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Abstract The structural, electronic, mechanical and ther-
modynamic properties of the perovskite oxide BaAmOs3
have been predicted using the full-potential linearized
augmented plane wave (FP-LAPW) method. The equilibrium
lattice constant, bulk modulus and pressure derivative
were computed using different exchange correlations. The
optimization of structure was carried out in ferromagnetic,
anti-ferromagnetic and non-magnetic states, and the com-
pound was found to be stable in the ferromagnetic state.
A systematic study on the band structure and density of states
was accomplished using generalized gradient approxi-
mation (GGA), Hubbard approximation (GGA+U) and
modified Becke—Johnson exchange potential (mBJ),and
the compound was found to have a half-metallic nature
in all the approximations. The calculated total spin magnetic
moment was found to be 5 up in all the approximations
used. The second-order elastic constants, Young modulus,
shear modulus, Poisson ratio and anisotropic factor have
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also been calculated. In order to have a complete under-
standing of BaAmOs3, the thermodynamic properties were
studied in the pressure range of 0 to 40 GPa and the
temperature range extending from 0 to 600 K.
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1 Introduction

Great attention towards perovskites, especially oxide based,
has been paid in the recent past because of their countless
different applications and device fabrication [1-4]. Per-
ovskite oxides particularly with ABO3 composition contain-
ing f-electrons are very important, because of the properties
that result from their highly correlated electron systems.
These perovskite oxides are extensively investigated in sev-
eral technological domains, and these are considered as the
best candidate for multiferroic materials, spintronic devices
and solid oxide fuel cells [5, 6]. BaAmO3 is one of the
ABOs-type perovskite oxides, crystallizes in cubic form
with the space group pm-3m (221). The divalent cation (Ba)
is located at the (0, 0, 0) position; (O) at the (0.5, 0.5, 0),
(0.5, 0, 0.5) and (0, 0.5, 0.5) positions; and (Am) at the
body-centred position (0.5, 0.5, 0.5) of the cubic unit cell.
The molar enthalpy of formation was found to be —15,446.6
kJ mol~! [7]. Extensive theoretical studies have been made
using first-principles calculations for closely related com-
pounds like BaMO3 (M = Pr, Th, U) and SrUO3 perovskites
[8—10]. As far as the previous literature study is concerned,
not much attention has so far been paid to understand
the physical behaviour of such a highly correlated f elec-
tron system, BaAmO3. This glaring lack of information
on the physical behaviour of BaAmO3 and the absence of
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many experimental and theoretical studies especially elas-
tic, magnetic, thermodynamic and mechanical properties
have motivated us to accomplish this study. In the present
work, we have employed density functional theory (DFT)
as implemented in Wien2k with different exchange cor-
relations to investigate structural properties, band profile,
density of states, bulk modulus, elastic constants, magnetic
moments and thermodynamic properties using the quasi-
harmonic Debye model. Therefore, the present work will
overcome the lack of available data for this compound and
will endow as reference data which can serve as a tool
for further advance in experimental as well as theoretical
studies.

2 Computational Details

The structural, electronic, elastic and magnetic properties
were calculated using the full-potential linearized aug-
mented plane wave (FP-LAPW) method as implemented
in the Wien2k code, which is based on density func-
tional theory (DFT) [11, 12]. Structural optimization was
performed within the generalized gradient approximation
(GGA) scheme of Perdew, Burke and Ernzerhof (PBE)
[13], LSDA [14], WC-GGA [15], PBEsol-GGA [16] and
Hubbard approximation (GGA+U) [17]. The energy con-
vergence function used RMTKmax = 7, where Ry is the
small atomic radius in the unit cell and K¢ 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 (a region which belongs outside
the atomic spheres). The wave function is expanded into
two different basis sets. 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. Inside the sphere
Lmax = 10, while the charge density is Fourier expanded
up to Gmax = 12 a.uw.”!. The self-consistent calculations
are converged when the total energy of the system is stable
within 10~ Ry. A dense mesh of 1000 K points is used, and
the tetrahedral method [18] has been used for Brillouin zone
integration. The calculations have been performed on cubic
BaAmO3; with the space group number (221) considering
the experimental lattice constant value of 4.357 A7, 19].
Elastic constant calculations require knowledge of the
derivative of the energy as a function of the lattice strain.
The symmetry of the cubic lattice is such that it reduces the
21 elastic constants to three independent elastic constants,
namely Cy1, C12 and Cy4. The elastic stability criteria for
a cubic crystal at ambient conditions are C1; + 2Cj2 >0,
Cq4 >0,C11 — C12 > 0and C1p < B < Cqy. In the present
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work, the elastic constants are calculated by the method
developed by Charpin as integrated in the Wien2k package
[20]. For thermodynamic calculations, the quasi-harmonic
Debye model has been implemented [21].

3 Results and Discussion
3.1 Structural Properties

The optimum volume of BaAmOj3 is obtained by fitting
the total energy as a function of its unit cell volume
using Birch—-Murnaghan’s equation of state [22]. We have
computed the total energy of the BaAmO3 perovskite in
ferromagnetic (FM), anti-ferromagnetic (AFM) and non-
magnetic (NM) states as depicted in Fig. 1. One can notice
from the figure that BaAmOs is found to be stable in the
FM state as it is having minimum energy in this state.
The relaxed lattice constants, bulk moduli and groundstate
energy are evaluated at the optimum volume. These cal-
culated groundstate results using different approaches are
compared with the available results as shown in Table 1.
The calculated value of the lattice constant is found to be
44169 A in GGA-PBE which is overestimated from the
experimental value and in the case of LSDA it is underesti-
mated to be 4.3172 A.

3.2 Electronic Properties
The electronic band structure along the principal symme-
try directions in the Brillouin zone for FM BaAmOs using

GGA, GGA+U (where the Hubbard (U) term was taken
as 5 eV) and modified Becke—Johnson exchange potential

-77772.55

~
~
~ -
- -
-77772.60 - . ~ o v T
R T B S
-77772.65
m’; NM
= - — AFM
3 -77772.70 —FM
)
]
c
W
-77772.75
-77772.80
-77772.85 41— T T T T T
520 540 560 580 600 620

Volume (a.u.)3

Fig. 1 Energy as a function of volume for ferromagnetic (FM), non-
magnetic (NM) and anti-ferromagnetic (AFM) phases of BaAmO3
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Table 1 Calculated value
of lattice constant ag, bulk BaAmOs Method Configuration ag (A) By (GPa) B’
modulus By and pressure
derivative B’ under various Present theory GGA-PBE FM 4.4169 119.18 4.81
schemes LSDA FM 43172 151.01 5.85
WC-GGA M 4.3603 135.25 4.98
PBEsol FM 4.3572 135.10 5.07
GGA+U FM 4.4163 119.88 4.74
GGA-PBE AFM 4.358 124.40 4.63
GGA-PBE NM 4.3615 123.84 5.71
Other theories - - 4.5 23] 123.6 [24] -
Experimental - - 4.35[19]

(mBJ) are shown in Fig. 2a-c, respectively The Fermi
level Ef is set to 0 eV. Inspection of Fig. 2a—c reveals the
half-metallic nature of BaAmO3. Using all the three approx-
imations: GGA, GGA+U and mBJ, the compound shows
a conducting nature for spinup (majority spin states) and
for spindown (minority spin states); the compound behaves
as a semiconductor. The band gap value increases as we
approach from GGA to GGA+U from 3.64 to 4.16 eV and
in the case of mBJ there is a further increase in the band gap
value to 4.47 eV.

In order to visualize the electronic origin of the band
structure, the total density of states (DOS) has been calcu-
lated for both the spins using GGA, GGA+U and mBJ and
is plotted in Fig. 3. In the majority spin case using GGA,
GGA-+U and mBJ, the Fermi level falls on Am-f states; nev-
ertheless, in the case of the minority spin case, the Fermi
level falls in a gap. Overall, the total DOS diagram shows
the half-metallic nature of BaAmOs.

In order to understand the elemental contribution to
BaAmOs;, the partial density of states has been calculated
and is depicted in Fig. 4. One can easily understand the
elemental contribution to BaAmOs3 for majority and minor-
ity spin states. The most contributing orbitals towards DOS
which surround the Fermi level are the Ba-d, Am-d, Am-
f and O-p states. At the Fermi level, the localized f states
of Am are present in the spin-up states in all three cases:
GGA, GGA+U and mBJ, while for the spin-down states,
the f states of Am are pulled deep inside the conduction band
(shown for GGA only). The Am-d and Ba-d states are found
in the valence band crossing one another, and the p states of
O are present in the valance band for both the spins. Thus,
from the overall electronic study, we conclude that BaAmOj3
is a spin-dependent half-metallic compound.

3.3 Magnetic Properties and Phase Stability
As discussed in Section 3.1 that the total energy of BaAmO3

is found to be minimum in the ferromagnetic state, also
as far as the evidence are concerned, the ferromagnetic

character is most common for ABO3 perovskite oxides [10].
This ferromagnetic character is based on two types of indi-
rect exchange interactions between Am-Am via oxygen, one
is the double-exchange mechanism, which favours ferro-
magnetism, and the other is the superexchange mechanism
[10], which favours anti-ferromagnetism. In this compound,
double-exchange interaction between americium atoms via
a non-magnetic oxygen anion takes place. As far as the
magnetism in BaAmO3 is concerned, it is discussed with
a special reference to the associated magnetic moments of
the material. These magnetic moments in a material come
from the atoms constituting the material and the interstitial
sites. The interstitial individual and total magnetic moments
using different exchange potential approaches for BaAmO3
are presented in Table 2. The main contribution to the total
magnetic moment of BAAmO3 is due to americium. It is
clear that the effective magnetic moment of Am is large
in all the approximations used while the remaining part is
due to Ba and O and from the interstitial sites giving us the
total magnetic moment of the material. The total magnetic
moment of the material in every approximation is found to
be the integer value 5 pg, which is one of the consequences
of the halfmetallic nature of the material. With the insertion
of the U term (where U = 5 eV) an increase in the magnetic
moment of americium is calculated but the overall magnetic
moment remains the same.

3.4 Elastic Properties

The elastic properties of solids are important as they are
related to various essential solid-state phenomena, such as
inter-atomic potential, equation of state and phonon spectra.
The elastic properties are also linked thermodynamically
with specific heat, thermal expansion, Debye temperature,
melting point and the Griineisen parameter [25]. The knowl-
edge of elastic constants is vital for many practical appli-
cations related to the mechanical properties of a solid. The
elasticity of a solid material is its ability to recover its orig-
inal profile after being slightly altered by some external
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Fig. 2 a Band structure of BaAmOs for spinup and spindown states
with GGA. b Band structure of BaAmOs3 for spinup and spindown
states with GGA+U. ¢ Band structure of BaAmOs3 for spinup and
spindown states with mBJ

agency. This property is very significant to study mechan-
ical properties like ductility and stiffness, which result in
the determination of elastic constants of the studied mate-
rial. Several theoretical models have been developed for the
determination of elastic constants. They are based on the
study of reaction in terms of energy of a material under the
effect of an external force. In the present study, we have
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Fig. 3 Total density of states for spin-up and spin-down states for
BaAmOs with GGA, GGA+U and mBJ

used the theoretical model of Charpin [26] to determine the
elastic constants of the BaAmO3 perovskite. BaAmOj3 has a
cubic symmetry, hence three elastic constants, C11, C12 and
Cy4, to be calculated. The value of these elastic constants
was obtained by calculating the total energy as a function
of volume-conserving strains and is presented in Table 3.
To the best of our knowledge there is no experimental or
theoretical data available on elastic moduli for BaAmOs;
therefore we could not compare our results with the others’
work; nevertheless the elastic constants of some of the simi-
lar perovskites were found to be in the same range [27-29].
As far as the criteria [30, 31] for cubic elastic constants
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Fig. 4 DOS contribution of Ba-d, Am-d, Am-f and O-p states in
BaAmOs for spin-up and spin-down states in GGA
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Table 2 Total magnetic

moment of ferromagnetic BaAmO3 Method Mga Mam Mo Minterstitial Mrotal

BaAmOs3 under ambient

conditions in B2 phase Present theory GGA-PBE 0.01145 5.01593 —0.08669 0.23284 5.00

(in Bohr magneton (ug)) LSDA 0.01556 4.91706 —0.06647 0.26694 4.93
WC-GGA 0.01353 4.96678 —0.0772 0.25180 5.00
PBEsol-GGA 0.01381 4.96825 —0.07957 0.25687 5.00
GGA+U 0.00952 5.32435 —0.16558 0.16292 5.00

are concerned our predicted values (Table 3) well satisfy the
following criteria:

(Ci1—C2) >0
Ci1 >0,C44 >0
(Cii+2C12) >0

Cip <B <Cqj

Poisson’s ratio (v), Young’s modulus (E), and shear modu-
lus (G) are often measured for materials when their hardness
is to be investigated. These quantities are calculated from
the computed data of the elastic constants by using the
following expressions [32-34] and presented in Table 4

3B -2G

Y= 268+ 6) .
9BG
~3B+1G @

where B is the bulk modulus and G is the average shear
modulus. As per Hill [35], the average shear modulus, G,
is defined as the arithmetic mean of Voigt, Gv, and Reuss,
GR, values, which can be calculated as:

1
Gy = 3 (C11 — C12 +3C44) 3)

Gr = 5(Ci1 — C12)Cu4 @)
3(C11 — C12) +4Cyy

The ductility and brittleness of the BaAmOs3 perovskite can
be defined by the B/G ratio. According to Pugh [36], a
material is brittle if the B/G ratio is less than a limit value
of 1.75 and is ductile if it is higher than this limit value. The
B/G ratio for BaAmOs3 is calculated to be 2.02, which is
higher than the limit value; thus BaAmO3; shows a ductile
nature.

Table 3 Calculated elastic constants Cyj, Cj2 and C44 (in GPa) of
BaAmOs;

Material Elastic constants Present work Others
BaAmOs3 Cii 220.18 -

Ci2 67.53 -

Cyq 46.59 -

In solid state physics, anisotropy (opposite of isotropy)
is a property in which an anisotropic material can present
different characteristics (such as mechanical, electronic and
optical properties) in the different directions of its structure.
The degree of anisotropy in solids can be defined by the
Zener anisotropy factor, ‘A’ For a material which is com-
pletely isotropic, the A factor takes the value 1; when the
value of A is smaller or greater than unity then the material
behaves as an anisotropic material. The value of anisotropy
is determined by:

2Cy4

=" )
Cii—Cr2

The calculated value of the Zener anisotropy for BaAmOs3
is less than 1; consequently, the material is anisotropic
in nature and will have different characteristic properties
like optical and mechanical in different directions of its
structure.

The behaviour of the heat capacity of solids can be under-
stood by calculating the Debye temperature, 6p. The Debye
temperature further provides us a lot of information about
the characteristics of a solid material under the effect of
temperature. One of the standard methods to calculate the
Debye temperature 6p is from elastic constant data, since fp
may be estimated from the average sound velocity, vy, by
the following equation [34]

1/3
] o ©)

where £ is Planck’s constant kg is Boltzmann’s constant and
Va is the average atomic volume. The average wave velocity
is given by vy, and is determined by the following relation:

1
U = 2 + L 3 (7)
"3\ v}

Table 4 The calculated values of shear modulus G (GPa), Young’s
modulus E (GPa), Poisson’s ratio v, Zener anisotropy factor A, B/G
ratio, Cauchy’s pressure (C12—Cy4) and B/Cyq

h[ 3
D= ks l4n v,

BaAmO3 G E Vv A B/G C127C44 B/C44

GGA 58.49 150.63 028 0.61 2.02 2093 2.54

@ Springer



146

J Supercond Nov Magn (2018) 31:141-149

where v; is the longitudinal elastic wave velocity and vy
is the transverse elastic wave velocity and these are deter-

mined by the following relations [34]:
1

v = (9) ®)
0

1
3B+4G\?2
3p

The above calculated values are grouped in Table 5.
3.5 Thermodynamic Properties

Thermal properties provide us valuable information on the
specific performance of solids under the application of tem-
perature and pressure. In this paper, we have calculated
the thermal properties of BaAmOs3 by applying the quasi-
harmonic Debye model [21] in the temperature range of O
to 600 K, while the pressure variation is done in the range
of 0 to 40 GPa.

The quasi-harmonic Debye model has been applied to
investigate the thermodynamic properties of the perovskite
oxide BaAmO3. In this model, the Gibbs function takes the
form;

Gx(V.P,T)=EWV)+P(V)+Fip@((V);T) (10)

where E(V) is the total energy per unit cell, P(V) cor-
responds to the constant hydrostatic pressure, 6 (V) is the
Debye temperature and Fyip is the vibration term written as;

Fuin [0 (V): T] = NKgT 9—9+3ln(1— ’T")—D<3>
vib s = B 8T e T

an

where D () represents the Debye integral, N is the num-

ber of atoms per formula unit and Kp is Boltzmann’s
constant. For an isotropic solid, the Debye temperature 6p
is expressed as [37, 38]

a2 13 \/E
9D—KB(67TV N) f(v) i (12)

In the above equation By is the adiabatic bulk modulus and
M is the molecular mass per unit cell; the bulk modulus is
expressed by

Bo— v d*E(V) 13
=v(“) 4

Table 5 Calculated density p (g/cm?®); longitudinal, transverse and
average sound velocity (v, viandvy, respectively in m/s) calculated
from elastic moduli; and Debye temperature (6p in K) calculated from
average sound velocity for BaAmO3 compound

BaAmO3 P U] Vt Um ‘9])

GGA 8.216 4898 2668 2976 342
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The non-equilibrium Gibbs function G*(V;PT) can be
minimized with respect to volume V;
dG x(V; P, T
dG = (V; P, T) (14)
av P,T
The solution to (14) helps one to get thermodynamic quan-
tities like thermal expansion o heat capacity at constant
volume Cvy and heat capacity at constant pressure Cp, given
respectively by [37];

C
o=y (15)
BrV
0 39
Cv = 3nk [41) <—D> - O } (16)
T D
eT — 1
Cp = Cy(1 + yaT) (17)

In (17) y represents the Griineisen parameter, which is
approximated as

_dintp(V)

- dlnV
In this section, we discuss the temperature and pressure
dependence of volume, bulk modulus and various thermo-
dynamic quantities like specific heat, entropy, Griineisen
parameter and thermal expansion coefficient.

Figure 5 shows the variation of unit cell volume with tem-
perature (range 0 to 600 K) at various pressure points. Since
the reality is concerned, temperature tends to increase the
unit cell volume, while pressure decreases the cell volume.
For the present case in BaAAmO3, temperature increases the
unit cell volume with a moderate pace, and this increase is
found in a linear fashion. In Fig. 6, we have plotted the vari-
ation of bulk modulus with temperature at different pressure
values of 0, 10, 20, 30 and 40 GPa. One can notice the
linear decrease in bulk modulus with temperature. This is
because the increase in temperature results in the reduction
in material hardness. We have also calculated heat capac-
ity at constant volume, Cy, for BAAmO3. In Fig. 7, we have

(18)
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Fig. 5 Variation of unit cell volume as a function of temperature at
various pressures
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Fig. 6 Bulk modulus variation with temperature at different pressure
points

plotted the variation of C, with temperature. One under-
stands from this figure that the specific heat varies rapidly
up to a temperature of 200 K and beyond that, it approaches
a constant value; the reason behind this is that at high tem-
perature, the Debye model reaches a limit known as the
Dulong—Petit limit [39]. The value of C, is calculated to
be 67.35 at 300 K. Figure 8 shows the variation of thermal
expansion coefficient, ‘ol’, with temperature. It is clear from
the figure that the value of ‘0’ increases with increasing
temperature; this increase in thermal expansion coefficient
is very fast at low temperatures, and at high temperatures,
it gradually increases. Pressure has a very small effect on
the thermal expansion coefficient at low temperatures, but
at higher temperature values, the effect of pressure gets
dominant and the thermal expansion coefficient decreases
rapidly; this is because of the shortfall of quasi-harmonic
approximation at high temperature and low pressure.

120

100 + .
| Dulong-Petit limit |

Heat capacity Cy (J mol! K)
N
o

——0GPa
#—-10GPa
40
——20GPa
—x—40GPa

0 100 200 300 400 500 600 700
Temperature (K)

Fig. 7 Temperature-dependent heat capacity Cy at constant volume
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Fig.8 Variation of thermal expansion («) as a function of temperature
at different pressure values

Further, the effect of temperature and pressure on the
entropy ‘S’ of the system is calculated. In Fig. 9, we have
presented the variation of entropy ‘S’ with temperature
at various pressure values. The figure provides us a clear
understanding that the entropy increases with increase in
temperature; one can also understand that it decreases as
pressure increases. We have calculated the entropy value
74.93 J mol~! K under ambient conditions. From (18), we
have calculated the Griineisen parameter and depicted its
variation with temperature and pressure in Fig. 10. The vari-
ation is in such a way that at low temperature, the value of y
is almost constant; nevertheless, a small increase is noticed
as temperature increases. On the other hand, one can see a
decrease in the y value as pressure increases.

140
120
—B-0GPa
& 100 | —e—10GPa
'E 20GPa
= 87 i 306Pa
w2
Z 60| —A40GPa
=
S 40
20

0 100 200 300 400 500 600 700
Temperature (K)

Fig.9 Variation of entropy S as a function of temperature at different
pressure points
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Fig. 10 Variation of Griineisen parameter y as a function of tempera-
ture at various pressures

4 Conclusion

In summary, the structural, electronic and mechanical prop-
erties of BaAmO3 were calculated at T = 0 K by DFT
calculations. The exchange-correlation potentials (GGA,
GGA-+U, mBJ) were used to check ground-state proper-
ties such as lattice constant, bulk modulus and its pressure
derivative, and the obtained values were found to be in good
agreement with available results. According to our calcula-
tions, BAAmO3 was found to have a stable ferromagnetic
state, with a magnetic moment of 5 pg. The spin-polarized
band and DOS diagrams show its half-metallic nature. The
elastic constants were predicted; from the knowledge of
elastic constants, elastic moduli were calculated. The elastic
anisotropy and Debye temperature have also been evalu-
ated. In addition to this, the thermodynamic properties were
calculated in the temperature range of 0 to 600 K and the
pressure variation from 0 to 40 GPa. The specific heat
at constant volume was found to follow the well-known
Dulong—Petit law. The variations of thermal expansion coef-
ficient, entropy, bulk modulus, Griineisen parameter and
volume with temperature and pressure were presented and
open a scope for experimental observations.
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