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Abstract

We present atomistic simulations of h110i oriented gold nanowires under tensile deformation. We find that h110i gold nanowires
tend to form elongated, stable nanobridges upon necking, which is in agreement with previous experimental observations. In addition,
the simulations reveal that the formation of a high strength multishell lattice structure during the plastic deformation of the h110i wires
may account for the stability of the elongated nanobridges observed experimentally.
� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The understanding and functionalization of metallic
nanowires has become a topic of major interest to the inter-
national materials science and engineering communities.
The major reasons are due to the improved mechanical,
electrical and optical properties that result from the small
sizes of these materials [1,2]. For example, gold nanowires
have been extensively studied for the past decade. This is
mainly because gold nanowires are viewed as having enor-
mous potential as interconnects in electrical applications,
and also due to the availability of accurate interatomic
potentials for studying the behavior of gold using molecu-
lar dynamics (MD) simulations.

Gold nanowires have also been shown experimentally to
exhibit an orientational dependence on the mode of tensile
failure. For example, the experiments of Kondo and
Takanayagi [3] illustrated that h110i oriented nanowires
tend to form elongated, stable nanobridges during necking
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which are as narrow as a few nanometers. In contrast,
h100i oriented gold nanowires were seen to form necked
regions of disorder prior to fracture. Rodrigues et al. [4]
also studied the elongation of h100i and h110i gold nano-
wires; they similarly found that h110i nanowires tended to
form elongated rod-like nanobridges with larger cross-
sections than the atomic chains found during the elonga-
tion of h100i gold nanowires.

Recent MD simulations have offered more evidence for
the stability of h110i nanowires. For example, the work of
Gall et al. [5,6] has shown that initially h100i gold nano-
wires may undergo a tetragonal phase transformation to
a final body-centered tetragonal structure. Similarly,
researchers have shown that face-centered cubic (fcc) nano-
wires spontaneously relax at finite temperature from
initially h100i oriented nanowires to h110i oriented nano-
wires with {111} faces [7–10]. For certain materials, the
reoriented h110i/{111} wires were found to show both
shape memory [7] and pseudoelastic behavior [7,9,10]. The-
oretical support for these experimental findings was put
forth by Jagla and Tosatti [11], in which Monte Carlo
simulations driven by the minimization of surface energy
were utilized to show that h110i orientations were indeed
vier Ltd. All rights reserved.
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energetically preferable for gold nanowires in the absence
of surface diffusion. These findings indicate that nanowires
created using a top–down methodology out of a bulk metal
are not in a minimum energy configuration, and can reori-
ent to the preferred h110i orientation. While both first
principles [12–14] and MD simulations of nanowire
mechanical behavior have been performed [15–23], analysis
of the effects of different orientations has been considered
by few researchers [12,24].

Thus, the objective of this work is to use atomistic sim-
ulations to understand the tensile behavior of the preferred
h110i orientation for gold nanowires, and in particular to
explain the stability of long, elongated nanobridges which
emanate from h110i gold nanowires. The key finding of
this work is that the stability of the elongated nanobridges
emanating from h110i gold nanowires may be due to the
presence of a high strength multishell lattice structure that
forms as an outcome of the plastically deforming nanowire.
In addition, the multishell lattice structure is found to be
increasingly stable as the tensile strain rate is decreased,
indicating the validity of such a hypothesis at the lower
strain rates at which nanoscale experiments are generally
performed.

2. Simulation methods

We performed MD simulations using the embedded-
atom method (EAM) [25] as the underlying atomic interac-
tion model. All simulations in this work were done using
the EAM potential of Foiles [26], which was fit to the cohe-
sive energy, equilibrium lattice constant, bulk modulus,
cubic elastic constants and the unrelaxed vacancy forma-
tion energy, bond length and bond strength of the diatomic
molecule. The Foiles potential was fit to essentially the
same functional forms as used in the potential developed
by Voter and Chen [27,28], with extra emphasis given to
correctly modeling the stacking fault energy of gold. A full
listing of the physical properties that characterize the
Fig. 1. Snapshots of the nanobridge deformation for the 3.26 nm wire at a stra
each nanowire configuration, followed by a cross-sectional snapshot of the na
Foiles potential can be found in Park and Zimmerman
[26], which also demonstrates the importance of correctly
modeling stacking fault and surface energies in simulations
of nanoscale plasticity.

Square cross-section gold h110i nanowires were created
out of a bulk fcc crystal. The wires were all 15 nm long,
with varying cross-sectional lengths of 2.31 nm, 3.26 nm
and 4.62 nm. The wires were first relaxed to an equilibrium
minimum energy configuration with free boundaries every-
where, then thermally equilibrated to 300 K for 20 ps using
a Nosé–Hoover thermostat [29,30] with a time step of
0.001 ps while keeping the length of the wires constant.
The thermostat was removed prior to loading, ensuring
adiabatic loading conditions; no periodic boundary condi-
tions were utilized at any stage in the simulations.

The applied strain rates for each nanowire were
3 · 107 s�1, 3 · 108 s�1 and 3 · 109 s�1 for each wire. The
nanowires were loaded in tension in the h110i direction
by fixing one end of the wire, creating a ramp velocity pro-
file which went from zero at the fixed end to a maximum
value at the free end, then pulling the free end at the max-
imum value. The ramp velocity profile was utilized to avoid
the emission of shock waves from the loading end of the
wire. The equations of motion were integrated in time
using a velocity Verlet algorithm, and all simulations were
performed using the Sandia-developed code Warp [31–33].

3. Simulation results and discussion

Fig. 1 shows the deformation process of the 3.26 nm
cross-section nanowire at a strain rate of _� ¼ 3� 108 s�1.
As can be seen, the nanowire loaded at this strain rate
necks and forms a nanobridge which has a partial multi-
shell structure; this is illustrated for the snapshot at
t = 1935 ps. Portions of the nanobridge are shown, in
close-up, to the right of the deformed nanowire snapshots
in Fig. 1, along with close-up views of the nanobridge
cross-sections. By partial multishell structure, we mean a
in rate of 3 · 108 s�1. Portions of the nanobridge are shown to the right of
nobridge. The potential energy values are in eV.
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structure comprised of a single chain of atoms surrounded
by five nearest neighbors. However, because of the high
loading rate, the nanobridge eventually reorients into a sta-
bilized three atom thick chain (ATC) that is comprised of
parallel {111} planes; this is seen in the t = 2505 ps snap-
shot in Fig. 1. This reorientation has been observed for thin
films experimentally by Kondo and Takanayagi [34], and
numerically using MD simulations by Hasmy and Medina
[35].

At even larger strains, the nanowire is unable to support
the reoriented ATC structure and an unstable ATC forms
(t = 3300 ps in Fig. 1) in which atoms move in a helical,
zig-zag pattern observed in first principles simulations by
Sanchez-Portal et al. [13] and MD simulations by Park
and Zimmerman [26]. The onset of the helical, zig-zag
ATC indicates instability in the nanowire, and fracture
occurs soon after.

To examine the effect of loading rate upon the stability
of the nanobridge, we analyze the deformation process of
Fig. 3. Snapshots of the multishell nanobridge structure for the 3.26 nm wi

Fig. 2. Snapshots of the nanobridge deformation for the 3.26 nm wire at a stra
each nanowire configuration, followed by a cross-sectional snapshot of the na
the 3.26 nm cross-section nanowire loaded at a lower strain
rate of _� ¼ 3� 107 s�1. As shown in Fig. 2, the initial mul-
tishell structured nanobridge elongates for a considerably
longer period of time, and reaches a larger strain, before
the loading rate overcomes the stable structure, again caus-
ing reorientation to the ATC. The multishell nanobridge
reaches a length of about 9 nm before reorientation to
the ATC occurs. At this reduced loading rate, the ATC
elongates considerably before instability sets in, indicating
that at even lower loading rates which are typically unat-
tainable by MD simulation, the multishell structure could
be expected to extend accordingly.

A close-up of the multishell structure observed during
the deformation of the 3.26 nm cross-section gold nanowire
loaded at a strain rate of _� ¼ 3� 107 s�1 is shown in Fig. 3.
As can be seen, the structure of the nanobridge varies; the
full multishell structure is observed in the bottom image of
Fig. 3, which corresponds to the center of the nanobridge.
The full multishell structure is characterized by a single
re at a strain rate of 3 · 107 s�1. The potential energy values are in eV.

in rate of 3 · 107 s�1. Portions of the nanobridge are shown to the right of
nobridge. The potential energy values are in eV.
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atom chain that is essentially fully coordinated with six
nearest neighbors within the yz plane. Near the ends of
the nanobridge, the incomplete multishell structure is again
observed in which the atom at the center has five nearest
neighbors in the yz plane.

The existence of such multishell structures observed dur-
ing the course of the nanowire deformation is significant, as
it helps to explain the stability of the nanobridges observed
in h110i nanowires. Such multishell structures are extre-
mely stable, as they represent an energetically favorable
configuration in which surface area has been minimized
[36]. This is best illustrated by comparing the potential
energy values of the atoms in Figs. 1–3. In particular,
Fig. 3 illustrates that the central atom of the multishell
structure (the top snapshot in Fig. 3) is at a potential
energy that is very close to that of an unstrained, bulk
atom. Furthermore, even the neighboring atoms that sur-
round the central atom in Fig. 3 have a lower energy than
those atoms in the ATC configuration shown in Figs. 1 and
2.

The high strength of such multishell structures as com-
pared to other nanowire geometries has been verified using
MD simulations by Gall et al. [22]. However, the multishell
nanowires considered in that work were idealized and cre-
ated directly out of the bulk. In the present simulations, we
have shown that the multishell lattice structure can be cre-
ated due to the plastic deformation of an originally larger
cross-section nanowire. Furthermore, while MD simula-
tions typically operate at large strain rates that are not
comparable to experimental findings, it is noteworthy that
the tendency to form stable multishell structures increases
as the loading rate decreases within the simulations shown
here.

A relevant issue to consider are potentially anomalous
thermal effects within the nanobridges. In Fig. 4, we show
Fig. 4. Snapshots of the kinetic energy for the 3.26 nm wire at a strain rate
nanowire configuration and atoms are colored according to values of potentia
snapshots of the kinetic energy within the elongating nano-
bridge for the 3.26 nm wire loaded at a strain rate of
3 · 109 s�1. We show kinetic energy per atom instead of
temperature per atom due to inherent difficulties in defining
temperature as a per atom quantity. This strain rate was
chosen as it was the highest considered in this work, and
would thus be the most likely to demonstrate any thermal
irregularities in the nanobridge.

As can be seen, the kinetic energies of the atoms within
the nanobridge are slightly higher than those outside the
necked region. This is understandable as once the necking
has begun, the atoms to the right of the neck (i.e. in
the + x-direction in Fig. 4) relax as the neck and the load-
ing end of the wire absorb the majority of the applied load-
ing. However, as shown in the potential energy snapshots
of the nanobridge structures at each time in Fig. 4, the
nanobridges form with definitive structure, and show no
signs of amorphization or melting; all instabilities result
naturally from continued tensile loading causing eventual
failure of the nanobridge. More importantly, the kinetic
energies of the atoms within the nanobridge at the lower
strain rates of 3 · 108 s�1 and 3 · 107 s�1 were not higher
than for the atoms in the bulk, indicating a lack of anom-
alous thermal effects on the nanobridge formation and
deformation.

The extensional lengths of the nanobridges prior to frac-
ture as a function of nanowire size and loading rate are
summarized in Fig. 5. The lengths of nanobridges that
are formed in the tensile deformation of h100i wires are
shown for comparison. As can be seen in Fig. 5, with the
exception of the 2.31 nm cross-section wire loaded at a
strain rate of 3 · 108 s�1, the nanobridge length increased
with decreasing loading rate for the initially h110i oriented
nanowires. Furthermore, the nanobridge length tends to
decrease with increasing wire size with the exception of
of 3 · 109 s�1. Portions of the nanobridge are shown to the right of each
l energy in eV.
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the 2.31 nm nanowire loaded at a strain rate of 3 · 107 s�1,
which indicates that large surface-stresses [5] and side sur-
face orientation [8] may play a significant role in the forma-
tion and stability of very low coordinated nanostructures
such as nanobridges.

In contrast, it is difficult to ascertain a consistent trend
in the length of nanobridges formed from initially h100i
oriented nanowires, as there appears to be no correlation
between initial wire cross-sectional area and eventual nano-
bridge length. Moreover, there also appears to be no strong
data indicating whether the nanobridge lengths tend to
increase or decrease with decreasing strain rate. While rel-
atively high strain rates across three orders of magnitude
have been considered here, the trends are consistent with
that observed experimentally, i.e. nanobridges formed from
initially h110i oriented gold nanowires are much more sta-
ble than the necked regions seen in initially h100i oriented
gold nanowires [3,4].

4. Conclusions

In summary, we have shown that the experimentally
observed [3,4] stability of nanobridges arising from the ten-
sile deformation of h110i gold nanowires can be explained
by a multishell lattice structure that forms during the
plastic deformation of the nanowires. In addition, the
multishell structures were found to have an inherent stabil-
ity that is dependent on the external loading rate applied to
the nanowires. While the length of the nanobridges can be
characterized as a function of loading rate and wire cross-
sectional area, no such conclusions can be drawn for h100i
gold nanowires, which is again in agreement with previ-
ously published experimental data [3].
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