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 Nanoscale MaterialsResearch Summary

 In this study, mechanical properties of 
cylindrical gold nanowires with diam-
eters ranging from 5 nm to 17.5 nm were 
investigated using atomistic computer 
simulations. Displacement-controlled 
tensile tests were carried out to investi-
gate the role of defects such as surface 
steps and twin boundaries commonly 
found in electrodeposited wires. The high 
surface-to-volume ratio of nanowires 
plays a critical role in the mechanical 
properties. Yield stress was found to be 
signifi cantly affected by any disturbance 
in surface morphology. Twin boundaries 
were not more favorable as a source for 
dislocation nucleation  but disturbed the 
surface in the neighborhood of the twin, 
resulting in lower yield strength. Twin 
boundaries are seen as obstacles for the 
propagation of dislocations leading to 
some hardening effects. 

INTRODUCTION 

 Microelectromechanical systems have 
been extensively studied and developed 
in recent decades. Now, as nanoelec-
tromechanical systems (NEMS) begin 
to emerge, an understanding of the role 
of geometric size restrictions in the 
structures is needed for their design and 
development. Size-mediated plasticity 
has become an important fi eld of study 
within the mechanics community. As 
characteristic dimensions of NEMS 
structures approach the size scale of 
the activated deformation mechanism 
in at least one characteristic dimension, 
physical properties can no longer be 
induced from larger sizes. In particular, 
an understanding of the mechanical 
properties of nano-scale structures such 
as metallic nanowires and nanocontacts 
is needed for the development of future 
nanoelectronic devices. 
 Nanowires are primarily formed by 
two processes. The fi rst is a top-down 
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process in which ion-beam, scanning-
probe, or electron-beam lithography is 
used to shape a nanowire from the bulk 
material. This is the most fl exible method 
with regard to wire shape. Nanowires 
formed in this manner typically are  small  
and often undergo various reorganiza-
tions once removed from the bulk in 
response to the high surface-to-volume 
ratio. High surface-to-volume ratios, and 
resulting high surface energies, have been 
shown to drive the reorientation of gold 
thin fi lms from (100) to (111) when fi lm 
thicknesses were less than eight atomic 
layers. In gold nanobridges, cut from 
(100) thin fi lms with [001] orientation 
axes  and thicknesses smaller than 2 nm, 
reconstruction occurs in hexagonal prism 
shapes with [110] axes and {111} lateral 
surfaces.1 This feature was investigated 
using atomistic simulations showing that 
gold nanowires with  similar confi gura-
tions and cross-sectional areas less than 
1.83 nm × 1.83 nm spontaneously reor-
ganized into body-centered-tetragonal 
structures.2 Sizes larger than these did 
not exhibit any transformation. 
 Experimental nanowires fabricated 
in this way are driven to minimize their 
surface energy and have been observed 
in high-resolution transmission micros-
copy to have helical or coaxially oriented 
structures when reduced below 1.5 nm 
widths.3  While the structures do not have 
optimal packing at their cores, they have 
optimal surface structures.4 
 Mechanical testing of metallic nano-
wires is limited by the unique challenges 
of nanomanipulation. Nanowires of 
short length (typically 1–5 nm) are 
easily formed between metals utiliz-
ing slow retraction of the contact point 
when scanning-tunneling microscopy or 
atomic-force microscopy is employed. 
These techniques generally result in 
single-crystal structures that demonstrate 

quantized plastic behavior and asymmet-
ric yield strengths.5 During elongation 
of  gold nanocontacts and nanobridges, 
wires transition from nanometer scales 
to the atomic scale via necking, where 
they begin to fail by ideal atomic separa-
tion.6 
 The bottom-up fabrication of nano-
wires can produce numerous nearly 
single-crystal nanowires with high aspect 
ratios (length to width) by utilizing 
electrochemical replication of cylin-
drical pores in nonconductive porous 
membranes, also known as the template 
synthetic method.7 Single-crystal gold 
wires have been found to grow epitaxially 
primarily along the [111] direction with 
fewer than 10% showing [110], [100], 
and [112] orientations.7 Primarily, these 
wires exhibit characteristic defects such 
as stacking faults, twin boundaries, and  
surface defects or surface steps. Given 
the current diffi culties with manipulating 
nanowires on the dimensional scale of a 
few to tens of nanometers, there has been 
only limited experimental mechanical 
testing of these nanostructures. 
 To this point, most simulations have 
been performed to investigate the unique, 
smallest structures created by nanocon-
tacts or top-down processing, including 
single atom chains and helical or shell-
like structures. The simulations reported 
in the literature have been mostly for 
nanowires aligned along the [100] direc-
tion with rectangular cross-sectional 
shape in order to investigate the effect of 
the higher energy {100} surfaces. Yield 
tests of [110] and [111] wires have been 
simulated at sizes smaller than 6 nm. 
These wires are generally defect free and 
always maintain simplifi ed rectangular 
or rhombohedral geometries. 
 This article addresses modeling of 
nanowires with geometries and sizes 
typical of the bottom-up or template 
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 Table I. Summary of Computed Young’s Modulus and Yield Stress for Three Cases and 
Wire Diameters Ranging from 5 nm to 10 nm 

 Single Crystal Step Defect Twin Defect

Wire Young’s Yield Young’s Yield Young’s Yield
Diameter Modulus Stress Modulus Stress Modulus Stress
(nm) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)

5  123.6  6.7  118.5  4.6  123.4  5.5 
7.5  123.7  6.4  120.4  4  121.7  5.3 
10  124.2  6.6  121  3.35  122.7  5.4 

synthetic method. Also examined is the 
role of surface defects and twin bound-
aries in fabricated gold nanowires on 
elastic properties and yield stress. See 
the sidebar for experimental methods 
and initial conditions.

TENSILE TESTS—SINGLE 
CRYSTAL 

 Starting with the equilibrium confi gu-
rations obtained from the energy minimi-
zation, the authors performed a constant 
number of atoms, constant volume, and 
constant temperature (NVT) simulation 
for uniaxial yield tests of nanowires up to 
10% strain. Tensile tests were performed 
at a simulated temperature of 2K and 
were carried out for 106 time steps for a 
total of 2 ns employing a Nose-Hoover 
thermostat. This equates to a strain rate 
of 5 × 107 s–1. Although still high when 
compared with experiments, this is well 
below the amorphization point and is 
expected to contribute slightly to higher 
yield stresses. To apply traction, an initial 
velocity fi eld (superimposed on the ther-
mal velocities) is introduced on all atoms 
varying linearly from the center to ends 
of the sample in the tensile direction to 
avoid inducing a shock wave. The virial 
stress method is employed to calculate 
stress. For a thorough treatment of the 
calculation of stress and elastic constants 
in this geometry see Reference 2. 
 Figure 1a and b shows tensile stress-
strain curves for wires of diameters 
between 5 nm and 17.5 nm, in [111] and 
[110] axial orientations, respectively. 
The Young’s modulus can be fi t from 
data using initial elastic response of the 
wire up to the yield point. This nonlin-
ear elastic fi t for the Young’s modulus 
refers to the zero strain limit of the tan-
gent modulus. In the [111] wires, the 
modulus does not change appreciably 
over the studied diameters, whereas 
wires oriented in the [110] direction 
experience an elastic softening or low-
ering of the Young’s modulus by 4.5% 

when the wire diameter changes from 5 
nm to 17.5 nm. Both orientations exhibit 
some nonlinear elasticity as predicted by 
the atomic potential when separations 
become large. For orientation [111], 
the Young’s modulus is calculated to be 
slightly above the predicted continuum 
theory of 116.2 GPa at all sizes stud-
ied. Nanowires oriented [110] initially 

are above the theoretical value of 80.9 
GPa but drop slightly below this value 
as thickness increases above 12.5 nm. 
 Yielding occurs concurrently with a 
signifi cant drop in stress in all cases under 
displacement-controlled loading. Figure 
1c shows the tensile yield stress for both 
orientations as a function of wire thick-
ness. For both cases, tensile yield stress 
decreases as wire diameter increases. 
For the smaller-diameter nanowires, the 
intrinsic compressive stress placed on the 
wire’s core by the tensile surface stress 
must be overcome by the applied force 
leading to increased yield strength. 
 Both orientations tested reveal that 
yield occurs through the sudden nucle-
ation and propagation of multiple leading 
partial <112> dislocations on the {111} 

b

Figure 1. (a and b) The 
tensile stress responses 
for [111] and [110] axially 
oriented wires (as seen in 
Figure Aa and Ab, respec-
tively) with representative 
radii from 5 nm to 17.5 nm. 
(c) Tensile yield stress as 
a function of diameter for 
all examined sizes. Both 
orientations show a drop 
in tensile yield stress with 
increasing diameter. 
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METHODS AND INITIAL CONDITIONS 
 All molecular dynamic (MD) simulations in this study were performed using the paral-
lelized code LAMMPS8 with potentials of the embedded-atom method (EAM). Molecu-
lar dynamics can be seen as a simulation of a system that evolves over a period of time 
where its particles (atoms) move along their physical trajectories as determined by the 
equations of motion. Temperature is then accounted for by scaling the velocities of the 
atoms as prescribed by statistical mechanics. In the EAM framework, the total energy of 
the system is composed of two terms. The fi rst term describes a pair potential represent-
ing the attractive and repulsive electrostatic interaction between two atoms (i.e., a Morse 
potential). The second embedding energy term is based on the Hohenber-Kohn theorem, 
which states that the energy contribution of an atom on its surrounding neighbors is a 
function of the local electron density due to all the surrounding atoms. This approach be-
comes particularly important when defects such as vacancy clusters, free surfaces, grain 
boundaries, or dislocation cores are introduced in the material. The EAM potential for 
this study was determined empirically by fi tting to the sublimation energy, equilibrium 
lattice constant, elastic constants, and vacancy formation energy for pure bulk gold.9 Mo-
lecular statics algorithms were also employed within the same EAM framework to fi nd 
zero temperature minimum energy confi gurations. 
 Nanowires were initially created by placing atoms in positions representative of the 
bulk confi guration in a cubic block with prescribed crystallographic orientations. Cy-
lindrical wires were then cut from these blocks such that the initial length was set to be 
at least three times the diameter. Single-crystal samples were created from 5 nm to 17.5 
nm in diameter for both [111] and [110] axial orientations. Periodicity is maintained in 
the direction of the wire axis at all times in order to avoid end effects while the radial 
directions were left to be free surfaces. Molecular statics energy minimization was then 
employed to fi nd the equilibrium confi guration for all wire sizes and orientations. 
 Figure Aa shows [110] and [111] axially oriented virtual samples after relaxation. Ten-
sile surface stresses cause the wire to contract along its length with respect to the bulk. 
Compressive stresses in the wire core balance the tensile surface stresses when the wire 
is in equilibrium.2 Figure Ab shows a plot of equilibrium axial strain versus diameter 
for both orientations of wire sizes 5–17.5 nm. Wires oriented [110] show the greatest 
amount of strain with a 5 nm wire achieving equilibrium at nearly 1% axial compression 
while [111] oriented wires of the same diameter achieve approximately half the value 
for the same size. Both orientations begin to have very little “intrinsic” uniaxial strain 
as sizes approach 20 nm. The equilibrium structure was tested for assurance that a local 
minimum was found by the energy minimization scheme, by annealing the nanowires us-
ing MD. Temperature was gradually raised from 2K to 600K in 400 ps, held for another 
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stacking fault coordination have been 
exaggerated such that the defects may 
be more easily visualized. A few stack-
ing faults soon disappear as the trailing 
partials are emitted on the same slip 
plane and create a perfect {111}<110> 
translation. This is due to the interaction 
of the partials within the wire, and is not 
generally favored owing to the fact that 
the uniaxial Schmidt factor is smaller for 
the trailing partial at this orientation. 
 Most importantly, the sudden and 
dramatic drop in yield stress has occurred 
through nucleation of multiple defects 
along the length of the wire in an ava-
lanche-like effect. Initially all surfaces 
are completely symmetric and otherwise 
perfect. In the presence of high strain rate 
and low temperature, the stress is evenly 
distributed over the length of the wire, 
causing many points to satisfy disloca-
tion emission criterion simultaneously. 
In subsequent plastic events, these same 
partials are nucleated from points along 
the surface that have been defected during 
the initial yield of the wire. These are then 
nucleated in a more sequential fashion as 
local stresses become high enough and 
the avalanche-like nucleation of multiple 
dislocations does not occur again. This 
is evident in the plastic fl ow seen in the 
stress-strain curve after the initial load 
drop. The fi rst large drop in load-carrying 
capacity in the [110] wire occurs in the 
rapid emission of leading {111}<112> 
partial dislocations. Initially there are two 
partials emitted from the surface which 
rapidly travel to the opposite side. One of 
these partials, upon reaching the opposite 
surface, triggers the release of a third 
{111}<112> partial from the defected 
surface. One trailing partial is seen to be 
emitted, but once again it is not without 
the interaction of another defect, in this 
case a stacking fault. Figure 2b shows 
a snapshot of a [110] gold nanowire at 
8% strain after the initial stress drop has 
occurred. From this fi gure the primary 
mechanism of plasticity for [110] wires 
is clearly illustrated. Leading partials are 
consistently emitted on adjacent {111} 
planes, causing necking and the creation 
of twin boundaries. 
 These results demonstrate the impor-
tant competing role the surfaces play at 
smaller diameters. Generally, the free 
surfaces act as favorable nucleation sites 
for dislocations resulting in lower tensile 
yield strength. At the smaller diameters, 

Figure A. (a) 5 nm single-crystal cylindrical 
nanowires showing axial orientations along 
the [110] and [111] directions. (b) Equilibrium 
strain as a function of diameter. This strain is 
induced by the tensile surface stress leading 
to contraction along the wire axis. 

b

a

400 ps, and then linearly 
lowered back down to 
2K in 400 ps. The time 
constant for integration 
of the equations of mo-
tion was 2 × 10–15 s for 
all simulations in this 
study. No change in 
structure was observed 
between nanowires be-
fore and after the an-
nealing process. 

planes originating from the surfaces. 
Figure 2a shows a snapshot of a [111] 
wire just after the initial release of the 
leading {111}<112> partial dislocations 
(~6% strain) through the visualiza-

tion of stacking faults. This analysis 
employs the use of the centrosymmetry 
parameter which is a measure of the 
departure from pure elastic distortions 
in a symmetric lattice.10 Atoms with 
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surface stresses induce a high level of 
compression in the interior of the wire 
leading to increased resistance to dislo-
cation nucleation. 

SURFACE DEFECTS—
A SIMPLE STEP MODEL 

 Although very near to single crystal 
in structure, real nanowires fabricated 
via deposition techniques are never truly 
defect free owing in part to the fact that 
the surface of the pores of the template are 
never atomically fl at. To understand the 
role of surface defects, virtual nanowires 
have been created with a step character. 
For this, the axial orientation [111] 
was chosen and a simple translation of 
magnitude and direction <110> along 
the (111) plane aligned perpendicular 
to the wire axis was applied (Figure 3a). 
This was done such that the translation 
is equivalent to a perfect dislocation 
of the face-centered cubic lattice and 
therefore does not introduce a stacking 
fault. Energy minimization was then 
implemented to allow the defects to 
equilibrate to their lowest energy con-
fi guration. Molecular dynamics was also 
used in the annealing scheme previously 
discussed and no change in structure was 
seen when compared with the results of 
the molecular static relaxation. 
 Tensile tests up to 10% strain were 
performed under the same boundary 
conditions and strain rate implemented 
for defect-free single-crystal wires. 
Tensile stress-strain curves were gener-
ated for sizes between 5 nm and 10 nm. 
First, a comparison with perfect wires 
was made to check the infl uence on 
Young’s modulus of the step defect. The 

5 nm diameter nanowires experienced a 
4% decrease in modulus, whereas in the 
10 nm thickness the effect was smaller 
with only a 2.5% decrease. 
 Figure 3b shows representative tensile 
stress-strain curves of the 5 nm wires with 
and without the presence of a surface 
step. At 5 nm thickness, the tensile yield 
stress shows a signifi cant decrease of 
approximately 30% with the step defect. 
The effect of the step as the diameter of 
the wire increases also increases. At 7.5 
nm, the decrease is 38% and at 10 nm 
the effect is more pronounced, showing 
a 50% decrease in yield stress. This is 
indicative of the diminishing effect of 
the tensile stress state of the surfaces. 
Inspection of the responsible deforma-

tion mechanisms fi nds that the nanowires 
with the translational step also yield 
by the nucleation and propagation of 
{111}<112> type partial dislocations. In 
this case, however, there is not the large 
number of dislocations nucleated along 
the surfaces of the wires as seen in the 
perfect wires. The steps, being of higher 
energy and stress, become the sites for 
dislocation nucleation. For the periodic 
lengths tested, two partial {111}<112> 
type dislocations are emitted, one from 
the step in the middle of the sample and 
one from the corresponding step created 
from the periodic image. 

TWIN BOUNDARIES 

 Twin boundaries are the most frequent 
structural defect other than general 
surface roughness or other surface 
defects. In deposited gold nanowires 
of [111] orientation, twin boundaries 
appearing perpendicular to the growth 
axis, of the type ( )[ ]111 112 , are defects 
primarily observed in-situ by transmis-
sion electron microscopy (TEM). No 
twinning or stacking faults have been 
observed in nanowires grown along 
the [110] orientation.7 Virtual samples 
were created with identical dimensions 
used previously for the study of perfect 
wires with one primary ( )[ ]111 112 twin 
located at the center of the wire. As in 
the case of the surface step, periodicity 
causes another twin boundary to exist at 
the ends of the wire. This results in the 

Figure 2. (a) 5 nm single-
crystal nanowires oriented in 
the [111] direction just after 
initial yield. All atoms are 
plotted with stacking faults 
exaggerated for visualization of 
nucleated partials {111}<112>. 
Partials are nucleated from free 
surfaces. (b) A 5 nm single-
crystal nanowire oriented in the 
[110] direction. Leading partials 
{111}<112> are nucleated 
on adjacent planes creating 
twin boundaries and causing 
necking of the wire. Wire 
snapshot taken immediately 
after initial yield. 
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Figure 3. (a) A simulated 
gold nanowire with ½[110] 
surface step. (b) Tensile 
stress versus strain for a 
5 nm nanowire with and 
without the presence of a 
surface step. The surface 
step lowers the tensile yield 
strength by 38%. 
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bamboo-like crystalline structure that has 
been reported to be controlled by careful 
manipulation of the electrodeposition 
parameters.7 
 Uniaxial tensile tests were performed 
using the same parameters previously 
discussed. Performing the nonlinear elas-
tic fi t to the stress-strain response up to 
the onset of yield revealed no signifi cant 
change in Young’s modulus for all sizes 
tested as compared with wires without 
the twin defect. Tensile yield strength, 
however, was affected by the presence 
of the twin boundary. The stress required 
for the nucleation of the dislocations was  
18–22% less than that of the perfect wire 
with corresponding diameter; the smaller 
diameters were slightly more affected. 
 The twin boundaries themselves were 
not sources for the nucleation of the dis-
locations, but rather the surface disturbed 
near the boundary. Figure 4 helps give 
a closer view of what the surface and 
boundary look like. Boundary atoms or 
the mirror plane of the twin boundary 
have been exaggerated for easy recogni-
tion. The atoms near the boundary that 
are also exaggerated are the fi rst atoms to 
begin to have non-zero centrosymmetry 
during the tensile test and do so before 
any nucleation event occurs. This is due 
to the fact that the atoms are in a state 
of high tensile stress resulting from the 
{111} faceting observed in this orienta-
tion.7 This role of the {111} facets is 
characteristic of all the nucleation events 
in [111] nanowires; however, the pres-
ence of the twin has slightly changed the 
local stress state causing heterogeneous 
nucleation rather than the eventual 

nucleation from thermal fl uctuations. 
The six-fold symmetry of the orientation 
causes the faceting; however, only three 
of the six facets appearing are sites for 
nucleation owing to the orientation of 
the twin. This can be seen by the slightly 
different local environment of the facet 
located at the top of Figure 4 as compared 
with the bottom facet, which is almost 
homogeneous with the other facets in 
the region of the twin. 
 At higher levels of strain, the twin 
boundaries begin to emit embryonic 
dislocation loops. However, these dis-
locations are never seen to be emitted 
as the surfaces emit fi rst, relieving the 
associated stress. The twin boundaries 
appear to be very effective obstacles 
against the propagation of the disloca-
tions and dislocations begin to pile up at 
the boundaries. This does lead to some 
observed hardening, suggesting that 
twins may not be unfavorable, especially 
in the presence of surface roughness. 

CONCLUSIONS 

 Defects occurring in bottom-up fab-
ricated gold nanowires, namely surface 
steps and twin boundaries, signifi cantly 
affect mechanical behavior. In perfect 
nanowires, the nucleation process relies 
on thermal activation of dislocations 
and when the temperature is low results 
in massive nucleation events along the 
length of the wire and a large drop in 
load-carrying capacity. In the presence of 
the twin boundary, the surface provides 
a number of heterogeneous structural 
differences to allow the nucleation of 
a lower number of dislocations more 

easily. Likewise, the presence of surface 
steps lowers the initial yield strength 
by as much as 50%. The perfect wire 
where all nucleation sites are equal has 
a very uniform stress distribution before 
low-temperature oscillations nucleate 
many sites at once. With a twin bound-
ary present, there are only six favorable 
sites, each identical in source strength. 
The step case has two sources for each 
sample, and these sources are even 
stronger. Each defect allows for the local 
stress to exceed the nucleation criterion 
earlier. However, fewer sites lower the 
yield point by local stress contributions. 
For a summary of the effect these defects 
have on yield stress and elastic properties 
see Table I.
 The insight gained in this work 
concerning nanowire strength and 
deformation mechanisms is particularly 
useful to the design and testing of the 
nanostructures using the MEMS-based 
in-situ TEM system recently developed 
by the authors.11,12 
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Figure 4. A twin boundary pres-
ent in center of a [111] oriented 
nanowire. Lighter-colored 
atoms are of higher energy. 
Dislocations are nucleated 
from surfaces defected by twin 
boundary (top).
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