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Solid—Liquid Interfacial Energy and Melting Properties of Nickel under Pressure
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We carried out molecular dynamics (MD) simulations with the quantum-corrected Sutton—Chen (Q-SC)
potential to compute the thermal equation of state (EOS), the solid—liquid interfacial energy, and melting
properties of nickel. We simulate the melting with two methods, the hysteresis (one-phase) approach and
the solid—liquid coexistence (two-phase) approach. These methods strongly reduced the overheating, and
their results are in the close proximity over a large range of pressure. The melting temperature at ambient
pressure is in accordance with the diamond anvil cell (DAC) experiment values. With a superheating and
undercooling method, solid—liquid interfacial energy as a function of pressure is exhibited. Moreover, the
thermal EOS has been investigated, and the linear thermal expansivity as afunction of temperature has also

been obtained successfully.

1. Introduction

The melting property of materials is still an important field
of condensed-matter physics. Extensive experimental studies' 8
and theoretical work® *° have been applied to a number of
metals. Particularly, for the laser-heated diamond anvil cell
(DAC) measurement of the melting curves of transition metals,
such as Ni, Ta, Mo, and so on, the melting slopes*>” (dT/dP)
at high pressures are unusualy low. As for Ni, severa
discrepancies in the DAC data®*” with theoretical data’® still
exist. Lazor et a.? and Errandonea et al.* applied the laser-
heated DAC technique to investigate ultrahigh melting curves.
Japel et al.” measured the melting curvesin alaser-heated DAC
and confirmed the key role of d-shell electrons in determining
melting temperatures. Subsequently, Ross et al.*® calculated the
melting curves of Ni with the free energy model, and their results
are much larger than the melting temperatures extrapol ated from
DAC experiments. To date, data of the melting properties of
Ni at high pressures are scarce, and it is unclear whether the
abnormal behavior still existsin the high-pressure melting curves
of Ni. Hence, the goal of the present investigation is to pay
attention to the high-pressure melting of Ni, using molecular
dynamics (MD) simulations with the quantum-corrected
Sutton—Chen (Q-SC) potential .>° The Q-SC potential has been
successfully applied in many metals.?*%2

In accurately determining the equilibrium melting point of
crystals using the hysteresis (one-phase) approach® and the
solid—liquid coexistence (two-phase) approach,?® MD simula-
tions appear to be essential for application. In the first approach,
the solid phase is heated until melting, and then the liquid phase
is cooled until freezing under various pressures. The melting
temperature is deduced from the temperature of the degree of
superheating and supercooling. From atheoretical point of view,
two-phase MD simulations, which can avoid the superheating
effect, provide a very accurate tool to study the melting
properties of large systems. In recent years, this method has been
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successfully applied to many materials, such as Lannard—
Jonesium,>* LiH,*® MgO and NaCl,?® GaN,*” Ne,*® and so on.

The other intriguing problem is the solid—liquid interfacia
energy yy. Few theoretical studies of nickel solid—liquid
interfacial properties have been reported to date. Hoyt et al.?°
reported y4 ~ 0.23 J-m~2 with the different embedded atom
model and the analysis of the capillary wave spectrum. A
theoretical result yq4 ~ 0.18 J-m~2 was reported by Zykova-
Timan et al.> Now, we apply the superheating/undercooling
method with MD simulations™ to calculate the solid—liquid
interfacial energy of nickel.

The aim of the present work is as follows. First, we propose
to compare the hysteresis approach and the two-phase approach
to estimate the high-pressure melting line of nickel in MD
simulations. Then, we study the thermal equation of state (EOS)
and the solid—liquid interfacial energy.

2. Computational Method

2.1. Potential Function. In this work, we have adopted the
Q-SC potential as the reference potential. In the Q-SC poten-
tial,%° the total potential energy of the metal is given as follows:

Vo= LU= Xe X 5ve) —ol| @

j=i
where V(r;j) is a pair potential defined by the following form

a\n

vy = () @
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Accounting for a two-body repulsive interaction between the
atomsi and j, p; is alocal density accounting for the cohesion
associated with atom i defined by
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In egs 1 to 3, & sets the overall energy scale, rj; is the distance
between the atoms i and j, a is an arbitrary length parameter
leading to a dimensionless value for V(r;) and pi, G is a
dimensionless parameter scaling the attractive term relative to
the repulsive term, and n and m are positive integer parameters
such that n > m. The fitted parameters for Ni?® are n = 10, m
=5, ¢ = 0.0073767 eV, ¢ = 84.745, and a = 3.5157 A.

2.2. Molecular Dynamics (MD) Simulations. The calcula-
tions were done with the DL_POLY2.17 program.® We
performed MD simulations of the solid—liquid systems in the
Berendsen isothermal —isobaric (normal pressure and temper-
ature, NPT) ensemble.® The relaxation times used for the
thermostat and barostat are (0.5 and 0.5) ps, respectively.
The potential cutoff radius of 9 A was applied, and the
smooth particle-mesh Ewald method®® was employed with
the electrostatic interaction. Integration of the equation of
motion has been performed with a time step of 1 fs; the
system was equilibrated for a minimum of 6 ps (6000 time
steps), and statistical averages of properties such as volumes
and energies were computed over the remaining time of the
4 ps (4000 time steps) simulation.

In the two-phase MD simulations, we started with the
supercell consistingof 4 x 4 x 8,5 x 5 x 10,and 6 x 6 x
12 face-centered-cubic (fcc) conventional unit cells correspond-
ing to 512, 1000, and 1728 atoms in the fcc structure, froze the
half part of the z-coordinates of the cell, and then heated them
up to 3000 K (above the melting point) in the microcanonical
ensemble (NVE) ensemble to alow the molecules at the contact
surface to relax to more stable positions. The single-phase MD
simulations started with the fcc Ni crystal of 5 x 5 x 5 cell units,
which contains 500 atoms. The single crystal Ni was subjected to
incrementd heating under the NPT ensemble at a fixed pressure
until melting. Similarly, the liquid Ni was followed by the same
temperature increment cooling until recrystallization.

2.3. Equilibrium Melting Point. The two-phase MD simula
tions can be used to obtain the melting temperature Ty, >">* In
Figure 1a, we show the initial configuration with average
number density of the supercell paralel to the solid—liquid
interface. The solid phase is identified by periodic oscillations
of the density, while the number density of the liquid phase
fluctuates randomly with much smaller amplitudes. Under a
fixed pressure, when the system temperature is below the
melting point, the interfaces will move toward the liquid part
(Figure 1b), whereas it moves toward the solid parts above the
melting point (Figure 1c). We can judge the melting temperature
either below or above the melting point at a fixed pressure by
monitoring the moving direction of interfaces from the average
number density of the supercell. Then, we narrowed the range
of the melting temperature at this pressure. Repeating the above
steps, we can obtain the whole melting curve within the applied
pressures. To ensure that the system is indeed melting, we can
analyze the radical distribution function (RDF) of the atom. In
Figure 2, the RDF of the solid is characterized by the
pronounced peaks from short to long-range, but many peaks
are absent or flattened in the RDF of the liquid.

For the solid—liquid phase transition in a single-component
system, supercells with three-dimensional periodic boundaries
and NPT ensembles were conducted in the MD simulations.
When we heat the perfect single crystal Ni incrementaly, a
sudden jump in the volume upon melting T, can be found. Also,
adrop in the volume at T_ in a cooling simulation of liquid Ni
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Figure 1. Density profile in a simulation of the solid—liquid coexistence
configuration. The solid phase is identified by periodic oscillations of the
density, while the density of the liquid phase fluctuates randomly with much
smaller amplitudes. (a) The initia configuration, (b) the movement of
interfaces toward the liquid part when T < Ty, () the movement of interfaces
toward the solid part when T > T,,. The simulation box contained 1000
atoms, and the slice width was 0.419 A.
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Figure 2. RDF calculated for solid and liquid Ni right before and right
after melting.

can be seen. The volume—temperature (V—T) curve (Figure 3)
reveals the hysteresis effects for the MD simulations of a solid
and a liquid. The equilibrium melting temperature T, can be
deduced from the temperature for the maximum degree of
superheating (T.) and supercooling (T-)33¢

T,=T,+ T —\T,T_ (4)

The measurement of solid—liquid interfacial energy yq is
related to the systematic maximum superheating and supercool-
ing, which is based on classical nucleation.’® The temperature
for the maximum degree of superheating (T-.) and supercooling
(T-) is dependence of the dimensionless nucleation barrier
parameter () and the heating rate (Q). From the systematic
maximum superheating and supercooling, the nucleation barrier
parameter is given by
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Figure 3. Atomic volume vs temperature during the incremental superheat-
ing and undercooling process of nickel. The melting point T,, can be
determined from the superheating and supercooling temperatures T* and
T-, respectively, using eq 4.

B = (A — l0gy, QB0 — 1)° ®)

where Ay = 59.4, b = 2.33, and Q is normalized by Qy = 1
K+s™. The dimensionless temperature 0, = T./T,, or T_/Tp,
where Ty, is the equilibrium melting temperature. If we obtain
B, Hm, and Ty, y4 can be determined by,

3 ,\1/3
Ys = E.LﬂkBTmAHm (6)

where AH, is the enthalpy change per unit volume between
the solid and the liquid phases at the melting point. The system
was subjected to incremental heating and cooling at a rate of
2-10* K+s™1, increasing (decreasing) the temperature by 100
K every 10 000 steps. The time step for trajectory integration
was 5.0 fs.

3. Results and Discussion

3.1. Mélting Properties of Nickel. The melting temperature
of nickel asafunction of pressure predicted by the coexistence
phase method is shown in Figure 4 and is compared with
experimental>=*" and theoretical*® results. For the coexistence
phase method, from unit cells corresponding to 512, 1000, and
1728 atoms, we find an increase in the discrepancy in the high-
pressure range from the melting curve. For 512 and 1000 atoms,
a difference of (12 to 25) % in the range of pressure is shown
here. When we adopt 1728 atoms, the results are only alittle
different with those of 1000 atoms, indicating that convergence
of the melting temperature is achieved with the 5 x 5 x 10
supercell of 1000 atoms. The dependence of melting temperature
on the number of atoms is related to the dependence of the
mean-square displacement on the number of atoms.®” When the
size of the simulation system is sufficiently large, the melting
temperature will come to convergence.

The melting temperatures of Ni with 1000 atoms at various
pressures are shown in Table 1. The data point of our calculated
melting temperature obtained with the 5 x 5 x 10 supercell of
1000 atomsis (1725 + 50) K, which isin excellent agreement
with the experimental result of 1728 K. In the lower pressure
range of around (0 to 30) GPa, our melting curves both agree
with the DAC values,>*" but at high pressure our two melting
curves al diverge from DAC values with increasing pressure
as well as other theoretical results.®® Since there are little
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Figure 4. Experimentally determined melting temperatures of Ni at 0 GPa
in ref 3, O, compared with the DAC measurements of Lazor et al. in ref 2,
W; A, Errandonea et a. in ref 4; and v, Japel et a. in ref 7. —, theoretical
simulated melting curves by Ross et a. in ref 18. Melting temperatures at
different pressures obtained with the two-phase approach and simulations
containing: right-pointing triangle, 512; left-pointing triangle, 1000; and
@, 1728 atoms in this work.

Table 1. Melting Temperatures of Ni with 1000 Atoms under High
Pressure

P (GPg) T (K)

0 1725+ 25

60 3750 £ 50
100 4950 = 50
150 6250 + 50
200 7350 + 50
250 8350 £ 50
300 9350 = 50

experimental and theoretical data for Ni about ultrapressure
melting temperatures, we hope that this piece of data can provide
a useful benchmark on the melting properties of the high
pressure of nickel.

Comparing the melting curves of Ta and Mo with the DAC
melting results, we wonder if there are enormous discrepancies
with the DAC at higher pressure in these transition metals. The
melting of Tawere simulated using the solid—liquid coexistence
phase MD simulations*’ and the Z-method MD simulations,*®
whereas Mo™ uses the coexistence phase density functional
theory (DFT) MD calculations. From Figure 5, it is interesting
to see that the Ta and Mo melting curves exhibit common
features with the melting curves for Ni—a rapid increase of
melting temperature with pressure in the theoretical calculations
and the calculated melting temperatures are much higher than
the DAC results® at high pressure. Recently, an experiment®
was used to solve the problem of large divergence of the
theoretical values and previous experimental values of tantalum.
From in situ X-ray diffractions, the tantalum samples were
modified under intense laser irradiation, and then the anomalous
low melting curve was not found.

Solid—liquid transitions begin with nucleation, and then the
nucleus of the daughter phase reaches acritical size. In the phase
transition proceeding, the Gibbs energy barrier should be
overcome to the formation of the nucleus of the daughter phase.
The nucleation-induced superheating can be automatically
eliminated in the two-phase simulation, as the interface assists
in the nucleation for the melting or crystallization process.?
Also, we can apply the hysteresis method to avoid superheating.
We treat Ni as an ideal solid and liquid in our simulations and
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Figure 5. MD predicted melting curves of Ta: v, in ref 17 and —, in ref
19; compared with DAC data for Ta. W, in ref 4 and @, in ref 8. MD
predicted melting curves of Mo: left-pointing triangle, in ref 14; compared
with DAC data for Mo: O, in ref 4.
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Figure 6. Isotherms of fcc Ni at various temperatures: @, 300 K; A, 500
K; w, 900 K; left-pointing triangle, 1300 K; and right-pointing triangle, 1500
K; experiment results in ref 45, B, are shown for comparison.

ignore the local structures; this may overestimate the melting
temperature to some extent. The presence of icosahedral short-
range order (ISRO) was confirmed in Ni.*3%° For the metals
ranging from Zr and Tato Mo,*84%4 we can observe the ISRO
in DFT-MD simulations. Ross et al.*® mentioned that for Ni,
Ta, and Mo metals with partialy filled d bands Peierls—
Jahn—Teller distortions are responsible for ahigh level of liquid
frustration leading to low melting slopes. The partialy filled d
shell has the capacity to form locally preferred structures, which
lowers the free energy of the liquid so that T,, becomes lower.
The conflict with the DAC result and all of the theoretical results
still exists. Apart from the above reasons, another reason may be
the existence of new phasesin both solid and liquid Ni under high
pressures. A possible resolution of the conflict has emerged recently
for Mo.*2~* Up to now, the high-pressure melting curve of Ni
il remainsinconclusive, so more experimental measurements and
theoretical calculations are urgently necessary to further determine
the phases and then the whole melting curve.

3.2. Thermal Equation of State (EOS). To determine the
thermal EOS of Ni, the MD simulation is performed on an NPT
ensemble at various temperature and pressure values. The
calculated isothermal compression curves are compared with
the experimental calculation®™ in Figure 6, in which the 300 K
isotherm is in excellent agreement with experiment values at
low pressure but deviates a little from experiment at high
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Figure 7. Isobars of fcc Ni at different pressures: A, 0 GPa; v, 60 GPa,

|eft-pointing triangle, 100 GPa; right-pointing triangle, 150 GPa; 4, 200 GPa;

@, 250 GPa; and B, 300 GPa; the previous caculations of Wang et al. in ref

46, O, and Pavlovic et d. in ref 47, —, are shown for comparison.
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Figure 8. Coefficient of linear thermal expansivity of fcc structured Ni as
afunction of temperature at different pressures. B, 0 GPa; @, 60 GPa; a,
100 GPa; v, 150 GPa; left-pointing triangle, 200 GPa; right-pointing
triangle, 250 GPa; and ¢, 300 GPa.

pressure. The dispersion in our simulations might be due to that
we only considered a pure crystal in our simulation, whereas
impurities do exist in the experimental samples and there are
also some experimental limitations. The isotherma compress-
ibilities of Ni show a decrease with pressure, reflecting the
increasing repulsion of the electronic clouds as the pressure goes
up. At different temperatures, the response of Ni is similar. In
Figure 7, our calculations are consistent with other theoretical
caculations®®*” at 0 GPa. The isobaric expansivity increases
with temperature, which is the general trend for solids. It is
clear that the isobaric expansivity exhibits the same tendency
at different pressures.

As an important physical quantity, the thermal expansion of
asolidisclosely related to the anharmonicity of lattice vibrations
and the anharmonic nature of the interatomic forces. In MD
simulations, the linear coefficient of thermal expansion can be
obtained directly from the definition oy = (1/a)(3a/0T)|p, where
a is the lattice constant. In Figure 8, we plot the thermal
expansion coefficient as a function of temperature at different
pressures. Our calculated thermal expansion coefficient is
1.79-10°° K™! at ambient conditions, consistent with the
experimental value of 1.23-1075 K18 As pressure rises, the
thermal expansion coefficient decreases rapidly at each tem-
perature. The effects of temperature are increasingly suppressed,
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Figure 9. High-pressure melting points of nickel: B, prediction from the
hysteresis method and @, two-phase simulation in this work.

and thus the therma expansion convergesto anearly constant value
in thelimit of high pressure and temperature. Thisismainly because
the anharmonic effects become less important a high pressure.
With the increasing pressure, the volume of the solid is decreased,
and the atoms come closer to each other, increasing the depth of
the potential energy well and reducing the anharmonic nature of
the potential energy curve at high temperature.

3.3. Solid—Liquid Interfacial Tension. Inthe NPT ensemble,
we heated the 500 (5 x 5 x 5) Ni atoms incrementally up to
high temperature and then cooled them at fixed pressure. A
phase transition was detected by a discontinuous change of the
volume, and T, and T- are obtained (Figure 3). We applied
two methods to determine the melting temperature: the
solid—liquid coexistence phase smulation and the hysteresis
method. In the present simulations, one noted that the hysteresis
approach and the two-phase method can aso eliminate the
superheating, and the melting curves from the two methods are
nearly identical (Figure 9). We adopted the hysteresis method
in the following discussion.

In hysteresis process, we deduced 6.* and 6, from the
obtained T4, T-, and T, and then the value of S can be
determined by eq 7. We obtained AH,, and AV from the
enthalpy and volume difference between the solid and the liquid
at T, Once these values are obtained, we can determine the
solid—liquid tension y4. The values of y4 calculated from (Tp,
AHp, T4) and (Tr, AHp, T-) are essentialy the same and are
consistent with other studies.3*4*° Physical properties of nickel
in the hysteresis process at various pressures are shown in Table
2 and have been plotted in Figure 10. The solid—liquid tension
yg ~ 0.197 J-m~2 at ambient pressure is presented in Table 2,
which is in good agreement with the result of Zykova-Timan et
a.® but is dightly smaller than the value of Hoyt et a.? From
Figure 10, we can see that al of the pressure dependence of
physical properties under high pressure cannot be described as
linear relations. It is noticeable that 6.7 and 6.~ are respectively
1.22 + 0.02 and 0.72 4 0.02 for Ni and keep constant regardless
of pressure. All of the physical properties can be described as
polynomials perfectly, which are shown as follows

AV = 0.011 — 2.86864-10 °P + 5.54233-10 °pP?
)

Table 2. Physical Properties of Nickel in the Hysteresis Process at
Various Pressures®

T+ T- Tm AV AHn Vs

P K K K 6 6. B nm®  kJ:mol~! J-m2
0 1850 1150 1541 1.200 0.746 1.476 0.0117 14.28 0.197
30 3350 1950 2744 1.220 0.716 1.829 0.0103 22.99 0.384
50 4250 2550 3507 1.211 0.727 1.664 0.0099 26.91 0.460
80 5350 2950 4327 1.236 0.681 2.122 0.0096 33.81 0.634
100 6150 3250 4930 1.247 0.659 2.353 0.0093 34.46 0.709
120 6850 4050 5632 1.216 0.719 1.744 0.0088 39.87 0.765
150 7550 4450 6200 1.217 0.717 1.757 0.0082 41.80 0.861

2 Superheating melting point (T.), supercooling melting point (T-),
melting point (Tn), ratio of maximum superheating and supercooling
(6" and 6.7), nucleation barrier parameter (), average volume per
atom (AV), enthalpy change per unit volume between solid and liquid
states at melting point (AH,,), and solid-liquid interfacial tension (yg)
are displayed.
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Figure 10. Physical properties of nickel in the hysteresis process: (a) average
volume per atom (AV), (b) heat of fusion (AHy,), () planar interfacia energy
(ys), and (d) superheating and supercooling (6:*) as a function of pressure.

AH_ = 14527 + 0.2864P — 0.69441-10 ‘P*  (8)
yq = 0.196 + 0.00633P — 1.2685:10 °P*  (9)

07 = 1.212 + 1.23694:10 P (10)

6. = 0.725 — 2.1671-10 P (11)

4. Conclusions

In summary, we employed MD to compute the melting
properties, thermal EOS, and the solid—liquid interfacial tension
of the fcc structure of Ni. Applying the two-phase MD, we
obtained the melting curve of Ni a (0 to 300) GPa with a
different numbers of atoms. We found 1000 atoms can reach a
convergence of the melting temperature. Meanwhile, we have
compared the two techniques commonly used to calculate the
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melting curve of a material with classical MD, namely, the
hysteresis (one-phase) approach and the solid—liquid coexistence
(two-phase) approach. These methods strongly reduced the
overheating, and they are identical over the range of pressure
examined. At high pressure, the discrepancy between our results
and DAC results still exists. The anomalous phenomena can
be found in transition metals such as Taand Mo and so on. So
more experimental and theoretical research is urgently necessary
to solve the conflict and determine the melting curve.

Using the superheating—supercooling hysteresis method, we
also calculated the solid—liquid interfacia energy of nickel. This
method has been successful applied to many materials, so we
predicted the solid—liquid interfacial energy of nickel in the
range (0 to 150) GPa. Under high pressure, the solid—liquid
interfacial tension y4 can be described as a second-order
polynomial relation. Moreover, the thermal EOS has been
investigated, and the linear thermal expansivity as a function
of temperature has been also obtained successfully.
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