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Abstract:
The mechanical properties including elastic stiffness constants as well as bulk modulus of Palladium (Pd) 
nanowire were calculated in the constant temperature and pressure (NPT), ensemble by molecular dynamics 
(MD) simulation technique. The quantum Sutton-Chen (Q-SC) many-body potential was used to calculate the 
cohesive energy as well as forces experience by every atoms. The temperature and pressure of nanowire were 
controlled by Nose-Hoover thermostat and Berendsen barostat, respectively. The periodic boundary condition 
(PBC) was only applied along the axis of nanowire. The MD results show that the mechanical properties depend 
on diameter of nanowire. Our results show that elastic constants including C11 , C12 , C44 and bulk modulus 
increase nonlinearly with increasing the diameter of nanowire and then reach a constant value, which is a 
typical behavior of nanoscopic systems.
Keywords: Pd nanowire, Mechanical properties, Molecular Dynamics simulation.

1. INTRODUCTION

A nanowire is an extremely thin wire with a 
diameter on the order of a few nanometers. The 
nanowire can be used in nanoelectronic devices 
and sensors for environmental, medical, etc [1-
4]. The Pd nanowire is used extensively in the H2 
gas sensor for its many advantages such as quick 
response time and operating at room temperature. 
Therefore, these applications are the motivation for 
fundamental study of mechanical properties of Pd 
nanowire. In this study, we focus on the variation 
of elastic constants including C11, C12, C44, and bulk 
modulus of Pd nanowire.

The molecular dynamics simulation technique is very 
powerful tool for studying the physical properties 
of materials in macro and nano scale. Recently, 
some MD-based investigations of the thermal and 
mechanical properties of Pd nanowire have been 

carried out [5, 6, 7]. Li Hui et al. were investigated 
the local atomic structure of Palladium nanowire 
by molecular dynamics [5]. L. Miro conducted 
molecular dynamic simulation for thermodynamic 
and structural properties of Pd cluster and nanowire 
[6]. Furthermore, melting and structural evolution of 
bimetallic nanowire including Pd were studied by K. 
R. S. Sankaranarayanan et al [7]. However, in none 
of these studies, the effect of diameter size on the 
elastic constants and bulk modulus were investigated 
in Pd nanowire. Therefore, in this investigation, we 
used molecular dynamics simulation technique to 
study the elastic constants as well as bulk modulus 
of Pd nanowire. Our simulation applied in constant 
temperature and pressure ensemble.

This literature is organized as follows. Section 
two details our simulation methodology used 
for equilibrium molecular dynamics simulation.  
In section three, we present simulation results for 
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the Pd nanowire. Finally, section four provides our 
concluding remarks.

2. SIMULATION  DETAILS

2.1. Interatomic potential

In the present molecular dynamics simulation 
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Table 1: The Q-SC potential parameters for Palladium 

Metal ε(eV) a(Ǻ) c n m 

Pd 0.003286 3.8813 148.20 12 6 
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Figure 1: Time variation of the energy and pressure for the Pd nanowire during equilibration

Figure 2: Variation of elastic constant (c11) of Pd nanowire with diameter of nanowire 

a Quantum Sutton-Chen [8] many body 
potential was employed, which provides very 
good value for cohesive energy of Pd atoms 
[9, 10]. In this potential function, the cohesive 
energy of system was obtained from following 
equations:
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The first term, V(rij), describes the pairwise repulsive interaction between atoms i and j, and the 

second term, ρi, represents the many-body cohesive term associated with atom i. rij is the distance 

between atoms i and j , a is a length parameter scaling, c is a dimensionless parameter scaling, ε sets 

the overall energy scale, and n, m are integer parameters. The potential parameters are listed in table 

1. 

2.2. Temperature control 

The extended system method was used for temperature control. This method was originally 

introduced by Nose [11] and subsequently developed by Hoover [12], therefore this method was 

called Nose-Hoover thermostat. The introduction of this mechanism modifies the standard velocity 

Verlet equations of motion [13] to the following forms: [14]  
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where Q is given by  

2TgkQ b                                                              (4) 

The first term, V(rij), describes the pairwise repulsive 
interaction between atoms i and j, and the second 
term, ρi, represents the many-body cohesive term 
associated with atom i. rij is the distance between 
atoms i and j , a is a length parameter scaling, c is a 
dimensionless parameter scaling, ε sets the overall 
energy scale, and n, m are integer parameters. The 
potential parameters are listed in table 1.

2.2. Temperature control

The extended system method was used for 
temperature control. This method was originally 
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Fig. 3 
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Fig. 5 

Figure 3: Variation of elastic constant (c12) of Pd 
nanowire with diameter of nanowire

Figure 4: Variation of elastic constant (c44) of Pd 
nanowire with diameter of nanowire

Figure 5: Variation of bulk modulus of Pd 
nanowire with diameter of nanowire



208 Davoodi and Ahmadi

introduced by Nose [11] and subsequently developed 
by Hoover [12], therefore this method was called 
Nose-Hoover thermostat. The introduction of this 
mechanism modifies the standard velocity Verlet 
equations of motion [13] to the following forms: 
[14] 
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where Q is given by  

2TgkQ b                                                              (4)          (4)

where τ is the relaxation time of the thermostat, and 
g, the number of freedom of the system is given by 
g=3(N-1).

2.3. Pressure control

The Berendsen barostat [15] was used to control the 
pressure of system. This barostat uses a scale factor, 
m, which is a function of instantaneous pressure, P, 
to scale lengths in the system

              (5)
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Here, p is the rise time of the barostat, δt is the time step and 0P  is the set point pressure. The 

system pressure is set toward a desired value by changing the dimensions of the simulation cell size 

during the simulation. 

2.4. Mechanical properties 

The quantities which are calculated in this molecular dynamics simulation were the elastic stiffness 

constants as well as bulk modulus. The elastic constants reduce to three constants, C11, C12 and C44 for 

the cubic crystal by reason of symmetry [16]. In terms of interatomic potential, these quantities can be 

expressed as: [17] 
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Here, pτ is the rise time of the barostat, δt is the time 
step and 0P  is the set point pressure. The system 
pressure is set toward a desired value by changing 
the dimensions of the simulation cell size during the 
simulation.

2.4. Mechanical properties

The quantities which are calculated in this molecular 
dynamics simulation were the elastic stiffness 
constants as well as bulk modulus. The elastic 
constants reduce to three constants, C11, C12 and C44 
for the cubic crystal by reason of symmetry [16]. In 
terms of interatomic potential, these quantities can 
be expressed as: [17]
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 Where ε11, ε12 and ε22 are the components of strain 
tensor, Ω is the volume, and U is the energy is given 
by (1), per atom.

The bulk modulus, which measure how the volume 
of the solid change with hydrostatic pressure, 
is denoted by B, which is related to interatomic 
potential via [17]
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where Ω0 is the equilibrium value of Ω.

2.4. Simulation data 

In this research, the molecular dynamics 
simulation is performed for different sizes of 
Palladium nanowire in NPT ensemble. We changed 
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the diameter of Pd nanowire and calculated 
mechanical properties, therefore size dependent of 
mechanical properties of nanowire were obtained. 
The simulation time step (δt) was set 0.05 fs 
for every run of MD simulation. The nanowire 
equilibrated during 200000 time steps in the T=20 
K. Figure 1 shows the variation of the energy and 
pressure in order to detect of the equilibrium state. 
For translation from macroscale to nanoscale, the 
periodic boundary condition was only applied 
in the axis of nanowire and was removed at the 
other directions. The Berendsen barostat and 
Nose-Hoover thermostat are used for pressure and 
temperature control, respectively.

3. RESULTS  AND  DISCUSSION

The variations of the elastic constants as well as 
bulk modulus with Pd nanowire diameter were 
computed in the MD simulation by changing 
the number of atoms in the nanowire. We have 
computed cohesive energy for Pd atoms as well, 
to test the quality of the interatomic potential 
and our simulation. Our computed results which 
are shown in the figures 2-5, are in reasonable 
agreement with other results in the literature 
where they are available. These results can be 
fitted into exponential functions. From this figures, 
it can be seen that there is an initial change in the 
mechanical properties with the diameter of the 
nanowire, following which the properties remain 
unchanged as the nanowire grows in diameter. 
This is a typical behavior of nanoscopic system 
in which the mechanical properties, for example, 
change with size, and then reach a constant value. 
These results show that, when the diameter of 
nanowire increase, C11, C12, C44 and bulk modulus 
will all increase, and when the diameter reach 
about 5.5 nm, the properties began to level off and 
remain constant.

Summing up the results of our MD simulations, 
we see that our molecular dynamics simulation has 
produced the mechanical properties of Palladium 
nanowire. The results show that, the mechanical 
properties depend on diameter nanowire and the 

value of elastic constants and bulk modulus of Pd 
nanowire are different from those properties of bulk 
Palladium.
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