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ABSTRACT ARTICLE HISTORY
Among the class of ABO, type perovskite oxides, LaMO, (M=Ga and Received 18 January 2016
In) compounds are investigated in cubic (Pm-3m), tetragonal (P4mm), Accepted 6 May 2016

hexagonal (P-3m1), rhombohedral (R-3¢), and orthorhombic (Pbnm)
phases by using generalized gradient approximation (GGA) within Perovskites: ab initio: band
the density functional theory. On-site Coulomb interaction is also calculations; elasticit’y;
included in the calculations (GGA + U). After the determination of phonons

the stable phase, phase transition pressures have been calculated

also. Then, their full structural, mechanical, electronic, optical and

vibrational properties have been studied in stable orthorhombic

(Pbnm) phase. Both compounds are non-magnetic insulators in their

ground states. The energy gaps (E ) of LaGaO, and LalnO, compounds

have been found as 3.14 and 2.55 eV, respectlvely The calculated

elastic constants and phonon dispersion curves confirm the stability

of orthorhombic phase mechanically and dynamically.

KEYWORDS

1. Introduction

The perovskite structure has a general formula of ABC,. The perovskite oxide structure is
obtained by placing oxygen at C- anion site. Usually, the A and B cations are alkali metals,
alkaline earth metals, transition metals or rare earth elements. Oxygen anions construct an
octahedron around B cations in ABO, type perovskite oxide structures. It is known that ideal
perovskite structure is cubic which comforms to Pm3m space group. In cubic perovskites,
A cation is located at the corners of the cube, B cation is in the center and oxygen ions in
the face-centers. Also there are tetragonal, orthorhombic, rhombohedral, monoclinic, and
triclinic perovskites which are formed by the distortion of the ideal cubic structure through
tilting of the BO, octahedra [1]. Usually, this type of orthorhombic perovskites is named
as GdFeO, type perovskites [2].

Perovskite oxide materials are able to exhibit insulator, metal, semiconductor or super-
conductor properties. There are delocalized energy bands in some cases or there are localized
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electrons or some transitions between these two behaviors seen. Also, most of the perovskites
are found to be in magnetic order [3]. Therefore, their physical and chemical behaviors such
as the density of states (DOS), Fermi surface, dielectric function, and phonon dispersion
have special character [4]. In addition, as stated above, they exhibit very different physical
properties; such as conductivity, magnetism, dielectricity, photonics, piezoelectricity, pyro-
electricity and so that they can be used in many applications in a wide area.

There are comprehensive studies in the literature on a large family of perovskites [4].
In that work, the perovskite structures with cations having s- and d-electrons in the outer
orbit are presented. But, over the past few decades, perovskites having rare earth elements
with f-electrons as cations are particularly the subject of experimental studies.

Until now, perovskites have been the subject for quite large and important applications
such as photochromic [5, 6], electrochromic [7, 8] and energy storage [9, 10] devices. Also,
the piezoelectric [11], ferroelectric [12], dielectric [13, 14] and pyroelectric [15] properties
are used in devices for switching, filtering and surface acoustic wave signal processing.
Many of them have catalytic activity [16] and are used extensively for oxidation of carbon
monoxide and hydrocarbons [17, 18], reduction of nitrogen oxide [19, 20], to obtain hydro-
gen from water with photoelectrolysis [21, 22] and other solid-state electrolysis cells [23].

In this work, we chose LaGaO, and LalnO, perovskite oxides from the family of GdFeO 5
type oxides because of their important technological applications, recently received much
attention. LaGaO, is used as a substrate material for the epitaxial growth of high temperature
superconducting thin films [24], due to a small lattice mismatch. When doped with lower
valence cations it exhibits high oxide ionic conductivity [25], as a good candidate material
for use in solid oxide fuel cells (SOFCs) [26,27]. On the other hand, LalnO, is also consid-
ered as an electrolyte for SOFCs [28]. In addition, LaInO, is an excellent dielectric layer,
along with BaSnO, as the semiconducting layer having similar in-plane lattice parameters,
for an all-perovskite epitaxial field effect transistor [29].

In this study, we present a comprehensive study of structural, mechanical, electronic,
optical, and lattice dynamical properties of GdFeO, type LaMO, (M=Ga and In) compounds
whose bulk structures are stable in orthorhombic phase which conforms to Pbnm space
group. The details of the calculations and some numerical parameters which are used in
the calculations are given in the second section. Then the examined structural, mechanical,
electronic, optical, and dynamical properties are discussed in the third section. Finally, a
summary of the results is presented in the conclusions section.

2. Computational details

The basis of the calculations in this work are based on density functional theory (DFT)
in which Kohn-Sham equations are solved numerically and iteratively [30,31]. The solu-
tion has been obtained by calculating the total energy as implemented in VASP (Vienna
Ab initio Simulation Package) [32,33] software using plane-wave basis set and psuedo-
potential approach. For all the calculations presented in this study, we use Perdew, Burke
and Ernzerhof [34] type pseudopotentials for all atoms in the framework of Generalized
Gradient Approximation (GGA) of the exchange-correlation potential.

After the optimization of our complex compounds in five different phases, energy-vol-
ume data is fitted to Vinet equation of state. After determining the stable phase, phase
transition pressures have also been calculated from enthalpy—pressure graphs. Then, their
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full structural, mechanical, electronic, optical, and vabrational properties have been stud-
ied in stable orthorhombic phase which conforms to Pbnm space group. In these calcu-
lations, Brillouin zone integration have been performed with automatically generated
10 x 10 x 10 k-point mesh for cubic; 10 x 10 x 8 k-point mesh for tetragonal and hex-
agonal phases, and 8 x 6 x 8 k-point mesh for rhombohedral and orthorhombic phases,
respectively, all centered at I'-point following the convention of Monkhorst and Pack [35].
800 eV is taken for the electron kinetic energy cut-off value for expansion of the electron
wave functions. Methfessel-Paxton type smearing is applied on fermionic occupation func-
tion with 0.27 eV smearing parameter. The crystal structures of these complex alloys in
cubic (Pm-3m), tetragonal (P4mm), hexagonal (P-3m1I) phases with 5-atom primitive cell,
rhombohedral (R-3c) phase with 10-atom primitive cell, and orthorhombic (Pbnm) phase
with 20-atom primitive cell are presented in Figure 1(a)-(e), respectively.

GGA or LDA functionals often fail to describe the strongly correlated electron systems
with localized d orbitals accurately. In such a case, the on-site Coulomb interaction with an
effective Hubbard U parameter (GGA + U or L(S)DA + U) is included using the approach
of Dudarev et al. [36] in which the on-site Coulomb (U) and exchange (J) parameters are
not taken into account separately, since only the difference (U - J) is physically meaningful.
Therefore, we have taken into account a single parameter U, ;= (U - ]). In examining our
compounds, we use Ug=6¢eV for d-orbitals of La atoms.

Figure 1. (colour online) The crystal structure of LaMO, in; (a) cubic Pm-3m space group, (b) tetragonal

3
P4mm space group, (c) hexagonal P-3m1 space group, (d) rhombohedral R-3c¢ space group, (e) orthorhombic

Pbnm space group.
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Table 1. The calculated cohesive and formation energies of LaGaO, and LalnO, systems.

Material Crystal structure E_,, (eV/formula unit) E,,, (eV/formula unit)

LaGao, Cubic (Pm-3m) -31.08 -13.55
Tetragonal (P4mm) -31.08 -13.55
Hexagonal (P-3m1) -30.49 -12.97
Rhombohedral (R-3¢) -31.33 —13.81
Orthorhombic (Pbnm) -31.35 -13.83

LalnO, Cubic (Pm-3m) -28.19 -11.00
Tetragonal (P4mm) -29.04 -11.84
Hexagonal (P-3m1) —29.55 -12.36
Rhombohedral (R-3¢) -29.54 -12.35
Orthorhombic (Pbnm) -29.79 -12.60

3. Results and discussion

Goldschmidt tolerance factor [37] is defined for a rough prediction of the formation of
perovskite type alloys and is given by

(ry+15)

V24 ro)

where r,, r, and r, are the ionic radii of the A, B cations, and oxygen anion, respectively.
If this value is between 0.9 and 1.0, the examining structure is energetically favored in
cubic phase [38,39] and if this value is between 0.71 and 0.9, the structure is expected to
be energetically favored in orthorhombic phase [38]. The calculated Goldschmidt tolerance
factors for LaGaO, and LalnO, systems are 0.85 and 0.78, respectively. This implies that
these compounds can be crystallized in orthorhombic phase very likely.

The stability of a crystal can be determined from cohesive energy and it is known that
if the absolute value of the cohesive energy of a structure is larger than that of others it can
be said to be more stable [40,41]. Also, the formation energy can be used to determine the
crystal stability [42] in a similar fashion. The cohesive and formation energies of a solid com-
pound whose chemical formula is A B, are given by the following formulas, respectively,

(1)

Ecoh = Etot - (xEA +yEB) (2)
and

E

tor = By = (EX +9E5™) (3)
where, E, is the total energy of the unit cell. E, and E; are the energies of the isolated A
and B atoms, respectively. E"*and ES" are the energies of A and B atoms in the ground
state crystal structure. Therefore, we have calculated cohesive and formation energies of our
compounds in five different phases to determine the most stable structure. These energies
are given in Table 1. It is clearly seen that E, and E_, energies of these compounds in ort-
horhombic phase are smaller than the energy values of other phases. In this regard, further
properties of our materials have been examined in the stable orthorhombic (Pbnm) phase.
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Figure 2. (colour online) Total energies as a function of volume for various possible structures of (a)
LaGaO, and (b) LaInO,.

Table 2. The structural parameters of LaGaO, and LalnQ, in cubic (Pm-3m) phase.

Material Reference a(h) B (GPa) B

LaGaO3 This work 3.937 189.236 4.626
Experimental [46,47] 3.874 - -
Theoretical [46,47] 3.915 - -
Theoretical [48] 3.866 - -
Theoretical [49] 3.874 194.40

LalnO, This work 4221 154.202 4.620
Experimental [46,47] 4110 - -
Theoretical [46] 4.105 - -
Theoretical [49] 4.110 158.00

Table 3. The structural parameters of LaGaO, and LalnOQ, in tetragonal (P4mm) phase.

Material Reference a(h) cd B (GPa) B
LaGaO3 This work 3.937 3.937 189.237 4.626
La|n03 This work 3.951 5.328 130.417 4.563

Table 4. The structural parameters of LaGaO, and LaInQ, in hexagonal (P-3mT) phase.

Material Reference a ) c(A) B (GPa) B
LaGao, This work 3.625 6.246 143.419 4635
LalnO, This work 3.701 6.690 131.479 4630

Table 5. The structural parameters of LaGaO, and LalnO, in rhombohedral (R-3¢) phase.

Material Reference a(A) a=B=y B (GPa) B

LaGaO3 This work 5.548 60.9° 183.112 4.597
LalnO, This work 5.883 61.4° 151.934 4599
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Table 6. The structural parameters of LaGaO, and LaInQ, in orthorhombic (Pbnm) phase.

Material Reference a(h) b (A) c(A) B (GPa) B

LaGao, This work 5.594 7.909 5.603 181.723 4.601
Experimental [50] 5.473 7.767 5.526 - -
Theoretical [50] 5.465 7.737 5.561 - -
Theoretical [51] 5.507 7.806 5.529 - -

LalnO, This work 5.814 8.394 6.069 153.006 4.625
Experimental [50] 5.723 8.207 5.914 - -
Theoretical [50] 5.700 8.182 5.939 - -
Theoretical [51] 5.804 8.227 5.828 - -

3.1. Structural and mechanical properties

After the optimization processes of LaMO, (M=Ga and In) compounds in different five
phases with GGA + U method (U ; = 6 eV), the stable phase is determined by plotting
energy-volume graphs as seen in Figure 2. In DFT calculations, the Hubbard-U parameter
for any atom is chosen approximately, so this parameter has not an exact value generally
and is subject to change according to the system of interest. In our case, the strength of the
intra-site repulsion (U,;) for La-d orbitals is determined by considering previous studies
on similar structures. The lattice parameters and some structural constants are calculated
by fitting Vinet equation of state [43-45] which is given by Equations (4) and (5). The
calculated parameters of different phases are presented in Tables 2—6.

9BV,
E(V)=EO+?[1+ {£(1 = x) = L}exp{&(1 — 0)}] (4)

3B(1 —
P(V) = {%}eXp{fS(l — %) 5)

1/3
where E and V, are the zero pressure equilibrium energy and volume, respectively, x = ( Vl ) /
and & = %(B’ - 1), B is the bulk modulus and B' is its pressure derivative. '

The energetic behavior of cubic and tetragonal phases is very similar and the hexagonal
phase seems to be unstable with rather large ground state energy. The orthorhombic phase
is the most stable phase for LaGaO, compound with slightly lower energy than rhombo-
hedral structure as seen in Figure 2(a). The cubic phase is unstable for LaInO,, while the
orthorhombic phase is the stable one for this compound also, as seen in Figure 2(b). E,
and E_, energies of these compounds show the same behavior, as seen in Table 1. E., and
E_, energies and also the fitted curves show that the orthorhombic phase (Pbnm) is the
stable phase for both of these materials.

Asaresult of our calculations for cubic (Pm-3m) phase, the lattice parameters of LaGaO,
and LalnO, are obtained with %1.6 and %2.7 differences from experimental results,
respectively.

The lattice parameters (a, b, and ¢) of LaGaO, and LaInO, in stable orthorhombic (Pbnm)
phase are also obtained with deviations from experimental results as %2.2, %1.8, %1.4 and
%1.6, %2.2, %2.6, respectively. The relatively high bulk moduli of these compounds show
that these materials are hard materials. Also, both of these materials have big pressure
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Figure 3. (colour online) Enthalpies as a function of pressure of various possible structures of (a) LaGaO,
and (b) LalnO,.

derivative of bulk modulus and it indicates that, they show strong sensitivity against pres-
sure change. Then phase transition pressures have been calculated from enthalpy-pressure
graphs as seen in Figure 3.

At zero pressure, the enthalpies of LaGaO, and LaInO, in the orthorhombic phase (Pbnm)
as seen in Figure 3(a) and (b), respectively, are minimum as expected. In Figure 3(a), at a
pressure of -6.88 GPa, the enthalpies of hexagonal, cubic, and tetragonal phases of LaGaO,
compound become equal. Also, the enthalpies are equal at -10.43 GPa for hexagonal and
orthorhombic phases and at -9.96 GPa for rhombohedral and hexagonal structures. In
Figure 3(b), at —4.43 GPa, the enthalpies of LaInO, compound are equal for hexagonal and
orthorhombic phases. Likewise, the enthalpies of hexagonal and rhombohedral phases are
equal at 0.036 GPa. The negative pressure values correspond to extended lattices. But it is
clearly seen that the orthorhombic phase remains stable in a wide range of positive pressures
for both compounds.

The mechanical and dynamical behaviors of a crystal can be explained in terms of its
elastic constants. They can give detailed information about the stability, hardness or stiffness
of the materials. These constants can be obtained from ab initio calculations by using the
‘stress—strain’ method [52] with great accuracy and precision. The calculated second order
elastic constants of orthorhombic LaGaO, and LalnO, are given in Table 7.

The mechanical stability of a crystal or durability against external forces is a desirable
situation in technological applications. The mechanical stability conditions of a crystal struc-
ture depend on its elastic constants and also these conditions are different from each other
for different structures. Since the crystal is stable mechanically, the Born’s stability criteria
[53] must be ensured. Mechanical stability criteria of a orthorhombic crystal are given by

cii<0and(cﬁ+cij—26ij<0> fori=1...6 (6)



PHILOSOPHICAL MAGAZINE (&) 2047

Table 7. The calculated elastic constants of LaGaO, and LalnO, in stable orthorhombic (Pbnm) phase.

(GPa) LaGaO, LalnO,
[ 301.18 225.81

C, 136.27 10438
Cs 11624 121.69
C, 263.95 195.28
Gy 10443 111.46
C, 242.27 238.12
Ca 7220 58.90
Cys 94.67 7037
Cee 9143 5261

Both of our materials have satisfied these criteria for mechanical stability. Also bulk (B)
and shear modulus (G) of a solid crystal in the orthorhombic phase can be calculated with
Voigt [54] -Reuss [55] -Hill [56] relations as given in Equations 7-10. The Voigt and Reuss
approximations present upper and lower limits, respectively, for calculating B and G values
of the crystal.

1

B = 7
g (511 +5,+ 533) + 2(512 +s55+ 523) @

1 2
B, = 5(611 +6t Caa) + 5(612 te;t 623) (8)

15

Gy = 9
R 4(511 +s,, + 533) - 4(s12 +s,;+ 523) + 3(544 + 85 + 566) ©)

Gy = 1_15( Nt Gy — 0= 6y) + %(%4 + o5+ G ) (10)
In Equations 6-10, the ¢, values are the elastic constants, and the s, are the elastic compli-
ance constants of a orthorhombic crystal in Equations 7 and 9. Using energy considerations,
Hill [56] approximation is a practical method to estimate the bulk and shear moduli of a
crystal, so the elastic moduli of the polycrystalline material can be approximated. Therefore,
shear moduli can be calculated from G = % (Gy + G )and bulk moduli from the expression
B= (B, +By).

Moreover, Young’s modulus [57] E and Poisson’s ratio [57] v of an isotropic material
can be calculated by using estimated bulk and shear moduli as seen in Equations 11 and

12, respectively.

9BG
3B+ G (1)

E=

3B-2G

YT 36B+06) (12)



2048 A.ERKISI ET AL.

Table 8. The calculated upper and lower limits, average values of bulk and shear moduli, Young’s moduli
and Poisson’s ratios of LaGaO, and LalnQ, in stable orthorhombic (Pbnm) phase.

LaGaO, LalnO,
B, (GPa) 169.03 148.25
B, (GPa) 166.07 146.25
B (GPa) 167.55 147.25
G, (GPa) 81.69 57.82
G, (GPa) 80.31 56.95
G (GPa) 81.00 57.38
E (GPa) 209.29 152.36
v 0.291 0.327

Table 9. The calculated shear anisotropic factors in different planes, longitudinal, transverse, and aver-
age wave velocities in crystal and also Debye temperatures for LaGaO, and LalnQ, in stable orthorhom-
bic (Pbnm) phase.

LaGaO, LalnO,
A (100) 0.928 1.068
A,(010) 1.273 1337
A, (001) 1.250 0.991
v,(m/s) 5122.86 4257.38
v, (m/s) 2777.54 2155.99
v, (m/s) 3099.25 2416.78
0, (K) 459.17 358.10

D

Estimated upper and lower limits and the average bulk and shear moduli with Hill approxi-
mation [56] along with the calculated Young’s modulus (E) and Poisson’s ratio (v) are given
in Table 8.

Young’s modulus is also known as the ratio of stress and strain, and is used to define the
stiffness of the solid. The calculated Young’s modulus values for LaGaO, and LalnO, are
209.29 and 152.36 GPa, respectively. Bulk, shear, and Young’s moduli of our materials show
that LaGaO, compound is stiffer than LaInO, compound in orthorhombic (Pbnm) phase.
B/G ratio [58,59] and Pugh’s ratio (k = G/B) [58-62] include very important information
about stiffness of the materials. B/G ratio of LaGaO, and LaInO, are 2.06 and 2.56 and also
Pugh’s ratio (k = G/B) of these compounds are 0.48 and 0.39, respectively. These values
indicate that LaGaO, and LaInO, are ductile materials in orthorhombic (Pbnm) phase.

Poisson’s ratios [63,64] of LaGaO, and LalnO, are found to be 0.291 and 0.327, respec-
tively. These values indicate that both materials have ionic character. Especially the ionic
character is more dominant in LaGaO, compound, than that in LaInO,.

Shear anisotropic factors [64], ultrasonic wave velocities [65,66], and Debye temper-
atures [66] of LaGaO, and LalnO, are calculated by using Equations 13-19 and given in
Table 9. The shear anisotropic factors in different planes of crystals tell us the degree of
elastic anisotropy of a material. Shear anisotropic factor (A)) for the (100) plane is

4c,,

A =—————F5— (13)
' ¢y + 635 — 205

Shear anisotropic factor (A,) for the (010) plane is

_ 4c,,

A= %
2 €y F €35 — 20y, (14)
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and shear anisotropic factor (A,) for the (001) plane is

4cgo

Ay= ————— (15)
’ €t 6y — 2Clz

ALALA, values of our compounds indicate that especially for (100) plane, our materials
have lower elastic anisotropy than (0 10) and (00 1) planes. However, both of our materials
have anisotropic character mechanically.

The longitudinal and transverse wave velocities in a crystal are obtained from Navier’s

equation [65] as follows:
4G \ 1/2
B+ 3
v, = < , > (16)

1/2
v = <§> (17)
p

and the average wave velocity [66] in the crystal is given by

-1/3
1({ 2 1

v =z 2 += (18)
[3(@ V?>]

where p is the density of the material. Finally, the Debye temperature is a fundamental
parameter of a material and is estimated using the expression

_h 3n NAp 13
(’D‘E[E<7>] & (19)

where £ is the Planck’s constant, k is the Boltzmann's constant, N, is the Avogadros number,
M is the molecular weight and # is the number of atoms in the molecule.

and

3.2. Electronic structure

In this section, the electronic band structures and total DOS of LaGaO, and LalnO;, in the
orthorhombic (Pbnm) structure are shown in Figure 4. The calculated spin-polarized elec-
tronic band structures of these materials are given along the high symmetry directions in
the first Brillouin zone. Also electronic partial DOS of these systems are shown in Figure 5.
The distribution of majority and minority spin channels are similar for our complex systems
and this situation is mainly due to non magnetic characters of the systems. It is shown that
there are energy gaps in both systems. They are found to be 3.14 and 2.55 eV for LaGaO, and
LaInO,, respectively. Therefore, these systems can be regarded as insulators. The electronic
band gaps of both LaGaO, and LaInO, systems are indirect band gap from I' to U point.
O-p states are dominant below the Fermi level and also La-d states are dominant above the
Fermi level for these GdFeO, type perovskite oxides, as seen in Figure 5.



2050 A.ERKISI ET AL.

Majority T Minority {
6 = =
3
- {.
?3 ‘g=3 4eV ,g=3l4cV
2 0 fs=== ofecoodooc == — I S sa==d=omdEL
m ]
m
-3 \
. ™ T
5 Fa » Ve _—
6 — e
>/‘§ L —
3 ™~
@ =25 eV
g o= = e I P I
iy =
m —
_3 \__
/\<R
>~
-6 (b)
r X S R T Y I z u DOS r X S R T Y I z U
Figure 4. (colour online) The electronic band structures of (a) LaGaO, and (b) LalnO,.
(a) M Majority - (b) ;\m Majority -
o} | W}v W Minority ——— f‘ ot | NW Minority M/\/\/
2]
o '\/JA 0 :i‘ﬂ:——._
8 —
0]
La-s 10 La-s
1 e |51 Lap
2 5 Lad -~ A S Lad === 4
0 [f————mr o & O <
& 5 s v
-10 1 -10 1
10 Ga-s 10 In-s
1 Gap ——----- T In-p -====--
w 3 Gad ~ 5 , Ind -
R 0 [ometbEremi e s D itanea e e
<% Y
MR MR
-10 -10
10 i O-s 10 i O-s
doN o L o
I v O-p A i O-p
U T 1. T st Vi
Q o} BN o 0 b e . soeyd
e Ry \\!‘V/Av\{ ,,.”'.. 0 i A i \“",‘“‘ " R
5 LT 5 “ VY !
| i | LAY
10 (i 10
6 -4 2 0 2 4 -6 -4 2 0 2 4
E-Ep (V) E-Eg (V)

Figure 5. (colour online) Partial DOS of (a) LaGaO, and (b) LaInO,.

In the valance band which is below Fermi level and in the conduction band which is above
Fermi level, it is seen that Ga and In elements which belong to group-III elements don’t
have much effect on the electronic band configuration. Also there is a little hybridization
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between O-p and La-d states just below and above Fermi level. Finally, there is Ga-p and
In-p states at —4 and —3 eV energy levels, respectively.

3.3. Dielectric function and optical properties

It is well known that the frequency dependent dielectric function of a medium, which is
given by Equation 20, can determine its optical response at all photon energies.

e(w) = €, () + ig,(w) (20)

There is a direct relationship between the electronic band structure and the imaginary part
€,(w) of the dielectric function of a material. Latter describes the optical absorptive behavior
of a material and is given [67,68] by

£w) = <4’” >ZI1IMIJf = £)8(By — By —0)dk 21)

where M is the dipole matrix, i and j are the initial and final states, respectively, fi is the
Fermi distribution function for the ith state, E, is the energy of the electron in the ith state
and k is the crystal wave vector.

The real part & (o) of the dielectric function can be calculated using the Kramers-Kronig
transformation [69,70].

o', (a)’)

e(w) =1+ Pj do’ (22)

where P denotes the principle value of the integral. The calculated frequency dependent
optical properties give helpful information about the internal structure of the compounds.

The calculated frequency dependent dielectric function without local effects along x, y,
z crystal axes as functions of photon energy in the 0-50 eV range are shown in Figure 6(a)
and (b) for LaGaO, and LaInO,, respectively. The imaginary part £,(w) gives the informa-
tion of absorptive behavior of LaGaO, and LaInO, systems. The threshold energies for the
imaginary part of the dielectric function occur at 3.14 and 2.55 eV for LaGaO, and LaInO,,
respectively, which are consistent with the band gap values obtained from electronic band
structure calculations. It is well known that, if a material system has a band gap larger than
3.1 eV, it works well in applications in the ultraviolet (UV) region of the spectrum [71,72].
In this respect, LaGaO, compound seems to be a suitable material for the high frequency
UV device applications because of its wide band gap. There are strong absorption peaks
located at 7.0 and 6.4 eV for LaGaO, and LaInO,, respectively. There also appear small peaks
around 20 eV energy level. Both of our compounds can be used for filtering applications
for various energies in the UV spectrum.

The calculated real part of the frequency dependent dielectric function €, (w) of LaGaO,
and LaInO, compounds are given in Figure 6(a) and (b), respectively. It provides informa-
tion about electronic polarizibility of a material. At zero frequency (@ = 0), the static dielec-
tric constants of LaGaO, and LaInO, compounds are obtained as £,(0) = 5 and £,(0) = 4.8,
respectively. From these limit values, the real part of the dielectric function of LaGaO, and
LaInO, compounds begin to increase and reach the maximum values at energies of 5.8 and
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Figure 6. (colour online) The real and imaginary parts of the frequency dependent dielectric function of
(a) LaGaO, and (b) LalnO,.

5.5 eV, respectively. Then, the real part of the dielectric function of LaGaO, starts decreas-
ing to zero and it takes negative values between 8.9 and 12 eV, and also between 20.2 and
28 eV. Similarly, the real part of the dielectric function of LaInO, starts decreasing to zero
and it takes negative values between 8.7 and 11.5 eV, and also between 20.2 and 24.9 eV.
Then we calculated other optical properties of LaGaO, and LaInO, compounds by using
Equations 23-27 which are plotted in Figure 7(a) and (b), respectively. These are reflectivity
[73] R(w), the absorption coefficient [73] a(w), the refractive index [73] n(w), the extinction
coeflicient [73] k(w) and the energy loss function [74] L(w) which are given by:

\/g(a) —1

e(a)) +1
a(@) =w \/2 £(o) + £/ () — 2¢ (), ey
eX(w) + () + £, () (25)
1’1(60) = \ 2 ’
£,(w) + £/ (0) — £,(®) (26)

k(w) = \

2 >
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Figure 7. (colour online) The calculated optical parameters as a function of the frequency of (a) LaGaO,
and (b) LalnO,. Here, R(w) is the reflectivity coefficient, a(w) is the absorption coefficient and is given in
m~" divided by 107, n(w) is the refractive index, k(w) is the extinction coefficientand L(w) the energy loss
function.

L(w) = £i(@)

B ef(a)) + ef(a)). (27)

We observed that, LaGaO, compound is optically isotropic although it is anisotropic
mechanically. So, this material can be a good candidate for scintillator applications [75].
However, it can be said that LaInO, compound is optically anisotropic, since all of its optical
properties in y direction are different from those in x and z directions. The refractive index
n(w)values of both LaGaO, and LalnO, compounds are almost constant in the lower energy
region, then start increasing and after reaching maximum values in the UV region at about
6 and 5.5 eV, respectively, they decrease in the higher energy region. The static refractive
indices n(0) obtained for LaGaO, and LaInO, compounds are the same and are equal to
2.2. Generally, the refractive index of any material increases with the electron density. In
addition, it is also related to chemical bonding properties. In general, ionic compounds
have lower refractive index n(w) values than covalent bonded compounds. To this end, both
compounds have ionic character as already deduced before in Section 3.1 by considering
their Poission’s ratios. Finally, the LaGaO, compound can be considered transparent, since
its refractive index n(w) is independent of crystal directions.

The imaginary part of the dielectric function €,(w) and the extinction coefficient k(w) of
these compounds have similar trends. The maximum values of the extinction coeflicient
k(w) of LaGaO, and LaInO, compounds are located at 8.2 and 8.6 eV, respectively.

The zero-frequency optical reflectivities R(0)of LaGaO, and LalnO, compounds are
15 and 14%, respectively, and they remain nearly constant up to 2 eV. Then, they start to
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increase reaching maximum values of 54% at 22.5 eV and 36% at 22 eV, respectively, whereas
the real part of the dielectric function for both compounds are negative.

The energy loss function L(w) gives an important information about the energy loss of
a fast electron traversing in a material. The maximum peak in the energy loss L(w) spectra
can be associated with the plasmon peak [76]. The plasma resonances for the LaGaO, and
LaInO, compounds occur at 30 and 29 eV, respectively.

Finally in this section, the absorption spectra of the LaGaO, and LaInO, compounds
are plotted, which give information about scintillating characteristics of the material of
interest. The maximum absorptions of LaGaO, and LalnO, compounds occur at 22 and
21.5 eV, respectively. These spectra show that, the LaGaO, compound is isotropic, while
the LaInO, compound is an anisotropic material since the maximum absorption peak at
21.5 eV is along y-direction and it is larger than those of along x- and z-directions.

3.4. The lattice dynamical properties

The structural stability of a single crystalline material can be examined by evaluating the
lattice dynamical properties. In this respect, we calculated the phonon dispersion spectra
of LaGaO, and LaInO, compounds in stable orthorhombic (Pbnm) phase. The presented
phonon frequencies are estimated using PHONOPY program [77] based on the interatomic
force constants. The force constants and vibrational frequencies are obtained within the
linear response method of the density functional perturbation theory [77-80]. A2 x 1 x 2
super-cell is used to calculate full phonon spectra along the main symmetry directions in
irreducible Brillouin zone. The phonon dispersion curves and atom projected vibrational
DOS are given in Figure 8(a) and (b) for LaGaO, and LaInO, compounds, respectively. To
the best of our knowledge, there is not any study in the literature investigating the phonon
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Figure 8. (colour online) Phonon dispersion curves along high symmetry directions in the first Brillion
zone of (a) LaGaO, and (b) LalnO,.
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properties of these compounds, so we are not able to make any comparison due to lack of
data on dynamics of these systems.

It is seen from Figure 8(a) and (b) that LaGaO, and LaInO,, respectively, have very sim-
ilar phonon spectra and the phonon DOS. The calculated phonon dispersion curves do not
show any vibrational anomaly or softening behaviour, confirming the dynamical stability
of LaGaO, and LalnO, compounds in orthorhombic (Pbnm) phase. The primitive cell of
LaMO, (M=Ga and In) is composed of 20 atoms yielding totally 60 phonon branches with 3
acoustic and 57 optical branches. No clear gap has been observed between optic and acoustic
branches. The optical vibrations of La are largely located at the low energy regions around
2-4 THz due to high atomic mass of La atom compared to other atoms in composition.
The energies of these optical modes of La are comparable to acoustic branches. The optical
vibrations of oxygen spread over a wide energy range between 5 and 20 THz resulting from
the low atomic mass of oxygen.

4, Conclusion

The structural, mechanical, electronic, optical, and lattice dynamical properties of the
GdFeO, type LaMO, (M=Ga and In) lanthanum perovskite oxides in orthorhombic (Pbnm)
phase have been investigated in detail. Firstly, these compounds have been studied in five
different phases which are cubic (Pm-3m), tetragonal (P4mm), hekzagonal (P-3mI), rhom-
bohedral (R-3c), and orthorhombic (Pbnm) phases. The ground states of both systems are
predicted to be orthorhombic (Pbnm) phase considering the energy and enthalpy values.
The calculated spin-polarized electronic band structures with (U ; = 6 V) show that both
of our materials are non-magnetic insulators with 3.14 and 2.55 eV energy band gaps
for LaGaO, and LalnO,, respectively. The mechanical and optical properties of LaGaO,
compound show that this compound has mechanically anisotropic character although it is
optically isotropic. So this compound can be considered to be utilized in scintillator appli-
cations. On the other hand, LaInO, structure seems to be both mechanically and optically
anisotropic material. The systems are also dynamically stable considering ab initio phonon
dispersion curves in orthorhombic phase.
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