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Electronic transport properties of carbon dumbbells, a new type of carbon hybrid nanostructures
formed by connecting carbon atomic chains to two fullerenes C60, are investigated by using nonequi-
librium Green’s functions in combination with the density-functional theory. Specifically, the trans-
port properties as a function of the carbon chain length n are examined. An obvious metal-insulator-
like oscillation has been achieved with the increase of the carbon chain length. When n is even, the
device behaves as a metal. In contrast, when n is odd, it behaves as an insulator. It is quite different to
the carbon chains directly sandwiched between metallic leads where the low conductance states are
observed for even n while the high conductance states are observed for odd n. Such a difference arises
from the screening effect of C60s. © 2011 American Institute of Physics. [doi:10.1063/1.3613647]

I. INTRODUCTION

The continuing miniaturization of electronic devices mo-
tivates the search for new low-dimensional semiconductive
or conductive materials which strongly differ in their elec-
trical properties from three-dimensional periodic materials
and can be used as either nanocontacts or nanoconductors.
Particularly, a few prototype carbon nanostructures, such
as zero-dimensional fullerene (C60),1–6 one-dimensional car-
bon atomic wire,7–18 carbon nanotube (CNT) or graphene
nanoribbon (GNR),19 and two-dimensional graphene have
been widely investigated because of their novel electronic
properties and promising potentials as building blocks for fu-
ture electronic devices. Furthermore, in order to extend the
functionality of carbon nanostructures, the construction of
hybrid structures with CNT, C60, graphene, and even car-
bon atomic chain have attracted intense interests recently.
For example, nanopeapod20–23 with C60 encapsulated in CNT,
nanobud24–26 with C60 attached at the sidewall of CNT, and
GNR/CNT junction27 as partially unzipped CNT, have all
been fabricated or suggested. One of the interesting features
about such hybrid structures is that they have the characteris-
tics of all the individual components. By combining the func-
tions of these components, new properties can even be ob-
tained. Thus, more degree of freedom for function tuning can
often be achieved in the devices constructed from these low-
dimensional structures.

Recently, a new kind of carbon hybrid nanostructure
which is built by connecting a carbon atomic chain to two
C60s has attracted the attention from the researchers. Since
the hybrid structure looks like a dumbbell, we call it a “car-
bon dumbbell” and denote it as C60-Cn-C60 where n is the
number of carbon atoms in the atomic chain. Börrnert et al.28

have performed Born-Oppenheimer molecular-dynamics sim-
ulations to study the stability of the C60-C8-C60 dumbbell and

a)Electronic mail: zzeng@theory.issp.ac.cn.

found that the dumbbell is always stable up to a temperature
of 1000 K before the carbon atomic chain disconnects from
the C60s irreversibly. In addition, Liu et al.29 proposed that
the carbon dumbbell can be used as an ideal material for hy-
drogen storage with a hydrogen uptake as high as ∼10 wt. %.
Naturally, for such a new carbon nanostructure, its other phys-
ical properties are also worthy of in-depth study. Particularly,
in this work, it is our attention to investigate its transport prop-
erties by first principles calculations and see how the electron
transport properties depend on the individual carbon atomic
chain and C60s.

In fact, as the smallest or thinnest carbon nanostruc-
ture, carbon atomic chains have initiated a large number
of studies.8–10 Many interesting electron transport properties
have been observed in a device with a carbon atomic chain in
direct contact with metallic leads, such as spin-valve effect12

and negative differential resistance (NDR) (Ref. 13), and the
most well-known property is the even-odd oscillatory con-
ductance behavior.14–18, 30, 31 Moreover, the electron transport
property of C60 has also been widely investigated4, 32–35 and
it is shown to be a good conductor when it is sandwiched
between two metallic leads due to the charge transfer from
the leads to the molecule. Especially, when two C60s are in-
volved in the devices, NDR is obviously observed as a result
of a tunneling mechanism.5, 36 If the two C60s are doped dif-
ferently, a good rectification can even be obtained.37 Further-
more, in several recent molecular junction experiments, the
effects of C60s as anchoring groups connecting the molecules
to the electrodes have also been reported.38, 39

In contrast, in the carbon dumbbell devices which involve
both a carbon chain and two C60s, NDR exists and originates
from the alignment of the energy levels of C60s under finite
bias voltages, just like in other devices constructed with two
C60s. In the meantime, the current as a function of bias be-
haves quite differently for odd n and even n. When the carbon
chain length n is even, the current increases rapidly with the
bias while for odd n, it increases very slowly. In order to see

0021-9606/2011/135(4)/044703/5/$30.00 © 2011 American Institute of Physics135, 044703-1

Downloaded 10 Jul 2012 to 202.127.206.173. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3613647
http://dx.doi.org/10.1063/1.3613647
mailto: zzeng@theory.issp.ac.cn


044703-2 Wang et al. J. Chem. Phys. 135, 044703 (2011)

the origin of such a big difference, the transport properties of
the devices in the equilibrium state with varying chain length
n are systematically examined. With the increase of carbon
chain length n, the even-odd oscillation in the equilibrium
conductances is observed, just like in the case with carbon
chains directly sandwiched between two metallic leads. How-
ever, the low conductance states appear in the cases with odd
n chains while the high conductance states appear for even n
cases. This is exactly opposite to the case with carbon chains
directly sandwiched between two metallic leads. Moreover,
the low conductance in the odd n chains is almost as small as
zero, which is never observed in the latter cases. Thus an obvi-
ous metal-insulator-like oscillation is obtained by increasing
the chain length n. Such a difference is determined to arise
from the screening effects of C60s.

The paper is organized as follows. In Sec. II, we briefly
describe the simulation model and computational details. The
results and discussions are presented in Sec. III. The paper
ends with Sec. IV where a short summary is given.

II. SIMULATION MODEL AND CALCULATION METHOD

In this work, the simulation model adopted is as a
C60-Cn-C60 dumbbell being sandwiched between two atomic
scale Al (100) contacts with a finite cross section (see
Fig. 1). We choose a supercell with a large enough vacuum
layer around the electrode in the x and y directions so that
the device has no interaction with its mirror images. The car-
bon atomic chains are symmetrically anchored at the hollow
site of the hexagons of two C60s. As a first step, we assume
that the carbon atomic chains between the two C60s are in the
ideal cumulene configuration and the initial distance between
two C atoms in the chain is set to 1.283 Å which is the C-
C bond length of an infinite carbon chain.8 Then, the whole
system is partially relaxed with the SIESTA code40 until the
force acting on each carbon atom is less than 0.04 eV/Å while
the electrode Al atoms are kept fixed. The following electrical
transport calculations are carried out by using the SMEAGOL

program41 which combines density functional theory with the
non-equilibrium Green’s function technique.42 All calcula-
tions are performed within the generalized gradient approx-
imation parameterized by Perdew, Burke, and Ernzerhof.43

The valence electron wave functions are expanded by local-
ized numerical atomic orbitals with the double zeta plus po-
larized for all elements and the core electrons are modeled by
standard nonlocal norm-conserving pseudopotentials.44

III. RESULTS AND DISCUSSIONS

First, taking C60-C7-C60 and C60-C8-C60 dumbbells as
two examples, the current as a function of the bias is shown in
Fig. 2. Within a bias range of 1.0 V, the electronic current of
C60-C7-C60 exhibits remarkably different behaviors from that
of C60-C8-C60. The current of the dumbbell with a C7 chain
increases linearly and very slowly between 0 V and 0.6 V and
this dumbbell shows semiconductive characteristics, while the
dumbbell with a C8 chain displays good metallic I − V char-
acteristics and the current increases rapidly with the increas-
ing bias voltage. Meanwhile, in both C60-C7-C60 and C60-C8-

→↑
xy

z

FIG. 1. Schematic illustration of a C60-Cn-C60 dumbbell coupled to Al elec-
trodes which extend to z =±∞.

C60, NDR is obviously observed around 0.55–0.65 V, where
the current decreases with the increasing bias voltage. NDR
is essential for certain electronic applications including Esaki
diode45 and most notably resonant tunneling diodes.46 This
behavior has been also reported in other devices involving
two C60 molecules and it originates from the tunneling trans-
mission mechanism and the relative shift of the energy levels
under the bias.5, 36

Now we focus on the big difference in the magni-
tude of the current of C60-C7-C60 and C60-C8-C60. Since
the current is determined by the transmission function, it
is important to look into the transmission spectra of these
dumbbells at zero bias given in Fig. 3. For n = 7, the trans-
mission in a very big energy range around the Fermi level
(E f ) is suppressed or completely blocked and thus C60-C7-
C60 is semiconducting. However, for n = 8, a high trans-
mission peak exists around E f which shows that C60-C8-
C60 dumbbell is a good conductor. In order to understand
the difference between C60-C7-C60 and C60-C8-C60 dumb-
bells, the projected density of states (PDOS) of C atoms in
the carbon chain is shown in Fig. 4, where we only present
the PDOS of the first four C atoms of the carbon chains
due to the symmetry of the dumbbell structure. In compar-
ison of the transmission in Fig. 3 and the PDOS in Fig. 4,
we see that the central C atom plays a dominant role. For
C60-C7-C60, around E f , the density of states decays rapidly
from the two sides to the center and the contribution of
the central atom is nearly zero. Thus, an effective potential
barrier is formed and the electron transmission is blocked
(see Fig. 3(a)). On the contrary, in the C60-C8-C60 system,
there is always a peak in the PDOS of all the C atoms in the
chain and thus a high transmission peak is observed around
E f (see Fig. 3(b)).

In fact, the good or poor conductance of the atomic chains
was reported to be closely related to the geometry structure
of the atomic chain.47, 48 In this work, the bond lengths of
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FIG. 2. The current-voltage characteristics of the C60-C7-C60 (filled square)
and C60-C8-C60 (filled circle) dumbbells, respectively.
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FIG. 3. The transmission spectra of C60-Cn-C60 dumbbells for: (a) n = 7;
(b) n = 8. All energy is relative to E f .

the odd chains and the even chains are quite different (see
Fig. 5). The odd chains are composed by double bonds in a
length around 1.23 Å between the adjacent C atoms, while
the even chains show alternating single bonds in a length of
1.24 Å and triple bonds in a length of 1.21 Å. Such a differ-
ence in bond length arises from the symmetry of the dumb-
bell. For odd n, there must be a mirror symmetric plane
through a center atom. In this case this atom must make dou-
ble bonds to its neighbors and all the other bonds thus have to
be double bonds. However, if n is even, the mirror symmetric
plane is through a bond. This makes no restriction on the char-
acter of that central bond and it could in principle have single,
double or triple characters. Due to a Peierls-type distortion,
the single and triple bond alternation has much lower energy.
In spite of the different bonding styles of carbon atoms in the
carbon chain, there are no big differences in relaxed binding
geometry between carbon chains and C60 for even n and odd
n. The lengths between the terminal C to C60 for even and odd
systems are 1.33 Å and 1.35 Å, respectively.

Further, the dumbbells with the number n of the car-
bon atoms in the atomic chains changing from 3 to 11 are
analyzed. Figure 6 shows the equilibrium conductance as a
function of n. The equilibrium conductances are strongly de-
pendent on the number of C atoms in the atomic chain. An
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FIG. 4. The PDOS for C atoms of the anchoring carbon atomic chain of
C60-Cn-C60 dumbbells: (a)-(d) n = 7; (e)-(h) n = 8. (a)-(d) and (e)-(h) mean
the C atoms from the terminal to the center. All energy is relative to E f .
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FIG. 5. The C-C bond lengths (in unit of Å) for: (a) C60-C7-C60;
(b) C60-C8-C60. The first and last bond lengths are those between the ter-
minal carbon atoms in the chain and C60s.

obvious odd-even oscillation is observed. Very interestingly,
for odd n (except for n = 3), the conductance is almost as
small as zero (∼10−2 G0) while for even n, the conductance
is finite (∼1.0 G0) and almost constant. In comparison, it is
quite different from the case of that the carbon atomic chains
are directly sandwiched between two metallic leads where
the lower conductance is always around 1.0 G0.14, 15 Another
prominent difference is that, in the dumbbell system, the low
conductance states appear in the cases with odd n chains,
while the high conductance states appear for even n cases.
This is exactly opposite to the case with carbon chains directly
sandwiched between two metallic leads where low conduc-
tance is obtained for even n and high conductance is observed
for odd n.14, 15 In what follows, we will see how this difference
happens.

As is well known, carbon allotropes are usually based on
one of the three types of bonding in carbon: sp3 (diamond),
sp2 (C60, CNT, GNR, and graphite), and sp bonding (carbon
chain). For carbon chains, the 2s orbital hybridizes with the pz

orbital to form two sp orbitals, which covalently bind the ad-
jacent atoms with two σ bonds making the carbon chain linear
and stability. Then, the remaining px and py orbitals form π

bands, which are 2-fold degenerate and relative to each other
by a 90◦ rotation around the axis. Generally, σ states are lo-
calized in the middle of C-C bonds, while π states are cen-
tred around single C atoms and delocalized which behave as
a one-dimensional free-electron system and are only involved
in the conduction process.49 Each free carbon chain has two
pairs of electrons which are not involved in bonding and are
largely localized at the end carbon atoms. Thus, for the free
C3 chain the π configuration is 1π (4). When the length of the
carbon chain is increased by one carbon atom, two electrons
are added to the π orbitals. Therefore, for C4 chain the π con-
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FIG. 6. The equilibrium conductance as a function of chain length n.
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FIG. 7. The extra charge (in unit of e) on the atomic chain as a function of
the chain length n.

figuration is 1π (4)2π (2). In conclusion, a free n-atom carbon
wire has (n-1)/2 fully occupied π orbitals when n is odd, and
(n/2)-1 fully occupied π orbitals and one half-filled orbital
when n is even.14, 15 It is well known that half-filled orbitals
contribute to the electrical conduction while fully occupied
orbitals do not. Obviously, this feature will be reflected in the
conductance of the carbon chains.

When the carbon atomic wires are directly sandwiched
between two metallic leads, there will be a charge transfer
process (∼1.0 e) from the leads to the atomic wire. This
∼1.0 e extra charge turns the even n chain from half filled
to fully filled and the odd n chain from fully filled to half
filled. That is the reason why Lang et al. got a higher conduc-
tance for the odd n chain and lower conductance for the even
n chain. The charge transfer doping (CTD) plays a key role in
turning the chains between half filled and fully filled. How-
ever, in the dumbbell structure, we see that the extra charge
in the atomic chain is close to 0.0 (see Fig. 7), and very small
charge transfer is from the carbon chain to the C60. There-
fore, half filling or full filling is not changed by CTD, which
leads to the results that a higher conductance is obtained for
even n chain while a nearly zero conductance is observed for
the odd n chain. The CTD effect is thus negligible here. In
fact, the charge transfer from the leads is all collected by the
C60s. Obviously, such a big difference in the dumbbell struc-
tures arises from the screening effect of C60s which block the
charge transfer from the metallic leads to the atomic chain. Of
course, for n = 3 or 4, we notice that there is a larger charge
transfer and it is from the carbon atomic chain to C60. The
carbon atomic chain loses a small amount of charges and the
π orbital deviates a little from being fully filled or half filled.
This is reflected in the conductance. We see in Fig. 5 that the
conductance is a little larger than zero (n = 3) or a little de-
creased (n = 4) from other n even cases.

IV. SUMMARY

The electron transport properties of carbon C60-Cn-C60

dumbbell are investigated as a function of the atomic chain
length n by first principles calculations. It is found that such
devices show the characteristics contributed both from the
C60s and from the atomic chain. On one hand, NDR is ob-
served, which arises from the electron tunneling between the
two C60s. On the other hand, oscillative conductance is ob-
served with the increase of the carbon chain length. Contrary

to the case with carbon atomic chain directly sandwiched be-
tween the metallic leads, low conductance appears in odd n
chains and high conductance appears in even n chain in the
dumbbell system. A remarkable point is that, when n is odd,
the conductance is nearly zero, thus a metal-insulatorlike os-
cillation is observed with the increase of the carbon chain
length. All these interesting behaviors are attributed to the
screening effect from the C60s.
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