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Abstract
In this paper, we have performed a systematic investigation on structural, magnetic, electronic, mechanical, and thermodynamic
properties of BaPuO3 perovskite within density functional theory (DFT) using generalized gradient approximations
(GGA), onsite coulomb repulsion (GGA + U ), and modified Becke-Johnson (mBJ). The calculated structural parameters
were found in good agreement with the experimental results. A large value of magnetic moment equal to integer value of
4 μB was obtained for the compound. The spin-polarized electronic band structure and density of states present 100% of
spin polarization at Fermi level, resulting in half-metallic nature for the compound with spin-up states as metallic and spin-
down states as a semiconducting. The elastic and mechanical properties have also been predicted. Moreover, we have
calculated thermodynamic properties like Debye temperature (θD), specific heat (CV), entropy (S), etc. using quasi-harmonic
Debye model.

Keywords Electronic properties · Magnetic properties · Elastic properties · Mechanical properties · Thermodynamic
properties

1 Introduction

Recently, perovskites have been investigated with great
attention both theoretically as well as experimentally in
physics, chemistry, and material science because of their
applications in science and technology. The perovskites
especially oxides based with general formula ABO3 have
attracted the researchers all over the globe as a result of
their remarkable properties like multi-ferriocity, supercon-
ductivity, thermoelectricity [1], solid-oxide fuel cells [2],
half-metallicity, ferromagnetism [3], etc. Investigation of
new materials and their properties are key requirements, and
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among these, electronic, magnetic, mechanical, and ther-
modynamic properties are of prime interests in material
science as to check the behavior of the materials for pos-
sible applications. Some of the perovskite materials with B
site held by actinide-based plutonium element, MPuO3 (M
= Ba and Sr), are mostly obtained from the transmutation
of uranium in bulk scale from nuclear reactors. Extensive
theoretical investigations on binary or ternary compounds
[4–7], where f-electrons play a crucial role in investigat-
ing many physical properties have motivated us to explore
these plutonium-based perovskites. There are a number of
actinide-based perovskites [2, 3, 8–10] which have been
investigated, where d-electrons and f-electrons, together
with lattice made these perovskites remarkable. On the other
side of BaPuO3 perovskite with barium held at A sites is fis-
sion products and constituents of many actinide ABO3 (A =
Ba and Sr and B = U, Pu, Mo, and Am) perovskites called
the grey phase [11].

BaPuO3 is found to be potential candidates for under-
standing fuel behavior by determining experimental ther-
modynamic properties [12, 13]. Vaporization and standard
molar enthalpies of formation of BaPuO3 have been investi-
gated by high-temperature mass spectrometry in the temper-
ature range of 1400–1900 K [13], where BaPuO3 has been
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prepared by mixing PuO2 and BaCO3 [14]. Experimen-
tal determination of elastic modulus, Debye temperature
by longitudinal and sound velocities, and thermal conduc-
tivity by measuring density and heat capacity by laser
flash method for BaPuO3 has also been reported [15]. The
structural properties of BaPuO3 have been experimentally
reported in cubic structure with space group Pm-3m (221)
[15]. The Wyckoff positions for Ba are 1a (0, 0, 0) O at
3c (0.5, 0.5, 0), (0.5, 0, 0.5), and (0, 0.5, 0.5) positions
and Pu at 1b (0.5, 0.5, 0.5) of the cubic unit cell. As far
as theoretical investigations on Perovskite family, particu-
larly actinide based are concerned, density functional theory
(DFT) has emerged as a powerful tool. DFT successfully
explained structural, electronic, and thermal properties of
some BaMO3 (M = Pr, Th, U) [8], BaAmO3 [16] SrUO3

[3], and SrAmO3 [10].
In the present work, the structural, electronic, magnetic,

elastic, and thermodynamic properties of BaPuO3 have
been reported within density functional theory. The
electronic and magnetic properties have been obtained
within generalized gradient approximation (GGA) [17],
(GGA + U ) [18], where U is Hubbard term, and also by
modified Becke-Johnson (mBJ) [19]. The U term has been
incorporated so as to treat the Pu-f electrons properly.

2 Computational Details

The study has been accomplished within the most accurate
density functional as implemented in WIEN2K code [20,
21]. The calculations have been performed by structural
optimization of the experimental lattice constant followed
by electronic, magnetic, and elastic study using full-
potential linearized augmented plane wave (FP-LAPW)
method [22], which is completely grounded on DFT [20,
21]. The structural optimization was performed within
generalized gradient approximation (GGA) scheme of
Perdew, Burke, and Ernzerhof (PBE) [17]. The GGA-
computed lattice constant has been used to check the
magnetic and electronic nature of the compound. Further,
to check the effect on our results, on-site coloumb repul-
sion (GGA + U ) [18] and mBJ [19] were also used
for electronic and magnetic studies. In order to treat
the f-electrons of Pu, GGA + U calculation where used
for magnetic and electronic study; for GGA + U , the
density matrix was supposed to be slanting and U and
J were considered the same for all interactions. There
are different ways to incorporate the U term [23, 24];
here, we have made use of self-interaction correction
method (SIC) [25] as implemented in WIEN2K. The value
of Ueff is set to 1.8 eV and J was set to 0 so as to
adjust the Pu-5f in density of states. The muffin tin radii
for Ba and Pu in the calculations were selected as 2.40

and 2.30 a.u. while 1.40 a.u. was used for O atoms. The
energy convergence function used RMTKmax = 7, where
RMT is the smallest atomic radius in the unit cell and
Kmax refers to the size of the largest k vector in the plane
wave expansion. In the fullpotential scheme the unit cell
of the crystal is partitioned into two different regions:
(1) atomic spheres and (2) interstitial region. Within the
atomic sphere the wave function is extended in atomic-
like functions (radial part times spherical harmonics) while
in the interstitial region it is extended in a plane wave
basis. The energy separation between core and valance
states was set to − 6.0 Ry. Inside the sphere the angular
momentum Lmax = 10, while the charge density is Fourier
expanded up to Gmax = 12 (a.u.)−1. The self-consistent
calculations converge when the difference of the two
consecutive iterations is less than 10−4 Ry. A dense mesh
of 1500 K points is used, and the tetrahedral method [26]
has been used for the Brillouin zone integration. For elastic
constant calculation, the method developed by Charpin [27]
as implemented in WIEN2K was used. In this method,
the 21 elastic constants are reduced to three independent
elastic constants C11, C12, and C44 by applying isotropic,
rhombohedra, and tetragonal strains so that there is shape
change only.

For the pressure and temperature dependence of thermo-
dynamic parameters, quasi-harmonic Debye model [28–30]
has been applied. The BirchMurnaghan’s [31] equation gen-
erated from GGA optimizations has been used as input to
the quasi-harmonic Debye model.

3 Results and Discussion

3.1 Structural, Magnetic, and Electronic Properties

The total energy of BaPuO3 perovskite has been calculated
in the framework of density functional theory within
FP-LAPW method as implemented in the Wien2k code.
BaPuO3 crystallizes in B2 phase space group 221(Pm-
3m) with experimental lattice parameters [14] of 4.385 Å.
The optimization has been done using GGA scheme and
optimized data is tabulated in Table 1. The magnetic
stability of the compound is checked by calculating total
energy as a function of unit cell volume in nonmagnetic
(NM) and ferromagnetic (FM) states as depicted in Fig. 1
It is worth to mention from the E–V curves that the
FM state is the most stable state because of its least
groundstate energy. The calculated total energies are fitted
to BirchMurnaghan’s equation of states [31] to determine
the groundstate properties like lattice parameter, bulk
modulus and pressure derivatives which are listed in Table 1
together with the available experimental [14] and theoretical
results [32–34].
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Table 1 Calculated value of lattice constant (a0), bulk modulus (B0),
and pressure derivative (B ′) for BaPuO3

Compound Configuration a0 (Å) B (GPa) B ′

BaPuO3 GGA (NM) 4.390 127 3.28

GGA (FM) 4.421 126 3.66

Experimental 4.385 [14] – –

Others 4.46 [32] 123 [33] –

4.386 [34]

As discussed above the compound has a ferromagnetic
ground state. The optimized lattice parameter as obtained from
GGA was used to check the magnetic moments of the com-
pound. Further we have made use of the Hubbard term U

incorporated with GGA and also mBJ to check the magnetic
moments of the compound. The total magnetic moment
which arises as the summation of the partial moments of
the individual atoms and the interstitial sites is found to be
4 μB in GGA, GGA + U , and mBJ presented in Table 2.
The incorporation of the U term and mBJ potentials results
in the change of partial moments of Pu atoms; nevertheless,
the total magnetic moment is found to be the same in all the
potentials.

Band structure and the density of states (DOS) often provide
the acceptable description about the electronic potential
of a material. Figure 2a–c shows a spin-polarized band
structure along high symmetric directions of the Brillouin
zone within GGA, GGA + U , and mBJ, respectively. The
Fermi level was set to 0 eV, separating the conduction
and valance band. The band structures within all the three
approximations show a metallic nature in the spin-up states,
while a semiconducting one in the spin-down states. For the
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Fig. 1 Variation of total energy as a function of volume in ferro and
nonmagnetic states for BaPuO3

spin-up state, the Pu-f states lie on the Fermi level, making
the compound metallic while as for spin-down states, these
f-states of Pu are pulled deep inside the conduction band
thereby generating a gap between the valance band maxima
(VBM) and conduction band minima (CBM). The whole
picture can be understood by taking into consideration
Fig. 2a–c; the band structure plots present a metallic nature
in the spin-up states while for the spin-down states, the
band gap is observed and the gap varies as one changes
the correlation potentials. The VBM and CBM are located
at two different symmetric points � and R; hence, the
compound will have the behavior of indirect band gap
semiconductors for the spin-down states. The VBM lies at
− 2.00, − 1.5, and − 1.4 eV, respectively, in GGA, GGA +
U , and mBJ at � point, while the CBM lies on the symmetry
point R at 1.4, 2.1, and 2.4 eV. The value of band gap is
observed as GGA < GGA + U < mBJ. The numerical
values of band gap obtained are 3.4, 3.6, and 3.8 eV,
respectively, in GGA, GGA + U , and mBJ. Thus, band
structure results present 100% of spin polarization at Fermi
level with spin-up states as conducting and spin-down states
as semiconducting one and hence the overall band structure
as half-metallic.

To interpret the origin of bands, the total density of
states (TDOS) have been calculated within GGA, GGA +
U , and mBJ. In Fig. 3, we have plotted the combined
TDOS for BaPuO3 within GGA, GGA + U, and mBJ. As
discussed above, the Fermi level remains occupied in the
spin-up states, while for the spin-down states, the Fermi
level falls in a gap, resulting into a half-metallic nature for
the compound. In order to know the elemental or partial
contribution of atoms to the TDOS, partial density of states
(PDOS) has been evaluated by considering the spin-up and
spin-down states within GGA + U as depicted in Fig. 4.
From Fig. 4, it is clear that in the case of spin up, Pu-‘f’
states are present at the Fermi level making the compound
metallic, while in the case of spin down, the Pu-‘f’ states
are pulled inside the conduction band and hence generating
a band gap.

Hence, the band structure and density of states (both
total and partial) all present the similar results for the
compound, with metallic in spin up (majority spin states)
and semiconducting in spin down (minority spin states),
and from these plots, we further conclude that the Pu-f
states are responsible for the 100% spin polarization in this
compound.

3.2 Elastic and Thermodynamic Properties

The estimation of elastic coefficients has remained a vital
tool in defining the mechanical stability, nature of bounding
forces, ductility, and also various thermodynamic quantities
like Debye temperature, specific heat, melting temperature,



3204 J Supercond Nov Magn (2018) 31:3201–3208

Table 2 Calculated magnetic
moment for ferromagnetic
BaPuO3 using GGA, GGA+U ,
and mBJ (in bohrmagneton μB)

Compound Configuration Mint MBa MPu MO MTot

BaPuO3 GGA 0.27824 0.01697 3.92930 − 0.07485 4.00
GGA + U 0.18111 0.00650 3.95041 − 0.04597 4.00
mBJ 0.18107 0.00776 3.82637 − 0.00502 4.00

etc. for a material. The value of the elastic constants Cij

(C11, C12, and C44) was estimated from the strain as a
function of volume [35, 36] and tabulated in Table 3. In the

(a) 

(b) 

(c) 

Fig. 2 Band structure along the high symmetry directions for spin-up
and spin-down states for BaPuO3 within a GGA, b GGA + U , and c
mBJ

present study, the elastic constant were calculated by the
Charpin method [27] as implemented in the Wien2k code.

For crystals having cubic symmetry, the stability criteria
are given as [37]:

(C11 − C12) > 0

C11 > 0, C44 > 0

(C11 + 2C12) > 0

C12 < B < C11

From the values of elastic constants (C11, C12, and C44),
the mechanical properties like Young’s modulus (E), which
deals with the stiffness of the material, Poisson’s ratio
(ν) that helps to know the nature of the bonding forces,
Bulk modulus (B) which provides the indication about the
stiffness of the material, and Shear modulus (G) that helps
in knowing the plastic twist of the materials have been
calculated using Voigt-Reuss-Hill approximation [38, 39]
and presented in Table 3.
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Fig. 3 Combined total DOS for spin-up and spin-down states for
BaPuO3 within GGA, GGA + U , and mBJ
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Fig. 4 Partial density of states in up and down spins for BaPuO3 within GGA + U

where B is the Bulk modulus and GV and GR are Voigt’s
and Reuss’s Shear moduli, respectively.

The anisotropy factor A describes the characteristic prop-
erties such as electronic and optical properties in different

Table 3 Calculated elastic constants C11, C12, and C44 (GPa), bulk
modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa),
Poisson’s ratio ν, Zener anisotropy factor A, B/G ratio, Cauchy
pressure C12–C44, density ρ (g/cm3), longitudinal, transverse and
average sound velocity (vl, vt, and vm, respectively (m/s)), melting
temperature Tm (K) and Debye temperature (θD (K)) for BapuO3

GGA BaPuO3

C11 221.82
C12 72.18
C44 46.26
B 122
G 57.68
E 150.01
ν 0.30
B/G 2.171
C12–C44 25.92
A 0.618
ρ 8.25
vl 4950.38
vt 2644.14
vm 2953.41
Tm 1864 ± 300
θD 399.74

directions of its structure. According to such constraint, a
material is isotropic if the value of A factor is less than
or equal to unity or otherwise anisotropic. The value of
anisotropy is calculated by [40];

A = 2C44

C11 − C12
(4)

The calculated values of A presented in Table 3 is less than
unity and thus display anisotropic nature.

Poisson’s ratio (ν) as discussed above, describes the
nature of bonding forces between the atoms, whether it
is covalent, ionic, or metallic. The range of Poisson’s
ratio is 0.25–0.50 [41, 42] for the materials displaying
central forces or otherwise directional. The value varies
from material to material. For covalent materials, it is 0.1,
for ionic materials, it is 0.25, and for metallic materials,
it is 0.33. In the present study, our calculated value of
Poisson’s ratio is 0.30 for BaPuO3, which are close to 0.33,
therefore, suggesting a higher metallic behavior. The B/G

ratio provides the evidence on ductility and brittleness of a
material. According to Pugh [43], a solid behaves as brittle
if the B/G ratio < 1.75 and ductile if B/G ratio > 1.75. The
calculated value of B/G ratio is higher than the limit value,
thus will show ductile nature. Further the Cauchy pressure
(C12–C44) offers the criteria for the ductility and brittleness
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of a material. Its positive value characterizes a material as
ductile and negative value as brittle. Cauchy pressure was
found to be positive and hence confirm the ductile nature as
presented by B/G ratio

Debye temperature, θD is one of the key thermodynamic
factors, helps to figure out the specific performance of the
solids like behavior of heat capacity and thermal expansion
and also provides the knowledge about the features of a
material on the application of temperature. One of the
classic methods to figure out Debye temperature is projected
from the average sound velocity, vm by the following
equation [44]

θD = h

kB

(
3

4πVa

)1/3

vm (5)

where h is the Plank’s constant, KB is the Boltzmann’s
constant Va is the average atomic volume, and vm average
wave velocity, given by the following relation:

vm =
[

1

3

(
2

v3
t

+ 1

v3
l

)]− 1
3

(6)

where vl and vt are are longitudinal and transverse elastic
wave velocities and determined by the following relations
[44]:

vt =
(

G

ρ

) 1
2

(7)

vl =
(

3B + 4G

3ρ

) 1
2

(8)

The predicted values of Debye temperature for BaPuO3

from the elastic data is 339.74 K. From the information
of elastic constants another essential thermodynamic factor
namely, melting temperature has also been calculated using
(9) [45];

Tm (K) = [553 (K) + (5.911) C12] GPa ± 300 K (9)

The calculated value of elastic constants and mechanical
and thermal properties including Debye temperature are
grouped in Table 3.

3.3 Thermodynamic Properties

As discussed in Section 2, the thermodynamic investiga-
tion has been carried out within the quasi-harmonic Debye
approximation [28–30]. Thermodynamic properties help to
evaluate some important features of a material like its
behavior under temperature. We have calculated thermo-
dynamic properties like specific heat, thermal expansion,
entropy, and Debye temperature in the temperature range of
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Fig. 5 Unit cell volume as a function of temperature and pressure for
BaPuO3

0 to 700 K and pressure range of 0 to 40 GPa. The pres-
sure and temperature dependence of volume for BaPuO3

is illustrated in Fig. 5. From Fig. 5, the volume is found
to increases with increasing temperature, while a decrease
in volume is observed as the pressure is increased. Such
changes in volume with temperature and pressure are almost
a common trend in solids. No anomaly is found in the V –
T curve during calculations. We have computed specific
heat at constant volume (CV ) as depicted in Fig. 6. One
can see from this figure that CV increases rapidly under the
lower temperature range of 0 to 300 K, but above 300 K,
a sluggish increase in CV can be observed, which further
becomes constant at temperature of 700 K and reaches to
Dulong-Petit limit [46]. The calculated value of CV for
BaPuO3 at 300 K was found to be 106 J mol−1 K. The term
“entropy (S)” provides an insight into thermal energy of the
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Fig. 6 Variation of specific heat at constant volume as a function of
temperature and pressure for BaPuO3
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Fig. 7 Entropy as a function of temperature and pressure for BaPuO3

system. Figure 7 shows the variation of entropy with pres-
sure and temperature. As one can notice, it increases with
increasing temperature because as temperature increases,
the thermal vibrations increase, on the other hand, a clear
decrease in S can be seen as pressure is decreased, with
increasing pressure the thermal vibrations tend to seize.
The value of entropy for BaPuO3 was calculated to be
102 J mol−1 K under ambient conditions.

Thermal expansion α, which results due to motion of the
atoms or molecules, describes the tendency of expansion of
a material on the application of heat. Figure 8 shows the
variation of thermal expansion with temperature and pressure
for BaPuO3. It is clear from the figure that α increases rapidly
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Fig. 8 Variation of thermal expansion co-efficient as a function of
temperature and pressure for BaPuO3
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Fig. 9 Variation of Debye temperature as a function of temperature
and pressure for BaPuO3

up to 300 K and then a tedious increase can be noticed for
a particular pressure value. Alternatively, it decreases with
increasing pressure at a particular temperature value. The
value of α under ambient conditions is calculated to be
1.50 × 10−5 K−1.

Finally, the dependence of Debye temperature on
pressure and temperature is depicted in Fig. 9. As discussed
in Section 3.1, Debye temperature is the key thermodynamic
parameter that describes the specific performance of
solids under the application of pressure and temperature.
Figure 9 clearly shows that θD decreases with increasing
temperature; nevertheless, an increase in the value of θD

is seen with increasing pressure. The similar variation in
Debye temperature under temperature and pressure is found
in SrUO3, SrAmO3, and BaAmO3 elsewhere [3, 10, 16]. By
considering the above properties of the materials, we can
say that our paper may open a scope for future scientific and
technological applications for BaPuO3.

4 Conclusion

For first time, the electronic, magnetic, mechanical, and
thermodynamic properties of BaPuO3 have been carried
out within density functional theory. The compound shows
100% spin polarization for electronic studies and hence
show half-metallic nature, with spin-up conducting and
spin-down semiconducting. The total magnetic moment was
found to be 4 μB with a major contribution from the actinide
Pu-based element. Further, elastic constants (C11, C12, and
C44) and mechanical properties like Young’s modulus, Bulk
modulus, etc. have also been reported. The thermodynamic
study has been carried within a quasi-harmonic Debye model.
The calculated values of Debye temperature from elastic
modulus and from Debye approximation are almost similar.
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