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We provide a thorough study of the structural, elastic, electronic and magnetic properties of the per-
ovskite solid solution of Sri_,Ba,;FeOs within the framework of density functional theory (DFT), using
the full-potential linearized augmented planewave plus local orbital FP-(L)APW-lo method. The found
results provide predictions for the mixed perovskite solid solution Sri_,Ba,FeOs (xz = 0.25, 0.5, 0.75)
for which no experimental or theoretical data are presently available. These compounds were supposed
to have a cubic ferromagnetic structure for all zcompositions. The GGA-PBE functional was chosen
for the prediction of the structural properties, in particular the lattice parameter, the bulk modulus
and its pressure derivative as well as the cohesive energy. For testing the mechanical stability of the
Sr1_,Ba;FeOs compounds, we have studied their elastic constants and it has been found that these
compounds are mechanically stable in their cubic perovskite structure. Several parameters related
to the elastic constants have also been predicted, in particular Young’s modulus, the shear modulus,
Poisson’s ratio, the anisotropic factor and the Debye temperature (0p). For the correct treatment of
the high correlation of 3d-iron electrons, the Hubbard correction and TB-mBJ potential were added to
the GGA-PBE functional for the analysis of the electronic and magnetic properties of Sri_,Ba,FeOs.
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It has been found that they are half-metals with a total magnetic moment of ~ 4up
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1. Introduction

Iron-based perovskites AFeO3 (A = Ca, Sr and
Ba) belonging to the ferro-perovskites family rep-
resent a small class of compounds that contain
an iron atom in a high-valence state of Fet [1-8].
These compounds are of great interest in several
application fields, particularly in spintronic tech-
nology [5, 9], thanks to their high spin-polarization
of the conducting charge. Otherwise, compounds
whose spin polarization near the Fermi level is 100%
are called half-metals [10, 11].

In a ferro-perovskite, the introduction of an “A”
element by substitution with a “B” element can im-
prove its electronic and magnetic properties which
motivated us to undertake a study with the aim
to understand and predict the structural, electronic
and magnetic behaviors of Ba,Sr;_,FeO3. Matsui
et al. have reported that a BaFeOj3 thin film has
a pseudo-cubic perovskite structure with a cell pa-
rameter of 0.412 nm [12, 13]. On the other hand, a
deposition of BaFeO3 by a pulsed laser on SrTiOg
substrates gave a stoichiometry of cubic BaFeO thin
films which are ferromagnetics insulating at room
temperature [14, 15]. The magnetocaloric effect
(MCE) of BaFeO3 perovskite oxide has been inves-
tigated by M. Mizumaki et al. [16] and they found
by the application of a small external magnetic
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field that this compound is a ferromagnetic. More-
over, S. Chakraverty et al. [17] have reported that
BaFeOg3 has an optical gap of 1.8 ¢V and a satu-
ration magnetization with a Curie temperature of
3.2up /formula unit and 115 K.

SrFeQOs3 is a metal with a cubic perovskite struc-
ture which also characterizes the helical spin order
below Ty = 134 K [18, 19]. The application of a hy-
drostatic pressure on this compound promotes its
transition between ferromagnetic and antiferromag-
netic phases [20, 21]. Furthermore, and according to
many theoretical results, SrFeOg is a ferromagnetic
compound [22]. The DFT+U study of the high-
pressure ferromagnetic phase transition of BaFeOg
and SrFeOs under high pressure was the subject
of Li et al.’s study [23], in which they found that
the cause was the enhanced hybridization.

Cubic iron-based perovskites have a gen-
eral formula of AFeOs; whose space group is
Pm-3m, in which atom positions of different
atoms are: A (0.0;0.0;0.0), Fe (0.5;0.5;0.5)
and O (0.0;0.5;0.5).

According to our knowledge, there are not only
very few experimental but also no theoretical
reports on the structural, electronic and mag-
netic behavior of Ba,Sr;_,FeOs. Nevertheless,
N. Hayashi et al. [24] have studied the structural
and electronic properties of Ba,Sri_,FeO3 cubic
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compounds by XRD, ND and magnetization mea-
surements. This study was realized after they have
successfully synthesized them.

In their paper, A. Tio et al. [25] have demon-
strated that there is a possible application of
these perovskites as a sensing electrode mate-
rial (SE) and as potentiometric yttria-stabilized
zirconia (YSZ)-based oxygen sensors for solid-
state. Recently, K. Yoshii et al. [26] reported
that Sr,Ba;_,FeOs perovskite is a candidate for
magneto-caloric effect (MCE) material.

In the present theoretical work, we focused on
the effect of Sr substitution on the structural, me-
chanical stability, electronic and magnetic behaviors
of BaFeOj3 ferromagnetic cubic perovskite, namely,
Sr,Baj_,FeOs with = 0, 0.25, 0.5, 0.75, 1.

This paper is organized as follows: in Sect. 2
we give a description of the computational method.
In Sect. 3, we show all our results including struc-
tural, elastic, electronic and magnetic properties of
Sr,Ba;_,FeO3 (z = 0, 0.25, 0.5, 0.75, 1.0) with
detailed discussion and interpretations. Finally, in
Sect. 4, we summarize our conclusions.

2. Computational methods

Structural, elastic, electronic and magnetic prop-
erties of Sr,Ba;_,FeO3 (with = 0, 0.25, 0.5,
0.75, 1) were predicted using the first principles full-
potential linearized augmented planewave plus lo-
cal orbital (FP-(L)APW+lo) method as implanted
in WIEN2K package [27, 28]. The exchange-
correlation potentials are treated using the general-
ized gradient approximation (GGA) of the Perdew,
Burke, and Ernzerhof (PBE) functional [29].

The semilocal functionals (LDA or GGA) do not
treat electronic and magnetic properties of solid ma-
terials with accuracy because they do not consider
high correlations between the electrons of the heavy
atoms. To resolve this problem, several theoretical
models have been proposed. In this work, we have
used the Hubbard correction term “U” which is
added to the GGA-PBE semilocal functional with
the already determined value of 3.1 eV [23, 30, 31].

To improve the prediction of the band-gap ener-
gies of Sr,Ba;_,FeOj3, the modified Becke-Johnson
potential by Tran and Blaha (TB-mBJ) [32] has also
been used. This choice is motivated by the suc-
cess of this potential in the prediction of the band-
gap energy of solid materials which gives very close
values to those of the experimental. The muffin-
tin radii for Ba/Sr, Fe and O are taken as 2.20,
1.80 and 1.75 a.u., respectively. The maximum
value for partial waves inside the atomic sphere
was lnaz = 10. We have used a planewave cut-
off RyrKmax =9 to expand the wave functions
in the interstitial region that provides good con-
vergence for the matrix size and 2500 k-points in
the integration of the Brillouin zone for the conver-
gence of energy eigenvalues. The calculations are
obtained with a self-consistent convergence of total
energy at 10~* Ry.
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3. Results and discussion

3.1 Structural properties

To predict the elastic, electronic and magnetic
properties of Ba,Sr;_,FeO3 compounds in the cu-
bic structure, it is necessary to determine their
structural properties first by determining their cell
parameters (ag) as well as the equilibrium volume
(Vo), the bulk modulus (B) and total energy (Ep).
This property also allows determining the most sta-
ble magnetic phase by predicting the total energy
of the unit cell (the most stable phase is that of
the lowest energy). All this information can be
obtained by varying the volume as a function of
the unit cell volume by fitting the curve with the
Murnaghan equation [33]. We note here that ac-
cording to our results, SrFeO3 and BaFeOg are fer-
romagnetic compounds because their most stable
energies correspond to that of the ferromagnetic
phase, which confirms the previous experimental
and theoretical results [14, 22, 23].

It is noted that the obtained values of the cell
parameters and the bulk modulus for BaFeOg and
SrFeQg3 are very close to those obtained previously.
For all compositions (z = 0, 0.25, 0.5, 0.75 and 1),
it is important to note the absence of any pre-
vious results for the heat of formation, as well
as the derivative pressure of the bulk modulus.
We also note the absence of all comparison results
for x = 0.25, 0.50 and 0.75.

Figure 1 shows the variation of the lattice con-
stant and the bulk modulus as a function of the Sr
composition, where the lattice constant falls with
decreasing Sr-composition. This result can be ex-
plained by the fact that the atomic radius of Ba
is greater than that of Sr-atom and the bonding
nature has not changed (no changes in the inter-
atomic distance). Otherwise, bulk modulus in-
creases with concentration (x) which proves that
the substitution of Sr-atom strengthens the hard-
ness of the crystal system.
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Fig. 1. Comparison between the lattice parameter

and bulk modulus for Srp,Ba;_,FeOs alloys using
Vegard’s law as a function of composition x.
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TABLE I

Calculated equilibrium lattice parameter a (A), bulk
modulus B (GPa), pressure derivative of the bulk
modulus B and the cohesive energy (eV/atom) of
SrxBal-x FeOs for various compositions, compared
to some experimental [17, 22| and other theoreti-

cal [18, 23, 35, 36] works.

X a B Bl Ecoh
0 3.96 139.01 4.79 —5.57
3.97¢
3.85Y 189.06°
3.95¢ —5.99°
3.906¢ 159.10¢
0.25 3.94 141.5 4.44 —5.63
0.5 3.91 144.32 5.02 —5.61
0.75 3.88 147.07 5.27 —5.59
1 3.85 149.2 4.83 —5.67
3.85°
3.857 205.247
3.794 175.964

“Ref. [17], "Ref. [23], “Ref. [36], “Ref. [35],
°Ref. [22], fRef. [1§]

We also note that the variation of the cell-
parameter as a function of x Sr-composition is
almost linear and obeys Vegard’s law [34], with
marginal upward bowing parameters of —0.0116 A.
The variation of bulk modulus as a function of « Sr-
composition has also upward bowing which is equal
to —0.9 GPa. These values were obtained by a sec-
ond order polynomial fitting of the calculated data.
In fact, we find that the bulk modulus of BaFeOg is
6.8% higher than that of SrFeOsz. This result sug-
gests the existence of a significant downward bowing
of the bulk modulus.

In Table I, we also presented the obtained values
of the cohesive energy for all Sr-compositions. This
quantity is defined as the difference between the to-
tal energy of isolated atoms that form the solid and
its unit cell energy:

EsrﬁBal —=FeO3 — E?Srﬂc Baj;_,FeOgs
co

—(zEs; + (1 — @) Ega + Ere + 3E0).

(1)

3.2 Elastic properties

The study of the mechanical stability of a solid
material is important and essential to start any
other physical study. The elastic model achieves
this objective by the prediction of the elastic con-
stants Cj;. It also makes it possible to predict
other related physical quantities for which their
knowledge is very valuable, notably the Zener me-
chanical anisotropy, brittleness, ductility as well as
the Debye temperature. It is well known that a cu-
bic material has three elastic constants denoted as
C41, C12 and Cyy, and to predict them, several theo-
retical models have been proposed. In this work, we
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Fig. 2. Variation of the elastic constants of
SrzBaj_.FeOs perovskites alloys as a function of
composition x.

TABLE II

Calculated elastic constants C11, C12 and Cua (GPa)
of Sr;Baj_,FeOs for various compositions.

T Ci1 Ciz Cu
0 223.04 94.37 102.58
252.42¢ 112.44% 108.2¢
0.25 238.66 97.01 106.71
0.5 245.72 97.03 106.13
0.75 255.96 98.44 104.63
1 266.89 99.66 107.43
291.04¢ 118.43% 114.82¢
“Ref. [35]

used the theoretical model, implanted in an IRelast
package [37, 38|, which has already been tested on a
large number of materials and proved its effective-
ness [39, 40]. The theoretical background of this
method is explained in detail in [37-39].

All of the obtained results of Sr,Ba;_,FeO3 elas-
tic constants are grouped in Table II. We note
that for all the studied materials, the elastic con-
stants satisfy the stability criteria given by [41]:
Ci1 —C12 >0, Ci1 >0, Cyq >0, C11 +2C12 > 0,
(C12 < B < (71 which means that these materi-
als are mechanically stable in the cubic structural
phase. Figure 2 represents the elastic constants
variation of SrpBaj;_,FeOs from which it is con-
cluded that they increase linearly with the increase
of the composition z of Sr atom.

The determination of the elastic constants al-
lows the determination of other related mechanical
and thermodynamic quantities such as the Zener
anisotropy factor A, the shear modulus G, Young’s
modulus F, Poisson’s ratio v and the Debye tem-

perature. Their relations are given as:
2C
A= (2)
Ci — Cra

1
G = 5 (CU —Ch2 + 3044) s (3)
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9BG
— _ 4
E 3B+ G’ )
3B—F
V=65 (5)

A value of the Zener anisotropy factor, which is
close to unity, indicates the isotropy of a solid mate-
rial while any far value indicates its anisotropy. The
obtained values of the anisotropy factor for all stud-
ied materials (Table ITI) are higher than unity which
indicates the anisotropic character of the studied
compounds.

The shear modulus G, Young’s modulus F and
Poisson’s ratio v are important physical quantities
that can inform us about the behavior of materials
under the effect of external strains. The shear mod-
ulus can inform us about the resistive behavior of
a material under the effect of external strains while
Young’s modulus F represents the relation between
the external applied strains and the deformation of
the material. Their values for Sr,Ba;_,FeOs3 are
grouped in Table III. The absence of any previous
results is noted.

Pugh’s empirical relation (B/G ratio) [42] makes
it possible to predict the brittleness or the ductility
of a solid material by analyzing the value of B/G
ratio, where a greater value than the limit value
equal to 1.75 indicates the ductility of a solid mate-
rial and a lower value indicates its brittleness. This
calculated ratio is smaller than the limit value for
all our results which means that Sr,Ba;_,FeOs are
brittle materials.

The knowledge of the elastic constants makes it
possible to determine a thermodynamic quantity
of a great importance, namely the Debye temper-
ature fp. Its determination allows the knowledge
of other related thermodynamic quantities such as
specific heat and melting temperature. It can be
estimated by the following relation [43]:

oy, = Wm (30 Nap

() ®

where h is Planck’s constant, kg is Boltzmann’s
constant, n is the number of atoms per formula
unit, N is Avogadro’s number, p is the density,
M is the molecular mass per formula unit and v,,
is the average wave velocity that can be determined
by the following relation [44]:

hv,,

5 1\~
m =33 S+ = 7
v v + v} (™)

where v; is the longitudinal elastic wave velocity and
v, is the transverse elastic wave velocity. They can
be determined by the following relations [45]:

e [3B +4G
V=4 —, UV =4]—. 8
e=y/ 50 v 3 ®)

According to Table IV, it should be noted that the
Debye temperature grows with the increase of =z
composition. This is due to the increase of the av-
erage wave velocity.
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TABLE III

The calculated shear modulus G (GPa), ratio of B/G,
Young’s modulus F (GPa), Poisson’s ratio € and the
Zener anisotropy factor A of SryBaj;_;FeOs for vari-
ous compositions.

x G B/G E € A
0 85.08 1.63 211.99 | 0.25 1.59
91.17% | 1.74% | 229.65% | 0.26% | 1.55“
0.25 90.54 1.56 223.88 | 0.24 1.51
0.5 92.03 1.57 227.68 | 0.24 1.43
0.75 93.38 1.57 231.20 | 0.24 1.33
1 97.17 1.54 239.52 | 0.23 1.28
102.41% | 1.72% | 257.32% | 0.26* | 1.33“
“Ref. [35]
TABLE 1V

Calculated longitudinal, transverse and average elas-
tic wave velocity v, v¢ and v, (m/s), and the De-
bye temperature 0p ( K) of SryBai_,FeOs for various
compositions.

x v vt Um, Op

0 6236.77 | 3633.27 | 4030.41 518.05
0.25 6519.24 3811.05 4226.29 546.78
0.5 6688.65 3909.99 | 4336.02 564.88
0.75 | 6896.78 | 4015.57 | 4454.71 584.33

1 7156.58 4179.08 4634.87 612.62

It is important to note that according to Ta-
bles II and III, the obtained results of the elastic
constants and their related mechanical quantities
are in good agreement with the previous works that
are available [35].

3.3 Electronic and magnetic properties

The study of the electronic and magnetic proper-
ties of Sr;_,Ba,FeO3 represents the main objective
of our work because information about these behav-
iors is precious to the experimentalists in classifying
these materials according to their electronic impor-
tance and to propose their possible applications.

The analysis of the band structure and density
of states allows to obtain knowledge about any
solid material and its classification. The applica-
tion of the semilocal functional including GGA and
LDA makes it possible to precisely identify the na-
ture of the band-gap but the functionals largely
underestimate its value as they do not treat with
accuracy the systems possessing highly correlated
electrons including iron-based materials such as in
the case of Sri_,Ba,FeOs3.

Several theoretical models have been proposed
to solve the problem of the large underestimation
of the band-gap value by the semilocal functional
including the potential of Becke-Johnson modified
by Tran and Blaha [32] which is a well-known
model. For the treatment of the highly corre-
lated system, the Hubbard correction made to the



The 100 years anniversary of the Polish Physical Society — the APPA Originators

i BaFeOj3 (-iGA‘*‘U
(@, x\/y;&

5 !

a
g 2

o]
;:

4

-6

-8

10 = —r—
R A TAXZMZ
(GGA+U)-mBJ

P

-104

—— F-10
R A TAXEME T

R A TAXZMZIXI T

Fig. 3. Electronic band structure obtained using:
(a) GGA+U, and (b) (GGA+U)-mBJ for BaFeOg3
perovskite.
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Fig. 4. Electronic band structure obtained us-
ing: (a) GGA+U, and (b) (GGA+U)-mBJ for
Sro.25Bag.75 FeO3 perovskite.

semilocal functional represents a powerful method
for this kind of study. In our work, we used
the TB-mBJ potential [32] that was brought to
GGA+U functional to calculate the band structures
of Sr;_,Ba,FeO3 which are illustrated in Figs. 3-7,
and whose most ideal path (the path which makes it
possible to scan the different directions of the first
Brillouin zone for a cubic symmetry structure of
Pm-3m space group) is given by the following high-
symmetry points: R-I'-X-M- T'.
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Fig. 6. Electronic band structure obtained us-
ing: (a) GGA+U, and (b) (GGA+U)-mBJ for
Sro.75Bag.25FeO3 perovskite.

According to the band structures of
Sri_,Ba,FeOgs, it is noted that the Fermi level
passes through the middle of the valence band
top for the spin-up states with the presence of a
total band-gap (Spin-Up/Dn) which indicates a
half-metallic behavior of these compounds. Note
also that for BaFeOgs, SrFeO3 and Srg.5Bag 5FeOsg,
the fundamental band-gap is of indirect nature
formed by the valence band top located at the R
point of high symmetry and the conduction band
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bottom is located at I' point of high symmetry.
However, for the other studied materials in this
work (Srj_,Ba,FeO3 with « 0.25 and 0.75),
the fundamental band-gap is of direct nature
between the valence band top and the conduction
band bottom which are located at the same I' point
of high symmetry.

The study of the spin polarization allows the pre-
diction and confirmation of half-metallicity of
Sry_,Ba,FeO3 which is identified by the following
relation:

n () ()’

where n(1) and n({) are respectively the spin Up
and Dn densities of states at the Fermi level. The
spin polarizations of Sr;_,Ba,FeOs are 100% which
confirms the half-metallicity behavior of these com-
pounds. These results confirm previous work for
the case of BaFeOs perovskite [23] and we observe
that there is a lack of results for the other studied
materials.

Table V summarizes all the obtained results for
the band-gap values for different materials studied
in this work. Note that for BaFeOg, the band gap
value estimated by GGA+U with the TB-mBJ po-
tential is close to that found experimentally, unlike
that obtained by GGA+U only. This remark allows
us to predict that the obtained values with the TB-
mBJ potential added to GGA+U will be close to
the experimental values for other compounds once
measured. These results make it possible to high-
light the importance of these materials and allowed
them to be proposed to experimentalists for possible
spintronic applications.

474

TABLE V

Half metallic band gap energy (eV) with GGA+U
and GGAmBJ+U of SryBa;_;FeOs for various

compositions.
Compound Method EgHM

BaFeOs3 GGA+U 0.68578 (R-T")
mBJ 2.09064 (R-T)
Exp 1.8 optical gap

Sro.25Bag.75FeO3 | GGA+U 0.6525 (I-T)
mBJ 2.16995 (I'-T)

Sro.5Bag.5FeOs GGA+U 0.63486 (R-T)
mBJ 2.20296 (R-T")

Sro.75Bag.25FeO3 GGA+U 0.611191 (I-T)
mBJ 2.21771 (I-T)

SrFeO3 GGA+U 0.54132 (R-T)
mBJ 2.15921 (R-T)

TABLE VI

Calculated total and local magnetic moments (up) of
SrzBai_., FeOs for various compositions.

z Mpa | Ms; Mrpe Mo Ming | Mot
0 0.009 — 3.591 0.080 0.162 4.001
0.25 | 0.011 0.007 | 3.543 0.086 | 0.173 | 3.992
0.5 0.010 | 0.006 | 3.539 0.092 | 0.174 | 4.005
0.75 | 0.012 0.007 | 3.527 | 0.096 | 0.178 | 4.012
1 - 0.005 3.542 0.089 | 0.191 4.005

The analysis of the density of states makes it
possible to understand the formation of the bands
and the determination of different states which form
these bands. The valence band top and the conduc-
tion band bottom are the most important regions
for a solid material because they are responsible for
most of their physical properties. It can be ob-
served from the Sr;_,Ba,FeO3 curves of the density
of states (Figs. 8-12) that the valence band top is
dominated by a very high contribution of d states of
iron in hybridization with p states of oxygen. The
conduction band bottom of Sry_,Ba,FeO3 is dom-
inated by d states of iron, strontium and barium.

Table VI gathers all the obtained results of
the partial and total magnetic moments which are
acquired by GGA+U approximation. We note that
the total magnetic moment is calculated accord-
ing to the number of each atom in the unit-cell
[M([z]Ba) + M(](1 — x)]Sr) + M(Fe) + 3M(O)
+ M(int)]. The values are very close to 4up due
to a strong contribution of the Fe total moment
(its value is ~ 3.5up which is equivalent to 88.5%
of the total magnetic moment) whose quantity in
the unit cell does not change with the change of
the x compositions between Ba and Sr, and for
this reason, the magnetic moment changes slightly
with the x change. The magnetic moment values
of Fe are in agreement with the previously found
values [16, 30]. These remarks make it possible to
classify these compounds as promising materials for
spintronic technology.
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4. Conclusion

In this paper, we have studied the struc-
tural, elastic, electronic and magnetic properties
of SrpBaj_,FeOs perovskite (with x = 0, 0.25,
0.5, 0.75, 1) using the full-potential linearized
augmented planewave plus local orbital method
(FP-(L)APW+lo) in the framework of the den-
sity functional theory as implemented in WIEN2K
package.

The GGA-PBE exchange-correlations functional
was used to study the structural properties such
as the lattice constant, bulk modulus, its pressure
derivatives and the cohesive energy. We have also
predicted the elastic constants Ci1, Cio and Clyy,
and their related parameters such as Young’s mod-
ulus, the shear modulus and the Debye temperature
0p. Our results need to be confirmed by future stud-
ies due to the lack of any experimental data. These
compounds are mechanically stable because their
elastic constants satisfy the elastic stability crite-
ria. A linear variation of the lattice constant and
the bulk modulus with = Sr-composition has been
obtained. GGA+U within TB-mBJ potential were
used for the treatment of the electronic and mag-
netic properties and we found that Sr,Ba;_,FeO3
have a half-metallic behavior with a total magnetic
moment of 4up.
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