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MECHANICALLY INDUCED DEFECTS IN SINGLE-WALL CARBON NANOTUBES
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Abstract. We use the Molecular Dynamics method with a modified Brenner-Tersoff
potential to study how various defect distributions influence the tensile strength of
single-wall carbon nanotubes. We model defect formation under external mechanical
loads (stress and stretch). The stability of the tubes and the reversibility of the process

are also investigated.

Nomenclature
) atom index
r; coordinate
m; mass
E, structure binding energy
F; force over i-th atom
F..: external force

K2

a i-th unit chiral vector

1. Introduction

A single-wall carbon nanotube is a rolled-up single
graphite sheet (graphene) so as to make a cylinder,
Fig.1. The vector Cj, = na! + ma? = (n,m), where
n and m are integers, is called chiral vector. It de-
termines the tube curvature and hence the electric
conductivity.

The carbon nanotubes were discovered in 1991
by the Japanese electron microscopist Sumio Iijima
[1] who was studying the material deposited on
the cathode during the arc-evaporation synthesis of
fullerenes. Generally, tubes are conductors if |n —
m| = 3k where k is a non-negative integer, and oth-
erwise semiconductors. Tubes with extremely small
radius violate that rule because of the bigger overlap
of the m-orbitals due to the curvature [2]. The one-
dimensional nature of conduction within nanotubes

[3] makes it possible to explore and verify the quan-
tum physics theory. From a practical point of view,
CNT bring advances in nanodevice design.

Recently, an interesting topic has been how me-
chanical deformations of a SWCNT affects its elec-
tronic property [4, 5, 6, 7, 8]. Previous studies [7, 8]
show that in many cases, a local deformation can not
drive a metal-to-semiconductor transition (MST) in
armchair (n,n) SWNTs. At the same time, a re-
cent work [9] indicates that a MST can be achieved
by a radial deformation along the holistic armchair
SWNTs. Measurements [10] of the temperature de-
pendent dc and ac electrical resistance of single-wall-
nanotube ropes show that they are metallic at high
temperatures and exhibit a crossover to nonmetal-
lic behaviour at a low temperature. The transition
temperature is different for the different samples and
is sensitive to mechanical handling. It has been sug-
gested that the origin of the low-temperature non-
metallic behaviour is 1D localization and motivated
another measurements [11] to provide experimen-
tal confirmation of band structure calculations for
SWCNT. Hone et al have studied the temperature
dependence of the thermoelectric power (TEP) be-
cause its sign indicates the sign of the dominant cur-
rent carrier, thus giving information about the type
of conduction: TEP is linear in T for metals and
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Figure 1. The rolled-up graphite sheet makes a tube

changes as (1/T) for a true-gap semiconductor. Hone
et al conclude from their experiment that a SWCNT
is metal-like T" =~ 0, while ropes might mimic semi-
conducting behaviour due to charge transfer between
tubes with different defects.

The goal of the present paper is to demonstrate
how various defect distributions affect SWCNT’s
mechanical stability and, through it, the electrical
properties of SWCNTs. Our toy system is a zigzag
(10,0) tube containing 2000 carbon atoms. Previ-
ous molecular dynamics simulations predict that
ideal SWCNTs should possess extremely high ten-
sile strengths. The strain at tensile failure has been
predicted to be ~ 30% in [12] and ~ 45% in [13]. The
two papers use different parameterization of the in-
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teracting (Brenner-Tersoff) potential. This potential
belongs to the category of potentials called molecu-
lar mechanics force fields that are used for systems
where the covalent bonds never break. Comparing
the results from [12, 13] to the experimental findings
[14]: the failure is between 2% and 15%, we should
agree that either the Brenner potential is too ro-
bust or the carbon nanotubes are defected. There
are results for softer potentials in the literature. For
example, the work [15] implements a modified Morse
potential with parameters adjusted so that it coin-
cides with the Brenner potential for strains below
10%.

2. Simulation technique

We employ classical Molecular Dynamics [16] to
study defected tube response to an external field.
The equations of motion are integrated numerically
in their Newtonian form:

mif'z-(t) = Fi(t) = _vriEb (1)

with Ej being the binding energy of the system. We
use a simplified form of the Brenner-Tersoff poten-
tial:

Ey=>_ > [Vk(ry) — ByValry)] . (2)
i g(>4)

i and j run over all atomic sites; r;; is the distance
between atoms ¢ and j. Vg is the repulsive term and
has the form:

(e)
D;;
Sij —1

VR(Tij) _ fij (Tij) e*\/QSijﬂij (h‘j*RE?) (3)

while V4 is the attractive term and has a similar
form:

(e)
Di‘ S’U —1/2/5ijBij T.L-ij(.?)
VA(?"ij) = fij(rij)ﬁe / ( ij ) (4)
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fi; is a cut-off function which restricts the pair in-
teraction to nearest neighbors only:

1 r < RE;)7
™ T—R(.l.)
fiy(r) =93 [1 + cos M} R(l) <r< R(2)
Rij 7Rij
0 Rg) <r

(5)
Bi; = (Bij+ Bj;)/2 is an empirical bond-order
function with each of the averaged terms in the form:
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Parameter Value Parameter Value

R 139 A | R{) 1.7 A
5’ 6.0ev | R 2.0 A

ﬂw 21 A7 | ap 0.00020813

Sij 122 C(Q) 3302

0ij 0.5 dg 3.52

« 0.0

Table .1. Potential parameters used in simulations

In presence of an external force field F...(r)
(stress or twist), the Newtonian equations become:

m;1; (t) = —Vri Ey + Feoypt (t) (7)

Integration is performed with the velocity Verlet al-
gorithm [16], which advances in time the particle
positions and velocities as follows:

ri(t+dt) =r;(t) + dtvi(t) + (1/2m)dt>F;(t)
vi(t +dt) = v;(t) + (1/2m)dt[F;(t) + Fi(t + dt)]
(8)
where F; = —V,, Ep + Feue(r;) is the force, acting
on i-th atom. The cell linked-list method, combined
with the Verlet neighboring list [16] have been used
to speed-up the calculations.

The external load is simulated by enforcing a con-
stant change in the position of the edge atoms {r;}
in the form:
where U(z;) is the evolution operator of the edge
atoms that equals 7 (40r) (translation) in the case
of stress or R(£d¢) (rotation) in the case of stretch
where the (+) sign is for atoms with z; > 0 and
the (—) sign is for atoms with z; < 0. The positions
and velocities of the remaining atoms are computed
using the velocity Verlet scheme depicted above.

In this work we focus on tubes with missing atoms.
In experiments performed with the help of the trans-
mission electron microscopy it is possible for sin-
gle atoms to be ejected by impact [17]. For a given
percentage of vacancies(1%, 5%, 10%) we randomly
choose the positions of atoms to be ejected. In prac-
tice, we break the bonds between the atom chosen
and its nearest neighbours. Then we apply an exter-
nal force to the defected tube (a tube with a certain
amount of defects) and monitor the energy accumu-
lated and the time necessary to cause fracture as
functions of the defect distributions. The interpre-
tation of fracture simulations by atomistic models
is not strait-forward because the reconstruction of
bonds, after an atom is ejected, is not considered.

3. Results
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Figure 2. The effect of defect concentration on the
strain energy per atom in a (10,0) SWCNT with 2000
atoms. For every concentration we present sevral
curves correponding to different defect distributions.
We use a random generator to distribute the defects.



