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Abstract

The metastable b00-Mg5Si6 phase is often the most effective hardening precipitate in Al-rich Al–Mg–Si alloys. Two important factors
that control the precipitate morphology are the strain energy and the interfacial energy between the precipitate and the matrix. By means
of a first-principles supercell approach and density functional theory calculations, we have studied the interfacial properties between
b00-Mg5Si6 and a-Al. We carefully construct a large number of interfacial cells in order to elucidate preferred interfacial terminations
and orientations, as well as atom alignment and intermixing across the interface. Each of the low-energy interfaces we found possesses
two key attributes: a high number of Al–Si bonds across the interface, and a face-centered cubic topological alignment of atoms across
those interfaces. Our first-principles results yield quantitative values for the interfacial energies, lattice mismatches and strain energies
that can be used in future predictions of precipitate morphologies as a function of size.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Precipitation hardening is utilized to strengthen a wide
variety of alloy systems. An example is the class of com-
mercially important Al–Mg–Si based alloys which are
strengthened by a number of metastable precipitate phases
[1–12], where the needle-shaped b00-Mg5Si6 precipitates are
often the main contributor to hardening [11]. Beginning
with the supersaturated solid solution (SSS), the generic
precipitation sequence in Al–Mg–Si alloys is generally
believed to be [12]:

SSS!Mg=Si clusters! Guinier-Preston zones! b00

! b0 ! b

In practice, the sequence can be even more complex
[1,3,10–14], and a number of other metastable phases, such
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as U2, U1 and B 0, may also form along with b 0, depending
on alloy composition and the heat treatment time and
temperature.

One of the key factors that control the mechanical prop-
erties of precipitate-hardened alloys is the precipitate mor-
phology, i.e. the size and shape of precipitates. In order to
predict [15,16] the precipitate microstructural evolution
and thus mechanical properties, it is critical that the ther-
modynamic driving forces and kinetic mechanisms that
lead to various precipitate shapes be understood.

The morphology of a precipitate is primarily deter-
mined by two competing energetic contributions, i.e. the
interfacial energy between the precipitate and the matrix
and the coherency elastic strain energy generated due to
the lattice mismatch between the precipitate and the
matrix. Obtaining these quantities directly from experi-
ments can be difficult due to the metastable nature of
many precipitates. For example, in many cases, including
b00-Mg5Si6, only the constrained lattice parameters are
available experimentally (e.g. from high-resolution trans-
mission electron microscopy (TEM) or diffraction
rights reserved.
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Fig. 1. The crystal structure of b00-Mg5Si6 (a) and its relation with a-Al
(b). Mg: green (small balls); Si: orange (large balls); Al: gray. The solid
balls show atoms at the paper surface and flat plates show atoms at bb00=2

(�0.2025 nm) into the paper surface. It can be seen that the one-to-one
atom correspondence can be assigned between the two parallelograms,
with only the Mg atom at the corner of the b00-Mg5Si6 parallelogram being
shifted bb00=2 if being compared the a-Al parallelogram. Note that the Mg
atom located at the ½100�b00 side of the b00-Mg5Si6 parallelogram is
equivalent to corner Mg atom by translational symmetry. (For interpre-
tation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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approaches [11,17]). But experimental data for stress-free
lattice parameters (and hence the lattice mismatch), as
well as elastic constants and interfacial energies, are not
typically available. First-principles total energy and crys-
tal structure calculations provide a computational tool
capable of giving quantitative predictions for these hard-
to-measure quantities.

The main objective of this paper is to search for low
energy interfaces between the b00-Mg5Si6 precipitate and
the a-Al matrix from a first-principles approach. Exten-
sive calculations were performed to examine the effects
of interfacial termination, atomic alignment and inter-
mixing [11], and interfacial orientations [18,19]. Though
interfacial energies have been previously calculated using
first-principles calculations in other systems (see e.g. [20–
23]), almost all of these previous calculations have been
focused on systems where both phases are high-symmetry
cubic phases, often with simple small-unit-cell crystal
structures. In contrast, the precipitate/matrix interfaces
studied in this work involve the relatively low-symmetry
monoclinic b00-Mg5Si6 precipitate with a complex stoichi-
ometry and crystal structure, and a high symmetry cubic
a-Al matrix. As a result of the complexity of this system,
there are a large number of degrees of freedom to con-
sider in constructing the interfaces, including where to
‘‘cut’’ the crystals of the matrix and precipitate and
how to ‘‘join’’ them – interfacial orientation, interfacial
termination, atom alignment and atomic arrangement
near the interface. In the following sections, the crystal
structure of b00-Mg5Si6, its relationship with a-Al (face-
centered cubic, fcc) and the supercell models for the
b00-Mg5Si6/a-Al interface are described. We then give
first-principles results for the interfacial energies and
strain energies, as well as the stress-free mismatch in
b00-Mg5Si6/a-Al. In addition, we investigate a recently
proposed model for one of the b00-Mg5Si6/a-Al interfaces
in which an intermixing tendency across this interface
has been deduced from high-resolution electron micros-
copy (HREM) and electron diffraction (ED) measure-
ments [11].

2. Crystal structures and interface models

2.1. Structural relationship between b00-Mg5Si6 and a-Al

Fig. 1 illustrates the structural similarity [11] between
b00-Mg5Si6 and fcc a-Al by showing a 22-atom supercell
of the a-Al fcc lattice in the form of a conventional mono-
clinic unit cell (CMUC) of b00-Mg5Si6. In this representa-
tion, the lattice vector bb00 ([01 0]) of the b00-Mg5Si6 is
parallel to the [001] axis of a-Al ðbb00 ¼ cAlÞ and the other
two lattice vectors of b00-Mg5Si6 are defined by
ab00 ¼ 2aAl þ 3bAl (i.e. the [230] direction in a-Al) and
cb00 ¼ �1:5aAl þ 0:5bAl (i.e. the ½�310� direction of a-Al).
As noted in Ref. [11], even a precise one-to-one atom map-
ping between b00-Mg5Si6 and a-Al can be obtained if one
shifts the corner Mg and ab00=2 Mg atoms by bb00=2.
2.2. Interfacial orientations

A reconstructed exit wave of a typical b00-Mg5Si6 needle
in a-Al by Andersen et al. [11] showed the existence of two
types of interfaces parallel to the needle axis bb00 (needle-i),
i.e. one parallel to the (10 0) crystal plane of b00-Mg5Si6 and
another parallel to the (001) crystal plane of b00-Mg5Si6.
Along with these two observed interfacial orientations,
for completeness, we assume a third interface be the plane
paralleling to the (010) crystal plane of b00-Mg5Si6 (needle-
^). The interfacial orientation relations for these three
types of interfaces are summarized as follows:

A : ð130ÞAlkð100Þb00 ðneedle-kÞ
B : ð001ÞAlkð010Þb00 ðneedle- ?Þ
C : ð�320ÞAlkð001Þb00 ðneedle-kÞ

where the labels A, B and C are used simply to reflect,
respectively, the interfacial orientation direction of b00-
Mg5Si6 for that interface.
3. Supercells

In our first-principles calculations, we adopt coherent
models along all interfacial orientations considered. Table 1
summarizes the interfacial orientations, alignments, termi-
nations and interfacial intermixing of all interfacial super-
cells considered in this paper.

The conventional monoclinic unit cell (CMUC) shown
in Fig. 1 is used as the ‘‘building block’’: the interfacial
supercells are built using multiple CMUC units, with
the 22 atoms of each CMUC having stoichiometries
Al22 or Mg10Si12 on either side of the interface. It should
be noted that if one shifts the corner Mg atom of b00-
Mg5Si6 (equivalent to the ab00=2 Mg atom) by bb00=2, the



Table 1
Description of interfacial cells constructeda

Supercell Orientation Alignment # Atoms Shift interface Equivalent interfaces # Al–Mg bonds # Al–Si bonds

X1 ð130ÞAlkð100Þb00 b00 44 N N 14 6
X2 ð130ÞAlkð100Þb00 b00 44 Y N 16 20
X3 ð130ÞAlkð100Þb00 b00 44 Y N 12 13
X4 ð130ÞAlkð100Þb00 b00 44 Y N 6 14
X5 ð130ÞAlkð100Þb00 Pre-b00 44 N N 11 9
X6 ð130ÞAlkð100Þb00 Pre-b00 44 Y N 23 22
X7 ð130ÞAlkð100Þb00 Pre-b00 44 Y N 16 16
X8 ð130ÞAlkð100Þb00 Pre-b00 44 Y Y 10 18
A1 ð130ÞAlkð100Þb00 b00 88 N N 16 6
A2 ð130ÞAlkð100Þb00 Pre-b00 88 N N 12 9
A8 ð130ÞAlk½100�b00 Pre-b00 88 Y Y 10 18
B1 ð001ÞAlkð010Þb00 b00 88 N Y 24 12
B2 ð001ÞAlkð010Þb00 Pre-b00 88 N Y 34 40
C1 ð�320ÞAlkð001Þb00 b00 88 N N 28 6
C2 ð�320ÞAlkð001Þb00 Pre-b00 88 N N 32 8
C3 ð�320ÞAlkð001Þb00 Pre-b00 88 Y N 38 44
C4 ð�320ÞAlkð001Þb00 Pre-b00 88 Y Y 28 36

a C3 is the only case where atom intermixing across interface is considered.
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resulting structure is the so-called pre-b00 phase [12,24]. If
one does not distinguish Mg and Si, the pre-b00 structure
is a distorted fcc structure. This type of topological struc-
ture is often called a ‘‘superstructure of fcc’’ [12,24]. How-
ever, the b00-Mg5Si6 is not a superstructure of fcc, and
therefore there is some ambiguity about how to align
the fcc a-Al CMUC to that of b00-Mg5Si6. In our calcula-
tions, two ways of aligning the atoms at the interface have
been considered for each interfacial orientation. They are
(i) the b00 alignment: the a-Al CMUC is positioned in a
way that its corner Al atom exactly replaces the corner
Mg of b00-Mg5Si6; and (ii) the pre-b00 or ‘‘fcc’’ alignment:
relative to (i), all of the a-Al CMUC atoms are shifted
by bb00=2.

3.1. Interfacial termination/position

Once the orientations and atom alignment have been
determined, it is still necessary to determine the interfacial
position of both phases on each side of the interface. In
other words, we must determine where to ‘‘cut’’ the
CMUCs and how to connect them together to construct
the supercell. Our studies on the effect of interfacial termi-
nation on the interfacial energies are focused on the inter-
facial orientations ð130ÞAlkð100Þb00 and ð�320ÞAlkð001Þb00 .
The interfacial orientation ð001ÞAlkð010Þb00 corresponds
to the small area interface at the top of the needle-shaped
precipitate, which we suspect is incoherent or partially
coherent, likely with a large interfacial energy; hence, we
did not try to optimize the termination.

3.2. Supercells used in searching for the optimized interfacial

termination for interfacial orientation ð1 30ÞAlkð1 00Þb00

For searching for the low energy terminations, we have
tried eight different supercells, labeled X1–X8, as illustrated
in Fig. 2 (by shifting the interfacial positions via systemat-
ically replacing the atoms on the b00-Mg5Si6 side with Al
atoms and compensating the a-Al side with those replaced
atoms from b00-Mg5Si6,). To accelerate this search, we use
relatively small supercells (44 atoms) and moderately con-
verged (‘‘PREC = Medium’’) VASP energetics for this pur-
pose, but check the lowest energy terminations with larger
supercells and more precise energetics, described below.
The supercells X1–X4 take the b00 alignment and the super-
cells X5–X8 take the pre-b00/fcc alignment.

3.3. Supercells used in searching for the optimized interfacial

termination for interfacial orientation ð�320ÞAlkð001Þb00

We have examined four terminations, labeled C1–C4, as
illustrated in Fig. 3. C1 takes the b00 alignment and all oth-
ers take the pre-b00/fcc alignment. We particularly note the
C3 interface, which is constructed via ‘‘intermixing’’ atoms
across the interface. Based on experimental observations
for the interfacial orientation ð�320ÞAlkð001Þb00 , Andersen
et al. [11] suggested a model where some of the Si atoms
in b00-Mg5Si6 may occupy positions in the a-Al matrix.
Via a careful examination of this model, we found that it
could equivalently be reproduced by replacing 4 Mg atoms
and 2 Si atoms from the b00-Mg5Si6 side with 6 Al atoms.
To build supercell C3, we swap 4 Mg atoms and 2 Si atoms
from the b00-Mg5Si6 side with 6 Al atoms from the a-Al
side. We note that performing these atomic swaps only
yields the atomic arrangements suggested by Andersen
et al. [11] for one (i.e. IF2 shown in Fig. 3 for C3) of the
two interfaces in the supercell.

3.4. Supercells used in calculating the interfacial energies

To obtain higher quantitative accuracy for the interfa-
cial energies, we use larger supercells (88 atoms), as shown



Fig. 2. Supercells used in searching for the low energy termination along orientation A ½ð130ÞAlkð100Þb00 �. Mg: green (small balls); Si: orange (large balls);
Al: gray. X1–X4 take the b00 alignment and X5–X8 take the pre-b00/fcc alignment. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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in Figs. 3–5. We performed calculations on supercells for
all three interfacial orientations described above:
ð�320ÞAlkð001Þb00 (needle-i, denoted by C1, C2, C3, and C4

in Fig. 3), ð13 0ÞAlkð10 0Þb00 (needle-i, denoted by A1, A2

and A8 in Fig. 4) and ð001ÞAlkð010Þb00 (needle-^, denoted
by B1 and B2 in Fig. 5). Considering various interfacial
alignments, solute intermixing configurations, and termina-
tions, we have constructed a total of nine interfacial super-
cells having 88 atoms, listed as A1, A2, A8, B1, B2, C1, C2,
C3 and C4. Among these supercells, A1 is a cell-doubled
version of supercell X1 and A8 is a cell-doubled version
of supercell X8.

3.5. Equivalency of the two interfaces in one supercell

Due to periodic boundary conditions, the constructed
supercell always contains two interfaces. The two interfaces
are either equivalent to one another or are not, depending
on the symmetry dictated by the termination of the crys-
tals. Fig. 6 is used to examine the local symmetry of b00-
Mg5Si6. We note two special planes: the first is marked
with ð�320ÞAlkð001Þb00 and the second is marked with
ð130ÞAlkð100Þb00 . If the b00-Mg5Si6 CMUC is cut along
one of these two planes, the two resulting surfaces are
equivalent by symmetry (the intersection of these two
planes yields an axis which contains an inversion center).

In our supercell models, X8, A8, B1, B2 and C4 contain
two equivalent interfaces (marked as IF1 and IF2 in Figs.
3–5). For X8, A8 and C4, the equivalence of the two inter-
faces is associated with the symmetry analysis of Fig. 6.
For B1 and B2, the equivalency can be observed by noting
the fact that the 11-atom layer arrangements of the pure
phases along the crystal orientation ½001�Alk½010�b00 are a
simple ABAB ðB ¼ Aþ bb00=2Þ type stacking of layers,
and the interface BAlAb00 is equivalent to the interface
Bb00AAl.

For the rest of the supercells employed in this work, the
two interfaces, IF1 and IF2, contained in one supercell are
not equivalent. The calculated interfacial energies are
therefore the averaged values between the two interfaces.
The use of non-equivalent interfaces is to preserve the stoi-
chiometry of b00-Mg5Si6, and is simply due to the symmetry
and crystal structure of the b00-Mg5Si6 phase. For insula-
tors, the use of non-equivalent interfaces can result in
charge transfer around an interface [25] (e.g. from the
matrix to the precipitate) or between the two interfaces,
which can create an interface dipole. In surface calculations
this situation is sometimes rectified by imposing an external
dipole field [26]. However, we assume that in metallic sys-
tems the long-range dipole–dipole interaction will be
screened out much more efficiently than in insulators.
Other solutions to the problem of two non-equivalent
interfaces dictated by stoichiometric concerns are possible,
via the use of chemical potentials [27,28]. However, our cal-
culated results (see below) show that the supercells contain-
ing two equivalent interfaces give quite low interfacial
energies. In comparison, the calculated interfacial energies
using supercells containing two non-equivalent interfaces
are quite high. Hence, we take the supercells with equiva-
lent interfaces as a good description of the preferred inter-
faces in this system, and do not try to rectify the problem of
inequivalent interfaces in our high-energy supercells.



Fig. 3. Supercells used in calculating the interfacial energies along orientation C ½ð�320ÞAlkð001Þb00 �. Mg: green (small balls); Si: orange (large balls); Al:
gray. C1: b00 alignment; the corner atom from matrix a-Al replaces exactly the corner Mg atom position of b00-Mg5Si6. C2: pre-b00/fcc alignment; relative to
supercell C1, the matrix Al atoms have been shifted bb00=2, which means the corner Al atom from matrix a-Al takes back the corresponding fcc position in
b00-Mg5Si6. C3: pre-b00/fcc alignment; in addition to C2, 4 Mg atoms and 2 Si atoms in the b00-Mg5Si6 side have swapped positions with the corresponding Al
atoms in the a-Al side. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. First-principles methodology

For our first-principles density functional theory calcu-
lations, we employ the Vienna ab initio simulation package
(VASP) [29–31] with Vanderbilt ultrasoft pseudopotentials
[32] and the generalized gradient approximation (GGA)
[33]. In order to obtain highly accurate and reliable ener-
getics, the energy cutoff is fixed to 188.3 eV, i.e. the highest
energy cutoff among Al, Mg and Si suggested by VASP
(using the input flag, ‘‘PREC = High’’). For the pseudopo-
tentials used, only the 3s3p orbitals are treated as valence.
Unless otherwise specified, all calculations are performed
including complete atomic relaxation of cell volume, cell
vectors, and cell-internal atomic positions.

In the stress-free calculations for pure phases, we use a
24 · 24 · 24 Monkhorst–Pack k-point grid for a-Al and an
8 · 24 · 16 grid for b00-Mg5Si6. For the supercells with 88
atoms used in calculating the interfacial properties, two sets
of k-points have been used, which we generically label
‘‘coarse’’ and ‘‘fine’’. The ‘‘coarse’’ k-point meshes are
2 · 14 · 7, 5 · 4 · 11 and 5 · 17 · 3 Monkhost–Pack
k-points for the interfacial orientation ð130ÞAlkð100Þb00 ,
ð0 01ÞAlkð0 10Þb00 and ð�320ÞAlkð001Þb00 , respectively. The
‘‘fine’’ k-point meshes are 2 · 24 · 16, 8 · 6 · 16 and
8 · 24 · 4 gamma-centered k-points for interfacial orienta-
tions ð130ÞAlkð100Þb00 , ð001ÞAlkð010Þb00 and ð�320ÞAlk
ð0 01Þb00 , respectively. The ‘‘fine’’ k-point is more ‘‘shape-
matched’’ for the various supercell shapes, i.e. closer to
a*ka @ b*kb @ c*kc (ka, kb and kc represent the number of
k-points, respectively, along the three directions of lattice
vectors, ab00 , bb00 and cb00). We have used the ‘‘fine’’ k-point
to refine atomically relaxed structures from the ‘‘coarse’’ sets,
as well as to check the convergence of the ‘‘coarse’’ set. For
the supercells with 44 atoms used to search for low-energy
terminations for the interfacial orientation (130)Ali(100)b,
we used a 3 · 17 · 11 Monkhost–Pack k-point mesh.

5. Separation of interfacial and strain energies from

first-principles supercell results

The formation energy of our supercells is defined as the
energy difference between that of the supercell (containing



Fig. 4. Supercells used in calculating the interfacial energies along orientation A ½ð130ÞAlkð100Þb00 �. Mg: green (small balls); Si: orange (large balls); Al:
gray. A1: b00 alignment; the corner Mg atom of b00-Mg5Si6 is replaced by Al. A2: pre-b00/fcc alignment; relative to supercell A1, the matrix Al atoms have
been shifted bb00=2, which means the corner Al atom from matrix a-Al takes back the correspondent fcc position in b00-Mg5Si6. A8: pre-b00/fcc alignment;
relative to supercell A2, the interfacial position has been moved so that the bonds at the interfaces are formed by Al–Si. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Supercells used in calculating the interfacial energies along
orientation B ((010) crystal plane of b00, ð001ÞAlkð010Þb00 ). Mg: green
(small balls); Si: orange (large balls); Al: gray. B1: b00 alignment; the corner
atom from matrix a-Al replaces exactly the corner Mg atom position of
b00-Mg5Si6. B2: pre-b00/fcc alignment; relative to supercell B1, the matrix Al
atoms at 0 and 1/2 in the bb00 direction have switched their positions. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Crystal structure of b00-Mg5Si6, showing the axis containing the
inversion center, and the two planes where the crystal can be cut to obtain
two equivalent interfaces in the supercells.
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the interface) and the energy of the pure ‘‘constituents’’, a-
Al or b00-Mg5Si6. However, this energy difference contains
not only the interfacial energy, but also the coherency
strain energy required to deform the constituents from
their stress-free states. To reliably extract the interfacial
energy, one must separate the contribution of coherency
strain. The separation procedure is described below.
5.1. Energies of formation

We begin with the formula for the energy of formation
of an interfacial supercell. Using A and B to represent a-
Al and b00-Mg5Si6, respectively, the energy of formation,
Ef, for an interfacial supercell with N atoms is given by

Ef ¼ EAB � xNEA � ð1� xÞNEB; ð1Þ

where EAB represents the total energy of the supercell. x in
Eq. (1) represents the phase fraction of A (x = 1 � x = 0.5
in this work since all our supercells contain equal fractions
of A and B). EA and EB in Eq. (1) represent the energy per
atom of the fully relaxed A and B structures (stress-free),
i.e. the energy is minimized with respect to volume, internal
atomic positions, and cell shape or bond angles. The for-
mation energy as defined in Eq. (1) thus contains both con-
tributions from the interfacial energy, as well as the elastic
strain energy from the lattice mismatch between A and B.
Specifically, the energy of formation of Eq. (1) can be ex-
pressed as [34,35]:

Ef

N
¼ 2Sr

N
þ f ð2Þ

where S represents the area of the interface, r is the inter-
facial energy per unit area and f is the strain energy per
atom. (The factor of two is due to the fact that there are
two interfaces per supercell.)



Table 2
Calculated energetics for different k-point meshes

Supercell k-point
mesh

Energy of
formation
(kJ mol at�1)

Strain energy
(kJ mol at�1)

Interfacial
energy
(mJ m�2)

A1 2 · 7 · 14 1.98 0.82 316
A1

a 2 · 16 · 24 2.05 0.90 313
B1 5 · 11 · 4 4.95 1.20 286
B1

a 8 · 16 · 6 4.94 1.18 287
B2 5 · 11 · 4 4.92 0.76 321
B2

a 8 · 16 · 6 4.97 0.74 327
C3 5 · 3 · 17 2.67 0.39 276
C3

a 8 · 4 · 24 2.70 0.42 276

a Refined calculations using denser k-point meshes.
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5.2. Separation of interfacial energy from strain energy

For a completely coherent interface, the strain energy
plays a crucial role since it is proportional to the total vol-
ume, whereas the interfacial energy is only proportional to
the cross-sectional area of the supercell. There are two
approaches to separate these two contributions, linear fit-
ting and direct calculations.

Linear fitting: One way to extract the interfacial/strain
energy from the supercell formation energy of Eq. (1) is
to calculate energetics for a series of supercells with increas-
ing size N, then fit these energetics to the expression of Eq.
(2), which is linear in 1/N [34,35]. In Eq. (2), it is assumed
that the elastic deformations of A and B in the supercells
are constant as the size of the supercells increases. There-
fore, by fitting a series of calculated values of Ef verses
the inverse of the supercell size, 1/N, one can extract the
interfacial energy from the slope of the fitted line, and
the y-intercept gives the strain energy [35].

Though this method is quite straightforward in princi-
ple, it can be computationally demanding in practice as it
requires a series of increasingly larger supercell calcula-
tions. For the interfacial system between b00-Mg5Si6 and
a-Al in the present work, the smallest supercell consists of 44
atoms. Due to the complexity of the system, we found
this linear fitting method to be computationally
prohibitive.

Direct calculation: We can illustrate an alternative,
direct method of separating strain and interfacial energies
via the following imaginary two-step process: first, both
the bulk crystal structures of the precipitate and the matrix
are individually deformed (but not brought together) from
their stress-free states to their stressed states in the interfa-
cial geometry. That is, the two lattice vectors along the
interfacial plane are strained to match one another while
the supercells are allowed to relax along the direction of
the third lattice vector. The energy difference between this
deformed state and the stress-free state gives the strain
energy upon forming a coherent interface. Second, the
two perfect crystals are then broken along the interfacial
orientation plane and joined together to form an interface.
The energy associated with this second process corresponds
to the interfacial energy. Specifically, in this work, we car-
ried out the separation of interfacial energy and elastic
strain energy using the following process:

(1) Assuming the interface is along the plane containing
both lattice vector b and lattice vector c, we first calculate
the total energy of the interface supercell with full atomic
and cell-vector relaxations. The obtained total energy is
denoted as EAl=b00 (a, b, c) with a, b and c representing the
relaxed lattice vectors.

(2) We then adopt a supercell with the same shape and
number of atoms as step 1, but consisting of either pure
a-Al or pure b00-Mg5Si6, but not both. (We also use the
same k-point and energy cutoff as in step 1.) We then fix
the two lattice vectors, b and c, which lie in the interfacial
plane of step 1, as well as the monoclinic angle, while relax-
ing the cell only along the direction of lattice vector a. For
the b00-Mg5Si6 phase, we also relax all cell-internal atomic
positions (for a-Al, there are no cell-internal degrees of
freedom by symmetry). The total energies obtained for
the constrained a-Al and b00-Mg5Si6 are labeled EAl(a)
and Eb00 ðaÞ. The interfacial energy is then calculated as

r ¼ EAl=b00 ða; b; cÞ �
1

2
½EAlðaÞ þ Eb00 ðaÞ�

� ��
2S ð3Þ

where again, the factor 2 in the denominator arises from
the fact that the use of periodic boundary conditions results
in two interfaces in the supercell. Once the interfacial en-
ergy, r, is obtained using Eq. (3), the strain energy can
be obtained through Eq. (2) using Ef calculated by means
of Eq. (1).
6. Results and discussion

6.1. Convergence with respect to k-points

We begin the discussion of our results with an analysis
of the convergence of the calculations with respect to the
k-points. For four selected supercells, i.e. A1, B1, B2 and
C3, we have studied the effect of the k-point mesh on ener-
getic and structural properties. Table 2 gives the effects of
k-point mesh on the calculated energies of formation,
strain energies and interfacial energies. Table 3 contains
the k-point convergence tests for the calculated lattice
parameters, including the bond angle b between lattice vec-
tor ab00 and cb00 . It is found that the differences between the
‘‘coarse’’ and ‘‘fine’’ sets of k-points are less than 2% for
interfacial energies and less than 0.1% for the lattice
parameters. Therefore, we conclude that the calculations
are converged using either set of k-points.

6.2. Lattice mismatch

The term ‘‘lattice mismatch’’ refers to the stress-free lat-
tice parameter difference between the precipitate and the
matrix. Because b00-Mg5Si6 is a metastable phase (which
even has a positive formation energy [24] within GGA), it



Table 3
Calculated lattice parameters for different k-point meshes

Supercell a (nm) b (nm) c (nm) b (�)a

Alb 1.459 0.4047 0.6398 105.3
Expt.c 1.460 0.4050 0.6403 105.3
b00 1.512 0.4084 0.6928 110.5
Expt.d 1.516 0.405 0.674 105.3
A1 1.487 · 4 0.4061 0.6624 104.8
A1

e 1.485 · 4 0.4070 0.6615 104.8
B1 1.506 0.4208 · 4 0.6813 110.9
B1

e 1.505 0.4210 · 4 0.6809 110.8
B2 1.495 0.4101 · 4 0.6667 108.2
B2

e 1.490 0.4116 · 4 0.6647 107.7
C3 1.497 0.4024 0.6703 · 4 107.5
C3

e 1.497 0.4022 0.6703 · 4 107.5

a Angle between the lattice vectors ab00 and cb00 .
b Lattice parameters of a-Al when the 22-atom monoclinic b00-Mg5Si6

supercell is adopted (see text).
c These numbers are deduced based on the experimental values for pure

a-Al [36].
d The experimental values for constrained b00-Mg5Si6 precipitate [12] in

an a-Al matrix.
e Refined calculations using denser k-point mesh.

Table 4
First-principles calculated energetics for the different b00-Mg5Si6/a-Al
interfacial supercells

Supercell Energy of formation
(kJ mol at�1)

Strain energy
(kJ mol at�1)

Interfacial energy
(mJ m�2)

X1 3.45 1.61 251
X8 1.54 0.65 123
A1 1.98 0.82 316
A2 2.19 0.55 449
A8 1.06 0.61 124
B1 4.95 1.20 286
B2 4.92 0.76 321
C1 3.64 0.70 361
C2 3.78 0.62 392
C3 2.67 0.39 276
C4 1.27 0.45 100

Table 5
First-principles calculated lattice parameters for the different b00-Mg5Si6/a-Al
interfacial supercellsa

Supercell a (nm) b (nm) c (nm) b (�)

X1 1.4950 · 2 0.4068 0.6588 102.3
X8 1.498 · 2 0.4040 0.6568 106.2
A1 1.487 · 4 0.4061 0.6624 104.8
A2 1.514 · 4 0.4035 0.6603 107.1
A8 1.494 · 4 0.4046 0.6591 106.5
B1 1.506 0.4208 · 4 0.6813 110.9
B2 1.495 0.4101 · 4 0.6667 108.2
C1 1.477 0.4029 0.6958 · 4 105.3
C2 1.481 0.3977 0.7038 · 4 108.0
C3 1.497 0.4024 0.6703 · 4 107.5
C4 1.483 0.4052 0.6651 · 4 106.8

a See Table 2 for an explanation of the various lattice parameters.
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is virtually impossible to experimentally obtain a bulk crys-
tal of b00-Mg5Si6, and thereby to observe the stress-free lat-
tice parameters of b00-Mg5Si6. But, from our first-principles
calculations, we can compute quantitative values of the lat-
tice mismatch.

For pure a-Al, our calculated fcc lattice constant is
0.4047 nm, which is almost identical to the measured
room temperature value of 0.405 nm [36]. For b00-Mg5Si6,
our stress-free calculated lattice constants are ab00 ¼
1:5118 nm, bb00 ¼ 0:4084 nm and cb00 ¼ 0:6928 nm. From
these data, the deduced theoretical lattice mismatches
between a-Al and b00-Mg5Si6 are +3.6%, +0.9% and
+8.3%, respectively, along the three lattice directions ab00 ,
bb00 and cb00 . It is interesting to note that the direction in
which the b00-Mg5Si6 precipitates are observed to be fully
coherent (along the bb00 axis) is the lattice constant pre-
dicted by first-principles to have the lowest lattice
mismatch.

6.3. Effects of supercell size

For supercells with periodic boundary conditions, the
interaction between the periodic images of the supercell
could affect both the interfacial energy and strain energy,
as well as the structural properties. As an example, we
discuss the effect of supercell size on the interfacial energies
for the orientation ð13 0ÞAlkð10 0Þb00 . We compare a 44-
atom supercell X1 with a 88-atom supercell A1 and a
44-atom supercell X8 with a 88-atom supercell A8.

Supercells X1 and A1 have the b00 alignment. If a super-
cell is sufficiently large, the calculated interfacial energy
should not be dependent on the supercell size. However,
a comparison between X1 and A1 demonstrates significant
differences in the calculated interfacial energy and strain
energy. As the supercell is doubled, the strain energy per
mol atom is decreased while the interfacial energy is
increased (see Table 4). The decrease in the strain energy
per mol atom can be understood by the change of bond
angle b listed in Table 5 from supercells X1 (102.3�) to
A1 (104.8�). The bond angle b = 102.3� for supercell X1

is quite small compared with the pure phases (110.5� for
b00-Mg5Si6 and 105.3� for a-Al).

On the other hand, supercells X8 and A8 have the pre-
b00/fcc alignment. In contrast to the comparison between
X1 and A1, comparison between X8 and A8 shows very lit-
tle size effect, as can be seen in Tables 4 and 5. The interfa-
cial energy, strain energy, bond angle b and in-plane lattice
parameters (see Table 5) are roughly unchanged as the
supercell is doubled from X8 to A8.

6.4. Interfacial energies

The calculated energies of formation, strain (elastic)
energies and interfacial energies are summarized for all
supercells in Table 4. There is quite a strong variation in
interfacial energies for the supercells considered, with the
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difference between the highest and lowest interfacial ener-
gies of about a factor of �3. In general, the supercells con-
taining two equivalent interfaces are lower in energy. For
the experimentally observed interfaces (needle-i),
ð�320ÞAlkð001Þb00 and ð130ÞAlkð100Þb00 , the lowest calcu-
lated interfacial energies are 1 00 and 124 mJ m�2 from
cells C4 and A8, respectively. In contrast, the calculated
interfacial energies at the needle top, ð001ÞAlkð010Þb00 (nee-
dle-^), are much larger, on the order of �300 mJ m�2. The
calculated strain energy for the two needle-i interfaces is
0.61 kJ mol at�1 for A8 and 0.45 kJ mol at�1 for C4, which
are also lower than those for the needle-^ interface calcu-
lated through B1 and B2.

Two of the important factors that determine the inter-
facial energy of an interface are the interfacial alignment
and interfacial termination. Our results indicate that the
pre-b00/fcc alignment as well as maximizing the difference
between the number of Al–Si bonds and the number of
Al–Mg bonds both lead to both low interfacial energies
and low strain energies. From Tables 1 and 4 one can find
that all of the low strain energy supercells, i.e. X8, A2, A8,
B2, C2, C3 and C4, have the pre-b00/fcc alignment. For all
the ð130ÞAlkð100Þb00 interfaces considered, the lowest
energy supercell A8 contains the highest difference
between the number of Al–Si bonds and the number of
Al–Mg bonds. Similarly, for all the ð�320ÞAlkð001Þb00 inter-
faces, the one (C4) with the largest difference between the
number of Al–Si bonds and the number of Al–Mg bonds
results in the lowest interfacial energy. To make these
arguments more quantitative, we also list the number of
Al–Mg and Al–Si bonds across the interface for each of
the supercell considered in Table 1. Recent first-principles
calculations of Mg, Si and other impurities in a-Al by
Wolverton and Ozolins [37] also showed a similar order-
ing tendency of Al–Si bonds relative to Al–Mg bonds in
the fcc geometry. With respect to the fcc lattice, they
found that Si impurities in Al have negative formation
energies while Mg impurities have positive formation
energies. These ordering tendencies from bulk impurities
are consistent with the interfacial ordering tendencies
deduce in the present work.

Next, we discuss the results in more detail below for
each of the three specific interfacial orientations.

Interfacial orientation ð130ÞAlkð100Þb00 : for this interfa-
cial orientation, we have considered eight supercells with
44 atoms, labeled X1–X8, and three supercells having 88
atoms, labeled A1, A2 and A8. The small supercells
X1–X8 are adopted for the purpose of searching for the
low energy interfacial termination/position. Note that the
only difference between A2 and A8 is the interfacial posi-
tion, where the A8 supercell contains an enhanced number
of Al–Si bonds across the interface. Of all these termina-
tions, we find that supercells X8 and A8 give the lowest
interfacial energy, of �124 mJ m�2. Supercell A2 leads to
the highest interfacial energy, of �449 mJ m�2.

Even though interface A8 is energetically preferred, it is
still interesting to compare the energies for cells A2 and A1,
since the difference between these cells lies solely in the
interfacial alignment. The division of formation energy
into strain and interfacial contributions is quite different
in the two cases: the supercell A1 has lower interfacial
energy while the supercell A2 has lower strain energy (see
Table 4). The difference in strain energy between supercell
A1 and supercell A2 can be understood by the supercell
shape changes; for example, the bond angle b is found to
be changed from 104.8� to 107.1� between supercell A1

and supercell A2 (see Table 5). The supercell shape changes
from A1 to A2 demonstrate the effects of interfacial
alignment.

Interfacial orientation ð001ÞAlkð01; 0Þb00 : this interfacial
orientation corresponds to the observed interface for the
small area between the needle top of b00-Mg5Si6 precipitate
and a-Al. Thus, from the observed needle-shaped morphol-
ogies of b00 precipitates, one might expect that this interfa-
cial orientation should have a substantially larger
interfacial or strain energy (or both) than the other two.
Indeed, this interfacial orientation gives (Table 4) forma-
tion energies that are quite high compared with the forma-
tion energy from interfacial orientation ð�320ÞAlkð001Þb00 or
ð1 30ÞAlkð1 00Þb00 . The pre-b00/fcc alignment seems to offer
some lowering of the strain energy relative to the b00 align-
ment, but at the expense of a higher interfacial energy. We
also note that the observed precipitate lattice parameters
indicate that this interface is not coherent, whereas our cal-
culations correspond to a coherent interface. Breaking
coherency with the lattice for this interface would likely
reduce the strain energy, at the expense of an increase in
the interfacial energies. Thus, we suggest that our calcu-
lated energies for coherent ð001ÞAlkð010Þb00 interface repre-
sent an upper bound to the true strain energy and a lower
bound to the true interfacial energy.

Interfacial orientation ð�320ÞAlkð001Þb00 : we have four
supercells for this interfacial orientation, C1, C2, C3 and
C4, as listed in Table 4. As mentioned above, the C2 is dif-
ferent from C1 only in the interfacial alignment, while in
C3, we have swapped the positions of six pairs of atoms rel-
ative to C2. We note that C4 contains the largest difference
between Al–Si and Al–Mg bonds and also contains two
equivalent interfaces.

Just as found for the other two interfacial orientations,
in going from b00 to pre-b00/fcc alignment (C1 to C2), the
strain energy is decreased slightly while the interfacial
energy is increased slightly. However, these effects compen-
sate one another to a great extent, giving similar formation
energies. On the other hand, supercell C3 with solute inter-
mixing across the interface results in relatively lower inter-
facial energy and significantly lower strain energy when
compared with C1 or C2. To a certain extent, our results
for C3 support the experimental results of Andersen et al.
[11], that the atomic position intermixing near the interface
plays a role in the energetically preferred interfacial geom-
etry. However, we reiterate that only one of the two inter-
faces (IF2) in supercell C3 is equal to the model proposed
by Andersen et al. [11], and thus the calculated interfacial



Table A1
Atomic positions for interfacial supercell A8 (see Table 5 for the calculated
lattice parameters)

Indexa Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

2 Mg 0.2518 0.9970 0.0000 22 Mg–Si 0.259
3 Mg 0.1232 0.0030 0.5000 26 Mg–Si 0.259
1 Mg 0.9956 0.0218 0.0000 21 Mg–Si 0.262
4 Mg 0.3794 0.9782 0.5000 27 Mg–Si 0.262
9 Mg 0.4216 0.9045 0.0000 24 Mg–Si 0.277

19 Mg 0.9534 0.0955 0.5000 43 Mg–Si 0.277
7 Mg 0.2121 0.0681 0.5000 25 Mg–Si 0.280
8 Mg 0.1629 0.9319 0.0000 23 Mg–Si 0.280

16 Mg 0.4007 0.3605 0.0000 31 Mg–Si 0.280
20 Mg 0.9743 0.6395 0.5000 42 Mg–Si 0.280
5 Mg 0.0835 0.0746 0.0000 26 Mg–Si 0.281
6 Mg 0.3409 0.0604 0.0000 27 Mg–Si 0.281

10 Mg 0.0341 0.9396 0.5000 21 Mg–Si 0.281
11 Mg 0.2915 0.9254 0.5000 22 Mg–Si 0.281
14 Mg 0.2317 0.6286 0.5000 22 Mg–Si 0.286
15 Mg 0.1433 0.3714 0.0000 26 Mg–Si 0.286
12 Mg 0.1029 0.6344 0.0000 23 Mg–Si 0.287
13 Mg 0.3609 0.6168 0.0000 27 Mg–Si 0.287
17 Mg 0.0141 0.3832 0.5000 21 Mg–Si 0.287
18 Mg 0.2721 0.3656 0.5000 25 Mg–Si 0.287
22 Si 0.2664 0.6625 0.0000 25 Si–Si 0.238
23 Si 0.1379 0.6691 0.5000 26 Si–Si 0.238
25 Si 0.2371 0.3309 0.0000 22 Si–Si 0.238
26 Si 0.1086 0.3375 0.5000 23 Si–Si 0.238
21 Si 0.0090 0.6760 0.0000 35 Si–Si 0.239
27 Si 0.3660 0.3240 0.5000 41 Si–Si 0.239
35 Si 0.0479 0.6447 0.0000 21 Si–Si 0.239
36 Si 0.3052 0.6294 0.0000 22 Si–Si 0.239
37 Si 0.1767 0.6365 0.5000 23 Si–Si 0.239
39 Si 0.1983 0.3635 0.0000 25 Si–Si 0.239
40 Si 0.0698 0.3706 0.5000 26 Si–Si 0.239

(continued on next page)
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energy in Table 4 represents the average of the interfacial
energies of IF1 and IF2.

The most meaningful results are from C4. C4 produces a
surprisingly low interfacial energy of 100 mJ m�2, while its
strain energy is also lower than that of the energetically pre-
ferred A8 for the interfacial orientation ð130ÞAlkð100Þb00 .
The value of 100 mJ m�2 for C4 and the value of 124 mJ m�2

for A8 are even lower than the calculated interfacial energy of
170 mJ m�2 for the coherent interface of h 0-Al2Cu precipi-
tates in a-Al [21,35]. We note that the energetically preferred
terminations C4 and A8 both have the fcc topological align-
ment of atoms across the interfaces and have a large number
of Al–Si bonds. We suspect that if one could intermix the
atoms at interface IF1 in C3 to also yield a larger number
of Al–Si bonds, we might reduce the calculated interfacial
energy for C3 even further, perhaps even down to the value
similar to those of C4 and A8.

6.5. Relaxed atomic coordinates

To help interested readers in reconstructing our interfa-
cial supercells, we give in Tables A1–A5 of the Appendix
the relaxed atomic coordinates, nearest neighboring atom
coordination and bond distances for the low-energy super-
cells A8, C4 and C3, as well as B1 and B2.

7. Summary

We have calculated interfacial energies, strain energies
and lattice mismatches for the interfacial system b00-
Mg5Si6/a-Al. Our study involved three types of interfacial
orientations between b00-Mg5Si6 and a-Al, namely,
ð130ÞAlkð100Þb00 , ð001ÞAlkð010Þb00 and ð�320ÞAlkð001Þb00 .
In each case, we find that the low-energy interfaces possess
two key attributes in common: a large number of Al–Si
bonds and an alignment across the interface with a pre-
b00/fcc topology.

The calculated interfacial energies for these three inter-
facial orientations are in the range 100–449 mJ m�2, with
low energies occurring for two interfacial orientations,
ð�320ÞAlkð001Þb00 and ð130ÞAlkð100Þb00 , and a relatively high
energy for interfacial orientation ð0 01ÞAlkð0 10Þb00 . For
interfaces with interfacial orientations ð�320ÞAlkð001Þb00
and ð13 0ÞAlkð10 0Þb00 , the lowest energies are found for
the terminations chosen so as to maximize the difference
between the number of Al–Si bonds and the number of
Al–Mg bonds across the interfaces. We believe that the for-
mation of more Al–Si bonds is the main reason for the
energy lowering.

The generic finding of two low-energy orientations and a
third higher-energy orientation is consistent with the
observed needle-shaped morphology of b00-Mg5Si6 precipi-
tates. However, we note that the interfacial anisotropy
alone cannot explain the observed large aspect ratios of
the observed needle-shaped precipitates in this system.
Hence, strain and other anisotropies must be adequately
accounted for in a quantitative prediction of b00-Mg5Si6
precipitate shapes. Such a quantitative study using first-
principles energetics is forthcoming.
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Table A1 (continued)

Indexa Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

41 Si 0.3271 0.3553 0.5000 27 Si–Si 0.239
24 Si 0.3969 0.6501 0.5000 27 Si–Si 0.240
43 Si 0.9781 0.3499 0.0000 21 Si–Si 0.240
28 Si 0.0447 0.2649 0.0000 35 Si–Si 0.245
34 Si 0.3303 0.7351 0.5000 41 Si–Si 0.245
29 Si 0.3015 0.2460 0.0000 36 Si–Si 0.247
30 Si 0.1729 0.2541 0.5000 37 Si–Si 0.247
32 Si 0.2021 0.7459 0.0000 39 Si–Si 0.247
33 Si 0.0735 0.7540 0.5000 40 Si–Si 0.247
38 Si 0.4396 0.6373 0.5000 24 Si–Si 0.258
44 Si 0.9354 0.3627 0.0000 43 Si–Si 0.258
60 Al 0.8804 0.7212 0.5000 63 Al–Al 0.278
86 Al 0.4946 0.2788 0.0000 88 Al–Al 0.278
54 Al 0.8580 0.2642 0.5000 78 Al–Al 0.279
67 Al 0.5170 0.7358 0.0000 85 Al–Al 0.279
78 Al 0.8898 0.4402 0.0000 54 Al–Al 0.279
85 Al 0.4852 0.5598 0.5000 67 Al–Al 0.279
45 Al 0.5054 0.0027 0.5000 85 Al–Al 0.282
74 Al 0.8696 0.9973 0.0000 78 Al–Al 0.282
47 Al 0.5281 0.4592 0.5000 85 Al–Al 0.283
50 Al 0.8143 0.3588 0.5000 76 Al–Al 0.283
71 Al 0.5607 0.6412 0.0000 47 Al–Al 0.283
76 Al 0.8469 0.5408 0.0000 78 Al–Al 0.283
46 Al 0.7482 0.9972 0.5000 66 Al–Al 0.284
48 Al 0.7702 0.4509 0.5000 72 Al–Al 0.284
49 Al 0.5718 0.3683 0.5000 47 Al–Al 0.284
51 Al 0.5500 0.9154 0.5000 69 Al–Al 0.284
52 Al 0.7921 0.9042 0.5000 70 Al–Al 0.284
53 Al 0.6159 0.2764 0.5000 77 Al–Al 0.284
55 Al 0.5939 0.8227 0.5000 73 Al–Al 0.284
57 Al 0.6600 0.1824 0.5000 79 Al–Al 0.284
59 Al 0.6379 0.7296 0.5000 81 Al–Al 0.284
61 Al 0.7040 0.0905 0.5000 82 Al–Al 0.284
62 Al 0.6820 0.6364 0.5000 83 Al–Al 0.284
64 Al 0.7261 0.5440 0.5000 68 Al–Al 0.284
66 Al 0.7811 0.1773 0.0000 46 Al–Al 0.284
68 Al 0.7591 0.7236 0.0000 64 Al–Al 0.284
69 Al 0.5829 0.0958 0.0000 51 Al–Al 0.284
70 Al 0.8250 0.0846 0.0000 52 Al–Al 0.284
72 Al 0.8032 0.6317 0.0000 76 Al–Al 0.284
73 Al 0.6268 0.0028 0.0000 55 Al–Al 0.284
75 Al 0.6048 0.5491 0.0000 49 Al–Al 0.284
77 Al 0.6489 0.4560 0.0000 53 Al–Al 0.284
79 Al 0.6930 0.3636 0.0000 57 Al–Al 0.284
81 Al 0.6710 0.9095 0.0000 59 Al–Al 0.284
82 Al 0.7371 0.2704 0.0000 61 Al–Al 0.284
83 Al 0.7150 0.8176 0.0000 62 Al–Al 0.284
56 Al 0.8365 0.8152 0.5000 74 Al–Al 0.285
65 Al 0.5385 0.1848 0.0000 45 Al–Al 0.285
31 Si 0.4255 0.2243 0.5000 84 Si–Al 0.256
42 Si 0.9495 0.7757 0.0000 80 Si–Al 0.256
80 Al 0.9129 0.9053 0.0000 42 Al–Si 0.256
84 Al 0.4621 0.0947 0.5000 31 Al–Si 0.256
63 Al 0.9223 0.6158 0.5000 42 Al–Si 0.262
88 Al 0.4527 0.3842 0.0000 31 Al–Si 0.262
58 Al 0.9052 0.1801 0.5000 44 Al–Si 0.275
87 Al 0.4698 0.8199 0.0000 38 Al–Si 0.275

a The label ‘‘Index’’ is used to label the atom position.

Table A2
Atomic positions for interfacial supercell C3

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

2 Mg 0.0080 0.2579 0.0000 26 Mg–Si 0.270
4 Mg 0.5080 0.2579 0.5000 28 Mg–Si 0.270
1 Mg 0.0153 0.9983 0.0000 25 Mg–Si 0.271
3 Mg 0.5153 0.9983 0.5000 27 Mg–Si 0.271

11 Mg 0.4319 0.1619 0.0000 23 Mg–Si 0.278
12 Mg 0.9319 0.1619 0.5000 21 Mg–Si 0.278
13 Mg 0.5883 0.0941 0.0000 27 Mg–Si 0.279
15 Mg 0.0883 0.0941 0.5000 25 Mg–Si 0.279
5 Mg 0.3556 0.0165 0.0000 27 Mg–Si 0.282
7 Mg 0.8556 0.0165 0.5000 25 Mg–Si 0.282
9 Mg 0.6643 0.2387 0.0000 23 Mg–Si 0.283

10 Mg 0.1643 0.2387 0.5000 21 Mg–Si 0.283
14 Mg 0.5905 0.3555 0.0000 28 Mg–Si 0.284
16 Mg 0.0905 0.3555 0.5000 26 Mg–Si 0.284
19 Mg 0.1704 0.9779 0.5000 43 Mg–Si 0.286
20 Mg 0.6704 0.9779 0.0000 44 Mg–Si 0.286
6 Mg 0.3498 0.2728 0.0000 28 Mg–Si 0.289
8 Mg 0.8498 0.2728 0.5000 26 Mg–Si 0.289

21 Si 0.0639 0.1706 0.0000 35 Si–Si 0.238
23 Si 0.5639 0.1706 0.5000 37 Si–Si 0.238
35 Si 0.2167 0.1605 0.0000 21 Si–Si 0.238
37 Si 0.7167 0.1605 0.5000 23 Si–Si 0.238
25 Si 0.9554 0.0841 0.0000 39 Si–Si 0.239
27 Si 0.4554 0.0841 0.5000 41 Si–Si 0.239
39 Si 0.8028 0.0949 0.0000 25 Si–Si 0.239
41 Si 0.3028 0.0949 0.5000 27 Si–Si 0.239
26 Si 0.9526 0.3449 0.0000 40 Si–Si 0.241
28 Si 0.4526 0.3449 0.5000 42 Si–Si 0.241
40 Si 0.7953 0.3508 0.0000 26 Si–Si 0.241
42 Si 0.2953 0.3508 0.5000 28 Si–Si 0.241
29 Si 0.2053 0.0649 0.0000 41 Si–Si 0.247
30 Si 0.1988 0.3196 0.0000 42 Si–Si 0.247
31 Si 0.7053 0.0649 0.5000 39 Si–Si 0.247
32 Si 0.6988 0.3196 0.5000 40 Si–Si 0.247
33 Si 0.8155 0.1899 0.0000 37 Si–Si 0.248
34 Si 0.3155 0.1899 0.5000 35 Si–Si 0.248
22 Si 0.0434 0.4422 0.0000 26 Si–Si 0.256
24 Si 0.5434 0.4422 0.5000 28 Si–Si 0.256
36 Si 0.2030 0.4249 0.0000 22 Si–Si 0.257
38 Si 0.7030 0.4249 0.5000 24 Si–Si 0.257
63 Al 0.5600 0.9060 0.5000 67 Al–Al 0.258
72 Al 0.0600 0.9060 0.0000 76 Al–Al 0.258
45 Al 0.4118 0.3996 0.0000 77 Al–Al 0.266
46 Al 0.9118 0.3996 0.5000 51 Al–Al 0.266
51 Al 0.9833 0.5032 0.5000 46 Al–Al 0.266
77 Al 0.4833 0.5032 0.0000 45 Al–Al 0.266
87 Al 0.9465 0.8079 0.0000 72 Al–Al 0.267
88 Al 0.4465 0.8079 0.5000 63 Al–Al 0.267
54 Al 0.0889 0.8459 0.5000 72 Al–Al 0.269
81 Al 0.5889 0.8459 0.0000 63 Al–Al 0.269
52 Al 0.9939 0.7419 0.5000 54 Al–Al 0.272
78 Al 0.4939 0.7419 0.0000 81 Al–Al 0.272
53 Al 0.0792 0.6126 0.5000 57 Al–Al 0.280
57 Al 0.1762 0.7198 0.5000 53 Al–Al 0.280
65 Al 0.8150 0.7663 0.5000 87 Al–Al 0.280
66 Al 0.7186 0.6556 0.5000 60 Al–Al 0.280
68 Al 0.8993 0.6333 0.5000 64 Al–Al 0.280
74 Al 0.3150 0.7663 0.0000 88 Al–Al 0.280
75 Al 0.2186 0.6556 0.0000 69 Al–Al 0.280
79 Al 0.3993 0.6333 0.0000 73 Al–Al 0.280
80 Al 0.5792 0.6126 0.0000 84 Al–Al 0.280
84 Al 0.6762 0.7198 0.0000 80 Al–Al 0.280
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Table A2 (continued)

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

59 Al 0.3569 0.6990 0.5000 88 Al–Al 0.282
61 Al 0.6369 0.7849 0.5000 81 Al–Al 0.282
70 Al 0.1369 0.7849 0.0000 54 Al–Al 0.282
86 Al 0.8569 0.6990 0.0000 87 Al–Al 0.282
55 Al 0.2604 0.5898 0.5000 73 Al–Al 0.283
58 Al 0.4390 0.5662 0.5000 73 Al–Al 0.283
62 Al 0.5368 0.6770 0.5000 61 Al–Al 0.283
71 Al 0.0368 0.6770 0.0000 70 Al–Al 0.283
82 Al 0.7604 0.5898 0.0000 64 Al–Al 0.283
85 Al 0.9390 0.5662 0.0000 64 Al–Al 0.283
43 Si 0.3286 0.9388 0.5000 76 Si–Al 0.258
44 Si 0.8286 0.9388 0.0000 67 Si–Al 0.258
67 Al 0.7262 0.8962 0.5000 44 Al–Si 0.258
76 Al 0.2262 0.8962 0.0000 43 Al–Si 0.258
49 Al 0.8368 0.4545 0.0000 40 Al–Si 0.266
50 Al 0.3368 0.4545 0.5000 42 Al–Si 0.266
47 Al 0.6626 0.4814 0.0000 24 Al–Si 0.268
48 Al 0.1626 0.4814 0.5000 22 Al–Si 0.268
64 Al 0.8034 0.5261 0.5000 38 Al–Si 0.268
73 Al 0.3034 0.5261 0.0000 36 Al–Si 0.268
60 Al 0.6208 0.5487 0.5000 24 Al–Si 0.274
69 Al 0.1208 0.5487 0.0000 22 Al–Si 0.274
56 Al 0.2718 0.8308 0.5000 43 Al–Si 0.276
83 Al 0.7718 0.8308 0.0000 44 Al–Si 0.276
17 Mg 0.4204 0.8935 0.0000 63 Mg–Al 0.285
18 Mg 0.9204 0.8935 0.5000 72 Mg–Al 0.285

Table A3
Atomic positions for interfacial supercell C4

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

1 Mg 0.0107 0.9948 0.0000 22 Mg–Si 0.271
2 Mg 0.9893 0.2552 0.0000 26 Mg–Si 0.271
3 Mg 0.5107 0.9948 0.5000 24 Mg–Si 0.271
4 Mg 0.4893 0.2552 0.5000 28 Mg–Si 0.271

13 Mg 0.4198 0.1589 0.0000 23 Mg–Si 0.278
15 Mg 0.9198 0.1589 0.5000 21 Mg–Si 0.278
17 Mg 0.5802 0.0911 0.0000 27 Mg–Si 0.278
19 Mg 0.0802 0.0911 0.5000 25 Mg–Si 0.278
5 Mg 0.3521 0.0137 0.0000 27 Mg–Si 0.281
7 Mg 0.8521 0.0137 0.5000 25 Mg–Si 0.281
9 Mg 0.6479 0.2363 0.0000 23 Mg–Si 0.281

11 Mg 0.1479 0.2363 0.5000 21 Mg–Si 0.281
6 Mg 0.3337 0.2720 0.0000 30 Mg–Si 0.284
8 Mg 0.8337 0.2720 0.5000 32 Mg–Si 0.284

10 Mg 0.6663 0.9780 0.0000 34 Mg–Si 0.284
12 Mg 0.1663 0.9780 0.5000 36 Mg–Si 0.284
14 Mg 0.4279 0.8962 0.0000 24 Mg–Si 0.286
16 Mg 0.9279 0.8962 0.5000 22 Mg–Si 0.286
18 Mg 0.5721 0.3538 0.0000 28 Mg–Si 0.286
20 Mg 0.0721 0.3538 0.5000 26 Mg–Si 0.286
21 Si 0.0524 0.1688 0.0000 37 Si–Si 0.237
23 Si 0.5524 0.1688 0.5000 39 Si–Si 0.237
25 Si 0.9476 0.0812 0.0000 41 Si–Si 0.237
27 Si 0.4476 0.0812 0.5000 43 Si–Si 0.237
37 Si 0.2053 0.1581 0.0000 21 Si–Si 0.237

Table A3 (continued)

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

39 Si 0.7053 0.1581 0.5000 23 Si–Si 0.237
41 Si 0.7947 0.0919 0.0000 25 Si–Si 0.237
43 Si 0.2947 0.0919 0.5000 27 Si–Si 0.237
22 Si 0.0683 0.9070 0.0000 38 Si–Si 0.244
24 Si 0.5683 0.9070 0.5000 40 Si–Si 0.244
26 Si 0.9317 0.3430 0.0000 42 Si–Si 0.244
28 Si 0.4317 0.3430 0.5000 44 Si–Si 0.244
38 Si 0.2255 0.8950 0.0000 22 Si–Si 0.244
40 Si 0.7255 0.8950 0.5000 24 Si–Si 0.244
42 Si 0.7745 0.3550 0.0000 26 Si–Si 0.244
44 Si 0.2745 0.3550 0.5000 28 Si–Si 0.244
29 Si 0.1983 0.0624 0.0000 43 Si–Si 0.247
31 Si 0.6983 0.0624 0.5000 41 Si–Si 0.247
33 Si 0.8017 0.1876 0.0000 39 Si–Si 0.247
35 Si 0.3017 0.1876 0.5000 37 Si–Si 0.247
30 Si 0.1787 0.3147 0.0000 44 Si–Si 0.253
32 Si 0.6787 0.3147 0.5000 42 Si–Si 0.253
34 Si 0.8213 0.9353 0.0000 40 Si–Si 0.253
36 Si 0.3213 0.9353 0.5000 38 Si–Si 0.253
45 Al 0.9972 0.5053 0.5000 66 Al–Al 0.274
46 Al 0.0028 0.7447 0.5000 48 Al–Al 0.274
75 Al 0.4972 0.5053 0.0000 78 Al–Al 0.274
76 Al 0.5028 0.7447 0.0000 80 Al–Al 0.274
47 Al 0.0908 0.6144 0.5000 51 Al–Al 0.281
51 Al 0.1855 0.7225 0.5000 47 Al–Al 0.281
52 Al 0.1738 0.4798 0.5000 70 Al–Al 0.281
61 Al 0.8145 0.5275 0.5000 65 Al–Al 0.281
62 Al 0.8262 0.7702 0.5000 86 Al–Al 0.281
65 Al 0.9092 0.6356 0.5000 61 Al–Al 0.281
71 Al 0.3145 0.5275 0.0000 77 Al–Al 0.281
72 Al 0.3262 0.7702 0.0000 54 Al–Al 0.281
77 Al 0.4092 0.6356 0.0000 71 Al–Al 0.281
79 Al 0.5908 0.6144 0.0000 83 Al–Al 0.281
83 Al 0.6855 0.7225 0.0000 79 Al–Al 0.281
84 Al 0.6738 0.4798 0.0000 60 Al–Al 0.281
53 Al 0.4526 0.5708 0.5000 59 Al–Al 0.282
55 Al 0.3661 0.7016 0.5000 54 Al–Al 0.282
57 Al 0.6339 0.5484 0.5000 60 Al–Al 0.282
59 Al 0.5474 0.6792 0.5000 53 Al–Al 0.282
67 Al 0.1339 0.5484 0.0000 70 Al–Al 0.282
69 Al 0.0474 0.6792 0.0000 85 Al–Al 0.282
85 Al 0.9526 0.5708 0.0000 69 Al–Al 0.282
87 Al 0.8661 0.7016 0.0000 86 Al–Al 0.282
49 Al 0.2712 0.5923 0.5000 55 Al–Al 0.284
63 Al 0.7288 0.6577 0.5000 57 Al–Al 0.284
73 Al 0.2288 0.6577 0.0000 67 Al–Al 0.284
81 Al 0.7712 0.5923 0.0000 87 Al–Al 0.284
54 Al 0.4585 0.8102 0.5000 24 Al–Si 0.262
60 Al 0.5415 0.4398 0.5000 28 Al–Si 0.262
70 Al 0.0415 0.4398 0.0000 26 Al–Si 0.262
86 Al 0.9585 0.8102 0.0000 22 Al–Si 0.262
50 Al 0.2799 0.8323 0.5000 36 Al–Si 0.263
64 Al 0.7201 0.4177 0.5000 32 Al–Si 0.263
74 Al 0.2201 0.4177 0.0000 30 Al–Si 0.263
82 Al 0.7799 0.8323 0.0000 34 Al–Si 0.263
48 Al 0.0981 0.8494 0.5000 22 Al–Si 0.265
66 Al 0.9019 0.4006 0.5000 26 Al–Si 0.265
78 Al 0.4019 0.4006 0.0000 28 Al–Si 0.265
80 Al 0.5981 0.8494 0.0000 24 Al–Si 0.265
56 Al 0.3545 0.4624 0.5000 44 Al–Si 0.276
58 Al 0.6455 0.7876 0.5000 40 Al–Si 0.276
68 Al 0.1455 0.7876 0.0000 38 Al–Si 0.276
88 Al 0.8545 0.4624 0.0000 42 Al–Si 0.276
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Table A4
Atomic positions for interfacial supercell B1

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

2 Mg 0.0000 0.0000 0.2779 22 Mg–Si 0.266
3 Mg 0.5000 0.0000 0.0971 23 Mg–Si 0.266
1 Mg 0.0000 0.0000 0.9818 21 Mg–Si 0.274
4 Mg 0.5000 0.0000 0.3932 24 Mg–Si 0.274
6 Mg 0.3494 0.0682 0.2402 28 Mg–Si 0.275
7 Mg 0.8494 0.0682 0.1348 25 Mg–Si 0.275

10 Mg 0.6506 0.9318 0.2402 24 Mg–Si 0.275
11 Mg 0.1506 0.9318 0.1348 21 Mg–Si 0.275
14 Mg 0.4295 0.6526 0.2437 24 Mg–Si 0.277
15 Mg 0.9295 0.6526 0.1313 21 Mg–Si 0.277
18 Mg 0.5705 0.3474 0.2437 28 Mg–Si 0.277
19 Mg 0.0705 0.3474 0.1313 25 Mg–Si 0.277
5 Mg 0.3288 0.0593 0.0025 27 Mg–Si 0.279
8 Mg 0.8288 0.0593 0.3725 26 Mg–Si 0.279
9 Mg 0.6712 0.9407 0.0025 23 Mg–Si 0.279

12 Mg 0.1712 0.9407 0.3725 22 Mg–Si 0.279
22 Si 0.0553 0.6736 0.2586 26 Si–Si 0.236
23 Si 0.5553 0.6736 0.1164 27 Si–Si 0.236
26 Si 0.9447 0.3264 0.2586 22 Si–Si 0.236
27 Si 0.4447 0.3264 0.1164 23 Si–Si 0.236
21 Si 0.0592 0.6704 0.0125 25 Si–Si 0.237
24 Si 0.5592 0.6704 0.3625 28 Si–Si 0.237
25 Si 0.9408 0.3296 0.0125 21 Si–Si 0.237
28 Si 0.4408 0.3296 0.3625 24 Si–Si 0.237
37 Si 0.2076 0.6221 0.0071 21 Si–Si 0.237
40 Si 0.7076 0.6221 0.3679 24 Si–Si 0.237
41 Si 0.7924 0.3779 0.0071 25 Si–Si 0.237
44 Si 0.2924 0.3779 0.3679 28 Si–Si 0.237
38 Si 0.2051 0.6347 0.2405 22 Si–Si 0.238
39 Si 0.7051 0.6347 0.1345 23 Si–Si 0.238
42 Si 0.7949 0.3653 0.2405 26 Si–Si 0.238
43 Si 0.2949 0.3653 0.1345 27 Si–Si 0.238
29 Si 0.1886 0.2537 0.0202 37 Si–Si 0.243
30 Si 0.1917 0.2562 0.2516 44 Si–Si 0.243
31 Si 0.6917 0.2562 0.1234 41 Si–Si 0.243
32 Si 0.6886 0.2537 0.3548 40 Si–Si 0.243
33 Si 0.8114 0.7463 0.0202 41 Si–Si 0.243
34 Si 0.8083 0.7438 0.2516 40 Si–Si 0.243
35 Si 0.3083 0.7438 0.1234 37 Si–Si 0.243
36 Si 0.3114 0.7463 0.3548 44 Si–Si 0.243
52 Al 0.2091 0.9098 0.7586 69 Al–Al 0.270
54 Al 0.4580 0.2878 0.6905 71 Al–Al 0.270
60 Al 0.5420 0.7122 0.6905 83 Al–Al 0.270
62 Al 0.7909 0.0902 0.7586 85 Al–Al 0.270
69 Al 0.0420 0.7122 0.6845 52 Al–Al 0.270
71 Al 0.2909 0.0902 0.6164 54 Al–Al 0.270
83 Al 0.7091 0.9098 0.6164 60 Al–Al 0.270
85 Al 0.9580 0.2878 0.6845 62 Al–Al 0.270
46 Al 0.0000 0.0000 0.7917 70 Al–Al 0.271
48 Al 0.1198 0.4364 0.7858 70 Al–Al 0.271
66 Al 0.8802 0.5636 0.7858 86 Al–Al 0.271
75 Al 0.5000 0.0000 0.5833 59 Al–Al 0.271
77 Al 0.3802 0.5636 0.5892 53 Al–Al 0.271
79 Al 0.6198 0.4364 0.5892 59 Al–Al 0.271
47 Al 0.0637 0.3930 0.5458 49 Al–Al 0.273
65 Al 0.9363 0.6070 0.5458 63 Al–Al 0.273
78 Al 0.4363 0.6070 0.8292 74 Al–Al 0.273
80 Al 0.5637 0.3930 0.8292 82 Al–Al 0.273
50 Al 0.2851 0.3779 0.7372 78 Al–Al 0.274
64 Al 0.7149 0.6221 0.7372 80 Al–Al 0.274
73 Al 0.2149 0.6221 0.6378 47 Al–Al 0.274
81 Al 0.7851 0.3779 0.6378 65 Al–Al 0.274

Table A4 (continued)

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

51 Al 0.1271 0.8372 0.5356 65 Al–Al 0.275
61 Al 0.8729 0.1628 0.5356 47 Al–Al 0.275
72 Al 0.3729 0.1628 0.8394 80 Al–Al 0.275
84 Al 0.6271 0.8372 0.8394 78 Al–Al 0.275
45 Al 0.0000 0.0000 0.4643 61 Al–Al 0.280
56 Al 0.3826 0.8551 0.7207 78 Al–Al 0.280
58 Al 0.6174 0.1449 0.7207 80 Al–Al 0.280
67 Al 0.1174 0.1449 0.6543 47 Al–Al 0.280
76 Al 0.5000 0.0000 0.9107 72 Al–Al 0.280
87 Al 0.8826 0.8551 0.6543 65 Al–Al 0.280
53 Al 0.4362 0.2798 0.5107 28 Al–Si 0.252
59 Al 0.5638 0.7202 0.5107 24 Al–Si 0.252
70 Al 0.0638 0.7202 0.8643 21 Al–Si 0.252
86 Al 0.9362 0.2798 0.8643 25 Al–Si 0.252
55 Al 0.3145 0.8341 0.5011 36 Al–Si 0.253
57 Al 0.6855 0.1659 0.5011 32 Al–Si 0.253
68 Al 0.1855 0.1659 0.8739 29 Al–Si 0.253
88 Al 0.8145 0.8341 0.8739 33 Al–Si 0.253
49 Al 0.2162 0.2849 0.5063 44 Al–Si 0.257
63 Al 0.7838 0.7151 0.5063 40 Al–Si 0.257
74 Al 0.2838 0.7151 0.8687 37 Al–Si 0.257
82 Al 0.7162 0.2849 0.8687 41 Al–Si 0.257
13 Mg 0.4022 0.5782 0.9950 78 Mg–Al 0.283
16 Mg 0.9022 0.5782 0.3800 65 Mg–Al 0.283
17 Mg 0.5978 0.4218 0.9950 80 Mg–Al 0.283
20 Mg 0.0978 0.4218 0.3800 47 Mg–Al 0.283

Table A5
Atomic positions for interfacial supercell B2

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

2 Mg 0.0000 0.0000 0.2362 26 Mg–Si 0.260
3 Mg 0.5000 0.0000 0.1389 27 Mg–Si 0.260
1 Mg 0.0000 0.0000 0.0123 21 Mg–Si 0.269
4 Mg 0.5000 0.0000 0.3627 28 Mg–Si 0.269
5 Mg 0.3460 0.0799 0.0047 27 Mg–Si 0.275
8 Mg 0.8460 0.0798 0.3703 26 Mg–Si 0.275
9 Mg 0.6540 0.9201 0.0047 23 Mg–Si 0.275

12 Mg 0.1540 0.9202 0.3703 22 Mg–Si 0.275
6 Mg 0.3426 0.0801 0.2539 27 Mg–Si 0.277
7 Mg 0.8426 0.0800 0.1210 26 Mg–Si 0.277

10 Mg 0.6574 0.9199 0.2539 23 Mg–Si 0.277
11 Mg 0.1574 0.9200 0.1210 22 Mg–Si 0.277
14 Mg 0.4137 0.6074 0.2582 36 Mg–Si 0.285
15 Mg 0.9137 0.6074 0.1169 33 Mg–Si 0.285
16 Mg 0.9216 0.6159 0.3735 22 Mg–Si 0.285
18 Mg 0.5863 0.3926 0.2582 32 Mg–Si 0.285
19 Mg 0.0863 0.3926 0.1169 29 Mg–Si 0.285
20 Mg 0.0784 0.3841 0.3735 26 Mg–Si 0.285
13 Mg 0.4217 0.6160 0.0014 23 Mg–Si 0.286
17 Mg 0.5783 0.3840 0.0014 27 Mg–Si 0.286
22 Si 0.0568 0.6693 0.2458 26 Si–Si 0.236
23 Si 0.5568 0.6693 0.1292 27 Si–Si 0.236
26 Si 0.9432 0.3307 0.2458 22 Si–Si 0.236
27 Si 0.4432 0.3307 0.1292 23 Si–Si 0.236
38 Si 0.2122 0.6378 0.2508 22 Si–Si 0.240
39 Si 0.7122 0.6378 0.1241 23 Si–Si 0.240
42 Si 0.7878 0.3622 0.2508 26 Si–Si 0.240
43 Si 0.2878 0.3622 0.1241 27 Si–Si 0.240
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Table A5 (continued)

Index Symbol Internal position Nearest neighboring atom

x y z Index Bond
type

Distance
(nm)

21 Si 0.0623 0.6675 0.9896 25 Si–Si 0.242
24 Si 0.5623 0.6675 0.3854 28 Si–Si 0.242
25 Si 0.9377 0.3325 0.9896 21 Si–Si 0.242
28 Si 0.4377 0.3325 0.3854 24 Si–Si 0.242
30 Si 0.1915 0.2549 0.2501 38 Si–Si 0.247
31 Si 0.6915 0.2549 0.1249 39 Si–Si 0.247
34 Si 0.8085 0.7451 0.2501 42 Si–Si 0.247
35 Si 0.3085 0.7451 0.1249 43 Si–Si 0.247
37 Si 0.2238 0.6387 0.9851 21 Si–Si 0.248
40 Si 0.7238 0.6385 0.3901 24 Si–Si 0.248
41 Si 0.7762 0.3613 0.9851 25 Si–Si 0.248
44 Si 0.2762 0.3615 0.3901 28 Si–Si 0.248
29 Si 0.1910 0.2442 0.9993 43 Si–Si 0.249
32 Si 0.6910 0.2441 0.3757 42 Si–Si 0.249
33 Si 0.8090 0.7558 0.9993 39 Si–Si 0.249
36 Si 0.3090 0.7559 0.3757 38 Si–Si 0.249
46 Al 0.0000 0.0000 0.8435 88 Al–Al 0.270
55 Al 0.3515 0.8158 0.6291 75 Al–Al 0.270
57 Al 0.6485 0.1842 0.6291 75 Al–Al 0.270
68 Al 0.1485 0.1842 0.7459 46 Al–Al 0.270
75 Al 0.5000 0.0000 0.5315 57 Al–Al 0.270
88 Al 0.8515 0.8158 0.7459 46 Al–Al 0.270
53 Al 0.4462 0.2838 0.6235 75 Al–Al 0.273
59 Al 0.5538 0.7162 0.6235 75 Al–Al 0.273
70 Al 0.0538 0.7162 0.7515 46 Al–Al 0.273
86 Al 0.9462 0.2838 0.7515 46 Al–Al 0.273
49 Al 0.2734 0.3664 0.6211 67 Al–Al 0.277
54 Al 0.4556 0.2762 0.8618 72 Al–Al 0.277
56 Al 0.3655 0.8257 0.8664 74 Al–Al 0.277
58 Al 0.6345 0.1743 0.8664 82 Al–Al 0.277
60 Al 0.5444 0.7238 0.8618 84 Al–Al 0.277
63 Al 0.7266 0.6336 0.6211 87 Al–Al 0.277
67 Al 0.1345 0.1743 0.5086 49 Al–Al 0.277
72 Al 0.3172 0.0876 0.7484 54 Al–Al 0.277
74 Al 0.2266 0.6336 0.7539 56 Al–Al 0.277
82 Al 0.7734 0.3664 0.7539 58 Al–Al 0.277
84 Al 0.6828 0.9124 0.7484 60 Al–Al 0.277
87 Al 0.8655 0.8257 0.5086 63 Al–Al 0.277
51 Al 0.1827 0.9123 0.6266 69 Al–Al 0.278
61 Al 0.8173 0.0877 0.6266 85 Al–Al 0.278
69 Al 0.0444 0.7238 0.5131 51 Al–Al 0.278
85 Al 0.9556 0.2762 0.5131 61 Al–Al 0.278
47 Al 0.0901 0.4476 0.6329 85 Al–Al 0.279
65 Al 0.9099 0.5524 0.6329 69 Al–Al 0.279
78 Al 0.4099 0.5524 0.7421 60 Al–Al 0.279
80 Al 0.5901 0.4476 0.7421 54 Al–Al 0.279
45 Al 0.0000 0.0000 0.6352 88 Al–Al 0.283
76 Al 0.5000 0.0000 0.7398 57 Al–Al 0.283
50 Al 0.2830 0.3719 0.8667 29 Al–Si 0.257
64 Al 0.7170 0.6281 0.8667 33 Al–Si 0.257
73 Al 0.2170 0.6282 0.5083 36 Al–Si 0.257
81 Al 0.7830 0.3718 0.5083 32 Al–Si 0.257
48 Al 0.0897 0.4228 0.8691 21 Al–Si 0.267
66 Al 0.9103 0.5772 0.8691 25 Al–Si 0.267
77 Al 0.4103 0.5772 0.5059 28 Al–Si 0.267
79 Al 0.5897 0.4228 0.5059 24 Al–Si 0.267
52 Al 0.1803 0.9156 0.8781 21 Al–Si 0.272
62 Al 0.8197 0.0844 0.8781 25 Al–Si 0.272
71 Al 0.3197 0.0843 0.4970 28 Al–Si 0.272
83 Al 0.6803 0.9157 0.4970 24 Al–Si 0.272
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