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Abstract

As is known, the core of our Earth is largely composed of iron (Fe). This core consists of an inner solid Fe
core and an outer liquid Fe core under high temperature and pressure. It is very difficult to experimentally
determine the physical properties of liquid Fe under these thermodynamic conditions. Therefore, atomic
simulations are a good alternative to understand the behavior of the liquid core. In this study, we investigated
the static and dynamic properties of liquid Fe under high pressure and high temperature using the classical
molecular dynamics (MD) simulation method. In MD simulations, many-body tight-binding (TB) potentials were
used to describe the interatomic interactions. Liquid Fe at 3000 K above the melting point was simulated under
ten different thermodynamic conditions starting from ambient pressure to 90 GPa. Static and dynamic properties
such as density, pair distribution function, self-diffusion coefficient and shear-viscosity were analyzed depending
on the pressure. The results obtained from the MD simulation are in good agreement with the available
experimental results.
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INTRODUCTION

The Earth’s core is predominantly
composed of Fe, which exists in two
different phases: the solid inner core and

to its melting point at 0 GPa. Shen et al.
[10] extended XD measurements of SF to
pressures up to 58 GPa, and Kuwayama et
al. [11] reached 116 GPa. Across this range,

the liquid outer core. Understanding the
structure, dynamics, and the geophysical
phenomena driven by these dynamics, such
as the generation of the Earth’s magnetic
field and heat and mass transport, is crucial
for studying fundamental processes. A
detailed examination of the properties of
liquid Fe wunder high pressure and
temperature conditions is essential for
modeling these processes. However, direct
experimental measurements under such
extreme  conditions are  extremely
challenging. On the other hand,
experimental studies have also significantly
contributed to understanding the
thermodynamic and structural properties of
iron [1-7]. For example, Inui et al. [8] used
x-ray diffraction (XD) and Schenk et al. [9]
neutron diffraction method to determine the
static structure factor (SF) of liquid Fe close
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SF retains a shape similar to that observed
at 0 GPa. Theoretical studies and
computational approaches such as classical
MD (CMD), ab-initio (AIMD) simulations,
which are frequently used on the structure
and dynamic properties of liquid Fe under
high pressure and temperature, have
provided important information on the
thermodynamic, structural and electronic
properties of liquid Fe [12,13]. CMD
simulations have been explored the entire
pressure range from ambient conditions to
the liquid phases, using mainly the
embedded-atom model by Sutton & Chen
[14], Belonoshko et al. [15]. This model has
been widely applied to study static structure
and transport properties of liquid Fe at
various conditions [16—18]. In contrast,
AIMD simulations have primarily focused
on the high-pressure, high-temperature
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regimes. First, Vocadlo et al. [19] studied
the SF of liquid Fe at 4300-6000 K, and
subsequent  studies investigated the
structural and dynamic properties, adiabatic
sound speed, and pressure-temperature
phase diagram of liquid Fe under relevant
conditions [13,20,21]. In this study, we
used CMD simulations with many-body TB
potentials to study the static and dynamic
properties of liquid Fe under high pressure
and temperature. Above its melting point,
liquid Fe at 3000 K was analyzed under
different pressures ranging from ambient
pressure to 90 GPa, focusing on density,
pair distribution function (PDF), self-
diffusion coefficient and shear-viscosity.

EXPOSITION

In this study, we used the many-body TB
potential to describe the interactions
between liquid Fe atoms in CMD
simulations. According to the many-body
TB potential, the total energy, E'c, as the
sum of the attractive and repulsive terms is
written as [22]:

E! =Y (E +E}) (1)

where E'x and E's are the repulsive and
attractive terms of the total energy,
respectively, and are given as:

Ep=>.4 exp{— p(i - ]:I 2)
~ r

o
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were, r; represents the distance between
atoms i and j, and 7, denotes the nearest-
neighbor distance. 4, &, p, and g are model
parameters related to the elements physical
properties. The many-body TB potential
parameters for Fe are listed in Table 1 [23].

Table. 1. TB potential parameters for Fe [23].

AleV)  c(eV) )4 q ro(4)

0.1184 1.5818 10.7613 2.0378 2.4824

We performed all CMD simulations for
liquid Fe using the parallel code DLPOLY
simulation package [24]. Initially, the liquid
Fe model was created by randomly
distributing 8192 atoms in a cubic box and
periodic boundary conditions were applied
to this model in three directions. Then, the
model system was equilibrated using
200000 MD steps with the isothermal
isobaric (NPT) canonical ensemble under
the desired thermodynamic conditions. The
equilibrated model system was simulated
using the NPT ensemble with 100000 MD
steps at T=1830 K and 0 GPa, and at
T=3000 K and 0, 10, 20, 30, 40, 50, 60, 70,
80 and 90 GPa, respectively. The first
50000 MD time steps of the 100000 MD
time steps were used to equilibrate the
system at the desired thermodynamic state,
while the last 50000 MD time steps were
used to generate time-averaged features.
The classical equations of motion are
integrated using the Leapfrog-Verlet
algorithm with a time step of Ifs. The
temperature and pressure of the system are
controlled by the Nose-Hoover thermostat
and the Berendsen borastat, respectively.

The atomistic structure in liquids is
usually characterized by the PDF and the
static SF, which is the Fourier transform of
the PDF. Since the calculations in MD
simulations are performed in real space, the
liquid structure was analyzed using the pair
distribution function. The expression of the
PDF, g(r), is given as [25]:

o(r) =%<§§5(r—r;—,-)> )

i i#j

where N and Q represent the number of
atoms, and volume of the simulations cell,
respectively. The PDF obtained from the
MD simulation for liquid Fe at 0 GPa at
T=1830 K is plotted in comparison with the
experimental result from Waseda [26] in
Figure 1. As seen from Figure 1, the peak
positions and amplitudes of the PDF
obtained from the MD simulation are in
good agreement with the experimental
result. This result is a clear indication that
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the many-body TB potential used in the
MD simulations accurately describes the
Fe-Fe interactions in the liquid phase.
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Fig. 1. PDFs of liquid Fe simulated under 0
GPa at 1830 K (experimental result under 0
GPa at 1833 K).

To investigate the effect of high pressure on
the atomistic structure of liquid Fe at 3000
K, the sample was simulated under different
pressure values from ambient pressure to 90
GPa. The PDFs of liquid Fe under different
pressures at 3000 K are given in Figure 2.

Liquid Fe
T=3000 K
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Fig. 2. PDF’s of liquid Fe under different
pressures at 3000 K.

The PDFs obtained under each pressure
converge smoothly at large » values. This
means that the atoms in the liquid system
are randomly distributed. As expected, the
positions of the first, second, third and
fourth peaks of the PDF move towards

small r values with increasing pressure; on
the other hand, the peak amplitudes
increase. For example, the amplitude of the
main peak increases from 2.16 at ambient
pressure to 3.12 at P=90 GPa. The
variations in the positions of the first,
second, third and fourth peaks of the PDF
as a function of pressure are plotted in
Figure 3.
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Fig. 3. First, second, third and fourth peak
positions of PDF of liquid Fe under different
pressures at T=3000 K.

As is known, the position of each peak in
the PDF corresponds to the first, second,
third and fourth nearest neighbor distances,
respectively. These nearest neighbor
distances decrease with increasing pressure.
The rate of decrease in neighbor distances
for each is greater up to 30 GPa, while after
30 GPa the nearest neighbor distances
decrease linearly with pressure. However,
the amount of decrease in the distance of
each nearest neighbor is different from each
other. The amount of decrease in the first,
second, third and fourth nearest neighbor
distances is 7.15%, 10.85%, 12.69% and
12.85%, respectively. These results show
that the amount of decrease is at least at the
first nearest neighbor distance and at most
at the fourth nearest neighbor distance. It
can even be said that the pressure effect on
the third and fourth nearest neighbors is the
same. In Figure 4, the densities obtained
from MD simulations under different
pressures at 3000 K are compared with the
experimental results obtained using in situ
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XRD technique by Kuwayama et al. [11].
As can be seen from Figure 4, the densities
obtained from MD are in excellent
agreement with the experimental results at
each pressure value. As expected, the
density increase as the pressure increases.
This increase exhibits a nonlinear behavior
with pressure up to approximately 30 GPa,
while it exhibits a linear behavior after 30
GPa.
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Fig. 4. Density of liquid Fe as a function of
pressure at 3000 K.

In this study, the dynamic behavior of
liquid Fe wunder high pressure was
determined by analyzing physical quantities
such as self-diffusion and shear-viscosity.
The self-diffusion coefficient, D, is
calculated by using the Einstein equation:

MSD
D=[im—— 5
=, ®
where ¢ is the diffusion time, MSD of the
atom in the MD simulations can be
described as [27]:

2

MSD:%%I%(”Q)—M@) ©)

where r; (¢,) is the position vector of the ith
atom for the system 1in its initial
configuration and 7; (¢) is the position vector
of ith atom at time ¢. In MD simulations,
shear-viscosity can often be estimated using
the Stokes-Einstein equation, which relates
the self-diffusion coefficient of a

macroscopic particle of diameter » to the
shear viscosity of the fluid in which the
particle is moving [13]. According to this
equation, the shear-viscosity, #, is defined
as [13]:

kT
g 2z rD

(7

where kp, T and D are the Boltzmann
constant, temperature and self-diffusion
coefficient, respectively. In liquid metals,
is the position of the main peak of the PDF
[13]. D and 7 values obtained from the MD
simulations for liquid Fe at 3000K are
plotted as a function of pressure in Figure 5.
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Fig. 5. The self-diffusion coefficient and shear-
viscosity of liquid Fe as a function of pressure
at 3000 K.

With increasing pressure, the self-diffusion
coefficient decreases, while the shear-
viscosity increases. The rate of change of
the self-diffusion coefficient is high up to
approximately 30 GPa, but after 30 GPa it
decreases almost linearly with pressure.
When the pressure is increased from 0 to 90
GPa, the self-diffusion coefficient decreases
by approximately 91.7%. On the other
hand, shear viscosity increases linearly with
pressure up to about 30 GPa, and begins to
increase significantly after 30 GPa. When
the pressure is increased from 0 to 90 GPa,
the shear-viscosity increases by
approximately 92.5%. These results show
that high pressure suppresses the mobility
of liquid Fe atoms and thus causes an
increase in shear-viscosity.
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CONCLUSION

In this study, we examined the high
pressure effect on the static and dynamic
properties of liquid Fe using the CMD
simulations technique with the many-body
TB potential. For this purpose, the
simulations were performed out under
thermodynamic conditions ranging from
ambient pressure to 90 GPa at T=3000K.
The PDF and densities obtained from CMD
are in very good agreement with the
experimental  results.  These  results
demonstrate how accurately the many-body
TB potentials used in the simulation
describe the interatomic interactions for
liquid iron. From the pressure-dependent
behavior of the static structure, we observed
that the positions of the first, second, third
and fourth nearest neighbor atoms in the
liquid system shift towards smaller » values
with increasing pressure. This indicates that
the atoms in the liquid system become more
densely packed with increasing pressure.
The third and fourth nearest neighbors are
more affected by the pressure effect than
the first and second nearest neighbors. In
addition, at 3000 K, the static structure is
more affected by pressure up to a critical
pressure value of 30 GPa, after which the
pressure effect weakens with increasing
pressure. Similarly, dynamic properties
such as self-diffusion and shear viscosity
also change depending on the pressure.
While self-diffusion decreases abnormally
up to the critical pressure value, it exhibits a
linear relationship with the pressure after
this critical value. On the other hand, shear
viscosity increases linearly with the
pressure up to the critical pressure value,
but it exhibits an abnormal increase after
this critical value.
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