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We investigated the substrate effect of carbon nanotube (CNT) oscillators using classical molecular dynamics simulations.
Double-walled CNT oscillators on {100} gold surface were considered. The nanotube—gold interactions induced the
compressive deformations of the outer nanotube and affected the transitional velocity and the energy dissipation of the
nanotube oscillator. When the inner nanotube was extruded from the outer nanotube, the central regions of the outer nanotube
were compressed by the nanotube—gold interactions and then, these compressive forces pushed out the inner nanotube and
finally, the transitional velocity of the inner nanotube was slightly increased at the edges regions. Since the energy dissipation
of the nanotube oscillator on gold surface was higher than that in vapor, the decrease of the transitional velocity for the
nanotube oscillator on gold surface was greater than that for the nanotube oscillator in vapor.

Keywords: Nanotube oscillator; Molecular dynamics; Carbon nanotube; Deformations

PACS numbers: 61.46.+w; 66.30.Pa; 83.10.Rs

1. Introduction

Cumings and Zettl [1] reported an ideal low-friction and
low-wear bearing carved out of a multi-walled carbon
nanotube (CNT) with diameter of a few tens of
nanometers. Gigahertz CNT-based oscillators have been
suggested by Zheng and Jiang [2]. The tools of molecular
dynamics (MD) can in principle be employed to predict
the performance of nanoscale machine components. CNT
oscillators based on multi-walled CNTs have been widely
investigated using the MD simulations [3-20]. Zheng
et al. [3] have investigated the detailed theoretical
calculations of the excess van der Waals (vdW) energy
due to the extrusion and the corresponding restoring force.
Energy dissipations of CNT oscillators have been
investigated from Guo et al. [4], Jiang et al. [5,6] and
Tangney et al. [7]. Legoas et al. [8,9] have presented the
MD simulations for these systems, which considered the
different nanotube types in order to verify the reliability of
such devices as gigahertz oscillators. They showed that
these nano-oscillators are dynamically stable when the

radii difference values between inner and outer tube are of
~3.4A. Rivera et al. [10] investigated the oscillatory
damped behavior of the incommensurate double-walled
CNTs. Gigahertz oscillations of multi-walled CNT
oscillators have been investigated by classical MD
simulations [11,16]. Coluci et al. [12] showed chaotic
signature in the motion of coupled CNT oscillators. Liu
et al. [13] investigated the mechanism leading to unstable
oscillatory behavior of double-walled CNT oscillators by
five different vdW potentials. Triple-walled CNT
oscillators have been investigated by classical MD
simulations [6,12].

Until now, gigahertz multi-walled CNT-based oscil-
lators in vapor have been investigated [2—20]. However,
most nanodevices based on nanotubes have been realized
on substrates supporting the nanotubes. The vdW
interactions between the nanotube and the substrate
cause a deformation of the nanotube [21,22]. The cross-
sectional deformation induced by the vdW forces between
the nanotube and the substrate is much higher in single-
walled CNTs than in multi-walled nanotubes [21,22].
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The vdW forces between the nanotube and the substrate
can also affect the operation of the fullerene-shuttle
memory devices [23,24]. CNT oscillators can be
fabricated and operated on substrates. However, the
effects of the vdW forces for the CNT-based oscillators
have never been investigated in previous works. There-
fore, in this work, the nanotube-substrate interaction effect
for the CNT-based oscillator was investigated using
classical MD simulations. In this paper, our MD
simulation results for double-walled CNT oscillators on
gold surface show that the vdW interactions between the
CNT and the substrate induce the compressive defor-
mations of the CNT; then, the frictional forces are
increased and affect the frequency, the shuttle CNT
velocity and the damping rate of their operations.

2. Methods

For carbon-—carbon interactions, we used the Tersoff—
Brenner potential function that has been widely applied to
carbon systems [25-27]. For carbon—carbon vdW
interactions, we used a Lennard—Jones (LJ12-6) potential
function [28] with parameters o= 3.4A and
£ =0.0024 ¢V, and the cutoff distance was taken to be
20 A. In this wok, we considered the gold as the substrate.
For the gold—gold and the gold—carbon interaction, we
employed the Lennard—Jones 12-6 potential function
with parameters. The values of oauc and ep,c for the
LJ12—-6 potential for gold—carbon are 2.9943 A and
0.01273 eV, respectively [29]. The values of g, and €,
for the LJ12-6 potential for gold are 2.569 A and
0.458 eV, respectively [30].

We used both the steepest descent (SD) and the MD
methods. The MD simulations used the same MD methods
as used in our previous works [31-35]. The MD code used
the velocity Verlet algorithm, a Gunsteren—Berendsen
thermostat to control temperature, and neighbor lists to
improve computing performance. MD time step (Af) was
5 x 10 *ps. Firstly, all structures were relaxed by SD
simulations. The initial temperatures of all MD simu-
lations have been set at 1K, and the total energy was
constantly maintained during all MD simulations.

Figure 1 shows simple schematics of simulation
structures. We considered two CNT-based oscillators
composed of (5,5)—(10,10) double-walled CNTs. Short
CNT oscillator was composed of the length of 30A for
both outer and inner CNTs, and both CNTs had a open
ends. Long CNT oscillator was composed of the opened
(10,10) CNT with the length of 116 A and the capped (5,5)
CNT with the length of 32 A. Substrate was composed of
five atomic layers of {100} gold surface with the width of
34 A and the lengths of the substrate 34 and 120 A for the
short and the long CNTs, respectively. The lengths of the
gold substrates were the same as the CNT lengths, such as
CNT oscillator schematics addressed in our previous
work [20]. The bottom and the side layers of the substrate
were fixed and the constraint dynamics were applied to

]L/!., < P, et d P, inner vT
{100} Gold

Figure 1. Simple schematics of simulation structures. Poyeer and Pipper
indicate the central positions of the outer and inner CNTs, and d,. is the
distance between Py, and Pjpypne,. vy 18 initial transitional velocity of the
inner CNT.

the other atoms. In figure 1, Pgyer and Pigper
indicate the central positions of the outer and inner
CNTs, and d,. is the distance between Py and Pipper-
The inner CNT oscillator was initiated by an initial
velocity, o, or an initial displacement. The CNT
oscillators supported by gold surface were compared to
the CNT oscillator in vapor.

3. Results and discussion

Figure 2 shows MD simulation results for the short CNT

oscillator, when the inner CNT was initially displacement
by 15 A as shown in figure 2(b). The solid and the symbol

57 (@) —e—CNT on gold — CNT in vapor

N0

61

5. @

6 (©

50 100 150 200
MD time (ps)

Figure 2. MD simulation results for the short CNT oscillator. The inner
CNT was initially displacement by 15 A. The solid and the symbol lines
indicate the results of the CNTs on gold surface and in vapor,
respectively. (a) x and (b) y components of Pjye, (¢) x and (d) y
components of Pgyer, and (e) the vdW energy (Uyqw).
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lines indicate the results of the CNTs on gold and in vapor,
respectively. Since the forces between the outer and the
inner CNTs were attractive, both the outer and the inner
CNT moved toward each other found in figure 2(b),(d).
Therefore, both CNTs showed the transitional motions.
For the CNT oscillator in vapor, the regular oscillations
were found and the peaks were gradually decreased by the
energy dissipation, i.e. the transitional kinetic energies of
both CNTs were changed to thermal energies of
themselves by the frictional forces between the walls.
As shown in figure 2(a),(c), the transitional energy of the
CNT oscillator was also transferred into the rotational
energy of the CNT oscillator on the gold surface. CNT
oscillator moved to possess the largest contact area
between the CNT and the gold surface, and this was the
origin of the torque on the short CNT oscillator in our MD
simulations. However, for the long CNT oscillator, its
rotational motion was insignificant. The energy dissipa-
tion of the CNT oscillator in vapor can be also found in the
vdW energy variation (U,qw) of figure 2(e). The
oscillation feature of the CNT oscillator on gold was
greatly different from that of the CNT oscillator in vapor.
Since the outer CNT interacted with the gold surface, the
behavior of the outer CNT on gold was different from that
in vapor as shown in figure 2(d). The oscillatory behavior
of the CNT oscillator on gold was greatly different from
that of the CNT oscillator in vapor, and the energy
dissipation of the CNT oscillator on gold was very higher
than that of the CNT oscillator in vapor. The oscillations of
the CNT oscillator on gold surface were irregular due to
the CNT-gold interactions. These results can be also
found in figure 2(e). The vdW energy of the CNT oscillator
on gold was very rapidly damped.

A AR AN A A NS
LA L L L E LR

5

(a) 24 ps

For the CNT oscillator in vapor, most important energy
dissipation mechanism has been found wagging motions
of the CNT oscillators at the edge of the outer CNT
[5,7,16,17]. The transitional kinetic energies of the CNT
oscillators were also dissipated by the friction force,
which is induced by the rocking motion of the CNT
oscillator during the transitional motion of the CNT
oscillator [5,7,17]. For the CNT oscillator with a short
outer CNT, the wagging motion of the CNT oscillator at
the edge of the outer CNT was most important energy
dissipation mechanism. For the CNT oscillator with a long
outer CNT, the energy was mainly dissipated by the
friction force induced by the vibrational breathing modes
of the outer CNT during the transitional motion of the
CNT oscillator [5].

In the results of MD simulations, the energy dissipation
mechanism for the short CNT oscillator on gold was the
wagging motions of the CNT oscillators at the edge of the
outer CNT. The wagging motions of the CNT oscillators
on gold were higher than those of the CNT oscillators in
vapor, because the both edges of the outer CNT were more
deformed than the central region of the outer CNT by the
CNT-gold interactions. Figure 3 shows the atomic
structures at 24 and 42ps. When the inner CNT was
extruded from one side of the outer CNT, the other side of
the outer CNT was flattened by the attractive forces
between the CNT and the gold surface; then, the extrusion
direction of the inner CNT tended the upper side as shown
in figure 3. Therefore, the wagging motions of the inner
CNT were main mechanism of the energy dissipation for
the short CNT oscillator.

We performed the MD simulations for the CNT
oscillator with the length of 116 A including the capped

- e
N N e e e e e N
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S N S N e e e e e N
RAAARS
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(b) 42 ps

Figure 3. Side and top views of atomic structures at (a) 24 ps and (b) 42 ps.
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Figure 4.  Atomic structure at 10 K obtained from the SA simulation.

(5,5) CNT of 32 A. After the relaxations by the SD or MD
simulations at 1 K, the both ends of the outer (10,10) CNT
on gold surface were still opened. However, after a
simulated annealing (SA) from 500 K, the both ends were
closed by the CNT—gold interactions as shown in figure 4.
Figure 4 shows the atomic structure at 10 K during the SA
simulation. For MD simulations with initial temperatures
of above 100 K, the oscillatory behaviors were not found
in the CNT oscillator on gold surface, because the friction
forces were very high at the end of the outer CNT or the
ends of the outer CNT were closed due to the CNT-gold
interaction. Therefore, long CNT oscillator can be formed
and operated at very low temperature.

Legoas et al. [8] showed that external multi-walled CNT
made the more internal shells stiffer as the number of shells
increased. Therefore, the edge distortions of the external
shells can be reduced, and then, the use of the multi-walled
structures could reduce these perturbations. However, in
studies by Legoas et al [8,9], since the central positions of
the external shells were fixed during the core CNT
oscillates, the oscillations of some external shells were not
achieved. MD simulations of triple-walled CNT oscillators
showed that the oscillations of the second shell as well as
the core shell were found [6]. Therefore, some external
shells of multi-walled CNT oscillators can be influenced on
the substrate when they are extruded, the edge distortions of
the external shells can be achieved by the substrate—CNT
interactions. As the number of shells increases, these
effects can be also decreased. To avoid the substrate—
induced deformation of the CNT oscillator, the sealing
technique proposed by Legoas et al. [8,9] could be applied.

Figure 5 shows the MD simulations results of the CNT
oscillators with long outer CNT on gold surface and in
vapor at 1K, respectively. The inner CNT was initially
positioned at the center of the outer CNT and the initial
velocity (vp) of the inner CNT was 5 A/ps. Figure 5(a)—(d)
shows the relative transitional velocity of the inner CNT
(v71), the relative position of the inner CNT from the center
of the outer CNT (d,.), the covalent bonding energy of the
CNT oscillator (Upong), and the vdW energy (Uyqw),
respectively. For the CNT oscillator on gold surface, the
transitional velocity of the inner CNT was gradually
decreased by both the friction force during the transitional
motion and the energy dissipations at the both edges of the
outer CNT discussed above, and then, vt of the CNT
oscillator on gold surface was less than ovr of the
CNT oscillator in vapor. Therefore, the frequency of the
CNT oscillator on gold surface was less than that of
the CNT oscillator in vapor. As well as the energy
dissipation mechanism, vy variations of the CNT oscillator
on gold surface were different from those in vapor.

For the CNT oscillator on gold surface, both Uy,,,q and
U,qw increased when the inner CNT was extruded from
the outer CNT, whereas Uyy,q for the CNT oscillator in
vapor constantly maintained.

The variation of the transitional velocity (vr) was
investigated as a function of d.. Figure 6(a),(b) shows the
vr—d,e plots for the CNT oscillators on gold surface at 1 K
with 99 =15 and 6A/ps, respectively. Figure 6(c),(d)
shows the vr—d,. plots for the CNT oscillators in vapor at
1 K with 95 =135 and 6/0\/ps, respectively. For the CNT
oscillators in vapor, vt of the inner CNT was almost
continually decreased during the oscillations. For the CNT
oscillator in gold surface, vr slightly increased at both
CNT ends and was decreased during the suction into the
outer CNT and the transitional motion in the outer CNT.
The damping rate of the CNT oscillator on gold surface
was five time higher than that of the CNT oscillator in
vapor. Thus unique feature of vt variations for the CNT
oscillator on gold surface can be explained by figure 7 that
shows the atomic structures at 13.5, 26.0 and 38.0 ps when
v9=15 A/ps. When the inner CNT was extruded from the
outer CNT as shown in figure 7(a),(c), the central regions
of the outer CNT was compressed by the CNT-gold
interactions and then, this compressive force as indicated
the arrows pushed out the inner CNT. Therefore, the
transitional velocity of the inner CNT was increased at

6. (@ ---- CNT ongold —— CNT invapor
—~ 3 -
8
< 9
+ 3T
_6 L
60 -
—~ 30 i
< 0
[
k=] 30}
—60 - (¢
o O e e e
J ot ™ '-_/"‘.‘f‘\," PPN “‘-‘l,‘_";\_," RV PR WP, ""-v P
E -15172
> 15176
)
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s AAWATAN
i
5 . . ,
120 160 20C
MD time (ps)

Figure 5. MD simulations results of the CNT oscillators on gold surface
and in vapor at 1 K, respectively. The inner CNT was initially positioned
at the center of the outer CNT and the initial velocity (v,) of the inner
CNT was 5 A/ps. (a) The relative transitional velocity of the inner CNT
(v7), (b) the relative position of the inner CNT from the center of the
outer CNT (d,.), (c) the covalent bonding energy of the CNT oscillator
(Upona), and (d) the vdW energy (U,qw), respectively.
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(a)CNTongoldat 1 K _(b) CNT on gold at 300 K

&

< (¢) CNT in vapor at 1 K
&~ 61

=
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-60 =30 0 30 60 -60 =30 0 30 60
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Figure 6. (a) and (b) show the vp—d,. plots for the CNT oscillators
on gold surface at 1K with vy =5 and 6 A/ps, respectively, (c) and
(d) show the vr—d;. plots for the CNT oscillators in vapor at 1 K with
9 = 5 and 6 A/ps, respectively.

the edges. When the inner CNT was positioned inside the
outer CNT as shown in figure 7(b), the outer CNT
compressed the inner CNT. Therefore, the transitional
velocity of the inner CNT was influenced on the surface
waves of the outer CNT, and this effect can be found by
small ripples in figure 6. These features of the CNT
oscillator on gold surface were very similar to the
substrate effects for the fullerene-shuttle-memory devices
[23]. For the CNT oscillator with a long outer CNT in
vapor, the energy was mainly dissipated by the friction
force induced by the vibrational breathing modes of the
outer CNT during the transitional motion of the CNT
oscillator [5]. Thus energy dissipation is greatly
influenced on the temperature closely related to breathing
of the CNT. As the temperature increases, the effects of
both the wagging motion of the CNT oscillator at the
edges and the rocking motion of the CNT oscillator during

(a) 13.5 ps
«

transitional motion also increase. However, since the CNT
oscillator on gold surface can be operated by very low
temperature as discussed above, the energy is slightly
dissipated by the friction force induced by the vibrational
breathing modes of the outer CNT during the transitional
motion of the CNT oscillator, whereas the energy is
mainly dissipated at both edges.

In this work, we considered only {100} gold substrate,
which had the same as the length of the CNT oscillators.
The operations of the CNT oscillators can be influenced on
the substrate dimension. Since the crystallography of the
substrate can affect the operations of the CNT oscillators,
these effects should be investigated by the further works.
When some carbon atoms of the CNT oscillator form the
covalent bonds with the substrate, the crystallography of
the substrate greatly affect the operation of the CNT
oscillator. However, when the CNT —substrate interactions
are only non-bond interactions, the deformation of the
CNT oscillator is irregardless with the crystallography of
the substrate. Therefore, the substrate induced CNT
oscillator deformations should be studied in detail. The
charge transfers of metal-CNT contacts have been an
important issue [36]. The effective charges and the
polarization of the CNT oscillator can affect both its
operation frequency and frictional force [20]. The charge
transfer between the CNT and the substrate should be also
considered in the further work. The dynamics behaviors of
the CNT oscillators including the charge transfer effect
should be studied by MD simulations based on full
quantum method.

4. Summary

For the CNT-based oscillators supported by the substrate,
the CNT-substrate interaction effect was investigated
using classical MD simulations. MD simulation results for
double-walled CNT oscillators on gold surface showed
that the CNT—gold interactions induced the compressive
deformations of the outer CNT and affected the
transitional velocity and the energy dissipation of the
CNT oscillator. The decrease of the transitional velocity
for the CNT oscillator on gold surface was greater than

(b) 26 ps

o

Figure 7. Atomic structures at (a) 13.5, (b) 26.0, and (c) 38.0 ps when vy = 5 A/ps.
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that for the CNT oscillator in vapor and the frequency of
the CNT oscillator on gold surface was less than that of the
CNT oscillator in vapor. The CNT oscillator on gold
surface could be operated by very low temperature. The
energy was mainly dissipated at both edges and the energy
dissipation of the CNT oscillator on gold surface was
higher than that in vapor. When the inner CNT was
extruded from the outer CNT, the central regions of the
outer CNT were compressed by the CNT-gold inter-
actions and then, these compressive forces pushed out the
inner CNT and finally, the transitional velocity of the inner
CNT was slightly increased at the edges.
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