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A B S T R A C T

The wavenumbers of Raman and infrared spectra for environment friendly double perovskite Sr2B′WO6 (B’= Co, 
Ni) of I4/m phase (No.-87) has been analyzed using Wilson’s GF matrix method. Theoretical assignments for the 
Raman and infrared wavenumbers for Sr2CoWO6 and Sr2NiWO6 compounds have been reported for the very first 
time. As far as we know, no theoretical assignments have been made for the infrared frequencies of Sr2CoWO6 
and Sr2NiWO6 compounds in the I4/m phase. Both compounds are Lead-free oxide double perovskites which are 
emerging as a sustainable alternative to lead-based versions, offering similar electronic, optical, and magnetic 
properties without the associated environmental and health risks. A robust correlation with the B’ site has been 
identified across a range of frequencies, providing insights into the structural details of the examined compounds. 
The force constants related to the B’-site atom exhibit a consistent trend and reveal variations in values with 
changes in atomic orbitals. Moreover, frequencies influenced primarily by the B’ atoms display distinct char
acteristics with the variation of atomic number, emphasizing the considerable effect of the B’ atom’s size on 
vibrational properties. The frequencies determined in this research align well with experimentally observed 
frequencies. Additionally, an exploration of potential energy distributions (PED) delves into the influence of 
interatomic forces on the computed Raman and infrared phonon modes for these materials.

1. Introduction

In recent times, oxide double perovskites have drawn considerable 
attention due to their remarkable magnetic properties, including para
magnetism, ferromagnetism, and magnetoresistance capabilities [1–5]. 
In double perovskites, lead often serves as a key component in the crystal 
structure, particularly in lead-halide double perovskites like lead-based 
oxides or halides. The presence of lead contributes to the unique optical 
and electronic properties of these materials, making them useful in 
various applications, such as photovoltaics, light-emitting devices, and 
sensors. But, Lead-based double perovskites pose significant environ
mental hazards due to the toxicity and persistence of lead. One of the 
primary concerns is lead toxicity, which can cause severe health issues in 
humans, animals, and plants, including neurological damage and organ 
failure. Additionally, these materials can contaminate soil and water, 
leading to widespread environmental pollution that affects ecosystems, 
food safety, and water supplies. Another risk is bioaccumulation, where 
lead accumulates in living organisms and enters the food chain, posing 

long-term health risks even at low exposure levels. Disposal of 
lead-based materials also presents challenges, as improper handling can 
release harmful pollutants into the environment, necessitating strict 
regulations and management practices. These concerns emphasize the 
importance of developing lead-free alternatives or implementing safer 
disposal methods to minimize environmental impact.

Double perovskite compounds can be derived from the simple 
perovskite structure with the general formula ABO3, renowned for 
showcasing a diverse array of compelling properties. The perovskite 
structure, known for its structural and compositional flexibility, allows 
for the incorporation of nearly all elements from the periodic table [6]. 
Double perovskites are compounds characterized by the general formula 
A2B′B′′O6, representing an advanced version of simple perovskites 
wherein the unit cell in double perovskites is twice that of their simpler 
counterparts. Within the double perovskite structure, the A site typically 
accommodates alkaline earth metals or lanthanides, while B′ and B′′ 
usually consist of transition metals [7]. The crystal lattice of double 
perovskites can be elucidated as a three-dimensional arrangement of 
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corner-sharing octahedra. In this configuration, the larger A-sites are 
occupied by A cations, while the smaller B-sites are populated by B and 
B’ cations, with oxygen atoms positioned at the octahedra centers. This 
arrangement results in a cubic crystal structure with a perovskite lattice 
[6,8,9].

A-site cations are commonly selected from alkaline earth metals like 
strontium (Sr), calcium (Ca) or barium (Ba). B and B’ cations can be a 
combination of transition metals or rare earth elements [8]. The specific 
properties of the double perovskite, encompassing magnetic, electronic, 
dielectric [10–12] and optical characteristics, are determined by the 
choice of these cations. Group D elements (transition metals) play a 
fundamental role in determining the structural, electronic, optical, 
magnetic, and catalytic features of double perovskites. By carefully 
selecting and tuning these elements, researchers can design materials 
with tailored properties for specific technological applications, from 
renewable energy to advanced electronic devices. The ongoing research 
in this field aims to uncover new combinations and understand the 
fundamental mechanisms driving the exceptional properties of these 
fascinating materials [6,13]. The d-orbitals of transition metals signifi
cantly affect the electronic band structure of double perovskites. This 
can result in Semiconducting behavior, metallic and half-metallic 
properties and magnetic ordering [1,14]. Transition metals can influ
ence the optical absorption and emission properties of double perov
skites. For instance, the presence of transition metals can shift the 
absorption edge and alter the material’s color, impacting its suitability 
for light-harvesting applications. Some transition metal-doped perov
skites show strong luminescence, which is beneficial for optoelectronic 
applications like LEDs and lasers.

Additionally, their structural flexibility allows for the substitution of 
different cations and the fine-tuning of lattice parameters, influencing 
the stability and performance of the material across various applica
tions. Some double perovskites may also display catalytic activity, 
making them relevant for applications in catalysis and chemical pro
cesses. In the realm of photovoltaics, double perovskites have gained 
recognition for their ability in creating efficient and stable solar cells, 
thanks to their tunable bandgaps and optoelectronic properties. 
Furthermore, certain double perovskites may exhibit ion conductivity, a 
valuable feature for applications in solid oxide fuel cells and other 
electrochemical devices [15–22].

2. Structure

At room temperature and pressure, the Sr2B’WO6 (B’= Co,Ni) or
dered double perovskite tungstate oxide adopts a tetragonal phase with 
the space group I4/m (No. 87), as elucidated by studies with the 
following lattice parameters:

For Co, a, b = 5.5880 Å and c = 7.9470 Å [23].
For Ni, a, b = 5.5644 Å, c = 7.9025 Å [24].
Strontium (Sr), oxygen O1 and oxygen O2 atoms are positioned at 4d 

(0.00, 0.50, 0.25), 8 h (x, y, 0), and 4e (0, 0, z) Wyckoff sites, respec
tively, while Tungsten (W) together with Copper (Co), Nickel (Ni) atoms 
are situated at octahedral positions 2b (0, 0, 0.5) and 2a (0, 0, 0), 
respectively [23].

Total count for zone center phonon modes for the Sr2CoB’O6 com
pound within the I4/m space group is 

Γtotal = 3Ag + 3Bg + 6Eg + 5Au + 1Bu + 12Eu                                     

Among these 30 modes, 1Au + 2Eu constitute the acoustical modes, 
while remaining 27 modes are classified as optical-active modes, as 
described by the following equation. 

Гoptical = 3Ag + 3Bg + 6Eg + 4Au + 1Bu + 10Eu                                

The Raman modes consist of 3Ag, 3Bg, and 6Eg, whereas the Infrared 
modes include 10Eu, 4Au and 1Bu. Non-degenerate modes are Bg and 
Ag, while Eg represents double-degenerate modes. Structure of 

Sr2B’WO6 consists of alternating B’O6 and WO6 octahedra [23,25–27] 
with Sr atoms surrounded by 12 oxygen anions while, B’ and W atoms 
are surrounded by 6 oxygen anions. Crystal structure of Sr2CoWO6 is 
shown below in Fig. 1.

3. Theory

To ascertain the frequency of normal vibrations, incorporating the 
kinetic and potential energies of the system, it is crucial to solve the 
Eigenvalue equation through the application of Wilson’s GF matrix 
method [28]. The corresponding equation of Eigenvalue can be found 
below 

det|FG − Eλ| = 0 

The force constants matrix F, denoted by Ki and Hi (associated with 
stretching and bending force constants, respectively), is expressed in 
terms of potential energies related to vibrations. G represents the inverse 
kinetic energy matrix involving masses. The Eigenvalues λ represent 
frequencies and are given by λ = 4π2c2ν2, where c represents velocity of 
light and ν represents wavenumber. E denotes the unit matrix [29].

Hooke’s law governs the stretching vibrational forces between 
different atoms. Both stretching forces and bending vibrational forces 
play a crucial role in computing transverse vibrations within crystal 
lattice. The variation in a triangle’s angle can be determined by 
comparing the triangle in its equilibrium state using the projection of 
deformed triangle onto the equilibrium plane [30–31].

The potential energy includes short-range stretching forces (W-O1, 
W-O2, B’-O1, B’-O2, Sr-O1, Sr-O2) and bending forces (O1-Sr-O2, B’-O1- 
W). The input parameters include lattice dimensions, atomic masses, 
and symmetry coordinates employed in the measurement. The force 
constants associated with short-range interactions, specifically for bond 
stretching and angle bending, are refined and optimized to align the 
calculated Raman and infrared wavenumbers with experimental values. 
Atomic coordinate, Wyckoff sites and phonons for the double perovskite 
oxide compound Sr2B’WO6 (B’= Co, Ni) with the I4/m space group, are 
presented in below (Table 1).

4. Results and discussion

In this study, we have calculated the zone center Raman and IR 
phonons for tetragonal double perovskite Sr2B’WO6 (B’ = Co, Ni) 
compounds in the I4/m phase, using nine short-range force constants 
(both stretching and bending), as detailed in Table 2.

As depicted from table above; for B’-O2 and B’-O1 (B’ = Co, Ni) 
bonds, the force constant remains almost same. As atomic mass of Co 
and Ni is almost same, so no appreciable change in force constants is 
observed for these bonds. Tetragonal Sr2 NiWO6 features NiO6 and WO6 
octahedra, which vary in their bond lengths. The equatorial bond 
lengths in NiO6 are significantly shorter than those in WO6, whereas the 
apical bond lengths in NiO6 are slightly longer than those in WO6. [24]. 
As a result, the W-O2 bond length is shorter than the W-O1 bond length 
in Sr2 NiWO6, whereas in Sr2 CoWO6, the W-O1 bond length is shorter 
than the W-O2 bond length. Consequently, the force constant of the 
W-O1 bond decreases when moving from Co to Ni, while that of the 
W-O2 bond increases. For Sr-O2 and Sr-O1 bonds force constant remains 
almost constant as bond length is nearly same.

The vibrational modes as observed in Raman and infrared (IR) 
spectroscopy of the compounds Sr2B’WO6 (B’ = Co, Ni) have been 
calculated at the zone center using short-range force constants (K and 
H), with the results shown in Table 2. Sr2B’WO6 (B’ = Co, Ni) are iso
structural compounds from the same family of d-block elements, 
differing only in the atomic number of the B’ atom. To our knowledge, 
there has been no prior theoretical research and experimental research is 
also limited on the Raman and IR vibrational modes for Sr2CoWO6 and 
Sr2NiWO6 compounds. This study provides the first theoretical assign
ments of these modes for Sr2CoWO6 and Sr2NiWO6. We recognize the 
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significance of experimental IR and Raman spectra in validating theo
retical predictions and enriching the overall impact of the research. As 
theorists, we are aware of the limited availability of experimental data in 
the literature. Our theoretical investigation of these compounds is 
intended to motivate experimentalists to undertake the necessary 

experimental work to complement our results. The theoretical outcomes 
for Raman and Infrared wavenumbers are then juxtaposed with the 
Raman and infrared wavenumbers experimentally determined by Ayala 
et al. [26] and Manoun et al. [32] as presented in Table 3. The com
parison strongly reinforces the conclusion that the calculated results are 

Fig. 1. Crystal structure of Sr2CoWO6.

Table 1 
Atomic coordinate, Wyckoff Sites, and the phonon contribution for Sr2B’WO6 (B’= Co,Ni) at Г point [23].

Atoms Wyckoff sites x y z Phonon contribution

Co Ni Co Ni Co Ni

Sr 4d 0.0000 0.0000 0.5000 0.5000 0.2500 0.2500 Bg + Eg + Au + Eu
B’ 2a 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 Au + Eu
W 2b 0.0000 0.0000 0.0000 0.0000 0.5000 0.5000 Au + Eu
O1 8h 0.2911 0.2690 0.2250 0.2000 0.0000 0.0000 2Ag + 2Bg + Eg + Au +2Eu+ Bu
O2 4e 0.0000 0.0000 0.0000 0.0000 0.2598 0.2550 Ag + Eg + Au +Eu

Table 2 
Interatomic Force Constant (FC) Values (in 102 N/m) with Coordination Number (CN) for Sr2B’WO6 (B’= Co,Ni) compounds in I4/m structure.

Sr2CoWO6 Sr2NiWO6

F C Between atoms CN Distance (å) /angles (◦) FC value (N/cm) FC Between atoms CN Distance (å) /angles (◦) FC value (N/cm)

K1 Co-O2 2 1.9089 1.459 K1 Ni-O1 4 1.8652 2.005
K2 W-O1 4 1.9298 1.390 K2 Ni-O2 2 1.9361 1.509
K3 Co-O1 4 2.0559 1.323 K3 W-O2 2 2.0151 1.449
K4 W-O2 2 2.0646 1.211 K4 W-O1 4 2.1069 0.666
K5 Sr-O1 8 2.6250 0.097 K5 Sr-O1 8 2.6065 0.094
K6 Sr-O2 8 2.7951 0.081 K6 Sr-O2 8 2.7825 0.074
H1 O1-Sr-O2 8 121.660 1.001 H1 O1-Sr-O2 8 119.436 0.963
H2 O1-Sr-O2 8 122.129 0.117 H2 O1-Sr-O2 8 124.607 0.022
H3 O1-Co-W 4 164.923 0.052 H3 O1-Ni-W 4 164.227 0.048
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in conjunction with the Raman and infrared phonon modes that were 
observed experimentally.

To understand the influence of various force constants to different 
frequencies, potential energy distributions (PED) for each mode were 
assessed. Further details on these PED interpretations are provided 
below.

The observed Raman modes can be categorized into three main 
groups of lattice vibrations: Sr+2 translations, along with the trans
lational and rotational modes of the WO6 octahedra, occurring at fre
quencies below 200 cm⁻1; O–W–O bending vibrations, which are found 
in the 200–500 cm⁻1 range; and W–O stretching modes, present at fre
quencies above 500 cm⁻1 [31].

As shown in Table 4, the higher frequency modes of 853.1 cm⁻1 of 
Ag, 833.3 cm⁻1 of Au, 345.6 cm⁻1 of Au are influenced by the bending 
vibrations of the O1-Sr-O2 bond and stretching vibrations of B’-O2 bond 
in both compounds and are accredited by vibrations of apical O2 in B’- 
O6 octahedra. 719.4 cm⁻1 of Eu, 690.4 cm⁻1 of Bg and 374.3 cm⁻1 of Eu. 
Modes 532 cm⁻1 of Ag, 246.7 cm⁻1 of Eu are contributed by force con
stants W-O1 and B’-O1 and are impacted by vibrations of equatorial O1 
in B’-O6 octahedra. Force constants O1-Sr-O2 and Sr-O2 attributed to 
modes 434.1 cm⁻1 of Eg and 79.2 cm⁻1 of Eu; mainly governed by vi
brations of O2 Atom. 313.7 cm⁻1 of Bg is governed by vibrations of O1- 
Sr-O2 and W-O1. 226 cm⁻1 of Bu is governed by vibration of O1-Sr-O2 
and Sr-O1. Force Constants Sr-O1 and O1-Co-W are responsible for 
modes 216.2 cm⁻1 of Ag 182.8 cm⁻1 of Bg, 163.9 cm⁻1 of Eu; mainly 
governed by O1 atom. 140.5 cm⁻1 of Eg is attributed by vibration of Sr- 
O1 and Sr-O2. Force constants Sr-O1 and O1-Sr-O2 contributed to mode 
89.6 cm⁻1 of Eg and Force constants W-O2 and Sr-O1 contributed to 
mode 73.3 cm⁻1 of Au.

As concluded form PED, vibrations of apical O2 atom in B’O6 octa
hedra are responsible for higher frequencies and vibrations of equatorial 
O1 atom of B’O6 and WO6 octahedra are responsible for lower 
wavenumbers.

5. Conclusion

The investigation involves examining the normal coordinates of 
Sr2B’WO6 (B’= Co, Ni) Double Perovskite oxides, taking into account six 
stretching and three bending force constants to evaluate the Raman and 

infrared phonon modes. To the best of our knowledge, there are no 
existing theoretical calculations for Raman and Infrared wavenumbers 
concerning Sr2B’WO6 (B’= Co, Ni) oxides, which are lead free and hence 
emerge as sustainable alternative to lead based versions. This study at
tempts to comprehensively present all theoretically computed Raman 
and infrared phonons for the Sr2B’WO6 (B’= Co, Ni) compounds, 
including mode assignments. Utilizing the normal coordinate analysis 
method, we conducted this research. Additionally, we explored poten
tial energy distribution (PED) to analyze the influence of interatomic 
forces on the computed Raman and infrared phonons.
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Table 3 
Presently computed Raman and IR zone-center vibrational modes, along with 
experimentally determined modes (in cm-1) for the Sr2B’WO6 (B’= Co, Ni) 
compound.

Species Observed 
Wave 
numbers by 
Ayala for 
Sr2CoWO6 (in 
cm-1)

Observed 
wavenumbers by 
Igartua for 
Sr2CoWO6 (in cm- 
1)

Presently 
calculated 
wave numbers 
for Sr2CoWO6 

(in cm-1)

Presently 
calculated 
wave numbers 
for Sr2NiWO6 

(in cm-1)

Ag1 850 864 853.1 853.9
Ag2 533 572 532 538.1
Ag3 ​ 225 216.2 215.4
Bg1 579 716 690.4 679.0
Bg2 303 ​ 313.7 316.9
Bg3 138 134 182.8 173.5
Eg1 443 312 434.1 431.6
Eg2 ​ ​ 140.5 135.6
Eg3 ​ ​ 89.6 91.0
Au1 ​ ​ 833.3 840.3
Au2 ​ ​ 345.6 347.6
Au3 ​ ​ 207.0 221.3
Au4 ​ ​ 73.3 72.8
Bu ​ ​ 226.0 220.8
Eu1 ​ ​ 719.4 726.6
Eu2 ​ ​ 374.3 412.6
Eu3 ​ ​ 246.7 193.0
Eu4 ​ ​ 163.9 154.9
Eu5 ​ ​ 79.2 78.5

Table 4 
Two Dominant Contributions of Force Constants as per the Potential Energy 
Distribution (PED) for the Sr2B’WO6 (B’= Co, Ni) compounds.

Species Calculated 
wavenumbers for 
Sr2CoWO6

Two dominant contributions of Force constants 
as per PED

Sr2CoWO6 Sr2NiWO6

Ag1 853.1 H1=61 
%

K1=14 
%

H2=58 
%

K2=15 
%

Ag2 532 K2=35 
%

K3=33 
%

K1=53 
%

K4=17 
%

Ag3 216.2 H3=45 
%

K5=18 
%

H3=42 
%

K5=18 
%

Bg1 690.4 K3=26 
%

H1=50 
%

H2=48 
%

K1=38 
%

Bg2 313.7 K2=31 
%

H1=44 
%

H2=45 
%

K1=38 
%

Bg3 182.8 K5=39 
%

H3=46 
%

H3=45 
%

K5=41 
%

Eg1 434.1 H1=95 
%

K6=3 % H2=95 
%

K6=2 %

Eg2 140.5 K6=70 
%

K5=28 
%

K6=68 
%

K5=30 
%

Eg3 89.6 K5=55 
%

H2=26 
%

K5=50 
%

H1=32 
%

Au1 833.3 H1=59 
%

K1=24 
%

H2=54 
%

K2=25 
%

Au2 345.6 K1=54 
%

H1=33 
%

K2=51 
%

H2=36 
%

Au3 207.0 K4=72 
%

K1=21 
%

K3=69 
%

K2=24 
%

Au4 73.3 K5=88 
%

K4=6 % K5=90 
%

H2=5 %

Bu 226.0 H1=76 
%

K5=23 
%

H2=755 K5=23 
%

Eu1 719.4 H1=46 
%

K3=30 
%

K1=48 
%

H2=39 
%

Eu2 374.3 H1=45 
%

K3=26 
%

H2=50 
%

K1=41 
%

Eu3 246.7 K2=46 
%

K3=36 
%

K4=45 
%

H3=23 
%

Eu4 163.9 H3=45 
%

K5=20 
%

H3=37 
%

K4=33 
%

Eu5 79.2 K6=46 
%

H2=18 
%

K6=45 
%

H3=13 
%
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