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Tomoya Ono and Kikuji Hirose

Department of Precision Science and Technology, Osaka University, Suita, Osaka 565-0871, Japan
(Received 20 June 2006; published 11 January 2007)

The electron-conduction properties of fullerene-based nanostructures suspended between electrodes are
examined by first-principles calculations based on the density functional theory. The electron conductivity
of the Cgy-dimer bridge is low owing to the constraint of the junction of the molecules. When the
fullerenes are doped electrons by being inserted Li atoms into the cages, the unoccupied state around the
junction is filled and the conductivity can be significantly improved.
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Since the first report on the fullerene structure of C,
extensive research has been devoted to understanding the
electronic structures of fullerene-based nanostructures [1]
because of their interesting physical properties such as
superconductivity and magnetism. In a benchmark study
toward understanding the electron-conduction properties
of fullerenes, C¢y molecules have the possibility of being a
nanoscale electrical amplifier using a scanning tunneling
microscope tip [2]. Palacios er al. also reported that a
single Cg, bridge, in which a fullerene is sandwiched
between electrodes, exhibits metallic properties and that
its conductance is between 1G, and 3G, [3]. In analogy
with graphite intercalated compounds, injection of electron
and hole carriers into fullerenes is expected for the cases of
alkali and halogen dopings, respectively [4]. One example
is the endohedral fullerenes which encapsulate metal atoms
inside their cages in formation process using arc-discharge
vaporization of composite rods made of graphite and metal
oxide [5]. At present stage, because of the abundance of
Ceo in the usual fullerene production, fullerene-based ma-
terials have more practical importance owing to their pos-
sibilities for novel components in miniaturized electronic
devices and a reliable study should be performed to obtain
the information.

In this Letter, we examined the electron-conduction
properties of Cgy molecules suspended between semi-
infinite gold electrodes using first-principles calculations
within the framework of the density functional theory [6].
Our results indicate that the conductance of the C¢, dimer
is ~0.1G, owing to the scattering of incident electrons at
the junction between the molecules, whereas that of the Cg
monomer is ~1G,. By encapsulating Li atoms in their
cages, the dimer exhibits good conductivity. The energy
of the unoccupied molecular orbitals at the junction shifts
down to the Fermi level, and as a consequence, the con-
ductance of the Li@Cg, dimer significantly increases. To
explore the doping mechanism of the Cg, bridges, we also
compared the energy band structures of the infinite Cgp,
Li@Cg, and Li chains and found that the Li@Cg chain is
a conductor due to the electron transfer from the Li atom to
the fullerene, while the other chains are insulators.

0031-9007/07/98(2)/026804(4)

026804-1
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Our first-principles calculation method for electron-
conduction properties is based on the real-space finite-
difference approach [7-9]. The norm-conserving pseudo-
potentials [10] of Troullier and Martins [11] are employed
to describe the electron-ion interaction, and exchange cor-
relation effects are treated by the local density approxima-
tion [12]. We employ the computational model in which
the C¢, molecule is sandwiched between electrodes [see,
for example, Fig. 4(c)]. Because polymerized Cqy was
found to form a parallel double-bonded structure in the
previous study [13], a model in which a Cg, molecule is
connected to electrodes with parallel double bonds is em-
ployed. Since many first-principles investigations using
structureless jellium electrodes are in almost quantitative
agreement with experiments, we substitute the jellium
electrodes for crystal ones [14,15]. To determine the opti-
mized atomic structures and Kohn-Sham effective poten-
tial, a conventional supercell is employed under the
periodic boundary condition in all directions; the size of
the supercell is L, = L, =30.8 au. and L, = Ly +
25 a.u., where L, and L, are the lateral lengths of the
supercell in the x and y directions parallel to the electrode
surfaces, respectively, L, is the length in the z direction,
and L, is the length of the inserted molecules. The
Cgo monomers and dimers are put between the electrodes.
The structural optimizations are implemented in advance
with a real-space grid spacing of ~0.33 au. The
molecules are optimized individually under the isolated
condition and then relaxed between the electrodes.
Although the initial distance between the edge atoms of
inserted molecules and the Au(111) atom plane in the
jellium electrode is set at 3.20 a.u., this distance
increases after the structural optimization of the molecules
with the jellium electrodes. For the conductance calcula-
tion, we take a grid spacing of ~0.50 a.u. The Kohn-Sham
effective potential is computed using the supercell em-
ployed in the structural optimization. We ensured that the
increase in the cutoff energy and the enlargement of the
supercell did not affect our conclusion significantly. The
scattering wave functions from the left electrode are writ-
ten as
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Q" + 3 rb @ (in the left electrode),
Vi =1 ¢t (in the scattering region),
> tdr (in the right electrode),

where ®’s are the bulk wave functions inside the elec-
trodes. The reflection coefficients r~, transmission coeffi-
cients ¢, and the wave function in the scattering region ¢~
are evaluated by the overbridging boundary-matching for-
mula [8,9] under the nonperiodic condition in the z direc-
tion. The conductance of the nanowire system at the limits
of zero temperature and zero bias is described by the
Landauer-Biittiker formula, G = Tr(TTT)G, [16], where
T is the transmission matrix. To investigate states actually
contributing to electron conduction, the eigenchannels are
computed by diagonalizing the Hermitian matrix TTT
[15].

We first calculate the electron-conduction properties of
the Cg, monomer. Figure 1(a) shows the total charge and
current distributions of the scattering wave functions WZ.
The current distribution is derived by the equation of
continuity. The electron currents pass along the C-C bonds,
and not directly cross through the inside of the Cg, cages.
The charge distributions of the lowest unoccupied molecu-

FIG. 1 (color). [(a), top] Total charge distribution of scattering
wave functions WP’ at the Fermi level when Cg is suspended
between electrodes. [(a), bottom] Total current distribution. The
planes shown are perpendicular to the electrode surfaces and
contain the atoms facing the electrodes. (b) Charge distributions
of three degenerate LUMOs of isolated Cgy molecule for ¢, ,
(top), 1,1, (middle) and ¢, . (bottom). The spheres, lines, and
vertical dashed lines represent carbon atoms, C-C bonds, and the
edges of the jellium electrodes, respectively. The magnitude of
the charge and current densities is represented according to the
color bar. In (a), the maximum (minimum) range of the color bar
is 3.70(0.0) X 1073 e/eV bohr® for the charge distribution and
1.14(0.23) X 1072 A/V bohr? for the current distribution.

lar orbitals (LUMOs) of the isolated Cqy monomer are
shown in Fig. 1(b). The Cq, has three t,, degenerate
LUMOs and we name, for convenience, the states that
are odd functions with respect to the y-z, z-x and x-y planes
as t,1 x> Lu1,y» and , ;, respectively. The incident electrons
are found to be scattered at both interfaces between the
molecule and the electrodes. The channel transmissions of
the respective states are collected in the first column of
Table I. It can be seen that the ¢#,;, state dominantly
contributes to electron conduction. According to the
wave-function matching formula for the three-dimensional
jellium wire [17], the transmission of the channel that has
high kinetic energy in the direction parallel to the bridge is
large and is hardly affected by the length of the wire. The
transmission of the 7, , state is higher than those of the
other degenerate ¢, states, since its kinetic energy in the z
direction is the largest. The resultant conductance is
1.13G,,, which is in agreement with the previous theoreti-
cal calculations, which report that the Cq, monomer ex-
hibits metallic electron-conduction properties and that its
conductance is between 1G, and 3G, [3].

Next, the conduction property of the dimer is examined.
Figure 2(a) shows the total charge and current distribu-
tions. Since the reflection of electrons occurs at the junc-
tion in addition to the interfaces, the conductance has a
lower value (0.11Gy) than that of the C¢y monomer. This
situation is similar to that of C,, [18]. The channel trans-
missions are listed in the second column of Table I. Note
that all the channel transmissions are lower than those of
Cgo- In the case of the isolated Cy, dimer, the character-
istics of the first and second LUMOs of the isolated dimer
are inherited from the 7, , and 7,,; ; LUMOs of the isolated
Cgo molecule, respectively. The contribution of the second
LUMO to electron conduction is the largest, although its
energy is higher than that of the first LUMO. According to
our result, the conductances of the longer bridges are
expected to decay rapidly as the number of fullerenes in
the bridges increases because of their nonmetallic proper-
ties. Do fullerene-based bridges never work as conductive
molecule wires?

It has been reported that endohedral metal fullerenes, in
which metal atoms are encapsulated in cages, are produced
by the collisions of metal ions with Cg, vapor molecules
[5]. Here, Li atoms are inserted into the cages so as to
locate on the central axis of the bridge. The total energy
gain realized by encapsulating the Li atoms is 3.89 eV per
dimer, the cohesive energy of the (Li@Cg), molecule is

TABLE I. Channel transmissions at the Fermi level.
Ceo (Ceo)2 (Li@Cq),
Lulx 0.110 0.001 0.007
Ly 0.133 0.012 0.020
Lul; 0.873 0.098 0.851
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FIG. 2 (color). [(a), top] Total charge distribution of scattering
wave functions W’ at the Fermi level. [(a), bottom] Total current
distribution. The planes shown, the meanings of the symbols,
and the range of the color bars are the same as those in Fig. 1.
(b) Similar to (a) but for (Li@Cg),. The yellow spheres are Li
atoms.

0.10 eV per Li@Cg, molecule, and the energy difference
between the highest occupied molecular orbital and
LUMO is 0.21 eV, which is markedly smaller than that of
(Cgp)a (1.33 €V). We show in Fig. 2(b) the total charge and
current distributions of the (Li@Cg), molecule. The re-
flection at the junction of the molecules is suppressed and
the conductance reaches 0.88Gy. We show the channel
transmissions in the third column of Table I. The trans-
missions of the states consisting of the ¢, , orbital are
significantly larger than those of (Cg), and recover up to
that of the monomer.

The energy band structures of the infinite chains are
depicted in Fig. 3. The Li@Cg, chain exhibits metallic
property, while the others are nonmetallic. Moreover, the
Li chain is spin polarized whereas the others are paramag-
netic, and the states originating from the Li chain disappear
in the Li@Cg, chain. In addition, although each band
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FIG. 3. Energy band structures of (a) pure fullerene chain,
(b) endohedral fullerene chain, and (c) Li chain with infinite
length. The band structure is shown in a supercell containing one
Cgo molecule or one Li atom. The length of the supercell is
17.19 a.u. and the zero of energy is set to be the Fermi level. The
Li atom is placed at the center of the cage in the case of
endohedral chain. The solid and dashed curves in (c) represent
majority and minority spins, respectively.

shifts, the band structure of the Li@Cg, chain is not sig-
nificantly deformed from that of the Cgy chain. Thus,
injection of electrons into the fullerenes can be achieved
by inserting atoms into the cages. However, the Fermi level
of the molecules attached to electrodes can shift due to the
electrons transfer to/from the electrodes of electrons,
which is relevant to the electron affinities of inserted atoms
and electrodes, and the unpaired electrons of endohedral
fullerenes form covalent bonds. Therefore, the dimer re-
mains an insulator if the Fermi level exists inside the gap.
Figure 4 shows the density of states (DOS) of the (Cqp),
and (Li@Cg), suspended between the electrodes, which
are plotted by integrating the DOS on the plane perpen-
dicular to the bridges. The inserted Li atoms do not largely
affect the DOS at the interface between the dimer and
electrodes. Yet, around the junction of the molecules, the
states that are ~0.3 eV above the Fermi level of the Cg,
dimer is shifted down to the Fermi level by being inserted
the Li atoms, which makes the unoccupied state of the
junction filled. The doping of the fullerenes plays a promi-
nent role rather than the rehybridizations of the bonds of
the fullerenes, since even the (Li@Cg), without relaxing
the geometry upon insertion possesses a high conductivity
(0.95G,)). Therefore, the endohedral fullerene bridge is
expected to be a good conductor even when the molecules
are a bit deformed by phonons or mechanical stress from
the electrode [2].

In conclusion, we have theoretically investigated the
electron-conduction properties of Cg, bridges. The Cg
dimer does not possess good conductivity, because the
junction of the molecules is a bottleneck of electron con-
duction. On the other hand, by encapsulating the Li atoms
into the cages, the Cgq, dimer exhibits good conduction
properties due to the shift of the LUMO at the junction.
These results indicate that the endohedral metal fullerene
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FIG. 4 (color online). Distributions of DOS integrated on
plane perpendicular to bridge as functions of relative energy
from the Fermi level for (a) (Cgg), bridge and (b) (Li@Cqg),
bridge. The zero of energy is chosen to be the Fermi level. Each
contour represents twice or half the density of adjacent contour
lines and the lowest contour is 1.47 X 107> e/eV bohr. The
vertical dashed lines represent the edge of the jellium electrodes.
A schematic diagram of the computational model for the Cg,
dimer is illustrated in (c) as a visual aid.

bridges have potential applications in electronic devices. In
addition, encapsulating metal atoms into fullerene will be a
novel scheme of controlling the electron-conduction prop-
erties of the fullerene bridges. Thus, this situation will
stimulate a new technology of electronic devices using
molecule bridges.
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