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A multiscale simulation approach is presented, which concurrently combines ab-initio quantum
mechanical techniques (QM), classical molecular mechanics (MM) and quasi-continuum mechanics
(QC) simulations. The atomic and the electronic structures of defect-free and vacancy defective
semiconducting carbon nanotubes (CNT) were investigated by using a full scale QC/MM/QM
multiscale simulation and the results were compared with the QC/MM and the �rst-principles
simulation results. Though the overall geometries obtained by using a full scale simulation are
similar to those obtained in QC/MM simulations, the bonding con�guration changes near the
vacancy site are correctly represented only in a full scale simulation due to the quantum nature
of bond breaking and creation. For an adequate description of the electronic behavior at the
center of the QM region, the QM cluster must be large enough to neglect the edge states from
dangling carbon atoms and passivating hydrogen atoms at the interface between the QM and the
MM regions. We have determined the minimum size of the QM cluster for the correct simulation by
investigating the residual edge states at the center of the cluster. We have also studied the electronic
properties coupled with the mechanical deformation of the CNT. We have found that the electrical
properties of the CNT could drastically change with mechanical bending, initially transforming the
semiconducting CNT into the metal.

PACS numbers: 71.15.Nc, 61.46.Fg, 61.72.Qq, 62.25.+g
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I. INTRODUCTION

Since their discovery in 1991 [1], carbon nanotubes
(CNTs) have attracted signi�cant attention due to not
only their potential applications in nanodevices but also
their diverse and interesting physical and chemical prop-
erties, like electrical conductance, catalytic behavior and
superior mechanical properties. A single-walled nan-
otube is a simple material made by seamlessly rolling
up the graphene layers composed of only one type of
atom, sp2 carbon atoms. The remarkable exibility of
the hexagonal carbon network allows the CNT to be ex-
tremely resilient, suggesting that even highly strained
con�gurations (axial compression, twists, bends and
kinks) may be possible as elastic deformations with no
atomic defects involved [2{7]. There have been keen in-
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terests in the mechanical deformation of CNTs and their
diverse deformation-dependent properties, like their elec-
trical conductance, with a view to using CNTs in vari-
ous applications, such as ultra-sensitive electromechan-
ical sensors [8, 9]. Until recently, most studies have
used a molecular dynamics or a more e�cient contin-
uum mechanics approach to understand the mechani-
cal properties of CNTs [10,11] and have successfully re-
vealed the nonlinear mechanical deformations of multi-
walled CNTs [12]. However, for the development of
novel nano-electromechanical devices using CNTs, it is
essential to understand the changes in the geometric and
the electronic properties caused by mechanical deforma-
tions of CNTs. For an appropriate description of elec-
tronic structure of a certain system, it is indispensable to
use a simulation method that handles electrons explic-
itly, i.e., quantum modeling. Although there has been
great progress in the methodology of quantum model-
ing recently, it is still quite a di�cult job to simulate a
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large system by using a quantum mechanical method.
A multiscale simulation was proposed as an accurate
and e�cient computational method, combining distinct
simulation tools with di�erent relevant length and time
scales [13{16]. We have developed a multiscale simu-
lator named \K-HYBRID" that concurrently combines
quantum-mechanical ab-initio techniques (QM), molec-
ular mechanics (MM) simulations and quasi-continuum
mechanics (QC) simulations in a uni�ed fashion for
CNTs.
In the present paper, we report a computing scheme

for the accurate description of carbon nanotubes in the
framework of a QM/MM/QC full scale multiscale simu-
lation method. We have used plane-wave- based density
functional theory as a QM approach, empirical Terso�-
Brenner atomic potentials as the MM part and a �-
nite element method as a QC method. Those three ap-
proaches are seamlessly combined and implemented on
parallel computers. During the calculation, the atomic
and the electronic structures are updated concurrently
around all the system, including QM, MM and QC re-
gions. We have found that the QM approach is necessary
to correctly describe phenomena accompanying changes
in bond con�gurations. The �nite-size e�ect of a QM
cluster is unavoidable in an embedded multiscale scheme
and we have determined the minimum size of a cluster for
a correct description of the electronic structures in the
active region. Finally, we have investigated the variation
in the electronic structure with mechanical deformation.
Upon mechanical bending, the electrical properties of the
CNT may change due to increased �-� mixing and an ini-
tially semiconducting nanotube may be transformed into
a metallic one with kink generation.

II. METHODOLOGY

All calculations were done by using a home-made mul-
tiscale simulator, K-HYBRID. In multiscale modeling,
the goal is to predict the performance and the behavior
of complex materials across all relevant length and time
scales, starting from the fundamental physical principles
and experimental data, which is a tremendous challenge.
On an atomic (nanometer) scale, electrons govern the
interactions among constituent atoms, so quantum me-
chanical descriptions are required to characterize the col-
lective behavior of the atoms in a material. Although
there has been great progress in quantum modeling re-
cently, it is still quite an arduous job to simulate a large
system by using a quantum- mechanical method. A mul-
tiscale simulation was proposed as a computational tool
for a large system both with the accuracy of quantum
modeling and with the e�ciency of continuum model-
ing. The success of a multiscale simulation relies on
the seamless coupling of di�erent simulation methodolo-
gies, which are well adapted for di�erent length and time
scales. We have two distinct interfaces, QC/MM and

MM/QM. The inner most part, QM has no contact with
the outermost part, QC. The seamless coupling between
QC and MM is accomplished by giving di�erent weight-
ing factors to the grids in the QC region. We have used
a �nite element method as a quasi-continuum mechanics
simulation and the mesh points in the QC region faraway
from the interface with the MM region represent several
carbon atoms. The weighting factor decreases gradually
as the grid point gets nearer to the interface and �nally
reaches a one-to-one mapping at the interface. The de-
tailed procedures were discussed in previous paper [12].
Here, we will discuss the QM/MM interface in more

detail. The QM/MM hybrid approach divides the whole
system (S) into two district regions, the active or inner
part (I) and the environment or outer part (O). The inner
and the environment regions are, respectively, described
using high and low levels of theory. In the present im-
plementation, the high level of theory is provided by the
Vienna Ab-initio Simulation Package (VASP) software,
which adopts density-functional theory with a plane-
wave basis and ultrasoft pseudopotentials [17] and the
low level theory is provided by empirical Terso�-Brenner
type potentials [18], which are well established for vari-
ous hydrocarbon systems.
In almost all cases, the interaction between the active

part and the outer region is su�ciently strong that it is
rarely possible to simply write down the total energy in
terms of two, non-overlapping subsystems. In general,
the total energy of the entire system in the QM/MM
hybrid simulation is written as

EQM=MM[S] = EQM[I] + EMM[I] + Eint[I�O];

where the last term refers the interaction energy of two
sub systems, I and O. Cutting out the interior part leaves
dangling bonds at its border, which have to be treated
carefully to constitute a realistic model for the quantum-
mechanical description of the interior part. We adopt a
link-atom scheme, where the �ctitious hydrogen atoms
are added to eliminate the unphysical dangling bonds
of the cluster boundary [17]. We have also adopted the
subtractive scheme, so the total energy may be written
as

EQM=MM[S] = EMM[S] + EQM[C]� EMM[C];

where, C refers to a \cluster" which is a combined system
of \I" and the passivating hydrogen atoms. The coupling
term Eint[I�O] is no longer required as all interactions
between the inner and the outer regions are handled in
the EMM[S] term by the MM level theory. The interface
interaction is handled implicitly as a result of subtrac-
tion. The forces on the atoms, which are needed for
structure optimizations, are given by using an analogous
relation:

F�(S) = F�;QM(C) + F�;MM(S)� F�;MM(C)j�2I;

F�(S) = F�;MM(S)j�2I:

The situation is more complex and needs special treat-
ment for link atoms because they are �ctitious atoms
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Fig. 1. Fully optimized atomic structures of a (10, 0) CNT with a mono-vacancy obtained by using the QC/MM and the
K-HYBRID approaches with the initial con�guration directly after one carbon atoms is removed. The largely relaxed carbon
atoms near the vacancy site are depicted in di�erent colors as a guide for the eyes. Note the wider gap between two dangling
atoms in the QC/MM simulation and the pentagon shape made of a bridging bond between two carbon atoms in the K-HYBRID
approach.

included for the appropriate treatment of the interface
created by arti�cial dividing of the system into two sub-
systems [18]. The passivating H atoms are not \real"
hydrogen atoms, in the sense that the governing dynam-
ics is not \real" Newtonian dynamics, i.e., they do not
move according to the force acting on them. The initial
coordinates of the link atoms are chosen by placing them
on the bonds that will be broken. During the geometry
optimization, the updated coordinates are determined
by the positions of the nearest neighbor QM and MM
atoms.

III. RESULTS AND DISCUSSION

Atomic geometry: Firstly, we have investigated the
atomic geometries of perfect and vacancy- defective (10,
0) semiconducting CNTs. In case of a defect-free CNT,
the atomic structure optimized by using K-HYBRID
is similar to the QC/MM result. It is natural that
the QC/MM method, as well as the K-HYBRID result,
well represents the defect-free CNT structure, bearing in
mind that the Terso�-Brenner potential is developed to
describe correctly the sp2 hybridized carbon structures,
such as graphite and buckyballs. In case of a mono-
vacancy, three dangling bonds exist around a defect site.
Because the unpaired electron of the dangling bond is un-
stable and highly reactive, it is desirable that a certain
reaction occur to lower the total energy of the system.
In the structure obtained in the K-HYBRID simulation,
a pentagon shape near the vacancy site is observed (Fig-
ure 1). This pentagon shape is made by a bond genera-
tion between two dangling bonds and was also observed
in previous full QM calculations for defective graphene
and CNTs with a mono-vacancy [19]. The bond length
obtained by using K-HYBRID (1.55 �A) is slightly larger
than that obtained by using the full QM calculation (1.52
�A). In the QC/MM calculations, the dangling bonds re-
main inert and do not make another bond with each
other. The dangling atoms bulge out of the tube and the
distances between those atoms become larger than in a
perfect CNT (2.48 �A! 2.81 �A). The increase in the bond

length originates from the strain release of the curved
grapene layer of the CNT. The discrepancy between the
atomic structures of the QC/MM and the QC/MM/QM
calculations is due to changes in the bonding con�gura-
tions. Making bond between dangling atoms are well de-
scribed only by using the QM method. Not only the QC
but also the MM method is inadequate to describe bond-
making and bond-breaking phenomena. That is, a QM
description must be included in a multiscale simulation
method to investigate the chemical and the physical phe-
nomena accompanying bonding con�guration changes.
Electronic structures: After obtaining the opti-

mized geometries, we investigated the electronic struc-
tures which resulted from ab-initio calculation for a QM
cluster by using K-HYBRID. It is well known that the
electronic structure of a CNT is governed by the delocal-
ized � electrons in the sp2 honeycomb lattice of carbon
atoms. We have used QM cluster of cylindrical shape
made of several hundred C atoms and 20 H atoms to
passivate the dangling bonds of the outer most carbon
atoms. Hydrogen passivation of the dangling bond is a
universal technique in the surface simulation of a semi-
conductor or an insulator. Because of the delocalized na-
ture of � electrons in a CNT, the abrupt cutting and sub-
sequent capping by H atoms may have some disturbances
in the electronic structure at quite a large distance apart.
Inspecting the charge density plot around the Fermi en-
ergy (Figure 2), it is obvious that the electronic struc-
ture disturbance is quite large near the boundary and
decreases gradually as one goes farther away from the
edge.
The local density of states (DOS) with respect to the

distance from the edge is shown in Figure 3. We have
used a QM cluster of 120 C atoms with an axial length
of 12.85 �A between two edges to mimic an in�nitely long
(10, 0) CNT. As is well known, the (10, 0) CNT is a
semiconductor with 1.0 eV bandgap, but we have large
DOS peaks around the Fermi level at the center of the
QM cluster. Those peaks are not inherent features of the
CNT, but come from the �nite-size e�ect of the cluster.
If the electronic structure at an active site is to be prop-
erly described, the QM cluster must be su�ciently large
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Fig. 2. Charge density plots of a QM cluster within the energy window of (a) {0.5 � 0.0 eV and (b) 0.0 � 0.5 eV. The origin
of the energy is the Fermi energy. Note the gradual decreases of charge densities as the site goes far away from the edge.

Fig. 3. Local density of states in the QM cluster with respect to the distance from the edge. In order to investigate the �nite
size e�ect of the QM cluster on the electronic properties at the center region, we have plotted the local density of states in the
QM cluster of the defect-free (10, 0) CNT. Note the DOS peak around Fermi level is a �ctitious one, to be eliminated for an
adequate simulation for in�nitely long CNT. The layer is a ring composed of 10 C atoms on the same plane. The layer index
increases as the position of the ring moves far away from the edge.

Fig. 4. Modulation of edge states as a function of the distance from the edge. The number of states in the energy window
({0.3 eV � +0.3 eV) is plotted as a function of the distance from cluster edge for various cluster sizes. The legend shows the
number of carbon atoms used in the QM cluster. The number in parenthesis represents the number of layers from the edge to
the center in that QM cluster. Note the edge e�ect gradually decreases and becomes negligible beyond sixth layer. The smallest
QM cluster size for correct electronic structure description is about 12 layers along the axial direction, 6 layers on both sides.

to be able to neglect the edge e�ect on the active site
generally located at the center of cluster. To determine
the optimal size of QM cluster in multiscale simulation,
we have performed a series of QM calculations with vary-
ing cluster sizes. The obtained results are summarized in
Figure 4, which shows the number of states in the energy
window ({0.3 eV � +0.3 eV) as a function of the distance
from cluster edge. The �ctitious states in the forbidden

bandgap become negligible when the active site is a long
way from the edge, at least 6 layers. Thus, we have
concluded that the QM cluster size must exceed 12.85
�A between the two edges that form the interfaces with
MM regions to insure an accurate description of elec-
tronic structures in a multiscale simulation. That size
corresponds to the (10, 0) CNT composed of 12 layers
with 120 C atoms. The edge states are large for an odd
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Fig. 5. Electronic and atomic properties varying with the mechanical deformation. The atomic geometries in the QM/MM
region are shown at several bending angles up to 90� in (a) and the strain energy versus bending angle plot is shown in (b).
Note the protrusion on the strain energy curve at the bending angle of 52�, where a kink in the atomic geometry occurs. The
electronic density of states at the center of the QM region is plotted for some representative bending angles in (c) and (d). The
band gap decreases gradually as the bending angle increases; �nally, the initially semiconducting CNT is transformed into a
metallic one.

number of layers and small at an even number of layers.
An edge state oscillation is also observed in the mag-

netic property of a graphene ribbon, which is explained
by the existence of two staggered sublattices in the
graphene layer [20]. The primitive cell of the graphene
layer is a hexagonal lattice with a basis of two atoms.
Each basis makes up a distinct sublattice.
Electronic structure change by CNT bending:

Recently, the electromechanical properties of CNT have
attracted more interest considering a CNT as one of
the most promising candidates for ultra-sensitive elec-
tromechanical sensors. In a recent experiment [8], it was
demonstrated that the electrical conductance of a CNT
changes when the middle part of a suspended nanotube
is deformed by a sharp AFM tip. Using the K-HYBRID,
we have investigated the change in the electronic struc-
ture caused by bending a defect-free (10, 0) CNT up to
90 degree. The calculated geometries and strain energies
versus bending angles are shown in Figures 5(a) and (b).
The atomic structures optimized by K-HYBRID are sim-
ilar to those in the QC/MM simulations because there is
no change in bonding con�guration between the carbon
atoms. The energy variation with respect to the bending
angle in the K-HYBRID simulations is almost the same
as QC/MM results. A kink occurs at the center when
the bending angle reaches around 52�, which is indicated

by an abrupt protrusion on the energy curve in Figure
5(b). The kink formation was also observed to cause a
nonlinearity in the strain energy and sp2-sp3 rehybridiza-
tion [21]. Upon bending, important changes in the local
density of states of � and � electrons and increased �-�
mixing are observed to develop. As the bending angle in-
creases, the bandgap of the CNT decreases (Figure 5(c))
and the initially semiconducting CNT suddenly trans-
forms to a metallic one after the kink formation (Fig-
ure 5(d)). The electronic structure changes are expected
to have important implications for the low-temperature
electrical transport properties of CNTs and for real ap-
plications as an ultra-sensitive nanosensor.

IV. CONCLUSION

We have investigated the electronic and the me-
chanical properties of a semiconducting (10, 0) CNT
by using a home-made concurrent multiscale simu-
lator, K-HYBRID. The �nite-element method for a
QC system is coupled with the Terso�-Brenner po-
tentials for an MM system that embeds a cluster of
atoms described quantum-mechanically with the elec-
tronic density-functional method based on the plane-
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wave basis. The seamlessly combined multiscale simu-
lator K-HYBRID is implemented on parallel computers
using MPI routines and concurrently updates the atomic
and the electronic structures of all the system (including
QM, MM and QC regions) during calculation. From the
calculated results, we have found that QM approach is
necessary to correctly describe phenomena accompany-
ing changes in bond con�gurations. The �nite-size e�ect
of the QM cluster is unavoidable in an embedded mul-
tiscale scheme and we have determined that the mini-
mum length of the CNT is about 12.85 �A, composed of
12 carbon rings. Finally, we have investigated the varia-
tion in the electronic structure with mechanical deforma-
tion. Upon mechanical bending, the electrical properties
of the CNT may change by sp2-sp3 rehybridization and
an initially semiconducting (10, 0) tube transforms into
a metal with kink generation.
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