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Abstract:

By changing the pressure up to 140 GPa, we aimed in this work to study some parameters of the
structural and elastic properties of MgO and CaO and compare them with those provided by the
PREM model. This was calculated using the DFT method, the GGA approximation, as we chose
from among several functions the modern function PBEsol. Starting with geometric optimization,
we confirmed that the phase transformation of calcium oxide from phase B1 to B2 occurs at 59.2
GPa, while manganese oxide remains stable in its first phase, B1. Despite the slight difference in
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our results from the previous study, whether experimental or computational, especially at zero
pressure, the agreement confirms the validity of these results. Also, after we chose the degree of
the polynomials most appropriate to the change of these parameters with changes in pressure, we
were able to accurately compare the parameters of these two oxides and between them and what
is provided by the PREM model, in addition to determining the values of these parameters at the
basic discontinuities in the subsurface to contribute to the global data base.
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Introduction

Seismology is a science specialized in studying the propagation of waves in the layers that make up
the planets, whether they are liquid or solid. The waves here are called seismic waves [01]. It also
studies rocks in terms of the forces affecting them and exposes them to stresses whose strength
may lead to fractures in these rocks, resulting in energy spreading in the form of waves [02].

This science includes several branches, including seismology the globe, which studies the depths of
the planets in terms of their formation and composition through data resulting from earthquakes.
His scientists have proposed two methods to study the inner layers [03], inverse and direct
method.

The first, also called modern seismology [04], is based on the study of materials under the
thermodynamic conditions of the Earth’s layers [05]. Assuming that it is a group of rocks or
minerals composed of crystals, pressure at depth is often used as a variable while neglecting the
effect of temperature in the face of high pressure changes [05]. Experimentally, some use diamond
cells as a tool for producing high pressure and lasers as a heating tool [06], but such experimental
techniques are difficult to achieve. Therefore, it was necessary to simulate these methods by
developing theoretical methods using a computer for calculation, and thus many programs were
available as virtual laboratories. These programs can identify many of the properties of the studied
materials, through which other properties can be deduced to know the presence and nature of the
materials in the inner layers.

As for the second, it relies on the spectra consisting of signals of different waves resulting from
natural earthquakes or powerful explosions and recorded by a seismograph [07]. Analyzing these
spectra in various special ways made it possible to suggest a good division of the Earth's layers by
determining their depths and physical components. Therefore, many models were proposed,
including the PREM (Preliminary Reference Earth Model (1981)) [08]. This one-dimensional
model with spherical symmetry was preceded by the Jeffress-Bollen model (1939) and is also used,
but to a lesser extent. Today, several different models are available that are still less used, the most

important of which are LASP91 (1991) and Ak135 (1995) [09].
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Through the PREM model, it was possible to provide a picture of the pressure change (Figure 1),

the density of the material, and the longitudinal and transverse wave velocities depending on the
depth (Figure 2). Moreover, it was found that the Earth consists of multiple, overlapping,
concentric layers. From its surface, where we live, to its center, it is divided as follows: The crust,
which includes the land and ocean, the mantle, which includes the upper and lower parts, and
finally the core, which is external and internal, These layers are interspersed with interruptions
that are as follows: The Mohorovichi (Moho) discontinuity separates the crust from the mantle,
the Gutenberg discontinuity, or D" layer, separates the mantle from the core, and the Lehmann
discontinuity separates the two parts of the core. The most important measurements for these
divisions can be found, which are: Depth, pressure, material density, and longitudinal and
transverse wave velocities are in Table 1 below [08].

These divisions consist of multiple minerals such as peridotites, olivine, pyroxéne, spinelle, and
magnesiowtistite. These minerals are formed by the fusion of oxides, or so-called pure electrodes,
such as MgO, FeO, BaO, CaO, Al203, etc. [10], and these oxides can also exist individually [04].
In this work, we are interested in manganese oxide, MgO, or what is known as periclase, and
calcium oxide, CaO. Many studies, whether experimental or theoretical, have been interested in
studying them, as: they were studied alone and in series in [52-11] and [62-53], and they were
studied together only in [63—66], and moreover, they were studied with other oxides in [69-74].
In addition to studying the first oxide with Wiistite or FeO in a study [67], the second oxide was
studied in the work of [68]. These two oxides are of great importance in the formation of many
minerals in the Earth's inner layers [10], especially MgO, which is included in the formation of
Magnésiowiistite minerals, the main component of the Earth's lower mantle [78-75], and is also
included in the formation of MgSiO3 minerals [80-79].

These studies reported that these two oxides, under normal thermodynamic conditions, stabilize
in the cubic structure of the NaCl type, or what is known as the B1 phase with the space group
Fm-3m (225), like the rest of the mono-oxides or the pdle pure. Where the positive ions are
located in principle, that is, at (0,0,0), while the oxygen ions occupy the positions (0.5,0.5,0.5)
(see Figures 3 and 4). When these thermodynamic conditions change to a certain extent, the
crystal changes its phase and inevitably settles into another phase, and this is what actually
happens to these two oxides, especially when the pressure increases only, for example. Most of
these studies indicate that these two oxides transform into the same phase with the constant
occupation of the ions in the same positions in the previous structure, which is the B2 phase with
a cubic structure of the type CsCl with the space group Pm-3m (221). However, there is a clear
and significant difference in the area of stability of each of them in its first phase, as these studies
have shown that calcium oxide has a lower area of stability than the other oxide, meaning that its
transformation pressure is lower. Most of these studies dealt with structural properties and
elasticity, but this was in varying forms, as some dealt with some properties rather than others

under conditions of varying pressure and temperature as well.
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Fig 1. Pressure changes in the subsurface with depth changes determined in the work of [08] up

to the Gothenbur
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Fig 2. Changes in density, velocities of longitudinal and transverse waves, and sound pressure

with depth up to the Gothenburg area

Table 1. Density values, longitudinal and transverse wave velocitys, and acoustic pressure from

the PREM model determined in the work of [08] at the boundaries of the Earth’s interior layers

up to the Gothenburg region

Pressure Velocity of Velocity of | Velocity of bulk
Depth(km) (GPa) Density(g/cm3)| longitudinal transversal sound wave

wave(km/s) wave(km/s) (km/s)
0 0 1,02 1,45 0 1,45
crust 80,0 2,4539 3,38 8,07 4,46 621
Upper 80,0 2,4546 3,38 8 4,38 6,2

mantle 670,0 23,8334 3,99 10,22 5,5 8

Lower 670,0 23,8342 4,38 10,73 5,91 8,28

mantle 2891 135,7509 5,57 13,69 7,23 10,85
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Fig 3. Crystal structures of phase B1 in which MgO and CaO can settle, prepared using the
VESTA program The large, golden-colored balls represent Mg*? or Ca*? ions, while the small, red-

colored balls represent O ions.

Fig 4. Crystal structures of phase B2 in which MgO and CaO can settle, prepared using the
VESTA program The large, golden-colored balls represent Mg*? or Ca*? ions, while the small, red-
colored balls represent O ions.

In these papers, we will mathematically re-examine all these properties of these two oxides up to
the borders of the Gutenberg transition zone, that is, until the pressure is 135,7509 GPa.
Focusing on the following parameters, starting with the geometric optimization, the change of the
primitive cell parameter, the primitive cell volume, the volume ratio, and the density of the
material are included in the structural properties. And the elastic constants, the bulk and shear
modulus, the velocities of longitudinal, transverse and the bulk sound waves are parameters related
to elastic properties. But at accurate pressure values, which are values in the PREM seismic model,
compare their values with those available in this model, if any. With a focus on determining the
values of these parameters at the boundary intervals of the Earth's layers, starting from the crust,
where the pressure is estimated at 0 GPa. Our calculations are also compared to the results of
other studies, especially those that are consistent with them. This will be after discussing the study

method and finally arriving at a conclusion presenting our most important results.

2. Methodology:
The most commonly used methods are the so-called “ab-initio” methods based on partial
dynamics [82], methods based on statistical physics (vibrational methods) [05], and methods

based on thermodynamics [83].
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For our part, we applied the density functional theory (DFT), which is one of the most important

methods used in theoretical physics and chemistry, and through it we can determine the
properties of a multi-particle system, the total energy of the system, the electronic density of the
orbitals, and the physical and optical parameters of the matter, etc.,, and it is one of the most
widely used methods in quantum calculations for solving the Schrédinger equation due to the
possibility of applying it to various systems (multivariable) [84]. The program CASTEP is based
on this theorem [85], which uses several approximations. We used the generalized gradient
approximation (GGA) [87-86], which has evolved and become more powerful due to its multiple
uses. In 2008, the PBEsol approximation used here and explained in more detail in [88] appeared.
We adopted the limits of the Brillion region of 10 x 10 x 10 and estimated the cut-off energy at
630 V. These values enable us to provide a very close calculation with very reliable results.

We have used Brillouin zone sampling at 10 x 10 x 10 and an energy cut-off equal to 630 eV.
These values ensure good calculation convergence with respect to reliable results. More than that,
mathematically, the change of any function within a certain range can be approximated by
another function. Among these functions are polynomials that are widely used. The pattern often

defined as generation or polarization [89] can be used here, where it can be written:
n

O =By = ) apx (1)
i=0
To calculate the values of the coefficients for the polynomials of degree n that must be
determined, one of the following numerical methods can be adopted: Lagrange's method, finite
difference method, Newton's method, partitioned difference method, diving method, Stirlich's
method, Bessel's method, and inverse polarization method in the cases of regular and irregular
points This method is what we use to determine the change in the studied parameters with

Changes in pressurc.

3. Results and interpretation:

3.1. Geometric Optimization:

The calculation we did is at absolute zero, so the change in free energy AG of crystal formation is
equal to the enthalpy H, or enthalpy of formation, where:

AG=H+TS=H+(0)S=H (2)

where T is the temperature and S is the entropy of formation. This confirms the validity of our
calculation of enthalpy, which is calculated in the B1 and B2 phase structures for both MgO and
CaO in the field of this study between 0 and 140 GPa. The enthalpy of formation resulting from
this calculation decreased in all phases for both oxides in an almost linear manner, but decreased
at different velocities. So this enthalpy is limited to 13.15 ¢V and 12.45 ¢V for the first oxide
phase, respectively, while it is limited to 16.31 €V and 14.56 €V for the second oxide phase,

respectively (see the values of the first line of Table 3).
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Fig 5. Changes in the enthalpy difference of the MgO and CaO structures in their B1 and B2
phases with changes in pressure.
Moreover, by dealing with the difference in the values of this enthalpy between the two phases of
cach oxide, its value in the first phase is the reference, that is, the zero values. This difference,
whose change with pressure changes is shown in Figure 5, also decreases approximately linearly
with the increase in pressure. For manganese oxide, according to the same form, the decrease is
slow compared to other oxides, which makes the value of the difference always positive. This is
consistent with all previous studies, especially the work of [15], who experimentally determined
that the phase transition occurs at a pressure of approximately 205 GPa, or the theoretical work of
[16], who found that the phase transition occurs at approximately 202 GPa. This result confirms
the stability of MgO in its first phase throughout the entire study area, meaning that this oxide,
up to the boundaries of the Earth's outer core, remains stable in this structure.
As for CaO, the decrease is faster, as always shown in Figure 5. This decreasing velocity leads to a
change in the difference sign for this oxide between the pressures of 50 and 60 GPa, which means
that there is a phase transformation in this range. Through a simple mathematical calculation, we
found that the shift more accurately falls between 59 and 60 GPa, so we were forced to recalculate
for the 59 GPa value of pressure. At this pressure, we found that this difference is positive with a
very small value of 2.86 meV, meaning that the structure of the table salt of calcium oxide is still
stable at this pressure. After entering the results at this pressure into the simple mathematical
calculation, it appears that the phase transition more accurately occurs at a pressure of 59.2 GPa.
This result is very close to the degree of agreement with what was found experimentally in the
work of [55], as it is 0.8 GPa less than what was determined in this study. Based on the
relationship of pressure to Earth's depth, it can be said that the phase transformation of this oxide
takes place at a depth of 1435 km from the Earth's crust, that is, in the Earth's lower mantle at a
distance of 1456 km from the Gutenberg region, which represents the boundary separator
between this part of the mantle and the outer core.
3.2. Study of structural characteristics:
3.2.1. Structural changes and equation of state:
Figures 68 represent the changes in the crystal lattice constant, its size, and the percentage of this

size with changes in pressure, respectively. When the crystal is compressed hydrostatically, each of
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these curves decreases, as it is also noticeable for all of these parameters that in the field of stability
of the first phase of calcium oxide, this decrease is faster for both oxides. This can be confirmed by
the values shown in Table 3 and also by examining the values of the differences in the values of
these parameters. Considering the same arrangement, whether in the parameters or for the two
oxides, these differences are: In the range between 0 and 60 GPa (MgO) or 59 GPa (Ca0O), it is
0.23 A, 4.02 A3, 0.21 and 0.30 A, 6.58 A3, 0.24, and in the range between 60 and 140 GPa, it is
0.14 A, 2.23 A3,0.12and 0.15 A, 2.86 A3, 0.11.

3.5 . . r . . . . '
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Fig 6. Changes in network constant values; Calculated using the CASTEP program,
calculated at PREM pressures and filtering polynomials suitable for the MgO and CaO
structures in their B1 and B2 phases with changing pressure.

At 0 GPa, for example, the value of the lattice constant of the conventional manganese oxide cell
calculated here is higher than that obtained in the study [16] with the value 0.008 A, meaning
that there is a great agreement between the two values. But for the second oxide, for example, at
the same pressure, the value of this constant calculated here is less than that which was obtained in
the research paper by [11] with a value of 0.06 A. There is also a great agreement, but it is less
than what resulted for the first oxide. At this pressure, the value of this constant for calcium oxide
is about 0.4 A higher than that for other oxides. With increasing pressure until the phase
transition pressure, the difference decreases very slowly. But after the transformation pressure, the
value of manganese oxide is lower by about 0.14 A. This difference is approximately constant at
all pressures in this phase. The lattice constant changes in a polynomial manner of the fourth
degree (see Table 3) with pressure, whether for the calcium oxide or manganese oxide phases. This
approximation enables us to determine its values at all depths of the Earth’s interior, that is, at
PREM pressures, especially at the most important separations between the layers. The internal

floor is as presented in Table 3.
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Fig 7. Changes in initial cell size values calculated using the CASTEP program, calculated at
PREM pressures, and filtering polynomials suitable for the MgO and CaO structures in their
B1 and B2 phases with changing pressure.

In the same table 3, it is also possible to present the values of the initial cell volume of the oxide
structures at the most important intervals between the internal layers of the Earth, since after
determining the values of the polynomial coefficients expressing the change of this volume with
the change in pressure, the values of this volume can be easily calculated at the pressure values of
the PREM model. These polynomials have coefficient values listed in Table 2, where their degrees
are: The sixth is for MgO, and the fourth is for each of the two CaO phases. The values of this
size for calcium oxide are always the highest, but the difference between the values of the two
oxides is similar to that resulting from the lattice constant, where: at zero pressure, this difference
is estimated at 8.02 A3, and at 140 GPa, it is estimated at 2.58 A3. Moreover, at this pressure, the
value of this volume is less than that determined in the work of [59] by 0.56 A3, that is, with a

relative error of approximately 3.63%, meaning that there is a fairly good agreement.

As for the volume ratio, which takes the value of one at 0 GPa, it results from dividing all the
volumes calculated at different pressures by the value of the volume at this pressure, V0. After this
pressure, this percentage for manganese oxide is always higher than that for oxide II, especially in
its second phase, where the difference is much greater despite its decrease with increasing pressure.
To confirm this, this difference takes the following values: 0.03, 0.12, and 0.10, respectively, at
the following pressures: 50, 60, and 140 GPa. The values of this ratio can be identified at all
depths of the earth, which are represented by the pressure values in the PREM model, including
what is listed in Table 3 regarding the values of this ratio at the most important intervals between
the internal layers of the earth. This is, of course, after determining the coefficients of the
polynomials (see Table 2) expressing the change of this parameter with changes in pressure, whose

degrees are second degree for all phases of calcium oxide and fourth degree for manganese oxide.
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Table 2.Values of polynomial parameters suitable for changes in the lattice constant, primary

cell size, density, elastic constants and parameters, longitudinal and transverse wave velocities,

and acoustic compression of MgO and CaO with changing pressure
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The change in pressure as a function of this parameter presents the equation of state, the most

important of which is that based on the definition of ductility by Barkh-Markhan [90], and the
introduction is as follows:

A T (R | R

This equation enables us to determine the value of the bulk modulus B and its derivative B’ =

dB/dP at zero pressure. After calculation and using the values calculated by the program, we found
that their values, respectively, are: 156.2 GPa and 4.08 for MgO, 115.5 GPa and 4.34 for CaO in
its first phase, and finally 50 GPa and 5.75 for the same oxide in its second phase. However, their
values, when using the values calculated at PREM pressures, increase for the volumetric
compression factor while decreasing for its derivative. Taking the same sequence as before, the
amounts of increase and decrease are as follows: 0.8 GPa and 0.4; 7.3 GPa and 0.59; 0.8 GPa and
0.09. Through this comparison, it appears that the polynomial chosen to calculate the values at
PREM pressures in the case of manganese oxide is more reliable, while in the case of calcium
oxide in its first phase, it is less reliable.

Comparing the results of our calculations using the program with previous studies, in the case of
manganese oxide, the value of the compression modulus mentioned above is 2.02 GPa and 3.2
GPa, respectively, higher than the value implied by computational work [36] and experimental
work [28], but it is lower in value. 3.8 GPa from the value found in the following two
publications [79] and [42], experimental and computational, respectively. As for the value of its
derivative, it matches that published by the computational works of [65] and [42], while this value
is limited to that presented by the following two experimental studies: [32] and [76], between
values 0.6 and 0.01. Just to note, the values calculated at PREM pressures remain within the same
range as these studies because the values of this parameter and its derivative with respect to
pressure are very close. In the case of calcium oxide in its second phase, our calculations cannot be
compared with the rest of the work because we only calculated within the limits of the stability of
this phase, that is, between 60 and 140 GPa.

Either for its first phase:

The compression modulus value calculated using the program or those calculated at the PREM

pressures mentioned above are close to superior to those calculated in my work [69] and [65],
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with values of 0.5 GPa and 0.8 GPa, respectively. On the other hand, these two values are close to

those measured experimentally in the work of [54] and [56], as this value measured in the first
work exceeds that calculated using the program by an amount of 0.5 GPa, and that value
measured in the second work is less than that calculated at the PREM pressures. By 6.7 GPa.

As for the value of the derivative of this parameter in relation to pressure, it is very close to that
calculated using the program, with a value of 0.01 superior to that specified in the theoretical
study prepared by [71], while its value calculated at PREM pressures is also close to 0.15 superior
to that value. The value was theoretically proven in a study [81]. Moreover, compared to
experimental works, we find that the value of the derivative of this parameter with respect to
pressure agrees with an estimate of 0.08 superior to the work of [55] for the value calculated by
the program, and we also find it agrees and is less than that of [54] for the value calculated at
PREM pressures by the amount of 0.35.

3.2.2. Density:

Density or volumetric mass is also one of the parameters provided directly by the program used in
our calculations, and it is calculated for single oxides as follows:

In the case of the structure of NaCl, this is done using the following relationship:

M,+ M
p=664—2—X (4)
Ve
In the case of the structure of CsCl, this is done using the following relationship:
M,+ M
p=166—2X% (5)
Ve

where: VC is the volume of the conventional cell, taken in cubic centimeters, and MX and MO
are the molar masses of the positive anion and the oxygen ion, respectively, taken in grams.

Through this relationship, it is logical that the change in density values is completely opposite to
the size of the cell, whether it is basic or conventional, in addition to being affected by the
difference in the mass of the positive molar that does not change with pressure, so it inevitably
always increases as the pressure increases, that is, the more we penetrate into the interior of the
carth. This is confirmed by what resulted from our calculations, as shown in Figure 9, which
represents the density change of oxide with changing pressure. Through these calculations and in
the areas of stability of the oxide phases, we find that the density values change in areas of width of
1.71, 1.10, and 0.95 g/cm3 for MgO and CaO in their first and second phases, respectively. It
can also be easily proven that, over the entire study range of pressure, the range of change of this
density for calcium oxide is approximately 0.9 g/cm3 greater than for its counterpart, which is for
manganese oxide. The density value of manganese oxide is higher than that of calcium oxide, with
a difference estimated at 0.07 g/cm3 at zero pressure, that is, within the surface of the earth’s
crust. This difference, starting from this pressure, begins to decrease until the pressure falls
between the pressure values of 10 and 20 GPa, that is, at a depth in the Earth's upper mantle.

After the last pressure, the situation reverses, and the value of the specific density of the first oxide
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is always lower, with an ever-increasing difference, from the amount of 0.02 at the pressure of 20
GPa to the amount of 0.09 at the pressure of 50 GPa for the first phase, and from the amount of
0.65 at the pressure of 60 GPa until the amount of 0.83 at the pressure of 140 GPa for the other
phase. All of this indicates that the increase in density of calcium oxide is faster than that of its
counterpart of this second oxide, on the one hand, and on the other hand, the development of
this parameter is faster in the first phase of this oxide than in its second phase.

Comparing the values of our calculations at zero pressure for the density of manganese oxide with
those resulting from the work calculation [26], we found that they are very close, with the
difference estimated at 0.02 g/cm3. The same is true for the second oxide, where the comparison
is made with that value determined in the work of [70], where the difference is estimated at 0.24
g/cm3, meaning the compatibility is less in this case. However, it is unfortunate that experimental
values, at least under the same conditions, are not available for comparison, and this is for oxides.
To determine the density values for each oxide at PREM pressures, the fourth degree of each
polynomial was estimated for its change with pressure (see Table 2).

Through this determination, a range was found in which the two oxide density values could be
applied with better accuracy than those previously determined using the values calculated by the
program. We found that the depth at which this correspondence can occur is between the two
pressures (355 km, 11.7702 GPa) and (400 km, 13.352 GPa), that is, approximately in the
middle of the Earth's upper mantle. In addition, it has become possible to determine the values of

this density at the most important internal Earth in tersection, which are specified in Table 3.
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Fig 9. Changes in density values calculated using the CASTEP program, calculated at the
PREM pressures, determined from the PREM model, and the appropriate filtering
polynomials for the MgO and CaO structures in their B1 and B2 phases with changing
pressure.

The density study is considered the first reading in seismic observations, so determining its values
at PREM pressures is necessary so that the comparison between it and those available in the same

model is accurate; that is, each value has a value. If the density in this model represents the density
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of the earth's matter, in other words, this comparison is based on the material content of the
earth's interior.

In an inaccurate general view, the density values of Earth matter are lower than those of oxides,
starting from the surface of the earth’s crust until equal values occur. This appears for manganese
oxide between the two pressures (450 km, 15.2251 GPa) and (500 km, 17.1311 GPa), with a
decreasing difference until the pressure (40 km, 1.1239 GPa) and oscillating after that. As for
calcium oxide, this appears between the two pressures (500 km, 17.1311 GPa) and (550 km,
19.0703 GPa), with a decreasing difference also in two fields, the first of which is the same as the
previous field mentioned in favor of the other oxide. The second of which is from the beginning
of the Earth’s lower mantle, that is, from the pressure (670 km, 23.8342 GPa). The density of this
oxide over its entire second phase is higher than that of the Earth substance, with an increasing
difference. Density values for the second oxide in the Earth's lower mantle are lower than those
for the Earth's matter, with a difference that decreases until pressure (2671 km, 122.9719 GPa),
where the difference begins to increase slightly until the boundaries of the Earth's outer core.
3.3.Study of elastic properties:

3.3.1. Elastic constants:

The elastic constants of materials provide a link between the mechanical and dynamic behavior of
crystals and give important information regarding the nature of the forces acting on solid materials
[91]. After knowing the sum of the structures present when changing pressure, we can know the
elastic constants Cij, as each crystal structure has special constants, as is known in the physics of
solid bodies. In a homogenecous elastic medium with infinite deformations, stresses and
deformations are linearly related according to Hooke's law. In the general case, it is given in

affective form.

0ij = Cijki- €kt (6)
An inverse relationship can be defined:
Eij = SijkiOki (7)

where: 6;; and ¢&;jare the effects of stress and deformation, Cjj; and ;. the elastic constants are
respectively 4th order effects of the elasticity coefficients and the deformations effect [93, 92, 26].
Combining Hooke's Law (5) with the basic relationship of dynamics:

do;; 0%y,

=P 50 (8)
where p is the density and u; is the impedance, we get the wave equation:
0%y, 0%u;
Cijia 5x,9%, =P5a 9)

The polarized wave u0 propagates in the n direction with phase velocity V. The equation to be

ax]'

solved becomes:

Cijumymeu’®; = pv?uf  (10)
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Iy = Cijuunjny Influential Christophel where:T};
So we get Christofel's equation:

Lu®, = pviu} (11)
This last equation is the eigenvalue equation that gives the polarization directions of the waves and
their wave velocity, respectively. This solution produces polarized directions that are not, in
general, parallel or perpendicular. It can be said that the longitudinal P-waves and the S-shear
quasi-waves [94].
For symmetry reasons, the number of independent coefficients of the operator Cijkl can be
reduced from 81 to 21 and made into a symmetric operator of order 2 using new indices
(notation de Voigt) [95]:
ij (k) ] 11122 133 ] 23(32) | 13(31) | 12(21)
1(j) 1 12 |3 [4 5 6
The elasticity effect is given by [96]:

Ci1 . Cig
Cij = ( ) (12)
Cig - Ceg

The diagonal constants C;; with i < 3 can be called longitudinal elastic constants.

Ci;jwithi > 4are called shear elastic constants.

Cijwithi # j < 3are called external diagonal constants.

The constants C;; withi < 3j > 3that measure the shear stress resulting from longitudinal
compression are called mixed elastic constants [97].

For the symmetry of the cube, the three constants €1, C12and Cy4all define constants of the same

nature, WthC:C4,4 = C55 = C66} C12 = C21 = C13 = C31‘C11 = sz = C33
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Fig 10. Changes in the values of the elastic constant C11; calculated using the CASTEP

program, calculated at PREM pressures, and filtering polynomials for the MgO and CaO
structures in their B1 and B2 phases with changing pressure.
It is clear from Figures (10-12) that the values of the elastic constants C11, C12, and C44 change
over their respective widths: 1088.79, 180.41, and 56.32 GPa for manganese oxide, 519.39,
84.13, and 14.70 GPa for calcium oxide in phase B1, 316.45, 244.03, and 139.19 GPa for
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calcium oxide in phase B2. Figures (10-12) represent the changes in all elastic constants C11,
C12, and C44 with changing pressure for oxides. Within these fields, all of these constants
increase with increasing pressure, except for the values of the elastic constant C44 in the second
phase of calcium oxide. It can also be noted that the values of these constants for manganese oxide
are larger than those for other oxides, with the exception of the values of the constants C12 and
C44, respectively, in the entire range of the appearance of the second phase of calcium oxide and
after a pressure of 110 GPa.

This shows that there is agreement on the values of the oxide constant is between 110 and 120
GPa. Later, this range can be determined more accurately. This increase in values occurs with
varying differences. It increases for the constants C11, C12, and C44 in the range of the second
phase of calcium oxide for the first two constants, as well as between the pressure values of 10 and
20 GPa for the first constant, and in the range of the first phase for the same oxide between the
two pressures. 120 and 140 GPa for the latter constant. This difference is decreasing within the
following areas: for the constant C11, it is between the pressures of 0 and 10 GPa and between
the pressures of 20 and 59 GPa, and for the constant C44, it is between the pressures of 60 and
110 GPa. This difference is also fluctuating, as it is almost constant with respect to the constant

C12 in the range of the first phase of calcium oxide.
440
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Fig 11. Changes in the values of the elastic constant C12, calculated using the CASTEP
program, calculated at PREM pressures, and filtering polynomials for the MgO and CaO
structures in their B1 and B2 phases with changing pressure.

When comparing the results of our calculations with the results of other studies, especially at 0

GPa, we find:

For MgO in general, we obtained lower values of elastic constants than most previous studies,
with mostly good agreement. As compared to the computational studies, the agreement is better
than its experimental counterpart. For example, the value of C11, C12, and C44 that we found is
less than that calculated in the work of [26] by the following amounts: 5.78, 2.87, and 0.41 GPa,
respectively. The difference in the values of the resulting C11 and C12 and those resulting from

the values of the experimental work of [38] is estimated at 8.78 and 4.87 GPa, respectively, while
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the difference for C11 and C12 compared to the experimental work of [31] is estimated at 15.81

GPa.

Always in the same order as before in the three constants, and by comparing their values for CaO
resulting from our calculations with those determined in the experimental work of [57], we found
that they agree with differences estimated at 4.71, 0.81, and 2.76 GPa, with their superiority only
for C44. This is also the case when comparing the value of the latter and C11 resulting from our
calculations with those resulting from the calculations of [81] and [70], respectively, where the
difference appears with an estimated value of 1.66 and 1.50 GPa. On the contrary, the value of
C12 resulting from our calculations is lower in good agreement than that resulting from the

calculation of [72], with an estimated difference of 3.81 GPa.
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Fig 12. Changes in the values of the elastic constant C44, calculated using the CASTEP
program, calculated at PREM pressures, and filtering polynomials for the MgO and CaO

structures in their B1 and B2 phases with changing pressure.
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Fig 13. Changes in the values of stability conditions. Calculated using the CASTEP program,

calculated at PREM pressures for the MgO structure with varying pressure

Tob Regul Sci. ™ 2023 ;9(2): 712 - 746 730



Benatallah Nassiba.et.al
A Computational Study to Determine and Compare the Structural and Elastic Properties of
MgO, CaO and the Earth Material at PREM Pressures up to the Outer Core’s Limits of the

Earth
| Ca0/B1 I

T T T T T T T

1300 . T . T ;
Conditionl/CASTEP ]

1200 =

1 ® Condition2/CASTEP
1100 - 4
1oo0] 4 Condition3/CASTEP v ]
] w Conditionl/PREM o - 7
. 9007 4 Condition2/PREM a¥ ]
& 800 p Condition3/PREM v | ]
2 700 A — n
= 600 - ]
£ 500 At - rA ]
= 400 ar > A P 4
] »> ]
© 300 b BaDDP ]
200 »..p&» ]
1007 aggeeedaiaq ]
g I BIM 44O 4 (04 (o o ]

T T T
0 10 20 30 40 50 60
Pressure (GPa)

Fig 14. Changes in the values of stability conditions. Calculated using the CASTEP program,

calculated at PREM pressures for the CaO structure in its B1 phase with varying pressure
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Fig 15. Changes in the values of stability conditions. Calculated using the CASTEP program,
calculated at PREM pressures for the CaO structure in its B2 phase with varying pressure
So that the values of the three elastic constants can be determined at the PREM pressures, some of
which are listed in Table 3, and they are those that appear at the most important boundary
intervals, starting from the crust up to the boundaries of the Earth’s outer core. Here we also
approximated the change of these constants with changing pressure to well-fitting polynomials,

whose coefficients are included in Table 2, and we found the following:

For MgO, the appropriate polynomials are second, eighth, and ninth degrees for C11, C12, and
C44, respectively. As for CaO in the NaCl phase, the appropriate polynomials are second degree
for C11 and C12 and sixth degree for C44, respectively. Finally, in its other phase, all appropriate
polynomials, for the sake of the three constants, are of the second degree. It is also possible to
benefit from this determination and easily find a more precise range than what was presented
above for the possibility of matching the values of the constant C44 between the two oxides,
which is between the two pressures (2471.4 km, 111.8207 GPa) and (2571.8 km, 117.3465
GPa).

Among the many benefits of calculating elastic constants, we find calculating the conditions for
confirming whether the crystal is stable or not. These conditions are given in the case of the cubic

crystal system by the following relations [43]:
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Condltlonl = Cll + 2612 + P (13)
Condition2 = Cyy — P (14)
Condltl0n3 = Cll - CIZ — 2P (15)

Figures (13-15) show the changes of these conditions with changing pressure for the manganese
oxide and calcium oxide phases, respectively, whether the values are calculated directly by the
program or those calculated at PREM pressures.

It is clear from it that the change of the three conditions is similar between MgO and CaO in its
first phase, as the first condition increased very quickly with increasing pressure compared to the
second condition. With a slow decrease in the third condition, where it is almost non-existent at a
pressure of 59 GPa. This confirms the tendency of two crystals towards instability, especially the
calcium oxide crystal.

While in the second phase of this oxide, it is observed that the first condition maintains its rapid
increase with increasing pressure compared to the third condition, while the second condition
decreases slowly. This further confirms the increased stability of the oxide in this phase.

3.3.2. Bulk and shear modulus:

The bulk modulus is defined as a measure of a material's resistance to compression when external
pressure is applied to that material. It is also known as the inverse relationship of compressibility.

It is calculated using the following mathematical relationship [98]:

B =—v (j—i) (16)

where v is the volume of the material compressed to the volume Av - v under the influence of
pressure AP. The sign (-) is a term that expresses that the material is subjected to compression
when the pressure increases or expansion when the pressure decreases. This parameter and its unit
result from a force applied to a surface, i.e., ML-1T-2. In the case of terrestrial rocks, the
magnitude of this parameter is in degrees GPa 100 [43]. It is also calculated according to the

following relationship [100, 99]:

1
B = §(C11 + 2Cy3) (17)

But the CASTEP program provides the values of the volumetric compression factor B directly.
The shear modulus, also called the shear modulus, is symbolized by G. It is defined through
experiments that do not include a change in volume but rather a change in shape that corresponds
to shear, torsion, differential rotation, and so on. For simple objects such as iron, copper, tin, lead,
etc., there is an empirical law established by Sutherland that states that, however, when
approaching the melting point of such a material, the hardness parameter tends towards zero
according to the quadratic law [101]. The fluid state is characterized by a solidity parameter of
zero (G = 0). There are two ways to calculate this parameter, based on the elastic constants and the
volumetric compression modulus: using the method of Voigt & Russ [103, 102], and using the
Hill method [104]. This method is the one adopted in the CASTEP program and is the one
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adopted in this research. The shear modulus G is calculated based on the elastic constants as

follows:
Gy + Gp
_ 18
. (18)
Gy = Cap + 2( > 18+ 2C) ) (19)
v 44 CS - C4,4_ 5644(33 + 4‘644)
Gr = Cs + 3( > + 12(B + 2¢,) (20)
R Cua —Cs  5Cs(3B + 4C;)
C,1—C
Cs — 11 12 (21)
2
700 - v r - rr >t 171
m MgO/CASTEP A
e MgO/PREM
800+ Mz()/Fit ]
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Fig 16. Changes in the values of the bulk modulus; Calculated using the CASTEP program,

calculated at PREM pressures, determined from the PREM model and the appropriate filtering

polynomials for the MgO and CaO structures in their Bl and B2 phases with changing pressure

After looking at the results of our calculations, part of which we display in Table 3, it can be noted
that the volumetric elasticity modulus (Figure (16)) and the shear modulus (Figure (17)) change
their values with the change in pressure within their width ranges, respectively: 483.2 and 179.64
GPa for manganese oxide, where the pressure changes between 0 and 140 GPa. As for calcium
oxide in its first phase, where the pressure changes between 0 and 59 GPa, the widths of these
bands are, respectively, 229.22 and 45 GPa. For the same oxide in its second phase, where the
pressure changes between 60 and 140 GPa, the widths of these bands are always the same: 268.17
and 112.95 GPa.

From Figures (16-17), it is always clear that there is an increase in the values of both parameters
with increasing pressure, but this increase occurs at varying velocitys. It turns out that the
resistance of the manganese oxide material changes a little slower, with a slight difference in its
values compared to that of the other oxide, which makes the small difference between them

decrease with increasing pressure. The values of this difference at pressures of 0, 50, 60, and 140
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GPa are, respectively, 40.05, 33.85, 31.83, and 24.02 GPa. The shear resistance values of

manganese oxide are superior to those of calcium oxide, as they change faster only in the first
phase of the second oxide and exactly the opposite in its second phase. This makes the difference
in values between them increase in the first phase, where it takes values of 41.04 and 84.90 GPa at

pressures of 0 and 50 GPa. In its second phase, the difference decreases, taking values of 75.20
and 43.66 GPa at pressures of 60 and 140 GPa.

3561 ; T T T T T T —
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Fig 17. Changes in shear modulus values; Calculated using the CASTEP program, calculated at
PREM pressures, determined from the PREM model and the appropriate filtering polynomials for
the MgO and CaO structures in their Bl and B2 phases with changing pressure

The value of the bulk modulus calculated through the state function presented above is slightly
higher than its value actually calculated by the program. This difference is estimated by the
following amounts: 2.38 and 1.72 GPa, especially for manganese oxide and calcium oxide.
Therefore, comparing the values of this parameter at zero pressure resulting from our study with
the rest of the studies remains the same as the previous comparison.

As for comparing the values of the shear modulus and always at zero pressure, the results of our
calculations are largely consistent with previous studies, whether experimental or computational,
for both oxides. The values resulting from our study are lower than those determined in both the
experimental study of [68] regarding calcium oxide, with an estimated difference of 1.24 GPa,
and the two computational studies [26] and [58] regarding the same oxide and the second oxide,
respectively. It is respectively also estimated at 0.61 and 3.74 GPa. While the value of this
parameter resulting from our calculations for manganese oxide is higher than that published in the
experimental work of [41], with a difference estimated at 0.89 GPa.

From Figure (16) it is noted that; The compressive resistance values of the Earth's material are
higher than those of manganese oxide at the end of the upper mantle region at the pressure limit
of 20 GPa, with a decreasing difference at the beginning of the Earth's lower mantle. While this
resistance of the Earth material is higher than that of calcium oxide starting at a pressure of 10

GPa, before that the picture is not completely clear due to the presence of multiple layers.
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As for the shear resistance of the Earth's material, from Figure (17), it is clear that it is always less
than that of manganese oxide, but with a very weak difference over the entire Earth's lower
mantle, decreasing at the beginning of the outskirts of the middle of the Earth's upper mantle,
that is, starting from a pressure of 10 GPa. As for the second oxide, this resistance and its
characteristic are less than that of the earth’s matter throughout the entire lower earth’s mantle,
where on its borders their values match. This occurs with an oscillating difference in the other two
ranges, and increases based on the clamping pressure until the end of the first phase of this oxide
and decreases in its second phase.

As shown in Table 3, we were able to determine the values of the elasticity parameters at the
boundary depths between the most important internal Earth layers, especially up to the outer
Earth core. This happened after we were able to determine the values of the two parameters at
pressures in the PREM model, by approximating their change with pressure changes to
appropriate polynomials. These are the polynomials whose parameters were recorded in Table 2 as
shown, where we found that polynomials of the fourth degree are the most appropriate for
changing the shear modulus for both oxides, in addition to changing the bulk modulus in the case
of calcium oxide when it stabilizes in the first phase. As for In its second phase, the change in this
parameter takes the form of a second-degree polynomial, while for manganese oxide, the change
in this parameter always takes the form of a sixth-degree polynomial.

Despite this improvement in the results after this choice of polynomials that change the
parameters with changes in pressure, nothing significant was presented about the value of the
development of the difference between the two oxides.

However, it has become possible to compare the results of our study with the values of the two
parameters with those of the Earth matter with greater accuracy, if it is calculated based on their
relationship to the longitudinal wave velocities Vp and the transverse wave velocities Vs and the
density of the material p, the values of which are available in the work of [08]. This is according to
the following relationships:

G=p.V? (22)
2 4 2
B=p.Vy—3p.V (23)

Thus, we obtain the rest of the curves in Figures (16 and 17), from which it is noted that:

Regarding the resistance of the Earth material to compression, it applies to its counterpart of
manganese oxide when the pressure is between the two values (500 km, 17.1311 GPa) and (550
km, 19.0703 GPa), where the difference is very small and is estimated at 1.22 and 6.10 GPa,
respectively. It decreases in seven areas, most of which are between the crust and the upper mantle,
and only two areas in the Earth's lower mantle. The smallest difference appears at the pressure
(500 km, 17.1311 GPa) by 6.10 GPa, while the highest difference appears at the pressure (22.34
km, 0.604 GPa), and its amount is 80 GPa. As for shear resistance, the difference between its

values for the Earth’s material and its counterpart for this oxide is decreasing in five ranges, as the
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decrease only appears in a single range in the Earth’s lower mantle. The smallest difference appears
at the pressure (771 km, 28.2928 GPa), and its value is 3.81 GPa, while the highest appears at the
pressure (15 km, 0.3364 GPa), which is estimated at 95.40 GPa.

The resistance of the earth material to compression is less than that of calcium oxide from the
surface of the earth’s crust until pressure (24.4 km, 0.604 GPa), after which the first impact occurs
in their values. This superiority also occurs between the two pressures (115 km, 3.6183 GPa) and
(220 km, 7.1108 GPa), as the lowest value of the difference appears at the first pressure, which is
estimated at 0.13 GPa. What is the highest difference ever? It appears at pressure (670 km,
28.8342 GPa), that is, at the beginning of the Earth's lower mantle, where its value is estimated at
89.73 GPa. This difference is decreasing in seven different ranges, most of which are between the
Earth's crust and the Earth's upper mantle, and the longest of them is in the Earth's lower mantle.
The same applies to the difference between the values of the shear strength of the Earth material
and that of this oxide, as most of the areas of decrease are in the same two regions, and the longest
field of decrease is in the same region as well. However, the number of these fields is one less than
previously. The smallest amount is estimated at 3.88 GPa and appears at pressure (450 km,
15.2251 GPa). Between this pressure and (500 km, 17.1311 GPa), a match occurs in the value of
shear resistance between the two materials, that is, at the end of the Earth's upper mantle. The
highest value of this difference is at the end of the first phase of this oxide, that is, at pressure
(1371 km, 55.8991 GPa), so the value of this difference is 83.85 GPa.

3.3.3. Wave velocities:

The relationship by which both the longitudinal and transverse wave velocities are calculated can
be deduced using the aforementioned relationships (22) and (23). The sound compression wave
velocity can also be deduced from knowing the values of density and bulk modulus, which are

written as follows:
V2= 5 (24)
“ p
It can also be calculated based on knowing the values of the longitudinal and transverse wave
velocities, through the following relationship:

Vg =2 — SV (25)
Figures (18-20) change the velocities of longitudinal and transverse waves and sound pressure with
changes in pressure, which, according to the values of Table 3, also change in their areas of width,
respectively; 3.73, 1.72 and 3.17 km/s for manganese oxide, while for calcium oxide in its first
phase it is; 1.15, 0.42 and 1.06 km/s and finally, for its other phase, it is: 2.40, 1.21 and 1.95
km/s.
The values of these velocities always increase with increasing pressure in a non-linear manner. The

change is fastest in the case of calcium oxide in its second phase and slowest in the case of its first

phase. In the latter case and in the case of manganese oxide, the intensity of the deceleration
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increases at the highest pressures. The difference between the values of the three oxide velocities
within the range of the first phase of calcium oxide is increasing, as its values at zero pressure are
always the same, respectively: 1.95, 1.05, and 1.53 km/s, and its value at 50 GPa is 3.05, 1.66,
and 2.38 km/s. While this difference is decreasing within the second field of calcium oxide, where
its values at a pressure of 60 GPa are always the same, respectively, 3.19, 1.71, and 2.51 km/s, and
its value at a pressure of 140 GPa is 2.56, 1.07, and 1.64 km/s.

At zero pressure, for manganese oxide and for the value of the longitudinal wave velocity, our
calculation result agrees well with that result presented in the work of [26], while it also agrees
well with the experimental one with an estimated difference of 1.61 km/s and determined in the
work of [31]. As for the value of the transverse wave velocity, our calculation result matches to a
large extent that resulting from the calculation in [43], while it agrees poorly with the
experimental one, with a difference estimated at 0.16 km/s and determined in the work of [31].
Finally, as for the velocity of the acoustic compression wave, it is the least studied in most previous
studies, and it has not even been determined experimentally. Mathematically, it was only
indicated through the work of [26], where we found that the value of our calculation is less

consistent with superiority, with the difference estimated at 2.26 km/s.
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Fig 18. Changes in longitudinal wave velocity values; Calculated using the CASTEP
program, calculated at PREM pressures, determined from the PREM model and the
appropriate filtering polynomials for the MgO and CaO structures in their B1 and B2 phases
with changing pressure
For calcium oxide at zero pressure, it is unfortunate that the calculation or measurement of the
acoustic compression wave velocity value was not taken into account in previous studies. While it
appears that the values of the two wave velocities, whether longitudinal or transverse, calculated in
the work of [59] converge greatly based on the results of our study, this convergence is almost
identical for the first wave. The values of our calculations for the velocity of the first wave are in
great agreement with a decrease in that resulting experimentally in the work of [68], with an
estimated difference of 1.6 km/s, while the opposite is for the velocity of the second wave, where

the agreement is also good, with the result of the experimental work of [71] being superior by an
estimated difference. At 0.1 km/s.
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Fig 19. Changes in the values of the transverse wave velocity; Calculated using the CASTEP

program, calculated at PREM pressures, determined from the PREM model and the

appropriate filtering polynomials for the MgO and CaO structures in their B1 and B2 phases
with changing pressure

Studying the velocity of these waves is considered the second reading in seismic observations, so it
is necessary to determine their values at PREM pressures so that the comparison between them
and those available in the same model is accurate, i.e., each value. If the velocity of the waves in
this model represents their velocity in the Earth's matter, in other words, this comparison is based
on the material content of the Earth's interior.
From the same shapes, it is always noticeable that the velocities of the three waves in the PREM
model change within the ranges of 5.77, 2.90, and 4.71 km/s, respectively. These velocities are
always increasing, starting from a pressure of 7.1108 GPa, that is, starting from an estimated
depth of 220 km. The values of these velocities for this model fall between the values of the two
oxides. This is the beginning of certain pressures, which are mostly from the beginning of the
Earth's lower mantle. In addition to this, it appears that the values of longitudinal wave velocities
and acoustic pressure converge to those of calcium oxide in its second phase, especially those of
the latter, where the convergence is to a large extent. While the values of the transverse wave
velocities are more similar to those of manganese oxide,
After calculating, we found that the degrees of the polynomials most suitable for changing the
values of these velocities with changes in pressure are: The fourth is for the longitudinal wave in all
cases, and the fifth, fourth, and sixth are for manganese oxide and calcium oxide in their first and
second phases, respectively.
This result enables us to determine the values of these velocities at PREM pressures, although it is
not considered significant, because it does not add anything to the difference between their values
for the two oxides except to identify the accuracy of this difference, especially at important

interruptions in the Earth’s interior up to the borders of the outer core. But it is considered a very
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important result because it enables us to determine the changes in the difference between the

values of the velocities of this model and those of the two oxides, where:

Table 3. The values of the studied parameters at the pressures of the main sections of the

Earth’s interior up to the Gothenburg area, in addition to their values at the pressures of 59,

60, and 140 GPa for both MgO and CaO

Crust Uppermantle | Lowermantle
Depth (Km) 0 80 80 670 670 / / 2891 /
2,45 2,45 [23,83 |23,83 135,75
Pressure (GPa) 0 39 46 34 4 59 60 09 140
Final Enthalpy MgO|-2.13 |-2.13]-2.13 |-2.13 |-2.13 / 2.12 |-2.12 -2.12
(keV) 3
CaO |-1.44 |-1.44|-1.44 |-1.44 |-1.44 |-1.43|-1.44|-1.43 |-1.43
Latticeparameters | MgO|3 298 1298 [2.88 ]12.88 |/ 2.73 12.63 2.63
(A) CaO |3.37 [3.35 |3.35 |3.21 |3.21 |3.07 |2.63 [2.49 ]2.49
19.0 |18.7 }18.7 14.3
Currentcell MgO 8 8 8 16.92 |16.92 |/ 5 12.92 112.83
3
volume (A3) CaO 27.1 [26.5 126.5 23.34 |23.34 20.5 |18.2 1550 |1s.41
0 7 7 2 7
VIV MgO|1 0.98 10.98 10.89 |0.89 |/ 0.79 10.68 0.67
0 CaO |1 0.98 |0.98 [0.89 [0.89 [0.76 [0.67 [0.57 [0.57
MgO|3.51 [3.56 |3.56 |3.95 |3.95 |/ 4.44 |5.18 5.22
. CaO |3.44 |3.51 |3.51 [3.99 1399 |4.54 |5.10 [6.00 6.04
Density (g/cm’) PRE
M 1,02 (3,38 13,38 3,99 4,38 |/ / 5,57 /
285. |308. |308. [490.7 |490.7 785. |1341.4 | 1374.
MgO /
Cn 21 71 71 2 2 09 4 00
(GPa) 225. |250. 1250. |445.5 |445.5 |745. |689. 1005.
CO L los o7 s 8 09 |44 |77070|gs
88.1 [88.0 |88.0 |124.3 |124.3 172. 268.5
MgO / 262.98
Cro 83 s |8 |9 9 45 %13
(GPa) 57.8 |61.9 |61.9 141. |172. 416.5
CaO ] - - 92.47 192.47 95 53 403.61 6
138. | 140. J140. [157.1 |157.1 174. 194.9
Cus MgOlso  |s7 |57 |2 2 I lee |1408 ]
(GPa) 772 |77.4 \77.4 62.5 195.1 234.3
CaO 4 9 9 75.21 175.21 4 g 226.89 -
Bulkmodulus 153. |161. |161. |245.9 |245.9 376. 637.0
(GPa) MgOlgy oz o3 |s 8 / o7 |93,
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CaO 78 67 67 - - 343 83 599.31 0
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296.
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Fig 20. Changes in the velocity values of the acoustic compression wave. Calculated using the
CASTEP program, calculated at PREM pressures, determined from the PREM model and
the appropriate filtering polynomials for the MgO and CaO structures in their B1 and B2

phases with changing pressure
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Between its values and the values of manganese oxide for the velocities of the longitudinal wave
and the acoustic compression wave, there is an increasing difference in eight areas, most of which
are between the crust and the upper mantle. Three of the areas are identical, especially in the first
area in its entirety, up to the pressure or depth (24.4 km, 0.604 GPa) in the second area, while
this difference is increasing in one area, starting from the pressure or depth (2741 km, 126.9741
GPa), that is, at the end of Earth's lower mantle. As for the transverse velocity of sound, this
difference is increasing in only seven areas, only two of which are in the Earth's lower mantle. In
addition to the previously mentioned field, which is located at the end of this mantle, the second
field is located between (971 km, 37.2852 GPa) and (1171 km, 46.4882 GPa). The smallest
difference always appears at pressure or depth (2741 km, 126.9741 GPa), where its values are 1.24
km for the longitudinal wave velocity, 0.30 km for the transverse wave velocity, and 1.28 km for
the acoustic compression wave velocity. While the highest difference always appears at pressure or
depth (3 km, 0.0299 GPa), its values are 9.87 km for the longitudinal wave velocity, 5.88 km for
the transverse wave velocity, and 7.60 km for the acoustic compression wave velocity.

Between the model values and the calcium oxide values for longitudinal and transverse wave
velocities and acoustic pressure, the difference increases in five areas, most of which are also
located between the crust and the upper mantle. Four of them are identical, especially in the entire
first region, and even the pressure or depth (220 km, 7.1108 GPa) is located in the second region.
While this difference is increasing in a single range for the velocities of the first two waves and in
the same sequence based on the pressure or depth (670 km, 23.8334 GPa) and (500 km, 17.1311
GPa), which are also located in the second region, But for the velocity of the third wave, the field
starts from the pressure or depth (721 km, 26.0783 GPa), which is located in the Earth's lower
mantle. This field ends for the velocity of the first and third waves at the beginning of the second
phase of calcium oxide, that is, at the pressure or depth (1471 km, 60.683 GPa), and for the
velocity of the second wave, it ends at the end of the first phase of calcium oxide, that is, at the
pressure or depth (1371 km, 55.8991 GPa). This difference has its maximum value at pressure or
depth (3 km, 0.0299 GPa), where its values are always 7.90, 4.82, and 6.07 km, respectively.
While the values of the pressures or depths at which the minimum value of this difference appears
vary, as for the velocities of the first two waves, it is located at the end of the Earth’s upper mantle,
that is, at 670 km, 23.8334 GPa, and its values are respectively estimated at 0.00095 and 0.33
km, as for the velocity of the third wave. The smallest difference appears at pressure or depth (721
km, 26.0783 GPa), that is, approximately at the beginning of the Earth's lower mantle. The value
of this difference is 0.013 km.

This result also enables determining the pressures or depths at which the values of the three
velocities can match those of the PREM model, which were previously mentioned without being

specified with such precision. Taking the same previous wave arrangement, these locations are

limited to the bands that begin with (635 km, 22.4364 GPa), (450 km, 15.2251 GPa), and (670
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km, 23.8334 GPa), and end with (670 km, 23.8334 GPa). (500 km, 17.1311 GPa) and (670 km,
23.8342 GPa).

5. Conclusion:

Using the PBEsol function of the GGA approximation DFT method, which appeared in 2008,
along with some simple mathematical methods, we calculated some parameters of the structural
and elastic properties of both manganese and calcium oxide with varying pressure in a range from
0 to 140 GPa. We found:

Confirmation of the stability of manganese oxide in its first phase, B1, in this field, while we
confirmed the occurrence of a phase transition from phase B1 towards the second phase, B2, of
calcium oxide at a very precise pressure, estimated at 59.2 GPa, consistent with computational
and other experimental studies. The results of our calculations for all the parameters studied were
also consistent with previous studies, whether these works were experimental or computational as
well.We were able to choose polynomials to vary these parameters with changes in pressure by
calculating the constants of these functions. This choice enabled us to determine the values of the
parameters at PREM pressures, which represents the earth’s material. This choice determines the
depths at which the values of the two oxides converge or apply, on the one hand, and on the other
hand, between each oxide and the Earth substance. In the future, it is possible to suggest a
number of research directions that always fall within this scope, which are:

Investing the results of this study to calculate other parameters, such as Young’s modulus,
Poisson’s constant, etc., as elastic constants. The study can also be completed to include other
properties related to the parameters studied here, such as thermodynamic properties. The same

study steps can be repeated on many other subjects.
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