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1. Introduction

“The era in which the number of transistors on a computer chip doubles at a constant rate is
drawing to a close”. This is not the prophecy of an obscure mind, but is more or less the
conclusion drawn by none other than the man who coined Moores” law!. In an interview
held in 2007, Gordon Moore recognized that by about 2020, his law would come up against
the laws of physics. Furthermore, he recognized a change in a paradigm: the replacement of
the top-down approach currently used for building circuits by a bottom-up procedure,
where chips would be assembled using individual atoms or molecules. This is nothing but
the realm of nanotechnology, while there is some consensus that the elementary switches of
these circuits should be molecules with some feature allowing for the on/ off status required
for the components of logical devices, many questions remain concerning their stability. In
the case of micrometric circuit components temperature may be an issue, but in the case of
single molecules thermal effects may be overwhelming, since current flow occurs across a
single bond. The lifetime of this bond, will determine the lifetime of the circuit component.
Under these conditions, circuit engineering will be coming unexpectedly close to chemical
kinetics.

It still is far from clear which will be the technological procedure for the massive production
of these molecular circuits. However, there are a number of experimental techniques for the
study of their properties that are well established. These are shown schematically in Fig. 1.
Fig. 1d shows a method devised to study the structure of monatomic nanowires (NWs). It
has been developed by Kondo and Takayanagi (Kondo & Takayanagi, 1997) using High
Resolution Transmission Electronic Microscopy (HRTEM) and allows the generation of
suspended NWs. In this approach nanowires are generated in situ by focusing an electron
beam on adjacent sites of a self-supported metal thin film (ca. 3 nm), making holes and
allowing them to grow until a nanometric bridge is formed inside or between grains. The
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2 Electrodeposited Nanowires and Their Applications

relatively long lifetimes of these metallic nanowires (of the order of seconds and even
minutes) allows for a detailed characterization of their geometries. This method has even
been used to study the structure of alloyed metal monatomic nanowires (Bettini et al., 2006).
However, because of the preparation procedure, these nanowires are susceptible to
contamination by light impurity atoms (Galvao et al., 2004; Legoas et al., 2002; Legoas et al.,
2004), not observed directly in the HRTEM, that affect their structure upon insertion in the
monatomic chain.

—
a . b

electron beam

Fig. 1. Different methods employed to generate suspended nanowires: a) metallic jump-to-
contact, b) mechanically controllable break-junction, c) electrochemical growth, d) electron
beam punching, and e) molecular jump-to-contact.

Another procedure that has been used to study the properties of monatomic metal contacts
is the so-called Mechanically Controllable Break-Junctions method (MCB]J, Fig. 1 b). In this
technique, a metal wire is mechanically broken by mounting its two ends on a bendable
substrate. In this way, the length of the contact can be adjusted by controlling the bending of
the substrate. Lithographic designed MCB]J provides highly stable electrodes, with standard
deviations of less than 1 pm over 24 h at low temperatures. A detailed discussion on this
technique has been given by van Ruitenbeek et al. (van Ruitenbeek et al., 2005). The metal
neck at the MCB]J can be also tuned by electrochemical methods as long as the metal
involved can be deposited electrochemically. The main drawbacks of this technique are the
lack of information on the atomic configuration, and the fact that both electrodes must be
made of the same metal. The former situation was challenged recently by Yoshida et al.
(Yoshida et al., 2007), who developed MCBJ inside a HRTEM chamber that allows for
simultaneous performance of conductance measurements and electronic imaging of the
atomic chain.

In the case of metallic Scanning Tunnelling Microscopy (STM) and conducting Atomic Force
Microscopy (AFM) break junctions (Ohnishi et al., 1998; Rubio-Bollinger et al., 2001; Xu et al.,
2003a; Xu & Tao, 2003), the sharp tip of the scanning probe microscope is approached to the
surface and brought into contact with it (Fig. 1a). The surface may be made either of the
same material as the tip or of a different one containing islands of the tip material. Upon
retraction, an atomic chain of atoms occurs, whose properties are analyzed. When employed
in an Ultra High Vacuum (UHV). The main drawbacks of this technique are the need for an
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intensive cleaning procedure and the implementation of thermal and mechanical stability
conditions, as it is the case of STM. On the other hand, this methodology can be used in situ
for electrochemical experiments. In fact, it has been employed by Tao and co-workers to
perform conductance measurements with Au nanowires under a variety of experimental
electrochemical conditions (He et al., 2002; Xu et al., 2003b), including the properties of the
nanojunction when molecules are inserted into it (Xu et al., 2003a; Xu & Tao, 2003). Efficient
electrochemical methods for the generation of nanowires have also been developed. Li and
Tao (Li & Tao, 1998) managed to bridge the gap between an STM tip and a substrate by a
suitable potential control of both the tip and the surface(Fig. 1c). In a similar procedure, the
gap between two supported metal pieces was filled by a nanometric wire using an adequate
feedback electronic setup (Li et al, 1999). The latter procedure has the advantage of
removing thermal drift problems.

Finally, the method developed Haiss et al. moves more into the spirit of bottom up
nanostructuring (Fig. 1le). In this procedure, a molecule bridges spontaneously the gap
between an STM tip and a surface (Haiss et al., 2004; Haiss et al., 2006). The substrate-tip
connection is verified by jumps in the tunnelling current measured.

2. Structure and stability of pure and contaminated metallic monatomic
nanowires

2.1 Experimental measurements

The conductance measured through metallic monatomic nanowires is quantized in units of
Go = 2¢2/h (where e is the charge of an electron and / stands for Planck’s constant). The force
during the fabrication and breaking of a gold nanowire was measured using a specific STM
supplemented with a force sensor at room temperature (Rubio-Bollinger et al., 2001). Force
and conductace curves were thus obtained simultaneously. The later displayed a steplike
behavior down to a value close to one conductance quantum (Go), which corresponds to a
one-atom contact, while the force curve showed a sawtooth like signal decreasing in
amplitude in a sequence of elastic stages separated by sudden force relaxations. In this
experiments the one-atom contact of gold was further stretched a distance of about 1 nm
while the conductance remained close to Go, which signals the formation of a chain of about
four atoms long that finally breaks. This corresponds to a monatomic neck of ~4 gold atoms.
Similar observations were made in STM experiments at 4 K (Yanson et al., 1998), and from
direct observations by means of HRTEM measurements (Ohnishi et al., 1998; Rodrigues &
Ugarte, 2001a; Rodrigues & Ugarte, 2002; Rodrigues et al., 2000).

Due to the inherent irreproducibility of the contacts formed, and therefore of the measured
conductance curves, it is useful to construct histograms with a few hundred measured curves.
A force histogram for the Au nanowire showed a narrow distribution centered at 1.5 + 0.3 nN
for the force needed to break one single bond in the chain (Rubio-Bollinger et al., 2001).
Although gold has been the most prominent metal studied so far, mechanical elongation has
shown to be useful to fabricate nanowires of Ag (Rodrigues et al., 2002), Co, Pt (Rodrigues et
al., 2003), Pd (Kiguchi & Murakoshi, 2006; Rodrigues et al., 2003) and Cu (Bettini et al.,
2006), as well as for Au and Ag alloys of varying compositions (Sato et al., 2006b).

Two striking experimental features have drawn the attention of the researches in the last
few years: first, the existence of unusually large Au - Au distances in the order of 3.6 - 4.0 A
(Kizuka, 2008; Koizumi et al., 2001; Ohnishi et al., 1998; Sato et al., 2006b), longer than the
bulk distance of 2.88 A. These experimental observations along with the simulation of
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4 Electrodeposited Nanowires and Their Applications

HRTEM measurements suggest that the atomic-sized wires are complexed with light
elements (such as H, C, S for example) (Kizuka, 2008; Koizumi et al., 2001).

Second, the long-term stability of gold nanowires at room temperature, in many cases in the
order of seconds (Legoas et al., 2002; Ohnishi et al., 1998; Rodrigues & Ugarte, 2001a; Rubio-
Bollinger et al., 2001; Takai et al., 2001; Yanson et al., 1998), which is an extremely long time
in relation to those characteristic of molecular motion. For instance, Fig. 2 shows the time
evolution of gold chain under elongation, which is in the order of ~1 second.

Fig. 2. Time sequence of atomic resolution images of the formation, elongation and fracture
of a suspended chain of gold atoms: (a) 0's; (b) 0.64 s; (c) 1.12's; and (d) 3.72 s. Atomic
positions appear as dark lines or dots. A schematic representation of the chain structure is
shown in (e) (distances are marked in A and the error bar is 0.1 A); the letters A and B
indicate the apex position in (c). Note that the chain is attached to the tips through a two
atom structure. The double arrows in (a) and (b) have been drawn to indicate the movement
(rotation) of the lower apex. Reprinted figure with permission from Rodrigues, V.; Ugarte,
D. Phys. Rev. B, Vol. 63, No.7, 073405 (pp 1-4), 2001. Copyright 2001 by the American
Physical Society.

The stability and breakdown of gold nanojunctions at different stretching rates has recently
been measured by Huang et al. (Huang et al., 2007a). Information about the lifetime of the
Au - Au bond is extracted from the length of the last plateau in the conductance traces of
Au - Au point contacts. The most probable stretching distance for this last plateau
(corresponding to an atom-sized contact between the electrodes as verified by its
conductance at a Gy value) maintains a constant value of ~0.1 nm at low stretching rates (0.8
- 8.3 nm/s). At high stretching rates (45.9 - 344 nm/s) a maximum plateau of ~0.17 nm is
reached. Between these two plateaus, a linearly proportional regime is observed between
the most probable distance and the logarithm of the stretching rate. This three-phase regime
(illustrated in Fig. 3) has also been observed in the breakdown of biological molecules
measured by AFM (Auletta et al., 2004; Merkel et al., 1999; Schonherr et al., 2000; Zou et al.,
2005). The linear increase in stretching distance is related to the stretching rate according to
Eq. 1 (Evans & Ritchie, 1997; Evans, 1999; Evans, 2001).

. kT tkx kT
L == ln( u ﬂj+ £ v (1)
kxxﬁ kBT kxxﬁ
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Fig. 3. Most probable stretching distance, L*, vs logarithm of stretching rate for a Au - Au
point contact. The black line is the linear fit of L* with the logarithm of the stretching rate,
according to Eq 1. Reprinted with permission from Huang, Z. F.; Chen, F.; Bennett, P. A ;
Tao, N.J. J. Am. Chem. Soc., Vol. 129, No.43, 13225-13231, 2007. Copyright 2007 American
Chemical Society.

In Eq. 1 L* is the most probable stretching distance, k; is the effective spring constant of the
bond, x;is the average thermal bond length along the pulling direction until dissociation, t,s
is the natural lifetime, and v is the stretching rate. By fitting the linear regime observed for
the Au - Au point contacts to the above equation, a value of f,y= 81 ms was obtained.

2.2 Computational simulations

Experimental observations such as those described above, have triggered numerous
theoretical approaches to gain further insight into the structure and transmission properties
of these metallic nanowires. The mechanical structure and evolution of a tip-surface contact
has been modelled by means of different computational techniques. In early works,
Molecular Dynamics (MD) and effective medium theory potentials have been used to
simulate the mechanical deformation of atomic-sized metallic contacts under tensile strain
for Au, Ag, Pt, Ni (Bahn & Jacobsen, 2001; Dreher et al., 2005; Rubio-Bollinger et al., 2001;
Serensen et al., 1998). The relative utility of different semiempirical potentials for MD
simulations of stretched gold nanowires has been recently reviewed (Pu et al., 2007a). In this
work the authors find that the second-moment approximation of the tight-binding potential
reproduces well the energetics of finite Au clusters. Also, the calculated tensile force just
before the nanowire breaks is around 1.5 nN, consistent with the experimental result The
stretching of gold nanowires has also been simulated in the presence of solvent (Pu et al.,
2007b).

Tight binding MD simulations using the Naval Research Laboratory potentials, along with
ab-initio quantum calculations within the Density Functional Theory (DFT) framework,
provided evidence that a one-atom thick 5-atom long necklace is formed for gold nanowires
under a stretching force (da Silva et al., 2001; da Silva etoal., 2004). Before breaking, relatively
long Au - Au distances, of the order of 3.0 - 3.1 A are obtained, in agreement with
experiments.
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6 Electrodeposited Nanowires and Their Applications

The main drawback of the MD simulations mentioned above is that the stretching rate used
(typically in the order of 1 -2 m/s) is around 9 - 10 orders of magnitude larger than the
experimental values (in the order of a tenths to a few nm/s).

The use of ab-initio quantum methods to study the stability of monatomic metallic
nanowires is usually performed using two different methodologies. One of these procedures
involves stretching the nanowire in steps of a certain elongation, minimizing the energy of
the system at each step, until the breakage of the nanowire is achieved (Bahn et al., 2002; da
Silva et al., 2004; De Maria & Springborg, 2000; Hakkinen et al., 2000; Nakamura et al., 1999;
Nakamura et al., 2001; Novaes et al., 2003; Okamoto & Takayanagi, 1999; Rubio-Bollinger et
al., 2001; Sanchez-Portal et al., 1999; Skorodumova & Simak, 2003). This method has been
successfully used to, for example, predict the pulling force necessary for breaking the
nanowire (da Silva et al., 2004; Nakamura et al., 1999; Novaes et al., 2003; Rubio-Bollinger et
al., 2001). An alternative procedure, and more costly from a computational point of view,
consists in performing Ab-initio Molecular Dynamics (AIMD), which has been employed to
obtain a detailed description of the elongation process of pure gold nanowires (Hobi et al.,
2008; Torres et al., 1999), and gold NWs in the presence of organic molecules (Krtiger et al.,
2002), or light weight elements as contaminants (Hobi et al., 2008; Legoas et al., 2004). AIMD
takes into account the thermal motion of the system, for which in a first approach seems a
more appropriate approximation to obtain reliable information about the mechanical
proprieties and the stability of metallic atom-sized wires. Nonetheless, the experimental
elongation times are far larger than those accessible by an AIMD simulation, typically in the
order of nanoseconds.

As it was mentioned above, one of the possible explanations for the rather long Au - Au
distances observed in a monatomic neck is the presence of light weight elements, such as C,
H, O or S, intercalated between gold atoms. This possibility has only been investigated so far
by the means of computational simulations, since these light weight elements would have a
low contrast against the much heavier Au atoms, and thus rendering their direct
visualization by today’s electronic microscopes very difficult. Carbon is a frequent
contaminant in bulk gold (Legoas et al., 2002), while hydrogen (O'Hanlon, 2001) and oxygen
(Bahn et al., 2002) are impurities very difficult to extract even in the best UHV conditions.
Although the possibility of hydrogen acting as a contaminant has been ruled out by an
AIMD study (Legoas et al., 2004), this result has been subsequently challenged (Hobi et al.,
2005).

Legoas et al. (Legoas et al., 2002) modelled monatomic gold chains contaminated with
carbon by means of geometry optimization at DFT-LDA level. The authors used an isolated
linear chain and no tension was exerted on the system. Their results showed that long Au -
Au distances of around 4 - 4.5 A could be explained by the presence of two consecutive
carbon atoms (Cy) inserted into the gold chain. Whereas, another set of anomalously long
bond in the order of 3 - 3.7 A could be a consequence of a mixture of pure Au - Au bonds
with contamination of such a bond by a single carbon atom.

Skorodumova and Simak (Skorodumova & Simak, 2003) showed, using DFT-GGA
calculations, that the unusual structural stability of monatomic gold wires could be
explained in terms of hydrogen contamination. Stretching the nanowire, the authors
observed that the chain takes a linear structure with hydrogen atoms intercalated and a Au
- Au distance of 8.8 A before the nanowire breaks. The cohesive energy of the contaminated
gold wire was found to be 2-fold higher than a pure chain of gold atoms. This last result was
attributed to a partial charge transfer from gold to hydrogen. Subsequently, the influence of
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carbon was explored using the same computational methodology (Skorodumova et al., 2007;
Skorodumova & Simak, 2004), also finding that carbon can enhance the stability of linear
gold chains yielding large interatomic distances.

Novaes et al. (Novaes et al., 2003) studied through ab- initio calculations the effect of H, B, C,
N, O and S impurities on a gold nanowire electronic and structural properties. The authors
find that the most likely candidates to explain the distances in the range of 3.6 Aand 48 A
are H and S impurity atoms, respectively.

The main drawback of the procedures presented so far is that the presence of the impurity is
simply assumed, and no description is obtained of how, when, or with what probability it
migrates to the position it was assumed to have. To overcome this limitation, an AIMD
study of the formation and growth of gold chains with a variety of impurities (H, C, O, S),
without any assumption of their initial positions was performed (Anglada et al., 2007). One
or two impurity atoms were introduced randomly in an amorphous column of 50 - 150 gold
atoms. These amorphous solid columns were stretched during 4 - 18 ns until they broke.
Hydrogen was always found to evaporate before formation of the monatomic chain took
place. Carbon and oxygen were found in the final chains with low probability (~ 10 %),
while sulphur was found participating in it with a high probability (~ 90 %). The mean
distances between gold atoms bridged by C, O and S were 3.3, 3.4 and 5.0 A, respectively, in
good agreement with experiments.

Inasmuch as this last study provides a level of accuracy and reliability superior to those
mentioned before, the stretching rate is still much higher than those typically used in
experiments, and the simulations last only a few nanoseconds, while experiments take place
in the order of 0.001 - 1 second.

The study of the effect of impurities on the structure and stability of gold nanowires is an
ongoing investigation topic. Some of the most recent theoretical work can be found in
(Jelinek et al., 2008; Novaes et al., 2006; Zhang et al., 2008). Although gold is by far the most
prominent element of interest in the formation of nanowires, some recent computational
studies have also involved copper nanowires (Amorim et al., 2007; Amorim et al., 2008; Sato
et al., 2006a).

3. Single molecule nanowires

3.1 Experimental measurements

Building a device in which a single molecule bridges two metallic electrodes is of major
interest, since one could easily tailor the nanojunction electronic properties by changing the
molecule or even only a substituent in the molecule. This opens an enormous range of
possibilities in the field of molecular electronics.

Most of the experimental (Cui et al., 2001; Haiss et al., 2004; Haiss et al., 2006; Huang et al.,
2006; Huang et al., 2007a; Huang et al., 2007b; Li et al., 2007a; Li et al., 2006a; Xu et al., 2003a;
Xu et al., 2005; Xu & Tao, 2003) and computational work (Batista et al., 2007; Hou et al., 2005;
Hou et al., 2006; Kim et al., 2006b; Li et al., 2005; Li et al., 2006b; Li et al., 2006c; Paulsson et
al., 2008; Perez-Jimenez, 2005; Stadler et al., 2005; Wu et al., 2005) performed with this
systems deal with the measurement and/or theoretical determination of the conductance of
the molecular nanojunction, particularly those in which the linker atom to the metallic
electrodes is either S or N. For a recent review on some of these aspects readers can refer to
(Vélez et al., 2007).

www.intechopen.com



8 Electrodeposited Nanowires and Their Applications

The chemical identity of the linker moiety plays a fundamental role in determining both the
electrical and mechanical properties of the molecular nanojunction. Without discussion the
most widely used anchoring group is thiol (Chen et al., 2006; Haiss et al., 2008; Haiss et al.,
2009; Huang et al., 2006; Huang et al., 2007a; Huang et al., 2007b; Li et al., 2007b; Li et al.,
2006a; Ulrich et al., 2006; Xu et al., 2003a; Xu et al., 2005; Xu & Tao, 2003), although pyridine
(Xu et al., 2003a; Xu & Tao, 2003), isocyanide (Beebe et al., 2002; Kiguchi et al., 2006; Kiguchi
et al., 2007; Kim et al., 2006a), selenium (Patrone et al., 2003a; Patrone et al., 2003b; Yasuda et
al., 2006), amine (Chen et al., 2006; Hybertsen et al., 2008; Kamenetska et al., 2009; Kiguchi et
al., 2008; Park et al., 2007; Park et al., 2009; Quek et al., 2007; Quek et al., 2009; Quinn et al.,
2007; Venkataraman et al., 2006a; Venkataraman et al., 2007, Venkataraman et al., 2006b),
phosphines (Kamenetska et al., 2009; Park et al., 2007) and carboxylate (Chen et al., 2006;
Martin et al,, 2008) have proved to provide enough binding strength to yield a stable
contact. In most of these works, the metallic electrodes that the molecule bridges are made
of gold, but some recent reports showed the utility of platinum electrodes for those
purposes (Kiguchi et al., 2007; Kiguchi et al., 2008).

Xu et. al. reported the first electromechanical measurement of a molecular junction (Xu et
al., 2003a). The authors determined simultaneously the conductance and the force under
mechanical stretching for the octanodithiol (ODT) and 4,4’-bipyridine (BYP) nanojunctions.
The quantum conductance for BYP resulted 40 times larger than that of ODT, while the force
quantum was 0.8 * 0.2 nN, considerably smaller than the 1.5 + 0.2 nN determined for ODT.
This last value is the same as that required to break a Au - Au bond (Rubio-Bollinger et al.,
2001). Thus, the authors concluded that the breakdown of the ODT nanojunction involves a
Au - Au bond rupture, whereas in the case of BYP, the lower breaking force would indicate
that a Au - N bond is breaking. These results are in agreement with the notion of the Au- S
bond being stronger than the Au-N bond (Stolberg et al., 1990). In a subsequent study,
Huang et. al. found that the behavior of the ODT nanojunction as a function of the stretching
rate is essentially identical to that of a pure gold point contacts (Huang et al., 2007a).

One useful experimental parameter to determine how strong is the molecule bonded to the
metallic electrodes is the length that the junction formed by a single molecule can be
stretched before it breaks. This allowed Kiguchi et. al. to establish the following order in
binding energies for 1,4-disubstituted benzenes with Au and Pt electrodes: Au-NH, < Pt-
NH> ~ Au-S < Au-isoCN < Pt-isoCN ~ Pt-S (Kiguchi et al., 2006; Kiguchi et al., 2007; Kiguchi
et al., 2008).

The statistical analysis of the stretching length was also used to establish the following order
in the sense of increasing binding strength: Au-COOH < Au-NH; < Au-S (Chen et al., 2006).

3.2 Computational simulations

As mentioned above, a large proportion of the theoretical work on molecular nanowires
involves the calculation of the conductance. Only a few of these have addressed some
aspects of the thermodynamic stability of such nanocontacts.

As it respects to the mechanical properties of a molecular nanojunction, one or the first ab-
initio studies was performed by Kriiger et. al. (Krtiger et al., 2003). A thiomethyl radical
bonded to a 5-atom planar cluster was used as a model for a typical Au - S contact. The
junction was elongated, with geometry optimization at each step, obtaining an isomerization
of the cluster into a linear chain which finally breaks at a Au - Au bond with a force of ~ 1.5
nN. In a Car-Parrinello molecular dynamics the same authors showed that when ethylthiol
attached to a gold surface is pulled, this leads to the formation of a monoatomic gold
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nanowire, followed by breaking a Au - Au bond with a rupture force of about 1.2 nN
(Kruger et al., 2002).

In a different study, the stretching and breaking behavior of a benzene dithiol molecule
sandwiched between two Au(111) slabs was studied using DFT calculations (Lorenz et al.,
2006). It was found that breakage occurs through a dissociation of one of the Au - S bonds
with a maximum force of 1.25 nN in the case when the molecule is directly attached to the
surface, and of 1.9 nN when an adatom is placed between the sulphur and the gold slab.
Similar studies were carried out for nanojunctions involving 4,4’-bipyridine (Stadler et al.,
2005; Vélez et al., 2005), pyrazines (Vélez et al., 2005; Zoloff Michoff et al., 2009), amines
(Hybertsen et al., 2008; Kamenetska et al., 2009), and alkylphosphines (Kamenetska et al.,
2009). Binding energies and rupture forces are the parameters that can be obtained from
these types of computational simulations that can be related to the mechanical stability of
the molecular nanojunction. It should be noticed that temperature activated processes are
not considered in these calculations.

4. Long term stability of metallic monatomic nanowires

As can be gathered from the summary of the computational work performed so far with the
aim of obtaining valuable information about the stability of NWs, the main challenge
remains to develop models that would allow to use this valuable computational information
to extrapolate to the experimental time scale, and taking thermal motion into account. In the
following sections a simple kinetic model based on the Transition State Theory (TST) is
presented. The utility of this model along with DFT calculations and an exploration of the
energy landscape with a suitable algorithm will be illustrated for pure and contaminated
gold monatomic NWs, as well as for single molecule contacts.

4.1 The minimum energy path and the transition state theory

A common and important problem in theoretical chemistry and solid state physics is to
identify the path with the lowest energy for the reorganization of a group of atoms from a
stable configuration to another. This path is referred to as the Minimum Energy Path (MEP)
and is often used to define a Reaction Coordinate (RC) for transitions of the type of chemical
reactions, conformational changes in molecules or diffusion processes in solids. The
maximum potential energy along the MEP is referred to as the saddle point, and provides the
activation energy for the occurrence of the process. To calculate the transition rate constant
is of central importance in the TST (Eyring, 1935; Vineyard, 1957), as will be discussed in
section 4.2.

Different methods have been developed to find the reaction path and saddle points (Michael
& Michael, 2007). We focus our attention on methods that make use of two boundary
conditions: the initial and final configurations for the transition. These settings should
normally correspond to two local minima in the multidimensional potential energy surface.
These minima may be obtained from different energy minimization techniques such as the
simulated annealing, conjugate gradient, etc.

These methods require only the calculation of first derivatives of the potential energy. They
generate a chain of images or replicas of the system between the initial and final
configurations. All the intermediate images are simultaneously optimized in some concerted
way of the potential energy surface that should be as close as possible to guarantee the
convergence to the MEP. The method called Nudged Elastic Band (NEB) (Henkelman et al.,
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2000; Henkelman & Jonsson, 2000; Mills & Jénsson, 1994) works in the scheme of these
methods and its implementation is particularly simple. The NEB method has been
successfully applied to a variety of problems, such as studies of diffusion on metal surfaces
(Villarba & Jénsson, 1994), the dissociative adsorption of molecules on a surface (Mills &

Jonsson, 1994), and the formation of a contact between a STM tip and a surface (Serensen et
al., 1996).

4.2 Kinetic model

As it was shown by Krtiger et. al. in the computational simulation studies described above
(Kriiger et al., 2002; Kriiger et al., 2003), the creation of a Au nanowire takes place in a
number of steps, involving an isomerization process. Our approach will only deal with the
final stage, where the NW breaks but the model could be extended to a multi-step process.
We will assume that, for a given elongation of the wire, it may exist either in a broken (b) or
unbroken (u) state (see Fig. 4). The related system energies are denoted with E; and E,,
respectively. When shifting from state u to b, the system will find an energy barrier
(activation energy) that we will denote with AEf. We will neglect the reverse process in all
the treatment we give below. In principle, wire reformation could be easily introduced in
the model. However, we must take into account that in order to surmount the activation
energies involved, the system must gain a considerable amount of energy, which will be
released in the downhill stage after crossing through the maximum. This excess energy will
rapidly take the systems to other more compact configurations of the final state. To be more
illustrative, immediately after the rupture the wire (state b) will find itself in a situation
where the Au atoms are in a very low coordination, so that they will stabilize by merging to
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Fig. 4. Scheme of the different stages of the rupture of a Au NW. The states labelled as u, b
and # correspond to the unbroken, broken and activated states, respectively. The state labelled
as c indicates a situation where the broken wire has evolved towards a more compact state,
in which the pieces of the broken NW are attached to the bulky pieces of the junction.
Although the present figure is meant with illustrative purposes, the configurations and
energies were obtained from calculations using the modified embedded atom method
potentials (Baskes et al., 1989) and the nudged elastic method (Henkelman et al., 2000;
Henkelman & Jonsson, 2000). Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem.
Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with permission from Elsevier.
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a bulky piece of metal of one of the tips making the junction (state c). These qualitative
assessments are based on semiempirical calculations2.
Following the TST, we have for the forward process (wire breaking) the frequency 1y given

by Eq. 2.
AEF
v, =V, exp| — )
kgT

where kg is Boltzmann’s constant, T the absolute temperature, v, is a factor showing a weak
dependence on temperature that represents an average oscillation frequency and AEf is
calculated as E# - E,. Since AEt and v, are in principle functions of the wire elongation, this
will also be the case of . Typical values of v, are 3.5 - 7.0 x 1012 Hz (Buirki et al., 2005;
Todorov et al., 2001). We have found that the assumption of constant (elongation
independent) values in this range leads essentially to the same qualitative and quantitative
predictions we show below. However, in order to get a parameter free description of the
problem, it would be desirable to get not only AE# but also v, from first-principles
calculations. Sanchez-Portal et al. (Sanchez-Portal et al., 1999) have calculated the transversal
and longitudinal phonon frequencies of a Au NW by means of the frozen phonon method at
different wire lengths. In order to get an estimation of v, for our problem, we have
parameterized the results of these authors for the transversal mode as a function of the wire
elongation and introduced it in our equations for v, (4z).

Let us now consider a differential elongation of the wire dAz performed in a period of time
dt. The number of crossings from state u to state b over the barrier in dt will then be given by

Eq. 3.
AE
dn=|v exp| - dt 3)
kgT

dn being the average number of times that the system moves from the unbroken to the broken
state in the time dt. If we want to calculate the number of possible crossings in a finite period
of time we integrate between 0 and t, which is given Eq. 4.

=1 AEI
An = J. v exp| — dt 4)
o kpT

We can estimate the lifetime of the wire t* by setting in An =1 (Eq. 5).

|:v exp( f}}dr—l (%)
kT

Note that in the present formulation no assumption has been made on how the wire is
elongated. We turn now to consider two different possibilities:

._.H

2P. Vélez, S. A. Dassie, E. P. M. Leiva unpublished results.
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12 Electrodeposited Nanowires and Their Applications

Static rupture of the nanowire: In this case, rupture of the NW is studied at a constant
elongation Az. Under these conditions, the argument of the integral in Eq. 5 becomes
independent of time and the breaking time can be straightforwardly obtained by solving Eq.

6, given below.
AE? .
v exp| - 7 =1 (6)
kT

Rupture of the nanowire at a constant elongation rate: If we assume that the NW is stretched at a

constant rate, dAz/ dt = v, then we have Eq. 7, where Az is the elongation at t=0, Az" is the

breaking elongation for the NW and we have written the activation energy as AE#(Az) to
emphasize the dependence of the quantity on the elongation. v, was also considered to be
elongation dependent and calculated as pointed out above. However, the dependence of the
predictions on this parameter is rather weak. Once the dependence of AE#(Az) on Az is given,
Eq. 7 can be solved numerically to get the dependence of Az* on the elongation rate v..

] & [vu (Az)exp(—L(Az)j }dAz =v (7)
kT

Az=Az, B

4.2 Results for pure metallic nanowires

In order to illustrate the method, we consider a system consisting of a Au nanowire made of
a supercell containing 4 atoms which are periodically repeated in space (Aus NW). Fig. 5
shows a scheme of the unit cell employed to simulate the Aus NW considered here. We used
4 atoms because the elongation distances at which a NW of this size breaks are in the range
between 0.11 to 0.14 nm, which is the value that Huang et al. (Huang et al., 2007a) have
found experimentally (see Fig. 9a below). Although this is a rather small system, the rupture
of the wire has been found to be the displacement of one of atoms perpendicular to the wire
axis (Ke et al., 2007), so that the interaction of the breaking bond with the rest of the system
should be minimal. Atom 1 is fixed and the length of the supercell is stretched. For a given
stretching of the NW, the energy of the system can be minimized with respect to all the
atomic coordinates. Let us denote with Ei, (Az) the minimum energy for a given Az =L - Lo,
where Ly is the chain length at equilibrium for each system and L is the total chain length; at
some Az , say AzZpin, Enin will present a minimum, that we denote with E,i, (Az). In the
following discussion, we refer all the stretching lengths to Az, and all the energies to Euin
(Az).

While the unbroken state is clearly defined, some uncertainty remains concerning the
broken one. With this purpose, ab initio molecular dynamics simulations were performed near
the point where the NW breaks, finding structures which are very similar to that proposed
below in the broken state of Fig. 7, which was obtained by minimizing the energy of the
systems, as were the remaining configurations. It is interesting to point out that the broken
configuration is the same as one of the most stable Auy clusters reported in (Bonacic-
Koutecky et al., 2002).
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Fig. 5. Schematic representation of the unit cell employed in the present calculations. L is the
total chain length and 4(7Au_ ., 18 the average Au-Au separation distance. Reprinted from

Vélez, P,; Dassie, S. A ; Leiva, E. P. M. Chem. Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with
permission from Elsevier.

This configuration was then adopted to obtain the broken state for different elongations.
This was achieved by compressing the system to a cell size corresponding to the desired
length L, and then performing a conjugate gradient minimization to obtain the broken state
for each system. The minimum energy path between the unbroken and broken states at each Az,
was then obtained by means of the NEB algorithm.

Curves for the energy of the unbroken state E,, the broken state Ey, and the activated state E#
as a function of the wire elongation are shown in Fig. 6a. The energy curves of the broken
and unbroken state meet for an elongation of Az, = 0.1565 nm. At this point the activation
energies for the backward and forward reactions are the same and they are equal to 0.33 eV.
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Fig. 6. System energy and force curves upon system elongation for the Auy nanowire. a)
Energy of the unbroken state, E,, energy of the broken state, E;, and energy of the activated
state, E#, as a function of the stretching of the NW, Az. In all cases the energy of the system is
referred to the minimum value that the system takes for the set of Az considered. The
activation energy for NW rupture is AE# = E# - E,.. b) Force calculated according to Eq. 8 as a
function of Az. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol.
460, No.1-3, 261-265, 2008 with permission from Elsevier.
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14 Electrodeposited Nanowires and Their Applications

This would yield a switching frequency between the broken and unbroken state of the order
of 106 Hz at room temperature, going down to the order of 1 Hz at 135 K. However, as we
stated previously, after the bond is broken the system will immediately rearrange to other
more stable configuration so that the forward reaction can be considered as irreversible
under the usual stretching conditions. On the other hand, the energies of the unbroken and
activated state meet at an elongation Azy# = 0.1995 nm. This represents a non-activated
rupture process for the NW, and thus the Au - Au average distance at this point (ca. 2.88 A)
represents an absolute limit for wire stability.

Fig. 6b shows the force of the system, calculated as the component of the force applied on
the NW at each step from Eq. 8.

0

F = -—E(Az 8

i aAz (AZ) ®)
In Fig. 7 we can observe curves for the energies of the system between broken and unbroken
states at some sample elongations. From these curves it can be appreciated that the
transition state is shifted towards the broken state. The configurations of the system at the
broken, unbroken, and activated state are also shown. It is remarkable that the structure of the
broken state is similar to the Au fragment attached to an ethylthiolate molecule, as it was
found in an AIMD simulation (Krtiger et al., 2002).
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Fig. 7. Energy of the system at the reaction path between broken and unbroken states at some
sample elongations. The energy is in all cases referred to the unbroken state. The
configurations of the system at the broken, unbroken, and activated states are depicted within
each frame. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol. 460,
No.1-3, 261-265, 2008 with permission from Elsevier.

Static rupture of the nanowire: A logarithmic plot for the static rupture of the NW calculated
according to Eq. 6 is shown in Fig. 8. The lowest stretching rates employed in the
experiments allow the rupture of NWs in times of the order of 0.1 s. Fig. 8 shows that in this
order of times the wires should break at distances close to 0.105 nm. This is very close to the
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experimental value of 0.1 nm (Huang et al., 2007a) obtained at the lowest stretching rates.
Thus, the present results also support the general idea that long Au - Au distances such as
those found in the experiments of (Legoas et al., 2002; Ohnishi et al., 1998; Rodrigues &
Ugarte, 2001a; Rodrigues & Ugarte, 2001b) at room temperature cannot occur for pure Au
NWs. On the other hand, at 150 K and below, pure Au NWs can be considerably stretched
beyond that point.

log (T /s)

I 1
0 0.05 0.1 (L15 0.2

Az fam

Fig. 8. Decimal logarithm of the lifetime t* of a Auy nanowire at different elongations
calculated according to Eq. 6 for different temperatures. The dotted line denotes a constant
lifetime of 0.1 s. Reprinted from Vélez, P.; Dassie, S. A.; Leiva, E. P. M. Chem. Phys. Lett., Vol.
460, No.1-3, 261-265, 2008 with permission from Elsevier.
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Fig. 9. Dynamic rupture of a Aug nanowire: a) Breaking distance as a function of the
logarithm of the elongation rate v,. The full line shows the calculations according to the
present model and the squares are data for gold point contacts taken from (Huang et al.,
2007a). The segments show the width of the distribution reported there. No fitting
parameters were considered. b) Logarithm of the lifetime of the wire, t*, as a function of the
decimal logarithm of the elongation rate, v,. The full line shows the calculations according to
the present model and the squares are experimental data for the rupture of the Au - ODT
taken from (Huang et al., 2007a). The segments show the width of the distribution reported
there. No fitting parameters were considered. Reprinted from Vélez, P.; Dassie, S. A.; Leiva,
E. P. M. Chem. Phys. Lett., Vol. 460, No.1-3, 261-265, 2008 with permission from Elsevier.
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16 Electrodeposited Nanowires and Their Applications

Rupture of the nanowire at a constant elongation rate: The dynamic rupture of a Auy nanowire
was studied according to Eq. 7. Fig. 9a shows the breaking distance as a function of In (v,)
for elongation rates between e and ef in comparison with the experimental date taken from
Huang et al. (Huang et al., 2007a). It can be observed that the calculated results resemble the
experimental trend in the general features.

A further point that can be analyzed through the present calculations is the lifetime of the
wires as a function of the elongation rates. These results are given in Fig. 9b. There is no
experimental data available for a straightforward comparison with our calculations.
However, AIMD simulations (Kriiger et al., 2002), and considerations based on experiments
(Huang et al., 2006; Huang et al., 2007a; Li et al., 2006a) indicate that the rupture of a
nanocontact made of an alkanethiol and Au contacts should break at a Au - Au bond, so
that comparison between the present results may be made with the experiment of Huang et
al. (Huang et al.,, 2007a), who have studied the rupture of single molecule junctions
involving Au contacts and ODT. The experimental data of Huang et al. is included in Fig.
9b, where it is found that the calculated lifetimes closer resemble those from the experiment;
specially taking into account that no fitting attempt was made seeking for agreement.

4.2 Results for contaminated metallic nanowires

Fig. 10 shows a scheme of the unit cell employed to simulate the pure (Au-p) and
contaminated Au NWs considered here. The light weight elements taken into account as
contaminants are a H atom (Au-H) and a C atom (Au-C). The grey circles represent Au
atoms, which remain fixed at their positions during the relaxation processes. The latter
consists in a local energy minimization procedure by means of the conjugate gradient
method or a search of a MEP by means of the NEB method.

In the case of contaminated NWs the circle marked with an X represents the location the
contaminant atom. This figure also shows the definition of the ay, a2 and a3 bond angles,
determined by the atoms relevant for the analysis of the rupture of the NW.

P 2 - 18]
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Fig. 10. Schematic representation of the unit cell employed in the present calculations: a) the
rectangle indicates the extension of the unit cell. The grey circles represent the Au atoms
fixed during the simulation. a4, a2 and a3 are the bond angles between the Au atoms, and

o is the angle defined by the atoms Au; - X - Au. L is the total chain length and d Awau is
the average Au - Au separation distance. b) Front view of the pyramid of Au atoms shown
in a).

The length of the NW, L, is defined here as the distance between the atoms Au; and Aus. We
also define an average Au - Au separation, as d_Au_ " = L/ 4 . Fig. 10b shows the front view of

one of the pyramid of Au atoms, represented as grey circles in Fig. 10a. The present systems
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contains as a whole 18 atoms. It must be emphasized that in the case of calculations for pure
Au NWs, the present systems deliver results that are close to those presented in the previous
section for only four atoms in the unit cell. This indicates that the mechanical properties of
the NW appear to be quite local, with a rather slight dependence from the bulky atomic
environment.

The atomic impurity was located between the atoms Au; and Auy. This choice was made
because in the literature we found first principles calculations, similar to those performed
here, where the H and C were positioned at a similar place, as well as between the Au, and
Auj; atoms, with similar results (Novaes et al., 2003; Skorodumova et al., 2007). As it will be
found below, the present results agree with those where the impurity was located at another
sites of the chain.

Structure and energetics of pure and contaminated Au NWs. For all the systems we shall refer to
the equilibrium state as that where the derivative of the energy with respect to the elongation
is equal to zero (ie. the external force, or stress, acting on the system is null). The rupture
force will be considered to be the value of the force F, where it presents a maximum at long
elongations, being the force defined in Eq. 8 (da Silva et al., 2004; Jelinek et al., 2008; Novaes
et al., 2003; Novaes et al., 2006; Rubio-Bollinger et al., 2001; Vélez et al., 2005; Vélez et al.,
2008). Accordingly, we refer in the following to the “at rupture” state as that where the

coordinates of the atoms are such that oF / 0Az =0 (maximum force). With this definition,

we are trying to address the status of the system just at the point where the NW is breaking
by further force application. The structural information at the equilibrium and “at rupture”
states of the NWs is summarized in Table 1 for the three systems types considered.

Considering the length difference between the “at rupture” and equilibrium states of the
different systems, it is found that the stretching lengths of the Au-p and Au-C systems are
19Aand 16 A respectively, while the elongation of the Au-H system is considerably larger
(2.6 A). This fact bears direct consequences for the force constant k,, as will be seen later on.
Inspecting Table 1 it becomes clear that the equilibrium geometries of the contaminated

Equilibrium geometries »At rupture” geometries

Au-p Au-H Au-C Au-p Au-H Au-C
LoorL'/ A 9.80 9.60 10.8 11.7 12.2 12.4
da2 /A 2.63 2.76 3.78 2.85 3.58 3.87
d@3) /A 2.64 2.62 2.59 2.95 2.75 2.67
d(34)/A 2.63 2.67 2.66 3.05 3.16 3.15
d45 /A 2.63 2.61 2.62 2.85 2.71 2.71
o /° 139.5 149.6 161.8 179.3 178.6 178.5
o/ ° 125.2 108.6 116.5 179.7 177.0 176.5
os/° 139.7 157.4 136.0 179.9 178.5 178.2
ox /° - 102.5 168.5 -— 179.2 179.5

Table 1. Structural information of the pure Au (Au-p) and hydrogen (Au-H) or carbon
contaminated (Au-C) NWs at the equilibrium and close to rupture situations. In the first
row, L, is the equilibrium length of the NW, whereas L* corresponds to length just before
breakage occurs. Refer to Fig. 11 for an illustration of each of the geometries analyzed. The d
(1,2) bond distance and the ox bond angle of the impurity are in boldface.
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