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Effects of Surface Orientation and Temperature on Tensile
Deformation of Gold Nanowires

Qunfeng Liu1 and Shengping Shen2

Abstract: Molecular Dynamics (MD) simulations have been performed using the
EAM potential to investigate the deformation behaviors and mechanical properties
of <100>/{100} gold nanowires with square cross-section at a certain strain rate un-
der different temperatures ranging from 10 K to 700 K. It is found that <100>/{100}
gold nanowires at high temperatures tend to form the extended stable nanobridges–
Helical Multi-shell Structure (HMS), which is similar to the deformation behav-
ior of <110> gold nanowires at room temperature reported in the previous experi-
mental observations and simulations. The effect of temperature on the mechanical
properties and deformation behaviors of gold nanowires was analyzed. The results
showed that the yield stress and modulus of the nanowires with rectangular cross-
section decrease with increasing temperature at certain strain rate. In addition, we
investigated <100>/{110} and <110> gold nanowires under the same conditions,
and found that the surface orientation plays a significant role in the formation and
stability of gold nanobridges. Based on these investigations, we discussed the com-
bined effects of surface orientation and temperature on the mechanical properties
and structural behaviors. Moreover, the length of HMS and toughness of nanowires
with different orientations was analyzed as a function of temperature.

Keywords: surface orientation, temperature, tensile deformation, gold nanowires,
stable nanobridge.

1 Introduction

Nanowires have attracted great interests recently due to their unique structures,
properties, and potential applications in nanoelectronicmechanical systems (NEMS)
[Kovtyukhova and Mallouk (2002); Lieber (2003); Park and Zimmerman (2005)].
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The unique properties which are quite different from those of bulk materials are
primarily derived from their novel structures with nanometer scale dimension. In
the novel structures with nanometer scale dimension, effects of surface confinement
are crucial to the unique mechanical, optical, and electrical properties of nanowires.
In addition, thermal effect is also a key factor in designing and fabricating nanode-
vices.

Many experimental works have been performed to reveal the dramatic effects of
surface stresses on the mechanical behavior of gold nanowires. For example, some
researchers have demonstrated that single-crystal face-centered cubic (fcc) metal
nanowires can undergo structural reorientations and phase transformations that are
driven by surface stresses [Kondo et al. (1999); Wang et al. (2000)]. Besides struc-
tural reorientation and phase transformation, missing-row reconstruction has also
been observed on the less unstable higher energy {110} surface of gold nanowires
[Wang et al. (2000)]. For the plastic deformation of gold nanowires, the rodlike
gold helical multi-shell structures (HMS) with a uniform 3- 4 atoms thickness were
observed and the formation of such nanobridges was considered to be stabilized by
the hexagonal close-packed (hcp) lattices of the surfaces [Kondo and Takayanagi
(1997, 2000); Rodrigues et al. (2000); Oshima et al. (2003)].

Recently, atomistic simulations have been performed to investigate the deforma-
tion mechanism of metal nanowires. The novel helical multi-shell structures of
metal nanowires have been obtained by some researchers using molecular dynam-
ics [Wang et al. (2001); Park and Zimmerman (2006)]. Park has revealed that the
formation of a high strength multi-shell lattice structure during the plastic deforma-
tion of the <110> wires may account for the stability of the elongated nanobridges
observed experimentally [Park and Zimmerman (2006)]. Other mechanical proper-
ties, such as lattice reorientation, pseudoelasticity, elastic modulus, yield strength
and strain, elastic and plastic deformation of metal nanowires have been studied us-
ing molecular simulations as well [Wong et al. (1997); Gall et al. (2004); Liang and
Zhou (2005); Wang et al. (2005); Wu et al. (2005)]. All the results demonstrated
that the structural and mechanical properties of metal nanowires are closely related
to the surface orientation [Park et al. (2006)], loading rate [Ju et al. (2006)], cross-
sectional size [Liang et al. (2005)], geometry [Ji and Park (2006)], temperature and
so on [Ji and Park (2007); Cao and Ma (2008)].

In this study, we focus on the effects of surface orientation and temperature. The
side surface orientation has been certified as the first order effect on the oper-
ant mode of inelastic deformation in both <100> and <110> nanowires [Park et
al. (2006)]. Temperature dependence of elasticity modulus and yield stress has
been reported for Cu nanopillars with different cross-sectional geometries which is
consistent with the experimental observation for bulk Cu [Cao and Ma (2008)].
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However, our theoretical knowledge about the combined effects of the surface
orientation and temperature on the structural and mechanical properties of metal
nanowires is still limited. Most of existed works focus on the elastic deforma-
tion behavior under separated effect as mentioned above [Park et al. (2006); Cao
and Ma (2008)], and little is known about the systematical post-yield deformation
mechanism under the conjunct influence of temperature and surface orientation.
In this paper, we investigate the mechanical properties and deformation behaviors
of gold nanowires at various temperatures with different surface orientations by
means of MD, and study the formation and elongation of HMS. The results are
analyzed to discuss the mechanisms of the combined effects of surface orientation
and temperature on the mechanical properties and structural behaviors.

2 Simulation method

The MD simulations of gold nanowires were conducted using the EAM potential
[Daw and Baskes (1984)] as the underlying atomic interaction model. In the EAM,
the total energy U for a system of atoms is written as

U =
N

∑
i

(
Fi (ρ̄i)+

1
2

N

∑
j 6=i

φi j (Ri j)

)
(1)

where the summation in Eq. (1) extend over the total number of atoms N in the
system, φi j is pairwise interaction term which is related to interatomic distance Ri j

of atom i and atom j, Fi is the embedding term which includes the contribution of
electron density and provides a many-body contribution, ρi is the electron density
at atom i.

In this work, the EAM potential of Foiles is utilized, which was recently modified
to yield an accurate estimation of the intrinsic stacking-fault energy [Park and Zim-
merman (2005)], that was critical to the inelastic deformation of gold nanowires.

In the simulations of nanowires, the models were created by ‘top-down’ method
from bulk fcc crystal with free boundaries everywhere. The wire was 40 CLU
(Cubic Lattice Units) long with rectangular cross-section of 6 CLU × 6 CLU. To
get the equilibrium of the initial models, we used a ‘two-step’ relaxation technique,
which consists of the static relaxation and dynamic relaxation. In the first several
steps, the whole system was statically relaxed to an equilibrium minimum energy
configuration using the conjugated gradient energy minimization. Then the wire
was thermally equilibrated to a specific temperature for 10000 ps by means of the
Nose-hoover thermostat [Nose (1984); Hoover (1985)] with a time step of 0.01 ps.
During the two-step relaxation, the ends of the wires were fixed to keep the length
constant.
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After the equilibrium was reached, instead of the Nose-hoover thermostat the ve-
locity rescale thermostat would be used, which is readily to ensure an isothermal
loading condition during the tensile loading process. One end of the wire kept re-
strained and the other end free. Then the tensile loading was imposed by applying
velocities to atoms along the axial direction that went linearly from zero at fixed
end to the maximum value at the free end. It is proved that the loading method em-
ployed in the this work is generally independent of the deformation mechanisms
and mechanical properties of nanowires [Leach et al. (2007)]. The tensile loading
was applied at a two-step constant strain rate at certain temperature. The two-step
tensile strain rates were 3×108s−1 for the first 2,000,000 steps and 1×108s−1for
the second 2,000,000 steps respectively. The magnitude of the two strain rates is
neither beyond the ability of nowadays’ computes, nor too high to affect the thermal
properties of the system [Park and Zimmerman (2005)]. The equations of motion
were integrated by using velocity-verlet algorithm. All simulations were performed
by using LAMMPS [Plimpton (1995); LAMMPS (2008)]. To study the effects of
the surface orientation on the deformation of gold nanowires, no periodic boundary
conditions were used in this work. In this paper, we only consider the global me-
chanical behavior of the nanowire, so the average stress and strain of the nanowire
are used. Shen and Atluri (2004) proposed an atomic-level stress which is appropri-
ate for both homogeneous and inhomogeneous deformations, while the virial stress
[Zhou (2003)] is only appropriate for homogeneous deformation. As discussed in
Shen and Atluri (2004), if one averages the proposed atomic-level stress by them
over the whole system, the virial stress can be derived. Under homogeneous de-
formation, both of them are equivalent to the Cauchy stress (Before yielding, the
deformation of the nanowire can be assumed to be homogeneous. The elastic mod-
ulus are derived from this deformation stage, that is presented in Section 3.3. After
yielding, we did not analyze the mechanical behavior quantitively. Hence, the stress
calculation can even be omitted then). So, the average stresses were calculated by
using the following formula which can be derived from Shen and Atluri (2004)

σi j =
1
V

(
1
2

N

∑
α=1

N

∑
β 6=α

U ′
(

rαβ
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)
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where N is the total number of atoms, rαβ is the distance between the two atoms
α and β , ∆xαβ

i = xα
i − xβ

i , U is the potential energy, and V is the volume of the
nanowire. For simplicity, only the average normal stress along the wire axial σ11
is considered in these uniaxial tensile loading simulations [Diao et al. (2006)]. The
average strain used in this work is defined as the engineering strain which can be
written as ε= (l- l0)/l0, where l is the current wire length and l0 is the initial wire
length at equilibrium.
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3 Results and discussion

In this section, a series of MD simulations for <100>/{100}, <100>/{110} and
<110> gold nanowires are performed at different temperatures ranging from 10K to
700K. The nanowire modes with different orientations are schematically presented
in Fig. 1.
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Figure 1: Schematic of nanowire sizes and crystallographic orientations consid-
ered in this paper. Transverse atom arrangements are shown to the right of each
nanowire. The solid circles and open circles in the cross-sections represent the
atoms of the surface layers and the second layers respectively.

3.1 Surface effect

Fig. 2 shows the typical deformation behavior of <100>/{100} gold nanowire at
10K. Temperature effect is not considered here. The <100>/{100} gold nanowire
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shows full dislocation nucleated from the edge of the wire along a {111} dislocation
slip plane when the strain is over the elastic limit, as can be seen in Fig. 2 at ε=0.15.
Once the slip nucleate from the defect of the edge of the wire, high energy side
surface {100} will reorient to close-packed and thus lower-energy {111} surface.
Soon the wire starts necking in the defect localized region at ε=0.30 leaving the
other segment of the wire defect free. With the strain increasing, neck region tends
to produce helical multi-shell structure (HMS) and then reorients to stabilized three
atom thick chain (ATC) at ε=0.37. It is well known that the ATC structure is ultra
stable in MD simulation, especially at the lower strain rate.

 

 

 

 

               

                
 

ε=0.15 

ε=0.30 

ε=0.37 

ε=0.42 

Figure 2: Snapshots of tensile deformation of <100>/{100} gold nanowire at 10K.
The snapshot of the ATC is shown to the right of the corresponding elongated
nanowire. Each atom is colored by the value of its potential energy in unit of
eV.

The progressive deformation behavior of <100>/{110} gold nanowires at 10K is
shown in Fig. 3. This wire has four less stable higher energy {110} side sur-
faces. As the {110} surface has higher energy than that of the {111} and {100}
facets, surface defects are easily formed under the tensile strain showing missing-
row reconstruction and forming irregular ‘saw-tooth’ structures on the {110} side
surfaces, as can be seen on the side surface outside the necking region of the wire in
Fig. 3 at ε=0.15. This phenomena is consistent with the experimental observation
[Wang et al. (2000)]. The plastic deformation of <100>/{110} nanowire is charac-
terized by the slip of partial dislocations nucleated from the defects on {110} side
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surfaces. With the localization of the initial defects, the wire necks at ε=0.32 and
then fractures quickly without the formation of HMS.
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Figure 3: Snapshots of tensile deformation of <100>/{110} nanowire at 10K. Each
atom is colored by the value of its potential energy in unit of eV.

Now, we present the numerical results of <110> gold nanowires subjected to the
tensile loading at 10K. Snapshots of the deformation process can be seen in Fig. 4.
<110> nanowire has two {110} side surfaces and two {100} side surfaces. Once
the wire yields under tension, the first partial dislocation nucleates from the initial
defect on the higher energy {110} surfaces and moves through the cross section
along the dislocation glide {010} plane. Next the new partial dislocations are nu-
cleated at the defect line of intersection between the initial dislocation glide plane
and the {110} surface forming the {1̄00} glide plane. By this way, the dislocations
climb zigzag along the whole wire leaving behind several equidistant defect lines
on the {110} side surface, as is shown in Fig. 4 at ε=0.15. With the strain increas-
ing, the inelastic deformation is accommodated firstly by the motion of dislocations
and then by the formation of a localized necking [Ji and Park (2007)] at ε=0.30.
In the neck region, the {100} side surfaces reconstruct to form the close-packed
amorphous necking surface, while the {110} side surfaces rotate around the defect
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line to keep coherency with the neighboring surfaces. When the cross section of
necking region is reduced to a few atoms thick, the HMS is formed for several
nanometers and then reorients to form the stable ATC structure.
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Figure 4: Snapshots of tensile deformation of <110> nanowire at 10K. Each atom
is colored by the value of its potential energy in unit of eV.

3.2 Temperature effect

To investigate the temperature effect on the deformation, the above three kinds of
nanowires are simulated at different temperatures. The typical stress-strain curves
for <100>/{100}, <100>/{110} and <110> nanowires subjected to uniaxial tensile
loading at different temperatures are shown in Fig. 5, Fig. 6, and Fig. 7 respec-
tively.

At the first stage of the deformation, the elastic loading process is characterized
by monotonically increasing tensile stress with increasing applied strain, followed
by a yield point marked by a sudden stress drop [Gall et al. (2004)]. The yield
stress can be obtained at the yield point. The elastic modulus is calculated from the
linearly fitted initial slope of the stress-strain curve for all the cases. The results
show that for each wire at low temperature the deformation mode is necking from
the initial defect sites, while at high temperature, increased thermal energy facilitate
to activate a large number of defects along the whole wire simultaneously which
make the wires more ductile.
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 Figure 5: Stress-strain curves for <100>/{100} nanowire at different temperatures.
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 Figure 6: Stress-strain curves for <100>/{110} nanowire at different temperatures.
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 Figure 7: Stress-strain curves for <110> nanowire at different temperatures.

3.3 Combining effects of surface orientation and temperature

The elastic modulus and yield stress of the three types of gold nanowires are com-
pared at different temperatures, which are illustrated in Fig. 8 and Fig. 9 respec-
tively. For all the three nanowires with different orientations, it is observed that the
elastic modulus and yield stress decrease with increasing temperature.

Furthermore, from the yield stress-temperature curves in Fig. 9, the slop of each
curve is characterized as the temperature sensitivity of nanowires with a specific
surface orientation; qualitatively, the <100>/{100} wire is more sensitive than the
other two wires. This temperature sensitivity disparity occurs for two reasons. First,
<100>/{100} wire has the smallest cross section among the three wires due to its
{100} lateral surfaces; smaller wires tend to relax/contract more due to larger sur-
face stresses, so the initial yield stress is higher than the others at low temperatures;
however, when the temperature is increased, the thermal effect will be more sig-
nificant than the other two wires because of the highest ratio of thermal energy to
strain energy in <100>/{100} wire due to its smallest characteristic size.

The second reason is the different deformation mechanism of <100>/{100} wire
from others. Without the influence of thermal energy, the first dislocation usually
nucleated at the lateral edges of the <100>/{100} wire. A higher initial yield stress
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 Figure 8: Temperature effect on the modulus of <100>/{100}, <100>/{110} and
<110> gold nanowires.
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 Figure 9: Temperature effect on the yield stress of <100>/{100}, <100>/{110} and
<110> gold nanowires.
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is needed to drive the first full dislocation to traverse the cross section of the wire
along the preferable {111} slip plane. As the temperature increases, the higher
thermal energy of the wire will facilitate the nucleation and propagation of partial
dislocations which result in the lower yield stress at higher temperatures.

On the other side, it is noted that the modulus of <110> wires is significantly larger
than that of <100>/{110} wires at the corresponding temperatures considered. The
elastic modulus of metallic nanowires has been investigated by simulations and ex-
periments [Liang et al. (2005); Jing et al. (2006); McDowell et al. (2008a, b)].
All the results showed that the side surface structure and cross-sectional geome-
try do not significantly affect the modulus of metal nanowires which is strongly
dependent on axial orientation. From the results shown in Fig. 8, we find the
modulus decreases by 48% averagely between the two types of wires at the same
temperature. Another finding is that the modulus decreases by 43% and 62% for
<110> and <100>/{110} wire respectively over the temperature range between 10
K and 700 K. That is to say, the modulus of gold wires is strongly dependent on the
temperature as well as the axial orientation.

In this work, we also found that the HMS is formed stably with a high strength
in some cases [Gall et al. (2004)]. To examine the surface effect and temperature
effect on the stability of the HMS, we analyze the deformation processes with the
same size and same loading strain rate. The lengths of HMS prior to ATC as a
function of the temperature are summarized in Fig. 10 and the typical snapshot
of HMS is shown in Fig. 11. As can be seen, the HMS lengths of <100>/{100}
and <110> nanowires increase with increasing temperature from 10 K to 500 K
and then decrease with increasing temperature from 500 K to 700 K. Again, it is
shown that the HMS of <100>/{100} wires are slightly longer than that of <110>
wires at the same temperature. Note that the <100>/{110} wire could not form
the HMS until the temperature reaches 400 K and then the HMS length increases
with the temperature increasing. This is because the initial defect localization is
attributed to the surface effect of {110} side surface of <100>/{110} wire, which
prefer to necking beyond the elastic limit at low temperature. While at higher
temperatures, the <100>/{110} wire is possessed of higher thermal energy. The
formation of HMS of the wire at high temperatures is expected to be due to that
the combination of thermal energy and tensile strain energy in the necking region
facilitate the surface reconstruction which are unfavorable at low temperatures.

The fracture strain of a nanowire under tensile loading is commonly measured at the
breaking point to characterize the capacity of sustaining deformation. But in this
work, providing the low strain rate, the ATC structure will appear before breaking
for all nanowires. Due to the low strength of ATC structure, we define the strain
when the ATC structure is formed as the fracture strain ε f . The toughnessµ f is then
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defined as the strain energy density of the gold nanowires at the ATC formation
point [Ji and Park (2007)]:

µ f =
∫

ε f

0
σdε, (3)

where ε f is the fracture strain and σ is the uniaxial tensile stress. The unit of
toughness is GJ m−3 for all the nanowires in this paper.
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 Figure 10: HMS length versus temperature for <100>/100, <100>/110 and <110>
gold nanowires.

 

 
 

 Figure 11: HMS length for <100>/{100} at 500 K. The cross-sectional snapshot
of the HMS is shown below the elongated nanowire. Each atom is colored by the
value of its potential energy.



72 Copyright © 2010 Tech Science Press CMC, vol.17, no.1, pp.59-75, 2010

As is shown in Fig. 12, it is difficult to ascertain a consistent trend in the toughness
of the three types of nanowires over the temperatures ranging from 10 K to 700
K, as there appears to be no correlation between the toughness and the tempera-
ture. The only common character of these three curves is that they all get to the
maximum toughness at 500 K and then drop down which is similar to the previ-
ously mentioned HMS length curve. Interestingly, we found that the toughness of
the thinnest <100>/{100} wire is significantly larger than the other two wires over
the temperatures from 10 K to 500 K. As the temperature reaches 700 K, which
is close to the melt temperature of gold nanowires, the toughness of <100>/{100}
wire drops sharply to be the smallest one. This phenomenon is related to the strong
thermal sensitivity of <100>/{100} wire discussed in the previous section.
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Figure 12: Toughness versus temperature for <100>/100, <100>/110 and <110>
gold nanowires.

4 Conclusions

In this paper, we first demonstrated how the surface orientation influences the me-
chanical properties and deformation behaviors of gold nanowires. It is also ob-
served that the yield stress and elastic modulus of the wires with rectangular cross-
section decrease with increasing temperatures at a certain strain rate despite surface
orientations. Furthermore, the combining effects of surface orientation and tem-
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perature on elastic modulus and yield stress are analyzed. The variation of HMS
length with increasing temperature is studied for the nanowires with different sur-
face orientations. The toughness is also shown as a function of temperature, and the
variation trend of the toughness is to some extend in agreement with that of length
of HMS.
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