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Abstract In this study, an atomistic simulation was performed to investigate intrinsic resonance 
propensity of clamped-clamped copper nanowires with Σ5 (310)/[001] symmetric tilt grain 
boundary. Grain boundary energy γGB for bicrystal structure was calculated based on an iterative 
approach. The stable atomic configuration was then doubly clamped and excited via flexural 
oscillation under varied temperatures. From the result, the appearance of grain boundary 
significantly alters the resonance properties of Cu nanowires. Greater attenuation in kinetic energy 
can be observed with increased temperature. Quality factors attains Q ~ 1/T0.7144 and 1/T0.7249 with 
temperatures from kinetic energy and centroid root mean square spectrum, respectively, where the 
former seems more reliable to employ at elevated temperatures. 

Introduction 

In recent years, nanowire-based nanoelectromechanical system (NEMS) has attracted numerous 
interests from the research society. It allows an extensive array of applications, such as mechanical 
sensor and nanoscale resonators[1, 2]. Taking advantage of its remarkably high ratio of vibration 
frequency to mass and other favourable physical properties, metallic nanowires have been proposed 
to play a critical role in the NEMS. Many researchers have investigated metallic nanowires via 
experimental and simulation approaches through molecular dynamic (MD) simulation. The MD 
simulation focuses on the intrinsic mechanism of mechanical oscillation of nanowires in vacuum 
environment, without considering external factors like clamping loss and air damping. Moreover, 
previous experimental study revealed that metallic nanowires tend to exhibit polycrystalline 
configuration at the nanoscale[3], where grain boundary accounts for the discrepancy in 
deformation response from the monocrystalline nanowires. Though many MD simulations have 
been devoted on the silver[4], gold[5] and copper[6] monocrystalline nanowires in terms of the 
energy decay history and temperature effects on natural frequency, there is inadequate qualitative 
and quantitative information about the vibration response for the nanowires containing grain 
boundary. Zhan[7] studied high-angle symmetric tilt Σ5 (310) Ag nanowires with varied amount of 
grain boundaries and the influence of grains sizes. His work mainly discussed the quantitative 
relationship between natural frequency and number of grain boundaries. However, no process of 
establishing stable bicrystal structure was carried out. Furthermore, no comprehensive study has 
been implemented to investigate the influence of the grain boundary on quality factors for copper 
nanowires, which is used to reflect the energy dissipation per oscillation cycle. Our study will 
highlight the importance of grain boundary misorientation angles and the associated grain boundary 
energy as the generated grain boundaries is likely to be of metastable structures instead of the stable 
ones. Structures with higher energies account for different defect nucleation mechanisms under 
deformations. Furthermore, two methods have been proposed to calculate the Q-factors based on 
kinetic energy spectrum[8] and centroid root mean square (RMS) of COM [9], which haven’t been 
compared on metallic nanowires in previous works. 
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The paper is structured as follows. Firstly, the methodology on generation of copper nanowires 
containing low Σ symmetric tilt grain boundaries and procedures on molecular dynamic simulation 
are briefly presented. Then, the energy decay spectrum and natural frequency of the clamped-
clamped bi-crystal Cu nanowire are discussed. Q-factors, using the two approaches, are then 
yielded, and a discussion is carried out to find out the more appropriate method for the nanowires of 
interest. Finally, based on the Q-factor‘s dependence on temperature, the quantitative relationship 
can be estimated. 

Methodology 

In the present work, all the atomistic simulations are carried out under LAMMPS [10], and the 
visualization of the simulation models is achieved with Ovito [11]. The common neighbour analysis 
tool [12] is adopted to identify atom types and track the nucleation and propagation of the defects. 
The embedded atom method developed by Mishin [13] is employed to describe the interaction of 
Cu, which accurately describes the stacking fault energy and unstable stacking fault energy. The 
Morse potential [14] is used for the interatomic potential between Cu and diamond. Coincidence 
site lattice theory is utilized to establish structural model for grain boundaries. The high-angle 
symmetric tilt grain boundary (STGB) is created as follows. Firstly, (310) is chosen as the grain 
boundary orientation of interest, and the tilt axis is set as x axis and the grain boundary (GB) plane 
is locating in the x-y planes. The STGB is generated by rotating the two adjacent identical crystal 
lattices around the tilt axes to the desired misorientation angle. The length in the y direction needs to 
be periodic without distorting on the grain boundary structure, and height in the z direction must be 
greater than 5nm to suppress the potential interactions between grain boundaries. A rectangular 
cross-section Cu nanowires with the dimension of 2.169 2.286 16.00 nm3 is constructed. An 
iterative approach [15] to determine the equilibrium structure is proposed, as the grain boundary 
energy has showed strong dependency on the initial atomic configuration. The rigid body transition 
in the z direction in adjoining grains results in numerous initial starting configurations. In addition, 
the overlap in grains encourages the appearance of atoms within unphysical distance, where the 
enormous interaction force among atoms tends to occur. A cut-off regime is thereby implemented to 
remove these atoms. It differs from 0.3 a0 to 0.7 a0 with an increment of 0.05 a0, which is within the 
nearest-neighbour separation distance[16]. Additionally, asymmetry in number of atoms arises by 
only deleting the atoms in one of the grains; to address the issue, same number of atoms must be 
deleted in both grains for atoms beneath the cut-off radius.  

 
Fig. 1 Initial atomic configuration of (310) NWs with the probe 

The thorough molecular static relaxation that employs conjugate gradient algorithm is carried out to 
locate the minimum grain boundary energy from a set of initial configurations. After attaining the 
stable bicrystal structure, the simulation box is equilibrated under a finite temperature, ranging from 
1k to 100 K, under canonical NVT ensemble and Nose-Hoover thermostat for 20 ps. The timestep is 
set as 1 fs. Once reaching equilibrium state, a virtual cylinder-shaped diamond probe is placed at the 
very middle of the NW in the z direction, as schemed in the Fig. 1. 2 nm vacuum layers are cleaved 
on both side of NW along the x direction to preserve the stability of the symmetric tilt grain 
boundaries. The diameter of the probe is 1.071 nm, and the initial distance between the probe and 
the NW is 0.3615 nm. The probe moves in negative x direction with the velocity of 10 m/s, which 
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guarantees no plastic deformation to be induced during three-point bending owing to loading rate 
effect. The probe is removed once the deflection reaches the desired value. NW hereby undergoes 
free mechanical oscillation along the x axis under micro-canonical NVE ensemble for 2 ns, and two 
ends of the NW are clamped throughout the vibration.  

Kinetic energy (KE) and centroid root mean square (RMS) of COM of the nanowire are monitored 
within the oscillation. The natural frequency is obtained by applying the Fast Fourier transform 
(FFT) on the KE time history. Note that the natural frequency from energy spectrum is two-fold of 
that from displacement spectrum. Thus, the calculated frequency needs to be halved to get the 
actual natural frequency.  

Results and Discussion 

By using Eq.1, the minimum grain boundary energy (γGB) is calculated as 908.46 mJ/m2 for STGB 
from 63 initial configurations  

     =                     (1) 

,where Eatom is the potential energy for perfect copper atom (-3.54 eV) and A is the cross-section of 
GB. It agrees well with the previous reported result [17], which validates the stable atomic 
configuration. Furthermore, the kite-shaped structure units illustrate that the grain boundary are 
consistent with the previously reported structure units [17] in both STGBs. The attained structure is 
used for the subsequent simulations. The displacement actuation method is able to control the initial 
deflection of the doubly-clamped NW, without initiating the dislocation nucleation during the 
oscillation. After a set of trails, the NW is excited to a fundamental vibration mode with the probe 
displacement of 5.7Å. 

 
Fig. 2 Time history of KE and RMS for (310) GB at displacement of 6Å at (a) 1k and (b) 30k 

As illustrated from Fig. 2, the resonance responses of NWs with STGB are revealed. KE and RMS 
are found to drop linearly at 1 K, indicating the displacement actuation does not trigger the non-
linear mode. The structural units remain unchanged throughout the oscillation; hence grain 
boundary is free of distortion in doubly-clamped mechanical vibration. As the temperature grows to 
30 K, the KE and RMS tend to exhibits exponential decay. The greater attenuation in KE can be 
found, while obvious noise signal is seen on the energy spectrum, indicating the external kinetic 
energy corresponding to the displacement actuation does not outweigh the internal thermal energy 
due to thermal vibration. Quality factors of NWs for temperatures beyond 100 K show different 
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characteristic from those at lower temperatures due to the multiaxial oscillation behaviour of the 
NW. The internal thermal kinetic energy is at least two orders of magnitude higher than that from 
actuation.  

According to Vallabhaneni[18], the initial mechanical actuation will gradually decay to zero as the 
system eventually reaches equilibrium after sufficiently long vibration, owing to the intrinsic energy 
losses. The thermal noise tends to influence the energy spectrum, especially at high temperatures, 
which makes the ring-out hardly to be observed. It is important to eliminate the thermal noise, by 
employing band-pass filter to screen out frequency greater than natural frequency obtained from 
FFT. The clear exponential decay can be observed from Fig. 3. Afterwards, the minimum kinetic 
energy in each cycle is subtracted to yield absolute energy decay for mechanical oscillation. Note 
that both the filtered KE spectrum and RMS can be described by an exponential function  
( ∙ ), where a is the fitting parameter,  is the damping parameter and  ( =2πf) is the 
angular frequency. The quality factor is then derived by Q=1/2 . From the temporal response at 
distinct temperatures, varying from 1 K to 100 K, the corresponding Q-factors are yielded.  
 

 
Fig. 3 Time history of filtered KE at 30k 

The natural frequencies for (310) is revealed using FFT on the kinetic energy spectrum at 1 K, as 
schemed in Fig. 4. Since the actual frequency is halved of the obtained one, the actual frequency for 
(310) STGB is 35.5 GHz. The augmented temperature has a minimal influence on the natural 
frequency, where it climbs to 35.75 GHz at 100 K.  

 

Fig. 4 Frequency spectrum of the NW at 1k 

Fig. 5 depicts the quantitative relationship between Q-factors and temperature for (310) STGB. The 
plots attains Q ~ 1/T0.7144 and 1/T0.7249 for KE and RMS, respectively, suggesting that the lifetime of 
bicrystal NWs reduces much rapidly with increased temperatures as comparing to single-Cu NWs 
or semiconducting NWs[6].  

196 Advances of Computational Mechanics in Australia



 
Fig. 5 Quality factor against increased temperatures for (310) STGB 

From Fig. 5, the Q-factors from RMS time history are greater than that from KE plot. This is mainly 
because the RMS is tracking the displacements of the COM during the oscillation in regardless of 
whether the predominant mechanism is internal thermal vibration or external mechanical bending. It 
is concluded that the RMS fails to estimate the exact Q-factors of NWs at high temperatures. On the 
other side, the kinetic energy after the signal filtering depicts the actual temporal response. The 
derived Q-factors capture the NWs damping propensity at the range of temperatures from 1 K to 
100 K. Compared to monocrystalline NW, the stacking faults are readily nucleated at a very small 
displacement from the grain boundaries, where the monocrystalline Ag nanowires does not exhibit 
non-linear mode until displacement reaches 8Å[4]. The appearance of grain boundary aggregates 
the kinetic energy drop of the system, causing the derived Q-factors one order of magnitude lower 
than those in single Cu NWs[6]. In addition, as similar to the uniaxial tensile tests, stacking faults 
are more easily initiated with increased temperatures. Taking these two factors into account, they 
explain the difference among temporal responses of NW and the calculated Q-factors at finite 
temperatures. The free vibration imposes micro stacking faults in (310) grain boundaries, though 
the generated stacking faults does not affect the decay afterwards. The energy dissipation is 
regarded as the results of intrinsic loss of NWs and dislocation nucleation in the three-point bending 
process and vibration, where the dislocation nucleation mechanism is proven to be greatly 
determined by the grain boundary energy.  

Summary 

In conclusion, the atomistic simulation is utilized on the resonance behaviours of the NWs with 
(310) STGB. The kinetic energy spectrum, natural frequency and derived Q-factors are carefully 
examined. The Q-factor shows a strong relationship against the temperature increase, and the 
internal kinetic energy suppresses the influence of initial displacement actuation at augmented 
temperatures. In addition, the filtered KE spectrum has been validated to be more preferable for 
exponential curve fitting than on the RMS spectrum, since the thermal noise has been screened out. 
The attained natural frequencies remain almost unchanged at elevated temperatures, which suggest 
the proposed excitation method does not trigger any beat phenomena or changes in natural 
frequency. In the future, it is viable to perform a comparative study on displacement actuation and 
velocity actuation. The former requires a bending process, where adhesive force and size effect take 
accounts for bending deformation and deflection of NWs, whilst the latter seems more 
straightforward and easy to carry out in high-order vibration mode. Moreover, NWs with larger 
dimension can be considered to enable more rooms for deflections in the transverse direction. It is 
anticipated to be implemented to introduce greater external energy into the simulation. 
 

Applied Mechanics and Materials Vol. 846 197



References 

[1]. Duan, X., Y. Huang, R. Agarwal, and C.M. Lieber, Single-nanowire electrically driven lasers. 
Nature  421(6920) (2003). 241-245. 

[2]. Melosh, N.A., A. Boukai, F. Diana, B. Gerardot, A. Badolato, P.M. Petroff, and J.R. Heath, 
Ultrahigh-density nanowire lattices and circuits. Science  300(5616) (2003). 112-115. 

[3]. Wu, W., S. Brongersma, M. Van Hove, and K. Maex, Influence of surface and grain-
boundary scattering on the resistivity of copper in reduced dimensions. Appl. Phys. Lett.  
84(15) (2004). 2838-2840. 

[4]. Zhan, H. and Y. Gu, A fundamental numerical and theoretical study for the vibrational 
properties of nanowires. J. Appl. Phys.  111(12) (2012). 

[5]. Olsson, P.A., Transverse resonant properties of strained gold nanowires. J. Appl. Phys.  
108(3) (2010). 

[6]. Kim, S.Y. and H.S. Park, Utilizing mechanical strain to mitigate the intrinsic loss mechanisms 
in oscillating metal nanowires. Phys. Rev. Lett.  101(21) (2008). 

[7]. Zhan, H., Numerical Characterization of the Mechanical Properties of Metal Nanowires 2013, 
Queensland University of Technology. 

[8]. Jiang, J.-W., H.S. Park, and T. Rabczuk, Preserving the Q-factors of ZnO nanoresonators via 
polar surface reconstruction. Nanotechnology  24(40) (2013).  

[9]. Georgakaki, D., O.G. Ziogos, and H.M. Polatoglou, Vibrational and mechanical properties of 
Si/Ge nanowires as resonators: A molecular dynamics study. physica status solidi (a)  211(2) 
(2014). 267-276. 

[10]. Plimpton, S., Fast Parallel Algorithms for Short-Range Molecular Dynamics. J Comp Phys  
117 (1995). 1-19. 

[11]. Stukowski, A., Visualization and analysis of atomistic simulation data with OVITO - the 
Open Visualization Tool Modelling Simul. Mater. Sci. Eng.  18 (2010). 

[12]. Faken, D. and H. Jónsson, Systematic analysis of local atomic structure combined with 3D 
computer graphics. Comput. Mater. Sci.  2(2) (1994). 279-286. 

[13]. Mishin, Y., M.J. Mehl, D.A. Papaconstantopoulos, A.F. Voter, and J.D. Kress, Structural 
stability and lattice defects in copper:Ab initio, tight-binding, and embedded-atom 
calculations. Phys. Rev. B  63(22) (2001). 

[14]. Hsieh, J.-Y., S.-P. Ju, S.-H. Li, and C.-C. Hwang, Temperature dependence in 
nanoindentation of a metal substrate by a diamondlike tip. Phys. Rev. B  70(19) (2004).  

[15]. Zhang, L., C. Lu, G. Michal, K. Tieu, and K. Cheng, Molecular dynamics study on the atomic 
mechanisms of coupling motion of [0 0 1] symmetric tilt grain boundaries in copper bicrystal. 
Mater. Res. Express  1(1) (2014).  

[16]. Tschopp, M. and D. McDowell, Structures and energies of Σ 3 asymmetric tilt grain 
boundaries in copper and aluminium. Philos. Mag. A  87(22) (2007). 3147-3173. 

[17]. Tschopp, M. and D. McDowell, Asymmetric tilt grain boundary structure and energy in 
copper and aluminium. Philos. Mag. A  87(25) (2007). 3871-3892. 

[18]. Vallabhaneni, A.K., X. Ruan, J.F. Rhoads, and J. Murthy, A band-pass filter approach within 
molecular dynamics for the prediction of intrinsic quality factors of nanoresonators. J. Appl. 
Phys.  112(7) (2012). 

 
 

198 Advances of Computational Mechanics in Australia


