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a b s t r a c t

Structural, elastic, electronic and vibrational properties of XAl2O4 (X¼Ca, Sr and Cd) compounds with
orthorhombic structure are studied by first principles method within generalized gradient approxima-
tion. The calculated negative formation enthalpy for each compounds indicates the thermodynamical
stability of the studied phase. Band structure calculations reveal that CaAl2O4, SrAl2O4 and CdAl2O4

compounds have a direct band gap of 4.86, 4.54 and 2.46 eV, respectively. Besides, from the analysis of
the band gap values, one can notice that the replacement of Ca atoms by Sr and Cd atoms in these
compounds reduces the band gap energy values. It is also observed that the CaAl2O4, SrAl2O4 and
CdAl2O4 compounds are less compressible along b-axis and their compressibility decreases in the
sequence SrAl2O4> CdAl2O4> CaAl2O4. Similarly, it is also noticeable that the CaAl2O4 compound have
more resisting power against the monoclinic shear distortion along {100} plane and along {110} direction
compared to CdAl2O4 and SrAl2O4 compounds. Moreover, Cauchy pressures confirm that the CaAl2O4 and
SrAl2O4 compounds are ductile while the CdAl2O4 compound is brittle in nature. This fit very well with
the forecast from B/G relation. The calculated elastic constants and the phonon dispersion relations of the
studied compounds show that these compounds are both mechanically and dynamically stable. More-
over the temperature dependence of the specific heat and entropy have been discussed in detail and
calculated Debye temperature is in good agreement with the related study in literature.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

AB2O4 type aluminate compounds have been themain subject of
many scientific studies because of their physical properties such as
high reflectivity, high melting point, high strength and high
chemical resistivity at high temperatures in addition to low elec-
trical loss [1,2]. Besides, aluminates are environmentally friendly,
more chemically stable and they can be easily manufactured cost-
effectively [3]. Thus, the studies on the preparation and charac-
terization of aluminate based phosphors are increasing day by day.
Nowadays, many investigators are performing inquiry in seek for
appropriate host lattices that can be used to arrange phosphors for
solid state lighting. Aluminate-based phosphors are utilized in
various technologies like plasma, surface conduction electron
budak).
displays and field emission [4e6]. Inorganic phosphorus materials
with high colour purity and density find use in a wide range of
applications, including light-emitting diodes and imaging devices
as well [7e9].

Many studies have been carried out on AB2O4 compounds with
CaFe2O4 type orthorhombic structure so far [10e19]. Especially,
monocalcium aluminates [20e30] have been the subject of many
investigations, for it is the main phase in calcium aluminate ce-
ments (CAC). Calcium aluminate cements have been successfully
used as linings and coatings in wastewater applications [31]. Be-
sides, they have numerous advantages compared to traditional
portland cement system. These advantages are rapid strength gain,
high resistance to acid attack, high thermal resistance, minimized
CO2 emissions during fabricating, high dimensional uniformity and
high abrasion resistance [32,33]. On the other hand, after being
doped with a trivalent alkaline-earth metal, Eu3þ monocalcium
aluminate can be used to produce garish pigments which exceeds a
few times the luminescence properties of ZnS based classical
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Table 1
Calculated lattice parameters (a, b and c in Å), volume (V in Å3) and formation
enthalpy (DHf in eV/atom) of the XAl2O4 (X¼Ca, Sr and Cd) compounds for
orthorhombic (Pnma) phase.

Compound Lattice parameters V DHf References

a b c

CaAl2O4 8.999 2.899 10.412 271.660 �3.012 Present
8.925 2.871 10.308 264.1 e [20-Exp.]
8.89 2.87 10.30 263 e [21-Exp.]
8.923 2.872 10.306 264.09 e [22-Exp.]
8.920 2.871 10.316 264.203 e [24-Exp.]
8.911 2.852 10.395 264.19 �3.388 [26-Exp.]
8.978 2.888 10.388 269.65 e [26]
8.896 2.874 10.307 e �3.250 [27]
9.000 2.900 10.411 271.685 �3.408 [28]

SrAl2O4 9.326 2.941 10.696 293.349 �2.885 Present
CdAl2O4 9.020 2.888 10.477 272.893 �2.392 Present
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materials [34,35]. However, CaAl2O4 is also attractive from a crystal
chemist point of view: Reid and Ringwood [20] as well as Ito and
co-workers [21] after their initial investigations, observed that
CaAl2O4 undergoes several structural phase transitions as a func-
tion of pressure and temperature. Additionally, Akaogi et al. [22]
reported some extinguishable high pressure change of X-ray
diffraction model. They showed that one of this phases have similar
structural relation with CaFe2O4 structure. In addition, the raman
spectroscopy and specific heat calculations of CaAl2O4 were per-
formed by Kojitani et al. [23]. In another study that was carried out
by Lazic and co-workers in 2006 [24], lattice parameters of Pnma
phase CaAl2O4 (a¼ 8.92004 Å, b¼ 2.87129 Å, c¼ 10.31550 Å,
V¼ 264.203Å3, d¼ 3.973 g cm�3) were obtained using Cu-Ka ra-
diation in X-ray diffractometer. They also investigated the crystal
structure of a high pressure polymorph of hexagonal CaAl2O4 using
X-ray powder diffraction data in a different study [25]. Eremin and
co-workers [26] have recently calculated the crystal structure ge-
ometry, interatomic distances, phase density and elastic properties
of CaAl2O4 under 200 GPa using a semi-experimental and ab
initio theoretical study. In Open Quantum Material Database re-
cords [27], lattice parameters and formation enthalpy for Pnma
phase of CaAl2O4 compound are a¼ 8.896 Å, b¼ 2.874 Å,
c¼ 10.307 Å, DHf ¼�3.250 eV/atom. Similarly, in Materials
Project records [28], lattice parameters and formation enthalpy
for the same phase are a¼ 9.000 Å, b¼ 2.900 Å, c¼ 10.411 Å,
V¼ 271.685Å3, d¼ 3.86 g cm�3, DHf ¼�3.408 eV/atom.

When it comes to CdAl2O4, there are only a few studies related
to its cubic spinel phase. Vi~nuela et al. [36] have obtained CuAl2O4
and cadmium including CdxCu1-xAl2O4 compound at 1223 K from
the reaction of CuO, CdO and Al2O3 alloys. From the theoretical side,
Bouhamadou et al. [37] calculated the structural, electronic, optical
and thermodynamic properties of cubic spinel CdAl2O4 using full
potential linearized augmented plane wave (FP-LAPW) based
density functional theory method. Also, Manzar et al. [38] have
investigated the electronic and optical properties of cubic CdX2O4
(X¼ In, Ga, Al) spinels by a modified Becke-Johnson potential.

In different studies, it has been shown that rare earth doped
aluminium based compounds offer strong luminescence properties
[39e43]. In particular, SrAl2O4 shows great functionality as lumi-
nescent material. These types of materials can be used in various
fields such as display devices, signage, medical applications and
storage devices [44]. So, it is noteworthy to mention studies about
SrAl2O4. Nazarov et al. [44] have investigated the changes in
structural and electronic properties of SrAl2O4 after being doped
with Eu2þ by means of density functional theory. They observed a
band gap of 4.52 eV for SrAl2O4 which is underestimated compared
to experimental value of 6.5 eV. The luminescence properties of
nanocrystalline monoclinic SrAl2O4 with compustion synthesis
method have been investigated by Fu et al. [45]. Besides, they also
reported a band gap value of 4.479 eV for SrAl2O4 using full po-
tential linearized augmented plane wave method (FP-LAPW)
within density functional theory.

Zhai et al. [46] have investigated the photoluminescence prop-
erties of Tb-doped SrAl2O4 via sol-gel combustion method and the
structure of this compound was verified using X-Ray Diffraction
(XRD) technique. In another study, Rojas-Hernandez et al. have
studied the structural properties of the P21, P6322 and P63 phases of
SrAl2O4 using both LDA and GGA methods [47]. Compared to large
numbers of theoretical and experimental studies about CaAl2O4
available in literature, studies related to SrAl2O4 and CdAl2O4 are
less frequent. Recently, hexagonal structure of XAl2O4 (X¼Ca, Sr
and Cd) has been investigated by our group [48]. However, a
comprehensive density functional theory calculation for ortho-
rhombic XAl2O4 (X¼Ca, Sr and Cd) is missing.

So, themain purpose of this paper is to gain deep insight into the
elastic, electronic, vibrational and thermodynamic properties of
XAl2O4 (X¼Ca, Sr and Cd). To attain this purpose we took advan-
tage of the first principles density functional theory calculations.

2. Computational method

First principles density functional theory calculations are per-
formed using MedeA code [49,50]. To carry out calculations Pro-
jected augmented wave (PAW) pseudo-potentials [51,52] together
with generalized gradient approximation implemented by Perdew
et al. (GGA-PBE) [53] are used. The Brillouin zone is integrated using
Monkhorst-Pack generated sets of k-points [54]. To obtain the
desired convergence, 3� 8� 2 k-points for CaAl2O4 and CdAl2O4,
and 3� 8� 3 k-points for SrAl2O4 found to be sufficient. A kinetic
energy cutoff of 532 eV for CaAl2O4 and CdAl2O4 and 554 eV for
SrAl2O4 with a threshold of 10�5 eV is used to obtain the desired
convergence. The elastic properties of the studied materials are
calculated through the MT module of MedeA [55]. And phonon
properties are investigated by direct method [56].

3. Results and discussion

3.1. Structural parameters

Ground state properties of any material can be obtained by
calculating its structural parameters. The XAl2O4 (X¼Ca, Sr and Cd)
compounds have a CaFe2O4-type crystal structure (Pnma). X, Al, and
O atoms occupy the 4c (x, 1/4, z) Wyckoff positions where Al and O
atoms have two and four different 4c Wyckoff positions, respec-
tively. The structural parameters of the orthorhombic XAl2O4
(X¼Ca, Sr and Cd) compounds have been calculated using ab-initio
technique within generalized gradient approximations. The calcu-
lated structural parameters for the studied compounds are given in
Table 1 together with the related literature. Additionally, the ob-
tained equilibrium atomic coordinates of the XAl2O4 (X¼Ca, Sr and
Cd) compounds in Pnma phase are listed in Table 2. Crystal struc-
ture based on the calculated positional structures of XAl2O4 (X¼Ca,
Sr and Cd) compounds is shown in Fig. 1. Obtained results are in
good agreement with the related literature [20e22,24,26e28].

On the other hand, the formation enthalpy is a significant
parameter which determines the thermodynamical stability and
the probability of experimental synthesis [57e59] of the com-
pound. The formation enthalpy of XAl2O4 (X¼Ca, Sr and Cd)
compoundswith orthorhombic (Pnma) phase has been tabulated in
Table 1 with the existing results [26e28]. The formation enthalpy
can be expressed with the following mathematical equation for
these materials,



Table 2
Atomic positions of the XAl2O4 (X¼Ca, Sr and Cd) compounds for orthorhombic
(Pnma) phase.

Compound Atom x y z

CaAl2O4 Ca 0.2422 0.2500 0.6555
[24-Exp.] 0.2424 0.2500 0.6562
Al1 0.0813 0.2500 0.3971
[24-Exp.] 0.0817 0.2500 0.3973
Al2 0.5617 0.2500 0.6110
[24-Exp.] 0.5628 0.2500 0.6099
O1 0.0774 0.2500 0.0719
[24-Exp.] 0.0774 0.2500 0.0706
O2 0.2969 0.2500 0.3462
[24-Exp.] 0.2966 0.2500 0.3461
O3 0.3857 0.2500 0.0196
[24-Exp.] 0.3846 0.2500 0.0188
O4 0.4735 0.2500 0.7846
[24-Exp.] 0.4727 0.2500 0.7851

SrAl2O4 Sr 0.2431 0.2500 0.6571
Al1 0.0779 0.2500 0.3988
Al2 0.5635 0.2500 0.6065
O1 0.0696 0.2500 0.0726
O2 0.2994 0.2500 0.3562
O3 0.3902 0.2500 0.0149
O4 0.4738 0.2500 0.7864

CdAl2O4 Cd 0.2422 0.2500 0.6553
Al1 0.0829 0.2500 0.3968
Al2 0.5614 0.2500 0.6129
O1 0.0760 0.2500 0.0703
O2 0.2970 0.2500 0.3493
O3 0.3878 0.2500 0.0189
O4 0.4727 0.2500 0.7849

Fig. 1. (Colour online) Crystal structure of orthorhombic XAl2O4 (X¼Ca, Sr and Cd)
compounds. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Table 3
Calculated elastic constants (Cij in GPa) and elastic compliance constants (Sij, in �
1000GPa�1) for XAl2O4 (X¼Ca, Sr and Cd).

Compound CaAl2O4 SrAl2O4 CdAl2O4

C11 328.56 258.00 313.57
C12 70.35 72.93 100.63
C13 111.06 117.97 130.66
C22 403.81 370.91 400.86
C23 95.69 101.99 105.79
C33 349.51 262.92 343.03
C44 131.27 115.32 107.71
C55 123.63 113.52 94.24
C66 112.06 100.99 84.29
S11 3.4597 4.9299 3.9383
S12 �0.3660 �0.4042 �0.6453
S13 �0.9991 �2.0552 �1.3010
S22 2.6869 3.0511 2.8214
S23 �0.6194 �1.0022 �0.6243
S33 3.3482 5.1144 3.6032
S44 7.6181 8.6717 9.2842
S55 8.0887 8.8087 10.6111
S66 8.9238 9.9019 11.8645
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DHf ¼EtotalXlAlmOn
�
h
l:EbulkX þm:EbulkAl þ n:EbulkO

i
(1)

where EtotalXlAlmOn
is the equilibrium total energy of the compound,

EbulkX , EbulkAl , and EbulkO are the individual energies of bulk structures
of the X (Ca, Sr, Cd), Al and O atoms, respectively. The calculated
negative formation enthalpy values of the CaAl2O4, SrAl2O4 and
CdAl2O4 are�3.012,�2.885, and�2.392 eV/atom, respectively. As a
result, these compounds are thermodynamically stable and may be
synthesized experimentally.
3.2. Elastic constants and related properties

The complete elastic properties of the orthorhombic structure
with space group Pnma is described by nine elastic constants C11,
C12, C13, C22, C23, C33, C44, C55 and C66, respectively. All these elastic
constants for the studied compounds are obtained by first princi-
ples method and results are given in Table 3. Elastic compliance
constants (Sij) for the orthorhombic XAl2O4 (X¼Ca, Sr and Cd)
compounds are also calculated and results are listed in Table 3. In
the literature, since there is no data about elastic constants and
elastic compliance constants of these compounds, we could not
compare our results. From Table 3, it is clearly seen that the ob-
tained elastic constants C11, C12, C13, C22, C23, C33, C44, C55 and C66 for
the XAl2O4 (X¼Ca, Sr and Cd) compounds verify the Born's stability
condition for orthorhombic structure [60];

Cii > 0, (i¼ 1, 2, 3, 4, 5 and 6), (C11 þ C22 e 2C12) > 0 (2)

(C11 þ C33 e 2C13) > 0, (C22 þ C33 e 2C23) > 0 (3)

(C11 þ C22 þ C33 þ 2C12 þ 2C13 þ 2C23) > 0 (4)

(C11 þ C22 þ C33) > 3B > (C12 þ C13 þ C23) > 0 (5)

Therefore, it can be inferred that studied CaAl2O4, SrAl2O4 and
CdAl2O4 compounds with orthorhombic structure are mechanically
stable.

C11, C22 and C33 represent the resistance against linear
compression along a-, b-, and c-directions, respectively. In the
present study, the elastic constant C22 is greater than the other two
elastic constants C11 and C33 for XAl2O4 (X¼Ca, Sr and Cd).
Thus CaAl2O4, SrAl2O4 and CdAl2O4 compounds are less
compressible along b-axis. It is also noteworthy to mention that
the compressibility along b-axis decreases in the sequence
CaAl2O4> CdAl2O4> SrAl2O4. The elastic constant C44 represents
the resistance against the monoclinic shear distortion along {100}
plane. Moreover, C44 is also indirectly related to the hardness of the
materials. However, the elastic constant C66 represents the resis-
tance against shear in the {110} direction. In the present study, it is
observed that the CaAl2O4 compound have more resisting power
against the monoclinic shear distortion along {100} plane andmore
resistance against shear along {110} direction than the other two
CdAl2O4 and SrAl2O4 compounds.



Table 4
The calculated Voigt, Reuss, Hill bulk modulus (BV, BR, B in GPa), shear modulus (GV,
GR, G in GPa), Young's modulus (E in GPa), B/G ratio, Poisson ratio (y), bulk modulus
along a-, b-, and c-axis (Ba, Bb, Bc in GPa) and anisotropic factors (Aa, Ac) for XAl2O4

(X¼Ca, Sr and Cd).

Pnma CaAl2O4 SrAl2O4 CdAl2O4

BV 181.79 164.18 192.40
BR 180.97 162.02 191.51
B 181.38

224 [26-Exp.]
186 [26]

163.10 191.96

G 126.12 103.50 103.65
GV 127.04 105.90 105.27
GR 125.19 101.09 102.03
E 307.16 256.28 263.53
B/G 1.44 1.58 1.85
y 0.2178 0.2381 0.2712
Ba 257.46 386.25 471.96
Bb 332.51 766.00 604.99
Bc 403.04 447.00 560.26
Aa 0.7743 0.5043 0.7785
Ac 1.2121 0.5836 0.9261
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Taking advantage of the calculated elastic constants for XAl2O4
(X¼Ca, Sr and Cd) compounds, bulk modulus B, shear modulus G
and Young's modulus E have been obtained using the Voigt [61]
approximation;

BV ¼ C11 þ C22 þ C33 þ 2ðC12 þ C13 þ C23Þ
9

(6)

GV ¼ C11 þ C22 þ C33 þ 3ðC44 þ C55 þ C66Þ � C12 � C13 � C23
15

(7)

and Reuss approximation [62] as given below;

BR ¼ 1
S11 þ S22 þ S33 þ 2ðS12 þ S13 þ S23Þ

(8)

GR ¼ 15
4ðS11 þ S22 þ S33Þ � 2ðS12 þ S13 þ S23Þ þ 3ðS44 þ S55 þ S66Þ

(9)

where Sij ¼ ðCijÞ�1 represents the elastic compliance constants. The
effective bulk B and shear modulus G is obtained by taking arith-
metic average of Voigt and Reuss bulk (BV and BR) and shear (GV and
GR) modulus by means of Hill's approximation [63];

B ¼ BV þ BR
2

(10)

G ¼ GV þ GR

2
(11)

Young's modulus E and the Poisson's ratio n are calculated from
the relations given below;

E ¼ 9BG
3Bþ G

(12)

n ¼ 3B� 2G
2ð3Bþ GÞ (13)

The calculated Voigt, Reuss, Hill bulk modulus (BV, BR, B), shear
modulus (GV, GR, G), Young's modulus (E), B/G ratio, Poisson ratio
(y), bulk modulus along a-, b-, and c-axis (Ba, Bb, Bc) and aniso-
tropic factors (Aa, Ac) of the XAl2O4 (X¼Ca, Sr and Cd) compounds
are tabulated in Table 4. The calculated bulk modulus (B) for the
CaAl2O4 compound compared to the available experimental and
theoretical studies in the literature deviate by about 19.02% [26-
Exp.] and 2.48% [26], respectively. There is not any data for
SrAl2O4 and CdAl2O4 compounds in literature to compare our re-
sults. Taking into account the calculated results for structural pa-
rameters including elastic constants given in Tables 3 and 4, we can
make following conclusions;

i. Bulk modulus B represents the resistance against the change
in the volume with pressure. B of the examined compounds
descent in the order of CdAl2O4> CaAl2O4> SrAl2O4.

ii. The shear modulus G makes it possible to resist the
deformation of the solid state materials due to the shear
force. G values have the following relation;
CaAl2O4> CdAl2O4> SrAl2O4 for the studied compounds.
Therefore we can conclude that CaAl2O4 has the highest
hardness while SrAl2O4 has the lowest one.

iii. Resistance to implemented stress and strain and the stiffness
of the solid state materials can be determined by Young's
modulus E. So that the higher the Young's modulus, the
stiffer the material. Young's modulus of the studiedmaterials
decreases in the sequence CaAl2O4> CdAl2O4> SrAl2O4. It is
clear that CaAl2O4 is more stiffer than the other compounds
studied in this paper.

iv. The ratio of bulk modulus and shear modulus B/G gives
insight into the ductile and brittle nature of the solidmaterial
[64]. Studied materials is ductile if B/G> 1.75 and brittle if B/
G< 1.75. In the present study (see Table 4), it can be clearly
seen that CaAl2O4 and SrAl2O4 are brittle whereas CdAl2O4 is
ductile in nature.

v. The brittle and ductile nature of any crystal can also be
determined by Cauchy's pressure using Pettifor's rule [65]
which states that if the materials have more metallic bonds
then the materials are ductile. On the contrary, if the mate-
rials have more angular bonds then the materials are brittle
in nature. For the materials having orthorhombic structure,
the Cauchy pressures along {100}, {010} and {001} planes are
(C23eC44), (C13eC55) and (C12eC66), respectively. In the pre-
sent study, the calculated Cauchy pressure along {100} plane
is �35.58 GPa, �13.33 GPa and �1.92 GPa, along {010} plane
is �12.57 GPa, 4.45 GPa and 36.42 GPa, along {001} plane
is�41.71 GPa,�28.06 GPa and 16.34 GPa for CaAl2O4, SrAl2O4
and CdAl2O4 compounds, respectively.

For the CaAl2O4 compound, the bonding in the {100}, {010} and
{001} planes have metallic character while in the case of SrAl2O4
compound, the bonding along the planes {100} and {001} have
metallic character and the bonding along the plane {010} have
angular character. The results show that the bonding in the
CdAl2O4 compound have angular character along {100} plane and
metallic character along the {010} and {001} planes. For the
CaAl2O4 compound, the bonding in the {100}, {010} and {001}
planes have angular character while in the case of SrAl2O4 com-
pound, the bonding along the planes {100} and {001} have angular
character and the bonding along the plane {010} have metallic
character.

The elasticity and shape of any crystal is directly related to its
elastic constants. In Table 3, it is observed that the elastic con-
stant C22 is greater than the elastic constants C11 and C33, thus
these compounds are anisotropic in nature. The elastic anisot-
ropy of the orthorhombic crystal can be defined by bulk modulus
Ba, Bb and Bc along a-, b- and c-axis, respectively [66] and these
are related as;



Table 5
The calculated values of shear anisotropy factors A{100}, A{010} and A{001}, percentage
anisotropy factors of bulk AB and shear modulus AG and universal anisotropy factor
AU for XAl2O4 (X¼Ca, Sr and Cd).

Compound A{100} A{010} A{001} AB AG AU

CaAl2O4 1.1516 0.8800 0.7574 0.2262 0.7316 0.0782
SrAl2O4 1.6186 1.0564 0.8363 0.6625 2.3194 0.2508
CdAl2O4 1.0899 0.7082 0.6570 0.2320 1.5635 0.1635
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Ba ¼ a
dP
da

¼ c

1þ aþ b
(14)

Bb ¼ b
dP
db

¼ Ba
a
; (15)

Bc ¼ c
dP
dc

¼ Ba
b

(16)

where,

c¼C11 þ 2C12aþ C22a
2 þ 2C13bþ C33b

2 þ 2C23ab; (17)

a ¼ ðC11 � C12ÞðC33 � C13Þ � ðC23 � C13ÞðC11 � C13Þ
ðC33 � C13ÞðC22 � C12Þ � ðC13 � C23ÞðC12 � C23Þ

; (18)

b ¼ ðC22 � C12ÞðC11 � C13Þ � ðC11 � C12ÞðC23 � C12Þ
ðC22 � C12ÞðC33 � C13Þ � ðC12 � C23ÞðC13 � C23Þ

(19)

The calculated values of the bulk modulus along a-, b- and c-axis
are listed in Table 4. It is clear from Table 4 that Bb is much greater
than the Ba and Bc for CdAl2O4 and SrAl2O4 while for CaAl2O4, Bc is
much greater than Ba and Bb. This means that the CdAl2O4 and
SrAl2O4 compounds are less compressible along b-axis in compar-
ison to a- and c-axis while CaAl2O4 is less compressible along c-axis
in comparison to the a- and b-axis.

The anisotropy in the bulk modulus along a- and c-axis with
respect to b-axis is represented as;

Aa ¼Ba
Bb

¼ a; (20)

Ac ¼ Bc
Bb

¼ a

b
(21)

Crystal is isotropic if the values of Aa and Ac are 1 and any de-
viation from zero indicates the anisotropic nature of the crystal. In
the present study, the calculation shows that the bulk modulus of
the studied XAl2O4 (X¼Ca, Sr and Cd) compounds are anisotropic
in nature.

Obtained elastic constants can be used as input data to calculate
the shear anisotropy factor along the planes {100}, {010} and {001}
as A{100}, A{010} and A{001}, respectively, with the relations [66] given
below;

Af100g ¼
4C44

C11 þ C33 � 2C13
; (22)

Af010g ¼
4C55

C22 þ C33 � 2C23
; (23)

Af100g ¼
4C66

C11 þ C22 � 2C12
; (24)

If the values of A{100}, A{010} and A{001} are equal to 1 then the
crystal is isotropic in nature and if there is a deviation from unity
then the crystal is anisotropic in nature. The calculated shear
anisotropy factors A{100}, A{010} and A{001}, percentage anisot-
ropy factors of bulk AB and shear modulus AG and universal
anisotropy factor AU of the XAl2O4 (X¼Ca, Sr and Cd) compounds
are tabulated in Table 5. According to given results in Table 5, these
compounds show shear anisotropy. The results also show that there
is a large deviation from absolute value along {001} for CdAl2O4 and
CaAl2O4 and along {100} for SrAl2O4. This means that the shear
anisotropy has a greater value along {001} for CdAl2O4 and CaAl2O4

and along {100} for SrAl2O4.
The percentage of anisotropy factor from bulk modulus (AB) and

shear modulus (AG) for the orthorhombic crystal can be calculated
by the relation given by Chung and Buessem [67];

AB ¼
BV � BR
BV þ BR

� 100%; (25)

AG ¼
GV � GR

GV þ GR
� 100% (26)

The calculated values of AB and AG are listed in Table 5 which
shows that the value of AG is significantly larger than the value of AB

for all the studied compounds CaAl2O4, SrAl2O4 and CdAl2O4. This
means that the studied compounds in this paper show a small
anisotropy in bulkmodulus but a high anisotropy in shearmodulus.

The universal anisotropy factor (AU) is also a measure of the
anisotropic properties of the crystals as [68];

AU ¼5GV

GR
þ BV

BR
� 6 � 0 (27)

If AU¼ 0 crystal is isotropic and any deviation from absolute
value shows the anisotropic nature of the crystal. The universal
anisotropy for studied compounds have been calculated and results
are given in Table 5. From Table 5 it is obvious that the studied
compounds are highly anisotropic in nature.

The specific heat and melting temperature are closely related to
the Debye temperature (qD). Acoustic vibrations are only respon-
sible for the vibrations of the crystals at low temperatures. There-
fore using the elastic constants as input, Debye temperature at low
temperature values can be calculated using the relations [69];

qD ¼ Z

k

�
3n
4p

�
NAr

M

��1 =

3

vm (28)

where ħ is the Planck's constants divided by 2p, k is Boltzmann's
constant, NA is Avogadro's number, n is the number of atoms per
formula unit, M is the molecular mass per formula unit, r is the
density and vm is the average sound velocity given by the following
formula [70];

vm ¼
"
1
3

 
2
v3t

þ 1
v3l

!#�1 =

3

(29)

where vt is the longitudinal and vl is the transverse elastic wave
velocities. The longitudinal and transverse elastic velocities can be
calculated by using the relation given below as [71];

vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Bþ 4G

3r

s
and vm ¼

ffiffiffiffi
G
r

s
(30)

The calculated values of density, longitudinal, transverse,
average sound velocities and Debye temperature of the studied



Table 6
Density (r in g/cm3), longitudinal, transverse and average velocities (in m/s) and
Debye temperature (QD in K) for XAl2O4 (X¼Ca, Sr and Cd).

Compound r vl vt vm qD Ref.

CaAl2O4 3.864 9509 5712 6318 882.0 Present
3.58 e e e e [21-Exp.]
3.975 e e e e [22-Exp.]

e e e e 831 [23-Exp.]

3.973 e e e e [24-Exp.]
3.97 e e e e [26-Exp.]
3.89 e e e e [26]
3.86 e e e e [28]

SrAl2O4 4.655 8039 4713 5225 711.2 Present
CdAl2O4 5.607 7673 4299 4785 667.0 Present
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compounds are tabulated in Table 6 along with the available results
in literature. It is well known that the higher the Debye tempera-
ture the higher the microhardness of the materials. Table 6 shows
that the orthorhombic CaAl2O4 have the highest Debye tempera-
ture among the other studied compounds. Thus, it has higher
microhardness compared to other compounds. The microhardness
of the studied compounds has the sequence of
CaAl2O4> SrAl2O4> CdAl2O4. Besides, Kojitani et al. [23] have
experimentally measured the heat capacity of CaAl2O4 calcium
ferrite using a differential scanning calorimeter (DSC). In this
manner, Debye temperature (831 K) of calcium ferrite type CaAl2O4

has been derived from the heat capacity. The computed Debye
temperature is compatible with the value reported by them. Be-
sides, the calculated density (r) for CaAl2O4 is in good agreement
with Refs. [21,22,24,26,28]. There is not any reference data for
longitudinal, transverse and average sound velocities of the
investigated compounds. All the obtained elastic calculations for
SrAl2O4 and CaAl2O4 compounds with the orthorhombic phase
need to be verified experimentally since we do not have any liter-
ature information to compare our results.

3.3. Electronic properties

The electronic properties, partial and total electronic density of
states of the CaAl2O4, SrAl2O4 and CdAl2O4 compounds have been
calculated and related graphs are plotted along high symmetry
directions as shown in Figs. 2e4, respectively. From these figures it
can be seen that there is a direct band gap of 4.86, 4.54 and 2.46 eV
Fig. 2. (Colour online) Electronic band structure, total and partial density of states for CaA
referred to the Web version of this article.)
for CaAl2O4, SrAl2O4 and CdAl2O4 compounds, respectively.
Furthermore, when the calculated direct band gap values for these
compounds are examined, it is clear that these values are arrayed as
Eg (CaAl2O4)> Eg (SrAl2O4)> Eg (CdA12O4) depending on the
displacement of the X atom. Namely, the band gap values decreases
in XAl2O4 compounds as X atom goes from Ca to Sr, Cd. The
maximum of the valence with the minimum of the conduction
band are at G symmetry point for these compounds. Thus they are
direct band gap semiconductors. Our calculated band gap value for
CaAl2O4 compound is in good agreement with the band gap (4.9 eV)
obtained in Ref. [27] and (4.85 eV) in Ref. [28]. There are no studies
on the electronic properties of other compounds for Pnma phase.

From the partial density of states for the CaAl2O4 and SrAl2O4
compounds (Figs. 2 and 3), it can be concluded that the valence
band of these compounds are formedmainly by the contribution of
p orbitals of O atom and small contributions of d and p orbitals of Ca
(Sr) atom and p orbitals of Al atoms. And the contributions of the
rest of the orbitals of the constituent atoms are negligibly small.
From Figs. 2 and 3, it is also seen that the contributions of the p
orbitals of O atom increases as wemove from bottom of the valence
band to the fermi surface. The conduction band of the CaAl2O4 and
SrAl2O4 compounds is mainly formed by the contributions of the
d orbitals of Ca (Sr) atoms, small contributions of p orbitals of O
atom and negligibly small contributions of the rest of the orbitals of
the constituent atoms.

The partial density of states (Fig. 4) of the CdAl2O4 compound
shows that the valence band between the energy range (�6 eV and
0 eV) is mainly constructed by the contribution of the p orbitals of O
atoms and the small contribution of the d orbital of Cd atoms.
However the contributions of the rest of the orbitals of the Cd, Al
and O atoms are insignificantly small. It also seems that the con-
tributions of the p orbitals of O atoms increase and the contribution
of the d orbital of Cd atom decreases with the increase in the energy
of the valence band. On the other hand, the construction of con-
duction band is mainly due to the contributions of the p orbitals of
the Cd atoms and O atoms. However, the contributions of rest of the
orbitals of the constituent atoms are negligibly small in conduction
band.

3.4. Vibrational properties

The orthorhombic XAl2O4 (X¼Ca, Sr and Cd) compounds have
Pnma space group. The unit cell of XAl2O4 (X¼Ca, Sr and Cd) with
l2O4. (For interpretation of the references to color in this figure legend, the reader is



Fig. 3. (Colour online) Electronic band structure, total and partial density of states for SrAl2O4. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. (Colour online) Electronic band structure, total and partial density of states for CdAl2O4. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 7
Zone-center phonon frequencies (THz) for orthorhombic CaAl2O4.

Modes This work Modes This work Modes This work Modes This work

Au 4.181 Ag(R) 8.289 Au 12.400 B1u(I) 15.960
B1u(I) 4.433 B1g(R) 8.679 B3u(I) 12.455 B3u(I) 16.123
B3u(I) 4.926 B1u(I) 9.243 Ag(R) 12.542 Ag(R) 16.314
B1g(R) 5.045 Ag(R) 9.431 B1u(I) 12.561 B2g(R) 16.703
Au 5.151 B3u(I) 9.501 B2u(I) 12.569 Ag(R) 17.683
B3g(R) 5.215 B1u(I) 10.253 B3g(R) 12.666 B2g(R) 17.756
Ag(R) 5.383 B2g(R) 10.385 B1g(R) 12.843 Ag(R) 18.309
B2u(I) 5.948 Ag(R) 10.715 Ag(R) 13.060 B3u(I) 19.377
B3u(I) 6.232 B2g(R) 10.917 B3u(I) 13.306 B1u(I) 19.468
Ag(R) 6.289 B3u(I) 10.962 B2g(R) 13.562 B3u(I) 19.913
Au 6.390 B2u(I) 11.079 Au 13.868 B2g(R) 19.977
B1g(R) 6.526 Au 11.152 B2u(I) 13.922 Ag(R) 20.043
B2g(R) 6.544 B1u(I) 11.159 Ag(R) 14.058 B2g(R) 20.254
B2u(I) 6.811 B1g(R) 11.226 B1u(I) 14.123 B2g(R) 20.540
B2g(R) 6.893 B3g(R) 11.282 B1u(I) 14.508 B1u(I) 20.546
B1u(I) 7.295 B3u(I) 11.307 B1g(R) 14.528 Ag(R) 21.012
B2g(R) 7.370 B2u(I) 11.849 B3u(I) 14.621 B1u(I) 21.807
B3g(R) 7.516 Au 12.019 B3g(R) 14.778 B3u(I) 22.345
B3u(I) 7.547 Ag(R) 12.035 B3g(R) 15.321
B3g(R) 7.868 B2g(R) 12.100 B1g(R) 15.462
B1u(I) 8.284 B2g(R) 12.278 B2g(R) 15.641
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Table 8
Zone-center phonon frequencies (THz) for orthorhombic SrAl2O4.

Modes This work Modes This work Modes This work Modes This work

B1u(I) 2.671 B3g(R) 7.847 Ag(R) 11.541 Ag(R) 15.744
Au 2.993 B1u(I) 7.973 B3g(R) 11.605 B3u(I) 15.886
B3u(I) 3.282 B3u(I) 8.012 B1g(R) 11.637 B2g(R) 16.089
B3g(R) 3.559 B1g(R) 8.502 B3u(I) 11.872 B1u(I) 16.101
B1g(R) 3.563 Ag(R) 8.601 B2g(R) 11.872 Ag(R) 16.934
Ag(R) 4.180 B3u(I) 8.745 Ag(R) 12.461 12.490 B2g(R) 17.010
Ag(R) 4.592 B1u(I) 8.796 B2u(I) 12.495 Ag(R) 17.593
B2u(I) 4.744 B2g(R) 8.884 B3u(I) 12.509 B3u(I) 18.585
B2g(R) 4.787 Ag(R) 9.431 Au 12.769 B1u(I) 18.652
Au 4.990 B3u(I) 10.115 B2g(R) 12.938 B3u(I) 18.988
B2g(R) 5.549 B1u(I) 10.235 B1u(I) 13.432 B2g(R) 19.028
B3u(I) 5.560 B2g(R) 10.619 Au 13.437 B1u(I) 19.400
B1u(I) 5.631 Ag(R) 10.812 B3u(I) 13.461 Ag(R) 19.449
Au 6.035 B3g(R) 11.148 B2u(I) 13.715 B2g(R) 19.616
B3u(I) 6.325 B1g(R) 11.163 B1u(I) 13.889 Ag(R) 19.661
B2g(R) 6.467 Au 11.166 Ag(R) 15.029 B2g(R) 19.736
B1g(R) 6.483 B2g(R) 11.176 B1g(R) 15.122 B1u(I) 21.239
B2u(I) 6.539 B2u(I) 11.188 B3g(R) 15.207 B3u(I) 21.708
B1u(I) 6.812 B2u(I) 11.332 B2g(R) 15.504
B3g(R) 7.287 Au 11.402 B3g(R) 15.539
Ag(R) 7.611 B1u(I) 11.417 B1g(R)
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orthorhombic structure contains four formula units. The irreduc-
ible representation of crystal with Pnma structure at Brillouin zone
center (k¼ 0) is as follows:

G¼ 13Ag þ 13B2g þ 13B1u þ 13B3u þ 8Au þ 8B1g þ 8B3g þ 8B2u(31)

where 13Ag, 8B1g, 13B2g and 8B3g modes are Raman active, 12B1u,
7B2u and 12B3u modes are infrared active. One B1u, one B2u and one
B3u modes are acoustic and 8Au modes are neither Raman nor
infrared active therefore the Au modes are silent modes.

The calculated zone-center phonons for orthorhombic CaAl2O4,
SrAl2O4 and CdAl2O4 are collected in Tables 7e9, respectively. The
calculated phonon dispersion relations along high symmetry di-
rections as well as total and partial phonon density of states for
CaAl2O4, SrAl2O4 and CdAl2O4 in orthorhombic structure are shown
in Figs. 5e7, respectively. The dispersion relation shows that there
is no gap between the whole spectrum and it is also found that
there is no phonon frequency in the negative region. Hence we
conclude that the studied CaAl2O4, SrAl2O4 and CdAl2O4
Table 9
Zone-center phonon frequencies (THz) for orthorhombic CdAl2O4.

Modes This work Modes This work

Au 2.087 B3g(R) 7.530
B1g(R) 2.328 B3u(I) 7.540
B3g(R) 2.360 B1g(R) 8.574
B1u(I) 2.785 B1u(I) 8.743
Ag(R) 3.149 Ag(R) 8.891
B3u(I) 3.178 B1u(I) 9.112
B2u(I) 3.366 B2g(R) 9.246
Ag(R) 3.700 B2g(R) 10.058
B2g(R) 3.996 Ag(R) 10.071
B3u(I) 4.116 B1u(I) 10.076
Au 4.402 B2u(I) 10.191
B2g(R) 4.502 B3u(I) 10.280
Au 5.104 Au 10.454
B1u(I) 5.384 B3u(I) 10.513
B2g(R) 5.433 B1g(R) 10.755
B1g(R) 5.822 B3g(R) 10.961
B1u(I) 5.876 B2u(I) 11.299
B2u(I) 6.080 Ag(R) 11.434
Ag(R) 6.085 Au 11.462
B3u(I) 6.724 B2g(R) 11.487
B3g(R) 7.162 B3u(I) 11.958
compounds are dynamically stable.
The total and projected partial density of states (Figs. 5e7)

shows that in the lower energy regions the vibrations between the
energy range 0e7.5 THz are mainly due to the vibrations of X atoms
(X¼Ca, Sr and Cd) and small contributions of Al and O atoms. It is
also found that the contributions of the vibrations of Ca atom
decrease and the vibrations of O and Al atoms increase with the
increase in the frequency. In the case of middle frequency region
between 7.5 and 17.5 THz, the vibrations are mainly due to the vi-
brations of O and Al atoms and the contributions of the vibrations
of X atoms are insignificantly small. In the higher frequency regions
where the frequency ranges are between 17.5 and 22 THz, the vi-
brations are mainly due to the vibrations of O atom and small
contributions of the vibrations of Al atoms. The vibrations of X
atoms do not take part in the vibrations of the frequency of higher
energy region.

Lastly, thermodynamic properties such as specific heat and
entropy, as a function of temperature for CaAl2O4, SrAl2O4 and
CdAl2O4 compounds have been plotted in Fig. 8 (a) and (b). As the
Modes This work Modes This work

Au 12.060 12.190 Ag(R) 15.574
Ag(R) 12.199 B1u(I) 15.720
B2g(R) 12.233 B2g(R) 15.872
B1u(I) 12.361 B3u(I) 15.892
B2u(I) 12.509 Ag(R) 16.540
B3g(R) 12.644 B2g(R) 17.300
B3u(I) 12.673 Ag(R) 18.209
B1g(R) 12.928 B2g(R) 18.791
Ag(R) 13.276 B3u(I) 18.828
B2g(R) 13.422 B1u(I) 19.184
B1u(I) 13.609 B3u(I) 19.595
Ag(R) 13.883 Ag(R) 19.650
Au 13.891 B2g(R) 19.714
B2u(I) 14.108 B1u(I) 19.756
B3u(I) 14.243 B2g(R) 20.140
B1u(I) 14.378 Ag(R) 20.599
B1g(R) 14.460 B1u(I) 21.169
B2g(R) 14.756 B3u(I) 21.722
B3g(R) 15.105
B3g(R) 15.426
B1g(R)



Fig. 5. (Colour online) Phonon band structure, total and partial phonon density of states for CaAl2O4. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 6. (Colour online) Phonon band structure, total and partial phonon density of states for SrAl2O4. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 7. (Colour online) Phonon band structure, total and partial phonon density of states for CdAl2O4. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8. (Colour online) (a) Variation of the specific heat capacity and (b) entropy at
constant volume with absolute temperature for orthorhombic XAl2O4 (X¼Ca, Sr and
Cd) compounds. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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temperature rises, the heat capacity increases quickly up to nearly
400 K and after this temperature, it goes up at a smaller rate. This
correlation is fitted with the Debye temperatures as given in
Table 6. The heat capacity converges to a constant known as
Dulong-Petit limit [72] at high temperatures. Besides, entropy also
increases with the temperature enhancement in Fig. 8 (b). Unfor-
tunately there is no experimental and theoretical data to compare
vibrational and thermodynamic properties.
4. Conclusions

In the present study, the structural, elastic, electronic and
vibrational properties of orthorhombic XAl2O4 (X¼Ca, Sr and Cd)
compounds have been investigated using first-principles calcula-
tion within the generalized gradient approximation based on
density functional theory. These compounds show semiconducting
behavior due to their direct band gap values which makes them
promising candidate for electronics application. Also, obtained
direct band gap value for CaAl2O4 is in accordance with the litera-
ture. On the other hand, the obtained elastic constants show that
these compounds have mechanical stability since they obey the
Born-Huang criterions. Besides, Cauchy pressures show that the
CaAl2O4 and SrAl2O4 compounds are ductile while the CdAl2O4
compound is brittle in nature. This agrees well with the estimation
from B/G relationship. Also, the compound CaAl2O4 has more
resisting power against the monoclinic shear distortion along {100}
plane in comparison to CdAl2O4 and SrAl2O4. The studied
compounds CaAl2O4, SrAl2O4 and CdAl2O4 are less compressible
along b-axis in comparison to a- and c-axis. The elastic properties of
all the studied compounds are anisotropic in nature and the
CaAl2O4 compound has higher microhardness in comparison to the
other two compounds. Lastly, vibrational properties are investi-
gated and the plotted phonon dispersion curves of the studied
compounds indicate that they are dynamically stable. Thermody-
namic properties of these compounds have also been studied. It is
observed that specific heat values get closer to Dulong-Petit limit at
high temperature.
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