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,e structural, electronic, and elastic properties of tetragonal phase of SnTiO3 and PbTiO3 are investigated using first principle
calculations. ,e unknown exchange-correlation functional is approximated with generalized gradient approximation (GGA) as
implemented in pseudopotential plane wave approach. ,e convergence test of total energy with respect to energy cutoff and
k-point sampling is preformed to ensure the accuracy of the calculations. ,e structural properties such as equilibrium lattice
constant, equilibrium unit cell volume, bulk modulus, and its derivative are in reasonable agreement with the previous ex-
perimental and theoretical works. From elastic constants, mechanical parameters such as anisotropy factor A, shear modulus G,
bulk modulus B, Young’s modulus E, and Poison’s ratio n are determined by using Voigt–Reuss–Hill average approximation. In
addition, Debye temperature and longitudinal and transversal sound velocities are predicted from elastic constants.,e electronic
band structure and density of states of both compounds are obtained and compared with the available experimental as well as
theoretical data. Born effective charge (BEC), phonon dispersion curve, and density of states are computed from functional
perturbation theory (DFPT). Lastly, the spontaneous polarization is determined from the modern theory of polarization, and they
are in agreement with the previous findings.

1. Introduction

ABO3 perovskites are important for a variety of high
technology applications as a result of their diverse physical
properties [1]. Ferroelectric perovskite oxides are impor-
tant for many emerging industrial applications including
high capacity memory cells, catalysis, optical wave guides,
integrated optics applications, and substrates for high-Tc
cuprate superconductor growth [2]. Lead titanate (PbTiO3)
is one of the interesting and more studied perovskites
possessing a ferroelectric phase under ambient conditions
[3]. Due to its high spontaneous polarization and wide
temperature stability of ferroelectric phase, the compound
has got a strong interest. At room temperature, PbTiO3
compound has a tetragonal phase (space group P4mm)
with ferroelectric property, while for the temperature above

763 K, it shows cubic phase (space group Pm3m) with
paraelectric characteristics [4]. For a long time, there have
been some efforts towards determining the electronic and
optical properties of the cubic and tetragonal state of
PbTiO3 from either first principles calculations or by ex-
periment [5, 6]. But, from a theoretical point of view, a
proper description of its electronic properties is still an area
of active research. ,eoretical computations have had
difficulty in predicting the correct band gap energy and
other related electronic properties of PbTiO3 from first
principle.

In spite of great physical importance, the most widely
used ferroelectric ceramics based on the PbTiO3 and PbZrO3
solid solution are generically called PZT. ,e PZT is com-
posed of about 60 percent of lead, which raises ecological
concerns; thus, some countries have legislated to replace this
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material by lead-free ceramics [7] since lead is a toxic ele-
ment that affects the human health and the environment. As
a result, recent studies have extensively focused on identi-
fying new and more environmentally friendly ferroelectric
materials and other alternative compounds [8]. ,e total
replacement of Pb-based materials in technological devices
remains almost improbable because of the unsatisfactory
performance of other materials.

However, modification efforts to reduce the con-
sumption of toxic Pb2+, such as by substitution or doping
techniques, remain necessary. SnTiO3 is one of the
promising Pb-free ferroelectric materials, which is theo-
retically having a high dielectric constant and ferroelectric
polarization [9]. Recently, Sn2+ is widely used to design a
novel piezoelectric of free Pb-based material using the first
principle study. However, most of the theoretical reports
with regard to the SnTiO3 materials are merely focused on
their physical properties and high polarization effect in the
ferroelectric phase [10]. According to our knowledge, the
elastic properties, Poison’s ratio, anisotropic index, Debye
temperature, born effective charge, phonon dispersion, and
spontaneous polarization of tetragonal phase of SnTiO3
which is, expected to replace PbTiO3 is, not well studied
and needs more investigation. In general, to predict a
specific device application and improvements, a deeper and
fundamental understanding of the properties of the fer-
roelectric material are necessary. ,erefore, studying the
structural, elastic, lattice dynamics, and electronic prop-
erties as well as understanding the overall characteristics of
the system is utmost important.

2. Computational Method

Electronic and structural computations are performed by using
density functional theory as implemented in the Quantum
ESPRESSO (QE) open-source package. Plane wave self-con-
sistent calculation (PWscf) is a first principle energy code that
uses norm-conserving pseudopotentials (PP) and ultrasoft
pseudopotentials (US-PP). It is well known that the exchange-
correlation functional is the challenging term to approximate
in first principle calculations. Today, the hybrid exchange
functional like B3LYP and B3PW allows obtaining a band gap
which is in good agreement with the experimental value
[11, 12]. However, GGA-PBE [13] is used in this study to
approximate the exchange-correlation functional as we have
no pseudopotential generator for hybrid functional in
Quantum ESPRESSO package currently.,e k-point sampling
of the Brillion zone is constructed using Monk Horst Pack
Mesh scheme [14] with 6× 6× 6 grids in primitive cells of
compounds. ,e Born effective charges, optical dielectric
constants, and phonon dispersion curve of the ferroelectric
materials are calculated from density functional perturbation
theory (DFPT) using local density approximation (LDA).

3. Results and Discussion

3.1. Total Energy with respect to Energy Cutoff and k-point
Sampling. ,e convergence test for total minimum energy
as a function of cutoff energy is performed with an

increment of 10 Ry in the range of 20 to 130 Ry. While
varying the energy cutoff, the other parameters in the input
file are fixed. For good total minimum energy convergence,
we have used the criteria that the change in energy (ΔE)
from the minimum energy at the reference point (130 Ry)
to be approximately equal to 4 × 10− 4 Ry per atom. In our
calculation, ΔE � 4.43 × 10− 4 per cell (8.86 × 10− 5 Ry
per atom) for PbTiO3 at 80 Ry energy cutoffs and con-
vergence is achieved. Moreover, ΔE � 4.13 × 10− 4 per cell
(8.26 × 10− 5 Ry per atom) for SnTiO3 at 80 Ry energy
cutoffs and the energy is converged. Similarly, the con-
vergence test for total minimum energy versus k-point
sampling with an increment of 2 × 2 × 2 in the range from
2 × 2 × 2 to 10 × 10 × 10 is performed by fixing the other
parameters constant. Based on the criteria, the conver-
gence is achieved at 6 × 6 × 6 k-point grid. ,e energy is
monotonically decreasing with increasing cutoff energy
due to a direct result of the variational principle. More-
over, it is possible to argue the energy is monotonically
decreasing with respect to k-point grid size in this cal-
culation. However, this does not necessarily happen all the
time. ,e systematic trend cannot be predicted just by
increasing the sampling point for the approximation to the
integral Figure 1.

3.2. Structural Optimization and Bulk Modulus. To opti-
mize the structural parameters of SnTiO3 and PbTiO3, 80 Ry
cutoff energy and 6 × 6 × 6 k-point grid size is used from our
convergence test. For this calculation, we varied the value of
lattice constant around the experimental value fixing other
parameters. ,e lattice constant versus total minimum
energy for both compounds is demonstrated in Figure 2.
From this figure, one can see that the optimized equilibrium
lattice constant of SnTiO3 in tetragonal phase is a� 3.89 Å
and c� 4.130 Å, which is in good agreement with other
theoretical results [10]. Similarly, the calculated equilibrium
lattice constant of PbTiO3 is a� 3.941 Å and c� 4.177 Å,
which is larger than the experimental value mentioned in
[15, 16].

,e calculation clearly shows that GGA overestimates
the value of lattice constant. Moreover, fitting the calculated
total energy at a number of lattice constant into the Mur-
naghan equation of state [17] is shown in Figure 3.,e fitting
helps to obtain the physical parameters such as bulk
modulus, equilibrium unit cell volume, and the pressure
derivatives of the bulk modulus.

Comparison of the calculated values of lattice constant,
bulk modulus, equilibrium unit cell volume, and pressure
derivatives of bulk modulus with experimental and previous
theoretical results is shown in Table 1.

3.3. Elastic Properties. ,e elastic constants of solids are
important parameters of a material and can provide
valuable information about the mechanical stability,
bonding character between adjacent atomic planes, brit-
tleness, ductility, stiffness, and anisotropic character.
,e elastic constant tensors are determined from the
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Figure 1: Convergence of absolute energies with respect to cutoff energies and k-point sampling for tetragonal phase of SnTiO3 and PbTiO3.
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Figure 2: ,e lattice constant versus energy.
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knowledge of the derivative of energy as a function of
lattice strain [18]:

Cijkl �
zσij

zεjkl

 
x

�
1
V

z2E

zεijεkl

 
x

. (1)

In order to compute the elastic constants, we have used the
method developed and maintained by Andrea Dal Corso as
implemented in the QE package [19]. For tetragonal system,
there are six independent elastic constants C11, C12, C13, C33,
C44 and C66 that should satisfy Born’s stability criteria [5]:
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Figure 3: Variation of energy and pressure with respect to volume.

Table 1: Computed values of lattice constants, unit cell volume, and bulk modulus for both SnTiO3 and PbTiO3.

PbTiO3 SnTiO3

Lattice constant (Å)
a� 3.941 and c� 4.177 Å (our calculation) a� 3.895 and c� 4.130 Å (our calculation)
a� 3.904 and c� 4.152 Å (expt.) [15, 16]
a� 3.81 and c� 4.6863 Å (theory) [10] a� 3.807 and 4.538 Å (theory) [10]

Bulk modulus (GPa) 160.5 164.2

Unit cell volume (Å3) 65.99 64.43
67.892 [16] 65.771 [10]

Bulk modulus derivative 4.24 4.23
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C11 − C12 > 0,

C11 + C33 − 2C13 > 0,

C11 > 0,

C33 > 0,

C44 > 0,

C66 > 0,

2C11 + C33 + 2C12 + 4C13 > 0,

1
3

C12 + 2C13( <B<
1
3

C11 + 2C33( .

(2)

,e calculated elastic properties of SnTiO3 and PbTiO3
are compared to the available theoretical results in Table 2.
From Table 2, we can see that Born’s stability criteria given
in equation (2) are well satisfied, which clearly indicates
that both materials are mechanically stable. Using the
Voigt–Reuss–Hill approximation, mechanical parameters
such as bulk modulus B, sheared modulus G, Young’s
modulus E, and Poisson’s ratio n are determined from the
results of elastic constants. In the commonly used Voigt
approximation [22],

BV �
1
9

C11 + C22 + C33(  + 2 C12 + C23 + C31(  ,

GV �
1
15

 C11 + C22 + C33(  − C12 + C23 + C31( 

+ 3 C44 + C55 + C66( .

(3)

On the other hand, in Reuss approximation [23],

BR � S11 + S22 + S33(  + 2 S12 + S23 + S31(  
− 1

,

GR � 154 S11 + S22 + S33(  − S12 + S13 + S23( 

+ 3 S44 + S55 + S66( 
− 1

.

(4)

Using energy considerations, Hill [24] proved that the
Voigt and Reuss equations represent upper and lower limit
as

G �
1
2

GV + GR( ,

B �
1
2

BV + BR( .

(5)

For all the averaged procedures presented, Young’s
modulus, E, and Poisson’s ratio, n, can be obtained in
connection with the bulk modulus, B, and the shear mod-
ulus, G, as

E �
9BG

3B + G
,

n �
3B − 2G

2(3B + G)
.

(6)

,e ratio of B/G helps to categorize the brittleness and
ductility of different materials. According to Pugh [25], 1.75
is the critical value that separate the brittleness and ductility
behaviors of materials. When the ratio of B/G is higher than
the critical value, then the material is associated with duc-
tility. However, when the ratio of B/G value is lower than the
critical value, the material is considered as brittle. As in-
dicated in Table 2, both compounds are categorized as
ductile because the value of B/G is higher than the critical
value. In addition, bulk modulus and shear modulus can be
used to measure the material hardness. When the sheared
modulus value increases, the material becomes stiffer. ,e
results show that PbTiO3 is stiffer than SnTiO3.

,e study of elastic anisotropy in material is of great
significance to understand the mechanical properties of the
crystal. ,e universal anisotropic index (AU) is a measure to
quantify the elastic anisotropic characteristics based on the
contributions of both bulk and sheared modulus [26]:

A
U

�
5GV

GR
+

BV

BR
− 6, (7)

where GV and BV are shear and bulk modulus obtained from
Voigt approximation, respectively. And similarly, GR and BR
are shear and bulk modulus acquired from Reuss approx-
imation. As it is described in (7), when the universal an-
isotropic index (AU) is equal to zero, the crystal is an
isotropic. ,e variation from zero defines the level of elastic
anisotropic. ,erefore, the obtained universal anisotropic
index (AU) is 0.18 for PbTiO3 and 0.11 for SnTiO3.,e result
reveals that comparatively small elastic anisotropic char-
acteristics are observed in the tetragonal phase of materials.
Poisson’s ratio (n) is one of mechanical parameters which
provides useful information about the characteristics of the
bonding forces. In the evaluation of Poisson’s ratio [27], 0.25
and 0.5 are the lower and upper limits of central force,
respectively. ,e obtained values of Poisson’s ratio for both
materials in tetragonal phase are found between the lower
and upper limits.,is indicates that the interatomic forces of
PbTiO3 and SnTiO3 are central. In the Debye model, once
the elastic parameters are computed, the expression for
Debye temperature at low temperature is given by [28, 29]

θ �
h

k

3n

π
NAρ
M

  
1/3

vm, (8)

where h is Planck’s constant, k is Boltzmann’s constant,NA is
Avogadro’s number, and vm is the average sound velocity.
,e average sound velocity vm is expressed in terms of
longitudinal sound velocity vl and transverse sound velocity
vt, which can be obtained from elastic constant parameters
such as shear modulus (G) and the bulk modulus (B):
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vl �
(B +(3/4G))

ρ
 

1/2

, (10)

vt �
G

ρ
 

1/2

. (11)

,eDebye temperature and longitudinal, transverse, and
average sound velocities with respect to equations (8)–(11)
are calculated, and the values are demonstrated in Table 3.

As it is shown in equation (8), the Debye temperature θD
and average sound velocity vm have direct relationship. For
high value of the average sound velocity, the Debye tem-
perature becomes higher. SnTiO3 has high Debye temper-
ature compared to PbTiO3.

3.4. Electronic Band Structure and Density of States. ,e
electronic band structures are plotted using GGA-PBE
exchange-correlation functional along high symmetry axes
of the Brillion zone as shown in Figure 4. From the cal-
culations we obtained, the valance bands are separated
from the conduction bands by an indirect band gap of
1.71 eV and 2.20 eV for SnTiO3 and PbTiO3, respectively.
,ese values are smaller than the experimental values, but
they are consistent with previous calculated values [30–32].
However, the difference between our computation and the
experiment is attributed to insufficient precision to re-
produce both exchange-correlation energy and its charge
derivative.

In solid-state physics, the density of states (DOS) of a
system describes the number of states per interval of energy
at each energy level available to be occupied. ,e total
density of states (TDOS) and partial density of states (PDOS)
of SnTiO3 and PbTiO3 are shown in Figures 5 and 6. ,e
highest valance bands is mainly dominated by 2p electron of
O for all compositions of compounds, and the lowest
conduction bands is mainly originated from the Ti-3d, Sn-
5p, and Pb-6P states.

In order to know the chemical bonding and charge
transfer in PbTiO3 and SnTiO3 perovskite compounds, the
charge density behaviors in 2D are calculated in 100 and 110
planes as shown in Figures 7 and 8. According to the theory
of Cohen [33], hybridization is important for forming soft
mode leading to ferroelectric instability. ,e hybridization
between the Ti-3d and O-2p orbitals in both compounds has
strong hybridization.

3.5. Born Effective Charge (BEC) and Phonon Spectra.
Born effective charges (BECs) of PbTiO3 and SnTiO3 were
computed in the framework of DFPT using LDA exchange-
correlation potential. ,e Born effective charges Z∗ are
tensors, defined as the first derivative of polarization with
atomic displacement [34, 35]. Born effective charges play key
role in understanding both the ferroelectric phase and lattice
dynamics:

Ziαβ �
ΩzPα

ezuiβ
, (12)

where α and β denote directions, Pα is the component of the
polarization in the αth direction, uiβ is the periodic dis-
placement of the ith atom in the βth direction, Ω is the unit
cell volume, and e is the electron charge. ,e calculated born
effective charge tensors of the atoms for both compounds are
given in Tables 4 and 5.

As presented in Tables 4 and 5, the Born effective dy-
namical charge of Sn (4.21), Ti (7.57), and O|| (− 5.35) is larger
than the nominal ionic charge. In the same way, the maxi-
mum dynamical charge of 3.83 for Pb, 7.77 for Ti and − 5.12
for O|| is larger than the purely ionic picture. Moreover, the
large values of BEC of each atom compared to the nominal
ionic charge show the importance of the ions as the driving
force of the ferroelectric distortion. ,e computed values of
dielectric constant of SnTiO3 (ε11� ε22� 9.81 and ε33� 8.98)
are greater than those of PbTiO3 (ε11� ε22� 9.13 and
ε33� 8.21).

In Figure 9, we plotted the phonon dispersion curves and
vibrational density of state of PbTiO3 and SnTiO3 com-
pounds along high symmetry directions in the first Brillouin
zone. For our system, there are 15 vibrational modes.

,e negative frequency in the plot shows the imaginary
frequency in the dispersion below the zero frequency line is
related to unstable modes. ,e behavior of phase transitions
such as dielectric, ferroelectric, and piezoelectric can be
determined from the zero line frequency which is named as
unstable modes.

3.6. Spontaneous Polarization. Modern theory of polariza-
tion, namely, berry phase approach, is used to describe the
ferroelectric materials theoretically. ,e spontaneous po-
larization (P) of the compounds is obtained from the sum of
both ionic polarization (Pion) and electronic polarization
(Pel):

Pion + Pel �
|e|

Ω

k

zkuk +
− 2|e|i

(2π)3


A
dk 

M

1


G

0
unk

z

zk




unk⎛⎝ ⎞⎠,

(13)

Table 2: Computed elastic properties of SnTiO3 and PbTiO3 as compared to the available theoretical results.

C11 C33 C44 C66 C12 C13 B G B/G N E A

PbTiO3

Our work 313.1 197.0 82.72 85.41 110.71 92.40 152.67 84.3 1.80 0.26 213.7 0.18
Expt. 235 [20] 105 65.1 104 101 99 104 [21]
,eory 280.5 [16] 279.7 98.6 98.6 118.5 118.5 172.4

SnTiO3 Our work 311.65 227.6 77.06 77.27 109.86 98.72 160.53 81.9 1.95 0.28 210.0 0.11
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where the sum runs over occupied bands, k is parallel to the
direction of polarization, and G is a reciprocal lattice vector
in the same direction. ,e state unk is the lattice-periodical

part of the Bloch wave function. ,e ionic part of polari-
zation is a well-defined quantity from electromagnetic
theory. Moreover, the electronic part of polarization cannot

Table 3: Calculated longitudinal, transverse, average sound velocity (vl, vt, and vm in m/s), and Debye temperature (θD in K) of SnTiO3 and
PbTiO3.

Compounds vl vt vm θD
PbTiO3 5896.668 4474.306 3685.152 464.275
SnTiO3 6984.239 5387.918 4278.532 543.34
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Figure 4: Electronic band structures of PbTiO3 and SnTiO3.
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Figure 5: Total density of states of (a) PbTiO3 and (b) SnTiO3.
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be directly evaluated on the basis of localized contributions.
,e calculated spontaneous polarization at the equilibrium
lattice constant by Berry’s approach was determined to be
1.215C/m2 (SnTiO3) and 0.9066C/m2 (PbTiO3). ,e ob-
tained values are in better agreement with the previous
theoretical and experimental results.

4. Conclusions

In summary, we have carried out first principle calculations
to investigate the structural, elastic, lattice dynamics, and
electronic properties of SnTiO3 and PbTiO3. ,e ground-
state parameters such as equilibrium lattice constant, bulk
modulus, and its pressure derivatives are determined and
relatively in good agreement with the available experimental
results and previous theoretical data. ,e elastic constants,
bulk, shear, and Young’s modulus, Poisson’s ratio, and
anisotropy factor of both compounds are calculated and
found in a better agreement with experimental and theo-
retical values. When the value of shear modulus increases,

the material becomes stiffer. ,us, PbTiO3 (G � 84.3) is
stiffer than SnTiO3 (G � 81.9).,e quotient of bulk modulus
to the shear modulus (B/G) is an indication of fracture in the
system. Analyzing the ratio B/G is associated with ease of
plastic deformation, and the high value indicates ductility.
From this result, we conclude that both compounds are
classified as ductile materials. ,e resistance of plastic de-
formation is proportional to the elastic shear modulus, while
the fracture strength is proportional to the bulkmodulus and
the lattice constant. ,e elastic properties are closely related
to the crystal structure and the nature of bonding among the
ions within the compound. ,ese factors can also determine
the phonon spectrum and the Debye temperature. In gen-
eral, the elastic constants are the important parameters to
understand the mechanical properties and the phenomenon
of superconductivity.,e obtained Poisson’s ratio of PbTiO3
and SnTiO3 are 0.26 and 0.28, respectively. ,is indicates
that the interatomic forces are central. Moreover, the an-
isotropy factor suggests that both compounds exhibit
comparatively small anisotropic elasticity in tetragonal
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Figure 6: Partial density of states of (a) PbTiO3 and (b) SnTiO3.
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phase of materials. Furthermore, longitudinal and transverse
sound velocity and Debye temperature have been in-
vestigated. ,e electronic properties of both compounds

have indirect band gap value of 1.71 (SnTiO3) and 2.21
(PbTiO3). ,e obtained band gap is smaller than the ex-
perimental value as GGA fails to approximate the exact
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Figure 7: Electronic charge density in 100 and 110 plane of PbTiO3 compound.
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Figure 8: Electronic charge density in 100 and 110 plane of SnTiO3 compound.
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exchange-correlation functional. ,e total density of state
calculation shows that the top of the valance band of both
compounds is dominated by O-2p states; however, the lower

part of the conduction band by Ti-3d states. BEC, dielectric
constant, phonon dispersion curve, and density of states are
computed from DFPTusing LDA. BEC values play a crucial

Table 4: Born effective charge tensor of Pb, Sn, and Ti of SnTiO3 and PbTiO3 in the ferroelectric phase.

Z∗ of Sn and Ti of SnTiO3 Z∗ of Pb and Ti of PbTiO3

Z∗ Sn
Z∗ Sn11 4.21722

Z∗ Pb
Z∗ Pb11 3.84594

Z∗ Sn22 4.21722 Z∗ Pb22 3.84594
Z∗ Sn33 4.04787 Z∗ Pb33 3.63015

Z∗ Ti
Z∗ Ti11 7.57676

Z∗ Ti
Z∗ Ti11 7.77463

Z∗ Ti22 7.57676 Z∗ Ti22 7.77463
Z∗ Ti33 6.70695 Z∗ Ti33 6.55227

Table 5: Born effective charge tensor of oxygen atoms of SnTiO3 and PbTiO3.

Z∗ of oxygen atoms of SnTiO3 Z∗ of oxygen atoms of PbTiO3

O1

− 2.780 0 0
0 − 2.780 0
0 0 − 5.350

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

− 2.691 0 0
0 − 2.691 0
0 0 − 5.125

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

O2

− 2.461 0 0
0 − 6.140 0
0 0 − 2.515

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

− 2.295 0 0
0 − 6.242 0
0 0 − 2.339

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

O3

− 6.140 0 0
0 − 2.461 0
0 0 − 2.515

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

− 6.242 0 0
0 − 2.295 0
0 0 − 2.339
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Figure 9: Phonon dispersion and vibrational density of states of SnTiO3 and PbTiO3.
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role in understanding the polar ground state and lattice
dynamics of this perovskite material. ,e calculated BECs
are larger compared to the nominal ionic charge. Using
Berry phase approach, the spontaneous polarization was
determined and its value is 1.215C/m2 (SnTiO3) and
0.9066C/m2 (PbTiO3). ,e large value of BEC of each atom
in tetragonal phase of PbTiO3 and SnTiO3 compared to the
nominal ionic charge reveals the importance of ions for the
distortion of ferroelectricity. ,e obtained spontaneous
polarization of SnTiO3 shows high ferroelectric behavior
compared to PbTiO3. So, it can be a good candidate for
application of ferroelectric materials.
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auf grund der plastizitätsbedingung für einkristalle,”
ZAMM—Zeitschrift für Angewandte Mathematik und
Mechanik, vol. 9, no. 1, pp. 49–58, 1929.

[24] R. Hill, “,e elastic behaviour of a crystalline aggregate,”
Proceedings of the Physical Society, Section A, vol. 65, no. 5,
pp. 349–354, 1952.

[25] S. F. Pugh, “XCII. Relations between the elastic moduli and
the plastic properties of polycrystalline pure metals,” Ie
London, Edinburgh, and Dublin Philosophical Magazine and
Journal of Science, vol. 45, no. 367, pp. 823–843, 1954.

[26] S. I. Ranganathan and M. Ostoja-Starzewski, “Universal
elastic anisotropy index,” Physical Review Letters, vol. 101,
no. 5, Article ID 055504, 2008.

[27] P. Ravindran, L. Fast, P. A. Korzhavyi, B. Johansson, J. Wills,
and O. Eriksson, “Density functional theory for calculation of
elastic properties of orthorhombic crystals: application to
TiSi2,” Journal of Applied Physics, vol. 84, no. 9,
pp. 4891–4904, 1998.

Advances in Condensed Matter Physics 11



[28] P. Vajeeston, P. Ravindran, and H. Fjellvåg, “Prediction of
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