Melting of ultrathin copper nanobridges
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ABSTRACT

This study showed the various physical phenomena of
ultrathin nanobridges, such as the melting and breaking of
nanobridges  using  classical molecular  dynamics
simulations and a many-body potential function of the
second-moment approximation of tight-binding scheme.
Even if this study was confined within eight systems of
ultrathin nanobridges, this study has disclosed some
interesting features of nanobridges, and the caloric curves
and diffusivities of nanobridges provided the information
on the melting and breaking points of nanobridges.
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1 INTRODUCTION

In nanoelectronic engineering, the mechanical, optical,
and electrical properties of one-dimensional nanometer-
scale wires have been investigated in the past decade [1-19].
The mechanical and electrical properties of metallic
nanocontacts in which a neck of atoms just a few atomic
diameters bridges two electrical contacts have been a
subject of intensive research [4-15]. The results prepared by
contacting a metal surface with the scanning tunneling
microscope (STM) [6-10] and by other methods [11-15]
have typically displayed a conductance quantized in steps
of 2¢°/ h, where e is the electron charge and /4 is Planck’s
constant. The mechanical properties of nanocontacts have
shown that before the first yielding, nanowires preserve the
elastic stage, and after that, the elongation deformation
proceeds in alternating quasi-elastic and yielding stages
[10,16]. The thermal properties of nanocontacts (or
nanobridges) have to be investigated for device applications
of nanocontacts. Therefore, the melting of infinite Pb [17]
and Au [18] nanowires with periodic boundary conditions
(PBC) along the axes of nanowires have been investigated
via molecular dynamics (MD) simulations. However,
previous works [17.18] have not been enough to provide
the thermal properties of nanobridges, such as the melting
and breaking of nanobridges. Therefore, this paper

investigated the thermal properties of ultra-thin nanobridges,

such as the melting and breaking of nanobridges, using a
classical MD simulation.

2 COMPUTATIONAL METHODS

The interaction between copper atoms is described by a
many-body potential function of the second-moment

approximation of the tight-binding (SMA-TB) scheme [22]
that has already been tested in nanoclusters and nanowires
[16,19,20,23-26], etc. The potential reproduces many basic
properties of crystalline and noncrystalline bulk phases and
surfaces [23], gives a good insight into the structures and
thermodynamics of metal clusters [25,26] and nanowires
[16,24], and gives physical values in good agreement with
experimental and theoretical values such as surface energies
and diffusion energy barriers [16]. The cut off distance,
5.30 A, is the average of the distance between the fourth
and fifth nearest neighbors of perfect crystal.

In these MD simulations, we used the same MD
methods which employed previously in studies on the
cluster deposition and the structural motifs of Cu nanowire
[16,19.20]. The MD timestep was 0.5 fs. The MD code uses
the velocity Verlet algorithm, Gunsteren-Berendsen
thermostat to keep constant temperature, a PBC along the
wire axis, and neighbor lists to improve computing
performance [21].

The nanostructures we studied have two supporting
layers that are connected with both ends of the nanobridges.
In this paper, structures connected with the supporting
layers are called nanobridges and semi-infinite nanowire
with the PBC is called nanowire. D and L in Table | denote
the diameter and the length of nanobridges, respectively.
The last layers at both supporting ends are rigid, and these
fixed layers at both ends are assumed to be connected to
the external agent. All the atoms in these layers are kept
fixed during the MD simulations. Atoms in the following
two layers adjacent to the fixed ones and those of the
nanobridge were identified as dynamic atoms and were
fully relaxed during the MD simulations. We considered
eight different structures, which are described in Table 1.
Since the ultrathin metal nanowires have been observed in
face centered cubic (fcc) [28] and cylindrical multi-shell
(CMS)-type  structures [19,24], we have selected
nanobridges with fcc or CMS-type structures, and the
supporting layers have the same structures as those of the
nanobridges. To describe CMS-type nanowires, we use the
notation »n - n'- n’- n’"’ introduced by Kondo and
Takayanagi [9], when the nanowire consists of coaxial
tubes with n, n’, n’’, n’’" helical atom rows (n > n’>n’' >
n'""). Since each shell of the CMS-type nanobridges is
composed of the circular folding of {111} plane [19], their
structures are similar to the {111} structure. Therefore, the
CMS-type nanobridges are connected with the supporting
layers with {111} planes. Nanobridges with different
diameter were simulated under the conditions of the same
structure and the same length..

3 RESULTS AND DISCUSSION
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The relaxed structures of nanobridges were obtained
from the MD simulations using all initial nanobridges in
Table 1, which have been performed during I ns at 300 K.
The CMS-type nanobridges have maintained their
structures between the supporting layers with {111} planes.
However, one or two layers of the CMS-type nanobridge
contacting the supporting layers were transformed into
{111} structure and the other regions have preserved the
CMS-type structure. These results are in good agreement
with those obtained from experiments [9].

Each system relaxed by MD simulations of 1 ns at 300
K was heated by uniformly scaling the atomic velocities.
The mean kinetic temperature kT :1'2/(3'\'“(’)]<Z\Q(m’: /2)>,

where the angular brackets denote averaging over time and
ky, is the Boltzman constant, supply the energy to atoms in
nanobridges. The MD runs of 20,000 timesteps were
performed with each temperature step from 300 K. and so,
the average temperature ascent rate is 0.1 K/ps.

Figure 1 shows the caloric curves and diffusivities of
the CMS 16-11-6-1 nanowire as a function of temperature.
The caloric curve of the CMS 16-11-6-1 nanowire close to
one-dimensional system is in the regime of the pseudo-first-
order transitions and the jump in the caloric curve is
apparent. The slope of the caloric curve of the CMS 16-11-
6-1 corresponds to the Dulong-Petit specific heat, and the
M and B points indicate pronouncedly upward and
downward points in the caloric curve, which are related the
melting and breaking of nanowire. The temperatures
corresponding to pronouncedly upward curves related to the
latent heat are defined as the melting points. In the caloric
curve of the CMS 16-11-6-1 nanowire, it is divided into
four regions. The first region ranges below the M point,
where the ultrathin nanowire is solid. The second region is
the M point that caloric curve exhibits an upward curvature,
where the specific heat pronouncedly increases by the
beginning of melting. This upward curvature is associated
with the loss of the solid rigidity of nanowire, the latent
heat. The third region is between the M and B points, where
the ultrathin nanowire is in the melting, and the slope is the
same with that in the first region. The last region is the B
point that the ultra-thin nanowire is broken and then
spherical cluster is formed in the conditions of MD
simulation. The slope in the caloric curve of the CMS 16-
[1-6-1 nanowire is always the same with those in the first
and third regions. The specific heat for the SMA-TB
potential used is 0.389 J/g °C obtained from the caloric
curves and is in good agreement with the experimental
value, 0.385 J/g °C [29]. The melting temperature of the
CMS 16-11-6-1 nanowires is much lower than that of the
bulk. Thus properties of the caloric curve of nanowires
except for the downward curvatures are in an excellent
agreement with the previous works for nanowires [17,18]
and nanoclusters [27]. The previous works [17,18] have not
shown the breaking of nanowires, but have shown only the
melting of nanowires.

Figure 2 shows snapshots of the CMS 16-11-6-1
nanowire for various temperatures, and these are very

helpful for understand the melting and breaking behaviors
of the CMS 16-11-6-1 nanowires. Figure 2(a) shows that
the structure of its solid region at 450 K maintains its initial
structure. However, at 580 K, the melting temperature of
the nanowire, the structure is deformed as shown in Fig.
2(b). Figure 2(c) shows that at 700 K, the nanowire is in the
melting state and that the structure is similar to an
amorphous state. Figure 2(d) shows the structure just before
the breaking of the nanowire at 800 K. As the temperature
approaches near the breaking point of the nanowire, the
neck of the nanowire becomes more and more narrow and
finally is broken as the fuse burns out at high temperature.
As mentioned above, Fig. 2(e) shows a spherical cluster
formed after the breaking of the nanowire. The spherical
cluster is formed because of the PBC applied to the
supercell.

In our simulations, the properties of nanobridges were
similar to those of nanowire. The caloric curves of
nanobridges were generally similar to that of nanowires or
nanoclusters [16,27], and the M and B points in the caloric
curves of nanobridges also were found as the upward and
downward curvatures. When the temperature of nanobridge
reached its M point, the nanobridge came in melting and
then the tension in the nanobridge gradually decreased.

As the temperature increases, the diameter of the neck
of nanobridge decreases because atoms in the nanobridge
migrate to the supporting layers. The structures at the M
point are in the melting. When the temperature reaches the
B point, the nanobridge was broken and at the same time.
atoms were swiftly accumulated on the supporting layers
due to the tension just before breaking.

Therefore, the B point of nanobridge can be also defined
by the variation of atomistic mobility as a function of
temperature, as shown in Fig. 1. The corresponding
diffusion coefficient was evaluated for each temperature as
the “/6’)‘5:*‘/2,;;’7(’)*'7(()){: where r(0) and r(t) are the

vector positions of jth atom at time = 0 and ¢, respectively.
Figure 3 shows the diffusivities of nanobridges and CMS
16-11-6-1 nanowire compared with that of the bulk for the
melting temperature more or less. At low temperatures (<
500 K), the diffusivities of atoms in nanobridges and
nanowire are higher than that of atoms in the bulk [28]. The
variations of diffusivity before the breaking of nanobridges
are in a good agreement with that of clusters [27] or
nanowires [18]. The diffusivities of the CMS 16-11-6-1
nanowire slowly increase until the M point, and show
pronouncedly upward curvature at the M point. This reason
is that due to the melting at the M point, atoms in the CMS
16-11-6-1 nanowire rapidly migrated to both directions
along the wire axis. Above the melting point, atoms on the
surface of nanobridges were gradually piled up on the
supporting layers. Therefore, after M points, atoms in
nanobridges began to migrate to the supporting layers, and
this migration became major factor in diffusivity ascension.
While the atoms of the CMS 16-11-6-1 nanowire applied to
the PBC freely moved along the wire axis, the atoms of
nanobridges lay thick on the supporting layers. Therefore,
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the diffusivities of nanobridges are less than that of the
CMS 16-11-6-1 nanowire. However, in Fig. 3, the
diffusivities of nanobridges after their M points are in a
good agreement with the experimental values of diffusivity
of liquid Cu [28].

When the temperature reached the B point of
nanobridge, the nanobridge was broken and at the same
time, atoms swiftly were piled up on the supporting layers
due to the tension just before the breaking. Therefore, the
diffusivities of nanobridges just after the B points decrease.
However, as the temperatures increase higher than the B
points of nanobridges, the diffusivities of nanobridges again
increase. In the case of the CMS 16-11-6-1 nanowires,
spherical nanocluster was formed just after the B point, and
then the diffusivities of the system also decrease as shown
in Figs. 1 and 3. As the temperatures of the CMS 16-11-6-1
nanowire increase over the B point, diffusivities again
increase.

In the cases of Al, BI. Cl, and DI, the M points were
not observed in our simulations but the B points were
observed. We can see that the M point of nanobridge is
closely related to the linear density and diameter of
nanobridge in Fig. 4. In cluster science, the melting
temperature depends on the cluster size and is expressed by
following form [18]:

7,.=T1,-c/D_. (3-D
where 7, is the melting temperature for the spherical
nanoparticle of diameter D, 7, is the bulk melting
temperature, and ¢ is a constant. From our results, the
melting temperature of nanobridges is expressed by
approximately as follows:

T,=T,-n/D,, (3-2)
where 7, is the melting temperature for the nanobridge
with diameter, D,. and 2 is a constant. The upper graph of
Fig. 4(a) shows the 7, with the line fitted by Eq. (3-2)
originating at the 7, obtained from the SMA-TB potential,
1490 K [22].

Since the breaking temperature of nanobridge can be
dependent on the diameter of nanobridge, linear density of
nanobridge, crystallographic orientation, shapes in the
different direction, etc.., our simulation results in this paper
are not enough to provide some physical properties of the
breaking of nanobridges due to thermal energies. However,
in our simulation results, if we assume that the B points of
nanobridges depend on the diameters of nanobridges, the
form of Eq. (3-2) could express those. Therefore, the
bottom graph of Fig. 4(a) shows the B points with the solid
line fitted by Eq. (3-2) originating at the 7, obtained from
the SMA-TB potential. For the ultrathin nanobridges, since
it has been well known that the CMS-type structures are
more stable than the other structures, the M and B points of
the CMS-type nanobridges are higher than those of the
other nanobridges. However, for the larger nanowires, since
the nanobridges with fec structure are more stable than the
CMS-type nanobridges, the dashed line of Fig. 4(a), the line
fitted for the CMS-type nanobridges, originates at near 900
K. Figure 4(b) shows the M and B points as a function of

the linear densities of nanobridges, and the M and B points
of nanobridges are linearly proportional with the linear
density of nanobridge.

4 CONCLUSION

The previous studies on nanoclusters [27] and infinite
nanowires [17,18] have shown the physical phenomena
related to only the melting of nanoclusters and nanowires.
This study showed the various physical phenomena of
ultrathin nanobridges, such as the melting and breaking of
nanobridges  using  classical molecular  dynamics
simulations. Even if this study was confined within eight
systems of ultrathin nanobridges, this study has disclosed
some interesting features of nanobridges, and the caloric
curves and diffusivities of nanobridges provided the
information on the melting and breaking points of
nanobridges. However, more detail works are still
necessary to investigate on the properties of the breaking of
nanobridges.

Table 1. . Structures of ultrathin Cu nanobridges.

Supporting e The linear density
laver  Nanobridge D (A LA (10" ke/m)
Al {100} {100} 10.2 61.449 73.0
A2 {100} {100} 15.0 61.449 166.5
BI {110} {110} 102 42.452 80.3
B2 {110} {110} 15.0 42452 188.8
Cl {111} {111} 10.2  70.956 73.2
c2 {111} {111} 15.0 70.956 163.9
DI {111} CMS 6-1 4.9 64.294 34.3
D2 {111} CMSI11-6-1 102 64.294 87.7
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Figure 1. Caloric curve and diffusivities of the CMS 16-11-
6-1 nanowire as a functions of temperature
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(a) (b) (c) (d) (e)
Figure 2. Snapshots of the CMS 16-11-6-1 nanowire for
temperatures of (a) 450 K, (b) 580 K, (¢) 700 K, (d) 800 K,
aind (e) 850 I.<
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Figure 3. Diffusivity of nanobridges. A2, B2, C2, and D2,
and the CMS 16-11-6-1 nanowries. The diffusivities of
nanobridges and nanowire are compared with that of the

bulk for melting temperature more or less.

0 —
— 1490 K (from Ref. [22]) Iz

tenperat
®

Meltimg temperature (K)

Figure 4. (a) The M and B points of nanobridges with
curves fitted by Eq. (3-2). (b) The M and B points of
nanobridges as a function of the linear density of
nanobridges.
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