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The elastic response of monolayer silicon-germanium alloys (Si1-xGex , 0 � x � 1) is investigated using first-
principles calculations. It is found that the atomic arrangement of monolayer Si1-xGex alloys has a significant
impact on their elastic anisotropy, which can be categorized by their crystal systems. The hexagonal Si1-xGex

is elastically isotropic because of high symmetry, while some rectangular and oblique Si1-xGex are elastically
anisotropic because of the presence of the zigzag interface. The degree of anisotropy is related to the width
and ratio of silicene/germanene strips in the Si1-xGex superlattice structure. This work provides a guideline for
experimentally realizing this series of materials that may find applications in Si1-xGex-based optoelectronics and
flexible electronics.
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I. INTRODUCTION

Over the past two decades, the research of ultrathin
two-dimensional (2D) nanomaterials has reached an unprece-
dented level owing to their unique chemical or physical
features [1–6]. Benefiting from the high surface-volume ra-
tio and quantum confinement effect, 2D materials have been
substantiated to possess extraordinary electric, optical, cat-
alytic, and other properties [7–10]. For example, graphene can
sustain extremely high in-plane mechanical strains, current
densities, and thermal conductivity [11]. Excellent electronic
properties have also been found successively for other 2D
materials such as phosphorene with various phases [12–14].
Along with the expansion of the family of 2D materials and a
growing understanding of their exotic fundamental properties,
various potential applications have been proposed [15–19];
e.g., the lattice-confined materials stimulate a rising area of
“confinement catalysis with 2D materials” due to the intrigu-
ing confinement environments for active sites [9]. In addition
to the striking electronic properties and catalytic applications,
mechanical properties, including high in-plane stiffness and
extremely low flexural rigidity, which are significantly differ-
ent from those in bulk materials [20–22], are also induced in
the 2D forms. The high modulus of elasticity makes 2D ma-
terials attractive in strain sensors, fibers, protective coatings,
etc. [23–26]. The elastic responses upon different loading
(also called isotropy/anisotropy) make some 2D materials
promising in optoelectronics and flexible electronics applica-
tions [27–30]. Since mechanical strain can greatly modify the
electronic, optical, and thermal properties [22,31], it plays an
important role in the applications of nanomaterials [32,33].
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Therefore, there must be more investigations of mechanical
properties as well as elastic responses, especially studying
how these properties vary with the crystal structure (partic-
ularly the microstructure) and the chemical composition of
materials [34,35].

As silicon (Si) and germanium (Ge) are the cornerstones
of the current electronic industry, to better integrate the
nanomaterials into current devices, systems containing Si or
Ge, especially silicon germanium (Si1-xGex), which could
combine both the superior properties of germanene and the
synthesis advantages of silicene, have been arousing tremen-
dous interest [36–38]. With Ge doped, Si1-xGex alloy has
been reported to possess a larger thermoelectric figure of
merit [39], higher carrier mobility [40,41], and less reactivity
[42] than silicene. The nanoscale and functionalized Si1-xGex

are predicted to be promising materials for nanoelectronics
and nano-optoelectronics [43–45]. The high-quality Si1-xGex

growth with precise control of composition x and layer thick-
ness has been reported [46,47]. According to the previous
studies, single crystal SiGe layers can be fabricated by sev-
eral techniques, such as molecular beam epitaxy [48], layer
exchange technique [49,50], and ion implantation method
[51–53]. Even though monolayer Si1-xGex has not been syn-
thesized so far, the recent reported quasi-free-standing silicene
[54] and germanene [55] make their synthesis possible in the
near future since Si1-xGex can be formed by adding dopants
into the silicene/germanene monolayer, which can be realized
using the ion implantation strategy.

Since synthesis strategies such as selective ion implan-
tation may induce anisotropy in the nanocrystals, and the
isotropy/anisotropy plays an important role in diverse ap-
plications such as dislocation and transformations [56–59],
the investigations of elastic responses for Si1-xGex, espe-
cially elastic isotropy/anisotropy, is necessary and valuable
in the fabrication of Si-based/Ge-based nanodevices. In the
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past few years, 2D Si1-xGex has been proved to be energeti-
cally stable due to similar covalent radii, and their electronic,
optoelectronic, magnetic, and thermal dynamic properties
have been explored abundantly from the theoretical point
of view [50–52]. However, to the best of our knowledge,
the mechanical properties of Si1-xGex, especially the elastic
responses upon the loading in different directions, have not
been fully investigated. Thus, in this paper, we performed
first-principles calculations to investigate the elastic response
of monolayer Si1-xGex and aimed to identify factors that may
affect their isotropy/anisotropy from the theoretical perspec-
tive. Our calculations predict three crystal systems for the
monolayer Si1-xGex with different isotropic/anisotropic prop-
erties. Among them, the hexagonal Si1-xGex exhibit elastic
isotropy, similar to silicene, germanene, and siligene [60–62],
whereas the rectangular and oblique Si1-xGex are elastically
anisotropic, which is found to be closely related to the pres-
ence of the zigzag silicene/germanene interface. Moreover,
the degree of elastic anisotropy could be associated with the
width of zigzag silicene/germanene nanoribbons.

II. COMPUTATIONAL DETAILS

For 2D systems, the generalized Hooke’s law can be writ-
ten as ⎡
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where σi j (i, j = x, y) is the stress tensor on the face perpen-
dicular to ki(i = x, y) in the direction k j ( j = x, y), Ci j (i, j =
1, 2, or 6) is the stiffness constant, Si j(i, j = 1, 2, or 6) is
the compliance constant, and εi j (i, j = x, y) is the strain; note
that 2εxy = 2εyx = ε6. According to the definitions of Young’s
moduli and the Poisson ratio, the mechanical properties of
2D materials including Young’s moduli (in-plane stiffness),
Poisson ratios, and shear modulus can be calculated from the
compliance constants [63],

Yx = 1

S11
,

Yy = 1

S 22
,

υxy = −S12Yx,

υyx = −S12Yy. (2)

To investigate the mechanical properties along an arbitrary
direction, we rotate the axis (x, y) to (x′, y′) at an arbitrary
angle θ ; then the elastic compliance constants at an arbitrary
angle θ are given as follows:

S
′
11 = S11cos4θ + (2S12 + S66)cos2θsin2θ + S22sin4θ,

S
′
22 = S11sin4θ + (2S12 + S66)cos2θsin2θ + S22cos4θ,

S
′
12 = (S11 + S22 − S66)cos2θsin2θ + S12(cos4θ + sin4θ ),

S
′
66 = 4(S11 + S22 − 2S12)cos2θsin2θ + S66(cos2θ − sin2θ )

2
,

S
′
16 = (2S11 − 2S12 − S66)sinθcos3θ

+ (2S12 − 2S22 + S66)sin3θcosθ,

S
′
26 = (2S11 − 2S12 − S66)sin3θcosθ

+ (2S12 − 2S22 + S66)sinθcos3θ (3)

Obviously, for a 2D system, both compliance tensor Si j and
the stiffness tensor Ci j are functions of orientation. Subjected
to the uniform displacement boundary condition, the averaged
stress and strain can be described in terms of the shear modu-
lus G and so-called area modulus K [56,64],

〈σi j〉 = 2KV ε0
pδi j + 2GV e0

i j (i, j = 1, 2),

〈εi j〉 = 1

2KR
σ 0

p δi j + 1

2GR
s0

i j (i, j = 1, 2), (4)

where V and R represent the Voigt and Reuss averages [65],
respectively. δi j is the Kronecker delta function. si j (ei j ) is the
deviatoric stress (strain) si j = σi j − σpδi j (ei j = εi j − εpδi j).
σp = (σ11 + σ22)/2 and εp = (ε11 + ε22)/2 are the area stress
and averaged strain, respectively. The elastic anisotropy index
ASU which is a universal measure to quantify the degree of
anisotropy of crystal [56,64] can be expressed as

ASU =
√(

KV

KR
− 1

)2

+ 2

(
GV

GR
− 1

)2

. (5)

The 2D structure is predicted via the cluster expansion
(CE) method as implemented in the Alloy Theoretic Auto-
mated Toolkit (ATAT) [66]. In the CE scheme, given the lattice
information of parent structures and their related symmetry
operations, the supercell lattice frames can be constructed
[67]. Then, according to the atomic arrangement in lattice
frames and symmetries, monolayer Si1-xGex is generated.
Density functional theory (DFT) calculations were carried
out to investigate the elastic response of 2D Si1-xGex using
the Vienna ab initio simulation package (VASP) [68]. The
projector augmented wave (PAW) method and the Perdew-
Burke-Ernzerhof form of generalized gradient approximation
(GGA PBE) [68,69] were adopted to describe the core-
electron interaction and the exchange-correlation interaction,
respectively. A plane-wave basis with cutoff energy of 600 eV
was used to expand the electronic wave function. The con-
vergence criterion for the total energy and the geometric
optimization was set to 1 × 10−6 eV and 0.01 eV/ Å, re-
spectively. k-point meshes of 15 × 15 × 1 have been utilized.
Additionally, a vacuum layer of 30 Å has been inserted to
alleviate the spurious interlayer interaction in the out of plane
direction.

III. RESULTS AND DISCUSSION

Before discussing the elastic response of 2D Si1-xGex

alloys, we first evaluate their synthesis feasibility.
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FIG. 1. Formation energies and different crystal systems of monolayer Si1-xGex . (a) Formation energy of 105 monolayer Si1-xGex supercell
structures containing up to eight atoms. The blue squares, green diamonds, and red circles represent 2D rectangular (rect-), hexagonal (hex-),
and oblique (obl-) lattices, respectively. The black stars connected by the dashed line are the parent structures (silicene and germanene).
(b) The lowest-energy structures of rect-, hex- and obl-Si1-xGex at x = 0.5 among the 105 monolayer Si1-xGex supercell structures containing
up to eight atoms.

Considering the similar low buckled honeycomb structures,
monolayer silicene and germanene are used as parent
structures (Fig. S1 in the Supplemental Material (SM) [70]).
All the possible monolayer Si1-xGex supercell structures
containing up to eight atoms are generated in CE simulation
using the algorithm developed by Hart and Forcade [71].
The energy-composition (x) diagram of 2D Si1-xGex is
presented in Fig. 1(a). The formation energies are obtained by
E f (x) = ESi1−xGex − xEGe − (1−x)ESi, where ESi1−xGex , EGe,
and ESi are the total energy per atom of Si1-xGex, germanene,
and silicene, respectively. It is clear that the formation
energies of all configurations in the whole composition
range are positive and vary from 10 to 38 meV/atom,
suggesting the endothermic process of forming binary
Si1-xGex. Nevertheless, the formation energies are small
enough that nanoscale Si1-xGex could be fabricated fairly
easily, as demonstrated in recent experiments [36,44,72].

According to the rotational symmetry, monolayer Si1-xGex

in Fig. 1(a) can be classified into three crystal systems,
i.e., 2D rectangular (rect-), hexagonal (hex-), and oblique
(obl-) crystals, represented by blue squares, green diamonds,
and red circles, respectively. Generally, the rect-Si1-xGex is
energetically favored over hex- and obl-Si1-xGex. The mini-
mum energy structures of Si1-xGex (x = 0.25, 0.5, and 0.75)
displayed in Fig. S2 [70] prefer phase segregation. The sta-
bility induced by the symmetric arrangement of atoms has
also been found in three-dimensional (3D) materials such as
alkali-doped calcium silicate hydrate [73]. This result can be
explained by the intrinsic phase-separated state of crystals
with two symmetry-distinct phases, and it is consistent with
the phase diagram in which monolayer Si1-xGex shows the
presence of the two-phase region at low temperature across
the entire range [74]. Besides, the lowest-energy Si1-xGex (x =
0.5) with different crystal systems shown in Fig. 1(b) suggests
that the phase segregation state is not related to the crystal

system. With the same crystal system, Si1-xGex consisting of a
zigzag silicene/germanene interface is energetically more sta-
ble because of the smaller lattice mismatch between silicene
and germanene in the zigzag direction (4.91% of 3.87 Å for
silicene or 4.68% of 4.06 Å for germanene) than that in other
directions. As specified in Table S1 [70], the rect-Si0.5Ge0.5

consisting of a zigzag silicene/germanene interface is ener-
getically favored compared to rect-Si0.5Ge0.5 consisting of an
armchair silicene/germanene interface. The lattice mismatch
leads to a small tensile/compressive strain which in turn re-
sults in the change of bond length R and buckling height �.

To explore how the mechanical properties evolve with
the tensile/compressive strain, calculations are carried out to
investigate the elastic property of monolayer Si1-xGex. By
applying the infinitesimal strain ε from −0.015 to 0.015 and
with an increment of 0.005, the elastic stiffness tensor Ci j ,
which is also related to the second-order elastic constants,
can be derived from the energy-strain curves based on the
changes of the strain energy: E = 1

2

∑6
i, j=1 Ci jεi jε ji [75]. The

calculated mechanical properties including in-plane stiffness,
Poisson ratios, and elastic anisotropy index of the minimum
energy structures obl-, rect-, and hex-Si0.5Ge0.5 are shown in
Table S2 [70]. Based on the calculated elastic constants, the
mechanical stability is confirmed via Born stability criteria
[76] (see Sec. 4 in the SM [70]). It is noted that subject to
small in-plane deformation, silicene and germanene are sug-
gested to have an isotropic Young’s modulus (Y ) and Poisson
ratio (v) [60,61]. Therefore, monolayer Si1-xGex is expected
to be mechanically isotropic as well. However, the slight de-
viation from a perfect circle in polar diagrams of rect- and
obl-Si0.5Ge0.5 (Fig. 2) show that the in-plane stiffness and
Poisson ratio have weak anisotropy, while for hex-Si0.5Ge0.5

the nearly perfect circles represent the isotropic properties.
The anisotropy/isotropy can be quantified by the uni-

versal anisotropy index ASU. When a crystal is isotropic,
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FIG. 2. Polar diagram of the (a) in-plane stiffness and (b) Poisson ratios for the minimum energy Si1-xGex at x = 0.5 with different crystal
systems. The blue, olive, and red lines represent the rect-, hex-, and obl-Si0.5Ge0.5, respectively.

GV

GR = 1, KV

KR = 1, and thus ASU = 0. According to Eq. (5),
the elastic anisotropy diagram (EAD) of Si1-xGex is con-
structed in the ( GV

GR , KV

KR ) space as shown in Fig. 3. It can

be found that hex-Si1-xGex is at the point ( GV

GR = 1, KV

KR =
1), which indicates the elastic isotropy. This is predictable
since the average area/shear moduli are simplified to KV =
KR = (C11 + C12)/2, GV = GR = (C11 − C12)/2. The points
for obl- and rect-Si1-xGex are scattered but the majority
are within ASU � 0.003, implying the weak anisotropy of
Si1-xGex. This can be explained by the similarity of silicon
and germanium atoms. The distribution of ASU for Si1-xGex is
in agreement with the EAD for 2D crystals [64].

Unlike 2D hex-crystals, which are known to be strongly
correlated with elastic isotropy, the elastic isotropy/anisotropy
for rect- and obl-crystals is closely associated with atomic ar-
rangements. This is consistent with the scattered blue squares
and red circles in Fig. 3. Even though most of the structures
have weak anisotropy (ASU � 0.003), there is one exception,

FIG. 3. Elastic anisotropy diagram for Si1-xGex . The blue
squares, green diamonds, and red circles represent rect-, hex-, and
obl-Si1-xGex with different compositions, respectively. The contour
lines (ASU) are obtained from Eq. (5). The inset in the figure shows
the scatters around GV /GR = 1.

ASU = 0.062. The corresponding rect-Si1-xGex possesses a
relatively strong anisotropy and the structure is shown in
Fig. 4(a). This structure is composed of alternating zigzag Si
and Ge atomic chains, and there exist some small changes in
bond lengths (a few percent) but significant changes in bond
angles. As to buckling height (see Table S3 [70]), the value
between two Si atoms decreases from 0.447 Å in silicene to
0.007 Å, while that between two Ge atoms increases from
0.675 Å in germanene to 0.917 Å in this rect-SiGe. The dra-
matic decrease of buckling height between two Si atoms leads
to a tensile strain in the silicene strip, whereas the increase
between two Ge atoms results in the compressive strain in
the germanene strip. As reported by Mortazavi et al., for
both silicene and germanene, this strain effect is particularly
pronounced at higher loading conditions, especially along the
zigzag direction [77]. Hence, due to the high internal strain
loading induced by lattice mismatch, this structure is expected
to show anisotropic mechanical properties. The in-plane stiff-
nesses are 60.773 and 47.161 N/m, and the Poisson ratios
are 0.234 and 0.182 along the zigzag direction and armchair
direction, respectively. This is in sharp contrast to the reported
isotropic 2D siligene (see Table S4 [70]). The lower in-plane
stiffness in the armchair direction indicates the higher fracture
strength, making this rect-SiGe more flexible to deform but
harder to break in this direction.

Compared to the structure in Fig. 4, the buckling heights
for both Si and Ge atoms (0.477 and 0.684 Å, respectively)
of rect-SiGe consisting of armchair silicene/germanene strips
only increased slightly due to the small compressive loading
(see Table S1 [70]). Since the buckling parameter is irrespec-
tive of the direction under a small strain [77], this structure
exhibits isotropy as shown in Fig. S3 [70]. In-plane stiffness is
51.294 N/m, and the Poisson ratio is 0.334. In order to further
understand the reason for isotropy/anisotropy in monolayer
Si1-xGex, we investigated the atomic arrangements of rect-
and obl-Si1-xGex and found that all structures with ASU �=
0 comprise zigzag silicene/germanene strips. As shown in
Fig. S4 [70], the minimum energy Si1-xGex (x = 0.25, 0.5,
and 0.75) structures consisting of zigzag silicene/germanene
strips exhibit weak anisotropy rather than isotropy. Simi-
lar to rect-SiGe in Fig. 4, the anisotropy can be explained
by the internal strains which are deeply involved in the
silicene/germanene interface (see Table S5 [70]). That is,
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FIG. 4. Structure and mechanical properties of monolayer rect-SiGe consisting of zigzag silicene nanoribbon (width of 1) and zigzag
germanene nanoribbon (width of 1). (a) The top and side views of the structure. (b), (c) Polar diagram of the in-plane stiffness and Poisson
ratios.

wider silicene or germanene strips will restrain the opposite
internal strains, resulting in the weak anisotropy of mono-
layer Si1-xGex. Thus, we can say that the elastic anisotropy
degree ASU of the monolayer Si1-xGex could be influenced
by the width of silicene or germanene strips, similar to the
thermoelectric figure of merit in silicon-germanium superlat-
tice nanowires, which depends on the periodic length [78].
This elastic anisotropy affected by the zigzag edge state may
resemble those of the silicene/germanene superlattice [78] but
would be significantly modified due to the interface effect
similar to the thermal properties [79,80].

To investigate the correlation between the degree of
anisotropy and zigzag silicene/germanene interface as well as
compositions, the elastic isotropy/anisotropy of 105 Si1-xGex

is evaluated. Even though most structures are essentially
isotropic, along with the increase of Ge composition, some
rect- and obl-Si1-xGex show a small degree of deviation
from ASU = 0, especially a blue square located at x = 0.5
which corresponds to the structure in Fig. 4(a) possessing a

FIG. 5. Elastic anisotropy-composition diagram for Si1-xGex .
The fitting line in the inset picture represents the anisotropy
possibility at each x. The possibility p is calculated via p =
n(x)ASU �=0/n(x), where n(x)ASU �=0 is the number of Si1-xGex with
ASU �= 0 at the composition x, n(x) is the total number of Si1-xGex at
composition x.

relatively strong anisotropy. Besides, by estimating the possi-
bility of ASU �= 0 at each composition (the inset in Fig. 5), we
found that monolayer Si1-xGex is most likely to be anisotropic
at the intermediate composition ∼0.5. This is reasonable
as more zigzag silicene/germanene interfaces can be found
when the composition of Si is approximately equal to that
of Ge. Therefore, it is deduced that the isotropy/anisotropy
of rect- and obl-Si1-xGex is very likely attributed to the
zigzag silicene/germanene interface as well as compositions.
As monolayer Si1-xGex with pair coupling has been proved
to possess the Dirac cone [74,81], by modulating the zigzag
interface, isotropic or anisotropic Dirac cone materials could
be generated. In addition, considering the anisotropy of 2D
square crystals is more relevant to the atomic arrangements
similar to the rectangular and oblique crystals [64], we can
predict that the square Si1-xGex containing the zigzag silicene/
germanene interface would be elastically anisotropic.

IV. CONCLUSION

In conclusion, the elastic anisotropy diagram is obtained
for monolayer Si1-xGex that are grouped into three systems
(rectangular, hexagonal, and oblique crystals) using 2D elastic
anisotropy index ASU. The similarity of silicon and germa-
nium causes a little range of anisotropy index (ASU < 0.063)
for monolayer Si1-xGex. Moreover, the hex-Si1-xGex is elasti-
cally isotropic due to its crystal system, while for rect- and
obl-Si1-xGex, the elastic isotropy and anisotropy are mainly
related to the zigzag silicene/germanene interface as well as
compositions (or periodic length). The monolayer Si1-xGex

is most likely to be anisotropic at the intermediate compo-
sition x ∼ 0.5, and the anisotropy is mostly contributed to
the opposite strain loading in the zigzag silicene/germanene
interface. Thus, unlike the usual way that the degree of
isotropy/anisotropy is tuned by modulating interactions such
as hydrogen bonding, halogen bonding, and π · · ·π interac-
tions, in the present study, it is found that isotropy/anisotropy
can be affected by the atomic arrangement. The understanding
of intermolecular interaction makes it possible to precisely
control the elastic isotropy/anisotropy during synthesis and
is of fundamental importance for property-oriented crystal
design. Furthermore, this study lays the foundation for the ap-
plications of 2D Si1-xGex with respect to the elastic response.
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