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Abstract

In this work, we have studied the structural, electronic, magnetic and optical
properties of compound Ba,GdSbh O4. The aim of this project is the investigation of physical
properties such as the equilibrium lattice parameter, bulk modulus, and its pressure
derivative , density of state, band structure, the magnetic moment, reel part imaginary part
of dielectric function, refraction index and extinction factor. We have used the FP-LAPW
method. Thermal and pressure effects on some macroscopic properties of Ba,GdSb O are
predicted using the quasiharmonic Debye model in which the lattice vibrations are taken into
account. We have computed the variations of the lattice volume, bulk modulus, volume
expansion coefficient, heat capacities and Debye temperature with pressure and temperature
in the ranges of 0—40 GPa and 0-1600 K.

Keywords : double perovskite, DFT, FP-LAPW, crystal structure, electronic properties, magnetic
properties, optical properties and thermodynamic properties.
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Résumeé
Dans ce travail, nous avons étudié les propriétés structurales, électroniques,
magnétiques et optiques du composé Ba,GdShO.. Le but de ce projet est I'étude des
propriétés physiques telles que le parametre de réseau a d'équilibre, le module de
compression et sa dérivée en pression, la densité d'etat, la structure de bande, le moment
magnétique, les parties réelles et imaginaire de la fonction diélectrique, I'indice de réfraction
et facteur d'extinction. Nous avons utilisé la méthode FP-LAPW. Les effetsthermiques et de
la pression sur certaines propriétés macroscopiques de Ba, GdSbO, sont prédits a l'aide du
modele quasiharmonique de Debye dans lequel les vibrations du réseau sont prises en
compte. Nous avons calculé les variations du volume du réseau, du coefficient de dilatation
volumique, le module de compression, des capacités thermiques et de la température de
Debye avec une pression et une température comprise entre 0 - 40 GPa et 0 - 1 600 K.

Mots clés : double pérovskite, DFT, FP-LAPW, structure cristalline, propriétés électroniques,
propriétés magnétiques , propriétés optiques et propriétés thermodynamiques.
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A first-principles approach is used to study the structural, electronic, optic and magnetic properties of
Ba,GdSbOg, using full-potential linearized augmented plane wave (FP-LAPW) scheme within GGA+U
approach. Features such as the lattice constant, bulk modulus and its pressure derivative are reported.
The calculated band structure and density of states show that the material under load has an indirect
energy band gap L— X for majority-spin direction and /" — X for the minority spin channel. The analysis
charge densities show that bonding character as a mixture of covalent and ionic nature. The optical
properties are analyzed and the origin of some peaks in the spectra is described. Besides, the dielectric
function, refractive index and extinction coefficient for radiation up to 14 eV have also been reported.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Double perovskite oxides of general formula A,BB’'Og attracted
a great deal of attention followed by the discovery of exotic
properties such as tunneling magnetoresistance [1], colossal
magnetoresistance [2], ferromagnetism [3,4], magneto-optic
properties [5], metallicity [6], multiferroicity [7], and magnetodi-
electric properties [8].

Half-metallic ferromagnets meet all the requirements of spin-
tronics, as a result of their exceptional electronic structure [9].
Recently, half-metallic ferromagnetism has been found in
Sr,CoMoOg [10], SroCrWOg [11], SroFeReOg [12,13], SroMnMoOg
[14], Sr,Cu0s0g [15], SrpV0sOg [ 16], SroNiRuOg [17], SroFeTiOg [ 18],
and Sr,GdReOg [19]. These materials behave like metals with re-
spect to the electrons of one spin direction and like semi-
conductors with respect to the electrons of the other spin
direction.

To the best of our knowledge, there are no theoretical reports
on the magneto-optical behavior of Ba,GdSbOg in the literature.
Consequently,the primary purpose of this work is to provide some
additional information to the existing data on the physical prop-
erties of Ba,GdSbOg with ab initio calculations.

The aim of this work is to examine the electronic band structure of
Ba,GdSbOg, with emphasis on its derived properties. The calculations
are performed using ab initio full-potential linearized augmented
plane wave (FP-LAPW) scheme within GGA+ U approach.

* Corresponding author.
E-mail address: berrisaadi1l2@yahoo.fr (S. Berri).

http://dx.doi.org/10.1016/j.mssp.2015.06.036
1369-8001/© 2015 Elsevier Ltd. All rights reserved.

2. Method of calculations

The first principles calculations were performed by employing
FP-LAPW approach [20], based on the DFT [21] as implemented in
WIEN2K code [22]. The Kohn-Sham equations are solved self-
consistently using FP-LAPW method. In the calculations reported
here, we use a parameter RyrKmax=38, which determines matrix
size (convergence), where K.x is the plane wave cut-off and Ryt
is the smallest of all atomic sphere radii. We have chosen the
muffin-tin radii (MT) for Ba, Gd, Sb and O to be 2.5, 2.1, 2.0 and 1.9
(a.u.), respectively. Exchange-correlation effects are treated using
GGA as parameterized by Perdew et al. [23]. Self-consistent cal-
culations are considered to be converged when the total energy of
the system is stable within 104 Ry. The convergence criteria for
total energy and force are taken as 10~ and 10~ eV/A, respec-
tively. The valence wave functions inside the spheres are expanded
up to lmax=10 while the charge density was Fourier expanded up
to Gmax=14. The Monkorst-Pack special k-points were performed
using 72 special k-points in the irreducible Brillouin zone. The cut
off energy, which defines the separation of valence and core states,
was chosen as —6Ry. We select the charge convergence as
0.0001e during self-consistency cycles. The 4f orbital for the Gd
atom was treated using the GGA+U approach [24]. The GGA+U
calculations used an effective parameter Ueg=U+J, where U is the
Hubbard parameter and J is the exchange parameter.

Calculations of the frequency-dependence of the optical prop-
erties were carried out using 120 k-points in the irreducible Bril-
louin zone.

Optical properties of a solid are usually described in terms of
the complex dielectric function e(w)=¢&(w)+iex(w). The
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Fig. 1. Crystal structure of Ba,GdSbOg compound.
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Fig. 2. Volume optimization for the Ba,GdSbOg compound.

Table 1
Lattice constant a (A), bulk modulus B (in GPa), pressure derivative of bulk modulus B’, band gaps (eV) and magnetic moment (ug), in comparison with the available
experimental data and theoretical results.

Compound a B B Band gap Band gap (1)
(1)
Present calculation 8.602 121 4.39 143 222
u=7)
(U=4) - - - 1.49 233
(U=2) - - - 1.54 2.47
(U=0) - - - 1.59 2.64
Exp [26] 8 .449 - - - -
Exp [27] 8.475 - - - -
Other-(PM)-LDA 8.4461 159.2 4.86 - -
[30]
mcd Msp Mpa mo Minterstitial Mrotal
Present calculation 6.769 0.0135 0.002 0.011 0.1359 6.992
(U=0)
(U=2) 6.778 0.0131 0.002 0.011 0.1277 6.991
(U=4) 6.784 0.0126 0.002 0.010 0.1201 6.996
(U=7) 6.790 0.0119 0.002 0.010 0.1150 6.999
Exp [28] - - - - - 8.00
imaginary part &;(w) was calculated from the momentum matrix function was calculated by the Kramers-Kronig transformation

elements between the occupied and unoccupied wave functions [25] of the imaginary part €;(w). Other optical constants were
within the selection rules. The real part &;(w) of the dielectric computed from the values of &;(w).
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Fig. 3. Spin resolved band structure of Ba,GdSbOg compound.
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Fig. 4. Spin-polarized total densities of states (TDOS).

Ba,GdSbOg is cubic at room temperature with space group
Fm3m [26-28]. The cubic unit cell contains one molecule where
the Wyckoff positions of the atoms are Ba 8c (0.25, 0.25, 0.25), Gd
4b (0.5, 0.5, 0.5), Sb 4a (0, 0, 0) and O 24e (0.25, 0, 0). The crystal
structures of Ba,GdSbOg compound is shown in Fig. 1.

3. Results and discussion

Our basic procedure in this work is to calculate the total energy
as a function of the unit-cell volume around the equilibrium cell
volume V, for Ba,GdSbOs double perovskite in ferromagnetic
state. We present, in Fig. 2, structural optimization curve obtained
in ferromagnetic state with the corresponding data are fitted to
the Murnaghan's equation of state [29] in order to determine the
ground state properties, such as equilibrium lattice constant a,
bulk modulus B and its pressure derivative B’. The calculated
structural parameters of Ba,GdSbOg are reported in Table 1 with
the available experimental and theoretical results for comparison.
Note that our FP-LAPW result regarding the lattice constant de-
viates from the experimental value reported in Refs. [26] and [27]

by about 1.8% and 1.4%, respectively. Based on the experimental
data, the equilibrium lattice constants for Ba,GdSbOg is best de-
scribed by PW-PP [30], compared with the FP-LAPW method.
Nevertheless, the used method overestimated the lattice constant
with respect to experiment.

The calculated spin-polarized band structures, the total and
partial densities of states, in which the spin-up and spin-down
sub-bands, are shown in Figs. 3-6. The Fermi level set as 0 eV.

In Figs. 3 and 4, there is a large gap in both spin channel but the
two gaps are not located at the same energy region and the Fermi.
Note that, there is a difference in the band structure plot for the
two spin channel. The L point for the majority-spin states is filled
and an energy gap for the majority-spin direction exists between L
and X. For the minority spin channel, the energy gap for the
minority-spin channel exists between /" and X. To our knowledge,
there are no previous experimental studies or theoretical calcu-
lations exploring the energy gap for Ba,GdSbOg compound.

Fig. 5 shows the spin-polarized density of states of Ba,GdSbOg,
the exchange-splitting between the spin-up and spin-down sub-
bands of the Gd 4f states is approximately 4.75 eV, which is the
main contributor in the magnetic moment of these compound.
The resulting magnetic moments are listed in Table 1. The present
study shows that the total magnetic moment for Ba,GdSbOg
compound is = 7up/fu. Here, the main contribution to the total
magnetic moment is due to Gadolinium atoms, and the magnetic
moment on the Barium, Antimony and Oxygen atoms are small.
For Ba,GdSbOg, the total magnetic moment agree with recent
experimental data [28]. Our results for magnetic moment for Ga-
dolinium atom show agreement between the experimental data of
7.94u5 [31] and the theoretical value uj = gug\j( + 1) of 7.94up
[32], where g is the Landé g factor and j is the total angular
momentum.

To illustrate the nature of the electronic band structures, we
have plotted the partial density of states (Fig. 5) of Gd f, Ba e, and
t>g, Sb s and p and O s and pz electrons for the spin-up and spin-
down sub-bands, the figure indicates that band structures can be
divided into three parts: at the energy region from: (1) —6.0 to
0.0 eV, come from s and pz electrons of O element hybridized with
Gd f and Sb p orbital, (2) 2.0 to 4.0 eV we find the contribution of
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Fig. 5. Spin-polarized partial densities of states (DOS).
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Fig. 6. Spin resolved band structure of Ba,GdSbOg compound as a function of the Hubbard parameter.

Sb s electrons, and (3) 4.0 to 6.0 eV, the eg and t,; were states of Ba
atoms contribute to the majority and minority spin states.

In Fig. 6, the calculated spin-polarized band structures of
Ba,GdSbOg at different Hubbard parameter where U=0, 2, 4 and
7 eV are presented. Note, that the calculated magnetic moment of
Gadolinium atom (Table 1) increases by increasing the Hubbard
parameter, while the band gap decreases. For example, in recent
calculations performed with the GGA+ U method it was observed
that the position of the Fermi level can be shifted relative to the

band edges in the spin down channel if the value of U is varied
[33].

In order to understand the nature of chemical bonding, we
display, in Fig. 7 the contours of charge densities in (110) plane for
Ba,GdSbOg compound. From Fig. 7, we can see that the near
spherical charge distribution around the Ba atoms site is negligible
and as a result the Ba atoms are fairly isolated, indicating that the
bonding Ba-O has expected to be some ionic character. On an
other hand, the O atoms hybridization with Gd and Sb atoms for



62 A. Kouriche et al. / Materials Science in Semiconductor Processing 40 (2015) 58-63

spin-up B

spin-down

0 L 1 L 1 1 L 1 L 1 L 4
0 2 4 6 8 10 12 14

Energy (eV)

Dielectric function €, (arb. u.)
N
L

3 5 .

_; . spin-up

< ——— spin-down

w 3

g

§ P

2 1

2

E‘: 0

E -1+ T T T T T T 1
0 2 4 6 8 10 12 14

Energy (eV)

Fig. 8. The calculated real and imaginary parts of dielectric function.

spin-up and spin-down (see Fig. 5), happen with an interaction
between the Gd and Sb with O atom, indicating that a covalent
interaction occurs between Gd and Sb with O atoms. The bonding
character may be described as a mixture of covalent and ionic
character.

The dielectric function, refractive index and extinction coeffi-
cients at the equilibrium lattice constant were calculated for both
spin-up and spin-down.

In Fig. 8 we present the dielectric function of Ba,GdSbOg as
calculated by FP-LAPW method. For energies up to 14 eV, based on
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Fig. 9. Calculated refractive index and extinction coefficient.

our calculated band structure it would be worth while to identify
the interband transitions that are responsible for the structure in &
>(w). Our analysis of the &;(w) spectra shows that the threshold
energy (first critical point) of the dielectric function occurs at
about 1.82 eV and 2.42 eV for the majority and minority spin, re-
spectively. These points are mainly coming from the electron
transitions from the Gd 4f (VB) and O pz (VB) to Sb s (CB) orbitals.
We note that in Ba,GdSbOg compound, €5(@) shows peaks located
at 2.54 eV and 3.47 eV for majority-spin and minority-spin, re-
spectively. This point is mainly derived from the transitions from
O-pz (VB) and Sb p to Sb s (CB) orbitals. The behavior of &;(w)
seems to be rather similar to that of £;(@). Below the reststrahlen
region in the optical spectra, the real part of the dielectric function
asymptotically approaches the static or low-frequency dielectric
constant &1(0). In the present contribution, the calculated static
dielectric constant &£;(0) are 3.10 and 2.64 for majority-spin and
minority-spin, respectively. Note that, at room temperature di-
electric constant (er) and loss factor (tan 8) [26] of the sintered
pellet at 3 MHz was 20 and 0.03, respectively

The refractive index and the extinction coefficient are displayed
in Fig. 9 for Ba,GdSbOg compound. Note that in this compound the
extinction coefficient and the refractive index have resonance in
the low energy region. The refractive index and the extinction
coefficient both oscillate. The values of the refractive index in the
limit of zero frequency n(0) is about 1.75 and 1.61 for majority-spin
and minority-spin, respectively.

4. Conclusion

For the Ba,GdSbOg compound, the electronic structure and
magnetic properties have been calculated using the first principles
full-potential linearized augmented plane waves (FPLAPW)
method where the exchange-correlation potential was calculated
with the frame of GGA+U. The calculated equilibrium lattice
constant of the material of interest is found to be in good agree-
ment with experiment data. The calculated band structure and
density of states show that the material under load has an indirect
energy band gap L — X for majority-spin direction and /" — X for the
minority spin channel. The analysis of charge densities contours
leads us to conclude that the bonding character in Ba,GdSbOg
compound is a mixture between covalent and ionic nature. To
complete the fundamental characteristics of this compound we
have analyzed their optical properties such as the dynamic di-
electric function, refractive index, extinction coefficient for a wide
range of 0-14 eV.
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