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Abstract. Examination of magnetic perovskite oxides ATO3 containing 3d-transition-metals has led to novel and
functional compounds for many applications. Here, in this paper, we present detailed computations based on firstprinciples density functional theory (DFT) of the crystal, thermodynamic, magnetic and electronic structures of SrTO3
(T = V, Cr, Mn, Co). Full potential linear muffin-tin orbital (FP-LMTO) method through the Perdew-Wang generalized
gradient approximation (PW91-GGA) has been utilized in all computations. In addition, the effects of exchange-correlation energy (U) and spin-orbit (SO) coupling on magnetic and electronic structures have been investigated via
(GGA?SO), (GGA?U) and (GGA?SO?U) methods. The computational results of crystal and thermodynamic structures
revealed that all SrTO3 stabilize in a cubic symmetry with (a & 3.80 Å; space group Pm-3m). Besides, SrTO3 compounds
show ferromagnetic (FM) and metallic features, which transform to FM and half-metallic (HM) when U energy and SO
coupling are included with GGA, except for (T = Co) that remains in its FM metallic nature. These parameters enhance
the total density of states (DOS), partial DOSs and magnetic moments, and all obtained DFT results are in excellent
agreement with the experimental data. Thus, the exciting HM–FM nature and stable crystal structures make SrTO3 as
effective, promising and candidate material for modern spintronic applications.
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Introduction

Over the previous decades, there has been growing attention
in exploring the basic physics and chemistry of various
functional materials due to the urgent need of them in many
modern technologies. The interplay between the crystal,
magnetic and electronic structures gives rise to attractive
multifaceted phenomena and therefore, the basic physics
and chemistry of these materials is very rich. Principally, in
transition-metal perovskite oxides (TMPOs), reasonable
interplay between the lattice, charge, spin and orbital
ordering provides an interesting playground for tuning their
physical and chemical structures. The ordered TMPOs
crystallize in the general formula ATO3, where A-cation is
an alkaline-earth metal, a rare-earth metal or other any
metal (A = Ca, Sr, Ba, Pb, Bi, etc.) and T-cation is a
transition-metal (T = V, Mn, Ru, Hf, etc.). The flexible
crystalline structure of ATO3 has motivated researchers to
carry out a very large number of experimental and theoretical studies by synthesizing different compounds
belonging to TMPO materials. As a result, various exclusive
physical and chemical properties have been detected within
this class, such as ferroelectricity (BaTiO3) [1],

multiferroicity (BiFeO3 and PbTiO3) [2,3], high Curie
temperature (TC) (SrRu1-xTxO3; T = Zn2?, Ni2?, Co2?,
Mn3?, Cr3?) [4], and colossal magneto-resistance (CMR)
(Pr0.7Ca0.3MnO3) [5]. In addition, some TMPO compounds
have been reported to exhibit half-metallicity (HM) associated with magnetoresistance (MR) feature, such as in
(PrMnO3) [6], (Pr1-xSrxMnO3) [7], (La0.7Ca0.3MnO3) [8]
and (La1-xSrxMnO3) [9]. The vast scientific and engineering researches on TMPO materials have originated initially
from their possible industrial applications in spin-filter-type
magnetic tunnel junction (MTJ) barriers (La0.1Bi0.9MnO3)
[10], magnetic sensors and memory devices in reading
heads (SrTiO3) [11,12], electrolytes in solid oxide fuel cells
(SOFC) (BaCe1-xYxO3) [13], proton-conducting fuel cell
(PCFC) (La0.7Sr0.3FeO3-a) [14], etc.
Crystalline TMPOs (ATO3) are a huge class of materials
that share a similar crystal structure and belong to inorganic
oxides family. The flexibility nature of the crystal structure
of ATO3 and its ability to accommodate wide range of
atoms with different ionic radii and oxidation states are at
the origin of the emergence of a large variety of ATO3
compounds, possessing a wide range of physical properties.
The ideal ATO3 crystallizes in a cubic structure and its unit
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cell consists of TO6 octahedra linked to each other by
corner sharing O-atoms, where A-atoms occupy the 12-fold
coordination sites surrounded by eight TO6 octahedra.
While, the other compounds show different crystal structures, for example, ATaO3 (A = Ca, Sr and Ba) exhibits
cubic structure (space group Pm-3m; #221) [15], CaCoO3 is
orthorhombic crystal (space group Pbnm; #62) [16], BaTiO3
has a tetragonal phase (space group P4mm; #99) [17] and
YFeO3 exhibits cubic and hexagonal structures (space
group P6(3)/mmc; #194) [18]. Moreover, the ionic radius of
‘A’ is always greater than that for ‘T’, and the presence of
this difference in size of cation sites enables to construct a
large number of TMPOs with different structural symmetries. For example, the multiple crystal structure of AMnO3
(A = Ca, Sr, Ba) explains the significance of the size effect;
the ionic radius of A-site increases linearly (R = 1.98, 2.15
and 2.24 Å) for (A = Ca, Sr and Ba), respectively.
Accordingly, it is found that the parent compound AMnO3
exhibits three different symmetries under same conditions;
orthorhombic (A = Ca), cubic (A = Sr) and hexagonal (A =
Ba) [19–21].
3d-TMPO compounds ATO3 with (T = Ti, V, Cr, etc.)
are of exceptional importance due to their various
applications in the modern devices, which stimulated
researchers to carry out many studies to investigate their
remarkable magnetic and electronic properties, such as
ferromagnetic (FM), antiferromagnetic (AF), HM, semiconducting nature, Mott insulating state. For example,
ATO3 with (T = Mn) and its related compounds show
FM and HM properties [5–9]. In the past twenty years, a
few authors have studied the crystal structures and
physical properties of Sr-based perovskite oxides SrTO3
with (T = V, Cr, Mn, Co) using some experimental and
theoretical methods. From these works, it is found that
SrVO3 exhibits a cubic structure (space group Pm-3m)
and metallic behaviour [22], also SrCrO3 crystallizes in a
cubic structure, and shows a metallic nature accompanied
by Pauli paramagnetic behaviour [23]. While it was found
that the third compound, SrMnO3, possesses a HM–FM
nature with a cubic symmetry [8,9,24], similarly, SrCoO3
crystallizes in the cubic perovskite structure and displays
an itinerant FM behaviour with (TC = 305 K) [25]. As far
as we know, a comprehensive theoretical study for these
3d-TMPO compounds SrTO3 (T = V, Cr, Mn, Co) has
never been carried out till now.
In the present work, we intend to study a series of
TMPOs having the common chemical composition (SrTO3)
by using the generalized gradient approximation (GGA)
within the first-principles density functional theory (DFT).
The main aim of this work is to investigate the crystal,
magnetic and electronic structures of four perovskite oxides
SrTO3 (T = V, Cr, Mn, Co) in detail. Furthermore, we
examine the influence of exchange-correlation energy
(U) and spin-orbit (SO) coupling on the magnetic and
electronic structures of SrTO3 compounds. The obtained
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results in this work indicate that GGA and GGA?SO
methods are not enough to determine the accurate properties
of these compounds and that the inclusion of U energy
and SO coupling together according to GGA?U and
GGA?SO?U schemes is capable to provide results consistent with the previous experimental data. Compared to
previous DFT computations, this work shows that applying
SO individually does not affect the magnetic and electronic
structures of SrTO3.
This paper is organized as follows: in section 2, the
DFT computational methods and details are provided. In
section 3, the crystal structures of SrTO3 compounds are
computed and presented. Moreover, the total and partial of
magnetic moments and density of states are computed via
the GGA, GGA?SO, GGA?U and GGA?SO?U methods
and discussed in detail in this section. Finally, the
methodologies and main findings of this work are summarized in section 4.

2.

Computational methods and details

2.1

DFT methods

In this work, the first-principles DFT computation is
implemented by using the LMTART package [26], which
consists of an execution of full potential linear muffin tin
orbital (FP-LMTO) besides the atomic plane wave (PLW)
expansion [27] based on DFT methods [28,29]. According
to FP-LMTO method, there is no shape approximation of
the crystal potential V ðr Þ, where the space in crystal is
constructed of two main regions; inside non-overlapping
muffin-tin spheres (MTSs) with ðr  SMTS Þ and the V ðr Þ
adopts spherical symmetry. The second region is the
interstitial region with ðr [ SMTS Þ that separates these
MTSs with a constant potential VMTZ ðr Þ. Thus;

VMTS ðr Þ ¼


V ðr Þ; r  SMTS
:
VMTZ ðr Þ; r [ SMTS

ð1Þ

Inside MTSs, the basis set is described by the numerical
solution of radial Schrödinger equation for the fixed energy
multiplying by spherical harmonic [26];


r2 þ VMTS wðe; r Þ ¼ ðe  VMTS Þwðr Þ;
ð2Þ
whereas the PLWs in interstitial region are termed by the
Hankel function hjL ðr Þ for the kinetic energy of double
kappa:
hjL ðr Þ ¼ hjl ðr Þil Ylm ðr Þ:

ð3Þ

The spin-dependent magnetic and electronic spectra of
SrTO3 (T = V, Cr, Mn, Co) are achieved from the GGA
through employing the Perdew–Wang-91 (PW91) parameterization [30,31]. According to this approximation, the
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 UX
DC r
ni ð r Þ ¼
ni ð ni  1Þ
EXC
2 i

exchange-correlation (XC) energy EXC ½nðr Þ of the
system can be written as [32,33]:
Z
EXC ½nðr Þ ¼ nðr ÞeXC ðnðr ÞÞdr:
ð4Þ
Based on GGA functional, the EXC ½nðr Þ of the system
depends only on the density nðr Þ, and can be written as a
sum of two separated parts, exchange energy density and
correlation energy density, as:
GGA
EXC
½ nð r Þ 

¼

EXGGA ½nðr Þ

þ

ECGGA ½nðr Þ;

ð5Þ


¼

nðr Þ ¼ n" ðr Þ þ n# ðr Þ:

ð6Þ

And the XC energy based on GGA method that includes
the effect of both spin-up and spin-down densities is evaluated by:


GGA
EXC
n" ðr Þ; n# ðr Þ
Z


¼ nðr ÞeXC n" ðr Þ; n# ðr Þ; rn" ðr Þ; rn# ðr Þ d 3 r;
ð7Þ
where nðr Þ is the number of electrons per unit volume, i.e.,
electron density, eXC ½nðr Þ represents the XC energy density; energy per electron, and rnðr Þ is the gradient of the
density nðr Þ at each coordinate r [33].
However, the GGA computation of magnetic and
electronic structures for many SrTO3 compounds containing
d-electrons provides a deficient description for the total
energy, energy gap, density of states, magnetic moments,
etc., where this shortage is often corrected by inserting the
XC parameters in (GGA?U) [16,34–36]. GGA?U method,
which exploits the on-site Coulomb repulsion energy (U)
and Hund’s exchange energy (J) parameters, often gives
accurate magnetic and electronic results for the strongly
correlated compounds containing 3d, 4d and 5d atoms
[37,38]. So, the XC energy based on GGA?U can be calculated by:




GGAþU
GGA
EXC
n" ðr Þ; n# ðr Þ ¼ EXC
n" ðr Þ; n# ðr Þ




U
DC r
þ EXC
nri ðr Þ  EXC
ni ðr Þ ;
ð8Þ


GGA
n" ðr Þ; n# ðr Þ is the spin energy obtained by
where EXC
standard
GGA
functional, the correction Hubbard term
 r 
U
EXC
ni ðr Þ for i and j states is given by:
 r  UX
U
EXC
ni ð r Þ ¼
ni" ðr Þni# ðr Þ  nj" ðr Þnj# ðr Þ
ð9Þ
2 i6¼j


DC r
and EXC
ni ðr Þ is the double counting term;




J X 
ni" ni"  1 þ ni# ni#  1
2 i

U
N ðN  1Þ;
2

ð10Þ

where
N¼

EXGGA ½nðr Þ

represents the energy reduction due to a
where
spatial separation between the electrons with the same
spins, and ECGGA ½nðr Þ is the energy reduction due to a
spatial separation between the electrons with the opposite
spins, with total spin density of
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ni ðr Þ:

ð11Þ

i

Therefore, the XC potential VXC ½nðr Þ can be obtained as:
VXC ½nðr Þ ¼

dEXC ½nðr Þ
dEXC ½nðr Þ
r
:
dnðr Þ
dðrnðr ÞÞ

ð12Þ

Within GGA?U method, the VXC ½nðr Þ would be in the
form:

1
GGAþU
GGA
 ni ðr Þ Pi ðr Þ;
VXC
ðr Þ ¼ VXC
þU
ð13Þ
2
where Pi ðr Þ is the projection operator on the localized
orbital [33].
In FP-LMTO method, the XC parameters U and J were
introduced in GGA?U computation by setting the radial
Slater integrals Fk that describe the Coulomb kernel of
electron–electron potential. For d-electrons, only three
integrals with k = 0, 2 and 4 are needed; F0, F2 and F4,
which can be computed by using the average values of U
and J as follows:
U¼

X

1

Um;m0 ¼ F 0

ð14Þ

X

1
Um;m0  Jm;m0 ;
2lð2l þ 1Þ m;m0

ð15Þ

ð2l þ 1Þ

2
m;m0

and
UJ ¼

where m and m0 are the magnetic moments per site, for
d-electrons (l ¼ 2) [32];
J¼

2.2

F2 þ F4
;
14

F4
 5=8:
F2

ð16Þ

Computational details

As mentioned above, one of the main objectives of this
work is to examine the effect of U and J parameters on the
magnetic and electronic structures of SrTO3 compounds;
therefore, we have performed the GGA?U computation
next to the GGA computation. To perform a systematic
GGA?U computation, the values of on-site Coulomb
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Computed crystal structure parameters of SrTO3 (T = V, Cr, Mn, Co), compared with the experimental and theoretical results.
T=V

T = Cr

T = Mn

T = Co

Sr2?–V4? –O2–
Cubic
Pm-3m
221
1.004
-6526.3

Sr2?–Cr4? –O2–
Cubic
Pm-3m
221
1.003
-6817.2

Sr2?–Mn4?–O2–
Cubic
Pm-3m
221
1.013
-7201.4

Sr2?–Co4? –O2–
Cubic
Pm-3m
221
1.015
-7750.5

3.868
3.895
3.843
3.890

3.820
3.846
3.818
3.845

3.806
3.837
3.800
3.801

3.790
3.824
3.829
3.780

57.87
59.07
56.74
58.86

55.74
56.91
55.66
56.84

55.13
56.49
54.87
54.92

54.44
55.92
56.14
54.01

SrTO3
System
Crystal
Symmetry
S.G.
TF
DH of (kJ mol-1)
a (Å)
GGA
GGA?U
Exp. (XRD)
Other cal.
V (Å3)
GGA
GGA?U
Exp. (XRD)
Other cal.

XRD; Refs. [22–25] for T = V, Cr, Mn, Co, respectively.
Other cal.; Refs. [44–47] for T = V, Cr, Mn, Co, respectively.

Table 2. Computed bond distances, ionic radii and bond angles
in SrTO3 (T = V, Cr, Mn, Co).
Cation bond and multi.

T=V

T = Cr

T = Mn

T = Co

Sr (1b)–O (3d) 912 (Å)
T (1a)–O (3d) 96 (Å)
R (Å)
Sr2?
T4?
O2–
O (3d)–T (1a)–O (3d) (°)
T (1a)–O (3d)–T (1a) (°)

2.735
1.934

2.772
1.960

2.691
1.903

2.645
1.870

1.440
0.720
1.400
90.00
180.0

1.440
0.690
1.400
90.00
180.0

1.440
0.670
1.400
90.00
180.0

1.440
0.670
1.400
90.00
180.0

Table 3. Atoms, symmetry sites, Wyckoff points, atomic coordinates and occupancy numbers for the cubic unit cell of SrTO3
(T = V, Cr, Mn, Co) with space group of (Pm-3m; #221).
Atomic coordinates
Atom

Site

Wyckoff

x

y

z

Occupancy

Sr
T
O

1b
1a
3d

m-3m
m-3m
4/mm.m

0.500
0.000
0.500

0.500
0.000
0.000

0.500
0.000
0.000

1.0
1.0
1.0

interaction (U = 4.0 eV) and exchange parameter (J = 0.96
eV) were taken from refs [16,18,34–39] that performed
GGA?U studies on similar 3d-based transition-metal

Figure 1. Crystal structure parameters: (a) lattice constant (Å),
(b) unit cell volume (Å3) and (c) tolerance factor as functions of
T-site occupation in the cubic perovskite oxides SrTO3 (T = V, Cr,
Mn, Co). The data of cubic compound with (T = Fe) [18] were
added to complete the description.

perovskite oxides. Then, these values of U and J were set
according to equations (14) and (16), and their validation
have been checked at the end of GGA?U computations by
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reaching the total energy of SrTO3 crystals to its converging
state without any error. Also, their suitability to provide
reasonable magnetic and electronic structures compared to
experimental data, will be discussed in sections 3.3 and 3.4,
respectively.
Moreover, the SO coupling effect was incorporated in
GGA computations using GGA?SO and GGA?SO?U
methods by operating the scalar relativistic scheme based
on Dirac equation [26,40,41]. Inclusion of the SO coupling
effect is essential to investigate the magnetic and electronic
structures of SrTO3 due to the presence of relatively heavy
atoms. The full relativistic effects were computed for core
states of T (3d) ions and the scalar relativistic approximation was utilized for their valance states [40]. The SO was
integrated in a self-consistent style by solving the radial
Dirac equation for the core states and evaluated based on
the second variation treatment [40,41]. The cut-off energy
for the PLW basis set, which describes the separation of
valence and core states, was input as Ecutoff = 450 eV. The
sampling of the parent cubic of the Brillouin zone (BZ) was
done by setting a primitive 69696 grid of special k points.
To find the stable state, the energy convergence criterion for
the self-consistent computation was set to be 0.001 meV.
The muffin-tin radii (RMT) were set to be 2.5, 2.0 and 1.5
a.u. for Sr2?, T4? and O2– ions, respectively. During the FPLMTO computation, all of these input parameters were
validated by reaching the total energy of the studied compounds to its convergence state. The initial electronic configuration for the constructed ions of SrTO3 that used in all
computations are Sr2?: [Kr] 5s2, V4?: [Ar] 4s2 3d3, Cr4?:

Figure 2. General crystal structure of cubic (space group Pm3m) perovskite oxides SrTO3 (T = (a) V, (b) Cr, (c) Mn, (d) Co),
Sr (green), T (blue) and O (red).
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[Ar] 4s1 3d5, Mn4?: [Ar] 4s2 3d5, Co4?: [Ar] 4s2 3d7 and
O2–: [He] 2s2 2p4.

3.
3.1

Results
Crystal structure of SrTO3

In this section, we computed the crystal structures to elucidate the stability of perovskite oxides SrTO3 (T = V, Cr,
Mn, Co) along with various aspects like ground state
energies and bond distances. The crystal structure parameters of SrTO3 compounds, lattice constants (a), unit cell
volume (V), have been computed using GGA and GGA?U
methods to examine the stability of these structures. Table 1
displays the computed crystal structure parameters of these
four compounds at room temperature, compared with the
available previous X-ray diffraction (XRD) and DFT studies. From these results, it is clearly seen that the GGA?U
enhances the values of a and V, which are in good agreement with the experimental (XRD) and theoretical results.
However, (T = Mn) compound has been reported to exhibit
three different crystal structures; cubic (Pm-3m) and
hexagonal (P6(3)/mmc) at high temperature and
orthorhombic (C2221) at low temperature [24,42].
To evaluate the stability or distortion, of the crystal
structure for these perovskite oxides, we used the model of

Figure 3. Schematic representation of the mechanism of 1808FM double exchange interaction—T4? (3dn)–O2– (2p6)–T3?
(3dn?1)—in perovskite oxides SrTO3 (T = V, Cr, Mn, Co).
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Goldschmidt’s tolerance factor (TF) [43]. For SrTO3 compounds, this can be done by setting the ionic radii of Sr, T
and O in the relative equation:
RSr þ RO
TF ¼ p
:
ð17Þ
2ð R T þ RO Þ
Also, this factor can be computed by using the interatomic bond distances (Sr–O) and (T–O), which are equal to
the sum of ionic radii (RSr?RO) and (RT?RO). These bond
distances are obtained by building a unit cell from the
computed lattice constants for all SrTO3 compounds. Ideal
cubic compounds have (0.99 \ TF \ 1.03), crystals with
(TF [ 1.03) exhibit hexagonal structure and orthorhombic
structure give (TF \ 0.99) [39,43]. It can be seen that all
crystal structures of SrTO3 have a TF in the cubic range.
Table 2 shows the computed values of the main bond distances, ionic radii of Sr, T and O and bond angles for the
cubic unit cell with two formula units (Z = 2), of perovskite
oxides SrTO3 (T = V, Cr, Mn, Co).
As seen in table 2, the main bond distances have values
amid in the ranges, Sr–O = 2.64–2.74 Å, T–O = 1.87–1.94
Å, which are roughly equal to the theoretical values that can
be obtained from the sums (RSr?RO) and (RT?RO),
respectively. Table 3 shows the atoms, symmetry sites,
atomic coordinates (x, y, z) and occupancy numbers for the
cubic unit cell of SrTO3 (T = V, Cr, Mn, Co) with space
group (Pm-3m; #221) according to the International
Table for Crystallography. Figure 1 illustrates the plots of

Table 4.

the crystal structure parameters, a, V and TF, of SrTO3 (T =
V, Cr, Mn, Co) computed in the present study. In addition,
the parameters of similar cubic compound with (T = Fe)
[18] were added in these plots to complete the description of
the influence of T-site on the crystal structure of perovskite
oxides SrTO3.
Figure 2 demonstrates the cubic close-packed (ccp)
structure of perovskite oxides SrTO3 (T = V, Cr, Mn, Co)
with (space group Pm-3m; #221) and a & 4.0 Å. The three
types of atoms arrange in special atomic positions; Sr at the
centre of the unit cell (0.5, 0.5, 0.5), T atoms occupy the
corners (0, 0, 0) and O at the edges’ centres (0.5, 0, 0), (0,
0.5, 0) and (0, 0, 0.5). Accordingly, the crystal structure of
cubic SrTO3 can be described as a network consisting of 3D
corner-shared octahedra with T4? cations sit in the six-fold
coordination site TO6, whereas the Sr2? cations occupy the
twelve-fold coordination site SrO12 in the middle of the
cube of eight TO6 octahedra.

3.2

Thermodynamic structure of SrTO3

Examining the structural stability is essential point in any
chemical composition. To verify the thermodynamic stability of perovskite oxides SrTO3 (T = V, Cr, Mn, Co), the
standard enthalpy of formation energy (DHfo ) was evaluated
by computing the formation energy difference (DE)
between the unit cell (SrTO3) and its three existing ions

The computed partial and total magnetic moments (lB) for the FM perovskite oxides SrTO3 (T = V, Cr, Mn, Co).

SrTO3
Sr2?
GGA
GGA?SO
GGA?U
GGA?SO?U
T4?
GGA
GGA?SO
GGA?U
GGA?SO?U
O2–
GGA
GGA?SO
GGA?U
GGA?SO?U
mTotal
GGA
GGA?SO
GGA?U
GGA?SO?U

T = V4?

T = Cr4?

T = Mn4?

T = Co4?

0.001; 0.00a
0.002
-0.005
-0.005

0.029
0.029
-0.002
-0.002

0.067
0.025
0.025
0.025

0.059
0.059
0.059
0.059

0.002
0.004
1.180; 2.80a
1.181

1.455; 1.63b
1.455
2.493
2.493

2.477; 1.62d
2.477
3.669
3.669

1.652; 1.76g
1.652
3.463; 2.50h
3.463

0.000
0.000
-0.101; 0.32a
-0.101

0.044
0.044
-0.211
-0.211

0.101
-0.261
-0.261
-0.261

0.181
0.181
0.360
0.360

0.000
0.000
0.883
0.887

1.622
1.622
1.842; 2.00c
1.847

2.854; 2.42e; 2.62f
2.856
2.921
2.924

2.247
2.249
4.584
4.591

References: a[51]; b[35,52]; c[44]; d[36]; e[24]; f[46];

g

[53]; h[25].

Bull. Mater. Sci. (2021)44:171

Page 7 of 13

based on the thermochemical equations that use solid-state
reaction scheme [48–50], as follows:
2SrCO3 þ T2 O3 þ H2 ! 2SrTO3 þ 2CO2 þ H2 O;
ð18Þ
which can be rewritten as:
2SrO þ 2CO2 þ T2 O3 þ H2 ! 2SrTO3 þ 2CO2 þ H2 O:
ð19Þ
It is known that DHfo is the change in enthalpy of a
compound when 1.0 mol of this compound is formed from
its constituent elements in their standard states, where DHfo
of any element in its standard states is zero. Since the final
reactants and products are obtained in a solid powder state
only, without any of CO2 and H2 (DHfo ¼ 0), equation (19)
can be reduced in the solid form:
2SrOðsÞ þ T2 O3ðsÞ ! 2SrTO3ðsÞ þ H2 OðgÞ :

Figure 4.

ð20Þ

171

Therefore, DHfo can be evaluated by means of the total
energy of products and reactants;
DHfo ¼ ETotal 

N
X

n i Ei ;

ð21Þ

i

where ETotal represents the total formation energy per unit
cell, Ei the formation energy of individual ions in the unit
cell and ni denotes the number of atoms of the ith ion in a
single formula unit of the compound. Thus, from equation
(19):
DHfo ¼ 2ETotal ðSrTO3 Þ  ½2ETotal ðSrOÞ þ ETotal ðT2 O3 Þ;
ð22Þ
here ETotal (TO2) is the total formation energy of TO2
component (T = V, Cr, Mn, Co). The values of ETotal for the
unit cell (Z = 2) of SrTO3 compounds are obtained from
their output file within FP-LMTO computations. The

Total density of states of SrTO3 (T = V, Cr, Mn, Co), from GGA?SO (left) and GGA?SO?U (right).
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Figure 5. Total and partial density of states of SrVO3 from (a) GGA, (b) GGA?SO, (c) GGA?U and
(d) GGA?SO?U methods.

computed values of DHfo at 1 atm and 298 K for the fourunit cells of SrTO3 compounds are shown in table 1; the
negative values of DHfo reveal that all chemical compositions of SrTO3 are assumed to be thermodynamically
stable [48–50].

3.3

Magnetic structure of SrTO3

The magnetic and electronic structures of SrTO3 are fundamentally affected by the chemical nature of T (3d) cation
[35,44–46], which sits in the midpoint of octahedra TO6 and
has corner sharing [O2–]6 anions (figure 2). The distribution
of O2– around T4? in octahedral (Oh) network leads to the
emergence of crystal field (CF), which causes splitting of
the five degenerate T (3d) orbitals into three-fold degenerate
sub-orbitals t2g (3dxy, 3dxy, 3dxy) with lower energy and
two-fold degenerate sub-orbitals eg (3dz2, 3dx2-y2) lie at
higher energy. The filling of t2g and eg begins from low- to
high-energy states that depends on the competition between
CF and XC that defined by the Hund’s coupling. Accordingly, the electronic configuration of T4? (3dn) takes the
forms: V4? (3d1; t2g1 eg0), Cr4? (3d2; t2g2 eg0), Mn4? (3d3;
t2g3 eg0) and Co4? (3d5; t2g3 eg2). In cubic SrTO3, the strong

FM double exchange interaction occurs between two nearest-neighbour T (3d) ions along the linear pathway T4?
(3dn)–O2– (2p)–T3? (3dn?1), see figure 3, where the
exchanged electron resides in the empty sub-orbital of t2g in
(T = V and Cr) and eg in (T = Mn, Co) cases. The computed
total charge populations of 3d orbital for (T = V, Cr, Mn and
Co) ions in SrTO3 are 1.76e, 2.94e, 4.08e and 4.82e,
respectively, while 2p orbital of O ions have 1.76e in all the
compounds. These values give valence states close to the
theoretical ones; V2.24? (3d1.76), Cr4? (3d2.94), Mn4? (3d3)
and Co4? (3d5), and the fractions confirm the contribution
of the shared electrons in 2p orbitals.
The total spin magnetic moment of SrTO3 is essentially
originated by the contribution of Sr2? (4s), T4? (3d) and
O2– (2p) ions. To expose details of FM double-exchange
interaction, and the influence of both U and SO coupling on
magnetic structures of SrTO3 (T = V, Cr, Mn, Co), the total
and partial magnetic moments are computed using four
methods. As a result of these computations, we found that
when including the SO coupling separately, it has a very
little effect on the values of total and partial magnetic
moments. Where the two methods GGA and GGA?SO, as
well GGA?U and GGA?SO?U, have produced approximately equal values, as shown in table 4.
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Figure 6. Total and partial density of states of SrCrO3 from (a) GGA, (b) GGA?SO, (c) GGA?U and
(d) GGA?SO?U methods.

It is clear from these results that the major part of total
magnetic moment of SrTO3 is primarily contributed by the
T4? (3d) ions along with minor contribution from O2– (2p)
ions. Whereas Sr2? (4s) ions have very little contribution,
approximately zero. The occupation of ions on T4?-sites
and their strong FM coupling T4? (3d)–O2– (2p)–T3? (3d)
are responsible for the increase in the total magnetic
moments of SrTO3 by inducing large and small partial
magnetic moments on T4? (3d) and O2– (2p) sites, respectively. Besides, the positive sign of partial magnetic
moments on Sr2? (4s) and O2– (2p) indicates that the
polarization of their induced magnetic moment is parallel to
that in T4? (3d), while their negative sign shows the
antiparallel polarization with the spin of T4? (3d) electrons.
In addition, the on-site Coulomb repulsion energy, U enhances the partial magnetic moments of T4? (3d) ions and
total magnetic moments of SrTO3. From figure 3, it can
conclude that the SrTO3 compounds are not strongly correlated to perovskite oxides, since their T4?-site contains
unpaired electrons in outer 3d-orbitals, except for T = Co4?.
Therefore, the effect of XC energy (U = 4.0 eV) on the
localized 3d electrons is strong for these structures (T =
V4?, Cr4?, Mn4?), whereas it is very weak for Co4?
(3d) electrons.

As seen in table 4, the predicted FM state in SrTO3
compounds is in good agreement with the experimental and
other DFT results. However, the (T = Mn) compound shows
a G-type AF phase in super-cell structure at low temperature [36]. For Co4? (3d5) ions in SrTO3, it can be seen that
they show smaller magnetic moment 1.652 lB within GGA
and GGA?SO compared to previous values, 1.13 [16] and
1.915 lB [54]. Whereas 3.463 lB is obtained by GGA?U
and GGA?SO?U computations. These values indicate an
intermediate spin configuration state (t2g4 eg1; S = 3/2 lB) as
observed in Co4? (3d5)-based perovskite oxides [16,25,54].
The variation in magnetic moments arises mainly from the
competing contributions of the XC and CF energies.

3.4

Electronic structure of SrTO3

In this section, we analyse and discuss the total and partial
density of states of SrTO3 (T = V, Cr, Mn, Co) that was
computed using the GGA method. We also aim to investigate the influence of SO and U on the electronic structures
of SrTO3 compounds. Figures 4, 5, 6, 7 and 8 display the
results of GGA computations for the total and partial density of states per unit cell of SrTO3 with spin-up (positive;
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Figure 7. Total and partial density of states of SrMnO3 from (a) GGA, (b) GGA?SO, (c) GGA?U and
(d) GGA?SO?U methods.

upper panel) and spin-down (negative; lower panel). In
these plots, the horizontal axis, which ranged between –8.0
and ?8.0 eV, represents the energy E (eV) of states relative
to the Fermi-energy, so, the Fermi level (vertical dashed
line) is positioned at zero energy (EF = 0.0 eV).
Figure 4 shows the plots of total density of states for the
four compounds of SrTO3 (T = V, Cr, Mn, Co) computed by
using the GGA?SO and GGA?SO?U methods. From this
figure, we found that GGA?SO (left panels) gives a
metallic state in all the compounds; there are overlapping
bands across the EF in both spin-up and spin-down channels. The conduction bands extend between –1.5 and ?1.5
eV, with slight variations in their peaks. While GGA?
SO?U (right panels) produces a HM state in the first three
compounds (T = V, Cr and Mn), and in a good agreement
with the previous results [35,36,51–53], which gives a clear
evidence of the suitability of (U = 4.0 eV) energy in these
computations. The conductivity of SrTO3 is through the
spin-up of total density of states, whereas the spin-down of
total density of states show an energy gap (Eg) that expands
through the EF. These three compounds also differ in the
value of Eg, which depends mainly on the type of T4?-site.
Conversely, we can clearly observe that the (T = Co)

compound behaves differently than the above compounds;
it retains its metallic property within all computation
methods. The total density of states around the EF consists
of very low bands which extend in both spin-up and spindown channels.
To investigate the real cause of metallic and HM properties and to elucidate details of the electronic structures of
SrTO3 (T = V, Cr, Mn, Co), the projected partial density of
states for Sr (5s), T (3d) and O (2p) are computed by
employing GGA, GGA?SO, GGA?U and GGA?SO?U
methods, as shown in figures 5–8. Besides, the total density
of states for SrTO3 are plotted to evaluate the contributions
of these three sites with nominal ionic valences states of
Sr2?, T4? and O2–, respectively, where the T (3d) states are
filled with one, two, three and five electrons and the O (2p)
states are fully occupied. In all figures, since the partial
density of states of Sr (5s) are far away from the EF, the
electronic structures of SrTO3 are mostly governed by the
pd-hybridization between T (3d) and O (2p) orbitals, as
discussed in section 3.2. Totally, it can be seen that the
states beyond the EF, from –6 to –2 eV, are mostly from the
O (2p) orbitals, whereas the conduction states close to EF,
from –1.5 to ?6 eV, are contributed by T (3d) orbitals.
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Figure 8. Total and partial density of states of SrCoO3 from (a) GGA, (b) GGA?SO, (c) GGA?U and
(d) GGA?SO?U methods.

Except for (T = Mn and Co) in figures 7 and 8, respectively,
there are T (3d) states extend in the valence region, which
were hybridized with the O (2p) states.
In figures 5–8 (panels a and b), substantial partial density
of states near EF can be detected within GGA and
GGA?SO computations for SrTO3 compounds, which
indicate their metallic structure, similar to that reported
recently for (T = Cr and Co) [54]. In contrast, from
GGA?U and GGA?SO?U computations, (panels c and d),
it can be seen that when the U energy and SO coupling are
included, the dominant peaks of V (3d), Cr (3d) and Mn
(3d) shift away from the EF, causing an expansion of the
energy gap in spin-down panels of the first three compounds. The value of Eg increases linearly with the increase
in electrons that occupy the T (3d) orbitals; Eg (Mn) [ Eg
(Cr) [ Eg (V). While for (T = Co), the compound retains its
metallic structure within all methods with some variations
in the distributions of T (3d) and O (2p) orbitals. Comparing
left and right panels in figures 5–8, we find that the position
and shape of main peaks of the total and partial density of
states do not change with the addition of SO coupling
effect. This is due to the weak relativistic effect between
spin-up and spin-down states in their partially, fully or
empty occupied 3d sub-orbitals; t2g1 eg0, t2g2 eg0, t2g3 eg0

and t2g3 eg2 in T4? = V, Cr, Mn and Co, respectively. In
figure 8c and d, it can be seen that by applying the U effect,
the main peaks of partial density of states of Co (3d) look
different from the GGA ones; the spin-up Co (3d) states
shift away from the EF within GGA?U and GGA?SO?U
and finally, become unoccupied states. This indicates that
the effect of U energy on the spin-up 3d-eg2 sub-orbital is
stronger than the 3d-t2g3 sub-orbital due to the opposite spin
alignment of the localized 3d-eg2 states and 2p states. Thus,
the presence of HM property in SrTO3 compounds is the
result of application of the (U = 4.0 eV) energy, plus the
influence of T4?-site substitution (T = V, Cr and Mn).
Based on the computed FM and HM properties, we expect
positive industrial applications in spintronic devices that
depend mainly on the magnetic and electronic structures of
the investigated compounds.

4.

Conclusion

In this work, the crystal, thermodynamic, magnetic and
electronic structures of perovskite oxides SrTO3 (T = V, Cr,
Mn, Co) have been studied using first-principles DFT
computation. Full potential linear muffin-tin orbital
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(FP-LMTO) method implemented in LMTART code has
been utilized. In accordance with the computed crystal
structures data, it is found that all compounds of SrTO3
crystallize in cubic structure with Pm-3m space group and
a = 3.87–3.79 Å, in good agreement with the experimental
results, a = 3.83–3.80 Å. The GGA was employed to
examine the magnetic and electronic structures of SrTO3. In
addition to the influence of T4?-site, the effect of inclusion
of U energy and SO coupling was investigated using
GGA?SO, GGA?U and GGA?SO?U methods. The
results of total and partial magnetic moments showed that
all SrTO3 compounds have a ferromagnetic (FM) phase.
The computed total and partial density of states showed a
metallic nature within GGA and GGA?SO, and by applying GGA?U and GGA?SO?U, the metallic state of SrTO3
(T = V, Cr and Mn) transformed to a HM state. We found
that the U energy has a major effect on the total and partial
values of both the magnetic moments and density of states
of SrTO3, whereas the SO coupling has a negligible effect.
Also, we explained the CF splitting and mechanism of FM
double exchange interaction T4? (3d)–O2– (2p)–T3? (3d)
that govern the magnetic and electronic structures of SrTO3.
The present computation results indicated that the inclusion
of two parameters, SO coupling and U energy together, the
occupation number on T4? (3d)-sites and their strong FM
coupling are responsible for the increase in the values of
total and partial magnetic moments by inducing a large
magnetic moment on T4? (3d) ions.
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