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Abstract

Carbon nanotubes (CNTs) have been attracting attention because of their characteristic mechanical and electronic
properties. It has been pointed out that a single-walled CNT can stretch in the axial direction at 30% strain without any
bonds breaking. Therefore, it is of interest to investigate electronic properties of CNTs under high axial strain. In this
study, we investigate the change in electronic properties of single-walled CNTs under high axial strain with tight-
binding semiempirical band calculations. The property of CNTs with the chiral vectors, (m, n); m — n = 3¢, where m, n
and ¢ are integers, shows the transition, metallic — semiconducting — metallic in that order under tension, except
armchair tubes, which remain metallic. The transition in CNTs with the chiral vectors of m —n =3¢+ 1 or
m —n = 3¢q + 2 is: semiconducting — metallic — semiconducting, and the transient strain is dependent on the diameter

of the CNTs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Development of microscopic processing tech-
nology in recent years has stimulated attempts to
manufacture small components with arranged
structures at the nanometer scale. One particular
example is carbon nanotubes (CNTs), which were
discovered by Iijima [1,2], and are nanomaterials
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constructed by covalent bonds of carbon atoms.
They have attracted attention for application to
electronic nanodevices because of their structural
stability and prominent electronic properties. It is
important to clarify the mechanical and electronic
properties of CNTs for the relevant applications.
The electronic structure of CNTs has been
studied in detail [3—-10] and its change under low
strain has been investigated [11-14]. Furthermore,
experiments and numerical simulations have been
carried out on the mechanical deformation of
CNTs, highlighting some eccentric properties [15-
27]. For example, a single-walled CNT can stretch
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in the axial direction by more than 30% of axial
strain depending on conditions of temperature and
strain rate without any bonds breaking [28]. These
results indicate that investigating electronic prop-
erties under high axial strain is of importance.

In this study, we conduct tight-binding semi-
empirical band calculations to evaluate change in
the electronic properties of single-walled CNTs
under high axial strain after verifying the validity
of the method by ab initio calculations.

2. Calculation method of electronic structure
2.1. Ab initio calculation

According to the density functional theory
(DFT) [29], the total energy of a system, E, is ex-
pressed as a functional of the charge density, p,

E[p] = T[p] + / Ve (r)p(r) dr
1 p(r)p(r) .
+2//|r’r|dr dl'JrExc[p]' (1)

Here, r indicates the coordinate vector in the real
space, and the terms on the right-hand side are the
kinetic energy of electrons, the potential energy of
electrons induced by nuclei, the coulomb interac-
tion between electrons, and the exchange-correla-
tion energy of electrons, respectively. Under the
local density approximation, the solution of Eq. (1)
is obtained by solving the one-electron Schrodinger
equation (the Kohn-Sham equation) [30],

H‘pi :Elpiv (2)

where i indicates the electron state, i is the wave
function, and H = —{V*+ V. Since V includes
the potential acting on the electron, which is a
functional of the charge density, p,

ZUEDY ()l (3)

where the sum runs over all the occupied states, the
above equations should be solved self-consistently.

2.2. Tight-binding calculation

In a tight-binding calculation, the Schrodinger
equation is solved in a simplified process, briefly

explained below, so that computational time is
greatly reduced in comparison with the ab initio
method. The hamiltonian is constructed with the
effective potential, V,

1
H:—§V2+V7 (4)

where the first term on the right-hand side repre-
sents the kinetic energy, and V is obtained by
simple functions with parameters (TB potential).
The wave functions are expressed as linear com-
binations of atomic orbitals (LCAO) [31,32]. The
hamiltonian is solved once and no self-consistent
iteration is performed.

3. Validity of tight-binding calculation
3.1. Simulation procedure

To verify the accuracy of the tight-binding cal-
culation method, the atomic configuration and the
electronic structure of an (8,8) armchair CNT and a
(9,0) zigzag CNT are evaluated by the ab initio and
the tight-binding molecular dynamics simulations.

Fig. 1 shows the simulation cells for the (8,8)
and the (9,0) tubes, which contain 32 and 36 atoms,
respectively. The norm conserving pseudopotential
method using a plane wave basis set is adopted for
the ab initio calculation, with which molecular
dynamics simulations can be easily carried out
[30,33,34]. The efficient pseudopotential suggested
by Troullier and Martins [35] is used and the cut-off
energy of plane waves is set to be 50.0 Ry. The
exchange-correlation energy is evaluated using the
function suggested by Ceperley and Alder [36]
based on the local density approximation (LDA)
[37], and the wave functions are converged by the
RMM-DIIS optimization algorithm [38] with par-
allel computation. Because periodic boundary
conditions are imposed in every direction, the sizes
of the simulation cell in the x and y directions (L,
and L,) has to be large enough. In the ab initio
calculations, L, and L, are larger than d 4+ 6 A,
where d is the diameter of the tube. We have veri-
fied that this is large enough to eliminate the effect
of neighboring CNTs by calculations using a larger
cell (L, and L, > 10d). 25 k-points are selected for
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Fig. 1. Simulation models of (a) (8,8) and (b) (9,0) CNTs.

the (8,8) tube and 30 for the (9,0) tube for obtaining
band structures along the z direction. The conver-
gence is also confirmed by a preliminary calcula-
tion with different number of k-points.

Under the TB method, the two potentials pro-
posed by Papaconstantopoulos and coworker [39]
and Wang and co workers [40] are adopted for
comparison. The relaxation of the atomic config-
uration is accelerated by removing the kinetic en-
ergy of the atoms at certain steps in both the
calculations. 50 k-points along the z direction are
selected in the TB calculations.

We also examined the validity of the TB method
for evaluating the electronic properties of CNTs
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under tension. The strain in the z direction, ¢ = 0.20,
is applied to the cell shown in Fig. 1, and the atom
configuration is relaxed. Then, the band structure is
evaluated by the TB and ab initio calculations.

3.2. Results and discussions

Fig. 2(a) shows the band structure of the (8§,8)
armchair CNT at ¢ = 0, evaluated by the ab initio
method and the TB method proposed by Papa-
constantpoulos. The results agree closely with each
other, which means that the TB potential used for
the simulations is suitable for evaluating the elec-
tronic property of CNTs. On the other hand, the
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Fig. 2. Band structure of (8,8) armchair CNT without tension.
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Fig. 3. Band structure of (8,8) and (9,0) CNTs under tension (¢ = 0.2). (a) (8,8) tube and (b) (9,0) tube.

band structure obtained by the Wang TB potential
(Fig. 2(b)) is conspicuously different to that by the
ab initio simulation. Blase et al. [8] have also
pointed out that TB calculations can cause errors
in terms of evaluating the electronic properties of
CNTs. These results indicate that the validity on
evaluation of band structure depends on the TB
potential and that a suitable TB potential should
be selected in calculations. Moreover, the validity
of the TB potentials under tension is discussed
elsewhere [41] for a graphene sheet. Consequently,
the Papaconstantpoulos TB potential is used in the
analysis below.

The band structure of the (8,8) armchair CNT at
& = 0.2 evaluated by the TB calculation with the
Papaconstantpoulos potential and by the ab initio
calculations is shown in Fig. 3(a). The result by the
TB calculation has small deviation from that by the
ab initio one, but the band structure is well evalu-
ated on the whole. The deviation is also small in the
case of (9,0) tube (Fig. 3(b)). These results suggests
that the electronic properties of CNTs under ten-
sion can be estimated by the TB calculations.

4. Electronic property of CNT under tension

4.1. Relaxation of atomic configuration and its
effect on electronic structure

We conducted a tensile simulation to examine
the effect of the relaxation on atomic and elec-

tronic structures by the tight-binding molecular
dynamics calculation for the (8,8) armchair CNT
model. The tensile strain, ¢, is imposed by uniform
stretching of the cell in the z direction. The atomic
configuration is then relaxed by the molecular
dynamics procedure where the kinetic energy is
removed at certain steps.

Fig. 4 shows change in the atomic configuration
of the (8,8) armchair CNT under 20% strain.
Atomic configuration without and with relaxation
after the application of tensile strain are illustrated
by large and small circles, respectively, in the fig-
ure. There exists only a slight difference between
them. Fig. 5(a) shows the electronic structures of
these configurations, clearly indicating that the
relaxation has little effect not only on the atomic
structure, but also on the electronic one. The same
verification is conducted for the (9,0) tube (Fig.
5(b)), which indicates that the effect of the relax-
ation is also negligible. This means that ignoring
atomic relaxation does not greatly affect the result
of atomic and electronic structures during axial
tension of CNTs. Thus, in the following sections,
we evaluate the electronic properties of CNTs
under tension ignoring atomic relaxation.

4.2. Metallic—semiconducting transition

The electronic structures of CNTs with various
structures under axial strain are evaluated by tight-
binding calculations. The chiral vectors indicating
the CNT structures used in the simulations are lis-
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Fig. 4. Relaxation of atom configuration of (8,8) armchair
CNT under tension. (a) Side view and (b) top view.

ted in Table 1. Axial tensile strain is imposed by the
uniform stretching of the initial atomic configura-
tion (¢ = 0) in the z direction without relaxation.

4.2.1. Change in density of states during tension
Fig. 6 shows change in the density of states of
(8,8) armchair and (14,0) zigzag tubes during ten-
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Table 1
Chiral vectors and diameters of CNTs for tensile simulations

(m, n) d (nm) 8.2) 0.7175

6,1) 0.5134 8.3) 0.7711

(6,2) 0.5646 9,0) 0.7046

(6,3) 0.6214 (10,0) 0.7829

(7,1) 0.5911 (10,1) 0.8248

(7,2) 0.6408 (10,2) 0.8718

(7,4) 0.7550 (12,0) 0.9395

8.1) 0.6689 (14,0) 1.0960
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sion. The (8,8) armchair tube has no band gap at
the strain of 0, which means that it possesses
metallic electronic properties at the initial state.
Interestingly, no band gap appears at all through-
out the tensile deformation, indicating that the
(8,8) armchair tube retains its metallic properties
during tension. On the other hand, the zigzag tube
has a band gap at the strain of 0, the gap disappears
at ¢ = 0.05, re-emerging at ¢ = 0.1. This indicates
that the tube, which is metallic at the initial state,
becomes semiconducting and returns to the
metallic state as the tensile strain increases.

4.2.2. Change in E,,, under axial tension of various
CNT structures

In this section, we present the band gap energy,
Eg.p, of CNTs with various chiral structures under
axial tension. We classify the tubes into three
groups: (a) m —n = 3q, (b) m —n = 3g + 2, and (¢)

10

Before relaxation

TB

After relaxation o

cooooocooa
T

> B0 0O oD e 00200 00000000000000000000 00,
= Reo0gacepanooo0CEBEREE
@ 5 588 o SHeEeERaRe2 9
Lﬂ EREEEEEREEEEIEEIEEEE]
3 g £o i
s -10
- a8
q:,) REERREEEERRANuBRaARaEE
w T g00000000000UTTUTTUD oovo
T00000T e a e RO R R EEREE60-001
-15 EE880BB88e888 58 oo ogonarpra oo 4
& aa uUUEBUEﬂggggsgs
20 F
-25

(b)

Fig. 5. Band structure of (8,8) and (9,0) CNTs under tension before and after relaxation (¢ = 0.2). (a) (8,8) tube and (b) (9,0) tube.
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Fig. 6. Change in density of states of (a) (8,8) armchair and (b) (14,0) zigzag tubes during tension.

m —n = 3q + 1, where ¢ is an integer. Here, arm-
chair-type tubes are excluded since their electronic
properties are metallic throughout axial tension,
as mentioned in the previous section.

(@) m—n=3q

Fig. 7 shows Eg,, of CNTs with chiral vectors of
m —n = 3q during tension. E,,, is 0 at the initial
state, ¢ = 0. When tensile strain is applied, a band
gap appears in each CNT. The magnitude of tensile
strain at which the band gap appears varies from
0.03 to 0.09, and as the tensile strain increases, Eg,p
temporarily increases before decreasing. Eg,, be-
comes 0 again at high tensile strain. From the

Band gap E, eV
N o o
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I
o

0 AN § ¥yt - e
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Tensile strain €,

Fig. 7. Change in band gap energy of CNT with chiral vector
of m — n = 3¢ during tension.
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Fig. 8. Change in band gap energy of CNT with chiral vector
of m —n = 3¢ + 1 during tension.

above results, we conclude that the CNTs change
their electronic properties from metallic — semi-
conducting — metallic, as the strain increases.
Moreover, the change appears at lower strain for
CNTs with smaller diameters.

by m—n=3¢g+1

Fig. 8 shows change in E,, of CNTs with chiral
vectors of m —n =3¢+ 1 during tension. The
band gap at ¢ = 0 is positive and the tube with a
smaller diameter has a larger band gap energy [3].
E,p increases in the region of low strain; however,
as the strain increases, the magnitude of E,, de-
creases, finally resulting in the band gap’s elimi-
nation. A CNT with a larger initial band gap
possesses higher critical strain where the gap dis-
appears, and the CNTs become semiconducting
again as the tensile strain increases.

(c)m—n=3qg+2

As shown in Fig. 9, the property in m —n =
3g + 2 is similar to that in m —n =3¢+ 1. The
value of Eg,, at ¢ = 0 is positive and its magnitude
depends on the diameter. However, Eq,, is reduced
as the tensile strain increases and the band gap is
eliminated. The transient strain is dependent on
the diameter and is relatively small compared to
those of m —n = 3¢ + 1. The tubes become semi-
conductors again under further tension. Fig. 10
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Fig. 9. Change in band gap energy of CNT with chiral vector
of m — n = 3q + 2 during tension.

summarizes the transition of the electronic prop-
erty of the CNTs.

5. Conclusions

We investigated changes in the -electronic
property of CNTs under high axial strain by per-
forming tight-bindnig semiempirical band calcu-
lations after verifying the validity of the method in
terms of evaluating the electronic property by
comparison with ab initio calculations. The results
obtained are summarized as follows:

(1) The band structure of (8,8) armchair CNT is
calculated with the TB and the ab initio meth-
ods. The results agree closely with each other,
which means that TB methods on the basis of
appropriate selection of TB potentials give
valid evaluations of the electronic properties
of CNTs.

(2) Rearrangement of the atomic configuration
under tension is small, thus the effect of relax-
ation can be neglected when evaluating the
electronic properties of CNTs.

(3) Except in armchair tubes, the property of the
CNTs with the chiral vectors of m —n = 3¢(a)
shows the transition: metallic — semiconduct-
ing — metallic, under tension. Armchair tubes
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Fig. 10. Schematic illustrations explaining transition of electronic property of CNT. S and M in the figure indicate “‘semiconducting’

and “metallic”, respectively.

remain metallic throughout the period of ten-
sion.

(4) The transition of CNTs with the chiral vectors
of m —n = 3q + 1(b) or 3¢ + 2(c) is: semicon-
ducting — metallic — semiconducting.

(5) In Types (b) and (c), the transient strain is
dependent on the diameter of the CNTs.
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