UNITECE

UNITECH
SELECTED

International Scientific Conference Parsrs
UNITECH 2024 A

UNIIECKH

SELECTED PAPERS

MELTING MECHANISM OF CYLINDRICAL MOLYBDENUM
NANOWIRE: A MOLECULAR DYNAMICS SIMULATION STUDY

Unal Domekeli'”, Murat Celtek®

'Dept. of Physics, Trakya University, 22030, Edirne — T URKIYE
2Faculty of Education, Trakya University, 22030, Edirne — TURKIYE

* Corresponding author: unaldomekeli@trakya.edu.tr

Abstract

Nanowires have many unique mechanical, electronic, optical, catalytic and thermodynamic properties,
unlike bulk states, due to their high surface/volume atom ratio. Due to these properties, nanowires play an
important role in the development of many miniature devices in the field of nanotechnology. The behavior of
nanowires under high temperature and pressure should be characterized for the durability of these devices.
Therefore, understanding the melting mechanisms of nanowires is very important. In this study, the melting
mechanism of cylindrical molybdenum (Mo) nanowire was investigated by molecular dynamics (MD) simulation
using long-range Finnis-Sinclair (FS) type potentials. In order to understand the melting mechanism of the
nanowire, it was divided into five regions, each with a thickness of 2a., four cylindrical shells and a core. The
melting mechanism was characterized by analyzing the thermal, structural and dynamic properties in each
region. The results show that the melting of Mo nanowire occurs in two stages. First, a liquid-like shell forms in
the outer regions of the nanowire as the temperature increases. The thickness of the liquid-like shell increases
with increasing temperature until the shell reaches a critical thickness. Then, the entire nanowire, including the

solid-like regions associated with the core, melts homogeneously.
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INTRODUCTION

Nanowires (NWs), one of the one-
dimensional nanostructures, have unique
mechanical, thermal and electronic
properties, unlike the bulk form, due to
their high surface area to volume ratio [1—
3]. These unusual properties have increased
the interest in NWs and have provided the
opportunity to be used in many different
research and application areas. NWs play
an important role in the design and
fabrication of electro-mechanical devices,
especially at the nanoscale [4,5]. Therefore,
the deformation mechanisms and thermal
stability of NWs should be investigated
comprehensively. Many  experimental
studies have been carried out to determine
the thermal, mechanical and electrical
properties of NWs [6-8]. Experimentally,
the deformation and melting processes of
NWs are quite difficult to study at the
atomic scale due to many factors such as
temperature, orientation, surface and
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boundary conditions. Due to these factors,
NWs may exhibit unpredictable behavior
under experimental conditions [9]. To
overcome this difficulty, MD simulation
technique 1is a good alternative to
experimental methods. MD simulations are
quite successful in investigating the
deformation and melting processes of NWs
at the atomic scale [5,9-13]. Recently, a
large number of metallic NWs can be
produced by new nano-material
manufacturing methods. One of the NWs
produced by this manufacturing technique
is Mo NW. As it is known, bulk Mo is a
metal with high tensile strength, excellent
mechanical and electronic properties, and
good thermal stability due to its high
melting point [14]. There are many MD
simulation studies on the mechanical and
thermal properties of Mo NWs [14—17]. For
example, Peng et al. [15] investigated the
deformation mechanism of Mo NWs using
MD simulation. They reported that the
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plastic deformation in Mo NWs varies
depending on both the lateral size and
orientation of the wire. Lin et al. [14]
examined the mechanical and thermal
stability of ultrathin Mo NWs by
performing MD simulation with tight-
binding potential. They indicated that the
structure of ultrathin Mo NWs differs from
the body-centered cubic (bcc) crystal in
terms of their mechanical and thermal
properties. Although there are many studies
on the mechanical properties of Mo NWs,
there are very few studies on their melting
mechanisms. With this motivation, we
comprehensively investigated the melting
mechanism of Mo NW using MD
simulation in this study.

EXPOSITION

MD simulations for Mo NW and bulk
were performed using the parallel code
DLPOLY simulation package [18]. As is
known, the accuracy of the products
obtained from an MD simulation depends
significantly on the interatomic interaction
potential used in the simulation. Therefore,
the long-range FS EAM potential, which
can successfully describe the interactions
between Mo atoms in MD simulations, was
preferred in this study. The total energy of
the FS potential, Es:, for a system of N
atoms is written by [19,20]:
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where 1;; is the distance between atoms i
and j. V(ry) is the pair potential energy and
is the repulsive term of the total energy. p;
is the total electronic charge density at the

site of atom 7, constructed by superposition
of the local atomic charge densities. &(r;) is
atomic charge density function. 4 is the
embedding energy and forms the attractive
term of the total energy expression. f, co, i
and c; are adjustable parameters used in the
fitting process. ¢ and d are cutoff
parameters. The potential parameters
obtained for Mo by Finnis et al. [19] are
given in Table 1.

Table. 1. FS potential parameters for Mo [19].

parameter value  parameter value
A (eV) 1.887117 Co 43.4475218
c(A) 325 € —31.9332978
d(A) 4.114825 €2 6.080424

B 0

The model cylindrical NW used in MD
simulations was obtained by applying a
cylindrical wire cutting process of diameter
d and height H from bcc crystal as in the
diagram shown in Figure. 1.

—

V4
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Fig. 1. Schematic diagram of model Mo NW.

y

The diameter (d), height (H) and number of
atoms (N) of the model NW are given in
Table 2.

Table 2. The diameter (d), height (H) and
number of atoms (N) of Mo NW.
Symbol N d (nm) H (nm)
NW 46620 7.0 18.9

The NW was simulated under constant
volume and constant temperature NVT
ensemble  with  periodic = boundary
conditions in one dimension, while the bulk
system was simulated under constant
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temperature and constant pressure NPT
ensemble  with  periodic  boundary
conditions in three dimensions. The
classical equations of motion are integrated
using the Leapfrog-Verlet algorithm with a
time step of 1fs. The temperature and
pressure of the system are controlled by the
Nose-Hoover thermostat and the Berendsen
borastat, respectively. The stable structure
at 0 K was obtained by first annealing the
initial configuration at T=300 K using
100000 MD time steps and then cooling it
to T=0 K with a cooling rate of 0.05 K/ps.
The annealed NW is almost identical to the
initial configuration except for the relaxed
surface atoms. For NW and bulk, the
system was subjected to a heating process
consisting of a series of MD simulations
with a temperature increase of AT=100 K.
Around the melting point (Tm), the
temperature increment was reduced to
AT=10 K, taking into account large
temperature fluctuations. Simulations were
performed at each temperature for 100000
MD time steps. The first 50000 MD time
step of the 100000 MD time steps was used
to equilibrate the system and the last 50000
MD time steps was used to generate the
time averaged features.

In the results section, we first studied the
temperature-dependent variation of caloric
curves such as potential energy and heat
capacity to observe the transition from solid
phase to liquid phase for Mo NW during
the melting process. For this purpose, the
potential energy and heat capacity as a
function of temperature for Mo NW and
bulk system are shown in Figure 2. At low
temperatures, the potential energy of NW
and bulk increases linearly  with
temperature. However, a sudden jump
occurs in the energy curve at the
temperature at which the transition from
solid to liquid phase occurs. The
temperature at which the jump in potential
energy occurs is defined as the Tn, of the
system. At temperatures above the Tm, the
caloric curve continues its linear behavior
as in the low temperature region. Also, the
potential energy of NW is higher than that

of bulk. This can be explained by the fact
that NW has a large surface energy due to
its high surface area-to-volume ratio. The
slope of the heat capacity curve given in
Figure 2 increases significantly at the
temperature where the sudden jump in
potential energy occurs. This behavior
observed in the heat capacity indicates that
the system has undergone a first-order
phase transition. At low temperature (room
temperature), the value of the heat capacity
for both the NW and bulk systems goes to
the Dulong-Petit value for harmonic solids
(Cp=25  Jmol'K!).  The  melting
temperatures predicted from the
characteristic behavior of both potential
energy and heat capacity are 2970 K and
3490 K for the Mo NW and bulk system,
respectively. NW has lower melting point
than the bulk system due to its higher
surface energy.
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Fig. 2. Temperature dependent variation of the

potential energy and heat capacity for Mo NW

and bulk system.

Pair  distribution  function  (PDF)
describes the probability of finding another
particle at a distance » from a reference
atom. The PDF depends greatly on the type
of matter, thus it varies greatly for solids,
amorphous, liquids and gases. Therefore,
The PDF is the most important structural
function that is frequently used to analyze
structural properties, whether the system is
crystalline  or  non-crystalline.  The
expression of the PDF, g(r), is as follows
[21]:
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where N and Q represent the number of
atoms, and volume of the simulations cell,
respectively. Figure 3 shows the PDFs of
Mo NW at different temperatures during
heating-process. The PDF exhibits the
characteristic behavior of an ideal bcc
crystal structure at 900 K. As the
temperature increases, the peak amplitudes
of the PDF decrease and the peak widths
increase. At T,=2970 K, it is understood
from the PDF behavior that there is atomic
structural order representing both solid and
liquid phases in the NW. As is known,
during a phase transition, the structural
behavior of a system is a mixture of solid
and liquid phases. At 2980 K, above the Tm,
the PDF of the NW exhibits completely
liquid phase characteristics.  These
structural results support the accuracy of
the Tm predicted from thermal properties
for NW.
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Fig. 3. PDFs of Mo NW at different
temperatures during the heating-process.

In order to explain the melting
mechanism of NW, the cylindrical wire was
divided into five regions, each with a
thickness of 2a, (a,=3.15A [22] for Mo),
consisting of four cylindrical shells and
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core. These cylindrical shells were labeled
1. shell, 2. shell, 3. shell, 4. shell and core,
respectively, from outermost to innermost
(see Figure 4). Thanks to this labeling, the
atomic motion in each shell during the
heating process can be easily monitored and
in-depth information about the melting
mechanism of the NW can be obtained.
Snapshots of the atomic positions projected
onto the xy plane for the NW at different
temperatures are shown in Figure 4.

4.shell 3; shell
Core

s
Ci

T=2980 K

T=2070K

Fig. 4. Snapshots of the projected atomic
positions of NW during the heating process.

As seen in Figure 4, at 900 K, the atoms in
each shell and core maintain their bcc
crystal lattice positions. When the
temperature is 2500K, the metallic bonds
between the atoms in the first shell are
broken and the atoms move away from the
lattice points, forming a liquid layer in the
outermost region of the NW. However, the
other shell and core atoms maintain their
current bee crystal structure. At 2810 K, the
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liquid layer formed in the outermost shell
spreads into the NW and the 2. shell
becomes completely liquid. However, the
other regions still maintain their crystalline
state. It is seen from the atomic
configuration that the 3. shell starts to melt
at 2950 K. At Tw=2970 K, the 1., 2. and 3.
shells are completely in the liquid phase,
while the 4. shell and the core largely retain
their crystalline structure. At 2980 K, above
the melting point, the atomic configuration
shows that the 4. shell and core regions are
melted and the NW is completely in the
liquid phase. The best way to determine the
atomic mobility in the NW during the
melting process is to calculate the self-
diffusion coefficient from the dynamic
properties. The self-diffusion coefficient, D,
is calculated by using the Einstein equation:
MSD

D=lim—— 6)

where ¢ is the diffusion time, MSD of the

atom in the MD simulations can be
described as [20]:

MSD:%%I%(”@)—%(@) ™

where 7; (¢,) 1s the position vector of the ith
atom for the system in its initial
configuration and ; (¢) is the position vector
of ith atom at time ¢.
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Fig. 5. Variation of self-diffusion coefficients as
a function of temperature for Mo NW and bulk.
In Figure 5, the self-diffusion coefficients
obtained from the MD simulation for each
region in the NW and the bulk system are

shown as a function of temperature. In the
low temperature region (i.e. 300 K-2400 K)
the self-diffusion coefficient is around zero
as in the crystalline phase. Between about
2400 K and the melting point, there is an
increase in the diffusion coefficient as in
the liquid phase in the 1., 2. and 3. shells,
respectively (see inset of Figure 5). This
increase is a clear indication that these
shells are in the liquid phase. The self-
diffusion coefficients of the 4. shell and
core increase abruptly at the melting point,
similar to those of the bulk system. These
results support the behavior of the
snapshots of atomic positions given in
Figure 4 at different temperatures. For the
NW, both the snapshots of atomic positions
and the temperature-dependent behavior of
the self-diffusion coefficients indicate that
the melting of the NW occurs in two stages:
first pre-melting and then homogeneous
melting as in the bulk system.

CONCLUSION

In this study, the melting mechanism of
cylindrical Mo nanowire was investigated
by MD simulation with long-range FS type
potentials. The core/shell based sampling
modeled in the MD simulation shows that
the melting starts from the surface of the
NW. A liquid-like shell forms in the outer
regions of the NW. This liquid shell
progresses towards the interior of the NW
with increasing temperature until it reaches
a critical thickness. This critical thickness is
approximately 6a,, corresponding to the
first three shell thicknesses of the studied
NW. Then the remaining part of the wire
melts homogeneously as in the bulk system
and thus the NW is completely melted.
Also, since NW has a high surface area to
volume ratio, its potential energy at the
same temperature (e.g. 900 K) is higher
than that of the bulk. Since NW undergoes
surface melting, unlike the bulk, it has a
lower melting temperature than the bulk.
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