Effect of intertube interaction on the transport properties of a carbon double-nanotube
device
Xiao-Fei Li, Ke-Qiu Chen, Ling-Ling Wang, Meng-Qiu Long, B. S. Zou, and Z. Shuai

Citation: Journal of Applied Physics 101, 064514 (2007); doi: 10.1063/1.2714780
View online: https://doi.org/10.1063/1.2714780
View Table of Contents: http://aip.scitation.org/toc/jap/101/6
Published by the American Institute of Physics

Articles you may be interested in
Effect of length and size of heterojunction on the transport properties of carbon-nanotube devices
Applied Physics Letters 91, 133511 (2007); 10.1063/1.2790839
Theoretical investigation of the negative differential resistance in squashed
Applied Physics Letters 92, 263304 (2008); 10.1063/1.2952493

molecular device

Negative differential resistance behaviors in porphyrin molecular junctions modulated with side groups
Applied Physics Letters 92, 243303 (2008); 10.1063/1.2924364
Negative differential resistance induced by intermolecular interaction in a bimolecular device
Applied Physics Letters 91, 233512 (2007); 10.1063/1.2822423
All-carbon nanoswitch based on
molecule: A first principles study
Journal of Applied Physics 102, 064501 (2007); 10.1063/1.2779263
Mechanism of nanoelectronic switch based on telescoping carbon nanotubes
Applied Physics Letters 88, 173107 (2006); 10.1063/1.2198481

JOURNAL OF APPLIED PHYSICS 101, 064514 共2007兲

Effect of intertube interaction on the transport properties
of a carbon double-nanotube device
Xiao-Fei Li, Ke-Qiu Chen,a兲 Ling-Ling Wang,b兲 Meng-Qiu Long, and B. S. Zou
Department of Applied Physics, Hunan University, Changsha 410082, China

Z. Shuai
Key Laboratory of Organic Solids, Institute of Chemistry, Chinese Academy of Sciences,
Beijing 100080, China

共Received 7 December 2006; accepted 24 January 2007; published online 28 March 2007兲
By applying nonequilibrium Green’s functions and first-principles calculations, we investigate the
transport behaviors of the bitube device with two single-walled nanotubes attached to metal
electrodes. The results show that the intertube interactions play an important role in the conducting
behavior of these systems. By adjusting the intertube distance and the orientational order, namely
changing the magnitude of the intertube interactions, a different transport behavior can be observed
in the system. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2714780兴
I. INTRODUCTION

In the past decade, the electronic transport properties of
single-molecule junctions or molecular devices have attracted much attention. Various kinds of single-molecule
junctions or molecular monolayer junctions, such as short
organic molecule wires,1–11 long-chain polymers,12,13
fullerenes,14,15 carbon nanotubes,16 and so on, have been reported. In particular, molecular junctions constructed by carbon nanotubes are the systems intensely studied because of
their unique one-dimensional geometry, mechanical and
chemical robustness, and excellent transport property. Several metal-nanotube-metal junctions have been studied
experimentally.17–19 Theoretically, the electronic transport
properties of single-walled nanotube 共SWNT兲 junctions have
also been studied extensively. Pomorski et al.20 calculated
the current voltage 共I-V兲 characteristics of prototypical short
semiconducting nanotubes coupled to metallic leads by using
nonequilibrium Green’s function formalism combined with
density functional theory based simulations. They found the
metallic behavior in the system and suggested that this behavior is due to the presence of evanescent modes. Xue and
Ratner21 presented an analysis of the electronic transport
properties of the metal-SWNT-metal junction with the length
of SWNT being varied from the nanometer to tens of nanometer range. Their results showed a transition from tunneling
to thermal activation-dominated transport with increasing
nanotube length. Wu et al.22 predicted a pressure-induced
metal to semiconductor transition in armchair SWNTs. The
transport properties of multiwalled carbon nanotubes
共MWNTs兲 have also been reported theoretically23 and
experimentally24,25 and showed that the inner shells can contribute to the total conductance and the inner-shell hopping
can play a crucial role in MWNTs transport. However, there
are very few reports on the effect of intertube coupling on
the transport properties of the molecular junction with two or
more single-walled carbon nanotubes sandwiched between
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metal electrodes. In spite of there being a number of reports
on intertube coupling effects on electronic structures in systems including two or more nanotubes such as carbon nanotube bundles or ropes,26–29 most of the theoretical analyses to
date are based on infinite carbon nanotubes, whose characteristics are fundamentally different from those of the finite
tubes coupled to metal electrodes.
In the present work, we consider such a system: two
semiconducting 共8, 0兲 SWNTs coupled to Al leads, as given
in Fig. 1. Our work focuses primarily on the effect of intertube interaction on the transport properties of the molecular
junction. The calculated results show that the intertube interaction can induce a different conducing behavior in the system.
II. MODEL AND COMPUTATIONAL METHOD

Figure 1 shows a schematic of molecular device with
part of the electrodes. Typically, in the contact region, a supercell is consisted of a 5 ⫻ 9 共100兲 two layers of Al slab
with 45 atoms per unit cell in the left lead, and a three layers
of Al slab with 67 atoms in the right lead, and 256 共4 cells
for each tubes兲 carbon atoms for two semiconducting 共8, 0兲
nanotubes in the central scattering region. To evaluate the
effect of the metal-SWNT interface coupling, we consider

FIG. 1. Two-probe device configuration with two 共8, 0兲 carbon nanotubes
between two Al electrodes. A supercell consisted of a 5 ⫻ 9 共100兲 two layers
of Al slab with 45 atoms per unit cell in the left lead, and three layers of Al
slab with 67 atoms in the right lead, and 256 共four cells for each tubes兲
carbon atoms for two semiconducting 共8, 0兲 nanotubes is the device scattering region.
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FIG. 3. 共Color online兲 Frontier orbitals of the MPSH. 共a1兲–共a6兲 show six
frontier molecular orbits of the MPSH for the monotube system: Orbits
254–259 correspond to HOMO− 1, HOMO, LUMO, LUMO+ 1, LUMO
+ 2, and LUMO+ 3, respectively; 共b1兲–共b6兲 and 共c1兲–共c6兲 show six frontier
molecular orbits from HOMO− 1 to LUMO+ 3 for the bitubes system with
intertube distance Lt−t = 3.0 Å and Lt−t = 2.3 Å, respectively.

FIG. 2. The transmission spectra T共E , Vb兲 as a function of electron energy
at zero bias 共Vb = 0兲: 共a兲–共e兲 is for the bitubes system shown in Fig. 1, and 共f兲
for the the single 共8, 0兲 SWNT junction with the same parameters as Fig.
2共e兲. Figures 2共a兲 and 2共b兲 correspond to intertube distances Lt−t = 3.0 Å and
Lt−t = 2.3 Å with electrode-tube distance Le−t = 1.8 Å and the rotational angle
 = 0 共namely hexagon-to-hexagon ordering between the two tubes兲, respectively; 共c兲 and 共d兲 correspond to the rotational angle  = 2 / 16 关namely the
maximum rotational angle by rotating one tube around the long tube-axis as
a result of the D8h symmetry of the 共8, 0兲 tube兴 with the same electrode-tube
distance and intertube distances as 共a兲 and 共b兲, respectively; 共e兲 is of the
same intertube distance and rotational angle as 共a兲 but with electrode-tube
distance Le−t = 2.3 Å. The vertical dashed lines represent the positions of the
molecular orbital HOMO 共left兲 and LUMO 共right兲, respectively. The energy
origin is set to be the Fermi level of the system.

the SWNT end-metal surface distance varying from 1.8 to
2.3 Å, which is the typical range of electrode-tube distance
employed in most of the references.20,21 Note that the finite
SWNT molecules are attached to the electrode surface
through the ring of dangling-bond carbon atoms at the ends.
Here, we neglect the possible distortion of the SWNT atomic
structure induced by the open end. The method for the quantum transport calculation we use here is a first-principle nonequilibrium Green’s function-based electronic transport
package, TranSIESTA-C.30,31 This method is based on density functional theory and can treat the molecule-electrode
system self-consistently under finite bias conditions.
III. RESULTS AND DISCUSSION

In Figs. 2共a兲–2共e兲, we present the transmission spectra
T共E , Vb兲 as a function of electron energy at zero bias 共Vb
= 0兲 for the bitube system shown in Fig. 1: Figs. 2共a兲 and
2共b兲 correspond to intertube distances Lt−t = 3.0 Å and Lt−t
= 2.3 Å with electrode-tube distance Le−t = 1.8 Å and the rotational angle  = 0 共namely hexagon-to-hexagon ordering
between the two tubes兲, respectively; Figs. 2共c兲 and 2共d兲 correspond to the rotational angle  = 2 / 16 关namely the maxi-

mum rotational angle by rotating one tube around the long
tube-axis as a result of the D8h symmetry of the 共8, 0兲 tube兴
with the same electrode-tube distance and intertube distance
as Figs. 2共a兲 and 2共b兲, respectively; Fig. 2共e兲 is of the same
intertube distance and rotational angle as Fig. 2共a兲 but with
electrode-tube distance Le−t = 2.3 Å. As a comparison, in Fig.
2共f兲, we give the transmission coefficient of the single 共8, 0兲
SWNT junction with the same parameters as Fig. 2共e兲. It is
known that the transmission spectra reflects the electronic
structure of the molecule and the coupling, which mediates
the electronic transport.20,21,32 From Fig. 2共a兲, it is seen
clearly a wide valley with small transmission about the
Fermi level. When the intertube distance Lt−t is decreased,
the transmission coefficient increases and the transmission
valley is gradually broken, as found from Fig. 2共b兲. By comparing Figs. 2共c兲 and 2共d兲 with Figs. 2共a兲 and 2共b兲, we find
that the transmission is more favorable for the configuration
that the two tubes are placed in hexagon-to-hexagon order
共namely the rotational angle being zero兲. According to the
D8h symmetry of the 共8, 0兲 tube, the range of the rotational
angle is spanned between 0 and 2 / 16. The calculation
shows that the transmission coefficient becomes smaller with
increasing the rotational angle. From Fig. 2共e兲, we can see
that with an increase in the electrode-tube distance, the extent of primary tunneling from the molecule to the electrode
is reduced drastically, and a fully gap is developed about the
Fermi level, which shows semiconducting behavior of the
system. This results from the fact that the coupling between
the electrodes and the tubes becomes weaker when the
electrode-tube distance is increased. When comparing Fig.
2共f兲 with Figs. 2共a兲–2共e兲, we find that more transmission
peaks appear in the bitubes systems, which mean that more
transmission channels are open in this system than in the
single-molecule system. Moreover, peak values and their positions of the single-molecule system are different from those
of the bitubes system. These results indicate that the intertube interaction play an important role in electronic transport
for the bitubes system.
To further understand the nature of the intertube interaction, in Fig. 3, we give the molecularly projected selfconsistent Hamiltonian 共MPSH兲, which is the molecular part
extracted from the whole self-consistent Hamiltonian for the
contact region 共two layers of Al electrode in the left with the
bitubes and three Al layers on the right side兲. Note that
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FIG. 5. Dependence of the diameter of tube on the intertube distances.

FIG. 4. I-V curves of the bitubes device for different intertube distances and
the rotational angles. The solid curves labeled by the solid circles and triangles correspond to Lt−t = 2.3 Å and 3.0 Å with the rotational angle  = 0,
respectively; the dashed curves labeled by the solid circles and triangles
correspond to Lt−t = 2.3 Å and 3.0 Å with the rotational angle  = 2 / 16,
respectively; and the solid curve labeled by the asterisk corresponds to
Lt−t = 3.0 Å, Le−t = 2.3 Å, and  = 2 / 16. The inset gives a comparison of the
I − V curves between the monotube device and the bitubes device with Lt−t
= 3.0 Å and the rotational angle  = 2 / 16.

MPSH contains the molecule-lead coupling effects.33,34 In
fact, the density distributions of the orbit can reflect the
electrode-tube coupling and intertube interaction in picturesque way. Figures 3共a1兲–共a6兲 show six frontier molecular
orbits of the MPSH for the monotube system: Orbits 254–
259 correspond to HOMO− 1, highest occupied molecular
orbital 共HOMO兲, lowest unoccupied molecular orbital
共LUMO兲, LUMO+ 1, LUMO+ 2, and LUMO+ 3, respectively. Figures 3共b1兲–共b6兲 and 共c1兲–共c6兲 show six frontier
molecular orbits from HOMO− 1 to LUMO+ 3 for the
bitubes system with intertube distance Lt−t = 3.0 Å and Lt−t
= 2.3 Å, respectively. It is known that a delocalized molecular orbital means the transmission channel being opened,
thus yields a peak in the transmission spectra. In general, a
delocalized molecular orbital contributes more to the transmission probabilities than a localized one in molecular device. From Fig. 3, it is seen that when intertube distance
takes Lt−t = 2.3 Å, almost all explored frontier molecular orbitals are delocalized, which indicates these conductance
channels are opened. This shows that the shorter the intertube distance, the stronger the intertube interaction, and the
more transport channels can be opened. The collective effects among molecular orbitals are responsible for the bigger
transmission coefficients presented in Fig. 2共b兲. It should be
noted in particular that it is difficult to establishing a correspondence between the transmission peaks or valleys and
molecular orbitals due to the fact that in such a large molecular system the molecular orbitals are very close to each other
in energy and difficult to determine which one contributed to
the certain transmission peak or valley.
Figure 4 shows the current-voltage characteristics for

different intertube distances and rotational angle. The electronic structure is determined self-consistently for each bias.
The current is calculated by means of the Landauer–Buttiker
formula:35 I = 兰RT共E , Vb兲dE, where T共E , Vb兲 is the transL
mission probability for electrons incident at an energy E
through a device under a bias Vb, and L and R denote the
electrochemical potential of the left and right leads, respectively. Since the structure is symmetric, the I-V curves are
also symmetric with respect to the bias polarity. From the
figure, some main features can be addressed as follows: 共i兲
From the current-voltage curve of the bitubes systems with
short intertube distance Lt−t = 2.3 Å, we can see clearly the
linear characteristic, which indicates the system being of the
metallic behavior obviously. With the increase in intertube
distance, electrode-tube distance, or the rotational angle, the
current is decreased remarkably. 共ii兲 For the systems with
long electrode-tube distance Le−t = 2.3 Å and larger rotational
angle  = 2 / 16, the I-V curve is flattened over a small bias
range, where the current approaches zero. This is indicative
of a semiconducting-like characteristics of the system. From
the inset of Fig. 3, it can be found that for the same bias, the
current of bitubes system is larger than twice that of the
monotube system, even for the system with the rotational
angle  = 2 / 16, which indicates that the intertube interaction can enhance the electron transport evidently. These phenomena can be understood. From infinite bitubes system,28 it
is known the intertube interaction can induce the orbit splitting. And the magnitude of the splitting is dependent on the
intertube distance and the rotational angle. These additional
orbits offer electron transport channels and contribute to the
current, which results to the increase of the total current of
the bitube systems.
One may inquire if there exists a deformation of the
tubes caused by the intertube interaction. We will indicate by
calculations that the intertube interaction does not give rise
to deformation of the tubes for the explored range of the
intertube distance. In Fig. 5, by performing a first-principle
simulations of intertube interaction, we give the dependence
of the diameter of tubes on the intertube distances. The results show that when intertube distance is larger than 2.3 Å,
the diameter of tube seems to be insensitive to the intertube
distance. About Lt−t = 2.3 Å, the intertube interaction causes
only a very small radial deformation of the tubes.
IV. SUMMARY

In conclusion, using first-principle quantum transport
calculations, we have investigated the transmission properties of electrons in a bitube device. The intertube interaction
has been analyzed in detail. The results show some interesting physical effects. The intertube interaction can induce the
orbit splitting, which is dependent on the intertube distance
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and the rotational angle. These additional orbits offer electron transport channels and contribute to the current. By adjusting the intertube distance and the rotational angle
共namely changing the magnitude of the intertube interactions兲, a different transport behavior can be found in the
system. These results may also be helpful in understanding
the transmission mechanism of other kinds of bimolecule or
multimolecule systems.
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