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Ultrahigh Frequency Longitudinal Oscillators from
Single-Walled Carbon Nanotubes

Yitao Dai, Wanlin Guo*, Chun Li, and Chun Tang

Institute of Nano Science, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, China

The promising application of single-walled carbon nanotubes as ultrahigh frequency longitudinal
oscillators is presented in this paper. A short (3, 3) carbon nanotube is considered as an example
and its axial oscillation is investigated by the ab initio molecular dynamics simulations. The effect of
the electromechanical coupling on the frequency-domain characteristic is studied. The variation of
the electronic structure induced by the geometry deformation produces the anharmonic behavior
of the oscillation, while a strong axial electric: field hardly:affects the eigenfrequencies. A discrete
model is also demonstrated to be efficient to describe this oscillation, though the electromechanical
coupling effect can not be taken into account, it can predict the fundamental frequency with an
error of 0.8% compared with the result of the ab.initio molecular dynamics simulation. Additionally,
both the discrete model and a continuum hollow rod model are used to predict the fundamental
frequencies of the single-walled carbon nanotubes with different lengths and diameters. For a tube

shorter than 5 nm, the fundamental frequen

Keywords: Ultrahigh Frequency Lo
Molecular Dynamics,

1. INTRODUCTION

Recently, continuing efforts have been made to fz
carbon nanotubes (CNTs) based ultrahigh frequency e
tromechanical oscillators for their potential applications in

er 1 terahertz.

Electromechanical Coupling, Ab initio

otential of using SWCNTs in practical high fre-
Icy oscillators provides the impetus for the simulation

B oi their performance. As these oscillators can be powered
.. S 3 L . &
nanoscale sensors, actuators, resonators, injectorsy rﬂé’t&sg’% §

by electric field, and the mechanical behavior of CNTSs is

engines, filters, memories and switching devices.%’”;: Of spe-», toupled Wwith the electronic structure,'®?! it is necessary to

%

cial interesting is creating longitudinal oscillatqg ﬂii%%g‘ 5 ﬁggs@st&e electromechanical coupling effect on the oscil-

by double walled carbon nanotubes (DWCNTs),

introduced by Zheng! and his colleagues in 2002. This
kind of oscillator is driven by the interlayer van der Waals
force, the frequency is predicted to be at gigahertz region.
This simple but valuable idea has received consider-
able attentions.* ®7-* However, until recently, no practical
application is reported mainly because that this oscilla-
tion can not maintain for a long time due to the energy
dissipation and the lack of suitable energy supply.’-*-'2
Single-walled carbon nanotubes (SWCNTSs) have excellent
mechanical properties,>* the frequencies of their axial
oscillation modes are reported to be at terahertz (THz)
region'® due to their high Young’s modulus. And it has also
been reported that they can be significantly stretched by
axial electric field.!”-'® Thus, the high potential of creating
ultrahigh frequency longitudinal oscillators by activating

*Author to whom correspondence should be addressed.
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on behavior. In this paper, a short (3,3) SWCNT is
taken as an example and the ab initio molecular dynamics
(ab-MD) simulations are performed to study the influence
of external electric field and the electronic structure varia-
tion during the oscillation on the frequency-domain char-
acteristic of the CNT. Besides this, as the ab-MD method
is difficult to deal with large systems, both a discrete model
and a continuum hollow rod model are used to predict the
frequency-domain characteristic of SWCNTs with differ-
ent lengths and diameters.

2. COMPUTATIONAL METHOD

In the ab-MD simulations, the Restricted Hartree—Fock
ab initio technique?* is used. In this technique, the posi-
tions and velocities of the atoms are predicted by Newton’s
laws of motion, while the force acting on the atoms are
determined by solving the Schrodinger equation

HY =E¥ (1)

1546-1955/2008/5/1372/005 doi: 10.1166/jctn.2008.022
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where H is the Hamiltonian operator, E is the total energy
of the system, and V¥ is the system wavefunction. Based
on the Born—-Oppenheimer approximation that the motions
of the electrons are decoupled from the motions of the
nuclei and the Hartree—Fock approximation that translating
a polyelectronic problem into a single electronic problem.
So that

H¥Y, = &%, (@)
where H; is the effective one-electron Hamiltonian, W; is
the ith molecular orbital, and &; is the orbital energy of
the electron in the orbital ¥;. When the linear combina-
tion of atomic orbitals (LCAO) assumption is used, ¥; =
>, C,i®,, in which ¢, is the pth atomic orbital and C,;
is the coefficient. The closed shell model is adopted in
present calculations so that the Hartree—Fock equation can
be conveniently written as a matrix form, or the Roothaan—
Hall equation FC = SCE, with the Fock matrix F in the
form of Ref. [23]:

M
F,, = fduda“[—%v,? = é]d:,,

A=1 Tia

K K i I
+3 Y P 1A0) = 3 (A [v0)] £V, )
A=lo=I
where the first term is the core energy of the
tem, the second term is the Coulomb and |
interactions energy. P is the charge density mi
Py =250 criCyi- (wv | A0), where (uv | Ag
two-electron integrals that may involve up to fo
ent basis functions (¢,, ¢,, ¢,, ¢,), which ma
be located at four different centers. V,,, is the infl
external electric fields, S is the overlap integrals ma
S,, = [dvg,d,. C is the coefficient matrix, and E is the

orbital energy diagonal matrix. The total electrogic energys |

is obtained by solving the Roothaan—Hall equatig;;s,_mw?ich
adopt the self-consistent field (SCF) approach. The' total

energy and atomic interaction force are also obtaingd with' =@

the electronic energy plus the interaction energy between
nuclei. The selected numerical free-atom basis sets (STO-
3G) are 2s2p atomic orbitals for carbon atoms, and the rel-
ative energies are guaranteed to converge to 10~° Hartree.
A time step of 0.2 fs, an initial temperature of 0 K, and
the isoenergetic ensemble are adopted for the MD pro-
cesses. After the ab-MD simulations, the time history of
the coordinates of carbon atoms are analyzed by the Fast
Fourier Transform (FFT) to obtain the frequency-domain
characteristic.”> The sampling interval of the FFT is the
same as the time step of the MD simulations.

3. RESULTS AND DISCUSSION
3.1. Ab-MD Simulations of the CNT

In the ab-MD simulations, in order to reduce the com-
putational requirement, a short (3,3) CNT with 42 atoms
is considered as an example. The geometry structure of

J. Comput. Theor. Nanosci. 5, 1372-1376, 2008
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P
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Fig. . %ays Atomic model of the freestanding (3,3) SWCNT considered

% %g, ?in%tﬁé MTVJD simulations. (b) Time history of the deformation ratio of

er. (c) The oscillation spectrums of the different layers along

|
ﬁ%g:%‘* “the CNT.

the CNT is shown in Figure 1(a). The initial length of
the CNT in the released state after an ab initio quantum
mechanics geometry optimization is 7.114 angstrom. The
distances from the central layer to the Ist, 2nd, and 3rd
layers shown in Figure 1(a) are 1.27, 2.457, and 3.557
angstrom, respectively. Firstly, the CNT is stretched in the
z direction with a deformation of 0.2 angstrom. Then it is
released and the ab-MD simulation is carried out.

Figure 1(b) shows the time history of the deformation
ratio of the CNT, where the deformation ratio is defined
as the deformation divided by the initial tube length. As
the oscillation is anharmonic, the FFT technique is used to
get the frequency-domain characteristic. Figure 1(c) shows
the oscillation spectrums of the CNT, including all of the
three layers along the axis. It is found that, for all of the
three layers, there is a peak with the strongest intensity
located at 12.5 THz, which is the dominant mode of the
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Fig. 2. Electronic structure of the (3,3) CNT at different periods in the
ab-MD simulation. From left to right denote to the SHOMO, HOMO,
and LUMO, respectively. From top to bottom are the electronic structures
of the CNT at the periods when the CNT is under tensile deformation,
almost no deformation, and compressive deformation, respectively. The
contour value of ploting the molecular orbitals is 0.025.

oscillation. This value is much higher than'that:of the

DWCNT oscillator' since the C—C bond interaction :is
much stronger than the van der Waals interaction between
the interlayers. Besides this dominant mode, we:also‘find-a
second highest peak located at 31.4 THz, which is the sec-

ond order mode of this oscillation. Corresponding to the

anharmonic characteristic of this oscillation, we could.
many weak peaks in the spectrum. This anharmoni
nomenon mainly results from the charge density
during the oscillation.

Figure 2 shows the electronic structure of the CNT a
different periods in the ab-MD simulation. The |
occupied molecular orbital (HOMO) and the lowe
cupied molecular orbital (LUMO) almost have no cha
during the oscillation since they are the orbitals of the dan-

gling bonds, which are only dependent on the' stfubtlire™ e
of the tube end but not sensitive to the axial deformation. . "‘{;ase

The second highest occupied orbital (SHOMO.
significantly as it is the binding orbital of the
is sensitive to the structure deformation. The variation of
binding orbitals will induce a corresponding change of the
interaction between the layers, which finally results in the
anharmonic oscillation behavior.

To investigate the effect of external electric field on the
oscillation behavior, a strong axial electric field with the
strength of 0.002 a.u. is applied.

Figure 3 shows the comparison of the oscillation spec-
trums of the third layer of the CNT with and with-
out external electric field. The unconspicuous change of
the spectrum indicates that the existence of electric field
almost has no effect on the oscillation. To explain this phe-
nomenon, the electronic structure of the CNT is provided
in Figure 4.

No remarkable change can be found for all the SHOMO,
HOMO, and LUMO when the axial electric field is
applied. Since the mechanical behavior is dependent on the
electronic structure, the mechanical oscillation will hardly

1374
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Fig. 3. A comparison of the oscillation spectrums of the CNT with and
without electric field.

change its characteristic in this electric field. This result
is consistent with the result obtained by density-functional
theory in Ref. [19], which reported that when the CNTSs are
charged with a charge density of 0.6% of the net charge,

the shifted range of phonon modes is less than 1%. Here
- the electronic structure changes slightly when the electric

field is; applied, so almost no change in the oscillation
spectrum can be found.

3.2. Results of Classical Mechanical Models

ab-MD method is difficult to deal with the system
g a great number of atoms, a discrete model and
m hollow rod model are used to study the size
he CNTs on the frequency-domain characteristic
oscillators.

discrete model shown in Figure 5(a), the CNT
nplified as an ideal one-dimensional structure with
atom layer being treated as a sphere, and the inter-

qux%skgetween adjacent layers are considered as linear

ings. The interactions between the nonadjacent layers
?; red as the van der Waals interaction is too small

_ch, S A " S :
4 a@i i ared w —C
%Iiﬁ' t gaﬁ 4+ ‘compared with the C bonding interaction between

the adjacent layers. For a SWCNT fixed at one end, the

e-field 0.002 a.u.

without e-field

LUMO

Fig. 4. Electronic structure of the (3,3) CNT with and without electric
field. The contour value of ploting the molecular orbitals is 0.025.
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Fig. 5. (a) Discrete model of the SWCNT. (b) Fundamental frequ
of the (3,3) SWCNTs with different lengths predicted by the disc
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Table I. Eigenfrequencies of the CNT shown in Figure 1(a) obtained
by the ab-MD simulation, the discrete model, and the hollow rod model.
Frequencies are in THz.

Discrete Rod

Ab-MD model model

1st mode 12.5 12.6 149
2nd mode 314 34.7 449
3rd mode 455 50.3 74.9

The surface mass density of the SWCNT p; is defined as
p, = pt, where p and ¢ are the volume mass density and the
thickness of the hollow rod, respectively. The uses of the
surface Young’s modulus and surface mass density elimi-
nate the argument of not-well-defined tube thickness.?® For
a (3,3) SWCNT, the surface Young’s modulus is taken as
0.34 (TPa nm).?® As a comparison, the frequency-domain
characteristic of the CNT considered in the ab-MD simu-
lation is also studied by both the discrete model and the
hollow. rod model.

Table I shows the eigenfrequencies of the CNT obtained
fromdifferent methods. Though the effect induced by the
variation jof Celectronic structure can not be considered,
compared with the ab-MD simulation, the errors of eigen-

~ frequencies obtained by the discrete model are only 0.8%,

1% and 10.55% for the lowest mode, second lowest
and highest mode, respectively. The corresponding
f the hollow rod model are much larger than those
screte model because the end effect is ignored in

ationship between the fundamental frequency
¢ tube length of the (3,3) SWCNTs fixed at one
I'1s predicted by both the discrete model and the hollow
rod model in Figure 5(b). Figure 5(c) shows the funda-

model and the rod model. (¢) Fundamental frequencies of % ?}chim‘;% fri‘fen&l gftequencies of the armchair CNTs with the same

CNTs with the length of 1.694 nm.

equation as follows:

Miin -+ K(zun —Upp — un—l) =0

Miiy +K(uy —uy_,) =0 4)

Uy = 0
where M is the total mass of a layer, u, is the deforma-
tion of the fixed layer, u, (n=1, 2, 3,..., N—1) is the
deformation of the nth layer, and u is the deformation of
the free layer. The elastic constant K describing the inter-
action of the adjacent layers can be expressed as wY,D/L,
where Y, and D are the surface Young’s modulus, which
is defined in Ref. [26], and the diameter of the SWCNT,
respectively. L is the distance between the adjacent layers.

In the hollow rod model, for a SWCNT with the length of
! and fixed at one end, the intrinsic frequency f is given

as
™ 1 Y, B
=T(r_§) ;: (r-—l,2,...) (5)
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T

SEEN w;legngth of 1.694 nm but different diameters, where the sur-
dynamical behavior of each layer can be descrilrﬂ b&% 5
E il B S

face %oifng’s modulus of CNTs are taken from Ref. [26].

Tt fis*folind that the fundamental frequency is reciprocal

with the tube length but not sensitive to the tube diameter.
This feature can be used for designing SWCNT oscillators
with different working frequencies. For instance, the fun-
damental frequency of a (3,3) SWCNT shorter than 5 nm
can be over 1 THz.

4. CONCLUSIONS

In summary, ultrahigh frequency longitudinal oscillators
created by single-walled carbon nanotubes and propelled
by axial electric field are introduced. A (3,3) CNT with
the length of 7.114 angstrom is taken as an example
and the frequency-domain characteristic is studied by the
ab-MD simulations. From the present results we draw
the following conclusions. (a) The eigenfrequencies of
this CNT are over 10 THz, which are much higher than
those of the DWCNTs oscillator. (b) The axial deforma-
tion during the oscillation will change the binding orbital
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of the CNT and finally produces the anharmonic oscilla-
tion behaviour. (c) The existence of an axial electric field
of 0.002 a.u. is proved to have little effect on the eigen-
frequencies for there is almost no polarization of charge
density in the CNT under this electric field.

As the ab-MD simulations can hardly deal with large
systems, a discrete model and a continuum hollow rod
model are also used to study the oscillation behaviour
of the SWCNTSs. Though the electromechanical coupling
effect is ignored, the simple discrete model is also demon-
strated to be efficient. It can predict the fundamental fre-
quency of the CNT in the ab-MD simulations within an
error of 0.8%. Furthermore, the size effects of the SWC-
NTs on the frequency-domain characteristic are predicted
by both of the mechanical models. It shows that the fun-
damental frequency is reciprocal with the tube length but
not sensitive to the tube diameter, and for a tube shorter
than 5 nm, the fundamental frequency is over 1 THz. This

may be useful for controlling the working frequency. of the:,. |,
116 G: Cao, X. Chen, and J. W. Kysar, Phys. Rev. B 72, 235404 (2005).
:17. -W. Guo and Y. Guo, Phys. Rev. Lett. 91, 115501 (2003).

oscillators.
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ABSTRACT

Quantum mechanical molecular dynamics simulations show that electrically neutral carbon nanotubes or
fullerene balls housed in an outer carbon nanotube can be driven into motion by charging the outer tube
uniformly. Positively and negatively charged outer tube are found to have quite different actions on the
initially neutral nanotubes or fullerene balls. A positively charged tube can drive out the molecule inside it
out at speeds over 1 km/s, just like a “nanogun”, while a negatively charged tube can drive the molecule into
oscillation inside it and can absorb inwards a neutral molecule in the vicinity of its open end, like a “nano-
manipulator”. The results demonstrate that changing the charge environment in specific ways may open the

door to conceptually new nano/molecular electromechanical devices.

KEYWORDS

Energy conversion, carbon nanotube, neutral molecule, driving mechanisms

Introduction

The ability to drive or power functional molecular
devices based on unconventional operating
principles is of essential interest in various scientific
disciplines and technologies [1-5]. A large variety
of driving mechanisms have been found by using
electromagnetic, electrostatic, or domain-switching
principles for devices containing a net charge [6],
magnetic moment [7] or electrical domains [8]. Based
on such principles, external magnetic or electric
fields have been used to provide the driving force.
However, neutral molecules have no net charge,
magnetic moment or electrical domain, and hence
finding a way of driving them remains a challenge
[9, 10]. In contrast to artificial systems, biomolecular
systems such as protein-motors [11, 12], voltage-
gated ion channels [13], and ATP-triggered guest

Address correspondence to wiguo@nuaa.edu.cn
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releasers [14] are surprisingly efficient and can work
in response to very slight changes in charge [15] or
other factors [16].

When size is reduced to the nano or molecular
scale, the local fields of matter or structure play an
important role, comparable to external fields, and
novel driving mechanisms may become dominant.
Carbon nanotubes (CNTs) are well known for their
exceptional mechanical and electronic properties
[17], and recent research has also shown that CNTs
and fullerenes are very sensitive to external charge
environments or applied fields as the sp” carbon
atoms have a rich m-electron cloud [18, 19]. High
quality multiwalled and biwalled CNTs and CNT
structures containing fullerene balls or bamboo
sections can be easily fabricated [20, 21]. These carbon
structures can be independent and free to move
inside a housing nanotube with ultra-low friction [22-
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24]. The outer tube can be engineered to be open one
or both ends, be separate or in bulk films, and also
can be fixed to an electrode [24]. Without an applied
charge or external field, the core tube or fullerene will
remain held in the housing tube by virtue of van der
Waals interactions [22].

Here we show by extensive quantum mechanical
molecular dynamics simulations on an ideal model
that an electrically neutral fullerene ball or carbon
nanotube inside an outer housing carbon nanotube
can be driven to move when the housing tube is
uniformly charged. A positive charge on the house
can drive out the neutral core tube or fullerene ball at
high speed like a bullet, while a negative charge can
drive it to oscillate within the housing tube.

1. Modelling and methods

The typical model considered in this work is a short
capped (5, 5) CNT core or a C¢, molecule in an outer
housing (18, 0) CNT with one end capped and the
other open. The initial system is firstly optimized
by the AMBER molecular mechanics force field, the
outer part is then fixed and an energy minimization
is performed using the parametrization 3 of the
modified neglect of diatomic orbital (PM3) quantum
mechanics (QM) method for the inner part. The
MM+ molecular mechanics force field (the extension
of version 2 of Allinger's molecular mechanics force
field) can also be used for the energy minimization
of the initial system and no essential difference was
found in the subsequent QM simulations. Finally, the
outer housing tube is charged with a specific uniform
density and the core part is calculated using the QM
method to provide the driving force on each atom.
Once the energy parameters of the atoms are obtained
at one time step, the motion parameters for each atom
in the next time step can be determined by Newton’
s laws of motion and the velocity and acceleration of
the center of mass of the core can be obtained. All the
QM molecular dynamics (QMMD) simulations were
performed using a Verlet algorithm with a time step
of 1 fs at zero initial temperature within a constant
energy assumption. The total energies of the whole

system are guaranteed to converge to 10~ kcal/mol
for all the QM calculations.

In the QMMD simulations, the positions and
velocities of the atoms in the system are determined
by Newton’s laws of motion, while the interactions
between the atoms are calculated by solving the
Schrédinger equation

HY=EY¥ (1)
where H is the Hamiltonian operator, E is the
total energy of the system, and ¥ is the system
wavefunction. The Schrédinger equation is difficult
to solve exactly for large molecular systems; however,
it is possible to solve the equation in accordance
with the Born-Oppenheimer approximation that the
motion of the electrons is decoupled from the motion
of the nuclei and the Hartree-Fock approximation
that a many-electron problem is translated into a
single electron problem. Thus,

HY =¥, )
where H; is an effective one-electron Hamiltonian,
¥ is a molecular orbital, and ¢, is the orbital energy
of an electron in the orbital ¥, When the linear
combination of atomic orbitals (LCAO) assumption is

used, V= ;Cu;% in which ¢, is the uth atomic
orbital and C,is the coefficient. The Hartree-Fock (H-
F) equation can be conveniently written as a matrix
form, or the Roothaan-Hall equation

FC=SCE 3)
with the Fock matrix F in the form

. 12 Mz,
wfdod-3vi- 324,

a1 Tia

+§102Pml(uv | Aa)——%(ul lvo )]+V,,v 4)

where the first term is the core energy, and the second
term is the energy arising from the Coulomb and

exchange interactions, P is the charge density matrix
N2

and PM,=22:,C 1Coi, V., represents the influence of
external fields, S is the overlap integrals matrix and
S,~fdv¢,4,, C is the coefficient matrix, and E is the
orbital energy diagonal matrix. (uv | A0 ) and (uA |

v0 ) are two-electron integrals that may involve up to
four different basis functions (¢;\, ° f, ¢E ), which
may in turn be located at four different centers.

As the whole system contains a large number of
atoms and the interaction between the “bullet” and
the outer tube housing at the van der Waals distance
cannot be described properly by either density
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functional theory (DFT) or the Hartree-Fock method
[25], a special method called the Mixed Model is used
to describe the “nanogun” system. In this method,
the outer tube is treated by a classical mechanical
model, where the positions and charges of the atoms
are fixed and the Slater exponents of s orbitals are
used for all the charges; the core part is described by
the semi-empirical quantum mechanics method PM3
[26, 27], which considers only the valence electrons
of the system and neglects the three- or four-center
integrals in the Fock matrix. The interaction between
the charges and nuclei of the “bullet” and the
housing are considered using the core Hamiltonian
correction between the quantum mechanical “bullet”
and the classical outer tube housing as follows

AH,== Y (Zs=Qs)( a0 |s55s) (5)

The interaction energy between the nuclei of
the atoms of the “bullet” and all the nuclear and
electronic charges on the atoms of the housing is

AE= Z ZpZg(saSa ISBSB)[1+9XP(“ aaRAp)

(A,B)
+REARD |7 usals] @
Rap
with

(5454 | 5558) =[R;2xs%( AIi’I i A]i/l— )]-I 2

A B
where the subscript A represents atoms on the
“bullet” and B represents atoms on the housing, s is
the s-type orbital, R,; is the distance between atom
A and atom B, and AM are the monopole-monopole
interaction parameters. Z is the nuclear charge,
Q is the electronic charge, and «, is a monatomic
parameter of atom A.

To check the validity of the PM3-based Mixed
Model, both H-F ab initio and Kohn-Sham DFT single
point calculations were performed on the “nano-
gun” model used in the PM3 molecular dynamics
simulations. Comparison of the calculated dipole
moments using the three methods for a Cj, fullerene
“bullet” within a (18, 0) carbon nanotube housing
charged with uniform distributed positive charge
density of +0.001 e/atom is presented in Fig. 1(a). It
can be seen that the variations in dipole moment with
position of the “bullet” in the housing show the same
trend for all three methods. The curves obtained
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T

using the H-F ab initio and the DFT methods are
almost the same. The values obtained using the PM3
method are slightly higher, but agree quite well with
those of the H-F ab initio and DFT methods. The
PM3-based Mixed Model has also been shown to
be valid for calculation of the interaction energy. As
shown in Fig. 1(b), the variation in the interaction
energy of two parallel benzene molecules as a
function of separation was calculated and the results
compared with those in the literature [28]. The Mixed
Model predicts a similar trend to that of the CCSD(T)
method, which is thought to be one of the most
precise QM methods.

0.6 v T Y T T
05 Cu/(18,0) 20m P +0.001 (efatom) 1
- 04 / : 4 \0 >
e 2 o i & \
- Fay i,
S 03F 2\ ;
§ i X K :
E 02F /o Qﬁ\ b
% L O&‘; - Vi O\
a 9 o S ¥ o = B O
5 O01f /g; < DET AG
&5 H-F ab initio
0.0F §J ]
_0.1 L i A A A ' i Bk A A i .4 Bk L A e
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Diplacement, s (A)
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~@- Mixed Model (this work) :

’-é ® _ ~57-- vdw+DFT (Ref. [28])
§ SR &  CCSD (T) (Ref. [28])
g 2r ~—&-~ MP2 (Ref. [28]) .
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Figure 1  (a) Variation of the dipole moment of the C¢, “bullet”

with its position in the outer (18, 0) tube housing with length of
about 2.0 nm. (b) Comparison of the interaction energy between
two parallel benzene molecules obtained by the Mixed Model with
the results in Ref. [28]
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The interaction energy and the dipole moment are
directly related to the movement of the core part. The
agreement between the interaction energies and the
dipole moments with the results obtained by other
methods with much higher precision demonstrates
that the semiempirical Mixed Model is valid for
QMMD simulations of “nano-gun” systems, at least
for the models used in this work.

2. Results and discussion

When we charged the housing tube with a positive
charge, our QMMD numerical calculations suggested
that the encapsulated neutral core tube or fullerene
ball can be driven out. A typical total energy curve of
a neutral Cq, molecule moving in a positively charged
(18, 0) housing tube with a uniform charge density
of 0.001 e/atom is presented in Fig. 2. It can be seen
that there are two sharp drops in energy when the
fullerene ball leaves the bottom and the open end
of the housing tube, while in the middle part of
the housing, the energy remains relatively stable.
This means that there are two acceleration stages
corresponding to the two energy drops which force
the ball out. Similar energy curves can be obtained
for a CNT core in the charged housing.

Snapshots every 0.5 ps of the driving processes
obtained by the QMMD simulations on three typical

systems of neutral CNTs or fullerene in charged
housing CNTs are shown in Fig. 3(a) with time
increasing from top to bottom. In all three cases,
the outer tube housings are positively charged with
uniform density of +0.001 e/atom. Case A shown in
Fig. 3(a) shows a capped (5, 5) core tube with length
about 2 nm shooting out from the open end of a fixed
(18, 0) housing tube with length about 3.7 nm. Case
B in the same figure involves the same core tube in a
shorter housing of about 2 nm, and case C involves
a neutral C, ball in the 2 nm housing. The speed of
ejection of the neutral core in each case is over 1 km/s
as shown in Fig. 3(b). Thus, the system resembles
a “nanogun” which drives the neutral “bullet”
electrically. The velocity curve of the (5, 5) 2 nm/(18,
0) 3.7 nm system (case A) contains four distinct
regions: the acceleration region I is the initial stage
with a displacement of less than about 0.3 nm, with
acceleration up to 2.6x10” m/s’ and a corresponding
driving force of 52 pN/atom; in the following region
II, the core tube moves in the housing with relatively
stable speed, and when the core reaches the open end
of the housing there comes the second acceleration
region, region III, with an acceleration of 4.3x10" m/s
and driving force of 8.6 pN/atom; when the core is
completely out of the outer tube, region IV, the velocity
reaches its maximum value of about 1540 m/s. The
velocity curve of the C,,/(18, 0) 2 nm system (case C)

has a similar shape with four regions,

-9300

Ceo in (18, 0) CNT

while the accelerations in the regions
I and III are slightly higher with the
maximum final velocity being 1340
m/s. The reason for the lower final

-9350

velocity of C,, is that the acceleration

—-9400

Energy (kcal/mol)

+0.001 e/atom
on housing tube

-9450

1.45 nm

region III is significantly shorter than
that available to the 2-nm CNT core.
When the outer tube is longer than
the core, as in the cases A and C, the
two acceleration stages are distinctly
separated by a transition region Il
where the speed is relatively stable.
However, when the neutral “bullet”

0 1 2
Displacement, s (nm)

Figure 2 Variation in the energy of the neutral Cg, ball with its displacement from the
bottom of the positively charged (18, 0) CNT housing

is comparable in length to or longer
than the housing, the transition region
Il disappears and the two acceleration
stages merge, as shown in Fig. 3(b) for
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Figure 3 Neutral CNTs or fullerene “bullets” shooting out from
positively charged CNT housings with speeds well over 1 km/s.
(a) Snapshots of the neutral CNTs or fullerene ball driven out from the
open end of the fixed CNT housing by its positive charge. With time
increasing from top to bottom, the snapshot interval is 0.5 ps. The
density of the charge on the housing is +0.001 e/atom and is evenly
distributed. Case A: a capped (5, 5) tube containing 170 atoms with
length of about 2.0 nm is shooting out from a fixed (18, 0) tube
having 660 atoms and length of about 3.7 nm with one end open;
Case B: a capped (5, 5) tube containing 170 atoms with length of
about 2.0 nm is shooting out from the open end of a fixed (18, 0)
tube having 372 atoms and length of about 2.0 nm; Case C: a Cg
fullerene ball is shooting out from the open end of a fixed (18, 0)
tube having 372 atoms and length about 2.0 nm. (b) The velocity
curves of the “bullets” in the three cases

case B in which the “bullet” has the same length as
the housing. The accelerations in the merged regions
I and III are markedly lower, being 1.3x10" and 3.0x
10" m/s’, respectively. For each of the three cases, the
accelerations in stages I and II of the order of 10" and
10" m/s?, respectively correspond to driving forces

Nano Research

on the neutral “bullet” of the order of 1-10 pN/atom,
which is about 2 to 3 orders of magnitude higher than
the friction force between the core and the housing
which is typically 107 N/atom [22-24]. For a given
charge density, the maximum velocity of the neutral
“bullet” acquired in the two acceleration stages is
dependent on the length of both the housing and
bullet.

Increasing the density of the positive charge
on the housing tube from +0.001 to +0.005 e/atom
monotonically increases the speed of the neutral
“bullet” in the (5, 5) 2 nm/ (18, 0) 2 nm “nanogun”
(case B) from 1150 to about 2200 m/s as shown in
Fig. 4(a). Unlike the electrostatic operating principle
used in many previous nanodevices [20, 24], the
operating mechanism in the present systems is a
quantum response of the neutral nanostructure of
CNTs or fullerenes to the electrical environment
created by the positively charged CNT house.
Detailed quantum mechanical analyses show that
the “bullet” changes its electronic structure and
energy bands, and can be easily polarized in the
charged housing; increasing the charge density on
the house causes an increase in dipole moment in the
“bullet” as shown in Fig. 4(b). For a given positive
charge density, the dipole moment first increases
and then decreases phase when the “bullet” leaves
the housing. Therefore, the driving process is a
quantum electrodynamic process. Further numerical
calculations demonstrate that a positively charged
housing tube with a charge density of +0.001 e/atom
can shoot out more than one neutral “bullet” with
speeds of over 1 km/s .

For a commensurate set-up of the zigzag housing
and zigzag “bullet” system, a positively charged
housing CNT can also shoot out the neutral “bullet”
at speeds comparable to that of the incommensurate
system, as shown in Fig. 4(c). Therefore, the chirality
of the system has only a slight effect on the driving
process.

Figure 5 shows the different effects of positively
and negatively charged housing on a neutral C,, ball.
It was unexpectedly found that only the positively
charged housing tube can drive the ball out, while
a negatively charged housing tube only drives the
ball into periodic oscillating motion within it. The
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Figure 4 Influence of the charge density on the housing and the

chirality of the core tube on the velocity and dipole moment of the
neutral “bullets”: (a) effect of the density of positive charge on the
velocity of the “bullet”; (b) the corresponding dipole moment (in

Debye units, D). Increasing the charge density on the housing shell
leads to higher dipole moments and higher speeds of the “bullets”; (c)
effect of chirality on the velocity of the “bullet”

open end of the negatively charged housing creates
a strong force field pushing the ball back inside it
and also an absorbing force field in the vicinity of its
open end. A fullerene ball put in front of the open
end of a negatively charged housing can be absorbed
inwards. The inset A in Fig. 5 shows that the ball
can achieve inward acceleration in the vicinity of
the entrance of the housing tube, except for a very
small repulsive region where a slight outward
acceleration exists. Therefore, a negative charge can
be applied to the housing tube to refill “bullets”.
This absorbing-releasing cycle can serve as a novel
nano manipulation technology. The different charge
driving mechanisms operating at the nanoscale can
be understood by the asymmetrical response of the
electron orbitals to the charged housing environment.
As shown in inset B in Fig. 5, when the C,, moves
along the housing tube, distinct distributions of its
highest occupied molecular orbital (HOMO) can
be found for the positively and negatively charged
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Figure 5 Movement of a Cg, ball in a long housing (18, 0) tube
with positive or negative charge of density of 0.001 e/atom. A Cg,
ball at the bottom (initial s,=0) of a positively charged tube can be
shot out as a “bullet” (blue), while a Cg, ball at the bottom or in
front of the open end (initial s,=16.1 nm) of a negatively charged
tube can be driven into oscillation within the tube (red solid line) or
absorbed into the tube (red dashed line). Inset A is the acceleration a
(nm/ps”) of the absorbed Cq, ball near the entrance of the open end
of the housing tube. Inset B shows the variation in the density of the
highest occupied molecular orbital (HOMO) of the Cq, when moving
along the housing
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