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a b s t r a c t

Magnesium silicide Mg2Si is a well-studied binary of Mg and Si due to its potential technological ap-
plications like infrared photonic and thermoelectric. In many experimental scenarios, e.g., in super-
saturated solid solution of AleMgeSi, some other Mg-Si binaries, e.g., Mg9Si5 and Mg5Si6, co-exist with
Mg2Si. It was then computationally found that Mg9Si5 and Mg5Si6 are thermodynamically favorable
under some non-zero pressures. Other than this, very little is known about these two new binaries. This
paper aims to unveil some structural, electronic, and vibrational properties of Mg9Si5 and Mg5Si6,
providing some information that may be useful for further possible investigations on the AleMgeSi
solid solution.
© 2016 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

At ambient conditions, magnesium silicide Mg2Si, which crys-
talizes in the cubic Fm3m structure, is a narrow-gap semiconductor
before transforming to a variety of metallic phases at elevated
pressures [1e5]. This binary is promising for a variety of applica-
tions, including infrared photonic and thermoelectric [6e10] Two
relatives of Mg2Si, namely Mg9Si5 and Mg5Si6, were experimentally
observed as the b0 and b00 in the supersaturated solid solution of
AleMgeSi [11e15]. Unlike Mg2Si, which has extensively been
studied [1e10,16,17], litle was known about Mg9Si5 andMg5Si6. The
former, e.g., Mg9Si5, adopts the hexagonal P63/m symmetry and is
higher in energy than the high-pressure hexagonal P63/mmc
structure of Mg2Si, according to a computational study [12]. The
structure of Mg5Si6 was also resolved experimentally [14,15] to
belong to the C2/m space group.

The phase diagram of Mg2Si at x10 GPa and above is quite rich
with a number of contradicting reports. In short, a variety of
different structural phases have been reported for Mg2Si at these
elevated pressures [1e5,16e18]. Considering their convex hull,
which is constructed from first-principles calculations, it was
.
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recently suggested [18] that between 6 GPa and 24 GPa, Mg9Si5 can
transform to Mg2Si, and vice versa, without energy cost. Further-
more, Mg5Si6 in their C2/m is thermodynamically stable at 12 GPa
and above [18]. Presumably, some sorts of internal pressure in the
AleMgeSi supersaturated solid solution may stabilize Mg9Si5 and
Mg5Si6. This may also be the reason behind the unclear picture of
high-pressure structural phases of Mg2Si.

This paper is designed to characterize Mg9Si5 and Mg5Si6 by
first-principles computations. Given that the phase diagram of
Mg2Si at high pressures remains largely unclear [18], we aim to
some comparisons between the X-ray diffraction (XRD) patterns,
the electronic structures, and the vibration-related properties of
these binaries with those of Mg2Si. We anticipate that the infor-
mation provided by this work may help to identify the actual bi-
naries of Mg and Si that are experimentally realized.
2. Calculation details

Calculations reported in this work were performed within the
density functional theory (DFT) formalism [19,20] as implemented
in Vienna Ab Initio Simulation Package (VASP) [21,22]. As described
elsewhere [18], we used the semilocal PerdeweBurkeeErnzerhof
functional [23] for the exchange-correlation energies, a 9 � 9 � 9
Monkhorst-Pack mesh [24] for sampling the Brillouin zone, and an
energy cutoff of 500 eV for the plane-wave basis set. For all the
National University, Hanoi. This is an open access article under the CC BY license
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Fig. 1. Convex hull constructed from the Gibbs free energy computed for Mg2Si,
Mg9Si5, and Mg5Si6 at 0 GPa (top row) and 15 GPa (bottom row). Three arrows placed
at x ¼ 0.455, 0.643, and 0.667 indicate the Mg composition of Mg5Si6, Mg9Si5, and
Mg2Si, respectively.
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structures, the cell and the atomic degrees of freedoms were
optimized until the residual forces become smaller than 10�2 eV/Å.
This setting typically leads to a convergence of less than 1 meV/
atom in the DFT total energy EDFT.

To examine the dynamical stability of the structures, their
phonon band structures were prepared with PHONOPY [25,26].
Within the suppercell approach implemented in this package,
atomic forces are calculated for the equilibrium structures with
certain displacements introduced. The dynamical matrix was then
constructed and diagonalized, returning the phonon dispersion
cirves in the k space. The XRD results were generated using FULLPROF

suite [27] while some fugures were rendered using VESTA [28].

3. Results and discussions

3.1. Materials structures and thermodynamic stability

According to Ref. [18], Mg5Si6 is thermodynamically stable at
12 GPa and above while Mg9Si5 and Mg2Si can co-exist between
6 GPa and 24 GPa. This assessment was based upon the enthalpy
calculated by DFT at zero temperature (T ¼ 0). We strive to char-
acterize Mg5Si6 andMg9Si5 at finite temperatures by computing the
Gibbs free energy as [29]

GðP; TÞ ¼ EDFT þ FvibðTÞ þ PV : (1)

here, P is the pressure and V is the volume of the simulation cell.
Fvib(T) is the vibrational free energy, which can be computed from
the phonon density of states g(u) as [29].

FvibðTÞ ¼ 3NkBT
Z∞

0

dugðuÞln
�
2 sinh

�
Zu

2kBT

��
: (2)

In this expression, 3N is the number of degrees of freedom, kB
the Boltzmann, and Z the reduced Planck constant. The phonon
density of states g(u) can be calculated when the phonon band
structure is determined in Section 3.3. We consider the thermo-
dynamic stability of the compounds at 0 GPa and 15 GPa. At 0 GPa,
Mg2Si is in the cubic Fm3m phase while at 15 GPa, it is in the
orthorhombic Pnma phase [18]. The lattice parameters of Mg5Si6
and Mg9Si5 obtained by DFT calculations at both 0 and 15 GPa are
also reported in Table 1.

We first show in Fig. 1 the convex hull constructed from the
Gibbs free energy calculated, taking the P63/mmc phase of Mg and
the Fd3m phase of Si as the reference. Results at 0 K are consistent
with those reported in Ref. [18]. At elevated temperatures (300 K
and 500 K), Mg2Si always lies on the straight line between Mg9Si5
and Si, indicating that even at finites temperatures, Mg9Si5 and
Mg2Si can transform from one to the other without energy cost.

Fig. 2 shows the simulated XRD patterns of Mg2Si, Mg9Si5, and
Mg5Si6 at 15 GPa, revealing a significant similarity within the region
between 35� and 50�. Mg2Si and Mg9Si5 have twomajor reflections
at 37� and 39� while Mg9Si5 and Mg5Si6 share a reflection at 48�.
However, there are also noticeable differences in other regions of
the XRD patterns. Therefore, although Mg2Si and Mg9Si5 are
Table 1
Structural parameters calculated for Mg9Si5 (P63/m phase) and Mg5Si6 (C2/m phase)
at 0 and 15 GPa.

Material P (GPa) a (Å) b (Å) c (Å) b (�)

Mg9Si5 0 7.08 7.08 12.11 90
Mg9Si5 15 6.71 6.71 11.44 90
Mg5Si6 0 14.91 4.08 6.80 110.2
Mg5Si6 15 14.26 3.87 6.39 109.1
essentially similar in terms of free energy, they may still be iden-
tified based upon carefully examining the measured XRD data.

3.2. Electronic structures

At zero pressure, Mg2Si is in its cubic Fm3m semiconducting
phase with a band gap of x0.7 eV [30]. Starting from about 6 GPa,
Mg2Si becomes metallic. It is therefore interesting to examine if
Mg9Si5 and Mg5Si6 are semiconducting or metallic at the pressures
that are expected to exist [18]. For this reason, we show in Fig. 3 the
calculated the electronic densities of states of the Pnma phase of
Mg2Si, the P63/m phase of Mg9Si5, and the C2/m phase of Mg5Si6 at
15 GPa. Clearly, all of these binaries are metallic at this pressure. We
anticipate that for the whole range of pressure inwhich Mg9Si5 and
Mg5Si6 may exist, they are also metallic. Further examination on
their transport properties may also be carried out by computations
as performed for Mg2Si in Ref. [18].

3.3. Vibrational properties

The lattice vibration of a crystal structure encodes some useful
information that is related to material properties. By examining the
phonon dispersions, one may access the dynamically stability of a
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Fig. 2. XRD patterns of Mg2Si (Pnma phase), Mg9Si5 (P63/m phase), and Mg5Si6 (C2/m
phase) at 15 GPa. Simulations were performed at the Cu Ka wavelength (1.54 Å).
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structural model. This step is now becoming increasingly relevant
as a number of structure models proposed theoretically and/or
experimentally are dynamically unstable [31]. While phonon
dispersion cuves may be measured by inelastic neutron scattering,
state-of-the-art computational techniques, especially those based
from DFT calculations, are now capable to obtain such the infor-
mation within the harmonic approximation. Although phonon
calculations are typically expensive, they are a quite common
practice, given that other important physical quantities, e.g., free
energies and heat capacity, can also be estimated from the obtained
results [18,29,31,32].

We show in Fig. 4 the phonon band structures calculated for
Mg9Si5 (P63/m phase) and Mg5Si6 (C2/m phase) at 0 and 15 GPa.
Because no imaginary phononmode could be found in the Brillouin
zones, one can conclude that both the P63/m phase of Mg9Si5 and
the C2/m phase of Mg5Si6 are dynamically stable at the pressures
Fig. 4. Phonon band structures of Mg9Si5 (P63/m phase, top row) and Mg5Si6 (C2/m
phase, bottom row) at 0 and 15 GPa.
examined. In other words, these structure models correspond to
the minima of the potential energy surface, and therefore could be
experimentally relevant. In addition, the expansion of the whole
dispersion structure from 0 GPa to 15 GPa is a natural consequence
of the structure compression under pressure.

From the obtained phonon dispersion curves, the constant
volume heat capacity Cv can also be computed as

CvðTÞ ¼ 3NkB

Z∞

0

dugðuÞ
�
Zu

kBT

�2 expðZu=kBTÞ
½expðZu=kBTÞ � 1�2

: (3)

In Fig. 5, Cv calculated for Mg9Si5, Mg5Si6, and Mg2Si at 15 GPa is
shown. It turns out that for high temperature, the heat capacities of
Mg9Si5, Mg5Si6, and Mg2Si are essentially similar. At about 100 K
and below, the specific heat Cv of Mg5Si6 is higher than that of
Mg9Si5 and Mg2Si by roughly 2%, a detectable quantities from the
experimental point of view.

4. Summary

We present a computational study on Mg9Si5 and Mg5Si6, the
binaries reported to co-exist with Mg2Si in some experiments. At
0 GPa and 15 GPa, these binaries are found to be thermodynami-
cally and dynamically stable. Especially, we confirm that within a
wide range of finite pressure and temperature, Mg2Si and Mg9Si5
are essentially equivalent in terms of free energy. Electronic
structure calculations reveal that similar to Mg2Si, both Mg9Si5 and
Mg5Si6 are metallic at 15 GPa. Although the XRD patterns of Mg9Si5
and Mg2Si share some noticeable reflections, we anticipate that the
computational descriptions may supply useful information for the
identification of these binaries in further experiments.
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