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Abstract

Open-ended carbon nanotubes have been found to
form toroidal structures [17]. These specific struc-
tures bear striking resemblance to electrographic
coils. Two modes of action can be thought of: Ei-
ther the metallic conductivity of certain chiralities
of the nanotorus configuration is exploited directly
or fullerenes may be implanted into the torus’ in-
ner region [10]. Alone these fullerenes are charge-
neutral, but they may easily be inoculated with met-
alls carrying additional charges. Henceforth, cur-
rents would not act upon the electrons in the nan-
otorus’ surface but also on the fullerene’s surplus
charges. This interplay may lead to very interest-
ing applications. We have investigated the mechan-
ical stability of these toroidal systems by molecular
dynamics simulation [6], employing a potential [1]
well-suited for carbon. This research has significant
importance on the frequency range and quality of
applications employing nanotori as tunable circuits.
We report on the current status of our findings.

1 Introduction

First discovery of torus-like structures has probably
been by Liu et al. [17], then by Muster et al. [23]
and Martel et al. [21, 22]. These purely accidental
discoveries were followed by the discovery of coil-
ing carbon nanotubes by acid treatment with ultra-
sound [21]. Since then both experimental and theo-
retical [12, 24] studies on carbon nanotori have been
employed, with both concern to magnetic [29, 16]

and electric [31] effects. Colossal paramgnetic mo-
ments have been said to exist [18] for these struc-
tures, but remain unconfirmed.

The idea of using multi-walled nanotubes as giga-
hertz oscillators [8, 15] has been proposed. Hilder
et al. suggested employing single atom [19, 10] and
later C60 buckyballs [9] as oscillating particles. Tri-
bological properties [20] and main sources of energy
dissipation [32] of these oscillating nano-systems
have been studied.

Furthermore, endohedral metallofullerenes have
become a very active field of research and mean-
while can be produced with ease, Shinohara [26]
gives a good overview. It is possible by x-ray defrac-
tion [28] or by electron energy-loss spectrocscopy
(EELS) [27] to confirm the endohedral nature of met-
allofullerenes. And they can be encapsulated in car-
bon nanotubes [11] and used to tune the electronic
properties [14]. There are many applications such as
using them as in-vivo radiotracers [2] besides their
use in nanotubes and other nanostructures.

In order to increase the emitted or detected power
an array of inoculated nanotori is imaginable. These
nano-structures tend to phase-lock, which would be
imperative for a collective reinforcement of the sig-
nal, a general tendency of non-linear interacting os-
cillators, see [13].

Hence, we note that all the basic capabilities are in
place to produce metallofullerene-implanted carbon
nanotubes, examine their successful construction and
use them in electronic applications.

Tuzun et al. [30] suggested that fully dynamic and
atomistic calculations of the flow of buckyballs in-
side nanotube structures should be employed. There-



fore, we investigate the mechanical properties of
buckyballs orbiting inside nanotori by molecular dy-
namics simulations.

The remainder of the article is organised as fol-
lows: In section 2 we explain the numerical setup
of the nano structures. In section 3 the performed
experiments are described in detail. We end with a
discussion of the findings in section 4.

2 Numerical procedures

We employ our parallel molecular dynamics soft-
ware package TREMOLO [7] with empirical poten-
tials according to Brenner [1] that has proven suit-
able for the simulation of covalently bonded carbon
nanostructures, and which has been used before by
the authors to calculate the mechanical strength of
nanotubes embedded in polymers, see [5] for fur-
ther details. Note that the atom count easily exceeds
100.000 atoms, hence a fully parallel implementation
is essential for our investigations.

We construct single- and double-walled carbon
nanotori by virtually coiling nanotubes on the xy
plane, i. e. by a transformation to a toroidal coordi-
nate system. Note that these nanotori can be defined
by the length [ of the initial nanotube and its chi-
ral numbers (n,m), see table 1 where we also give
the initial nanotube’s radius r that depends on (n, m)
only. Note that the nanotorus’ mean or central radius
R = % can be easily inferred from the given cir-
cumference [ which is nothing but the length of the
original nanotube.

The time step width is At = 0.1 fs, initial ve-
locities v; are zero. The configurations are equili-
brated at standard pressure and temperature. Total
energies are computed in the NVE ensemble with
constant particle number (N), constant volume (V)
and constant energy (E). Molecular dynamics simu-
lations are performed in the NVT ensemble, where
the total energy is not conserved due to the action of
a thermostat, keeping a constant temperature (T).

The embedded Cgp buckyball is initially placed
at (R,0,0), where R is the radius of the nanotorus.
It is set in motion by an initial force F; acting for
t; = 1.02 fs in the y direction, given in table 1(a)

along with the resulting velocities of the buckyball
structure in the y direction.

Simulations are subsequently performed for 7' =
10.2 ps to assess the initial stability of the moving
buckyball inside the torus structure.

3 Calculations

Our investigations are divided into three parts: First,
we study whether the employed potential is suitable
for the simulation of carbon nanotorus structure it-
self, that is if structures are stable and match with
experimental constraints in terms of minimum sta-
ble torus’ radii. Second, we embed a Cgg bucky-
ball inside the toroidal nanotube, driving it by an
initial forced momentum along the torus’ circum-
ference. Therefrom, we determine the mechanical
stability of the system in terms of friction and wall-
buckyball collisions. Also the maximum possible ve-
locity before destruction of the buckyball is approx-
imated. Third, we attempt to look beyond the pro-
posed scheme of the metallofullerene oscillators in
terms of multi-wall nanotori setups and nanotori em-
bedded in a polyethylene matrix. The latter would
not only make the system more resistible against en-
vironmental effects, but also keep the tori itself in a
fixed position, necessary for applications.

3.1 Nanotorus

First, we investigate the stability of various (16, z)
carbon nanotorus configurations with regards to van
der Waals-forces and radii. They are constructed
without perturbations with a radius of 250Aand sub-
sequently equilibrated for 10.2 ps. During the sim-
ulation the mean square displacement ||z — z]|2 of
every atom with respect to its initial position z is
measured. This acts in the following as the central
quantity for measuring stability.

3.1.1 Stable geometry

Van-der-Waals forces are important for multi-wall
nanotubes, where a sliding inner tube will oscillate
only due to the repelling Van-der-Waals force. It
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Figure 1: Mean Square Displacement with respect to initial geometry: Van der Waals-forces play only a
minor role with regards to the overall stability of the torus geometry, see figure 1.1. They are however
essential when considering radial perturbations, see figure 1.2.

may easily be switched off by disabling the respec-
tive term in the Brenner potential. Thereby, we may
study the equilibration phase with and without Van-
der-Waals forces, measure the total mean square dis-
placement of all atoms componentwise and hence the
dependence of the single-wall nanotorus’ stability on
the Van-der-Waals forces. This is depicted in fig-
ure 1. We observe that Van-der-Waals forces are only
significant for the radial deformations, given by the
7 component of the mean square displacement, see
also similar observations by Ruoff et al. on nanotube
deformations [25].

Next, we investigate nanotubes configurations
(16, =) with different lengths. The resulting different
nanotorus” radii range from 10A up to 325A. In fig-
ure 2 the radial part or z component and one tangen-
tial, the y component, of the mean square displace-
ment are depicted. The radial part allows for clear
differentiation between stable and non-stable struc-
tures. For the (16, 0) geometries we observe stability
above R = 100 A. A similar threshold can be found
for the (16, 8) geometries.

3.2 Nanotorus-Cgj-oscillators

Having found that nanotorus configurations with
radii above 100 A are stable during equilibration,
we continue on how the embedded and externally
driven Cg buckyball interacts with the toroidal sys-
tem. We employ the nanotorus geometries given in
table 1. Note we now use a fixed nanotorus radius of
~ 250A and give oscillating frequencies below with
respect to this size.

First of all, we look at the force the buckyball feels
from the surrounding torus’ walls. In figure 3, we
give the total energy of the system with the buckyball
placed at various distances between the walls. The
radii of each configuration was scaled to unity, hence
the left-hand wall is located at O and the right-hand
wall is located at 1. We note that there are in total two
minima at & 0.2 and at & 0.8, each in the vicinity of
either wall and less than the interlayer graphene dis-
tance of 3.34 A. Also, these are at the same scaled
position, independent of chirality. The height of the
potential barrier in between however differs with chi-
rality and increases with increasing nanotube’ radius
r. These observations are in accordance with theo-
retical investigations by Cox et al. [3].
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Figure 2: The mean squared displacement between the initial (ideal) torus configuratiion and later stages
for increasing torus’ radii is shown. As can be seen, diameters below 100 A are instable and the geometry
breaks apart. Note that this threshold depends on the chiral angle, as studied by Huhtala et al. [12].

10 T T T I
|~ (16,0~ (16,8) ——(16,16) |
8, |
Iz
& 6| ]
[}
5
=
o
[aW)
2, |

5 10 15

Scaled distance of Cgq to torus’ wall

Figure 3: Cgg experiences potential minima inside
nanotube close to the wall, at distance less than the
interlayer distance of graphene.

3.2.1 Kinetics of orbiting Cg

Second, we analyse the profiles of the dynamics of
an orbiting Cgo by looking at the behavior of the ki-
netic energy over time, depicted in figure 4'. During
the equilibration of 10.2 ps of the toroidal geometry
the embedded buckyball is propelled by a force in the
y direction of varying strength, see table 1(a). There-
from we may derive upper limits on the possible ve-
locity before the buckyball structure fails due to wall
friction. We observe that this breakdown occurs at
the limit of 7, = 0.05 A/fs, or roughly 30 Ghz, for
the (16, 0) geometry, see figure 4.1. The (16, 8) be-
haves altogether very unstable and does not allow for
a free orbiting of the buckyball, see figure 4.2. One
possible explanation might be that the chiral nature
of the (16, 8) configuration introduces an additional
internal rotation preventing an orbiting path, similar
to the helical structure of a gun barrel, stabilizing the
bullet by an additional induced rotation. In figure 4.3
we give the velocity difference betwen subsequent
timesteps. There are two regimes: If below 7,, the
change in velocity is in general small. If above 7,

Note that the given kinetic energies in the following graphs
were derived from a finite difference scheme and thus may contain
irregular peaks.
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(a) Single-Wall NanoTorus

(n,m) 1[A] r[Al N
(16,0) 16335 625 24576
(16,8)  1620.69 827 32256
(16,16) 943.1 10.83 24576
(b) Double-Wall NanoTori
inner tube
(nm)  [[A] rfAl N
(16,0) 1089 6.25 16384
(16,8) 1620.69 827 32256
(16,16) 628.74 10.83 16384
outer tube
(nm)  [[A] rfAl N
(32,00 1089 12.51 32768
(32,16) 1620.69 16.55 64512
(32,32) 628.74 21.67 32768
Table 1: Nanotorus geometries: chiral numbers

(n,m), mean circumference [, nanotube radius and
atom count NV

the velocity change is very pronounced, especially at
the very beginning. Finally, the frictional force may
be derived from this, see figure 4.4, and we again
notice the relatively constant force felt for initial ve-
locities below the limit 7,. The friction force seems
in general to be velocity-dependent, obvious by the
small decrease over time. Note that above 0.1 A/fs,
or 60 Ghz, destruction of the buckyball is observed.

Note that in general the quality of the oscillating
loop is severely degraded by friction for some veloc-
ities and chiralities. This is in constrast to the inves-
tigations of Cumings et al. [4] and considerations of
Hilder et al. [10] that wall friction should in general
be negligible. Note that Guo et al. found that friction
is only small in the range of a few Kelvin, see [8],
whereas our numerical experiments are performed at
room temperature.

We want to take a closer qualitative look at this
issue. In figure 5.1 a snapshot of the on-going simu-
lation is taken and a close-up of the buckyball and the
surrounding nanotorus section presented. Clearly,
kinks and buckles are visible in the nanotorus’ wall,
triggered by the thermal motion of the atoms at room
temperature.

Quantitatively, we observe that these thermal per-
turbations of the ideal nanotorus configurations do
not diminish for infinite nanotube lengths. In fig-
ure 5.3, the mean square displacement of the nan-
otorus with respect to its initial configuration is again
depicted for the (16,0) configuration, this time how-
ever with logarithmic scaling. We note that the dis-
placement does not seem to go to zero for increasing
nanotorus radii but to a finite value, presumed depen-
dent on the temperature.

However, not only the thermal motion of the nan-
otorus’ atoms create friction for the buckyball, also
the interactions between the buckyball and the walls
themselves generate friction. This is probably caused
by Van-der-Waals forces inducing a visible kink in
the tube as the buckyball passes through the tube, de-
picted by a snapshot of the simulation in figure 5.2.
This kink is provoked by steady collisions of the
buckyball against the nanotorus’ wall in the potential
given above in figure 3. These collisions themselves
cause more instabilities and may be regarded as fric-
tion due to loss of momentum that is transfered to the
walls, even in the few-Kelvin temperature case.
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Figure 5: Relative difference to mean fractional ki-
netic energy per carbon atom: Wall friction induces
the Cgp to rotate around its own axis.

Finally, we analyse the rotational and the trans-
lational part of the kinetic energy of the bucky-
ball, orbiting inside the nanotorus structure. The
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translational part is the vector sum of the velocity
of each atom the buckyball consists of: 772" =
| 5°% wi]]>. The rotational part 770t = Ttot —
T'rans is the difference to the total kinetic energy
Tt as the sum over the norm of each atom’s ve-
locity vector: T = 5% ||v;||s. In figure 5 this is
given for the (16,0) configuration with initial velocity
of 0.041 A/fs, or roughly 30 Ghz. The wall collisions
obviously cause the buckyball to rotate internally and
thus to further loose translational momentum.

3.2.2 Electromagnetic properties

We have extrapolated the properties of the proposed
oscillating loop or electrographic nanocoil, consist-
ing of a nanotorus and an endohedral, orbiting Cgo,
from a purely mechanical point of view, see ta-
ble 1(b). Note that we give a magnetic field strength
with the notion that wall collisions might be pre-
vented if an external magnetic field would induce
a Lorentz force and thus keep the buckyball on its
orbiting path. The required field strength would be
quite high, however.

(a) List of initial forces employed to accel-

erate the buckyball
F; [nN]  v; [au]  v; [A/fs]
80.1 0.0019  0.041
160.2 0.0037  0.082
320.4 0.0075  0.164
640.8 0.015 0.328
1602 0.037 0.82

() ¢ = 3e, roms = 2000 A, v = 0.0019a.u. = 0.004
A/fs, m =~ 720 u

Frequency range 1-100 ghz
Synchrotron energy 0.1-10 femto joule
Radio signal strength ~ 1072* watt

Magnetic field strength  10-100 tesla

Table 2: Applied initial forces F; at T' = 0 ps, result-
ing velocities of the buckyball and an estimation of
possible electromagnetic properties of the proposed
electrographic nanocoil.



3.3 Multi-wall nanotori

Multi-wall nanotorus may have the advantage over
single-wall tori of greater stability against impacts of
the orbiting buckyball, simply due to greater mass.
Even more so because the innermost torus may be
used as the orbiter instead of the buckyball. This
might be a possible solution to the problems found
above, where successant wall collisions cause the
buckyball to slow down rapidly.

Therefore, we simulate a (16,0)—(32,0) double-
wall nanotorus, see table 1, where the inner torus
was caused to rotate in much the same manner as the
buckyball. We observe that the interactions between
the tori cause a transfer of momentum to the outer
torus, such that in the end both rotate at the same
velocity. This is presumed to be due to the Van-der-
Waals interactions but no explicit calculations have
been made to investigate this issue further.

6.1: Double-wall nanotorus, where the inner torus is
forced to rotate, shows induced rotation of the outer
torus by frictional forces, i.e. due to van der Waals-
interactions between the two tori.

3.3.1 Embedding in (C2H,),, matrix

In order to prevent this induced rotation of the outer
torus, the multi-wall nanotorus may be embedded in
a polyethylene matrix. This would have the addi-
tional benefit of protection against environmental in-
fluences on the one hand and fixing the toroidal sys-
tem in its location on the other hand.

We perform initial molecular dynamics simula-
tions on the single-wall nanotorus embedded in a

polyethylene matrix, where the total system con-
sists of roughly 2 million atoms. Three snapshots of
the initial, intermediate and final stage of the equi-
libration are given in figure 6 along with a snap-
shot highlighting the presence of cross-links between
nanotorus and matrix. These are necessary to pre-
vent transfer of momentum from the orbiting inner
torus. Clearly, radial, thermally induced instabili-
ties are greatly pronounced in contrast to the vacuum
case before. Note however, that nanotorus is signif-
icantly smaller. Hence, larger radii should be inves-
tigated that might display greater wall stability but
also strongly increase the computational demand to
tackle these systems. Nonetheless, the thermal insta-
bilities may necessitate cooling and thus would hin-
der industrial mass applications.

4 Conclusions

We have investigated carbon nanotori by molecular
dynamics simulation. We focused on the implanta-
tion of carbon fullerenes to act as charge vessels —
so-called metallofullerenes — in the context of possi-
ble electromagnetic applications, and on the mechan-
ical stability, employing the well-suited Brenner po-
tential. We find that orbiting buckyballs are probably
not feasible due to friction that is caused by thermal
motion of the nanotorus’ wall atoms hindering the
orbiting buckyball and by nanotorus—buckyball in-
teractions causing additional kinks. We have given
a brief outlook on how to overcome these issues in
the context of multi-wall carbon nanotori, that en-
capsulate metal atoms and are themselves embedded
in a polyethylene matrix. However, due to the ad-
ditional matrix a realistic setup requires an immense
computational load, which would call for multi-scale
simulation schemes.
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