longitudinal interactions, a; and ag, are the same as that
of TTF in TTF-TCNQ (the square in Fig. 2). Though
the shortest sulfur-to-sulfur distance is found in p; and
p2, these interactions (¢=10°) are located nearly mid-
way between the o-like and the mr-like overlaps of the p.
orbitals. As a consequence, these interactions are

[Vol. 57, No. 3

Fig. 5. Intermolecular interactions in (TMTTF),X.

smaller than the oblique interaction, b, which is close
to the peak of the o-like interaction. Near the region
where the overlap crosses zero, the magnitude of the
overlap is sensitive to a small variation in the crystal
structures. This is also valid for (TMTSF)z2 X, which is
isostructural to (TMTTF)2 X. This is the reason why
Grant found that the magnitudes of p; and p2 were very
sensitive to the kinds of anions, but that other interac-
tions were hardly changed by the anions.® The large
aniotropy which all the (TMTSF)z X series compounds
show, comes from the large longitudinal interactions,
a; and ag, which are scarcely changed by the anions. On
the contrary, the difference in the anions, X, causes a
small structural variation, which gives rise to the sensi-
tive change of p1and pe, and influences the distortion of
the Fermi surface. Therefore, it is possible that the
onset of spin-density waves and other instabilities are
influenced by the small variation in the crystal structure
produced by the anions.

The map of BEDT-TTF in Fig. 3 resembles that of
TTF. Figure 4 shows that, in BEDT-TTF, the trans-
verse interactions at ¢=0° and 30° are somewhat
enhanced in comparison with those in TTF. The three
symbols, a, p, and q, stand for the interactions along
[100], [T02], and [102] respectively in (BEDT-TTF)-
Cl04(C2H3Cls)os (Fig. 6). It is worth noting that the
overlap along the $=90° direction, which exists univer-
sally in TTF salts, is not observed in this crystal. Asis
shown in Fig. 3, p and a are close to the peaks at $=30°
and ¢=0°respectively. However, qi, qz, and qzare apart
from the peak at $=60°, D=1.60 A, and are smaller than
the other interactions, a and p.

Models of the Energy-band Structures

In actual crystals, the sulfur-to-sulfur distances,
Rss are not always Ro=3.80 A. However, as 1is
shown in Fig. 7, the overlap integrals change simi-
larly in all the directions as a function of the sufur-to-
sulfur distance. Therefore one can estimate the in-
termolecular overlaps in the actual crystals by using
Fig. 7 together with Figs. 2 and 3. The transfer inte-
grals, ¢, can then be obtained from the relation; t=E S.
Though the best choice of the E value depends on the
parameters used for the molecular orbital calculation,
we ordinarily use E=—10 eV, because it has given realis-
tic values of the transfer integrals for a number of com-
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Fig. 6.
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Fig. 7. Relative change of the overlap § as a function

of the intermolecular sulfur-to-sulfur distance R, com-
pared with the overlap S, at R,=3.80 A.

pounds.® 4.1 When the transfer integrals are
estimated, it is easy to obtain the conduction-band
structure by the use of the standard tight-binding
theory.

From Figs. 2 and 7, the transfer integrals of (TMTTF).-
X were estimated (Table 3(a)). From the standard tight-
binding approximation, the matrix elements of the
secular equation were;!®

H,, = H,, = 2t cos kb,

le - Hn* =ty t“c—tlm + ‘ple—ﬂtb + tmei(ho—lm),
Solving the resulting quadratic equation, the following
dispersion relation was obtained;

£ == 2ty cos kb + A1/2,

A = [(tay +tag)cos(ka/2) + (tp, + ty5)cos(ka/2 — kb) ]2

+ [(tar—tag)sin(ka/2) + (tpy — ty,)sin(ka/2 — kb) 2.
Using this relation, the energy-band structure and the
Fermi surface were numerically calculated (Fig. 8).
From the stoichiometry, the upper band is exactly half-
filled, and the Fermi surface is a plane located around

kr=m/2a. The deviation from the averaged kr is about
0.15 /a. Since, in such a half-filled band, a closed orbit

Intermolecular interactions in (BEDT-TTF),ClO,(C,H,Cly),.s.

TaABLE 3. ESTIMATED TRANSFER INTEGRALS (IN eV)

(a) (TMTTF),X (b) (BEDT-TTF),CIO,(C,H,Cl), s

(100) t, —0.20  [100] tag 0.045
tny —0.23 tag 0.045
[010] t, —0.035 [102] thy —0.060
[120] t,  0.020 ths —0.060
t,,  0.007 the —0.060
[102] tas 0.015
tos 0.015
tos 0.015

05

/ N

N

Energy/eV

N\

r c v Y r X Vv

Fig. 8. Band structure and Fermi surface of (TMTTF),-
X calculated by using the transfer integrals in Table
3(a).

1
[=]
q

arises only at t,/t,=1.0,1 one may safely conclude that
the Fermi surface is a plane.

Table 3(b) shows the band parameters of (BEDT-
TTF)2C104(C2H3sCl3)os estimated similarly from Figs. 3
and 7. The matrix elements of the secular equation
were obtained by reference to Fig. 6;

Hy, = Hyy, = Hy = Hy = 0,

Hy, = Hy* = Hy* = Hyy = tg; + tple'”'c’
Hxa — Hal* — tpzc-ika. + tqze-‘(ka+kc)’

Hyy = Hy* = Hyy = Hy* = ty; + tyethe,
Hyy = Hy* =ty + togethe.
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Fig. 9. Band strure and Fermi surface of (BEDT-
TTF),ClO,(C;H,Cly)g.5 calculated by using the
transfer integrals in Table 3(b). The shaded region
indicates hole-like part.

By solving the secular equation, the band structure and
the Fermi surface were found to be as is shown in Fig. 9.
From the stoichiometry of the complex, the conduction
band is three-quarters filled. Since the unit cell con-
tains four molecules, the conduction level splits into
four bands. Because the alignments along pand q have
a fourfold periodicity, if the difference of the overlaps
belonging to the same direction, p and q, is very large,
the energy gap which is opened between the third and
the fourth levels makes the compounds semiconduc-
tive. However, since the small difference in the calcu-
lated overlaps was not regarded as meaningful because
of the qualitative nature of the calculation, the interac-
tions belonging to the same direction were averaged in
the model in Table 3(b). Consequently, the resulting
band structure is two-dimensional and semimetallic.

These results agree with the obwervation of the conduc-
tivity and the Drude-like optical reflectance along the
two directions.”:23

Discussion

The organic superconductors (TMTSF)2X are iso-
structural to (TMTTF)zBr. In the present investigation,
we did not deal with the calculation of selenium anal-
ogs. However, as has already been reported,!® the band
structure of (TMTSF)2X is qualitatively similar to
that of (TMTTF):X. One of the central points of
interest with regard to the band structure of (TMTSF)z-
X is whether or not there exists a closed Fermi surface.
The only experimental evider:ce of the closed orbit so
far is the observation of the Shubnikov-de Haas resist-
ance.?®? However, as was discussed by Horovitz et al.,2?
this observation can be interpreted in terms of the
semimetallic electronic states under the spin-density-
wave states. Since the large calculated anisotropy
agreed with the anisotropy of the conductivity (0./
0,=300)22 and the analysis of the optical reflectance
(tv=0.14 eV),2¥ we conclude that the Fermi surface at
high temperatures is a distorted plane, as is shown in
Fig. 8.

Another open question is by what mechanism
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organic molecules are made to be aligned in the trans-
verse directions, as is found in the actual crystals.
Considering a chain of organic donors, the bottom of
the conduction band corresponds to the bonding align-
ment of the element orbitals (HOMO), while the top
has an antibonding nature. If this band is partially
filled, the wider the band splits (or the stronger the
interaction is), the more stable the system becomes by
means of the intermolecular bonding, compared with
the independent molecules. If the core repulsion is not
as dominant as this electrical bonding energy, the
orientation giving the maximum of the overlap of the
HOMO can be expected to correspond with the most
stable molecular alignment. In (BEDT-TTF)2ClOs-
(C2HsCls)os, the interactions, a and p, are close
to the peaks of the overlap in Fig. 3. Therefore, the
alignment of the molecules along these directions
is favorable because of the intermolecular bonding
interaction of the HOMO. The absence of the ¢=90°
interaction is probably due to the large core repulsion
of the out-of-plane ethylene groups.

The authors wish to thank Dr. Imoto for a part of
the program and to Mr. Tajima for his valuable dis-
cussions on the band structures. The computations
are carried out partly on the HITAC M-200H com-
puter system at the Institute for Molecular Science
and partly on the HITAC M-280H computer system
at the Computer Center of the University of Tokyo.
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