Open Access Article. Published on 08 August 2017. Downloaded on 12/5/2025 7:44:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2017, 7, 38798

Received 12th June 2017
Accepted 19th July 2017

DOI: 10.1039/c7ra06542f

First-principles study on the electronic, optical and
thermodynamic properties of ABOz (A = La,Sr, B =
Fe,Co) perovskites

Ting Jia, 92 Zhi Zeng,*** H. Q. Lin,® Yuhua Duan @9 and Paul Ohodnicki®

The electronic, optical and thermodynamic properties of ABOz (A = La,Sr, B = Fe,Co) perovskites are
investigated using first-principles calculations. The obtained results indicate that SrCoOs and SrFeOs are
metals, while LaCoOsz and LaFeOs are insulators and all of them exhibit strong hybridization of the Fe/
Co-3d and O-2p orbitals. By correlating the energy band structures with the peaks of the imaginary part
of the dielectric function, we obtained the origin of each electron excitation to provide information
about the active bands for the corresponding optical transitions observed in the experiment. Moreover,
the Debye temperatures 6p obtained from the phonon frequencies are comparable to the available data.
Finally, the thermodynamic properties of the Helmholtz free energy F, entropy S, and constant-volume
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1 Introduction

Perovskites in the form of ABO; (A = alkaline-earth metal or La,
B = 3d transition metal) are a plentiful family of compounds,
which exhibit novel properties, such as colossal magnetoresis-
tance, ferroelectricity and superconductivity, which make them
attractive in technological applications such as in catalysis,
sensor devices, magnetoresistance devices and spintronics.'®
The extensive investigations into ABO; not only have technical
importance, but also originate from the fundamental interest in
the physics of their multiple phases. In the ABOj; system, the A
sites are divalent or trivalent metals, occupied for example by Sr
or La atoms. Correspondingly the B sites are tetravalent or
trivalent atoms, occupied for example by Co or Fe atoms,
resulting in perovskites with desired properties and perfor-
mances. Usually, the B cations generally determine the physical
properties by either the localized or collective behavior of the
d electrons. Of course, the valency of the B sites depends on the
valency of the A cations, by which the valency of the B transition
metal ions change and thus lead to unusual electronic and
magnetic properties.

Therefore, the variety of A and B atoms can tailor the struc-
tural, electronic, magnetic and other related properties of the
perovskites, depending on the size and valence electrons of the
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heat capacity C, are investigated based on the phonon spectra.

A and B atoms. Here, we choose the system of Sr** and La®* for
the A sites, corresponding to Fe/Co"" and Fe/Co®" for the B sites.
Both experimental and theoretical studies have been widely
carried out on these traditional materials. SrCoO; has been
clarified to be a ferromagnetic metal (Tc = 280 K) with an
intermediate-spin d> state” or a high-spin d°L (where L
denotes a ligand hole) state of Co*".'* SrFeO; is a helical-type
antiferromagnet (Ty = 130 K) with a high-spin Fe** ion.'>®
Comparatively, there are many more phase transitions in
LaCoO; and LaFeO;. LaCoO; is a nonmagnetic insulator with
low-spin Co®" at low temperatures, but undergoes a transition to
a paramagnetic insulator above 90 K and to a paramagnetic
metal with high-spin above 500 K.***° The presence of an IS
state at 90-500 K (ref. 21) and the structural transition from R3¢
to R3 at 648 K (ref. 22-24) are controversial. For LaFeO;,
a structural transition from Phnm to R3c has been observed at
1228 K as well as a subsequent transition to Pm3m at 2140 K.*
LaFeO; is a G-type antiferromagnet above Ty = 735 K.**?*
However, there is little research on the optical and thermody-
namic properties.**-** Moreover, these data are important both
in providing a reference for future research and in improving
the range of practical applications. Therefore, in this work, we
focus on the ground state at low temperatures to systematically
investigate the electronic, optical and thermodynamic proper-
ties using first-principles calculations. Our results show that the
divalent A sites of SrCoO; and SrFeO; are metals, while the
trivalent A sites of LaCoO; and LaFeO; are insulators, all of
which are consistent with experimental results.***** Based on
the electronic structures, their optical and thermodynamic
properties are further investigated and summarized to provide
a comparison for the experiments.

This journal is © The Royal Society of Chemistry 2017


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ra06542f&domain=pdf&date_stamp=2017-08-07
http://orcid.org/0000-0001-6791-0111
http://orcid.org/0000-0001-7447-0142
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06542f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007062

Open Access Article. Published on 08 August 2017. Downloaded on 12/5/2025 7:44:00 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

2 Computational details

Density functional theory (DFT) calculations were performed
using the projector-augmented wave (PAW) method®* imple-
mented in the Vienna ab initio simulation package (VASP).* The
exchange-correlation energy is described by the local spin
density approximation (LSDA), or generalized gradient approx-
imation (GGA) using the Perdew-Burke-Ernzerhof (PBE) func-
tional.*® To account for the strong electron correlation of the Fe
and Co ions, all calculations were performed using the Dudarev
formalism®” of the plus Hubbard U correction with U = 4 eV,
which performs better in describing structures and band gaps
with our choice of U values (U = 4 and 5 eV). The cutoff energy
for the plane-wave basis set is 400 eV, and an 11 x 11 x 11
Monkhorst-Pack k-point mesh?®® for SrCoO; and SrFeOs, a5 x 5
x 3 mesh for LaCoO; and a 6 x 4 x 6 mesh for LaFeO; were
used. All of the shape, volume and ionic coordinates were fully
relaxed until the total energy was changed within 10~% eV per
atom and the Hellmann-Feynman force on each atomic site is
less than 0.0001 eV A~ for the following phonon calculations.

It is known that all of the optical constants, such as the
refractive index n and the extinction coefficient &, can be derived
from the dielectric function ¢ = &;(w) + iey(w). The imaginary
part &(w) of the dielectric function is calculated from the
momentum matrix elements between the occupied and unoc-
cupied wave functions. The real part ¢ (w) of the dielectric
function is evaluated from the imaginary part &(w) by the
Kramers-Kronig relationship.*

The phonon dispersion and thermodynamic properties were
calculated from the harmonic interatomic force constants using
the finite displacement method via the PHONONPY package.*
The 2 x 2 x 2 supercell and 5 x 5 x 5 k mesh for SrCoO; and
SrFeO;, the 2 x 2 x 1 supercell and 3 x 3 x 3 k mesh for
LaCoO; and the 2 x 1 x 2 supercell and 3 x 5 x 3 k mesh for
LaFeO; were applied to calculate the force constants.

3 Results and discussion
3.1 Structures

ABO; compounds contain a rich family of crystal structures,
such as simple cubic, tetragonal, orthorhombic, rhombohedral
etc. Moreover, the structure of one given ABO; compound is
complicated due to phase transitions at different temperatures.
For example, the structure of LaFeO; changes from an ortho-
rhombic Phbnm phase to rhombohedral R3¢ at 1228 K and
subsequently to cubic Pm3m at 2140 K.*® Considering that the
properties of the ground state at 0 K are investigated by DFT, we
used the crystal structures reported from experiments at low
temperatures. SrCoO; has a perfect perovskite cubic structure
with the space group Pm3m’ (Fig. 1(a)). SrFeO; has a little
distortion to a tetragonal structure with space group P4/mmm **
(Fig. 1(b)). For compounds with smaller A site ionic radii, the
crystal structures of LaCoO; and LaFeO; are more distorted to
a rhombohedral R3¢ structure** (Fig. 1(c)) and an orthorhombic
Pbnm structure® (Fig. 1(d)), respectively. Similarly, the magnetic
structures used here are the ground states at low temperatures
both from experiment and theory, that are the ferromagnetic
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Fig.1 Crystal structures of the unit cells for (a) SrCoOs, (b) SrFeOs3, (c)
LaCoOs3 and (d) LaFeOs used in our calculations.

structure for SrCo0O;,*** the nonmagnetic structure for LaCoO3
(ref. 15, 20 and 29) and the G-type antiferromagnetic structure
for LaFeO;.>?® For SrFeQ3, the ground magnetic state is a non-
collinear antiferromagnet with a spiral structure, as shown by
experiment.”® Since the non-collinear magnetic ordering has
little influence on the optical and thermodynamic properties,
and ferromagnetism has been clarified to be the most stable
state among all collinear magnetic phases,>** we selected
ferromagnetism as the magnetic structure of SrFeOj; in the
following calculations.

Based on the lattice parameters from the experiment, a full
structural optimization was performed using GGA, GGA+U and
LSDA+U methods. As shown in Table 1, the lattice constants
obtained by GGA+U are much closer to the experimental values
than for those obtained by GGA, even for SrCoO; and SrFeO;
with metal characteristics. Therefore, the correlation U is
necessary for the correct prediction of structural information

Table1 Optimized lattice constants a, b and ¢ (A) for SrCoQs, SrFeQs,
LaCoOsz and LaFeOs by GGA, GGA+U and LSDA+U methods,
compared to the experimental results

Compounds Methods a b c
SrCoO; GGA 3.8038 3.8038 3.8038
GGA+U 3.8174 3.8174 3.8174
LSDA+U 3.7274 3.7274 3.7274
Experiment” 3.8550 3.8550 3.8550
GGA 3.8156 3.8156 3.8179
SrFeO; GGA+U 3.8489 3.8489 3.8513
LSDA+U 3.7471 3.7471 3.7487
Experiment'? 3.8570 3.8570 3.8690
GGA 5.4440 5.4440 12.8942
LaCoO; GGA+U 5.4272 5.4272 12.9116
LSDA+U 5.3119 5.3119 12.6911
Experiment'* 5.4427 5.4427 13.0899
GGA 5.4438 7.6903 5.4758
LaFeOs GGA+U 5.5607 7.8267 5.5311
LSDA+U 5.2145 7.5080 5.3292
Experiment®® 5.5659 7.8534 5.5544
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and the following properties which are sensitive to the fine
structure. In addition, within the LSDA+U method, lattice
constants are significantly underestimated compared to those
obtained by the GGA+U method and experimentally. Therefore,
we selected the most suitable method, GGA+U, for further
calculations.

3.2 Electronic properties

The band structures and partial density of states (PDOS) are
shown in Fig. 2. The compounds with lower valence A sites,
SrCoO; and SrFeOj;, are both metals, which is consistent with
experiments and previous calculation results.>***! The orbitals
at the Fermi energy are mainly contributed to by the Fe/Co and
0 ions. The occupied configurations of d°L for Co*" and d°L for
Fe'" reflect the strong hybridization of the Fe/Co-3d and O-2p
orbitals and are consistent with the negative charge transfer
regime of SrCoO; and SrFeO; reported before.*>' These
hybridized orbitals give rise to the conduction bands (CBs) and
dominate the properties of these oxides, as expected in the case
of perovskite oxides. The CBs in the range of 7 to 11 eV are
mainly occupied by Sr-4d orbitals. Since Fe*" has one electron
less than Co*", there is little difference at the Fermi level. The
minority spin Co-3d states of SrCoO; are partially occupied and
thus cross the Fermi level, reflecting an intermediate-spin state
and the metal characteristics of both majority and minority
spin. This metal behavior is different from the result of the half
metal by the unrestricted Hartree-Fock method," but is similar
to the result given by the LSDA+DMFT method." Furthermore,
such an intermediate-spin ground state of SrCoO; has been
confirmed by the experimental Co-2p X-ray absorption spec-
troscopy spectrum, and also the strong hybridization of the d°L
state is key to explain the experimental spectrum.®® Unlike
SrCo0O;, the minority spin Fe-3d states of SrFeO; are fully
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unoccupied, corresponding to the insulating behavior of
minority spin and thus the half-metallic property of SrFeO;. Our
result of a half-metallic characteristic of ferromagnetic SrFeO;
is slightly different from the metal results from the para-
magnetic and antiferromagnetic calculations.*” In addition,
Fe*" is a high-spin state with fully occupied up-spin and unoc-
cupied down-spin Fe-3d orbitals. Considering the charge from
the O-2p orbitals, the ground state of Fe** is a high-spin d°L
configuration, which agrees with the electronic structure of
SrFeO; obtained by X-ray photoemission and ultraviolet
photoemission spectroscopy investigations.*® This negative
charge transfer regime is characteristic of compounds with
transition metal ions in relatively high oxidation states. The
high-valence states of Co*" and Fe*' in SrCoO; and SrFeO;
correspond to reduced potential energy, which is comparable
with or even lower than that of O-2p. As a result, there are charge
transfers from O-2p to Fe/Co-3d and thus covalent contribu-
tions to the bonding in SrCoO; and SrFeOs;.

While for the compounds with higher valence A sites,
LaCoO; and LaFeO, with relatively low-valence Co®*" and Fe®*
cations are more ionic than SrCoO; and SrFeO;. As shown in
Fig. 2, LaCoO; and LaFeOj; are both insulators, with band gaps
of 0.8 and 2.2 eV, which are similar to the experimental results
of 0.6 (ref. 32) and 2.1 eV.*® For LaCoOj;, the occupation
numbers of the up and down spin states are nearly the same, so
the Co®" is the low-spin state and the system is a nonmagnet.
The valence bands (VBs) are dominated by the hybridization
bands of Co-t,; and O-2p; the lowest CBs are Co-ez, and the
highest CBs are La-4f. The shape and peak locations are similar
to existing results.” Although the spin-state transition of
LaCoO; at high temperature is controversial, the low-spin
ground state at low temperature has reached an agreement by
comparing it with the photoemission spectrum.** For LaFeOs;,
since the ground state that we calculated is antiferromagnetic,
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Fig.2 The band structures and partial density of states for SrCoOs3, SrFeO3, LaCoOs and LaFeOs. The zero of the energy scale is the position of

the Fermi level.
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both the up-spin and down-spin states are equal, showing
a spin degenerate band structure. However, the PDOS of the up-
spin states exhibit spin polarization, especially the Fe-3d
orbitals. The up-spin states of the Fe-3d orbitals are fully
occupied and down-spin ones are nearly unoccupied, which
shows high-spin Fe*" in LaFeO;. There are also hybridization
bands of Fe-3d and O-2p near the Fermi level, and the relatively
deeper VBs are the fully occupied Fe-3d orbitals. The lowest CBs
are the empty Fe-t,, orbitals, which have smaller bandwidths
and dispersion than the nearest VBs of Fe-e,, due to the direct
overlap of e, with O-2p, which is consistent with previous
calculation results.** The upper narrow and flat CBs in the range
of 4.5 to 5 eV are also localized La-4f. Our results are in good
agreement with experimental data of the X-ray absorption
spectra.*®

3.3 Optical properties

The optical constants of the dielectric function are shown in
Fig. 3. The peaks of the imaginary part of the dielectric function
&(w) are related to electron excitation and thus directly con-
nected to the energy band structure. The first peaks of SrCoO;
and SrFeOj; at about 1-2 eV are ascribed to the transitions from
the occupied O-2p to the unoccupied Co/Fe-3d or the d-d tran-
sition of the Co/Fe-3d states. This peak is very pronounced and
higher than the other peaks, which demonstrates that a large
number of interband transitions occur at this same energy,
corresponding to the concentration of energy bands near the
Fermi level. The second peak at about 9 eV is mainly due to the
transition from occupied O-2p orbitals to empty Sr-4d orbitals.
However, as far as we know no experimental measurements
exist for comparison with our theoretical predictions. For
LaCoO; and LaFeO;, the absorptive edges of imaginary part
&y(w) start at about 0.5 eV and 2.0 eV respectively, relating to the
band gaps. In addition, there are relatively more peaks for
LaCoOj; and LaFeOj;. For LaCoOs;, the first two peaks at around
2 eV and 5 eV are attributed to the transitions from the occupied
O-2p centered around —0.5 eV and —4 eV below the Fermi level
to the empty Co-3d, respectively. These two peaks in the
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Fig. 3 The real parts ¢(w) and imaginary parts ¢;(w) of the complex
dielectric function for SrCoQOs, SrFeOs, LaCoOz and LaFeOs.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

experiment merge to a strong absorption region in the energy
region of 1-5 eV.** However, the optical properties from the
experiment were measured at room temperature so that other
spin-states may be mixed, while our calculation results are
based on totally low-spin ground states. Therefore, there are
some discrepancies. The other peak near 9 eV is contributed to
by the transition from the occupied O-2p and Co-3d centered
around —4 eV to the empty La-4f near 5 eV. While for LaFeOs3,
there are only two main peaks below 10 eV. The first one below
5 eV comes from the transition between the occupied O-2p
centered around —2 eV and the empty Fe-3d just above 2 eV.
The second one between 6 and 10 eV is from multiple transi-
tions: the transition from the occupied O-2p to the empty Fe-3d,
the intersite d—d transition between the VB and CB of the Fe-3d
centered around —6 and 3 eV, or the transition from the occu-
pied Fe-3d to the CB of La-4f at —4 eV. These two peaks agree
well with the experimental results.** All of the peaks above 20 eV
for LaCoO; and LaFeO; correspond to the excitation of the inner
electrons to the CB (not shown in the band structures).

Based on the dielectric function, the optical properties, such
as the refractive index n and the extinction coefficient k, could
be obtained by the equations

n= \/\/sl(w)z + & (w)? +61(a))/\/§,

k= \/\/el(w)z + & (w)’ — el(w)/\/z.

Our results of n and £ as a function of photon wavelength A
are displayed in Fig. 4, both of which oscillate in the short
wavelength range. The refractive indices n of LaCoO; and
LaFeOj; increase to a maximum and decay to a static value (w =
0 or A — o) of 3.04 and 2.44, while those of SrCoO; and SrFeOj;
should further increase with increasing A and finally decay to

500 1000
A/nm

0 500 1000 0

A/nm

Fig. 4 The optical parameters of the refractive index n and extinction
coefficient k for SrCoOs, SrFeO=, LaCoOz and LaFeOs.
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static values of 7.08 and 4.67 (not shown here). Generally, the
static refractive indices of the SrCoO; and SrFeO; metals are
relatively larger than those of the LaCoO; and LaFeOj; insula-
tors. Since the refractive index n and extinction coefficient k are
directly proportional to real part ¢ (w) and the imaginary ¢,(w) of
the dielectric function, both of them are directly connected to
the energy band structure and they are equivalent in describing
the optical properties. The extinction coefficient & is similar to
the imaginary part of the dielectric function ¢,(w), which is
directly related to electron excitation. The peaks of k directly
correspond to those of ¢,(w) we analyzed above, but the wave-
length dependence of the extinction coefficient k is shown here.
The values of k go down to 0 at about 1000 nm and 500 nm for
LaCoOj; and LaFeOj;, respectively. These optical gaps are due to
their insulating behavior, which is absent for SrCoO; and
SrFeO;. The refractive index n and extinction coefficient k
provided here are used for experimental comparison.

3.4 Thermodynamic properties

To obtain the temperature dependence of the thermodynamic
parameters, the phonon spectrum was firstly calculated using
a finite displacement method. As shown in Fig. 5, there are no
imaginary phonon modes for all of these compounds, indi-
cating their dynamical stability. Since the wave number is
proportional to the number of atoms, there are 15, 90 and 60
phonon bands for SrCoO;(SrFeO;), LaCoO; and LaFeO; with 5,
30 and 20 atoms per unit cell, respectively. Besides, the phonon
PDOS that are presented in Fig. 5 match the phonon dispersion.
The flat regions of the phonon-dispersion curves, which corre-
spond to the peaks in the phonon PDOS, indicate the localiza-
tion of the states. These phonon spectra can be divided into
three parts: (1) the low frequency modes of the acoustic phonon
branches below about 4 THz are mainly contributed to by La/Sr
atoms together with slight contributions from other atoms. (2)
The middle frequency range of the optical branches are mixed
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Fe/Co-O modes (4-12 THz for SrCoO; and SrFeOs, and 4-16
THz for LaCoO; and LaFeOj;). (3) The high frequency mode
optical branches are nearly always contributed by O atoms. This
is consistent with the fact that other atoms are much heavier
than O atoms, as frequency is inversely proportional to atomic
mass. In addition, the maximum values of the vibrational
frequency for LaCoO; and LaFeOj; are larger than those for
SrCoO; and SrFeO;. This suggests a stronger bonding in
LaCoO; and LaFeO;.

The Debye temperature ¢, is an important parameter for the
thermophysical properties of materials. This fundamental
parameter is useful for the analysis of the specific heat, thermal
conductivity and melting temperature. The Debye temperature
is not a strictly determined parameter, but is obtained through
well established empirical or semiempirical formulae. Here, we
calculated it from the highest frequency of the normal mode
vibration (Debye frequency) wp,,

0D = hwmnm/kB,

where # is the reduced Planck constant, kg is the Boltzmann
constant and 7 is the number of atoms per unit cell. n*”* is used
to correct the error caused by the reduction of the Brillouin zone
and thus cutting off the phonon frequencies at smaller values.*®
Because the size of the unit cell in real space increases with
increasing n, the Brillouin zone boundary moves inward. When
the highest frequency of the normal mode vibration w,, = 4.10,
4.53, 2.56 and 2.73 THz, and there are 5, 5, 30 and 20 atoms per
unit cell for SrCoO;, SrFeO;, LaCoO; and LaFeO;, the Debye
temperatures could be obtained at 335.58, 371.37, 381.79 and
355.67 K, respectively. Our results are comparable to the avail-
able data: fp, is 353 K for SrCoO; from a previous experiment,*’
286 K for SrFeOj; calculated from the elastic constants*® and 480
and 407 K for LaCoO; (ref. 49) and LaFeO; (ref. 27) from
previous experiments.

20 _LaCoOS g {20
16 : §§ 116
12 - 112
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4 14
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Fig. 5 Phonon dispersion curves and partial density of states for SrCoOs, SrFeOsz, LaCoOs and LaFeOs.
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Furthermore, the thermodynamic functions can be obtained
by the phonon spectrum, assuming that the lattice vibrational
degrees of freedom play a more noticeable role than the elec-
tronic degrees of freedom. As shown in Fig. 6, the temperature
dependence of the Helmholtz free energy F, entropy S, and
constant-volume heat capacity C, are calculated within the
harmonic approximation. With an increase in temperature, the
free energy decreases, while both the entropy and heat capacity
increase from zero at 0 K, all of which conform to the third law
of thermodynamics. Moreover, at low temperatures that are
much lower than the Debye temperatures, the constant-volume
heat capacity C, is proportional to temperature 7°. The contri-
bution of the lattice heat capacity at low temperatures is mainly
from the long wavelength vibration modes of the lattice, which
could be approximated by treating the lattice as a continuum.
However, at high temperatures, C, tends to the Dulong-Petit
classical limit which is proportional to the number of atoms per
unit cell.

4 Conclusions

In summary, the electronic, optical and thermodynamic prop-
erties of ABO; (A = La,Sr and B = Fe,Co) perovskites are
investigated using first-principles calculations. The structural
parameters we optimized and the energy gaps we obtained by
the GGA+U method are in good agreement with the experi-
mental data. The strong hybridization of the Fe/Co-3d and O-2p
orbitals dominates the properties of these oxides, which is
a common characteristic for perovskite oxides. Based on the
electronic structure, the dielectric function, refractive index and
extinction coefficient are obtained and discussed. The static
refractive indices of SrCoO; and SrFeO; are relatively larger than
those of LaCoO; and LaFeO;. Furthermore, based on the
phonon frequencies, we obtained Debye temperatures ¢, that
are comparable to the available data. Finally, by using the
calculated phonon dispersion, the thermodynamic properties
of the Helmholtz free energy, entropy, and constant-volume

heat capacity are obtained within the harmonic
300
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Fig. 6 The thermodynamic parameters of free energy, entropy, and
constant volume heat capacity for SrCoOs, SrFeOs, LaCoOs and
LaFeO3.
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approximation, all of which conform to the third law of ther-
modynamics. Finally, ABO; perovskites are flexible systems as
their properties can be adjusted or enhanced for specific
applications by chemical doping at the A or B cation sites.
Therefore, the doped (La,Sr)(Fe,Co)O; compounds will be
investigated to improve the performance of the pure parent
materials in our further work.
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