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ABSTRACT The search of minimal enthalpy structures of ternary magnesium alloys of different stoichiometry
Mg, Si, Sn, under pressure P < 6 GPa has been performed using the software suite USPEX implementing the
evolution algorithm combined with the density functional theory (DFT) approach. The evolutionary search has
yielded new possible ternary compounds of the stoichiometries Mg12SisSn, Mg,SiSn and MggsSisSn, which
have negative enthalpy of formation at pressures in the range of 0 to 10 GPa and which are not substitution
solutions. These compounds have metallic properties and formation energies comparable to those of binary
silicides Mg, Si,.
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1. Introduction

Due to their promising properties such as high melting point [1], small size of the forbidden zone, environmental
safety and sufficient cheapness compared to thermoelectrics based on bismuth, tellurium and lead, e.g. BioTes [2], PbTe
and PbSn [3], semiconductor magnesium silicides and stannides are very interesting materials. They are very effective for
infrared detection due to their high electrical conductivity and ability to absorb light in the infrared region of the spectrum.
All of these properties allow these materials to be widely used as thermal elements in industrial production [4-8], as
infrared detectors in optical fibers [9], and for use in hydrogen energy technologies [10].

Regarding the research on magnesium silicides, only the pressure-stabilized Si-rich phases, like MgSis, MgsSig,
MgSi and MggSi5 can form near the interface Mg, Si/Si [11, 12]. Two relatives of Mg, Si, namely MggSis and Mg5Sig,
have been experimentally observed in the supersaturated solid solution of AI-Mg—Si [13]. Two phases of this solution, i.e.,
the 8” and [3” phases, have been resolved and are considered to correspond to the hexagonal P63/m phase of MggSis [14,
15] and the monoclinic C2/m phase of MgsSig [16, 17], respectively. Huan et al. [11, 12] discovered that Mg, Si is nearly
equivalent to MggSis from 6 to 24 GPa based on the first principles investigation of high-pressure phases of MgsSi.
Stable compounds of magnesium with tin and germanium are much more difficult to make, so the only known structures
are Mgy X, where X is Sn and Ge. It is even more complicated to obtain stable compounds for the ternary systems of
different stoichiometry than MgsSi;_,Sn, and Mg»Si;_,Ge,. At present, there are only experimental data on solid
solutions of the composition Mgy Si; —,Sn, and Mg, Si; . Ge,.

Besides binary stannides and magnesium silicides, their mixed compounds MgoXY (where X, Y = Si, Sn, Ge) are
also of interest, as they have rather unique thermoelectric properties compared to the corresponding binary compounds.
Some experimental results suggest [18] that solid solutions of MgsSi;_,Sn, show better thermoelectric performance
when n-type doping is used. For example, three-component alloys of composition Mg, Sig 35510 .65 and MgaGeg 25Sng 75
are characterized by lower thermal conductivity and higher figure of merit due to mixing of different components and
high carrier mobility [19-21]. Solid solutions of the composition MgsSip 4Sng ¢ have promising thermodynamic prop-
erties [22,23] due to the overlap and degeneracy of the valence bands of Si and Sn, which leads to an increase in the
effective mass of electrons [24,25]. These properties make mixed compositions of Mg, X potentially interesting materials
for thermoelectric applications.

Changes in the thermal conductivity of Mg»Si;_,Sn, silicon-tin alloys can also occur when their stoichiometry is
altered due to the presence of various defects and impurities in them. This is due to the lack of complete solubility in the
Mg, Si; —;Sn, and MgoGe;_,Sn, systems [1]. Several attempts to improve the thermal conductivity have been made by
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modifying the structure of alloys by doping. To study the thermoelectric properties of MgsSi; . Sn,, many theoretical
and experimental investigations have been carried out [26-28] in order to determine the most effective alloying elements
and to evaluate the influence of internal and external defects.

However, the properties of the three-component alloys Mg, Si, Sn for all possible stoichiometries have not yet been
investigated [29]. At present, only data on solid solutions of the compositions Mg,Si;_,Sn, and Mg,Si;_,Ge, are
available. This implies that only the structure of antifluorite with symmetry Fm3m is considered in the calculation of the
structures of stannidosilicides, since the silicide and magnesium stannide Mg»Si and Mg»Sn have this structure. In besides
the silicides, application of evolutionary search methods to the calculations of MgsSi, MgsSn and Mg»Ge allowed us to
reproduce the known phase transitions from antifluorite to anticottunite and NisIn-type structures and to predict unknown
structures of the silicide Mgy Si [30], MgoSn [31] and MgoGe [32] at high pressures. This gives hope for new results
for Mg, Si, Sn alloys of arbitrary stoichiometry. The aim of this work is to search for optimal structures of the three-
component system Mg, Si, Sn., using modern evolutionary methods [33] and to study the stability of these structures under
normal pressure conditions and zero temperature as well as under pressures from 0 to 10 GPa.

2. Methodology of calculation

For evolutionary modeling of the three-component Mg—Si—Sn system, Universal Structure Predictor: Evolutionary
Xtallography (USPEX) algorithms were applied in the variable composition mode [33-37]. Details of the evolutionary
search algorithms can be found in the reviews [37,38]. During the evolutionary search, from 40 to 60 generations of
structures were produced depending on the convergence, which was considered to be achieved when the most energetically
favorable structure remained unchanged for 20 consecutive generations. Each generation contained 20 structures and the
first generation contained more than 120 structures, with 4 to 32 atoms per every structure. The convex hull obtained
from the calculations contained structures of 6 — 10 atoms each with very few exceptions as shown below in the next
section (see Table 1). The structures of the first generation were randomly selected from the list of 230 space groups.
In the following generations, 50 % of the lowest-energy structures were inherited from the previous generation, 10 % of
the structures were produced by lattice mutation, 10 % of the structures were obtained by atom transmutation, and the
remaining 30 % of the structures were generated randomly.

All USPEX generated structures were then relaxed using the conjugate gradient method implemented in the VASP
software [39] with an energy precision of up to 0.1 meV per cell. The one-electron wave functions were expanded using
a plane-wave basis with a kinetic energy cutoff of F.,, = 500 eV; the exchange-correlation potential in the Purdue—
Burke—Ernzerhof parameterization [40] was used in the generalized gradient approximation. The valence electron states
of the Mg, Si and Sn atoms are 2p®3s?, 3s23p? and 3s23p?2d'", respectively. The Brillouin zones were sampled using a
Monkhorst—Pack mesh with k-points resolution of = x 0.1 A~!. Atomic positions were optimized until the convergence
was achieved in the force of ~ 1073 eV/A and in the energy of ~ 107% eV. The dependence of the relative energies of
the studied structures on a kinetic energy cutoff and the density of the k-point mesh was investigated and found to have
no significant influence on entropy difference.

3. Results and discussion

More than ten thousand negative enthalpy magnesium based tin-silicon alloys Mg 4SigSnc at pressures from 1 to
6 GPa were obtained by evolutionary searching. The projections of Mg 4SngSic structure formation enthalpies to the
ternary Mg, Si—Si—Sn plot is shown in Fig. 1, the color of each symbol on which is determined by the value of the distance
in eV/atom to the ternary convex hull. The warmer the color, the more the structure deviates from the convex hull, which
is the most stable configuration, colored deep blue. This increased distance from the most stable arrangement corresponds
to a reduction in the overall structural stability of the crystal lattice. The unstable crystal structures with positive enthalpies
are shown in gray.

Enthalpy of formation for the three-component system Mg4SipSne can be defined as Fr = [E(Mg4SipSng) —
—(AEng+BEsi+CFEgy)|/(A+B+C), where A, B, C' are the number of magnesium, silicon, and tin atoms; Eyrg, Egi,
are I'g,, their formation energies in the normal (crystalline) states, respectively. For each pressure, USPEX calculations
automatically determine the optimal structure of silicon, diamond, and magnesium silicide, that can be used in formation
enthalpy calculations of multicomponent structures. For silicon and tin, only a third of all calculations yielded the correct
diamond-like structure, while the rest of calculations yielded structures with higher enthalpy and wrong symmetry, such as
P6422 (181 space group) for silicon and P6s/mmm (194 space group) for tin. The energy difference between the structure
obtained in this way and the structure in the ground state does not exceed 0.001 eV/atom for silicon and 0.04 eV/atom
for tin. The structure of magnesium was not determined during the evolutionary search, only the structure of its silicide
Mg,Si has been obtained. To calculate the enthalpy of all structures obtained in this work, the enthalpies of the known
ground-state structures of Mg [41-43], Si [41] and Sn [44,45] at investigated pressures were used as a reference for the
formation enthalpy calculations. The reference crystalline structures at the ambient pressure conditions were taken from
the on-line databases [34,46,47]. For magnesium, this structure is a hexagonal close packed structure of 194 space group
symmetry P63/mmc, while for silicon and tin it is a diamond-like cubic structure b-tin Fd3m of 227 symmetry group.
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Table 1: Structures, corresponding to the vertices of the convex hull at
pressures of 6, 4, 2, 1 and 0.025 GPa. The brackets in the first column
of the table indicate the total number of atoms in the unit cell. On the
unit cell shown in the last column Si atoms are represented by small blue
spheres, Mg atoms by large yellow spheres, and Sn atoms by large gray
spheres.
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Pressure/
composition

Lattice parameters Eformations

Symmetry

a, A

b, A e A a,° B,° 5, ° eV/atom

Unit cell

6 GPa,
Mg4Si
(10 atoms)

5.28

742 | 532 | 76.86 | 76.98 | 71.65 P-1(2) —0.042

%
° 0
%

6 GPa,
(6 atoms)

6.49

5.09 90 90 90 I4/mcm (140) | —0.098

6 GPa,
MgSi
(8 atoms)

5.19

5.39 | 525 | 68.67 | 89.25 | 100.15 P-1(2) —0.113

6 GPa,
Mgs3Siy
(14 atoms)

13.75

3.57 | 5.07 90 90 90 Imm2(44) —0.080

# Y

6 GPa,
Mg,SiSn
(12 atoms)

5.03

7.14 | 7.58 | 71.67 | 76.64 | 106.78 P-1(2) —0.137

oo

-

4 GPa,
(12 atoms)

5.30

828 | 5.12 90 90 100.95 P21(4) —0.073

00

R

Q0

4 GPa,
Mg3 Slg
(10 atoms)

7.720

7.235 [ 6.643 | 90 90 104.5 C2/c (15) —0.108

4 GPa,
MgSi
(8 atoms)

5.736

5.330 | 5.362 | 84.53 | 111.57 | 112.68 P-1(2) —0.075
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4 GPa,
Mg~Sis
(24 atoms)

10.5

7.08

7.05

60.19

79.08

77.05

P1 (1)

—0.087

4 GPa,
Mg12 SIlgSi
(16 atoms)

6.12

6.12

17.24

90

90

90

I4/mmm (139)

—0.144

4 GPa,
MgG Sl3 Sn
(10 atoms)

7.06

4.18

7.279

90

114.3

90

Pm(6)

—0.095

2 GPa,
Mggsig
(10 atoms)

7.41

7.41

12.16

90

90

120

R-3C(167)

—0.087

2 GPa,
Mg, Si
(6 atoms)

5.67

10.14

4.07

90

90

90

I(mmm) (71)

—0.046

2 GPa,
Mg7SiaSn
(20 atoms)

9.49

7.50

7.88

75.12

111.12

118.41

P1 (1)

—0.063

1 GPa,
MgsSiy
(20 atoms)

8.21

8.66

5.94

90

110.40

90

P21/c(14)

—0.040

1 GPa,
(12 atoms)

6.99

4.17

8.01

90

90

90

Pnma(62)

—0.115

0.025 GPa,
(12 atoms)

5.68

7.42

7.20

70.72

73.87

107.88

P-1(2)

—0.024

0.025 GPa,
MgG S13 Sn
(10 atoms)

5.41

6.52

6.29

75.63

98.64

91.77

P1 (1)

—0.060
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F1G. 1. The ternary composition-formation enthalpy phase diagram of the Mg 4SipSn¢ at pressures:
1 GPa (a), 2 GPa (b), 4 GPa (c), and 6 GPa (d). Each structure is colored according to the distance from
the convex hull in eV/atom, which varies from blue minimum to dark gray (maximum) see the legend
bar on the left. As the color of a crystal structure becomes more dark, the crystal structure is the less
stable and further away from the convex hull

As can be seen in Fig. 1, the number of stable compounds of magnesium, tin and silicon is strongly dependent on both
the pressure and the enthalpy of formation of these structures. Thus, if at 6 GPa we have more than a hundred structures
with negative enthalpy of formation, at 4 GPa there are less than thirty, at 2 GPa there are twelve, and at 1 GPa there are
only three. There are too few three-component systems that are stable at ambient pressure conditions, most of them are
two-component ones.

Table 1 shows the lattice parameters and enthalpies of formation of the most stable compounds of magnesium, silicon
and tin obtained by evolutionary methods at external hydrostatic pressures of 1, 2, 4 and 6 GPa. The largest number of
stable structures is found at pressure P = 6 GPa. The convex hull at this pressure is formed by four binary silicides
Mg, Si, Mg, Si, MgSi, MgsSiy and one ternary compound, which has the composition Mg,SiSn and the symmetry P-1.
The corresponding unit cells are shown in the last column of Table 1. The tin-silicon alloy Mg, SiSn (2 symmetry group)
is a solid solution with a triclinic unit cell in which Ge and Si atoms are uniformly distributed throughout the volume.
Binary silicides at pressure P = 6 GPa are characterized by a wide range of stoichiometry, symmetry and composition
from 80 % of Mg and 20 % of Si (Mg4Si), to 43 % of Mg and 57 % of Si (MgsSis). If we compare the enthalpy of
formation of ternary alloy Mg,SiSn and binary silicides Mg, Si,, it turns out that at a pressure of 6 GPa, the ternary alloy
Mg4SiSn is about 0.02 eV more stable than the monosilicide MgSi 2 symmetry group P-1 and 0.04 eV more stable than
the disilicide MgsSi 140 symmetry group I4/mcm.

At pressure P = 4 GPa, the convex hull is formed by four binary silicides MgSi, MgsSi, MgsSis, Mg7Si5 and two
three-component alloys MggSisSn and Mg;2Si3Sn. Binary silicides exhibit different symmetry and structure, which can
be compared to corresponding silicides in open access databases [41,46,47] as will be shown later. The ternary alloy
MggSisSn at pressure P = 4 GPa has an enthalpy of formation £ ~ —0.1 eV and it forms crystal structure of group 6
symmetry (Pm). As shown in the last column of Table 1, the ternary compound MggSisSn comprises alternating Mg—Sn—
Mg-Si and Mg-Si layers. In each mixed Mg—Sn—Mg-Si type layer one Sn or Si atom is bonded to two Mg atoms, with
the bond length of Mg—Sn approximately 2.9 A and the bond length of Mg-Si ranging from 2.6 to 2.8 A. Similarly, in
each Mg-Si type layer, one atom of Si is bonded to two atoms of Mg, with the bond length of the Mg—Si varying from
2.6 to 2.8 A. The Mg;5Si3Sn compound has an enthalpy of formation £ = —0.144 eV and consists of alternating layers
of binary compounds Mg»Si and Mg,Sn. First, there is a layer of alternating MgSi and MgSn in this structure. Then
there is a continuous layer of Mg atoms at 16 m Wyckoff position in the unit cell. Then there is a layer of MgSi silicide
followed by a layer of Mg atoms. That is followed by a layer of alternating MgSi and MgSn and all repeats. The distance
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between neighboring layers is equal to 2.155 A. The alloy with stoichiometry Mg;2Si3Sn surprisingly turns out to be the
most energetically favorable in the entire range of given pressures from O to 10 GPa.

At pressure P = 2 GPa, the convex hull is formed by two binary silicides MgsSi, MgsSis and one ternary compound
Mg~;Si»Sn. The binary silicides Mg, Si, Mg3Si, have 71 and 167 space groups symmetry (Immm and R3c), respectively.
The three-component alloy Mg7SisSn has the lowest possible symmetry P1 and consists of Mg, Si and Ge atoms randomly
distributed throughout the unit cell. The sustainability of this low symmetry structure remains questionable and requires
further investigations. At pressure P = 1 GPa, the convex hull is formed only by two binary silicides Mg, Si, MgsSis
of symmetry group 14 and 62 (P2;/c and Pnma), respectively. At ambient pressure conditions, USPEX evolutionary
searches found it difficult to identify stable three-component systems because most calculations tend to converge on two-
component ones. There is only one ternary structure MggSizSn of 2 symmetry group P-1 at pressure P = 0.25 GPa, as
shown at the end of Table 1.

For a more detailed study of the stability of the most energetically favorable structures in different pressures, all
results presented in Table 1 were recalculated in the pressure range from 0 to 10 GPa with full geometry re-optimization.
Fig. 2 shows the most stable structures with negative formation enthalpy, obtained by optimizing the results of the evo-
lutionary search at each pressure in steps of 1 GPa. The most energetically favorable three-component alloy structure is
three-component alloy Mg;Si3Sn of 139 space group symmetry I4/mmm. This structure is the most stable of all obtained
three-component ones. At pressures above 10 GPa, it loses enthalpy to a binary silicide MgsSis of space group 15 sym-
metry, which has the lowest enthalpy of all binary silicides Mg, Si, obtained. The other two three-component structures
MgeSizSn and Mg, SiSn are sufficiently higher in enthalpy than the Mg;2Si3Sn one. As shown in Fig. 2, it is also more
stable than the trigonal structure of MgsSis of symmetry group 167 (R-3c¢) in the entire pressure range below 10 GPa.
Next on the Enthalpy-axis is the three-component structure MggSizSn, which is energetically more favorable than the
binary silicide structure MgsSio 167 symmetry group only at pressures P < 2 GPa. At P > 2 GPa it loses to other
structures, such as non-symmetric three-component alloy MggSizSn and binary silicide Mg;Sis. The Mg7Sis structure
looks defective and its stability remains questionable, as well as the stability of the non-symmetrical MggSizSn one.

-0.04 3 \ —k— Mg Si,

—e— Mg, Si Sn (P1)
—e— Mg Si,

Entalpy (eV/atom)
S
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-0.16- —m— Mg Si Sn (Pm)
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FI1G. 2. Enthalpy-pressure dependence for the most energetically favorable crystal structures obtained
by optimizing the results of the evolutionary search

Although this work is aimed at investigating ternary compounds, it is also useful to compare the obtained binary
Mg, Si, compounds with the known results available in Material Project [41] and the Open Quantum Materials [46,47]
databases. Most were shared by our Vietnamese colleagues Huan et al., they are described in [11, 12].

The graph in Fig. 3 compares the enthalpy-pressure dependencies for known binary structures [41, 46, 47] with
those obtained in the current study. The top two curves correspond to the most energetically favorable MgsSiy structures
from the database [41] obtained by Huan et al. [11, 12]. We can see that their formation enthalpy is negative only for
large non-zero pressures P > 2 GPa. Below, these two curves in Fig. 3 are the dark blue curve corresponding to the
more energetically favorable Mg;Si, structure obtained in the current study. This structure has the negative enthalpy of
formation at any pressure P > 0. The binary silicide MgsSiy has 44 group symmetry Imm2 and the following lattice
parameters: a = 13.75 A, b =3.57TA, c =507 A, a = B = v = 90°.

Below, the curves discussed above are green curves with triangular symbols pointing upwards, corresponding to
the structure of the monosilicide MgSi. The enthalpy values of this curve practically coincide with those of the curve
obtained in the calculation of the most favorable MgSi structure from the database [41] in the whole pressure range
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FI1G. 3. Enthalpy-pressure dependence for the most stable binary magnesium silicides, obtained by
evolutionary search, in comparison with the calculated enthalpy pressure-dependence of known struc-
tures

studied. If we plot the enthalpy-pressure dependence for the MgSi structure from the database [41] and then compare it
with the dependence obtained for the triclinic MgSi structure in this work, their difference does not exceed 0.03 eV in
the entire pressure 0 < P < 10 GPa. The binary monosilicide MgSi has 2 group symmetry P-1 and the following lattice
parameters: a = 5.44 A, b =542 A, ¢ = 6.06 A, a = 110.7°, 3 = 113.8°, v = 83.6°. In this structure, there are three
non-equivalent Mg atoms bonded to six Si atoms (see Table 1, last column).

The red curve with triangular symbols pointing down corresponds to the structure of MgsSis. As in the case of
MgSi monosilicide, the curve practically coincides with the curve obtained in these calculations for the most energetically
favorable MgsSi, structure. The possible difference is not more than 0.03 eV, which can be considered an acceptable
error, making the curves for these structures practically indistinguishable. The MgsSis structure with the lowest energy
from [41] has 15 group symmetry C2/c and lattice parameters: a = 7.82 A, b = 7.30 A, ¢ = 6.87 A, with angles o = 90°,
B = 104.26°, v = 90° (see Table 1, last column). In the ambient pressure conditions, the MgsSi, structure, obtained in
this work and shown in Fig. 3, has 15 group symmetry and lattice parameters a = 8.09 A, b = 7.38 A and ¢ = 6.63 A,
and angle 8 = 104°, leading to an increase in unit cell volume of about 1 % compared to the data from [41]. Both of
these structures are characterized by parallel-oriented silicon dimers with Si-Si bond lengths of approximately 2.4 A.
The enthalpy-pressure dependence for the structure in this work is practically identical to that obtained from the database
structure [41] (see Fig. 2). The difference between them does not exceed 0.025 eV per atom in the pressure range from 0
to 10 GPa.

The Mg, Si anticottunite-type structure obtained in this study (star-marked curve in Fig. 1) differs from the known
antifluorite-type structure of MgsSi of symmetry group 225 (bullet-marked curve in Fig. 1). In the absence of external
pressure, the energy difference between the structure obtained in this work and the known antifluorite-type structure is
0.056 eV and decreases to 0 at pressure around 6 GPa. Obviously, in this study a suboptimal anticottunite-type Mg, Si
structure has been obtained, which is more energetically favorable at high pressures P > 6 GPa [30]. It has 62 group
symmetry Pnma and cell parameters a = 7.04 A, b = 4.20 A and ¢ = 8.05 A, which are close to the Material Project
Pnma cell parameters a = 6.99 A, b = 4.14 A and ¢ = 7.99 A [41]. This difference in results might be caused by the
use of the variable composition mode in the USPEX code [33-37], where for each fixed ratio of Mg, Si, Sn components
a smaller number of structures is generated, which does not always allow finding the minimum energy structure.

Nevertheless, the results for ternary structures with other stoichiometries of Mg,SiSn, MggSizSn, and Mg;2Sn3Sn
demonstrate rather good stability with respect to their enthalpies. As shown in Fig. 2, besides two curves corresponding to
the ternary compounds Mg4SiSn and Mg;5Sn3Sn, there are two curves corresponding to two different types of structures
of the ternary compound MggSi3Sn. The first one is triclinic with 1 group symmetry P1 and the second one is monoclinic
with 6 group symmetry Pm. The triclinic structure of MggSizSn (Table 1, last row) has an asymmetric cell with lattice
parameters a = 5.41 A, b = 6.52 A, c = 6.29 A, a = 75.63°, § = 98.64°, v = 97.77°, while the monoclinic structure
of MggSiszSn (Table 1 10 row) has two right angles « = v = 90°, one obtuse angle § = 114.5° and lattice parameters
a="729A,b=426A, c="7.42A. The enthalpy difference for these two MggSisSn structures is no more than 0.01
eV at pressures P < 1 GPa and increases to ~ 0.02 meV with increasing pressure up to P = 10 GPa. At pressures
P < 2 GPa, the triclinic structure is more stable, and at pressures P > 2 GPa, the monoclinic structure becomes more
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enthalpy favorable. However, in order to draw conclusions about the stability of the obtained structures, it is also necessary
to study their phonon spectra, which was done in this work.

To confirm the dynamical stability of three-component alloys, phonon dispersion curves at ambient pressure con-
ditions have been calculated for Mg,SiSn, Mg;2Sn3Si and two MggSisSn structures. The method of obtaining force
constants from forces and atomic displacements using the 2 x 2 x 2 supercells, developed by Togo A. and implemented
in the PHONOPY code [48,49], was used. As shown in Fig. 4, the phonon dispersion curves do not show any imaginary
frequencies, which prove the stability of the corresponding compounds. Imaginary frequencies appear near the gamma
points in the two graphs of the figure, imaginary frequencies appear only at the gamma points in the graphs of Fig. 4 (¢
and d), which is simply related to the size of the supercell used in the calculations. If it is too small, this leads to inaccurate
force constants, which is the reason for the appearance of imaginary phonon frequencies [50]. To check the influence of
size effects, additional calculations were performed with an enlarged 3 x 3 x 3 supercell for MggSisSn, both triclinic and
monoclinic. The results show that for monoclinic structure the imaginary frequencies disappear near the gamma point
when the supercell size is increased, and the rest of the dispersion curves remain almost unchanged (see Fig. 4(e,f)). On
the contrary, for triclinic structure, the negative dip near gamma point becomes deeper than for the 2 x 2 x 2 supercell
calculations which evidence the instability of the monoclinic structure in contrast to the triclinic one.
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FIG. 4. Phonon dispersion curves of (a) Mg;2Sn3Si; (b) Mg4SiSn; (c) triclinic MggSisSn; (d) mono-
clinic MggSi3Sn; (e) triclinic MggSizSn obtained using the enlarged 3 x 3 x 3 supercell; (f) monoclinic
Mg Si3Sn obtained using the enlarged 3 x 3 x 3 supercell
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Phonon structure calculations allow a simple estimation of the phonon contribution to the free energy

]_ _hwqd,
thonon:§zmq,y+kBTZIH <1—€ "‘BT>7
q,v

q,v

where g denotes the wave vector, v is the phonon band index, w is the corresponding phonon frequency, T is the temper-
ature, and kp is the Boltzmann constant. The estimate shows that at temperatures 7' < 350 K, this contribution does not
exceed 0.05 eV per atom in absolute value, and for different structures, this contribution is approximately the same value,
their difference being less than 0.02 eV.

In order to investigate the conductive properties of three-component systems at ambient pressure conditions, densities
of states were calculated for the most energetically favorable compounds Mg, Si, Sn.. Fig. 5 displays the electronic state
densities of the three-component alloys with the lowest formation energy Mg;2SizSn, Mg4SiSn and MggSi3Sn. This
information can be used to evaluate the conductive properties of the materials. All of the alloys considered above have
states at Fermi levels indicating that they all exhibit metallic properties in one way or another unlike the binary silicide
Mg-Si and stannide Mg, Sn, which are semiconductors under normal conditions [30-32]. However, from the magnitude
of the density of states in Fig. 5, the best metallic properties are likely to be exhibited by the solid solutions of Mg,SiSn
(Fig. 5(a)) and Mg15Si3Sn (Fig. 5(b)) stoichiometries, which has significantly more of them at the Fermi level.

(a) (c)
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F1G. 5. Density of electronic states of the most energetically favorable ternary compounds (a)
Mg, SiSn; (b) Mg12Sn3Si; (¢) triclinic MggSisSn; (d) monoclinic MggSigSn. The Fermi level is chosen
as the energy reference point

4. Conclusion

The results of the evolutionary modeling of three-component systems allowed to reproduce binary structures of the
known stoichiometries MgSi and MgsSis, as well as to obtain new structures of the stoichiometries Mg,SiSn, MggSizSn,
Mg12Sn3Si, and Mg7SioSn with the ternary alloy Mgq5Si3Sn being the most stable one. All of them have a negative
enthalpy of formation, comparable to the enthalpy of formation of binary structures in the studied pressure range 0 < P <
10 GPa. Phonon dispersion and density of states calculations confirmed the dynamical stability and metallic properties of
the newly identified ternary alloys besides the triclinic structure. Density of states calculations indicate that the ternary
alloys exhibit metallic properties, unlike the binary silicides and stannides.
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