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Structural and electronic properties of Mg2Si under high pressures are investigated based on density functional theory. The 
calculations found that Mg2Si  undergoes two pressure-induced phase transitions: anti-fluorite→anti-cotunnite→Ni2In-type. 
The dependence of the elastic properties on pressure in three structures is further analyzed. The band structures show that 
for the anti-fluorite structure that the pressure leads to the change in the energy dispersion of lowest conduction band but the 
energy dispersion relations of the valence band top hardly be changed. This indicates that the conduction bands for the 
anti-fluorite structure are influenced by the pressure whereas the valence bands are not much affected.  
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1. Introduction 
 

Due to its light weight, high melting temperature, h igh 

hardness, low density and low thermal expansion 

coefficient [1], magnesium alloys have attracted much  

attention by their (potential) use in the domains of 

aerospace, automobile and electronic industry. On the 

other hand, Mg2Si and its related compounds, with high  

Seebeck coefficient, h igh electrical conductivity and low 

lattice thermal conductivity, are good candidates for high 

performance thermoelectric materials [2-5]. Recently, Liu  

et al. [6] showed that the Sb-doped n-type Mg2SnxSi1-x 

compounds had proven to possess the high ZT of 1.3 at  

700 K.  

A lot of research has been directed at the wide variety 

of physical properties of anti-fluorite Mg2Si such as the 

structural and electronic properties [7], the thermoelectric 

properties [2], experimental and theoretical research of 

doped Mg2Si [8-11]. At ambient conditions, Mg2Si 

crystallizes and is composed of one molecu lar unit  per 

primitive cell and four formulas per conventional cell 

(space group Fm-3m) in the cubic anti-fluorite structure. 

In 1964, Cannon and Conlin [12] experimentally found 

that Mg2Si undergoes a phase transition to a hexagonal 

lattice at a pressure above 2.5 GPa and a temperature 

above 900 
0
C. Recently, Hao et al. [13] presented the 

experimental results of high-pressure structural phase 

transformations on Mg2Si, and found that Mg2Si 

transforms from the cubic anti-fluorite (Fm3m) structure 

to anti-cotunnite (Pnma) structure at 7.5 GPa and  then to 

Ni2In-type (P63/mmc) structure at about 21.3 GPa.  In the 

theoretical works, researchers have studied [15] the phase 

transitions, electronic structures and optical properties of 

Mg2Si under high pressure using the first-princip les 

density functional theory. But they did not present the 

detailed informat ion for the effect of pressure on the 

electronic structure of Mg2Si. Moreover, until now, little  

experimental and theoretical research has been done on 

elastic properties and thermodynamic propert ies of Mg2Si 

under high pressure. 

It is well known that pressure is an important 

parameter to tune physical properties. High-pressure 

research can improve our fundamental understanding of 

atomic and molecu lar interactions in solids. The studies 

indicated that the application  of pressure can influence 

thermoelectric property of materials. Meng et al. [16, 17] 

reported for Sr8 Ga16Ge30 clathrate an improvement by at  

least a factor of 3 in the dimensionless thermoelectric 

figure o f merit at pressure up to 7GPa at room temperature. 

On the other hand, pressure can improve the mechanical 

properties of materials. Mart in at al. [18] suggest that once 

improved behavior is found by means of pressure tuning, 

attempts can be made to reproduce this behavior by means 

of chemical tuning, or by other means. Therefore, it is  

meaningful fo r us to investigate the physical properties of 

Mg2Si at high pressure.  

In this work, we report the results of the first 

principles calculations of Mg2Si with different structures 

under high pressures. The structures are optimized by full 

relaxation and the lattice parameters are obtained. The 

crystal structural transformations of Mg2Si are investigated 

under hydrostatic pressure. The most stable structure is 

determined at a finite pressure and volume based on the 

computed Gibbs free energy. The elastic constants are 

calculated, the bulk moduli, shear moduli, Young’s moduli 

and Poisson ratio value are derived; Debye temperature is  

calculated and discussed. The researches of this paper 

have some theoretical guidance effect  on development and  
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application for Mg2Si. 

 

 

2. Computational approach 

 

In this study, the first-principles calculat ions were 

performed using the plane-wave pseudo-potential density 

functional theory method and implemented in the Serial 

Total Energy Package (CASTEP) [19]. The configurations 

of valence electrons are selected as Mg 2p
6
3s

2
 and Si 

3s
2
3p

2
 when describing the ion solid interaction with the 

valence electrons and the other orbital electrons are 

calculated as core electrons. We used the generalized  

gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) [20] to the 

exchange–correlation potential and the cutoff energy for 

plane wave expansion of the wave functions was set at 400 

eV. The self-consistent calculations are carried out with 

9×9×9, 7×9×6, 15×15×10 Monkhorst-pack [21] sampling  

of space for the Fm-3m, Pnma and P63/mmc phases. The 

self-consistent convergence of the total energy is at 10
−6  

eV/Atom and the maximum force on the atom is below 

10
−4 

eV/Å. To optimize the geometry, we minimize the 

energy with respect to volume and atomic coordinates. 

Electronic, structural, and elastic properties were 

calculated at the minimum energy configurations. 

 

 

3. Results and discussions 
 

3.1. Structural properties and structure stabilities 

 

We examine the ground state structural stability at 0 K 

and 0 GPa conditions. Total energy versus volume data for 

the anti-fluorite, anti-cotunnite and Ni2In-type structures 

Mg2Si are shown in Fig. 1. It is revealed that the 

anti-fluorite has the lowest total energy among three 

Mg2Si structures, indicating that the anti-fluorite structure 

is the stable ground state phase while the anti-cotunnite 

and Ni2In-type structures of Mg2Si are considered to be 

metastable.  

The ground-state crystal structure of Mg2Si is 

successfully obtained by optimizing the lattice constant 

and the obtained values are then used as the starting point 

to investigate the structural properties. The calculated  

lattice parameters for three structure types of Mg2Si are 

listed in Table 1, which also includes the available 

experimental and theoretical data for comparison [11, 13, 

15, 22]. Our results are excellent  agreement with the 

previous theoretical results at 0 GPa. The comparison with  

experimental data shows an overestimat ion of the lattice 

constants. It is well known that the exchange-correlation  

energy functional for GGA can overestimate the bond 

strength and result in larger lattice parameters.  
. 

 

 
 

Fig. 1. The total energy of anti-fluorite, anti-cotunnite and 
Ni2In-type structures Mg2Si as a function of the volume 

 
 

Table 1. Theoretical and experimental equilibrium parameters of anti-fluorite, anti-cotunnite and Ni2In-type structures  

for Mg2Si in zero pressure. a, b, c are lattice constant, v is volume 

 

Structures  a (Å) b (Å) c  (Å) v (Å)
3 

anti-fluorite 

Present 6.41 6.41 6.41 65.53 

Exp [11] 6.350 6.350 6.350 64.01 

Cal [22] 6.295 6.295 6.295 62.36 

anti-cotunnite 

Present 7.064 4.23 8.079 60.35 

Exp [13] 6.305 4.591 6.784 51.75 

Cal [15] 7.007 4.201 7.962 58.90 

Ni2In-type 

Present 4.630 4.630 6.204 57.590 

Exp [13] 4.166 4.166 5.287 47.38 

Cal [15] 4.537 4.537 6.276 56.97 

 

 
For a given pressure, the stable structure is the one 

whose Gibbs free energy has the lowest value. To  

determine the most stable structure at finite pressure and 

temperature, the Gibbs free energy given by G =E + 

PV−TS should be used [23]. Since the calculations are 

done at 0 K, the Gibb’s free energy will become equal to  

the enthalpy H=E+pV. The enthalpy for the three different  

structures as a function of pressure is presented in Fig. 2. 

For a given pressure, the crystallographic phase with the 

lowest enthalpy is the most stable, and a crossing of two 
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curves indicates a phase transition induced by pressure. In 

Fig. 2, it is found that Mg2Si transforms from the 

anti-fluorite structure to the anti-cotunnite structure at 

about 5.9 GPa, and when the pressure increases up to 

about 21.8 GPa, it transforms from the anti-cotunnite 

structure to the Ni2In-type structure. The transformation  

pressures obtained are given in Table 2 along with  

previous experimental and other theoretical data [13, 15, 

24]. Our result is agreement with experimental value, 

which indicates that the present method is quite successful. 
 

 

Table 2. The transition pressures of anti – fluorite → 

anti-cotunnite, anti-cotunnite→Ni2In-type, compared 
with  some compilation of  experimental results   and  

               others’ theoretical work 

 

 
anti-fluorite to 

anti-cotunnite 

anti-cotunnite to 

Ni2In-type 

Present 5.9 GPa 21.8 GPa 

Exp [13, 24] 7.5 GPa 21.3 GPa 

Cal [15] 12.8 GPa 19.6 GPa 

 

 
(a)                                                    (b) 

Fig. 2. (a) Enthalpy of anti-fluorite and anti-cotunnite structures Mg2Si as a function of pressure, (b) Enthalpy of anti-cotunnite 
and Ni2In-type structures Mg2Si as a function of pressure 

 

 

3.2. Elastic properties 

 

The elastic stiffness determines the response of the 

crystal to an externally applied strain (or stress) and 

provides information about the bonding characteristics, 

mechanical and structural s tability. The elastic behavior of 

a completely  asymmetric material is specified by 21 

independent elastic constants, while for an isotropic 

material, the number is 2. In between these limits the 

necessary number is determined by the symmetry of the 

material.  

For cubic crystals, there are three independent elastic 

constants, namely, C11, C12, and C44. For orthorhombic 

crystals, there are nine independent elastic constants, 

namely, C11, C22, C33, C44, C55, C66, C12, C13, and  

C23. Hexagonal crystals have five independent elastic 

constants C11, C12, C13, C33, and C44. The elastic 

constants of three structures of Mg2Si are listed in  Table 3, 

4, 5, respectively. We found that for three structures elastic 

constants increase with the increasing pressure. For 

anti-fluorite structure (see Table 3), our results are 

consistent with the experimental and other theoretical data 

[22, 25, 26]. There is no available experimental data and 

other theoretical results for the other two structures . 
 

Table 3. The dependence of the elastic constants cij (given in GPa), elastic moduli BH, GH, EH (GPa), the Poisson’s ratio BH/GH and A  

on pressure for the anti-fluorite structure with some compilation of experimental results and others’ theoretical work. (BH/GH as an 
indication of ductile vs brittle characters; A represents the degree of the anisotropy between the <100> and <110> directions) 

 

P 

(GPa) 
 

C11 

(GPa) 

C12 

(GPa) 

C44 

(GPa) 

BH 

(GPa) 

GH 

(GPa) 

E 

(GPa) 
 GH/BH A 

0 

Present 114.57 23.04 43.68 53.55 44.49 106.86 0.17 0.83 0.95 

Cal.[25] 113.5 22.8 43.2 53.1      

Exp.[26] 126.0 26.0 48.5 59.0      

2 
Present 124.36 29.42 50.36 61.06 49.19 113.08 0.19 0.80 1.06 

Cal.[25] 123.9 29.01 46.8 60.6      

4 
Present 134.13 35.83 51.43 68.60 50.52 118.96 0.21 0.74 1.07 

Cal.[25] 133.7 35.2 49.7 68.0      

5.9 Present 143.34 42.18 54.64 75.91 52.92 124.14 0.23 0.69 1.08 

8 Present 152.13 48.24 57.37 82.87 55.25 128.78 0.24 0.66 1.10 



Structural, electronic, elastic properties and phase transitions of Mg2Si from first-principles calculations          119 

 

 

The calculated elastic constants allow us to obtain the 

macroscopic mechanical parameters of Mg2Si compounds, 

namely their bulk (B) and shear (G) moduli. According to 

Hill [27], two main approximations, Voigt (V) [28] and  

Reuss (R) [29], are used. The bulk moduli (BV, BR) and the 

shear moduli (GV, GR) are obtained by calculated elastic 

constants and the literature gives detailed descriptions of 

the relationship [28-31]. 

Hill [27] has proven that the Voigt’s and Reuss’s 

equations represent upper and lower limits of realistic 

polycrystalline constants  and has shown that the 

polycrystalline modulus is the arithmet ic mean of Voigt’s  

and Reuss’s moduli, which is given by following  

equations: 

)(
2

1
RVH GGG             (1) 

 

)(
2

1
RVH BBB              (2) 

 

Young’s modulus E is defined as the ratio between 

stress and strain, and it can be used to provide a measure 

of the stiffness of the solid. The larger the value of E is, 

the stiffer the material is. The Po isson’s ratio  can 

quantify the stability of the crystal against shear, which  

usually ranges from -1 to 0.5. The larger the Poisson ratio 

is, the better the plasticity is [32].  

To complete the physical elastic propert ies we have 

computed the polycrystalline Young’s modulus (E) and the 

Poisson’s ratio  from the Hill’s values using the 

relationships [30]. 
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HH
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GB
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
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The pressure dependencies of the Young’s modulus E, 

the Poisson’s ratio () of the anti-fluorite structure Mg2Si 

are listed in Table 3, respectively, together with other 

theoretical results [25] and the experimental data [26]. 

From Table 3, one can find the calculated elastic modulus 

(B, G, E) and the Poisson’s ratio () agree well other 

theoretical results [25]. It is found that the calculated 

elastic modulus (B, G, E), and the Poisson’s ratio (ν) 

increase gradually with increasing pressure, which  

indicates that pressure has an important effect on 

stress-strain properties of materials. 

The calculated elastic constants and elastic modulus 

of anti-cotunnite and Ni2In-type structures Mg2Si are 

shown in Table 4 and 5, respectively. For anti-cotunnite 

and Ni2In-type structures Mg2Si, we also found that elastic 

modulus increase with applied  pressures  but no theoretical 

and experimental data are available. 

 
 

Table 4. The dependence of the elastic constants cij (given in GPa), elastic moduli BH, GH, EH (GPa), the Poisson’s ratio  BH/GH and A 

on pressure for the anti-cotunnite structure. (BH/GH as an indication of ductile vs brittle characters; A1, A2, A3 represents the degree of 

the {100} ({010}, {001}) shear planes between the <011>and <010> (<101>, <001>, and <110>, <010>) directory, respectively) 
 

 5.9 (GPa) 8(GPa) 12(GPa) 16(GPa) 20(GPa) 21.8(GPa) 

C11(GPa) 122.65 127.01 142.39 142.47 156.86 152.43 

C12(GPa) 40.84 48.40 61.08 74.55 88.41 100.07 

C13 GPa) 47.68 53.16 61.49 68.45 82.97 95.46 

C22 GPa) 152.19 162.84 186.69 211.65 230.11 238.82 

C23 GPa) 45.10 51.05 63.57 77.95 87.65 91.64 

C33 GPa) 160.71 171.34 192.81 210.84 233.68 242.69 

C44(GPa) 22.86 23.66 31.08 29.23 33.75 33.05 

C55 GPa) 39.27 40.48 41.48 40.26 38.50 27.83 

C66 GPa) 29.70 32.76 39.09 46.10 52.72 55.71 

BH (GPa) 76.95 83.69 97.47 107.47 121.98 128.15 

GH (GPa) 36.64 38.13 43.43 44.31 47.29 43.52 

E (GPa) 94.86 99.31 113.44 116.87 125.63 117.28 

G/B 0.48 0.46 0.45 0.41 0.39 0.34 

 0.275 0.283 0.287 0.300 0.310 0.330 

 0.486 0.493 0.584 0.540 0.601 0.647 

 0.705 0.698 0.657 0.604 0.534 0.373 

 0.615 0.679 0.755 0.899 1.003 1.166 
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The shear modulus represents the resistance to plastic 

deformation while the bulk modulus represents resistance 

to fracture. Pugh [33] introduced the ratio of shear 

modulus to bulk modulus (G/B) o f polycrystalline phases 

to predict the brittle  and ductile behavior of materials. The 

critical value, which separates ductility from brittleness, is 

about 0.57. When G/B is smaller than 0.57, the materials  

are ductile;  when G/B is larger than 0.57, the materials are 

brittle. The values obtained here B/G ratio are all greater 

than 0.57, which suggests that the anti-fluorite structure 

Mg2Si is less ductile and much more brittle, and that the 

ductility strengthens with increasing pressure as a result of 

the augment of the B/G ratio  with p ressures . From Table 4 

and 5, we can found that anti-cotunnite and Ni2In-type 

structures Mg2Si exhibit good ductility due to G/B<0.57. 

Our results show that the anti-fluorite  structures Mg2Si is a 

semiconductor, while anti-cotunnite and Ni2In-type 

structures Mg2Si are metal (See Part 3.3). Because each 

ion in  the metal is surrounded by the electron flu id in all 

directions, the bonding has no directional properties. This  

accounts for the high malleability and ductility of metals. 

It is well known that microcracks are easily induced in 

the materials due to the elastic anisotropy. The shear 

anisotropic factors provide a measure of the degree of 

anisotropy in the bonding between atoms in different  

planes [34]. Hence, it is important to calculate elastic 

anisotropy in crystal structure in order to understand these 

properties and hopefully find mechanis ms which will 

improve their durability. To quantify the anisotropy of 

elastic properties in Mg2Si, the shear anisotropy ratios of 

the cubic anti-fluorite structure are calculated by [35]  

 

1211

442

CC

C
A


                (5) 

 

A represents the degree of the anisotropy between the 

<100> and <110> directions. In the case of isotropic 

crystals, A is equal to 1, while any value smaller or larger 

than 1 indicates anisotropy.  

We present A with the change of the pressures in 

Table 3. It is found that the deviation from 1 increases  with  

the increase of pressure. The results indicate that the cubic 

anti-fluorite structure Mg2Si exhib its low elastic 

anisotropy at zero pressure and the degree of the 

anisotropy increases with increasing pressure. 

For orthorhombic anti-cotunnite structure [30], the 

shear anisotropic factor for the {100} between the 

<011>and <010> directory is  

 

133311
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2

4
1
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C
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For the {010} planes between the <101>and <001> 

directory is  

 

233322

55

2

4
2

CCC

C
A


              (7) 

For the {001} planes between the <110>and <010> 

directory is 

122211

66

2

4
3

CCC

C
A


             (8) 

 

The shear anisotropic factors are summarized in Table  

4. In the case of isotropic crystals, the factors A1, A2, and 

A3 are equal to 1, while any value smaller or greater than 

one is a measure of the degree of elastic anisotropy 

possessed by the crystal. It is found that the value of A1 

increases from 0.49 to 0.65 and A3 increases from 0.8 to  

1.16 as the pressure is increased from 5.9 to 21.8 GPa. The 

results showed that, with increasing pressure, the 

anisotropy of anti-cotunnite structure Mg2Si for {100} 

planes between the the <011>and <010> directory  

increases, while the anisotropy of the structure for {001} 

planes between the <110> and <010> directory decreases 

to a minimum and then increases. We found that A2 

decreases with increasing pressure, which indicates that 

the anisotropy of anti-cotunnite structure Mg2Si for {010} 

planes between the <101> and <001> directory increases 

with increasing pressure. 

For hexagonal Ni2In-type structure, we have 

calculated the shear anisotropic factor (A) for the {10-10} 

shear planes between <01-11> and <01-10> directions, 

which is identical to the shear anisotropy factor for the 

{10-10} shear planes between <10-11> and <0001> 

directions [36]: 

133311

44

2

4

CCC

C
A


              (9) 

 

The calculated shear anisotropic factors of Ni2In-type 

structures Mg2Si are g iven in Table 5. The value of A 

calculated is 0.58, indicat ing that Ni2In-type structure 

Mg2Si is characterized by an isotropy for the shear planes 

described above. 
 

Table 5. The dependence of the elastic constants c ij 

(given in GPa), elastic moduli BH, GH, EH (GPa), the 

Poisson’s ratio BH/GH and A on pressure for the 
Ni2In-type structure Mg2Si (BH/GH as an indication of 

ductile vs brittle characters; the A represents the degree 

of the anisotropy for the shear planes {10-10}  between  

         <01-11> and <01-10>directions) 

 

 21.8 (GPa) 30 (GPa) 

C11 (GPa) 206.21 290.73 

C12 (GPa) 117.06 146.87 

C13 (GPa) 86.27 115.26 

C33 (GPa) 207.38 294.03 

C44 (GPa) 34.77 44.51 

C66 (GPa) 43.71 70.54 

BH (GPa) 132.43 180.59 

GH (GPa) 43.14 62.43 

E 116.74 167.93 

G/B 0.32 0.34 

 0.35 0.34 

 0.57 0.50 



Structural, electronic, elastic properties and phase transitions of Mg2Si from first-principles calculations          121 

 

Once the elastic constants of the compound are known,  

one can calculate the Debye temperature at the 

low-temperature. The Debye temperature is a fundamental 

parameter of a material which is linked to many physical 

properties such as specific heat, elastic constants, and 

melting point [34]. It can be used to distinguish between 

high and low-temperature regions for a solid. For T>D all 

modes have energy of kBT and for T<D one expects 

high-frequency modes to be frozen [37]. The Debye 

temperature can  be estimated from the average sound 

velocity m, by the following equation [38]  

 

m
A

D
M

Nn

k

h






3/1)](
4

3
[         (10) 

 

where h is Planck’s constants, k  is Boltzmann’s constant, 

NA is Avogadro’s number, n is the number of atoms in the 

molecule, M is the molecular weight, and ρ is the density. 

The average wave velocity m is approximately calculated  

from 

3/1

33
)]

12
(

3

1
[ 

ps

m


          (11) 

 

where p and s are the compressional and shear wave 

velocities, respectively, which can  be obtained from 

equation [35]  
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The obtained compressional, shear, average wave 

velocities and Debye temperatures are shown in the Table  

6, 7, and 8, respectively. At zero pressure and zero  

temperature, the obtained compression and shear wave 

velocities of the cubic anti-fluorite structure Mg2Si agree 

with the other calcu lated result [32]. We obtain D = 

562.66 K, which agrees well with experimental values (D 

= 528.45 K) [39]. From the Table 6, it is shown that the p, 

s, m and Debye temperatures D of the cubic 

anti-fluorite structure Mg2Si increase with increasing 

pressure. We also found that the Debye temperatures D 

for anti-cotunnite structure Mg2Si is larger than that of 

Ni2In-type structure Mg2Si. From Table 7, it was found 

that the Debye temperature Fig. 1. The total energy of 

anti-fluorite, anti-cotunnite and Ni2In-type structures 

Mg2Si as a function of the volume for anti-cotunnite 

structure Mg2Si increases with increasing pressure, reach 

their maximum value at about 20GPa, and then decrease 

with  pressure increased further. The results indicated that 

the Debye temperature D of Ni2In-type structures Mg2Si 

also increases with increasing pressure (see Table 8). 

There are no available theoretical and experimental results 

for anti-cotunnite and Ni2In-type structures Mg2Si. 

 

 
Table 6. The pressure-dependence of longitudinal, 

transverse, average sound velocities  (t, l,  and m in 

m/s), and Debye temperature (D in Kelvin) for the 

anti-fluorite structure Mg2Si, with  some  experimental  
         results and others’ theoretical work 

 

P 

(GPa) 
 t l m D 

0 

Present 4.7832 7.6187 5.2666 562.66 

Cal 

[32] 
4.8657 7.7225 5.8167  

Exp 

[40] 
   528.45 

2  4.95404 7.9491 5.4591 589.13 

4  4.95038 8.1210 5.4677 595.63 

5.9  4.99005 8.3018 5.5192 607.38 

8  5.03497 8.4749 5.5752 618.71 

 

 
Table 7. The pressure-dependence of longitudinal, 

transverse, average sound velocities  (t, l,  and m in 

m/s), and  Debye temperature (D  in Kelvin)  for the  

            anti-cotunnite structure Mg2Si 

 

P (GPa) t l m D 

5.9 3.9925 7.3979 4.4564 503.41 

8 4.0229 7.5564 4.4947 511.93 

12 4.1993 7.9428 4.6941 542.60 

16 4.1614 8.0679 4.6594 545.48 

20 4.2269 8.3611 4.73867 561.06 

21.8 4.0176 8.3097 4.5155 537.94 

 

 
Table 8. The pressure-dependence of longitudinal, 

transverse, average sound velocities  (t, l,  and m in 

m/s), and  Debye  temperature (D in Kelvin) for  the  

             Ni2In-type structure Mg2Si 
 

P(GPa) t l m D 

21.8 3.9187 8.2229 4.4077 532.34 

30 4.4983 9.2472 5.0540 629.77 

 

 

3.3. Electronic properties 

 

The band structures of the anti-fluorite structure of 

Mg2Si along high symmetry directions are presented in Fig. 

3. It indicates that the anti-fluorite structure of Mg2Si is  

indirect gap semiconductor. The valence band maximum is  

located at the Γ point, whereas the conduction band 

minimum is located at the X point. The valence-band 

maximum is made up by a twofold degenerate band at the 

Γ point. Away from Γ these split into a light band and a 

heavier bands, which  are approximately  parabolic near G 
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but become more weakly d ispersive as one moves away 

from the zone center. Thus the valence bands  for p-type 

doping show a combination of heavy and light bands, 

which has been previously discussed as favorable for 

thermoelectric performance [40, 41]. 

The fundamental GGA band gap of the anti-fluorite 

structure of Mg2Si is about 0.22 eV, which is smaller than 

the values of the experiment (0.69 eV) [42] and is 

agreement with the previous other DFT calcu lations (0.21 

eV) [43]. The underestimat ion of the band gap is a known 

deficiency of the DFT calcu lation. The problem can be 

allev iated by using more elaborate but time consuming  

methods. It has been shown that a quasiparticle calculation  

within  the GW approximat ion works well in  predicting the 

band gap values [44]. Arnaud and Alouani [45] obtained 

the band gap of 0.65 eV for Mg2Si that agreed fairly well 

with experiments.  

Fig 4 (a) d isplays the total density of states (DOS) of 

Mg2Si, where the dotted line is the Fermi level (EF). From 

Fig. 4 (a), we found that the DOS increases rapidly away  

from the band edge for both the valence and conduction 

bands, meaning that as far as the increase of the DOS 

away from the band edge, both the conduction and valence 

bands show heavy features that all things being equal 

would be similarly favorable for thermoelectric 

performance [46]. 

 

 

 
 

 
Fig. 3. The band structure for anti-fluorite structure Mg2Si. The 

Fermi level is set to 0 eV, which is the top of the valence band                        

 

 
 

         (a)                                            (b) 

Fig. 4. (a) The total density of states at different pressures. (b) Partial densities of states of Mg2Si projected onto the s and p 

orbitals of Mg and Si for the anti-fluorite structure at zero pressure, where the dotted line is the Fermi level (EF) 

 

 

In general, s and p  orbitals are rather extended and 

overlap between sites. This can make the assignment of 

orbital character to band states ambiguous. However, this  

can be addressed in part by projecting onto small spheres, 

as was discussed in the context of hydrides [47].  

Partial densities of states of Mg2Si projected onto the 

s and p orbitals of Mg and Si for the anti-fluorite structure 

at zero pressure (see Fig. 4(b)). It is found that Si 3s  

orbitals are at h igh binding energy, forming a narrow band 

∼8 eV below the valence-band maximum. The valence 

band is mainly  due to the hybridization between Mg 2p  

and Si 3p states and is rather narrow, with a total width of 

slightly more than 4 eV. The lowest conduction band of 

Mg2Si is main ly dominated by 2p and 3s states of Mg 

atoms. The results indicated that the valence bands have 

stronger Si 3p character, while the conduction bands have 

stronger Mg character, indicating charge transfer from Mg 

to Si, consistent with the fact that Si is substantially more 

electronegative than Mg [46]. Since the transport 

properties are mainly dictated by the DOS around the 

Fermi level, the valence p states of the Si and the 

conduction p states of Mg are predominantly responsible 

for the transport properties of Mg2Si. 

Study indicated that pressure tuning plays an 

important role in the magnitude of the thermoelectric 

power and band structure calculations can be a good tool 
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to increase the rate of discovery of improved 

thermoelectric materials [48].  

From Fig. 5 we found that with the increase of 

pressure the band gap gradually decreases from 0.22 to  

0.11 eV. Although the DFT-GGA calculations 

underestimate the energy bandgaps, they generally predict  

the correct qualitative behavior. It is revealed (see Fig. 5) 

that the conduction band min imum (CBM) shifts forward  

to lower energy with the increase of pressure, which  

results in the decrease of the band gap. According to our 

calculations, the lowest conduction bands are mainly  

occupied by the 2p orbitals of Mg, and to a much smaller 

extent by the 3p orbitals of Si. It is found that from Fig. 6 

the contribution to lowest conduction bands from Si 3p  

orbitals states increases with the increase of pressure, 

which results in the increase of coupling between the 

orbitals of Si and the orbitals of Mg. So  the conduction 

widths increase with increasing pressure, which results in  

the decrease of the band gap. This is consistent with the 

results given by Kalaresse and Bennecer [49]. Their 

calculation results show that the anti-fluorite Mg2Si has 

become metallic  under pressure due to the presence of 

Mg-Si bonds.  

 

 

 
 

Fig. 5. The band-edge structure of the anti-fluorite structure Mg2Si under different pressures 

 

 

 
 

Fig. 6. Partial densities of states of Mg2Si projected onto the s and p orbitals of Si for the anti-fluorite structure  

under different pressure 
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If we focus on the band edge (see Fig. 5), we see that 

the valence bands are similar but different in the lowest 

conduction bands under different p ressure. It is found for 

anti-fluorite structure that the pressure leads to the change 

in the energy dispersion of lowest conduction band but the 

energy dispersion relations of top of the valence band 

hardly be affected.  

Changes in the band structures can be easily explained 

from the analysis of the density of partial states. Fig. 6 

shows that the contribution to valence band near the Fermi 

level from s states and p states of Si has hardly changed, 

but the contribution to lowest conduction bands from Si 3p  

orbitals states increases with pressure. This indicates that 

the conduction bands of the anti-fluorite structure are 

influenced by the pressure whereas the valence bands are 

not much affected.  

The change in thermoelectric power must be related to 

the details of the change in the electronic structure near the 

Fermi energy [50]. Chas mar et al. [51] have investigated 

the optimum gap of a thermoelectric semiconductor by 

calculations and found that the band gap can influence the 

thermoelectric properties  significantly. These results 

indicate that it is possible to improve thermoelectric 

properties by means of pressure tuning. Martin et al. [18] 

also suggest that once improved TE behavior is found by 

means of pressure tuning, attempts can be made to 

reproduce this behavior by means of chemical tuning, or 

by other means. 

The electronic band structure of the anti-cotunnite and 

Ni2In-type structures are shown in Fig. 7. It indicates that 

the two materials exhib it metallic behavior with several 

overlaps between the conduction bands and the valence 

bands. As pressure increases, the overlap becomes 

stronger (we did not present figure). The studies indicated 

that two different factors  determine the response of 

materials to pressure: (a) changes in nearest-neighbor 

distance and (b) changes in symmetry [52]. 

 

 
 

(a)                                             (b) 
Fig. 7. The band structure, (a) for the anti-cotunnite structures Mg2Si, (b) Ni2In-type structures Mg2Si 

 

 
4. Conclusions 

 

In the present study, the lattice parameters, phase 

transition, the elastic properties, the electronic propert ies 

of Mg2Si under high pressures  are investigated by 

first-principles calculations. The results indicate that 

Mg2Si undergoes two phase transitions from anti-fluorite 

to anti-cotunnite at 5.9 GPa, and from anti-cotunnite to the 

Ni2In-type structure at 21.8 GPa. It is found that the 

anti-fluorite structures Mg2Si are brittle but the 

anti-cotunnite and Ni2In-type structures Mg2Si exhib its 

good ductility. We found that pressure has an important 

effect on stress-strain properties and Debye temperatures 

in three structures Mg2Si. Calculat ions indicate that the 

band gap of anti-fluorite structure gradually decreases 

from 0.22 to 0.11 eV with the increase of pressure. 

Moreover, for anti-fluorite structure Mg2Si, it is found that 

the pressure leads to the change in the energy dispersion of 

lowest conduction band but the energy dispersion relations  

of the valence band top hardly be changed.  
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