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Abstract

Different properties such as the structural, elastic, thermal, electronic, magnetic as well as the Curie temperature and
the formation energy of the cubic perovskites PrXO; compounds (X=V, Cr, Mn, and Fe) are studied by using the density
functional theory based on the full-potential linearized augmented plane wave with local orbitals method with the gen-
eralized gradient approximation (GGA) for the exchange correlation potential as applied in WIEN2k code. The GGA + U
approximation is also used to treat the f-states of Pr atoms and d-states of X atoms. We have also applied the analytical
techniques for the structural parameters. The calculated structural parameters by both methods are in good agreement
with experimental results. The calculated critical radii of the compounds exhibit ion conductivity as well as oxygen migra-
tion. The PrVO;, PrCrO; and PrFeO; compounds have a ductile nature, while PrMnO; is brittle. The calculated electronic
properties reveal the metallic nature for the studied compounds. Double cell optimizations, density of states as well as
magnetic moment confirm that these compounds are ferromagnetic metals. The negative value of formation energy
confirms the stability of these compounds. Large and small values of Curie temperature in these compounds show strong
and weak interaction among the magnetic atoms, respectively.
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1 Introduction perovskites have half metallic character [5]. The half metal-

lic behavior makes the potential material to speed up data

Perovskites have great importance in industrial applica-
tions because of their commonly occurring in nature and
interesting structural, elastic, electronic, magnetic, optical
and high thermoelectric properties [1]. The unique charac-
teristics in most of these compounds are high temperature
superconductivity, electric and catalytic behavior [2, 3].In
microelectronics, the telecommunication, superconductiv-
ity, colossal magneto-resistance and ionic conductivity are
the physical properties of interest among the perovskites
[4]. On the basis of the electronic behavior most of the

with less energy consumption and also increase the circuit
integration density. So, these types of materials are used
in spintronic as well as technological field [6].

The transition metals oxides are much suitable to study
the ferromagnetic response. Praseodymium (Pr) contains
the electronic arrangement that is similar the other rare
earth elements called as cerium (Ce) and lanthanum (La)
[7-10]. In this regard, PrXO; (X=V, Cr, Mn, and Fe) perovs-
kite compounds have many applications in fuel cells, gas
separation membranes and also in chemical reactors [11].
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These compounds possess high magneto electric cou-
pling [11]. The PrXO; (X=V, Cr, Mn, and Fe) compounds
have strong ferromagnetic order due to the strong mag-
neto electric coupling and magneto electric effect arises
in these compounds at ambient temperature. Due to its
interesting magnetic properties these compounds have
potential applications in random access memory (RAM)
architectures etc. [12].

The PrVO; was reported by Copie et al. [13] using high-
resolution transmission electron microscopy studies. They
concluded that PrVO; exhibits an insulating character and
low-temperature hard-ferromagnetic behavior below 80 K.
Saber et al. [5] studied the structural, optical and thermoe-
lectric properties of rare earth based PrVO; perovskites by
using the DFT calculations. The band structures have been
analyzed and DOS confirmed the half metallic ferromag-
netic behavior within this compound. Electrical conductiv-
ity, Seebeck coefficient and power factor were being used
to elaborate the thermoelectric behavior which proved
that PrVO; compound is suitable for spintronic and ther-
moelectric applications. Wang et al. [14] used the powder
samples of PrVO; compound to explain the temperature
dependent behavior at 20 K and 90 K. Different properties
are observed such as the resistance changes due to the
temperature which classified this compound as insula-
tor. Some other properties such as the magnetic and the
structural phase transition were also studied, which are
the characteristics for the spin reorientation and magnetic
ordering, respectively.

The PrCrO; have been characterized by different experi-
mental techniques [15] to check the magnetic response.
Rezaiguia et al. [15] studied the electronic and magnetic
properties of the cubic perovskites of PrCrO; by using the
first-principle calculations, where the electronic proper-
ties favor the complete half metallic character of PrCrO,
in GGA and GGA + U calculations, whereas the compound
have an integer total magnetic moment. Murtaza et al. [5]
reported the electronic, structural and magnetic proper-
ties of PrCrO; compound by using DFT calculations with
full potential linearized augmented plane wave plus local
orbitals method. The half metallic ferromagnetism in this
compound was confirmed by investigating the electronic
band structure and density of states (DOS). Transports,
structural and mechanical, and half-metallic ferromag-
netic properties of PrMnO; compound are investigated by
Gupta et al.[16]. They investigated the ground state struc-
ture inclusive of elastic and transport properties of PrMnO,
perovskite oxide. Wei et al. [17] also studied theoretically
the PrMnO; compound by employing the DFT calculations
and investigating the electronic structure and surface
properties of this compound. Benstali et al. [15] investi-
gated the structural, electronic and magnetic properties of
PrFeO; perovskite compound by using the first-principles
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study with GGA and GGA + U approximations: this study
shows that the PrFeO; compound has a metallic behav-
ior in the framework of GGA and GGA + U potentials. Joshi
et al. [18] studied visible light photo-catalytic activity of
nano-crystalline PrFeO; perovskite for hydrogen genera-
tion in ethanol-water system, by using sol-gel, template
and combustion method. A nano-crystalline PrFeO; per-
ovskite in ortho-ferrite type was produced at 700 °C.

From the above it is clear that different physical prop-
erties were reported in the past on the structural, elastic,
electronic and magnetic properties of these compounds
but to the best of our knowledge no detail study is avail-
able on the thermal, elastic and magnetic properties of
this important group of compounds which motivate us to
perform these calculations in order to provide reference
data for the experimentalist and to complete the existing
theoretical works on these materials.

2 Method of calculation

In the current study, the calculations were carried out by
using the full-potential linearized augmented plane wave
plus local orbitals (FP-LAPW + o) method based on the
density functional theory (DFT) as implemented in the
WIEN2k code [19]. In the ideal cubic structure (space group
Pm3m (no.221)) [20] of the perovskite PrXO5 (X=V, Cr, Mn,
and Fe) compounds, the Pr, X and O atoms are located at
(0,0,0),(0.5,0.5,0.5) and (0.5, 0.5, 0) sites, respectively. The
X or transition metal atoms have their position at the body
center of cube and bounded through six atoms of Pr (pra-
seodymium) atoms. The unit cell of the PrVO; compound
as a prototype is shown in Figs. 1 and 2. All the calculations
in the present work are performed with 3000 k-points for
single cell optimization and 250 k-points for double cell
optimization. The R,;;x K., parameter is taken to be 7.00
for both GGA [21] and GGA + U schemes [22, 23]. The GGA
plus U approximation is used to treat the 4f orbitals of Pr
atom and 3d orbitals of transition metals. The U values are
optimized in the range of 7.075 to 7.891 eV. Single cell
optimization is taken to treat the mechanical, structural

'~y

Fig. 1 Unit cell of PrVO3as a prototype




SN Applied Sciences (2020) 2:465 | https://doi.org/10.1007/s42452-020-2223-4

Research Article

Fig.2 Double cell structure of PrVO3 as a prototype

and thermal properties but the double cell optimization
with SCF (self-consistent field) calculations are taken to
treat the electronic and magnetic properties of these
compounds.

3 Results and discussion
3.1 Structural properties

The ground state properties of the PrXO; (X=V, Cr, Mn, Fe)
compounds are determined through calculating the total
energies versus different volumes around the equilibrium
volume and then fitted to the Murnaghan's equation of
state [24]. The computed lattice constant (a,), bulk mod-
ulus (B), its first pressure derivative (B) and the ground
state energy (E,) are presented in Table 1. Further the ionic
radii are used to calculate the lattice constants by using
the following empirical formula:

a=a+ﬂ(rp,+ro)+7+(fx+ro) (1)

In above equations the factors a, 8 and y are constants
that have the values of 0.06741, 0.4905 and 1.2921, respec-
tively. rp, is the ionic radius of Pr (1.13 A), ro is the ionic
radius of O (1.35 A) and ry (X=V, Cr, Mn, and Fe) is the ionic
radius of V, Cr, Mn and Fe which are about 0.640, 0.530,
0.800, and 0.645 A, respectively. Table 1 show that the cal-
culated lattice constants with GGA and analytical method
are in close agreement with the experimental results as
compared to other theoretical results, which shows the
consistency of the current calculation in further explaining

the electronic and magnetic properties. The values of the
bulk modulus B, that are obtained by optimizations are
also listed in Table 1 for all the studied PrXO; perovskite
compounds. It is observed that B, increases in going
from V to Mn atoms and then decreases to Fe while V,
and E; decreases from V to Fe atoms. Therefore, PrMnO,
compound is harder and less compressible than the other
compounds in the group. Binding energy gives the infor-
mation about the stability of a given materials and are
estimated by the comparison of ionic radii. From above
discussions, the ionic radius of Mn atom is greater than
V, Cr, and Fe atom which indicates that binding energy of
PrMnO; compound is smaller than the other compounds
in the group. The larger binding energy of PrCrO; com-
pound predicts that this material is more stable than the
other compounds. One more structural parameter is the
bond length, which have theirimportance in the symme-
try of the perovskite structure. The calculated bond length
values are also listed in Table 1. The bond length is used
to calculate the tolerance factor (t) by using following
expression:

. (rpy = o)

V2(1=r0) 2

In the above expression, X is V, Cr, Mn or Fe atoms. The
calculated tolerance factors for the PrXO; compounds are
also quoted in Table 1. From Table 1 it is concluded that the
calculated tolerance factor have a close agreement with
the calculated values in references [25, 26]. The critical
value of tolerance factor for cubic perovskites is between
0.93 and 1.02. Through Table 1, the calculated values of the
tolerance factor lies in this range, which confirms the cubic
structure of PrXO; compounds. Other structural parameter
is the critical radius (ro) which has their importance in the
activation energy of oxygen migration. It can be calculated
by using following empirical formula [26]:

(rPr _ro)2

rc = 1.414ry —ro — 3.414rp, + 5.828 p
Pr

+0.828r, + 2.82r,
(3)

Vacancy mechanism is responsible for oxygen migra-
tion as vacancy moves in a crystal from one B site cation
to other A site cation, where this migration affects the bulk
transport properties. We can remark from the calculated
critical radii (see Table 1) that the PrCrO; compound has
greater migration energy than other compounds in the
group.

3.2 Elastic properties

The elastic constants (C;) are used to determine the
effect on material by applied stress. These constants have
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Table 1 Calculated structural
parameters as lattice constant
(a,), bulk moduli (B,), its first-
pressure derivative (B’), ground
state energy (Ep), minimum
volume (V,), critical radius

(r), and bond lengths of the
PrXO; (X=V, Cr, Mn, and Fe)
cubic perovskite compounds
with other experimental and
theoretical data

SN Applied Sciences

A SPRINGERNATURE journal

Compounds Present calculations Present analytical Experimental Other calculations
calculations

PrVO,

a, 3.875 3.867 3.897 3.87¢

B, 202.31 - - 129.28¢

BP 5.0000 - - -

Eo —20,836.3 - - -

v, 383.395 - - -

r, -0.4821 - -

Bond length - -

V-0 191112 - - -

Pr-O 2.7470 - - -

Pr-v 3.3644 - - -

Tolerance factor 0.983 - 0.942f
PrCrOs

a, 3.849 3.839 3.8527 3.84<, 3.8198¢

B, 204.67 - - 187.88¢,203.33¢

BP 5.0000 - - 4,03¢

E, —21,039.3 - - —21,036.29¢

v, 270.132 = - 376.05¢

re 0.8 - -

Bond length

Pr-O 2.5756 - - -

Cr-0 1.8213 - -

Pr-Cr 3.1545 - - -

Tolerance factor 0.999 - 0.954
PrMnO,

a, 3.816 3.826 3.82% 3.88°3.85¢

B, 27231 - - -

BP 5.9821 - - -

E, —21,254.7 - - -

A 375.124 - - 394.46°

r. 0.207 - -

Bond length

Pr-O 2.8314 - 2.74¢

Mn-0 2.0021 - - 3.36°

Pr-Mn 3.4678 - - 1.94¢

Tolerance factor 0.999 0.99° 0.939
PrFeO, - -

a, 3.871 3.868 3.89% 3.777¢

B, 200.74 - - 186.40¢

B8P 3.5900 - 4681

E, —21,483.0 - - -21,479.91¢

v, 359.106 - - 363.64

r, 0.67199 -

Bond length - -

Pr-O 2.7351

Fe-O 1.9340 - - -

Pr-Fe 3.3498 - -

Tolerance factor 0.949 - 0.939

3Ref [45]
bRef [46]
“Ref [5]

dRef [15]
®Ref [18]
fRef [47]
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significant role in finding information about the stiffness
and stability of material. For the calculation of stiffness and
stability of the given materials, numerical first-principle
calculation method developed by Charpin and integrated
in the WIEN2k code [25] was adopted. This code is used to
compute the components of the stress for small strains.
The calculated values of C;,, C;,, and C,, are shown in
Table 2. The requirement of mechanical stability in cubic
crystals leads to the following restrictions on the elastic
constants [27]:

Gy = |Cpp| >0 (4a)
Ch+2G,>0 (4b)
C,<B<Cp (4c)

Table 2 Calculated elastic constants (C; in GPa), Young's modulus
(E inGPa), shear modulus (G in GPa), Poisson’s ratio (v), anisotropy
factor (A), B/G ratio, and Kleinman parameter ({) of the PrXO; (X=V,

Cyy >0 (4d)

The above criteria for the given materials are satisfied,
indicating that the compounds of interest are mechani-
cally stable. Elastic anisotropy factor (A) is an elastic param-
eter that gives information about the elastic wave velocity
in the crystal. This factor has their importance in engineer-
ing science, and it is extremely related to persuade micro-
cracks in materials. Anisotropy factor in cubic perovskite
crystals are calculated from the following relation:

A=1+ M (5)
CH

For completely isotropic materials, the anisotropy factor

A takes the value of zero and the deviation from zero is a

measure of the degree of elastic anisotropy of the crystal

[28]. The calculated values of the anisotropic factor are

about 1.344, 1.605, 1.660, and 2.684 for PrVO;, PrCrO;,

Cr, Mn, and Fe) cubic perovskite compounds with other theoretical
and experimental data

Compounds Present calcu- Experimental Other calcu- Compounds Present calcu- Experimental Other calculations
lations lations lations
PrvO, - - PrMnO;
Cy 379.67 - - Ch 375.26 - 346.27¢
Cp 116.39 - - Cp, 58.49 - 69.43¢
Cu 7.02 - - Cyu 94.59 - 110.24¢
E 96.86 - - E 282.48 -
G 34.09 - - G 116.43 - 120.67¢
v 0.28 - - ] 0.21 - 0.03¢
1.34 - - 1.66 - 2.49¢
B/G 5.99 - - B/G 1.41 - 1.34¢
3 0.45 - - 3 0.31 -
PrCrO, PrFeO; - -
Cy 551.41 - - Ch 213.39 - -
Cp 235.22 - - Cp 86.82 - -
Cu 49.43 - - Cu 72.28 - -
E 133.35 - - E 174.68 - -
G 46.47 - - G 68.53 - -
v 0.43 - - v 0.27 - -
1.61 - - 2.68 - -
B/G 7.3293 - - B/G 1.8824 - -
¢ 045 - - & 0.54 - _
2Ref [45]
PRef [46]
“Ref [5]
dRef [15]
“Ref [18]
fRef [47]
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PrMnO;, and PrFeO; compounds, respectively. They are
all different than zero, suggesting that these compounds
are anisotropic in nature, thus the PrFeO; compound is
characterized by a pronounced anisotropy. Furthermore,
we have also computed the Kleinman parameter (), which
describes the relative positions of the cation and anion
sub-lattices under volume-conserving strain distortions
for which positions are not fixed by symmetry using the
following relation [28, 291:

G +8C,

= 7C, +2C, (©)

It is known that a low value of {implies that there is
a large resistance against bond bending or bond-angle
distortion and vice versa. The computed values of ( are
tabulated in Table 2. One can remark that the PrMnO;
compound has more resistance against bond bending as
compared to the other studied compounds. Another fac-
tor is the Poisson ratio (u) which is the ratio between con-
traction perpendiculars to the applied load to the exten-
sion in the direction of applied load [30]. Poisson’s ratio
gives the information about the hardness and stiffness of
material [31]. From Table 2, it is noted that the PrMnO;
compound is stiffer than the other PrvVO;, PrCrO;, and
PrFeO; compounds. The obtained values of v are between
0 and 0.5, suggesting that all PrXO; (X=V, Cr, Mn, and Fe)
compounds show a larger lateral expansion. Mechanical
properties such as ductility and brittleness of material
can be explained from some proposed relationship. Pugh
[32] has proposed a simple relationship that links empiri-
cally the plastic properties of materials with their elastic
moduli by B/G factor. The critical value which separates
ductile and brittle materials is around 1.75; if B/G ratio is
strictly superior to 1.75, the material behaves in a ductile
manner; otherwise, the material behaves a brittle man-
ner. The values for Pugh’s criterion B/G ratio are equal to
5.99, 7.33, 1.41 and 1.88 for PrVO;, PrCrO;, PrMnO; and
PrFeO; compounds, respectively. These values are greater
than the critical value (1.75) except for the case of PrMnO,
compound. Therefore, the PrVO;, PrCrO;, and PrFeO; com-
pounds are classified as ductile materials; whereas, the
PrMnO; compound is brittle. The ductility/brittleness char-
acteristic in materials can also be discussed via calculating
the Cauchy’s pressure which it is defined as the difference
between the two elastic constants (C;,-C,,). If the Cauchy’s
pressure is positive (negative), the material is expected to
be ductile (brittle). A quick look of Table 2 confirms the
ductile nature of PrVO;, PrCrO; and PrFeO; compounds
and the brittle behavior for PrlMnO; compound. Further-
more, Frantsevich et al. [33] relate the ductility/brittleness
behavior of material to the Poisson’s ratio (v). For brittle
materials, Poisson’s ratio must be less than 1/3; otherwise,
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the material behaves in a ductile manner, where the above
statement confirms on the compounds of interest about
the ductility/brittleness behaviors. Other mechanical
parameters, namely Young’s modulus (E), shear modulus
(@), Lamé’s coefficients (u) and (A), and Poisson’s modulus
(0) which are the important of elastic moduli for applica-
tions, they can be derived from the elastic constants, by
using the following standard relations [34-36]:

9BG
E =
3B+ G )
L 38-2G
23B+06) (8)
G, = (G — Gy +3C,y) )
5
GR — 5C44(C” - C12) (10)
4C,, +3(Cry — Cpy)
E
H= 5070 an
vE

="
1+ 0)(1 - 20)

o= 3B-2G
2(38-G,) (13)
Physically, the shear modulus (G) and Lamé’s constant
(u) are equal and give information about shear stiffness of
materials while the Lamé constant (A) is related to the com-
pressibility of the material. The calculated values of these
elastic moduli are listed in Tables 2 and 3. Bonding and
stiffness of materials is also indicated by Poisson’s ratio.
The systems with interatomic interactions have values of
o are close to 0.25 [37], for covalent and metallic materials
the value of g is between 0.1 and 0.33. The calculated val-
ues of Poisson’s ratio are gathered in Table 3, clearly indi-
cate that all the PrXO5(X=V, Cr, Mn, and Fe) compounds
are effected with central contributions, suggesting the
ionic character of these materials.

3.3 Thermal properties

One of the most important parameter is the Debye tem-
perature (6,)) which is used to find the thermal features of
different materials. The Debye temperature is used to dif-
ferentiate between the high (the low) temperature states
in solid materials. The higher 8, suggests a large thermal
conductivity and melting temperature associated with
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Table 3 Calculated density (o in g cm™), longitudinal, transverse, and average sound velocities (v;, v, and v,,, in m s™'), and Debye tempera-
ture (6, in Kwhich is calculated from these sound velocities) of the PrXO; (X=V, Cr, Mn, and Fe) cubic perovskite compounds

Compounds o A u P v U U, 6y

PrvO, 0.47 48.37 37.82 20,298 3507.34 1296.01 1510.62 240.64
PrCrO, 0.48 309.38 46.47 20,995 4379.42 1487.96 1722.63 276.86
PrMnO4 0.35 86.45 116.43 21,791 3828.09 2311.58 2590.72 419.89
PrFeO; 0.39 83.32 68.53 20,761 3258.17 1816.88 2055.55 327.38

materials. When the temperature is low, the excitation
arises slowly from audible sensations. Here we have used
standard methods with elastic constant data to calculate
Debye temperature (6,). Debye temperature is efficiently
calculated by using v,,, (average sound velocity) in the fol-
lowing expression:

h |3n [ Nap 173
0p=—|—1— 14
o= 5 ()] - s

where h, k, N,, n, M, p, and v,,, are respectively Planck’s
constant, Boltzman’s constant, Avogadro’s number, the
number of atoms per formula unit, the molecular mass per
formula unit, the density, and the average sound velocity
obtained from the following relation of v,, [38]:

-1/3

1 2 1
Vo= |z S +—= 15
" MVS >] "

where v,;and v, are the longitudinal and transversal elastic
wave velocities in an isotropic material, respectively; they
can be obtained by using the shear modulus (G) and the
bulk modulus (B) from Navier’s equation [39]:

1/2 1/2
v, = (—33;4G> and v, = (§> (16)
P P

We can be seen from Table 3 that the PrMnO; com-
pound has a higher thermal conductivity as compared to
other compounds in the same group. As far as we study,
there are no experimental and theoretical data available
in the literature to be compared with our present calcu-
lations; so, in coming future experimental works test our
calculated results.

3.4 Electronic properties

To know whether these compounds are metals, insula-
tors or semiconductors, the study of the band structures
is very important. Every material has different electronic
properties due to its unique band structures. The spin
polarized electronic band structures of the compounds
are calculated by using WC-GGA and GGA + U potentials.

The calculated band structure of all PrXO5(X=V, Cr, Mn,
and Fe) cubic perovskites in both spin-up and spin-down
channels along the high directions in the first Brillouin
zone are depicted in Figs. 3 and 4 for WC-GGA and GGA+ U
approximations, respectively. Our results reveal that these
compounds have a metallic nature with mixed valence and
conduction bands (no energy band gap). To study the con-
tribution of different states of the ions in the electronic
band structures, we have computed the total density of
states (TDOS) and partial density of states (PDOS) of the
studied PrXO;(X=V, Cr, Mn, and Fe) cubic perovskites
which are shown in Figs. 5 and 6 for GGA and GGA+U
parameterizations, respectively. In the case of PrVO;
compound (see Fig. 6), participation of each state such as
“s" “p" “d" and “f" states of Pr, V and O atoms are shown
in majority-spin (spin up) and minority-spin (spin down).
In spin-up case, the “Pr-d and Pr-f" states have maximum
participation in conduction band while the “V-s and V-d”
states have maximum participation in the valence band
for spin-down, “Pr-d, Pr-f and V-s” states have maximum
participation in conduction band, “V-s" states crossing the
Fermi level and “V-d” have maximum participation in the
valence band which is an indication for a metallic behav-
ior of PrvO; compound demonstrated by the GGA+ U
approximation. In the case of PrCrO; compound, simi-
larly all states are shown for both spin-up and spin-down
directions. In spin-up orientation, the “Cr-s” states have a
little participation in conduction band and an maximum
participation in the valence band, the “Cr-d” states have
a participation only in the valence band, “Pr-f and Cr-s"
states in spin-up channel and “Cr-s” in spin-down chan-
nel crossing the Fermi level to make the metallic character
of the material. For the PrMnO; compound and in case
of spin-up channel, the “Pr-f’ states and “Mn-s" states lie
at Fermi level in the spin-up and spin-down directions
to make the material in metallic feature and the “Mn-d”
states have almost the same participation in majority-spin
and minority-spin cases for both conduction and valence
bands. For the PrFeO; system, the “Pr-f and Mn-s” states
cross the Fermi level in spin-up and spin-down channels
to make the material metallic and the “Pr-d” states have the
same participation in spin-up and spin-down channels of
both valence and conduction bands. Figure 6 shows that
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Prvo3

Fig. 3 Spin polarized ferromagnetic electronic band structure of PrXO3 (X=V, Cr, Mn, Fe) with GGA method

for all the studied compounds, the Pr-4f states cross the
Fermi level in spin-up case, while they have a maximum
contribution in valence band for spin-down case. From
Figs. 5 and 6, the densities of Pr-4f states and of V-3d, Cr-3d,
Mn-3d, and Fe-3d in all PrXO; cubic perovskites show that
these states are responsible for the metallic behavior
within these compounds. The X-3d states are expended
and cross the Fermi level in band structures due to each
material shows the metallic behavior. It is also seen from
the Fig. 6 that Pr-4f and V-3d, Cr-3d, Mn-3d, and Fe-3d
states are shifted toward the valence band in GGA+ U
approximation, which indicate that GGA + U approxima-
tion is more appropriate for an accurate description of the
system with 4f and 5f electrons.

Electron density of spin for the studied PrXO; (X=V,
Cr, Mn, and Fe) compounds are calculated by employing
the GGA + U scheme, where their results are presented
in Figs. 7 and 8 for (100) and (110) planes, respectively.
It shows the bonding nature between Pr and transition
metal (X) and between oxygen and transition metal.
For PrVO; compound, the bonding between Pr and V
atoms is completely ionic in both cases of spin-up and
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spin-down. Through the plane of (110) for spin-up and
spin-down cases, the bonding between V and O atoms is
metallic, whereas it has an ionic nature between Pr and
O atoms. In PrCrO; compound, the plane (100) shows
an ionic bounding between Pr and Cr atoms in major-
ity and minority spins, also it has a small polarization
in spin-down case between Pr and Cr atoms, while the
bounding between O and Cr atoms is covalent in the
plane (110) for spin-up and-down directions. In PrMnO;
system, the spin-up plane (100) has a bonding between
Pr and Mn atoms with small polarization while the spin-
down bounding between Pr and Mn atoms is ionic. In
PrFeO;, the spin-polarized bonding between Pr and
Fe atoms is ionic for (100) plane, while the (110) plane
display completely a metallic bonding between Fe and
O atoms. The covalent bounding arises between X and
O atoms is explained as: the oxygen valance shell (2p)
needs 2 electrons to complete their outer most shell and
X transition metals have + 2 or + 3 oxidation and shared
with each other, which is the result of covalent bounding
between these atoms.
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Fig.4 Spin-polarized ferromagnetic electronic band structure of PrXO3 (X=V, Cr, Mn, Fe) with GGA + U potential

3.5 Magnetic properties

Magnetic properties are those properties which are caused
by spin and orbital motion of electrons in an atom. Dif-
ferent materials have different properties such as the
ferromagnetic and anti-ferromagnetic properties; these
types of properties are due to unpaired electrons, which
produce two types of exchanges, the double exchange
as well as the super exchange [40]. In some cases, the
ferromagnetism is due to the double exchange and the
super exchange while the anti-ferromagnetism is due to
the super exchange interaction. The double-exchange

mechanism is a type of a magnetic exchange that may
arise between ions in different oxidation states. The dou-
ble-exchange interaction occurs between two atoms in
which one atom have extra-electron compare to the other,
while the super-exchange is a ferromagnetic or anti-fer-
romagnetic alignment which occurs between two atoms
with the same number of electrons. Another difference
between double-exchange and super-exchange is that in
double-exchange electrons are delocalized while in super-
exchange electrons are localized, these results are in the
material displaying magnetic exchange coupling as well
as metallic conductivity.
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Fig. 5 Total and PDOS of PrXO3 (X=V, Cr, Mn, Fe) with GGA method

This information was first proposed by Zener [41]; he
predicts electron exchange ways between the two species
and gives important suggestions about the ferromagnetic
and anti-ferromagnetic materials. He also gives the idea
of indirect exchanges between rare earths through oxy-
gen (X-0-X). Magnetic properties of these compounds
are also studied by optimizing the double cell structure
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0
Energy(eV)

in paramagnetic, ferromagnetic and in anti-ferromagnetic
phases, as shown in Fig. 2, by using Birch-Murnaghan'’s
equation of state [42]. The stable state is that which have
the lowest ground state energy. Table 4 shows that all
the compounds have the lowest energy in ferromag-
netic phase; therefore, the ferromagnetic phase is most
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Fig. 6 Total and PDOS of PrXO3 (X=V, Cr, Mn, Fe) with GGA + U method

favorable in energy. Figures 9 and 10 show the optimizing
plots for the ground state energies of these compounds.

Further investigation on the magnetic properties
of PrXO; compounds with calculated total, local and

Energy(eV)

interstitial magnetic moments that are listed in Table 5.
The local magnetic moment of V, Cr, Mn and Fe atoms in
all PrXO; systems are obtained through the GGA frame-
work about 0.74348, 0.62925, 2.995635 and 2.67892,
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Fig. 7 Electron density of spin-polarized perovskites PrXO3 (X=V, Cr, Mn, Fe) in (100) plane

whereas those of the GGA + U approximation are about
1.09453, 2.112055, 3.012345 and 2.23419, respectively.
The larger value of magnetic moment of Mn indicates
that the magnetic behavior of PrMnO; is stronger than
that of PrVO;, PrCrO; and PrFeO; compounds. For all the
all PrXO5; compounds, the positive values of magnetic
moment is shown in Pratom and in interstitial part, con-
firming that they are parallel to the magnetic moment
of transition element (TM), and the negative values of
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the magnetic moment of oxygen in PrVO; compound
resulted that they are anti-parallel to V atom, in the goal
to reduce the net magnetic moment. It is also shown
in Table 5 that the total magnetic moment of all PrVO,,
PrCrO;, PrMnO; and PrFeO; compounds is not integral
(see Table 5). These calculated non integers values of
total magnetic moment confirm that these compounds
are ferromagnetic metals, as reported in References [43,
44] for other materials.
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Fig.8 Electron density of spin-polarized perovskites PrXO3 (X=V, Cr, Mn, Fe) in (110) plane

3.6 Formation energy

The formation energy (Ey) is an important factor to test
the stability of solid materials. Formation energy (E) is
defined as the energy which is required to dissociate the
links between different atoms of the solids. Therefore
formation energy for the studied compounds PrXO; at
the zero temperature is calculated; where the negative

sign of E;reveals the stronger bonding which relates the
atoms and their favorable allowing stability of the crystal
[48].

The formation energy is also defined as the difference
between total energy of the compound (E,) and the sum
of pure energies which constitute the compound, taken
at their stable structural phase. Additionally, the forma-
tion energy (E) of PrXO; (X=V, Cr, Mn, and Fe) perovskite
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Table 4 Calculated equilibrium

Ferromagnetic phase  Anti-ferromagnetic phase AE=E,—E,ry

volume (V, in (a.u)?), bulk Compound Paramagnetic phase
modulus (B, .in GPa), its first- PIVO,
bround e energies im0 739787
GPa) of the Prx0, (X=V, Cr, By 232.55
Mn, and Fe) cubic perovskite B’ 5.0000
compounds in Paramagnetic E, —41,666.367584
(PMm), Ferromagnetic (FM), PICIO
and Anti-ferromagnetic (AFM) 3
states v, 713.128

B, 224.20

B’ 3.8248

E, —42,072.370116

PrMnO,

v, 697.616

B, 229.69

B’ 4.1994

E, —42,503.280369

PrFeO,

v, 724.259

B, 180.83

B’ 5.000

E, —42,959.828458

753.434 753.623
208.45 208.92
29525 3.3866
—41,666.480379 —41,666.480317 —0.00006
750.4475 750.3691
206.79 204.98
5.000 5.000
—42,072.523151 —42,072.520894 —0.00226
789.385 746.308
144.30 168.55
5.0000 5.0000
—42,503.802784 —42,503.447810 —0.35497
723.346 726.266
183.82 214.58
5.000 7.0516
—42,959.829352 —42,959.82106 —0.00829

compounds is calculated by using the following formula
[49, 501:

Er = Ey — (Ep, + Ex + 3Eo) (16)

where E;is the system total energy, and Ep,, Ey, and E, are
the individual energies of Pr, X, and O sites, respectively.
The calculated negative values of E;as tabulated in Table 6
reveal that all the compounds PrXO; compounds are ther-
modynamically stable.

3.7 Curie temperature

Curie temperature is that temperature at which certain
magnetic materials have a sharp change in their magnetic
properties. At low temperature magnetic dipole are align,
but above the Curie point alignments becomes random.
The Curie temperature of PrXO; (X=V, Cr, Mn, and Fe)
compounds is calculated as tabulated in Table 7. Table 7
lists the total energy in both ferromagnetic state (£, and
anti-ferromagnetic state (E,z,), and Curie temperature
(with both methods) for bulk PrvVO;, PrCrO;, PrMnO;, and
PrFeO; perovskite compounds, by using GGA and GGA+U
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approximations. Curie temperature is calculated by using
method 1 and method 2 as reported in References [51, 52].

In method 1, we can calculate the Curie temperature by
using the following relation:

2 ,
KgTc = 3 z./ij (17)
i#

In the above equation Kj is the Boltzmann constant and
Jjjis called exchange interaction which is defined as:

Ery — E
—fM_ "ARM (18)

jij: )

where Eg;, and E,, are the total energy at ferromagnetic
and anti-ferromagnetic states, respectively.

In method 2, the Curie temperature (7) is also calcu-
lated by using the following expression [53].

Tc =23+ 181M; (19)

Table 7 shows the Curie temperature and total ener-
gies at ferromagnetic and anti-ferromagnetic states. Large
values of T- show strong interaction while smaller value
of T- shows weak interaction among the magnetic atoms.
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Table 5 Calculated total

. . Magnetic moment of compound PrvO, PrCrO; PrMnO; PrFeO;
magnetlc moment, magnetlc
moment ip interstiti.al region By GGA approximation
2?251‘?;’ S mﬁ?neﬂfe'?%i"t My 6.62656 542017 11.49394 10.46245
(X=V, Cr. Mn, and Fe) cubic Mipter 0.66014 0.18688 0.88299 0.53503
perovskite compounds, Mp, 2.25248 1.958395 2.142805 2.08471
obtained using GGA and My 0.74348 0.62925 2.995635 267892
GGA+U approximations Mo ~0.004545 0.00937 0.00558725 0.06597
By GGA + U approximation
M 6.11246 9.69898 11.54545 933275
Mipter 0.57584 0.98024 0.98024 0.92061
M, 2.236005 2.17643 2.149805 2.039615
My 1.09453 2.112055 3.012345 2234195
Mo ~0.00478 0.02371 0.050375 0.0471375

Table 6 Calculated total energy (E,) of the bulk PrXO; (X=V, Cr, Mn, and Fe) cubic perovskites compounds, individual energies of Pr, V, Cr,

Mn, and Fe and formation energy (E;) of these compounds in Ry unit

Compound Ey Ep, Ey Eo E;

PrvO, —41666.4804 —18,485.537804 —1898.6267 —-37.0113 —-21,171.28195
PrCrO, —42,072.5231 —18485.537804 —2101.1354 —-37.0113 —-21,374.81599
PrMnO; —42,509.8028 —18,485.537804 —2317.3066 -37.0113 —21,595.92447
PrFeO; —42,959.8293 —18,485.537804 —2545.5965 —-37.0113 —-21,817.66114

Table 7 Calculated total energy in both ferromagnetic state (E;,,) and anti-ferromagnetic state (E4g,), and Curie temperature (with both
methods) for bulk PrVO;, PrCrO;, PrMnO; and PrFeOj; cubic perovskite compounds, by using GGA and GGA + U approximations

Compound Een (Ry) Ezen (Ry) AE=E pp— Epy(meV) T (K)
Method 1 Method 2
GGA GGA+U
PrvO, —41,666.480379 —41,666.480317 0.8432 3.2587 1222.40736 1129.35526
PrCrO; —42,072.523151 —42,072.520894 30.6952 118.6288 1004.05077 1778.51538
PrMnO, —42,503.802784 —42,503.447810 4822.7592 18657.5706 2103.40314 2112.72645
PrFeO, —42,959.829352 —42,959.821060 112.7712 435.8307 1916.70345 1712.22775

4 Conclusions

In this work, we have performed detailed investigation on
the structural, thermal, elastic, electronic and magnetic
properties of lanthanide oxides based on the cubic per-
ovskite-type PrXO; (X=V, Cr, Mn, and Fe) compounds by
using the first-principles FP-APW + lo method within GGA
and GGA + U frameworks. The computed lattice constants
are consistent with the experimental results. It is found
that the PrVO;, PrCrO; and PrFeO; compounds are ductile

in nature whereas the PrMnO5; compound is brittle. The
compounds of interest are metallic in nature, where the
metallic behavior of these systems is due to Pr-4f and X-3d
states. It is also concluded that these compounds are sta-
ble in ferromagnetic phase. The larger value of Curie tem-
perature in PrMnO; compound reveals that this compound
has a strong interaction among the magnetic atoms as
compared to other compounds in the group. The nega-
tive values of the formation energy of these compounds
show that they are thermodynamically stable.
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