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We have preformed a first-principle calculation on the electronic transport properties of a recently
synthesized nanotubelike fullerene D5h�1�-C90. One finds three negative differential resistance
regions in the I-V curve, which could be modulated by gate voltage and contact configuration.
Further analysis showed that, the charge transfer and molecule-electrode coupling, induced by both
bias and gate voltages, are responsible for the observed phenomena. © 2011 American Institute of
Physics. �doi:10.1063/1.3582238�

Due to peculiar geometric and electronic structures, C60
�Ref. 1� and carbon nanotubes2 are thought to be prospective
candidates for the next generation of nanoelectronic devices.
A number of applications have been reported, e.g., transis-
tors, sensors, etc.3–17 Especially, some efforts have been
made to put both carbon structures together to achieve a
better functionality than the constituent ones. A typical ex-
ample is the peapod in which the C60 molecules are inserted
into the inside of carbon nanotube.18,19 Actually, such a nano-
structure is a simple combination of molecules due to the
week interaction between them. Recently, Yang et al.20 have
synthesized a nanotubelike fullerene, D5h�1�-C90. It com-
bines C60 and carbon nanotube in a single molecule level.
From a structural point of view, it could be regarded as a
short armchair �5, 5� nanotube endcapped with the hemi-
sphere of C60. Previous studies showed the C60-based de-
vices present intriguing negative differential resistance
�NDR�, which can be modulated by external
environment,21,22 and switching behavior was found in C70.

23

Due to the special structure, peculiar electronic transport be-
havior of C90 molecule is expected.

In the present work, we studied the electronic transport
of C90 contacted with Au electrodes based on the density
functional theory combined with nonequilibrium Green’s
function, implemented with atomistix toolkit �ATK�.9,24 We
used the mesh cutoff energy of 150 Ry, and
1�1�100 k-point mesh.25 The Perdew–Burke–Eenzerhof26

formulation of the generalized gradient approximation was
used. Supercell with sufficient vacuum spaces was applied.A
double-zeta polarized and single-zeta polarized basis sets are
used for the C and Au atoms, respectively. All atoms in the
central region are optimized until forces are smaller than
0.02 eV/Å. The Au–C distance was chosen to be 2.17 Å,
which is a typical distance for the Au–C system.27 We have
checked the distance dependence of current bias �I-V� curves
and found the main transport features, such as multiple
NDRs and modulation effect, remain unchanged.

Figure 1 shows the I-V relation of the two-probe system
for different Vg. When no Vg is applied, the I-V curve �line

plus circles� at small bias �Vb� shows a linear behavior, indi-
cating a metallic behavior. As the bias is larger than 0.7 V,
the NDR appears. With the increase in Vb, the NDR reap-
pears at Vb=1.2 and 1.9 V. Among the three NDRs, the
middle one at 1.2 V is less obvious than the other two. Such
multiple NDRs behavior is obviously different from the C60
device.22 In C60-based two-probe system,22 the I-V curve
presents only one NDR region between 0.0 and
2.0 V. This difference implies more complicated conducting
mechanisms of C90 device than the C60 one.

When Vg of �1.0 V are applied, the I-V behavior is
similar to the one mentioned above, except that the middle
NDR disappears at Vg=1.0 V. More interesting, one can see
that the ending point of the first NDR, i.e., the current at
Vb=1.0 V, is almost insensitive to Vg. When Vg decreases
further to �2.0 V, the situation becomes quite different. The
I-V curve is totally suppressed compared with the other
three. More important, only the middle NDR feature exists
and the other two disappeared. Such gate-modulated behav-
ior of NDR will be very useful for the design of nanoelec-
tronic devices.

We next shed light on the physics behind the above be-
havior by examining charge doping mechanism based on
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FIG. 1. �Color online� I-V curve under different Vg for D5h�1�-C90 coupled
with two Au electrodes.
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charge transfer �CT� between the molecule and metallic elec-
trodes. Taylor et al.24 studied the electronic transport of C60
device and proposed the CT doping mechanism, in which the
molecule gains charge from the electrodes, resulting in a
substantial conductance. If a gate voltage Vg is applied, the
number of CT and then the conductance will be tuned by Vg.
Besides the gate voltage, the bias was also reported to effec-
tively modulate the CT and the NDR in C60.

28 Based on
these results, we first show the amount of transferred charges
as a function of Vb for various Vg in the inset of Fig. 2. A
positive �negative� value indicates CT from electrodes �mol-
ecule� to molecule �electrodes�. At Vb=0 V, 1.96 e charges
are transferred from the C90 molecule to the electrodes at
Vg=1.0 V. Under no gate voltage, the amount of CT be-
comes only 0.14 e. When Vg decreases further, the direction
of CT is reversed and the molecule gains 2.92 e and 1.71 e
charges from the electrodes at Vg=−1.0 V and �2.0 V, re-
spectively. Moreover, one can easily see that the CT varies
with the gate voltage with only slight fluctuations. Despite
the flat variation in CT to Vb, it actually plays an important
role in the transport behavior shown in Fig. 1. In order to
show it clearly, we plot the relative CT which is defined by
the charge at each bias relative to the one at zero bias. We
will discuss the correlation between the I-V behavior and the
relative CT later.

To better explain the above behavior, we present the
Landauer–Büttiker formula used in our calculation

I =
2e2

h
� T�E,Vb��f�E − �l� − f�E − �r��dE , �1�

where T�E ,Vb� is the transmission coefficient at energy E
and the bias Vb. f�E−�l�r�� is the Fermi distribution of left
�right� electrode, and �l�r� is the chemical potential of left
�right� electrode. The bias takes the form of Vb= ��l−�r� /e.
Obviously, the current is determined by the integral area in
the bias window. Figure 3 shows the transmission coefficient
T�E ,Vb� for different Vg. The regions along the white solid
lines represent the bias windows and the white dash lines are
the starting points of the NDR regions.

In Fig. 3, there is a transmission peak � at the energy of
about 0.5 eV for each Vg. They are shifted slightly along the
energy axis and terminate at different Vb. According to the
integral principle, it is these terminations that result in the

second NDR because they dominate in the integral windows.
As we can see, the positions of terminations of the peak �
correspond to the starting biases of the second NDR �shown
by dashed lines at Vb=1.2, 1.1, and 1.4 V in Figs. 3�b�–3�d��.
More interestingly, comparing Fig. 3 with Fig. 2, one can
find that the positions of increase-decrease changes in the
curve �Vb=1.2 V, 1.2 V, 1.1 V, and 1.4 V for Vg=1.0 V, 0.0
V, �1.0 V, and �2.0 V, respectively� in Fig. 2 are exactly
consistent with the positions of �-terminations in Fig. 3. One
therefore believes that the bias induces a rapid change in CT
and results in the termination of the peak �. In brief, Vg �Ref.
24� and Vb �Ref. 28� together modulate the CT, which causes
the behaviors of peak � and finally result in the second NDR.
As for Vg=1.0 V, there is another wider peak beside �, so
no NDR appears.

Similar to the second NDR, the first and third NDR start-
ing at 0.9 and 1.9 V are also associated with two definite
transmission peaks shown in Fig. 3. The first NDR is due to
the decay of a widely distributed peak � while the third one
is due to the peak �. Further analysis shows that such decay
is caused by weakened coupling between the molecule and
the electrodes induced by Vb. Here, we take the first NDR at
Vg=0.0 V for example to explain the weakened coupling.
Figure 4 shows the transmission coefficient and the projected
density of states �PDOS� at Vb=0.7 and 1.0 V. The PDOS

FIG. 2. �Color online� Relative CT as a function of Vb under different Vg.
Inset: CT as a function of Vb under different Vg for the same case.

FIG. 3. �Color online� Transmission coefficient T�E ,Vb� as a function of E
and Vb under different Vg. �a�–�d� correspond to Vg=1.0 V, 0.0 V, �1.0 V,
and �2.0 V, respectively. The regions between white solid lines are the bias
windows for integral to obtain currents. The white dash lines indicate NDRs
where to start.

FIG. 4. �Color online� Transmission coefficient and the corresponding
PDOS under Vg=0 V. �a� and �b� stand for biases of 0.7 V and 1.0 V,
respectively.
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gives the information of the molecular orbitals contributing
to the eigenstates of the system, the energy shift and line
broadening.29 From Fig. 4�a�, one finds that there is a wide
PDOS peak around �0.25 eV and a nearly constant PDOS
across the Fermi energy. They cause wide transmission peaks
near the Fermi level. However, at Vb=1.0 V shown in Fig.
4�b�, the PDOS peak is greatly suppressed and a dip emerges
at the Fermi level. This indicates that the molecule-electrode
coupling is weakened by Vb. The wider and larger transmis-
sion peaks decay to narrower and smaller ones, thereby re-
sulting in the NDR behavior. This argument can be further
demonstrated based on CT.

The weakening of the molecule-electrode coupling
can be appreciated from the CT shown in the inset of Fig. 2.
As Vg decreases from 1.0 to �1.0 V, the CT increases.
As expected, the molecule should gain more charges at Vg
=−2.0 V. But it becomes fewer on the contrary, which dem-
onstrates the weakening of the electrode-molecule coupling
induced by Vg. As mentioned above, Vg can modulate the
CT. But the transferred charges are not uniformly distributed
on the molecule. The extra charges change significantly only
in the interface layers, i.e., the carbon layer nearest to the
electrodes �not shown�. For the inner atoms, only a few extra
charges reside on them and almost remain unchanged as Vg
is increasing. That is to say, the modulation of CT by Vg
actually takes place only in the interface layers. Such behav-
ior also demonstrates that Vg could modulate the molecule-
electrode coupling.

Now, we consider possible contact configurations by ro-
tating the electrode and the molecule, respectively. When
rotating the electrode, we found that I-V curve remains un-
changed due to the rotation �from 0° to 90°�. This behavior is
different from that of C70, for which the similar changes in
rotating the molecule are due to its asymmetric structure.23

Moreover, we rotate the C90 molecule by 90° shown in Fig.
5. In the absence of gate voltage, two main NDR regions
still exist although the contact configuration changes a lot. It
indicates that the feature of multiple NDRs is an intrinsic
feature of the system. However, compared with the un-
rotated case, the peak-to-valley ratio becomes smaller. As
Vg=−2.0 V, the first NDR �Vb=0.7−1.0 V� almost disap-
pear, and the second one �Vb	1.8 V� becomes more obvi-
ous. In brief, both gate voltage and contact configuration can
modulate the multiple NDRs of the C90 device.

Last, we will compare our results with those of C60 and
nanotubes. For C60-device, the NDR behavior was found and

can be modulated by the external pressure.22 But the low
operating speed limits its application, as it involves atomic
motion. Moreover, gate-controlled NDR behavior was found
in carbon nanotube device.30 As a combination of C60 and
nanotube in a single molecule level, the C90-based device not
only exhibits multiple NDRs behavior but also can be modu-
lated by the gate, which will be of a wide range of applica-
tions.

In summary, we preformed a first-principle calculation
on the electronic transport properties of C90. Multiple NDRs
were found and could be modulated by Vg and contact con-
figuration. We believed this feature is useful for the develop-
ment of future nanoelectronic devices.
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FIG. 5. �Color online� I-V curve under different Vg for D5h�1�-C90 �rotated
by 90° according to the case in Fig. 1� coupled with two Au electrodes.
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