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a b s t r a c t

The elastic properties are fundamental and important for crystalline materials as they relate to other
mechanical properties, various thermodynamic qualities as well as some critical physical properties.
However, a complete set of experimentally determined elastic properties is only available for a small
subset of known materials, and an automatic scheme for the derivations of elastic properties that is
adapted to high-throughput computation is much demanding. In this paper, we present the AELAS
code, an automated program for calculating second-order elastic constants of both two-dimensional
and three-dimensional single crystal materials with any symmetry, which is designed mainly for high-
throughput first-principles computation. Other derivations of general elastic properties such as Young’s,
bulk and shear moduli as well as Poisson’s ratio of polycrystal materials, Pugh ratio, Cauchy pressure,
elastic anisotropy and elastic stability criterion, are also implemented in this code. The implementation
of the code has been critically validated by a lot of evaluations and tests on a broad class of materials
including two-dimensional and three-dimensional materials, providing its efficiency and capability for
high-throughput screening of specific materials with targeted mechanical properties.
Program summary
Program title: AELAS
Program Files doi: http://dx.doi.org/10.17632/f8fwg4j9tw.1
Licensing provisions: BSD 3-Clause
Programming language: Fortran
Nature of problem: To automate the calculations of second-order elastic constants and the derivations
of other elastic properties for two-dimensional and three-dimensional materials with any symmetry via
high-throughput first-principles computation.
Solution method: The space-group number is firstly determined by the SPGLIB code [1] and the structure
is then redefined to unit cell with IEEE-format [2]. Secondly, based on the determined space group
number, a set of distortionmodes is automatically specified and the distorted structure files are generated.
Afterwards, the total energy for each distorted structure is calculated by the first-principles codes, e.g.
VASP [3]. Finally, the second-order elastic constants are determined from the quadratic coefficients of
the polynomial fitting of the energies vs strain relationships and other elastic properties are accordingly
derived.
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1. Introduction

Material discovery based onhigh-throughput (HT) computation
has become an emerging research field in the past decade because
it promises to avoid time-consuming try and error experiments
and to solve the issues related to progressive complexity of nu-
merous materials [1]. HT approach is recognized as one core task
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in ‘‘Materials Genome Initiative’’ strategic plan to generate a large
database of material properties and dig out new knowledge by
an automatic flow strategy from ideas to results [2]. Clearly, the
progress of HT approach benefits mostly from the rapid develop-
ment of modern computational technique and advanced parallel
computing architecture that was unavailable before. A popular ap-
plication of HT approach is known as the thermodynamic stability
analysis, where, for a given combination of chemical elements,
stable structures at low temperatures are identified, and mean-
while the generated large databases provide a platform for the
exploration of newmaterialswith targetedproperties. Some repre-
sentative databases generated by HT first-principles computation
so far include the Materials Projects (MP) [3], the Automatic Flow
for Materials Discovery (AFLOW) [4], the Open QuantumMaterials
Database (OQMD) [5], the Quantum Materials Informatics Project
(QMIP) [6], and the Computational Materials Repository (CMR)
[7]. Despite these databases provide the well suited codes with
the implementation of high efficient HT computation, these codes
however focus mostly on the structure stability and functional
properties of materials. Except for the well-known MP code [8–
11], few are designed for an automatic HT scheme to derive the
mechanical properties, such as elastic constants, elastic anisotropy,
mechanical stability, Poisson’s ratio, mechanical strength, stacking
fault energy and Peierls–Nabarro stress. These parameters are crit-
ical in designing the advanced structural materials with desired
mechanical properties, such as ultraincompressiblematerials, hard
and superhard materials [12,13], metallic composites with high-
strength and high-ductility, and superalloys [14].

Among various mechanical properties, the elastic property of
a crystalline solid is a fundamental quality that describes a re-
versible response to external forces within elastic limit, playing
an important role in designing structural materials. For instance,
the elastic anisotropy of a crystal can be correlated to the ther-
modynamic properties, such as thermal expansion, melting point
and Debye temperature [15], while the Pugh ratio (the ratio of
the bulk to shear modulus G/K ) [16] and Cauchy pressure PC =

(c12 − c44) [17] are known as basic parameters to estimate the
brittleness or ductility of a material. In Peierls–Nabarro dislocation
model, the elastic energy factors Ke and Ks are scaled by the shear
modulus G and the Poisson’s ratio ν of a crystalline material [18].
In addition, the thermodynamically stabilized crystal structure
must also follow the criterion of mechanical stability which can
be evaluated by the anisotropic elastic constants [19]. Moreover,
the elastic properties are key parameters that are relevant to the
interatomic forces, phonon dispersion, structural phase transfor-
mation, as well as the cohesion of solids. Nevertheless, a complete
set of experimentally determined elastic constants is only avail-
able for a small subset of known materials so far [20]. A great
challenge faced in experiments is to get the elastic properties of
a large number of metastable phases that may be stabilized at high
temperature and high pressure, or in nanoscale, because of the
technical difficulty or uncertainty. In this regard, first-principles
calculation within framework of density functional theory (DFT)
provides an alternative solution to derive the elastic properties
within a required precise by applying a series of strain patterns
on a crystal at equilibrium. And meanwhile some open source
programs have been developed recently for this purpose including
Pymatgen [21], ElaStic [22], besides of the implementation of the
same functionality into the commercial software like CASTEP [23],
VASP [24] and CRYSTAL [25].

Among these open-source codes, Pymatgen has recently re-
leased its HT solution to calculate elastic properties of massive
inorganic crystalline compounds in a consistent manner [8–11],
but its deficiency may intrinsically limit its applications and other
alternative ones are much demanded to provide necessary sup-
plement. For instance, the stress–strain method adopted in the

code requires high precise first-principles calculation of stress. Fur-
thermore, although the elastic constants of two-dimensional (2D)
materials, a broad branch of new nanomaterials, can be derived by
solving 2D materials as specific three-dimensional (3D) materials
in Pymatgen, a separate code designed for the calculation of the
elastic properties of 2Dmaterials is also necessary for the following
reasons: firstly, in comparison to 3D materials, a smaller set of
distortion modes is required for 2D materials in the derivation of
elastic constants; secondly, the derived elastic moduli based on a
3D model cannot be directly used for those of 2D materials. To
best of our knowledge, the HT approach for the elastic constant
calculation of 2D materials has also not been implemented in the
other open-source codes so far. Therefore, we here present a fully
automated program named AELAS that is developed for the HT
implementation of elastic constant calculation and other derived
elastic properties based on the energy-strain method. In AELAS
code, both 3D materials and 2D materials are supported with
special consideration of several abnormal cases in dealingwith un-
stable phases. A complete set of elastic properties is automatically
derived, including the elastic stiffness tensor, compliance tensor,
average elastic modulus with Voigt–Reuss–Hill approximation for
polycrystals, Pugh ratio, Cauchy pressure, elastic anisotropy and
elastic stability criterion. Furthermore, the automatic feature of
AELAS code in deriving elastic properties is well adapted to HT
first-principles computation, providing not only an alternative for
HT solution of elastic properties but also a supplement to the
deficiency of other previous codes.

In this article, we shall first give an overview in Section 2 on
the theoretical method to calculate the elastic constants of a single
crystal and the derivation of other elastic properties. Secondly, the
workflow and automated scheme of the AELAS code is presented
in Section 3. Afterwards, the details of first-principles calculation
are presented in Section 4 and the implementation and validity of
the AELAS code has been comprehensively tested in Section 5 by a
lot of evaluations and comparisons on a broad class of materials
including both typical 2D and 3D materials with different types
of chemical bonding (i.e. metallic, covalent and ionic). In the last
Section 6, a brief summary is given with a few remarks on the
further development of AELAS code.

2. Methodology

2.1. Elasticity theory

Within the linear region, the response of solids to external
loading are described using the generalized Hooke’s law and the
stress σ = (σ1, σ 2, σ 3, σ 4, σ 5, σ 6) is related with the strain ε =

(ε1, ε2, ε3, ε4, ε5, ε6) in the normal form as:

σi =

6∑
j=1

cijεj (1)

where the coefficients cij are the elastic stiffness constants of the
crystal and ε1= εxx, ε2= εyy, ε3= εzz, ε4= εyz+εzy, ε5= εxz+εzx,
ε6= εyx+εxy are in Voigt notation [26] by simplifying a pair of
Cartesian indices into a single integer 1 ≤ i ≤ 6, i.e. xx → 1,
yy → 2, zz → 3, yz → 4, xz → 5, xy → 6. Thus a 3×3 symmetric
strain or stress matrix reduces to a vector with 6 independent
components, and the elastic stiffness tensor is expressed by a 6×6
matrix. Eq. (1) is changed to the form

εi =

6∑
j=1

sijσj (2)

where sij are the elements of elastic compliance tensor that satisfies[
sij

]
=

[
cij

]−1.
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The internal energy of a crystal under strain ε can be repre-
sented by Taylor expansion in power of the strain tensor in the
following equation:

E (V , {εi}) = E (V0, 0) + V0

6∑
i

σiεi +
V0

2

6∑
i,j=1

cijεiεj + · · · , (3)

where E (V0, 0) and V0 are the energy and volume of the reference
structure (usually the equilibrium one), respectively.

In general, there are two methods for the first-principles cal-
culation of elastic constants: energy-strain method and stress–
strain method. The energy-strain method corresponds that the
elastic stiffness tensor is derived from the second-order derivative
of the total energies with respect to strain (i.e. Eq. (3)), while the
stress–strain methodology is based on the first-order derivative of
the stresses (i.e. Eq. (1)). The stress–strain method requires much
smaller set of distortions than the energy-strain method, since
there are six stress components that can be obtained for each
DFT calculation whereas only one energy for each fitting [27].
Nevertheless, a much higher computational precise is required
for stress–strain method to achieve the same accuracy as energy-
strain method [22], which makes the former method apply mainly
for the determination of stability of a structure within minor dis-
tortion. To reduce the stress sensitivity, the energy-strain method
is thereforemore favorable and used in AELAS code. In thismethod,
one first chooses a set of distortionmodes, e.g. εI = (0, 0, 0, δ, δ, δ),
εII = (δ, δ, 0, 0, 0, 0) and εIII = (δ, δ, δ, 0, 0, 0) for cubic system,
and then the strain energies are calculated for each distorted
structure. After that, the quadratic coefficients are determined by
fitting the energy-distortion δ relationship, and finally the second
order elastic constants cij are determined.

2.2. Polycrystalline bulk and shear moduli

In a polycrystalline material, the crystallites are randomly ori-
ented, and such materials can be considered to be quasi-isotropic
or isotropic in a statistical sense. The elastic response of an
isotropic system is generally described by the bulk modulus K and
the shear modulus G, which may be obtained by averaging the
single-crystal elastic constants [28]. The averaging methods most
widely used are the Voigt [26] bound, Reuss [29] bound, Hashin–
Shtrikman [30] bound and Hill [31] average. Voigt’s procedure
assumes that the strain is uniform throughout an aggregate, while
the Reuss’ one takes the stress to be uniform [31]. In Voigt’s
approximation, the equation takes the following form:{9KV = (c11 + c22 + c33) + 2 (c12 + c23 + c31)
15GV = (c11 + c22 + c33) − (c12 + c23 + c31)

+ 4 (c44 + c55 + c66) ,
(4)

while the Reuss bounds is that{1/KR = (s11 + s22 + s33) + 2 (s12 + s23 + s31)
15/GR = 4 (s11 + s22 + s33) − 4 (s12 + s23 + s31)

+ 3 (s44 + s55 + s66) .
(5)

The Young’s modulus E, and Poisson’s ratio ν for an isotropic
material are given by E =

9KG
3K+G and ν =

3K−2G
2(3K+G)

, respectively.
Hill [31] has demonstrated that the Voigt and Reuss bounds

are rigorous upper and lower bounds, respectively. The arithmetic
mean of the Voigt and Reuss bounds, i.e. KVRH = 1/2(KV + KR) and
GVRH = 1/2(GV + GR), termed the Voigt–Reuss–Hill (VRH) average
is found as better approximation to the actual elastic behavior of
a polycrystal material [31]. In weakly anisotropic materials, of
course, all these averages lead to similar results for elastic moduli.
Alternatively, one would prefer to use the geometric or harmonic
means instead of the arithmetic average too.

2.3. Pugh ratio and Cauchy pressure

A well-established justification of whether a crystalline solid is
ductile or brittle is if dislocation embryos can be more easily nu-
cleated from a sharp crack tip prior to its propagation by cleavage
[32,33]. The bifurcation inmechanical behavior can be represented
by the ratio of the shear modulus to the bulk modulus, i.e. Pugh
ratio G/K, by simply considering K as the resistance to fracture and
G as the resistance to plastic deformation [16]. The critical value
of G/K ratio to separate ductile and brittle materials is around 0.57.
Thatmeans ifG/K <0.57 thematerial ismore ductile, otherwise the
material behaves in a brittlemanner [16]. The higherG/K indicates
the more brittleness of the material.

Cauchy pressure PC = (c12−c44) is another quantity to describe
the brittleness or ductility of amaterial by counting for the angular
character of atomic bonding in themetals and compounds [17]. For
covalent materials with brittle atomic bonds, the Cauchy pressure
is negative (c12 < c44), because in such case material resistance to
shear strain (c44) is much larger than that to volume change (c12)
[34]. In case of metallic-like bonding with delocalized electrons
however, the Cauchy pressure should be positive (c12 > c44)
[17,34].

2.4. Elastic anisotropy

To quantify the anisotropy of cubic crystals, Zener [35] in-
troduced A = 2c44/(c11 − c12), where c11, c12, and c44 are the
three independent components of elastic stiffness constants. More
recently, Chung and Buessem [36] proposed another empirical
factor to measure elastic anisotropy of cubic crystals by a single-
value as [36,37],

AC
=

GV − GR

GV + GR
=

3(A − 1)2

3(A − 1)2 + 25A
, (6)

where GV and GR are the shear modulus with the Voigt and Reuss
approximation, respectively, and A is the Zener anisotropy coeffi-
cient. Note that AC is generally different if A−1 is used instead of A
[37]. The two definitions of elastic anisotropy are helpful as long
as one considers cubic crystals that exhibit an isotropic bulk resis-
tance. For all other crystal types, the bulk response is in general
anisotropic and one must account for such contributions in order
to quantify the extent of anisotropy accurately. For this purpose,
Ranganathan et al. [37] introduced a new universal anisotropy
index that overcomes the above limitations:

AU
= 5

GV

GR
+

KV

KR
− 6, (7)

where KV , KR, GV and GR are the bulk and shear moduli with the
Voigt and Reuss estimates, respectively. In the special case of cubic
crystals, the relation between AU and A takes the following form:
AU

=
6
5

(
A1/2

− A−1/2
)2 [37]. For an isotropic crystal, AU is identi-

cally zero, and the departure of AU from zero defines the extent
of elastic anisotropy with considering both the shear and bulk
contributions unlike all other existing anisotropy measures [37].
Thus, AU represents a universal measure to quantify the single
crystal elastic anisotropy [37].

2.5. Criterion of elastic stability

For a crystalline structure, the elastic stability criterion is de-
fined as the elastic energy given by the quadratic from of Eq. (3).
It is always positive [19] for a stable structure in the harmonic
approximation [38]. As first noted by Born [39], it is mathemati-
cally equivalent to the following necessary and sufficient stability
conditions: (i) The second-order elastic stiffness tensor matrix C is
definitely positive, (ii) all eigenvalues of C are positive, (iii) all the
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Table 1
Properties derived from the elastic constant matrix in AELAS code for 3D materials.

Property Unit Description Equation Ref.

Elastic tensor, [cij] GPa Tensor, describing elastic behavior
(IEEE-format)

See main text

Compliance tensor, [sij] GPa−1 Tensor, describing elastic behavior [sij]=[cij]-1

Bulk modulus Voigt average, KV GPa Upper bound on K for polycrystalline material 9KV = (c11 + c22 + c33) + 2(c12 + c23 + c13) [31]
Bulk modulus Reuss average, KR GPa Lower bound on K for polycrystalline material 1/KR = (s11 + s22 + s33) + 2(s12 + s23 + s13) [31]
Shear modulus Voigt average, GV GPa Upper bound on G for polycrystalline material 15GV = (c11 + c22 + c33) − (c12 + c23 + c13) +

3(c44 + c55 + c66)
[31]

Shear modulus Reuss average, GR GPa Lower bound on G for polycrystalline material 15/GR = 4(s11 + s22 + s33) − 4(s12 + s23 +

s13) + 3(s44 + s55 + s66)
[31]

Bulk modulus Hill average, KVRH GPa Average of KV and KR KVRH = (KV + KR)/2 [31]
Shear modulus Hill average, GVRH GPa Average of GV and GR GVRH = (GV + GR)/2 [31]
Young’s modulus Hill average, EVRH GPa E for polycrystalline material EVRH = 9KVRHGVRH/(3KVRH + GVRH) [31]
Isotropic Poisson’s ratio, νVRH – Number, describing lateral response to loading νVRH = (3KVRH − 2GVRH)/(6KVRH + 2GVRH) [31]
Pugh ratio – Ductility–brittleness transition GVRH/KVRH [16]
Cauchy pressure, Pc GPa Ductility–brittleness transition Pc = c12 − c44 [17]
Chung–Buessem anisotropy index, AC – Description of elastic anisotropy AC

= (GV − GR)/(GV + GR) [36]
Universal elastic anisotropy index, AU – Description of elastic anisotropy AU

= 5GV/GR + KV/KR − 6 [37]
Elastic stability criterion – Necessary and sufficient elastic stability

conditions for crystal systems
See main text [19]

leading principal minors of C are positive, and (iv) an arbitrary set
of minors of C are all positive. These are four possible formulations
of the Born elastic stability conditions for a crystal, which are valid
regardless of the crystal symmetry.

Recently, Mouhat et al. [19] proposed necessary and sufficient
elastic stability conditions as regards the elastic stability for var-
ious crystal systems. These more detailed criterions [19] can be
used to identify elastic tensor corresponding to materials that
are mechanically stable but are near an elastic instability with a
small tolerance [8]. Taken cubic crystal system as an example, it is
required that c11 − c12 > 0, c11 + 2c12 > 0 and c44 > 0 and a small
tolerance could be used that c11 − εc12 > 0, where ε is a value
slightly greater than one [8].

Under minor distortion, the elastic stability criterion considers
the dependence of pressure. The elastic constant tensor C should
be replaced by an new elastic stiffness tensor B [40], i.e. B =

C + Λ, where the tensor Λ depends only on the applied stress.
For instance, the cubic crystal under the hydrostatic compression
pressure (P>0) [41]: c11 + 2c12 + P > 0, c11 − c12 − 2P > 0,
c44 − P > 0.

2.6. Elasticity of 2D materials

For 2D materials, the elastic constants can also be derived from
the Hooke’s law under plane-stress condition [42][

σ1
σ2
σ3

]
=

⏐⏐⏐⏐⏐c11 c12 c16
c22 c26

c66

⏐⏐⏐⏐⏐ ·

[
ε1
ε2
ε3

]
. (8)

Similar to 3D materials, the elastic stiffness constants can be cal-
culated using the formula,

cij =
1
A0

(
∂2E

∂εi∂εj

)
, (9)

where A0 is the area of simulation cell in the x–y plane. The relation
between the Young’s and shear moduli, Poisson’s ratios and elastic
stiffness constants for a 2D system can be derived by [43]

Ex =
c11c22 − c12c21

c22
, Ey =

c11c22 − c12c21
c11

,

νxy =
c21
c22

, νyx =
c12
c11

,Gxy = c66,
(10)

where Ei = σi/εi is the Young’s modulus along the axis of i, νij =

−dεj/dεi is the Poisson’s ratio with tensile strain applied in the
direction i and the response strain in the direction j, and Gxy is the
shear modulus in the x–y plane [43]. Note that since no particular
thickness is assumed for a single atomic layer or a fewatomic layers
of 2Dmaterials, the unit for the elastic stiffness tensor aswell as the
elastic moduli are actually force per unit length (N/m) rather than
force per area (N/m2 or Pa). A method of effective thickness has
been used in many literatures [44,45]. According to this method,
the relationship between elastic stiffness constants cij (unit: Pa)
and cij (unit: N/m) is that: cij (Pa) = cij (N/m) /d0, where d0 is the
effective thickness of the system [45].

3. Workflow and automated scheme

In this section, we describe the workflow and automated
scheme of the AELAS code using energy-strain method to com-
pute elastic constants and other derived elastic properties listed
in Tables 1 and 2. A fully-automated procedure with minimum
input parameters is adapted to HT computation strategy in order
to meet the demands for the generation of a large database of
elastic data for material design. Note that it is assumed that the
crystal structure has been preliminarily optimized for both lattice
parameters and atomic positions before the calculation of elastic
constants. The workflow of AELAS code is schematically shown in
Fig. 1 and more details are discussed below:

Specify 2D or 3D materials
The type of either 2D or 3Dmaterial is chosen for the calculation

of the elastic properties. To be noticed that for 2D materials, it is
necessary that the lattice vector normal to the atomic layer must
be sufficient large in order to avoid its interaction to its periodic
image.

Read the structure data
An input structure file containing information of lattice vectors

and atomic coordinates must be provided. For this purpose, the
AELAS code requires a standard POSCARor CONTCAR file if oneuses
VASP to do the first-principles calculation.
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Fig. 1. Workflow of the algorithm used in the AELAS code (Figure 1 in Ref. [8] is referenced). The procedure of ‘‘Remove the bad data’’ corresponds to the filters: (i) the
existence of bad data, while the ‘‘Unstable distortion?’’ includes the other three filters: (ii) it does not show quadratic relation, (iii) the structure is not at equilibrium, and
(iv) the unstable distortion mode exists, as illustrated in Fig. 2.

Table 2
Properties derived from the elastic constant matrix in AELAS code for 2D materials.

Property Unit Description Equation Ref.

Elastic tensor, [cij] N/m Tensor, describing elastic behavior See main text
Compliance tensor, [sij] (N/m)−1 Tensor, describing elastic behavior [sij] = [cij]−1

Young’s modulus in the x direction, Ex N/m – Ex = (c11c22 − c12c21)/c22 [43]
Young’s modulus in the y direction, Ey N/m – Ey = (c11c22 − c12c21)/c11 [43]
Shear modulus, Gxy N/m Shear modulus on the x-y plane Gxy = c66 [43]
Poisson’s ratio in the x direction, νxy – Number, describing lateral response to loading νxy = c21/c22 [43]
Poisson’s ratio in the y direction, νyx – Number, describing lateral response to loading νyx = c12/c11 [43]
Elastic stability criterion – Necessary and sufficient elastic stability conditions for crystal systems See main text [19]

Determine the space group number and redefine to IEEE-format [46]
In order to determine howmany independent elastic constants

to be calculated, the space group number is firstly analyzed by the
SPGLIB code [47]. A classification of the different crystal system
with the corresponding number of independent elastic constants
is given in Table 3 for 3D materials and Table 4 for 2D materials.
In the meanwhile, the symmetry of the input structure is analyzed
and accordingly the structure will be redefined to unit cell.

As the components of cij depend on the choice of coordinate
system and lattice vectors, the IEEE-format [46] shown in Table 5 is
adopted as standard representation for 3D materials. Table 6 gives
the coordinate system and lattice vectors for 2D materials used in
AELAS code, in which the c-axis is defined to be perpendicular to
the atomic layers of 2D materials.

Distort the crystal and prepare input files
According to the determined space group number, a set of

distortion modes will be specified and applied to the crystal struc-
ture with different values of strain around the equilibrium, and
a series of distorted structure files are generated. Then, the input
files of VASP are created for first-principles calculation to get the
total energy of each distorted structure. Two default INCAR files
can be chosen in AELAS code for structural relaxation and static
calculation respectively. In order to calculate the elastic properties
under high pressure, onemay input the value of pressurewhen the
INCAR file is created.

In AELAS code, there are two automatic methods to specify
the KPOINTS file: the k-points per reciprocal atom (KPPRA) [48]
and the smallest allowed spacing between k-points (KSPACING).
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Table 3
Classification of crystal systems, point-group symbols and space-group number (S.G.N) are provided with the number of independent elastic constants for 3D materials.
The material prototypes are shown in the last column.

Crystal system Point group classes S.G.N Number of independent elastic constants Material prototypes

Triclinic 1, 1 1-2 21 MnP4

Monoclinic m, 2, 2
m 3–15 13 M-Carbon, θ-Al2O3 , CaMgSi2O6

Orthorhombic 222, mm 2, 2
m

2
m

2
m 16-74 9 R-Carbon, PtSi, CdSb

Tetragonal I 422, 4mm, 42m, 4
m

2
m

2
m 89–142 6 MgF2 , α-Pt2Si, Anatase

Tetragonal II 4, 4, 4
m 75–88 7 CaMoO4

Trigonal I 32, 3m, 3 2
m 149–167 6 α-Al2O3 , B6O

Trigonal II 3, 3 143-148 7 CaMgC2O6

Hexagonal 622, 6mm, 62m, 6
m

2
m

2
m , 6, 6, 6

m 168–194 5 Mg, WC, BeO, ZnS
Cubic 432, 43m, 4

m 3 2
m , 23, 2

m 3 195-230 3 Diamond, Cu, MgO

Table 4
Classification of crystal systems, 2D space groups and the independent elastic constants are provided with the number of independent elastic constants for 2D materials.
The material prototypes are shown in the last column.

Crystal system 2D space groups Independent elastic constants Number of independent elastic
constants

Material prototypes

Oblique p1, p2 c11 , c12 , c22 , c16 , c26 , c66 6 –
Rectangular pm, pg, p2mm, p2gg, p2mg, cm, c2mm, c11 , c12 , c22 , c66 4 Borophene, B- and W-Graphane
Square p 4, p 4mm, p 4gm, c11 , c12 , c66 3 –
Hexagonal p 3, p 6, p 3m1 , p 31m, p 6mm c11 , c12 2 Graphene, MoS2 , Siliene, Ti2C

Table 5
The IEEE-format [46] for 3D materials used in AELAS code.

Crystal system Lattice constants Axes

X Y Z

Triclinic c0< a0< b0 α&β>90◦
⊥(010) c

Monoclinic c0< a0 β>90◦ , α = γ = 90◦
⊥(100) b c

Orthorhombic c0< a0< b0 α = β = γ = 90◦ a b c
Tetragonal a0=b0 α = β = γ = 90 ◦ (a1) (a2) c
Trigonal (a0)1 = (a0)2 = (a0)3 α = β = 90◦ , γ = 120◦ (a1) c
Hexagonal (a0)1 = (a0)2 = (a0)3 α = β = 90◦ , γ = 120◦ (a1) c
Cubic c0=a0=b0 α = β = γ = 90◦ (a1) (a2) (a3)

Table 6
The coordinate system and lattice vectors for 2D materials used in AELAS code. The c axis is perpendicular to the layer
plane of 2D materials.

Crystal system Lattice constants Axes

X Y Z

Oblique b0< a0 γ >90◦ , α = β = 90◦ a ⊥(010) c
Rectangular b0< a0 α = β = γ = 90◦ a b c
Square a0=b0 α = β = γ = 90◦ (a1) (a2) c
Hexagonal (a0)1 = (a0)2 = (a0)3 α = β = 90◦ , γ = 120◦ (a1) c

The KPPRA is a way to automatically set the k-point mesh while
keeping the k-point density constant along the three axes de-
spite of the variation of the unit cell. The number of mesh points
along a given reciprocal lattice vector a1 is set proportional to
|a1 · (a2 × a3)|/|a2 × a3|, where a2 and a3 are the other two
remaining reciprocal lattice vectors. The KSPACING is another
automatic method that makes the mesh as uniform as possible.
According to this method, the number of k-points in the direction
of three reciprocal lattice vectors is determined by the equation:
|ai|/KSPACING.

Perform ab initio calculations and retrieve total energy from OSZICAR
files

The total energies for a series of distorted structures generated
at the previous step are calculated by the first-principles codes, e.g.
VASP [24], and then the total energies of all distorted structures are
retrieved from the generated OSZICAR files for processing in next
step.

Avoid the unstable distortion
As illustrated in Fig. 2, the quadratic relation between total en-

ergy and strain δ is checked using various filters in order to detect
abnormal case or possible fitting errors. The filters include: (i) the
existence of bad data, (ii) it does not show quadratic relation, (iii)
the structure is not at equilibrium, and (iv) the unstable distortion
mode exists.

Solution to case (i) aims to avoid the fitting error induced by
the bad data from first-principles calculation. As shown in Fig. 2a,
the bad data has a big impact on the results of elastic constants
(red line) and the AELAS code will remove the bad data before
the fitting procedure (blue line). Solution to case (ii) shown in
Fig. 2b, is used when there is no quadratic polynomial relationship
between energies and δ, because of the calculation error or the
lattice instability. Fig. 2c illustrates the case (iii), inwhich the initial
structure is not at equilibrium. The case (iv) corresponds to the
appearance of unstable distortion path of a structure, for instance,
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Fig. 2. The four filters implemented in AELAS code to resolve the calculation error, the physically unlikely behavior or lattice instabilities: (a) the existence of bad data, (b)
it does not show quadratic relation, (c) the structure is not at equilibrium, and (d) the unstable distortion mode exists. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

the MAX phase [49] W2AlN with distortion ε = (0, 0, 0, δ, δ, 0)
shown in Fig. 2d.

Calculate the elastic constants
A quadratic polynomial least square fitting procedure is applied

to calculate the second derivative of the total energy vs δ, and then
the quadratic coefficient is expressed as a linear combination of the
elastic constants. This procedure is repeated for each inequivalent
distortion mode, and finally a set of linear equations is solved to
get the elastic constants.

Calculate the other elastic properties
The derived elastic properties are listed in Table 1 for 3Dmateri-

als and Table 2 for 2Dmaterials, including the relationship between
single crystal elastic constants and those derived properties. In
AELAS code, the polycrystalline Young’s, bulk and shear moduli as
well as Poison’s radio are calculated by three averaging approaches
widely used: Voigt [26], Reuss [29] and Hill [31] approximation.
The Voigt approximation sets the upper bound of elastic modulus
for polycrystalline materials, while Reuss approximation gives the
lower boundof elasticmodulus. TheHill approximation is the aver-
age of the Voigt and Reuss values. More details can be found in Sec-
tion 2.2. The Pugh ratio [16] is calculated bymeans of the Hill value
of shear and bulk moduli, i.e. GVRH/KVRH. The calculation of Chung–
Buessem anisotropy index [36] and universal elastic anisotropy
index [37] for a structure is also implemented in AELAS code. In
addition, the generic necessary and sufficient criterion of elastic
stability is used,which follows that all eigenvalues ofC are positive.
Note that this elastic stability criterion is not applicable when the
elastic constants are calculated under high pressure [40,41].

Filter of whether the calculation is successful
Another challenge in HT database generation is the implemen-

tation of automatic response to the calculation failure. For this
purpose, an error or warning information system is necessary for
AELAS code too. A filter will be used in AELAS code to justify
whether the calculation is successful. If successful, the final results
will be written to the output file, while if not, an error or warning
information will be printed for further calculations.

4. Computational details

Our first-principles DFT calculations were performed using the
Vienna ab initio simulation package (VASP) code [24] by the
projector augmented wave (PAW) method [50] with the Perdew–
Burke–Ernzerhof (PBE) version [51] of the Generalized Gradient
Approximation (GGA) as the exchange–correlation functional for
the non-carbon materials. While, for carbon materials calculated
in this paper, i.e. Graphene, Diamond, R-carbon and M-carbon,
the local density approximation (LDA) in the form of Ceperley–
Alder [52,53] was used as the exchange–correlation functional.
The energy convergence criterion of the electronic self-consistency
was chosen as 10−6 eV/cell, while the force convergence criterion
of ionic relaxation was used, with all forces acting on atoms being
lower than 10−3 eV/Å. The Gaussian method [54] was used for
electronic self-consistency calculation with a smearing width of
0.01 eV. In all calculations, an energy cutoff of 520 eV was applied.
For non-metal 3D materials, the Monkhorst–Pack k-mesh [55]
gamma-centered grids with 4000 k-points per reciprocal atom
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Table 7
Elastic constants (cij) for Graphene, MoS2 , Silicene and Ti2C with hexagonal structure and Borophenes, B- and M-graphane with rectangular structure are compared with
the previous theoretical values [56–62]. The Young’s (Ex and Ey) and shear (Gxy) moduli as well as Poisson’s ratio (νxy and νyx) are also provided.

Crystal system Material prototype c11 c12 c22 c66 Ex Ey Gxy νxy νyx Ref.

Hexagonal Graphene 352.69 81.79 333.72 333.72 0.232 0.232 This work
358.1 60.4 Cal. [56]

MoS2 132.45 33.00 124.22 124.22 0.249 0.249 This work
130 40 Cal. [57]
128.4 32.6 Cal. [58]

Silicene 84.76 34.37 70.82 70.82 0.406 0.406 This work
84.8 34.1 Cal. [59]

Ti2C 137.92 34.46 129.31 129.31 0.250 0.250 This work
137 32 Cal. [60]

Rectangular Borophenes 165.57 −0.41 387.56 76.63 165.57 387.56 −0.001 −0.002 This work
170 −7 398 94 Cal. [61]

B-graphane 227.59 −1.91 259.83 93.11 227.58 259.81 −0.007 −0.008 This work
225 −1.7 258 93 Cal. [62]

W-graphane 119.22 14.88 279.02 81.25 118.42 277.16 0.053 0.125 This work
121 14 280 81 Cal. [62]

(KPPRA) [48] were used. While for the metals, i.e. Cu and Mg, we
employed a high KPPRA of 20000 to keep the same accuracy with
the ionic and covalent materials. For 2Dmaterials, well-converged
results were obtained using a Gamma-centered k-mesh grid 21 ×

21 × 1.
In this paper, with 13 values chosen for the strain magnitude,

a maximum strain of 1.8% was applied initially to distort the
structures, which is small enough to remainwell within the linear-
elastic regime.

5. Evaluations and discussions

5.1. Hexagonal and rectangular system of 2D materials

For 2Dmaterials, the hexagonal systemhas the highest symme-
try with only two independent elastic constants, c11 and c12, and
the elastic stiffness matrix is

Chex =

⏐⏐⏐⏐⏐c11 c12 0
c11 0

c66

⏐⏐⏐⏐⏐ , (11)

where, in the hexagonal case, c66 = (c11 − c12) /2. For rectangular
system, the elastic stiffnessmatrix has the following formwith four
independent elastic constants:

Crect =

⏐⏐⏐⏐⏐c11 c12 0
c22 0

c66

⏐⏐⏐⏐⏐ . (12)

Table 7 presents the calculated elastic constants (cij) for
Graphene, MoS2, Silicene and Ti2C with hexagonal structure and
Borophene, B- and W-graphane with rectangular structure to-
gether with the previous theoretical values [56–62]. The Young’s
(Ex and Ey) and shear (Gxy) moduli as well as Poisson’s ratio (νxy and
νyx) are also provided in Table 7 for comparison, and it is shown
that all calculated values by AELAS code are in reasonable agree-
ment with the previous theoretical values [56–62], confirming the
validity of AELAS code for 2D materials.

5.2. Cubic system

For cubic system, we have chosen three representative mate-
rials, i.e. Diamond, Cu and MgO for evaluation of our AELAS code.
Table 8 lists the calculated elastic constants (cij) for single-crystal
Diamond, Cu andMgO togetherwith the experimental data [63,64]
and other theoretical values [8,65,66]. The isotropic bulk (KVRH) and
shear (GVRH) moduli obtained using the Hill approximation and the

universal anisotropy index (AU) are also provided in Table 8, and it
is seen that all the theoretical values for the threematerials show a
good agreement with the experimental data [63,64] and previous
theoretical values [8,65,66].

5.3. Hexagonal and trigonal system

The elastic constants for Mg, WC, BeO and ZnS with hexagonal
structure together with the experimental data [67] and other the-
oretical values [68–70] are compared in Table 8. It is found that
whether the material is metallic type (Mg), ionic type (BeO), or co-
valent type (WC), our calculated values are in excellent agreement
with the experimental [67] and other theoretical values [68–70].

In case of trigonal system, there are either six or seven inde-
pendent elastic constants, which can be distinguished according
to the space group number (see Table 3). For the trigonal I system,
there are six independent elastic constants. To demonstrate the
capability of AELAS code to apply for this system, the α-Al2O3 and
B6O are chosen for comparison. As listed in Table 9, our calculated
results agreewellwith the experimental [71] and other theoretical
values [72,73]. To be noted that only five elastic constants for B6O
are provided in the previous literatures [73–75].

For trigonal II system, there is one more independent elastic
constant, namely c15. The CaMgC2O6 is chosen as an example for
the justification of AELAS code for this class of crystal structure,
and the comparison is given in Table 9. Our results shows a good
agreement with previous theoretical values [22] too. It is inter-
estingly found that the universal anisotropy index for CaMgC2O6
(AU

= 1.516) is much higher than those of α-Al2O3 (AU
= 0.147)

and B6O (AU
= 0.194), which indicates that CaMgC2O6 is more

elastically anisotropic than α-Al2O3 and B6O.

5.4. Tetragonal and orthorhombic system

The tetragonal I crystal system has six independent elastic con-
stants,while in case of the tetragonal II system, an additional elastic
constant, c16 need to be included. A comparison of elastic proper-
ties of several materials in tetragonal I and II structure (MgF2, Pt2Si
and Anatase for tetragonal I, and CaMoO4 for tetragonal II system)
are provided in Table 9. Our calculated values by AELAS code show
a reasonable agreement with experimental data [76] and previous
theoretical values [22,77–79].

The elastic stiffness tensor matrix of orthorhombic system has
nine independent elastic constants. Table 9 lists the calculated
elastic constants of R-carbon, PtSi and CdSb with orthorhombic
structure and compared with previous theoretical values [8,80].
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Table 8
Elastic constants (cij) for Diamond, Cu andMgOwith cubic structure andMg,WC, BeO and ZnSwith hexagonal structure are comparedwith the experimental data [63,64,67]
and other theoretical values [8,65,66,68–70]. The isotropic bulk (KVRH) and shear (GVRH) moduli obtained using the Hill approximation and the universal anisotropy index
(AU) are also provided.

Crystal system Material prototype c11 c12 c44 c12 c13 KVRH GVRH AU Ref.

Cubic Diamond 1104.53 153.01 594.09 470.18 543.54 0.059 This work
1107 149 594 468 545 Cal. [65]

Cu 171.63 121.52 73.83 24.36 14.97 0.146 This work
177 125 81 Exp. [63]

MgO 277.23 91.45 143.68 153.38 120.63 0.232 This work
273.41 90.54 141.38 151.50 118.71 Cal. [8]
297.0 97.2 155.7 Exp. [64]
291 91 139 Cal. [66]

Hexagonal Mg 69.12 21.84 20.01 70.84 16.37 20.70 36.98 This work
63.1 22.2 22.7 66.3 22.6 Cal. [70]

WC 729.24 949.93 305.72 230.36 185.84 399.76 289.83 0.105 This work
697.3 955.4 310.3 251.4 190.6 Cal. [69]

BeO 430.44 465.24 137.87 117.72 83.44 210.29 154.76 0.071 This work
460.6 491.6 147.7 126.5 88.48 Exp. [67]
439.1 463 142.1 105 72 Cal. [68]

ZnS 114.73 134.25 27.58 51.46 39.22 69.26 32.36 0.185 This work
124.2 140.0 28.64 60.15 45.54 Exp. [67]

It is seen that an agreement is obtained for the three orthorhombic
crystals, indicating the successful implementation of AELAS code
for this class of crystal structure.

5.5. Monoclinic and triclinic system

Monoclinic crystal systemhas 13 independent elastic constants.
For comparison, Table 10 presents the calculated elastic constants
for M-carbon, CaMgSi2O6 and θ-Al2O3 together with the experi-
mental data [81,82] and other theoretical values [72,83], and an
agreement is reached for each material.

In case of triclinic crystal system, there are 21 independent
components of the elastic stiffness tensor that need to be deter-
mined. Because it demandsmuch computationally expensive first-
principles calculation, we chose only one representative material
MnP4 to demonstrate the capability of our AELAS code. A compar-
ison with previous theoretical values [8] is provided in Table 11,
and the agreement provides a validation of the implementation of
AELAS code for triclinic crystal structure system.

5.6. Elastic properties under high pressure

Fig. 3 shows the elastic constants of MgO under high pressure
0–55 GPa together with the experimental data by Zha et al. [64]
and other theoretical values by Karki et al. [66], as well as those of
B6O under 0–240 GPa together with other theoretical values by Lu
et al. [75] and Zhang et al. [73]. As illustrated in Fig. 3, our calculated
results agree mostly with previous theoretical values. However, in
case ofMgO, it is found that the calculated values deviate gradually
from the experimental data with the increasement of pressure,
which is mostly due to the non-volume-reservation distortion
modes used in AELAS code.

6. Summary and perspective

In summary, the implementation and validation of AELAS code,
an automatic derivation of elastic property for a broad class of
materials including 2D and 3D materials via HT first-principles
computation, have been presented. The automation and high
efficiency demonstrate its promise as an effective tool for high-
throughput screening of specific materials with targeted mechan-
ical properties.

Fig. 3. The variation of elastic constants of (a)MgOunder pressure ranging from0 to
55 GPa together with the experimental data by Zha et al. [64], and other theoretical
values by Karki et al. [66], as well as (b) B6O under pressure ranging from 0 to
240 GPa together with other theoretical values by Lu et al. [75] and Zhang et al. [73].

We are currently advancing the AELAS code to support
more first-principles codes and novel functionalities such as
temperature-dependent elastic constants and volume reserved
derivation of elastic constants for all crystal system.
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Table 9
Elastic constants (cij) for α-Al2O3 , B6O and CaMgC2O6 with trigonal structure, MgF2 , Pt2Si, Anatase and CaMoO4 with tetragonal structure and R-carbon, PtSi and CdSb with orthorhombic structure are compared with the
experimental data [71,76] and other theoretical values [8,22,72,73,77–80]. The isotropic bulk (KVRH) and shear (GVRH) moduli obtained using the Hill approximation as well as the universal anisotropy index (AU) are also
provided.

Crystal system Material prototype c11 c22 c33 c44 c55 c66 c12 c13 c23 c14 c15 c16 KVHR GVRH AU Ref.

Trigonal α-Al2O3 455.8 457.82 133.74 148.38 108.1 19.66 233.18 151.23 0.147 This work
451.5 454.9 131.7 148.4 107.6 20.2 Cal. [72]
497 501 147 163 116 22 Exp. [71]

B6O 586.83 459.06 178.38 124.67 50.63 22.72 228.45 207.96 0.194 This work
603 459 179 109 50 – Cal. [73]

CaMgC2O6 193.09 105.8 37.99 65.39 55.93 17.1 −13.48 89.83 43.54 1.516 This work
194.3 108.5 38.8 66.5 56.8 17.5 −11.5 Cal. [22]

Tetragonal

MgF2 128.44 191.19 51.34 87.6 84.17 60.5 94.90 49.31 1.125 This work
127.0 187.7 50.8 92.3 80.1 57.3 Cal. [22]

α-Pt2Si 299.65 280.86 60.57 163.19 208.68 147.85 208.41 74.81 1.064 This work
324.8 281.2 71.0 172.2 215.3 182.5 Cal. [77]
332.4 298.86 62.7 169.3 239.6 169.4 Cal. [78]

Anatase 342.73 185.53 45.4 56.67 154.35 147.92 186.06 54.63 0.687 This work
320 190 54 60 151 143 Cal. [79]

CaMoO4 130.92 112.31 30.78 38.61 54.4 46.44 12.31 73.95 34.25 0.283 This work
123.4 109.3 31.5 37.4 43.9 48.7 8.1 Cal. [22]
144.7 126.5 36.9 45.1 66.4 46.6 13.4 Exp. [76]

Orthorhombic

R-carbon 1030.68 1024.54 1160.14 508.39 397.21 458.21 190.39 49.8 104.37 433.74 461.02 0.069 This work
1034.1 1025.5 1161 507.4 397.6 463 186.9 49.5 107.4 434.2 462.4 Cal. [80]

PtSi 260.61 277.17 244.73 90.04 52.75 92 117.3 130.34 144.54 173.92 70.93 0.300 This work
263.31 279.29 247.80 86.10 49.31 89.46 116.40 128.53 144.76 Cal. [8]

CdSb 68.98 63.03 57.05 22.5 20.6 12.95 27.09 30.13 25.05 17.96 39.11 0.219 This work
68.55 63.64 56.98 22.28 18.59 12.75 26.80 30.13 24.72 Cal. [8]
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Table 10
Elastic constants (cij) for M-carbon, CaMgSi2O6 and θ-Al2O3 with monoclinic structure are compared with the experimental data [81,82] and other theoretical values [72,83]. The isotropic bulk (KVRH) and shear (GVRH)
moduli obtained using the Hill approximation as well as the universal anisotropy index (AU) are also provided.

Crystal system Material
prototype

c11 c22 c33 c44 c55 c66 c12 c13 c15 c23 c25 c35 c46 KVRH GVRH AU Ref.

Monoclinic

M-carbon 981.28 1155.06 1099.6 546 474.31 397.99 59.36 185.75 67.18 104.05 −31.04 28.98 −10.49 471.23 435.70 0.111 This work
926 1085 1046 522 453 394 43 147 67 80 -29 22 -6 Cal. [83]

CaMgSi2O6 209.65 163.90 213.16 70.01 59.75 71.59 61.16 61.16 12.79 50.06 9.68 43.70 8.99 100.92 64.44 0.489 This work
228.1 181.1 245.4 78.9 68.2 78.1 78.8 70.2 7.9 61.1 5.9 39.7 6.4 Exp. [81]
229.0 179.0 242.5 78.9 68.1 78.2 78.0 69.8 9.9 69.8 6.1 40.9 6.6 114.6 72.7 Exp. [82]

θ- Al2O3 252.93 390.16 387.32 66.7 119.29 128.06 116.51 152.05 −0.78 59.68 0.89 21.5 6.11 186.15 102.54 0.756 This work
269.1 389.3 404.2 74.2 102.2 126.0 113.2 132.2 −25.1 64.2 13.7 13.9 19.8 Cal. [72]
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Table 11
Elastic constants (cij) for MnP4 with triclinic structure are compared with the previous theoretical values [8]. The isotropic bulk (KVRH) and shear (GVRH) moduli obtained using the Hill approximation as well as the universal
anisotropy index (AU) are also provided.

Crystal system Material prototype c11 c22 c33 c44 c55 c66 c12 c13 c14 c15 c16 c23 c24
Triclinic MnP4 293.49 293.73 317.66 101.78 163.82 88.84 44.05 89.78 16.5 1.28 −1.52 40.58 −17.47

291.48 292.71 316.39 100.34 161.42 87.69 42.13 89.07 16.1 0.71 −1.31 39.31 −17.5

c25 c26 c34 c35 c36 c45 c46 c56 KVRH GVRH AU Ref.

−2.12 −3.27 −15.57 1.72 −2.25 −0.96 1.49 9.51 138.57 115.73 0.355 This work
−2.06 −3.51 −15.35 2.06 −2.61 −0.83 1.64 9.26 137.20 114.76 Cal. [8]
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Appendix A. Four filters used in AELAS code

(a) The existence of bad data
If the value of (E − E0) /V0 is outside the range of 0 ∼ 1,

the data is considered as a bad data in AELAS code because the
first-principles calculation may get non-convergent results. In this
formula, E0 and V0 are the energy and volume of the reference
structure (usually the equilibrium one), respectively, and E is the
energy of the distorted structure under strain δ. In appearance of
this case, the bad data will be removed, and the elastic constants
are calculated based on the remaining data, as illustrates in Fig. 2a.
Usually, by removing the bad data, the final results of elastic
properties are not affected by the bad data.
(b) It does not show quadratic relation

In AELAS, the explained sum of squares is calculated when the
quadratic polynomial fitting the relationship between (E − E0) /V0
and δ. If the value of the explained sumof squares is larger than 0.1,
it is regarded that no quadratic relation exists between the energy
and stain (see Fig. 2b), and therefore this case is considered as an
error and no results are printed out.
(c) The structure is not at equilibrium

If the extreme point −b/2a of the quadratic fitting polynomial
(E − E0) /V0 = aδ2 + bδ + c is beyond the range −0.004 ∼ 0.004,
(see Fig. 2c), the structure is supposed to be not at equilibrium, and
an error message is printed out.
(d) The unstable distortion mode exists

If the sign of the slope, defined as (Ei − Ei−1) /(δi − δi−1),
changes greater than 2 (for the normal case, i.e. with quadratic
relation, the sign changes once), it is considered that the unstable
distortionmode exists (see Fig. 2d). In this formula, δi−1, δi, Ei−1 and
Ei are the (i−1)th and ith value of strain and the corresponding en-
ergy, respectively. Then, an errormessage is printed out, indicating
that no reliable elastic properties are obtained.

Appendix B. Elastic stiffness tensor matrix for each crystal sys-
tem

For cubic system, there are three independent elastic constants
expressed in an elastic stiffness tensor matrix:

Ccubic =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c12 0 0 0
c11 c12 0 0 0

c11 0 0 0
c44 0 0

c44 0
c44

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (13)

For hexagonal system, there are five independent elastic con-
stants with addition of the relation c66 = (c11 − c12) /2 and the
elastic stiffness tensor matrix is expressed by

Chexa =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 0 0 0
c11 c13 0 0 0

c33 0 0 0
c44 0 0

c44 0
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (14)

In case of trigonal system, there are either six or seven indepen-
dent elastic constants, which can be distinguished according to the

space group number (see Table 3). For the trigonal I system, the six
independent elastic stiffness tensor is expressed inmatrix form as:

Ctrig I =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 c14 0 0
c11 c13 −c14 0 0

c33 0 0 0
c44 0 0

c44 c14
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
, (15)

where, c66 = (c11 − c12) /2 holds for hexagonal case.
For trigonal II system, there is one more independent elastic

constant, namely c15 and the elastic stiffness tensor matrix is
changed to

Ctrig II =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 c14 c15 0
c11 c13 −c14 −c15 0

c33 0 0 0
c44 0 −c15

c44 c14
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (16)

The tetragonal I crystal system has six independent elastic
constants and the elastic stiffness tensor matrix is expressed by

Ctetra I =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 0 0 0
c11 c13 0 0 0

c33 0 0 0
c44 0 0

c44 0
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (17)

In case of the tetragonal II system, an additional elastic constant,
c16 need to be included and the elastic stiffness tensor matrix is
changed to

Ctetra II =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 0 0 c16
c11 c13 0 0 −c16

c33 0 0 0
c44 0 0

c44 0
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (18)

The elastic stiffness tensor matrix of orthorhombic systemwith
nine independent elastic constants has the following form:

Cortho =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 0 0 0
c22 c23 0 0 0

c33 0 0 0
c44 0 0

c55 0
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (19)

Monoclinic crystal system has 13 independent elastic constants
that are expressed in matrix form as:

Cmono =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 0 c15 0
c22 c23 0 c25 0

c33 0 c35 0
c44 0 c46

c55 0
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (20)

In case of triclinic crystal system, there are 21 independent
components of the elastic stiffness tensor that need to be deter-
mined:

Ctric =

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐

c11 c12 c13 c14 c15 c16
c22 c23 c24 c25 c26

c33 c34 c35 c36
c44 c45 c46

c55 c56
c66

⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐⏐
. (21)
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Appendix C. The degree of automation in AELAS code

Two bash shell codes (i.e. example/example3d.sh for 3D mate-
rials and example/example2d.sh for 2D materials) has been pro-
vided for the pre-processing, first-principles calculations and post-
processing, and no human intervention is required until the final
results (including elastic constants and various elastic properties
derived from elastic constants) are obtained. A bash shell code
(example/BatchCal.sh) is also provided to calculate the elastic con-
stants in batches.
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