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Gigahertz frequency tuner based on a telescoping double-walled carbon nanotube: molecular
dynamics simulations
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aDepartment of Computer Engineering, Chungju National University, Chungju 380-702, Republic of Korea; bSchool of Electrical and
Electronic Engineering, Chung-Ang University, Seoul 156-756, Republic of Korea; cDepartment of Electronic Engineering, Semyung
University, Jecheon 390-711, Republic of Korea

(Received 11 August 2009; final version received 9 December 2009)

The schematics of a gigahertz-range tuner is addressed as an application of a telescoping multi-walled carbon nanotube
(CNT) that can be used repeatedly, and its dynamic operation is investigated via classical molecular dynamics simulations
based on a (5,5)(10,10) double-walled CNT. Fine control of the telescoped length of the double-walled CNT enables its
resonance frequency to be matched to one of the signal frequencies, and the telescoped nanotube can be tuned to its
resonance frequency for use as a component of a bandpass filter.

Keywords: nanotube tuner; nanotube resonator; molecular dynamics

PACS: 61.46.þ w; 66.30.Pa; 83.10.Rs

1. Introduction

Carbon nanotubes (CNTs) [1] have recently attracted a

great deal of attention, because their mechanical and

electrical properties are ideal for nanoelectromechanical

systems (NEMSs) [2,3]. Multi-walled CNTs, which

consist of multiple, precisely nested concentric nanotubes,

exhibit a striking telescoping property, where an inner

nanotube core can slide across the atomically smooth

casing of an outer nanotube shell [4]. This property has

been exploited to build a rotational nanomotor [5] and

nanorheostat [6]. Future nanomachines such as gigahertz

mechanical oscillators are envisioned [7]. Several types of

CNT-based NEMSs have already been demonstrated, such

as gigahertz oscillators [8–13], data storage nanodevices

[14], nanotweezers [15] and random access memory [16].

There has been progress in analysing and constructing

nanotube-based resonators [13,17,18].

Recently, Jensen et al. [18] introduced tunable

resonators based on CNTs that operate at a single

frequency or have a relatively narrow frequency range.

However, these properties may limit their application. By

exploiting the versatile telescoping property of multi-

walled CNTs, they created a tunable nanoscale resonator

operating at frequencies up to 300MHz, which is tunable

over a range of more than 100MHz. Relatively high-

quality factors (up to 1000) indicated that the sliding

friction between telescoping sections of the resonator was

an insignificant source of dissipation, and telescoping

increased quality factors via the suppression of thermo-

elastic dissipation. Jensen et al. [19] also introduced

a nanotube radio that consisted of an antenna and a tuner,

via a cantilevered single-walled CNT. By controlling

the length of the cantilevered single-walled CNT, the

nanotube’s resonance frequency matched the transmitted

carrier wave frequency, the nanotube was resonated and

the radio reception occurred. However, their cantilevered

nanotube tuners were used once for all because the

nanotube was continuously shortened by the trimming

process.

In this work, we introduce the schematics of a

nanotube tuner operating in the gigahertz range. It is based

on a telescoping tunable resonator that can be used

repeatedly, which is composed of a multi-walled CNT.

We perform classical molecular dynamics (MD) simu-

lations for a telescoped double-walled CNT resonator, and

show that a telescoping nanotube is applicable to a filter or

a tuner in the gigahertz range.

2. Schematics

Figure 1(a) shows the simple schematics of a telescoping

double-walled CNT-based gigahertz tunable resonator. By

controlling the bias of the gate electrode, the telescoped

cantilevered CNT can be vibrated as studied in the

previous work [18,19], and then the vibrating CNT tip can

be detected by the anode electrode [19]. When we want to

change the vibrating frequency of the CNT tip, the desired

frequency can be achieved by changing the length of the

vibrating CNT by manipulating the XY position controller.

Higher frequencies are achieved by moving back the XY
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position controller whereas lower frequencies are achieved

by approaching the XY position controller.

Our tunable CNT resonator is different from the

previous CNT-based tunable resonators described by

Jensen et al. [18,19]. They created a tunable nanoscale

resonator by exploiting the versatile telescoping property

of multi-walled CNTs as shown in Figure 1(b) [18].

Both sides of the multi-walled CNT were clamped and one

side of them was connected to a position controller to

achieve a telescoped CNT. Frequency bandwidth of our

cantilevered-type design can be greater than that of the

bridged type. They also introduced the cantilevered

single-walled CNT tuner in the nanotube radio that was

tuned via a two-step process as shown in Figure 1(c) [19].

First, there is a trimming process, which is terminated

when the nanotube’s resonance frequency is within the

target frequency band. Second, fine-tuning of the radio

within the desired band is accomplished by tensioning the

nanotube with an electrostatic field. Therefore, their

cantilevered nanotube tuners had a one-time usage,

because the nanotube was continuously shortened by the

trimming process. However, the telescoping nanotube

tuner in our design can be used repeatedly, because a

telescoped nanotube can be restored to the initial position.

The tunable bandwidth can be controlled by adjusting the

length of the multi-walled CNT.

3. Methods

The MD code was the same as that used in our previous

works [20–25], where we used the velocity Verlet

algorithm, a Gunsteren–Berendsen thermostat to control

the temperature and neighbour lists to improve the

computing performance. The MD time step was

5£1024 ps. The initial velocities were derived from the

Maxwell distribution, and the magnitudes were tuned to

ensure that the temperature in the system remained constant.

In all MD simulations, the temperature was constant at 1K,

and it was controlled via a Gunsteren–Berendsen

thermostat. In order to calculate interatomic interactions,

we used two empirical potential functions. For carbon–

carbon interactions, we used the Tersoff–Brenner potential

function [26–28], which has been widely used for carbon

systems. The long-range interactions of carbon were

characterised via the Lennard-Jones 12-6 (LJ12-6) potential,

via the parameters given in Mao et al. [29]. The parameters

for the LJ12-6 potential were 1C ¼ 0.0042 eV and

sC ¼ 3.37 Å. The cut-off distance of the LJ12-6 potential

was 10 Å.

A nanotube-based tuner was investigated via classical

MD simulations, and we used a double-walled CNT

consisting of (5,5), with a length of 7, 10 or 11.5 nm, and

a (10,10) CNT, with a length of 1, 2 or 3 nm. Figure 2

shows an atomic structure of a double-walled CNT tuner

used in the simulations. In Figure 2, the lengths of the

inner and outer CNTs are denoted by LT and LO,

respectively, and the length of the actually oscillating

CNT is denoted by LR. The length of the CNT connected

with the XY position controller is denoted by LM. It was

assumed that the left end of the (5,5) CNT would be

connected to the externally controlled system and the

outer wall would be combined with the outer wall holder,

as shown in Figure 1(a). So, the atoms composed of the

(10,10) CNT and the left boundary atoms of the (5,5)

CNT remained fixed in the MD simulations. The MD

simulations of the other atoms were based on constraint

dynamics at a constant temperature. The left end of the

(5,5) CNT was telescoped by d ¼ 1 nm. In order to obtain

the resonance frequencies, MD simulations of the initial

Substrate Gate Electrode

XY Position
Controller Outer Wall

Holder

A
node

E
lectrode

(a)

(b)

(c)

Figure 1. (a) Simple schematics of a telescoping double-walled
CNT-based gigahertz tunable resonator. (b) Simple schematics of
the previous CNT-based tunable resonator [18]. (c) Simple
schematics of the previous cantilevered single-walled CNT tuner
in the nanotube radio [19].

LT

LO

LR

Fixed Left End

LM

Figure 2. An atomic structure of a double-walled (5,5)(10,10)
CNT tuner used in the simulations. The lengths of the inner and
outer CNTs are denoted by LT and LO, respectively, and the
length of the actually oscillating CNT is denoted by LR. The
length of the CNT connected with the XY position controller is
denoted by LM.
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external force during the initial 2.5 ps were performed,

and then, upon the removal of the bending force, the CNT

resonators were left to oscillate freely, and, finally, the

resonance frequencies ( f ) were analysed via the fast

Fourier transform using the data obtained from the MD

simulations for 500 ps.

4. Results and discussion

The amplitude spectra vs. frequency are plotted

in Figures 3–5 for LO ¼ 1, 2 and 3 nm, respectively.

Figures 3–5(a)–(c) show the spectra as a function of LR

for LT ¼ 7, 10 and 11.5 nm for the corresponding LO,

respectively. The spectra explicitly show a trend between
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Figure 3. Amplitude spectra vs. frequency for LO ¼ 1 nm. LT ¼ (a) 7, (b) 10 and (c) 11.5 nm.
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Figure 4. Amplitude spectra vs. frequency for LO ¼ 2 nm. LT ¼ (a) 7, (b) 10 and (c) 11.5 nm.
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Figure 6. Frequencies ( fR) corresponding to the main peaks are plotted as a function of LR. The plots (a)–(c) are for Figures 3–5,
respectively. The insets are the log10( fR)–log10(LR) plots. (d) fR–LR plots in the log–log scales using all data obtained from (a)–(c).
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the main peaks and LR. Frequencies ( fR) corresponding to

the main peaks are plotted as a function of LR in

Figure 6(a)–(c), which are for Figures 3–5, respectively.

The insets of Figure 6(a)–(c) show the log10( fR)–

log10(LR) plots.

Although the fR–LR plots in Figure 6 have the same

slope regardless of the LO, the different LT results in the

slight difference of fR for the same LR. As the length of the

LR decreases, the difference increases. The reason for this

is that the oscillation of the left side with a length of the LM

affects the oscillation of its active region with a length of

the LR. Therefore, we can find that, in some spectra, with

LR ¼ 2 nm, as shown in Figures 3(b)–(c) and 4(b)–(c), we

can find some minor peaks beside the main peak.

The vibrations of the LM regions can be found in

Figure 7, which shows the motions of the telescoped CNT

resonators for four cases such as LR ¼ 8, 6, 4 and 2 nm for

the tunable resonator, with LT ¼ 11.5 nm and LO ¼ 2 nm.

As the length of the LR decreases, the length of the LM

increases; therefore, the increasing length of the LM makes

for the left region of the CNT to decrease its vibrational

frequency. The low-frequency vibration of the LM region

affects the high-frequency vibration of the LR region.

Therefore, the decreasing oscillation of the left region with

the LM induces the damping effect of the vibration of the

active region with the LR. The oscillation of the left region

with the LM with lower frequency must be correlated with

the oscillation of the right region with the LR. Therefore,

some of the cases with LR ¼ 2 or 3 nm appear as minor

peaks induced by coupling motions. Long outer wall for

the LO can act as a blocking wall against the wave

propagation of the LM region; hence, the vibration of the

active region with the LR can be independent of the

vibration of the left region with the LM because of the long

outer wall for the LO. Therefore, the length of the outer

wall can be carefully selected to obtain a reliable tuner.

Figure 6(d) shows the fR–LR plots in the log–log

scales using all data obtained from Figure 6(a)–(c).

As discussed above, for the cases with LR ¼ 2 and 3 nm,

the corresponding frequencies are widely scattered.

However, as the LR increases, the corresponding funda-

mental frequencies are the same with each other regardless

of the LT. The frequencies are well fitted by a power

function, f ¼ 509LR
21.615, and this relationship closely

coincides with that found in previous experiments [18,19]

and simulations [30].

In general, the tension in the telescoped multi-walled

CNT resonator was influenced by the vdW attraction

between the core and outer nanotubes, and the tension

remained constant, regardless of the length, temperature or

other environmental factors [18]. For double-walled

CNTs, the tension was also constant, regardless of the

length, whereas the vdW interaction energy was dependent

on the length [7]. However, in our model, the tension

Figure 7. Motions of the telescoped CNT resonators for four cases such as LR ¼ (a) 8, (b) 6, (c) 4 and (d) 2 nm for the tunable resonator,
with LT ¼ 11.5 and LO ¼ 2 nm.
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induced by the vdW interaction between the core and the

outer nanotubes is almost zero and not sensitive to the

operation of the telescoping tunable CNT resonator

because the vdW attractions are induced by both sides of

the outer wall, as shown in Figures 1 and 2, and both

tensions are balanced. The vdW energy between the core

and the outer nanotubes remains constant regardless of the

telescoping length. However, the energy dissipation of

the telescoping tunable CNT resonator is closely related to

the length of the telescoped double-walled CNTs. As the

length of the telescoped multi-walled CNTs increased, the

rate of kinetic energy dissipation increased [18].

The sensitivity of the mechanical beam oscillator, which

usually operates at its harmonic resonance frequency in

practical applications, is largely dependent on the quality

factor Q (the inverse of the energy dissipation) of the

oscillator. However, the maximum external potential

energy is reduced to Eext 2 DEext at the conclusion of

each oscillation cycle, due to energy loss or damping,

where Eext and 2DEext represent the external potential

energy and energy loss in each oscillation cycle,

respectively. So, the Q factor is defined as Q ¼ 2pEext/

DEext [30]. The theoretical Q factor range, 50–400,

closely coincides with the empirical Q factor range,

50–800, found in the previous work [18].

Our simulations show that telescoped multi-walled

CNT resonators are applicable to an ultra-high-frequency

tuner, and such a gigahertz tuner can facilitate the

development of high-frequency mechanical nanodevices

such as fast scanning probe microscopes, magnetic

resonance force microscopes and mechanical super-

computers [30]. The mechanical quality factor also plays

a very important role in determining the sensitivity of

NEMS-based devices. One can expect that the Q-factor

will be greatly decreased by an increasing temperature

such as the study on a cantilevered CNT beam oscillator in

the previous work [30]. Therefore, further work should

include MD simulations carried out at a temperature range

substantially higher than 1 K (this work) to consider

thermal dissipation because experiments are most likely to

be conducted at temperatures much larger than 1 K.

5. Summary

We presented the schematics of a gigahertz tuner, which

can be used repeatedly, based on a telescoped multi-walled

CNT. The fixed short outer nanotube rigidly confines the

longer inner nanotube, which can be freely telescoped, and

then the desired resonance frequency can be achieved by

controlling the cantilevered length of the inner nanotube.

The dynamic operations of such a tuner were investigated

via classical MD simulations based on a double-walled

CNT. By adjusting the telescoped cantilevered length of a

double-walled CNT, its resonance frequency can be

matched to one of the signal frequencies and the

telescoped cantilevered nanotube can be tuned to its

resonance frequency. Our classical MD simulations

showed that the telescoped cantilevered multi-walled

CNT can be considered as an important component for a

gigahertz tuner or bandpass filter, fast scanning probe

microscopes and mechanical supercomputers.
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