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Abstract

Structural properties of metallic single-walled carbon nanotubes with a double vacancy under
stretching are studied by using a multiscale hybrid energy density method. Based on the
optimized structure, the single-particle Green function method is then used to investigate the
transport property. It is found that a reconstruction of the structure occurs with an increase of
the imposed axial force, which alters the transmission function around the Fermi energy and
will reduce the current. This reconstruction cannot be found by running a molecular dynamics

simulation without a quantum description.

1. Introduction

Carbon nanotubes (CNTs) have become very promising one-
dimensional materials in nanoscience. = The tremendous
potential for technological applications has thrust them
into one of the hottest areas of research activities [1-3].
Some recent observations of strong coupling between
mechanical deformation and electrical behavior [4] show that
CNTs have exciting electromechanical properties. Various
experimental [5—7] and theoretical [8—12] studies have been
attracted to explore the correlation between the mechanical
deformation and the change of electric transport in CNTs.
Defects can appear at the stage of CNT growth, or later
on during device or composite production.  Moreover,
defects in CNTs can be created deliberately by chemical
treatment [13] or by irradiation [14, 15]; controlling their
density can be achieved by manipulating the -electronic
characteristics of the CNTs. Defects (such as topological
defects, tube—tube junctions and vacancies) and coherent
electric conductance have been studied both experimentally
and computationally [8, 9, 16, 17].

The conductance of a one-dimensional conductor is
known to have a simple form according to Landauer’s
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formula [18], i.e. the number of conducting channels times
the conductance quantum (Go = 2e? /h) [19]. An armchair
single-walled CNT is a metallic nanowire with two electronic
energy bands crossing at the Fermi level and contributing two
conductance quanta (2Gy) to its conductance [20-22]. This
quantized conductance could be changed by local defects.

Double vacancy (produced by removing two neighboring
atoms in CNT) is one of the important defects in
CNTs. Its effects on electron transport have been studied
by different experiments [17, 23, 24] and theoretical
simulations [12, 16, 17, 25]. In the experiment of Navarro
et al [17], it was found that a low density (0.03%) of double
vacancy can cause an increase, by three orders of magnitude,
in the resistance of a single-walled CNT. Although the effect
of double vacancy has been studied extensively, its detailed
structure and transport properties under an external stress have
not been fully understood.

In this work, we consider an armchair single-walled CNT
with a double vacancy and study the variation of its transport
property with an increasing imposed axial external force. Our
structural model of CNT with a double vacancy consists of
thousands of atoms, with external forces imposed at the two
ends. A multiscale method combined density functional theory
(DFT) and atomistic simulations is applied to optimize the

© 2008 IOP Publishing Ltd  Printed in the UK
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structures.  Since the conductance sensitively depends on
the local structural defects and the defects are coupled with
the long range environment in our systems, the multiscale
modeling is appropriate. The rest of our paper is organized as
follows. In section 2, the structural models and computational
details are described. The results are given and discussed in
section 3. Finally we summarize our work in section 4.

2. Models and calculation method

2.1. Multiscale hybrid method

In the hybrid energy density method (EDM) [26, 27], a system
is partitioned into three subsystems: a quantum mechanics
(QM) region, a classical molecular dynamics (MD) region,
where DFT and classical MD simulations are performed,
respectively, and a transition (TR) region used to accommodate
the coupling of the former two regions. The coupling
Hamiltonian of the transition region is constructed by using
the structural energy and weight parameters. The force on each
atom in the entire system can be obtained in terms of the total
energy expression [27]:

FieQM = FiDFT,

MD
Fjemp = F;™,
QM -DFT MD 7~-MD
erTRza)k Fk +(,()k Fk

where FP'T and FMP describe the force acting on the atom,
and are calculated from DFT and MD, respectively. a)IQM and
oMP represent the weights of the contributions from the DFT
and MD simulations in the transition region, respectively. They
are related by o™ + @MP = 1. Here we choose linear-form
weight parameters in the transition region which are shown in
figure 1. Based on the calculation of the force on each atom, we
can perform the structural optimization for the entire system.

For the DFT part of the hybrid simulation, we use
the DMol3 program [28]. The electronic wavefunction
is expanded in a localized atom-centered basis set. All-
electron calculations are performed with a double numerical
polarized basis set (the most complete set available in the
code) and the gradient-corrected PBE energy functional [29].
For the atomistic simulation, the Tersoff-type many-body
potential [30, 31] with the parameters given by Brenner [32] is
used for the covalent interactions between carbon atoms. This
potential has been widely used to simulate diamond, graphite,
CNTs and many hydrocarbon complexes [33-36].

For the structure model, we consider a (5, 5) armchair
single-walled CNT with a double vacancy (CNT-DV), which
consists of 9988 atoms, as shown in figure 1. To stretch the
CNT, we impose an axial external force at each of the two ends.
According to the partition in the hybrid method, the CNT-DV
system is divided into three regions: the QM, transition and
MD regions, with the double vacancy locating at the middle
of the QM region, as shown in figure 1. The QM region
contains 48 atoms and the two transition regions both contain
70 atoms. The rest of the atoms belong to the MD region. The
optimization of the entire structure is performed by minimizing
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Figure 1. The schematic structure model for the multiscale
calculation. The weight function is also shown.

the forces on the atoms to be less than 0.06 eV A~'. Then we
intercept a central section with 228 atoms of the CNT as the
conductor of interest, which contains the defect in the middle.
The atoms out of the section in an infinite open system are
derived from an ideal bonding arrangement. This central part
will be used for the further first-principles electronic structure
and transport calculations.

2.2. Single-particle Green function method

We adopt the GF method [19, 37] combining a Landauer
formula with an ab initio DFT electronic structure calculation
to investigate the electron transport through the nanotube. In
our model for transport calculation, the left and right electrodes
both have a unit cell of 40 carbon atoms. The (unbiased) self-
consistent Kohn—Sham Hamiltonian of the device region and
the self-energies from the two semi-infinite nanotube leads are
used to construct a single-particle Green function from which a
new density matrix for a finite bias voltage is calculated, which
updates the Kohn—Sham Hamiltonian of the device region.
The procedure continues on until the nonequilibrium density
matrix is converged. Then the transmission coefficient at any
energy is calculated in terms of the converged Green function,
whose energy integration gives the current for the specific bias
voltage. The detailed computational techniques have been
described previously [37].

For the DFT electronic structure calculation, we make
use of the optimized Troullier—Martins pseudopotentials [38]
for the atomic cores. The PBE version of the generalized
gradient approximation (GGA) [29] is used for the electron
exchange and correlation. The wavefunctions are expanded
using a numerical single-zeta (SZ) basis set [39]. We also
tested the single-zeta plus polarization (SZP) basis set and
the transmission function and the conductance changed little,
because the coupling is in the strong coupling limit [40].

3. Results and discussion

3.1. The structure optimization using the EDM method

The multiscale hybrid method is used to relax the structures
of the CNT-DV systems under external forces of O and
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Figure 2. Structures of the CNT-DV systems optimized by the
multiscale method under (b) 0 nN and (c) 50 nN. (a) is the
unoptimized structure under O nN.

50 nN, using the DMol3 program and Tersoff potential. The
different external forces lead to very different structures near
the vacancy. The structure of the central part (containing 228
atoms) is plotted in figure 2. We can see that for 0 nN the
atoms near the double vacancy do not form new bonds and their
positions change only little. However, for 50 nN they form
new bonds along the circumference of the CNT. For the former
system, the distance between C1 and C2 (labeled in figure 2) is
2.93 A, and that between C1 and C3 is 2.46 A, both being much
longer than the common C—C bond length of 1.42 A [3]. For
the latter system, the distance between C1 and C2 is 1.58 A,
and the one between C1 and C3 is 3.53 A, indicating that a
new chemical bond is formed between C1 and C2.

We then optimize the CNT-DV systems under a series
of external forces between 0 and 50 nN and find that the
critical force for the transition is between 33 and 34 nN.
We also carefully tested our result with different sizes of
the transition region. With a larger transition region, say 90
atoms, the critical force does not change, while with a smaller
transition region, 30 atoms, the critical force changes to 34—
35 nN. We also calculated the CNT-DV systems only using
the molecular dynamics with a Tersoff potential and found no
reconstruction for a wide range of external forces, from 0 to
80 nN. These indicate that the use of the hybrid method in this

e

(a)

work is essentially important and our choice for the size of the
transition region is reasonable and necessary.

3.2. Electronic structure calculation for the central part

After the optimization, we use the first-principles DMol3
program to study in more detail the electronic structure of the
central part of the CNT-DV systems under 0 and 50 nN external
forces. The calculated charge density difference of the two
systems are plotted in figure 3. The bonding properties can
be seen clearly: the O nN system forms no new bonds near the
vacancy while the 50 nN system forms new bonds along the
circumference of the tube.

The Mayer bond orders [41] are also calculated. For the
0 nN system, the bond order of C1 and C2 is 0.02, meaning
no bonding interaction between them, while the one of C1 and
C3 is 0.69, being half of the value of the common C—C bond
in CNTs. This means that there is a small trend to form a new
bond between C1 and C3, but it is too small to be seen in the
charge density difference. For the 50 nN system, the bond
order of C1 and C2 is 1.02, while the value of C1 and C3 is
0.01, indicating that a common C—C bond is formed between
Cl and C2.

In figure 4 we show the P, component (the z axis is
vertical to these atoms) of the local DOS (LDOS) of the atoms
around the vacancy. We can see that the C4 atom in the 50 nN
system has a local state near the Fermi energy, while in the
0 nN system the LDOS of C4 is similar to that of the atoms far
away. In contrast to C4, the LDOS of C1 atoms for both of the
0 and 50 nN systems have local states and are very different
from that of the atoms far away. These imply a larger break
of the conjugated v bonds and a stronger scattering in electron
transport in the 50 nN system.

The highest occupied molecular orbital (HOMO) of the 0
and 50 nN systems is also shown in figure 4. We can see that,
for the 50 nN system, the HOMO is mainly localized around
the double vacancy due to the large structural deformation.
In contrast, the HOMO of the 0 nN system is much more
extended. These results are consistent with the LDOS analysis
above.

From the LDOS we also calculate the structural energy of
the atoms in the central part. The structural energy is defined
as follows:

Ef
E(i) = / E -LDOS(, E)dE

oo

g

¥

(b)

Figure 3. Charge density difference of the CNT-DV systems under (a) O nN and (b) 50 nN. The darker spot represent the larger charge density

than that of the free atom, which means a stronger bonding.
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Figure 4. (a) shows the P, component of LDOS of the atoms near the vacancy. The atoms C1 and C4 are denoted in figure 2(a). CO is an atom
far away from the defect. The Fermi energy is set to be zero. (b) and (c) are the HOMO orbitals of the CNT-DV systems under 0 and 50 nN,
respectively. The white and black colors are used to denote the positive and negative lobes of the orbitals.

where i denotes the atom index and Ef is the Fermi energy.
The structural energy contains the information from electrons
of a specific atom, and the atoms may have different values
of structural energy in different environments. In figure 5, we
give the average value of the structural energy for each layer
of the CNT. We can see that for both 0 and 50 nN systems the
average structural energy tends to be a constant three layers
away from the vacancy. This indicates that the effect of the
defect we considered here is very localized. Note that the value
in the edges changes a lot, due to the dangling bonds.

3.3. Transport properties of the central part

Using the TRANK program based on the DFT + GF
method [37], we calculate the transport properties of the central
part of the CNT-DV systems. The calculated transmission
functions 7'(E) under zero bias are plotted in figure 6. The
T(E) of 0 nN system shows a plateau near the Fermi level,
while the 50 nN system presents a valley there, both being

lower than that of a perfect CNT. We also calculate the
electronic current under a bias of 0.1 eV. The corresponding
conductances of 0 and 50 nN systems are 1.49G, and
0.52Gy, respectively, both being less than the value 2G,
of a perfect CNT. These results are consistent with the fact
that in experiments the double vacancy can lower the current
noticeably [17]. Furthermore, our calculation indicates that a
large external force will lower the current more.

The different transport properties between 0 and 50 nN
systems can be explained as follows. The conductance of the
metallic CNT is mainly contributed by the conjugated 7 bonds
originating from the p, orbital of carbon atoms. The vacancy
may break the conjugated network and therefore lower the
conductance. For the 50 nN system, new bonds are formed
and the overall conjugation is largely broken. As a result, the
function T (E) shows a deep valley near the Fermi energy,
while for the 0 nN system, there is no new bond formed
and the structure changes only little from the perfect CNT.
Consequently, the break of the overall conjugation is smaller,
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Figure 5. Average structural energies of the CNT-DV systems under
0 nN (denoted by square) and 50 nN (denoted by triangle) external
forces.
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Figure 6. Transmission functions of the CNT-DV systems under
(b) 0 nN and (c) 50 nN. The Fermi energy is set to be zero. (a) shows
the transmission function of a perfect CNT for comparison.

resulting in a better electron transmission than the 50 nN
system. Note that the difference in the conjugated 7 bonds for
the two systems can also be seen from the analysis of LDOS
above.

4. Conclusion

We have studied a (5, 5) carbon nanotube with a double
vacancy under different external forces. The structure is
optimized by the hybrid method combining the first-principles

DFT and classical molecular dynamics calculations. Without
the external force, the positions of the atoms change little
from the perfect CNT. Under 50 nN external force, new
bonds are formed along the circumference of the tube around
the vacancy. The critical force for the transition is at 33—
34 nN. This reconstruction cannot be predicted by classical
molecular dynamics without a quantum description. The
average structure energy analysis for each layer of the CNT
show that the double vacancy has a very localized effect.

We have used the DFT + GF method to study the transport
properties of the CNT-DV system. The defect reduces the
transmission function 7 (E) around the Fermi energy. Without
the external force, T (E) presents a plateau around the Fermi
energy, while it shows a valley under the external force of
50 nN. Therefore, the double vacancy will lower the small bias
current and the introduction of an external force will lower it
further. This is consistent with the orbital analysis which shows
that the HOMO of the 50 nN system is a local state, therefore
blocking electron transport.
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