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ARTICLE INFO ABSTRACT

Keywords: A first principles molecular dynamics technique is employed to generate an amorphous magnesium silicide
Intermetallic (Mg,Si) model from its liquid state and its structural, electrical and mechanical features are disclosed for the first
Magnesium silicide time. Si atoms form predominantly the standard square dodecahedron-like and the tri-capped trigonal prism-like
ii;‘iiﬁlr;‘lzble configurations while Mg atoms arrange themselves primarily in higher coordinated crystal-like and icosahedral-

like polyhedrons. The mean coordination number of Mg and Si is estimated to be ~12.84 and ~8.2, respectively.
Si—Si homopolar bonds are also presented in the amorphous network, in contrast to the crystal. Based on our
findings, we propose that the amorphous model has a short-range order, quite different than that of the anti-
fluorite Mg,Si crystal but similar to that of metallic glasses. The different local structure of the amorphous state
yields distinct electronic and mechanical properties, relative to the crystal. Within the known limitation of DFT-
GGA simulations, the amorphous Mg,Si is found to be semimetal though the anti-fluorite structure is semi-
conductor. Furthermore, amorphous Mg,Si is predicted to be less brittle than the crystal structure. Since the
potential use of the Mg,Si crystal as a biodegradable implant material is hindered because of its brittle behavior,
here we propose that amorphous or nanoglass forms might eliminate this limitation of Mg,Si and hence it can

serve as an implant material in near future.

1. L Introduction

Magnesium silicide (Mg,Si) is an important narrow gap semi-
conductor (an indirect band gap of about 0.6 eV [1]) of considerable
current interest due to its unique physical properties. Mg,Si is expected
to a wide variety of high technological applications. A large Seebeck
coefficient, low electrical resistivity, and low thermal conductivity are a
few exceptional characteristics of Mg,Si [2-8], which make it a pro-
mising candidate for thermoelectric materials. Since Mg,Si is an en-
vironmentally friendly material [9], it might replace lead-based ther-
moelectric materials as well. Due to its small band gap, it is also a
suitable candidate for an infrared detector [10]. Furthermore, the stu-
dies have revealed that Mg,Si can be used as a new implant material if
its brittle character is enhanced [11].

The ground state of Mg,Si is a face-centered cubic lattice having the
anti-fluorite structure (Fm3m) [12]. Amorphous form of Mg,Si was also
prepared using pulsed laser deposition and rf magnetron sputtering
techniques [13]. It was reported that amorphous Mg,Si could be an
anode material in rechargeable lithium batteries since it showed su-
perior cyclability over 200 cycles. Yet to our knowledge, there has not
been any attempt to investigate this material in details. In this work, we
execute ab initio molecular dynamics (MD) simulations to produce an
amorphous Mg,Si model using the rapid solidification process and ex-
pose its local structure, and its electronic and mechanical properties for
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the first time.
2. Method

Simulations were done using the ab initio density functional theory
(DFT) code SIESTA [14]. To estimate the exchange correlation poten-
tial, we selected the generalized gradient approximation (GGA) of PBE
[15]. To create pseudopotentials, we used the Troullier-Martins
method [16]. A numerical basis set with polarization (DZP) was used
for the valence electrons. A uniform mesh cutoff of 120 Ry, a finite 3D
grid for the calculation of electron density and potentials, was selected
for the simulations. One femtosecond was chosen for each MD step. We
adopted the isothermal-isobaric ensemble in which temperature and
pressure were controlled using velocity scaling and Parrinello-Rahman
techniques [17], respectively. No shear deformations were allowed
during the thermalization and quenching. The anti-fluorite structure,
illustrated in Fig. 1, having 216 atoms (arranged as a 2x3x3 block and
144 Mg and 72 Si atoms) with periodic boundary conditions was used
as a starting structure. The initial supercell lengths were L; = 12.782 A
and L, = Ly = 19.173 A. This crystalline phase was subjected to 1800 K
for 3.0 ps and then the external temperate was reduced to 1400 K in
2.0 ps. At this temperature the configuration was equilibrated for 25 ps.
Then the temperature applied was decreased to 300K in 75 ps. The
supercell lengths of the amorphous model at 300 K, given in Fig. 1, were
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Amorphous structure at 300 K

Fig. 1. Ball stick representation of the initial anti-fluorite crystal and the
amorphous model at 300 K. Mg and Si atoms are symbolized by large and small
spheres, respectively.

L, = 10.671386 A, L, = 20.387108 A and L; = 20.972086 A. Fig. 2
shows the variation of volume per unit formula as a function of tem-
perature. The volume curve decreases gradually and below 700K it
exhibits a change in slope, suggesting the glass-transition temperature
(T,) between 700 and 800 K.

3. Results
3.1. Structural properties

In order to identify the structural features of the amorphous net-
work and compare them with those of the anti-fluorite Mg,Si phase, we
first probe their partial pair distribution functions (PPDFs) and show
them in Fig. 3. It can be seen that the peak position of the Mg—Mg,
Mg—Si and Si—Si (the second peak) correlations of both structures fairly
overlaps each other. Yet the most obvious distinction between these
two structures is the presence of Si—Si homopolar bonds as indicated by
the peak located at around 2.5 A in the Si—Si correlation function.

To have a clear description about the short-range order, the partial
coordination numbers and the chemical identities around Mg and Si are
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Fig. 2. Variation of volume per unit formula as a function of temperature.
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Fig. 3. Partial-pair distribution functions of amorphous and anti-fluorite Mg,Si.
For clarity, the peaks' intensity of the anti-fluorite crystal is reduced.

projected using the Voronoi tessellation technique. The first minimum
of the PPDFs is used as the cutoffs that are ~4.0, 3.3, 3.0 A for Mg—Mg
and Mg—Si and Si—Si correlations, respectively. The analysis leads the
mean Mg—Mg, Mg—Si, Si—Mg and Si—Si coordination numbers to be
~9, 3.5, 7.1, and 0.86, correspondingly. The average coordination
number of Mg and Si atoms is ~12.84 and ~8.2, respectively, which are
higher than those of the crystalline phase in which each Mg atom is
tenfold coordinated and six of which are Mg atoms (Mg-MgeSis) while
each Si atom is eightfold coordinated and its all neighbors are Mg atoms
(Si—Mgg). We also study the statistical distribution of the clusters
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Table 1

Chemical identities around Mg and Si atoms.
Mg Si
MgoSis 15.90% Mg,Si; 27.7%
MgoSis 14.20% Mgs 25.0%
MgsSis 13.10% MgsSi; 15.9%
Mg10Sis 9.70% MgeSiz 8.3%
Mg;10Sis 7.90% Mgo 8.3%
MgoSis 6.50% Mg,Si, 4.1%
Mg;Si, 4.10% MgsSis 4.1%
Mg11Si3 3.80% MgeSiy 2.0%
MgsSis 3.40% MgeSis 1.3%
Mg11Sis 2.70% Mg,Siz 1.3%
Mg10Sis 2.70% Mg, 1.3%
Mg;Sis 2.40%
Mg11Sis 2.00%
MgoSis 2.00%
MgsSi 1.70%
Mg12Sis 1.30%
Mg1,Sis 1.30%
Mg;,Sis 1.30%
Mg 0Siz 1.30%
Mg,Sis 0.60%
Mg 0.60%

formed in the amorphous network since they can provide additional
information about its microstructure. The distribution is summarized in
Table 1. In the amorphous structure, the most dominated three clusters
around Mg atoms are Mg-MgoSiz (16%), Mg-MgoSis (15%) and Mg-
MggSi4 (13%). We do not find any trace of Mg-MgeSi4 type configura-
tion. For Si atoms, the most common three clusters are Si-Mg,Si; (27%),
Si—Mgsg (25%) and Si-MggSi; (15%). So one can see that the environ-
ment of only 25% of Si atoms is similar to what has been formed in the
crystal.

The Voronoi analysis further allows us to classify the types of the
polyhedrons formed in the amorphous structure. A polyhedron is
symbolized by a Voronoi index < ng, ny, ns, ng, ... > . n, corresponds to
the number of k-edge faces of the polyhedron. The total number of the
faces of the Voronoi polyhedron gives the coordination number of the
central atom. Fig. 4 illustrates the types and fractions of polyhedra
formed around Mg and Si atoms. Si atoms predominantly have two
types of polyhedrons, tri-capped trigonal prism < 036 00 > having a
fraction of 24% and the standard square dodecahedron <0 4 4 0
0 > with a frequency of 51%. Mg atoms, on the other hand, present 38
diverse polyhedrons. Nonetheless one can see that the fcc crystal-
like <0 3 6 3 0>, defective fcc crystal-like <0 3 6 4 0 >, perfect
icosahedron < 0 0 12 0 > and defective or deformed icosahedrons < 0
2810>,<02820>and <0110 2 0 > are the most favorable
ones. Fig. 5 shows some of the most privilege polyhedrons formed in the
noncrystalline Mg,Si.

3.2. Electronic structure

We study the electronic structure of both forms of Mg,Si. The
computed electronic density of states (EDOS) is illustrated in Fig. 6. The
Mg,Si crystal exhibits a semiconductor behavior with small band gap
energy while the amorphous phase shows a semi-metallic character.
However, it is well known that DFT-GGA simulations underestimate
band gap energies and hence the amorphous phase can be semi-
conductor with a tiny band gap was well. An experimental investigation
is really desirable to clarify this matter.

3.3. Mechanical properties

The bulk modulus (K) defining the compressibility of materials can
be easily estimated by fitting the energy volume data (calculated using
the conjugant gradient variable cell optimization technique) to the
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Fig. 4. Fraction of Si-and Mg-centered Voronoi polyhedrons.
having a fraction of less 4% are not shown in the figure.
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third-order Birch-Murnaghan equation of states,
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where E (E,) represents the energy (the zero pressure energy), V (Vp) is
the volume (zero pressure volume) and K is the derivative of K respect
to pressure. The energy-volume data for both crystal and amorphous
phases are shown in Fig. 7. The relative energy difference between
these two phases is ~0.29 eV/Mg,Si. The equilibrium volume of the
crystal is 66.21 AS/MgZSi, fairly comparable with the previous studies
[18-20] (see Table 2). The equilibrium volume of the amorphous model
is 62.31 A3/ Mg,Si. The physical origin of such a volume reduction can
be attributed to the tendency of Mg atoms to attain higher coordinated
configurations in the amorphous network. The K value of the anti-
fluorite Mg,Si crystal is 55.9 GPa, agreeing very well with the other
estimations [18-24] (Table 2). For the amorphous phase, the K value is
predicted to be 51.6 GPa, comparable with that of the crystal.

In order to evaluate the Poisson's ratio and Young's modulus of the
crystal and amorphous states, we study them under uniaxial stresses
(compression and tension). The amorphous structure is compressed/
tensioned along x-,y- and z-direction, respectively and the change along
transverse and axial directions is monitored. The Poisson's ratio of a
material exposed to a uniaxial stress is defined as

E(V)=E, +
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Fig. 7. Energy-volume relation.

amorphous model is given in Fig. 8. We determine the Poisson's ration
from the best linear fitting line and have six different values. The mean
Poisson's ratio is about 0.3. Because of the cubic symmetry, the crys-
talline structure is compressed along one-direction and a value of 0.15
for the Poisson's ratio is obtained, which is objectively comparable with
the earlier predictions of 0.14-0.19 [21, 23-25, 27, 28]. We should
point out here that because of the linear fitting, we surely expect some
errors in the Poisson's ratios estimated in the present work. For the glass
model, the error is anticipated more as six different values are projected
for it. Additionally, under applied stresses, the amorphous model ex-
periences deformations (the simulation box is not orthogonal any more)
unlike the crystal. Such minor deformations can produce some errors in
the Poisson's ratios computed as well. Subsequently we think that we
have some uncertainties in the Poisson's ratio of the glass model.

Since the stress (0)-strain (¢) relation (see Fig. 9) is known in the
simulations, we can simply calculate Young's modulus (E) using the
following equation,

E= Oaxial

Eaxial

Again from the linear fitting, we obtain three different values. The
mean Young's modulus of the glass model is anticipated to be ~61 GPa.
For the crystal, it is about 117 GPa and as seen from Table 2, it accords
with the previous experimental and theoretical projections of
107-120 GPa [21-28]. Because of the linear fitting, again we might
have some errors in the predicted E value but the error is less than what
we anticipate in the Poisson's ratio.

Note that the Poisson's ratio can be alternatively calculated using
the following relation

1 _E

2 6K

This equation also yields the Poisson's ratio to be about 0.3, con-
sisting with the direct simulation result.
We compute the shear modulus (i) using the next definition

E

o

Shear modulus of the anti-fluorite Mg,Si is projected to be 51 GPa,
which again is in agreement with the earlier estimations of 47-50 GPa
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Table 2

Journal of Non-Crystalline Solids 498 (2018) 118-124

The equilibrium parameters of anti-fluorite and amorphous phases. K and K" are bulk modulus and its pressure derivative, V, is equilibrium volume per unit formula,
v is Poisson's ratio, E is Young's modulus, p is shear modulus and H is Vickers hardness.

Structure ad) Vo (A% K(GPa) K’ v E (GPa) 1t (GPa) H(GPa) Ref.
Fm3m 6.43 66.21 55.9 3.46 0.15 117.3 51 14.9° Present
7.7° Present

6.29 62.34 57.03 4 [18]

6.33 63.33 55.64 3.94 [19]

6.34 63.9 55.35 4 [20]

6.35 63.36 0.18 119.7 47.1 [21]

6.35 54.3 107.4 45.9 [22]

6.29 56.2 0.16 113.5 49.2 [23]

6.33 51.06 0.14 108.3 46.1 [24]

0.18 117.2 49.5 [25]

0.17 117.7 50 [25]

0.19 116.9 48.9 [25]

5.4 [25]

4.8 [25]

4.3 [26]

0.17 115.6 49.5 [27]1

0.16 110.9 47.6 [28]

76 3.96 [30]
Amorphous 62.31 51.6 3.75 0.3 61 24 2.1° Present
3.6" Present

2 Chen's equation.
b Teter's equation.
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Fig. 8. The variation of &y qnsser as a function of eqyiq for the amorphous model.
For clarity, only three fits are shown.

[21-28]. For the amorphous state, the predicted value is about 24 GPa.
Using the Chen's equation [29],

[\
H= 2(—2) — 3(GPa)
n

where n is the Pugh's ratio (n = K/u), we can estimate the Vickers
hardness of these materials. The hardness is computed to be 14.9 GPa
for the crystal, which is about a factor of three larger than the experi-
mental results of 3.96-5.4 GPa [25, 26, 30]. The hardness of the glass
configuration is ~2.1 GPa. On the other hand using the Teter's equation
[31].

H=0151p

122

=

Stress (GPa)

! | ! |
15.03 -0.02 -0.01

L l L l L
0.01 0.02 0.03
Axial Strain

1
Fig. 9. The stress-strain relation for the amorphous model.

we calculate H to be 3.6 GPa for the amorphous state and 7.7 GPa for
the crystalline Mg,Si. So one can see that the Teter's equation gives
more comparable result with the experiments for the crystal structure.

The ratio /K can be used to identify brittle or ductile behavior of
materials. For metallic glasses, if u/K is bigger than 0.41-0.43 (or,
equivalently, with v < 0.31-0.32), then the materials are brittle [32].
Since amorphous Mg-Si is locally similar to metallic glasses (see below),
we use this criterion to identify its behavior. The ratio u/K is equal to
0.46 and v is equal to 0.3 for the amorphous state and hence it can be
identified as a brittle material, similar to the crystal. Yet it should be
noted that both values obtained for the disordered configuration are so
close to the critical values and hence it is anticipated to be less brittle
than the crystal. The observation might be, perhaps, unsurprising



M. Durandurdu

because Mg atoms in the disordered state have a tendency to form
higher coordinated configurations similar to the Mg crystal (hcp has a
coordination of 12) that shows a ductile behavior.

4. Discussion

The structural analyses reveal that the local structure of the amor-
phous Mg,Si is different than that of the crystal. The general trend of
Mg atoms is to attain higher coordinated configurations in the amor-
phous model similar to what has been reported in Mg based metallic
glasses [33, 34]. Additionally the clusters produced around Si atoms are
also found to be similar to those reported in the Si based metallic
amorphous systems such as PdSi [35]. The different local environment
of amorphous Mg-Si yields diverse electrical and mechanical proper-
ties. Perhaps the most remarkable observation is that amorphous Mg,Si
is less brittle than the crystal. The improvement of cyclability of
amorphous Mg,Si might be related to this behavior.

The Mg,Si crystal is believed to be a good candidate for a biode-
gradable implant material if its brittle nature is improved [11].
Amorphous Mg,Si might eliminate this major cumbersome of Mg,Si.
Since its ratio /K is so close to the critical value, by slightly changing
stoichiometry of Mg,Si, the brittle-to-ductile transition can be even
induced in the amorphous state. Furthermore nanoglasses, “a new kind
of noncrystalline materials” [36, 371, present different properties (more
ductile, more biocompatible etc.), than corresponding amorphous and
crystalline phases [36, 37]. Since the properties of nanoglasses can be
controlled by changing their chemical and microstructures and their
interfaces can have a new kind of amorphous structure, nanoglass
Mg,Si can be a good candidate to serve as an implant material and/or
an anode material in rechargeable lithium batteries as well. Of course,
additional studies, especially experimental ones, are really necessary to
reveal the correct properties of amorphous and nanoglass Mg-Si.

5. Conclusions

We use a quantum mechanical MD technique to create an amor-
phous Mg,Si model from its melt and reveal its microstructure, and its
electrical and mechanical properties for the first time. The average
coordination number of Mg and Si in amorphous Mg,Si are projected to
be ~12.84 and ~8.2, correspondingly, which are higher than those of
the crystal. Si atoms form mainly the tri-capped trigonal prism-like and
the standard square dodecahedron-like configurations, similar to Si
based metallic glasses whereas Mg atoms organize themselves in high
coordinated crystal-like and icosahedral-like polyhedra as seen in Mg
based metallic glasses. Unlike the crystal, the amorphous network has
Si—Si homopolar bonds. All these findings reveal that the amorphous
model locally differs from the anti-fluorite Mg,Si crystal. Due to the
different local structure, the amorphous configuration has distinct
electrical and mechanical properties, compared to the crystal. The anti-
fluorite structure is semiconductor whereas amorphous Mg,Si is semi-
metal. Perhaps the most interesting finding is that the disordered con-
figuration is less brittle than the crystalline state. Mg,Si is considered as
biodegradable implant material but its brittle nature obstructs its po-
tential uses. We believe that amorphous or nanoglass forms might
abolish this restriction of Mg,Si and thus it can serve as an implant
material in near future. We should point out here that all these con-
clusions are based on a 216 atoms model generated using the melt and
quenching technique. Due to the small size of the model, we probably
could not capture the medium range order in the model. For larger
models, the connectivity of the short-range clusters can be different,
which might yield distinct properties than what have been observed in
the present study. Furthermore, depending on the preparation proce-
dures, amorphous Mg,Si with a different local structure and hence the
diverse electrical and mechanical properties can be experimentally
fabricated. Consequently experimental studies are more desirable to
reveal the true behavior of amorphous and nanoglass Mg,Si.
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