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Abstract

The present study aims to investigate the equation of state (EOS) parameters of CaMgs in «ReO;3 (D0y), AlFe; (DO03), Cu3Au (L1,) and
CuTis (L6y) structures, using full potential linear muffin-tin orbitals (FP-LMTO) approach based on the density functional theory (DFT).
The local density approximation (LDA) and the generalized gradient approximation (GGA) were both applied for the exchange-correlation
potential term. The calculated equation of state parameters at equilibrium, in general, agreed well with the available data of the literature.
The calculations showed that under compression CaMgj; transforms from D03 to DOy at about 29.96 GPa, and 25.1 GPa using LDA and GGA,
respectively.

The elastic constants Cj;, aggregate moduli, Vickers hardness, sound velocity, and Debye temperature of CaMgs in DOs structure were
also reported, discussed and analyzed. Using LDA (GGA), the calculated values of Hy and 6p were found at around 5.80 GPa (5.93 GPa)
and 393.44K (389.91K), respectively.

Electronic band structure, total density of states (TDOS) as well as the partial density of states (PDOS) have been also obtained.
The electronic band structure confirms the metallic behavior of CaMg; in D05 phase, the valence bands are dominated by the maximum
contribution of ‘d’ like states of Ca in the energy ranging from 2 to 3eV for GGA, and from 4.5 to 5eV for LDA, respectively.
© 2020 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction

Magnesium (Mg) is an abundant element in the world com-
pared with other commonly used metals; it is one of the light-
est among several commonly used structural metals. One of
its major advantages is the low density, it is about one quarter
that of steels and two thirds that of aluminum [1]. Further-
more, Mg-based alloys, like the binary systems of Mg—Cu
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and Mg—Ca, have gained more attention in the last decade.
These materials have several applications in engineering, es-
pecially in aerospace manufacturing field and automotive in-
dustry [2-6]. The binary system of Mg-Ca is potentially used
as biomaterial and has been a subject of research by many
investigators in recent years [7],[8].

Zhou and Gong [8] have studied the electronic properties,
mechanical moduli, chemical bonding and many other param-
eters of Mg-Ca system in different configurations. Their cal-
culations showed that both BCC (AlFes-type structure (D03))
and FCC (CusAu-type structure (L1;) phases of CaMg;
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Table 1

Plane wave number NPLW, muffin-tin radius (RMT) (in a.u.) and the energy cut-off (in Ry) used in our calculation.

Parameters aReO3 (BOo) AlFe; (D03) CuszAu (L1,) CuTis (L6o)
Total NPLW LDA 6120 5002 5421 7454
GGA 11,042 11,212 12,546 14,838
RMTS (Ca) LDA 2.62 321 3.17 3.204
GGA 2.63 3.15 3.284 3.224
RMTS (Mg) LDA 2.71 275 3.07 3.103
GGA 2.82 2.70 3.098 3.103
Evu LDA 12.02 115 14.5 71
GGA 14.1 12.1 14.8 75
K-Point LDA (44, 44, 44) (46, 46, 46) (38, 38, 38) (44, 44, 49)
GGA (40, 40, 40) (40, 40, 40) (42, 42, 42) (44, 44, 49)

are mechanically stable at equilibrium. Also, they investi-
gated phase transition and found that both AlFe;-type struc-
ture (D03;) and CusAu-type structure (L1;,) transform to the
hexagonal close packed HCP-type structure (A3) at pressures
around 29.47 GPa and 26.44 GPa, respectively. Actually, it is
known that under the effect of hydrostatic compression, the
crystal often transforms from the most energetic stable phase
to another crystallographic configuration [9],[10].

Groh [11] has investigated several physical, mechanical,
and thermal properties of pure Calcium (Ca) and Mg—Ca
binary system, in the framework of the second nearest-
neighbors modified embedded-atom method (MEAM). His re-
sults showed also that both AlFes-type structure (D0s3) and
CusAu-type structure (L1,) of CaMgs are mechanically sta-
ble at equilibrium.

Furthermore, to the best of our knowledge, the CaMgs
phases of Mg—Ca binary system is not synthesized until now,
and it is very difficult to obtain the physical properties of all
phases by using the experimental measurement. Under this
situation, the first-principles calculations can be applied to
compute various physical properties of different phases based
on the crystal structural information. In order to further im-
prove the properties of Mg-Ca alloys, a systematic investiga-
tion and accurate information on the mechanical properties of
some other structures in binary Mg-Ca system is the prerequi-
site. In the present study, we investigate the equation of state
(EOS) parameters, pressure-induced phase transition, elastic
constants and electronic properties of CaMgs compound us-
ing first-principles total energy calculations in the framework
of density functional theory (DFT), within both the local den-
sity approximation (LDA) [12] and the generalized gradient
approximation (GGA) [13].

In Section 2 we introduce a brief description of the method
used in this work. Then, we present, in Section 3 our ob-
tained results of the structural parameters, high-pressure in-
duced phase transitions, elastic constants as well as the elec-
tronic properties of CaMgs compound. Finally, a brief con-
clusion is given in Section 4.

2. Computational details
The chemical and physical properties of system are de-

termined by the inter-atomic interactions, which can be de-
scribed by the inter-atomic interaction potential. The calcu-

lations in the present work were made using the all-electron
full potential linear muffin-tin orbital (FP-LMTO) augmented
by a plane-wave basis (PLW) [14] within the framework of
density functional theory (DFT). Unlike the previous LMTO
methods, the present version treats both the interstitial regions
and the core regions on the same footing [14]. The exchange
correlation energy of electrons is described using both the
local density approximation (LDA) [12] and the generalized
gradient approximation (GGA) as parameterized by Perdew
et al. [13].

In FP-LMTO approach, the non-overlapping muffin tin
spheres MTS potential is expanded in terms of spherical
harmonics inside the spheres of radius RMTS, while in the
interstitial region, the s, p and d basis functions are expanded
in a number (NPLW) of plane waves determined automati-
cally by the cut-off energies. The details of calculations are
as follows: the charge density and the potential are repre-
sented inside the muffin-tin (MT) spheres by spherical har-
monics up to I, =6. The self-consistent calculations are
considered to be converged when total energy of the system
in stable within 10~ Ry, while self consistent convergence
of forces was achieved to within 2 x 107> Ry/bohr in ionic
minimization. A total energy convergence tests are performed
by varying both: plane waves’ number PW and cut-off en-
ergy E.,. The number of plane waves (NPLW), total cut-
off energies, and the muffin-tin radius (RMT) values used in
our calculation for our material of interest are summarized in
Table 1.

The structures with cubic symmetry («¢ReOs-type (DOo),
AlFes-type (D03), which is described as cubic close packed
(CCP) cell and CuzAu-type (L1,) which is described as an
ordered CCP cell), have only one structural parameter (the
lattice constant a) that is used to describe the unit cell, while
the CuTis-type (L6p) having tetragonal symmetry, two struc-
tural parameters (a and c/a ratio) are used to describe the unit
cell.

The locations of atoms for each crystallographic config-
uration are also presented in Fig. 1, while the positions
of different atoms, as well as the space group for each
of the considered structures of CaMgs are summarized in
Table 2. From Fig. 1, we can observe that the unit cell con-
tains four molecules of CaMgs in DO; structure, while in
all other phases (DOy, L1, and L6y) only one molecule was
observed.
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Location of different atoms and space group of each type of structure of CaMg3 compound. Pm—3m : Cubic Primitive (cP), Fm—3m : Face-centered

cubic (FCC), P4/mmm: Tetragonal Primitive (zP).

Ca Mg Space Group
st atom st atom 2nd atom 3rd atom
aReO3 (D09) 0.0; 0.0; 0.0 0.0; 0.0; 172 1/2 5 0.0; 0.0 0.0; 1/2; 0.0 Pm-3m
AlFes (DO03) 0.0; 0.0; 0.0 1/2; 0.0; 0.0 —1/4; —1/4; —1/4 1/4; 1/4; 1/4 Fm-3m
CuzAu (L1y) 0.0; 0.0; 0.0 0.0; 1/2; 12 1/2; 0.0; 172 1/2; 1/2; 0.0 Pm-3m
CuTiz (L6g) 0.0; 0.0; 0.0 1/2; 1/2; 0.0 0.0; 1/2; 12 1/2; 0.0; 172 P4/mmm

Fig. 1. Cubic and tetragonal crystal structures of CaMg3: Ca atoms in red, and Mg atoms in green.

From Fig. 1, we can observe that in D05 structure, the Ca
atoms occupy the positions of the CCP structure and the Mg
atoms fill all of the octahedral voids; while in L1, structure
the Ca atoms occupy the cell vertices, while the Mg atoms
occupy the face centers. The L1, structure is just that of cubic
Perovskite (CaTiOsz (E2,)) without the Titanium atoms, and
replacing the atoms of Oxygen O per those of Magnesium
Mg.

The L6¢ structure (a=b # c) is a tetragonal distortion
of L1, structure (a=b=c), so when c=a, the atoms are
at the positions of a face centered cubic lattice, and with
consequence L6j structure becomes that of L1,.

3. Results and discussion
3.1. Equation of state parameters

In order to investigate the ground state parameters, the
total energy at different volumes (E-V) around the equilib-
rium one is usually determined [15]-[17], and this is how
we obtained the structural parameters of different phases of
CaMg; compound in the present work. These parameters can
be also predicted from ab-initio calculation of the pressure
versus unit cell volume (P-V) data [18]. The equilibrium lat-
tice volume Vj, bulk modulus By and the pressure derivative
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Fig. 2. Total energy versus volume for different structures of CaMgs com-
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Fig. 3. Total energy versus volume for different phases of CaMgz compound
using GGA.

of the bulk modulus By’ have been computed by minimizing
the total energy by means of Murnaghan’s equation of state
(EOS), which can be expressed as [15]:

%V[GWVﬁ“+1}

E(V)=E®Vy) + BoVo
TN T B — 1

C Bo—1

(D

In Eq. (1), Ey is the energy of the ground state, correspond-
ing to the equilibrium volume Vj, and By’ (By’= 90B/dP, at
P=0) is the first pressure derivative of the bulk modulus B.
The bulk modulus B determines the compressibility and is
calculated using [16]:

92E
B= (Vm> ()

In fact, the bulk modulus B is quantity that defines the
strength of bonds in solids; it is a measure of the solid resis-
tance to external deformation [15].

The variation of the total energy as a function of the unit
cell volume was plotted in Figs. 2 and 3 for different phases
of CaMgs using LDA and the GGA, respectively. One can
notice that CuTis-type (L6y), AlFes-type (D03) and CuzAu-
type (L1,) structures have almost the same minimum en-
ergy, in both LDA and GGA, while the minimum energy of
aReOs-type (D0y) structure is slightly higher in both approx-
imations. Our results of the equilibrium structural parameters,

bulk modulus and the pressure derivative of the bulk modulus
of CaMg; in D03, L1,, L6y and B0y structures are summa-
rized in Table 3 together with those of the literature [8],[11].

From Table 3, we can see that the lattice constant ay of
both AlFe;-type (D03) and CuszAu-type (L1,) configurations
are in very good agreement compared to other theoretical re-
sults [8],[11]. Our value (7.482;\) obtained with GGA for
cubic AlFes-type (D0s3) structure overestimates the theoret-
ical value (7.48 A) reported by Zhou and Gong, using PP-
PAW (GGA) [8] by less than 0.03%, and underestimates the
theoretical result (7.494 A) reported by Groh using (MEAM)
[11] by about 0.16%; while our obtained value (4.775 A) of
cubic CuzAu-type (L1,) phase underestimates the theoretical
result (4.78 A) reported by Zhou and Gong [8] by about 0.1%,
and overestimates the theoretical value (4.76 A) reported by
Groh [11] by about 0.32%.

The calculated values of the bulk modulus B, of both
D05 and L1, structures, as listed in Table 3, are slightly dif-
ferent from those obtained by other theoretical approaches
[8],[11]; where for example, our value (33.72 GPa) obtained
with GGA for DO0s; structure overestimates the theoretical
value (29.57 GPa) reported by Zhou and Gong using PP-PAW
(GGA) [8] by about 14%. To best of our knowledge, there
are no other data existing in the literature on the structural
parameters, bulk modulus and the pressure derivative of the
bulk modulus for CaMgz compound in both L6y and DOg
structures. Our findings regarding the structural parameters of
CaMgj3 in both L6y and DOy structures phases perhaps can be
used to predict most of the physical properties of this mate-
rial. This is due to the fact that most of the physical quantities
of compounds and alloys are related to the bonding of atoms,
which is directly related to the structural parameters.

3.2. Structural phase transition

It is well known that high pressures influence crystal pack-
ing and electronic structure and as a result it plays an im-
portant role in materials properties, such as superconducting
phenomenon, elastic properties, and structural phase transi-
tion [8]. In order to get more information about the pressure-
induced phase transition of crystals, we have to calculate the
Gibbs free energies G of different considered phases, which
can expressed as follows [19]-[22]:

G=E+PV-TS 3)

Here E, P V, T and S symbolize the total internal en-
ergy, pressure, volume, temperature, and entropy, respectively.
Since the present calculations were performed at T=0K, the
term 7S becomes null, and with consequence, the Gibbs free
energy becomes equal to the enthalpy H [19-22]: H=E+ PV.
For CaMg; compound, the transition pressure (P;) between
AlFes-type (D03) configuration and «ReOs-type (D0Oy) phase
were calculated using the enthalpy difference as a function of
the pressure with respect to D03 structure. Using both LDA
and GGA, the variation of the enthalpy differences as a func-
tion of pressure are plotted in Fig. 4.
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Table 3

Structural parameters (equilibrium lattice constants a and c/a ratio), bulk modulus By and the pressure derivatives of the bulk modulus By’ for DOg, DO3, L1, and L6y phases for CaMg3 compound. a-Ref.

[8] using PP-PAW (GGA), b-Ref. [11] using modified embedded-atom method (MEAM).

CaMg3

Phase

aReOs3-type AlFe3-type CuszAu-type CuTiz-type

Structure Type
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Fig. 4. Variation of the enthalpy differences AH as a function of pressure for
CaMg3 compound in «ReOs3 type (D0Og) phase using both LDA and GGA.
The reference enthalpy in set for D03 phase.

The transition from AlFe;-type phase (D03) to «ReOs-type
(D0y) may occur at pressures of 29.96 GPa (from LDA cal-
culations), and 25.1 GPa (from GGA calculations) as shown
on Fig. 4. At these pressures the enthalpies of both structures
become equal; and the enthalpy differences become null. Our
results of the transition pressures (P;) are in consistence with
the results of Zhou and Gong [8], which found that both
AlFes-type structure (DO3) and CusAu-type structure (L1;)
transform to the hexagonal close packed HCP-type structure
(A3) at pressure of around 29.47 GPa and 26.44 GPa, respec-
tively.

To best of our knowledge, there are no other data existing
in the literature on the pressure-induced phase transition for
CaMg; compound. Our findings regarding the pressure phase
transition of CaMg; compound may be used as a reference
for future works.

3.3. Electronic properties

The electronic band structures of CaMg; compound in
D05 structure at the calculated equilibrium lattice constants
along the high symmetry directions in the Brillouin zone are
presented in Fig. 5, using both LDA and GGA. One of the
most important tools to investigate the electronic structure of
a metallic material is the Fermi surface; which represents the
surface of constant energy in k-space [23]. The Fermi level
(EF), the dashed line in Fig. 5, was set to zero energy. It is
noticed that the CaMgs in DO; structure has a metallic be-
havior since a number of valance and conduction bands are
overlapping at the Fermi level, and no band gaps exist.

Elastic constants, engineering moduli and several other re-
lated physical properties are directly related with the nature
of atomic bonding in material, which can be analyzed and
explained using both the total density of states (DOS) and
the local density of states (LDOS) [24],[25]. The electronic
density of states (EDOS) elucidates the electronic features of
materials (elements, compounds, alloys, etc.) [26], the total
density of states (TDOS) and partial density of states (PDOS)
of CaMgs in DOj; structure are calculated and presented in
Fig. 6. This figure shows that the lowest lying bands are due
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Fig. 6. Density of states (TDOS and PDOS) of CaMg3 in D03 structure using both LDA and GGA.

to mainly ‘s’ like states of Ca and do not contribute much
to bonding. The valence bands in the energy range between
2eV, and 3eV are dominated by the maximum contribution
of ‘d’ like states of Ca for GGA approximation, and between
4.5 and 5eV are dominated by the maximum contribution of
‘d’ like states of Ca using the LDA approximation.

Moreover, the DOS at E; of CaMgs in D03 phase were
calculated, they are to be around 0.469 and 0.454 using
the LDA and GGA, respectively. Our obtained values agree
well with the results of Zhou and Gong [8]. The differ-
ences are around - 0.061 and - 0.076 using LDA and GGA,
respectively.
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Table 4

Calculated Cyj B, Gy, G, Gp, E are all expressed in GPa, v, A and G/B are without unity. Values with § are calculated using Cj; of Ref. [8], while

those with * are calculated using Cj; of Ref. [11].

Parameter Cii Cp2 Cyq B Gy Gr Gy E v A G/B
Our LDA 42.34 27.25 46.65 32.28 31.01 15.18 23.09 55.94 0.21 6.18 0.72
work GGA 37.82 25.75 48.84 29.77 31.72 12.73 22.22 53.39 0.20 8.09 0.75
Ref. [8] 37.77 25.47 47.81 29.57 31.15 12.89 22.02 52.92 0.20 7.77% 0.74
Ref. [11] 38.77 25.84 24.77 30.15* 17.45* 11.62* 14.53* 37.56* 0.29* 3.83* 0.48*

3.4. Elastic properties

3.4.1. Elastic constants, some aggregate moduli and Vickers
hardness

The formation of solids is governed by the forces between
the atoms, ions, and/or molecules, which are related to both
the structural parameters of its crystal structure and to its
chemical composition [27]. The elastic properties play an im-
portant role in the structural stability and stiffness of mate-
rials. In cubic structures, as in the case of D05 structure of
CaMgs compound, there are three independent elastic stiff-
ness constants, namely: C;j, Cj, and Cy4, that were obtained
in the present work by calculating the total energy as a func-
tion of strain [16],[28]. The determination of the elastic con-
stants C; needs the knowledge of the nature of the strain,
which is expressed as follow [16]:

5 0 0
g=|0 -6 g (4)
O )

Applying this tensor strain modifies the total energy from
its unstrained value to the following expression [16]:

E(5) = E(0) +3(Ci1 — C12)Vod* + 0(8%) )
where E(0) is the energy of the unstrained lattice of unit cell
volume V.

The identification of Cy4 is through the volume-conserving
tetragonal strain tensor [16]:

i 0
£=0 -3 0 6)

The total energy is given as follow [16]
1
E(8) = E(=8) = E(0) + 5CuVod” + 0(s%) )

Our results of the elastic constants (Cq;, Cy» and Cy4) ob-
tained from both LDA and GGA approximations are presented
in Table 4. Except of two theoretical works based on DFT
and MEAM, by Zhou and Gong [8] and Groh [11], respec-
tively, there are no other theoretical or experimental values
available, to the best of our knowledge, for the elastic con-
stants of CaMg3 in D03 phase. Using the calculated values
of the elastic constants, other elastic parameters can be cal-
culated such as: bulk modulus B, Voigt, Reuss and Hill shear
moduli (Gy, Gr, Gg), Young’s modulus E, Poisson’s ratio v,
anisotropy factor A and Pugh’s ratio (G/B) using the following
equations [16],[28],[29]:

B Ci+2Cp, (8)
3
C,—-C 3C.
Gy = 11 12+ 447 )
5
5Cuu(Cy — C
= 44(Cry 12) (10)
4C44 +3(Cy — Cy2)
1
Gy = E(GV + Gr) (11)
B
_ JBG (12)
G+ 3B
3B—-2G
_ 13
YT 26B+0) (13)
. (14)
Ci—Cp2

Our results of the elastic stiffness constants Cj; and the
other elastic parameters above obtained for DOs; phase of
CaMg3 phase using both LDA and GGA approximations are
presented in Table 4. Except of two theoretical works based
on DFT and MEAM, realized by Zhou and Gong [8] and
Groh [11], respectively, to the best of our knowledge, there
are no other theoretical or experimental values available for
the elastic constants of CaMgs in D05 phase.

A look on Table 4, shows that the calculated elastic con-
stants Cj; satisfied elastic stability criteria: (C;; - Cp2) > 0,
C11 > 0, C44 > O, (C1]+ 2C]2) > O, C12 <B < C11 [30],[31]
At normal conditions, the mechanical stability of CaMg; in
DO; phase was also found in previous calculations reported
by Zhou and Gong [8] and Groh [11]. One can also notice,
from Table 4, that the elastic constant Ci; (related to the
axial compression along the principal crystallographic direc-
tions [32]) is slightly lower than Cu4, indicating that CaMgs
compound in D03 phase presents a higher resistance to pure
shear deformation compared to the axial compression resis-
tance. The same behavior was also noticed by Zhou and Gong
[8] using the same approach (DFT) like ours, but not observed
in the work of Groh [11], which used a different formal-
ism (the second nearest-neighbors modified embedded-atom
method (MEAM)).

Another note, from Table 4, that our values of the elas-
tic stiffness constant C; and other elastic moduli of CaMgs
compound in DOs structure are in excellent agreement with
the results of Zhou and Gong [8] and Groh [11], except for
Cy4, where for example, our value (29.77 GPa) of the bulk
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modulus B obtained with GGA overestimates the theoretical
value (29.57 A) reported by Zhou and Gong [8] by around
0.68%.

The Poisson’s ratio v is small (usually v < 0.1) for cova-
lent materials, while for ionic materials, v is 0.25 [33],[34].
Therefore, in CaMg; compound in D03 structure (where v ~
0.20), a higher ionic contribution in an intra-atomic bonding
is expected.

Young’s modulus E is an important indicator on elastic-
ity; materials having higher values of E, are more stiffer. Our
obtained value of E for CaMg; compound in D03 phase was
found at around 55.94 GPa using LDA, and 53.39GPa us-
ing GGA, respectively. These two values are slightly higher
than the Young modulus (41.43 GPa) reported by Daoud et al.
[35] for MgCa in B2 phase.

On the other hand, the shear modulus G, which can be
obtained from the measure of resistance to the reversible de-
formation under the applied shearing stress, plays a domi-
nant role in predicting the hardness of the material [36]. The
Pugh’s ratio G/B has been extensively used as an empirical
parameter to express the brittleness/ductility of materials [8].
The critical value of G/B ratio that separates the brittle/ductile
behavior is 0.57 (B/G=1.75); a larger G/B value means more
brittleness, and vice versa [8]. It can be seen from Table 4 that
our values of G/B ratio obtained using both LDA and GGA
for CaMg; compound in DO; structure are in good agree-
ment with the results of Zhou and Gong [8]. The values of
G/B ratio are greater than 0.57, indicating the brittleness na-
ture of CaMg; compound in DO; phase. This conclusion was
also confirmed from the values of the Poisson’s ratio (v ~
0.20) which is smaller than the critical value v=0.26 [16]. It
should be noted that, if we use the elastic stiffness constant
C;; obtained by Groh [11], a value of ~ 0.48 for the G/B
ratio will be found.

Liu et al. [37] reported that the ductility is a shear-related
mechanical property of material, it is associated with both the
elastic constant Cy44 and the density of states (DOS) at Fermi
energy, while Daoud et al. [35] showed an anti-correlation
between the elastic constant C44 and the DOS at Fermi en-
ergy in MgCa intermetallic compound under compression.
This anti-correlation perhaps explained by the fact that as the
total DOS at Fermi level increases covalent/ionic behavior,
gradually transformed into metallic behavior, thus turning the
brittle phase into a ductile one [35].

The Vickers hardness Hy measurement is one of the most
techniques used in the mechanical characterization of the ma-
terials [35]. Like refractive index and density, hardness is a
intrinsic property of the given crystal [36]. The Vickers hard-
ness Hy, the bulk modulus B and the shear modulus G are
related by the empirical formula [35]:

HV — 0.92(G/B)1.137XG0.708 (15)

Using our values of the bulk modulus B and the shear
modulus G obtained from the LDA and GGA, the present re-
sults of the Vickers hardness Hy for CaMgs; compound in D03
phase are: 5.80 and 5.93 GPa, respectively. These two values
are slightly higher than the Vickers hardness Hy (4.82 GPa)

of MgCa intermetallic compound in B2 phase [35]. As far as
we know, there are no data available related to Vickers hard-
ness Hy in the literature for CaMgs in DO; phase, therefore
our calculated values can be considered as prediction for this
property for this material.

3.4.2. Elastic wave speeds and Debye temperature

The Debye temperature 6, parameter is related to many
important physical properties of solids, such as specific heat
and melting temperature [32]. It is either measured from the
elastic constants, or from the specific heat measurement [38].
However, at low temperatures both methods give almost the
same value of 6p, since at low temperature the vibrational
excitations arise from acoustic modes only. The Debye tem-
perature 6, may be estimated from the average sound velocity
v,, by the following equation [16]:

P (I (16)
= Vm
D= ks \4n v,

where & is Plank’s constant, kg Boltzmann’s constant, and V,,
is the atomic volume.

Usually, the average sound velocity v,, of the aggre-
gate material can be calculated from the longitudinal (com-
pressed) v; and transverse (shear) v; sound velocities as fol-
lows [39],[40]

(2 + AT a7
===+ —=
3\ V13

The crystal density p is usually expressed in g/cm? (or in

kg/m3); it is given as follow [41-43]
o =MZ/NV (18)

where M is the molecular weight, usually expressed in
1073kg, Z is the number of molecules per unit cell, Ny (=
6.022 x 10%* mol™") is the Avogadro’s number, while V is the
unit cell volume usually expressed in m*. For CaMg; com-
pound in D03 phase, the number of molecules per unit cell
Z was taken equal to four, and the unit cell volume V was
taken equal to ¢, while a is lattice constant. Adachi [44] has
mentioned that the lattice parameters are related to the pres-
sure by Murnaghan equation of state, and they are influenced
by the crystalline perfection, such as: impurities, stoichiome-
try, dislocations and surface damage. Table 5 summarize the
results of the crystal density p, the average elastic wave ve-
locity v,,, the longitudinal wave velocity v; and the transverse
acoustic wave velocity v, as well as the Debye temperature
Op of CaMg; compound in D03 phase, which could not be
compared due to unavailability of the measured data.

A look on Table 5, the Debye temperature 6, of CaMgs
in D03 phase was found at around 393.44K using LDA, and
389.91K using GGA, respectively. Since the Debye temper-
ature 6p correlates with the Young’s modulus E in cubic
perovskite-type RBRh; (R are Sc, Y, La and Lu) materials
[45], these two values of 6 are also slightly higher than the
Debye temperature 6p (328.65K) reported by Daoud et al.
[35] for MgCa in B2 phase. Although this rationalization may
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Table 5

Crystal density p, sound velocities v;, v;, v, Debye temperature 6p and the limiting angular vibrational frequency wp for CaMg3 compound in D03
phase. Values with § are calculated using the data of Ref. [8], while those with * are calculated using the data of Ref. [11].

Parameter p (kg/m?) v, (m/s) v, (m/s) Vi (m/s) 0p (K) wp (1013 rad/s)
This work (LDA) 1917.42 3470.48 5735.34 3835.99 393.44 5.93
This work (GGA) 1791.88 3521.67 5757.77 3888.34 389.91 5.88
Ref. [8] 1793.31% 3503.9% 5732.26% 3868.97% 388.07% 5.85%
Ref. [11] 1783.28* 2854.61* 5269.92* 3185.47* 318.91* 4.81*

be useful for chemically related compounds, compounds that
are significantly different in chemical nature perhaps should
not be necessary expected to follow the same correlation.

We have also calculated the Debye temperature 6p for
CaMgs in D03 phase using a semi-empirical formula between
Op and elastic constants C; first proposed by Blackmann
[46], and latter used by Siethoff and Ahlborn [47] after im-
provements for several crystals with different structures. This
semiempirical formula can be written as [48]

Op = Cp(aGg/M)'?,
Gp = [Caa(Cyy — C12)(C1y — Crp + 2Cua)1'3, (19)

where a is the lattice constant, M is the atomic weight
(for compounds, M is the weighted arithmetical average of
the masses of the species), and Cp=3.89 x 10" x 17V hfky
is a model parameter. In this model parameter, h (=
6.62617 x 107341.s), kg (= 1.38062 x 1072 J.K~ ') and n are
Planck’s constant, Boltzmann’s constant and the number of
atoms in the unit cell, respectively. More details can be found
in Refs. [48].

Using Eq. (19), the Debye temperature 6, of CaMg; in
DO0; phase was found at around 417.16K using LDA, and
408.91 K using GGA, respectively. These two values of 6, are
slightly higher than the values 393.44K (LDA) and 389.91K
(GGA) obtained from Eq. (16).

From Debye temperature one can estimate the Debye cut-
off frequency (the limiting angular vibrational frequency) wp
by the following expression [49]:

wp = kgbp/h (20)

where kg is Boltzmann’s constant, and #=h/2w, h is Planck’s
constant.

Substituting the values (393.44 K, and 389.91K) of the De-
bye temperature 6p, obtained from the LDA and GGA, in
Eq. (20), the present results of the limiting angular vibra-
tional frequency wp for CaMgs compound in D03 phase are:
5.93 x 103 and 5.88 x 10'3rad/s, respectively. These results
as well as those calculated from the data of Refs. [8],[11] are
also summarized in Table 5.

The same as in the case of the elastic constants and the
structural parameters, the longitudinal, transverse and aver-
age sound velocities as well as the Debye temperature of our
material of interest are in excellent agreement with those cal-
culated using the data of Ref. [8] obtained from the same
approach (DFT). To the best of our knowledge, there are no
other theoretical or experimental data existing in the literature
on the sound velocity, Debye temperature, and Debye cut-off

frequency for CaMgs in DOs structure. So, we think that our
findings regarding these quantities can be used to predict and
explain most of the physical properties of this material.

4. Conclusion

In this work, we have investigated the equilibrium struc-
tural parameters of CaMg; compound in «ReO3 -type (D0y),
AlFes-type (D03), CuzAu -type (L1,) and CuTis-type (L6g)
configurations using an ab-initio FP-LMTO method, within
both local density approximation (LDA), and generalized gra-
dient approximation (GGA). At equilibrium our results for the
EOS parameters, in general, agreed well with other data of
the literature.

The results of the present work concerned with the possi-
bility of phase transition at high pressure show that CaMgs
transforms from AlFes-type structure (D0;3) to aReOs-type
(D0g) at pressure of around 29.96 GPa using LDA, and at
around 25.1 GPa using the GGA.

Both LDA and GGA approaches for the electronic band
structures, the total density of states (TDOS) as well as the
partial density of states (PDOS) showed that CaMgs in D03
phase has a metallic behavior.

The elastic constants, Young’s modulus, shear modulus,
Poisson’s ratio, index of ductility, Vickers hardness, sound
velocities, Debye temperature, and the limiting angular vibra-
tional frequency of CaMg; in DO; phase were also reported.
Our findings on the elastic constants were also in agreed well
with other theoretical data of the literature.
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