Feb. 2014

Transactions of Nanjing University of Aeronautics and Astronautics

Critical Length of Double-Walled Carbon Nanotubes
Based Oscillators

Wang Lifeng (F37W) ", Liu Rumeng (X ¥)

State Key Laboratory of Mechanics and Control of Mechanical Structures, Nanjing University Aeronautics

and Astronautics, 210016, Nanjing, P. R. China
(Received 4 November 2013; revised 24 December 2013; accepted 25 December 2013)

Abstract: The critical lengths of an oscillator based on double-walled carbon nanotubes (DWCNTSs) are studied by
energy minimization and molecular dynamics simulation. Van der Waals (vdW) potential energy in DWCNTs is
shown to be changed periodically with the lattice matching of the inner and outer tubes by using atomistic models
with energy minimization method. If the coincidence length between the inner and outer tubes is long enough, the
restoring force cannot drive the DWCNT to slide over the vdW potential barrier to assure the DWCNT acts as an
oscillator. The critical coincidence lengths of the oscillators are predicted by a very simple equation and then con-
firmed with energy minimization method for both the zigzag/zigzag system and the armchair/armchair system. The
critical length of the armchair/armchair system is much larger than that of the zigzag/zigzag system. The vdW po-
tential energy fluctuation of the armchair/armchair system is weaker than that of the zigzag/zigzag system. So it is
easier to slide over the barrier for the armchair/armchair system. The critical lengths of zigzag/zigzag DWCNT-
based oscillator are found increasing along with temperature, by molecular dynamics simulations.
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1 Introduction

Cumings and Zettl"" created a system that
one end of a multi-walled carbon nanotube
(MWCNT) was opened and a core tube was
pulled out from the outer shell. And they found
that the core tube retracts into the outer shell
when the core tube is set free. Zheng and Jiang!®
reported that the core tube would oscillate with
gigahertz frequency if both ends of the outer shell
are opened. They estimated the frequency of the
oscillators through the restoring force obtained
from the retraction potential. Since it is very hard
to observe this interesting phenomenon through

experiment, molecular dynamics (MD) simula-
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tions were carried out for these systems by sever-
al groups™™.,

The van der Waals (vdW) potential energy
between a carbon atom of inner tube and all the
carbon atoms of outer tube depends on the rela-
tive position between this atom and the closest
hexagonal unit of the outer tube!*. Charlier and
Michenaud™ calculated the potential barrier of a
(5,5)/(10, 10) double-walled carbon nanotube
(DWCNT) using the local density approximation
(LDA). They found that potential barrier per
carbon atom for sliding motion is anisotropic. Sa-
tio et al™ examined the adiabatic potential of a

DWCNT for a variety of sets of inner and outer

nanotube chiralities. Their results showed that
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the potential barrier for the relative displacement
of the inner and outer tube layers depends signifi-
cantly on the chirality difference of the pair. Guo
and Gao''™ found that the energy dissipation
related fluctuation of interlayer interaction forces
can vary significantly with the chirality, length
and diameter of the two tubes. The existence of
potential barrier in sliding motion between inner
and outer tube layers can give the reason that the
inner tube cannot be pulled out from the outer

[ calculated

tube with small force. Kimoto et al
the force required to pull the inner tube out of the
outer tube using MD method. They found the
inner tube vibrates inside the outer tube instead of
being pulled out, when the inner tube is subjected
to a small constant force. These studies showed
that the driving force due to the extrusion may be
smaller than the force required to slide over the
potential barrier of DWCNT-oscillators, if the
coincidence length of inner and outer tubes is long
enough.

In this paper, the critical lengths of the oscil-
lators based on DWCNTs are studied by both the-
ory and energy minimization simulation. The re-
lationship between the vdW potential energy and
lattice matching of the inner and outer tubes is
gotten by pulling the inner tube under a constant
step to determine the barrier force during sliding
motion between inner and outer tube layers. The
critical length can be obtained by setting the bar-
rier force equal to the vdW restoring force. Then
these results are compared with that calculated by
the energy minimization simulations. The chirali-
ty matching effects and size effects are analyzed.
Finally, the critical lengths of zigzag/zigzag oscil-
lator system with different temperature are dis-

cussed using MD method.

2 Simulation models
2.1 Van der Waals restoring force

The restoring force resulting from asymme-
try vdW interaction between inner and outer
tubes due to the extrusion is the driving force for

an oscillator based on MWCNT.
The excess vdW potential energy U due to

extrusion ist'¥

_ 43xD(Li+ Lo
U == i (M

where a=0. 142 nm is the bond length between
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carbon atoms, D is the diameter of the inner
tube, L;and L are the lengths of the inner and
outer tubes respectively, { is the separate distance
between the centers of the inner and outer tubes.
The vdW potential energy between a carbon atom
of inner tube and all the carbon atoms of the outer
tube is denoted by —II.

The vdW restoring force can be obtained as

followsH*

_dU® _443xD
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F.uw is a constant force if the separate distance ¢
of a DWCNT-based oscillator is much larger than
cutoff length of vdW potential.

F\'dW = H (2)

2.2 Interatomic potential

In energy minimization simulations, the reli-
ability of the results depends on the potential used
in the carbon system. The Brenner' s second-
generation reactive empirical bond order (REBO)

11, which has been widely used to

potentia
describe mechanical properties of carbon nano-
tubes and graphene, is applied to describe the co-
valently bonded pair among atoms.

The following Lennard-Jones (LJ) potential
is used to describe the vdW potential energy be-

tween atoms ; and j belonging to different tubes

E=e(f) ()] o

where well-depth energy e=4. 748 3X107* J and

12

equilibrium distance ¢=0. 34 nm. In Eq. (3), r;
is the distance between atoms i and j.

The vdW potential energy for the entire
DWCNT is evaluated by summing E; over all
inter-tube ¢, j-pairs

U=>E, 4

i#j

2.3 Models for calculation of potential barrier

In order to determine the relationship be-
tween the vdW potential energy and lattice
matching of the inner and outer tubes, a DWCNT
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model are constructed by placing two single-
walled nanotube models coaxially in x direction as
shown in Fig. 1. The inner tube with periodic
boundary condition is shifted 1 X 10" nm every
step along x direction for 10 000 steps, as shown
in Fig. 1. The total potential energy is monitored.
(In order to neglect the edge-edge interaction, the
distance between the inner and outer edges is

taken to be larger than the cutoff length.)

yl L, !

Fig.1 DWCNT atomic model

2.4 Energy minimization simulation

In order to eliminate the influence of thermo-
phoretic force, the simulations need to be conduc-
ted under very low temperature. However, a
nonequilibrium finite temperature system is diffi-
cult to be treated by MD simulations. There have
been no reliable simulation tools for such prob-
lems, so far. So energy minimization of this sys-
tem with a damped dynamics method described by
Bitzek et al'' is adopted to simulate the inner
tube retraction process. The velocity of each atom
is initialized to be zero at the beginning of the
minimization in this method.

A DWCNT with inner and outer tubes of the
same length is modeled. The inner tube is pulled
out from the outer one while the coincidence
length of these two tubes is L, as shown in Fig. 2.
Then the potential energy of this system is mini-

mized.

"

1

Fig.2 DWCNT for energy minimization

3 Results and Discussion
3.1 Zigzag/zigzag system

A (9,0)/(18,0) zigzag/zigzag system with
the length L, =23. 86 nm is used to obtain the
vdW potential energy barrier. The interlayer gap
between inner tube and outer tube is 0. 34 nm.

For convenience, the vdW potential energy at

the initial position is set to be zero. The relation-

ship between the vdW potential and lattice matc-
hing of the inner and outer tubes are presented in
Fig. 3. It can be seen that vdW potential energy
varies periodically with the relative position
between the inner and outer tubes. The barrier
force in Fig. 4 is obtained by the differential of the
vdW potential energy with x.
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Fig. 3  Relationship between the vdW potential and
lattice matching of inner and outer tubes for
(9, 0)/(18, 0) zigzag/zigzag system
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Fig.4 Barrier force of (9, 0)/(18, 0) zigzag/zigzag
system obtained from the first-order derivative

of the curve in Fig. 3

Fig. 4 shows that the maximum value of the
barrier force is F,.. = 2. 14 nN. It means that at
least 2. 14 nN is needed to move the inner tube if
the coincidence length of (9, 0)/(18, 0) zigzag/
zigzag system is 23. 86 nm. Same as the ampli-
tude of total vdW potential energy shown in
Fig. 3. the barrier force is proportional to the co-
incidence length. Let the barrier force be equal to

the restoring force in Eq. (2).
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L, = Foy (5)
where # = F,../Lo is the maximum barrier force
per unit length. Then the critical oscillation
length 10. 48 nm can be obtained from Eq. (5).

Energy minimization method is used to verify
the result. As shown in Fig. 5, the inner tube is
pulled out from the outer tube. The initial coinci-
dence length between inner tube and outer tube,
i.e. L, is 5 nm. The vdW potential energy,
which decreases with increasing of L, , is recorded
during this process. The tendency of vdW poten-
tial energy in the minimization process is plotted
in Fig. 6, where the straight line represents the
value of vdW potential when the inner and outer
tubes coincide completely, and it is set to be zero
for convenience. The vdW potential energy-
decreases during 0 ns to 3 ns generally. It stops at
a certain value which is significantly larger than
the value of vdW potential energy when the inner
and outer tubes coincide completely. The inner
tube retracts into the outer tube during the mini-
mization process and stops when the coincidence
length L, is 9. 85 nm. This critical oscillate
length is close to the result predicted by Eq. (5).

Fig. 5 [Initial and equilibrium positions in the energy
minimization for (9, 0)/(18, 0) zigzag/zigzag

system
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Fig. 6 vdW potential in minimization process

The critical oscillate lengths of zigzag/zigzag
systems with different diameters obtained by the-
ory and the energy minimization method are
shown in Fig. 7, where r is the diameters of the
inner tubes. The interlayer gaps between inner
tubes and outer tubes are kept 0. 34 nm. The crit-
ical oscillate lengths keep constant before the di-
ameters of the inner tubes drop to 0. 274 nm.
However, it will increase sharply if the diameter
of carbon nanotube (CNT) is below 0. 274 nm.
As shown in Fig. 8, the cross section of a (n,0)
CNT is a 2n-regular polygon which will no longer
be close to a circular if n is not big enough. The
smallest system we calculated is a (4, 0)/(13, 0)
zigzag/zigzag system, and the cross section of the
inner tube is nearly an octagon. The L] potential
energy distribution of this system is more com-
plex than that of the circular case. The complex
distribution of LJ potential energy leads to a
sharp increasing trend in the small diameter
region calculated by energy minimization method.
The theory results are in good agreement with the
energy minimization results if the diameter of the
inner tube is big enough. The restoring force in
Eq. (2) is obtained using an alternative approach
by replacing the discrete distribution of atoms on

the outer shell with a continuous distribution of

the same atom density 4+/3/94*""* , which will
invalidate if the diameters of the system are
small. So the deviation between the theory and
the energy minimization method becomes larger

when the diameters of the system are smaller.
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Fig. 7 Critical oscillate lengths of zigzag/zigzag sys-

tems with different diameters
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Fig. 8 Cross sections of CNTs with different diameters
3.2 Armchair/armchair system

Next a (5, 5)/(10, 10) armchair/armchair
system is considered. Atomic model with coinci-
dence length 30 nm shown in Section 2. 3 is built.
The vdW potential energy which is also set to be
zero at the initial position is plotted in Fig. 9.
Fig. 10 shows that the maximum barrier force is
0. 157 nN when the coincidence length is 30 nm.
The critical length obtained by Eq. (5) is 175 nm.
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Fig. 9  Relationship between the vdW potential and
lattice matching of inner and outer tubes for

(5, 5)/(10, 10) armchair/armchair system

A (5, 5)/(10, 10) armchair/armchair sys-
tem being 200 nm long with 48 900 atoms is es-
tablished to confirm the above result. As shown
in Fig. 11, the original coincidence length of inner
and outer tubes is L, =160 nm. The final coinci-

dence length is 185 nm after fully energy minimi-
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Fig. 10  Barrier force of the (5, 5)/(10, 10) arm-

chair/armchair system obtained by the first-

order derivative of the curve as shown in

Fig. 9

Fig. 11 Initial and equilibrium positions in the energy
minimization of (5, 5)/(10, 10) armchair/
armchair system

zation.

These above two systems have similar diam-
eters, which means the restoring force of these
two systems is very near. But the vdW potential
energy fluctuation of zigzag/zigzag system is
much higher than that of armchair/armchair sys-
tem. It is thus easier to slide over the barrier of
the armchair/armchair system for the same resto-
ring force. So the critical length of (5, 5)/(10,
10) armchair/armchair system is much larger
than that of (9, 0)/(18, 0) zigzag/zigzag sys-

tem.
3.3 Temperature effects

The effects of temperature for the critical
oscillate length are studied by MD simulations
with Nose-Hoover feedback thermostat™*'*, The
velocity-Verlet algorithm with time step 1 fs is
used in the MD simulations. A (9, 0)/(18, 0)
zigzag/zigzag oscillate system at different temper-

atures are simulated in the (N, V, T) ensembles
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by MD method. The inner tube is pulled out from
the outer tube at the beginning of simulations.
All the atoms are kept free during simulations. It
is found that the inner tube retracted into the out-
er tube for a certain length. The inner tube may
revolve around x axis during the retraction
process. Fig. 12 shows that the critical lengths
increase along with temperature. Atoms with
higher temperature are far away from equilibri-
um. So their vdW energy is higher than those

91 And it is easier for

with lower temperature
atoms with higher temperature to slide over the

vdW potential barrier,
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Fig. 12 Critical oscillate lengths of (9, 0)/(18, 0)

zigzag/zigzag systems at different tempera-

tures

But the temperature discussed here is very
low. We must simulate in a larger system for the
higher temperature which is out of our computa-
tional ability. The MD method based on classical
Newtonian mechanics does not allow for the
description of quantum effects which may play a
key role in high-frequency oscillations at such low
temperatures. Some MD methods with quantum
should be

developed to give a better simulation to oscillators

effects taken into consideration

of DWCNT at such low temperature.

4 Conclusions

The critical length of a DWCNT-based oscil-
lator is studied in this paper. The vdW potential
energy changes periodically with the lattice matc-

hing of the inner and outer tubes. If the coinci-

dence length is long enough, the restoring force is
not big enough to slide over the vdW barrier. The
inner tube cannot retract into the outer tube. The
critical oscillate length is predicted, and then con-
firmed by energy minimization method. More-
over, the amplitude of vdW potential energy fluc-
tuation of armchair/armchair system is smaller
than that of zigzag/zigzag system. The critical
length of armchair/armchair system is much lar-
ger than that of zigzag/zigzag system. The criti-
cal lengths of zigzag/zigzag DWCNT-based oscil-
lator systems with different diameters are
obtained both by theory and energy minimization
method. The theoritical results agree with those
of the energy minimization when the diameter of
the inner tube is not very small. The vdW inter-
action between inner and outer tubes cannot be
treated as homogeneous when the diameter of car-
bon nanotube is very small. So in such a case, the
critical length strongly increases. Finally, the
MD simulation is carried out to study the critical
length of zigzag/zigzag system at different tem-
peratures. Results show that the critical lengths

of the DWCNT-based oscillator increase when

temperatures rise.
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