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Abstract: Recently, magnesium alloys have attracted scientific interest due to their 
technological importance in thermoelectric, piezoelectric, photo-voltaic and infrared 
photonics applications. The electronic and elastic properties of MgXSi (X = Mg, Sr) 
compounds were investigated in this work, using the density functional theory (DFT) with 
pseudo-potential plane-waves (PPW) approach as implemented in Quantum Espresso code. 
The results of the elastic constants of Mg2Si are in agreement with the previous theoretical 
results and favourably compared with experimental data. The electronic band structures of 
these semiconductors were calculated to give narrow indirect and direct band gaps of 
Mg2Si and MgSrSi, respectively. Our results show that the two compounds are 
mechanically stable. The Pugh’s ratio, B/G, indicated that Mg2Si and MgSrSi are brittle 
and ductile in nature. The estimated anisotropy parameter, A, shows that Mg2Si has a 
higher degree of elastic isotropy in comparison to MgSrSi. Three-dimensional (3D) 
projection of Young’s modulus and area modulus of the compounds was presented. 
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Introduction 

Magnesium has recently become an important 
engineering material due to its abundance in the 
earth, less toxicity and cost-effectiveness 
compared to other competing materials for 
various technological applications [1, 2]. This 
has led to continuous and significant studies of 
magnesium-based alloys and compounds in the 
recent years due to their potentials for use in 
several technological applications, such as; 
thermoelectric, piezoelectric, photo-voltaic and 
infrared photonics [2, 3, 4]. Magnesium also 
possesses many other attractive properties, such 
as high damping capacity, electromagnetic 
shielding, thermal conductivity, good 

machinability and high recycling potential [2]. 
Moreover, Mg-based alloys are of great interest 
due to its low density (~1.74 g/cm3) and high 
specific strength and stiffness compared to many 
other engineering materials, like steel, 
aluminium and polymer-based composites [5]. 
Magnesium alloys have been known to be 
among the lightest structural materials and have 
applications in several areas, like aerospace 
manufacturing and automobile industry [6, 7]. 
All these aforementioned attributes and features 
are our motivation to study these alloys.  
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Several studies have been carried out on the 
mechanical alloy of tin (Sn) into magnesium 
silicide (Mg2Si) to display better-detailed 
properties and thermoelectric properties than 
Mg2Si. Difficulties encountered during the 
experimental set up include variations in 
temperature of the constituent elements and 
contamination in material processing [8, 9]. 
Magnesium silicide is one of the prominent 
silicides in solid-state application due to its 
compatibility with silicon, which is a based 
material for solid-state devices and electronics. 
This material has high thermal stability as well 
as desirable oxidization resistance properties, 
which makes it fit as a green material for 
semiconductor applications. This material is also 
known as a semiconductor with a narrow band 
gap, which has been used at a wavelength range 
of 1.2 to 1.8 micrometers as an infrared detector 
[8-10]. Doping and alloying have been used to 
enhance properties of semiconductors for 
optimum applications in optoelectronics and 
energy generation [11-13]. Elastic properties of 
the Mg2Si structure under pressure have been 
reported by Zhang et al. (2018). Their calculated 
elastic constants are stable at a minimal pressure 
range of 0 to 7 GPa under Born’s stability 
conditions at low pressures [9]. Hao et al. (2009) 
reported the experimental measurement of the 
compressive-to-phase transformation 
characteristics of Mg2Si at room temperature 
[14]. Some works of literature only report elastic 
constants and Young’s modulus, leaving out 
other elastic properties in their work. In this 
work, we present first-principle calculations of 
structural, mechanical and elastic properties of 
MgXSi (X = Mg, Sr) in antifluorite face-
centered cubic (FCC) structure. The elastic 
constants, bulk modulus B, Young’s modulus E, 
shear modulus G, Poisson's ratio, Zener’s 
anisotropy A and Pugh’s ratio B/G of Mg2Si and 
MgSrSi are computed and discussed. The results 
are compared with available experimental and 
theoretical results.  

Computational Details 
Our calculations were carried out using 

plane-wave density functional theory (DFT) [15] 
using the Projected Augmented Wave (PAW) 
PBE functional which defines the exchange-
correction energy. A projected augmented wave 
(PAW) type of pseudopotentials was employed. 
The pseudo-potentials used in the modeling of 
these materials are Mg.pbe-spn-kjpaw_ps 

l.1.0.0.UPF, Si.pbe-n-kjpaw_ps l.1.0.0.UPF and 
Sr.pbe-spn-kjpaw_ps l.1.0.0.UPF. The 
calculation of the pseudopotential involves Mg: 
2p6 3s2 and Si: 3s2 3p2 and Sr: 4p65s2 orbitals. 
Relaxation of the atomic structures was carried 
out using the Broyden-Fletcher-Goldfarb-Shanno 
method [16]. Brillouin zone is sampled using 
Monkhorst–Pack scheme [17] with a k-point grid 
of 8 x 8 x 8. The computations were carried out 
using thermo_pw [18] on the Quantum Espresso 
(QE) code [19-21]. The elasticity of the 
compounds was post-processed and analyzed 
(Self-consistent Elasticity of Multi-phase 
Aggregates (SC-EMA) code [22-24] and EIAM 
code [25]. 

Results and Discussion 
Structural and Electronic Properties 

The atomic structures of Mg2Si and MgSrSi 
intermetallic compounds are known to crystallize 
in FCC lattice and the space group 225 퐹푚3́푚 
of antifluorite structural type. The atom of Si is 
located at the (0, 0, 0) sites in a primitive cell 
and two equivalent Mg atoms occupy the (a/4) 
(1, 1, 1) and (3a/4) (1, 1, 1) sites, where a, is the 
lattice constant [26]. The schematic diagrams of 
the crystal structures of these alloys are shown in 
Fig. 2 and their X-ray diffraction patterns are 
shown in Fig. 3. Interaction of X-rays (a 
spectrum of electromagnetic wave) with a 
crystalline substance results in a diffraction 
pattern which helps in the description of the 
crystal properties. X-ray diffraction is useful in 
crystal structure characterization, as well as 
obtaining useful crystal information, like lattice 
constants, crystallite size and degree of 
graphitization [27]. We calculated the electronic 
band structures of Mg2Si and MgSrSi 
compounds at their equilibrium lattice constants, 
as shown in Figs. 4 and 5, respectively. For both 
compounds studied, the electronic band structure 
of Mg2Si shows an indirect band gap of 0.39eV 
between Γ - X with the Maximum Valence Band 
(MVB) observed at gamma point, while the 
Conduction Band Minimum (CBM) is at the X 
point of the Brillouin zone (Fig. 4). The 
electronic band structure of MgSrSi depicts a 
direct band gap of 0.91eV with respect to the 
Fermi level and its Maximum Valence Band 
(MVB) and the Minimum Conduction Band 
(MCB) occurred at point X of the Brillouin zone 
(Fig. 5). The two compounds theoretically 
display semiconducting behaviour due to their 
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narrow band gaps. The electronic band gap was 
increased with 0.52eV with the substitution of Sr 
for one atom of Mg from indirect band gap of 

Mg2Si (0.39eV) to direct band gap of MgSrSi 
(0.91eV). The Brillouin zone representation for 
FCC Mg2Si and MgSrSi is shown in Fig. 1.  

 
FIG. 1. Brillouin zone for FCC Mg2Si and MgSrSi. 

 
FIG. 2. Crystal structure of Mg2Si and MgSrSi. Blue ball and gold ball represent Si and Mg, respectively, while 

green ball represents the substituted Sr atom for Mg.  

Mg2Si MgSrSi 
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FIG. 3. X-ray diffraction pattern for Mg2Si and MgSrSi. 

 
FIG. 4. Electronic band structure for Mg2Si with an indirect band gap of 0.39eV between Γ and X.  

 

(b) 

MgSrSi 

(a) 

Mg2Si 
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FIG. 5. Electronic band structure for MgSrSi with a direct band gap of 0.91eV at X point. 

 

Elastic and Mechanical Properties 

The elastic and mechanical properties of 
MgXSi (X = Mg, Sr) compounds were 
calculated and are shown in Table 1. Elastic 
constants (Cij) of any material play an important 
role in understanding its mechanical properties. 
Cij are the elastic constants of the crystal and its 
structure has been fully relaxed under a given set 
of exchange-correlation potential functions and 
obtained an equilibrium structure with a 
minimum total energy. Before a material can be 
termed a mechanically stable material, the 
Born’s stability conditions of cubic crystal [28] 
must be satisfied which are: C11 > 0, C11 - C12 > 
0, C44 > 0, C11 + 2C12 > 0 and C12 < B < C11. 
The results of C11, C12 and C44 obtained as 
presented in Table 1 clearly show that the 
studied MgXSi (X=Mg, Sr) compounds are 
mechanically stable having satisfied the 
aforementioned conditions. The lattice constant, 
a = 6.341 Å and elastic parameters, Cij (GPa) of 
Mg2Si (C11 = 116.0 GPa, C12 = 22.6 GPa and 
C44 = 45.2 GPa) are in good comparison with the 
available theoretical [2, 25] and experimental 
data [29]. 

As it is well known, elastic properties such as 
bulk modulus (B) determine the resistance of any 
material fracture and the shear modulus (G) 
gives the resistance to plastic deformation. The 
B/G ratio, which is also described as Pugh’s 
ratio, is used to understand the ductile/brittle 
behaviour of solids [30]. The critical value is 
1.75, where greater than that value, the material 

is regarded as ductile [30, 31]. In this work, the 
B/G ratios of the two compounds were found to 
be 1.18 and 5.89 for Mg2Si and MgSrSi, 
respectively. This shows that Mg2Si alloy 
indicates brittle behavior, while MgSrSi is 
ductile in nature, based on their B/G ratios 
values. 

The elastic anisotropy of crystals is an 
important factor in material science. There are 
different ways by which elastic anisotropy can 
be estimated theoretically. The Zener’s 
anisotropy parameter A = 2C44 / (C11 − C12) is 
usually adopted for this purpose [32,  33] . The 
degree of deviation of Zener’s anisotropy 
parameter from unity (1) means the degree of 
elastic anisotropy. Mg2Si is elastically isotropic 
with A = 0.96 and a little degree of elastic 
anisotropy is observed in MgSrSi with A = 0.42, 
as presented in Tables 1 and 2. 

To calculate the polycrystalline modulus, two 
approximation methods are employed which are 
the Voight method and the Reuss method. Using 
energy considerations, Hill showed that the 
Voight and Reuss equations stand for upper and 
lower limits of realistic polycrystalline constants 
and recommended that a practical estimate of the 
bulk and shear moduli should be the arithmetic 
means of the extremes. Elastic properties (such 
as bulk modulus, shear modulus, Young’s 
modulus and Poisson’s ratio) are calculated 
through Equations (1) – (6) in the Voight-Reuss-
Hill approximation and their values are 
presented in Table 2. 
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TABLE 1. Calculated elastic properties: The lattice constant a (Å), the elastic constants C11, C12 and 
C44 (GPa), Young’s moduli (E, in GPa), shear moduli (G, in GPa), Poisson’s ratios (v), Zener’s 
anisotropy A and the B/G ratio of MgXSi (X=Mg, Sr) compounds compared with other results. 

Material a (Å) C11 C12 C44 E G V A B/G 

Mg2Si 

6.341* 
6.295a 
6.35b 
6.338c 

116.0* 
121.2a 
118.82b 
126.0c 

22.6* 
23.7a 

22.27b 
26.0c 

45.0* 
49.5a 

44.96b 
48.5c 

106.7* 
113.5a 

111.79b 

- 

45.6* 
49.2a 

46.25b 
- 

0.17* 
0.161a 
0.15b 

- 

0.96* 
- 
- 
- 

1.18* 
1.14a 
1.18b 

- 
MgSrSi 6.361* 166.8* 67.2* 20.9* 48.07* 17.02* 0.42* 0.42* 5.89* 

* = This Work  a = [36]    b = [2]    c = [37] 
 

TABLE 2. Calculated mechanical parameters' values of Mg2Si and MgSrSi using Voight, Ruess and 
Hill approximations. 

 Mg2Si MgSrSi 
A 0.96 0.42 

1-A 0.4 0.58 
AG 1.039 2.377 

BV = BR = BH (GPa) 53.71 100.3 
βV = βR = βH (10−3 /GPa) 6.2059 3.3211 

GV (GPa) 45.63 32.493 
GR (GPa) 45.62 27.27 
GH (GPa) 45.63 29.88 
EV (GPa) 106.69 87.985 
ER (GPa) 106.66 75.016 
EH (GPa) 106.67 81.552 

νV 0.168 0.3539 
νR 0.169 0.375 
νH 0.169 0.365 

BV /GV 1.18 3.087 
BR /GR 1.18 3.678 
BR /GR 1.18 3.357 

A, anisotropy factor; AG, anisotropy in shear moduli; B, bulk moduli; β, compressibility; G, 
shear moduli; E, Young’s modulus; ν, Poisson’s ratio. 

 

퐵 =                (1) 

퐺 =               (2) 

퐺 =  (  )
(  )

             (3) 

퐺 =                 (4) 

where B, G and Cij (C11, C12 and C44) are the bulk 
moduli, shear moduli and elastic parameters; GV 
and GR are Voigt's and Reuss's shear moduli, 
respectively. Hence, the Young's modulus E and 
the Zener's anisotropy factor A are computed as 
follows [34]: 

퐸 =              (5) 

퐴 =    
 

            (6) 
 
Young’s modulus, which is the ratio of strain 

to stress, is used to determine the stiffness of a 

material. On the other hand, area modulus is the 
ratio of an equibiaxial stress to the relative area 
change in the planes in which the stress acts. It is 
an intermediate elastic property between Young's 
modulus and bulk modulus, which is computed 
in isotropic elasticity [35]. The results computed 
in Table 2 show that Mg2Si with EH = (106.66 
GPa) is stiffer than MgSrSi (EH = 75.016 GPa). 
SC-EMA (Self-consistent Elasticity of Multi-
phase Aggregates [22-24] and EIAM code [25] 
were used as post-processor for elasticity of 
Mg2Si and MgSrSi to plot the three-dimensional 
(3D) image of area modulus and Young’s 
modulus, as shown in Figs. 6 – 10. These 
Young’s moduli are more intuitive than the bulk 
modulus to indicate the anisotropy of the 
crystals. These three-dimensional projections of 
Young’s moduli indicate the directional 
dependences of the Young’s moduli of the 
Mg2Si and MgSrSi crystals. This result is 
consistent with the anisotropy factor given in 
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Table 1 with Mg2Si is isotropic and MgSrSi 
crystal deviates a bit from isotropic behavior. 
Figs. 6 and 7 were generated using 200 data 
points each. Fig. 6 shows the 3D projection of 
Young’s modulus and area modulus for Mg2Si. 
The computed homogenized polycrystalline 
Young's modulus is 102.01 GPa, while the cubic 
single crystals 001, 110 and 111 planes' area 
moduli of elasticity were 59.89 GPa, 61.42 GPa 
and 61.85 GPa, respectively. Fig. 7 shows the 
3D projection of Young’s modulus and area 
modulus for MgSrSi. The computed 
homogenized polycrystalline Young's modulus is 
82.81 GPa, while the cubic single crystals 001, 
110 and 111 planes' area moduli of elasticity 
were 91.73 GPa, 53.17 GPa and 47.91 GPa, 
respectively. Fig. 8 shows the 3D and 2D 
projections of Poisson’s ratio as computed for 
Mg2Si and MgSrSi, respectively. Minimum and 
maximum dimensionless Poisson's ratios of 0.2 
and 0.47 were measured for Mg2Si with 
corresponding transverse maximum and 
minimum of (0.71 -0.70 0.00) and (0.00 0.00 -
1.00), respectively along x y z. For MgSrSi, 

minimum and maximum dimensionless Poisson's 
ratios of 0.11 and 0.15 were recorded with 
corresponding transverse maximum and 
minimum of (0.71 -0.70 0.00) and (0.00 0.00 -
1.00), respectively along x y z. Fig. 9 shows the 
3- and 2- dimensional projections of shear 
modulus for Mg2Si and MgSrSi, respectively. 
Shear modulus is one of the important quantities, 
as it determines the stiffness of a material. 
Computed shear moduli for Mg2Si and MgSrSi 
were 45.63 GPa and 32.493 GPa, respectively, 
which compared well with our calculated 
homogenized polycrystalline shear moduli of 
43.81 GPa and 30.53 GPa for Mg2Si and 
MgSrSi, respectively using SC-EMA code [22-
24]. Fig. 10 shows the 3D and 2D projections of 
sound velocities for Mg2Si and MgSrSi, 
respectively. Minimum and maximum acoustic 
modes were 22.60 and 35.50 for Mg2Si and 
67.20 and 72.95 for MgSrSi, respectively. The 
acoustic modes for Mg2Si and MgSrSi suggest 
that MgSrSi has a higher potential for acoustic 
application. 

  
(a) (b) 

FIG. 6. 3D projection for (a) Young’s modulus and (b) area modulus of Mg2Si. 

(a) (b) 
FIG. 7. 3D projection for (a) Young’s modulus and (b) area modulus of MgSrSi. 
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3D--Mg2Si 

 
3D--MgSrSi 

 
2D--Mg2Si 

 
2D--MgSrSi 

FIG. 8. 3D and 2D projections of Poisson’s ratio for Mg2Si and MgSrSi, respectively. 

 
3D--Mg2Si 

 
3D--MgSrSi 

 
2D--Mg2Si 

 
2D--MgSrSi 

FIG. 9. 3D and 2D projections of shear modulus for Mg2Si and MgSrSi, respectively. 
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3D--Mg2Si 

 
3D--MgSrSi 

 
2D--Mg2Si 

 
2D--MgSrSi 

FIG. 10. 3D and 2D projections of sound velocities for Mg2Si and MgSrSi, respectively. 
 

Conclusion 
In the present theoretical study, the structural, 

elastic and mechanical properties of Mg2Si and 
MgSrSi intermetallic compounds have been 
investigated employing the DFT with pseudo-
potential plane-waves (PPW) approach using 
Projector Augmented Wave (PAW) method for 
the exchange and correlation potential. The 
results obtained for the optimized lattice 
parameter (a) agree with the available theoretical 
and experimental data. The elastic constants Cij 
and related polycrystalline mechanical 
parameters, such as bulk modulus B, Young’s 
modulus E, shear modulus G and Poisson's ratio, 
were computed. Zener’s anisotropy parameter, 
A, and the B/G ratio were also estimated. From 

the results, it is concluded that the elastic 
constants of Mg2Si are quite in good agreement 
with theoretical results already recorded on the 
subject and compare favourably with 
experimental data. The two compounds studied 
are mechanically stable having satisfied the 
elastic stability criteria. The three-dimensional 
Young's modulus of Mg2Si also confirmed the 
computed results obtained by Zener's anisotropy 
factor A, which are nearly spherical, indicating 
that the crystal was isotropic. The studied 
compounds were classified as semiconducting 
materials having indirect band gap (0.39eV) and 
direct band gap (0.91eV) for Mg2Si and MgSrSi, 
respectively in their electronic band structures. 
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