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Abstract. The oscillatory behaviors of an oscillator made from double-walled carbon nanotubes 

(DWCNTs) with vacancy defects were systematically investigated via molecular dynamics 

simulation method. We found that the vacancy defects change the off-axial rocking motion and the 

van der Waals potential, resulting in more energy dissipation. Unlike the case in the C60–nanotube 

oscillators (Song, et al., Phys. Lett. A. 373 2009, 1058-1061) that one vacancy can make the 

oscillators more stable, our study showed that the vacancies cannot improve the performance of 

DWCNT-based oscillators no matter where vacancy defects are located. 

Introduction 

Carbon nanotubes (CNTs) have been widely concerned since their discovery by Iijima [1] in 

1991 using a high resolution microscope. In particular, the report of large-scale synthesis of CNTs 

by Ebbesen and Ajayan [2] in 1992 promoted CNTs as one of the hotspots of research in the world 

due to their unique mechanical, chemical and electrical properties. With these unique properties, 

CNTs have been engaged in building several types of nanosized devices such as nanobearings [3], 

nanomotors [4], resonators [5], gigahertz oscillators [6-8], nano strain sensors [9-11], and other 

NEMS components [12, 13]. In 2000, Cumings and Zettl [14] found an interesting experimental 

phenomena that when an inner tube of double-walled carbon nanotubes (DWCNTs) was pulled out 

a partial distance and released, the inner tube retracted into the outer tube and oscillated repeatedly. 

Zheng and his colleagues [6] found that the oscillatory frequency of the multi-walled carbon 

nanotubes (MWCNTs) could reach a gigahertz range. Recently much research work has been done 

in this field [15-17].  

We note that most of the above studies on the MWCNT-based oscillators assumed the CNTs 

are perfect and defect-free. In fact, however, defects exist more than often in CNTs [18, 19], and 

vacancy is one of the most common defects in CNTs [20, 21]. The vacancy defect plays an 

important role in the friction force between the CNTs and graphite substrate [22]. Song et al. [23] 

found that the C60-(17, 0) nanotube oscillator with a vacancy defect is more stable through 

simulating the effect of single vacancy defect on the oscillatory behaviors of C60-nanotube 

oscillators via the molecular dynamics (MD) method and then comparing with those made from 

perfect nanotubes. However, based on the MD method, Liu et al. [24] found that both defects will 

induce the instability of the oscillators, and they considered the origin of the defect-induced 

instability as the change in potential energy profile and the resulting force fluctuation by simulating 

double- and triple-walled carbon nanotube oscillators containing a vacancy or a Stone-Wales defect.  

This motivates us to carry out comprehensive MD simulations for exploring whether the 

vacancy defect can improve the oscillation performance and stability of the DWCNT-based 

oscillators via investigating the influence of location and number of vacancy defects. The vacancies 

located in the inner and outer tubes are examined respectively.  
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Calculation Method 

We consider a (9, 9)@(14, 14) DWCNT-based oscillator where the length of its inner tube is 

6.03 nm and the length of its outer tube is 5.05 nm, as shown in Fig. 1a. Both tubes have opened 

ends, and the outer tube is fixed throughout the simulations. The gap between the inner tube and 

outer tube is nearly 3.4 Å, which is in accordance with the theory of low-friction and stable 

oscillation [7]. Vacancies numbered in a range of 1 to 10 are located at the middle, one end or both 

ends of the inner tube or the outer tubes respectively, also shown in Fig. 1a. Without loss of 

generality, we model the vacancies at different locations. For example, for the case of 10 vacancies 

located at the middle or one end, two holes are modeled, each hole being formed by 5 vacancies, 

while for the case of 10 vacancies located at both ends, two holes are designed at each end, one hole 

being formed by 2 vacancies and another hole being formed by 3 vacancies, as shown in Fig. 1b. 

Vacancies are colored in grey in Fig. 1. 
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Figure 1. (Color online) Diagrammatic sketch of (a) DWCNT-based oscillators containing vacancy 

defects located at different regions, (b) an inner tube containing 10 vacancies located at the middle, 

one end and both ends. The vacancies are colored in grey. 
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In our simulations, the adaptive intermolecular reactive empirical bond order (AIREBO) [25, 

26] potential is used, which can describe both the covalent bond between carbon atoms and the 

long-range vdW interactions for the force field. The combined form of the binding energy can be 

written as 
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where REBO

ijE  is the reactive empirical bond order (REBO) potential, and 
TORSION

kijlE  is an explicit 4-

body potential that describes various dihedral angle preferences in hydrocarbon configurations. At 

the beginning of the simulation, the whole system is put in a heat bath at the temperature around 

300 K for 20 ps, to gently increase the whole system’s temperature to around 300 K after the energy 

minimization. The total number of particles, the system’s volume, and the absolute temperature are 

kept constant for 20 ps (called the canonical NVT ensemble, where N is the total number of 

particles in the system, V is the system’s volume, and T is the absolute temperature). Then the inner 

tube is pulled out of the outer tube along their common axis with an initial extrusion length of 20 Å. 

Thereafter, the inner tube is then released with an initial velocity of zero. The inner tube begins to 

oscillate along the axial direction under a constant energy condition (the microcanonical NVE 

ensemble, where NV is the same as given above and E is the total energy in the system). A time step 

of 1 fs is used for all simulations. The total time for the simulation is 1000 ps. 

Results and Discussion 

Fig. 2 shows the history of the mass center positions of the inner tubes (MCPITs) containing 4 

and 10 vacancies located at the middle, one end and both ends of the inner tube, respectively. For 

comparison the MCPIT of the defect-free inner tube is also plotted in Fig. 2.  
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Figure 2. Histories of MCPITs containing an inner tube with different number vacancies located at 

(a) the middle, (b) one end, and (c) both ends. 
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We can find that the vacancies trigger more energy dissipation of the oscillation of the 

defective inner tube. In order to directly observe the effect of the vacancy defects on the oscillatory 

behavior of the DWCNT-based oscillators, in this letter the quality factor (Q-factor) is calculated. 

Generally, the performance of a DWCNT-based oscillator is constrained by the rate of energy 

dissipation associated with the Q-factor. Q-factor is defined as the ratio between the total system 

energy and the average energy loss in one period at oscillation frequency [27], that is 

2
E

Q
E




                                                                                                                                     (3) 

where E is the total energy of the system and E  is the energy dissipated by damping in one period 

of oscillation. Assume Q-factor is constant during oscillation, then after n periods of oscillation, the 

maximum energy En is related to the initial maximum energy E0 by 

0(1 2 )nnE E Q                                                                                                                         (4) 

We note that the greater the Q-factor is, the slower the oscillatory amplitude decays. The calculated 

Q-factor for the double-walled (9,9)@(14,14) oscillators containing different number of vacancies 

located at the middle, one end and both ends of the inner tube are plotted respectively in Fig. 3. The 

calculated Q-factor for the defect-free oscillator in this letter is consistent with the result reported by 

Jiang et al. [27] in which the Q-factor for the defect-free oscillators is around 10
3
~10

4
 at 300K. It is 

seen that as the number of vacancies in the inner tube increases, the Q-factor decreases gradually, 

i.e., the energy dissipation is gradually increased with the increasing of the number of vacancies in 

the inner tube. From Fig. 3 it can also be seen that the energy dissipation is significantly aggravated 

for the case of vacancies located in both ends of the inner tube when the number of vacancies is 

more than 10 (i.e. 5 vacancies at each end).  
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Figure 3. (Color online) Q-factor for the oscillators containing different number of vacancy defects 

at different positions of inner tube. 

It is well known that the van der Waals (vdW) interaction between the inner and outer tubes is 

key to the relative motion of nanotube walls. A potential well is closely related to energy dissipation 

when the inner tube is sliding in an outer tube [28].  
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Figure 4. (Color online) Longitudinal distribution of vdW potential between the defect-free outer 

tube and the defective inner tube containing 10 vacancies located at different positions. 

Fig. 4 shows the longitudinal distribution of the vdW potential between the outer tube and 

inner tube containing 10 vacancies located at different positions. It is seen clearly that the existence 

of vacancies changes the vdW potential profile around the defects of the inner tube compared with 

the case of the defect-free inner tube. The vdW potential barrier could lead to extra energy 

dissipation and thus induce friction for oscillation. It is shown that frictional behavior in the 

DWCNT-based oscillators in a microcanonical ensemble can be associated primarily with off-axial 

rocking motion of the inner tube [29, 30]. Fig. 5 shows the off-axial rocking motions of inner tube 

containing 10 vacancies located at different positions. The average values of the off-axial rocking 

motions of the inner tube are also calculated. We find that both the peak and average values of the 

off-axial rocking motion of the inner tube containing 10 vacancies located at both ends are the 

largest, causing the most serious energy dissipation among all cases in our simulations.  
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Figure 5. (Color online) Off-axial rocking motions of the inner tube containing 10 vacancies 

located in different positions. 

The effect of the vacancies in the outer tube is also investigated in our study. Fig. 6 shows the 

Q-factor for the double-walled (9,9)@(14,14) oscillator containing an outer tube with different 

Defect- 

free 
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number of vacancy defects located at different positions. We find that the Q-factor are insensitive to 

both the number and location of vacancies in the fixed outer tube because the vacancies in the outer 

tube lead to only a slight change of vdW potential, as shown in Fig. 7.  

Summary 

We have performed the classical molecular dynamics simulations for understanding the effects 

of the number and location of vacancy defects on the oscillatory behavior of DWCNT-based 

oscillators. It is found that the vacancy defects change the off-axial rocking motion and the van der 

Waals potential, resulting in more energy dissipation between the inner tube and the fixed outer tube. 

The performance of the DWCNT-based oscillators will be degraded due to the vacancies located in 

the inner tube, but they are insensitive to the vacancies located in the outer tube. In other words,  

vacancy defects cannot improve the performance of DWCNT-based oscillators no matter where 

they are located. 
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Figure 6. (Color online) Q-factor for the oscillator containing different number of vacancy defects 

at different positions of the outer tube. 
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Figure 7. (Color online) Longitudinal distribution of the vdW potential between the defect-free 

inner tube and the defective outer tube with 10 vacancies located at different positions. 
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