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Abstract 

The present study aims to investigate the equation of state (EOS) parameters of CaMg 3 in αReO 3 (D0 9 ), AlFe 3 (D0 3 ), Cu3Au (L1 2 ) and 
CuTi 3 (L6 0 ) 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 CaMg 3 transforms from D0 3 to D0 9 at about 29.96 GPa, and 25.1 GPa using LDA and GGA, 
respectively. 

The elastic constants C ij , aggregate moduli, Vickers hardness, sound velocity, and Debye temperature of CaMg 3 in D0 3 structure were 
also reported, discussed and analyzed. Using LDA (GGA), the calculated values of H V and θD were found at around 5.80 GPa (5.93 GPa) 
and 393.44 K (389.91 K), 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 3 in D0 3 phase, the valence bands are dominated by the maximum 

contribution of ‘ d ’ like states of Ca in the energy ranging from 2 to 3 eV for GGA, and from 4.5 to 5 eV for LDA, respectively. 
© 2020 Published by Elsevier B.V. on behalf of Chongqing University. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Magnesium (Mg) is an abundant element in the world com-
ared with other commonly used metals; it is one of the light-
st among several commonly used structural metals. One of
ts major advantages is the low density, it is about one quarter
hat of steels and two thirds that of aluminum [1] . Further-

ore, Mg-based alloys, like the binary systems of Mg–Cu
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nd Mg–Ca, have gained more attention in the last decade.
hese materials have several applications in engineering, es-
ecially in aerospace manufacturing field and automotive in-
ustry [2–6] . The binary system of Mg-Ca is potentially used
s biomaterial and has been a subject of research by many
nvestigators in recent years [7] , [8] . 

Zhou and Gong [8] have studied the electronic properties,
echanical moduli, chemical bonding and many other param-

ters of Mg-Ca system in different configurations. Their cal-
ulations showed that both BCC (AlFe 3 -type structure (D0 3 ))
nd FCC (Cu 3 Au-type structure (L1 2 ) phases of CaMg 3 
. This is an open access article under the CC BY-NC-ND license 
y of Chongqing University 
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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 αReO 3 (B0 9 ) AlFe 3 (D0 3 ) Cu 3 Au (L1 2 ) CuTi 3 (L6 0 ) 

Total NPLW LDA 6120 5002 5421 7454 
GGA 11,042 11,212 12,546 14,838 

RMTS (Ca) LDA 2.62 3.21 3.17 3.224 
GGA 2.63 3.15 3.284 3.224 

RMTS (Mg) LDA 2.71 2.75 3.07 3.103 
GGA 2.82 2.70 3.098 3.103 

E cut LDA 12.02 11.5 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) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

l  

f  

b  

d  

m  

a  

c  

l  

g  

e
 

s  

h  

i  

i  

c  

a  

s  

m  

c  

i  

o  

m  

b  

e  

o  

o  

T
 

A  

(  

o  

l  

t  

t  

c
 

u  

o  

o  

T  

t  

a  

o

are mechanically stable at equilibrium. Also, they investi-
gated phase transition and found that both AlFe 3 -type struc-
ture (D0 3 ) and Cu 3 Au-type structure (L1 2 ) 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 AlFe 3 -type structure (D0 3 ) and
Cu 3 Au-type structure (L1 2 ) of CaMg 3 are mechanically sta-
ble at equilibrium. 

Furthermore, to the best of our knowledge, the CaMg 3 

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 CaMg 3 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 CaMg 3 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-
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
ations in the present work were made using the all-electron
ull potential linear muffin-tin orbital (FP-LMTO) augmented
y a plane-wave basis (PLW) [14] within the framework of
ensity functional theory (DFT). Unlike the previous LMTO
ethods, the present version treats both the interstitial regions

nd the core regions on the same footing [14] . The exchange
orrelation energy of electrons is described using both the
ocal density approximation (LDA) [12] and the generalized
radient approximation (GGA) as parameterized by Perdew
t al. [13] . 

In FP-LMTO approach, the non-overlapping muffin tin
pheres MTS potential is expanded in terms of spherical
armonics inside the spheres of radius RMTS, while in the
nterstitial region, the s, p and d basis functions are expanded
n a number (NPLW) of plane waves determined automati-
ally by the cut-off energies. The details of calculations are
s follows: the charge density and the potential are repre-
ented inside the muffin-tin (MT) spheres by spherical har-
onics up to l max = 6. The self-consistent calculations are

onsidered to be converged when total energy of the system
n stable within 10 

−4 Ry, while self consistent convergence
f forces was achieved to within 2 ×10 

−3 Ry/bohr in ionic
inimization. A total energy convergence tests are performed

y varying both: plane waves’ number PW and cut-off en-
rgy E cut . The number of plane waves (NPLW), total cut-
ff energies, and the muffin-tin radius (RMT) values used in
ur calculation for our material of interest are summarized in
able 1 . 

The structures with cubic symmetry ( αReO 3 -type (D0 9 ),
lFe 3 -type (D0 3 ), which is described as cubic close packed

CCP) cell and Cu 3 Au-type (L1 2 ) which is described as an
rdered CCP cell), have only one structural parameter (the
attice constant a ) that is used to describe the unit cell, while
he CuTi 3 -type (L6 0 ) having tetragonal symmetry, two struc-
ural parameters ( a and c/a ratio) are used to describe the unit
ell. 

The locations of atoms for each crystallographic config-
ration are also presented in Fig. 1 , while the positions
f different atoms, as well as the space group for each
f the considered structures of CaMg 3 are summarized in
able 2 . From Fig. 1 , we can observe that the unit cell con-

ains four molecules of CaMg 3 in D0 3 structure, while in
ll other phases (D0 9 , L1 2 and L6 0 ) only one molecule was
bserved. 
l., Ground state parameters, electronic properties and elastic constants of 
jma.2020.06.007 

https://doi.org/10.1016/j.jma.2020.06.007


H. Rekab-Djabri, M.M.A. Salam and S. Daoud et al. / Journal of Magnesium and Alloys xxx (xxxx) xxx 3 

ARTICLE IN PRESS 

JID: JMAA [m5+; September 18, 2020;2:12 ] 

Table 2 
Location of different atoms and space group of each type of structure of CaMg 3 compound. Pm −3m : Cubic Primitive ( c P), Fm −3m : Face-centered 
cubic (FCC), P4/mmm: Tetragonal Primitive ( t P). 

Ca Mg Space Group 

1st atom 1st atom 2nd atom 3rd atom 

αReO 3 (D0 9 ) 0.0; 0.0; 0.0 0.0; 0.0; 1/2 1/2 ; 0.0; 0.0 0.0; 1/2; 0.0 Pm-3m 

AlFe 3 (D0 3 ) 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 

Cu 3 Au (L1 2 ) 0.0; 0.0; 0.0 0.0; 1/2; 1/2 1/2; 0.0; 1/2 1/2; 1/2; 0.0 Pm-3m 

CuTi 3 (L6 0 ) 0.0; 0.0; 0.0 1/2; 1/2; 0.0 0.0; 1/2; 1/2 1/2; 0.0; 1/2 P4/mmm 

Fig. 1. Cubic and tetragonal crystal structures of CaMg 3 : Ca atoms in red, and Mg atoms in green. 
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From Fig. 1 , we can observe that in D0 3 structure, the Ca
toms occupy the positions of the CCP structure and the Mg
toms fill all of the octahedral voids; while in L1 2 structure
he Ca atoms occupy the cell vertices, while the Mg atoms
ccupy the face centers. The L1 2 structure is just that of cubic
erovskite (CaTiO 3 (E2 1 )) without the Titanium atoms, and
eplacing the atoms of Oxygen O per those of Magnesium

g. 
The L6 0 structure ( a = b � = c ) is a tetragonal distortion

f L1 2 structure ( a = b = c ), so when c = a , the atoms are
t the positions of a face centered cubic lattice, and with
onsequence L6 0 structure becomes that of L1 2 . 
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
. Results and discussion 

.1. Equation of state parameters 

In order to investigate the ground state parameters, the
otal energy at different volumes (E-V) around the equilib-
ium one is usually determined [15] –[17] , and this is how
e obtained the structural parameters of different phases of
aMg 3 compound in the present work. These parameters can
e also predicted from ab-initio calculation of the pressure
ersus unit cell volume (P-V) data [18] . The equilibrium lat-
ice volume V 0 , bulk modulus B 0 and the pressure derivative
l., Ground state parameters, electronic properties and elastic constants of 
jma.2020.06.007 
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Fig. 2. Total energy versus volume for different structures of CaMg 3 com- 
pound using LDA. 

Fig. 3. Total energy versus volume for different phases of CaMg 3 compound 
using GGA. 
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of the bulk modulus B 0 
′ have been computed by minimizing

the total energy by means of Murnaghan’s equation of state
(EOS), which can be expressed as [15] : 

E ( V ) = E ( V 0 ) + 

B 0 V 

B 

′ 
0 

[ 

( V 0 /V ) B 
′ 
0 

B 

′ 
0 − 1 

+ 1 

] 

− B 0 V 0 

B 

′ 
0 − 1 

(1)

In Eq. (1) , E 0 is the energy of the ground state, correspond-
ing to the equilibrium volume V 0 , and B 0 

′ ( B 0 
′ = ∂ B/ ∂ P, 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] : 

B = 

(
V 

∂ 2 E 

∂ V 

2 

)
(2)

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 CaMg 3 using LDA and the GGA, respectively. One can
notice that CuTi 3 -type (L6 0 ), AlFe 3 -type (D0 3 ) and Cu 3 Au-
type (L1 2 ) structures have almost the same minimum en-
ergy, in both LDA and GGA, while the minimum energy of
αReO 3 -type (D0 9 ) structure is slightly higher in both approx-
imations. Our results of the equilibrium structural parameters,
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
ulk modulus and the pressure derivative of the bulk modulus
f CaMg 3 in D0 3 , L1 2 , L6 0 and B0 9 structures are summa-
ized in Table 3 together with those of the literature [8] , [11] .

From Table 3 , we can see that the lattice constant a 0 of
oth AlFe 3 -type (D0 3 ) and Cu 3 Au-type (L1 2 ) configurations
re in very good agreement compared to other theoretical re-
ults [8] , [11] . Our value (7.482 Å) obtained with GGA for
ubic AlFe 3 -type (D0 3 ) structure overestimates the theoret-
cal value (7.48 Å) reported by Zhou and Gong, using PP-
AW (GGA) [8] by less than 0.03%, and underestimates the
heoretical result (7.494 Å) reported by Groh using (MEAM)
11] by about 0.16%; while our obtained value (4.775 Å) of
ubic Cu 3 Au-type (L1 2 ) phase underestimates the theoretical
esult (4.78 Å) reported by Zhou and Gong [8] by about 0.1%,
nd overestimates the theoretical value (4.76 Å) reported by
roh [11] by about 0.32%. 
The calculated values of the bulk modulus B 0 of both

0 3 and L1 2 structures, as listed in Table 3 , are slightly dif-
erent from those obtained by other theoretical approaches
8] , [11] ; where for example, our value (33.72 GPa) obtained
ith GGA for D0 3 structure overestimates the theoretical
alue (29.57 GPa) reported by Zhou and Gong using PP-PAW
GGA) [8] by about 14%. To best of our knowledge, there
re no other data existing in the literature on the structural
arameters, bulk modulus and the pressure derivative of the
ulk modulus for CaMg 3 compound in both L6 0 and D0 9 

tructures. Our findings regarding the structural parameters of
aMg 3 in both L6 0 and D0 9 structures phases perhaps can be
sed to predict most of the physical properties of this mate-
ial. This is due to the fact that most of the physical quantities
f compounds and alloys are related to the bonding of atoms,
hich is directly related to the structural parameters. 

.2. Structural phase transition 

It is well known that high pressures influence crystal pack-
ng and electronic structure and as a result it plays an im-
ortant role in materials properties, such as superconducting
henomenon, elastic properties, and structural phase transi-
ion [8] . In order to get more information about the pressure-
nduced phase transition of crystals, we have to calculate the
ibbs free energies G of different considered phases, which

an expressed as follows [19] –[22] : 

 = E + P V − T S (3)

Here E, P, V, T and S symbolize the total internal en-
rgy, pressure, volume, temperature, and entropy, respectively.
ince the present calculations were performed at T = 0 K, the

erm TS becomes null, and with consequence, the Gibbs free
nergy becomes equal to the enthalpy H [19–22] : H = E + PV .
or CaMg 3 compound, the transition pressure ( P t ) between
lFe 3 -type (D0 3 ) configuration and αReO 3 -type (D0 9 ) phase
ere calculated using the enthalpy difference as a function of

he pressure with respect to D0 3 structure. Using both LDA
nd GGA, the variation of the enthalpy differences as a func-
ion of pressure are plotted in Fig. 4 . 
l., Ground state parameters, electronic properties and elastic constants of 
jma.2020.06.007 

https://doi.org/10.1016/j.jma.2020.06.007


H. Rekab-Djabri, M.M.A. Salam and S. Daoud et al. / Journal of Magnesium and Alloys xxx (xxxx) xxx 5 

ARTICLE IN PRESS 

JID: JMAA [m5+; September 18, 2020;2:12 ] 

Ta
bl

e 
3 

St
ru

ct
ur

al
 
pa

ra
m

et
er

s 
(e

qu
ili

br
iu

m
 
la

tti
ce

 
co

ns
ta

nt
s 

a 
an

d 
c/

a 
ra

tio
),
 
bu

lk
 
m

od
ul

us
 
B
 0 

an
d 

th
e 

pr
es

su
re
 
de

ri
va

tiv
es
 
of
 
th

e 
bu

lk
 
m

od
ul

us
 
B
 0 
’ 

fo
r 

D
0 9

 

, 
D

0 3
 

, 
L

1 2
 

an
d 

L
6 0

 

ph
as

es
 
fo

r 
C

aM
g3

 
co

m
po

un
d.
 
a-

R
ef

. 
[8

] 
us

in
g 

PP
-P

A
W

 
(G

G
A

),
 
b-

R
ef

. 
[1

1]
 
us

in
g 

m
od

ifi
ed

 
em

be
dd

ed
-a

to
m
 
m

et
ho

d 
(M

E
A

M
).
 

Ph
as

e 
C

aM
g 3

 

St
ru

ct
ur

e 
Ty

pe
 

α
R

eO
 3 
-t

yp
e 

A
lF

e 3
 

-t
yp

e 
C

u 3
 

A
u-

ty
pe

 
C

uT
i 3
 

-t
yp

e 

Sy
m

m
et

ry
 

C
ub

ic
 

C
ub

ic
 

C
ub

ic
 

Te
tr

ag
on

al
 

(D
0 9

 

) 
(D

0 3
 

) 
(L

1 2
 

) 
(L

6 0
 

) 

Pa
ra

m
et

er
 

L
D

A
 

G
G

A
 

L
D

A
 

G
G

A
 

L
D

A
 

G
G

A
 

L
D

A
 

G
G

A
 

a 0
 

( ̊A
)  

T
hi

s 
w

or
k 

6.
39

5 
6.

69
4 

7.
31

5 
7.

48
2 

4.
68

0 
4.

77
5 

4.
90

8 
5.

01
4 

O
th

er
 
w

or
ks

 
–

–
7.

48
 a ,
 
7.

49
4 

b 
4.

78
 a ,
 
4.

76
 

b 
–

–
B
 0 

(G
Pa

) 
T

hi
s 

w
or

k 
20

.0
77

 
14

.2
7 

35
.3

1 
33

.7
2 

24
.6
 

18
.7

0 
12

0.
36

 
10

7.
39

 

O
th

er
 
w

or
ks

 
–

–
29

.5
7 

a ,
 
29

.8
7 

b 
27

.4
5 

a ,
 
29

.2
9 

b 
–

–
B
 0 
’ 

T
hi

s 
w

or
k 

2.
87

6 
2.

83
7 

3.
30

1 
2.

83
2 

3.
61

7 
3.

72
6 

3.
29

4 
3.

43
4 

c/
a 

T
hi

s 
W

or
k 

–
–

–
–

–
–

0.
87

6 
0.

86
5 

E
 m

in
 

(e
V

) 
T

hi
s 

W
or

k 
−3

4,
73

3.
2 

−3
4,

84
4.

0 
−3

4,
73

4.
8 

−3
4,

84
8.

3 
−3

4,
73

7.
7 

−3
4,

84
8.

2 
−3

4,
73

7.
6 

−3
4,

84
8.

3 

Fig. 4. Variation of the enthalpy differences �H as a function of pressure for 
CaMg 3 compound in αReO 3 type (D0 9 ) phase using both LDA and GGA. 
The reference enthalpy in set for D0 3 phase. 

 

(  

c  

o  

b  

r  

t  

A  

t  

(  

t
 

i  

C  

t  

f

3

 

D  

a  

p  

m  

a  

s  

(  

n  

h  

o
 

l  

o  

e  

t  

d  

m  

d  

o  

F  

Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
The transition from AlFe 3 -type phase (D0 3 ) to αReO 3 -type
D0 9 ) may occur at pressures of 29.96 GPa (from LDA cal-
ulations), and 25.1 GPa (from GGA calculations) as shown
n Fig. 4 . At these pressures the enthalpies of both structures
ecome equal; and the enthalpy differences become null. Our
esults of the transition pressures ( P t ) are in consistence with
he results of Zhou and Gong [8] , which found that both
lFe 3 -type structure (D0 3 ) and Cu 3 Au-type structure (L1 2 )

ransform to the hexagonal close packed HCP-type structure
A3) at pressure of around 29 . 47 GPa and 26.44 GPa, respec-
ively. 

To best of our knowledge, there are no other data existing
n the literature on the pressure-induced phase transition for
aMg 3 compound. Our findings regarding the pressure phase

ransition of CaMg 3 compound may be used as a reference
or future works. 

.3. Electronic properties 

The electronic band structures of CaMg 3 compound in
0 3 structure at the calculated equilibrium lattice constants

long the high symmetry directions in the Brillouin zone are
resented in Fig. 5 , using both LDA and GGA. One of the
ost important tools to investigate the electronic structure of
 metallic material is the Fermi surface; which represents the
urface of constant energy in k-space [23] . The Fermi level
EF), the dashed line in Fig. 5 , was set to zero energy. It is
oticed that the CaMg 3 in D0 3 structure has a metallic be-
avior since a number of valance and conduction bands are
verlapping at the Fermi level, and no band gaps exist. 

Elastic constants, engineering moduli and several other re-
ated physical properties are directly related with the nature
f atomic bonding in material, which can be analyzed and
xplained using both the total density of states (DOS) and
he local density of states (LDOS) [24] , [25] . The electronic
ensity of states (EDOS) elucidates the electronic features of
aterials (elements, compounds, alloys, etc.) [26] , the total

ensity of states (TDOS) and partial density of states (PDOS)
f CaMg 3 in D0 3 structure are calculated and presented in
ig. 6 . This figure shows that the lowest lying bands are due
l., Ground state parameters, electronic properties and elastic constants of 
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Fig. 5. Band structure of CaMg 3 compound in D0 3 structure using both LDA and GGA approaches. 

Fig. 6. Density of states (TDOS and PDOS) of CaMg 3 in D0 3 structure using both LDA and GGA. 

 

 

 

 

 

 

c  

t  

w  

e  

r

to mainly ‘ s ’ like states of Ca and do not contribute much
to bonding. The valence bands in the energy range between
2 eV, and 3 eV are dominated by the maximum contribution
of ‘ d ’ like states of Ca for GGA approximation, and between
4.5 and 5 eV are dominated by the maximum contribution of
‘ d ’ like states of Ca using the LDA approximation. 
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
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Moreover, the DOS at E f of CaMg 3 in D0 3 phase were
alculated, they are to be around 0.469 and 0.454 using
he LDA and GGA, respectively. Our obtained values agree
ell with the results of Zhou and Gong [8] . The differ-

nces are around - 0.061 and - 0.076 using LDA and GGA,
espectively. 
l., Ground state parameters, electronic properties and elastic constants of 
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Table 4 
Calculated C ij B, G V , G R , G H , E are all expressed in GPa, ν, A and G / B are without unity. Values with § are calculated using C ij of Ref. [8] , while 
those with ∗ are calculated using C ij of Ref. [11] . 

Parameter C 11 C 12 C 44 B G V G R G H E ν A G / B 

Our 
work 

LDA 42.34 27.25 46.65 32.28 31.01 15.18 23.09 55.94 0.21 6.18 0.72 
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 ∗
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.4. Elastic properties 

.4.1. Elastic constants, some aggregate moduli and Vickers 
ardness 

The formation of solids is governed by the forces between
he atoms, ions, and/or molecules, which are related to both
he structural parameters of its crystal structure and to its
hemical composition [27] . The elastic properties play an im-
ortant role in the structural stability and stiffness of mate-
ials. In cubic structures, as in the case of D0 3 structure of
aMg 3 compound, there are three independent elastic stiff-
ess constants, namely: C 11 , C 12 and C 44 , that were obtained
n the present work by calculating the total energy as a func-
ion of strain [16] , [28] . The determination of the elastic con-
tants C ij needs the knowledge of the nature of the strain,
hich is expressed as follow [16] : 

¯ = 

⎡ 

⎢ ⎣ 

δ 0 0 

0 −δ 0 

0 0 

δ2 

( 1 −δ2 ) 

⎤ 

⎥ ⎦ 

(4) 

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

 (δ) = E ( 0 ) + 3 ( C 11 − C 12 ) V 0 δ
2 + 0 

(
δ4 

)
(5)

here E (0) is the energy of the unstrained lattice of unit cell
olume V 0 . 

The identification of C 44 is through the volume-conserving
etragonal strain tensor [16] : 

¯ = 

⎡ 

⎢ ⎣ 

δ
2 0 0 

0 − δ
2 0 

0 0 

δ2 

( 4−δ2 ) 

⎤ 

⎥ ⎦ 

(6) 

The total energy is given as follow [16] 

 (δ) = E ( −δ) = E ( 0 ) + 

1 

2 

C 44 V 0 δ
2 + 0 

(
δ4 ) (7)

Our results of the elastic constants (C 11 , C 12 and C 44 ) ob-
ained from both LDA and GGA approximations are presented
n Table 4 . Except of two theoretical works based on DFT
nd MEAM, by Zhou and Gong [8] and Groh [11] , respec-
ively, there are no other theoretical or experimental values
vailable, to the best of our knowledge, for the elastic con-
tants of CaMg 3 in D0 3 phase. Using the calculated values
f the elastic constants, other elastic parameters can be cal-
ulated such as: bulk modulus B , Voigt, Reuss and Hill shear
oduli (G V 

, G R 

, G H 

), Young’s modulus E , Poisson’s ratio ν,
nisotropy factor A and Pugh’s ratio (G/B) using the following
quations [16] , [28] , [29] : 
C  

Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
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 = 

C 11 + 2 C 12 

3 

(8) 

 V = 

C 11 − C 12 + 3 C 44 

5 

, (9) 

 R = 

5 C 44 ( C 11 − C 12 ) 

4 C 44 + 3 ( C 11 − C 12 ) 
(10) 

 H 

= 

1 

2 

( G V + G R ) (11) 

 = 

9 BG 

G + 3 B 

(12) 

= 

3 B − 2G 

2 ( 3 B + G ) 
(13) 

 = 

2 C 44 

C 11 − C 12 
(14) 

Our results of the elastic stiffness constants C ij and the
ther elastic parameters above obtained for D0 3 phase of
aMg 3 phase using both LDA and GGA approximations are
resented in Table 4 . Except of two theoretical works based
n DFT and MEAM, realized by Zhou and Gong [8] and
roh [11] , respectively, to the best of our knowledge, there

re no other theoretical or experimental values available for
he elastic constants of CaMg 3 in D0 3 phase. 

A look on Table 4 , shows that the calculated elastic con-
tants C ij satisfied elastic stability criteria: ( C 11 - C 12 ) > 0,
 11 > 0, C 44 > 0, ( C 11 + 2 C 12 ) > 0, C 12 < B < C 11 [30] , [31] .
t normal conditions, the mechanical stability of CaMg 3 in
0 3 phase was also found in previous calculations reported
y Zhou and Gong [8] and Groh [11] . One can also notice,
rom Table 4 , that the elastic constant C 11 (related to the
xial compression along the principal crystallographic direc-
ions [32] ) is slightly lower than C 44 , indicating that CaMg 3 

ompound in D0 3 phase presents a higher resistance to pure
hear deformation compared to the axial compression resis-
ance. The same behavior was also noticed by Zhou and Gong
8] using the same approach (DFT) like ours, but not observed
n the work of Groh [11] , which used a different formal-
sm (the second nearest-neighbors modified embedded-atom 

ethod (MEAM)). 
Another note, from Table 4 , that our values of the elas-

ic stiffness constant C ij and other elastic moduli of CaMg 3 

ompound in D0 3 structure are in excellent agreement with
he results of Zhou and Gong [8] and Groh [11] , except for
 44 , where for example, our value (29.77 GPa) of the bulk
l., Ground state parameters, electronic properties and elastic constants of 
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modulus B obtained with GGA overestimates the theoretical
value (29.57 Å) reported by Zhou and Gong [8] by around
0.68%. 

The Poisson’s ratio ν is small (usually v < 0.1) for cova-
lent materials, while for ionic materials, v is 0.25 [33] , [34] .
Therefore, in CaMg 3 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 3 compound in D0 3 phase was
found at around 55.94 GPa using LDA, and 53.39 GPa 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 3 compound in D0 3 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 3 compound in D0 3 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 ij 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 C 44 and the density of states (DOS) at Fermi
energy, while Daoud et al. [35] showed an anti-correlation
between the elastic constant C 44 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 H V 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 H V , the bulk modulus B and the shear modulus G are
related by the empirical formula [35] : 

H V = 0. 92 ( G/B ) 1 . 137 x G 

0. 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 H V for CaMg 3 compound in D0 3 

phase are: 5.80 and 5.93 GPa, respectively. These two values
are slightly higher than the Vickers hardness H V (4.82 GPa)
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
f MgCa intermetallic compound in B2 phase [35] . As far as
e know, there are no data available related to Vickers hard-
ess H V in the literature for CaMg 3 in D0 3 phase, therefore
ur calculated values can be considered as prediction for this
roperty for this material. 

.4.2. Elastic wave speeds and Debye temperature 
The Debye temperature θD 

parameter is related to many
mportant physical properties of solids, such as specific heat
nd melting temperature [32] . It is either measured from the
lastic constants, or from the specific heat measurement [38] .
owever, at low temperatures both methods give almost the

ame value of θD 

, since at low temperature the vibrational
xcitations arise from acoustic modes only. The Debye tem-
erature θD 

may be estimated from the average sound velocity
 m 

by the following equation [16] : 

D 

= 

h 

k B 

(
3 

4πV a 

) 1 
3 

v m 

(16)

here h is Plank’s constant, k B Boltzmann’s constant, and V a 

s the atomic volume. 
Usually, the average sound velocity v m 

of the aggre-
ate material can be calculated from the longitudinal (com-
ressed) v l and transverse (shear) v t sound velocities as fol-
ows [39] , [40] 

 m 

= 

[
1 

3 

(
2 

v 3 t 
+ 

1 

v 3 l 

)]− 1 
3 

(17)

The crystal density ρ is usually expressed in g/cm 

3 (or in
g/m 

3 ); it is given as follow [41–43] 

= MZ/ N A V (18)

here M is the molecular weight, usually expressed in
0 

−3 kg, Z is the number of molecules per unit cell, N A 

( =
.022 ×10 

23 mol −1 ) is the Avogadro’s number, while V is the
nit cell volume usually expressed in m 

3 . For CaMg 3 com-
ound in D0 3 phase, the number of molecules per unit cell
 was taken equal to four, and the unit cell volume V was

aken equal to a 

3 , while a is lattice constant. Adachi [44] has
entioned that the lattice parameters are related to the pres-

ure by Murnaghan equation of state, and they are influenced
y the crystalline perfection, such as: impurities, stoichiome-
ry, dislocations and surface damage. Table 5 summarize the
esults of the crystal density ρ, the average elastic wave ve-
ocity v m 

, the longitudinal wave velocity v l and the transverse
coustic wave velocity v t as well as the Debye temperature
D 

of CaMg 3 compound in D0 3 phase, which could not be
ompared due to unavailability of the measured data. 

A look on Table 5 , the Debye temperature θD 

of CaMg 3 

n D0 3 phase was found at around 393.44 K using LDA, and
89.91 K using GGA, respectively. Since the Debye temper-
ture θD 

correlates with the Young’s modulus E in cubic
erovskite-type RBRh 3 (R are Sc, Y, La and Lu) materials
45] , these two values of θD 

are also slightly higher than the
ebye temperature θD 

(328.65 K) reported by Daoud et al.
35] for MgCa in B2 phase. Although this rationalization may
l., Ground state parameters, electronic properties and elastic constants of 
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Table 5 
Crystal density ρ, sound velocities v l , v t , v m Debye temperature θD and the limiting angular vibrational frequency ω D for CaMg 3 compound in D0 3 
phase. Values with § are calculated using the data of Ref. [8] , while those with ∗ are calculated using the data of Ref. [11] . 

Parameter ρ (kg/m 

3 ) v t (m/s) v l (m/s) v m (m/s) θD (K) ω D (10 13 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 ∗
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e useful for chemically related compounds, compounds that
re significantly different in chemical nature perhaps should
ot be necessary expected to follow the same correlation. 

We have also calculated the Debye temperature θD 

for
aMg 3 in D0 3 phase using a semi-empirical formula between
D 

and elastic constants C ij first proposed by Blackmann
46] , and latter used by Siethoff and Ahlborn [47] after im-
rovements for several crystals with different structures. This
emiempirical formula can be written as [48] 

θD 

= C B ( a G B /M ) 1 / 2 , 

 B = [ C 44 ( C 11 − C 12 ) ( C 11 − C 12 + 2 C 44 ) ] 
1 / 3 , (19) 

here a is the lattice constant, M is the atomic weight
for compounds, M is the weighted arithmetical average of
he masses of the species), and C B = 3.89 ×10 

11 ×n 

–1/6 h / k B 
s a model parameter. In this model parameter, h ( =
.62617 ×10 

−34 J.s), k B ( = 1.38062 ×10 

−23 J. K 

− 1 ) and n are
lanck’s constant, Boltzmann’s constant and the number of
toms in the unit cell, respectively. More details can be found
n Refs. [48] . 

Using Eq. (19) , the Debye temperature θD 

of CaMg 3 in
0 3 phase was found at around 417.16 K using LDA, and
08.91 K using GGA, respectively. These two values of θD 

are
lightly higher than the values 393.44 K (LDA) and 389.91 K
GGA) obtained from Eq. (16) . 

From Debye temperature one can estimate the Debye cut-
ff frequency (the limiting angular vibrational frequency) ω D 

y the following expression [49] : 

 D 

= k B 

θD 

/ h̄ (20) 

here k B 

is Boltzmann’s constant, and ћ = h/2 π , h is Planck’s
onstant. 

Substituting the values (393.44 K, and 389.91 K) of the De-
ye temperature θD 

, obtained from the LDA and GGA, in
q. (20) , the present results of the limiting angular vibra-

ional frequency ω D 

for CaMg 3 compound in D0 3 phase are:
.93 ×10 

13 and 5.88 ×10 

13 rad/s, respectively. These results
s well as those calculated from the data of Refs. [8] , [11] are
lso summarized in Table 5 . 

The same as in the case of the elastic constants and the
tructural parameters, the longitudinal, transverse and aver-
ge sound velocities as well as the Debye temperature of our
aterial of interest are in excellent agreement with those cal-

ulated using the data of Ref. [8] obtained from the same
pproach (DFT). To the best of our knowledge, there are no
ther theoretical or experimental data existing in the literature
n the sound velocity, Debye temperature, and Debye cut-off
Please cite this article as: H. Rekab-Djabri, M.M.A. Salam and S. Daoud et a
CaMg 3 : DFT study, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.
requency for CaMg 3 in D0 3 structure. So, we think that our
ndings regarding these quantities can be used to predict and
xplain most of the physical properties of this material. 

. Conclusion 

In this work, we have investigated the equilibrium struc-
ural parameters of CaMg 3 compound in αReO 3 -type (D0 9 ),
lFe 3 -type (D0 3 ), Cu 3 Au -type (L1 2 ) and CuTi 3 -type (L6 0 )

onfigurations using an ab-initio FP-LMTO method, within
oth local density approximation (LDA), and generalized gra-
ient approximation (GGA). At equilibrium our results for the
OS parameters, in general, agreed well with other data of

he literature. 
The results of the present work concerned with the possi-

ility of phase transition at high pressure show that CaMg 3 

ransforms from AlFe 3 -type structure (D0 3 ) to αReO 3 -type
D0 9 ) at pressure of around 29.96 GPa using LDA, and at
round 25.1 GPa using the GGA. 

Both LDA and GGA approaches for the electronic band
tructures, the total density of states (TDOS) as well as the
artial density of states (PDOS) showed that CaMg 3 in D0 3 

hase has a metallic behavior. 
The elastic constants, Young’s modulus, shear modulus,

oisson’s ratio, index of ductility, Vickers hardness, sound
elocities, Debye temperature, and the limiting angular vibra-
ional frequency of CaMg 3 in D0 3 phase were also reported.
ur findings on the elastic constants were also in agreed well
ith other theoretical data of the literature. 
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