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Abstract. The search of minimal enthalpy structures of ternary magnesium alloys of differ-
ent stoichiometry Mg . Sl Ge, under pressure P < 6 GPa has been performed using the software
suite USPEX 1mplement1ng the evolution algorithm combined with the density functional
theory (DFT) approach. The evolutionary search has yielded new possible ternary compounds
of the stoichiometries Mg, ,Ge,Si, Mg,Ge,Si,, Mg.Ge,Si,, Mg GeSi,, Mg, Ge,Si,, Mg,Ge,Si,,
Mg, SiGe, and Mg,GeSi, which have negative enthalpy of formation at pressures in the range of
0 to 10 GPa and which are not substitution solutions of Ge on Mg,Si matrix (or Si on Mg,Ge
matrix). These compounds have metallic properties and formation enthalpies comparable to
those of binary silicides Mg,Si. Phonon spectra investigations indicate that only first five of
them are stable showing no imaginary frequencies.
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Annoramusa. C momomnpio makera mnporpamm USPEX, peanusyiomux 3BOTIONMOHHBIC
aJTOPUTMbI Ha 6a3e Teopuu (PYHKILIMOHAJIA IUIOTHOCTH, ObLT IPOBEACH ITOMCK ONTUMAaJIbHbIX
CTPYKTYp TBEPIbIX PAaCTBOPOB MarHus, OJ0Ba M MarHus pasHoil crexuomerpun Mg Si Ge,
non maBieHuemM P < 6 I'Tla. B pe3ynbrare 3BOJIOIIMOHHOrO TOMCKAa OOHApPY>KEHBI HOBbIG
BO3MOXHBIE TPEXKOMIIOHEHTHBIE CTPYKTYphl coctaBa Mg ,Ge.Si, Mg Ge,Si;, MgGe.Si,,
Mg GeSi,, Mg,Ge,Si,, Mg,Ge,Si,, Mg,SiGe, n Mg,GeSi, KoTopbie MMEIOT 0Tpm{aTeany10
sHTaIbNNIO hopMupoBaHus B auarnazone nasieHuii 0 < P< 10 I'Tla u He SBASIOTCS TBEPABIMU
pacTBopamu 3amenieHus aromoB Si aromamu Ge B Mg,Si-marpuue unu atomos Ge atoMamu
Si B Mg,Ge-marpuie. DTH COENMHEHN UMEIOT METAIMYECKUE CBOMCTBA M WX JHTAILIUA
o0pa3oBaHUsl COM3MEPHMMA C OSHTAIbIMENd 00pa3soBaHUs OMHAPHBIX CHIMLKAOB Mg,Si.
CTaOWIBHOCTD TSITM M3 TIOJYYEHHBIX CTPYKTYp TOATBEpPXHAETCS pacueTaMy UX (DOHOHHBIX
CIIEKTPax, B KOTOPBIX HE HAOIIOMAETCS MHUMBIX (DOHOHHBIX MOJI.
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Introduction

Since the 1960s, Mg, X (X = Si, Ge, Sn) compounds and their solid solutions have shown
promise for thermoelectric energy conversion due to high efficiencies, high melting points,
narrow band gaps, and environmental safety. These materials are used in thermal elements,
infrared detectors, solar cells, and hydrogen energy storage. Despite waning interest in the early
2000s, compositional flexibility and similar crystal structures have revived interest. Mg,Ge is
soluble in Mg Si and vice versa [1—8], enhancing thermoelectric performance through improved
conductivity [9]. Varying germanium concentration tailors properties for energy conversion.
For example, Mg,Si_ Sn_with low thermal conductivity is favorable for thermoelectric
energy conversion [10]. However, challenges exist in forming solid solutions and optimizing
microstructure. Successful synthesis requires uniform structures [11, 12], highlighting the need
for thorough investigation. Further research is needed to improve properties by exploring dopants
and optimizing synthesis techniques [13].

Computational methods are crucial in material discovery, being more efficient than
experiments. These computational searches allow researchers to rapidly explore a wide range of
systems, uncovering novel phenomena and facilitating the discovery of new promising materials.
Recent successes with two-component magnesium-based compounds suggest potential for three-
component Mg | 81 Ge, alloys. Anti-fluorite structure is the only one considered in the analysis of
magnesium stanmdes as both magnesium silicide and magnesium germanide share this structural
form. Evolutionary optimization has reproduced known phases and predicted new structures under
high pressures. The aim of this study is to identify optimal structures in the three-component
Mg Sl Ge, system using modern evolutionary optimization techniques [14], and to investigate the
stablhty of these structures both at ambient pressure conditions as well as at pressures ranging
from 0 to 10 GPa.

Calculation procedure

For evolutionary modeling of the three-component Mg-Si-Ge system, Universal Structure
Predictor: Evolutionary Xtallography (USPEX) algorithms were applied in the variable composition
mode [15-17]. 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 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 [18], the one-
electron wave functions were expanded in a plane-wave basis with a kinetic energy cutoff of
E_ . = 500 eV. The exchange-correlation potential chosen based on the Purdue-Burke-Ernzerhof
parameterization in the generalized gradient approximation [19]. Brillouin zone sampling was
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performed using a Monkhorst-Pack mesh with a k-point resolution of ©x0.1 A~'. The enthalpy at
a zero temperature was determined using relationship F = E + PV, where E is the total energy,
P is the external pressure, and V'is the primitive cell volume.

Results and Discussion

For calculations of three-component structures at ambient pressure conditions it is useful to
carry out their studies at several pressures [20-22]. Then there are quite a lot of them compared to
the calculations at ambient pressure conditions, which allows to study their £(P) dependences in
more detail and to select the most stable compounds. Three pressure values of 1 GPa, 4 GPa and
6 GPa were used to calculate germanium-silicon alloys and more than five and a half thousand
structures were obtained by evolutionary search. Thus, if at 6 GPa we more than a hundred
structures with negative enthalpy of formation, at 4 GPa there are only two, and at 1 GPa there
are only three with energy close to zero. Since too few three-component systems are stable at low
pressures, the structures obtained at non-zero pressures were used for their calculation, as will be
shown below.

Table shows the lattice parameters and enthalpies of formation of the most stable convex hull
compounds of magnesium, silicon and germanium obtained by evolutionary methods at external
hydrostatic pressures of 1, 4 and 6 GPa. At a pressure of P=1 GPa, the convex hull is formed by five
vertices, one of which corresponds to the ternary compound Mg, GeSi, of space group 146 and two of
which correspond to the binary silicides Mg,Si and Mg Si, of space groups 129 and 167, respectively.

Table
Structures, corresponding to the vertices of the
convex shell at pressures of 1, 4 and 6 GPa

C(l));f;(s)lslirteign Lattice parameters Symmetry
1 GPA/ Mg Si,Ge a":ﬁb:g(c)ojf 61 ?ojo R3 (146)
1 GPA/ Mg Si, a=b :a7:'4g f;c:g(l)f'zz A R-3C (167)
1 GPA/ Mg,Si a=b B + };‘fy’i ;060'90 A PA/nmm (129)
4 GPA/ Mg SiGe, | :E'gféf ; j ;’Olf iz 5952§A PI(1)
4 GPA/ Mg SiGe, | (:1 8:";‘; fé‘;,bﬁisg'f)if\” ;" _ 3'52_2;&’ P1(1)
4 GPA/ Mg Si a“:ﬁb:gg:fﬁ é&o’o Fm3m (225)
6 GPA/ Mg SiGe | i’ 1:79135,])[3::37’8.665\,’ 5 _ S 6(10 A, Pm (6)
6 GPA/ Mg Si Ge, | Z 5: (;68 fg‘;’bﬁ__gg"(‘)ésé’ ; _ %‘?gf’ P1(1)
R e e
6 GPA/ Mg Si “ :ab:;f SoAyC: 152%2 A, P6 /mme (194)
6 GPA/ MgSi, s 2290AC; 1505 A R-3m (166)
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The remaining two structures, corresponding to the bulk structures of germanium and silicon,
are not shown in Table and described below. At a pressure P = 4 GPa, the convex hull includes
bulk Ge and Si structures, two asymmetric ternary compounds Mg Ge,Si, and Mg Ge.Si,, and a
binary silicide Mg,Si of correctly defined space symmetry group 225. At a pressure P = 6 GPa, the
convex hull is formed by three ternary alloys Mg,Si,Ge,, Mg Si,Ge, Mg,SiGe and three binary
silicides of different stoichiometries from 2/3 of Mg and 1/3 of Si (Mg,Si) to 1/4 of Mg and 3/4
of Si (MgSi,), in addition to the bulk Ge and Si structures. The ternary alloys at this pressure have
symmetries down to 1 (P1) for Mg,Si,Ge, and Mg Si,Ge and 6 (Pm) for Mg, GeSi. The binary
silicides have symmetries as low as 2 for MgSi and as high as 166 for MgSi, and 194 for Mg Si.
For a detailed study of the stability of energetically favorable structures under various pressures,
Table results were recalculated for pressures from 0 to 10 GPa with geometry re-optimization.
Fig. shows the most stable structures with negative formation enthalpy obtained by optimizing
evolutionary search results. It also includes calculations for ternary compounds formed by Sn—Ge
substitution or rearrangement in Mg-Si-Sn structures [23], as well as optimized convex hull
structures from Si«>Ge atom exchange. Surprisingly, these structures are more stable than those
obtained from evolutionary search. For example, Mg SSiGe,, derived from MgSi,Ge by Si-Ge
atoms exchange and relaxation, is the most stable structure in the 1.15—10 GPa range. At ambient

—MgSi,Ge, Mg SiGe,
— MgSi,Ge,| —— Mg,SiGe
----MgSi Mg SiGe
— Mg, SiGe; | -~ - - Mg Si,Ge,
—— Mg SiGe | —MgSi,Ge
— MgSi.Ge | —MgSiGe,

Enthalpy, eV/atom

o 2 4 6 8 10

Pressure, GPa

Fig. Enthalpy-pressure E(P) dependence for the most energetically favorable crystal structures obtained
by optimizing the results of the evolutionary search and their corresponding derivatives from the Mg-
Si-Sn structures (see text for details)

pressure, only the cubic anti-fluorite Mg, Si structure (Fm3 m symmetry) is more stable than them.
Linear extrapolation from Fig. suggests Mg Si,Ge will become less stable at around 11.5 GPa,
with Mg SiGe being the most stable above 15 GPa. Mg, ,SiGe3 structure (I4/mmm symmetry)
was created from Mg ,SiSn, by replacing Sn atoms with Ge ones. Another structure, Mg, SiGe
(P-1 symmetry), was derived similarly from Mg,SiSn, At pressures P> 44 GPa, Mg,SiGe becomes
more stable than both Mg SiGe, structures. Mg Si,Ge structures from evolutionary search, shown
on Fig., are lower in enthalpy than Mg,Si one at pressures P > 8 GPa, but higher than Mg Si,Ge,
and Mg,SiGe ones at P =4 GPa and P = 6 GPa, respectively. The latter structures may become
more stable at higher pressures based on linear extrapolation of E(P) dependencies. Therefore,
their electronic structures should also be examined.

In order to investigate the conductive properties of three-component systems at ambient
pressure conditions, the band structures and total density of states of the most energetically
favorable compounds Mg_ Sl Ge, have been calculated. All of the alloys considered have states
at the Fermi level, 1ndlcat1ng that they all exhibit metallic properties to some extent, unlike the
binary compounds Mg,Si and Mg,Ge, which are semiconductors under normal condmons

To verify the dynamical stability of three-component alloys, phonon dispersion curves at
ambient pressure conditions have been calculated for most of the lowest energy structures — see
additive materials in [24]). This analysis was conducted by deriving force constants from atomic
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forces and displacements, as implemented in the PHONOPY code [25, 26]. The results indicate
that the phonon dispersion curves do not exhibit any imaginary frequencies for Mg ,Ge,Si,
Mg Ge Si,, Mg Ge,Si,, triclinic Mg SiGe,, Mg,Ge,Si,, thereby confirming the stability of the
respective compounds. In contrast, the spectra of hexagonal Mg SSiGe,, orthorhombic Mg,SiGe
and monoclinic Mg,SiGe structures displays a pronounced negative dip near special k-points
(see additive materials in [24]), providing evidence for their instability relative to the other ones.
Nevertheless, structures energetically favorable at high pressures non-symmetric Mg SiGe, and
cubic Mg ,SiGe, are still stable, which makes it possible for them to exist along with the known
Mg,Si and Mg,Ge structures.

Conclusion

The results of the evolutionary search of three-component systems allowed to obtain new
possible structures of the stoichiometries Mg SiGe,, Mg GeSi,, Mg ,Ge,Si, Mg SiGe, Mg,Ge,Si,,
Mg,SiGe, Mg Si,Ge, and Mg Si,Ge, with the ternary compound Mg, ,Ge,Si being the most stable
one. All of them have a negative enthalpy of formation, comparable to the enthalpy of formation
of binary structures Mg,Si and Mg,Ge 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 Mg,SiGe, Mg SiGe and MgSSiGe,
ones. Density of states calculations indicate the ternary alloys exhibit metallic properties, unlike
the binary silicides and germanides.
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