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Abstract

Double perovskite Nd;FeTiOg (NFTO) compound was comprehensively studied to evaluate its promising char-
acteristics for optoelectronic applications. Structure, electronic and optical properties were analysed by first-
principles calculations. The crystal structure of NFTO was found to be monoclinic with space group P2,/c,
and its structural stability was confirmed through calculated formation energy and octahedral factor, and also
by experimental results. The electronic band structure analysis indicates an indirect bandgap of 0.57 eV using
PBE-GGA and 1.513 eV with mBJ potential, aligning closely with the experimental value of 1.77 eV obtained
from UV-visible spectroscopy. Detailed optical property investigations demonstrate significant absorbance in
the UV-visible range, indicating multiple electronic transitions. Additionally, the dielectric function analysis
of the compounds highlights promising dielectric properties and efficient light absorption, making NFTO a
suitable candidate for solar cells, photovoltaic and other optoelectronic devices.
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I. Introduction with two dissimilar transition metal ions at the B and B’
sites and an alkaline-earth or rare-earth metal ion at the
A site. Researchers have recently discovered numerous
double perovskites that could be utilized in solar cells,
photovoltaic devices, photocatalysis and the storage of
photochemical energy. The unique physical character-

The discovery of novel energy sources that are in-
dependent of fossil fuels is becoming increasingly im-
portant in view of the recent substantial growth in en-
ergy demand. As a result, renewable energy sources are

receiving increasing global attentign. Lead—fr;e double  jctics of double perovskite (A;BB’Og) compounds are
perovskite compounds are recognized as an important significantly influenced by the arrangement of the BOg
class of materials in contemporary materials research . 4 B’Og octahedra

and industry, because of their significant properties, in- Shah ef al. [4] used GGA+U in the DFT framework
cluding chemical flexibility and an extensive range of  (; jpvestigate the structural, electrical and optical char-

compositional forms [1-5]. Ordinary perovskite struc- . o ictics of perovskites La;MTiOg (M = Co, Ni, Cu
ture ABO3, which has a wide variety of characteristics and Zn). Tt was found that the compounds have a mono-

from insulators to superconductors, can be used to de-  cjipic structure and exhibit electronic band profiles sim-
duce the crystal structure of double perovskite. Since the {14+ o those of semiconductors with a band gap in the

two standard perovskite structures, ABO3 and AB’O3, 13506 of 1.02 to 2.3eV. The analysed optical data of
make.up the double perovskite compognds., the general .o compounds suggest that they can be used in opto-
chemical formula for double perovskites is A2BB’Os  ojectronic devices. Boudad ef al. [6] synthesized new
double perovskite oxides, RBaFeTiO¢ (R = La, Eu) and
examined their structural, electrical, and optical charac-
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teristics. Direct band gaps reported for LaBaFeTiOg and
EuBaFeTiO¢ were 3.75 and 3.53 eV, respectively. Struc-
tural, electrical and magnetic characteristics of double
perovskite SroFeReOg were analysed by Zhang et al.
[7] using first-principles calculations. The electrical and
optical characteristics of Gd,FeCrOg double perovskite
were calculated using the first-principles by Das et al.
[8]. They observed a fair agreement between the exper-
imental band gap of ~2.0eV and that calculated theo-
retically (direct optical band gap) of ~1.99eV [9]. Em-
ploying first-principles calculations, Zhang et al. [10]
have examined the structural, electronic and magnetic
characteristics of double-perovskite Ho,MnFeOg. They
reported that the compound’s ground state is half metal-
lic and half ferrimagnetic, with monoclinic symmetry
in space group P2;/c. Manzoor et al. [11] examined
the optoelectronic, mechanical, structural and thermo-
electric characteristics of Sr,BTaOg (B = Sb, Bi) using
first-principles calculations pertaining to solar cell ap-
plications. As per the calculated electronic structure us-
ing the mBJ potential, indirect band gaps of 0.97 and
2.066 eV were obtained for Sr,BTaOg (B = Sb, Bi) dou-
ble perovskites, respectively, indicating their potential
suitability for photovoltaic applications.

Therefore, this study aims to provide a comprehen-
sive first-principles investigation of the double per-
ovskite Nd,FeTiOg (NFTO), and to compare the ob-
tained results with experimental data.

II. Computational details and results

In this study, first-principles calculations were car-
ried out using density functional theory (DFT) as im-
plemented in the WIEN2k code [12], which employs
the full-potential linearized augmented plane wave
(FP-LAPW) method [13]. The structural optimiza-
tion and electronic property calculations were initially
performed using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional within the generalized
gradient approximation (GGA). To address the well-
known underestimation of bandgap values by GGA, the
modified Becke-Johnson (mBJ) potential was employed
for more accurate electronic structure predictions.

The plane wave cut-off condition was set using Ry, X
K,ax = 7.0, where Ry7 denotes the smallest muffin-tin
radius and K, is the maximum modulus of recipro-
cal lattice vectors. The charge density Fourier expansion
cutoff was set to G, = 12a.u.”!. Brillouin zone inte-
gration was performed using a 10 x 10 x 10 Monkhorst-
Pack k-point mesh, corresponding to 1000 k-points in
the irreducible wedge. The total energy convergence
threshold for the self-consistent field (SCF) cycle was
set to 107> Ry.

To evaluate the optical properties, the complex di-
electric function and related quantities such as the re-
fractive index, absorption coefficient and reflectance
were calculated based on the electronic structure. All
simulations were aimed at understanding the structural
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stability, electronic nature and optical response of the
Nd;FeTiOg (NFTO) compound.

In addition, a polycrystalline Nd,FeTiO¢ sample was
synthesized by a solid-state reaction, where stoichio-
metric amounts of Nd, O3, FeO and TiO, were mixed in
an agate mortar and calcined at 1200 °C and sintered at
1300 °C. The detailed synthesis procedure is provided in
our previous paper [14]. Crystal structure was analysed
by X-ray diffractometer by using CuKe radiation (4
= 1.5405 A), whereas UV-visible absorption measure-
ments were performed for the exploration of the optical
properties of the prepared sample.

2.1. Structural analysis

Two dimensionless quantities, namely, tolerance fac-
tor (¢) and octahedron factor (u), are used to predict the
stability and form of perovskite/double perovskite struc-
tures. The tolerance factor broadly measures the size
compatibility of all three ions (A, B, and X) in the per-
ovskite structure and predicts the overall stability and
possible structural distortions; whereas the octahedron
factor specifically focuses on the fit of the B-site cation
within the octahedral site formed by the anions, influ-
encing the stability and shape of the BX¢ octahedra. As
both factors are crucial for understanding and predict-
ing the behaviour of perovskite materials, these param-
eters have been calculated for the synthesized double
perovskite NFTO and found to be 0.902 and 0.4875, re-
spectively. The octahedral factor (u) for the NFTO com-
pound, defined as the ratio of the B-site cation (Ti) ra-
dius to that of the surrounding anion, falls within the
ideal range of 0.414 to 0.732. This indicates that the tita-
nium ion is appropriately sized to occupy the octahedral
site without causing distortion or collapse of the octahe-
dral framework, thereby ensuring the structural stabil-
ity of the compound. The tolerance factor of the NFTO
compound is found to be 0.902, suggesting that the com-
pound possesses either a monoclinic or orthorhombic
structure.

Figure 1 shows the crystal structure of the double per-
ovskite Nd,FeTiOg with space group P2;/c generated
by first-principle computational methods. XRD analy-
sis indicates a monoclinic atomic arrangement for the
compound. Details regarding this can be found in one of
our earlier papers [14]. The structural characteristics of

Figure 1. Generated crystal structure of Nd,FeTiOs
compound
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Figure 2. Band structure for monoclinic double perovskite Nd,FeTiO¢ using: a) GGA and b) mBJ approximations

Table 1. Computed lattice parameters and their
experimental values for the Nd,FeTiO¢ compound [14]

Lattice Experimental Computed
parameter value value
a[A] 5.5218(7) 5.55674
b [A] 5.4658(7) 5.38698
c[A] 9.498(2) 9.3233
a [°] 90 90
BI°] 125.37(1) 124.96
y[°] 90 90

the NFTO compound were optimized using the Perdew-
Burke-Ernzerhof (PBE) function.

The computed and experimental values of lattice pa-
rameters are presented in Table 1.

2.2. Electronic properties

The charge density distribution technique was em-
ployed to study the electronic characteristics, such as
the band structure, density of states (DOS) and bonding
nature of double perovskite Nd,FeTiOg (NFTO) [15].

Band structure

The electronic band structure of the NFTO double
perovskite was computed along the high-symmetry di-
rections (C—Y-I'-B—-A-E) in the Brillouin zone and
presented in Figs. 2a and 2b. To improve the accu-
racy of the results, calculations were performed using
multiple exchange-correlation functionals, including the
Perdew-Burke-Ernzerhof generalized gradient approx-
imation (PBE-GGA) and the modified Becke-Johnson
(mBJ) potential. As the PBE-GGA approach is known
to underestimate the band gap, the mBJ potential was
employed to provide a more accurate estimation [16].
The indirect band gap of the NFTO compound was
found to be 0.57 eV using PBE-GGA and 1.513eV us-
ing the mBJ method.

Density of states (DOS)

The partial density of states (PDOS) and total density
of states (TDOS) of NFTO, calculated using the modi-
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Figure 3. Calculated properties with TDOS electronic and
PDOS for Nd,FeTiO¢ compound

fied Becke-Johnson (mBJ) potential, are shown in Fig.
3. The presence of a distinct band gap near the Fermi
level confirms the semiconducting nature of the mate-
rial, as also reflected by the more accurate band gap pre-
dicted using the mBJ method.

In the valence band region (from —8 eV to 0eV), the
total density of states (TDOS) exhibits multiple peaks,
attributed to the hybridization of atomic orbitals from
the constituent elements in NFTO. Analysis of the par-
tial density of states (PDOS) shows that Nd s-states
contribute minimally, indicating a limited role in bond-
ing within this region. In contrast, Fe d-states dom-
inate the upper portion of the valence band (around
—1eV to0eV), while O p-states are primarily located at
lower energies (approximately —6 to -2 eV), signifying
strong Fe—O and Ti—O orbital interactions. These hy-
bridizations collectively shape the electronic structure
and highlight the complex bonding environment in the
NFTO.

In the conduction band, a sharp peak just above the
Fermi level indicates that Fe d-states dominate the con-
duction band minimum, with only minor contributions
from Ti d-states. These sharp features are typically as-
sociated with localized electronic states. The presence
of a finite band gap, along with significant Fe d-state in-
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volvement near the Fermi level, suggests that NFTO ex-
hibits semiconducting behaviour with the potential for
magnetic ordering [17]. These properties make NFTO a
promising candidate for spintronic and multiferroic ap-
plications, where the interplay between electronic and
magnetic interactions is essential.

Electron localization function (electron density)

The bonding characteristics of a material can be ef-
fectively analysed through its charge density and the
spatial distribution of electrons [15]. This approach
helps distinguish between different bonding types: co-
valent, metallic, and ionic. In covalent bonding, atoms
share electrons, often resulting in a directional and
sometimes asymmetric charge distribution, especially
in the case of polar covalent bonds. Metallic bonding,
on the other hand, features a ‘sea’ of delocalized elec-
trons freely moving among positively charged metal
ions, leading to a more diffuse charge distribution.

Tonic bonding is fundamentally different, involving a
complete transfer of electrons from one atom to another,
creating positively and negatively charged ions that in-
teract via electrostatic forces. This typically results in
localized charge densities around each ion with minimal
overlap between the electron clouds.

In the case of NFTO, the calculated charge density
plots (as shown in Fig. 4) reveal that the charge distri-
butions around Nd, Fe and Ti atoms are nearly spher-
ical, with no significant overlap between their charge
contours and those of the surrounding O atoms. This
spherical symmetry and lack of shared charge density
suggest the formation of predominantly ionic bonds be-
tween oxygen and the metal cations [18]. The Bader
charge analysis, summarized in Table 2, further supports

Figure 4. Electron localization function (ELF) for
Nd,FeTiOg compound along (100) plane

Table 2. Bader charge analysis for the Nd,FeTiO; compound

Compound GGA nBJ  Bader charge
0.57 1.513 Nd =2.08
) Fe =2.07
Nd2F6T106 Ti=1.93

O0=-124

this interpretation by quantifying the effective charge
transfer between atoms, reinforcing the ionic character
of bonding in the NFTO structure.

2.3. Optical properties

UV-visible absorption spectra

UV-visible absorption measurements were performed
for the exploration of the optical properties of the syn-
thesized NFTO samples. From Fig. 5a, it is evident that
NFTO exhibits multiple absorbance peaks (A1, A2, A3
and A4) in the UV and visible regions, representing
a multiband electronic structure. The absorption peak
around 373 nm is attributed to charge transfer transi-
tions from the oxygen 2p orbital to the iron 3d orbital
[O(2p) — Fe(3d)] within the FeOg octahedra [19,20].
The absorption peak near 600 nm is likely due to a p—
p electronic transition [21]. Meanwhile, the peaks ob-
served around 700 and 750 nm may be associated with
d—d transitions within Fe?* ions [21,22]. The optical
bandgap of the prepared material was estimated using
the Tauc equation:

(ahv) = A(hv — E,)" (1)

where « is the absorption coefficient, hv represents the
photon energy, A is a proportionality constant, £, de-
notes the optical bandgap and n characterizes the nature
of the electronic transition. Specifically, n = 2 corre-
sponds to an allowed direct transition, while n = 1/2
indicates an allowed indirect transition [22,23]. As il-
lustrated in Fig. 5b, the plot of (ahv)!/? versus hv yields
a linear region and extrapolation of this linear portion
to the photon energy axis reveals an indirect bandgap
value of approximately 1.77 eV. This relatively narrow
bandgap, in combination with the material’s multiple
absorption features in the UV-visible range, suggests
that the synthesized NFTO material has promising op-
toelectronic properties [24,25].

Dielectric function and optical constants

The relatively moderate indirect bandgap of the dou-
ble perovskite compound NFTO motivated this study,
which focuses on investigating its optical properties,
as their precise characterization is crucial for eval-
uating prospective application of NFTO in optoelec-
tronic and photovoltaic applications [26]. In this con-
text, the energy-dependent optical properties were eval-
uated through the complex dielectric function, which is
expressed as:

gw) = £1(w) + igy(w) 2)

Here, £1(w) represents the real part of the dielectric
function, associated with the dispersion of the electro-
magnetic wave, while &;(w) corresponds to the imagi-
nary part, which accounts for transitions in intra-band
and inter-band transitions from occupied to unoccupied
states across the Brillouin zone (BZ) along k-vectors
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Figure 5. UV-visible absorption spectra of Nd,FeTiOs compound (a) and corresponding Tauc plot (b)

[27,28]. By analysing these components, the optical be-
haviour of the material, such as refractive index, absorp-
tion coeflicient and energy loss, can be thoroughly un-
derstood. This approach enables a comprehensive un-
derstanding of how the material interacts with incident
electromagnetic radiation across different frequencies.
The imaginary part &;(w) can be mathematically ex-
pressed as:

’h
W)= == f My (0P 6Ly (k) — wldk (3)

where w is the photon angular frequency, e is the el-
ementary charge (charge of the electron), / is reduced
Planck’s constant and M, (k) is the optical transition
matrix element [29]. The &(w) can be computed using
the Kramers-Kronig relation [29]:

J

The variation of the real part &(w) and imaginary
part &(w) components of the dielectric function for

00 a/sz(a)')
2

’

2
gw)y=1+-P dw

T

“4)

w? — w?

NFTO as a function of photon wavelength (ranging
from 100 to 1500 nm) are presented in Fig. 6a. The real
part of the dielectric function, &;(w), represents the ma-
terial’s polarizability in response to an external electro-
magnetic field, essentially indicating how much the ma-
terial becomes polarized when exposed to incident light
[30]. The imaginary part, &,(w), corresponds to the en-
ergy absorbed by the material due to electronic transi-
tions, and it reflects optical losses associated with ab-
sorption processes. At higher wavelengths (i.e. lower
photon energies), the value of &;(w) approaches a con-
stant, which is referred to as the static dielectric con-
stant, denoted by £1(0) [31,32]. This parameter is partic-
ularly important for understanding the low-energy opti-
cal and electronic behaviour of the material.

As shown in Fig. 6a, the real part of the dielectric
function, &;(w), increases with increasing photon en-
ergy (i.e. as the wavelength decreases) and exhibits sev-
eral relaxation peaks. These peaks are indicative of po-
larization relaxation processes within the material and
can be used to estimate the corresponding relaxation
times or frequencies [32]. Additionally, the observed
shift of the relaxation peaks toward lower photon ener-
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Figure 6. Computed: a) real (¢;) and imaginary (g,) parts of dielectric function and b) refractive index, n
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gies (i.e. longer wavelengths) suggests an inverse rela-
tionship between the relaxation frequency and the effec-
tive mass of the oscillating atoms or dipoles [33]. This
behaviour is consistent with the dielectric relaxation
theory, where heavier oscillating species lead to slower
polarization response and thus lower relaxation frequen-
cies. The principal peaks of the real part of the dielectric
function, &;(w), for the NFTO compound are located
within the visible wavelength range, indicating signif-
icant polarization activity in this spectral region. Figure
6a also illustrates the variation of the imaginary part,
& (w), with photon wavelength. Since &;(w) is associ-
ated with optical absorption, it offers valuable insights
into the material’s absorption characteristics and optical
bandgap [34,35]. No significant absorption is observed
up to a photon energy of approximately 1.493eV (cor-
responding to wavelengths between 1500 and 830 nm),
suggesting that the material’s optical bandgap closely
matches its electronic (electrical) bandgap. The primary
peak in &(w) near 600nm (visible region) originates
from O(2p) — Fe(3d) inter-band transitions, as sup-
ported by the PDOS (partial density of states) [36].

The refractive index n(w) was calculated using the
relation n = +/g;. As shown in Fig. 6b, the refractive
index exhibits a trend similar to that of &;(w), reinforc-
ing the relationship between the material’s polarization
and its optical response [11,37]. The static refractive in-
dex n(0), representing the value at zero photon energy,
is summarized in Table 3.

The reflectance spectrum R(w), presented in Fig. 7a,
provides insight into the surface optical response of
NFTO. The reflectance increases from near-zero at low
energies R(0) to a maximum in the region with min-

Table 3. Calculated value of optical constants for the
Nd,FeTiO compound

Optical property Computed value

1(0) 6.55
n(0) 2.57
R(0) 0.2
0.5 @
——R(@)
0.4
__03
)
N 02 v]\
0.1
00 1 1 | 1 1 L 1 1
300 600 900 1200 1500

Wavelength (nm)

imal absorption. With increasing photon energy, the
reflectance rises and reaches a peak at approximately
630 nm. Variations in peak intensity are attributed to the
differences in photon interactions at the material’s sur-
face, including interference effects and the angle of in-
cidence [37].

Figure 7b demonstrates how the absorption coeffi-
cient changes with photon energy. The peak must rep-
resent the energy lost due to the material absorption be-
cause it exhibits the same pattern as &,(w). The visi-
ble spectrum’s absorption peaks demonstrate the com-
pounds under investigation’s strong absorption capabil-
ities [38].

III. Conclusions

In this study, the electronic, structural and optical
properties of the double perovskite Nd,FeTiOg (NFTO)
were thoroughly studied. Structural analysis confirms
that the material crystallizes in a monoclinic structure
with space group P2;/c. The electronic band structure
calculations using both the PBE-GGA and the mod-
ified Becke-Johnson (mBJ) exchange potential reveal
indirect bandgap values of 0.57 and 1.513 eV, respec-
tively. The experimental optical bandgap, determined
via UV-visible spectroscopy, was found to be approx-
imately 1.77eV. This value is in good agreement with
the bandgap obtained through the mBJ functional, vali-
dating the reliability of the theoretical model.

To further understand the optical behaviour of NFTO,
an extensive analysis of the energy-dependent optical
functions was carried out. The dielectric function com-
ponents €] (w) and &,(w) revealed strong polarization ef-
fects and absorption features within the visible range.
The absence of absorption below 1.493eV confirmed
the wide bandgap nature of the material. Additional op-
tical parameters, incorporating the refractive index n(w)
and reflectance R(w), were also examined. The refrac-
tive index showed a strong correlation with £;(w), and
reflectance analysis indicated surface-dependent optical
responses, with a peak observed near 630 nm.
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Figure 7. Computed: a) spectral reflectance R(w) and b) transfer 7'(w) and absorption a(w) coefficients for Nd,FeTiOg
compound
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The results suggest that NFTO exhibits excellent di-

electric behaviour and significant light absorption capa-
bilities across a broad spectral range. These properties
make NFTO a promising candidate for applications in
optoelectronic and photovoltaic devices. The combina-
tion of theoretical and experimental insights contributes
to a deeper understanding of the NFTO’s potential in
energy-related technologies.
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