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Abstract

In this study, the melting point and specific heat of L12-Cu3Au alloy was investigated by classical molecular dynamic
simulation method using three different many-body potentials. Simulation box contains 15%15%15 unit cells with 13500
atoms, periodic boundary conditions are applied in three directions. All simulations were performed using DLPOLY
molecular dynamic open code. The solid-liquid phase transition was investigated by analyzing the lattice parameters, pair
distribution function and specific heat as a function of temperature. The results of molecular dynamics simulation obtained
using different potentials were discussed comparatively with the experimental and theoretical results reported in the
literature.
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INTRODUCTION

As a traditional alloy, Au-Cu alloy systems
are widely used in many fields such as
catalysis, electronics industries and biological
materials. The interest in these alloys is
increasing day by day, and in recent studies,
some new functions of the alloy have been
found in nano-crystal and thin film
materials[1-4]. Molecular dynamics (MD) is
the simulation of the physical movement of
atoms and molecules. The atoms and
molecules are allowed to interact for a time
that gives an image of the movement of atoms.
The equations of motion are solved
numerically to follow the time evolution of the
system, allowing the derivation of kinetic and
thermodynamic properties[5]. Optimal
identification of atomic interactions in the
system is very important in terms of the
reliability of the potential function used. In this
context, there are several potential functions
used in molecular dynamic simulation such as
Lennard Jones (LJ), Embedded Atom Method
(EAM), Modified Embedded Atom Method
(MEAM), Quantum Sutton-Chen (Q-SC)[6],
Tight-Binding (TB)[7], Tersoff [8], which are
used in different systems depending on the
application.
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In our study, we examined the physical
properties of the CuzAu (or Cu;sAuys) binary
alloy during the heating process by using
many-body potentials such as EAM, Q-SC and
TB among the aforementioned potential
functions. The results obtained from MD
simulation were discussed by comparing with
the experimental and theoretical results
presented in the literature.

EXPOSITION

At the beginning of the MD simulation
study, Cu and Au atoms in the alloy system
were distributed to fcc unit cell-based L12
type super braid points. The Au atoms occupy
the corner sites, whereas the Cu atoms occupy
the face centers of the basis cube. The
simulation system consists of 13500 atoms
(10125 Cu atoms and 3375 Au atoms), and is
confined in a cubic simulation cell with
periodic boundary conditions imposed in all
three directions. The Nosé-Hoover thermostat
and barostat has been used to control the
temperature and pressure[9]. For all three
potentials, the simulations start from a well
equilibrated state initiated by a perfect L12
configuration at OK. The output configurations
of the simulation run at each temperature
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provide the starting point for the next
temperature. The system was heated from 0K
to 1800K at 50K intervals. In order to better
determine the melting point, computer
simulations have been carried out by 10K
increments around the melting point.

The total energy forms of the Q-SC, EAM
and TB many-body potentials used in the
study are given as follows, and more detailed
information about these potentials can be taken
from the relevant references.

Total energy in the potential of Q-SC has the
following form[10,11]:
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The Q-SC potential parameters used for the
Cu-Au alloy are presented in Table 1[6,10].

Table 1. Q-SC potential parameters for the Cu and
Au pure metals.

Metal n m € (eV) c a (A)
Cu 10 5 5.7921E—3 84.843 3.6030
Au 11 8 7.8052E—3 53.581 4.0651
In the second-moment approximation

(SMA), the total energy of the TB potential
can be written as follows [12,13]:
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In this study, we used the potential parameters
of TB obtained by Papanicolaou et al.[14] and
listed these parameters in Table 2.

Table 2. TB potential parameters for the Au-Au,
Cu-Cu and Cu-Au.

ap Eap (V) Agp (eV) gap Pup

P (A)

Au-Au 1.8241 02145 43769 10.8842 2.8652
Cu—Cu 12355 0.0862  2.3820 12.5785 2.4729
Cu-Au 1.7981 0.2356  2.6433 8.6961 2.6222

We used the EAM potential developed by
Zhou and his co-workers [15] to describe the
interactions between Cu and Au in CuzAu

binary alloy. In the EAM potential, the total
energy is written as the sum of the embedding
energy and the pair potential, and given in the
following form[16—18].
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Figure 1 shows the temperature-dependent
variation of the lattice parameter a of ordered
L12-CusAu binary alloy obtained from the
MD using three different potentials for the
L12-CusAu binary alloy. According to the MD
results obtained from all potentials, it is
evident from Figure 1 that there is a
discontinuity which is thought to be due to
phase transformation of the material. Although
the lattice parameter values obtained from all
potentials are very close to each other at low
temperatures, there are slight differences at
higher temperatures. On the other hand, our
results are consistent with the previously
reported exp.® [19] and exp.(b)[20] experimental
lattice parameter values, especially our results
are closer to the values obtained from exp.(b)
[20] results. The consistency between the
experimental and MD simulation results is a
clear indication that all three potentials can
accurately identify interatomic interactions in
the CuszAu system. According to the results of
MD simulation, the melting temperature of
Cu3Au system under zero pressure has been
determined as T, = 1450 =+ 5 K for Q-SC, T,
=1220+ 5K for TB and T, = 1530 £ 5 K for
EAM. When our results are compared with the
experimentally determined melting point of
1250K[21], the deviation between our
determined  melting points and the
experimental melting point is 16% for Q-SC, -
4% for TB and 22.4% for EAM. These results
show that the TB potential function for the
model alloy system produces a melting
temperature more compatible with the
experimental value compared to other
potential functions. In addition, the reason why
the melting temperature deviates from the
experimental values is that the MD cell does
not contain any structural defect under initial
conditions, and the number of particles used in
the study is insufficient.
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Fig. 1. Lattice parameter of CusAu alloy as a
function of temperature for all three potentials.
The exp™ and exp.” experimental data have been
taken from ref [19] and ref [20], respectively

Figure 2 shows the final atomic
configuration boxes of the system at
temperatures of 300K and 1500K, which
represent the images obtained using the TB
potential. As can be seen from the figure, in
300K there is a uniform distribution between
the atoms in the simulation box as in solid
systems, whereas in 1500 K the atoms are in a
completely random distribution, which is a
behavior specific to liquid systems.

T=300K
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L

Fig. 2. TB-MD snapshots of the simulation models
of CusAu alloy at temperatures of 300 K and
1500K. The gray and yellow balls in the simulation

box represent Cu and Au atoms, respectively

The temperature-dependent changes of the
specific heat (C,) curves obtained from QSC-
MD, TB-MD and EAM-MD for the CuzAu
alloy are presented in Figure 3. The C, values
obtained from all potentials exhibit close to
each other until their melting point. At low
temperatures, the values of Cp are very close
to the expected Dulong-Petit value for
harmonic solids (Cp=25J mol™ K™, and these
results indicate that these potentials may be

successful in  explaining the physical
properties of the solid system. With increasing
temperature, a sudden jump occurred in the C,
curves around the melting points obtained at
different points for each potential, which is
sudden and sharp jump, indicating that the
system is making phase transition from the
solid structure to the liquid structure.
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Fig. 3. Temperature-related evolution of specific
heat curves obtained from Q-SC-MD, TB-MD and
EAM-MD during heating

The pair distribution function (PDF) (or
g(r)) is one of the most important structural
quantities that characterize a system,
particularly for liquids. The PDF for a
simulated system can be calculated as follows:

V
g(r) = W<ZZ §(r—rij)) (5)
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Figures 8 (a-c) show the temperature-
dependent evolution of the L12 phase of
CusAu alloy under the pressure during the
heating process for three different potentials.
The g(r) curves calculated at 300K from each
of the three potentials show sharp and high
peaks representing the solid structure. With the
temperature increasing to 900K, different
peaks for all potentials gradually begin to
disappear and the system tends to liquefy. This
tendency to be liquid is more pronounced in
the g (r) curves at 1400 K for Q-SC, 1200 K
for TB, and 1500 K for EAM. All g(r)'s at
1800 K show a lower first peak and a
smoother curve, indicating a property of liquid
structures. According to the results of our
study, it can be seen that g (r) curves obtained
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using three different potentials exhibit similar
behaviors.
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Fig. 3. g(r) curves at P = 0 for CusAu alloy: solid

at T=300K, 900 K and 1400 K for Q-SC, 1200 K
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CONCLUSION

In summary, in this study, the melting point,
specific heat of the system and temperature-
dependent changes of the PDF curves were
investigated by MD simulations during the

heating process by using many body potentials
such as Q-SC, TB and EAM for L12-CuzAu
alloy. The simulated results for all three
potentials are consistent with the experimental
results in the literature. We have observed that
all potential functions used in the study are
mostly successful in explaining the structural
and physical properties of the system.
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