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Abstract

Perovskite materials are at the forefront of next-generation photovoltaic technologies, yet their large-
scale implementation remains limited by concerns over long-term stability and environmental impact. In
this work, we present a detailed lattice dynamical study of the lead-free double perovskites Ba,B'NbO, (B
= Gd, Tb) in the tetragonal (14/m) structure, using normal coordinate analysis within a short-range force
constant framework based on the Wilson GF matrix method. Infrared- and Raman-active phonon modes
are systematically computed and assigned. Optimized stretching and bending force constants are used
to quantify interatomic interactions, and potential energy distribution (PED) analysis is employed to
characterize the nature of the vibrational modes. The results show that rare-earth substitution governs
the lattice dynamics through a competition between mass effects and electronic contributions—
particularly the higher polarizability of Tb3* relative to Gd3**—leading to stronger B'-0 bonding despite
only weak structural distortion. High-frequency modes dominated by NbO, and B'O, octahedral
stretching confirm a rigid, well-connected lattice framework. Taken together, the phonon spectra, force
constants, and PED contributions point to a dynamically stable structure with strong metal-oxygen
interactions and no lattice instabilities. Although the wide band gap of these oxide double perovskites
limits their use as primary light absorbers, their lead-free composition, chemical stability, and tunable
lattice properties make them well suited to auxiliary roles in photovoltaic architectures—such as
protective layers, transport layers, and tandem device components. This study establishes a clear link
between lattice dynamics, rare-earth electronic effects, and structural stability, offering design guidelines
for robust, eco-friendly perovskite-based materials for real-world energy applications.

1. Introduction

There is a lot of interest in fundamental as well as applied research on double perovskites as they have
varible optical, electrical, catalytic and thermoelectric properties [1-3]. These materials, having formula
A,B'B"Og, are an ordered form of simple perovskites, with a doubled unit cell and a three-dimensional
structure of corner-sharing BOg octahedra. The A-site is usually occupied by larger cations, e.g. alkaline
earth metals; whereas transition metals or the rare-earth elements are located at the B' and B" locations,
allowing a wide compositional range and controllability of physical properties.

The functionality of the double perovskites such as the electronic structure, optical and magnetic
behavior are greatly affected by the selection and location of B-site cations [4—-8]. Specifically, the f-
electron interactions of rare-earth-based double perovskites produce interesting magnetic, luminescent
and electronic characteristics; making them promising candidate for applications in spintronics,
optoelectronics, catalysis and energy devices [9-12]. The quick evolution of photovoltaic technologies
based on perovskites in recent years has increased. major doubts about the environmental effects and
the sustainability of lead-containing. materials. The toxicity of lead in the traditional halide perovskites is
a major problem having difficulties with large-scale deployment and secure disposal. In this respect, lead
free double perovskite oxides have been found as alternatives, that are environmentally friendly and
chemically stable [13, 14]. Their high ionic bonding, structural inflexibility and resistance to thermal and
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chemical degradation; renders them especially attractive in terms of applications in sustainable energy.
The lanthanide-based double perovskites have other benefits, such as increased stability, recyclability
and alignment with the principles of green chemistry [15, 16]. Although oxide double perovskites
generally have larger band gaps than the halides, restricting their use as the primary light absorbers, their
good chemical stability and durability render them appropriate to auxiliary functions in photovoltaic
devices including transport layers, protective layers, and units in parallel designs.

In addition to their photovoltaic applications, lanthanide double perovskites have several other
applications. They possess strong magnetic ordering which enables spin-polarized transport in
spintronic & magnetic storage applications, rendering them ideal for laser gain media and light-emitting
diodes [17, 18]. They are capable of stabilizing due to multiple oxidation states serving as efficient
catalysts in redox processes [19, 20].

Materials of this class have attracted considerable attention in the energy sector, particularly as potential
cathode materials for solid oxide fuel cells (SOFCs). Their suitability arises from the combination of high
ionic as well as electronic conductivity. Beyond this, they are also being explored for applications in
sensing and thermoelectric devices [21-25]. Another interesting aspect is their fluorescent behaviour,
which originates from f-orbital transitions, making these materials multifunctional and highly versatile
[23, 24].

Among them, Ba,GdNbO, and Ba,TbNbO, have shown particularly promising optoelectronic and
dielectric characteristics. For instance, Ba,GdNbO, exhibits enhanced luminescence when doped with
Eu3* ions, and further improvement has been reported with Li* co-doping [26-28]. In addition, it
demonstrates significant dielectric properties [29]. Likewise, Ba,TbNbO, is known for its tunable band
gap and structural flexibility, which make it suitable for a wide range of applications, including
photocatalysis, optoelectronics, and dielectric devices [30].

From a fundamental perspective, the lattice dynamics of perovskites play a crucial role in determining
their stability and performance. Techniques such as Raman and infrared spectroscopy are particularly
useful in probing phonon modes, which in turn provide valuable information about bonding
characteristics and interatomic interactions within the crystal latticeHere, we report lattice dynamics of
lead-free double perovskites Ba,B'NbO, (B' = Gd, Th) with a tetragonal (14/m) crystal structure. Using
normal coordinate analysis in the short-range force constant model, the Raman and infrared phonon
modes are systematically calculated and assigned. The role of interatomic forces is also discussed
using potential energy distribution (PED). By relating the vibrational properties to stability, this study
intends to provide an insight on the suitability of the materials in safe and sustainable energy-related
applications.

2. Material and Structural Background

The compounds Ba,B'NbO, (B' = Gd, Tb) belong to the family of ordered double perovskite oxides and
crystallize in a tetragonal structure with space group /4/m (No. 87) under ambient conditions. The
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experimentally reported lattice parameters are a=b = 5.9876 A and ¢ = 8.4757 A for Ba,TbNbO, [31], and
a=b=59985A and c = 8.5200 A for Ba,GdNbO, [32].

In this structure, Ba atoms occupy the 4d Wyckoff positions (0.00, 0.50, 0.25), while oxygen atoms are
distributed over two distinct sites: 01 at 8h (x, y, 0) and 02 at 4e (0, 0, z). The B-site cations, Nb and B'
(Gd/Tb), are located at octahedral positions 2b (0, 0, 0.5) and 2a (0, 0, 0), respectively [31, 32]. This
ordered arrangement results in alternating NbOg and B'O, octahedra, forming a three-dimensional
network of corner-sharing octahedra [16, 18—-20].

Each Nb and B' cation is coordinated by six oxygen atoms, forming octahedral units, while the Ba cations
are surrounded by twelve oxygen atoms, leading to a distorted cuboctahedral coordination environment
[34-37]. This structural arrangement plays a crucial role in determining the vibrational and bonding
characteristics of the material. The crystal structure of Ba,B'NbO is illustrated in Fig. 1.

Group theoretical analysis for the tetragonal /4/m structure predicts a total of 30 zone-center phonon
modes for Ba,B'NbO, (B' = Gd, Th). These include 3 acoustic modes and 27 optical modes. Among the
optical modes, 12 are Raman-active and 15 are infrared-active. The Raman-active modes belong to the
irreducible representations Ay, By, and Eg, where Aq and By are non-degenerate, while E; modes are

doubly degenerate.

The detailed classification and assignment of these vibrational modes have been reported in our
previous work [33]. The present study builds upon this framework to further analyze the lattice dynamics
and their implications for structural stability.

3. Theory and Methodology

Wilson's GF matrix approach is essential for solving the Eigenvalue equation in order to determine the
frequency of normal vibrations, taking into account the system's kinetic and potential energy[38]. You
may find the matching Eigenvalue equation below.

det|FG-EA|=0

Potential energies associated with vibrations are used to express the force constants matrix F, which is
represented by the symbols Ki and Hi (corresponding to the stretching and bending force constants,
respectively). The inverse kinetic energy matrix including masses is denoted by G. The formula A =
4mn2c?v?, where ¢ denotes light's velocity and v the wavenumber, yields Eigenvalues A, which stand for
frequencies. The unit matrix is indicated by E[39, 40]

Various atoms' stretching vibrational forces are governed by Hooke's law. Calculating transverse
vibrations within the lattice requires consideration of both bending vibrations and stretching vibrations. A
analogy between the triangle at position of equilibrium and the distorted triangle's projection onto the
point of equilibrium can be used to calculate the change in a triangle's angle[41, 42].
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The potential energy consists of short-range stretching vibrations (Nb-O1, Nb-02, B-01, B-02, Ba-01, Ba-
02) and bending vibrations (01-Ba-02, B-01-Nb). Input parameters used are Lattice constants, masses
of atoms, and symmetry coordinates. In order to closely match computed and observed Raman and IR
wavenumbers, the force constants for short-range bending and stretching are optimized. The Raman and
infrared vibrational modes are computed using a flow chart and are given in Fig. 2:

In First step, Input Data is Prepared which Includes observed vibrational modes, internal coordinates, U
matrix elements, and trial force constants to define G and F matrices.

In second step symmetry coordinate transformation is done. G and F matrices are transformed into
block diagonal form to simplify calculations and correct symmetry force constants block-wise.

In step third eigenvalue equation [FG-EA|=0 is solved to find eigenvalues and orthogonal eigenvectors. In
fourth step, convergence test is done to check if calculated vibrational modes match observed values
within a predefined tolerance. Stop if convergence is met.

Step five is Jacobian Matrix Formulation. If convergence is not achieved, refine force constants using the
Jacobian matrix.

Step sixth is Force constant refinement. Force constants are adjusted iteratively to improve accuracy
and reach convergence.

In seventh step final outcome is generated. Once refined, final vibrational modes are computed at the
zone center using potential energy distribution.

Table 1 below lists the coordination and interatomic force constant values for the double perovskite
oxide compound Ba,B'NbOg (B'=Gd,Tb) in tetragonal space group[33].

Table 1
Representing position of Atoms and their Wyckoff Sites for Ba,B'NbO¢ (B’=Gd,Tb) at
[ point[31, 32].

Atoms  Wyckoff x y z

sites Gd Tb Gd Tb Gd Tb
Ba 4d 0.0000 0.0000 0.5000 0.5000 0.2500 0.2500
B’ 2a 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Nb 2b 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000
01 8h 0.2420 0.2441 0.3000 0.2821 0.0000 0.0000
02 4e 0.0000 0.0000 0.0000 0.0000 0.2690 0.2665

4. Results & Discussion
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4.1 Vibrational Analysis

The vibrational properties of Ba,B'NbO, (B' = Gd, Th) were investigated using normal coordinate analysis
within a short-range force constant model. A total of nine force constants, including six stretching (K, -
K¢) and three bending (H,—H,) interactions, were used to describe interatomic forces. The optimized
force constants, bond lengths, and coordination numbers are listed in Table 2.

The study reveals that the stretching force constants of the Nb-O and B-O bonds are much larger than
Ba-O bonds, demonstrating that NbO, and B'O, octahedra constitute the rigid framework of the crystal.
On the other hand, the Ba-O bonding is weaker and more ionic, resulting in the flexibility of the lattice.
Such bonding is common for ordered double perovskites.

We have tabulated the Raman and infrared-active phonon modes in Table 3. The modes are grouped into
Ag, Bg, and Eg (Raman) and Au and Eu (infrared) as expected from group theoretical analysis of the
tetragonal 14/m space group. The calculated frequencies agree well with the experimental data of
compounds of similar structure (e.g., Sr,CoWO0,), justifying the model. The vibration spectrum can be
classified into three regions- High-frequency modes (> 500 cm-"), which originates from stretching
vibrations of metal-oxygen bonds of the NbO, and B'O4 octahedra, corresponding to the bond strength,
shows strong bonding and rigid lattice. Medium-frequency modes are associated with bending
vibrational modes of the octahedral clusters and low-frequency modes (< 200 cm-") are dominated with
lattice vibrations involving large ions such as Ba and rare-earth elements. Potential energy distribution
(PED) calculations (Table 4) help detemine the nature of these modes. Very-high-frequency modes, such
as Ag, at 870 cm~, are mainly dominated by metal-oxygen interactions, which help in maintaining the
stiffness of the octahedra. Medium-frequency modes, such as Ags (500 cm-") display the mixed
stretching and bending interactions, and low-frequency modes (e.g. Ag, 200 cm~") are dominated by
lattice vibrations. Overall, the vibrational modes depend on the bonding and connectivity of the NbO, and
B'O octahedra, giving rise to the stability of the lattice.

4.2 Effect of Rare-Earth Substitution

Replacing rare-earth ions, Gd3* by Tb®* has a subtle impact on lattice dynamics. The compounds are
isostructural but there are differences due to atomic mass and electronic structure. For simple ionic
solids, a smaller ionic radius means shorter and stronger bonds. According to Table 2, Tb-O bond
(1.9790 A) is a little bit longer than the Gd-O (1.9681 A) but with larger force constant. This suggests that
bonding is not only dependent on ionic size but also on electronic factors.

This is due to the electronic structures of the ions. Gd®+ has a stable half-filled 4f” configuration, which is
not very polarizable. In contrast, Tb3* having 4f® is more polarizable, leading to stronger bonding with the
oxygen atoms. This greater polarizability leads to a stronger effective bond with oxygen than in the Th-O
case, although the bond length is slightly longer.
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The GF matrix model can be used to explain this as a result of both mass and bond strength effects. The
G matrix accounts for mass, with Tb having a higher mass than La; this would lead to vibrational
frequencies (v « 1/v). The F matrix represents the force constants, and with stronger Tb O interactions
tend to increase frequencies. The balance between the two effects results in nearly unchanged or even
increased frequencies for some modes.

Using the GF matrix model, this can be explained as a combination of mass and bond strength effects.
The G matrix represents mass, with the larger mass of Tb expected to result in vibrational frequencies (v
« 1/vy). But the F matrix accounts for the stiffness of bonds, and the stronger Tb-0 interactions tend to
increase frequencies. The competition between these effects leads to almost unchanged or even higher
frequencies for certain modes. For instance, the Bg, from 669.7 cm~" to 672.4 cm~", and the Eu, mode
shifts from 193.3 cm~" to 197.8 cm™". Finally, stiffening of lattice is also observed. B' - O force constants
stiffen, force constants of Nb-O bonds decrease slightly, suggesting cooperative response of the
octahedra. Ba-O forces remain unchanged, implying the A-site environment is not affected by
substitution.

Crucially, the fundamental mode of vibration of the NbO, octahedra is preserved. The highest frequency
Ag, mode (870 cm~") associated with the symmetric stretching of octahedra mode stays the same,
which means that the structure is stable. This suggests that rare-earth doping leads to local effects
without affecting the stability of the lattice. These findings are consistent with the behavior of rare-earth
substituted perovskites, in which electronic structure, polarizability and crystal field effects significantly
affect lattice and phonon behavior.

4.3 Implications for Stability and Photovoltaics

The lattice dynamics of Ba,B'NbO, plays an important role when considering their structural photovoltaic
applications. The constraints of the rigid NbO, and B'O, octahedra structure is stability, and is needed to
avoid thermal and environmental instability. This is critical for photovoltaic devices. At the same time,
weaker Ba-O bonds provide some structural flexibility to tolerate some distortion to the structure to allow
strain and defects to be accommodated within the structure. The rigid NbO4 and B'O4 octahedral
structure provides a high lattice stability, and is required for thermal and environmental degradation. This
is a essential for practical photovoltaic devices.

At the same time, weaker Ba-O bonds provide some structural flexibility to tolerate some distortion to the
structure to allow strain and defects to be accommodated within the structure and flexibility increases
defect tolerance, a key factor in minimizing and flexibility increases defect tolerance, a key factor in
minimizing recombination losses in photovoltaic materials. Function is also optimized by doping with
rare-earth ions. The increased polarizability of Tb3* can increase the dielectric screening and so help to
stabilize charge carriers and decrease recombination.

At the same time, the absence of soft phonon modes can be expected to lead to a lattice ensures that
the material will not undergo a phase transition during operation. Although oxide double perovskites are
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likely to have a higher band gap and not absorb light absorbers, their stability provides the possibility for
other materials in photovoltaics. These include transport layers, protective coatings, and components in
tandem architectures.

Furthermore, the ability to tune vibrational properties through rare-earth substitution provides a pathway
for engineering thermal and electronic behaviour. Phonon tuning can assist with thermal conduction, and
improve the device stability and reliability in operation.

In conclusion, the balance among octahedral rigidity, lattice flexibility and rare-earth electronic states
determines the stability and functionality of Ba,B'NbO, compounds. These characteristics render them
as potential eco-friendly, lead-free materials for future energy and photovoltaic devices.

5. Real-World Relevance and Sustainability

Perovskite materials for energy applications must compromise among performance, stability,
environmental compatibility and manufacturability. In this regard, lead-free double perovskites
Ba,B'NbO, (B' = Gd, Tb) that can replace the conventional lead-based materials is promising. Removing
lead reduces the risk and allows its safe use in large quantities and recycling after use. The findings of
the lattice-dynamical analysis carried out in this study indicate the materials' structural stability. The
strong Nb-O and B'-0 interactions, observed in high-frequency vibrational modes and high force
constants, are in agreement with the stiff octahedral rigid network. However, the flexible Ba-O
interactions allow the lattice to be pliable. This combination of stiffness and flexibility is desirable from
the practical point of view in the sense that the material is exposed to thermal vibrations, mechanical
strain and other environmental conditions. The absence of soft modes also implies dynamic stability,
with little chance of structural instabilities or phase transformations.

An important finding of this study is how lattice doping affects its structure. The increase in polarizability
(from Gd3* to Tb?) increases the B' -0 interconnectivities and slightly alters the phonon behavior, without
affecting the structure. This demonstrates the ability to modulate the phonons and structure on the
atomic scale through doping, and thus to enable control over thermal, dielectric and defect tolerance.
Oxide double perovskites, although having larger band gaps, are not the most desirable primary photo
absorbers, their stability makes them ideal materials in substitute roles in solar cells. For example,
charge transport, buffer, protective and tandem solar cell layers, in which stability is essential. From an
environmental viewpoint, these materials are useful in utilizing a reasonably cheap and recyclable
elements, and the conventional oxide fabrication techniques. Their stability reduces degradation and
replacement requirements, and therefore lifecycle cost and environmental footprint. To conclude, this
study shows that Ba,B'NbO4 double perovskites have a high degree of structural stability, can be tuned in
terms of phonon dynamics, and are environmentally sustainable, and are therefore promising materials
for sustainable energy technologies under harsh environmental conditions.

6. Conclusion
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In the present study, a comprehensive lattice dynamical study of lead-free double perovskites Ba,B'NbOg
(B' = Gd, Th) has been carried out using normal coordinate analysis within a short-range force constant
framework. The Raman- and infrared-active phonons have been been calculated and assigned, with the
results in good agreement with the experimental structurally similar species, thus confirming the
accuracy of the chosen approach.

The interatomic force constants and potential energy distribution analyses show that the vibrations are
mainly dominated by the metal-oxygen interactions in NbO, and B'O, octahedra.

The occurrence of high-frequency stretching modes and distinct bonding vibrations, reveals the
presence of a stiff and dynamically robust lattice. At the same time, weaker Ba—0 interactions provide
necessary structural flexibility, ensuring a balanced lattice response.

Another aspect of lattice dynamics highlighted in this work is rare-earth substitution. The studies
comparing Gd3** and Tb3* show that the vibrational characteristics depend not only on mass, electronic
structure and polarizability. The increased bonding between Tb-0 ions tend to compensate for
dynamical mass effects, leading to dynamic changes but not affecting stability. For real application, the
strong bonding, absence of "soft" phonons and stability suggests the materials will be stable under
normal thermal and environmental conditions.

Although Ba,B'NbO, compounds may not be able to absorb light directly because of the large free, stable
and high lattice tunability make them exciting materials that can play supporting roles in PV devices,
such as transport layers, buffer or coating layers and tandem devices. In conclusion, this work
establishes a connection between the lattice dynamics, electronic structure and the stability in double
perovskites. The results will be used to create new non-toxic and stable and multifunctional materials,
which will allow design of new generation sustainable photovoltaic and energy devices.
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Table 2

Interatomic Force Constant (FC) Values (in 102 N/m) with Coordination Number (CN) for Ba2B'NbO6
(B'=Gd,Tbh) compounds in I4/m structure

Ba,GdNbO, Ba,TbNbO,
FC  Between CN Djstance FC FC Between CN Djstance FC

(A) value (A) value

atoms atoms

/angles ()  (N/cm) /angles ()  (N/cm)
K;  Nb-O1 4 1.9582 1.650 K; Tb-02 2 1.9790 1.960
K, Gd-02 2 1.9681 1.470 K,  Nb-OT1 4 2.0104 1.420
K3 Nb-02 2 2.2919 1.420 Ky  Tb-O1 4 2.2314 0.980
K, Gd-O1 4 2.3121 0.690 Ky Nb-O2 2 2.2586 0.960
Ks Ba-02 8 3.0036 0.140 Ks Ba-02 8 2.9941 0.140
Kg Ba-O1 8 3.1891 0.070 Kg Ba-O1 8 3.1112 0.060
H; 01-Ba-02 8 117.999 0.050 H4 8;—Ba- 8 118.121 0.963
H, 01-Ba-02 8 117.499 1.010 H, 8;-Ba- 8 119.057 0.990
Hj ﬁE)-Gd- 4 166.675 0.042 Hj ﬁg-Tb- 4 171.284 0.050
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Table 3
Presently computed Raman and IR zone-center vibrational modes for Ba,B'NbOg (B'=Gd,Tb), along with

experimentally determined modes (in cm™ ") of similar compounds and Sr,CoWOq [43]

Species Wave numbers as Observed Presently calculated wave  Presently calculated wave

by Manoun et al for numbers for Ba,GdNbOg numbers for Ba,TbNbOg
Sr,CoWO, (in cm™) [46] (incm™) (in cm")

Ag1 864.0 870.3 869.9
Ag2 572.0 515.1 521.4
Ags 225.0 234.0 227.1
Bg1 716.0 669.7 672.4
Bg2 297.5 291.3
Bgs 134.0 133.7 138.4
Eq 312.0 385.6 388.8
Eg2 149.5 150.5
Egs 94.30 95.1

Ay 813.6 817.0
Ay 271.8 271.7
A3 201.0 192.8
Ays 60.4 55.8

B, 183.1 189.6
Eu 707.6 707.0
Euo 374.2 360.0
Eus 193.3 197.8
Eua 149.7 168.5
Eus 92.8 97.7
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Table 4

Represents major Contributions of Force Constants according to Potential Energy Distribution (PED) for
the Ba,B'NbOg (B'=Gd,Tb) compounds

Species Calculated wavenumbers for Major contributions of two dominant Force
Ba,GdNbOg¢ constants as per PED
Ba,GdNbO, Ba,TbNbO,
Ag1 870.3 H2=61% K2=14% H2 = 59% K1=19%
Ago 515.1 K1 =45% K4 =19% K2 =38% K1=23%
Ag3 234.0 H3=31% H2=16% H3 =40% H2 =14%
Bg1 669.7 H2 =52% K1=32% H2 =50% K2 =28%
Bg2 297.5 K1 =35% H2 =35% H2=36% K2 =26%
Bgs 133.7 K6 =42% H3=37% H3 =47% K3 =35%
Eq 385.6 H2 =88% K5=10% H2 =88% K5=10%
Eg2 149.5 K5=80% K6=11% K5=80% H2 = 8%
Egs 94.30 H1=51% K6 =46% H1=57% K6 =41%
A, 813.6 H2 =50% K3=24% H2 = 50% K1=32%
Ay 271.8 K3 =41% H2 =39% H2 =40% K1 =38%
Az 201.0 K2 =63% K3 =34% K4=71% K1=29%
Aua 60.4 K6 =92% H2 =5% K6 =93% H2 =4%
By 183.1 H2=73% K6 =20% H2=76% K6 =16%
Eur 707.6 H2 =52% K1=33% H2 =50% K2 =29%
Euo 374.2 K1 =46% H2 =35.% K2 =38% H2 =35%
Eus 193.3 K5 =38% K4 =23% K3 =28% K5 =27%
Eua 149.7 K4 =47% H3=19% K3 =35% H3 =23%
Eus 92.8 K5=30% H3 =24% K5=32% K7 =25%
Declarations
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Figure 1

Crystal structure of Ba,GdNbO4 (Made using Diamond software)
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Figure 2

Flow chart for the calculation of Raman and infrared vibrational modes
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