
 

 
 
 

 
 
1. INTRODUCTION 

    Recently, Mg2X (X=Sn, Si and Ge) compounds have 
shown development of alloy conductor materials, which is 
due to its abundant raw availability and excellent thermal 
effect, especially its excellent thermoelectric characteristics. 
Such inter-A2B metal compound crystals have the features of 
resistance to corrosion, withstanding high temperatures, high 
electrical conductivity and low thermal conductivity, etc. [1]. 
Thereby Mg2X based thermoelectric materials have gained 
wide attention of researchers, and has been referred to as a 
new type of semiconductor material environment [2-4]. 
Additionally, on account of its low density and light weight, 
Mg2X alloy have an indispensable application value in the 
aerospace and automotive fields [5-7]. However, because of 
its  lack of performance, such a magnesium alloy has been 
limited in the application process. Accordingly, alloying is 
considered to be an important means of improving the 
properties of magnesium alloys [8-10]. One general way of 
improving the physical and chemical properties of 
magnesium alloys is used in the application areas, which may 
improve the microstructure or generate precipitates by adding 
new alloying elements in magnesium alloys.  

However, there are a series of problems with preparation 
Mg2X compounds, such as the large difference of the melting 
point between Mg and X elements, making their integration  

arduous. Moreover, Mg and oxygen readily react at high 
temperatures, which results in a decline in the thermoelectric 
performance. In addition, there is a serious inter-granular 
brittleness, similar to other inter-metallic compounds, which 
leads to meaning unclear. formidably form. Therefore the 
deformation mechanism and microscopic mechanisms are 
further studied under the conditions of the large external 
strain and mechanical properties of material. Afterwards, it is 
essential to design a new magnesium alloy to understand the 
role of alloying elements for the stability and mechanical 
properties and electronic structure of Mg alloy phase.  
    Currently, the phase stability and mechanical and 
thermodynamic performance of magnesium alloy have been 
studied [11, 12], and literatures [13] advocate that it can 
effectively optimize the crystal structure and enhance the 
mechanical properties through adding the Sn element to 
magnesium alloys, and electronic structure plays a key role in 
semiconductor optoelectronic properties. Therefore, the 
calculations of band structure of A2B metal compound 
become a topic of great interest in the field of computational 
materials. In theory, Ganeshan studied the elastic properties 
at different temperatures [14]. Buchenauer and Tani [15,16] 
further calculated the electronic structure and optical 
properties of Mg2Sn and obtained its elastic constants and 
transverse optical wave frequency. Davis carried out the 
elastic constants and lattice dynamics of Mg2Sn and acquired 
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the sound speed in different directions using resonance 
technology[17]. Moreover, Kearney reported the lattice 
dynamics of Mg2Sn in room temperature [18]. In addition, 
some results compared the experimental and theoretical 
values to provide more valuable instructional information for 
the design and application of Mg alloys [1, 19, 20]. 
    From the above mentioned studies, existing theories have 
pointed to ways for researchers  to obtain high-performance 
thermoelectric materials. Despite of the many theoretical and 
experimental studies of the electronic structure of Mg2Sn, 
those reported only referred to its dielectric function of 
optical properties, and this work is only in the initial stage. It 
is noted that the density functional method based on first 
principles has become an important tool to accurately 
calculate the solid structure, and thermal and mechanical 
properties. In practice, the first principles calculations 
depending on exact prediction and analytical methods have 
been widely applied in various fields of engineering [21], due 
to its empirical parameters which are different from other 
calculation methods, and further for its capacity to obtain the 
system energy by solving the Schrodinger equation. 
Additionally, its wide range of applications has been involved 
in estimating the material composition and structure and 
performance characteristics to guide the design of new 
materials. Moreover, it plays a supporting role in 
experimental results, and even to improve the simulation 
process when the engineering experiment cannot be achieved. 
Unfortunately, reports of thermodynamic properties via first 
principles calculations, such as phonon dispersion relations 
and phonon density of states and isovolumic specific heat and 
Debye temperature are lacking recently.  
    In this work, two aspects of this study must be addressed. 
The first examination relates to the thermal stability by 
investigating lattice constants and elastic constants.The 
second aspect deals with phonon density of states and 
thermodynamic parameters of Mg2Sn magnesium alloy with 
plane-wave pseudopotential method based on first principles, 
and detailing its mechanism.  

2. METHOD OF CALCULATIONS 

First principles calculations were performed on the 
electronic structure using density functional theory (DFT), 
thermodynamic properties and phonon spectrum of Mg2Sn 
alloys intermetallic compounds. Initially, it must optimize the 
structures with full relaxation (Ultrafine, Ecut=330eV), and 
obtaine the lattice parameters. The semiconductor Mg2Sn has 
the anti-fluorite crystal structure (No.255, space group is 
Fm3m, and the lattice constant of 0.676 nm), and its 
structure consists of interpenetrating the fcc cubic lattices 
with Sn4+ at the origin (0, 0, 0) and Mg2+ at ± (1/4, 1/4, 1/4) 
position [22]. In addition, the coordination number of each Sn 
ion is 8, and each Mg-ion is located in the middle of Sn4+ 

tetrahedral crystal structure, as shown in Fig.1. Afterwards, in 
order to discuss thermodynamic properties of Mg2Sn crystals, 
the phonon dispersion system must firstly be calculated, and 
then the Mg2Sn ground state values of the lattice constant are 
estimated by geometrical optimization.  

The related parameters were set as follows: the exchange-
correlation part and ultrasoft pseudopotential between the 
valence electrons and atomic was described with Generalized 
Gradient Approximation (GGA) under the Perdew Burke and 
Ernzerhof (PBE) [23] gradient correction function. The 
Monkhorst-Pack scheme k-point sampling with 6×6×6 

(unitcell cases) has been used for the integration of the 
Brillouin zone. When Ecut-off converged to 340eV, the lattice 
parameters and the atomic position are fully relaxed, and then 
the final forces on all relaxed atoms are less than e-005 
eV·atom-1. In order to verify the validity of pseudopotential 
plane wave method, the study optimized the lattice constant 
and calculated three independent elastic constants (C11, C12, 
C44) according to the literature [24] after relaxing the shape 
and volume of unitcell, and the results listed in Table 1. The 
slightly higher values than the experimental values is because 
the use of the GGA approximation process usually 
overestimates lattice constants exchange-correlation function, 
and the visible results are well aligned with the experimental 
data, with reasonable calculation parameters research 
settings. 

 

 
 

Figure 1. Crystal structure 

3. RESULTS AND DISCUSSION 

Much of the research demonstrates that many properties of 
solid crystals are closely related to the elastic properties, such 
as the equation of state, specific heat capacity, Debye 
temperature and melting point.  Some important information 
about the characteristics and stability of the crystal 
anisotropic and crystal structure on the basis of the elastic 
constants is obtained. Furthermore, one of the most 
significant methods is the use of elastic constant to calculate 
Debye temperature. In addition, the enthalpy of formation of 
Mg2Sn alloys can be calculated to determine structural 
stability. Subsequently, the work obtained the results of ΔH 
as shown in Tab.1 according to the equations [25], the 
calculated values are well aligned with the theoretical value, 

and results show that ΔH=-0.21 eV·atom-1＜0,which shows 

that the structure of Mg2Sn alloy is more thermodynamically 
stable. 

 

Table 1. Lattice constants and elastic constants of Mg2Sn 
phases [26-31] 

 

Parameters Exp. Cal. 

 a/Å 6.76 6.82 

a/Å 6.82 6.82 

C11 /GPa 82.40 80.29 

C12/GPa 20.80 20.31 

C44/GPa 36.60 33.95 

ΔH/（eV·atom-1） -0.26 -0.21 

 
Density of phonon states and phonon dispersion relation in 
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the first Brillouin of Mg2Sn are shown in Fig.2. The results 
indicate that the frequency of three curves tends to zero in the 
dispersion when k is close to zero. This means that these are 
acoustic waves including two-wave and one longitudinal 
wave, and the remaining are optical waves, because there are 
two tin atoms in the unit cell of Mg2Sn crystal.  

 

 
 

Figure 2. Phonon dispersion and density of phonon states 
 

Additionally, heat capacity was obtained on the basis of the 
Eq. (1) and Eq. (2) [32], which helped to investigate the 
dependence degree of thermodynamic properties of 
temperature. 
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Debye temperature is substantially regarded as the basic 

parameters, and it is closely related to many properties of 
solids, such as melting point and specific heat and elastic 
constants. It is further worth noting that the Debye 
temperature corresponds to the highest frequency of the 
lattice vibrations. It is also actually a reflection of crystal 
combined with the strongest bond; i.e., the Debye 
temperature is the dividing line between high and low 
temperatures. This means that the high temperature is greater 
than the Debye temperature, which is less than the low 
temperature. Furthermore, the interatomic force and the 
Young's modulus is larger, and expansion coefficient is 
smaller. Therefore it can be used as a measure of the strength 
of the crystal covalent bond. If the Debye temperature is 
higher, the crystal covalent bond strength is larger [33]. In 
low temperatures, the Mg2Sn Debye temperature can be 
determined based on the elastic constant, and the average 
sound velocity can be obtained using the following formulas 
[34]: 
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where ΘD is the Debye temperature, h is the Planck constant, 
kB is the Boltzmanm constant, NA is the Avogadro number, n 
is the total number of atoms in the unit cell, ρ is the density 
and M is the molecular weight. Additionally, the average 
sound velocity can be calculated as follows [35]: 
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where νl and vs are respectively the compression velocity 

and shear sound velocity, B is isothermal bulk moduli, and G 
is shear moduli. In Eqs. (3) - (4), the Cv is constant volume 
specify heat. The calculated values are close to the theoretical 
and experimental data reported [30, 36], which considered 
the lattice frequency distribution. Consequently, the result is 
relatively close to the actual conditions. Consequently, the 
lattice is considered as the elastic medium to successfully 
explaine the situation of low-temperature heat capacity of 
alloy solid. Fig.3 shows that calculated and experimental 
values of the heat capacity at constant volume (Cv) match 
well at 0K and 300K. The Debye temperature (ΘD) of Mg2Sn 
is presented in Fig.4. Especially, this study calculated specific 
heat capacity (Cv) and the Debye temperature (ΘD). 
Consequently, the values are 14cal cell·K and 321K at 150K, 
and the differences  are 2.6% and 1.8%. When the 
temperature is 300K, the Debye temperature is up to 324K, 
which implies that the data is closer to 277K with elastic 
co ns tan t s  when the  Debye  tempera ture  i s  300K. 

 

 
 

Figure 3. The curve of constant volume specify heat 
 

 
 

Figure 4. Calculated value of Debye temperature[19] 
     

The trend of change is basically the same with different 
temperatures. Namely the trend between values of isovolumic 
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specific heat (Cv) and Debye temperature (θD) and 
experimental data is substantially the same. In fact, the 
calculated results were slightly higher than the experimental 
values due to the ideal circumstances of the calculation 
model. However, the actual material always has grain 
boundary scattering, and the phonon free path must inevitably 
be reduced because of strongly scattering grain in boundaries, 
which results in the actual measured thermal conductivity 
being less than the theoretical value. 

 
 

4. CONCLUSIONS 

In summary, this work investigated the thermodynamic 
performances of Mg2Sn via first principles, and then 
discussed the thermal stability through lattice constants, band 
structure and elastic constants. Moreover, it demonstrated 
phonon density of states, constant volume and Debye 
temperature to study the thermodynamic properties have with 
calculations of the structural stability. Finally, the elastic 
properties and thermodynamic performances of Mg2Sn 
compound were mainly focused on, and Mg2Sn has 
demonstrated a good ability when adding alloying element Sn 
into Mg-alloys. The reason why experimental values are 
lower than the data calculated is the ideal circumstances of 
the Debye model and strongly scattering grain in boundaries. 
In addition, the calculation results show the agreement with 
the value of previous literatures, which means that Mg2Sn 
compound can be considered as candidates for the next 
generation of high-performance thermodynamic materials.  
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