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Stone-Wales transformations triggered by intrinsic localized modes in carbon nanotubes
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The crucial role of intrinsic localized modes (ILMs) in the atomic scale as a trigger of defect nucleation was
studied using molecular-dynamics simulations for a (5,5) armchair carbon nanotube (CNT) under axial tension.

A localized vibration at a pair of neighboring atoms was found to be the ILM, which simultaneously produces
an intense concentration of kinetic energy, even in the structurally homogeneous CNT. The excited ILM was
gradually amplified by the nonlinearity of C-C interaction. The amplified ILM, then, drove the breaking of the
on-site C-C bond, which leads to the Stone-Wales transformation producing a topological defect consisting of
two pentagons and two heptagons coupled in pairs. This signifies that mechanical instability can be activated
by the ILMs. Such mechanism is expected to apply to other mechanical instabilities, e.g., as an origin of phase

transformations in silicon under hydrostatic pressure.
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I. INTRODUCTION

Since the discovery of intrinsic localized mode (ILM) or
discrete breather by Takeno and co-workers,!? the funda-
mental properties of ILMs have been theoretically investi-
gated in an ideal one-dimensional or two-dimensional (2D)
lattice using numerical simulations with imaginary
potentials.>~® The ILM is a time-periodic and spatially local-
ized vibration that characteristically appears in a lattice sys-
tem consisting of discrete elements with nonlinear interac-
tion. During the excitation of ILMs, the lattice vibration is
locally amplified and the frequency is enhanced by the non-
linearity of interaction beyond the upper bound of the
phonon-dispersion relation. Moreover, the amplified vibra-
tion of ILMs gives rise to a concentration of kinetic energy at
the local excitation site, even in a homogeneous lattice sys-
tem. In recent years, the ILM has been observed experimen-
tally in various physical contexts.’~!3 Thus, the ILM research
is expected to expand further in various fields.

An atomic system, which possesses both the discreteness
of atomic arrangement and the nonlinearity of interatomic
interaction, is one of the new fields exploited to the ILMs.
The existence of ILMs in the atomic system was first dem-
onstrated by Yamayose et al.'* using molecular-dynamics
(MD) simulations for a 2D graphite sheet with a realistic
interatomic potential. The ILM excitation was studied ex-
tendedly in a quasi-three-dimensional atomic component of a
carbon nanotube (CNT),'>!¢ which is made by rolling up a
graphite sheet. These atomic-level studies mainly focused on
the excitation and fundamental properties of the ILM itself.
However, one may have a simple but practical question,
“what does the excited ILM act as in the atomic compo-
nents?” in other words, the crucial role of ILMs in the atomic
scale, which has never yet been discussed.

Materials strength of atomic components is basically pre-
dominated by mechanical instability, which is characterized
by a bond switching.!” In general, the mechanical instability
occurs preferentially at a local site where stress or strain
concentrates due to structural inhomogeneity, for example,
dislocation emissions from a crack tip. As for mechanical
instability in the CNTs, a topological defect that consists of
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two pentagons and two heptagons coupled in pairs (5-7-7-5)
appears by the C-C bond rotation at a local site of the arm-
chair CNTs under axial tension (the so-called Stone-Wales
transformation'®). The formation of a (5-7-7-5) defect plays a
central role in determining the ductile behavior of CNTs be-
cause the defect acts as a source of the (5-7) and (7-5)
dislocations.'®?° In contrast to inhomogeneous atomic com-
ponents, temporal localization of kinetic energy is essential
for the initiation of the Stone-Wales transformation because
there is no stress or strain concentration in the defect-free
CNTs due to their homogeneous atomic structure. Remem-
bering that the ILM gives rise to the intensive energy con-
centration even in the absence of structural inhomogeneity
by its localized vibration with a large amplitude, there is a
possibility that the excited ILM in the armchair CNT could
trigger the Stone-Wales transformation.

In this paper, we carry out MD simulations for the (5,5)
armchair CNT under axial tension with the aim to elucidate
the crucial role of the excited ILMs in the atomic scale as a
trigger of the Stone-Wales transformation.

II. SIMULATION PROCEDURE

Figure 1(a) shows the simulation model of the (5,5) arm-
chair CNT consisting of 280 carbon atoms. The Tersoff-
Brenner potential?!~23 is employed to describe the interaction
of carbon atoms. The initial (unstrained) diameter and axial
length of the model were set to dy=6.96 A and L,
=35.27 A, respectively. The periodic boundary condition
was applied in the axial z direction. Note that the periodic
boundary condition does not affect the results (e.g., the num-
ber of ILMs excited per unit length and lifetime of ILMs)
with the simulation cell length in the z longer than 30 A.'S
Hence, there is no influence of the periodic boundary condi-
tion as well as the finite-size effect.

The axial tensile strain of &,=0.10 was applied to the
(5,5) CNT. Then, the atomic configuration was fully relaxed
using the fast inertial relaxation engine algorithm?* until the
force acting on each atom was less than 1.0X 1078 nN.
Then, the diameter and axial length of the CNT under ten-
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FIG. 1. (Color online) (a) Simulation model of the (5,5) arm-
chair CNT. (b) Initial displacement (vibration direction). Arrows
indicate the direction of initial displacement. The angle of atomic
vibration with respect to the tube axis is about 25°.

sion were preliminarily calculated to be d=6.73 A and L
=38.80 A, respectively.

The ILM is, in general, excited from the modulational
instability of the phonon mode having the maximum angular
frequency (zone-boundary mode).” Since the ILMs were
successfully generated in a graphite sheet'* by applying a
displacement of the zone-boundary phonon mode and a
minute disturbance of small momentum, we followed the
same procedure here. As an initial condition, we applied an
atomic displacement with the same amplitude of 0.085 A
that corresponds to zone-boundary phonon mode of the
strained CNT and momentum equal to 10 K for a minute
disturbance in order to induce the modulational instability of
the applied zone-boundary mode. The orientation of the ini-
tial displacement (vibration direction) is shown in Fig. 1(b).
The angle of the vibration direction with respect to the tube
axis was about 25°.

The microcanonical MD simulations were carried out for
the (5,5) CNT with the above-mentioned initial condition
under tensile strain of £,.=0.10. The Verlet’s algorithm?® was
employed for the numerical integration with a sufficiently
small time step of 0.01 fs to exclude non-negligible trunca-
tion error that would otherwise result in difficulty in analyz-
ing the atomic vibration.

III. RESULTS AND DISCUSSION

The potential energy of the ith atom, EP*, can be calcu-
lated within the framework of the Tersoff-Brenner potential.
The kinetic energy of the ith atom, Efm, can be calculated
from its momentum as well. Hence, the total energy of the
ith atom, E;, can be obtained by a simple summation of the
two terms, E;=EP'+EX",

Figure 2 plots the change in the maximum total energy of
an atom, E,,.=max(E;), in each time step during the MD
simulation. At the beginning of the simulation, E_,, started
to increase rapidly and then maintained a relatively high en-
ergy state of 1.3-2.3 eV from 0.1 to 0.4 ps. Such a dramatic
increase in the maximum energy of an atom has been char-
acteristically observed when the ILM was excited in a graph-
ite sheet or CNT.!4-16 In these previous studies, E,,,, finally
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FIG. 2. Change in maximum energy of an atom, E,,,, during
the simulation.

decreased the moment the excited ILM disappeared. On the
other hand, a further increase in E,,,, was found in this study
after 0.4 ps to a higher energy state of 3.5-4.0 eV. Below, we
discuss separately what occurred in the (5,5) CNTs during (i)
0.1-0.4 ps (the medium energy state) and (ii) 0.4—1.5 ps (the
high energy state).

A. Excitation of the ILM

Figure 3 displays the change in the distribution of total
energy of an atom, E;, in the (5,5) CNT during 0.1-0.4 ps.
There exists a pair of carbon atoms that maintained a con-
siderably high energy state for 300 fs. Those are denoted as
atoms A and B in the white circle in Fig. 3. Such energy
concentration for several hundred femtoseconds is one of the
characteristics of the ILMs in the atomic scale. In addition,
the previous study'# revealed the vibration mode of the ILM
in a graphite sheet in which two neighboring atoms strongly
oscillate along their bonding direction. This agrees well with
the behavior of atoms A and B in the (5,5) CNT.

Here, the frequency of atoms A and B is examined and
compared with the maximum in the phonon-dispersion rela-
tion because the vibrational frequency of the ILMs exceeds
the upper bound of the phonon bands. Figure 4 shows the
power spectrum distribution of atoms A and B indicated in
Fig. 3. For comparison, the upper bound of the phonon bands
in the (5,5) CNT at the strain of &,,=0.10, @P™°"", is also

shown as a dashed vertical line. The spectrum was calculated
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FIG. 3. (Color online) Change in distribution of the total
energy of an atom, E;, in the (5,5) CNT under axial tension during
0.1-0.4 ps.
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FIG. 4. Power spectrum distribution of atoms A and B (see Fig.
3) in the top and bottom panels, respectively. The dominant (peak)
frequency is indicated as @, For comparison, the upper bound of

the phonon bands, wggnon, is also shown as a vertical dashed line.

by the discrete Fourier transform of the atomic displacement-
time relation during 0.1-0.4 ps with a sampling interval of
0.1 fs. The detailed procedure was described in a previous
report.'* Here, the atomic displacement was taken along the
vibration direction because this is the dominant moving ori-
entation of the atom according to the trajectory of the veloc-
ity vector. The dominant frequency of atoms A and B,
Wpeak=0.2826X 10" and 0.2824 X 10" rad/s, respectively,
exceeded the maximum phonon frequency, @P™""=0.2793
X 10" rad/s. This evidently manifested the ILM excitation
at the atoms A and B. The ILM vibration stably continued for
300 fs, which corresponds to about 14 cycles. The detailed
excitation process and characteristics of the ILM is almost
same as those obtained in the previous studies.'®

In this study, we initially imposed a somewhat special
condition of atomic displacement on the armchair CNT, with
the aim of exciting the ILMs, but this condition was never
unphysical but actually exists because the displacement cor-
responds to one of the normal vibrational modes of the
phonons. In addition, the conditions required for the ILM
excitation are expected to be satisfied by thermal fluctua-
tions, considering the minute time scale for atomic-level phe-
nomena (femtosecond or picosecond order) with respect to a
second order. Thus, we expect the ILM to be excited in real
CNTs.

B. Stone-Wales transformation triggered by ILM

Figure 5 shows the change in atomic configuration and
distribution of total energy of an atom, E;, during 0.4—1.5 ps.
A remarkable structural change first appeared during 0.4-0.5
ps, as the C-C bond between atoms A and B along the ILM
vibration direction broke [Figs. 5(a) and 5(b)]. This initial
breaking of the bond leads to a considerable increase in the
maximum energy of an atom, E,,, (see also Fig. 2), which is
a clear sign of the initiation of mechanical instability. Sub-
sequently, the second neighboring C-C bond broke at 1.2 ps
[Fig. 5(c)] while the first rebonding occurred with the forma-
tion of a pentagon and heptagon at 1.3 ps [Fig. 5(d)]. Finally,
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FIG. 5. (Color online) Change in atomic configuration (top) and
distribution of total energy of an atom, E;, (bottom) during 0.4—1.5
ps. Only the vicinity of the ILM-excited atoms A and B is shown for
clarity. The red (gray) arrows at 0.4 ps indicate the vibration mode

of ILM.

the (5-7-7-5) defect consisting of a double pentagon-
heptagon was formed at 1.5 ps by the second rebonding at
the lower site [Fig. 5(e)]. At the same time, E,,, dropped to
a lower energy level, suggesting that the atomic structure
reached a new stable configuration. The breaking and subse-
quent rebonding of the C-C bonds obtained here is the typi-
cal process of the Stone-Wales transformation that was con-
firmed by ab initio molecular-dynamics simulations.?

It should be noted that we carried out another MD simu-
lation under the constant energy only applying an initial mo-
mentum corresponding to 1400 K, which was the averaged
temperature during the ILM excitation, but we found neither
a Stone-Wales transformation nor an ILM, even for a longer
simulation period of 100 ps. This implies that the Stone-
Wales transformation observed in this study was not induced
by the normal thermal fluctuations but by the ILM. In fact,
the Stone-Wales transformation was observed at a higher
temperature, 2000-3000 K, under the same or higher strain
conditions. %20

Figure 6 shows the change in displacement along the vi-
bration direction of atoms A and B through the ILM excita-
tion and initial breaking of a C-C bond. The vibrational am-
plitude of atoms A and B gradually increased with slight
fluctuation as time passed. This increase in amplitude was
also characteristically observed just before and during the
ILM excitation in a graphite sheet because the nonlinearity in
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FIG. 6. Change in displacement of atoms A and B in the left and
right panels, respectively. The atomic displacement is taken along
the vibration axis of the ILM.
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the C-C interaction that predominates the excitation and fun-
damental properties of ILMs'>!® strongly enhances the local-
ized vibration.!* In fact, the ILM cannot be excited in CNTs
with a weak nonlinearity while the stronger nonlinearity ex-
cites the ILM with a higher frequency and longer lifetime.'®
After the amplification of the ILM vibration during 0.1-0.4
ps, the displacement of atoms A and B increased dramati-
cally, which corresponds to the initial breaking of their own
C-C bond in the Stone-Wales transformation. This suggests
that the bond breaking arose from the intensive energy con-
centration exceeding the activation barrier due to the ampli-
fied ILM vibration. In other words, the highly amplified ILM
triggered the Stone-Wales transformation in the (5,5) CNT
under tension.

Since the Stone-Wales transformation is one of the me-
chanical instabilities in the atomic scale, the results obtained
in this study suggest that such mechanism that a local bond
switching in a homogeneous atomic structure can be trig-
gered by the ILM could be potentially applied to other me-
chanical instabilities, e.g., as an origin of phase transforma-
tions in silicon under hydrostatic pressure or multiaxial
conditions.”” The present authors expect that the atomic-level
study of the ILMs connected to mechanical instability will be
further developed and this work will help pave the way to
understanding some of the variety of complex mechanical
instability issues.

IV. CONCLUSION

MD simulations were conducted for a (5,5) armchair CNT
under axial tension with the aim to elucidate the role of ILMs
in the atomic scale, as a possible trigger of the Stone-Wales
transformation that locally produces a topological defect

PHYSICAL REVIEW B 81, 035401 (2010)

consisting of two pentagons and two heptagons coupled in
pairs (5-7-7-5). In the early stage of the MD simulation with
an initial displacement of the zone-boundary phonon mode
and a minute fluctuation, a strong vibration of a pair of
neighboring atoms was observed at a local site of the CNT,
where kinetic energy concentrated and this state continued
for several hundred femtoseconds. The discrete Fourier
transformation revealed that the frequency of the localized
vibration exceeded the upper bound of the phonon bands.
This evidently indicates that the ILM was successfully ex-
cited from the modulational instability of the zone-boundary
phonon mode.

The excited ILM was gradually amplified by the nonlin-
earity of C-C interaction, which always plays a central role
in determining the excitation and fundamental properties of
the ILMs. The amplified ILM vibration, finally, induced a
C-C bond breaking at the excitation site that leads to the
Stone-Wales transformation because the intense energy con-
centration by the ILM exceeded the activation barrier. In
other words, the highly amplified ILM triggered the me-
chanical instability of the Stone-Wales transformation in the
(5,5) CNT under axial tension.

This atomic-level mechanism, ILM-derived mechanical
instability, can be universally applicable to other situations.
For example, it may be an origin of phase transformation in
silicon under hydrostatic pressure or multiaxial stress. Fur-
ther study of the connection between the ILMs and the me-
chanical instability will be performed in the near future.
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