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a b s t r a c t

Three embedded atom method potentials have been applied to investigate the melting properties of
nickel under compression. In these three potentials, Mendelev's potential can reproduce a satisfying
melting curve, which accords well with the experiments and first-principles calculations. Thus, we
recommend that the Mendelev's potential should be a reliable potential for simulating melting
properties of nickel. Using Mendelev's potential, we calculated the melting of Ni with two approaches,
i.e., hysteresis approach and two-phase method. Both approaches produce results in very close
proximity, with the disagreement less than 4.35% at the applied pressures. Fitting the well-known
Simon equation to our melting data yields the melting curves for Ni: 1651(1þP/35.172)0.607 (hysteresis
approach) and 1725(1þP/39.812)0.617 (two-phase approach). Based on the hysteresis method, we
investigated in detail the melting nucleation of nickel at high pressure, and found that with pressure
increasing, the critical nucleus size rn increases fast first and then decreases, and again rises. When
taking account of the Gibbs free energy barrier ΔGn, it found that the ΔGn increase monotonically with
pressure up to 300 GPa, and can be described as a third-order polynomial relation.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The melting of metals under compression is of great interest in
condensed-matter physics, geophysical and planetary sciences,
high-pressure physics, etc. Over the past decade, extensive experi-
mental [1–8] and theoretical [9–16] studies have been performed
on the melting properties of a number of metals. However, the
accurate determination of melting curves under compression is
still challenging both for experimentalists and theorists. The
enormous discrepancies between diamond-anvil cell (DAC) mea-
surements [1,2,17,18] and shock-wave (SW) data [19,20] have not
yet been fully resolved. In the case of Ni, almost a thousand
degrees of discrepancies exist in extrapolating from DAC pressures
of about 60 GPa to SW pressure of 100 GPa [7,12,21], so the high-
pressure melting curve of Ni also remains inconclusive up to now.

On the theoretical side, several attempts at calculating the
melting properties of Ni have been proposed [12,22–25]. Most of
these studies have been performed using empirical interatomic
potentials [22–24]. Only Pozzo and Alfè [12] adopted ab initio
calculations to calculate the melting curve of Ni from 0 to 100 GPa.

Ab initio prediction is expected to be reliable, because it has no
any adjustable parameters and was firmly established more than
two decades ago. However, it failed to give a consensus with the
recent DAC measurements [7] at high pressure, as well as other
simulations based on empirical potentials [24]. This motivates us
to further investigate the high-pressure melting of Ni.

To date, several techniques have been used to determine the
melting curves of materials: one-phase or hysteresis method [26],
two-phase or solid–liquid coexistence method [27], free energy
method [28–31], and Z method [32–34]. In the present work, we
adopted one- and two-phase approaches to investigate the melt-
ing of Ni. In the one-phase method, a solid at a given pressure is
heated until melt (HUM), and then the obtained liquid is cooled
until freezing. The melting temperature is estimated from the
temperatures of the maximum overheating and overcooling states.
In the two-phase method, MD simulations are performed on
supercells containing a solid–liquid interface, and the overheating
can be overcome in the traditional HUM approach. The melting
temperature is obtained from the solid–liquid coexistence, where
the free energies of solid and liquid states are equal. In both
approaches, the melting curves are strongly dependent on the
selected empirical potential parameters. Different potential para-
meters can reproduce different melting curves. Most potential
parameters were only fitted to the properties of solid phase.
However, if they were fitted to those of both solid and liquid
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phases, one could correctly reproduce the melting curves of
materials. In this work, we investigated in detail the melting
curves of nickel using MD simulations with three EAM potentials.
We hope we can find a reliable potential to simulate melting
properties of nickel, and then it can be further used to simulate
other properties such as thermoelastic and thermodynamic
properties, etc.

The rest of the paper is organized as follows: in Section 2, we
briefly described the used model and the simulation details. In
Section 3, we presented the detailed simulation results and the
discussions; the general conclusions were drawn in Section 4.

2. Theoretical methods and calculation details

2.1. Potential functions

For molecular dynamics simulations of melting of nickel, we
have adopted three EAM potentials (EAM-1 [35]; EAM-2 [36];
EAM-3 [37]) to compare which one is appropriate to simulate the
melting properties of nickel at high pressures and high tempera-
tures. There are some fitted parameters' differences among the
three EAM potentials. In the EAM, the total energy of an atomic
system is represented by

U ¼ ∑
N�1

i ¼ 1
∑
N

j ¼ iþ1
φðrijÞþ ∑

N

i ¼ 1
ΦðρiÞ ð1Þ

where the subscripts i and j label distinct atoms, N is the number
of atoms in the system, φ is a pair-interaction potential as
functions of distance rij between atoms i and j and Φ is the
embedding energy as functions of the host electron density ρi on
atom i. The host electron density,

ρi ¼∑
j
ψ ðrijÞ ð2Þ

is the sum of atomic electron densities created at site i by all other
atoms of the system. The tabular forms of these potentials can be
found in Refs. [38,39].

2.2. Molecular dynamics simulations

All MD simulations were performed by using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) software
package [40] with period boundary conditions. A time step of 2 fs
was used to perform the integration of the Newton equation of
motion and the smooth particle mesh Ewald method [41] was
employed with the electrostatic interaction. The Nośe–Hoover
thermostat and barostat method [42] was applied to control the
temperature and pressure. We typically used 60,000 time steps for
the equilibration run, and another 40,000 time steps for calculat-
ing the average thermodynamic properties. To verify that 100,000
time steps were sufficient for present simulations, different time
steps were used at each simulated pressure.

In the one-phase simulations, we started with the supercells
consisting of 6�6�6, 8�8�8, 10�10�10 conventional unit cells
corresponding to 864, 2048, and 4000 Ni atoms in the fcc structure.
The supercell was subjected to incremental heating under the
isothermal–isobaric (NPT) ensemble at fixed pressure until melt
(Tþ , Fig. 1); and then, the obtained liquid Ni was cooled by the same
temperature augment until recrystallization (T�). The equilibrium
melting point Tm can be estimated from the magnitudes of super-
heating, Tþ , and supercooling, T� , temperatures: [26]

Tm ¼ T þ þT � �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T þ T �

p
: ð3Þ

The two-phase MD simulations started with the supercells
containing 7�7�14, 8�8�16, 9�9�18 unit cells, respectively

corresponding to 2744, 4096, 5832 Ni atoms in the fcc structure. We
froze the half part of the z-coordinate of the supercell, and then
heated another half up to 8000 K (far above the melting point) in the
microcanonical ensemble (NVE). Consequently, the coexistence
phase containing a solid–liquid interface was constructed. The
obtained coexistence phase box was used as the initial configuration
for further simulations, which is shown in Fig. 2(b). In the two-phase
simulations, the solid phase is identified by periodical arrays of
atoms, while in the liquid phase the atoms distribute randomly. To
obtain two-phase melting points, we heated the system under the
NPT ensemble. If the systemic temperature is too high, the system
containing both a solid and a liquid (Fig. 2b) will melt (Fig. 2c); if the
systemic temperature is too low, the system will eventually crystal-
lize (Fig. 2a). By this means, the melting temperature can be
bracketed in a desired interval by performing multiple simulations
at different temperatures for any given pressure.

2.3. Melting nucleation

Melting represents a typical first-order phase transition with
two metastable states existing on both sides of the transition
point. The transition point can be determined by the equality of
the corresponding thermodynamic potentials. Nevertheless, the
transition point is triggered by nucleation, in which the Gibbs free
energy barrier (ΔGn) to forming nuclei of the daughter phase
should be overcome. Based on the one-phase method, we can
investigate the issue of melting nucleation. According to the
classical homogeneous nucleation theory for solidification [43],
in an ideal case of a spherical critical nucleus where the strain
energy duo to phase change is neglected [44], a critical size of
nucleation can be expressed as

rnðTÞ ¼ 2γslTm

ΔHmðT�TmÞ
ð4Þ

and a critical work of nucleation

ΔGnðTÞ ¼ 4
3 πγslr

n2 ð5Þ
can be obtained for the homogeneous nucleation of melting. Here Tm,
ΔHm and γsl are melting point, enthalpy of fusion and solid–liquid
interfacial energy, respectively. The γsl can be calculated as [45]

γsl ¼
3

16π
βkBTmΔH2

m

� �1=3

ð6Þ

where kB is the Boltzmann's constant, ΔHm is the change of enthalpy
per unit volume between the liquid and the solid at the melting point

Å

Fig. 1. Atomic volume versus temperature during incremental overheating and
overcooling process of Ni at 100 GPa. The melting point Tm can be estimated from
the overheating and overcooling temperatures Tþ , and T� , using Eq. (3).
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