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We predict two novel group 14 element alloys Si2Ge and SiGe2 in P6222 phase in this work
through first-principles calculations. The structures, stability, elastic anisotropy, electronic
and thermodynamic properties of these two proposed alloys are investigated systematically.
The proposed P6222-Si2Ge and P6222-SiGe2 have a hexagonal symmetry structure, and the
phonon dispersion spectra and elastic constants indicate that these two alloys are dynamically
and mechanically stable at ambient pressure. The elastic anisotropy properties of P6222-
Si2Ge and P6222-SiGe2 are examined elaborately by illustrating the surface constructions of
Young’s modulus, the contour surfaces of shear modulus, and the directional dependence of
Poisson’s ratio; the differences with their corresponding group 14 element allotropes P6222-
Si3 and P6222-Ge3 are also discussed and compared. Moreover, the Debye temperature
and sound velocities are analyzed to study the thermodynamic properties of the proposed
P6222-Si2Ge and P6222-SiGe2.
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I. INTRODUCTION

Discovering new group 14 element allotropes and
group 14 element alloys has continuously inspired the
worldwide effort in academia and industry, as their
novel properties and improved performance exhibited
over the past several decades never fail to fascinate re-
searchers. Recently, scientific research is ongoing into
the steps of the fundamental understanding and tech-
nological improvements of group 14 alloys, through the-
oretical predictions and experiments, especially for the
Si-Ge alloys due to their merits and possible applica-
tions [1−8].

It is well known that silicon is the most basic and sec-
ond most abundant semiconductor material on earth,
which is commonly used and considered as the cor-
nerstone of the modern semiconductor industry. How-
ever, Si in diamond phase is an indirect band-gap semi-
conductor material, and direct band-gap Si allotropes
are still scarce [9−14], which limits their application in
photoelectric industry [15−17]. Therefore, more and
more researchers have begun exploring new group 14
element allotropes, and studying physical properties of
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group 14 element alloys [18−31]. For group 14 element
Si-Ge alloys, Si8Ge4 and Si4Ge8 in P42/mnm phase
[18], Si0.5Ge0.5 in Cmmm phase [19], and Si0.7Ge0.25
and Si0.5Ge0.5 in Lonsdaleite phase [20] are all indirect
band-gap alloys. However, Si-Ge alloys can transform
from indirect bandgaps into direct bandgaps to some
extent, and a great deal of work has focused on it. For
example, when adjusting the stoichiometric ratio of sil-
icon to germanium to 1:3, the Si-Ge alloy (Si0.25Ge0.75)
became a direct band-gap semiconductor in Lonsdaleite
phase [20]. Also, when the stoichiometric ratios of sili-
con to germanium are 1:2 in P63/mmc and 2:1 in Cmcm
phase, all the materials reported in Ref.[21] were direct
band-gap semiconductors.

Moreover, incorporating germanium into Si al-
lotropes has attracted extensive interests due to the
fact that silicon-based semiconductors doped with ger-
manium have shown a high electronic property while
retaining the thermal and mechanical stability of sil-
icon [21−27]. Fan et al. [21] investigated the physi-
cal properties of Si, Ge and Si-Ge alloys in oC12 and
hP12 phases, among which Si12, Ge12 and Si8Ge4 al-
loys had direct band-gaps and show strong absorption
ability. Moriguchi et al. [22] predicted Si-Ge alloys in
an ideal Fd-3m phase, and these alloys were reported
as direct wide-gap semiconductors. Schäffler et al. [23]
developed a high-mobility Si-Ge heterojunction. Fan
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FIG. 1 The crystal structures of (a) Si or Ge allotrope in P6222 phase, (b) Si2Ge alloy in P6222 phase and its structure
viewed along (c) the x-axis and (d) the z-axis, (e) SiGe2 alloy in P6222 phase and its structure viewed along (f) the x-axis
and (g) the z-axis.

et al. [24] predicted a new metastable silicon allotrope
t-Si64, which was in I41/amd phase. Owing to the min-
imum thermal conductivity of t-Si64 found to be greatly
smaller than that of diamond-Si, it was reported that
the Si-Ge alloys in I41/amd phase can be used as poten-
tial thermoelectric materials. Song et al. [25] proposed
Si16, Ge16 and Si-Ge alloys in C2/m phase, and the re-
sults indicate that the absorption ability of these alloys
is better than that of diamond-Si.

In this work, two group 14 element alloys Si2Ge and
SiGe2 in P6222 phase are proposed. The crystal struc-
tures of Si3−xGex (x=0, 1, 2, 3), including two proposed
alloys (Si2Ge and SiGe2) and their allotropes (Si3 and
Ge3) in P6222 phase are discussed. The mechanical
and dynamic stabilities of the newly predicted alloys
are verified by analyzing elastic constants and phonon
dispersion spectra, respectively. Furthermore, the elas-
tic anisotropy properties of Si3−xGex (x=0, 1, 2, 3) in
P6222 phase are investigated in detail.

II. THEORETICAL METHODS

Herein, we carried out the project by using the den-
sity functional theory (DFT) [32, 33] based on the Cam-
bridge Serial Total Energy Package (CASTEP) plane-
wave code [34]. The theoretical calculations were per-
formed with the Perdew-Burke-Ernzerhof (PBE) func-
tional of the generalized gradient approximation (GGA)
[35]. The interactions between the ionic core and va-
lence electrons were represented with the ultrasoft pseu-
dopotentials. In addition, the elastic moduli such as
the bulk modulus, shear modulus and Young’s modu-
lus were estimated by the Voigt-Reuss-Hill approxima-
tion. The Broyden-Fletcher-Goldfarb-Shenno (BFGS)
[36] minimization scheme was utilized for geometry op-
timization of Si2Ge and SiGe2 in P6222 phase. The

phonon frequency was obtained by the liner response
theory [37]. Moreover, the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional [38] was adopted for cal-
culating the electronic band structures of Si2Ge and
SiGe2 in P6222 phase. The high k-point separation
with a grid spacing (less than 0.025 Å−1) across the
Brillouin zone (12×12×10 for Si2Ge and 12×11×9 for
SiGe2) was achieved using the Monkhorst-Pack scheme
[39]. Lastly, both the plane wave cut-off energies used
for property prediction and structural optimization of
Si2Ge and SiGe2 in P6222 phase were 340 eV, ensuring
good convergence of energies and computed structures
in this work.

III. RESULTS AND DISCUSSION

The crystal structures of the proposed Si2Ge and
SiGe2 alloys are comprised of the lattice similar to those
of their allotropes (Si3 and Ge3) in P6222 phase [40] as
shown in FIG. 1 (a). The crystal structures of the pro-
posed Si2Ge and SiGe2 in P6222 phase are shown in
FIG. 1(b)−(g), and the orange and cyan spheres rep-
resent the silicon and germanium atoms, respectively.
The Si2Ge and SiGe2 also belong to the hexagonal sym-
metry group and their crystal structures contain several
zigzag six-membered atom rings. There are three atoms
in a conventional cell, with the crystallographic sites of
Si2Ge occupied at Si1 (0.50000, 0.00000, −0.00592), Si2
(0.00000, 0.50000, 0.67270) and Ge1 (0.50000, 0.50000,
0.33322), and SiGe2 occupied at Si1 (0.00000, 0.50000,
0.66692), Ge1 (0.50000, 0.00000, −0.00599) and Ge2
(0.50000, 0.50000, 0.33906). When viewed along the x-
and z- axes, the crystal structures of Si2Ge and SiGe2
in P6222 are shown in FIG. 1 (c) and (d), (f) and (g),
respectively.

At ambient pressure, the crystal density ρ and the
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TABLE I The crystal density (ρ in g/cm3), the volume of the conventional cell (V in Å3), and the lattice parameters (a, b,
and c in Å) of Si3−xGex (x=0, 1, 2, 3) in P6222 phase calculated with the PBE method.

Space group Materials ρ V a b c β/(◦)

P6222 Si3 2.574 54.355 3.9041 4.1178 120.00

Si2Ge 3.742 57.139 3.9786 3.9791 4.2027 120.82

SiGe2 4.760 60.443 4.0154 4.0694 4.2910 120.43

Ge3 5.647 64.039 4.1102 4.3771 120.00

Fd-3m Si 2.285 40.061 5.4653

5.430 [41]

Ge 5.223 46.154 5.6941

5.660 [41]

volume of the conventional cell V of Si3−xGex (x=0,
1, 2, 3) in P6222 phase, including two allotropes (Si3
and Ge3) and their alloys (Si2Ge and SiGe2), together
with Si and Ge in diamond phase (Fd-3m, No.227)
are listed in Table I. It can be seen that the den-
sity ρ of Si3−xGex (x=0, 1, 2, 3) gets higher gradu-
ally from 2.574 g/cm3 to 5.647 g/cm3 with increasing
the incorporation of germanium atoms, which is due
to that the relative atomic mass of silicon obviously
weighs less than that of germanium, as well as owing
to that the increase rate of the Si3−xGex (x=0, 1, 2,
3) volume V is slower than that of the molecular mass.
At ambient pressure, the lattice parameters of Si2Ge
and SiGe2 in P6222 phase, together with Si and Ge in
diamond phase are also listed in Table I. As can be
seen, the lattice parameters of diamond-Si (a=5.465 Å)
and diamond-Ge (a=5.694 Å) are calculated using the
PBE method, and the data are in excellent agreement
with the reported experimental data (Si: a=5.430 Å
[41] and Ge: a=5.660 Å [41]). Herein, the lattice pa-
rameters of diamond-Si and diamond-Ge are also cal-
culated using the LDA method, with a values of 5.375
Å and 5.545 Å, respectively. Clearly, the PBE method
is more authentic, and thus Si-Ge alloys will also be
calculated by this method for the following discussions.
The lattice parameters of Si2Ge in the conventional cell
are a=b=3.979 Å, c=4.203 Å and β=120.82◦; and for
SiGe2 the lattice parameters are a=4.015 Å, b=4.069
Å, c=4.291 Å and β=120.43◦ at ambient pressure. It
is obviously seen that the higher the germanium/silicon
ratio increases, the larger the lattice parameters will be
obtained. For instance, the a and c values of SiGe2
are 0.9% and 2.1% larger than those of Si2Ge, respec-
tively, and this is due to that the atomic radius of Si is
smaller than that of Ge. It should also be noted that
the bulk modulus (B in GPa) is strongly related to the
interatomic distance in dense covalent systems, as the
average distance between adjacent atoms is inversely
proportional to B [42]. For instance, the B (85 GPa)
of Si2Ge is larger than that of SiGe2 (B: 73 GPa), and
the bond length of Si2Ge between two silicon atoms is
2.384 Å and the bond length between silicon and ger-
manium atoms is 2.448 Å. For SiGe2, the bond length

FIG. 2 The phonon spectra of Si2Ge and SiGe2 in P6222
phase at ambient pressure.

between two germanium atoms is 2.516 Å, and the bond
length between germanium and silicon atoms is 2.451
Å. Clearly, these bond lengths existing in P6222-Si2Ge
alloy are all shorter than those in P6222-SiGe2 alloy.

Since the stability is a key factor which decides the
physical performance of materials under certain condi-
tions, the phonon dispersion spectra and elastic con-
stants are analyzed to verify the dynamic and mechan-
ical stability of the proposed alloys. The phonon dis-
persion spectra of Si2Ge and SiGe2 are illustrated in
FIG. 2. As can be seen there are no imaginary fre-
quencies at any wave vectors, indicating Si-Ge alloys in
P6222 phase are dynamically stable.

The elastic constants of P6222-Si2Ge and P6222-
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TABLE II The elastic constants (C11, C22, C33, C44, C55, C66, C12, C13, C16 in GPa) and elastic moduli (B, G and E in
GPa) of Si3−xGex (x=0, 1, 2, 3) in P6222 phase.

Materials C11 C22 C33 C44 C55 C66 C12 C13 C16 B G B/G E ν

P6222-Si3 185 156 78 70 45 58 94 68 1.38 164 0.21

P6222-Si2Ge 172 165 143 69 68 65 36 53 3 85 62 1.37 150 0.21

P6222-SiGe2 153 139 127 65 62 56 28 46 2 73 56 1.30 134 0.19

P6222-Ge3 123 113 55 47 28 40 64 48 1.33 115 0.20

Diamond-Si 165 87 65 98 70 1.40 170 0.21

166 [43] 80 64 102

Diamond-Ge 121 62 49 73 50 1.46 122 0.22

129 [44] 67 48 77

SiGe2 together with those of diamond-Si and diamond-
Ge for comparison are all listed in Table II. It is seen
that the calculated elastic constants of diamond-Si and
diamond-Ge in this work are clearly in good agreement
with experimental values [43, 44], indicating the accu-
racy of our work. The structure of the proposed al-
loys in this work has nine independent elastic constants
(C11, C22, C33, C44, C55, C66, C12, C13 and C16), and
these elastic constants should satisfy the following gen-
eralized Born’s mechanical stability criteria for hexago-
nal symmetry as shown [45]: C11>0, C44>0, C11>|C12|,
(C11+C22)C33−2C13

2>0, C66>0. Obviously, all the
relevant elastic constants obey the mechanical stabil-
ity criteria, proving the proposed alloys are mechani-
cally stable. It is known that the C11, C22 and C33

demonstrate the resistance to linear compression along
x-, y- and z- axes, respectively, and the relationship of
C11>C22>C33 exhibited in Table II shows the z-axis
has the weakest liner compression resistance for both
P6222-Si2Ge and P6222-SiGe2 alloys. Additionally, the
C11, C22 and C33 of P6222-Si2Ge are correspondingly
larger than those of P6222-SiGe2, revealing the resis-
tance to linear compression of P6222-Si2Ge is higher
than that of P6222-SiGe2.

The elastic moduli are also shown in Table II, which
include the bulk modulus (B), shear modulus (G),
Young’s modulus (E) and Poisson’s ratio (ν). In al-
most all situations, these four parameters of Si3−xGex
(x=0, 1, 2, 3) show a trend of decrease with increasing
the number of germanium atoms. The B and G are ob-
tained by the Voigt-Reuss-Hill approximation. The B
and G values of P6222-Si2Ge are smaller than those of
diamond-Si, while the B and G values of diamond-Ge
are not larger than those of P6222-SiGe2. Moreover, the
ratio of B/G is usually utilized to distinguish between
the ductility (B/G>1.75) and brittleness (B/G<1.75)
for materials [46]. The B/G values of the two pro-
posed P6222 Si-Ge alloys are 1.37 and 1.30, and the
B/G values of diamond-Si and diamond-Ge are 1.40 and
1.46, respectively, suggesting all of them exhibit brit-
tle property, and among which P6222-SiGe2 displays
the most brittle feature. The values of E and ν are
achieved by E=9BG/(3B+G), ν=(3B−2G)/(6B+2G)

[47], respectively. Compared with E values, it is found
that diamond-Si has the largest E (170 GPa) while
diamond-Ge the smallest one (122 GPa), and the E
values of P6222-Si2Ge and P6222-SiGe2 are 150 GPa
and 134 GPa, respectively, showing that the E is de-
creased gradually with the increase of the Ge/Si ratio.

Meanwhile, it should be noted that the ν is basically
associated with the B/G value, and the ductility will
be exhibited with the ν being larger than 0.26, and the
brittleness will display with the ν being less than 0.26
[48]. It can be seen clearly from Table II that the ν
value of P6222-Si2Ge (0.21) is slightly larger than that
of SiGe2 (0.19), and both of them are less than 0.26.
Therefore, the proposed two P6222 Si-Ge alloys are
characterized as brittle. This conclusion is drawn con-
sistently with the implication of B/G value mentioned
above that P6222-SiGe2 displays the most brittle fea-
ture while diamond-Ge shows the least brittle feature.

The elastic anisotropy of crystal materials need to be
put a great deal of emphasis to study, as its discrep-
ancy along different directions can provide us with a
concrete conclusion of the physical and chemical prop-
erties of crystal materials in different directions. For
comparison, we study the anisotropy in terms of in-
vestigating the Young’s modulus, shear modulus, and
Poisson’s ratio for Si2Ge, SiGe2, Si3 and Ge3 in P6222
phase, and detailed analysis about these issues is espe-
cially helpful to understand the mechanisms of crystal
materials. It is known from other references [49−52]
that, for isotropic materials, the 3D contour surface of
the Young’s modulus, shear modulus, and Poisson’s ra-
tio should exhibit a spherical shape. Otherwise, any
deviation occurring from the spherical shape indicates
the variations of physical, chemical and other natural
aspects of materials along different axes, that is to say,
the anisotropy appeares.

The related results of the three-dimensional (3D) di-
rectional dependence of Young’s modulus E for Si2Ge,
SiGe2, Si3 and Ge3 in P6222 phase are shown in FIG. 3.
It is seen that all the four crystal materials in P6222
phase exhibit elastic anisotropy in terms of the Young’s
modulus, as all the 3D contour surfaces shown in FIG.

DOI:10.1063/1674-0068/cjcp2008142 c⃝2020 Chinese Physical Society



Chin. J. Chem. Phys. Si2Ge and SiGe2 in hexagonal symmetry

FIG. 3 The 3D surface construction of Young’s modulus for (a) Si2Ge, (b) SiGe2, (c) Si3 and (d) Ge3 in P6222 phase.

3 appear in non-spherical shapes. In order to com-
pare all the four crystal materials in detail related to
the anisotropy, we use the ratios of the maximum to
minimum value (Emax/Emin) to measure the elastic
anisotropy in different planes, including the (100) plane,
(010) plane, (001) plane, (011) plane, (101) plane,
(110) plane and (111) plane, as listed in Table III. The
Emax/Emin of Si2Ge and SiGe2 are almost the same in
the (100), (010) and (110) planes, and have the identi-
cal values in the (001), (011) and (111) planes. Mean-
while, it is found that both of Si2Ge and SiGe2 show the
greatest anisotropic property in the (010) plane with the
largest Emax/Emin value of 1.39 (Si2Ge: 160.88/115.50)
and 1.41 (SiGe2: 145.94/103.42), respectively, and show
the weakest anisotropic property in the (001) plane with
the same smallest Emax/Emin value of 1.07. It is seen
that both of Si3 and Ge3 show the isotropic property
in the (001) plane with the Emax/Emin value of 1.00.
Also, it is interesting to find that both of Si2Ge and
SiGe2 show approximate isotropic property in the (011)
plane, as the Emax/Emin value is close to 1.00. Among
all the four crystal materials, the Emax/Emin value of
Si3 in the (100), (010) and (110) planes has the largest
value of 1.41, and the Emax/Emin value of SiGe2 in the
(010) plane also has the largest value of 1.41, indicating
that both Si3 and SiGe2 exhibit the greater anisotropy
than other materials in these mentioned planes.

The 3D surface constructions of shear modulus and
Poisson’s ratio for Si2Ge, SiGe2, Si3 and Ge3 in P6222

phase are shown in FIG. 4 and FIG. 5, respectively. As
seen in FIG. 4 and FIG. 5, the maximum values of the
shear modulus Gmax and Poisson’s ratio νmax are rep-
resented by the red and orange surfaces, respectively,
which are formed with the external dotted lines, and
the minimum values Gmin and νmin are represented by
the blue and purple surfaces, respectively, which are
plotted with the internal solid lines. It can be seen
from FIG. 4 and FIG. 5 that all the surface construc-
tions of shear modulus and Poisson’s ratio for Si2Ge,
SiGe2, Si3 and Ge3 in P6222 phase exhibit distinctive
non-spherical shapes, showing that the distribution of
both shear modulus and Poisson’s ratio appear elastic
anisotropy with varying degrees.

Additionally, the distribution of G and ν in the
(100), (010), (001), (011), (101), (110) and (111)
planes, and the ratios of the maximum to minimum
values (Emax/Emin and Gmax/Gmin) are also listed in
Table III. Different from Young’s modulus, both of
Gmax for Si2Ge (70.60 GPa) and SiGe2 (65.47 GPa)
exist in the same planes, such as the (100), (010),
(001) and (110) planes, while both of Gmin values for
Si2Ge (48.91 GPa) and SiGe2 (43.33 GPa) only exist
in the (011) plane. It is also seen that both of Si3
and Ge3 show the same anisotropy with the Gmax/Gmin

value of 1.41 and 1.45, respectively, in the (100), (010),
(011), (101), (110) and (111) planes. Furthermore, it
can be seen clearly that all the four crystal materials
show the weakest anisotropy in the (001) plane, as the
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TABLE III The maximum and minimum values of Young’s modulus Emax and Emin (in GPa), shear modulus Gmax and
Gmin (in GPa), and Poisson’s ratio νmax and νmin for P6222-Si3−xGex (x=0, 1, 2, 3) in the primary planes.

Plane Emax Emin Emax/Emin

Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3

(100) 177.22 158.98 145.07 123.77 126.12 115.50 103.42 91.24 1.41 1.38 1.40 1.36

(010) 177.22 160.88 145.94 123.77 126.12 115.50 103.42 91.24 1.41 1.39 1.41 1.36

(001) 159.23 152.23 135.19 106.42 159.12 137.78 122.38 106.42 1.00 1.10 1.10 1.00

(011) 177.22 159.66 144.08 123.77 159.23 149.66 135.18 106.42 1.11 1.07 1.07 1.16

(101) 177.22 159.85 144.04 123.77 159.23 142.81 122.53 106.42 1.11 1.12 1.18 1.16

(110) 177.22 159.36 143.91 123.77 126.12 115.50 103.42 91.24 1.41 1.38 1.39 1.36

(111) 177.22 160.97 145.54 123.77 159.23 138.93 125.00 106.24 1.11 1.16 1.16 1.16

Plane Gmax Gmin Gmax/Gmin

Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3

(100) 77.52 70.60 65.47 55.06 54.83 49.53 43.34 38.09 1.41 1.42 1.51 1.45

(010) 77.52 70.60 65.47 55.06 54.83 50.61 45.58 38.09 1.41 1.39 1.44 1.45

(001) 77.52 70.60 65.47 55.06 69.54 64.43 55.93 47.39 1.11 1.09 1.17 1.16

(011) 77.52 67.84 62.10 55.06 54.83 48.91 43.33 38.09 1.41 1.39 1.43 1.45

(101) 77.52 68.49 65.45 55.06 54.83 49.73 44.79 38.09 1.41 1.38 1.46 1.45

(110) 77.52 70.60 65.47 55.06 54.83 48.94 43.91 38.09 1.41 1.44 1.49 1.45

(111) 77.52 70.57 64.01 55.06 54.83 49.42 43.34 38.09 1.41 1.43 1.48 1.45

Plane νmax νmin νmax/νmin

Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3 Si3 Si2Ge SiGe2 Ge3

(100) 0.32 0.33 0.32 0.31 0.12 0.11 0.09 0.11 2.67 3.00 3.56 2.82

(010) 0.32 0.33 0.33 0.31 0.12 0.11 0.10 0.11 2.67 3.00 3.30 2.82

(001) 0.32 0.34 0.33 0.31 0.14 0.10 0.09 0.12 2.29 3.40 3.67 2.58

(011) 0.32 0.33 0.33 0.31 0.12 0.11 0.10 0.11 2.67 3.00 3.30 2.82

(101) 0.32 0.33 0.32 0.31 0.12 0.11 0.09 0.11 2.67 3.00 3.56 2.82

(110) 0.32 0.32 0.32 0.31 0.12 0.11 0.11 0.11 2.67 3.00 2.91 2.82

(111) 0.32 0.32 0.32 0.31 0.12 0.11 0.10 0.11 2.67 3.00 3.20 2.82

Gmax/Gmin values are the smallest one in all the dif-
ferent planes. At the same time, it is obvious that
the elastic anisotropy of Si2Ge is weaker than that of
SiGe2 in the shear modulus and Poisson’s ratio, as the
Gmax/Gmin and νmax/νmin values of SiGe2 are always
larger than those of Si2Ge along each different plane.
The νmax and νmin of Si2Ge are 0.34 and 0.10, respec-
tively, and the maximum value of νmax/νmin is 3.40
in the (001) plane. The νmax and νmin of SiGe2 are
0.33 and 0.09, respectively, and the maximum value of
νmax/νmin is 3.67 in the (001) plane, which is obviously
larger than that of Si2Ge. Again, this firmly proves that
the anisotropy of these proposed Si-Ge alloys in P6222
phase is Si2Ge<SiGe2.

The Debye temperatures ΘD of Si3, Si2Ge, SiGe2 and
Ge3 in P6222 phase, as well as Si and Ge in diamond
phase, are calculated using the semi-empirical formula

ΘD = vm
h

kB

(
3n

4π

NAρ

M

)1/3

(1)

where vm is expressed as

[
(2/vs

3 + 1/vp
3)

3

]−1/3

[53],

vs=

(
G

ρ

)1/2

, vp=

[
(B + 4G/3)

ρ

]1/2
[54], h is the

Planck’s constant, kB the Boltzmann’s constant, n is
the number of atoms in the molecule, NA the Avo-
gadro’s number, ρ is the density, and M is the the
molecular weight. Herein, vm represents the mean
sound velocity; vs and vp represent the transverse and
longitudinal sound velocities, respectively. The calcu-
lated Debye temperature and sound velocities of the
four crystal materials in P6222 phase, as well as Si and
Ge in diamond phase are listed in Table IV. It is seen
that the values of ΘD in diamond phase are 639 K (Si)
and 360 K (Ge), which are in excellent agreement with
the previously reported work of 652 K (Si) and 374 K
(Ge) in Ref.[55]. Due to the densities of Si3, Si2Ge,
SiGe2 and Ge3 in P6222 phase gradually get higher (see
Table I), and the bulk modulus B and shear modulus
G of these four crystal materials correspondingly de-
creases (see Table II), the order of ΘD for these four
crystal materials is P6222-Si3 (625 K)>P6222-Si2Ge
(501 K)>P6222-SiGe2 (414 K)>P6222-Ge3 (345 K).
This also results in the sound velocities (vp, vs and vm)
of Si3, Si2Ge, SiGe2 and Ge3 in P6222 phase reduc-
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FIG. 4 The 3D contour surfaces of shear modulus for (a) Si2Ge, (b) SiGe2, (c) Si3 and (d) Ge3 in P6222 phase.

FIG. 5 The 3D directional dependence of Poisson’s ratio for (a) Si2Ge, (b) SiGe2, (c) Si3 and (d) Ge3 in P6222 phase.
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TABLE IV The Debye temperature (ΘD in K), and the
longitudinal, transverse, mean sound velocity (vp, vs, vm in
m/s) of Si3−xGex (x=0, 1, 2, 3) in P6222 phase.

Materials ΘD vp vs vm

P6222-Si3 625 8470 5140 5679

P6222-Si2Ge 501 6694 4071 4498

P6222-SiGe2 414 5570 3430 3785

P6222-Ge3 345 4761 2916 3219

Diamond-Si 639 8727 5303 5859

652 [55]

Diamond-Ge 360 5220 3119 3452

374 [55]

ing gradually with the increase of the incorporation of
germanium atoms.

It is known that sound waves travel at different
speeds along different directions in crystal materials, so
anisotropy of sound velocities also needs to be discussed.
The directions related to sound traveling in crystal ma-
terials are basically classified into two categories, the
propagation direction and the polarizing direction. In
hexagonal symmetry, sound velocities along the [001]
and [100] propagation directions can be calculated by
the following equations, respectively [56]:
For [010] plane:

[001]vp =

√
C33

ρ

[100]vs1 = [010]vs2 =

√
C44

ρ

For [100] plane:

[100]vp =

√
C11 − C12

2ρ

[010]vs1 =

√
C11

ρ

[001]vs2 =

√
C44

ρ

where vp is the longitudinal sound velocity, and vs1 and
vs2 are the transverse sound velocities in the first and
second mode, respectively.

The anisotropic sound velocities of Si2Ge and SiGe2
in P6222 phase are listed in Table V. It can be
seen that the highest sound velocities of P6222-Si2Ge
and P6222-SiGe2 are the transverse sound velocity in
the [100] propagation direction, which are 8478 m/s
and 4667 m/s, respectively, both appear in the sec-
ond mode. Also, it is found that the sound veloci-
ties of P6222-Si2Ge along different directions are all
largely higher than those of P6222-SiGe2. This is

TABLE V The calculated anisotropic sound velocities of
Si2Ge and SiGe2 in P6222 phase.

Propagation Polarization Velocity/(m/s)

direction direction P6222-Si2Ge P6222-SiGe2

[001] [001]vp 7785 4473

[100]vs1 5505 3121

[010]vs2 5505 3121

[100] [100]vp 5214 2900

[010]vs1 8478 4667

[001]vs2 5505 3121

FIG. 6 The electronic band structures of (a) Si2Ge and
(b) SiGe2 in P6222 phase.

due to the fact that the dominant elastic constants of
P6222-Si2Ge, including C11, C33 and C44, largely out-
weigh those of P6222-SiGe2, even though the density
of P6222-Si2Ge (3.742 g/cm3) is smaller than that of
P6222-SiGe2 (4.760 g/cm3). Meanwhile, it is obvious
that in the [001] propagation direction, both of P6222-
Si2Ge and P6222-SiGe2 exhibit the identical transverse
sound velocity in the first and second mode.

The electronic band structures of Si2Ge and SiGe2
in P6222 phase calculated by the HSE06 function are
shown in FIG. 6. It is seen that the Fermi level (0 eV)
is represented by the dashed line, and the maximum-
energy state in the valence band and the minimum-
energy state in the conduction band are each labeled by
a certain crystal momentum (k-vector) across the Bril-
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louin zone. The coordinates of high symmetry points
across the Brillouin zone for Si2Ge and SiGe2 in P6222
phase are G (0.000, 0.000, 0.000)→A (0.000, 0.000,
0.500)→H (−0.333, 0.667, 0.500)→K (−0.333, 0.667,
0.000)→G (0.000, 0.000, 0.000)→M (0.000, 0.500,
0.000)→L (0.000, 0.500, 0.500)→H (−0.333, 0.667,
0.500). As can be seen, the valence band maximums
(VBM) of P6222-Si2Ge is located at the A point, and
the conduction band minimums (CBM) is located at the
L point. Obviously, P6222-Si2Ge is an indirect band
gap semiconductor and the band gap is 0.07 eV. The
CBM of P6222-SiGe2 is located at the K point, while
its valence bands along G-H direction exhibit the metal-
lic feature as the top dispersive band crossing into the
upper region above the Fermi level with positive ener-
gies.

IV. CONCLUSION

The physical properties of two novel group 14 ele-
ment alloys Si2Ge and SiGe2 in P6222 phase were in-
vestigated by using first-principles computations in this
work, which include the structural properties, stability,
elastic anisotropy properties, electronic properties and
thermodynamic properties. The crystal structures of
Si3−xGex (x=0, 1, 2, 3) in P6222 phase are all in hexag-
onal symmetry, and their densities get higher gradu-
ally with increasing the incorporation of germanium
atoms. By illustrating the 3D surface constructions of
Young’s modulus, shear modulus and Poisson’s ratio
for the Si2Ge and SiGe2 in P6222 phase, as well as dis-
cussing and comparing the differences with P6222-Si3
and P6222-Ge3, we found that the elastic anisotropy
of P6222-Si2Ge is weaker than that of P6222-SiGe2.
Additionally, the electronic band structures were cal-
culated by HSE06 hybrid functional, indicating that
P6222-Si2Ge is an indirect band gap semiconductor,
and P6222-SiGe2 exhibits the metallic feature. Finally,
the Debye temperature and sound velocities were an-
alyzed to study the thermodynamic properties of the
proposed P6222-Si2Ge and P6222-SiGe2.
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