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T
he study of electron transport in mo-
lecular devices has been one of the
foci in condensed matter physics in

recent years. It is expected that molecule-

based nanoscale devices1,2 will offer a viable

alternative to traditional silicon-based elec-

tronic elements, especially at the scale of fu-

ture integrated electronic circuits, as they

decrease to the sub 10 nm regime.3,4 Many

interesting phenomena have been ob-

served in molecular devices, including

highly nonlinear I�V characteristics, nega-

tive differential resistance (NDR), electrical

switching, rectification, etc. NDR is charac-

terized by a decreasing current with increas-

ing bias in some specific bias range. As

such, it is one of the key ingredients in a

number of electronic components, such as

the Esaki and resonant tunneling diodes. In-

terestingly, it has been observed in scan-

ning tunneling microscopy (STM) measure-

ments for many molecular systems.5�17

Several mechanisms have been pro-

posed to explain the observed NDR, such

as change of the charge state due to charge

transfer, and chemical or conformation

changes under finite bias.5,13,18�23 Lu et al.

studied the transport properties of a Si/

organic-molecule/Si junction,24 where the

electrodes consisted of Si, and highlighted

an NDR mechanism based on the relative

alignment of the band edges and molecu-

lar orbitals. Recently, Chen et al. proposed a

new mechanism based on local orbital sym-

metry matching between the electrodes

and the molecule.25 In the above-

mentioned systems, NDRs depend on

changes in coupling between the elec-

trodes and the molecules, or a change of

the electronic level of the molecule under

finite bias. Furthermore, this type of behav-

ior can typically only be observed at a rela-

tively high bias. Ideally, NDR-based devices
should be developed for operation at much
lower bias, for example, in the tens of meV
range. This would enable low-voltage nano-
electronic components. Remarkably, even
for molecules that do not display an NDR
behavior, it is possible to assemble several
of them into a single device that can dem-
onstrate NDR. We show below that this is
the case for devices assembled out of C60

molecules, properly modified with organic
linkers.

C60, due to its spherical symmetry and
structural stability, has been extensively
studied as a functional unit of a molecular
device.26�29 Although it is generally ac-
cepted that C60 has poor conductance due
to its large highest occupied molecular
orbital�lowest unoccupied molecular or-
bital (HOMO�LUMO) gap, a single C60-
based molecular device was predicted to
have a very high zero-bias conductance at
the Fermi energy when placed between
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ABSTRACT Unlike single-C60-based devices, molecular assemblies based on two or more appropriately

connected C60 molecules have the potential to exhibit negative differential resistance (NDR). In this work, we

evaluate electron transport properties of molecular devices built from two C60 molecules connected by an alkane

chain, using a nonequilibrium Green function technique implemented within the framework of density functional

theory. We find that electronic conduction in these systems is mediated by the lowest unoccupied molecular

orbitals (LUMOs) of C60, as in the case of a single-C60-based device. However, as the positions of the LUMOs are

pinned to the chemical potentials of their respective electrodes, their relative alignment shifts with applied bias

and leads to a NDR at a very low bias. Furthermore, the position and magnitude of the NDR can be tuned by

chemical modification of the C60 molecules. The role of the attached molecules is to shift the LUMO position and

break the symmetry between the forward and reverse currents. The NDR feature can also be controlled by changing

the length of the alkane linker. The flexibility and richness of C60-based molecular electronics components point

to a potentially promising route for the design of molecular devices and chemical sensors.
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metallic contacts (about 2.2G0 when using Au leads,

where G0 � 2e2/h is the conductance quantum).26 This

high conductance arises from the partially filled LUMOs

of the C60, due to charge transfer from the electrodes

to the molecule.26 Furthermore, mechanical deforma-

tion of C60 by an STM tip can cause a dramatic change

to the conductance, as demonstrated by the experi-

mental design of a current amplifier.27 However, in a

single C60 device the I�V curve is almost linear in a rela-

tively large bias range,26 due to a strong coupling be-

tween the electrodes and the molecule, as well as

broadening of the molecular levels. For this reason, a

device based on a single C60 coupled to metallic leads

does not exhibit NDR.

In this paper, using C60 molecules as the basic build-

ing blocks, we construct several models of two-terminal

devices in which NDR is obtained at very low bias. We

point out that our findings do not depend on the type

of electrodes used, because the NDR is completely de-

termined by resonant tunneling between the LUMOs of

individual C60 molecules. Therefore, this kind of a de-

vice should be easier to prepare, and the NDR is highly

reproducible. In addition, we find that the position of

the NDR can be tuned by attaching other appropriate

small molecules, which modify the energy level splitting

or modulate the distribution of energy levels around

the Fermi energy.

RESULTS AND DISCUSSION
The structure of the C60�C7H14�C60 assembly stud-

ied here is shown in Figure 1a. It consists of two C60 mol-

ecules connected by a C7H14 chain and sandwiched be-

tween two Al (100) nanowire electrodes. The atomic

structure is fully relaxed using DFT total energy calcula-

tions. After relaxation, the chemical potential of the

right electrode is set to be zero and that of the left elec-

trode is set to the bias voltage. As is well-known, in

the single C60-based device, the I�V curve shows a com-

pletely symmetrical and almost linear behavior in the

low bias range.26 In contrast, a clear NDR feature ap-

pears at a very low bias of 0.15 V for the two-C60s de-

vice, with the maximum current of about 30 �A (see

Figure 1b). Because of the symmetric geometry, the I�V

curve is symmetric for positive and negative biases.

To understand the observed low-bias NDR, it is use-

ful to analyze the evolution of the transmission func-

tion as the bias potential is ramped up (see Figure 2).

In the equilibrium case, a small charge transfer from

the contact to the C60 molecule results in a partial occu-

pation of the LUMO state of the C60s. As a result, the

transmission is characterized by a main peak around

the Fermi level. This peak is due to resonant tunneling

between the LUMOs of the two C60s and determines the

main features of transport. When a bias is applied, the

peak broadens and the current increases, reaching its

maximum when the bias is at 0.15 V. When the bias is

larger than 0.15 V, the peak height decreases dramati-

cally due to a decreasing overlap between the LUMOs

localized on two different C60s. One can see this more

clearly from the position-dependent local density of

states (LDOS), which are plotted in Figure 3 for the vari-

ous biases. In the case of zero bias, the levels around

the Fermi levels localized on the two C60s are degener-

ate in energy due to symmetry. The shapes of their

wave functions confirm that these are the LUMO levels

of the C60s. The main peak in the transmission confirms

the tunneling nature of electron transport through

Figure 1. (a) The atomic structure of the C60�C7H14�C60 two-terminal de-
vice; red, green, and white spheres represent Al, C, and H atoms, respec-
tively. (b) The calculated I�V curve.

Figure 2. The evolution of the transmission as a function of
bias voltage in the C60�C7H14�C60 two-terminal device. The
energy zero is at the chemical potential of the right elec-
trode. The two vertical lines indicate the bias window.
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these LUMOs, from one C60 to the other. This indicates

that the electron transport is mediated by LUMOs in this

two-C60 device, just as in a single-C60 device.26 In real ap-

plications, one can also connect the C60s to the elec-

trodes by carbon chains or other molecules, which

would result in different charge transfer to/from the

C60s. This is an effective way to tune the I�V

characteristics.

The reason for the occurrence of NDR at the very

small bias of 0.15 V is that resonant tunneling between

the two LUMO levels at the two C60s results in a linear

increase of current at biases smaller than 0.1 V. How-

ever, when the bias is applied, the LUMO levels at each

C60 follow the chemical potential of the contacted elec-

trode. Therefore, two competing factors affect the final

current. One is the integration window, which increases

as the bias increases. The other is the overlap between

the LUMOs localized at different C60s. As the bias in-

creases, the LUMO levels of the two C60s broaden and

shift away from each other. Their overlap in energy be-

comes small, which results in a broadening of the trans-

mission peak with simultaneous decrease in height

(see Figure 2). These two factors give rise to the NDR

peaks at �0.15 V in the I�V curve.

In the above analysis, we find that the only appre-

ciable effect of the bias is to rigidly shift the individual

energy levels of the C60s. Furthermore, by analyzing the

potential drop in the system, we find that the drop

mainly takes place in the alkane chain region; the drop

at the interfaces between the electrodes and the C60s

being negligible. This shows that the resistances of the

interfaces between the electrodes and C60s are much
smaller than that of the alkane chain. At a small finite
bias, the band structure in each of the electrodes is
shifted rigidly, because the bias corresponds to a shift
of the chemical potential, and the LUMO of each C60 ap-
pears pinned to the band structure of its electrode. We
can therefore explain the NDR in this device using only
the relative shifts of the LUMOs of the C60s and resonant
tunneling between them.

The above results indicate that the linker between
the two C60s, in our case the alkane chain, plays a cru-
cial role in the development of NDR. To understand the
effects of chain length on the transport properties, we
consider C3H6 and C11H22 in addition to C7H14. As ex-
pected, the current decreases exponentially with an in-
crease of the length (see Figure 4a,b). Its dependence
on length can be fitted as

where I0 � 76.63 �A and � � 0.72 Å�1 at a bias of 0.1
V.30 Interestingly, the effect of the chain length on the
NDR position is very small: while varying the linker from
C3H6 to C11H22, the NDR position changes only by 0.02
V. This can be understood by the fact that the energy
position of the NDR is governed by the positions of
quasi-molecular orbitals of the C60s, as explained above.

It is important to emphasize that the NDR mecha-
nism described above is different from those previ-
ously presented in the literature.5,13,18�23 It is neither
caused by a change of the coupling between the elec-
trodes and the central molecule nor by a chemical or

Figure 3. Position-dependent LDOS as a function of bias voltage in the C60�C7H14�C60 two-terminal device. The atomic
structures are shown for reference.

Figure 4. The NDR as a function of the chain length: (a) I�V curves for C3H6, C7H14, and C11H22, respectively. Compared to
the C3H6 case, the currents for C7H14 and C11H22 cases are scaled 50- and 2000-fold, respectively. (b) Exponential fit of the cur-
rent as a function of chain length for bias of 0.1 V.

I ) I0e-�L

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 12 ▪ 7205–7210 ▪ 2010 7207



conformational change of the central molecule under fi-

nite bias. Furthermore, it is not caused by a change of

the alignment between the levels of the central mol-

ecule and the band edges of the electrodes. In our case,

the NDR is completely determined by resonant tunnel-

ing between two C60 molecules connected by a chemi-

cal linker that has much larger HOMO�LUMO gap than

the C60s and thus acts as a barrier. Therefore, the NDR

mechanism studied in this paper is not related to

changes in coupling between the electrodes and the

conductor, and it should not depend on the type of ma-

terials used for the metallic electrodes. In fact, this be-

havior is very similar to the simple system of two alumi-

num atoms studied by Lang,31 where tunneling also

resulted in the appearance of a NDR. However, the two-

C60-based device is much more complex, flexible, and

certainly more chemically inert. Furthermore, the prop-

erties of C60 can be modulated in many ways, such as

doping, molecular adsorption, and mechanical defor-

mation, which would all alter the electron transport

properties, while the magnitude of the current can be

adjusted by changing the properties of the linker.

Since the NDR here is caused by relative shifts of the

LUMO levels of the C60s, its position could be modu-

lated by changing the positions of the LUMO levels by,

for example, adsorption of different molecules on the

C60. As an example, we consider a small alkane, C3H7, ad-

sorbed on one of the C60 molecules (see Figure 5a).

After the adsorption, the positions of the NDR shift to

�0.55 V in the negative bias region with the maximum

current of 30 �A, and to 0.30 V in the positive bias re-

gion with the maximum current of 15 �A (Figure 5b).

The transmission function at equilibrium is mainly char-

acterized by two peaks, one at the Fermi level and one

at about �0.50 eV (Figure 6). When the bias is swept in

the negative direction, the peak at the Fermi level

gradually disappears, since the overlap with the LUMO

at the left C60 becomes smaller, while the height of the

peak at �0.50 eV increases and reaches its maximum

when it aligns with the LUMO level of the left C60. This

is the reason why the NDR appears at about �0.50 V.

When the bias is swept in the positive direction, the

peak at the Fermi level shifts to higher energy and its

magnitude also changes, while the height of the peak

at �0.50 eV decreases.

SUMMARY
We proposed several configurations of two-terminal

devices that use C60 molecules as the basic building

blocks and investigated their transport properties. We

found that the electron conduction is mediated by the

LUMOs of the C60s, just as in single-C60-based devices.

The NDR, present only in the two-C60 devices, can be ex-

plained by the alignment of LUMO levels of the left

and right C60s. At equilibrium, the LUMO levels lie very

close to the Fermi level, due to charge transfer from the

electrodes to the C60s. As the bias increases, the LUMOs

shift with the chemical potential of their respective

electrodes and become misaligned, leading to a de-

crease in the current and thus an NDR. It is important

Figure 5. The two-C60-based device with C3H7 attached to the right C60. (a) The atomic structure of the system with Al at-
oms marked in red, C atoms in green, and H atoms in white. (b) The I�V characteristic.
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to note that the proposed NDR mechanism should not
depend on the type of metallic electrodes used, since
resistances at the interfaces between the Al electrodes
and C60 molecules turned out to be negligible com-
pared with that of the alkane chain. It follows that the
NDR is completely determined by resonant tunneling
between the LUMOs of the C60s. The position of the
NDR can be controlled by attaching small molecules or

in other ways that affect the relative positions of the
left and right LUMOs of the C60s. The possibility of tun-
ing the NDR position and strength provides some de-
sign flexibility when devising molecular electronics and
could be used to adapt the device to a particular func-
tion. Conversely, the sensitivity of the NDR to molecular
adsorption could enable its use of C60-based devices in
molecular sensing.

ATOMIC STRUCTURE AND COMPUTATIONAL
METHODOLOGY

The model structures studied here are constructed as fol-
lows: In a two-terminal device, two C60 molecules are connected
by alkane chains containing n � 3, 7, 11 carbon atoms. Two hy-
drogen atoms at the end of each alkane chain CnH2n�2 are re-
moved to bond with C60s, which results in CnH2n linkers between
the C60 molecules. Each C60 is directly connected to an alumi-
num nanowire acting as an electrode. The nanowire has bulk alu-
minum structure and extends along the (100) direction. It con-
sists of alternating 5- and 4-atom layers in the fcc geometry
(Figure 1a). We divide the whole system into three parts: the
left electrode, the right electrode, and the “conductor” part. The
latter includes the C60 molecules connected via the alkane chain
and four terminating layers of the left and right Al electrodes.

The calculations are carried out using a massively parallel
real-space multigrid implementation32 of density-functional
theory (DFT).33 Both the Al electrodes and the conductor parts
are described at the same DFT footing. The exchange and corre-
lation terms are represented by the generalized gradient ap-
proximation (GGA) in the Perdew, Burke, and Ernzerhof form.34

The ions are represented by nonlocal ultrasoft pseudopoten-
tials.35 The conductance and nonlinear I�V characteristics are
studied by the nonequilibrium Green function (NEGF)
method36�39 in a basis of optimally localized orbitals.40�42 The lo-
calized orbitals are centered on each atom and optimized varia-
tionally in the equilibrium geometry. We use five orbitals per
atom with a cutoff radius of 4.2 Å. The wave functions and local-

ized orbitals are described on a uniform grid with spacing of
0.18 Å. When external bias is applied, the system is out-of-
equilibrium and the electronic structure changes depending on
the bias. Because the bias greatly affects the transport properties
of molecular devices,24 a fully self-consistent calculation of the
electronic structure in the central region is performed at each
bias voltage before the transmission coefficient and the current
are calculated.

The transmission coefficient is obtained from the Landauer
formula

where GR,A are the retarded/advanced Green functions of the
conductor part and �L,R are the coupling functions to the left/
right electrodes. The current through this system is calculated
by integrating the transmission function over the bias window
eV � �L � �R,

where f is the Fermi distribution function and �L,R is the chemi-
cal potentials of the two electrodes.

Acknowledgment. X.Z. was supported by ONR
N000140610173, W.L. and J.B. by DOE DE-FG02-98ER45685, T.A.
by DOE DE-FG05-08OR23331, and V.M. by DE-AC05-00OR22725.

Figure 6. The evolution of the transmission as a function of bias in the two-C60 device shown in Figure 5 (a) for negative
bias and (b) for positive bias. The chemical potential of the right electrode is set to zero and the two vertical lines indicate
the bias window.
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