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Abstract

The structural, optoelectronic, magnetic, and elastic properties of cubic perovskite NdInO3 have been analyzed by spin-
polarized density functional theory. The computed values of total energies of the optimized systems reveal that ferromagnetic
phase is energetically stable rather than paramagnetic phase of cubic NdInO3 compound. Furthermore, the spin-polarized
band structure and density of states elucidate the half metallic nature of the studied material due to a different response of
both spin channels; spin-up electrons illustrate metallic character, while spin-down electrons display a direct band gap (M—M)
semiconducting behavior. The elastic parameters indicate anisotropic and brittle characteristics; further, the total magnetic
moment of the cubic NdInO3 perovskite (3 wB) is mainly due to the Nd site with very feeble contribution of In and O
atoms. The complete set of optical parameters demonstrate that cubic NdInOj3 is active in visible—ultraviolet region. Based
on these results, NdInOs is categorized as a half metallic ferromagnetic compound, which might be used in spintronics and

optoelectronic devices.
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1 Introduction

Half metallic ferromagnetic materials (HMFM) have been of
core interest since their discovery in 1983 [1]. These materi-
als are very important due to their usage in tunnel junctions
[2], extremely effectual magnetic sensors [3], and magnetic
devices [4]. Furthermore, HMFM also play a crucial role in
spintronics, because they exhibit metallic behavior in one
spin channel and semiconducting or insulating character-
istics in another spin channel which results in 100% spin
polarization around the Fermi level [5, 6]. Meanwhile, per-
ovskites have also attracted researchers of the modern era
due to some unique properties such as colossal magneto
resistance [7], ferromagnetism [8, 9], and high-temperature
superconductivity [8], which make these compounds a can-
didate of technological and industrial applications including
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transducers, solar cells, optoelectronics, memory devices,
and spintronics [10-13].

Lanthanides-based cubic perovskites are interesting mem-
bers of the half metallic ferromagnetic family. In a recent
study, cubic NdGaOs is found to be a half metallic ferro-
magnet. Hybridization between O-2p and Nd-4f orbitals is
responsible for the possible origin of ferromagnetism [14].
Similarly, different other compounds like PrMnO3 [15], dou-
ble perovskites AyFeMOg (M = Mo, Re, and W) [16], binary
compounds like ZnSe (V doped) [17], GeTe (Cr doped),
and ZnTe (Cr and Mn doped) [18], perovskite alloys such
as SrpFeMoOg [19], and La0.7Srp3MnO3 [20] have been
studied theoretically to disclose their half metallic ferro-
magnetic nature by DFT. In addition, Rashid et al. [21]
studied the electromagnetic and thermoelectric properties
of XVO3 (X = Ba, La) compounds using first principle
calculations and declared these materials as half metallic
ferromagnets. Sandeep et al. [22] theoretically determined
the magneto-electronic properties of EuAlO3 and predicted
its half metallic nature. Moreover, Dan Li et al. [23] evalu-
ated the change in structural and optoelectronic properties of
rhombohedral NdAlOj3 as a result of pressure variations, and
Yang et al. [24] analyzed the optical and structural properties
of 0.5NdA1O3-0.5CaTiO3 by DFT.
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In this work, structural, optoelectronic, magnetic, and
elastic properties of cubic NdInO3 compound have been
investigated by using highly precise density functional theory
using the PBE-GGA functional. It is observed that this com-
pound in its cubic phase shows half metallic ferromagnetism.
To our knowledge, there are no data regarding the electronic,
elastic, optical, and magnetic properties of cubic phase of
NdInO3 compound, which has motivated us to explore this
material. These results may pave a path for implementation
of this material in spintronics.

2 Computational Details

In this study, we used the WIEN2k DFT code that uses
full potential linearized augmented plan wave method (FP-
LAPW) [25]. We used it to evaluate the total energies
and electronic, magnetic, and optical properties of cubic
NdInOs3. The exchange correlation potential has been solved
by Perdew—Burke—Ernzerhof generalized gradient approxi-
mation (PBE + GGA) [26]. Nd (4f* 6s52), In (4d'° 552 5p),
and O (25> 2p*) are taken as valence orbitals. The core of
the potential well is divided into two regions: muffin-tin and
interstitial region. The solution of wave function I in the
muffin-tin region is considered spherical harmonic type and
in II interstitial region plane wave like. The muffin-tin radii
(Rmrt) are always selected such that leakage current from the
core must be zero and total energy converges. The values of
Ryt for Nd, In, and O are taken to be 2.5, 1.75, and 1.75
(bohr), respectively. RmTKmax = 9 are taken as plan wave
parameters, where Ry is the minimum value of muffin-tin
radius and Kpax is the highest value of K vector modulus
for the plan wave in the first Brillouin zone. The k-mesh has
been selected by iteration process for the best convergence
and the order of k-mesh as 10 x 10 x 10. The input parame-
ters Gmax and k points are taken as 12 and 1000, respectively,
in irreducible Brillouin zone; further, — 6.0 Ryd is chosen as
threshold energy for separating the valance and core states.
Herein, Charpin’s method [27] is used to figure out the elastic
constants which further employed to estimate the mechanical
parameters.

3 Results and Discussion
3.1 Structural Properties

In this study, the structure of cubic perovskite NdInOs3 (space
group Pm3m) has been investigated, where the atoms in a
unit cell are positioned at Nd (0, 0, 0), In (1/2, 1/2, 1/2)
and O (0, 1/2, 1/2), (1/2, 0, 1/2), (1/2, 1/2, 0) locations. The
crystal structure of the cubic NdInOs is analyzed using full
potential linearized augmented plan wave as implemented in
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WIEN2k package by PBE-GGA approximation. The struc-
tural and geometric optimization is achieved by determining
the total energy per unit cell versus volume of the compound;
additionally, lattice constant and other optimized structural
parameters are obtained by fitting the Murnaghan equation
into total energy versus volume plots [28].

E(V)=a+Vb 2P +cv3/44qv—o3 1)

Here, a, b, ¢, and d are the fitting parameters at the equilib-
rium and V represents the unit cell volume. Figure 1a shows
optimized energy versus volume plots of paramagnetic and
ferromagnetic states of cubic perovskite NdInOs; Fig. 1b
shows cubic structure of NdInO3. The ferromagnetic state
has lower energy than paramagnetic phase; hence, the ther-
modynamically more stable configuration is ferromagnetic
state.

Moreover, the calculated optimized structural parameters
like lattice constant, bulk modulus, and its pressure deriva-
tive, and ground state energy are given in Table 1. The lattice
constantis analytically estimated via ionic radii method using
the following relation [29].

ap =a+ B(rng +70) + ¥ (rm +1o) (2)

where values of «, 8, and y are 0.06741, 0.4905, and 1.2921,
respectively, while rnq is ionic radii of Nd (0.995 A), I'n 18
jonic radii of In (0.8 A), and ro is ionic radii of O (1.4 A).
The calculated lattice constant from PBE-GGA is in good
agreement with the experimentally and analytically deter-
mined lattice constant of cubic NdInO3 compound (Table 1).
The bond lengths are crucial parameters to determine the
tolerance factor (¢) which is related to the stability of crys-
tal structure of a particular compound. Bond length method
(also known as Goldschmidt method) [30] represented by
Eq. (2) and ionic radii [29] method are used to evaluate the
tolerance factor.

_ 0.707((A — 0))

3

(B —0)) ®

_ 0.707(}’A + ro) (4)
(rs +ro)

(A—O) denotes bond length of Nd-O and (B—O) of In-O.
The tolerance factor (¢) is a measure of any deviation from
the ideal cubic structure. Usually, the tolerance factor (#) of
cubic perovskites takes values in the range 0.93-1.04 [31, 32]
and calculated value of tolerance factor (t+ = 0.99) of studied
material lies in this range; hence, the material is stable in the
cubic phase.
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Fig. 1 a Optimized energy
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Table 1 Calculated values of - - -
lattice constant (ag), bulk Parameters Present work Analytical Experimental work Previous work
modulus, pressure derivative of . o ; b
bulk (B). tolerance factor, and Lattice constant (A) 4.09 4.08 4.07% 3.99
ground state energies of stable Bulk modulus (GPa) 157.1
state of cubic NdInO3 B 5.00
Volume (a.u.)’ 465.200
Eo (Ry) — 31,464.601
Tolerance factor () 0.99 0.98
Bond length
Nd-O 2.89
Nd-In 3.54
In-O 2.05
33]
°[34]

3.2 Electronic and Magnetic Properties

The spin-polarized electronic band structure (BS) and den-
sity of states (DOS) of stable ferromagnetic state calculated
from PBE-GGA along the high symmetry axis of irreducible
Brillouin zone are depicted in Fig. 2a—c. The Fermi level (EF)
is set to 0 e V. Figure 2 shows that NdInOj3 is metallic in spin-
up version due to the crossing of Nd-f states from valence to
conduction bands across the Fermi level, while these states
are shifted toward the conduction band resulting in semicon-
ducting character in spin-down state. This variation of band
gap in spin-up and spin-down channels proves the half metal-
lic nature of cubic NdInO3. Moreover, the TDOS (Fig. 2b)
and the BS (Fig. 2 a, c) plots illustrate the same band gap
that enhance the reliability of the presented results. The cal-
culated band gap is 1.99 eV.

In order to understand the effect of individual orbitals on
DOS, spin-polarized partial density of states (PDOS) is plot-
ted in Fig. 3. However, the PDOS is divided into three distinct
regions, namely lower and upper valence bands, and conduc-
tion band. The lower valence band stretching from — 14 to
— 5 eV is mainly populated by In-4d states, inclusive of
feeble contribution from O-2s and O-2p atoms, while the

upper valence band extending from — 5 eV to Ef is pri-
marily occupied by 2p states of O with admixture of In-4d
and In-4p atoms from both spin channels (up and down).
Similarly, the conduction band extends from 4.5 to 14 eV is
occupied by Nd-4p, and slight participation of O-2p states
for both channels. It is noted that hybridized states of Nd-4f
and O-2p cross the Fermi level in case of spin-up electrons
while the Nd-4f state is located in the range of + 2 and +
3 eV for spin-down channel (Fig. 3). Hence, the half metal-
lic ferromagnetic nature of NdInO3 compound is a result of
Nd-4f and very small contribution of O-2p states. Similar
type of half metallic ferromagnetic property originated due
to 4f states which has been reported earlier in NdGaOs and
EuAlOs3 [14, 22].

The individual, total and interstitial magnetic moments
were computed by PBE-GGA approximation. This was done
for all atoms at various sites of cubic NdInOj3 cell in order to
determine the possible origin of magnetism and influence of
different spins on this compound; the outcomes of these enti-
ties are summarized in Table 2. It is noted that the maximum
magnetization arises from Nd site while minor magnetism
originates from the feeble hybridization between the non-
magnetic O-2p and In-4d states. The total magnetic moment
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Fig.2 a, ¢ Spin-polarized PBE-GGA calculated band structure and b total density of states of cubic NdInOs3 in ferromagnetic phase (spin-up (1)

and spin-down (,))

(Mtotal) Of cubic NdInOs3 perovskite is 3 wB, indicating its
half metallic ferromagnetic nature, as the integer values of
magnetic moments corresponds to the half metallic character
of the material.

Furthermore, the sign of magnetic moments of the differ-
ent atoms indicates the direction of spin alignment. A positive
magnetic moment of different atoms illustrates that the spins
align in the same direction, while a negative sign reveals fer-
romagnetic or anti ferromagnetic interaction. The magnetic
moment of Nd and O, and In has opposite signs, which is
an evidence that spins of Nd, O and In atoms interact in fer-
rimagnetic coder. Consequently, it is well established from
density of states and magnetic outcomes that cubic NdInO3
compound is a half metallic ferromagnetic.

3.3 Elastic Properties

The stability of structure and elastic properties of cubic
NdInO3 has been determined from the elastic stiffness con-
stants C1. However, due to cubic structure of NdInO3 only
three independent elastic constants are estimated, by execut-
ing the Charpin’s method within WIEN2k package. These
elastic constants fulfill the mechanical stability conditions
(C44 >0); (C11 >0); (C11 — C12)>0; (Cy11 +2C12)>0, and
cubic stability criteria (C11 <B < Ca4) [35-37]. The smallest
value of C, indicates that this material is more easily com-
pressed along C1; direction as compared to other directions.
Furthermore, Voigt—Reuss—Hill approximation [38—40] is
used to analyze the polycrystalline behavior from values of
elastic constants of single crystal. Voigt’s shear modulus (Gy)
and Reuss’s shear modulus (GR) are averaged to figure out

Springer

Hill shear modulus (G). The shear modulus describes the
crystal strength against the shearing strain or plastic defor-
mation. The higher values of shear modulus correspond to
covalent bonded materials. The bulk and Young’s moduli are
derived from the elastic constants [41, 42].

5C44(C11 — Cr2)

= (5
R 4Cy +3(C1i — Ci)
1
Gv=§(C11 — Ci2+3Cy4) 6)
Gv+G
G = OvtOor (7
2
Ciy +2C
B— 11+ 12 )
3
9G
Yy=—"_ 9)
Gy +3B

Moreover, the rigidity of the material is associated with the
bulk modulus. The higher obtained values of the bulk modu-
lus illustrate the incompressible nature of NdInO3. Similarly,
Young’s modulus is another parameter to check the stiff-
ness of the material, and hard and covalent bonded materials
have higher values of Young’s modulus. Therefore, the cal-
culated values of Young’s modulus, shear modulus, and bulk
modulus clearly indicate rigid and covalent behavior of the
materials (Table 3). In addition, the ductile and brittle nature
of the NdInOs is verified by the Pugh’s (B/G) and Poisson’s
ratios v = 23<§E+23> . The cutoff values of Pugh’s ratio are
1.75 and Poisson’s ratio are 0.26. When the B/G >1.75 and
v > 0.26, the material exhibits ductile character; otherwise, it
shows brittle nature [43, 44]. The Poisson’s ratio is 0.23 and
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Fig.3 Spin-polarized partial density of states (PDOS) of NdInO3 at
equilibrium lattice parameters by PBE-GGA

Table 2 Calculated total, interstitial, and individual atomic magnetic
moments (up) of cubic NdInO3

Compound  Total Interstitial ~ Nd In (0]

NdInO3 3.000  0.100 3174  —0.014 - 0.086

Pugh’s ratio is 1.51 which reveals the brittle nature of this
compound (Table 2). Last but not least, anisotropic factor
is a very important factor to determine the isotropic (amor-
phous) and anisotropic (crystalline) property of the material.
The calculated anisotropic value of NdInO3 (A = 0.39) des-
ignates this material as anisotropic. Material with A = 1
established isotropic nature and any deviation from 1 signi-
fies anisotropic behavior [45]. Henceforth, the overall elastic
properties of NdInO3 justify the rigid, brittle, and anisotropic
nature of this material.

2Cy4

M (10)
Ci1 — Cys

3.4 Optical Properties

The optical properties can be explained in terms of reflec-
tion, polarization, dispersion, conduction, and absorption.
The complex dielectric function explains the dispersion and
absorption of the external electromagnetic radiations which
are schematically represented in Fig. 4a and b. The band
structure and dielectric function are directly linked with
each other which increased the importance of this function,
while revealing the optical characteristics of the material.
The dielectric function consists of real and imaginary part.
The imaginary part > (w) exhibits material’s capability for
absorption of energy and calculated by direct transition from
valence to conduction band. The values of &, (w) are taken
from energy range 0—14 eV. The highest peak at 5.5 eV
shows the maximum absorption of incident light in ultraviolet
region of spectrum. The broad absorption region extending
from 3.7t09.7 eV indicates that this material could be applied
in the optical devices that work in the ultraviolet range.

The real part of complex dielectric function &1 ()
expresses the polarization of incident light and can be derived
from the &7 (w) by means of Kramers—Krong relation [46]. A
schematic of the real part is given in Fig. 4a. Herein, & (w)
linearly increases with energy and reaches a maximum value
at4.3 eV, and after some attenuations its value becomes neg-
ative in the 67 eV region and negative values correspond to
the metallic behavior. Moreover, the band gap and zero fre-
quency limit of the studied material also fulfill Penn’s mode
e1 (O)~1+ (hwy/E g)z) [47]. The refractive index n (w) and
extinction coefficient k (w) are related to the real and imagi-
nary part by n> — k? = &1 (w) and 2nk=¢, (w), respectively.
The pattern of n (w) is analogous to ¢1 (w) and k (w) to
&2 (w) [48]. The refractive index is an important factor to
find the potential application of different materials in opto-
electronic equipment. It describes the transparency of the
materials when light falls on their surface. If the material is
highly transparent, the value of refractive index becomes very
low (approximately zero) and the positive values indicate
the absorption of light by the material. The zero frequency
limit of refractive index satisfies the relation n* (0)=¢; (w),
a further rise in energy leads to an increase in transparency,
and the maximum value lies in 3.3-6.2 eV energy range as
demonstrated in Fig. 4b. Additionally, k (w) describes the
capability of the material to absorb light. The studied material
shows sharp peaks within 3.8-10 eV (Fig. 4b). Reflectiv-
ity is another important parameter for optoelectronics and is
defined as a ratio between incident and reflected light. The
value of reflectivity rises from zero frequency limit R (0) and
changes with energy as illustrated in Fig. 4c.

The values of reflectivity are at their maximum when
the absorption values are at their minimum. The frequency-
dependent absorption coefficient is shown in Fig. 5a. The
sharp peaks of absorption coefficient appear between 20 and
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Table 3 Calculated elastic constant, Young’s modulus (Y), anisotropy (A), shear modulus (G), bulk modulus (B), and Poisson’s ratio (v) of cubic per-
ovskite NdInO3 using PBE + GGA approximation

Cii Ci2 Cyq B A G Gy GRr Y v B/IG
426.20 27.40 78.61 159.34 0.39 99.62 95.48 103.75 239.00 0.25 1.61
Fig. 4 Plots of a complex (a) 25 (b)e
dielectric constants, b refractive | — g (w) | — n (w) 6——
index and extinction coefficient, — & () 525 | — k() 2
. 20} 2 =20 5 4
¢ reflectivity computed for < 5 gk
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Fig.5 Plots of a absorption coefficient and b optical conductivity, computed for stable state of NdInO3

29.7 eV, which discloses the suitability of this material for  optical conductivity has its largest peak at 22 eV with a mag-
optoelectronic devices. The optical conductivity accounts for  nitude of 11,096 (€2 cm)~! as depicted in Fig. 5b.

the free charge carriers produced as a result of bond breaking

due to the electron—photon interaction. The higher absorp-

tion of light leads to the higher values of optical conductivity

because photons provide more energy to break the bond. The
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4 Conclusion

We studied the structural, electronic, ferromagnetic, elastic,
and optical properties of cubic NdInO3 in detail. A PBE-
GGA scheme based on DFT was used. The outcomes of this
study are summarized as follows

1. The calculated lattice constants are in good agreement
with analytical values and experiment.

2. The total energies demonstrate that the ferromagnetic
state is energetically more stable state than paramagnetic
phase.

3. The electronic properties exhibit half metallic ferromag-
netic nature of cubic NdInO3z, which may make this
compound a candidate in spintronics.

4. The elastic characteristics suggest a brittle and
anisotropic nature of this material.

5. The value of the magnetic moments confirms a half
metallic ferromagnetic behavior. Furthermore, we find
that the main source of the magnetization is the Nd atoms.

6. This material may be suitable for ultraviolet—optical-de-
vices due to broad absorption range in the ultraviolet
region.
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