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ABSTRACT Metallic nanowires (NWs) have been the object of
intense theoretical and experimental investigations in the last
years. In this work we present and review a new methodol-
ogy we developed to study NW formation from mechanical
stretching. This methodology is based on tight-binding molecu-
lar dynamics techniques using second-moment approximations.
This methodology had been proven to be very effective in the
study of NWs, reliably reproducing the main experimentally
observed structural features. We have also investigated the prob-
lem of determining from what regions the atoms composing the
linear atomic chains come. Our results show that ∼ 90% of these
atoms come from outmost external layers.

PACS 66.30.Pa; 68.65.-k; 68.03.Hj

1 Introduction

In the last years a considerable effort has been de-
voted to understand the electronic and transport properties,
as well as structural dynamics aspects, of metallic nanowires
(NWs) and linear atomic suspended chains (LACs) [1–8].
The interest in these systems can be explained in part due
to the observation of new phenomena at nanoscale (spin fil-
ters, quantized conductance [9, 10], etc.), and also to the new
potential technological applications (molecular electronics,
nanobiotechnology, nanocontacts, etc.).

Many theoretical studies have been carried out to in-
vestigate the electronic and structural behavior of metallic
nanowires using different approaches: atomistic [2, 11–13],
continuous [14, 15], or mixed model simulations applying em-
pirical potentials [16–18], or even first-principles quantum-
mechanical calculations [19–22]. Despite the amount of the-
oretical work carried out on these systems and the consequent
and important gained knowledge, some fundamental aspects
of the mechanism of formation and structural stability of NWs
and LACs remain unclear, and there is a need for further
studies. Among the limitations of some present theoretical
methodologies, we can mention high computational cost,
unrealistic pulling velocity, artificial periodic boundary con-
ditions, and difficulties in incorporating the experimentally
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observed fact that different crystallographic orientations pro-
duce distinct results [8, 23]. Moreover, no systematic analysis
for different crystallographic orientations has been carried out
for these systems that takes into account the statistical aspects
of the experimental conditions (sample-temperature fluctua-
tions, grain size, boundaries, morphology, etc.).

In this work, we report theoretical studies of the elongation
of gold NWs; mechanisms leading to the formation of LACs;
the importance of contamination on experimental observa-
tions; and using the calculations to address the NW dynamic
evolution.

2 Methodology

In order to theoretically address the complex prob-
lem of NW formation, a realistic description that could incor-
porate the main experimental features, such as the different
crystallographic orientations, is needed. In principle, struc-
tures with hundreds or thousands of atoms are necessary,
which impose limitations on the methodologies to be used.
The use of sophisticated ab initio methods is not possible but
feasible with the use of simpler methods. Especially when we
are mainly concerned with aspects such as structural features,
the use of quantum methods is not mandatory and there are
several non-quantum methods available that can handle very
large systems.

2.1 Parameter space

In that sense we have developed a new computer
code to address NW formation. It is based on tight-binding
molecular dynamics (TB-MD) [24] techniques using second-
moment approximations (SMA) [25] with a small set of ad-
justable parameters. This approximation is based on the well-
known fact that cohesive properties of transition metals and
their alloys are mainly dominated by the large d-band density
of states (DOS). Besides that, structural quantities and metal
thermodynamics are insensitive to the DOS details [26]; these
magnitudes are dominated by the electronic bandwidth, as-
sociated with the second moment, and by the DOS average
value, associated with the first moment. In this methodology
the electronic structure arrangement near each atom is associ-
ated with the lattice topology. Thus, it is natural to describe the
DOS in terms of moments, since moments are derived from
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calculating products of matrix elements of the electron Hamil-
tonian along Brillouin-zone directions.

The cohesive energy Ec of the system can be obtained by

Ec =
∑

i

⎡

⎣
∑

j

Aαβe
−pαβ

(
rij /rαβ

0 −1
)

−
⎡

⎣
∑

j

B2
αβe

−2qαβ

(
rij /rαβ

0 −1
)
⎤

⎦
1/2

⎤
⎥⎦ , (1)

where:
– rαβ

0 represents the first-neighbor distance in a perfect crys-
talline αβ lattice (α = β for pure metals and α �= β for
alloys);

– rij =| rj − ri | is the distance between atoms i and j;
– Aαβ represents the atom–atom repulsion;
– pαβ describes this repulsion dependence on the relative

interatomic distance and is related to the system compress-
ibility;

– Bαβ represents an effective hopping integral;
– qαβ describes the dependence of the effective hopping in-

tegral on the relative interatomic distance.
The first contribution in Eq. (1) is associated with Born–

Mayer repulsion type interaction; the second term (band con-
tribution) ensures the system stability and is an attractive
interaction with quantum-mechanical origin and many-body
summations.

The parameters Aαβ, Bαβ, pαβ, and qαβ can be obtained
through a symplectic algorithm using experimental values for
cohesive energy, lattice parameters (used to obtain rαβ

0 ), and
independent elastic constants for pure and alloy systems. The
summation over j in Eq. (1) is crucial and depends on the
kind of structure we are interested in; in general [24] up to
fifth neighbors is enough to obtain a good description of cubic
structures.

The symplectic algorithm makes use of the force equilib-
rium condition:

Fj =
∑

i �= j

Fij = −
∑

i �= j

∇i Ec = 0 , (2)

and the elastic constants at equilibrium are given by a theor-
etical development similar to that used in Ref. [27]. Indeed,
we have a four-dimensional space in which to vary the pa-
rameters Aαβ, Bαβ, pαβ, and qαβ, in the sense that the equi-
librium condition and the three independent elastic constants
C11, C12, and C44 (Voigt notation for cubic crystals) are sat-
isfied. This algorithm searches for a better set of parameters
until the rms (root mean square) errors between the theoretical
and experimental values for cohesive energy, lattice parame-
ter, and elastic constants are less than 10−3 for each one of
these properties.

As a test case we compared the parameters obtained
with the use of this symplectic algorithm and those used in
Refs. [24, 28] for bulk gold (Au). The experimental values for
these parameters and the experimental conditions where they
were obtained were taken from Refs. [29, 30].

The parameter sets are very similar with errors within
0.1 meV for Aαβ and Bαβ, and 10−3 for pαβ and qαβ. Our

parameters are AAu−Au = 0.2061 eV, BAu−Au = 1.790 eV,
pAu−Au = 10.229, and qAu−Au = 4.036 with lattice parameter
a = 4.0786 Å.

In those situations where experimental information of co-
hesive energy, independent elastic constants, or even lattice
parameters are not known, for instance in unusual metal-
lic alloys, a first-principles quantum-mechanical calculation
(density functional theory (DFT) or other approach) can be
used to fulfill the needs.

2.2 Dynamics simulations

Once the cohesive energy (Eq. (1) and parame-
ters) for Au is available, we can perform molecular dynam-
ics simulations on all sorts of problems ranging from bulk
systems (three-dimensional (3D) periodicity), surfaces (two-
dimensional (2D) periodicity), slabs, clusters and – our main
interest – NWs. As usual in molecular dynamics simulations,
the linear momentum of the system must be conserved for
all kinds of problems studied, and in the case of clusters spe-
cial attention should be paid since our potential interaction
includes many-body contributions (in the attractive term), so
the angular momentum also should be conserved. The reason
is that with this kind of many-body interaction and no period-
icity a spurious torque can arise.

The temperature of the system is kept constant during each
simulation using a rescaling velocity scheme [31]. The range
of temperature that is possible to simulate can vary from 0 K)
up to the melting point of the simulated structure, which de-
pends on the number of particles in the system. Therefore, for
each simulated system we have to determine this limiting tem-
perature value. We have used pair correlation functions and
heat-capacity values to monitor the phase transition from solid
to liquid states. We used Beeman’s algorithm [31] to integrate
the equations of motion, with a time step of 2 ×10−15 s for all
simulations. As we are interested in addressing the NW dy-
namical evolution, our methodology does not use (in contrast
with most of the previous work reported in the literature) pe-
riodic boundary conditions. This allows a more effective way
to contrast theoretical and the available experimental data.
The use of TB-SMA potentials makes our code exception-
ally fast, requiring typically only 1–2 h in a good Pentium
IV for systems containing 500 atoms. The physical stress that
generates the NWs is simulated through structural change di-
mensions (increasing the distance between the outmost NW
layers, for instance); we have considered different elongation-
rate variations.

To simulate the statistical aspects of experimental con-
ditions, we used a random generator for the initial velocity
distributions. Due to our low-cost computational simulations,
we can generate many configurations to produce reliable sta-
tistical results of geometrical and other dynamical aspects, for
example associated with crystallographic orientations, differ-
ent apex crystallography, etc. In this way, the obtained results
can be directly compared with the experimental data. Also,
we can apply external torsion in a controllable way to mimic
internal stress. This makes the present methodology a very
effective tool in the study of metallic NWs generated by me-
chanical elongation.
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FIGURE 1 NW/apex epitaxial initial configurations. Two ([100] and
[110]) or three ([111]) frontier layers are kept frozen during the simulations
as buffer layers. The typical number of gold atoms in these systems is 1800

The atomistic initial geometric configurations are gener-
ated as a regular lattice for each crystallographic direction. In
order to mimic the influence of the apex crystal orientation
on the NW stability and dynamical growth, the frontier (ini-
tial and end wires) layers (two for [100] and [110], and three
for [111]) are kept geometrically constrained during the sim-
ulations, which is sufficient for the NWs/apexes to preserve
their epitaxial orientations (Fig. 1). These layers are free to
move only along the NW elongation direction, but there are
no other constraints for the remaining layers. The tempera-
ture of the system is kept constant until the system attains total
energy equilibration; then we start to pull the wire along the
NW growth direction. In our simulations we have considered
temperatures varying from 300 up to 400 K, with typical elon-
gation rates from 1 up to 5 m/s, and initial particle velocities
randomly generated for each temperature value. All the atoms
in the system contribute to the cohesive and kinetic energy.

During the molecular dynamics simulations detailed phys-
ical information can be obtained:
– for each gold atom we can monitor its motion (diffusion)

and mean forces acting on it;
– on the apex: its morphological time evolution;
– on the whole system: its temperature, cohesive and kinetic

energy, pair correlation function, energy fluctuation, heat
capacity, etc.

3 Theory and experiment interplay

As mentioned before, from the experimental point
of view, two techniques have been mostly used to produce
nanowires: (a) in situ high resolution transmission electron
microscopy (HRTEM) using methods developed by Taka-
yanagi’s [5, 32, 33] and other groups [8, 34, 35]; (b) mech-
anically controllable break junctions [3, 8, 36]. The former
allows real-time visualization, providing a better evaluation of
the dynamical atomistic aspects of NW elongation, while the
latter in more appropriate for conductance experiments.

Molecular dynamics simulations can be used as an im-
portant tool to address some fundamental issues that are not
directly accessible to experimental techniques.

For instance, in the break-junction experiments it is not
possible to directly determine the specific morphological con-
figurations associated with a specific conductance value while
the NW is being formed. On the other hand, HRTEM experi-
ments allow real-time visualization, but again the visualized
structures cannot be directly associated with specific con-

ductance peaks. Also, due to intrinsic two-dimensional (2D)
aspects of the HRTEM acquired images, sometimes it is dif-
ficult to have a clear idea of the three-dimensional aspects
from 2D images. In this sense molecular dynamics simula-
tions can provide helpful information to the experimentalists,
not only accessing time-scale phenomena inaccessible from
the experiments, but also helping to test 3D models built from
2D data information.

In Sect. 4 we will discuss some of these points and present
results from molecular dynamics simulations. One important
issue here is whether parameters obtained from the bulk gold
system can reproduce experimental behavior at the nanoscale.
The answer to this question is associated with our comprehen-
sion that the main contribution to the dynamic morphologies
of metal nanowires, in the temperature range studied, comes
from the kinetics of the system. Thus, the parameters from the
bulk can be used for NW studies.

The reliability of our method was tested for di-, tri-, and
tetramer energy profiles versus the interatomic distances. As
we can see from Fig. 2, the qualitative features of the curves
are very similar to the ones from DFT calculations [21].
The predicted equilibrium distances (2.46 Å for the tetramer)
compare well with DFT results (2.44–2.49 Å) [21] and ex-
perimental data (2.47 Å) [37].

Also, the repulsive part of the interaction energy for
the dimer is softer in SMA than in DFT. When many-body
summations take place the repulsive part of the interac-
tion energy (in the trimer and tetramer) becomes harder.
Therefore, the explicit electronic contribution, for the dimer,
should block shorter Au−Au distances and increase a lit-
tle its equilibrium distance by 5–7%. On the other hand, the
tension imposed on the NWs should favor longer Au−Au dis-
tances [5, 6, 8, 33, 34], but in some situations this range of
interatomic distances can only be explained by carbon (C)
contamination [21].

Considering systems containing typically 500 atoms,
computer simulation time depends on the pulling velocity, but
a typical run takes ∼ 160 ps to equilibrate the system at a spe-
cific temperature of 300–400 K. After thermalization we start

FIGURE 2 Au−Au SMA energy as a function of the interatomic distance
for dimer (black solid line), trimer (black dashed line with black filled dia-
mond symbols), and tetramer (open black circle symbols)
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to pull the system along [100], [110], or [111] crystal direc-
tions with velocity in the range 1–5 m/s, which corresponds
to a simulation of 240–40 ps, respectively. Therefore, the total
simulation time is in the range 200–400 ps and we can follow
the structural system behavior on a time scale that the HRTEM
experiments could not observe since the images are acquired
at 30 frames per second (fps).

4 Results and discussion

We have successfully used this methodology to
study some structural features of the gold NW formation [38].
We have used the same methodologies for other fcc metals as
Cu [39] and work for Pt, Al, Ag, Ni, and Pb is in progress.

Here we would like to address the important question:
from which region do the atoms that compose the final stages
of the suspended atom chains (LACs) come? This is a problem
difficult to address from HRTEM experiments but properly
feasible from molecular dynamics simulations.

We present in Fig. 3 snapshots from a computer simula-
tion for a nanowire with 1680 (10 × 8 × 21) Au atoms; the
stretching velocity was 3 m/s along the [110] direction (ver-
tical direction), the system temperature was 350 K, and the
total simulation time was 240 ps. We used different colors
to ‘mark’ surface and bulk gold atoms. Grey balls represent
surface atoms and yellow bulk ones. We then follow their
time evolution as the NW is stretched until a LAC is formed.
From Fig. 3 it is clear that mainly surface atoms compose the

FIGURE 3 Snapshots of a computer simulation along the [110] direction
with 1680 (10 × 8× 21) Au atoms, dark grey balls represent surface atoms
and yellow balls represent bulk atoms. We can see that mainly surface atoms
form the LAC

linear atomic chains (LACs). A better visual analysis can be
made from the video (complementary material – movie 1).

Our statistical analysis for this behavior showed that typ-
ically 90% of the atoms composing the LACs come from the
outmost external layers. This seems to be a general feature for
other metals such as Cu and Ag [40].

This is an interesting result and can perhaps help to ex-
plain the important role played by carbon contaminants, as
recently proposed [21, 41]. If in fact carbon atoms are present
as contaminants in the LACs, it is more likely that they could
be incorporated arising from the surface rather than from the
bulk. Our results showing that this configuration is the most
probable one adds support for this interpretation.

Another peculiar feature observed from the simulations
is associated with the aspect ratio of the nanowire. In Fig. 4
we present snapshots from a simulation for a nanowire with
1800 (12×10×15)Au atoms; the pulling velocity was 3 m/s
along the [111] direction (vertical direction), the system tem-
perature was set to 350 K, and the total simulation time was
240 ps. From these snapshots we can see LACs formed from
columnar formations with small clustering (on the left-hand
column) just before junction breaking. Looking at the video
(complementary material – movie 2) of this simulation, the
left-hand column breaks first and the LAC evolves until break-
ing with five atoms in it.

These multicolumnar structures have not been observed
in HRTEM experiments; they are unlikely to occur due to
the aspect ratio of the crystal grains. These kinds of struc-
tures are more likely to occur in break-junction experiments.
In fact, they have been predicted to occur by Correia and
co-workers [42] and our results are consistent with their pre-
dictions and could help to explain some fluctuations in the
conductance data. More investigations along these lines are
needed.

FIGURE 4 Snapshots of a computer simulation along the [111] direction
with 1800 (12×10×15) Au atoms. Dark grey balls represent surface atoms
and yellow bulk ones. We can see that mainly surface atoms form the LACs.
In this case we see columnar ((c) and (d) snapshots) formation, an aspect-
ratio issue that cannot appear in Fig. 3
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