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We have studied theoretically the electronic structures of a hypothetical donor-type material,
(PH4);Cgp. and a hypothetical acceptor-type material, (CiO4);Cqq from first principles by
using a full-potential linear-combination-of-atomic-orbitals method based on the den-
sity-functional theory within the local-density approximation. It is found that the charge
transfer from the PHy molecules to the Cqy molecules is perfect while the charge transfer
from the C104 molecules to the Cqq molecules is not perfect. We compare the latter result
with the electronic structures of two typical acceptor-type organic conductors,
(TMTSF),ClO,4 and (TMTSF),PFg, and discuss the differences.

Keywords: donor-type Cgn compound; acceptor-type Cgg compound; PH, molecule; Cl0O,
molecule; electronic structure

INTRODUCTION

Ceo compounds have been studied as a new class of molecular crystals!'l. In
particular, the superconductivity found in a certain kind of Cgy compound,
e.g., alkali-metal-doped Cgo"], has become a strong driving force of the
extensive studies in this field.

The superconductivity in alkali-metal-doped Cgo shows a remarkable fea-
ture; the transition temperature increases with increasing the lattice con-
stant. That is, there exits a scaling relation between the transition tempera-
ture and the lattice constant. This behaviour is understood as follows. Since
the density of states at the Fermi level increases with increasing the lattice
constant, the transition temperature also increases in accordance with the
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prediction of the BCS theory.

It is then natural to consider new materials with larger lattice constants
because they can have higher transition temperatures than alkali-metal-
doped Ceo. A possible way is to use molecules as intercalates instead of
atoms. This is analogous to the situation in the graphite intercalation com-
pounds.

Recently, it has been proposed theoretically that NH4 molecules can be
used as donorsi®; a Born-Haber analysis predicts that the heat of forma-
tion of (NH4)3Cgo is —1.82 eV /mol and this material is stable with respect
to the standard state reactants. The size of NH, molecules is however al-
most the same as the size of Rb atoms, so that (NH4)3Ce is not expected
to be a candidate for a new Cgp superconductor with a higher transition
temperature. Another possible candidate similar to this material but with
larger molecular size is (PH4)3Cgp. We study the electronic structure of this
hypothetical material in the present work.

Furthermore, the use of molecules also opens a way to synthesize acceptor-
type Ces compounds as in the graphite intercalation compounds although
the synthesis of acceptor-type Cgo compounds with good quality of samples
has not been established yet. It is thus interesting to study the electronic
structures of the candidates for this type of compound.

Several studies have been carried out to synthesize acceptor-type Cgo
compounds®. One of the compounds is (AsFg)o3sCeo. This material how-
ever shows semiconducting behaviour with the excitation energy of about
0.22 eV. The structure is body-centered tetragonal. This indicates that the
face-centred cubic lattice of pure Cgg is disturbed by the introduction of the
intercalate molecules. Although the actual synthesis of samples with good
quality has not been established yet, we also study the electronic structure
of an ideal acceptor-type Cgo compound, {Cl04)3Ceo, in the present work
as a starting point. Furthermore we compare the results on the electronic
structure of this material with those of (TMTSF)2ClO4 and (TMTSF),PF¢
and discuss the differences.

RESULTS AND DISCUSSION

We have calculated the electronic structures of (PH¢)3Cqg and (ClQ4)3Ceo
by using a full-potential linear-combination-of-atomic-orbitals method based
on the density-functional theory within the local-density approximation!”.
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The structures of (PH,)3Cgp and {Cl04)3Ceo are assumed as follows. We
fixed the molecular structure of Cgo throughout the calcuiations because the
charge transfer causes no substantial changes in the molecular structure. On
the other hand, we used optimized structures for PH and CiO; molecules;
the optimized P-H and C1-O distances are 1.42 and 1.46 A respectively.
For comparison, the optimized P-H and Cl-O distances in neutral PH, and
Cl04 molecules are 1.46 and 1.45 A respectively. We then choose the lattice
constants of the two compounds in such a way that the shortest distance
between the C atoms and the H or O atoms is equal to the sum of the
van der Waals radii of C atoms and H or O atoms; the estimated lattice
constants for (PH,)3Ce0 and (C104)2Ceo are 15.3 and 15.8 A respectively.

The results of the calculations on the electronic structures of (PH4)3Cgo
and (Cl04)3Cgo are shown in Figs.1(a) and (b), respectively. The zero of
energy is the Fermi level in both figures.
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FIGURE 1 Electronic structures of (a) (PH4)3Ceo and
{b) (Cl04)aCeo. The zero of energy is the Fermi level.

We first describe the characteristics of the electronic structure of (PHy)s-
Ceo. It is found that the charge transfer from the PH4 molecules to the Cqq
molecules is perfect; the bands derived by the PH4 molecules are located
at about 1.5 eV and the conduction thus will primarily take place through
the ty, molecular orbitals of the Cgp molecules. In this aspect, (PH4)3Ceo
is similar to alkali-metal-doped Ceq.

We also find that the width of the conduction bands in (PH4)3Ceo is
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about 0.2 eV. The width is extremely narrower than those in alkali-metal-
doped Cgo, about 0.4 eV. This is due to the large lattice constant, which
corresponds to the superconducting transition temperature of about 70 K
from the scaling relation between the transition temperature and the lat-
tice constant, used for (PH4)3Ceo in the present study although this lattice
constant is only a rough estimate and more precise determination is thus
necessary in the future.
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FIGURE 2 Electronic structures of (a) (TMTSF),Cl04 and
(b) (TMTSF)2PFg. The zero of energy is the Fermi level.

We next describe the characteristics of the electronic structure of (C104)3-
Ceo. It is found that the charge transfer from the Cgp molecules to the Cl0,
molecules in (Cl04)3Ceqo is not perfect. That is, the bands derived from
LUMO of the ClO4 molecules are strongly hybridized with the bands de-
rived from HOMO of the Cgy molecules at —1 to 0 eV in Fig.1(b). This
is in contrast with the situation in typical acceptor-type organic conduc-
tors. For example, we show the electronic structures of (TMTSF),Cl04 and
(TMTSF),PFs in Figs.2(a) and (b}, respectively. The two bands near the
Fermi level in each figure are derived from HOMO of the TMTSF molecules
while the bands derived from LUMO of the ClO4 molecules are located at
about —1.6 eV in Fig.2(a) and the bands derived from LUMO of the PF¢
molecules are located at about —4.5 ¢V in Fig.2(b).

One reason for the imperfection of the charge transfer in (Cl04)3Ceq is
that the HOMO level of Cgy molecules, —6.9 eV, is relatively lower than
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those of other donor molecules. For example, the HOMO level of TMTSF
molecules is —3.9 eV. At the same time the LUMO level of C104 molecules,
—9.1 eV, is relatively higher than other acceptor molecules. For example,
the LUMO level of BF 4 molecules is —11.0 eV. As a result, the energy dif-
ference between HOMO and LUMO for {(C104)3Ce is 2.2 eV while that for
(TMTSF)2Cl0y4 is 5.2 eV. The small energy difference between the HOMO
and LUMO levels prevents the charge transfer in (C104)sCqy. We summarize
the energies of the HOMO and LUMO levels of several donor and acceptor
molecules in Table I. From Table I, possible candidates for acceptor-type
Ceo compounds to be synthesized are (BF4)3Ceo or (AlF4)3Ces.

Another possible reason for the above imperfection is that there are no
positively charged portions in Cgo molecules and thus the electrons on the
ClO4 molecules feel repulsive potential from the Cg molecules. This is in
contrast with the situation in (TMTSF),Cl0,. Since TMTSF molecules
have positively charged H atoms in methyl base at the ends of the molecule,
the Cl04 molecules are surrounded by these positively charged portions of
the TMTSF molecules and thus the electrons on the ClO4 molecules feel
attractive potential from the H atoms in the TMTSF molecules.

TABLE I The energies in €V of the HOMO of Cgp and TMTSF molecules
and those of the LUMO of ClO4, BF,, and AlF, molecules.

Molecule HOMO LUMO

Ceo -6.9

TMTSF -3.9
ClO4 -9.1
BF, -11.0
AlF, -11.0

In the future studies, the following aspects are indispensable for car-
rying out further investigation. Firstly, it is necessary for calculating the
heat of formation of a hypothetical Cgo compound to optimize its geomet-
rical structure because the heat of formation is very sensitive quantity to
the geometrical structure although the electronic structure is not so sensi-
tive. Secondly, new candidates for acceptor-type Cey compounds should be
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searched taking the two aspects mentioned above into consideration.

CONCLUSIONS

In the present work, we have investigated the electronic structures of two
hypothetical compounds; one is a donor-type material, (PH4)3Cgp, and
the other is an acceptor-type material, (C104)3Cgp. By calculating with a
full-potential LCAO method based on the density-functional theory within
the local-density approximation, we have found the following results. The
charge transfer from the PH, molecules to the Cgo molecules is perfect while
the charge transfer from the Cg9 molecules to the ClO4 molecules is not per-
fect. The latter imperfection can be understood by considering the energy
difference between HOMO and LOMO and the structural characteristic of
the Cgp molecule that there are no positively charged atoms in this molecule
in contrast with the H atoms in TMTSF molecules. It is thus necessary for
the synthesis of acceptor-type Cgo compounds to take the above aspects into
consideration.
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