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Abstract—In this study, the change in electronic properties of
carbon nanotubes (CNTs) under axial compressive strain was
analyzed by using Green’s function method based on tight-
binding approach. A single (9, 0) CNT structure was used for the
calculation. The column buckling of the CNT was occurred and a
kink was formed in the buckled CNT with increasing
compressive strain. After the formation of a kink, the local
density of state (LDOS) at the energy higher than 0.3 eV was
strongly localized in the buckled region. The conductance of the
CNT with a kink was suppressed by the scattering of electrons
due to the localization of LDOS. Therefore, electronic properties
of the CNT changes drastically by buckling deformation when
CNTs are subject to combined bending and axial compression.
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L INTRODUCTION

In any electronic devices composed of various materials,
residual stress (strain) exists in the used materials due to large
mismatches of both material properties and lattice constants
between different materials. Of course, carbon nanotubes
(CNTs) are subject to combined bending and axial load when
CNTs are used and embedded in electronic devices such as
transistors, interconnections and sensors and thus, three-
dimensional complicated strain field exists in the CNTs. Since
electronic properties of CNTs such as resistivity and the
mobility of electrons are changed drastically under the
application of mechanical stresses, it is very important to
understand the effect of three-dimensional strain field on the
electronic properties of CNTs for ensuring the stable operation
and long-term reliability of electronic devices using CNTs.

Previous theoretical [1]-[3] and experimental [4], [5]
studies have revealed that homogeneous axial and/or radial
strain changes electronic properties of CNTs markedly. It is
known that the change in the band gap of CNTs under uniaxial
strain [1], [2] can be described by the cutting-line theory [6].
As for the homogeneous radial strain, originally metallic
characteristics of armchair CNTs are shifted to semiconducting
while their symmetry breaks under radial strain and the band
gap of zigzag CNTs is changed by o*-n*orbital hybridization.
Therefore, both axial and radical strain change the electronic
structure of the deformed CNT. Thus, the appearance of three-

dimensional complicated strain field caused by bending and
buckling deformation should cause a large fluctuation of
electronic properties of CNTs. However, the effect of three-
dimensional local strain field on electric properties of CNTs
still remains unclear because complicated orbital hybridization
and change in the band gap occur simultaneously in the locally
deformed CNTs.

In this study, in order to discuss the relationship between
the local deformation of CNTs and their electronic properties,
the change in electronic states of CNTs under uniaxial
compressive strain, which induces the buckling deformation,
was analyzed. Furthermore, the current through deformed
CNTs was calculated using a four-orbital tight-binding based
Green's function approach.

II.  ANALYTICAL METHOD

A. Analysis Model

Geometric structures of (9, 0) CNTs under uniaxial
compressive strain were obtained using a molecular mechanics
(MM) and a molecular dynamics (MD) simulations. The
adaptive intermolecular reactive bond order (AIREBO)
potential [7] implemented in LAMMPS package [8] was used.
Firstly, a relaxation calculation was performed to obtain a
relaxation structure of a 9.4-nm-long (9, 0) CNT, which
contains 22 primitive unit cells and 792 carbon atoms. Then,
the primitive unit cells at the both ends were fixed and
approached each other with the velocity of 0.2 m/s to apply a
uniaxial compressive strain. The MD and MM simulations
were used during the strain application and after the strain
application to relax the geometric structure, respectively. In the
MD simulation, a column and shell buckling (formation of a
kink) deformations occurred at the compressive strain of 2.8%
and 3.57%, respectively (the positive value indicates
compressive strain). The examples of outlook just before and
after the shell buckling are shown in Fig. 1. Under the strain of
0% to 2.7%, the CNT is deformed uniformly along the axial
direction. At the strain of 2.8%, the middle section of the tube
deviated from the center line, the dash-dot line and thus,
column bucking of the CNT occurred. Then finally, a kink
formed in the middle of the CNT (shell buckling) at the strain
of 3.57%.
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B. Analysis of Dihedral Angle in deformed CNT

In order to discuss the relationship between the geometric
and the electronic structures, the distribution of dihedral angles
in the strained CNT was analyzed. The n-orbital axis vector of
atom i can be obtained by using the coordinates of its three
nearest neighbor atoms [9].

Va1 X V5
[V31 X Vol
where Vy,, = V,,— Viand V, (m, k=1, 2, 3) is the k-th nearest

neighbor atom of i-th atomas shown in Fig, 2(a). Dhedral angle
between atom i and j, 6,, is given by

6, = cos™! <
Figure 2(b) shows the pristine CNT with the m-orbital axis
vector of each atom. As can be seen in this figure, there are
two kinds of dihedral angle: the one along the circumference
of the tube, and the one along the axis direction, which are 23°
and 12°, respectively, for the pristine (9, 0) CNT.

Vn,i =

Vn,i ° Vn,j
| Vn,i Vn,j |

C. Green’s Function Method Based on Extended Tight-

binding Approach

Using these deformed structures obtained from MM and
MD calculations, the electronic transport properties were
analyzed. Both ends of the deformed CNT are assumed to be
attached to semi-infinite pristine CNTs as leads, i.e., strained
region is held between left and right leads of unstrained pristine
CNTs. The local density of states (LDOS) in the strained
region was calculated using a tight-binding-based Green's
function [10].

LDOS(E,7r) = —%Im[GS(E, nl,

where 7 is the position of an atom and G is the Green's
function of the strained region. We employed the tight-binding
potential of carbon as a function of the bond length [11]. The
current through the strained region is obtained using the
Landauer-Biittiker formula [12].

2e
V)= deET(E. MVL(E —u) — fr(E — 1r)],

where T(E, V) is the transmission function through the strained
region and f; and f; are the Fermi distributions of the semi-
infinite pristine CNTs at the left and right ends. When a bias
voltage V' is applied to the strained region, the chemical
potentials of the left and right leads, u; and ug, are assumed to
be pinned at -7/2 and V7/2. In addition, because obtaining the
actual potential profile in the strained region is extremely
time-consuming, the potential is assumed to drop linearly in
the strained region.

III. CHANGE IN ELECTRONIC STATES UNDER UNIAXIAL

COMPRESSIVE STRAIN

A. Effects of Buckling Deformation on Conductance

The change in the conductance under uniaxial compressive
strain is shown in Fig. 3. The conductance curve of the pristine
CNT shows a step structure. For the compressive strain lower
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Fig. 1. Deformation behavior of a (9, 0) CNT under axial compressive strain

(b)

Fig. 2. (a) m-orbital axis vector obtained from the coordinates of three nearest
neighbor atoms and (b) m-orbital axis vectors in a CNT
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Fig. 3. Change in the conductance of a (9, 0) CNT under different amplitude
of axial compressive strain
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Fig. 4. Change in the conductance at the energy of 0.1 eV and 0.6 eV

than 3.57%, the decrease in the conductance is found in the low
energy region around Fermi energy (-0.3 eV <E <0.3 eV) and
high energy region (E > 1.2 eV). This decrease in the
conductance near the Fermi level can be attributed to the effect
of homogeneous uniaxial strain on the band gap of metallic
CNTs. On the other hand, over 3.57% in which the kink
formed in the tube as shown in Fig. 1, the conductance in the
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Fig. 5. Change in the distribution of (a) dihedral angle, (b) spatial distribution of the DOS at E = 0.35 ¢V, and (c) LDOS under (i) 0%, (ii) 3.56%, and (iii)

3.6% compressive strain

whole energy region decreases. Figure 4 shows the strain
dependence of the conductance at representative energies of 0.1
eV and 0.6 eV. While the conductance at E = 0.1 eV decreases
gradually in the compressive strain range from 0 to about 3%,
the conductance at E = 0.6 eV drops sharply at the strain of
4.4%. This sharp decrease of the conductance was observed at
the energy higher than 0.4 eV. Thus, the shell buckling
deformation should cause a significant modification of the
electronic properties of CNTs.

B. Change in Dihedral Angle and LDOS Distribution

The mechanism of the decrease in the conductance is
discussed in terms of the change in the LDOS. Figure 5 shows
the distribution (color contour) of dihedral angle, the DOS at E
=0.35 eV and LDOS in the range from -1 to 1 eV under 0%,
3.56% and 3.6% strain which corresponds to the pristine,
column buckling and shell buckling state, respectively. In the
pristine state, both the geometric and electronic parameters are
distributed uniformly. When the compressive strain is applied
to 3.56%, the LDOS in the vicinity of the Fermi energy
decreases drastically and consequently, the band gap increases.
Therefore, the decrease of the conductance in the low energy
region (-0.3 eV < E < 0.3 eV) is attributed to the decrease of
the LDOS around the Fermi energy.

In contrast to the effect of the column buckling, the shell
buckling deformation affects the electronic states significantly.
The LDOS at the energy higher than 0.3 eV is found to be
strongly localized in the kink region after shell buckling. As we
recently showed, the orbital hybridization in the low-energy
region is introduced under homogeneous radial strain when the
maximum dihedral angle in the CNT exceeds about 30° [13].
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Therefore, when the number of dihedral angles exceeding this
critical value is increased, the LDOS should also be localized
significantly due to the orbital hybridization under local strain
field. Here, the dotted lines in Fig. 5(a) denote the maximum
dihedral angle in a CNT under 3.56% compressive strain,
which can be considered the critical value. This figure clearly
indicates that the number of dihedral angles exceeding the
critical value is suddenly increased, caused by the shell
buckling deformation. This localization of the LDOS occurred
only when the shell buckling deformation occurred because the
dihedral angle around the kink exceeded the critical value that
introduces the localization. Generally, the localization of DOS
induces scattering of electrons and thus, causes the drop of the
conductance as seen in the change of conductance at £ = 0.6
eV. Therefore, since the localization of the LDOS occurs due
to the orbital hybridization in the buckled CNT, electronic
properties of the CNT changes drastically by buckling
deformation.

C. Change in Current Through Deformed CNTs

Finally, we analyzed the current through deformed CNTs
by applying a tight-binding-based Green's function approach.
Figure 6 shows the change in the current through the deformed
CNTs under uniaxial compressive strain. With increasing bias
voltage, the current value increased monotonically. Although
the current did not change significantly when the bias voltage
was less than 1.0 V, the change in the current through the
deformed region was as follows in all cases. At the initial stage
of strain loading, the current decreased by the compressive
strain on bond lengths. Next, the current began to increase
slightly during the column buckling deformation because the
bond length was relaxed by the column buckling. Finally, the
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Fig. 6. Change in the current under uniaxial compressive strain
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current decreased significantly because of the shell buckling
deformation, which causes the localization of the LDOS and
thus, electron scattering. Therefore, the effect of the
localization of LDOS caused by the shell buckling deformation
should dominate the change in electronic properties of CNTs in
three-dimensional strain field.

IV. CONCLUSION

In this study, in order to understand the effect of the local
strain field on the electronic properties of CNTs, the change in
electronic properties of CNT under uniaxial compressive strain
was analyzed by using Green’s function method based on tight-
binding approach. Discussing the relationship between the
electronic states and geometric structures of deformed CNTs,
we analyzed the effect of a uniaxial compressive strain in
detail. When the shell buckling of the CNT occurred, the
LDOS is strongly localized around a kink due to the orbital
hybridization. This localization of the LDOS occurred only
when the shell buckling deformation occurred because the
dihedral angle in the buckled CNT exceeded the critical value
which induces the localization. As a result, the localization of
LDOS induces scattering of electrons and thus, causes drastic
suppression of the conductance. Therefore, the effect of the
localization of LDOS caused by the shell buckling should
dominate the change in electronic properties of CNTs in three-
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dimensional strain field and its effect is important factor for
device application.
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