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Abstract: First principle calculations of structural, elastic, thermal and electronic properties of M2X (M = Sr, Ba and

X = Si, Ge, Sn) compounds in the anti-fluorite type structure are performed within the framework of density functional

theory. The lattice constant, bulk modulus, derivative of bulk modulus and ground state energy are calculated. The

calculated elastic properties reveal that Sr2Si, Sr2Ge, Ba2Si and Ba2Ge are classified as brittle, while Sr2Sn and Ba2Sn show

ductile nature. It is noted that these compounds are elastically stable and the Debye temperature value decreases from Sr to

Ba and from top to bottom in group IV-A of periodic table. From electronic charge density plot in the (110) crystallo-

graphic plane it is observed that in Sr2X, Sr shows ionic bond nature with X, while in Ba2X, Ba forms partially ionic and

partially covalent bond with X. The density of states and the electronic band structures are also presented. We have found

that these compounds possess narrow and direct band gaps. The values of the energy gaps obtained by using the modified

Becke–Johnson approach are better than the values obtained from the generalized gradient approximation.

Keywords: Anti-fluorite; Density functional theory; Modified Becke–Johnson approach; Elastic; Thermal

PACS Nos.: 71.15.-m; 71.20.Nr

1. Introduction

The orthorhombic crystals of Zintl compounds M2X

(M = Sr, Ba and X = Si, Ge, Sn) with space group #62-

Pnma [1, 2] have been considered as potential candidates

due to their several applications and wide use as electronic

materials [3] and topological insulator [4]. These materials

exhibit semiconducting nature and are frequently used for

optoelectronic and energy-band applications [5]. Some

compounds of this group like Be2C and Mg2X (X = Si,

Ge, Sn) have also been observed in anti-fluorite type

structure and significantly used in forming the simplest

metal–semiconductor hybrid materials [6]. The narrow

band gap of the anti-fluorite materials make them useful for

many technological applications such as infrared detectors

in the wavelength 1.2–1.8 lm relevant for optical fibers [7,

8]. Hu et al. [1] have reported that the single phase M2Si

(M = Mg, Ca, Sr) silicides have been grown using Si

substrates, by thermal treatment of the substrates in the

vapors of the metallic sources. They have investigated the

electronic structures and optical properties of the silicides.
*Corresponding author, E-mail: maalidph@yahoo.co.uk
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Using the first-principles total-energy calculation program

in pseudopotential schemes with plane-wave basis func-

tions, they have calculated the electronic band structures of

the silicides.

Like other materials of the same group, M2X (M = Sr,

Ba and X = Si, Ge, Sn) semiconductors can have anti-

fluorite type structure with space-group #225 (Fm-3 m).

This structural transformation changes the crystal structure

by changing coordination of the XIV atom from fourfold

coordinated in the diamond structure (e.g. Si) to eightfold

coordinated in the anti-fluorite structure (e.g. Mg2Si) [9,

10]. Since the number of valence electrons does not change

in both diamond and anti-fluorite structures, the electronic

configuration of molecule is not affected by the structural

change. Also, the Bravais lattice remains the same and the

two structures posses the same Brillouin zone (BZ)

resulting in the same electronic structure. In present paper,

the main focus is to present first principle calculations of

structural, elastic, thermal and electronic properties of M2X

(M = Sr, Ba and X = Si, Ge, Sn) compounds in anti-

fluorite type structure using the full potential linear aug-

mented plane wave (FP-LAPW) method.

2. Method of calculation

We carried out first principle calculations of the structural,

elastic, thermal and electronic properties of anti-fluorite

M2X (M = Sr, Ba and X = Si, Ge, Sn) compounds within

the framework of the density functional theory (DFT) [11]

using the FP-LAPW [12] method as implemented in

Wien2k code [13]. The corresponding DFT calculations

were performed using generalized gradient approximation

(GGA) [14] and the modified Becke–Johnson (mBJ)

exchange correlation potential plus Wu-Cohen version of

generalized gradient approximation (mBJ–GGA) methods.

The mBJ exchange potential [15] was developed from a

semi-local exchange potential proposed by Becke and

Johnson (BJ-exchange potential). In the GGA, the

exchange correlation potential was treated for the self

consistent calculations [14]. The modified Becke–Johnson

exchange potential (TB-mBJ) yielded very accurate elec-

tronic band structure and band gap for various semicon-

ductors and insulators (e.g., sp semiconductors, noble-gas

solids, and transition-metal oxides) [15–22]. Band structure

calculations were presented using GGA and mBJ methods.

It were found that the band gaps calculated within mBJ was

closer to the experimental value, therefore we focused on

mBJ technique.

In the FP-LAPW method, the wave function, charge

density and potential were expanded in spherical harmonic

functions inside muffin-tin spheres and by a plane-waves

basis set in the interstitial region. For anti-fluorite M2X

(M = Sr, Ba and X = Si, Ge, Sn) compounds, we chose a

plane wave cut-off of Kmax = 7.0/RMT. Muffin-tin radii

(RMT) values were taken as 2.5 for all compounds. The

spherical harmonics in the non-overlapping muffin-tin

spheres were expanded up to lmax = 10 while charge

density was Fourier expanded up to Gmax = 12 (Ryd)1/2.

A mish of 1,000 k-points in the irreducible Brillouin zone

(IBZ) were used. The self consistent calculations were

converged since the total energy of the system is stable

within 10-5 Ry.

3. Results and discussion

3.1. Structural properties

Using the volume optimization method, the structural

properties of anti-fluorite M2X (M = Sr, Ba and X = Si,

Ge, Sn) compounds have been computed. To perform

volume optimization, the total energy of the unit cell with

respect to the volume of unit cell has been minimized and

calculated by fitting to the Murnaghan equation of state

(EOS) [23]. The lattice constant a0, bulk modulus B0, its

pressure derivatives B0 and ground state energies E0 are

evaluated using GGA method. The lattice constant

increases from Si to Sn for both Sr2X and Ba2X com-

pounds. Moreover, increase in lattice constant from Sr to

Ba is also observed for M2X compounds. As the bulk

modulus B0 gives information about crystal rigidity and the

large value of B0 is responsible for high crystal rigidity. But

from Table 1, it is clear that the anti-fluorite M2X are soft

semiconductors.

3.2. Elastic properties

Elastic properties are important in order to study binding

characteristics between the adjacent atomic plane, specific

heat, Debye temperature, thermal expansion and many

other properties. The knowledge of elastic constants Cij is

useful and valuable to obtain information about the

Table 1 Calculated lattice constant a0(A0), bulk modulus B0(GPa),

its pressure derivatives B0, total ground state energy E0(Ry) for anti-

fluorite M2X(M = Sr, Ba and X = Si, Ge, Sn) compounds

Compounds A0(A0) B0(GPa) B0 E0(Ry)

Sr2Si 7.5429 32.89 5.00 -13,296.86

Sr2Ge 7.5677 27.98 5.00 -16,914.50

Sr2Sn 7.9666 31.23 5.00 -25,074.06

Ba2Si 7.8319 23.97 5.00 -33,133.89

Ba2Ge 7.8685 23.03 5.00 -36,751.53

Ba2Sn 8.2497 20.99 5.00 -44,911.09
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anisotropic character of the bonding, the structural stability

and stiffness of materials. Since anti-fluorite M2X

(M = Sr, Ba and X = Si, Ge, Sn) compounds have cubic

symmetry. To know and explain its mechanical behavior,

we have calculated only three independent elastic param-

eters C11, C12 and C44 as given in Table 2. Since C11

describes unidirectional compression along principal crys-

tallographic direction and its value greater than C44 (given

in Table 2) predicts that these compounds offer a weak

resistance to the pure shear deformation as comparable to

resistance to the unidirectional compression. The conven-

tional mechanical stability conditions of elastic constants in

cubic crystals are given as:

1

3
ðC11

þ 2C12Þ[ 0; C44 [ 0;
1

2
ðC11�C12Þ[ 0; C12\B\C11

ð1Þ
It is clear from Table 2 that the elastic constants satisfy

these stability criteria and are elastically stable. In indus-

trial sciences the elastic anisotropy constant (A) plays vital

role for detection of micro cracks in materials, which is

defined as

A ¼ 2C44=ðC11 � C12Þ ð2Þ

For A = 1, the material is completely isotropic, it is

otherwise anisotropic for any value greater or less than

unity. From Table 2, it can be seen that all compounds

having elastic anisotropy value less or greater than unity

show anisotropic behavior.

The Voigt and Reuss [24] shear moduli for the cubic

structure are defined as:

GV ¼
1

5
ðC11�C12þ3C44Þ ð3Þ

GR ¼
5C44ðC11�C12Þ

4C44 þ ðC11�C12Þ
ð4Þ

Thus shear modulus G is written as:

G ¼ ðGV þ GRÞ
2

ð5Þ

The Young’s modulus (Y) and Poisson’s ratio (m) related

to the bulk modulus B and the shear modulus G can be

expressed as:

BV ¼ BR ¼
ðC11 þ 2C12Þ

3
ð6Þ

Y ¼ 9BG

ð3Bþ GÞ ð7Þ

m ¼ ð3B� 2GÞ
2ð3Bþ GÞ ð8Þ

Young’s modulus (Y) is a measure of the stiffness of the

material and hence, large value of Y for these compounds is

responsible for high stiffness. Also Poisson’s ratio (m)

provides information about the bonding forces than any of

the other elastic property [25]. The upper and lower limits

for central force in solids are 0.5 and 0.25 respectively. In

Table 2, the calculated Poisson’s ratio(m) predicts that the

force is central for Sr2Si, Sr2Sn, Ba2Ge and Ba2Sn

Table 2 Predicted elastic constants (C11, C12, C44), Voigt, Reuss and

average Shear modulus(GV, GR and G), B/G ratio, anisotropy constant

(A), Poisson’s ratio(m), Young’s modulus (Y), density q (g/cm3), the

transverse, longitudinal and average elastic wave velocities(Vt, Vl and

Vm in m/s) and Debye temperature (hD in K) for anti-fluorite

M2X(M = Sr, Ba and X = Si, Ge, Sn) compounds

Compounds

Sr2Si Sr2Ge Sr2Sn Ba2Si Ba2Ge Ba2Sn

C11 54.84 59.84 43.24 51.47 42.36 37.46

C12 18.27 21.67 19.73 9.86 13.51 12.89

C44 19.69 19.11 16.57 13.18 13.87 11.09

Gv 19.13 19.10 14.64 16.23 14.09 11.57

GR 19.10 19.09 14.24 15.44 14.08 11.54

G 19.12 19.095 14.44 15.83 14.085 11.55

B/G 1.72 1.47 2.16 1.51 1.63 1.82

A 1.077 0.99 1.41 0.63 0.96 0.90

V 0.26 0.22 0.299 0.23 0.25 0.27

Y 48.05 46.66 37.53 38.85 35.12 29.32

q 1.576 1.902 1.934 2.093 2.368 2.327

Vt 3,483 3,168 2,732 2,750 2,507 2,189

Vl 6,082 5,300 5,109 3,282 3,008 2,796

Vm 3,866 3,506 3,051 2,888 2,636 2,332

hD 242 219 181 174 158 134
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compounds and non-central for Sr2Ge and Ba2Si

compounds. According to Pugh’s [26] ratio, higher B/G

ratio is associated with ductile nature, while smaller B/G

ratio corresponds to brittle behavior of the material. The

critical number take apart ductile from brittle is 1.75; i.e.,

material behaves in a ductile behavior for B/G [ 1.75,

otherwise it behaves in a brittle manner. Our results show

that B/G ratio is 1.72, 1.47, 1.51 and 1.63 for Sr2Si, Sr2Ge,

Ba2Si and Ba2Ge respectively and then classifying these

compounds as brittle. On the other hand, B/G ratio for

Sr2Sn and Ba2Sn are 2.16 and 1.82 respectively, making

these compounds ductile.

Fig. 1 Electron charge density

for; (a) Sr2X; and (b) Ba2X

(X = Si, Ge, Sn) compounds

Fig. 2 Calculated band structures using GGA; (a) Sr2Si; (b) Sr2Ge; (c) Sr2Sn; (d) Ba2Si; (e) Ba2Ge; (f) Ba2Sn

372 H Ud Din et al.

Author's personal copy



3.3. Thermal properties

Debye temperature (hD) is associated with upper limit of

the phonon frequency in a crystal lattice and can be cal-

culated using following equation [27, 28]:

hD ¼
h

k

3n

4p
qNA

M

� �� �1=3

Vm ð9Þ

where h and k are Plank and Boltzmann constants

respectively, n is the number of atoms per formula unit,

NA is Avogadro’s number, q is density of compound, M is

molecular mass per formula unit, Vm is average wave

velocity [27, 28], which is given by:

Vm ¼
1

3

2

Vt
3
þ 1

Vl
3

� �� ��1=3

ð10Þ

where Vl and Vt, are the longitudinal and transverse elastic

wave velocities respectively, which are obtained from

Navier’s equations [27, 29]:

Vl ¼
3Bþ 4G

3q

� �1=2

ð11Þ

Vt ¼
G

q

� �1=2

ð12Þ

The calculated density, average, longitudinal, transverse

elastic wave velocities and Debye temperature are given in

Table 2. To date, no experimental or theoretical data for the

elastic stiffness are available in the literature to be compared

with our theoretical results. It can be seen from Table 2, that

in M2X compounds, the value of Debye temperature (hD)

decreases from Sr to Ba and also from top to bottom of group

IV-A of periodic table.

Fig. 3 Calculated band structures using mBJ; (a) Sr2Si; (b) Sr2Ge; (c) Sr2Sn; (d) Ba2Si; (e) Ba2Ge; (f) Ba2Sn
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3.4. Electronic properties

We have presented visual contour plot of charge density in

(110) crystallographic plane for Sr2X and Ba2X (X = Si,

Ge, Sn) compounds in Fig. 1(a) and 1(b) respectively. For

Sr2X compounds, Sr and X are cation and anion respec-

tively; hence ionic bond is observed as no sharing of charge

occurs between anion and cation. On the other hand, Ba

form partially ionic and partially covalent bond with X in

Ba2X, as shown in Fig. 1.

We have performed first principle calculation for the

electronic band structure using GGA and mBJ methods for

anti-fluorite M2X (M = Sr, Ba and X = Si, Ge, Sn) com-

pounds as shown in Fig. 2(a)–2(f) and 3(a)–3(f), respectively.

It is clear from Figs. 2(a)–2(f) that the calculated band gaps

for Sr2X compounds are found to be very narrow while it is

near to zero for Ba2X compounds using GGA. On the other

hand, slightly large narrow and direct band gaps are obtained

at X-symmetry point of the Brillion zone using mBJ method

(as shown in Fig. 3). It is observed that the mBJ yields better

band gap’s value than GGA. For both Sr2X and Ba2X, we

notice an increase in band gap, when one moves from Si, Ge to

Sn. While the band gap decreases with moving from Sr to Ba

in M2X due to larger size of Ba than Sr. In Table 3, we have

listed the calculated values of the band gaps.

The calculated total and partial density of states (DOS)

plots for anti-fluorite Sr2X and Ba2X (X = Si, Ge, Sn)

compounds using mBJ method are shown in Figs. 4(a)–4(c)

and 5(a)–5(c), respectively. For Sr2X compounds, the

valence bands mainly consist of two regions; the first region

is found in the energy range from -5.7 eV to -6.4 eV for

both Sr2Si and Sr2Sn compounds, which are dominated by

Si-3s and Sn-5s states respectively. While for Sr2Ge com-

pound, the first region occurs in the energy range from -

6.4 eV to -7.1 eV and is mainly contributed by Ge-4s state.

Second region, located from zero to -1.8 eV is due to Si-3p,

Ge-4p and Sn-5p atoms as shown in Fig. 4(a)–4(c).

Similar effect is observed for Ba2X compounds. It is

clear from Fig. 5(a)–5(c) that in the first region (-5.7 eV

to -6.4 eV), Si-3s and Sn-5s states are dominant for Ba2Si

and Ba2Sn respectively, while Ge-4s state has the main

contribution in the energy range -6.5 eV to -7.1 eV.

Further, Si-3p and Si-4p states of Ba2Si and Ba2Ge

Table 3 Calculated energy gap (Eg at X-symmetry point) for anti-

fluorite M2X (M = Sr, Ba and X = Si, Ge, Sn) compounds using

GGA and mBJ methods

Compounds GGA MBJ

Sr2Si 0.24 0.72

Sr2Ge 0.26 0.73

Sr2Sn 0.45 0.89

Ba2Si 0.002 0.42

Ba2Ge 0.01 0.45

Ba2Sn 0.06 0.59

Fig. 4 Calculated mBJ-density of state (DOS) of; (a) Sr2Si; (b)

Sr2Ge; (c) Sr2Sn

Fig. 5 Calculated mBJ-density of state (DOS) of; (a) Ba2Si; (b)

Ba2Ge; (c) Ba2Sn
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compounds respectively dominate in the second region

lying just below the Fermi level from zero to -1.8 eV. Sn-

5p state has mainly contributed from zero to -1.6 eV for

Ba2Sn compound. The third region located above Fermi

level is dominated by Sr-3d and Ba-4d states as displayed

in Figs. 4a–c and 5a–c respectively.

4. Conclusions

In summary, we have performed first principle calculations

of structural, elastic, thermal and electronic properties of

anti-fluorite M2X (M = Sr, Ba and X = Si,Ge, Sn) com-

pounds by means of DFT. The calculated lattice constant

increases with moving from Sr to Ba and also from Si to Sn

in M2X. It is concluded that these compounds are elasti-

cally stable. Sr2Si, Sr2Ge, Ba2Si and Ba2Ge are brittle,

while Sr2Sn and Ba2Sn are ductile. Also, Debye tempera-

ture (hD) decreases from top to bottom for M2X. The

electronic charge density contour in the (110) crystallo-

graphic plane reveals that Sr form ionic bond with X in

Sr2X while Ba2X show partially ionic and partially cova-

lent bond nature. The density of states (DOS) and band

structure are calculated and discussed in details. The band

gap obtained with mBJ is slightly larger than that with

GGA, the band gap values increase with moving from Si to

Sn for both Sr2X and Ba2X, while the values decrease from

Sr to Ba for M2X.
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