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Molecular dynamics simulations of stretched gold nanowires:
The relative utility of different semiempirical potentials
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The mechanical elongation of a finite gold nanowire has been studied by molecular dynamics
simulations using different semiempirical potentials for transition metals. These potentials have
been widely used to study the mechanical properties of finite metal clusters. Combining with density
functional theory calculations along several atomic-configuration trajectories predicted by different
semiempirical potentials, the authors conclude that the second-moment approximation of the
tight-binding scheme (TB-SMA) potential is the most suitable one to describe the energetics of finite
Au clusters. They find that for the selected geometries of Au wires studied in this work, the ductile
elongation of Au nanowires along the [001] direction predicted by the TB-SMA potential is largely
independent of temperature in the range of 0.01-298 K. The elongation leads to the formation of
monatomic chains, as has been observed experimentally. The calculated force-versus-elongation
curve is remarkably consistent with available experimental results. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2717162]

I. INTRODUCTION

The molecular break-junction technique is a method for
preparing configurations of metallic electrodes linked
through a single molecule. In particular, organic molecules
bonded between two gold electrodes have emerged as proto-
typical metal-molecule-metal configurations in molecular
electronic devices, and their current-voltage (I-V) character-
istics have attracted considerable interest in both
experimentsk3 and theories.*™ In addition to the relevance
of the break-junction technique for the study of molecular
electronic devices, pulling a notched gold wire apart is in
itself an interesting physical process. For this reason, the
formation of Au nanowires has been studied extensively with
a number of experimental techniques, such as scanning tun-
neling microscopy (STM),”"! atomic force microscopy,lz’13
mechanically controllable break junction,M’15 and in situ
high resolution transmission electron microscopy.“’lﬁ_18 On
the theoretical side, simulations have provided atomic-scale
details of the chain formation, particularly on the final stages
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before the gold chains break apart.”’lg*21 The elongation

process has been modeled using molecular dynamics (MD)
simulations with either empirical potentials [for example, us-
ing the glue model,” the effective medium theory
potential,21 Sutton-Chen potential,23 and the embedded-atom
method (EAM) potentia124] that aim to take into account
many-body effects, or using potentials which are calibrated
to reproduce features of the band structure through the sec-
ond moment of density of state [for example, the second-
moment approximation of the tight-binding scheme® (TB-
SMA) and Finnis-Sinclair potentia126’27]. Approaches that
include the electronic structure explicitly are also available
through first-principles quantum mechanical
calculations.'***>" Whereas such techniques can provide
parameter-free results, they are inherently limited to systems
of small size and to a small number of configurations, usu-
ally those corresponding to the final stages before breakup or
the selected parts of the Au tip-neck-tip system.zg’30 Semi-
empirical potentials have lesser accuracy but can handle very
large systems with relatively low computational cost. How-
ever, semiempirical potentials are usually constructed for and
tested on bulk systems, where all atoms have full or near-full
coordination. In some cases, the potentials are optimized to
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handle surfaces. Thus, potentials calibrated using bulk and
infinite-surface properties may or may not work well for the
very low-coordinated atomic chains. A comparison using the
same protocol for different approaches would be valuable. In
this respect, first-principles methods are ideal for evaluating
the semiempirical potentials, with the aim of establishing an
optimal simulation approach for nanostructures with large
numbers of low-coordination atoms.

In this paper, we combine MD simulations with density
functional theory (DFT) calculations to evaluate the quality
of typical empirical or semiempirical potentials widely used
in the MD simulation community. The test system is a finite
gold cluster under elongation along [001] direction. Three
different force fields, the glue model,32 the EAM,33 and the
TB—SMA,25 have been used in MD simulations. We found
that the TB-SMA potential is the most suitable one to de-
scribe the elongation properties of gold nanowire. Using this
approach, we further investigate the temperature effect on
the elongation property of gold nanowires for the selected
systems. We find that for (001) Au nanowire, the elongation
ductility is independent of temperature in the range of
0.01-298 K, which may be due to the specific geometries
studied here. This result is in contrast to results of prior
simulations based on empirical or semiempirical potentials,34
but no experimental evidence is available for comparison,
leaving an open question for future studies. Our calculations
further illustrate that the TB-SMA potential can correctly
predict the breaking force (1.5 nN) of the monatomic chains
in the final stage of breakup, as observed in experimental
measurement.>’

Il. SIMULATION METHOD

We focus on three semiempirical force fields: the glue
model potential proposed by Ercolessi et al.,”* the EAM
(Refs. 33 and 35) originally developed by Daw and Baskes,*®
and the TB-SMA developed by Cleri and Rosato.” Though
all of these three potentials include many-body -effects,
which are very important for the metallic bonding in transi-
tion metal systems, their derivations are quite different. The
glue model is a purely empirical potential whose parameters
are fitted to important thermal and surface properties of the
system of interest.”> The EAM potential is a semiempirical
potential that allows for electron density variations depend-
ing on the local bonding environment. The TB-SMA poten-
tial has been derived based on a different scheme that in-
cludes the long-range band-structure effects.”

We have performed MD simulations for the elongation
of Au nanowires along the [001] direction at two typical
temperatures, 0.01 and 298 K. Two system sizes have been
considered. For the small system, the Au nanowire contains
16 layers of gold with a total of 256 atoms [see Fig. 1(a)].
Before pulling, the system is allowed to relax for 120 ps. For
the large system, the Au nanowire has 32 layers of gold
containing 3254 atoms [see Fig. 2(a)]. The notched wire in
this case is to aid the breakup at the central part of the wire.
In both systems, the last two layers at each end are kept rigid,
and all the other atoms are dynamic. Elongation is conducted
by pulling the top rigid layers along the z direction (i.e., the
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FIG. 1. Representative snapshots for the elongation process of small Au
(001) system at 0.01 K: (a) initial unrelaxed bulk structure; (b) DFT relaxed
configurations prior to pulling, the intermediate stage (1590 ps), and the
final break junction (2390 ps) along TB-SMA trajectory; (c) the TB-SMA
configurations prior to pulling, the intermediate stage (1590 ps), and the
final break junction (2390 ps); (d) the glue model configurations prior to
pulling, the intermediate stage (1590 ps), and the break junction (2208 ps);
and (e) the EAM configurations prior to pulling, the intermediate stage
(1590 ps), and the final break junction (3570 ps).

[001] direction) with an increment of 0.1 A, while keeping
the other end fixed. For every 0.1 A increment, the whole
system is allowed to be fully relaxed for 5000 time steps
with a time step of 2 fs. We carefully examined the relax-
ation process of 256 Au wire at 0.01 K and concluded that
this relaxation time is sufficient to relax any energy bumps
due to the sudden 0.1 A jumps of the top rigid layers. The
equations of motion are integrated via the velocity Verlet
algorithm and the temperature is controlled by Nosé-Hoover
thermostat.’

The DFT calculations for the 256-atom small Au nano-

(a) (b) (©)

FIG. 2. The atomic configurations of the large Au (001) nanowire: (a) the
initial configuration, (b) the break-junction structure at 0.01 K, and (c) the
break-junction structure at 298 K.
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TABLE I. The energy drops AE (kcal/mol) from the DFT energy calculation
and the other three force field predictions. (AE=E = Erelaxea)

DFT TB-SMA Glue EAM

AE 185.93 186.91 1369.28 705.44

wire use a local-density approximation (LDA) exchange-
correlation functional,*’ ultrasoft pseudopotentials,“ and a
plane-wave basis as implemented in the VASP code.” We use
I" point sampling and an energy cutoff of 180 eV. Tests using
an energy cutoff of 240 eV resulted in insignificant changes
in the results quoted here. LDA functional is known to de-
scribe accurately43’44 both bulk and surface properties of Au.

Ill. RESULTS AND DISCUSSION
A. Static structure relaxation

We first study the static structure relaxation of a 256-
atom gold cluster from an initially unrelaxed configuration,
corresponding to the bulk crystal, as shown in Fig. 1(a). The
“energy drops,” defined as the energy differences between
the relaxed and unrelaxed configurations at 7=0.01 K, are
summarized in Table I. We see that the TB-SMA energy drop
has almost the same value as that given by the DFT calcula-
tion. In comparison, both the glue model and the EAM po-
tential yield energy drops that are noticeably larger. In par-
ticular, the energy drop given by the glue model is almost
eight times of the DFT result. This over-relaxation by the
glue and EAM potentials can be also seen clearly in Figs.
1(d) and 1(e), respectively, the relaxed configurations prior to
pulling. In contrast, Figs. 1(b) and 1(c) show that both the
DFT and the TB-SMA potentials give almost the same re-
laxed atomic configurations.

B. Dynamic elongation behavior

We now explore the elongation behavior of the small
gold nanowire. The three semiempirical potentials generate
three different elongation-energy paths. Along these three
different atomic-configuration trajectories, DFT total energy
calculations are performed. The relative elongation-energy
differences between the DFT results and the corresponding
results predicted by the different potentials are shown in Fig.
3(a). In this figure, the total energies of the initial unrelaxed
configuration (the bulk crystal, E., given either by the
DFT or semiempirical potentials are taken as the initial ref-
erence points. Evidently, the minimum elongation-energy
difference curve between the MD and the DFT calculations
corresponds to that given by the TB-SMA potential. Figure
3(b) enlarges a part of Fig. 3(a) to clearly show the energy
differences between the TB-SMA and the DFT results with
different energy cutoff. The relative elongation-energy differ-
ences between the DFT and the other two MD simulation
results given by the glue and EAM, as clearly shown in the
figure, are dramatic. This is particularly true for the glue
model.

The initial, intermediate, and final break-junction atomic
configurations given by the three semiempirical potentials
are shown in Figs. 1(c)-1(e). The total elongations at T
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FIG. 3. (a) The relative elongation-energy differences between the results
given by the semiempirical potentials and by the DFT calculations for small
Au (001) system at 0.01 K. This relative elongation-energy difference is
defined as AE:[E(I)_Ecryslal]classic_[E(t)_Ecryslal]DFT~ (b) The enlarged dia-
gram for the results along the TB-SMA trajectory. Along the TB-SMA tra-
jectory, the complete DFT energy relaxation calculation (energy cutoff
=180 eV) gives a relatively lower energy difference (solid line), as com-
pared with the total DFT energy calculation with an even higher energy
cutoff of 240 eV (dotted line). (DFT energy calculation with an energy
cutoff of 180 eV yields almost the same result as that of 240 eV cutoff, thus
demonstrating the convergence of the DFT results relative to the energy
cutoff of the basis set.)

=0.01 K before breakup are 24.9, 22.0, and 35.7 A, respec-
tively, for the TB-SMA, the glue model, and the EAM po-
tentials. Obviously, the EAM gives a much longer ductile
elongation.

The comparably small energy differences between the
DFT and the TB-SMA results suggest that the TB-SMA po-
tential favors the formation of low energy break-junction
structures, whereas the glue model and the EAM potential
yield relatively higher energy structures. This indicates that
the glue and the EAM models are not suitable for low-
coordinated systems such as Au ultrathin chains, though all
the three semiempirical potentials are calibrated to the bulk
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properties. The formation of monatomic chain structures
found by the TB-SMA simulations, which is inherently a
quantum phenomenon, has been observed in several experi-
mental studies.''”"'® The ability of the TB-SMA potential to
simulate the experimentally observed monatomic chain
structure is probably due to the fact that it has been con-
structed based on the underlying electronic band structure
and relatively longer range cutoff,” which is likely to be an
essential feature in describing the dynamical formation of
thin wires, particularly in the last stage of the formation of
monatomic chains.

Our further investigations on the mechanical elongation
of gold nanowires using the TB-SMA potential revealed
other interesting phenomena. One of the fundamental ques-
tion concerns the thermal effect on the elongation property.
For this reason, we have performed four sets of MD runs that
include small (256 Au atoms) and large (3254 Au atoms)
systems at low (0.01 K) and room temperature (298 K).
Each set contains 30 independent MD runs starting from
different initial equilibrium configurations. For the small sys-
tem (256 Au atoms) at 298 K, we find that in most cases,
only one or two Au monatomic chains are formed [see Fig.
4(a)]. Interestingly, the average elongation at the breakup
point is 18.64+4.2 A, which is insignificant when compared
with the elongation at 7=0.01 K, i.e., 18.82+2.1 A. For the
large system with a notched shape, monatomic chains at 7'
=0.01 and 298 K are observed, as shown in Figs. 2(b) and
2(c), respectively. The independent MD runs (30 MD runs
for each temperature) show that the average elongations at
0.01 and 298 K are 16.5+2.4 and 16.7+2.7 A, respectively.
The lesser elongation at breakup for the large system, com-
pared with the small system, is probably due to the notched
shape of the gold wires that aids the early breakup and may
also attribute to the smaller probability of the monatomic
chains formed in the statistical study. We postulate that the
similarity in elongations for the same size nanowire between
the results at 0.01 and 298 K is primarily due to the fact that
at 298 K Au nanowire is well below its melting point (e.g.,
for a 256-atom Au nanowire, our preliminary simulations
suggest that the melting point is ~550 K.* while for a 3254-
atom Au nanowire, the melting point would be considerably
higher), and the failure modes at the two temperatures are
essentially the same, i.e., the final elongation largely depends
on the local fracture strain. It may also be due to the specific
constrained geometries of gold nanowires studied in this
work, in which the thermal oscillation along the elongation
direction is hindered by the fixed boundaries. Further inves-
tigations are needed to explore more general cases including
the length effect and thermal vibrations*® on the elongation
property of gold nanowires.

The TB-SMA prediction on the temperature indepen-
dence of elongation of Au (001) nanowire contrasts to the
result reported in other MD studies for Cu (001) nanowires
using the EAM potential that found a temperature
dependence.34 We found the similar temperature dependence
of Au (001) nanowire when using the EAM for small Au
nanowire, as shown in our present study in Fig. 4, in which
the EAM potential predicts a much longer Au thick neck
before breakup. As shown in Figs. 4(b) and 4(c), both the
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(@) (b) (c)

FIG. 4. The snapshots of the break-junction structures for small Au (001)
system at 298 K given by the three force fields: (a) the TB-SMA result
(2300 ps), (b) the glue model result (7080 ps), and (c) the EAM result
(10320 ps).

glue and EAM potentials generate much longer and thicker
chains at 298 K. The big differences with the TB-SMA re-
sults are not surprising in view of the earlier comparisons. As
far as we know, the effect of temperature on the mechanical
behavior of gold nanowire has not been reported in experi-
ments.

It should be noted that there are limits on the range of
validity of TB-SMA. For example, TB-SMA does not predict
planar structures for very small gold clusters*”*® in which the
coordination numbers of all the Au atoms are extremely
small. For the system sizes of this work, however, the valid-
ity of TB-SMA potential in the generations of monatomic
gold chains is confirmed through the comparison with the
higher-level DFT method.

Finally, we demonstrate that the TB-SMA potential can
properly predict the force needed to break a gold monatomic
chain. The definition of tensile force is in line with the work
of Rubio-Bollinger et al®® and is calculated based on the
total forces exerted on the top two rigid layers of gold atoms.
Figure 5 shows the sawtooth variation of the tensile force
applied along the monatomic chain direction versus the elon-
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FIG. 5. The variations of the tensile force as a function of the elongation
length predicted by the TB-SMA potential, starting at the formation of mon-
atomic chains. The atomic system corresponds to the large Au (001) system
at 0.01 K (Fig. 2). The numbers (1) to (5) represent the occurrence of one to
five gold atoms in monatomic chains.

gation length for the large Au system [see configuration in
Fig. 2(a)]. In the stages with a linearly growing tensile force
the nanowire is elastically stretched with accumulation of
elastic energy, while at the force jumps, abrupt atomic rear-
rangement occurs and the accumulated strain energy is re-
leased. Some of the force jumps correspond to the incorpo-
ration of an extra gold atom into the bridging atomic chain
while other jumps originate from atomic rearrangements oc-
curring in the region close to the chain. The tensile force is
recorded after each relaxation is completed. The numbers (1)
to (5) in Fig. 5 mark the occurrence of one to five monatomic
atoms in the break junction. We find that the incorporation of
new atoms in the break junction corresponds to the large
jumps of tensile force in our simulation. Just before the
breakup, the calculated tensile force is around 1.5 nN, as
shown in Fig. 5, which is in good agreement with the STM
experimental result (1.5+0.3 nN).>°

IV. CONCLUSIONS

We have performed MD simulations combined with
DFT energy calculations to investigate the mechanical elon-
gation behavior of finite gold nanowires. The DFT energy
calculations verify that among the three typical semiempir-
ical potentials (i.e., the glue model, the EAM, and the TB-
SMA potentials), the TB-SMA potential is the most suitable
force field to describe the structural and mechanical proper-
ties of gold nanowires during elongation. Using the TB-SMA
potential, we find that the elongation of gold nanowires leads
to the formation of monatomic chains, as observed by many
experiments. The less ductility predicted by TB-SMA at el-
evated temperature is in contrast to the predictions by the
glue and EAM potentials. Currently, the dynamic elongations
of Au nanowires with different sizes, along different crystal
orientations, and immersed in different organic solvents us-
ing the TB-SMA potential are under extensive investigations.
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