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Single-walled carbon nanotubes as ultrahigh frequency nanomechanical resonators
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The high stiffness and strength, low density, and large aspect ratio of single-walled carbon nanotubes make
them good candidates as nanoresonators. Employing an atomistic modeling technique, molecular structural
mechanics, this work predicts that the fundamental frequencies of cantilevered or bridged single-walled carbon
nanotubes as nanomechanical resonators could reach the level of 10 GHz-1.5 THz. The effects of tube
diameter, length and end constraints on the fundamental frequency have been discerned.
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Resonators are key components in signal processingond between two neighboring carbon atoms can be simu-
systems. Reduction in the size of a resonator enhances itdated as an equivalent structural beam with a circular cross
resonant frequency and reduces its energy consumption. Feection. Then, following the theory of structural mechanics,
sensors, higher resonant frequency means higher sensitivignly three stiffness parameters, i.e., the tensile resistance
For wireless communications, higher frequency resonatorEA, the flexural rigidityEl, and the torsional stiffnessJ,
enable the production of higher frequency filters, oscillatorsneed to be determined for deformation analysis. HErand
and mixers: The advancement in high-frequency nanoelec-G are, respectively, the Young's modulus and shear modulus
tromechanical systems brings about new applications rangf the beamA andJ are, respectively, the cross-sectional
ing from mechanical mass or charge dete¢tdend nanode- area and polar inertia of the beam. Based on the energy
vices for high-frequency signal processintp biological ~equivalence between local potential energies in computa-
imaging?® tional chemistry and elemental strain energies in structural

It has been predicted that, with advanced nanolithographynechanics, the tensile resistance, the flexural rigidity and the
SiC resonators with fundamental frequencies above 10 GHtorsional stiffness for an equivalent beam can be determined.
is attainable at the 10 nm sc&l&@he highest frequency na-  From the viewpoint of molecular mechanics, the general
nomechanical resonatét.029 GHz so far, based on SiC, €xpression of total steric potential energy is a sum of ener-
was recently fabricated from SiC using optical and electrongies due to valence or bonded interactions and nonbonded

beam lithography. interactiond®
Meanwhile, some researchers turned their attention to car-
bon nanotube¢CNT) as resonatofsand oscillators. For ex- U= U+ U+ (U¢+Uw)+2 Uvow, (1)

ample, the vibrational properties of nanotubes have been
studied and the amplitude of thermal vibrations of cantile- :
vered nanotubes has been used for predicting their Youngwhereu" U, Uy, Uy, andUypy are attributed to bond

modulus!®~12 But the potential of nanotubes as resonatorsétremhmg’ bond angle bending, dihedral angle torsion, out-

has not been exolored. Owing to their unidue bro ertiesof—plane torsion, and van der Waals interaction, respectively.
) Xp : 9 que prop From a structural mechanics viewpoint, the deformation of a
such as high stiffness and strength, low density and larg

. . ; pace frame results in the change of strain energy. The strain
aspect ratio, carbon nanotubes, especially single-walled ca b 9 9y

v e Aivanl
bon nanotubes, seem to be well suited for the use as nar(%_nergy for a beam element is given By
oresonators. However, because of the size of a single-walled
carbon nanotube and the uncertainty in defining its wall U= Upt > Uy+D Ut Uy, 2
thickness:® the classical continuum mechanics cannot be

readily applied for predicting the resonant frequencies ofwvhereU,, Uy, Ur, andUy are strain energies for axial
single-walled carbon nanotubes. In this research, we explor@nsion, bending, torsion, and shear force, respectively. By
the potential of single-walled carbon nanotubes as nanoreseonsidering the energy equivalence between Egsand(2),
nators using an atomistic modeling technidte> a direct relationship between the structural mechanics param-

For the analysis of nanotube resonator, we adopt the masters and the molecular mechanics force field constants can
lecular structural mechanics methfd® The concept of this  be establishetf i.e.,

method originated from the observation of geometric simi-

larities between nanoscopic fullerenes and macroscopic EA El GJ

space frame structures. In a carbon nanotube, each atom is — ~ k=Ko =k, Q)
bonded covalently with three nearest neighbors. When a

nanotube is subjected to external forces, the displacements wherek, , k,, andk, are the force field constants in molecu-
atomic nuclei are constrained by the covalent bonds. If dar mechanics andl is the length of the equivalent beam.
nanotube is viewed as a space frame with “beams” connectThen, following the procedure of the structural mechanics
ing the carbon atoms, its deformation can be modeled by theechnique, the static or dynamic problems of carbon nano-
technique of structural mechanics. In essence, the covaletitbes can be readily solved.
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FIG. 1. (Color online Cantilevered@) and bridged(b) single- (a) Cantilevered nanotubes
walled carbon nanotube resonators.

2000
The capability and efficiency of this molecular structural
mechanics method have been verified in the modeling of
single walled carbon nanotubes under tension or torsion. The
calculated results of Young'’s modulus and shear modulus art
in good agreement with the theoretical predictions and ex-
perimental results available in the literatdfeAlso, this
method has been used for modeling of the buckling behaviol
of single-walled carbon nanotubes under hydrostatic pressur
and the results are in reasonably good agreement with th
prediction ofab initio calculations and existing experimental
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results*®

For determining the natural frequencies of a single-walled 10— 1 71— }3. =
carbon nanotube, we consider its equivalent space frameliki 6 8 10 12 14 16 18 20
structure under the condition of free vibration. For the prob- Nanotube aspect ratio L/d
lem of free vibration of an undamped structure, the equation
of motion is (b) Bridged nanotubes

[MI{y}+[KI{y}={0}, (@) ,
where[M] and[K] are, respectively, the global mass and natEIrS'(i. ;?ﬂg;g?ég?hgucnhc?;rﬁgn;?l;ecsu\ﬁgc'\i;c-)f nanotube reso
stiffness matrices, andly} and {y} are, respectively, the Y
nodal displacement vector and acceleration vector.

The global stiffness matrikK] of the frame structure can
be assembled from the elemental stiffness matd¥®, i.e.,
[K]==g_,[K]¢ wheren is the number of beam elements.
The assembllng procedure follows the node-related tec
nique in the finite element methddThe elemental stiffness
matrix [K]€ is identical to that used in modeling the elastic
moduli of a carbon nanotuldé,and assumes the following
general form:

and the masses of carbon nuclen= 1.9943< 10 26 kg)

are assumed to be concentrated at the centers of atoms, i.e.,

the joints of beam members. Due to the extremely small

radius ¢,=2.75x10"° A) of the carbon atomic nucleif§,

he coefficients in the mass matrix correspondlng to flexural

rotation and torsional rotatiéh chr , are assumed to be
zero. Only the coefficients corresponding to translatory dis-

placements are kept. Thus, the elemental mass nidi¥

is given by

i Kij
[kii ] [,]} )

K] :[[kﬂ] k1)

where the submatricds;; |, [ki;], [k; ], and[k;;] are des-

ignated stiffness coefficients related to the cross-sectional pahe factor 1/3 in the elements of the elemental mass matrix

rameters of the beam elementj. is introduced because of the three bonds of a carbon atom
The global mass matrikM ] can be assembled from the connecting with the three nearest neighboring atoms and it

elemental mass matrix. By considering the atomistic featurensures that the nodal mass has the value of a single atom

of a carbon nanotube, the masses of electrons are neglectafter matrix assembling.

e 1 M Me M
[M]®=dia ??? 0 0 0Of. (6)
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The orders of the global stiffness matrix and mass matrixGHz and 100—1500 GHz, respectively, for cantilevered and
are reduced by the static condensation methdor more  bridged nanotubes. For both nanotube boundary conditions,
efficient computations. Then, the natural frequendieend  the fundamental frequency increases with the reduction in
mode shapes are obtained from the solution of the eigenprotfanotube length. For the same aspect ratio, nanotubes with a
lem smaller diameter have a higher fundamental frequency.

Nanotube chirality does not have a significant effect on the
([K]ls— 0 [M]9{yp}=0, (7)  fundamental frequency.

[Kle, [M]. are the condensed stiffness matrix and con- In summary, ultrahigh frequency nanomechanical resona-

densed mass matrix, respectively,} is the displacement tors can be achieved using single-walled carbon nanotubes.

vector corresponding to the primary coordinates, i.e., theWIth the smallest nanotubgs-0.4 nm(Ref. 23], nanoreso-

ety ocaons o caror doma re2r T L T T S ST S
the angular frequency. ghireq y

. velopment of the fastest scanning probe microscopes, mag-
The resonant frequencies of nanotubes-based resonataors, . )
tic resonant force microscope, and even mechanical super-

depend on the tube diameter and length, as well as cone

straints on the nanotube ends. In this work, we analyze twgomputers. In this paper, the ultrahigh frequencies of carbon

forms of nanotube resonators, i.e., cantilevered and bridge%anoumeS are demonstrated using the molecular structural

(Fig. 1). The computational results of fundamental naturalmeChaniCS method. Further theoretical studies and experi-

. . mental measurements are needed to confirm these results.
frequencies of single-walled carbon nanotube resonators are

displayed in Fig. 2. Funding for this work has been provided by the National
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the fundamental frequencies are in the ranges of 10—30§ram Directoy.

*Electronic address: chou@me.udel.edu 138, |. Yakobson and P. AvourisNanomechanics, Carbon Nano-
1H. J. De Los Santosntroduction to Microelectromechanical Mi- tubes: Synthesis, Structure, Properties, and Applicatiedged
crowave System@rtech House Publishers, London, 1999 by M. S. Dresselhaus, G. Dresselhaus, and P. Avd8psinger-
2p. Poncharal, Z. L. Wang, D. Ugarte, and W. A. de Heer, Science Verlag, New York, 200}, pp. 287—329.
283 1513(1999. 14C. Liand T.-W. Chou, Int. J. Solids Struet0, 2487 (2003.
3A. N. Cleland and M. L. Roukes, Naturdondon 392 160 15C. Li and T.-W. Chou, Compos. Sci. TechnéB, 1517(2003.
(1998. 16A. K. Rappe, J. Am. Chem. Sot14, 10024(1992.
4A. Erbe and R. H. Blick, IEEE Trans. Ultrason. Ferroelectr. Freq.”W. Weaver, Jr., and J. M. Ger®latrix Analysis of Framed Struc-
Control 49, 1114(2002. tures 3rd ed.(Van Nostrand Reinhold, New York, 1990
5T.A. Barrett, C. R. Miers, H. A. Sommer, K. Mochizuki, and J. T. *8C. Li and T.-W. Chou(unpublishesl
Markert, J. Appl. Phys83, 6235(1998. 19G. Dhatt, G. Touzot, and G. Cantifthe Finite Element Method
5M. L. Roukes,(unpublishedl Displayed(Wiley & Sons, New York, 1984
’X. M. H. Huang, C. A. Zorman, M. Mehregany, and M. L. 2°K. S. Krane, Introductory Nuclear Physics3rd ed. (Wiley &
Roukes, NaturéLondon 421, 496 (2003. Sons, New York, 1987
8B. D. Huntet al. (unpublishedl 213. W. Tedesco, W. G. McDougal, and C. A. RoSstuctural Dy-
9Q. Zheng and Q. Jiang, Phys. Rev. L&8, 045503(2002. namics: Theory and Applicatiorigddison Wesley, Menlo Park,
0M. M. J. Treacy, T. W. Ebbesen, and T. M. Gibson, Nat{iren- CA, 1999.
dor) 381, 680(1996. 22R. J. Guyan, AIAA J3, 380(1965.
1A, Krishnanet al, Phys. Rev. B58, 14 013(1998. 23N. Wang, Z. K. Tang, G. D. Li, and J. S. Chen, Natgtendon
12N. G. Chopra and A. Zettl, Solid State Comma05, 297(1998. 408, 50 (2000.

073405-3



