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Abstract

Recent technological advances need a reliable and sustainable energy storage system with a high energy density. LiCoO2 and graphite
are the cathode and anode materials used in current Li-ion batteries, respectively, however their capacity is restricted. The anode side of
the battery plays an important function in storing Li-ions during charging and discharging cycles. Si has evolved as a unique anode
material in recent decades with a theoretical capacity almost ten times that of traditional graphite. But there are various issues with Si,
like massive volume expansion, electrode pulverization, decreasing cell capacity over time, etc. The electrochemical output of Si and its
composites is determined by the materials utilized. Direct alloying of Si with Li yields stable phases such as Li12Si7, Li7Si3, Li13Si4 and
Li21Sis with the highest theoretical capacity. Composites of Si, which include carbon, polymer and other elements, exhibit promising
outcomes. This paper summarizes and discusses current breakthroughs in Si and its composites tested as anodes in Li-ion batteries. The
use of 1D, 2D and 3D carbon with various matrices for Si composite helps to accommodate volume expansion. Structural and

morphological changes as well as the electrochemical performance of thus synthesized batteries have also been described.
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Introduction

We require a dependable energy storage system as
technology advancements and energy consumption
continue to rise. A system that can supply more energy in
less space while being economical, portable, and with a long
shelf life. There are several rechargeable energy storage
options on the market with diverse chemistries such as
NiCd, lead acid, NMH, Li-ion, Na-ion and K-ion. Li-ion
batteries are one of the broadly used and investigated
battery chemistries. It has a standard graphite anode and
LiCoO, cathode with theoretical capacity of 374 mAhg!
and 160 mAhg™' respectively. Nevertheless, the demand for
batteries with high energy density poses a new challenge to
current technology due to its restricted capacity as the
battery's capacity is solely determined by the material used.

In order to meet modern technology needs, a variety of
materials have been tested to provide high energy density
while remaining sustainable. Si may exhibit several
advantages over the traditional anode material, graphite
such as high energy density, cost effectiveness, ecologically
sound and abundance. The chemistry of forming distinct
phases with Li produces phases with the highest degree of

lithiation. Phase diagram of Li and Si shows formation of
various phases such as Lij»Si7, LizSis, Lij3Sis and Liz;Sis,
where Li»Sis has the highest degree of lithiation with
chemistry of single Si atom forming bond with 6 Li atom
giving advantage over graphite where 6 carbon makes bond
with single Li atom. Figure 1 depicts the Li-Si phase
diagram [1]. Si is the second most prevalent element on
earth, accounting for around 27.7% of the planet's crust,
making it a promising research topic [2]. Silicon does not
occur in pure metallic form in nature, so we need to separate
it from silica or silicates. Electronic structure of Si is 1s? 2s?
2p® 3s? 3p?, where two electrons (first shell), 8 electrons
(second shell), and 4 electrons (outermost shell). These four
electrons in the outermost shell determine Si's conductivity
and structure. It has a 3D diamond like structure with a
lattice constant of 5.431 angstrom having an Fd-3m space
group. Before we can address Si composites, we must first
understand the chemistry of Si with lithium. Li has an
atomic number equal to three, making it the lightest metal
on Earth. It has higher charge density, which means a lower
atomic radius in comparison to its nuclear charge, making it
extremely reactive and bond-forming. Because of this
capacity, Li can easily polarize other molecules but not
itself because of the double helium shell surrounding it. It is
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also the most active metal available due to its highly
negative electrode potential. Figure 1 depicts the creation of
different phases. The most lithiated phase is Li»»Sis, with
one Si atom hosting 4.4 Li atoms, resulting in the largest
theoretical capacity. Lithiation of Si also shows formation
of Li;5Si4 at room temperature. Lithiation of Si starts with
the formation of crystalline and amorphous phases of Li,Si.
Equation 1 shows the reaction process of lithiation of Si.
Figure 2 depicts the galvanostatic profile for lithiation at
room temperature. But there are several problems with Si as
anode such as (i) huge volume expansion, (ii) low electrical
conductivity, (iii) structural deformation on every cycle,
(iv) low rate of Li* diffusion, (v) loss of contact in middle
of active material with substrate, (vi) repeated formation of
SEI, (vii) continuous consumption of electrolyte and Li* to
form SEI and (viii) puffing of battery unit. In 1976, General
Motors Corporation tested Si as an anode for the first time
[3], sparks research on the material. Even graphite was
commercialized several years later, circa 1990-1992, as a
secondary battery. Since then, several research publications
on Si as anode in alkali-ion batteries have been published.
Many Si composites have been tested for anode in Li-ion
batteries to mitigate the problems with Si anode, such as
alloying Si with other elements of lower band gap to reduce
the band gap for better electronic conductivity, synthesizing
carbon-based yolk and core shell structure to compensate
volume change, nano-structuring to avoid cracks inside the
particle of active material and surface engineering to
increase Li* diffusion and conductivity.

Li,Si & xLi+ Si+xe” )

Various strategies were and are being applied to mitigate
these problems with silicon being used as anode in Li-ion
batteries such as pre-lithiation, alloying Si, surface
modification, structural modification, nano particle
synthesis etc.
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Figure 1: Phase diagram of Li-Si alloy [I]. Reprinted with
permission from ACS Nano © 2013 American Chemical Society.
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Figure 2: Graph of open circuit voltage as a function of lithium,
shows formation of plateaus at elevated temperatures [4].
Reprinted with permission from Advanced Materials © 2013 John
Wiley & Sons.

Silicon/Carbon (Si/C) Composites

Silicon/Carbon composite strategies were tested, including
structural modification, synthesis of core and yolk shell
structures, and production of nanoparticles, nanowires, and
nanorods. Si/C materials demonstrate improved outcomes
with increased cycling stability, longer life, and the problem
of low conductivity. Si/C composite such as carbon
nanotubes (CNT), synthesis of nano porous spheres helps in
aiding to compensate the structural change and easing
diffusivity by shortening the path of Li-ion diffusion. Si/C
materials are synthesized using a variety of methods,
including high-energy ball milling, pyrolysis, chemical
vapour deposition, etching, and mechanofusion. Materials
like conductive carbon obtained from various sources are
used to synthesize Si/C to mitigate the problem of low
conductivity of Si. Carbon's strong conductivity aids in
obtaining a high value of charging and discharging during
operation; in fact, we have traditionally used graphite, one
of the allotropes of carbon, as an anode. However, despite
these advantages, the continual volume expansion of Si in
the composite consumes Li-ions, resulting in a paucity of
active Li-ions inside the battery unit.

Table 1: Some of the Si/C materials together with synthesis roots
and performance.

Compositi | Synthesis Anode Referen
on / | roots Performance ce
Material

Si/C  core | pyrolysis high reversible | [5]

shell capacity  1328.8
mAhg' and high
retention  (97%)
after 30 cycles at
J=50 mAg’!

Journal of Condensed Matter. 2025. Vol. 03. No. 01
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Si/C  core | electrospinni | high capacity 1384 | [6]

shell ng mAhg! and
retention of 97%
after 300 cycles

Si/C ball milling, | reversible capacity | [7]
mixing of 1000 mAhg'
carbon after 1200 cycles in
black, ratio
graphite and | Si:CB:graphite:C
carboxymeth | MC=60:15:10:50
yl cellulose
(CMC)

Si/C magnetic specific capacity of | [8]
stirring, around 792 mAhg™!
freeze drying | after 100 cycles atJ
and =0.1 mAhg'
calcination

Si/C, Si and | mechanical reversible capacity | [9]

starch stirring of about 781
pyrolyzation | mAhg! with
and mortar | 91.3% capacity
pestle for | retention after 50
grinding cycles at J= 100

mAg!

SiNP, SiOx | sol-gel and | reversible capacity | [10]

as self- of 2833 mAhg™! at

sacrificial polymerizati | C/10 with 88%

layer and | on retention after 500

polydopami cycles

ne layer for

carbonizati

on

Metal-Silicide Composites

Table 2: Various metal-silicide with synthesis roots and

performance.
Composition | Synthesis Anode Performance | Refe
/ roots renc
e

Material
Li2iSis, Li Prelithiation | 1007 mAhg! [11]
and Si melt delithiation capacity
powder solidificatio

n and ball

milling

Si-Mg, Siand | ball milling | discharge capacity of | [12]
Mg powder discharge capacity of
830 mAhg! over 5-
650 mV against Li
Si-Al  thin | magnetron LigAlSizdominant [13]
films sputtering phase with specific
capacity 650 mAhg!
post 100 cycles at
C/20
Si-Sn, Si and | mechanical 1400 mAhg! as | [14]
Sn powder milling initial capacity with
78% retention after
50 cycles
Si-Cu, Si and | ball milling | specific capacity of | [15]
Cu-Zn 608 mAhg! with
powder 66.8% retention after
200 cycles
Si, boron | plasma more than  80% | [16]
nanoparticle | enhanced capacity  retention
chemical after 1000 cycles
vapour
deposition
(PECVD)

Li-Si, Ca-Si, Mg-Si, Ti-Si, Co-Si, Fe-Si, Mn-Si, Ni-Si, Cr-
Si, Cu-Si, Ag-Si, Al-Si, Sn-Si, Ge-Si, and other metal
silicide composites have been produced as anodes for Li-
ion batteries. The integration of Li-Si alloy as an anode is
viewed as a pre-lithiation process for the active anode
material. Table 2 shows some metal silicide materials. This
approach aims to minimize the loss of active lithium within
the battery unit, which occurs during various operational
stages, including the creation of the solid electrolyte
interface (SEI), expansion and irreparable reactions. Si's
high band gap adds to its low conductivity, which ranges
between 0.7 and 1.1 eV, and alloys with other metals with
low band gaps could help to alleviate the problem of low
conductivity.

Silicon Oxides (SiOx)

Comprehensive research has been published on Si oxides to
construct negative electrodes by looking at its improved
theoretical capacity (1950 mAhg') matching to SiO..
These are the kinds of oxides that occur naturally and in
abundance, influencing the market dynamics of energy
storage. SiOx outperforms pure Si as an electrode material
in terms of volume expansion. However, a number of other
difficulties with SiOyx prevent its commercial usage,
including its insulating properties, limited electrical
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conductivity, and low initial coulombic efficiency. Table 3
shows some SiOy based anode material with synthesis roots
and performance. Several approaches are being used to
synthesize SiOx such as hydrothermal, sol-gel, chemical

vapour deposition and electrospinning.

Table 3: SiOx materials with synthesis roots and their

performance.
Composition | Synthesis Anode Refe
/ roots Performance renc
e
Material
SiO0x/Si high  energy | reversible [17]
mechanical capacity of 1000
milling mAhg! with high
retentivity rate
SiO/C mechanically discharge capacity | [18]
grinding SiO | of 700 mAhg’!
and C material | post 100 cycles
SiO thin film | radio Discharge [19]
frequency capacity of 416-
sputtering 465 mAhg! for
first 100 cycles
Si02/C sol-gel, carbon | specific capacity | [20]
mesoporous coating at of 441 mAhg’!
at J=500 mAg’!
post 500 cycles
SiOx/C mechanofusio | higher discharge | [21]
n capacity and
higher initial
coulombic
efficiency

Various Structural Modifications

So far, various structural changes have been made to Si-
based anodes to achieve the desired outcomes. Various
approaches for generating nanoparticles have been shown
to improve results over cracks during volume expansion.
Liu et. al. reported that lowering the size of the produced
nanoparticle below 150 nm resulted in no cracks during
lithiation [22]. Nanostructures, such as Si nanowire (SiNw),
aid in improving Li-ion kinetics and the rate of Li-ion
diffusion in batteries. Porous Si structure also shows good
results with accommodating volume expansion and
increasing Li-ion diffusivity [26]. Some of the various

morphological Si-based anode materials given in table 4
[22, 23, 24, 25, 27]. Nano structures like nanorods help in
diffusion of Li-ion in one particular direction, helps in
decrease in loss of Li-ion throughout the process. The nano
size of the produced Si particles aids in enclosing them
inside carbon-coated structures such as the core and yolk
shell, reducing the problem of volume turn up by
accommodating expansion within the shell. Despite these
nano structuring qualities, there is one more feature: the
high surface area of nano-synthesised Si particles, which
allows for a strong contact between the substrate and the
active electrode material. However, this high surface area
has significant drawbacks, such as increased electrolyte
consumption for the construction of a solid electrolyte
interface, which splits amid cycling, resulting in the loss of
more Li-ion and the formation of bunches of structure of
active electrode material.

Table 4: Some of various morphological Si-based anode materials
with synthesis roots and performance.

Composition/ Synthesi | Anode Performance | Refe
S roots renc
Material e
Si nanoparticles | Si NP No cracks below 150 | [22]
powder nm
SINW Vapour- gives coulombic [23]
liquid- efficiency of 73%
solid and 93% on first and
(VLS) second
charge/discharge
cycle from 4277
mAhg! and 3541
mAhg!
Hollow Si template | improves stability [24]
sphere/CNT method over cycles
Hollow Si template increased rate [25]
(interconnected | method capability with 2725
) mAhg! initial
discharge capacity

Challenges and Future Perspective

Despite the advantage of Si’s abundance on earth, it is still
not recommended for usage as anode in Li-ion batteries.
Several approaches showed enhanced results such as
synthesizing nano structures, Si/C composite, metal alloys,
etc., they still lack in providing overall performance for
commercial availability in the market. Si-based anodes are
a strong contender for future Li-ion battery materials.
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However, Si's low conductivity, high energy band gap, and
large volume expansion limit its commercial application.
Although tech companies like TESLA use Si in their
batteries for cars, its weightage is roughly 5% with 95%
graphite, indicating that we cannot totally rely on Si-based
anode materials. Si/C composites offer improved outcomes
in enhancing Li-ion kinetics and diffusivity while
compensating volume change. However, there is a lack of
stability at high charge rates and long-term cyclic stability.
Alloying and de-alloying metal silicide-based anode
materials possess the ability to store more Li-ions inside the
material using pre-lithiation techniques, reducing Li loss
during battery operation caused by the creation of a solid
electrolyte interface and trapping inside the damaged
structure of the active material. Li-Si has the most powerful
Li-ion storage phase ever discovered, possessing a storage
capacity that is 10 times the energy than graphite. The
abundance of Si in its oxide may have a significant impact
on market dynamics if available with structural stability as
an anode material. Various structural morphologies of Si-
based anode materials including nanotubes, nanoparticles
and nanowire, aid in the transport and kinetics of Li-ion
within the material and provide necessary size for
decreasing crack development. The advantage of Si nano
morphologies is their high surface area, which also puts
limitation because this surface area causes high decay of
electrolyte for creation of SEI leading to side reactions.

Conclusion

This review paper provides insight into the Si as anode
material by examining its characteristics and composite
with other materials. To meet the aims of green energy, we
need unique materials that can store energy in less space and
endure the growing demand for portable energy storage
devices. The tenfold capability of Si motivates researchers
to develop novel Si-based anode materials to provide
stability during operations. Significant progress has been
recorded throughout time for Si anodes, although problems
remain. The research community also need to handle the
challenging process of manufacturing Si-based anode
materials. This work also describes the synthesis of several
Si-based composite materials. Considering the overall
picture of present research, new strategies are required to
accelerate the research in the appropriate path.
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Sustainable solid-state electrolytes (SSEs) are becoming more widely acknowledged as an essential part of the development of next-
generation energy storage systems, especially for integration of renewable energy sources and electric vehicle applications. SSEs
provide improved performance, stability, and safety over traditional liquid electrolytes. But as the demand for green technologies
increases, there is rising concern about the sustainability of these materials, both economically and environmentally. This paper
examines the state of sustainable SSEs today, with a focus on the utilization of plentiful, recyclable, and ecologically friendly
materials in polymer, ceramic, and composite electrolytes. It talks about trade-offs between material sustainability and
electrochemical efficiency, as well as the difficulties in scaling these technologies while keeping high performance. Furthermore, the
analysis highlights significant developments and trends that will probably influence the direction of sustainable SSEs in the future.
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Introduction

Because of their efficiency and safety in next-generation
batteries, sustainable solid-state electrolyte (SSEs)
development has drawn attention. According to Bhaina et
al. (2023), Na* ion conductors are more affordable than
lithium [1]. For improved conductivity, Chen et al. (2020)
examined nanostructured composite electrolytes [2].
Sodium- and potassium-ion SSEs were investigated for
sustainability by Dahbi et al. (2014) and Ellis et al. (2017)
[3-4]. For energy-efficient production, Fair et al. (2024)
introduced cold sintering [5], whereas Chellappan et al.
(2023] emphasized 3D printing [6]. SSE integration was
covered by Dunn et al. (2011) about renewable energy
storage [7].

Current Sustainable Approaches
Sustainable Material Selection

Sustainable solid-state electrolytes (SSEs) use available,
non-toxic minerals like sodium, potassium, and magnesium
to lessen the environmental impact of energy storage

devices [3,8].

Table 1: Comparison between Li, Na and K [9].

Property Sodium (Na) Potassium Lithium (Li)
X)
Abundance Highly abundant Limited
abundant availability
Cost Low-cost More Relatively
alternative affordable expensive
than lithium
Environmental | Low Eco-friendly High impact
Impact environmental and non-toxic | from mining
footprint
Performance Moderate Promising, High energy
energy density comparable density
to lithium
Applications Grid  storage, | EVs, EVs, portable
renewable sustainable electronics
systems solutions

Compared to lithium-based systems, sodium-ion SSEs are a
more affordable, accessible, and environmentally friendly
option. Similar to this, potassium-ion SSEs take advantage
of potassium's plentiful supply and environmentally
beneficial qualities to offer a cost-effective and sustainable
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energy storage solution for uses such as renewable energy
systems and electric cars, with promising results and a
smaller environmental impact [4,10-11].

Recycling and Lifecycle Management

The circular economy in energy storage technologies is
promoted by recyclable battery designs that make use of
closed-loop systems, which drastically cut waste, conserve
resources, and lessen their negative effects on the
environment [12]. To lessen reliance on fresh resources and
improve manufacturing and recycling sustainability,
researchers are creating techniques to recover solid
electrolytes and electrode components from spent batteries.
Furthermore, dangerous fluorine-based compounds are
eliminated by using non-toxic alternatives in solid-state
batteries, improving recycling efficiency and providing
long-term, eco-friendly solutions for renewable energy
systems and electric vehicles [9].

Energy-efficient Manufacturing Processes

Low-temperature synthesis methods are the main focus of
efforts to improve sustainability in the manufacturing of
solid-state electrolytes (SSEs) in order to lower energy
consumption and facilitate wider usage in energy storage
systems. A breakthrough in environmentally friendly
battery production, cold sintering makes it possible to
fabricate ceramic electrolytes at lower temperatures while
maintaining performance and drastically reducing energy
use [5]. Furthermore, SSEs are more feasible for next-
generation energy storage systems since additive
manufacturing, like 3D printing, reduces energy
consumption and material waste while enhancing
scalability and efficiency [6].

Safety and Longevity

By increasing battery longevity and lowering hazards,
solid-state electrolytes (SSEs) provide a secure and
sustainable energy storage option for electric cars and grid
systems. They increase safety and dependability by
preventing dendritic growth, which lowers the risk of fire
and short circuits [13]. They are perfect for large-scale
energy storage and electric car applications because of their
exceptional thermal stability, which also guarantees
dependable operation under demanding circumstances [ 14].
The longevity and safety of energy storage technologies are
combined to improve their sustainability and effectiveness.

Integration with Renewable Energy Systems

Because of their high energy density and improved safety,
solid-state electrolytes (SSEs) are essential for renewable
energy systems that store intermittent solar and wind energy
effectively [ 1]. Utilizing renewable energy, SSEs contribute
to electrical system stabilization by facilitating grid-scale

storage [7]. Decentralized energy storage is another benefit
they provide, which promotes regional energy generation
and lessens dependency on centralized power networks
[15]. Through increasing the effective use of renewable
resources in both localized and large-scale applications, this
integration improves sustainable energy infrastructure and
guarantees dependable energy access.

Conclusion

Solid-state electrolytes (SSEs) are essential for tackling
environmental issues, promoting sustainable energy
storage, and facilitating the integration of renewable energy
sources. SSEs promise safer, more durable, and scalable
solutions by emphasizing environmentally friendly
materials, effective recycling, and creative production.
Their acceptance will be fuelled by ongoing research and
development, helping to shape a more sustainable and
environmentally friendly energy future.
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Abstract

Over the past decade, algae have emerged as pivotal organisms, increasingly acknowledged for their profound ecological
contributions and cutting-edge technological applications, particularly in the development of eco-friendly biomolecules. India's
tropical climate and abundant sunlight create ideal conditions for large-scale algae cultivation, with oceans rich in microalgae,
diatoms, and dinoflagellates. Of the 30,000 to 40,000 species, only a few are commercially utilized, but more can be explored for
environmental, energy, and food security benefits. This review investigates algae-derived natural, carbon neutral biomolecules
production and highlighting its scope and challenged in India It also outlines how algae can drive sustainability across sectors such
as bio plastics, biofuels, food, cosmetics, and pharmaceuticals, along with emerging trends in the fashion industry like bio beads and
bio leather. By lowering costs and reducing carbon emissions in algal biorefineries, these strategies contribute to a sustainable future.
However, obstacles such as the energy-intensive production process and the need for optimized biorefinery pathways impede large-
scale commercialization. Moreover, India's algae products market faces challenges, including low consumer awareness, difficulties
in ensuring sustainable sourcing, and strict regulatory standards. Competition from conventional products, coupled with the need for
continuous innovation to improve taste and versatility, further complicates market expansion.

Keywords: Algae-based biomolecules, Biofuels, Bioplastics, Environmental sustainability.
Received 29 January 2025; First Review 11 February 2025; Accepted 26 February 2025

How to cite this article
Abhilasha Choudhary, Algae-derived Biomolecules; A Versatile Resource and
Sustainable Solutions for India's Future, J. Cond. Matt. 2025; 03 (01): 10-15

* Address of correspondence

Abhilasha Choudhary

Department of Botany, SBRM Government
College Nagaur, Rajasthan, India.
Available from:

Email: abhishiv25@gmail.com https://doi.org/10.61343/jcm.v3i01.91

Introduction

A sustainable innovation wave is breaking over algae, a
universal and photosynthetic organism that produces a
plethora of valuable biomolecules with diverse applications
in modern industries. From completely freshwater to marine
habitats, a wide variety of algae exist. Large forms of algae
like seaweed are found in various tropical and temperate
coastal environments. Small forms of algae like the
microalgae used for biofuels can thrive in many different
freshwater and saltwater environments. The scientists'
evaluations indicate that algae hold great promise for
producing biofuels [1]. Indeed, if they thrive under ideal
conditions (abundant sunlight, heat, and abundant
nutrients), they can double their biomass in a short duration.
The proteins present in unicellular algae Chlorella and
Spirulina, though not as biofuel-friendly, could help support
food supply and address malnutrition [2].

In food, pharmaceuticals, and cosmetics, polysaccharides
such as agar, carrageenan, and alginate-made mostly from
macroalgae-serve as thickeners, stabilizers, and gelling

agents, reflecting the true potential of algae as a driver for
sustainable advancement and a bioeconomy [3].
Additionally, algal biomass can be used to produce animal
feed, reducing reliance on conventional fodder like
soybeans, often linked to resource depletion and
deforestation [4].

Algae also play a significant role in environmental
remediation, such as wastewater treatment, utilizing
nitrogen, phosphorus, and heavy metals as nutrients while
simultaneously reducing pollutants and producing biomass
for further applications [5]. Algae also contribute to carbon
sequestration, with their ability to absorb large amounts of
CO: during photosynthesis, making them a viable tool in
mitigating climate change [6].

Recent Trends in Algal-Based Biomolecules

1. Algal Biofuels

Recent trends in algal-based biomolecules highlight their
potential in biodiesel manufacturing through high lipid
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content, quick growth, and low land requirements. Studies
have focused on developing lipid yield and increasing
overall production efficiency through species selection
(Table-I). Extensive research has been conducted on the
lipid accumulation capacity of strains such as Chlorella sp.,
Nannochloropsis sp., Scenedesmus sp., and Botryococcus
braunii [7]. Brazilian researchers have proven the viability
of biodiesel production utilizing microalgae in open-pond
systems, emphasizing its scalability. Genetic engineering
advancements like CRISPR-Cas9 and metabolic
engineering have allowed scientists to target critical
enzymes in lipid production. biosynthesis pathway, such as
acetyl-CoA carboxylase (ACC) and malic enzyme (ME), to
increase lipid production [8-9]. Cultivation Optimization in
which nutrient starvation (e.g., nitrogen or phosphate
deficiency), high-light intensity cultivation, and two-stage
systems have been used to increase lipid productivity [10-
11]. Bioreactor Technology Advancements such as photo
bioreactor designs, and tubular and flat-panel systems, have
improved light utilization and scalability, lowering
production costs [12-13].

Table 1: Algal Biofuels

Component Biofuel Co-Products
Application
Lipids Biodiesel Lubricants,
(FAME green solvents
production)

Carbohydrates | Bioethanol, Bio-packaging,

biogas feedstock
Proteins Residual Animal feed,
biomass use fertilizers
Pigments - Antioxidants,
cosmetics

2. Algal Proteins and Nutraceuticals

Microalgae such as Spirulina and Chlorella are rich in
essential amino acids, making them a complete protein
source as cultivation requires minimal resources compared
to conventional agriculture, making them particularly
suitable for resource-scarce regions [14-15].furthermore
these algae are integral to the production of functional foods
and dietary supplements that support general health but also
exhibit therapeutic benefits, enhanced immunity and
reduced oxidative stress, addressing the demand for plant-
based, nutrient-dense alternatives [16-17].In terms of
personalized nutrition, the extensive biochemical diversity
of microalgae enables the formulation of products that
optimize health outcomes through targeted nutritional
interventions [18].

3. Algal Polysaccharides

Algae-derived hydrocolloids like agar, carrageenan, and
alginate are widely utilized in food, cosmetics, and
pharmaceuticals for their gelling, stabilizing, thickening,
and emulsifying properties, as well as in advanced
applications like wound dressings and controlled-release
drug formulations [19-20]. Bioactive polysaccharides from
algae demonstrate immense potential in drug delivery
systems due to their hydrogel-forming ability and
immunomodulatory effects, making them ideal for
functional foods and targeted therapeutics [21-22]. Algae-
derived natural colorants such as chlorophyll, phycocyanin,
and carotenoids are emerging as eco-friendly alternatives to
synthetic dyes in food, textiles, and cosmetics, valued for
their antioxidant, skin-health, and vision-support benefits
[23-24]. Pharmaceutical applications of algae bioactive
compounds include anti-inflammatory, anti-cancer, and
antimicrobial effects, with chlorophyll derivatives,
carotenoids, and phycocyanin demonstrating promise in
drug development [25-26]. In India, algae-derived
bioplastics, particularly from seaweed, are gaining
momentum as sustainable alternatives to conventional
plastics, with companies like Zerocircle using seaweed’s
regenerative and low-carbon properties to produce
biodegradable materials, reducing plastic waste by up to
3,000 tons annually while supporting coastal economies in
Tamil Nadu and Gujarat [27-28].

Table II: Algal Polysaccharides

Category Component Biochemical
Component
Hydrocolloids Agar Polysaccharides
Carrageenan Polysaccharides
Alginate Polysaccharides
Bioactive Bioactive Polysaccharides
Polysaccharides polysaccharides
Pigments Chlorophyll Pigments
(chlorophyll)
Phycocyanin Pigments
(phycobiliproteins)
Carotenoids Pigments
(carotenoids)
Bioactive Chlorophyll Pigments
Compounds derivatives (chlorophyll
derivatives)
Fucoxanthin Pigments
(carotenoids)
Phycocyanin Proteins

The Indian market for bioplastics is expanding due to
government policies banning single-use plastics and
promoting compostable alternatives. Despite these
advancements, the sector faces challenges like reliance on
imported raw materials, such as PLA and PHA. Boosting
domestic production could further drive the adoption of
bioplastics and strengthen the market's potential [29].
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4. Environmental Applications
Wastewater Treatment

In India, algae-based wastewater treatment systems are
growing more well-known for their capacity to support
sustainability while effectively eliminating chemicals like
nitrogen, phosphorus, and heavy metals. By effectively
absorbing extra nutrients and breaking down organic
contaminants, microalgae help keep water bodies from
becoming eutrophic. These systems further improve their
economic feasibility and environmental benefits by
producing valuable by-products such as fertilizers and
biofuels [30]. Research at IIT Hyderabad is driving this
field's progress in India. The creation of economical
bacterial-algal symbiotic systems for decentralized
wastewater treatment is one of the projects. These systems
concentrate on the removal of nutrients, the breakdown of
organic carbon, and the removal of micropollutants. Pilot
projects in gated communities have shown encouraging
outcomes in terms of sustainability and usefulness.
Furthermore, scaling these technologies for broader
adoption is the goal of partnerships with foreign universities
31-32].

Carbon Sequestration

Algae are effective carbon sinks, which help to mitigate
climate change. Large volumes of CO, are stored by
microalgae during photosynthesis, which allows them to
transform it into biomass at a rate that is far faster than that
of terrestrial plants [33]. Industrial exhaust systems can be
combined with algae to absorb carbon emissions and lower
greenhouse gas emissions. A circular economy strategy can
also be supported by using the biomass produced during this
process to produce biofuel. Algae are a promising treatment
for global warming due to their effectiveness and scalability
in sequestering carbon [34].

Key Advancements in Algal Biotechnology

1. Genetic and Metabolic Engineering

Enhanced production of targeted biomolecules through
CRISPR and synthetic biology

Algal biotechnology is being revolutionized in India by
developments in synthetic biology and CRISPR-Cas9,
which allow for precise genome editing improving the
production of high-value chemicals, medicines, and
biofuels. Research centres like the National Agri-Food
Biotechnology Institute (NABI) and Jaypee University of
Information Technology, together with businesses notably
Reliance Industries, are spearheading initiatives to advance
metabolic engineering methods for algae. These strategies,
backed by government programs like the National

Biopharma Mission and BIRAC incubators supporting
entrepreneurs in genetic engineering and synthetic biology,
involve creating artificial pathways to increase the output of
molecules of commercial significance. These developments
are in-line with India's emphasis on resource efficiency and
sustainability, which are essential for tackling its
environmental and economic issues [35].

Strain improvement for higher resilience and
productivity

Strain improvement strategies, such as adaptive evolution
and mutagenesis, are proving effective in enhancing algal
species' resilience to environmental stressors, including
temperature and salinity variations. In India, researchers are
exploring these approaches to boost lipid accumulation and
photosynthetic efficiency, critical for biofuel production
and industrial applications. For example, the combination
of adaptive laboratory evolution and mutagenesis has been
employed to develop strains capable of thriving in
fluctuating water conditions, often associated with
industrial effluents, while maximizing lipid yields. These
strategies are being paired with advanced genetic
engineering to refine metabolic pathways and improve
overall productivity, aligning with India's push for
sustainable biofuel solutions [36-37].

2. Bioreactor Innovations

The focus of recent developments in algae cultivation
methods is on expandable and economically viable
solutions. Flat-panel and tubular photobioreactor designs
have been adjusted to increase light penetration and nutrient
consumption, which lowers operating costs and increases
the efficiency of biomass production [38]. At the same time,
open pond systems are being adapted for areas with lots of
sunlight, such as India, where advancements in species
selection, water circulation, and paddlewheel design have
made large-scale production practical and profitable for
uses like feedstock and biofuels [39]. These advancements
are essential to overcome financial obstacles and move
algae farming to industrial scales.

3. Integration with Circular Economy

By generating a single algal feedstock into several high-
value products, including food additives, biofuels, and
bioplastics, algae biorefineries reduce waste and improve
resource efficiency-perfect examples of the -circular
economy [40]. Incorporating industrial waste streams, such
as wastewater and CO, emissions, into algae culture
systems is an important breakthrough in this field. In line
with sustainable and environmentally friendly industrial
practices, these waste products reduce pollutants and
greenhouse gas emissions while providing algae with an
affordable growing medium [41]. Algae's dual function in
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environmental restoration and resource efficiency
highlights its potential as a pillar of sustainable
development.

4. Digital Technologies in Algal Research

Algal research is undergoing a revolution driven by
artificial intelligence (AI) and machine learning, which
make predictive modelling possible for metabolic
engineering, strain selection, and cultivation optimization.
By decreasing the need for trial-and-error methods, these
technologies boost output and quicken the development of
algae bioengineering [42]. Additionally, by guaranteeing
traceability, transparency, and quality assurance,
blockchain technology is revolutionizing the supply chains
for algae products. Blockchain promotes consumer trust and
regulatory compliance by documenting each stage of
manufacturing and distribution, especially in delicate
industries like drugs and nutraceuticals [43].

Opportunities for Algal-Based Biomolecules in
India

Considering its abundance of natural resources, pro-
biotechnology regulations, expanding biotech sector, and
prospects in the international export market, India holds
great promise for the advancement of algae biotechnology.
Regions like Gujarat, Tamil Nadu, and Andhra Pradesh are
perfect for large-scale algae production in open ponds and
high-value niche applications like nutraceuticals because of
their vast freshwater systems and more than 7,500
kilometres of coastline [44]. Funding and collaborations for
sustainable algae projects are provided by government
programs such as the National Biotechnology Development
Strategy and Mission Innovation, and the industry is further
supported by subsidies for aquaculture and renewable
energy [45].

India is well-positioned to export high-value algae products
like spirulina supplements, carotenoids, and bioactive
compounds, leveraging cost advantages to meet rising
international demand for bio-based products [46]. The
expanding biotech ecosystem, supported by programs like
Biotechnology Ignition Grant (BIG) and BioNEST,
encourages innovation and entrepreneurship, with startups
investigating  algae-based  solutions like biofuels,
bioplastics, and functional foods [47].

Conclusion

Algal-based biomolecules offer transformative potential for
addressing India’s critical challenges in sustainable energy,
environmental conservation, and public health. These
renewable resources align with national goals by reducing
dependence on fossil fuels, mitigating pollution, and

improving health outcomes through nutraceuticals. Algae-
derived bioplastics and biofuels are revolutionizing
sustainable manufacturing and energy solutions.
Furthermore, innovative applications in the fashion
industry, such as biobeads for sustainable jewellery and
bioleather as an alternative to animal leather, highlight
algae's potential in reducing environmental impact [48-49].
However, the widespread adoption of algal biotechnology
necessitates strategic investments in R&D to tackle
challenges such as hybrid cultivation system optimization,
automation, and cost reduction. Innovations in these areas
can enhance scalability and make algal solutions
commercially viable.

Government support through subsidies, tax incentives, and
streamlined regulations is pivotal to driving private
investment and building an enabling ecosystem. Public
awareness campaigns emphasizing the ecological and
health benefits of algae-based products can encourage
consumer adoption, while partnerships among industries,
academia, and global initiatives can accelerate progress
through shared knowledge and innovation. By embracing
algal biotechnology, India could achieve its sustainability
goals and emerge as a global leader in the bioeconomy,
combining economic opportunities with ecological
stewardship and technological advancements. This vision
underscores algae’s role as a catalyst for a sustainable
future.
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Abstract

Real quantum systems can exhibit a local object called local partial density of states (LPDOS) that cannot be proved within the
axiomatic approach of quantum mechanics. We demonstrate that real mesoscopic system that can exhibit Fano resonances will show
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Introduction

In recent times the subject of mesoscopic physics has
attracted a lot of attention as it gives us an experimental
route to probe some of the most fundamental problems in
physics. As the name suggests, it is the regime that is in
between the classical and quantum regimes. One such
problem is that of defining a signal propagation time in
quantum mechanics. This problem has been recently solved
at theoretically making it completely consistent with the
theory of relativity [1-5]. The puzzling feature that one has
to accept as a result is that a signal can be also sent back in
time, to the past. While this is counter-intuitive, a very
convincing demonstration of it can be given and is
presented in this work. If the signal propagation time
between two points be divided by 7% then it gives the partial
density of states (PDOS) which is a measure of the states
through which the particle propagates between the two
points. This can be shown from propagation of wave-
packets in time [1, 3]. Therefore, if the PDOS become
negative then the signal propagation time also becomes
negative. We will demonstrate this quantity can be negative
in this work which too is equally counterintuitive but
consistent with all the theories of physics.

The System

For the purpose of this demonstration, we consider the
three-probe set up as described below with respect to Fig. 1.

The mesoscopic sample is the shaded region which is
typically made of semi-conductor or metal, through which
a current is passed. The leadsy oraare current leads that may
be made up of the same material. Lead f is an STM tip that
can attach to different points in the sample and is such that
we can vary its proximity to the sample. The STM tip can
thus be set up in many different ways but we will focus on
one particular case. That is when the STM tip is weakly
coupled to the sample at a point 7 through a tunnelling
barrier.

Let chemical potential of left reservoir connected to lead
ybe py,, chemical potential of right reservoir connected to
lead a is p, = 0, and the other end of the the lead S is also
earthed. For incident energy E such that 0 = y, <E < My,
only lead ¥ injects a current according to our classical
notions. For a mesoscopic sample, this defines a quantum
mechanical scattering problem. Such a set up can be
obtained in the laboratory and we want to address the
coherent current flowing from y to &. It was shown [6] that
in such a situation

1Sy |* = [Say|” = —4m21t129pp1pa (B, a,r,y) (1)
where

-1 26051,
Pipa(E, a,1,7) = |5y 500) @
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is known as the local partial density of states (LPDOS),
where U(7) is the electrostatic potential at the point 7,

_ 3[S7ay]
Hs,ay = arctan [—m[slw]] 3)
60
and —Slay is a functional derivative. The
SU(r)

parameter t controles coupling of states of the sample with
the states at the STM tip for which vy is the relevant density
of states (DOS). For a commercially available STM tip t
and Vg are either specified by the manufacturer or to be

ingeniously determined by the user. Thus, S'ay is the
scattering matrix element for scattering from y to a¢. When
the STM tip is removed by t = 0 then this scattering
amplitude will be Sy, = Sg, . Coherent currents are given

by 2 |S"ay | and 2[Sey |

v :O:

Figure 1: Here we show a simpler version of Fig. 3.2 as now there
are only two fixed leads indexed ¥ and & apart from the STM tip

[3. This is a cartoon of a realistic experimental set up that help us
measure some of the lower members in the hierarchy of DOS.

In earlier works, Eq. (1) could be justified in the semi-
classical regime only which limits its value and
applicability. The quantum regime remained unclear
specially because in the quantum regime g4, as calculated
from Eq. (3), can become negative. We have taken the view
that pypq is a fundamental object that cannot be found
within the axiomatic framework of quantum mechanics and
in this work, we will show that it can be found in nature, in
the so-called mesoscopic systems, in the quantum regime.
Moreover, in the quantum regime of 1D, 2D and 3D, pyq
cannot be negative and its negativity is a speciality of the
mesoscopic regime. Intuitively speaking, pjpq is positive
and the RHS is negative accounting for loss of coherent
electrons to the earthed lead f3. Therefore, any change of
sign in Pypq will result in a gain of coherent current due to
the earthed STM tip. That can be regarded as supporting
evidence for time travel because any intervention on a
quantum state at an intermediate point, by an STM tip is
supposed to only decohere the state. We will clarify as to
why and when this can happen in real systems. Since LHS
of Eq. (1) can be measured in the laboratory and so if the
equality in Eq. (1) can be established then one can affirm
that RHS is an objective reality that can be found in nature,
although we cannot make sense of it within the axiomatic

framework of quantum mechanics. The object pyy,q cannot
be defined within the axiomatic framework of quantum
mechanics because it is refering to only those electrons that
are coming from y and going to @. The wave-function of an
electron at a point 7 can only be sensitive to either yor «.
But the object can be defined for a mesoscopic system using
the idea of a physical clock. The idea of a physical clock as
envisaged by Landauer and Buttiker [7] uses the idea that
the spin of an electron can be thought of as a classical
magnetic dipole and if it is subject to a classical force will
presess like a classical dipole in a magnetic field. The
classical force can be obtained from a potential of the form

I - B(%) rather than | - B () which essentially means the
dot product is not the inner product of quantum mechanics
but the usual dot product for a classical precession. The

magnetic moment H is however taken to be quantized in
. h _ .
units of 7 For a vanishingly small magnetic field, the

expectation value of angular displacement can be calculated
in a spinor space using the analyticity of scattering matrix
elements. The angular displacement divided by the classical

. h
Larmor frequency of a dipole of strength > then defines a

time for which a detailed derivation can be found in [5]. The
equation of motion for the electron, that is the Schrodinger
equation, is not used therefore, but only the analyticity of
the spinor space is used. Thus, there is no direct way to
verify this object from the wave-function but if it is
averaged over all coordinates of the sample (that is averaged
over rand appropriate outgoing channels o then one arrives
at an object called injectance of lead  which is completely
in agreement with what one can calculate from the wave-
function. There remains the doubt whether the non-
averaged object as given in Eq. (2), at all has any relevance
to reality.

Our work [1-5] shows that the basic premise for defining
this object pypq via a physical clock is that an open system
is more general than a closed system. Meaning, it can only
be defined if we have the leads ¥ and & with their open ends
connected to classical electron reservoirs. In that situation it
can be shown that the object defined in Eq. (3) follow
directly from the topology of the complex plane that is
isomorphic to the Hilbert space (or the spinor space). The
exact form of the term |1 - B (#) or the exact form of the dot
product does not matter. It was also shown that negativity
of pipq is physical and corresponds to a wave-packet
travelling back in time. Since a wave-packet can also carry
information or signal, this raises some philosophical issues.
Hence a more down to earth experimental verification will
be of great help and that is what we will propound in this
work.

If we start from a closed system governed by Schrodinger
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equation, we cannot get an object that is ¥ and & dependent
because in that case the idea of a physical clock does not
work as they inherently need asymptotic free states that are
not a linear superposition of states. The classical reservoirs
destroy the linear superposition of states in the leads while
linear superposition exists inside the sample (shaded
region). Events in the reservoir are all classical events and
quantum event can only be defined in between two classical
events in the reservoirs. This will be discussed again with
respect to the 1D picture given in Fig. 2. Once we know
Pipa We can use it to find other relevant quantities that we
find in axiomatic framework of quantum mechanics and so
we are not losing anything but only gaining some extra
objects by this assertion. At any point we can go to the
closed system by making the leads ¥y and a very weakly
connected to the system and recover all that we get by
solving the Schrodinger equation for the closed system.

While the general view is that quantum mechanical laws are
the fundamental laws of nature and classicality emerges, we
adopt the view that a quantum event can only be defined
between two classical events and the quantum laws can
coexist with classical laws without any contradiction. This
has some obvious but significant consequences and solves
some long-standing problems in physics. First is that theory
of relativity and quantum mechanics can co-exist
consistently and there is no immediate need to quantize
gravity. That is because now in

t21 iLlead 2

11

L 2 ) IV
Headi Lead 3 4
>0 N\ B

Figure 2: The sample is the three prong potential of Fig. 5.6 shown
by the solid lines and the entire system consist of the sample
connected to three reservoirs via three leads. Different regions of
the system is marked by Roman numbers, I, IV and VII being the
leads, shown by dashed lines. Lead 2 is made exactly like that in
Fig. 5.6 by earthing it and the chemical potential of lead 3 is also
set to zero. In that case for a small positive chemical potential will
create a situation wherein only lead 1 inject a current while the two
other leads carry some current away from the sample. Lead 2
connects to the sample through a tunnelling barrier shown as
region VI. Lengths of different regions is shown as [, , [5 etc. This
system is a 1D version of the system in Fig. 1 where lead Y is
renamed as lead 1, etc, and as aresult t31 = S31, 831 = Spq,

and Tll = 511 .

quantum mechanics, like in theory of relativity, we can
relate time intervals to signal propagation time. We can
clearly obtain a coordinate time and a proper time within the
framework of quantum mechanics. The points inside the

classical reservoirs have local clocks giving their respective
local times or coordinate time that is consistent with mass
distribution in synchronizing the classical local clocks. A
signal can propagate from one reservoir to another reservoir
according to the laws of quantum mechanics and the time
delay defines a proper time that can dialate and contract and
can be different from local times clocked by the classical
clocks inside the reservoirs. This is a consequence of the
fact that a quantum event can only be defined between two
classical events. Secondly, p;,q is a local object and
removes the problem of collapse of wave-function, making
it redundant, because measurements are only defined in the
classical world in the reservoirs, while the time evolution of
observables in the region between the reservoirs are to be
determined quantum mechanically. To understand this, let
us see whatp;,q means. At the point " there are electrons in
a linear superposition of states. One may say that all these
electrons came from lead y (assume for the time being that
Pipa 1s positive definite) but some may be going to lead

(we call them dancing cats), some may be going to lead
(we call them sleeping cats) and some may be getting
reflected back to lead ¥y (we call them beaten cats). At the
point 7, we have a linear superposition of dancing, sleeping
and beaten cats. But we can now say something about only

. . —h80s
the dancing cats. They spend a time — -

27 U at the point

2 .
. At zero temperature there are |Say| of these dancing cats
at the point, we can average over only the dancing cats to
define a local partial density of states given by

_ Ly )2 595’0{}/
pPwa(E, a,1,y) = Py |S a}/| 30 That means we can

selectively average over the dancing cats at the point 7 and
determine physical effects due to the dancing cats alone. In
formal quantum mechanics, we cannot do this selective
averaging for the dancing cats alone that are in a linear
superposition with the sleeping and beaten cats. Note
thatlS'a,BlzandGS,ayare measured at the junction of the

sink reservoir which is a classical system.

In this work we intend to justify Eq. (1) for the quantum
regime, especially the situation when p,q becomes
negative. Note that there are two DOS that feature in Eq.
(1), that arevg and an 7 dependent DOS that is pyy,4. There

. 1
is a factor P for each of them that cancels the factor 47?2,

1
This is the factor o that appears in Eq. (2). There can be a

very simple interpretation for this factor as follows. LHS of
Eq. (2) is a DOS that can accommodate electrons that are
countable but 27p;,,q is uncountable, the RHS of Eq. (2)

being in terms of BSay (E) corresponding to a continuous

. . el 2 2
rotation. Scattering probabilities |S'ay| and |Say| are

well defined in quantum mechanics and when multiplied by
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e, .
a factor FO they give the measured coherent current from y

to . One of the facts that has emerged from the study of
Fano resonances in [1-5] is that p;,q(E, @,7,¥) can be

2
positive as well as negative, implying that |5'ay| -

|Soq,|2 can be also positive as well as negative in the
quantum regime. Hence, according to Eq. (1), when
negative then the sample will lose coherent current to the
earthed STM tip, and when positive it will draw coherent
current from the earth which is counter-intuitive, as any
invasive STM tip is supposed to lead to collapse of wave-

) 2 2

function. As |S 'ay| and |Say| are both measurable and
so if the equality in Eq. (1) can be justified, then in relative
proportions p;q(E, @,7,Y) is also measurable which is
good enough to confirm its sign. One may always try to
justify Eq. (1) from a brute force practical experiment, but
we will show below that it can be justified by what we call
a theoretical experiment in the sense that Eq. (1) can be
established from the topology of the complex plane formed
by the imaginary and real parts of a scattering matrix
element and hence independent of the quantum mechanical
equation of motion as well as vague ideas of spin
precession.

The Model

For our theoretical experiment let us consider the system
shown in Fig. 2. First of all, it is a system for which exact
quantum mechanical calculations can be made and it is a
system that exhibit pronounced Fano resonances. In this
sense the system in Fig. 1 at Fano resonances with the
modification that the upper lead is weakly coupled to earth
via a strong potential can be represented by the 1D system
in Fig. 2. Since it is a question of whether LPDOS is present
at all in a quantum system and more importantly whether its
negativity is allowed in quantum mechanics, then
demonstrations in 1D quantum mechanics should suffice.

Li=1/=0
I1=10

02H Iﬂ 0.3
Sul=0
?,\
0.1

Im[t, ]

Relty, ]
Figure 3: In this figure we plot the AD for t3; of the system

shown in Fig. 2 for the coupling potential Uy varying in a range
that give three sub-loops, all within one Riemann surface. The
starting point is marked by a small square block corresponds to

Uyl = —1000. The end point is unmarked and corresponds to

avalue U;l = —10. All the sub-loops smoothly come back to a
point marked by a cross. Other parameters are mentioned inside
the figure.

Let us drop the factor |t |2vﬁ from Eq. (1) because such
factors will be only needed if we are using a commercially
available STM tip, where this factor characterizes the STM
tip. This requires us to drop a 27 factor in Eq. (1) for
reasons mentioned in the previous paragraph. Which means
for a first principle calculation for the system in Fig. 2 we
expect (if the equality in Eq. (1) is correct) that

| 6{]/| - |Say|2 = _anlpd(Er a,r,y) 4

Now to make it correspond to Fig. 2

|t'311% = |t31|* = =2mpppa(E, a,m,y)  (5)

In Fig. 3, we plot the Argand diagram (AD) for t3; for the
system shown in Fig. 2 by varying the potential U; which
connects the three-prong potential with lead 2 that is
earthed. As U; is varied from eqU;l = —10 to eyUyl =
—1000. We plot 3[t3; ] versus R[t3;], which is known as
AD. The AD diagram make smooth sub-loops within one
Riemann surface and each sub-loop is due to a Fano
resonance. Any physical quantity that depends on t34 will
go through a cycle over one particular sub-loop. For one
closed sub-loop generated by monotonously varying a
parameter, say U, (), the local potential atr,

_ 56, _
§40,,, = § 525 AU () = 0

Sltz1]

where, 6;,, = arctan —— Rlta]

Or

1 60,
2 31
3€ 2n| t31l 6U1(T)AU1(r)

= $pipa (53,7, DA, () = 0
©

Similarly, over the same sub-loop,

Sltgq?
$ 5007 AU () = §, Alts:|* = §, AIR[e31] +
J[ts1]1> =0

(7

Therefore, from Egs. (6) and (7) we get the equality

1 86
. Alty|* = ¢C§|t31|26UIE;)AU1(7") =0 (¥
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purely as a consequence of the topology of a complex plane
(3[t31], Rlt31]). If the Argand diagram trajectory would
have enclosed the singularity, then the RHS of Eq. (6)
would have been 21 instead of zero. Whatever be the terms
in the Hamiltonian or the equation of motion, it is the
topology of the complex plane that determines the outcome
of the integration in Eq. 6. For the kind of Argand diagram
in Fig. 3, that are smoothly closed within one Riemann
surface, the equality in Eq. 8 is for the integrals. The
integrands can well be completely different in magnitudes
but the integrands will go through a positive-negative cycle
over a sub-loop. Therefore, it is obvious that A|t3;|? as
well as pypq will go through a positive-negative cycle over
a closed sub-loop as a consequence of the topology of the
relevant complex plane. Given the fact that LHS is physical,
the cycles of pypq is also physical as they are just different
expressions of the same sub-loop made by the AD of t34 .
If we want to compare the integrands in Eq. (8), then we

need an extra factor of 21 as discussed before Egs. (4) and
(5). Thus,

2~ i 2 56 t31
Atz | ~27T2n|t31| BUL(r )AU1(T) ©)
Viewing a derivative as an effect of an infinitesimal change

in U; we get

t'31]% = [t31]* = It,31|2(9t31 - 9t:31) (10)

where primed quantities and unprimed quantities are
calculated for an infinitesimal difference of Uy . If we want
to compare integrands then we can only write an
approximate equality because we are comparing two
different objects over one sub-loop. There will always be in
the least a phase difference between the two quantities.

In Fig. 4, we plot LHS and RHS of Eq. (10) where the
primed values and unprimed values are again for small
differences in U; as the incident wave vector k is varied and
that is the horizontal axis. It becomes clear that LHS and
RHS of Eq. (10) oscillate with positive and negative values.
Initially the two curves are a little different but as k
increases, effects of dispersion is minimized, and
magnitudes of the two curves are similar with a phase
difference between them. The oscillations of both the curves
are due to the smooth cyclic nature of the AD in Fig 3. In
other words, the underlying principle behind the oscillation
of both curves is the same. The two curves oscillate as a
result of quantum interference. But the symmetric
oscillation between positive and negative values and the
similarity between the two curves can only be noted if there
are well defined Fano resonances and signify the fact that
the RHS of Eq. (1) is physical. For Breit-Wigner resonances
the last two features are not seen.

Conclusions

Thus, to answer the question why and when the equality of
Eq. (1) can be observed, one can say that when we have
closed sub-loops within one Riemann surface for the AD of
the scattering matrix element of a relevant channel like t34,
then the equality will be found. Such closed subloops occur
if there is a Fano resonance. When other type of resonances
like the Breit-Wigner resonances start interfering with the
Fano resonances then two things can happen. First is that
the subloops are not smoothly coming back to the point
depicted by a cross mark in Fig. 3 or we do not get closed
subloops at all. In that case the equality in Eq. (1) will not
be strictly valid but still there can be an approximate
equality. Since the smooth subloop signify analyticity of a
complex quantity like t31 , the equality of the two curves in
Fig. 4 is not a direct consequence of quantum dynamics and
thus we can prove the equality of Eq. (1), in the presence of
Fano resonances without invoking the axioms of quantum
mechanics. In this sense it is a theoretical experiment.

I
IN=0 11=0
10 % 10 1,/ = 0.001

e Ul=D
e, U 1% 1000 & 995

sl f\ YTV A
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Figure 4: In this figure we are plotting the LHS and RHS of Eq.
(10) to show that they both can oscillate between positive and
negative values. The primed and unprimed values are for small
differences inU; at akvalue that we vary continuously. The sign
change and magnitude of both the curves originate from the
smooth cyclic AD of Fig. 3.
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Abstract

This simulation work is based on the analysis of the dispersion characteristics of a nanolayered periodic binary PhC of cryolite and
semiconducting layers by using the transfer matrix approach. The dispersion curves and reflection through layered media for optical
waves are compared at oblique incidences, and some insights are drawn. It is observed that width of band gap decreases or remains
same with increase in the incident angle for IDPhC, while the bandwidth increases with the normalized frequency at fixed incidence
that shows the characteristics of Bragg’s gap. The results of the manuscript have promising applications in design of tunable optical
filters, broadband reflectors, lasers, and modern communication industry.
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Introduction

Yablonovitch [ 1] first introduced the photonic band gap for
controlling spontaneous emission of light. Before 1987,
one-dimensional photonic crystal (1D PhC) in the form of
periodic multilayer dielectric stacks were studied
extensively and showed that such systems have a one-
dimension photonic band gap, spectral range of large
reflectivity known as stop band. Leading to these studies, a
detailed theoretical study of 1D optical structure was
suggested by Vladimir P. Bycov, who was credited the first
to investigate the photonic (PBG) on the spontaneous
emission from molecule and atom embedded inside the
photonic structure.

The periodic modulation of the permittivity occurs in one
direction only in such 1D PhCs, where two other directions
in the structure are uniform. As an example of such a PhC
it can be given is similar to the Bragg grating which that is
extensively used in vertical cavity surface emitting lasers as
a distributed reflector. These structures are widely used as
antireflecting coatings to decrease the reflectance from the
surface dramatically and improve the quality of prisms,

lenses, and other optical components. Further Thomas
Krauss demonstrated a two-dimensional photonic crystal at
optical wavelengths in 1996 [2, 3]. This opened the way to
fabricate photonic crystals in semiconductor materials by
borrowing methods from the semiconductor industry [3].
The two-dimensional PhCs are commercially used in PhC
fiber those were first developed by Philip Russell in 1998,
to enhance properties over optical fibers. By 1991,
Yablonovitch had demonstrated the first 3DPBG in the
microwave regime. The structure was able to produce a
drilling array of holes in a transparent material, in which
there are holes of each layer form an inverse diamond
structure and is known as Yablonovite. Such 3D PhCs have
permittivity modulation along all three directions, where the
number of possible PhC configurations is much larger than
those of 1D or 2D PhCs, and many works were dedicated to
the design the new geometric configurations of 3D PhC,
which could open new possibilities of their applications [,
3]. Among them, the most natural 3D PhC is valuable stone
opal having its unique optical properties. By turning around,
it shows different colours. Although owing to such a
peculiar behaviour, ancient people declared that opal had
some magic powers, now it is clear that all these
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peculiarities are caused by the micro-structure of opal that
consists of a number of micro-spheres kept at nodes of face-
centred cubic (FCC) lattice.

Although there are three types of PhC and some studies
have been made on 2D- and 3D PhCs, the 1DPhC is the
simplest one and has been extensively studied by using
different types of materials in its binary periodic structure.
The properties of metallic PBG materials with introduced
defect were reported in microwave frequencies, whose
experimental verifications had been made. In brief the PBG
materials are composed of air, semiconductors, dielectrics,
metals and polymers. By using the transfer matrix method,
Kumar and Ojha [5] made an attempt to analyse the
reflection properties of a PBG structure with refractive
index profile. The reflected broadband in the reflection
spectra were compared with the forbidden band-gaps
obtained using the analogy of Kronig-Penney model [4, 5]
used in the band theory of solids, and some conclusions
were drawn. In recent decades, a tremendous amount of
work has been devoted to 1 DPhC with a variety of materials
and structures [6-20]. In this simulation work, we propose a
nanolayered periodic PhC of semiconducting media, whose
one-layer Sodium hexafluoro aluminate and another is
Germanium. We employ the transfer matrix approach for
optical waves and reflection through layered media [5, 16].

Theoretical Modelling of Photonic Crystal

Figure 1 shows the binary structure of 1DPhC in which the
reflectance of such a structure strongly depends on the
radiation incident angle. And the optical properties of such
PhC can be determined by the existence of the periodic
modulation of the permittivity or the refractive index of the
medium. At that, observed effects have strong analogy to
the solid state, i.e., the periodically arranged structure of
atoms in crystal lattice.

Air

Z-axis

Figure 1: Periodic variation of 1DPhC structure.

We consider the EM wave propagation along x-axis
through the structure, the periodic refractive is [4]

) n,b<z<d W
n\z)= 5
n,,0<z<b

with n,(z+d) =n, and n,(z +d) =n,,and d=a+b
be the lattice period, with a and b as the widths of the two

layers whose refractive indices are 1, and n, , respectively.

The 1D EM wave equation for the spatial part of the eigen
mode is expressed as

2
d2dE§z)+Hwnj —ﬂz}E(z):O , ()
y4 C

The electric field distribution £(x) within each layer can be

expressed as the sum of an incident and reflected plane
. th . o
waves, and so in the m  unit cell it is written as

fikl(z—md
e

Ez)=1"

m

) +bmeikl(zfmd);

—ik2(zfmd+a

(md-a)<z<md , (3)

Lid @R (1) <2< (md - )

in which a,,,b,,,c,,,and d,, are constants.

We define,
o Y n.@

k; = (nlj —-p*| ="cosb;i=1,2,Where
c c

0, and 0, are the ray angles in the consecutive layers.

Assuming o as the angle of incidence,

1/2

2
1 . i
cosd, =|1- (J sin20 1 With the help of TMM,
n.

1

we have the relation [4, 5]

(amlj _ I(Au Ap, ) (amJ , 4)
bmfl 2 A21 A22 bm
where the matrix elements are expressed as

4, = exp(+ik1a)[cosk2b + ;l(ll? + :‘} sin kZb}

1 2

: 1k, k).
A, = exp(—zkla){zz[k2 - li sin kzb},

1 2

1 [k, k nd
- ; | o 1| ,a
4, exp(+zk1a){ z[ —J sin kzb}

1 2

Ay, = exp(—ikla){cos kb — ;z(ll? + klj sin kzb} :

1 2
Since equation (4) above is unimodular

A11A22 - A21A12 = 1. By using Floquet theorem [4-6]
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K(ﬂ,a))zcllcos_l B(A11 +A22)} ©)

Thus, the dispersion relation (@ versus K ) will be

cos(Kd) = cos(kqya) cos(k,b)

] i Y PP kb
—5 k_1 P sin(k,a) sin(k,b)
(6a)
Hence,
cos(Kd) = cos(k,a) cos(k,b)
1m
-5 n_1 —] sin(k,a) sin(k,b)
(6b)

Reflectance (R ) of the IDPhC can be obtained by [4, 16]

\AZI\Q , (7)
. 2
2 sin Kd
N
sin NKd
where A,; is matrix element and N is total number of unit

cells. For a lossless media, the transmission can be
obtained as Ty =1-R,.

Ry =

Results and Discussion

For the numerical calculations in our study, we have taken
NasAlFs and Ge as n;=1.34 and n,=4.2 [11, 16], and their
thicknesses are d1=360nm and d2=120nm, respectively
[11], where d is the total stack thickness. The dispersion
relation for a structure have been derived with Bloch
equation as by the equation (6b) and the reflection and
transmission can be obtained by the equation (7),
respectively. We now plot dispersion curves and reflection
spectra at incident angles 0°, 20° and 60°.

T I
K(w) | \ /

\a / \ /

0 05 1 L5
(wd)/c

Figure 2: Plot of the dispersion relation as a function of
normalized frequency for the 1DPhC at incident angle 6 = 0°
[16].

Figures 2, 3, and 4 represent the dispersion relation curves
i.e. k(o) versus normalized frequency, @d/ci.e., of the

structure for different oblique angle of incidences 6 = 0°,

k(w) | / \ /

| \‘s/ \\‘ / | |

(wd)\c

Figure 3: Plot of the dispersion relation as a function of
normalized frequency for the /DPhC at incidentangle 6 =
200(16].

Sya J\ ]
\ o

1 15

-
T

2.5
(wd)/c

Figure 4: Plot of the dispersion relation as a function of
normalized frequency for the /DPhC at incidentangle 6 =
60°.

20°, 60°. It is clear that the bandwidths of odd numbered
forbidden band gaps are wide but the bandwidths of even
numbered forbidden band gap are extremely narrow. It is
noticeable here that the lattice constant d is arbitrary; thus,
the result obtained here is only valid for arbitrary
wavelengths and the existence of band gap is possible d is
nearer to A, i.e., when the normalized frequency is
perpendicular.
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Figure 5: Plot of Reflection and Transmission as a function
of normalized frequency for the /DPAhC atincident angle 6 =
0°.

From Figures 5, 6, and 7, it is noted that the first and third
band gap shows the hundred percent reflection therefore the
transmittance is zero. i.e. at these frequencies, the waves are
completely reflected and do not pass through the crystal but
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gap, in terms of the normalized frequency ranges for
1DPhC, decreases or remains same. However, at fixed
incidence, the bandwidth increases with the normalized
frequency.

Table 3: Normalized Frequency Range at Incident Angle
60°.
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Figure 6: Plot of Reflection and Transmission as a function
of normalized frequency for the /DPAC atincident angle 6
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Figure 7: Plot of Reflection and Transmission as a function
of normalized frequency the /DPhC atincident angle 6 =

60°.

in second and fourth band gaps, the transmittance is not

zero, which means part of

Table 1: Normalized Freq

the wave can pass.

uency Range at Incident Angle 0°.

S. No. Band Gap Complete Bandwidth
5 ofd (Dispersion Reflection Range

ands Curves)

1 1.2-1.37 1.2-1.37 0.17

2 0.808-0.65 0.808-0.65 0.158

3 0.327-0.164 0.324-0.164 0.163

Table 2: Normalized Frequency Range at Incident Angle

200,
S. No.| Band Gap Complete Bandwidth
of (Dispersion Reflection
Bands Curves) Range
1 1.2-1.143 1.2-1.143 0.057
2 0.811-0.652 0.811-0.652 0.159
3 0.324-0.163 0.324-0.163 0.161

From the bandwidth listed in Tables at three incident angles,
it is observed that the bandgap obtained from the dispersion
curves and reflection spectra are analogous and mostly
same. As the incident angle increases, the width of band

S. No. | Band Gap Complete Bandwidth
of Bands (Dispersion Reflection Range
Curves)
1 1.2-1.165 1.2-1.165 0.035
2 0.822-0.667 0.822-0.667 | 0.155
3 0.327-0.164 0.327-0.164 | 0.163
Conclusion

The present work is dedicated to an analysis of a
nanolayered structure, considering as a simple model of 1D
semiconducting photonic crystal. From the dispersion
curves, it is found that the structure with chosen refractive
index profiles and lattice parameters exhibits allowed and
forbidden bands. It is mentioned that with increase in the
incident angle, the bandwidth for 1DPhC either decreases
or remains same. at fixed incidence, the
bandwidth increases with the normalized frequency. This
study can be useful in design of tunable optical filters, nano-
optics and may have promising applications in modern
communication industry, lasers and optical computing.

However,
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Abstract

Energy band gap.

An investigation has been conducted on structural and electronic characteristics of cubic half heusler compound AcOF. The FP-
LAPW approach is used in density functional theory (DFT) to conduct the investigation. GGA scheme was applied to verify the
structural stability. The lattice parameter, unit cell volume, bulk modulus, and pressure derivative of bulk modulus are among the
ground-state characteristics that are calculated. The calculated GGA lattice parameters correlate well with the available data. Band
structure, density of state and charge density have been plotted. Electronic band structure confirms AcOF as an insulator having large
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Introduction

In general, Half Heusler materials XYZ can be understood
as compounds consisting of a covalent and an ionic part.
The X and Y atoms have a distinct cat-ionic character,
whereas X can be seen as the anionic counterpart. AcOF
(XYZ) is ternary inter-metallic half heusler compound
consisting Actinium, Oxygen and Fluorine. AcOF
crystallizes in the MgAgAs type (FCC) cubic structure with
space group F-43m (no. 216), where Ac, O and F atoms are
located at 4a(0,0,0), 4b(0.5,0.5,0.5), 4¢(0.25,0.25,0.25)
Wyckoff positions respectively [1].

Half-Heusler compounds are interesting due to their various
properties including semi-conductivity, magnetism,
superconductivity, thermoelectricity and half-metallicity
[2]. Half-Heusler compounds are also known as topological
insulators because of their insulating properties in the
interior while metallic nature at the surface [3-4]. Several
compounds from this intriguing class of materials, such as
LiCdP, LiCdAs, and AgMgAs, have been synthesized.
However, only a few have undergone detailed
characterization. Beleanu et al. [5] conducted an
experimental investigation into the structural and electronic

properties of LiMgZ (Z = P, As, and Sb). Their findings
suggest that these alloys exhibit semiconducting behavior,
with a direct band gap ranging between 1.0 and 2.3 eV. The
structural, electronic, thermodynamic properties of Lithium
based materials i.e. LiZnP and LiCdP have also been
studied [6].

On the other hand, due to band inversion, these
materials are  found to  exhibit  topological
superconductivity. No studies have been done on the
structural, electronic, mechanical and optical properties of
AcOF HH compound. In this paper, we have studied its
structural and electronic properties and had briefly
described the structural properties as well.

Method

In order to understand the physical properties of the
compound, density functional theory (DFT) is the most
sought and prominent tool to evaluate the compounds,
predominately in material science. It is a computational
quantum mechanical modelling method used to investigate
the electronic structure (or nuclear structure) (principally
the ground state) of many body system.
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The DFT calculations under the framework of full potential
linearized augmented plane wave (FP-LAPW) method
available with Wien2k is used to calculate the ground state
properties of the compound. The energy exchange
correlation effect of energy is studied by the generalized
gradient approximation (GGA) scheme. Convergence
criteria were set at 0.0001 Ry for energy and 0.0001
elementary charges (e) for charge density, ensuring precise
results. The electronic structure was analysed using k-point
density of 2000 points to calculate the density of states
(DOS). The cut-off value of RMT*Kmax = 9 (RMT is the
smallest muffin-tin radius in the unit cell and Kpax is the
maximum of reciprocal lattice vector) for wave vector is
picked that contributes to the plane wave expansion of the
wave function in the interstitial region. Inside the atomic
sphere, the maximum value of partial waves is Inax =10,
while in the charge density, the value of Gmax =12 (a.u.)™.
The self-consistent simulations are repeated up to the total
energies converged within 10 Ry.

Result and Discussion

Table 1: Ground state properties of AcOF HH compound.

a(A) V(A)3 B (GPa) B’
5.851 338.04 101.84 3.92
5.950 [7] - - -

The half heusler compound AcOF crystallizes in the cubic
MgAgAs type structure (space group F-43m No. 216) in
which Ac atoms occupy at (0, 0, 0), O atoms at (0.5, 0.5,
0.5) and F atoms at (0.25, 0.25, 0.25) symmetry as shown
in Fig. 1. The optimized lattice parameter is 5.851 (A) as
shown in Table 1. In this figure the bond angle between Ac,
O and F is represented by light green colour. The bond angle
of AcOF is 35.097° and same for AcFO and OACF i.e.
72.452° for the cubic structure. The bond length of Ac-F is
2.9255 A and same bond length for the Ac-O and O-F i.e.
4.8514.

Figure 1: Structure of AcOF
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Figure 2: Energy vs volume curve of AcOF.

In Fig. 2, we have plotted energy as a function of volume
and the pattern of the curve, which indicates its structural
stability at the obtained Volume and Energy parameters. It
is also observed from Fig. 2 that GGA calculation provides
lowest possible minimum energy indicating a better
stability of the compounds. We noticed that this oxide
compounds stabilize in the cubic Ci, phase with a space
group F-43m (216).
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Figure 3: Band Structure of AcOF.

For the calculations of the ground state properties such as
the equilibrium lattice constant (a), bulk modulus (B), and
its pressure derivative (B”), we have calculated total energy
as a function of unit cell volume and befitted to Birch-
Murnaghan's equation of state [8] and is displayed in Table
1. The calculated value of lattice parameter is presented in
Table 1 together with available theoretical results, which
show very good agreement in terms of the ground state
properties of the AcOF HH compound.

To achieve a comprehensive understanding of the electronic
properties of AcOF a detailed analysis, including band
structures and density of states (DOS), has been
meticulously presented in next following Figures 3-5. The
band structure analysis, shown in Figures-3 along the high-
symmetry directions of the Brillouin zone, with the Fermi
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Figure 5: Partial density of states (P-Doss) of AcOF.

level set at 0 eV, confirms the insulator nature of the
compound. Band diagram reveal that the lowest energy
bands correspond to the Ac-p states, which extend from
approximately -13.0 to -11.0 eV, while the F-p states span
from approximately -4.0 to -2.9 eV. Further insights into the
band structure are offered by the total density of states
(TDOS), presented in Figure-4 and the partial density of
states (PDOS), illustrated in this Figure-5. A highest peak is
observed in O-p state in valence band which dominates near
the Fermi level, suggesting an important role in bonding.
After this next highest peak is due to Ac-p state showing
contributions in the deep valence region (~ -10 eV). F-p
state has peaks mainly in the valence band representing the
dominant orbital contributions to the electronic states.
These figures illustrate the small electronic interactions in
AcOF near the Fermi level. A significant hybridization is
observed between the O-p, F-p, Ac-p and Ac-d states. No
peaks in conduction bands are observed from 0 to 4 eV,
highlighting regions of pronounced band gap and density of
states.

Conclusion

The structural and electronic properties of AcOF have been
investigated by using FP-LAPW method within GGA. The
structural stability is confirmed by the energy versus
volume curve and found that it is dynamically stable in fcc
cubic MgAgAs-type structure. The computed values of
lattice parameters are impressively matched with other
available data, though the rest of the ground-state properties
are never reported before. From electronic analysis, it is
seen that AcOF as a topological insulator having large band
gap. In the valence band p state of O (oxygen) is near the
Fermi level confirming the topological behaviour. After that
large band gap is observed between valance and conduction
band.
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Abstract

Morphology Index, Specific Surface Area.

This study presents a comparative analysis of Powder X-ray Diffraction (XRD) data of various Titanium Dioxide (TiO:z) nanoparticle
samples synthesized via the Sol-Gel method using Titanium (IV) isopropoxide as a precursor. Titanium Dioxide, known for its
chemical inertness and environmental friendliness, is widely utilized in industries as a pigment and exists in three crystalline phases:
anatase, rutile, and brookite. XRD analysis revealed that the synthesized nanoparticles exhibit pure anatase and anatase-rutile mixed
phases. The particle sizes, ranging in nanometres, were influenced by varying precursor ratios and calcination temperatures.
Additionally, this research evaluates critical characteristics such as specific surface area, dislocation density, and morphology index,
providing insights into the structural and physical properties of the prepared nanoparticles.
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Introduction

Titanium Dioxide (TiO2z) which is also defined as titania is
one of the most versatile and widely studied materials in
modern science and technology. Known for its exceptional
chemical inertness, thermal stability, and environmental
friendliness, TiO- is a naturally occurring oxide of titanium.
It exists in three primary crystalline forms: anatase, rutile,
and brookite, each possessing unique physical and chemical
properties. Among these, the anatase and rutile phases are
of particular interest due to their remarkable photocatalytic
performance and optical characteristics. The anatase phase
is known for its high reactivity and is often used in
photocatalysis, while the rutile phase exhibits better thermal
and structural stability.

Due to its non-toxic nature and strong UV light absorption,
TiO: has found widespread applications across various
industries. In the pigment industry, it serves as an essential
component for paints, coatings, and plastics, providing
superior opacity and brightness. In the cosmetics sector, it
is used in sunscreens and skincare products to protect

against harmful UV radiation. Titanium Dioxide used in the
pigment industry can also be defined as titanium white or
pigment white. Furthermore, TiO: has gained significant
attention in environmental applications, such as air
purification, water treatment, and self-cleaning surfaces,
owing to its photocatalytic properties that enable the
breakdown of organic pollutants.

In recent years, TiO: has emerged as a key material in
renewable energy technologies. It is widely used in dye-
sensitized solar cells (DSSCs) and as a photocatalyst for
hydrogen production through water splitting. Its ability to
function as a photocatalyst under UV light has also led to
innovations in energy-efficient coatings and anti-bacterial
surfaces. Moreover, its abundance in nature, low cost, and
ease of synthesis have contributed to its growing
importance in industrial and research domains.

Extensive studies are being conducted to further enhance
the efficiency and functionality of TiO:, particularly by
tailoring its properties through methods such as doping,
surface modification, and nano-structuring. These
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advancements aim to optimize its performance for specific
applications and explore its potential in emerging fields like
biomedical devices, sensors, and advanced energy storage
systems.

Overall, the versatility, affordability, and eco-friendly
nature of Titanium Dioxide make it an indispensable
material in both traditional industries and cutting-edge
technological advancements.

The Sol-Gel method is a cost-effective and versatile
chemical route for synthesizing metal oxide (MO)
nanoparticles, offering precise control over particle size and
morphology. X-ray diffraction (XRD) is a fundamental tool
for phase identification, lattice parameter determination,
and crystallite size estimation. This study aims to compare
the structural properties of TiO. nanoparticles synthesized
via the Sol-Gel method under various conditions using
XRD analysis.

Experimental Methods

Materials

Table 1: Materials used in the synthesis of TiO:

Chemical Name Chemical Structure
Titanium tetraisopropoxide | Ti{OCH(CHs)2}4
(TTIP) [the titanium precursor]

Acetic acid CH3;COOH
Distilled water H20

Methodology

The Sol-Gel method is a versatile chemical process widely used
for synthesizing advanced materials, such as nanoparticles, thin
films, and ceramics. It involves a transformation from a liquid
solution (sol) into a solid network (gel) through hydrolysis and
condensation reactions of metal alkoxides or inorganic salts. This
technique allows precise control over material properties,
including particle size, morphology, and composition.

One of the main benefits of the Sol-Gel method is its ability to
synthesize materials at relatively low temperatures, which is an
advantage over traditional high-temperature techniques. The
process generally starts with the preparation of a precursor
solution, typically using metal alkoxides like titanium (IV)
isopropoxide. This solution undergoes hydrolysis and
condensation, leading to the formation of a gel. Subsequent drying
and calcination convert the gel into the desired crystalline phase
with specific structural characteristics.

The Sol-Gel method is highly adaptable and can produce materials
in various forms, such as powders, thin films, fibers, or monolithic
structures. It is widely employed in applications like optical
coatings, catalysts, sensors, and bioactive materials. The technique
is especially valued for producing highly pure and homogeneous
materials, essential for many advanced technologies.

In recent developments, the Sol-Gel process has become

increasingly popular for synthesizing metal oxide nanoparticles,
including Titanium Dioxide (TiO:). This method provides precise
control over the structural and surface properties of nanoparticles,
making it ideal for applications in photocatalysis, energy storage,
and environmental cleanup. Its simplicity, cost-effectiveness, and
scalability have made the Sol-Gel method a favored choice in both
academic research and industrial manufacturing.

Precursors

® Stirrin
+Water &

Colloidal
Solution

= Aging

Gel
Formation

* Drying &
Calcination

Powder
Production

Figurel: The flowchart of Sol-gel synthesis.

The Sol-Gel process for Titanium Dioxide involved the hydrolysis
and condensation of TTIP. The procedure was as follows:

1. Mix 20 ml of titanium isopropoxide with 40 ml of glacial
acetic acid.

2. Stir the mixture using a magnetic stirrer until a
homogeneous solution forms.

3. Gradually add 120 ml of deionized water to the solution,
drop by drop, while stirring continuously for 2 hours to
form the sol.

4. Place the solution in an oven set at 90°C and heat for
about 12 hours to facilitate gel formation.

5. Pulverize and dry the gel at 200°C for 2 hours, resulting

in the formation of a white powder.

Figure 2: Transformation of Sol to Gel.

I have carried out the experiment by changing different
parameters like the precursor ratio, water amount and the
calcination temperature by 200 °C, 400 °C and 500 °C
which is shown in a table form as follows:
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Table 2: The change in the different parameters with the different
samplings.

Sample | TTIP Acetic | Dist. Water | Temperature
(ml) Acid (ml) °C
(ml)
S1 20 40 120 200
S2 30 40 120 200
S3 20 40 200 200
S4 20 40 120 400
S5 25 45 125 500

Results and Discussion
Characterization

X-Ray diffraction is basically one of the most useful powder
analysis techniques used for the detailed study of
nanomaterial’s structural belongings for all the types of
crystal clear, limpid, transparent, and composed of crystals.
X-ray diffraction analysis can be used for the following
aspects:

e Crystallinity: Can point out  whether
nanoparticles are crystalline or amorphous in
nature.

e Phase: Can pick out the phase of polycrystalline
materials and compounds.

e Crystal orientation: Can provide detailed data on
the preferred crystal orientation of a material.

e Grain size: Can provide details on the average
grain size of a material.

e Strain: Can provide information on the strain in a
material.

e  Crystal defects: Can supply the data on how the
crystal defects are forming inside any material.

Principle of XRD: It operates on the principle of
constructive interference, where monochromatic X-rays
interact with the periodic lattice planes of a crystal. When
an X-ray beam strikes a crystalline material, diffraction
takes place in accordance with Bragg's Law.

Steps in XRD Analysis of the Experiments-
1. Sample Preparation

Five different powder samples have been prepared
using the methodology, packed in glass bottles
keeping stored at the room temperature and then sent
to the laboratory for the analysis.
Divergence Slit: A fixed divergence slit with a size of
0.3599° was used.

Specimen Details: The specimen length was 10 mm,
and measurement was conducted at 25°C.
Anode Material: Copper (Cu) was used as the anode
material with (\)=1.5406 A.

2. Data Collection

The scan was performed in Gonio mode, covering a
20 range from 10.0066° to 89.9956° with a step size
0f 0.013° and a step time of 18.87 seconds. The scan
type was continuous. The XRD pattern is recorded
as intensity versus the diffraction angle (20) for each
sample.

3. Analysis

The peaks in the XRD pattern are matched with
reference patterns to identify phases.

4. Calculations

Additional parameters have been calculated from the
peak width and position. The result of which
confirmed the nanosize of TiOx.

5. Comparison

Five different samples undergo the calculations and
the detailed datasheet was prepared for the
comparison.

Results

The comparison graph of all the TiO, nanoparticle samples
is shown here in the below figure3. This shows the decrease
in the peak intensity confirming the anatase phase.
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Figure 3: The peak intensity comparison of nanosized TiO2.

X-Ray Diffraction analysis is a widely used technique for
assessing the crystallinity of synthesized nanoparticles
(NPs). The height of the peaks shown in the XRD graph for
all the different samples indicate whether the nanoparticles
are crystalline or amorphous.
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Figure 4: X-Ray Diffraction patterns of TiO2 samples

Figure above shows the X-Ray Diffraction patterns of five
different nanosized TiO, samples labelled as S1, S2, S3, S4
and S5 with the varying conditions given in the table2
above. The experimental XRD pattern agrees with the
JCPDS card no. 21-1272 (anatase TiO,) and the XRD
pattern of TiO, nanoparticles other literature. High intensity
peaks at around 25 °C and 37 °C strongly confirms the
presence of Anatase phase of TiO, nanoparticles. The
crystallite size of these particles can be measured using
Debye—Scherrer’s formula:

_ 0942
" B cosh

Where, 0.94 is the shape factor, A is the wavelength of the
X-ray radiation for Cu Ka, and B is the line width at half-
maximum height. The position with the corresponding
FWHM for all five samples is given in the below graph.

Figure 5: The FWHM versus Position graph of nanosized TiOx.

The crystalline size with the corresponding FWHM for all
five samples is given in the below table by using the
equation given above:

Table 3: The change in the crystalline size by varying conditions
for nanosized TiOx.

Sample FWHM Crystalline | Pos. [°20]
Name (radian) size

S1 0.01219 12.358 37.9004
S2 0.01402 10.667 37.8612
S3 0.01529 9.780 37.8327
S4 0.01330 11.245 37.9026
S5 0.01205 12.405 37.9466

The table summarizes the XRD analysis results for TiO2
samples (S1 to S5), showing their Full Width at Half
Maximum (FWHM), crystalline size, and peak positions at
specific 20 angles. The FWHM values range from 0.01205
to 0.01529 radians, corresponding to crystalline sizes
between 9.780 nm and 12.405 nm. The 28 positions of the
diffraction peaks vary slightly among the samples, falling
between 37.8327° and 37.9466°. This data reflects
variations in the crystalline properties of the synthesized
nanoparticles. This reflects that S3 with the maximum water
part (200 ml) in it consists of the lowest particle size.
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Figure 6: The comparison graph of TiO2 nanoparticles for
intensity versus d-spacing.

Significance of d-spacing

1. Crystal Structure Identification: The d-spacing
values, combined with X-ray diffraction patterns,
help identify the phases and structure of a material.

2. Lattice Parameter Calculation: It is used to
calculate the lattice constants of a crystal system
(e.g., cubic, tetragonal, hexagonal).

3. Material Properties: Changes in d-spacing can
indicate lattice strain, defects, or distortions in the
crystal structure.

Real-World Applications

Below are some emerging applications of TiO2
nanoparticles in relation to the XRD findings:

Self-Cleaning Surfaces
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TiO2-coated surfaces exhibit superhydrophilicity and
photocatalytic degradation of organic materials.

XRD analysis of crystallinity and phase composition
can help optimize TiO- films for self-cleaning coatings
used in windows, textiles, and solar panels.

Anti-Microbial and Bio-Medical Applications

Ti0O:2 nanoparticles show antibacterial properties under
UV light, useful in hospital coatings, wound dressings,
and implants.

XRD phase identification (anatase-dominant) can
correlate with bioactivity and toxicity levels, ensuring
safety in biomedical applications.

Hydrogen Production via Water Splitting

TiO: is a key material in photoelectrochemical (PEC)
water splitting to generate hydrogen fuel.

XRD data on crystal phase, lattice strain, and oxygen
vacancies can help optimize TiO: nanostructures for
higher photocatalytic efficiency in hydrogen
evolution.

Smart Windows and Electrochromic Devices

TiO: is used in smart glass technology that changes
transparency based on external stimuli.

XRD studies can reveal structural stability, ensuring
long-term performance in energy-efficient buildings
and vehicles.

Conclusion

We have successfully synthesised TiO2 nanoparticles by
using the colloidal route of methodology said to be the Sol-
Gel method in very safe and environment friendly
atmosphere. By changing different parameters, we have
seen the changes appearing in intensity, Full width at half
maximum and the crystalline size. At the end we came to
know that b In the grown crystal the d- value is fingerprints
of a specific sample which is determined by XRD. The
shifting of plane d-spacing is due to the rearrangement of
lattice positions. It is due to the doping of ions, atoms and
impurities. Another thing which affects the d value is stress
forces which is external forces.

Comparative analysis of the nanomaterials suggests:

o Effect of Calcination Temperature: Higher
temperatures increased crystallinity but promoted
the anatase-to-rutile phase transformation.

o Effects of pH: Alkaline conditions resulted in

mixed phases, while acidic conditions favored
pure anatase.

e Effect of Hydrous solution: More hydrous
solution decreases the crystallinity and hence
particle size.

This comparative XRD analysis demonstrates that synthesis
parameters such as calcination temperature and pH
significantly influence the structural properties of TiO:
nanoparticles. Optimal conditions for achieving high-purity
anatase with small crystallite sizes were identified,
providing a foundation for tailoring TiO: properties for
specific applications. Future studies could explore doping
effects and advanced characterization techniques to further
enhance TiO: functionality.
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Abstract

In this paper, we consider the phenomenon of modulation instability. Due to nonlinear phenomenon of self-phase modulation, the
propagation of continuous wave beam is essentially unstable. For modulation instability, we plot various curves for gain spectra and
find the maximum gain which shows the gain dependence on power, group velocity dispersion parameter and nonlinearity parameter.
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Introduction

Modulation instability (MI) is a nonlinear phenomenon in
optical fibers that results from the interaction between
nonlinear Kerr effects and fiber dispersion [1]. MI leads to
the growth of perturbations on a continuous wave (CW),
which can result in spectral broadening. This process is
crucial for applications such as supercontinuum generation,
optical communication, and soliton formation in fibers [2].

The MI process is strongly influenced by parameters such
as the second-order dispersion coefficient f,, the input
power level Py, and the nonlinear parameter y. The gain
spectrum associated with MI determines the range of
frequencies over which perturbations grow exponentially.
This paper explores the theoretical foundations of MI, the
mathematical formulation of the MI gain spectrum, and
presents various curves for gain spectra under various
conditions [3].

Theory

MI in optical fibers can be described by the nonlinear
Schrodinger equation (NLSE) under the condition of
anomalous dispersion. The NLSE is given by:

0A B, 0%A

B L VIARA=0
‘oz Y2 Tl

Where symbols have their usual meaning.

In the case of a CW input, MI occurs when perturbations are
introduced on the input field. The gain spectrum associated
with MI is given by:

9(Q) = 18,0 |0 - Q°

Where Q is the frequency shift from the input signal and

Q% = %0 is the cutoff frequency, beyond which there is
2

no gain. The gain g(Q) is real and positive for |Q|<Q, , and
the frequency shifts outside this range do not exhibit any
growth [4].

Methodology

The parameters used for the numerical study are nonlinear
coefficient y, dispersion coefficient 5, and input powerP,.

The gain spectrum was calculated using the formula
provided in the theoretical section. We used Scilab to
compute and plot the gain spectra for different parameters.

The cutoff frequency . was calculated for each power
level using the relation:

4y P,

Q. =
‘ B2
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The gain g(Q) is computed over the range of Q and results
are plotted to compare the gain spectra for various
parameters.

Results and Discussion

Gain Spectra for Different Input Powers

The MI gain spectra were computed for power levels Py =
1W,4Wand 7W.

The results show that as the power increases, the maximum
gain and the bandwidth of the MI gain spectrum also
increase. This behavior is expected because higher input
power leads to stronger nonlinear interactions in the fiber,
thereby enhancing the modulation instability effect.

30

25

20 4

15

Gain g{2) in km"-1

Frequency Shift () in THz
Figure 1: Gain vs Frequency Shift for different power levels
Figure 1 confirms the fact.
Impact of Dispersion Coefficient

The role of the dispersion coefficient 5, was also analyzed.
With a negative 8, (anomalous dispersion), the MI effect is
enhanced, leading to higher gains. For normal dispersion

(8,>0), MI is suppressed, and no gain is observed.
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Figure 2: Gain vs Frequency Shift for different 8, values in ps?.
Dependence on Nonlinearity

Here is the figure which shows the dependence of gain on
nonlinearity.
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Figure 3: Gain vs Frequency Shift for different y values in W-
em!

Conclusion

The study of gain spectra under modulation instability
reveals the critical role played by the nonlinear and
dispersive properties. The nonlinear coefficient v,
dispersion coefficient 8,, and input power level P, all
significantly influence the MI gain spectrum. As shown in
the numerical results, higher input powers increase the gain
and broaden the bandwidth of modulation instability. This
has important implications for designing optical fiber
systems that exploit MI for applications such as
supercontinuum  generation and all-optical  signal
processing.

These results demonstrate that the asymptotic stage of
Modulation Instability is universal since the behavior of a
large class of perturbations characterized by a continuous
spectrum is described by the same asymptotic state. [5]

Future work may explore the interaction of MI with higher-
order dispersion and Raman scattering, as well as its effects
in photonic crystal fibers.
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Abstract

capacitors with exceptional performance characteristics.

Keywords: DFT, Graphullerene, Electronic Band Structure.

This study introduces a novel graphene-graphullerene heterostructure as a promising material for high-performance capacitors.
Compared to pristine graphene, this heterostructure exhibits a significantly larger surface area and porosity which enhance its energy
storage capacity. Pristine graphullerene is a semiconductor with a bandgap of 0.92 eV and its integration with graphene effectively
modifies its electronic properties, rendering it conductive as confirmed by band structure analysis. The unique combination of
graphene's high conductivity and graphullerene's extended surface area and porosity presents a promising avenue for developing
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Introduction

Carbon's diverse bonding allows it to form a variety of
structures, such as graphite, diamond, fullerenes, carbon
nanotubes, and graphene [1]. These allotropes exhibit a
wide range of properties; for instance, diamond is known
for its hardness and thermal conductivity, while graphite
displays a layered structure and electrical conductivity.
Recent research has unveiled novel 2D materials like
Graphullerene, a recently synthesized carbon allotrope [2-
4]. Graphullerene's unique structure boasts high porosity [3-
5] and a significant bandgap, making it a promising
candidate for various applications. The integration of
Graphullerene with graphene could yield a material with
exceptional electrical and surface properties, particularly
for energy storage devices such as capacitors. This study
explores the Graphene-Graphullerene Heterostructuring
(H-Gra/Gph) which leads to high-performance capacitor
material.

Method

We conducted density functional theory (DFT) calculations
using the SIESTA code [6] to investigate the electronic

properties of the H-Gra/Gph. A GGA-PBE [7] functional
and a DZP basis set with a confinement energy of 20 meV
were applied. Geometry optimization was performed using
the conjugate gradient method with a force tolerance of 0.01
eV/A, and a 10x10x1Monkhorst-Pack k-point mesh [8] was
used to sample the Brillouin zone. A 15 A vacuum was
applied along the z-axis to minimize interactions between
periodic images. Norm-conserving pseudopotentials were
employed for all atomic species.

Results and Discussion

The H-Gra/Gph was formed by integrating graphene sheets
with graphullerene, creating a composite material with a
stable, low-energy configuration. The relaxed hybrid
structure of H-Gra/Gph is shown in figure 1(a). The
structural optimization of H-Gra/Gph are depicted in Figure
1 (b and c).

Figure 1(b) shows the variation of total energy (Etotr) With
respect to the lattice constant (a). The plot reveals a well-
defined minimum, indicating a stable configuration for the
heterostructure at an optimized lattice constant. Figure 1(c)
presents the plot of total energy (Etowi) versus the vertical
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Figure 1: (a) Structure of H-Gra/Gph (b) Lattice constant (a) vs
total energy (Erota) plot and (c) vertical separation between
Graphene and Graphulerene (d) vs total energy (Etotal) plot for H-
Gra/Gph.

separation  distance (d) between graphene and
Graphullerene. This plot also exhibits a clear minimum,
suggesting an energetically favourable interlayer distance
for the heterostructure. These results provide valuable
insights into the structural stability and optimal
configuration of the H-Gra/Gph. A comparison of the
structural parameters of pure Graphullerene, H-Gra/Gph.
and graphene provided in tablel.

Table 1: Optimized lattice constant (a), binding energy (Es), band
gap energy (Eg) of Graphene, Graphullerene and H-Gra/Gph.

Systems a d E» Eg
(A) (A) | (ev/atom) | (eV)
Graphene 2.49 -—-- -7.81 0.0
(-9.53)12
Graphullerene | 9.32 ---- -7.44 0.92 (I)
(9.1 (-8.564)* | (0.7 ()*
H-Gra/Gph 9.72 1.50 | -7.27 o

The lattice constant of the H-Gra/Gph (9.72 A) is slightly
larger than that of pure Graphullerene (9.32 A), while the
binding energy is slightly lower (-7.27 eV/atom compared
to -7.44 eV/atom). This suggests that the heterostructure is
stable but has a slightly weaker interatomic bonding
compared to pure Graphullerene. [4, 9-12].

Figure 2 (a) and (b) shows the electronic band structure and
density of states (DOS) of pure Graphullerene and the H-
Gra/Gph. Pure Graphullerene exhibits a band gap of
approximately 0.92eV, confirming its semiconducting
nature. The DOS plot shows a clear energy gap at the Fermi

level supporting this observation. In contrast, the H-
Gra/Gph exhibits a metallic behaviour with a zero-band
gap. The DOS plot shows a significant overlap of the
valence and conduction bands at the Fermi level, indicating
the absence of an energy gap. This change in electronic
properties is attributed to the interaction between Graphene
and Graphullerene in the heterostructure, which modifies
the band structure and leads to the formation of metallic
states. Figure 2 (c) and (d) illustrates the density of states
(DOS) and integrated density of states (IDOS) for the H-
Gra/Gph, pure Graphullerene and Graphene. The prominent
peaks in the DOS plots correspond to the electronic states
available for charge conduction. The integrated DOS
provides a cumulative measure of the number of states up
to a given energy level. Comparing the Integrated Density
of States (IDOS) plots, we observe that pure Graphullerene
exhibits a higher density of states near the Fermi level
compared to the H-Gra/Gph. However, it is important to
note that capacitance is directly proportional to the density
of states at the Fermi level (Er). While pure Graphullerene
may have a higher DOS, the conducting nature of the H-
Gra/Gph, along with its porous and large surface area, make
it a more promising candidate for electrode materials in
supercapacitors.

Graphullerene

Graphene-Graphullerene
T , :

[

{
J

i M K To ol 02 T MK To o1 02
K-vector DOS/atom(a.u.) K-vector DOS/atom (a.u.)

DOS/atom (a.u.)

| h
— Gr'nphulcmnc+Gr;|phcuc
I— Graphulerene
— Graphene

Integrated DOS/atom (a.u.)

Figure 2: Electronic band structure and density of states of (a)
Graphullerene and (b) H-Gra/Gph, (c) Density of states (DOS) and
(d) Integrated density of states (IDOS) of H-

Journal of Condensed Matter. 2025. Vol. 03. No. 01

39



Research Article Devi A et al: Graphene-Graphullerene Heterostructure: A Novel Material for High-Performance

Conclusion and Future Prospective

In conclusion, this study has explored the potential of the
H-Gra/Gph as a promising material for high-performance
capacitors. DFT calculations revealed that the integration of
graphene with graphullerene significantly modifies the
electronic properties, transforming the semiconducting
nature of pure graphullerene into a conductive material. The
enhanced conductivity, coupled with the large surface area
and porosity of the heterostructure can significantly offers
advantages for energy storage applications and more
research is needed to synthesises and fabrication processes
to fully realize the potential applications of this novel
material.
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Abstract

respectively.

Nonlinear formulation of slow Alfvén wave in magnetized plasma which can be an essential ingredient of the solar space plasma is
being studied. Various method has been adopted, mathematical formulation of the magnetohydrodynamic (MHD) waves can interpret
the astrophysical phenomena happening in space plasma. The mathematical formulation of slow Alfvén wave and kinetic Alfvén
wave (KAW) has been done from Maxwell equation as a make model equation. On the perturbation of slow Alfvén wave by pumped
wave, the coupled wave dynamics has studied and their numerical simulation has been performed at 8 = 50°. Several localized
filamentary structures have observed with diverse intensities. The spectra associated with magnetic field fluctuations are also

5
observed with Kolmogorov scaling for inertial and dispersive range spectral index which are proportional to k™3 and k~3
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Introduction

The general attribute of solar wind in space plasma is to
eject constantly energetic particles in the space plasma. But
what is actual mechanism behind the moving out of these
highly energetic particles is still unanswered amid the group
of investigators. Hence, it is even now an unlocked question
in the area of astrophysics that how these energetic particles
get accelerated [1]. The Alfvén waves (AWs) can be defined
as an electromagnetic wave having low frequency travelling
in magnetized plasma which take place due the equilibrium
between the tension in magnetic field and ion inertia and
therefore, they give the impression in the dynamics of the
highly active particles in the space plasma [2]. Hence, it is
assumed that AWs may be a good representative for
transportation of momentum and energy in the various
phenomena happening under geophysical and astrophysical
scenario.

So many literatures expressed that the Alfvén waves are
most imperative in laboratory plasma and space plasma.

The various categories of these waves are able to explain
how the transportation of energy takes place in the space
plasma. It is, however, difficult to prove the detection of
these waves. Recently, researchers [3-4] asserted the
uncovering of these intangible Alfvén waves in various
levels of solar atmosphere, for example spicules, sun umbra
region and bright-points. In fact, these reports indirectly
expressed about of Alfvén waves. Theoretically,
considering the fully ionized plasmas they [5-6] have been
thoroughly studied linear Alfvén waves. Many authors have
used different methods to express damping process of
moving Alfvén waves. For the damping process of linearity
in the Alfvén have been studied by Leake et al. [7]. The heat
released due to strongly collapsing of Alfvén waves have
been explained by Song [8]. We have studied in a two-fluid
model where the damping was occurred due to the collisions
in the midst of electrons, ions, and neutrals, also due the
collision of charged particles with EM field. Therefore, the
researchers used this representation to study the
chromosphere as well as the outcomes show that undamped
part are closely associated with lower frequencies band
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which propagate via atmosphere, at the same time as higher
frequencies band are intensely damped near to low altitudes.
Under the consideration of Hall - term in the uniform and
non-uniform plasmas, the dampness of Alfvén waves occur
within the range of ion-cyclotron frequencies, have been
studied by Threlfall et al. [9]. Lastly, Lazarian [10]
explained the dampness of Alfvén waves is the effect of
turbulence, which may have diverse applications in the area
of astronomy and astrophysics. The Alfvén waves
nonlinearity is important to investigate various nonlinear
phenomena occurring in the space plasmas. It has been
found that the linearly polarized characteristics of Alfvén
wave are amplitude dependent, therefore, larger amplitudes
these waves will have more density perturbations and also
their motions in line with the magnetic field owing to
ponderomotive force. Particularly, the equations of Alfvén

wave in linearly polarized form and is travelling parallel (||

) to magnetic field in a completely conducting fluid has been
solved by Hollweg [11]. He found that the velocity and
density fluctuations o longitudinal wave seem to be
determined by the gradients of pressure exerted by magnetic
field in the low-beta plasma regime. Rankin et al. [12]
examined the nonlinearity associated with shear Alfvén
waves travelling in the cold magnetized plasmas. They
achieved analytical approximations in the limiting case § =
0. The filamentation of nonlinear waves gives us significant
evidence for the dissipation problem, which leads to transfer
momentum at lower scales. Some analytical studies have
been done on the Alfvén waves (AWs)collapse. With small
perturbation and interaction of Alfvén waves (AWs) [13]
demonstrate that the configuration and development of
lower-scale filamentary structures. Marsch et al., [14-15]
have mathematically formulated and studied that Alfvén
waves were exhibit in the solar wind travelling slowly.
Parametric instabilities illustrated and predicted the non-
linearity behaviour in the Alfvén waves [16]. The kinetic
properties in parametric instability may play a key role
which influences the ion dynamics. Consequently, they
affect the instability growth rate [17-18]. So many authors
[19-20] have already examined the nonlinear interaction of
inertial AW with kinetic Alfvén wave. Tam and Chang [21]
explained the intrigue of heating and acceleration
mechanism of solar wind in which wave-particle interaction
is the prime responsible for it. Zheng [22] advocated the
special outcomes of nonlinear Alfvén wave. They found
that the most important effect is dampness of Alfvén waves
which in turn to the heating of plasma in one-dimensional
systems but Alfvén wave builds up a damped soliton, when
strong dissipation takes place.

Following kinetic theory method, Hasegawa and Chen [23]
deliberated various nonlinear phenomena connected with
behaviour of kinetic AWSs. In situ observations, it has been
revealed that variations in the frequency range from 10 Hz
to 102 Hz. It lies between the state in which fast streams of

charged particles deriving through coronal holes and Alfvén
waves going away to the sun. This constant magnetic field
amplitude as well as small density fluctuations,
characterizes the Alfvénic state. The turbulence of slow
solar wind gives an idea about the features that the wave’s
propagation is not easy to categorize and their density
fluctuation spectra go along with Kolmogorov power law.

In this paper nonlinear formulation of slow Alfvénic wave
have been derived and discussed. With the purpose of
investigation the nonlinear property of waves, proper
equation of slow Alfvén wave has been derived. Its
significance is to explain the particles accelerating
behaviour in solar wind as well as to interpret the
mechanism of solar coronal heating.

Model Equations for Slow Alfvén Wave
Dynamics

(i) Equation of particles flow:

00U; - . - kT, - F

—/:_q_fv¢+q_f(lijo)_M 0 J (1)
ot m; cm; m; n, m

(i1) Navier-Stokes equation:

on =, .

—+V.(m)=0 2
po (n0) )

(ii1) Maxwell-Faraday equation:

-—-= 3)

1 6B
) c Ot

(VxE

Where v;,m; ,and T]. Jj-type i, e(ion and electron) ¢ , o
and Bo have usual meaning, velocity, masses, temperature,
speed of light, density and B- field respectively and

F = |:mj (Dj .ﬁ)ﬁj —(%j(z}/ x B, ):l is defined for equation
of the ponderomotive force. Also, Boltzmann relation
expressed as @ = (7,k,T, /n,e)n, — F,_ [eik. where @ ision
acoustic and @, is ion —cyclotron frequencies. The specific

heat ratios 7, and }, are for e=electron and i= ion. , ky, T .

,h,, ¢ and F_are defined for Boltzmann constant,

electron temperature electron density, scalar potential and
parallel component of electron pondermotive force
respectively.

1

KETe+yikpT\2 - .

Where C; = (YEB“’—V‘BI)Z is the acoustic speed.
i

We consider that slow Alfvén wave is propagating of with
frequency @ in the direction of z-axis, for which
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B, = B,z. Here, we consider x-z plane and it can be

expressed as k = k X+k.z andk is usually defined as

wave number. Now, we can derive an equation for slow
Alfvén wave from above well-known Maxwell’s equations.

Operating with V X of Equation (3) and using Ampere’s
law we find

VE-V(VE)=—3—+ ()

The nonlinear current (NL) is defined as ~e(n;U; — n,7,) +
eno(Ting + Vens)-

We took the x-component of equation (4) and can be written
as

0%E, 0%E, 1 8%Ex __ 4mnge d(Wix—Vex)

o2 owz vier & ot T
4mnge d(vinL—venr) 1 9%Eyx )
c? at c? ot2

We take the components x, y and z of D ; in equation (4),

and hence the x-component can be written as:

L D6 106 pMe 0 () s [u'fer
0z 0x0z VA at e ax \ng c WceMe
iwF,

ey | ©)
WceMMe

Usually, the Alfvén wave speed is defined as
V,= (B(f [Azn,m, )1/2 . Here,n,, n,, T, have usual
meanings. B is defined as B =8zN,I,/B;. The

approximate relationships  between electric  field
components for each other are as follows (nonlinear terms

. 2 :
can be neglected): E), ;DE,C, E :Lesma
(s=1%) : (P—;]2 sin® 49)
where
_ k%c? -1 D = w;j
1= gy P ey
v ©pj
and P=1-3%; (szZ _F)' Here, we have taken

relationship derived by Stix [24]. Therefore, continuity
equation expressed as

d (ne d d
ot (Tl ) T ox (Uex) T 9z (Uez) (7)
From the pondermotive force we have

L0 g f)+ q’z'{Ez‘ﬁEx} ®)

: m;e oz

” " ¢B, ox

and

iq; 0
F =—2|E —E 9
. CBO|: Foz X} ©)

Now, we put the £ ,E in equation (4) and using

pondermotive force components, one can find
a2 n 32 1 .9%2\(8%> 1 82 LB whe
ax2 ' 9z2 vZatz)\azz vZot? vi\wZ
c? a* (ne) _ 20w}e 9 [(aBoy) (azBoy)]
v2,) 0x20t2| \ny/ ~ wZ.BZ ox L\ ax 9z2

c? a4 (10)

4w2,B3V2Z 9x20t2

dBoy|?
ox

For 8 = 0, we can recover slow and fast modes of the cold
plasma. After Fourier transform LHS of equation (10) and
equated RHS with zero, we get,

k2 — w_z k2 — w’ k2 wpe w? w_z ne
V2 Il V2 + ﬁ VZ VZ V2
A wé, Te VA No

=0 (11)

Therefore, k\l (parallel component) gives the expression for

slow Alfvén wave which is propagating with low frequency
and in dimensionless form of slow Alfven equation is
obtained as

s n, 2 0’ 2
|: §1 j|_ |B0y| _4262_2|B0y| (12)
o’ 0’ 2 o’ 2
|:az_2_é,1?:|ne:_|30y _gza)c_z| oy
(13)
2 kA 4 2 242
Where é’l_ . 2Mand 4’2:&
ko v, (1+k0Vﬂ(‘) 20 pek(] V

The equation (13) is our desired nonlinear slow Alfvén
wave equation responsible for acceleration of charged
particles and solar coronal heating effect. For the
calculation of constants, some important parameters nearly
1AU for solar wind plasma is taken [25].

Kinetic Alfvén Wave (KAW)

The nonlinear KAW is travelling along z-axis. The
magnetic field Bo associated with it. The equation is derived
by [26-28]
0’B, __ ., 0B, , 0'B, o’B

2 ﬂ'e 2A,2 F VTeﬂ“e V 1__ 2)’ s (14)
ot Ox~ot ox’or’ n, ) 0z

For low-B plasmas (8 < m,/m,),[; =1and [, =0
For intermediate-f plasmas (% K p K1), =0and

I; = 1 Electron skin depth, A, = (\/czme [Azn,e )

Suppose a solution for (14) as
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> i(koxerkOZz—a)t)
B, =B, (x,z)e )

7 15)
From equation (14) and (15), we get
. aB . 2 12772 aB‘ 2172192 azB)’ 21272 azB.V
_ZIwa_t)_(ZZkaknxﬂ’e VTe) 82 _(kOxVTeﬂ’e) 822 _(VTeﬂ’ckOZ) axz
. 2 272 aB}’ 2772
ik, A (VTEkOZ)E—kOZVA (1-n,/n,)B, =0.
(16)

The system of equations namely (13) and (15), we can write
in the dimensionless form as:

0’ o’n, o
|:i_§1 %:| = _|BOy|2 _gz §|B0y|2 and

2

0°B,
+¢,— +nB =0, (17)
oz

B, 0B, 0B,
i i+
ot ox oz

B, =62x107°G,c, =4.63x10° cms™, n, =8.7cm™,
T,=14x10°K, T, =12x10°K,V,=4.6x10° cms’,
Vye =1.457x10° cms!, @, =0.6 Hz, », =5.64x10"Hz

th,e

and B ~2x107*

For @ =0.1Hzand A, =5.32x10° cm, we find 8 = 0.857
oy =6.5x10 em™ , ky, =5.83x10 % em™".

From the above parameters, the value of {; is very less as
compared to {,therefore, it can be neglected.

Simulations

The equations (13) and (15) in a (Z—n) X (i—n) Suppose a

spatial domain with the wave numbers @, and &, to be

periodic. (let their perturbation a,and a,equal to 0.2, has
been solved numerically. Hare, (256)?grid points are taken
in the spatial domain. Here we use a numerical method
namely, Pseudo spectral approach for finite difference as
well as Predictor-Corrector for space integration. Let there
be the evolution in time with dt = 5 X 107°.

The equations involved in the numerical simulations are

B, (x,2,0)= B, (1+0.1cos(a,x))(1+0.1cos(ex,z))  and
n(x,z,O) = |By (x,z,O)|2

Initially, we take B,o=1 for pump slow Alfvén wave
amplitude. The Fig.1, characterizes the strength of localized
B- field structures. Consequently, the coupling of waves,

affects the dynamics. As a result, several filamentary
structures are appeared at & = 50°by maximum intensity

|By (x,z)rz 10, has been observed. The Figure 2, shows

fluctuations power spectra in the graph of [B,|" Vs

,which follows Kolmogorov scaling for inertial as well as
dispersive range i.e. k™ and &~ respectively.

Figure 1: 3D-Filamentary structure of magnetic field strength for
Slow Alfven wave at 6 = 50°

Figure 2: Evolution of magnetic strength fluctuations power

spectra at 6 = 50° at the end of the simulation
Discussion and Conclusion

This section of the paper summarizes formulation of the
nonlinear slow of Alfvén Wave which is an important
equation for the calculation of energy dissipation. On the
perturbation of slow Alfvén wave by pumped wave, the
coupled wave dynamics has studied and their numerical
simulation has been performed at 6 = 50°. Several

localized (x, z ) filamentary structures have observed with

diverse intensities. The spectra associated with magnetic
field fluctuations are also observed with Kolmogorov
scaling for inertial and dispersive range spectral index

which are proportional to & 7 and &k~ respectively.
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Introduction

Semiconductor alloys based on III-V compounds have
opened up new generation of device application during the
last few decades [1]. Ternary alloys have the advantage that
a considerably wide range of band gaps can be obtained by
changing the alloy composition. Because of the wide range
of its physical properties ternary alloys are an important
material for many applications in microelectronics [2].

Computational Detail

The calculation of various properties of semiconductor
alloys using DFT require large computational power. it is
hard to model semiconductor alloys using DFT as it can
only be used by means of supercells which increase the
number of atoms. On contrary the EPM use the virtual
crystal approximation to model the alloys which is easy to
simulate. The band gap of AlAsxSbi.« is calculated using
empirical pseudopotential method (EPM) Considering the
Zink blende structure. EPM is an approach to calculate the
electronic band structure and optical properties. WE
consider the disordered effects of alloys via modified virtual
crystal approximation implemented in EPM [3-5]. The
Value of elastic constants C;;, Ci2 and Ca4 are calculated
using the method proposed by Baranowski [6] and
Bouarissa and Kassali [7]. The Elastic Constants Ciy, Ci2
and Cy4 for cubic Structure are Defined as:

_

C
117 4gs

3 1
4375 G+D(1- ) - 06075 (1-af)?| @

Table 1: Various elastic constants for different alloy composition

X Alloys Cn Cn2 Cu

0.0 | AISb 97.57506 41.84139 | 39.52807

0.1 | AlAso.1Sboo | 101.0197 43.32816 | 40.91984

0.2 | AlAso2Sbos | 104.3296 4476459 | 42.25428

0.3 | AlAso3Sbos | 107.4667 46.13538 | 43.51549

0.4 | AlAso4Sbos | 110.3884 4742344 | 44.68581

0.5 | AlAsosSbos | 113.0475 48.60982 | 45.74566

0.6 | AlAsosSbos | 1153923 49.67353 | 46.67348

0.7 | AlAso7Sbos | 117.3654 50.59149 | 47.44562

0.8 | AlAsosSbo2 | 118.9048 51.33841 | 48.03627

0.9 | AlAsooSbo1 | 119.9428 51.88674 | 48.41747

1.0 | AlAs 120.4065 52.20667 | 48.55911
+3) h? 3 h? 1
Cia= 5 |[437 — B - D(1—a2)® + 0.6075— (1-a2)? @

Cor = 3( Cll + 2C12 )(Cll - C12 ) (3)
" (7€ + 2612 )
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Table 2: Various elastic constants for different alloy composition

X Alloys Bs Cs
0.0 | AISb 60.41928 27.86684
0.1 | AlAso.1Sbos 62.55866 28.84575
0.2 | AlAso2Sbos 64.61959 29.7825
0.3 | AlAso3Sbos 66.57914 30.66564
0.4 | AlAso4Sbo.s 68.41175 31.48246
0.5 | AlAsosSbo.s 70.08906 32.21886
0.6 | AlAso.sSbos 71.57977 32.85936
0.7 | AlAso.7Sbos 72.84947 33.38697
0.8 | AlAsosSboz 73.86054 33.7832
0.9 | AlAso9Sbo.1 74.57209 34.02803
1.0 | AlAs 74.93996 34.09994

Table 3: Various refractive index values for different
composition.

X Alloys n € €

0.0 | AISb 2.59869765 6.7532290 | 6.758950997
0.1 | AlAsg;Sbog | 2.57671772 6.6394744 | 6.660381224
0.2 | AlAsg,Sbos | 2.54633767 6.4838356 | 6.529181622
0.3 | AlAsg3Sby; | 2.50832385 6.2916883 | 6.370223121
0.4 | AlAsosSbos | 2.46359120 6.0692812 | 6.189077591
0.5 | AlAsgsSbos | 2.41315494 5.8233168 | 5.991684468
0.6 | AlAsgeSbos | 2.35808168 5.5605494 | 5.78404425

0.7 | AlAsgsSbos | 2.29944394 52874425 | 5.571965674
0.8 | AlAsosSby, | 2.23828074 5.0099009 | 5.360885644
0.9 | AlAsgeSby; | 2.17556613 47330878 | 5.155770962
1.0 | AlAs 2.11218617 44613304 | 4.961103352

The bulk and Shear Moduli can be computed applying the
following relations [8].

C;; +2C
BS=(113 12 ) )

- (Cll_CIZ )

s . ®)

140

120 —

100

80

—C11
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Cc12
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0 02040608 1

Composition X

Figure 1: Elastic Constants Cy1, Ci2, C44 of AlAscSbi as
a function of composition X.

Table 2 shows Elastic Constants Bs and Cs that are
calculated by equation (4), (5) and table 3 shows refractive
index values for different composition calculated by
equation (6), (7), (8) using empirical pseudopotential
method.

The Wavelength independent refractive index (n) is
Calculated by Band gap (E,) using Moss’s Formula [9]
given as

nt = Egg(g”) (6)

The high frequency dielectric constant € _can be obtained
using the following relation:

g =12  (7)

According to the Harrison bond orbital model the static
dielectric constant is directly related to _as [10].

aj(1+ a?)) @)

=14+ (e — 1)1+
&o (e )( 202

Figure 1 Compared different Elastic Constants for
composition 0<x<1 of alloy AlAsxSbi..

Conclusion and Future Prospective

The structural property (Elastic Constant, bulk modulus)
and optical property (refractive index, high frequency
dielectric constant, static dielectric constant) are calculated
for alloy ZnS,Tei« for 10 compositions in table 1 using
EPM The experimental value is given in binary numbers. It
has been observed that the static and high frequency
dielectric constants increase when the antimony
concentration is increase. Our results are predictions.
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Abstract

properties.

Deposition of Europium Sulphide (EuS) thin films on bare glass substrates via spray pyrolysis method in an optimized aqueous bath
environment. Structural characterization was carried out to determine the optimal deposition conditions. The results indicated that
the optimum temperature for depositing high-quality EuS thin films is 623 K. At this temperature, the films exhibited excellent
crystallinity, as evidenced by sharp X-ray diffraction (XRD) peaks. This confirms that 623 K is ideal for forming well-crystallized
EusS thin films. These findings are significant for applications requiring high-quality crystalline structures and demonstrate that the
spray pyrolysis method, when operated under optimized conditions, can effectively produce EuS thin films with superior structural
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Introduction

The europium chalcogenides EuO, EuS, EuSe, and EuTe
are extensively studied materials. Glass substrates receive
the deposition of Europium sulphide (EuS) thin film by
adjusting  precursor  concentration and  substrate
temperature, using equal stoichiometric volumes of hydrous
and anhydrous precursor solutions. Europium (III) chloride
hexahydrate (EuCls.6H,O) and thioacetamide (C,HsNS)
serve as sources of europium and sulphur, respectively, to
produce Europium sulphide (EuS) thin films. A deposited
sample was then analysed for its morphology, structure, and
other characteristics [ 1-6].

Method

Europium sulphide (EuS) thin films are deposited onto glass
substrates using both hydrous and anhydrous solution baths.
These baths are made from Europium (III) chloride
hexahydrate (EuCls;-6H,O) and thioacetamide (C,HsNS),
each dissolved separately in deionized water and methanol,
with equal stoichiometric volumes of 1:1. The aqueous
solution of EuCl; and C,HsNS is thoroughly stirred using
magnetic stirrer equipment at a rate of 550 rpm for 45
minutes to ensure homogeneity.

The deposition process begins with cleaning the substrates
to ensure their pristine condition. Experimental substrates
must be free of common contaminants such as grease,
airborne dust, lint, and oil particles, as their presence can
adversely affect the morphology of deposited films. Glass
substrates undergo a rigorous cleaning process, which
requires soaking them in a Chronic acid solution with a
molarity of 0.5. for a duration of five minutes, followed by
cleaning with dilute hydrochloric acid and standard
laboratory detergent. Additionally, the substrates undergo
ultrasonic cleaning with double-distilled water. Before
deposition the substrates were meticulously dried using
alcohol vapor for a duration of ten minutes [7-10].

EuCl;-6H,O and C;HsNS, used in the experiment, were
sourced from Sigma Aldrich and were of analytical reagent
(AR) quality grade, sourced from, Pune.

For atomization of the precursors, we employed the Spray
Pyrolysis equipment using air as the gaseous medium. The
nebulizer was equipped with a 'metal spray head' and a
sharp needle-tip nozzle. The films produced had a subtle
brownish tint.

Data related to the synthesized europium sulphide samples,
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prepared under optimized conditions, can be found in Table
1 below.

Table 1: EusS thin film samples that have been synthesized
Sample | Precursor | Normality Surface

Eu®** + 3CI" | Temperature
Medium | o, H. + N + | range in K

S.
in M
A 0.01/0.01 (2)548, (b) 573
Aqueous
B 0.01/0.05 (€)598, (d) 623

The optimized preparation conditions for Europium
sulphide (EuS) thin films are as follows:

¢ Initial Ingredients: EuCl3, C2H5NS, H20

* Substrate Temperature: 573 K

* Precursor Concentration: 0.01 M

» Composition: 50:50

* Spray Nozzle: Metal needle.

* Spray Rate: 2 ml/min.

* Distance Between Nozzle and Substrate: 15 cm
* Carrier Gas: Air

* Gas Pressure: 3 psi

Investigating Europium Sulphide Thin Films Through
X-ray Diffraction

Structural characterizations play a critical role in ensuring
the reliability and efficiency of electronic components.
Upcoming publications will present an analysis of the
properties of materials deposited on substrate samples, with
key findings emphasized.

The attribute of the deposited material is notably influenced
by variations in the volumetric ratio of experimental
precursors, providing an effective approach for managing
these properties. To optimize the EuS volume ratio, films
were prepared using different ratios: 90 to 10, 80 to 20, 70
to 30, 60 to 40, 50 to 50, 40 to 60, 30 to70, 20 to 80, and 10
to 90 respectively. By using a precursor solution
concentration of 0.01 M, we coated these films at a surface
temperature of 573 K, a spray rate of 2 ml/min, and a
pressure of 3 psi.

Structural characterization was performed using X-ray

diffraction (XRD) with a MiniFlex2 diffractometer,
operating at Cu/30 kV/15 mA and utilizing ka radiation
(wavelength A = 0.1542 nm). The XRD patterns for the
spray-deposited EuS films, labelled as samples A, B, C, and
D, are shown in diagram 4.5 - 4.8. The diffraction peaks
observed in the films correspond to 20 values of 25.780°,
29.920°, and 42.460°, which align with the hkl planes (111),
(200), and (220), respectively.

Discussion

Structural analysis: The X-ray diffraction (XRD) patterns
for the spray-deposited EuS films, labelled samples A, B, C,
and D, are presented in diagram. These patterns indicate that
the films have a polycrystalline structure with a cubic, face-
centred lattice arrangement. The diffraction peaks observed
correspond to specific atomic distances within the crystal
lattice.

The XRD peaks were indexed, and the inter-planar spacings
(do) were analysed and matched against the reference values
from Joint Committee on Powder Diffraction Standards
card No. 75-0868.

The optimal deposition temperature for producing high-
quality EuS thin films has been established at 623 K. The
films display well-defined crystallinity, evidenced by sharp
X-ray diffraction peaks, confirming that 623 K is ideal for
producing well-crystallized thin films.

SAMPLE B |

Bl El 5

}k '

Z Theta | DEGREE )

Figure 1- Xray diffraction pattern of sample B

Figure 1: XRD of samarium ferrite obtained after different
annealing time

Conclusion and Future Prospective

In conclusion, the study demonstrates a direct correlation
between substrate temperature and the crystal quality of the
coated EusS thin films. As the surface temperature increases
from 548 K to 623 K, there is a clear improvement in the
crystal structure of the films. An enhancement in film
quality is corroborated by a mean particle size of 16.18 pm,
demonstrating the effective formation of well-crystallized
EusS films. The crystallite sizes were largest in films coated
at temperatures exceeding 623 K.
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Additionally, the study found that film thickness varies with
substrate temperature. Films grown under 573 K exhibited
reduced thickness, likely due to insufficient decomposition
process of the precursor elements. In contrast, increased
thickness was observed in films formed at temperatures
higher than 573 K. suggesting complete decomposition.
These results underscore the importance of substrate
temperature in optimizing both the crystallinity and the
performance of EuS thin films in semiconductor
applications is highly dependent on their thickness.

References

1. Busch, G. Journal of Physics and Chemistry of
Solids 38(3), 1967.

2. Gaikwad, N. Materials Research Bulletin
38(15):2613-2626, 2001.

3. Von Molnar, S. J. Superconductivity, 16(1): 1-5,
2004.

4. Weidong, H. Synthesis and characterizations of
europium chalcogenide and tellurium nanocrystals
Ph.D. Thesis, Vanderbilt University, Nashville,
2011

5. Ariponnammal, S, and S K Rathiha. Int J Mod
Phys B 25(27):3663,2011

6. Tanaka, K., Tatehata, N., Fujita, K., and Hirao, K.
Journal of Applied Physics, 89(4): 2213,2001.

7. Sakalle, U K, P K Jha, and S P Sanyal Bulletin of
Materials Science 23(3):233-235,2000.

8. Mane, R S, and C D Lokhande Materials
Chemistry and Physics 78: 15-17,2002.

9. Dosev, D, B Guo, and I Kennedy Journal of
Aerosol Science 37(3):402-412,2006.

10. Camenzind, Adrian, Reto Strobel, and Sotiris E
Pratsinis.

Journal of Condensed Matter. 2025. Vol. 03. No. 01 51



Research Article

Investigation of Functional Group, Optical and Structural
Characteristics of Doped and Pure Glycine LiNO; Crystals

Nimisha S Agrawal'? P R Vyas'®, I B Patel?>, D V Shah®

I Department of Physics, Sarvajanik University, Surat-395001, India.
2 Department of Physics, Veer Narmad South Gujarat University, Surat-395007, India.
3 Department of Physics, Sardar Vallabhbhai National Institute of Technology, Ichchhanath, Surat-395007, India.

@ agrawalnimishal73@gmail.com

b prathmesh.vyas@scet.ac.in

Abstract

Second Harmonic Generation (SHG) from the Centro-symmetric Glycine crystals in its pure form shows a photo-type of waves on
resistance from the guest molecule. Second harmonic generation may benefit from the use of such Non-Linear Optical (NLO)
materials. Slow evaporation is used to form a single crystal of glycine that is excellently optically transparent and has good nonlinear
optical behaviour in a solution containing fractional amounts of sodium, potassium, and lithium nitrate. A diffractometer using Cu-
Ko radiation was used to record the powder X-ray diffraction spectrum, which was scanned for eight minutes in the 85-degree range.
When the lattice parameter values, particle size, dislocation density, strain values, and other factors are calculated. The paper studies
exhibit the powder XRD pattern of the formed crystals. According to X-ray diffraction studies, grown crystals have very good
crystalline perfection and no internal structural grain boundaries. In order to investigate structural phase, presence of different
chemical bonds or additional elemental group etc. within grown crystals, they were examined by the spectrum of Fourier Transform
Infrared (FTIR) spectroscopy. Assigned vibration of various chemical bond groups were identified and confirmed by this
investigation. Optical Characteristics of Doped and Pure Glycine LiNOs crystals were carried out by visible and ultraviolet (UV)
spectra and band gap (Eyg) of the synthesized sample were calculated. For a nonlinear application, it was determined that the optical
transparency and cut off wavelength needed to be equals to 300 nm. For NaNO3 with concentration of 20% and 60% doping, the
band gap was found as 6.07 eV and 5.84 eV respectively. For KNO3 doping with concentration of 20% and 60%, the energy band

Agrawal N S et al: Investigation of Functional Group, Optical and Structural Characteristics

gap was found to be 6.21 eV and 5.88 eV respectively.

Keywords: Grown from solution, Slow evaporation, Glycine LiNO3, XRD, FTIR, UV-Vis spectroscopy.
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Introduction

Due to recent technological advancements, the
optoelectronics industry has a strong need for optical single
crystals and photonic fields. Such crystals are employed as
devices for frequency conversion, high optical data storage
etc. Glycine comes in three main types of polymers: a, B
and y. Centrosymmetric crystals of two polymorphic forms,
o and B, with space groups are found as P»;/C and Py
respectively. On the other hand, y glycine crystallizes in a
non-centrosymmetric manner with a space group of Pa,
which makes it a viable option for nonlinear applications. In
the current study, a with the slow evaporation approach, a
single crystal of glycine was created with the presence of
LiNOs3 and its optical and mechanical properties were
examined.

Method

At room temperature, a 4.5:1.5 ratio of glycine and LiNO3
was made by dissolving it in deionized water. After stirring
for around half an hour, the produced solution was filtered
through filter paper. The saturation solution is maintained
at room temperature in a dust-free environment in a petri
dish that has been coated with perforated paper. Twenty
days later, glycine lithium nitrate crystals are extracted.
Following that, a solution of NaNOs; and KNO; at
concentrations of 20%, 30%, 50%, and 60% was prepared,
and glycine LiNO3 seeds were doped into it. Following 10
to 15 days, small and colourless crystals of Glycine LiNOs
were extracted along with doped NaNO; and KNOs3 at 20%,
30%, 50%, and 60% of concentrations.
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Figure 1: (a) Undoped Glycine LiNOs, (b) to (e) doped with
NaNO;3 of 20%, 30%, 50%, and 60%.

() (b) © (@ (e

Figure 2: (a) Undoped Glycine LiNOs, (b) to (e) doped with
KNOs 0of 20%, 30%, 50%, and 60%.

Discussion
X-Ray Diffraction (XRD)

Using x-ray powder diffraction, the generated Glycine
LiNOs; pattern was obtained using a smart lab (3kw) powder
x-ray diffractometer with CuKa (0.154 nm) radiation for
structured analysis of the crystal. The ideal specimen was
made by randomly orienting powder with crystallite size
less than 10 pm concentrated with the probability
distribution of crystalline orientation in polycrystalline
materials. The diffraction angle (20), which is the angle
between the incident and diffracted beams, can be altered to
measure intensity and gather diffraction data by moving the
tube, sample, and detector. Crushed crystal powder was
scanned at a rate of 1° per minute within the 10-80° range.
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Figure 3: XRD graph of Glycine LiNO3 with pure Gamma
Glycine and LiNO3

The JCPDS card number for Glycine and LiNOs3 indicates
that the lattice parameter of the grown crystal is a = 7.024,

Table 1: Unit cell parameter of Glycine LiNO3 Crystal

Lattice Glycine Lithium Nitrate
parameter
a(A) 7.024 4.692
b(A4) 7.025 5.034
c(4) 5.472 15.21
o 90° 90°
B 90° 90°
Y 120° 120°
Crystal System Hexagonal Hexagonal
Space group P31 (144) R 3¢ (167)
Volume 233.80 290.08

Table 2: Powder XRD Data of Glycine LiNO3 Crystal

20° d-Spacing (A)

Observ | Standa | Observ | Stand | hkl | Referenc
ed rd ed ard es
Value Value Value Value
14.58 1454 | 6.0698 | 6.0800 | 100
21.83 21.81 | 4.0644 | 4.0700 | 101
25.32 2534 | 35142 | 35100 | 110 | JCPDS
29.34 2935 | 3.0078 | 3.0400 | 200 A Card No.
30.18 30.25 29574 | 2.9500 | 111 | 06-0230
33.65 33.65 | 2.6217 | 2.6600 | 201 | 80-0203
35.93 3588 | 24554 | 2.5000 | 102
39.12 39.12 | 22554 | 23000 | 210
4251 4458 | 2.0370 | 2.0300 | 300
44 46 4458 | 1.9850 | 2.0300 | 300

b =7.025, and c = 5.472 for Glycine. The value of o and B
= 90°and y = 120° indicates that the crystal structure is
hexagonal. When the values of a, b, and ¢ for LiNOj3 are
4.692,5.034, and 15.21, and the values of & and  =90° and
120°, respectively, the crystal structure is hexagonal which
is shown in tablel.

Fourier Transform Infrared Spectroscopy (FTIR)

Glycine LiNO; doped with NaNO3; and KNOj in a range of
concentration-wise tests can qualitatively identify the
existence of functional groups in a molecule. The FTIR
spectra were obtained between range of 4000 cm™! and 400
cm’!. The different absorption peaks were found in FTIR
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spectra for both pure glycine LiNO; and 20% doped NaNO3
and KNO:s.

Undoped
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Figure 4: (a) Glycine LiNOs, (b) doping with NaNOs and (c)
doping with KNO3

This work provides information on the molecular structure
of the created molecule, which aids in the explanation of
chemical bonding. There is a specific infrared spectrum for
each chemical substance. IR detected in the range of

1340.28 cm™' to 1353.78 cm’!, which is consistent with the
existence of the C-H group. There are observed degenerate
modes of stretching vibration for N-H, C=C, C=0, O-H.

Table 3: Wave numbers with assigned vibration of FTIR

Sr. | Wave Personalize | Wave Personalize
No | number d Vibration | numbe | d Vibration
. (cm) r (cm?)
1 3382.53 N-H Group | 3370.9 | O-H Group
6
2 3241.75,3237. =CH-H 2871.4 =CHj3
9 Group 9 Group

3 | 2715.28,2618. | O-H Group | 2601.5, | O-H Group

8 2318.0
2
4 2142.53 c=C 2181.1, c=C
Group 21425 Group
3
5 1984.39 =C-H 1984.3, =C-H
Group 1610.2 Group
7
6 1575.56,1565. | N-H Group | 1565.9, | C=C Group
9 1502.2
8
7 | 1353.78,1340. | C-H Group | 1328.7, | C-N Group
2 13229
3

UV-Vis Spectroscopy

For optical transmission of Glycine LiNOs crystal with
doped sample are measured in range of 200-1100 nm using
UV-Vis spectrometer. A band gap is not observable when
measured in the pure Glycine LiNO3 graph with a UV-vis
analysis. A study of a comparable graph of Figure 5 (a) and
(b) shows that band gaps arise whenever pure material is
subjected to a doping concentration. At 20% and 60%
doping concentrations of NaNOs, the energy band gap is
6.07 eV and 5.84 eV respectively. For KNOj3, the energy
band gap at 20% is 6.21 eV and at 60% of the doping
concentration is 5.88 eV.
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UV-vis absorption spectroscopy has shown that a pure

T; 0% NaND, sample cannot have a band gap; however, when an impurity

] . is added, the material starts to show a band gap, and the
e |r°’~.| —— SO0 NaNO doping material's band gap shrinks as the concentration

;"4 1 Ly E,=584eV rises. XRD analysis confirmed that the structured type of
® 121 q crystal is HCP (Hexagonal Cubic Pack) and FTIR analysis
% 10 - E, =5.898eV confirmed the material's functional groups.
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Conclusion and Future Prospective

Glycine LiNOs crystal structure was grown at ambient
temperature via slow evaporation. Research employing
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Abstract

Timely cancer detection is crucial for improved survival rates and enhanced treatment efficacy. Volatile organic compounds (VOCs)
have attracted much attention as potential biomarkers for cancer diagnosis because of their distinctive patterns linked to metabolic
abnormalities in cancer cells. This review aims to examine advanced biosensor technologies that utilize VOCs for early cancer
detection. This research seeks to elucidate the transformative potential of VOC biosensors in cancer therapy by analysing existing
advancements, significant challenges, and anticipated advancement in the domain.
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Introduction

Cancer profoundly affects worldwide mortality statistics
[1]. Despite breakthroughs in therapeutic procedures, a
delayed diagnosis diminishes the probability of successful
treatment. Imaging and tissue biopsies are recognized
diagnostic techniques that are challenging, invasive, and
frequently exhibit sensitivity limitations. As a result, there
is an increasing demand for non-invasive, quick, and
accurate diagnostic methods. Cells produce low-molecular-
weight substances known as volatile organic compounds as
standard metabolic byproducts. Malignant cells generate
distinctive profiles of volatile organic molecules due to
altered metabolic activities [2]. Blood, urine, and exhaled
air may include non-invasive biomarkers known as volatile
organic compounds (VOCs) [3]. VOCs must be discovered
and quantified to utilise advanced biosensors for improving
cancer diagnosis.

The Role of VOCs in Cancer Diagnosis

1. Metabolic Basis of VOCs

The process of metabolic reprogramming is an essential one
that permits cancer cells to survive apoptosis and grow at a
high rate [4]. The generation of VOC is the result of a

reprogramming process that involves changes in oxidative
stress, lipid metabolism, and enzyme activity [5]. This
mechanism produces volatile organic molecules on purpose
and is essential for the creation of chemical compounds that
have a high degree of volatility. It has been found that
ketones, aldehydes, and alkanes can be found in breath
samples that have been collected from individuals who are
afflicted with gastrointestinal, lung, and breast cancers [6].

2. Sources and Sampling of VOCs

Exhaled breath is non-invasive and easy to collect, making
it a diagnostic tool. Endogenous VOCs from cellular
metabolism and environmental chemicals are exhaled.
Thermal desorption and gas chromatography-mass
spectrometry (GC-MS) detect cancer-related VOCs [6]. The
speed and precision of selected ion flow tube mass
spectrometry (SIFT-MS) enable real-time monitoring and
early detection [7]. Metabolic reprogramming and
equilibrium require blood and serum [4]. The circulation
contains volatile organic molecules from systemic and local
metabolism [8]. Blood is more dependable than breath.
VOCs are sensitively detected by Proton-transfer-reaction
mass spectrometry (PTR-MS) and GC-MS [9]. Metabolic
alterations linked to cancer progression can also be shown
by the local and systemic urine metabolism alterations. Both
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GC-MS and Solid Phase Micro Extraction (SPME) can
detect cancer-related biochemical markers in urine's volatile
organic molecules [10]. Urine can be considered as a good
candidate for the long-term study because to its stability.

Biosensor Technologies for VOC Detection

Using VOCs to diagnose cancer is vital in modern medicine.
The reason for this is the numerous advantages that this
technology provides to its consumers. Testing vapor or skin
samples for volatile organic compound (VOC)
concentrations is a non-invasive alternative to biopsies [ 11].
Recognizing cancer-associated volatile organic compound

Isoprene, Toluene

Liver Cancer | Dimethyl [13-15]
disulphide,
Ethylbenzene,
Hexanal, Heptane
Esophageal Acetone, Ethanol, [1,16]
Cancer 2-propanol,
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Pancreatic Ethyl formate, [17,18]
Cancer Acetone,

Table 2: Comparison table of different biosensing technologies
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1. Biosensors Enhanced by Nanotechnology

The electrochemical biosensor is one of the most commonly
employed devices for detecting volatile organic molecules.
The operation of these sensors is accomplished by allowing
volatile organic compounds (VOCs) to interact with a
receptor, which then results in the formation of an electrical
signal that can be measured. This process is repeated until
the desired outcomes are achieved. It has been demonstrated
that nanomaterial electrodes, which have been the focus of
recent technical advancements, can improve both the
sensitivity and selectivity of an electrical signal. Zhang et
al. identified VOCs specific to gastric cancer cells, such as
3-octanone and  butanone, GC-MS. An
electrochemical biosensor based on Au-Ag nanoparticle-
coated MWCNTs demonstrated ultrasensitive detection of
these biomarkers, with detection limits as low as 0.3 ppb for
3-octanone, indicating potential for early gastric cancer
diagnosis [30]. The study done by Nazir et al. identified
phenol 2,2 methylene bis [6-(1,1-dimethyl ethyl)-4-methyl]
(MBMBP) as a significant volatile biomarker in the breath
of hepatocellular carcinoma (HCC) patients, with a
minimum concentration of 2100 ppm. A hexane thiol-
AuNPs modified biosensor demonstrated ultrasensitive
electrochemical detection of MBMBP with a limit of
detection of 0.005 mol/L, confirmed its potential for early
HCC diagnosis [31]. The review by Kaya etal. highlighted
in the nanomaterial-based electrochemical biosensors for

using

the sensitive and non-invasive detection of lung and colon
cancer biomarkers to enable early diagnosis and treatment.
Optical biosensors can detect VOC binding by observing
changes in light characteristics. The detection of cancer-
associated VOCs has considerable sensitivity via methods
such as surface plasmon resonance (SPR) and fluorescence-
based detection [32-34].

Nanotechnology has transformed biosensor design by
enhancing detection limits and facilitating downsizing [35].

Journal of Condensed Matter. 2025. Vol. 03. No. 01

58




Research Article Xavier T S et al: Volatile Organic Compounds as Biomarkers: Innovations in Cancer Biosensors

Figure 1 depicts Schematic representation of the SPR-based
olfactory biosensor for VOC detection [36].
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Figure 1: Schematic representation of the SPR-based olfactory
biosensor for VOC detection [36].

Carbon nanotubes and quantum dots have been integrated
into biosensors for the detection of VOCs at exceptionally
low concentrations [37-41]. Shehada etal. developed a
silicon nanowire field-effect transistor sensor capable of
selectively detecting gastric cancer-related VOCs in
exhaled breath while discriminating against unrelated
environmental VOCs. Blind analysis of patient samples
demonstrated >85% accuracy in distinguishing gastric
cancer from controls, showcasing its potential for non-
invasive, portable, and cost-effective cancer diagnosis [42].

2. Biosensors and Artificial Intelligence (AI)

Figure 2 schematically illustrate various medical
applications of wearable biosensor design [43].
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Figure 2: Schematic illustration of various medical
applications of wearable biosensors [43].

The utilization of Al algorithms improves the detection of
volatile organic compound patterns, hence enabling

biosensors to distinguish between healthy and malignant
profiles. Studies indicate that machine learning models
developed using VOC datasets demonstrate considerable
efficacy in precisely predicting cancer kinds. Einoch Amor
etal. introduced an Al-driven nanoarray for liquid biopsy,
detecting VOC patterns in blood headspace for early cancer
detection and staging. The nanoarray demonstrated >84%
accuracy for early detection and >97% accuracy for
metastasis detection in breast, ovarian, and pancreatic
cancer models, validated by mass spectrometry [44]. The
study done by Johnson et al demonstrated that a DNA-
decorated single-walled carbon nanotube vapor sensor array
can distinguish volatile organic compound (VOC) patterns
in plasma samples, achieving 95% accuracy for ovarian
cancer and 90% for pancreatic cancer. The nano sensor
successfully identified VOCs from early-stage cancers from
the algorithm, offering a promising high-throughput
diagnostic tool for these malignancies [45].

Innovations in VOC-Based Cancer Biosensors-
Hybrid sensing platform, Wearable Biometric
detectors, and POC devices

Many sensing modalities combined together have improved
diagnostic dependability by themselves. Combining optical
and electrochemical sensors has generated instruments
capable of detecting a larger spectrum of VOCs [46-48].
Among popular wearable gadgets that offer continuous
monitoring of VOCs can give their real-time data,and these
devices are highly useful for high-risk groups specifically.
Portable, user-friendly point-of- care (POC) biosensors
have revolutionised cancer diagnosis [49]. Figure 3
schematically illustrates the smart phone assisted
biosensors in healthcare [50].
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Figure 3: Schematic illustration of a POC biosensor [50]

Laboratory-level precision VOC analysis smartphone-
integrated devices are among recent advances. Salimi etal.
developed a  smartphone-based ZnO  nanosheet
chemiresistive gas sensor capable of highly sensitive
detection of lung cancer biomarkers such as diethyl ketone,
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acetone, and isopropanol in exhaled breath [51].
Challenges and future scope

Prior to VOC detection being utilised for cancer diagnosis,
certain concerns need to be addressed. Standardising VOC
detection is challenging. The variability in volatile organic
component profiles among cancer types, biological factors,
and sampling techniques makes data collection a
challenging task. The issue is resolved by standardising the
collection, processing, and measurement of volatile organic
compounds. By standardising procedures and merging
databases for VOC profiles specific to cancer, laboratories
may be able to detect VOCs in the same way.

There is a possibility of false positives due to VOC
interference with cancer-related VOC signals. A
combination of pre-concentration and selective filtration
can improve the detection of VOCs specific to cancer by
reducing background interference. Developing sensors that
can distinguish between environmental pollutants and
volatile organic compounds (VOCs) associated with cancer,
or employing sophisticated statistical or machine learning
techniques to identify VOC trends, would increase our
confidence in the findings. There are limitations on the
clinical usage of biosensors for volatile organic molecules.
Qualitative, precise, and safe products must be approved by
the FDA or EMA. Development and approval can be
accelerated through pre-development coordination with
government entities. Thorough clinical trials demonstrating
the advantages of these devices and diagnostic biosensor
guidelines are necessary to resolve these challenges.

As a result of individual and environmental factors, VOC
detection findings might not be repeatable using these
methods. Testing and other quality control measures aid in
maintaining sensor performance. Accuracy and consistency
in training are guaranteed by sensor drift monitoring and
correction software. Because of their sensitivity, cancer-
specific volatile organic compounds (VOCs) could go
undetected in Dbiological samples. Using signal
amplification or nanomaterials, biomarkers at low
concentrations can be sensitively detected. Thanks to multi-
modal detection, VOCs associated with cancer may be more
easily located. Combining GC-MS with SPR or electronic
eyes is possible.

The high price and limited availability of GC-MS make it
an impractical and unproductive tool. To put a stop to this,
we urgently need portable biosensing devices for point-of-
care diagnostics that are both affordable and easy to
transport. In locations with limited resources, these
technologies could potentially become more affordable as
production ramps up utilising less expensive materials.
Vapour concentration monitor data is massive and difficult
to evaluate. Complex VOC trends could be explained by

advanced data analysis methods such as machine learning.
Through the use of straightforward software, we can assist
physicians in analysing data pertaining to volatile organic
compounds (VOCs) and improving diagnostics by linking
VOC results to imaging or biopsies.

The accuracy, reliability, and usefulness of clinical VOC-
based cancer biosensors can be enhanced by avoiding or
resolving these issues. Lack of approved methods for VOC
collecting, storage, and analysis results in discrepancies in
sample preparation that compromise diagnostic accuracy
and complicate cancer diagnosis. Ambient VOCs can
interfere with cancer signals, therefore complicating the
biomarker’s detection. Increasing sensor sensitivity will
enable one to differentiate cancer-associated VOCs from
ambient interference and hence address this issue. Personal
medical information revealed by VOC-based diagnostics
could expose privacy concerns and genetic material
exploitation questions. Well-built legal frameworks guard
patient records, provide informed permission, and aid to
lower diagnostic bias [52]. Future VOC-based diagnostics
will classify many cancer types from a single sample, hence
enhancing efficiency and screening capability. For patients
residing in rural areas especially, telemedicine technology
with remote analysis and at-home sample collecting could
increase access. Customized metabolic profile testing can
help to increase the accuracy and usefulness of the operation
for several patient populations by increasing sensitivity and
specificity. These technologies have enormous potential;
but, for full manifestation they need research, standardizing,
and ethical considerations.

Conclusion

Volatile organic compounds (VOCs) present a potential
avenue for non-invasive cancer diagnostics, as biosensors
facilitate rapid and precise detection. Despite ongoing
challenges, continuous advancements in nanotechnology,
artificial intelligence (AI), and hybrid sensing platforms
contribute to overcoming current limitations. To
revolutionise cancer treatment, biosensors based on volatile
organic compounds (VOCs) could close the gap between
lab work and real-world treatments. This would
consequently save lives and enhance patient outcomes.
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Abstract

The foremost emphasis of this foundational research letter has been given on analytical investigation of an enhanced simulative study
on shortwave infrared gains (SWIRGS) of InoesAloosGao24As/InP lasing nanoscale heterostructure for fiber optic cable
communication applications under transverse electric and magnetic bi-modes at 300K. In the starting of this work, taking into account
recent and emerging computational technology, an enhanced and improved effective mass theory for single and multi-sub-bands has
been utilized to enumerate the appropriate SWIR gain parameters as well as electrons-holes (Es-Hs) levels of quasi-Fermi energies.
Under advanced simulation, first of all, the salient computational performances of Es-Hs levels of quasi-Fermi sub-band energies
versus injected carriers (10'® cm™) at 300K have been analysed simulatively. Next, electric and magnetic transverse bi-modes induced
several spectral performances of SWIR-gain with wavelengths of photons have also been investigated analytically. In spite of this,
the prominent performances of SWIR-differential gain (10-'°cm?) with injected carriers (10'® ¢m™) under transverse electric and
magnetic bi-modes at 300K have been analyzed dominantly. Throughout the results, the peak intensities of SWIR-gain are achieved
at wavelengths 1330 nm and 1550 nm corresponding to two crests of SWIR-spectra respectively under transverse bi-
modes. Consequently, this emitted SWIR light gain by Ino.csAlo.osGao.24As/InP heterogeneous nanostructure of wavelengths ~ 1330
nm and 1550 nm can be substantially utilized in the applications of fiber optic cable communications in the transmission of SWIR-
signals through the modern process of total internal reflection with minimal attenuations of SWIR-signals (in dB x km') owing to
lowest fiber dispersions and fiber absorptions.

Keywords: Es-Hs quasi-Fermi sub-band energy levels, SWIR-gain, SWIR-differential gain, SWIR-loss, Transverse bi-modes.
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Introduction

In today's advanced research, there have been observed so
many differences between homogeneous and heterogeneous
junctions based on nanoscale structures. As it has been
known that a homogeneous structure has been formed when
two materials of equal band gap interact while a
heterogeneous structure has been formed when two
materials of different band gap interact with each other. In
taking into consideration emerging nanotechnology, for the
applications of SI- telecommunication systems, an
InAlGaAs heterogeneous junction nanostructure [1-9] has
been investigated by researchers for emission of SI
radiations. The various optoelectronic characteristics like
modal confinement parameter, intensity of modal infrared
gain, intensity of infrared gain [10-12] have been
investigated in emerging research fields. In this research
work various SWIRGs of IngesAloosGaga4As /InP
heterogeneous nanostructure at room temperature under

transverse bi-modes have been simulated analytically. In
order to enumerate the various SWIR-gain parameters as
well as energies of Es-Hs quasi-Fermi levels an advanced
effective mass theory of single and multi-sub band has been
applied. Electric and magnetic transverse bi-modes induced
several spectral performances of SWIR-gain with
wavelengths of photons have also been investigated
analytically. In spite of this, the prominent performances of
SWIR-differential gain in (10-'%cm?) with injected carriers
(in 10" cm™) under transverse electric and magnetic bi-
modes at 300K have been analysed dominantly.

Heterostructure Details and Theoretical
Method

In this simulative work, there has been proposed a
heterogeneous nanostructure of five SNLs (Step-index
Nanoscale Layers). This nanostructure has been simulated
such that, one NQL (Nanoscale Quantum-well Layer) has
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Tablel: Layer-compositions and layer-parameters  of
Ino.6sAlo.osGao24As /InP heterostructure.

SNLs % x,y of Width(nm) Wave- BOE
length
(Inl-x- (nm) (eV)
yAlyGaXAS)
NCL 00%, 45% 10.00 08451  0.2574
(C.B)
NBL 34%, 27% 05.00 10472 0.1753
(CB))
NQL 24%., 08% 06.00 15783 0.0734
NBL 34%, 27% 05.00 10472 -0.1753
(V.B)
NCL 00%, 45% 10.00 08451  -0.2574
(V.B)

been sandwiched between two NBLs (Nanoscale Barrier
Layers), and after that it has been covered by two NCLs
(Nanoscale Cladding Layers) and after that the whole
system has been grown simulatively on an InP base
(substrate) layer. Layer-compositions, layer-parameters and
Band offset energy (BOE) for conduction and valence bands
of IngegAloosGao24As/InP nanoscale structure have been
exhibited in table 1.

An expression of Infrared gain amplification coefficient
[13] as a function of photon's energies has been given by the
following mathematical relationship.

(o) = LT [ exp (=2
w) = X |[1—ex
21,5 (hw)mleyc p kT
% My > fefy (hnt)dkydky
nenv 4m? Ly T({hwnc+hwpy+hwsgl—hw)?+(hrr)?

Here- Aw = Photonic energy, i = reduced Planck constant,
w = angular frequency, q = charge of electron, n.rr =
effective refractive index, mo = mass of electron, &, =
permittivity of free space, ¢ = speed of light, Af = energy
separation between quasi-Fermi levels, k; = Boltzmann
constant, M, = bulk momentum matrix, f,, f,, = conduction
and valence band fermi functions. Ly,= width of quantum
well layer, ky ky = wave vectors, T = photon life time.

The differential form of infrared gain coefficient has been
defined as differential gain coefficient [ 14-23] expressed by
the following equation.

’ dG (hw) 8m?myhw =)
¢'(hw) = aN_ csh?’;w % fE’lelz
x (dfc(hw) _ dfv(hw)) x L(how")dho'.

dN dN

Here - G'(hw) = differential shortwave infrared gain,

dG(h — . L
% = derivative of shortwave infrared gain with respect

to carrier density, L(hw") = line shape function, |M,|? =
squared bulk momentum matrix element, m; = reduced

mass, h = Planck constant, % = differential quasi fermi

function for conduction band with respect to carrier density,

dfy(h . . . . .
% = = differential quasi fermi function for valence

band with respect to carrier density, € -electric permittivity,
¢ = speed of light.

Simulative Results and Discussions

An increment in infrared light per unit initial value of it at
per unit length of propagating infrared light can be defined
as infrared gain parameter. In fig. 1 the transverse bi-modes
spectral performances of intensity of SWIR-gain with
wavelengths of photons have been shown by blue right (y)
and blue top (x) axes. As it has been shown in black spectra
that the corresponding to two crests at lasing photon's
wavelengths ~ 1330 nm and 1550 nm, the peak values of
SWIR-gain have been achieved by the simulation results in
transverse electric mode-TE, while in transverse magnetic
mode-TM, only single peak of SWIR has been achieved at
1330 nm, it is presented by blue graph. By fig. 1, it has also
been shown the energies behaviours of quasi-Fermi levels
of Es and Hs with densities of injection carriers by black
left (y) and black bottom (x) axes. Although the curves of
Es and Hs have been shown by black and red colours
respectively.

Wavelength of photons (nm)
&0 &0 1000 1200 1400 00 1800

Q& Energies for BEs and Hs

© SWIR-gain il 0%am)

Spects of SW IR-gain |

Enemies of quasi Fermi levels (g%

Injection camier dens ities (x10 cm )

Figure 1: Transverse electric (TE) and transverse magnetic (TM)
bi-modes induced spectral performances of SWIR-gain
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(Shortwave infrared gain) with wavelength (nm) and levels of Es
(electrons in conduction bands) and Hs (holes in valence bands)
for quasi-Fermi energy sub-bands with injection carrier densities
(cm™) at 300K.

S R-differential gain (<10 "om™
SWIR-loss (dB x km )

SWIR-differentil gain

2 4 ]
Injection camier densites f10 i)

Figure 2: Simulative performances of transverse electric (TE) and
transverse magnetic (TM) SWIR-differential gain (shortwave
infrared differential gain in cm?) with injected carrier
concentration in cm™ and SWIR-loss (shortwave infrared loss in
per cm) with wavelength in nm at 300K.

As it has been observed by black and red graphs of Es and
Hs that the energy separation between Es and Hs quasi-
Fermi sub-bands levels enhances as an increase in injected
carriers. Further, the transverse bi-modes performances of
intensity of SWIR-differential gain with densities of
injection carriers by left (y) and bottom (x) axes in blue
colour have been graphically simulated in fig.2. Further, in
fig.2 both blue curves show the inverse behaviours of
differential values of SWIR-gain with densities of injection
carriers. Although, in transverse mode-TM the value of
SWIR-differential gain has been achieved higher than that
of transverse mode-TE. Further, fig. 2 also exhibits the
behaviours of SWIR-loss (in dB x km™') with wavelengths
(nm) by right (y) and top (x) axes in red colour. As it has
been observed by the SWIR-loss spectrum that the SWIR-
loss has been found negligible at the wavelengths ~ 1330
nm and 1550 nm in the comparison of 1400 nm. Thus 1330
nm and 1550 nm wavelength's achieved SWIR-light have
been largely utilized in emerging and recent applications of
fiber optic cable communications in the transmission of
SWIR-signals through the modern process of total internal
reflection with microscopic attenuations of SWIR-signals
(in dB x km™!) owing to minor fiber dispersions and minor
fiber absorptions.

Conclusions

At room temperature (300K), under transverse electric and

magnetic bi-modes, the cardinal aim of this proposed
research work has been to study of investigation on an
advanced simulation of SWIRGs of Ing.¢sAlo.0sGao.24As/InP
heterogeneous nanoscale structure. In order to enumerate
the various Sl-parameters as well as energies of Es-Hs
quasi-Fermi levels an improved effective mass theory single
and multi-sub-bands has been applied analytically. In the
advanced simulations throughout the results, the peak
values of SWIR-gain have been found corresponding to two
crests at the photon's wavelengths ~ 1330 nm and 1550 nm.
This emitted SWIR-light gain has been largely used in the
applications of nanoscale fiber optic cable-based SWIR-
signal communications through the process of total internal
reflection with microscopic SWIR attenuation of shortwave
infrared signals (in dBx km') owing to minor fiber
absorption and dispersions.
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Abstract

spreading.

The ability to predict and control surface wettability at the nanoscale is crucial and rapidly evolving, particularly in the fields of
microfluidics and nanotechnology. Typically, the contact angle is measured in simulations by creating a liquid droplet on a solid
surface, fitting a curve to the droplet’s interface, and determining the angle at the triple-phase contact line. However, at the molecular
level, the triple-phase contact line becomes ambiguous due to the continuous motion of molecules, making conventional
measurements difficult. This study reports the molecular dynamics simulations to determine the contact angle of water mixed with
four primary alcohols (Rn-OH, where R = (CnHan+1), N varies from 1 to 4) on a graphite substrate, using the Hautman and Klein
method, which links the microscopic contact angle to the droplet’s average centre of mass height through the concepts of equivalent
contact area and volume. The water concentration is varied from 50% to 90% in the alcohol mixture. ContactAngleCalculator code
is modified to calculate the contact angle of binary liquids. Results show that increasing alcohol concentration leads to greater
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Introduction

Understanding the wettability of aqueous mixtures on solid
surfaces is crucial for unravelling interfacial phenomena,
with wide-ranging applications in material science,
microfluidics, and processes like coating, adhesion, drug
delivery, and fluid transport [1-3]. This paper reports the
contact angle (CA) of water-alcohol binary mixture (Rn-
OH, where R = (CxHan+1), N varies from 1 to 4, R
=1(methanol), R = 2(ethanol), R = 3(1-propanol) and R =
4(1-butanol) on a graphite substrate using molecular
dynamics (MD) simulation. The water concentration is
varied from 50% to 90% in the alcohol mixture.

Methodology

The MD simulation is carried out using large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[4]. The alcohols are modelled using optimized potential for
liquid simulation/all atom (OPLS/AA) [5, 6] force field and
the water molecules using SPC/E model [7]. Two layers of
graphene sheet are used to prepare the graphite. It has been
found that two layers of graphene were sufficient to

reproduce the CA [8]. The graphene sheets are generated
using the nanotube builder plugin in VMD [9]. The
graphene sheets are built with the dimension of 15 nm in
both the x and y directions. The distance between the two
graphene layers is 0.335 nm. The simulated water-alcohol
binary mixture is centered above the graphite surface. The
methodology used to simulate binary mixtures is same as
our previous works [10,11]. The pair interactions are
modeled using the lj/charmm/coul/long style with a cutoff
of 10 A for Lennard-Jones and 12 A for Coulomb
interactions. Long-range Coulombic interactions are
handled using the particle-particle particle-mesh (PPPM)
method with a precision of 1.0 X 107*. The simulations are
performed in the NVT ensemble, maintaining a temperature
of 298.15 K through the Nosé-Hoover thermostat, with a
time step of 1 fs. Atomic positions are recorded every 1 ps.
The simulation is run for 1 ns (i.e. 100000 time steps).

Discussion

In simulations, the CA is typically calculated by simulating
a liquid droplet on a solid surface, allowing it to reach
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equilibrium, and analysing its shape. The angle is measured
at the triple-phase contact line by fitting a curve to the
droplet's interface. However, at the molecular level, CA
becomes ambiguous, as shown in Figure 1.

(@) Triple
w Phase
c contact line
>

Figure 1: Schematic images of (a) macroscopic droplet, (b)
microscopic droplet.
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Figure 2: CA versus concentration of alcohols (%).

Hautman and Klein introduced a method for estimating the
microscopic CA from the simulations, this approach uses
the concepts of equivalent contact area and volume to create
a quantitative link between the CA and the average height
of the droplet’s center of mass. The CA of the water-alcohol
binary mixture on a graphite substrate is calculated using a
flexible estimation tool called "ContactAngleCalculator"
[12] which is specifically designed to function within VMD.
The code is versatile and can be used with different MD
codes. It was written only to work with a single molecular
system. The code was modified to calculate the CA of the
binary mixture. The modified version of the code is
available at

https.//github.com/akareem28/ContactAngleCalculator/blo
b/main/cac-cg-mult

The CA calculation using the ContactAngleCalculator code
consists of four steps (i) coarse-graining the all-atom model
of a molecule into a single bead and removing the
evaporated molecules (ii) calculating the circular contact
area from the real contact area, (iii) constructing the droplet

from the real liquid volume and (iv) calculating the CA.
Prior to the calculation of CA, the number density is
calculated from the simulation. A detailed description of
calculating CA using the Hautman and Klein method is
available in reference [12, 13].

Figure 2 shows the CA versus concentration of alcohol in
water-alcohol binary mixture on graphite surface. As the
concentration of alcohol increases, the droplets spreads
more on the graphite surface.

Conclusion and Future Prospective

The ability to predict and control surface wettability at the
nanoscale is crucial and rapidly evolving, particularly in the
fields of microfluidics and nanotechnology. Typically, the
CA is measured in simulations by creating a liquid droplet
on a solid surface, fitting a curve to the droplet’s interface,
and determining the angle at the triple-phase contact line.
However, at the molecular level, the triple-phase contact
line becomes ambiguous due to the continuous motion of
molecules, making conventional measurements difficult.
This study reports the MD simulations to determine the CA
of water-alcohol binary mixtures on a graphite substrate.
The Hautman and Klein method, which links the
microscopic CA to the droplet’s average center of mass
height through the concepts of equivalent contact area and
volume is used to calculate the CA at nanoscale.
ContactAngleCalculator code is modified to calculate the
contact angle of binary liquids. Results show that increasing
alcohol concentration leads to greater spreading. Liquid
spreads on a solid if it lowers the system's surface energy.
On graphite, water-alcohol mixtures show better spreading
with  increasing alcohol concentration. Graphite’s
dispersive interactions are weak with polar water but
stronger with alcohols, especially long-chain ones, reducing
the contact angle at higher alcohol concentrations.
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Abstract

Because of their 4f electrons, europium metal ions have incredibly crisp emission bands. As the overlaying 5s> and 5p® orbitals
effectively protect 4f orbitals from the effects of external pressures. Complex forms of europium metal ions, such Eu(TTA)3Phen,
have garnered a lot of concentration for of their high fluorescence emission efficiency, which is caused by the ligands' high absorption
coefficient. The Europium complex Eu(TTA)sPhen doped PS-PMMA polymer mix, Eu (TTA)s;Phen/PS, and Eu (TTA);Phen/PMMA
have been synthesized and reported here. The SEM picture, XRD and PL characterizations, and CIE chromaticity were used to
characterize the synthesized nanofibers made using the electrospinning technology. The f-f electron transition of Eu*" ions and the
antenna effect of ligands provide this Europium B-diketon complex exceptional optical and luminous characteristics. Due to the
extreme hypersensitive behaviour of the Do—F; transition, the photoluminescence emission spectrum of nanofibers exhibits very
high intense red emission. Because Eu3+ ions separate in the polymer chain of molecules, there will be more contact between the
polymer and Europium complexes, which explains why polymers, polystyrene (PS), and polymethyl methacrylate (PMMA) have
good optical properties. This was made possible by the polymer nanofibers' even distribution of Eu®". This is because the presence
of polymer may cause the site symmetry of the Eu’* ion to decrease, and the surrounding polymer media may distort it. This study
demonstrates the possible use of electrospinning in a variety of polymer optoelectronic devices and emphasises its promising uses in
the creation of protective textiles. Because electrospun nanofibers are strong, flexible, and have exceptional photoluminescence
qualities, they are used in the newest technology for smart textiles to create smart fabrics for a variety of applications. These textiles
provide as protection against a wide range of environmental threats.
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applications due to their poor mechanical strength, poor
thermal stability, low processing ability, and poor resistance
to air moisture.

Introduction

Due to their distinctive luminescence characteristics,
including extremely crisp emission bands, a long lifespan,

and the possibility for high internal quantum competence,
photoactive rare-earth Eu complexes in particular,
europium PB-diketones are of both technical and essential
interest [ 1]. These Eu B-diketon complexes have remarkable
optical and luminous properties due to the f—f electron
transition of Eu®" ions and the antenna effect of ligands,
which opens up important possibilities [2—4]. However, the
pure Eu complexes have limited practical applications and
only show promise for comprehensive photophysical
applications due to their poor comprehensive photophysical

Europium complexes are typically added to organic or
inorganic hybrid matrices, sol—gel silica [6], or organically
modified silicates and polymers, to create powders, fibres,
thin solid films, etc., as a suitable way to get around these
drawbacks. Eu complex-doped polymers have garnered a
lot of attention due to their mechanical flexibility and ability
to retain the complexes' luminescent characteristics while
being processed from solution. It has been a steady increase
in interest in polymer materials. There are now several ways
to produce thin polymer films. Technically and financially,
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polymeric materials constitute the most significant class of
organic materials [7].

The polymers added RE complexes are mechanically
flexible and have enhanced photoluminescence and thermal
stability [8-9]. Rare earth complexes added to polymeric
systems are anticipated to be used in functional devices such
tiny lasers, waveguide amplifiers, and polymer fibre lasers,
which are a significant component of the rapidly expanding
area of photonics [10-12].

Electrospinning is a reasonably simple and efficient
approach for creating fibres with a variety of compositions,
long lengths, and uniform diameters when compared to
other production methods [ 13]. With this method, a polymer
solution droplet's surface is charged with a high voltage,
which causes a liquid jet to be ejected via a spinneret [ 14].
The jet is then repeatedly stretched to create continuous,
ultrafine fibres as a result of bending instability. Fibres
made with this technique can have widths ranging from a
few nanometres to several micrometres [15]. Nanofibers
produced by the electrospinning process have several
notable characteristics, such as pore sizes in the nano range,
a very high surface area to volume ratio, unique physical
characteristics, and the ability to be functionalised and
modified chemically and physically [16-17].

Method

The optimum technique for creating
Eu(TTA)sPhen/Polymer nanofibers is electrospinning.
Electrospinning is a somewhat simple and efficient
approach for creating fibers with a variety of compositions,
long lengths, and uniform diameters when compared to
other fabrication methods. Fibers made with this technique
can have sizes ranging from a few nanometers to several

micrometers.

The solution approach was employed to create the europium
complex Eu(TTA)s;Phen used in this investigation [I].
Figure 1 below illustrates the chemical mechanism via
which Eu(TTA)sPhen is created.

Eu(TTA)3phen

Figure 1: Chemical process of formation of Eu(TTA)3;Phen

Synthesis method of Eu(TTA)3;Phen/PMMA
Composite Solutions

Following the creation of the Eu(TTA);Phen complex,
several polymers, including PS (mol. wt = 350,000) and
PMMA (mol. wt = 350,000), used to create
Eu(TTA);Phen/Polymer composite solutions. A standard

procedure for making Eu(TTA);Phen/PS involved
dissolving 2g of PS in 10ml of THF (tetrahydrofuran)
solvent and stirring it magnetically for 12 hours until it was
homogenous. The aforesaid uniform PS polymeric solution
was then magnetically agitated for 12 hours until uniform,
after which 20% of Eu(TTA)s;Phen complex powder was
added. For synthesis of Eu(TTA)s;Phen/PMMA and
Eu(TTA);Phen/PMMA-PS polymer blend, same procedure
was carried out again.

Discussion

SEM Image of Prepared Electrospun Nanofibers
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Figure 2: SEM image with histogram of PS nanofibers.
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Figure 3: SEM image with histogram of Eu(TTA)3Phen/PS
nanofibers.

Figures 2 and 3 display the SEM image with histogram of
pure Polystyrene and Eu(TTA);Phen/PS composite
electrospun nanofibers, separately. Because bending
instability brought on by the spinning jet and stationary
collector, it exhibits morphologically nanofibrous
characteristics, with a uniform diameter and variable
orientation alignment. It is clear from comparing the fibre
morphologies of pure Polystyrene and Eu(TTA);Phen/PS
that the composite nanofibers have lower average diameters
(about 688 nm) than pure Polystyrene. This might be the
result of the electrospinning solution's improved
conductivity brought on by the addition of Eu(TTA);Phen.
Based on the Polystyrene nanofibers histogram analysis, the
average fibre diameter was determined to be between 1200
and 1200 nm. However, for Eu(TTA);Phen/PS, it was 688
nm, demonstrating that the morphology of the
electrospinning fibres may be effectively improved by
adding the europium complex to the polymer matrix.
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Figure 5: SEM image with histogram of Eu(TTA);Phen/PMMA
nanofibers.

Figures 4 and 5 display the morphologies of uniform
nanofibers of PMMA and Eu(TTA)3;Phen/PMMA that were
generated with diameter ranging from 500 to 2000 nm. Due
to the bending instability brought on by the spinning jet, all
of the nanofibers have the same diameter, are aligned, and
are orientated randomly. The typical diameter of the fibres
was determined to be 1942.22 nm for pure PMMA and
274.12 nm for Eu(TTA)3;Phen/PMMA based on the analysis
of the nanofiber histogram. The composite nanofibers
average diameters are clearly smaller than those of the pure
PMMA. This demonstrates the same cause of the
electrospinning solution's improved conductivity brought
on by the addition of PMMA to Eu(TTA)s;Phen.
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Figure 6: SEM image with histogram of Eu(TTA)3Phen/PS-
PMMA nanofibers.

The morphologies of the electrospun Eu(TTA)3;Phen/PS-
PMMA composite nanofibers are displayed in Figure 6,
which indicates that the bending instability linked to the
spinning jet caused the nanofibers to align in a random
orientation and have a uniform diameter. The nanofibers
were discovered to be arbitrarily orientated on the collector
because of the fixed collector and the twisting variability
carried on by the electrospinning jet [16]. Based on the
analysis of nanofiber historiography, the average fiber
diameter was determined to be between 2438.21 nm.

XRD of Eu(TTA);:Phen/PS Polymer Composite
Nanofibers

Figure 7 displays the XRD result of pure PS, Eu(TTA)s;Phen
complex, and Eu(TTA)s3Phen/PS composite. The range of
XRD result points is 20 = 10 to 60 degrees. The diffraction
peak for pure PS nanofibers in the X-ray diffraction was at
about 15.21 with plane (300), indicating that the sample was
primarily amorphous. Another peak, representing the
monoclinic structure of the PS unit cell, appears at 16.80
with plane (220) and 18.250 with plane (211).
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Figure 7: XRD pattern of Eu(TTA)3;Phen/PS.

The XRD result of the Eu(TTA)sPhen complex showed
well-resolved peaks at 20.26, 21.64, 21.66, 27.80. These
peaks confirmed the crystalline behaviour of
Eu(TTA)sPhen. These strongest diffractive peaks make it
abundantly evident that the Eu(TTA)s;Phen combination is
a particular type of crystal [29]. Eu(TTA)3Phen/PS X-ray
diffraction almost displays a large peak of europium,
indicating the presence of chemical interaction between the
polymer PS and the Europium complex. PS matrices have
been found to dominate the crystallinity of Eu(TTA)3;Phen
upon the addition of polymers. It is apparent, sharp peaks of
the Eu(TTA);Phen/PS have disappeared.

XRD of Eu(TTA)3Phen/PMMA Fibres

Figure 8 displays the XRD result of pure PMMA,
Eu(TTA);Phen, and Eu(TTA)s;Phen/PMMA composite.
PMMA nanofibers XRD patterns display three distinctive
peaks at 20 = 29.5°, 42.5°, and 52.5°, which correspond to
planes (111), (220), and (311). The non-crystalline
character of pure PMMA is confirmed by the absence of any
strong diffraction peaks. However, when a polymer is added
to  Eu(TTA);Phen/PMMA, the  crystallinity of
Eu(TTA)3phen is dominated by Polymer matrices. It is
apparent that the distinct diffraction peaks of the
Eu(TTA);Phen/PMMA pure complex have vanished. When
mixing with PMMA, certain additional features appear; the
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peak locations differ somewhat from pure complex. This
suggests that the matrix PMMA has an impact on the
complex's crystal structure, possibly as a result of the
coordination with PMMA distorting the local environment
of Eu** [31].
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Figure 8: XRD pattern of Eu(TTA)3;Phen/PMMA.

Figure 9 displays the Eu(TTA);Phen/PS-PMMA
composite's XRD result. It shows that the tiny matching
peaks of europium have been found in the range of 20 = 15°
to 58°. This finding suggests that in polymer blend matrices
presence of Eu(TTA)s;Phen [34].
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Figure 9: XRD pattern of Eu(TTA)3;Phen/PS-PMMA composite.
Photoluminescence in Eu(TTA)s;Phen

Figure 10 shows the excitation spectra of the pure
Eu(TTA)sphen compound at 354 nm. The ligands 1 — m*
electron transport results in a broad excitation band that
extends from 255 to 455 nm [27-31]. Every excitation band
shows blue shift and splits into two components, with peaks
at roughly 271 and 346 nm, respectively.

The site symmetry of the Eu’* ion may be reduced and
deformed by the surrounding polymer media in the
composite nanofibers. The ’"Fp—°D, and ’'F—°D;
excitation lines are visible in the excitation spectrum of pure
Eu(TTA)sPhen, but they disappear in the composite fibres.

This suggested that the f—f inner-shell transitions in the
composite fibres would be quenched by the nonradiative
energy transfer from the higher excited states to specific
unknown defect levels, which took the place of the
nonradiative relaxation from higher excited states to the 3Dy
level [28].
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Figure 10: The excitation spectra of the Eu(TTA)3;Phen complex.
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Figure 11: The emission spectra of the Eu(TTA)s;Phen complex.

Figure 11 displays the Eu(TTA)s;Phen complexes emission
spectra. Under stimulation at 354 nm, the emission spectra
of Eu(TTA)s;Phen were measured between 550 and 655 nm
[27-32]. The four emission peaks, at 579, 592, 612, 642,
and 654 nm, are caused by the f-f transitions of Eu**. In that
order, their designations are SDy—’F, Do—F1, *Do—'F,
SDo—"F3, and Dp—’F4. The Eu*" ion is found in a single
chemical environment when there is just one >Do— Fy line.
The Eu*" ion is in a single site without a centre of inversion,
as evidenced by the *Do—F; transitions far higher intensity
than the other transitions. The Do—F,; transition is a
magnetic dipole transition among them.

The various excitation spectra of Eu(TTA)s;Phen/Polymers
composites triggered at 354 nm are displayed in Figure 12.
A wide excitation band spanning from 250 to 450 nm is
produced by the ligands' m — n* electron transfer in the case
of the pure Eu(TTA)s;Phen complex [33].
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On the other hand, the excitation bands of
Eu(TTA)sPhen/Polymer composites exhibit blue shift and
split in half, peaking at approximately 270 and 345 nm,
respectively. This is because the presence of polymer may
cause the site symmetry of the Eu®" ion to be reduced and
the surrounding polymer media to distort it.
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Figure 12: Excitation Spectra of Eu(TTA)s;Phen/Polymer
composites nanofibers.
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Figure 13: Emission Spectra of Eu(TTA)3;Phen/PS-PMMA
composite nanofibers.
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Figure 14: Emission Spectra of Eu(TTA)3;Phen/Polymers
composite nanofibers.

Figure 13 and  Figure 14 displays  the
Eu(TTA)sPhen/Polymers composites emission spectra,
which were obtained under excitation at 354 nm and ranged

Eu(TTA}3Phen Eu(TTA)PhenPS-PMMA

Figure 15: CIE chromaticity color coordinates for (a)
Eu(TTA)sPhen (b) Eu(TTA)sPhen/PVDF.

from 550 to 655 nm. Four emission peaks are identified as
being associated with the *Dy—7Fo, "Do—F1, Do—"F,, and
SDo—F3, respectively, and are centered at 579, 592, 612,
and 652 nm. The usual red emission of the Eu®" ion,
attributed to the transitions between the multiplet (’Fo_4) and
the first excited state (*Dyp), made up the room-temperature
fluorescence spectra of the composite nanofibers.

The presence of the Eu(TTA)sPhen complex in polymers
frequently results in a higher luminous intensity than the
pure complex because the complex is equally distributed
along the macromolecular chains of the polymers. Because
Eu(TTA);Phen/Polymers fibers are electro spun nanofibers,
their luminescent complex is distributed similarly to that of
the macromolecular chain of polymers, and their luminous
intensity is higher than that of bulk material [25].

Therefore, the results indicated above imply that the
presence of polymers like PS and PMMA frequently
increases the fluorescence intensity of the 3Do—’F,
sensitivity transition of Eu** ions. When integrated into the
microcavities of the polymer matrix, the europium
complexes exhibit more disordered local surroundings due
to the impact of the surrounding polymer [26]. The emission
intensity increases as if the ions were excited at nearly the
same wavelength when Eu®" ions are implanted in a
different polymer matrix.

CIE Chromaticity Coordinates

Using PL emission data, the CIE coordinates of the
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Eu(TTA);Phen complex, Eu(TTA)s;Phen/Polymers, and
polymer blends were obtained using the Commission
Internationale de I'Eclairage (CIE), Colour calculator
software, shown in figure 15. The permissible CIE values
for the red emission of the Eu(TTA)s;Phen complex are x =
0.61 and y = 0.32 coordinates (Figure 13), which are close
to the coordinates for pure red emission set by the National
Television System Committee (NTSC) [14—16].

The CIE coordinates of the Eu(TTA);Phen complex moved
from their original location and showed good colour
saturation upon the addition of a polymer. The calculated
CIE coordinates are x =0.61, y=0.33 for Eu(TTA)3;Phen/PS,
x =0.54, y = 0.29 for Eu(TTA)3;Phen/PMMA, and x = 0.6,
y = 0.31 for Eu(TTA)s;Phen/Polymer-Polymer mix. The
calculated CIE shows good colour saturation. As the
europium complex doped polymers matrix was seen, the
emission intensity increased and the CIE colour coordinates
moved towards pure or saturated red emission. The
complex's integrated polymer matrix emitted saturated red
light, and its CIE colour coordinates were red.

Conclusion and Future Prospective

The synthesis, characterisation, and photoluminescence
characteristics of Eu(TTA)s;Phen, Eu(TTA)s;Phen/Polymer
composites, and Eu(TTA)s;Phen/Polymer-Polymer blends
electrospun nanofibers made by electrospinning process are
the main topics of the current study. Photoactive lanthanide
complexes such as europium with B-diketones are highly
interesting due to their high emission peaks in the visible
and near-infrared region under UV stimulation. However,
the rare-earth ions can enhance this by forming complexes
with organic ligands.

The ligand Eu(TTA)s;Phen may absorb far more light than
the Eu®" ions because the chromophores of the organic
ligand have very strong absorption bands. These ligands can
act as an antenna and fill the emitting excited levels by
absorbing the excitation light and transferring the excitation
energy to the higher energy levels of the Eu®" ion. The
fashion industry is becoming more interested in safety
clothing as a result of the development of luminous textile
materials. In addition to being beneficial in a variety of
textile applications, the ability to generate light without heat
without the need for an external power source is also
appealing. In order to create clothing that can catch and emit
light so that it is always visible, even in the dark, for a
specified amount of time, the invention pertains to a
photoluminescent fabric and a method of creating one.
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Abstract

care solutions.

Environmental Cleaning.

This study focuses on the synthesis of titanium dioxide (TiO2) nanoparticles (NP) using both chemical and green synthesis methods
to evaluate their effectiveness in stain removal when applied to fabrics. The research aims to compare the detergency properties of
TiO2 nanoparticles synthesized through conventional chemical techniques and eco-friendly approaches. The performance of these
nanoparticles is assessed based on their ability to break down stains, highlighting their potential for textile treatment and
environmental cleaning. The findings emphasize the advantages of green synthesis, contributing to sustainable and efficient fabric

Keywords: TiO:2 Nanoparticles, Green Synthesis, Chemical Synthesis, Stain Removal, Detergency, Textile Treatment,

Received 31 January 2025; First Review 17 February 2025; Accepted 05 March 2025.

Email: meetasaxena3 1 @gmail.com

* Address of correspondence How to cite this article

Meeta Saxena Meeta Saxena, Stain Removal Efficiency of TiO, Nanoparticles, J. Cond. Matt.
Department of Physics, Sophia College for 2025; 03 (01): 78-83.

Women (Empowered Autonomous), Mumbai,

Maharashtra, India Available from:

https://doi.org/10.61343/jcm.v3i01.138

Introduction

Titanium dioxide (TiO) is perhaps one of the most-studied
semiconducting materials and due to its excellent specific
properties, which make them particularly useful in
particular applications, especially on the
environmental/industrial level. Its high refractive index and
outstanding UV-blocking performance, making it a vital
active ingredient in sunscreens and coatings [I].
Photocatalytic activity by which it catalyses to decompose
the organic compounds on exposure to UV light [2].
Antibacterial activity for various applications including the
medical device sector, coatings, and environmental
sanitation [3]. High stability under a broad scope of
applications makes them resistant for long-lasting functions
[4]. Self-cleaning ability is realized due to the
hydrophilicity and photocatalytic action on the
decomposition of dirt and other organic stains due to light
exposure and the wetting process of water [5] etc. However,
one of the more promising applications of TiO, NPs is
found in photocatalysis, where it can catalyse degradation
of organic pollutants and stain removal from textiles. TiO»
interacts with water and oxygen molecules under UV light
and forms electron-hole pairs. Hydroxyl radicals and
superoxide anions produced during this reaction are capable
of breaking down any organic compound and can break any
organic stain present. The photo reactivity of TiO, depends
on a number of parameters like particle size, surface area,

crystallinity, and presence of different crystalline phases
namely anatase, rutile, and brookite [6].

Photocatalytic Properties of TiO:

The photocatalytic activity of TiO, arises from the
formation of electron-hole pairs by the interaction with
ultraviolet light. The reactive oxygen species produced
through the combination of these electron-hole pairs are
highly reactive, particularly hydroxyl radicals that
efficiently degrade organic compounds, which are often
seen in stains found on fabrics. Therefore, although TiO»
has been very important in purification of air and water, it
is becoming a highly valued element for the treatment of
fabrics. The catalytic performance of TiO; is highly
dependent on the anatase form. Among them, the tetragonal
crystal structure form exhibits high photocatalytic activity
because it possesses a higher surface area and greater
efficiency in producing ROS under UV irradiation, which
can be used for stain removal and purification of the
environment. Photocatalytic activity for the removal of
stains from fabrics can be optimized if nanoparticles of NP
can be synthesized in the anatase phase by tailoring the
synthesis procedure of TiO».

Synthesis Methods

The synthesis method used for TiO, NP affects the
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photocatalytic properties. Two synthesis methods are
presented here:

Chemical Synthesis Method

The conventional chemical process for the synthesis of TiO»
nanoparticles (NP) involves the sol gel method, in which
titanium tetra iso - propoxide (TTIP) is the precursor.
Generally, it requires carefully controlled environments and
reactants, such as ethanol and deionized water. TiO;
nanoparticles (NP) produced by such methods can have
property control with regard to diameter, aspect ratio, and
crystalline phase. The main drawback for this method,
however, involves the use of hazardous chemicals along
with the toxic by-products. However, its ability to make
precise control in nanoparticle properties makes it the most
reliable high-performance TiO».

Eco-Friendly (Biologically, Green) Synthesis Method

The green synthesis method, on the other hand, incorporates
plant extracts as reducing agents. Such extracts include
bioactive compounds like polyphenols, flavonoids, and
proteins that help in the formation of nanoparticles without
the use of toxic chemicals [7]. Plants like Aloe vera and
neem are the most common because of their antioxidant
activities.

This method is environmentally friendly, cost-effective, and
reduces the overall carbon footprint of TiO, synthesis. It is
also less hazardous and avoids the disposal problems
associated with chemical waste. However, the
characteristics of the TiO, nanoparticles (NP) produced by
green synthesis are typically less controlled, resulting in
more variability in particle size and crystallinity. The most
popular sources for such investigations are plants, including
Tulsi, Aloe vera, Neem, and green tea due to the potential
availability of considerable natural resources bearing strong
reducing characters. Green synthesis is a procedure that not
only is environmental but also economic. This process
mainly uses low cost, renewable elements. Moreover, this
synthesis path is quite suitable for mass scalability and is
uncomplicated due to fewer steps generally involved in
synthesizing the nanomaterial. The surface properties and
biocompatibility of nanoparticles (NP) produced by green
synthesis might differ, indicating improved performance in
areas such as environmental remediation and biomedical
fields.

Applications and Future Prospects

The synthesis of TiO, nanoparticles (NP) using eco-friendly
methods opens an exciting possibility for expanding their
applications. In the field of environmental cleanup, TiO»-
based photocatalysts have demonstrated success in breaking
down pollutants in water, including heavy metals, dyes, and

pharmaceutical residues. The adoption of green synthesis
methods could further enhance these processes by reducing
the environmental impact associated with nanoparticle
production. for particular applications, and mass production
to cater to the growing demand for sustainable
nanomaterials. In addition, TiO, NP is being studied for
antimicrobial purposes, self-cleaning surfaces, and energy
conversion systems such as dye-sensitized solar cells.
Future research should emphasize efficiency gains for green
synthesis methodologies, including tailored nanoparticle
properties. Green synthesis combined with TiO»
photocatalysis will possibly pave the way to new
approaches to environmentally sound technologies in the
coming years.

Objectives

e  Synthesis of TiO, nanoparticles (NP) using the
chemical sol-gel method.

e Green synthesis methods with plant extracts for
TiO; nanoparticles (NP).

e Application of the synthesized TiO» nanoparticles
(NP) to muslin fabrics.

e  Testing the efficiency of TiO, - muslin fabrics for
stain removal at sunlight exposure.

o Testing the efficiency of TiO, NP on muslin
fabrics for stain removal.

e Comparison of chemical and green-synthesized
TiO» nanoparticles (NP) for stain removal.

Materials and Methods

Preparation of TiO> Nanoparticles (NP)
1. Chemical Synthesis Method

Materials: TTIP, ethanol, deionized water.
Procedure

1 ml TTIP was dissolved in 9 ml ethanol. 5 ml of Deionized
water was gradually added under constant stirring. The
mixture was heated at 80°C for 2 hours to obtain a white
precipitate. The precipitate was washed with ethanol and
then deionized water, dried at 100°C, and then calcined at
500°C for 3 hours. Thus, TiO, nanoparticles (NP) from
chemical synthesis (C) method was prepared [8].

2. Green Synthesis Method

Materials: TTIP, plant extracts (e.g., Tulsi powder, Aloe
vera, neem), deionized water.

Procedure

Plant leaves were washed with D/w and boiled in deionized
water to prepare the extract.
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The prepared TTIP solution was mixed with the plant
extract and heated at 80°C for 2 hours.

The resulting precipitate was washed, dried at 100°C, and
calcined at 500°C for 3 hours. Thus, TiO, nanoparticles
(NP) from green synthesis (B) method was prepared.

Characterization of TiO2 Nanoparticles (NP)

Characterization of the synthesized TiO nanoparticles (NP)
is carried out using techniques like X-ray diffraction (XRD)
from Pune University, Department of Physics. UV-Visible
spectroscopy to confirm their phase composition,
morphology, and light absorption propertiecs. The
characterized curve shows that the nanoparticles (NP) are of
TiO2.

Application of TiO2 Nanoparticles on Muslin
Fabrics

Materials: Muslin fabric, synthesized TiO» nanoparticles
(NP), polyvinyl alcohol (PVA) binder.

Procedure

The prepared TiO, nanoparticles (NP) were dispersed in
water with a binder (1% starch solution).

Solutions for two different concentrations were prepared 1)
33% TiO;, NP solution + 67% binder & ii) 50% TiO, NP
solution + 50% binder solution.

Muslin fabric was cut in 5 equal pieces namely, C1 [soaked
in (i)], C2 [soaked in (ii)], B1[soaked in (i)], B2 [soaked in
(i1) & control Co (not soaked in NP).

The muslin fabric was soaked in different concentrations of
nanoparticles (NP) for 30 minutes, dried at 60°C for 1 hour
to ensure proper adhesion of the nanoparticles (NP).

Stain Removal Test

Materials: Common stains (ink), TiO; - coated muslin
fabric, sunlight, and normal water.

Procedure

Stain was applied to the cotton fabric and dried for 24 hrs.
at Room temperature.

The fabric (C1, C2, B1, B2 and Co) was washed with
detergent and dried. (C & B indicates chemical synthesis &
green synthesis method).

Results

Preparation of TiO2 Nanoparticles (NP) (Chemical and
Biological)

Figure 1: Preparation of chemically synthesized TiO2
Nanoparticles (NP).

Figure 2: Preparation of biologically synthesized TiO-
Nanoparticles (NP).

Characterization of TiO2 Nanoparticles (NP)

X -Ray Characteristic
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Figure 3: XRD analysis of the synthesized TiO2 Nanoparticles.
(a) XRD characterization for chemically synthesized TiO2
nanoparticles. (b) XRD characterization for biologically
synthesized TiO2 nanoparticles
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The TiO, Nanoparticle (NP) (Chemically synthesized and
biologically synthesized) displayed nearly identical
diffraction angles, suggesting that both methods produced
TiO, with similar crystal structures. The intensity values are
also closely matched, further indicating that the crystal
formation and size may be consistent across both synthesis
methods. There are small variations in intensity at specific
angles like (36.80 & 37.140), which may indicate slight
differences in crystal quality or the presence of impurities
from the Aloe vera synthesis process. High-intensity peaks
suggest a high degree of crystallinity in the material. The
more crystalline the sample, the more coherent and sharper
the diffraction patterns, leading to higher intensities at
specific angles (peaks). From the X- Ray diffraction pattern
figure 3 (a), (b), biologically synthesized nanoparticles are
slightly more crystalline as compared to chemically
synthesized nanoparticles.

UV characteristic
Figure 4. (a), (b) shows the UV characteristic of chemically

synthesized and biologically synthesized nanoparticles with
slight variation in the band gap energy.

(@)
itz _{ B
——
bio NP

(b)

Figure 4: UV characterization of synthesized TiO2
Nanoparticles. (a) UV characterization for chemically
synthesized TiO2 nanoparticles. (b) UV characterization for
biologically synthesized TiO2 nanoparticles.

Biologically synthesized TiO, nanoparticles show a slight
lower band gap as compared to chemically synthesized TiO»
nanoparticles. A lower band gap indicates that the sample
can absorb light in the visible range more effectively which

enhances the photocatalytic activity in broader light
conditions. A higher absorption peak, especially in the UV
or visible range, suggests better utilization of light for
photocatalysis. This translates to higher efficiency in
generating reactive oxygen species (ROS), which are
crucial for breaking down stain molecules.

Application of TiO2 Nanoparticles on Muslin

Fabrics

(a)

LB Ore an Camere

Figure 5: Application of TiO2 on muslin fabric (a) Muslin fabric
before washing. (b) Muslin fabric washed with water (¢) Muslin
fabric wash with detergent

Visual assessments showed that the surfaces were treated
with biological TiO» nanoparticles appeared significantly
cleaner. This enhanced stain removal capability is likely due
to the unique properties of the biologically synthesized
nanoparticles, suggesting their potential as a more
environmentally friendly and efficient alternative for
cleaning applications.

Discussion

Chemical and Biological (green synthesis) methods
successfully produced TiO, nanoparticles. Efficient
removal of the stain by the biologically synthesized TiO»
nanoparticles can be attributed to their enhanced surface
reactivity and larger effective surface area, which likely
facilitate more efficient interactions with the stain
molecules.

Journal of Condensed Matter. 2025. Vol. 03. No. 01

81



Research Article

Saxena M: Stain Removal Efficiency of TiO2 Nanoparticles

Biologically synthesized TiO, nanoparticles are slightly
more crystalline and have a lower band gap energy as
compared to chemically synthesized TiO, NP. A material
with high crystallinity is one in which the atoms are
arranged in a regular, repeating pattern, thereby forming a
well-ordered crystal lattice, is a basic concept in materials
science and solid-state physics. [9, 10]. For biologically
synthesized TiO, nanoparticles, the XRD analysis shows
sharper and more intense diffraction peaks than chemically
synthesized TiO,. This reflects that the structure of
biologically synthesized TiO, crystals is more uniform,
ordered, with fewer lattice distortions and defects. This
indicates that a better crystallinity condition is favorable in
order to be stable for good physical and chemical properties
such as photocatalytic efficiency. A more crystalline
material will interact better with light and make electron
transition during photocatalysis more effective, which is
quite crucial for their application in stain removal.

This energy difference between the valence band, where the
electrons are resting, and the conduction band, where
electrons are free to move, is called the band gap of the
material. The amount of energy required for an electron to
jump from being stationary to moving freely is the energy
difference between these two bands; this is how the material
will conduct electricity or facilitate chemical reactions.
TiO, is a semiconductor, and the band gap is very important
for its photocatalytic activity. The band gap of TiO, is
typically about 3.2 eV, which means it absorbs mainly UV
light. However, a lower band gap means that the material
can absorb visible light in addition to UV light, making it
more efficient at using sunlight or artificial light for
photocatalytic reactions. Biologically synthesized TiO-
nanoparticles, owing to their method of synthesis,
inherently usually have a smaller band gap compared to
chemically synthesized ones. This occurs due to organic
molecules or impurities that may get incorporated within
the biological synthesis process, thereby slightly changing
the electronic material structure. Biologically synthesized
TiO; has a lower band gap, which means it can absorb a
larger part of the light spectrum, especially in the visible
region. This improves the photocatalytic activity because
more light energy can be utilized to produce reactive species
that break down stains, pollutants, or organic compounds.
The higher crystallinity of biologically synthesized TiO;
provides more stable and organized structures for
photocatalysis, while the lower band gap allows for more
effective light absorption, particularly in the visible range.
Together, these properties make biologically synthesized
TiO, more efficient in applications like stain removal
compared to chemically synthesized TiO».

Authors should discuss the results and how they can be
interpreted from the perspective of previous studies and of
the working hypotheses. The findings and their implications

should be discussed in the broadest context possible. Future
research directions may also be highlighted.

Conclusion

This work highlights the potential of TiO» nanoparticles for
environmentally friendly stain removal on muslin fabrics,
leveraging photocatalytic activity under sunlight. Both
chemical and green (biological) synthesis methods
successfully produce TiO, nanoparticles, but biologically
synthesized TiO, shows superior properties in terms of
crystallinity and band gap energy. The higher crystallinity
in biologically synthesized TiO; indicates a more uniform
and stable crystal structure, leading to better performance in
photocatalytic applications like stain removal. Additionally,
the slightly lower band gap of biologically synthesized TiO»
enables more efficient light absorption, especially in the
visible range, making it more effective at generating
reactive species for breaking down stains. Therefore,
biologically synthesized TiO, nanoparticles are more
efficient for stain removal applications than chemically
synthesized ones due to their enhanced structural and
optical properties.
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Abstract

the photovoltaic sector.

In this present work, the LCAO technique is employed to explore the structural, mechanical, as well as electronic characteristics of
the 0-MgsN2 material. The study utilizes the GGA approach within the framework of Density Functional Theory (DFT) to optimize
geometrical parameters and characterize the material's structural attributes. The findings indicate that a-MgsN> demonstrates
semiconducting behaviour, as inferred from its electronic properties. With an energy band gap aligning with the optimal range of the
solar spectrum, a-MgsN> is identified as a potential candidate for photovoltaic applications. A comprehensive analysis of elastic
properties, including bulk modulus, shear modulus, Young’s modulus, with Poisson’s ratio, was discussed. Additionally, the
anisotropic nature of Young’s modulus, linear compressibility has been evaluated via ELATE software, revealing the predetermined
elastic anisotropy of the a-MgiN2 compound. Hence, the results of this investigation indicate that a-MgzN2 is a good candidate for
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Introduction

Binary nitrides with II group elements (M3N,, where M =
Be, Mg, Ca, Sr, Ba), have been studied for over a century
[1] and are utilized across various scientific and industrial
domains. These compounds serve as precursors in the
synthesis of complex nitrides [2]. In industrial applications,
they play diverse roles, including acting as additives in steel
refinement processes [3], as additive for densification of
aluminum nitride (AIN) along with silicon nitride (SizN4)
[4], and as catalysts facilitating the transformation of
hexagonal phase of boron nitride (h-BN) in the cubic form
(c-BN) [5]. Furthermore, BesN, and MgsN, have been
explored in conjunction with lithium-nitrogen materials
(e.g., LiN3 and Li;NH) for potential applications in
hydrogen storage [6]. The investigation of novel
semiconductors necessitates the fabrication of materials
with exceptional purity to guarantee that the assessment of
intrinsic physical characteristics, such as lattice constants,
effective electron mass, or energy gap, is not influenced by
defects. A representative case is indium nitride (InN), with
energy gap is assumed to be approximately 1.9 eV for many
years [7]. However, with the ease of use of premium
samples in the early 2000s [8, 9], the accurate measurement

of its band gap revealed a value of around 0.7 eV. A similar
scenario is observed with magnesium nitride (MgsN>). This
is particularly intriguing, specified that its anti-bixbyite
crystal arrangement and lattice components are initially
determined using powder form samples and millimeter-
scale single crystals at earliest [ 1 0], with further refinement
carried out [11].

Ceramic magnesium nitride (Mg3N») has been extensively
utilized in industrial applications the same as nitriding
representative to facilitate the synthesis of diverse nitride
compounds [12, 13] and as a catalyst in the production of
ultra-hard materials such as silicon nitride with cubic phase
boron nitride [14]. In recent developments, MgsN» has also
demonstrated potential in advanced applications, including
high-thermal-conductivity ceramics when alloyed amid
silicon [15] and as a reversible medium for hydrogen
storage [16]. Notably, these uses predominantly capitalize
on the material's physicochemical attributes, with little
attention given to its optoelectronic characteristics. Limited
theoretical studies on crystalline MgsN, suggest that it
behaves as a semiconductor, exhibiting an energy band gap
ranging from 1.1 to 2.26 eV, depending upon the
computational  approach employed [17]. Current
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discussions have primarily focused on its crystal structure
and the other properties of a-Mgs;N, through ab initio
methodologies [18, 19]. Limited computational studies
have analyzed its electronic properties; however, reported
values for the electronic band gap (E,) vary significantly,
ranging from 1.133 to 1.19 eV [20, 21]. For a material to be
viable in the PV industry, it is essential to determine its
structural, electronic and mechanical properties.

Computational Details

An ab initio study of a-Mg3N; is conducted using the Linear
Combination of Atomic Orbitals (LCAO) methodology
embodied in the CRYSTAL software package [22, 23].
After expanding atomic orbitals into linear combinations of
Bloch functions using localized basis sets, the method
solves self-consistent Kohn-Sham (KS) equations. The all-
electron Gaussian-type basis sets for Mg and N were taken
from www.tcm.cam.ac.uk, to acquire a stable system [24,
25]. The proper coupling of electron-electron and electron-
nucleus interactions is crucial for controlling computation
accuracy. Therefore, a precise evaluation of the
contributions of the Coulomb and Hartree-Fock (HF)
exchanges to the Fock matrix and total energy is crucial. If
the exchange parameter and Coulomb overlap are below the
threshold, the corresponding bioelectronics integral was not
taken into account during computation. For the
computations of geometry optimization, frequency
calculations, and elastic characteristics, the convergence
criteria were maintained constant.

Structural optimization was carried out starting from the
initial geometry, yielding optimized lattice parameters and
fractional atomic coordinates. For these calculations, the
PBE [26, 27] functional was utilized. The performance of
above schemes is claimed to be better than other exchange-
correlation potentials as it improves the equilibrium
properties of solids and surfaces. These are very strong and
commonly used functional for a variety of DFT applications
because these potentials are very helpful in predictions of
structures, formation energies, and general characteristics
[26, 27]. The Monkhorst-Pack approach is used to sample
reciprocal space, using 8 x8x8 k-points that correspond to
35 k-vectors in the irreducible Brillouin zone. The self-
consistent field (SCF) convergence criterion (TOLDEE)
was set to 10%, and the Brillouin zone (Bz) was sampled
using an 8 x 8 x 8 Monkhorst-Pack k-point grid [28],
corresponding to 35 k-points of the irreducible Bz.
Additionally, the BROYDEN mixing algorithm [29, 30]
was applied to ensure robust convergence. The structural
analysis began with the use of experimental parameters [31]
to calculate the equilibrium volume (Vo). A full structural
optimization, encompassing both lattice constants and
atomic positions, was performed to determine V.
Subsequently, the lattice energy was computed by

introducing a +8% variation in Vo, and the resulting data
were fitted via an equation of state (EOS) algorithm [32].
With the optimized structure, the electronic properties were
subsequently evaluated.

Results and Discussions
Structural properties

At standard environment, magnesium nitride (Mg3N>)
structured in a cubic lattice with the space group /a3 (No
206), adopting an anti-bixbyite-like structural arrangement.
The unit cell comprises 16 formula units, amounting to a
total of 80 atoms (48 magnesium and 32 nitrogen) in its
typical crystallographic configuration. Nitrogen atoms
occupy two distinct Wyckoff positions: 8b (N1) and 24d
(N2), whereas magnesium atoms are situated at the 48e
Wyckoff position. At equilibrium volume, the conventional
and primitive cells of MgsN; are illustrated in Figure 1. The
structural configuration reveals that nitrogen atoms form
octahedral coordination with magnesium atoms, which are,
in turn, tetrahedral coordinated by nitrogen atoms. Within
the tetrahedral symmetry, each magnesium atom is bounded
by one N1 atom along with three N2 atoms, with the bond
lengths differing among them. The atomic environment of
nitrogen differs due to its occupancy of two inequivalent
crystallographic sites.

(a)

(b)

Figure 1: Structural arrangement of unit cells for a-Mg3Na.
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To delve deeper into the analysis, the researchers aimed to
simplify the structure of each material to identify its
equilibrium lattice parameters corresponding to the most
stable state. The energy variation as a function of volume is
computed using the GGA exchange-correlation functionals.
Subsequently, the data is fitted with the Birch—Murnaghan’s
EOS. The resulting energy-volume curve for the
compounds is presented in Fig.2, with the derived
parameters summarized in Table 1.
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Figure 2: Volume optimization curve of a-Mg3Na.
Electronic properties

The appropriate assessment of electronic band gap energy
is now the biggest problem because of its importance in the
field of PV applications; even though the best potential for
additional study has not been selected yet. The direct band
gap value of MgsN, is determined to be 1.72 eV. As
illustrated in Figure 3, the investigated materials display a
conduction band minimum (CBM) and valence band
maximum (VBM) that do not overlap, both situated at the
high-symmetry T'-point within the first Brillouin zone.
Therefore, it can be concluded such compounds possess a
direct band gap. Further, as we move along the directions I'-
P and I'-H, it is observed that available energy states are
decreasing and getting sharper in the second case, which
shows the considerable difference. This characteristic
signifies that the materials under study are categorized as
direct band gap semiconductors and thus a possible
candidate for PV applications. The band gap at the I' point
is near 1.72 eV in agreement with the earlier reported
experimental and theoretical results. The computed band
gap values correspond to approximately 62% of the
experimentally determined value. It is widely recognized
that DFT-GGA calculations typically underestimate the
band gap in semiconductors and insulators, often predicting
only 30% to 80% of the experimental value. This
discrepancy arises due to the absence of integer
discontinuities in the derivative of the exchange-correlation
energy [34]. The results indicate the superior potential of
the investigated material for optoelectronic applications,

along with enhanced electron transitions from the valence
band to the conduction band. The horizontal dashed line
represents the reference energy level, denoting the Fermi
level (EF).

The density of states (DOS), both total (TDOS) and partial
(PDOS), of the investigated compound is computed to
verify their semiconducting nature, as illustrated in Figure
4. The analysis discloses that the valence band (VB) is
predominantly influenced by the contribution of the p-states
of Mg and N atoms. The overlapping of energy bands
between the energy ranges of -3 to -1 eV arises due to
hybridizations between the s and p orbitals of Mg and N
atoms, respectively. A lesser but still important part of the
creation of this group of bands is played by the s-orbitals of
two non-equivalent N atoms. The higher valence band is
formed in part by the hybridized p-orbitals of the Mg and N
atoms. It is believed that the band gap results from an
electronic transition between the s-orbitals of Mg atoms and
the s- and d-orbitals of N atoms. A secondary contribution
to the VB arises from the d-orbitals of Mg atoms, with a
minor input from the d-orbitals of the N2 atom, whereas the
involvement of the N1 atom in the VB is negligible.
Conversely, the conduction band (CB) is primarily
composed of contributions from the Mg atom, while the
roles of the N1 and N2 atoms in forming the conduction
band are minimal.

Energy(eV)

Figure 3: The band structures along the high-symmetry paths in
the Brillouin zone (BZ) for a-Mg3N2 computed using the LCAO
method. The Fermi energy, EF, represented by the horizontal
line, has been aligned to the zero-energy reference level

Through a detailed examination of the PDOS for the studied
materials, the orbital contributions of Mg and the N1 and
N2 atoms to the TDOS near the Fermi level were identified.
The findings indicate that the d-orbitals of both Mg and N
atoms exhibit minimal contributions to the TDOS.

Elastic properties

The evaluation of elastic anisotropy is essential for
comprehending the directional dependence of elastic
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Table 1: Lattice parameter, band gap, of a-Mg3N2 following
structural relaxation. Previously reported results are presented for

comparison.
(l-Mg}Nz
: Bulk Pressure
Band Lattice essul
a Constant Modulus | derivative
gap (Bo) (Bo')
Present 1728 0.0485 21 »
work
2.8
[33],
Reported | 1.45 110.7
data | 41, | OPP2PN Bl | 40D
1.63
[35]
Optimized atomic position
Atom X y .
Mg 0.38 0.15 033
NI 025 025 025
N2 096 | 0.00 0.25
6000
50001 :mi;
Mg-d
——Nl-s
40001 o
H ——NI1-d
:‘ N2-s
Z 30004 o
a —N2-d
Total
20004
1000
0 T - y I I
° - 2 g 2 4 6
E-E(eV)
(a)
o e Total 14 N2 —
o 120 _—p
- 100 _d
é r N % *
=) 2% Mg s | Sae \I -
= —
20 _d . d

10
50

5

0

- -2 L 2 4 6 s -4 -2 o 2 4 ) 8
Energy (eV) Energy (eV)

(b)

Figure 4: (a) Total and (b) site-specific DOS derived using the
LCAO method for a-Mg3Na.

deformation in crystalline materials. This analysis plays a
momentous role in the design and optimization of
engineering devices. Assessing the elastic characteristics of

MgsN; is vital for determining its structural integrity and
mechanical rigidity. Table 2 presents the calculated elastic
constants and moduli, providing insights into these
characteristics. The determination of elastic constants that
meet the Born stability criteria is essential for verifying the
mechanical strength of a cubic crystal structure [36]. The
Born stability requirements for the stability of a cubic
structure is satisfied by the elastic constants are expressed
mathematically as:

€1 +2¢1,>0 (1)
Cys >0 2)
€11 —C12 >0 (€)]

The resistance degree along the principal crystallographic
direction is explained by the constant Ci; i.e., [100]. A
measurement of shear deformation is provided by the elastic
constant C4s. As Table 2 becomes evident, Ci; > Cas by
57.5%. There has been unidirectional distortion of the
crystal structure. Moreover, when comparing the bulk's
magnitude to the shear modulus, the parameter limiting
mechanical stability in this combination is found to be the
shear modulus. Young’s modulus (E) is another parameter
that determines the stiffness of the compound. The large
value of E =201.660 GPa indicates thata-MgsN> is hard and
ductile. Poisson's ratio (v) is another way to measure a
material's machinability. Poisson's ratio demonstrates how
stable a compound is against shear. A value of v = 0.225
indicates that the a-MgsN, crystal structure exhibits shear
instability.

Table 2: Computed elastic components, bulk (B), Young’s (E) and
shear modulus (G), along with Poisson’s ratio (v) of a-MgszN2
utilizing the Voigt- Reuss Hill's approach with PBE exchange-
correlation functional.

Elastic Findings Elastic Findings
Constants (GPa) Property (GPa)

Cn 215.146 B 122.240

(3} 72.891 G 81.830

Cus 91.369 E 201.660

v 0.225 (Unit
less)
Elastic Anisotropy

The level of elastic anisotropy varies across all natural
materials. This study aims to comprehensively analyse the
elastic anisotropy of the Mg3;Nstructure, by employing the
Voigt and Reuss elastic moduli. We calculated the
anisotropy indices for the bulk (Ag) and shear modulus
(Ag), with the universal anisotropy index AY, and the Zener
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anisotropy factor A% using the respective mathematical
formulations [36, 37]. The calculated values of Ap, Ag, AY,
and AZindicate that Mgs;N, exhibits pronounced shear

anisotropy  alongside  nearly  isotropic elastic
compressibility.
_ By-Bp
AB - By+BRr (4)
_ Gy—Gp
AG - Gy+GR (5)
A= 45 _¢ (6)
BRr GRr
7 = _2Cas
C11—C12 )

All the nonzero values of the anisotropy parameters confirm
the existence of finite anisotropy in MgsN; crystals. In
contrast, for isotropic materials, the anisotropy parameters
Ag, Ag, AY are identically zero. If a solid appears, Ap, Ag,
AY, and A? of MgzN; 0%, 0.82%, 0.05 and 1.3, respectively.

Table 3: Variations of Young’s (E) and shear modulus (G)[in
GPa], Poisson’s ratio v (unitless) and linear compressibilityp[in
(TPa)™'] of MgsNoa.

Emin Emax Bmi Bma Gwmi Gma | Omi UM

n X n X n ax

Pres | 178. | 218. | 2.7 |27 | 71.1 | 913 | 0.1 | 0.2
ent 250 | 730 |71 |71 |28 69 33 | %4
wor
ka

*These values of G, E, B, v have been calculated through
ELATE software [32, 33].

Further, the different environmental arrangements of Mg-
Ni (N2) atoms are taken into consideration while
determining the directional characteristic of elastic moduli.
Elastic moduli's angular fluctuation in three-dimensional
(3D) space is seen in the fig. 5. Figure 5(b) displays a
spherical model with linear compressibility in all directions,
indicting zero anisotropy. (Fig. 5(a, ¢, and d)) show a model
that is not spherical and has a significant amount of
anisotropy. In the [001] direction, the shear modulus is
found to reach its maximum value of 91.369 GPa, whereas
Young's modulus is seen to increase in the same direction,
reaching a minimum value of 178250 GPa.
The directional dependence of Young’s modulusis a
critical aspect of understanding the mechanical
performance of crystalline materials, particularly
anisotropic materials.

Young’s modulus describes the stiffness of a material, and
its directional dependence reflects how the material
responds to stress differently depending on the
crystallographic orientation. For example, in cubic crystals
like iron or aluminium, Young’s modulus is typically higher

() Young's modul (b)

®

- M-

e

Figure 5: Angular variation of elastic modulus in 3-
dimensional:(a) Young’s modulus (b)linear compressibility, (c)
shear modulus(d) Poisson’s ratio for a-Mg3Na.

along the <111> direction compared to the <100> direction
because atomic bonds are stronger and more densely packed
along certain axes. In highly anisotropic materials like
graphite or titanium alloys, this variation can be even more
pronounced, with Young’s modulus differing significantly
between directions. This directional dependence directly
impacts mechanical performance, as materials will exhibit
different stiffness, deformation resistance, and stress-strain
responses depending on the loading direction. For instance,
in applications like aerospace components or biomedical
implants, where materials are subjected to multidirectional
stresses, understanding and optimizing the directional
dependence of Young’s modulus is crucial to prevent
failure, ensure durability, and tailor materials for specific
mechanical requirements. This anisotropy can significantly
influence mechanical behaviour, including deformation,
fracture, and load-bearing capacity. The extremes of these
moduli suggest that because the material is less stiff along
the [001] direction than along other directions, plastic
deformation is more challenging to sustain along this
direction.

Conclusion

The structural, mechanical, and electronic characteristics of
the a-MgsN> material have been systematically explored
using the GGA approach within the DFT framework. The
optimized structural parameters were determined to
characterize  the  material's  structural  attributes
comprehensively. These structural data were subsequently
employed to evaluate the electronic and mechanical
properties of the compound. The results reveal that a-
MgsN; exhibits semiconducting behaviour, exhibiting a
calculated energy gap of 1.72 eV based on its electronic
properties. The semiconducting nature of, a-MgsN, with a
bang gap in the IR-Vis range is shown by its electronic band
structure and density of states. This makes the compound
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appropriate for use in both PV devices and infrared sensors.
A detailed examination of the elastic attributes, like bulk,
shear, Young's modulus, along with Poisson's ratio, is
conducted. The analysis confirms that a-Mg3;N, possesses
distinct elastic anisotropy. Specifically, the variation in
Young's modulus ranges from a lowest amount of 178.250
GPa to a maximum value 218.730 GPa. While the shear
modulus varies from a minimum of 71.128 GPa to its
maximum value 91.369 GPa. The anisotropic elastic
behaviour of a-Mg3N, provides insights into the preferential
crystallographic orientations, according to the elastic
calculations, a-MgsN»is a strong and ductile substance that
can endure harsh environmental conditions while
maintaining its ground state characteristics. The a-MgsN»
efficiently used as a green energy source.
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Abstract

For the first time in phosphor history, a remarkable series of Ce** ion-doped Lithium Fluoride Chloride Sulphate i.e., Liis(SO4)sF4Cl
alkaline halo sulphate phosphors are made using a wet chemical process. Using X-ray diffraction (XRD) tests, the phase creation and
concentration were ascertained. Additionally, Fourier Transform Infrared (FTIR) spectroscopy was used which makes it possible to
identify the chemical linkages successfully and browsing electron microscopy was tested for surface investigations (SEM). When
the photoluminescence (PL) characteristics of the as-prepared phosphors were examined, it was discovered that the Ce* ions in these
hosts produced a broad Ultra-Violet (UV) emission. These could be used for scintillation and as potential UV lamp phosphors.
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Introduction

Brilliant materials (phosphors) doped with rare earth
particles assume a crucial part in current life, because of
their phenomenal applications going from fluorescent
lights, scintillators, variety shows, heightening screens,
ionizing radiations dosimetry, etc. [1-3]. The electric and
photosensitive characteristics of phosphors are significantly
impacted by the substance structure, degree of underlying
issue, abandonments, and the existence of dopants or
debasements. Lately, there has been a lot of attention in the
glowing qualities of Ce*" doped structures [4-6]. Tinny film
electroluminescence displays, imaging plates, luster, solid-
state illumination, and thermoluminescence dosimetry are
among the promising applications for the alkaline
halosulphates produced with Ce?* particles [7-9]. Because
of its simplicity of readiness and phenomenal
photoluminescence and thermoluminescence qualities, a
few examinations on chloride-based halosulphate materials
are likewise in the works, as countless halosulphate
materials have a few fascinating optical properties [7, 10].
Because of their numerous uses, chloride-based materials
have witnessed a steady increase in interest in the last two-
three years. By studying optical retention, electron spin
impact, photonic movement, several kinds of refractive
indices, and other real features like versatile modulus, a few
organizations have made significant attempts to focus on
the deformities in these materials [11-14]. Ce*" is an

exclusive activator for scintillator applications due to its
extremely fast and efficient transition as well as energy
close to the sensitivity maximum of photomultiplier tubes
[15, 16]. Among the uses for inorganic scintillators are
dental and medical diagnostic applications. High-energy
radiation detection and visualization have been made
possible in large part by these mineral scintillators. The
most usually employed scintillators at the moment are
bismuth germanate, cesium iodide and sodium iodide fixed
with thallium [17]. These have a good energy resolution,
high density light production and a comparatively rapid
fade time. With remarkably short decay durations of just 0.8
and 4.4 ns, BaF, and CsF; are utilized for applications that
demand fast response. Their light production is relatively
modest, nevertheless. There is still a great need for
scintillators with better features for certain uses, and there
is currently no scintillator that combines a high light yield
with quick response. Since halosulphates are thought to
meet these requirements, more effort is being put into
creating novel materials with higher efficiency. In light of
this, numerous analyses of the iridescence of Ce* in
halosulphate phosphors were conducted [18]. Cerium-
activated phosphors are typically regarded as expanding
groups and transmit in the ultraviolet or spectral region. In
any case, the Ce*"-discharge is shifted to longer frequencies
by the host cross section's crystal field. Because it can
efficiently emit light when excited, usually in the ultraviolet
(UV) or bluish range, the Ce* ion is used in this situation.
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It is a useful part of specialist phototherapy equipment
because of its luminous qualities [19].

In this paper, the iridescence property of Ce*" particles
actuated Li;s(SO4)sF4Cl halosulphate phosphors arranged
by wet chemical method is being accounted for first time
throughout the entire existence of phosphors.

Method

The wet chemical strategy is used to set up the series of Ce*
doped Li;5(SO4)sF4Cl halosulphate phosphors. This is by far
the simplest and best incorporation method when compared
to the many different usual techniques [20]. Using a logical
equilibrium of precision 0.0001gm, the precursors of AR
grade with the highest virtue (99.99% pure) Li»(SOs), LiCl,
NH4F, and Ce»(SO4)3 were demonstrated up stochiometric
proportion. The natural substances were broken down in
twofold refined de-ionized water in an exceptionally dry
climate and later, every one of the arrangements of the
forerunners were merged individually. The resultant
arrangement was saved for amalgamation on magnetic
stirrer for 30 min. The series of Ce*" doped phosphors were
ready according to the various fixations going from 0.1, 0.5,
1, 2, 5, and 10 mol% in the host framework. The
straightforward arrangement acquired was saved for drying
in a stove for 24 hours at 80 °C. The mixture turned into a
smooth white powder. It was then ground into a fine powder
using a stone crusher and grinder to get it ready for a number
of  experiments, including electron  microscopy,
phosphorescence, X-ray imaging, Fourier transform
spectral analysis, and more [20].

A PAN data-driven diffractometer (Cu-Ka radiation) with a
miniflex 2 goniometer was implemented to test the phase
perfection and crystallinity of the pre-arranged
Li;5(SO4)sF4Cl phosphor using X-beam deflection test in
the acute angle 20 region with a continuous examination
step of 0.011 degrees and a continuation season of 15-20
seconds. Then, at that point, for testing their optical
property, the above said series of phosphors was tried for
photoluminescence (PL) investigation.

Operating a 150Watt 'Xenon band illumination ' as a stimuli
source and a sensitive photomultiplier tube, theRF-5301PC
spectrofluoro-photometer completed the PL estimates.
Using a high sensitivity spectral slit width of less than 2 nm,
excitation and discharge spectra were acquired.

This spectrophotometer gives revised excitation and
emanation spectra in the frequency scope of 220-400 nm
and 300-700 nm separately.

Checking electron microscopy (SEM) for surface
morphology and Fourier change infrared (FT-IR)
spectroscopy for the distinguishing proof of chemical bonds
were additionally done for the previously mentioned

radiance sulphates [20].

In addition to the above material, a similar method of
synthesis was being adopted here for the phosphor
Liis«xRx(SO4)sF4Cl: Ce*" (R = Na, K) with only the
difference of precursor of dopant/co-dopant and its
concentration values in mol%.

Discussion

XRD pattern of pure Lil5(SO4)5F4Cl phosphor

Fig. 1 shows the XRD pattern for lithium fluoride chloride
sulphate phosphor. Accordingly, there is no standard
JCPDS document to coordinate with the XRD.

Example of this phosphor thus it's exceptional because for
the first time in phosphor history, it is prepared and tested.

The fact that the material was translucent makes it seen with
highly intense sharp peaks. It typically indicates the
presence of well-ordered repeating crystalline structure.

The interatomic spacing within the crystal lattice is
dependent on peak position. Changes in peak positions can
indicate variations in lattice parameters due to strain,
impurities, or phase transitions.
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Figure 1: XRD pattern of pure Liis(SO4)sF4Cl host material.

FT-IR study of Ce** doped Lithium fluoride chloride
sulphate phosphor

Figure 2: FT-IR ranges of Ce*> doped Lithium fluoride chloride
sulphate phosphor.

An IR spectrum of a chemical substance is a unique
fingerprint for its identification about chemical bonds and
material composition. It provides useful information about
the structure of molecules quickly. FT-IR fields of
Li15(SO4)sF4Cl:Ce*" phosphor as shown in Fig. 2. Two
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strong and extensive bands: one is due to Li»(SO4) at 1095
cm’! and another band is due to cerium at 632 cm™!. Weak
bands near 1432 cm™ may be due to ammonium fluoride
were displayed for the phosphor.

SEM analysis of Liis(SO4)sF4Cl:Ce*" phosphor

The Li;5(SO4)sF4Cl phosphor's crystallite size is visible in
the SEM micrograph, which shows highly detailed
magnified image as shown in Fig. 3a, 3b, 3c. Typically,
crystallites are between two to five micrometres in size.

The crystallites have a crisp surface shape. The particles are
composed of lengthy structure, it means tend to cluster
together, forming larger structures. Fig 3 (a). Also, it shows
remarkably agglomerated crystallites and have a strongly
constructed particles appear robust and well-formed. Its
layers-like appearance shows the structure seems to have
multiple layers, possibly resembling a sheet-like or stacked
formation Fig. 3 (b), 3 (¢).

©

Figure 3 (a), (b), and (c): Surface Morphology of
Li15(SO4)sF4Cl phosphor

Photoluminescence (PL) in Ce*" doped Liis(SO4)sF4Cl
Phosphor

In the Ce** doped lithium fluoride chloride sulphate host
lattice, the PL excitation spectrum of Ce*" ions reveals
wideband fluorescence with a highest intensity at 254 nm
and an inclined peaking at 236 nm when stimulated at 340
nm. Fig. 4 illustrates an electron from the 4f' orbital is
moved to the 5d! orbital when Ce* absorbs energy. Due to
its stronger interactions with the surrounding ions and
greater spatial extension, the 5d' orbital undergoes
considerable crystal potential splitting.

The wavelengths of emission of lithium fluoride chloride
sulphate phosphors series at various doping ratios are
presented in Figs. 5(i) and 5(ii) when exposed at 254 nm of
wavelength. When activated by 254 nm UV light, the
phosphors show broadband emission that stretches from
260 to 406 nm with a maximum of roughly 325 nm. Other
than intensity variations, the phosphors remain unchanged
with changing dopant concentrations. Because of the
splitting of its 4f ground state, Ce** emission should consist
of'a double band. However, in this instance, it is not possible
to immediately discern between the emission spectrum's
doublet bands.

Consequently, it splitted into two separate Gaussian
components, as shown in Fig. 6(iii), with peak centres on
the energy scale at 31152.64 cm™'(321 nm) and 28248cm"!
(354 nm). The energy difference between these two bands
is 2904 cm’!. The Stoke's shift is found to be 8600 cm™'. The
shift in PL intensity of Lithium fluoride chloride sulphate
phosphors with Ce**- doping level is depicted in Fig. 6(i). It
is discovered that as the doping concentration rises, the
emission intensity of the Ce3" ions first increase before
peaking at x = 0.01. The concentration quenching effect
then causes the intensity to drop as the concentration rises
further [21]. When the dopant concentration is sufficiently
high, the following equation connects the Iuminous
intensity I to the dopant concentration x,

L=K[1+ B.x3]e-1 (1)

This equation can be loosely written as follows for a specific
host matrix as

logi =c- zlogx )
x 3

where k, B, and c are constants for the same excitation state

[21].

Intensity (arb.unit)

Figure 4: Pattern of Ce>* doped Lii5(SO4)sF4Cl phosphor
excitation

The electric multipole index, 0, illustrates collaborations
between electric dipoles, dipoles-quadrupoles and electric
quadrupoles when its values are 6, 8, and 10. Fig. 6(ii)
shows the association between log (I/x) and log (x) for
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lithium fluoride chloride sulphate (x > 0.01) phosphor based
on its emission spectra acquired at 325 nm. The plotted
data's gradient, (— 6/3) = -3.3859, was found to be
appropriate for a straight line. As a result, 0 is 10.1577,
which is rather near to 10. In addition to making the
materials stable and potentially useful for high-resolution
displays, electroluminescent devices, vacuum discharge
lamp phosphor screens, etc., This implies that the
concentration quenching of Ce*" luminous intensity is
mostly caused by the electric quadrupole—electric
quadrupole interaction mechanism.
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Figure 5: (i) Li15(SO4)sF4Cl:Ce* phosphor emission spectrum,
with the exception of 1 mol%. (ii) Liis(SO4)sF4Cl:Ce** emission
spectrum at 1 mol%.
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Figure 6: (i) The PL influence verses doping concentration in
mol%, (ii) The plot of log(I/x) versus log(x) for
Li15(SO4)sF4Cl:Ce**phosphors is linear.
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Figure 6 (iii): Gaussian functions (Aexc = 254 nm) were used to
fit the PL spectra of Li1s(SO4)sF4Cl:Ce3* phosphors, which has
an emission peak at 325 nm.

Photoluminescence in Ce’* doped LiisxNax(SO4)sF4Cl
Phosphor

PL intensity (arb.unit)
8

Figure 7: Excitation spectra of Li1s-xNax(SO4)sF4CL:Ce3* 1 mol%
(R=Na, K) as x=1, 3, 5, 10 mol%.
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Figure 8: Emission patterns of LiisxNax(SO4)sF4Cl:Ce*" 1
mol%.

An attempt is made to study the Lijs(SO4)sF4Cl: Ce**
phosphor by co-doping it with sodium (Na*) ions in the host
crystal lattice. It is monitored that in the case of
Li;s(SO4)sF4Cl:  Ce** phosphor, the PL intensity was
exceptional for 1 mol% of Ce* [Fig. 5 b]. For
Liis. xNax(SO4)sF4Cl:Ce:1 mol%, Fig. 7 and 8 display the
excitation and emission spectra, respectively forx =1, 3, 5,
10 mol% of sodium (Na*) ions. In this case, the prominent
excitation is peaking at 254 nm which overlaps very well
with Hg emission (253.7 nm) and we obtained the
broadband emission at around 327 nm for different
concentrations of Na* as x =1, 3, 5, and 10 mol%. It is
evident from Fig. 8 that the PL intensity is lowest at 10
mol% of Na™ ions and highest at 5 mol%. Co-doping Na+
ions in the host matrix is thought to cause concentration
quenching, which significantly reduces the total PL
intensity. On the other hand, weak spin-orbit coupling of the
ground state of Ce*" ions are indicated by the single peaking
at about 327 nm [22].

Photoluminescence in Ce** doped LiisxKx(SO4)sF4Cl
Phosphor

Similarly by keeping Ce*" constant at 1 mol%, the new host
Li;5xK«(SO4)sF4Cl: Ce** 1 mol% phosphor was synthesized
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by the wet chemical method in which lithium-ion is being
replaced by potassium ion. Figure 7 and Figure 9 display
the excitation and emission pattern of Li;sxK«(SO4)sF4Cl:
Ce*":1 mol%, respectively for x = 1, 3, 5, 10 mol% of
potassium (K*) particles. The excitation spectra have
prominent maxima at 254 nm which well matched with Hg
emission (253.7 nm) and monitored the broadband emission
at around 325 nm-355 nm for different concentrations of K+
as x =1, 3, 5, and 10 mol%. From Fig. 9, The PL intensity
is seen to be lowest at 3 mol% of K* ions and highest at 1
mol%. Once more, it is claimed that co-doping K* ions in
the host matrix causes concentration quenching, which
significantly reduces the overall PL intensity. On the other
hand, the single peaking at about 325-355 nm suggests that
the ground state of Ce* ions have a modest spin-orbit/loop
coupling. The strong crystal field at the Ce*'site, which
predominates over the spin-orbit/loop coupling, could be
the cause of the minor shift towards a longer wavelength
[22].

However, the fact that the PL emission intensity is higher
(Fig. 9,700 A.U.) when K" ions are doped in the host matrix
as opposed to when Na* ions are doped (Fig. 8, 175 A.U.)
suggests that K* ions are predominating in the replacement
of lithium ions.

x=1 mol%
700+ et

g 8 88 8

Intensity (arb.units)

a
8

Wavelength (nm)

Figure 9: Shows the host LiisxKx(SO4)sF4Cl: Ce3*:1 mol%
emission pattern.

Conclusion and Future Prospective

The luminous characteristics of  Lij5(SO4)sF4Cl
halosulphate phosphor doped with polycrystalline Ce>* ions
were successfully synthesized using wet chemical synthesis
and are being reported for the first time in phosphor history.
These phosphors' morphological, spectroscopic, and
structural characteristics were examined using SEM, FTIR
and XRD, respectively. The PL emission spectra of the
three phosphors listed above were all found to be in the
near-UV range. When exposed to 254 nm UV illumination,
a 1 mol% concentration of Li;s(SO4)sF4Cl: Ce*" phosphor
showed a remarkable PL emission intensity at 325 nm
wavelength.

Because of their effective broad-band emission in the

ultraviolet spectrum, all of the Ce*" doped phosphors
discussed in this paper may find use in scintillation
applications. These phosphors' optical features suggest that
they could be useful materials for luminous phosphors in
the ultraviolet (UV) band, which spans from 300 nm to 450
nm and be used for glimmer. A thorough examination of
these phosphors' additional features will undoubtedly
demonstrate their merit for a wide range of future uses.
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In the present paper we address the enthralling problem of discovering and comprehending the hadronic-like molecular interactions.
We use a Yukawa-like screening potential in s-wave state in conjunction with the One Boson Exchange potential to calculate the
mass spectra. We suggest interaction between two hadrons, a dipole-like in colour-neutral state that results in the production of a
hadronic molecule along with application of the compositeness theorem of Weinberg, which is used to differentiate these molecules
from other hadronic states. We compute the mass spectra for various di-mesonic states, using the proposed interaction potential.
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Introduction

In recent decades, significant efforts have been directed
toward the search for hadronic molecules, both theoretically
and experimentally [1-7]. These molecules, akin to the
deuteron which are strong candidates within the model of
Quantum Chromodynamics (QCD).

QCD can comprehended as the fundamental theory
describing strong interactions. Alongside the well-
established conventional baryons (three-quark systems) and
mesons (quark-antiquark pairs), hadronic molecules present
an intriguing extension of QCD's predictive power.

Conventional baryons, such as protons and neutrons, serve
as the important part of atomic nuclei, and their properties,
including masses, magnetic moments, and decay modes,
have been extensively studied using potential models,
lattice QCD, and experimental data [8-16]. Similarly,
mesons like Pions, kaons, and charmonium states (e.g., J/Ay
and y(2S)) play critical roles in understanding hadronic
interactions and mediating nuclear forces [17-18].
However, the discovery of exotic hadrons has extended the
particle physics frontier beyond these conventional states.
In recent years, several narrow exotic resonances have been
observed, such as X(6900) [1]P:(4450)[2], Zy(10610)-

/(10650) [4] X (3872) [5], Z (4430) " [6], Y (4260) [7], , and.
These states, which defy straightforward classification
within the conventional baryon-meson framework, have
sparked intense interest in their underlying substructures.

Various theoretical explanation has been proposed for these
exotic states, including:

e Conventional heavy baryons, [14-16] where
exotic states are attributed to excited or
unconventional configurations of three quark pairs
with one or more heavy quarks.

e Conventional heavy meson [17-18]: where states
are attributed to excited or unconventional
configurations of quark-antiquark pairs with one
or more heavy quarks.

e Hadronic molecules [19-20], which describe
these states as loosely bound systems of two or
more hadrons

o Conventional light meson [21]: where states are
attributed to excited or unconventional configure-
ions of quark-antiquark pairs with light quarks.

e Conventional light baryons [22-23]: where
exotic states are attributed to excited or
unconventional configurations of three light quark
pairs.
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e Compact tetraquarks [24-29], Compact penta-
quarks [30] representing a tightly bound state of
diquarks and antidiquarks.

The decay width (Gamma) in hadron spectroscopy signifies
the stability of a particle, where a larger (Gamma)
corresponds to a shorter lifetime. This classification aids in
distinguishing decays into three categories: strong (rapid),
electromagnetic (intermediate), and weak (gradual).
Measuring (Gamma) plays a crucial role in the
identification of exotic hadrons. Theoretical approaches to
these models include effective field theory [31], QCD sum
rules [3], lattice QCD [32], and potential models [33-34].
Comprehensive reviews, such as, consolidate these findings
and provide an overview of their experimental and
theoretical progress.

This study narrows its focus to the di-hadronic molecular
model in a potential framework. primary questions drive
this investigation are: (i) understanding how interactions
between two colour-neutral hadrons lead to bound states,
and (ii) differentiating hadronic molecular states from
conventional hadrons or compact exotic states [27]. A key
theoretical insight is that the One-Pion Exchange (OPE)
potential provides sufficient long-range attraction to
support molecular binding [28]. However, OPE alone fails
to account for the very close-range interactions,
necessitating inclusion for One Boson Exchange (OBE)
potentials and Yukawa-like screening potentials [29].
Hadronic molecules provide good path to probe the strong
force at quantum level. These systems, formed through
delicate interactions between colour-neutral hadrons,
highlight the intricate dynamics of QCD. Despite substantia
1 progress, many questions remain, particularly regarding
the binding mechanisms, stability, and mass spectra of these
states.

This study employs theoretical tools such as Weinberg’s
theorem to distinguish hadronic molecules from loosely
coupled systems, providing a systematic approach to
classification. Special emphasis is placed on calculating the
mass spectra of di-hadronic states, which are significant for
both theoretical exploration and experimental validation.
By analysing their binding energies and stability, this work
aims to uncover patterns inherent to hadronic molecular
states. These findings not only deepen our understanding of
strong interactions and QCD but also provide valuable
insights for experimentalists working at facilities like
PANDA, J-PARC, Belle, and LHCb [30]. As hadronic
molecules bridge the gap between conventional
baryons/mesons and exotic hadrons, further theoretical and
experimental advancements are crucial for unravelling the
full complexity of the strong force and its manifestations in
nature. The current work is organized as follows: after the
introduction in Section 1 theoretical, Section 2 describes the

mass spectra generated by this formalism for hadronic
molecule. Section 3 summarizes the results and Section 4
draws the final conclusion.

Theoretical Framework
Interhadronic Interaction

The deuteron, which is formed by the bound states of a P
and N, is widely recognized as a molecule. To analyse and
predict other hadronic compounds similar to the deuteron,
it is helpful to use the deuteron itself as a model
Understanding such bound states involves addressing two
fundamental questions: (i) why two color-neutral hadrons
are attracted to one another and (ii) how 2 hadrons form a
bound state. Regard to the definition of a molecule, a bound
state requires a sufficiently strong attractive potential,
which can be quantified by an effective coupling constant.
Several realistic potentials, such as the Paris Group
potential, the Nijmegen Group potential, and the full-Bonn
(CD-Bonn) potential, have been developed to address the
first question.

The potentials in question are derived from particle
exchange, referred to as (OBE-P) Potentials, which extend
Yukawa’s pion exchange potential utilized to elucidate the
nuclear force. The OBE-P encompasses long, medium, and
short-range interactions via meson exchange, with the mass
of the exchanged mesons dictating the force's range.
Addressing the second inquiry why it is difficult for two
color-neutral hadrons to establish a bound state—demands
a nuanced comprehension of fundamental interactions at
exceedingly short distances, where OBE-P exhibits
limitations.

In order to distinguish the hadronic molecular states from
other hadronic states, the Compositeness Theorem becomes
essential. The challenge lies in identifying these molecular
states accurately. To address this, we employ Weinberg’s
compositeness theorem, which provides a systematic
framework for identifying molecular states by differentiati-
ng them from other hadronic configurations. This approach
is critical for resolving the challenges faced in the hadronic
molecular model and distinguishing these states from other
potential forms of matter.

Effective Potential (One Boson Exchange + Yukawa -
Screen like)

The di-hadronic molecule's Hamiltonian:

H=\/P2+mﬁ1+\/P2+m§2+th (1)

Where H stands for the Hamiltonian or total energy of the
system, P represents the momentum of the particles, and mp;
and my are the masses of the first and second particles,
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respectively. Vi is the potential term that describes
interactions or external forces affecting the system.

Potential Well Diagram for OBE+Yukawa Model

| | |
o £ N

Potential Energy (arbitrary units)

|
o

—— Yukawa Potential

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Distance (fm)

Figure 1: One Boson Exchange + Yukawa -Screen like potential

Through the utilization of the hydrogen-like trial wave
function, we are able to ascertain the expected value of the
Hamiltonian within the framework of the variational
technique. We are able to determine the masses of low-lying
di-mesonic states by using the expectation value of the
Hamiltonian mathematical model.

Hy=Ey and 2)

av
(Kinetic Energy) = 1< rj; drhh> 3)
and wave-function parameter can be obtain using virial
theorem for each state.

The interaction potential, articulated by the One Boson
Exchange potential (OBE-P) and a phenomenological
attractive screened Yukawa-like potential [35] in the s-wave
state, is elucidated in greater detail in the reference. The
light mesons relevant to the One Boson Exchange potential
(OBE-P) include &, n, o, a0 (or 3), ®, and p. The OBE
potential, which is the aggregate of all one-meson
exchanges, namely

VOBE:VpS+VS+VV (5)

Thus, Vps, Vs, and Vv represent the distinct s-wave one-
meson exchange interaction potentials for pseudoscalar,
scalar, and vector mesons, respectively. These potentials are
articulated as

_ 8mqq mn e i
Vps_12<4n(m CR)
2

e

] (0i-0y)
(6)

Where Vps: Potential energy due to the pion and eta meson
exchange interactions, grqq: Coupling constant for the pion-
quark-quark interaction, m,: Mass of the pion, m: Reference
mass (e.g., the mass of the quark), rj: Distance between
particles i and j, ti: [sospin operator for particles i and j, gnqq:
Coupling constant for the eta-quark-quark interaction. my:

I'i]'

Mass of the eta meson, ci: Spin operator for particles i and
i

2 27 .—Mgrj; 2
g 1/m e ] gs
V=5t (1 -2 (2e) +Baa 11—
4T 4 \m MgTij 4T
—mgrij

%(%)2] mgrj (1 ]) 7

Vs: Scalar potential energy due to the sigma and delta
meson exchange interactions., geqq: Coupling constant for
the sigma-quark-quark interaction., ms: Mass of the sigma
meson., gsqq: Coupling constant for the delta-quark-quark
interaction., ms: Mass of the delta meson., t;: Isospin
operator for particles i and j.

2 ~MeTij MpTij
_ Bwqq (e 1gpqq 1
Vo = 4m ( Tjj ) 6 4m m? (Tl T])(Gl 0])( )
®)

Vv: Vector potential energy due to the omega and rho
meson exchange interactions, g.qq: Coupling constant for

the omega-quark-quark interaction, m,: Mass of the omega
meson., gpqq: Coupling constant for the rho-quark-quark
interaction., m,: Mass of the rho meson, t-: Isospin operator
for particles i and j, 6i-6j: Spin operator for particles i and j.

The One Boson Exchange potential (OBE-P), incorporating
finite size effects attributable to the extended structure of
hadrons, can be articulated as

Vo (rap) = Vo(mg, rap) — Fo Vo (Agr, Tap) +
Falva(Aa2: rdb) ©)

Where Va: Potential energy due to the interaction at
distance ra», Vo (ma, rdb): Potential energy term dependent
on the parameter m, and distance rap, Foo: Scaling factor for
the term involving Aal, Va(Aal,re):Potential energy term
dependent on the parameter Aoland distance rab,
Fal:Scaling factor for the term involving Ao2.,
Va(Ao2,ra): Potential energy term dependent on the
parameter Aa2 and distance ray

Where a represents the 1, 6, m, 6, ®, and p mesons, while

Aal=Aoa+ e and Ao2=Adc— €

AZ . _m2
Fo1 = —* and
al
Afp—1Afy
A%, —mZ
F,, = 22 % 10
az Ay, - A%y (10)

The subscript a refers to mesons such as o, 1, ¢, @, 6, and p,
where (e/A, < 1), which suggests that a value of 10 MeV
is a reasonable choice for the mass scale. To enhance the
strength of the total effective dihadronic potential, a
Yukawa screening potential is introduced [36]. This is
necessary because the effective s-wave One Boson
Exchange potential (OBE-P) is weak due to the highly
sensitive cancellation between individual meson exchanges.

Journal of Condensed Matter. 2025. Vol. 03. No. 01

98



Research Article

Yadav D et al: Investigating the Mass Spectra of Di-Hadronic Molecule by Potential Model

The residual running coupling constant, denoted as k),
and the screening fitting parameter (c) are introduced
through the Yukawa-like potential. The intensity of the
interaction can be modified using these parameters. A
specific formula can estimate the residual running coupling
constant (k,,,), incorporating the masses of the exchange
mesons, the regularization parameter (A, ), and the coupling
constants.

The estimation of the coupling constant is based on realistic
potentials, which are modified to explain the properties of
the deuteron using NN-phase shift data. For consistency, the
same coupling constants used in the works of Machleidt
(2001) and Weinberg (1965) for the deuteron are applied to
other hadronic molecular systems. In this context, the
meson-hadron coupling constants are approximated
similarly to those used for nucleon-nucleon systems.

8ahh = 8aNN (11)

Jann and gony represent the coupling constants for meson-
hadron and meson-nucleon interactions, respectively.

The meson exchange's effective coupling constant exhibits
scaling behaviour and has the ability to alter the interaction
potential's strength. Knowing the coupling constant's
effective strength allows us to obtain precise information
about the degree of the hadron-meson-hadron interaction's
individual meson exchange potential. In order to fix our
model parameter, the meson-hadron coupling constant has
been approximated.

The Yukawa-like screening potential was introduced to
enhance the strength of the effective dihadronic interaction
potential, as the efficacy of the effective s-wave one-boson
exchange is constrained by the cancellation of individual
meson exchanges. The Yukawa-type potential displayed is
integrated.

Vy = —Kmol o= (12)

e The coupling constants are taken from realistic
nucleon-nucleon potential models (Machleidt,
2001).

e Screening parameters are adjusted to fit deuteron
binding energy for consistency.

e The meson masses are adopted from Particle Data
Group (PDG) 2022.

Vy: Potential energy due to the interaction, kmoi: A constant
related to the molecular interaction strength, rij: Distance
between particles i and j, c: A parameter related to the
spread or range of the interaction.

In this context, k,,, signifies the running coupling constant,
whereas c represents the screening fitting parameter. The

value of k., can be calculated using the subsequent

equation:
41T
kmol(Mz) = 2 M2+M% (13)
(11—§nf)1n 2z
Q
2md mb .
Where M = M, md and mb are masses of constituent
(md+mb)

hadron which form di-hadronic molecule system. Mg = 950
MeV, A, is taken 399 MeV and 225 MeV for light and
heavy meson, respectively. nr is flavour number. The net
inner hadronic potential Vi is given below as

Vin = Voge + Vy (14)

Vose: The overall binding energy is denoted by this
term. It takes into consideration the energy needed to hold
the components (such as quarks) of the hadron or molecule
together. Understanding the stability and structure of the
system depends on this binding energy.

Vy: The interaction between particles mediated by
mesons (such Pions or other mesons) is referred to as the
Yukawa potential. Particularly in nuclear and particle
physics, the Yukawa potential is crucial for comprehending
the interaction between particles at a specific range.

The parameters that remain invariant in the current model
encompass the masses, the exchange meson coupling
constant, and Aq, as referenced in sources. The computation
of the residual running coupling constant, k., is executed
utilizing Equation (13). This model is adjusted to estimate
the experimental binding energy of the deuteron by altering
the color screening parameter, ¢, which acts as the sole free
parameter.

It is important to note that three pseudoscalars at a single
vertex do not conserve parity. Consequently, pseudoscalar
exchanges between two pseudoscalar systems are not
allowed by parity conservation. In the strong interaction,
however, parity is a well-conserved quantum number.
Hence o, ® and ap exchanges donate to the One Boson
Exchange (OBE) potential in the case D°K* and of KK and
di-mesonic states. When calculating di-mesonic states, the
o -meson mass is taken as m; = 725 MeV for total isospin
I1=0, and ms~= 500 MeV for Ir=1. For pseudoscalar-
pseudoscalar states, such as f0(980) and a0(980), only o, ag
and o exchanges are considered, as these exchanges are the
sole contributors to the OBE potential of S-wave.

Results and Discussion

In the present study, the mass spectra of various dihadronic
molecules have been calculated and analysed in compare-
son with their corresponding threshold masses and
experimental predictions. These results are summarized in
Table 1, where the molecular states are categorized in
accordance to their quantum numbers [37] JP and their

Journal of Condensed Matter. 2025. Vol. 03. No. 01

99



Research Article

Yadav D et al: Investigating the Mass Spectra of Di-Hadronic Molecule by Potential Model

natural energy scale. Calculated masses are benchmarked
against meson thresholds to ensure accuracy. For this
analysis, the parameters were adopted from the latest
(Particle Data Group and PANDA) [38-44], ensuring consi-
stency with current experimental and theoretical standards.

Theoretical vs Experimental Mass Comparison

x  Theoretical Masses

G ron
1800 | —=- 'desl Agreement Line ~-Teyter

fo{a748)

1600
1400

1200

Theoretical Mass (MeV)

1000

1000 1200 1400 1600 1800
Experimental Mass (MeV)

Figure 2: Theoretical vs Experimental Mass Comparison.

Conclusion and Future Prospective

In conclusion, the mass spectra of various di-hadronic
molecules have been calculated within a non-relativistic
framework. The methodology developed in this study lays
the groundwork for future research aimed at exploring
molecular hadrons composed of multiple hadrons. The
findings from this work offer valuable insights and serve as
a reference for experimental investigations conducted by
future facilities such as PANDA, J-PARC, Belle, LHCb,
PDG and others. This study adds to our growing
understanding of unusual hadrons and their involvement in
QCD. Further research in this subject will provide further
insight into the underlying forces that regulate subatomic
particles. The interaction of theory and experiment will
remain critical in unravelling the riddles of hadronic
molecules.

Table 1: The mass spectra of diverse molecular states, accompanied by their respective threshold masses in MeV.

Candidate Molecular S-Wave I(JP ) Threshold Exp.-mass This-Work Natural Uncertainty
elucidation mass MeV MeV mass MeV energy scale | (MeV)
(m7/2p)
MeV
Deuteron Pn 0(1+) 1877.84 1875.6 1805.5 19.91 +1.2
0 (980) KK 0 (0 995.228 990 = 2 964.07 37.02 =18
a0 (980) KK 1 (0+) 995.228 980 =20 953.17 37.03 £2.3
0 (1500) ) 0 (0 1550.98 1505+ 6 1521.35 23.93 3.1
f2(1525) PR 0(2t+) 1550.98 1525+£5 1495.03 23.93 £3.5
f0(1710) K* K* 0 (0+) 1791.8 172245 1715.22 22.21 +4.0
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Abstract

A set of composition-based undoped and Pr**-doped Tellurium Bismuth Borate glasses 20TeQz: (30-X)Bi203: 50B203: XPr203
(where X= 0, 0.1, 0.3, 0.5, 0.7 mol%) have been fabricated via standard melt quenching technique. All of the manufactured glasses
were made of completely amorphous material, according to X-ray diffraction (XRD) patterns. The refractive index, density, optical
absorption, FTIR and Raman spectroscopy have been applied to investigate the structural and optical properties. FTIR spectral
measurements have been utilized to identify the network vibration of Pr2O3 doped Tellurium glasses. FTIR reveals symmetrical
stretching vibrations of Te-O in TeOs as well as B-O stretching (BOs) units. Signals in the FTIR mainly observed around 1032 cm
11180 cm!, 1349 cm!, 1395 cm™! and 1501 cm™! while Raman scattering peaks are located at 436 cm™!, 542 cm!, 770 cm!, 940 cm
1,1028 cm!, 1232 cm’! and 1361 cm!. Both reflective index and density increases with increasing rare earth ion concentration.
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Introduction

Since they are optical glasses containing Pr3* ions, they are
useful as photonic materials in various technologies due to
their broad absorption in the visible-near infrared region [1].
Commercially available GaN diode lasers provide good
utilization due to their broadness and absorption at 443 nm,
which corresponds to the energy of the Pr’*ion *Hy - 3P, [3].
Telluride networks consist mainly of TeO;s trigonal
pyramidal (Tp) units with long electron pairs and TeO4
trigonal bipyramidal (Tbp) units. Add iron oxides, alkali
metals and alkaline earth metals to convert Tbp units to Tp
units. Raman spectroscopy and infrared (IR) spectroscopy
are the two most important vibrational non-invasive tools in
many fields such as biology, geology, materials science and
recently space exploration [4]. Combined Raman-infrared
spectroscopy can be used to analyze various important
properties including phonons, aggregation state and energy
of functional groups of the crystal lattice. Therefore, the
properties of the material have a direct effect on the Raman
spectroscopy parameters (band frequency, intensity, band
shape and full width at half maximum or FWHM). These

constraints are: (1) Orientation of the crystal lattice or
molecules; (5) Inconsistencies and stresses in the material
(due to mechanical, thermal or acoustic effects) [5].

FTIR spectra recorded in the 1000-1600 cm™' region for
Pr’*-doped alkali and mixed-alkali heavy metal borate glass
matrices. In general, the vibrational modes of the borate
glass network consist of three important band regions. The
first group of bands, which occur at 1200-1600 cm ™! is due
to the asymmetric stretching vibration of B -O bonds in BO;
units. Therefore, the aim of this study is the spectral and
fluorescence analysis of Pr** telluride bismuth borate glass
for optical devices.

Method

In the tellurite bismuth borate glass system 20TeO, was
doped with Pr** ions as follows: (30-x) Using the solution
quenching process, 20TeO,: (30-x)Bi,03: 50B,03: XPr,0;
(where x = 0, 0.1, 0.3, 0.5 and 0.7 Mol%) was prepared.
Chemical reagents, particularly TeO,, Bi,Os, B,O; and
Pr,O3 were used in this study. Mix well using an agate
mortar and pestle. After the lamb is melted in an electric
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muffle furnace at 950 °C for two hours and completely
melted, it is quickly poured into a preheated stainless-steel
mold. The mold is placed at 350 °C for two hours to
eliminate thermal stress and tension. These models are
always polished with a fine cerium oxide powder.

Table 1: Chemical Composition of Pr3* doped TEBIB Glasses.

Glass System Glass Composition

TEBIB (Pr0)
TEBIB (Pr0.1)

20Te02:30Bi203:50B203

20Te02:29.9Bi203:50B203:0.1Pr203

TEBIB (Pr0.3)

20Te02:29.7Bi203:50B203:0.3Pr203

TEBIB (Pr0.5)

20Te02:29.5Bi203:50B203:0.5Pr203

TEBIB (Pr0.7)

20Te02:29.3Bi203:50B203:0.7Pr203

Table 2: Physical properties of Pr’* doped TEBIB Glasses.

Result and Discussion

All of the manufactured glasses were made of completely
amorphous in nature, according to X-ray diffraction (XRD)
patterns. From the figure 2 and 3 it is clear that reflective
index and Density of the samples increase with increases in
rare earth ion concentration respectively. From the FTIR
spectra peaks are available in the range from 1000 cm™ to
1600 cm’! that reveals symmetrical stretching vibrations of
Te-O in TeOy4 as well as B-O stretching (BO3) units. The
prominent feature in most synthetic tellurium borate glasses
Raman spectra are intensive bands in the 400 — 1400 cm-
region due to symmetric stretching motions of Te-O in TeO4
as well as B-O stretching (BO3) units.
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Figurel: X-ray diffraction pattern of Pr3* doped TEBIB Glasses.
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Figure 4: FTIR Spectra of Pr** doped TEBIB Glasses.
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Figure 5: Raman Spectra of Pr** doped TEBIB Glasses.
Conclusion and Future Prospective

For a bismuth telluride borate glass sheet Pr.O3; with the
composition of 20Te0,:(30-X), undoped and Pr3*-doped
Bi,03:50B,03:(X), use the usual melt quenching process to
produce it (where X = 0, 0.1, 0.3, 0.5 and 0.7 mol%
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vibration of Pr;Os-doped tellurium). The glass was
characterized by FTIR spectroscopy. FTIR shows the
symmetric stretching vibrations of Te-O and B-O stretching
(BO3) units. Although Raman scattering peaks appear
around 446 cm™!, 542 cm’!, 770 cm™!, 940 cm!, 1028 cm™!,
1232 cm! and 1361 cm™!, the FTIR signal usually appears
at 1032 cm™, 1180 cm™, 1349 cm™!, 1395 cm™ and 1501 cm”
I, Both reflective index and density increases with
increasing rare earth ion concentration.
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Abstract

Ge additive chalcogenide materials have become more prevalent in contemporary optoelectronics. The present study utilizes the
melt-quenching process for preparing Se-Ge chalcogenide glasses. For the examined system, submicron structural and physical
characteristics are examined and described. X-ray diffraction spectra show no characteristic peaks, this indicates that the glassy
compositions under investigation are amorphous. A further confirmation of the amorphous nature is provided by SEM. The physical
properties of the compositions under examination namely cross-linking density (X), average coordination number (<r>), lone-pair
electrons (L), mean bond energy (<E>), constraints (Nc), fraction of floppy modes (f), cohesive-energy (CE), glass transition
temperature (Tg), electro-negativity () as well as heat of atomization (Hs) have been deduced in regard to the influence of Ge content.
Cohesive-energy is computed using CBA, while mean bond energy is obtained by chemical-bond ordering approach. Shimakawa's
relationship was utilized to theoretically compute band gap of the system under investigation. Average single-bond energy, electro-
negativity and cohesive-energy were used to analyse the results. A relationship between the mean coordination number and a variety
of inferred physical characteristics is established.

Keywords: XRD, SEM, Chalcogenide Glasses, Average Coordination Number, Band Gap, Cohesive-energy, Mean Bond Energy.
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Introduction

Glasses and other amorphous materials have a long history
that predates nearly all human civilizations. These materials
were utilised in pottery and as decoration supplies.
Numerous attempts were undertaken at various times in
time to explore the specific characteristics of these
materials. On the basis of the absence of long-range order
these materials were believed to be non-semiconductors [1].
Without the standardization of different techniques, the
results obtained by different research groups happed to be
quite divergent [2]. These factors prohibited the
development and the proper understanding in this field.
During fifteens and sixteen’s this field again attracted the
interest of researchers due to the groundbreaking work in
the experimental sector [3]. Since then, this field has
become the central field of research. This field is now

acknowledged as being technologically sensitive. These
materials have been found to have a number of remarkable
characteristics, including switching, photoconductive,
memory retention and semiconducting qualities [2-4].
Chalcogenide glasses have potential and current
applications in infrared (IR) lasers, photonic crystals,
transistors, optical memories, and IR transmitting optical
fibres because of their thermal and optical properties, that
depend on composition [5-6]. Chalcogenide materials are
being developed for rewritable optical memory [7]. It is
necessary to have precise understanding of these materials'
optical constants across a broad spectrum in order to
effectively use them in reflecting coatings and optical
fibres. The electrical, electronic band and atomic structures
of these material’s influence optical characteristics [8].
Because of its commercial application and technological
significance, Se-based glasses remain quite popular among
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all chalcogenide system. These glasses are appealing
because of their special ability to undergo reversible
transformation, which has numerous device applications

[9].

Even though Se is excellent for glass forming, it has
drawbacks including a short lifespan and low sensitivity
[10]. Alloying Se with impurity atoms like Te, Ge, Ga, and
as may resolve these issues [11]. When Ge replace Se, Ses
ring structure is broken, the chain fraction is marginally
increased, but chain length decreased [12]. Since Ge
improves stability, optical qualities, corrosion resistance,
xerography, and the chemical durability of chalcogenide
glassy semiconductors, we have chosen Ge to add in Se
glasses [12]. Ge-doped glasses are emerged as a desirable
material for basic studies of their structure and
characteristics. Alterations in composition result in short-
range order alterations, which are useful for modifying
glassy materials' features to fulfil particular needs [13].
Additionally, assessing physical factors helps identify the
system's greatest features and can more accurately predict a
glass system's stability, which facilitates problem
identification and resolution prior to experimentation.

This study examines the submicron structural
characteristics and general physical characteristics of Ge
doped Seip0xGex (x =0, 1, 2, 4, 6, 10, 15 and 20 at. wt.%)
chalcogenide alloys prime using the melt-quench method.
The amorphous nature of the composition under
examination and its surface appearance is examined via the
XRD and SEM methodology. A relationship between the
mean coordination number and a variety of inferred
physical characteristics is established.

Experimental Details

The process of melt quenching is utilised to prime bulk
samples of SejpGer (x =0, 1, 2, 4, 6, 10, 15 and 20 at.
wt.%). After being weighed based on their atomic
percentages, at a vacuum of around ~ 2x10”° mbar, 5N
extremely pure materials (99.999%) are sealed in a quartz
ampoule that is about 12 mm in diameter and 5 cm long. A
furnace is used to elevate the temperature of the sealed
ampoules to 900 °C at pace of 3-4 °C per minute. For 24
hours at maximum temperature, ampoules are rocked
repeatedly to ensure a uniform melt. Rapid quenching is
carried out in the ice-cooled water to avoid crystallisation.
Then ingots of glassy materials have been removed by
breaking the ampoules. A fine powder is made by grinding
these ingots. Structural analysis is done at room temperature
using the PANalytical X'Pert x-ray diffractometer source,
which is equipped with a Ni filtered using Cu Ka (A =
1.54056) radiation as X-Ray, to take the x-ray diffraction
pattern of the examined samples at room temperature in the
range 10°<20<90° at a scanning rate of 1°/min. Figure 1

shows XRD spectra of the SeqsGes chalcogenide alloy under
investigation. The lack of identifiable, sharp peaks in the x-
ray diffraction spectra indicates that the chalcogenide alloy
under investigation is amorphous. For other samples,
similar outcomes are realised. Surface morphology and
amorphous nature of examined system is further analysed
by SEM (QUANTA FEG 250) operating at accelerating
voltage of 15 kV; which indicates good consistency with
XRD outcome. The scanned images of the SeosGes
chalcogenide alloy are displayed in Figure 2. Amorphous
character of primed chalcogenide alloy is indicated by SEM
micrographs, which clearly illustrate phase separation in the
scanned area of the material due to inhomogeneity in the
sample. Other samples yield similar results.

Results and Discussion

Average Coordination Number and Constraints

The average coordination number was first used with binary
alloys by Phillips and developed it to characterize
characteristics of covalent chains forming glasses. The
formula mentioned below is used to obtain <r> for the
compound Sejoox Gex (x=0, 1, 2,4, 6, 10, 15 and 20).

=aN58+BNGe (1)

<r>
a+f

Wherea, §, are respective at. wt. % of Se, Ge as well as Nse,
Nge denote their corresponding coordination numbers.
Table 1 provides the <> computed values. The <r> was
found to be in the range of 2 <r> 2.04 (Table 1), indicating
that <> rises as Ge content rises. It demonstrates that as
the Ge content rises, chains between the atoms are
becoming more cross-linked.

3850
3300:
275(]-
22(](]-

1650
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Figure 1: XRD patterns of SessGes Chalcogenide system.

Phillips, Thorpe along with Tanaka established topological
limits 2.4 and 2.67, which are commonly recognised as
mechanical as well as chemical thresholds, in context of
constraint theories. Glasses of chalcogenides with <r> =
2.4 are under constrained or weakly connected, whereas
those with <r> = 2.67 are over constrained or strongly
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Table 1: Values of <r>, Ny, N3, Ne, X and floppy modes (f) for
amorphous Sei00Gex (x =0, 1,2,4,6,10,15 and 20 at. wt. %).

Composition | <r> | Nu Ng Ne f X

Sei0o 2.00 | 1.00 | 1.00 | 2.00 | 0.333 | 0.00
SegoGei 2.02 | 1.01 | 1.04 | 2.05 | 0.316 | 0.05
SegsGer 2.04 | 1.02 | 1.08 | 2.10 | 0.300 | 0.10
SeosGes 2.08 | 1.04 | 1.16 | 2.20 | 0.266 | 0.20
SeqsGes 2.12 | 1.06 | 1.24 | 2.30 | 0.233 | 0.30
SeqoGeio 220 | 1.10 | 1.40 | 2.50 | 0.166 | 0.50
SessGeis 230 | 1.15 | 1.60 | 2.75 | 0.083 | 0.75
SesoGezo 240 | 1.20 | 1.80 | 3.00 | 0.000 | 1.00

Figure 2: SEM Micrographs of SessGes chalcogenide alloy.

coupled [53]. The structural transforming a two-
dimensional network into a three-dimensional one at the
chemical threshold of <r> = 2.67. Stiffness percolation
limit, for which <r> = 2.4 has been projected to be the
greatest inclination for glass formation. There are two
restrictions for mechanical constraints. Bond stretching
constraints per atom are denoted by N, = <r>/2 while Bond
bending constraints per atom on a network are denoted by
Ng = 2<r> - 3. Angular and radial stresses, respectively,
cause Ng and N, to emerge in covalently bonded glasses.
Consequently, average of N, and N equals the total number
of mechanical constraints per atom (), which is N. = N, +
Nj.

According to M. F. Thorpe [54], standard modes of
vibration at zero frequency or "floppy modes" make up a
finite proportion of uncoordinated networks, which can be
computed using the following relationship:

f=2-2(r) @)
The density of cross-linking is determined using [57]:

X=N.-2 3)

Table 1 lists determined outcomes for N, f'along with X as
well as plotted in Figure 3. Figure 3 yields the conclusion
that value of N. and X rise as Ge content rises. The ideal
circumstance for glass production, as stated by Phillips &
Thorpe [54], is when N equals degree of freedom N, or N
= Ng = 3. N. — 3 with Ge content increases shows that
degree of freedom available to the atoms in network

stabilizes number of constraints Nc in network.
Additionally, the value of f — 0 appears (Table 1). It shows
a phase shift from floppy to rigid, and as a result the system
becomes increasingly rigid; indicating a stronger propensity
for glassmaking in the studied system.

Glass Forming Ability and Lone Pair Electrons

The valence band contains a single pair of electrons (L),
which is a non-bonding pair of electrons. If there is a
sufficient amount of L in the chalcogenide system, vitreous
state is stable. Given that non-bonding electrons can
establish chemical bonds, these bonds are naturally flexible
[55]. Therefore, by eliminating strain tension from the
system, lone-pair electron occurrence promotes the creation
of glass. The following relation was put forth by Phillips
[56-57] to calculate L in a semiconducting chalcogenide
system:

L=V-(r) (4)

where valance electrons are indicated by V. In order to
assess the glass-forming ability of chalcogenide glasses,
Zhenhua [56] proposed a straightforward criterion that
states that L should be more than 2.6 for binary systems and
greater than 1 for ternary systems. Table 2 lists the
computed values of L and Figure 4 illustrates how they vary
with the Ge additive. It illustrates how the Ge content causes
L to decrease. The interaction between the lone pair
electrons of the bridging Se atom and the Ge ion can be used
to explain the decrease in L. L reduced as a result of this
systemic interaction. Since values of L for the system under
investigation are found to be more than three, the
composition in question has a good propensity to form
glass.

Deviation from Stoichiometry, Mean Bond Energy and
Glass Transition Temperature
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Figure 3: Values of average coordination number (<7>), bond
bending constraints (N.), bond stretching constraints(Ng), total
number of constraints (Nc), cross-linking density (X) and floppy
modes (f) for amorphous Sei00.Gex (x =0, 1,2,4,6,10,15 and 20
at. wt. %) chalcogenide system.
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R is a quantity that represents deviation from stoichiometry
and is defined as ratio of chalcogen atoms covalent bonding
assumptions to those of non-chalcogen atoms [56]. Only
hetero-polar bonds can form at threshold, R =1. If R > 1;
composition is considered chalcogenide rich. If R < 1; the
composition is deemed chalcogen deficient. The following
relationship is used to determine R:

a Xrge

BXT1ge

)

Plotting the calculated values of R in Figure 4 (Table 2)
reveals that R >1 for the composition under investigation.
Therefore, it seems that the system being studied is rich in
chalcogen. Glassy system features are directly linked to
overall and depend on bond energy, average coordination
number, degree of cross linking and bond type. Using the
correlation provided by Tichy, evaluated for composition
under examination [57]:

(EY=E, +E (6)

where Em represents contribution from weaker bonds that
have maximised contribution from strong bonds and E
indicates overall participation to bond energy caused by
strong hetero-polar bonds.

E, = P.Dy, (7

P, stands for degree of cross linking and Dy, for average
energy of a hetero-polar bond. Table 2 summaries estimated
values of <E> and shows that <E> rises as Ge is added. The
system's bond energy increases when Ge substitutes Ge-Se
heteropolar bonds (49.44 kcal/mol) for Se-Se homopolar
bonds (44 kcal/mol) in the system under investigation [58].

A transition occurs at the glass transition temperature
(Tg) and below T, a supercooled liquid turns into a glass. It
follows that cohesive forces within material should be
overcome in order to permit atomic movement and that their
size is proportional to 7,. A lot of focus is placed on
predicting 7§ in chalcogenide glasses, which is correlated
with <E>, which indicates both cohesive forces and material
stiffness.

Tichy and Ticha have been linked to 7, with and the [60].
They provided following correlation between 7, and <E>
and were regarded as covalent bond approach for
chalcogenide systems:

T, = 311[(E) — 0.9] 8)

Figure 4 shows rise in 7, withincrease in Ge
concentration and values of T, derived from Tichy-Ticha
are listed (Table 2). 7, increases when Ge substitutes Ge-Se
heteropolar bonds (49.44 kcal/mol) for Se-Se homopolar
bonds (44 kcal/mol) in system under investigation [58].

“Average Heat of Atomization, Average Single Bond
Energy and Theoretical Band Gap”

Average heat of atomization ( ﬁ ,) is a metric that
indicates relative bond strength of material. When all of the
atoms in a chemical substance (either an element or a
compound) are completely separated, it symbolizes a
change in heat [56]. The average non-polar bond energy of
the two atoms is related to the sum of the heat of formation
(AH) and the average heats of atomization (HZ and HE,
respectively) for binary semiconductors made up of A and
B atoms at standard pressure and temperature, according to
Pauling [61]:

Hy(A = B) = AH +~[HZ + HE] )

The square of the difference in the electro-negativity y,
and yp of two atoms is associated with the AH term.

AH o (x4 — X5)? (10)

For higher order semiconducting systems, this relation
might be extended. 77 (kJ/mol) is a direct measure of

cohesive-energy that may be represented as follows for a
quaternary system Se,Geg:

a H3®+ BHE®

HS = a+f

(11

Here H; (Se) = 227 kJ/mol and H; (Ge) = 377 klJ/mol
[56,58,62]. Table 3 tabulates the obtained values of 77 _

and . /<r>.Figure 5 shows the change in H . /<r>with
Ge. The binding strength is shown by ﬁ ,/<r>. As the

concentration of Ge increases, it is evident from Figure 5
and Table 3 that /7 , /<r> decreases at the same time. The
substitution of Ge-Se bonds (bond energies 49.44 kcal/mol)
for Se-Se bonds (bond energies 44 kcal/mol) may be the
cause of decrease in ES /<r>1[56,58].

~
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Figure 4: Variations of lone pair electron (L), R, <E> and T (K)
for examined chalcogenide system.
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Table 2: Values of L, R, <E> and Ty (K) for examined
chalcogenide system.

Composition L=V- R <E> T¢(K) by
<r> eV/atom Tichy
Sei0o 4.00 200 1.91 314.02
SegoGel 3.96 49.5 1.92 317.16
SeosGe2 3.92 24.5 1.93 320.77
SeosGes 3.84 12.0 1.96 329.32
SeoGes 3.76 7.83 1.99 339.33
SesGelo 3.60 4.50 2.07 364.75
SessGeis 3.40 2.83 2.20 404.19
SesoGe2o 3.20 2.00 2.35 451.47

Using Shimakawa correlation [ 14], the energy gap (E,") for
Se-Ge glassy composition is calculated theoretically and is
as follows:

E["(Se — Ge) = aE,(Se) + BE,(Ge) (12)

where E, (Se) =1.95 eV and E, (Ge) = 0.95 eV stand for the
braced elements' energy gaps. The fluctuation of 77 <>

with Ge content is shown in Figure 5. Ge addition is shown
to reduce the energy gap in the studied Se-Ge system, which
can be explained by a correlation between the energy gap
and the system bond strength. With the addition of Ge, the

energy gap (E,") also reduces as 175 /<r> lowers.

Moreover, the system's reducing E,™ can be explained by
the electro-negativity (y) decreasing as Ge at. wt.%
increases (Table 3). The anti-bonding band forms bottom of
conduction band in a chalcogenide system, whereas lone
pair of Se atoms forms top of valence band [63]. The lone
pair energy decreases and the valence band shifts towards
the energy gap when the electro-negativity of the Se atom
(x = 2.55) is substituted with that of the electronegative Ge
atom (y = 2.01) [64], which may result in a decrease in the
energy band gap. With decreasing electro-negativity levels,
Table 3 may make this clear.

Cohesive-energy and Electro-negativity

Cohesive-energy in a solid is defined as the energy needed
to break every bond among its constituent atoms. Cohesive-
energy is evaluated using chemical bond approach (CBA)
[65]. The CBA model states that, unless the valence of the
atoms is satisfied, hetero-polar bonds form more readily
than homo-polar bonds and appears in a series of decreasing
bond energies. Bond energies are also additive in nature. By
summing the bond energies of each bond except in system
under study, cohesive-energy is calculated as follows:

_ 2iCiD;
CE = oo (13)

In this case, D; represents energy of associated bonds, while
C; represents number predicted chemical bonds.

Table 3: Values of Hy/<r>, H;), theoretical band gap (Eg"), CE
and y for Se-Ge chalcogenide system.

Sample H; Hy<r> | Eg" CE X
Seioo 2.14 1.071 1.95 0.440 2.55
Seq9Gei 2.16 1.069 1.94 0.442 2.51
SeosGe2 2.18 1.067 1.95 0.443 2.50
SeosGes 2.21 1.063 1.90 0.445 2.46
SeosGes 2.25 1.060 1.88 0.447 2.41
SeqoGero 2.32 1.054 1.83 0.451 2.32
SessGeis 2.41 1.046 1.77 0.459 2.22
SesoGe2o 2.49 1.039 1.71 0.467 2.11
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Figure 5: Variation of various physical parameters with Ge
additive for Se-Ge chalcogenide system.

The examined composition's electro-negativity (x) has been
determined via Sanderson's technique [66].

The system's electro-negativity () can be represented as the
geometric mean of the electro-negativity of its component
elements, in accordance with Sanderson's hypothesis [67].
The electro-negativity values for Se and Ge, respectively,
are 2.55 and 2.01 on the Pauling scale [58]. Figure 5 (Table
3) illustrates how CE and y change as Ge concentration
rises. With content, it has been known that CE rises and y
declines [58, 61]. The decrease in energy gap can be
explained by rise in CE. As a result, a fall in CE lowers the
conduction band edge energy, which in turn lowers the band
gap between bonding & anti-bonding orbitals. This results
in a reduction of the optical energy gap [56].

Conclusions

This study examines the submicron structural
characteristics and general physical characteristics of Ge-
doped Se-Ge chalcogenide alloys prime through melt-
quench method. X-ray diffraction pattern shows no
characteristic peaks, this indicates that glassy compositions
under investigation are amorphous. A further confirmation
of the amorphous nature is provided by SEM. The
inhomogeneity in the samples leads to phase separation in
scanned area of SEM micrographs of material. Thus, SEM
analysis is consistent with the XRD results. The impact of
Ge content on the composition under investigation has been
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investigated in theoretical predictions in relation to their
physical characterisation using the following metrics: f,
<r>, <E>, X, L, constraints (N.), cohesive-energy (CE),
electro-negativity (y), Hs and 7, Cohesive-energy is
computed using CBA, while mean bond energy is obtained
by chemical-bond ordering approach. Tichy-Ticha methods
are used to estimate Tg. When Ge is added to the Se-Ge
system, the <r>, N,, X, <E>, CE, T, and H; are enhanced.
However, it is discovered that the Ge content decreases L, f,
R, y and E,". This is explained by the fact that as the Ge
content increases, Se-Se homopolar bonds (44 kcal/mol) are
replaced by Ge-Se heteropolar bonds (49.44 kcal/mol).
Theoretically estimated T, values utilising the Tichy-Ticha
and Lankhorst techniques have been found to be congruent
with experimental findings. Shimakawa's relationship was
utilized to theoretically compute band gap of the system
under investigation. Average single-bond energy, electro-
negativity and cohesive-energy were used to analyse the
results. A relationship between the mean coordination
number and a variety of inferred physical characteristics is
established.
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Abstract

such as high temperature and high pressure.

Theoretical study of the dynamic equation of state or shock Hugoniot plays a key role in describing behaviour of materials under
simultaneous high temperature and high pressure that are very difficult to achieve in the experiments. Schock Hugoniot is locus of
all possible states that arises due to a single shock from a given initial state, generally explained by thermodynamic variables like
pressure, volume and internal energy or enthalpy. Anharmonicity aroused due to lattice ions and thermally excited electrons should
be accounted properly at such high temperature and high pressure. In the present study, a conjunction scheme of a local form of the
pseudopotential proposed by Krasko and Gruski (KG) and mean field potential (MFP) has been used to account anharmonic effects
due to lattice vibrations. The anharmonicity due to thermally excited electrons has been included using Mermin functional. Static as
well as dynamic equation of states along with temperature along principal Hugoniot of rare earth elements cerium and ytterbium
have been studied theoretically. The conjunction scheme is found to be capable to account for anharmonicity at extreme environment
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Introduction

Equation of state (EOS) relates various state functions of
materials like pressure, volume and temperature that is
used to study thermodynamic behaviour of materials and
modelling of interior of planets and stars [1].

To study behaviour of materials under simultaneous high
temperature and high pressure produced due to shock
wave, Dynamic equation of state or shock-Hugoniot is
used which is fundamental relationship between pressure,
volume and energy of a materials. Shock waves are sudden
variations in pressure, density and internal energy of
material that occur due to localised rapid release of energy

[2]. Shock wave phenomenon has found its applications in
shock welding and dynamic compaction of materials.
Shock wave data are found useful not only in the
measurement of densities of materials at high pressure but
also in the study of terrestrial planets and the solid satellites
[3]. These data can further be utilized to design systems
like infantry helmets and ship hulls facades that are
exposed to explosive or projectile loading [2]. Such facts
lead to requirement of theoretical models that can be used
to describe behaviour of transition and f-shell metals
especially at high temperature and high pressure that are
very difficult to achieve experimentally.

Due to complicated electronic and structural behaviour of
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transition and f-shell metals, use of local pseudopotential
for comprehensive study of their physical properties is very
difficult to implement.

Though, the non-local and norm conserving
pseudopotentials are found to be better but their
mathematical complexity is a major hurdle in
implementing them computationally for comprehensive
studies of physical properties of materials. During,
literature survey, we found that local pseudopotential has
been used efficiently to explore properties of simple,
transition and f-shell metals at extreme environment [4-8].
It is also important to note that limited efforts have been
made to study physical properties of f-shell metals
especially at extreme environment using pseudopotential
theory [7-8].

Theory

The Helmholtz free energy at given volume (1) and
temperature (T) is used to calculate thermodynamic
properties of a material that is given by following equation

[7]-
FQT) = EC(QO) + Fion(ﬂﬁ T) + Ezg(ﬂ" T) (D

Second order perturbation theory using pseudopotential
due to Krasko and Gruski (KG) [9] has been used to find
cold energy E.(Q,). The pseudopotential used in the
present study has following form in the q space [7.9].
8nZ 2a-1)(Qre)%-1
Vion(@ = (525) (o) @

The pseudopotential has two adjustable parameters a and
the core radius- 7.. Exchange and correlation function due
to Hubbard [10] and Sham [11] has been used to screen the
pseudopotential following equation has been used to
calculate ionic contribution Fj,,(Q,T) to the Helmholtz
free energy [7]

Fion(@,7) = =ksT () in (22F) + infvr (2. 1)}] (3)

2mh?

Where v;(Q, T) = 4m [ exp [%r}n)] ridr

Here, m is ionic mass and kg is Boltzmann constant. The,
mean field potential (MFP) as a function of cold energy-
E.(Q,) as suggested by Wang and Li [12] is given by

9(r,Q) =S [Ec(Ro +7) + Ec(Ro — ) — 2E(Ro)] +
(5) () [Ee(Ro +7) = E(Ry = 7] @)
In equation 4, r defines deviation of lattice ion from its
equilibrium position while R, is the lattice constant
corresponding to equilibrium volume (Q = Qg). The
parameter A has three possible integral values -1, 0 and +1
that correspond to three different choices of Gruneisen
parameters due to Slater, Dugdale and MacDonald and

Vashchenko and Zubarev respectively [12]. We have taken

A = +1 in the present study; because it reproduces good
result of physical properties of different classes of metals
[4-8]

We have calculated P-Q relation at 300 K by following
equation [13].

AF(Q.T)

P=-
[ G[9) ]T=300K (5)
The internal energy or enthalpy is defined as [7, 12]
Ey(Q,T) = E,(Q) + £(Q, TksT (©)
. _3 olnvr(Q,T)
With, £(0,7) =2+ (Z5L 22 )ﬂ

Further, Rankin-Hugoniot equations is used to calculate
pressure-P; and temperature-Ty along Hugoniot that is
obtained from conservation laws of mass, momentum and
energy [4-6],

(En — Eo) =5 (Py + Po)(Q — Q) (7)

Here, p, P and E represent density, pressure and enthalpy
respectively. Suffix 0 and H represent quantities in the un-
shocked and shocked region respectively.

Results and Discussion

On the line of many previous studies [4-8], the
pseudopotential parameter a is kept equal to 3 to reduce
number of adjustable parameters from two to one. The
second pseudopotential parameter 7, has been fitted using
zero pressure condition. The values of 7. for Ce and YD are
0.569 a. u. and 0.572 a.u. respectively [7].

250 ‘
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Figure 1: 300 K isotherm of Ce.

Equation of state of Ce and Yb at 300 K along with other
experimental and theoretical results are shown in Fig.1 and
Fig.2 respectively. Static EOS at 300 K of Ce and Yb are in
reasonably good agreement with experimental and other
theoretical results. At higher pressure results deviate from
other reported experimental and theoretical results. Such
variation may be due to the fact that the parameter A
involved in the equation 4 is kept equal to 1. Some studies
[20-22] suggest that the parameter A is temperature and
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Figure 2: 300 K isotherm of Yb.

volume dependent. Therefore, results of EOS of Ce and Yb
at 300 K can be improved by making temperature and
volume dependent.

Static EOS is used to find shock Hugoniot and temperature
along principal Hugoniot using iterative method [4-6]. The
calculated shock wave pressure (Py) of Ce as a function of
reduced volume (/) and available experimental [23-
24] as well as other theoretical results [16-17] are shown
in Fig 3. Fig. 4 presents Shock Hugoniot of Yb along with
experimental results [23].
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Figure 3: Shock Hugoniot of Ce.
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Figure 4: Shock Hugoniot of Yb.

Temperature along principal Hugoniot (T;) of Ce and Yb
as a function of reduced volume (Qy /€,) are shown in Fig
5 and Fig. 6 respectively.

x 10000

Ty (K)
O

0 T T T T T T T

02 03 04 05 06 07 08 09 1
Q4/9,

Figure 5: Temperature along principle Hugoniot of Ce.
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Figure 5: Temperature along principle Hugoniot of Yb.

We could not compare the results of temperature along
principal Hugoniot with others because no experimental or
theoretical study have been found in literature.

Conclusion

Local form of the KG pseudopotential in conjunction with
MFP accounts the anharmonicity due to lattice vibrations
and thermally excited electrons at high temperature.
Presently used conjunction scheme does not require an
additional Born-Mayer type of potential to accounts core-
core repulsion and valency has also not been adjusted in the
present study. Observed deviation in the theoretical results
with experimental results especially at high temperature
may have aroused because of the constant value of
parameter A which is appearing in the equation of Fiy,(see
equation 3 and 4). The parameter 4 depends on volume,
temperature and material as suggested in some studies [20-
21]. Thus, results can be improved by accounting
anharmonicity properly at high temperature by making A
temperature and volume dependent [23] instead of using
extra anharmonic contribution to the Helmholtz free energy
as suggested in reference [25]. Thus, due to its
computational simplicity and reliability, the present
conjunction scheme of local pseudopotential and MFP can
be used for theoretical study of thermodynamic properties
of transition metals and f-shell metals.
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Abstract

materials.

In the present work, we apply density functional theory (DFT) with the PBE (Perdew—Burke—Ernzerhof) and WC (Wu—Cohen)
exchange-correlation functionals using the generalized gradient approximation to investigate the structural, electronic, and
thermodynamic properties of binary rare-earth nitrides REN (RE = Pr and Nd) compounds. Our computed structural parameters,
such as equilibrium lattice constants, bond angles, and bond lengths, show excellent agreement with both experimental and previous
theoretical results. The electronic properties of praseodymium and neodymium nitrides are examined through electronic band
structure and density of states analyses. Additionally, we compute thermodynamic properties using the quasi-harmonic Debye model.
This study provides a valuable basis for further experimental and theoretical exploration of the potential applications of these
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Introduction

Rare-earth nitrides (RENs) exhibit an exceptional range of
electrical and magnetic properties, making them highly
versatile materials for advanced technological applications.
Their unique characteristics arise from the interplay
between their electronic structure and the localized nature
of the 4f orbitals [1]. These materials demonstrate
behaviours spanning metallic, semi metallic, and
semiconducting regimes. NdN and PrN, in particular, stand
out as remarkable magnetic narrow-gap semiconductors,
ideally suited for devices requiring simultaneous magnetic
and semiconducting functionalities. Beyond their potential
in spintronics, NdN and PrN provide a valuable platform for
exploring fundamental physical phenomena [2]. Their
stable magnetic ordering and narrow electronic band gaps
make them ideal for studying magneto-optical effects,
magneto-transport phenomena, and the interplay between

spin, charge, and lattice dynamics. These materials are also
excellent candidates for both experimental and
computational research into correlated electron systems.
Computational techniques such as density functional theory
(DFT) using Wien2k can offer detailed insights into their
electronic, thermodynamic, and structural properties.

DFT studies have provided valuable insights into their
lattice constants, bulk moduli, and cohesive energies,
demonstrating good agreement with experimental data [3].
Investigations on NdN and PrN have revealed their stable
magnetic ordering and magnetoresistance effects, further
validating their potential for device applications [4].
Additionally, thermodynamic studies employing the quasi-
harmonic Debye model have explored their heat capacity,
thermal expansion, and Debye temperature variations under
high-pressure and high-temperature conditions,
highlighting their stability in extreme environments [5].
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Recent advancements in experimental techniques such as
high-resolution X-ray diffraction (XRD) and neutron
scattering have significantly improved structural
characterizations, while computational methodologies
incorporating Hubbard U corrections and many-body
perturbation theory (GW) calculations have enhanced the
accuracy of electronic structure predictions [6]. These
developments emphasize the importance of RENs in
fundamental research and technological applications,
particularly in the fields of high-performance electronics
and spintronic devices.

Computational Details

Calculations are performed using the Wien2k software with
the FP-LAPW method for DFT-based ground-state energy
calculations [7]. The exchange-correlation potential is
described by PBE-GGA, with an energy convergence
parameter, RyrKmax, set to 7.0. The Gmax parameter is set
to 12 a.u.”!, and self-consistency is achieved when total
energy stabilizes within 10™* Ry. The Monkhorst-Pack
method with 1000 k-points is used for Brillouin zone
integration, and a cut-off energy of -6.0 Ry is applied to
separate valence and core states, with a charge convergence
threshold of 0.0001e. The Monkhorst-Pack method [8] is a
systematic approach for generating k-points in the Brillouin
zone of a crystal for numerical integration in electronic
structure calculations, particularly in density functional
theory (DFT).

Results & Discussion

The structural characterization of REN (RE = Pr and Nd)
was executed by assigning the RE atoms to the Wyckoff
position corresponding to the fractional coordinates (1/2, 0,
0) and the nitrogen atoms to the (0, 0, 0) position. The
resultant optimized conventional unit cell, as depicted in
Fig. 1, manifests a cubic crystal structure with the Fm-3m
space group.

To ascertain the most energetically favourable
configuration and magnetic ordering, total energy
calculations were performed as a function of volume for
both non-spin-polarized (NM) and ferromagnetic (FM)
states. The energy in the NM state was consistently lower
than that in the FM state across all volumes, thereby
corroborating the thermodynamic stability of the NM
configuration. Structural parameters, including lattice
constant and bulk modulus, were derived using the Birch-
Murnaghan equation of state. The optimized lattice
constants, presented in Table 1, elucidate the most stable
structural configuration for REN (RE = Pr and Nd). The
results exhibit a commendable agreement with available
theoretical values from alternative research groups, with the
minor discrepancies ascribed to variances in computational
methodologies employed.

Table 1: Optimized Structural parameters of REN (RE=Pr & Nd).

Parameters PrN NdN
a (A) 4.9842 49541
A\ (A3) 208.8890 205.1310
B (GPa) 153.6173 149.4908
B’ 4.5624 4.8269
Eo -18595.272902 -19369.749887
(a) _r9an
~19x10
1810
:E'-l.ﬂx]u‘-
&
E-mxm'-
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Figure 1: Energy versus Volume curve for REN (RE= Pr & Nd).

The figure 2 illustrates the Density of States (DOS) and
electronic band structures for Praseodymium Nitride (PrN)
and Neodymium Nitride (NdN), highlighting their
electronic properties. The DOS plots, centered around the
Fermi level (E=0), reveal sharp peaks near the Fermi level
for both materials, indicative of a high density of electronic
states. This suggests metallic behavior, as partially filled
bands enable free electron movement [10]. For PrN, the
DOS (panel a) shows pronounced features at both occupied
and unoccupied energy levels, while the inset band structure
(panel b) confirms the metallic nature through band
crossings at the Fermi level along high-symmetry directions
(W, L, T, X, and K). Similarly, the DOS for NdN (Figure
2¢) also exhibits a sharp peak near the Fermi level, with its
band structure (Figure 2d) showing comparable metallic
behavior due to similar band crossings. Differences in band
dispersion and DOS features between the two compounds
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Figure 2: Total density of states TDOS and Band structure BS
for REN (RE= Pr & Nd).

likely arise from variations in the electronic configurations
and atomic interactions of Pr and Nd. These results
emphasize the influence of localized f-electron states on the
electronic structures of these nitrides, contributing to their
characteristic peaks near the Fermi level. The calculated
temperature dependent thermodynamic properties of REN’s
are calculated, including the variation of heat capacity at
constant volume as a function of pressure range from 0 to
20 GPa within the temperature ranging from 0 to 1000 K,
where the quasi-harmonic model remains valid [9]. The heat
capacity at constant volume (Cy) for PrN and NdN exhibits
(as shown in Figure 3) a typical temperature dependence,
increasing sharply at low temperatures (<100K) due to
phonon contributions and gradually saturating toward the
Dulong-Petit limit (~50 J/mol-K) at higher temperatures
(>300K).

The effect of pressure on C, is minimal, with only slight
variations observed as pressure increases from 0 to 20 GPa,
indicating that phonon softening or stiffening effects are
weak in both compounds. A comparison between PrN and
NdN reveals similar overall trends, though NdN shows
slightly lower C, values at low temperatures, likely due to
differences in phonon density of states arising from atomic
mass variations. However, at higher temperatures, the C,

20 GPa

Cv {(J/mol-K)
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(1 — —
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= = =
L n i
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=
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Figure 3: heat capacity at constant volume of REN (RE=Pr &
Nd).

values for both compounds converge, reflecting dominant
lattice contributions. This behaviour suggests that the
thermodynamic properties of PrN and NdN are primarily
governed by their photonic structure, with pressure exerting
only a minor influence.

Conclusion and Future Prospective

We have conducted a detailed investigation into the
structural, electronic, and thermodynamic properties of
rare-earth nitrides REN (RE = Pr and Nd). Structural
analysis reveals that REN exhibits non-magnetic behavior
in the ground state, with the calculated equilibrium volume
and lattice parameters provided. Electronic structure
analysis shows that both REN compounds display metallic
characteristics under the PBE-GGA exchange correlation.
Additionally,  high-temperature ~and  high-pressure
dependent thermodynamic parameter suggest that REN is a
promising candidate for technological applications under
extreme conditions.
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Abstract

The platform of biosensor plays a pivotal role in the efficacy of detection; therefore, the selection of an optimal material that meets
all requisite criteria is essential. Paper as a platform for sensing application exhibit additive attributes over the other commercially
available substrates as it might fulfils the ‘REASSURED’ benchmark introduced under WHO guidelines. The study entails the
fabrication of an electrochemical biosensing platform using regular office paper with different GSM thickness (75, 85,120 and 140
GSM). The conductive inks, paper thickness, design pattern, hydrophobic layer and connection materials were iterated and optimized
through multiple scans of cyclic voltammetry. A simplified design of three electrode system having reference and working electrode
was optimized at a distance of around 1mm. The concentration and number of layers of conductive inks were optimized through
conductivity measurements which lie between 1Q to 4 Q for reference electrode and 0.0005 MQ to 0.025 MQ for counter electrode.
Working electrode was fabricated using two differently modified conductive CNTs ink where conductivity varied for PCNT as 0.06
kQ to 0.1 kQ while LCNT varied 0.014 kQ to 1.33 KQ. Beside this an ecofriendly volatile organic compound free hydrophobic
reagents were also tested for fabricating the sensing region. The CV scans show stability of adsorbed conducting materials on the

fabricated paper platform stating that the platform could be further evaluated for biosensing application.

Keywords: Paper platform, Carbon Nanotubes, ePADs, Electrochemical sensors, Cyclic Voltammetry.
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Introduction

Biosensor platforms are designed with diverse architectures
for the precise detection of biomolecules. These platforms
are critical for advancing diagnostic accuracy, therefore
optimal material selection is crucial for high sensitivity,
specificity, and rapid response time. Paper has been widely
used as a fascinating substrate for the development of
biosensors as it offers the promising avenues for point of
care diagnostics, aligning the ‘REASSURED’ criteria
providing a current advancement in health monitoring.
‘REASSURED?’ stands for Real-time connectivity, Ease of
specimen collection, Affordable, Sensitive, Specific, User-
friendly, Rapid and robust, Equipment free or simple
Environmentally friendly, Deliverable to end-user [I].
Paper-based analytical biosensors provide portability,
reliability, rapid detection, and a sustainable, eco-friendly
approach for various detection methods, including

electrochemical, optical, and fluorescence techniques,
facilitating the identification of biomolecules such as
bacteria, viruses, neurotransmitters, glucose, and proteins
[2]. Numerous researches have reported the use of various
paper types, including whatman filter paper, office paper,
wax-printed paper, and chromatography paper, in the
fabrication of paper-based analytical devices (PADs) [3].
Each type of paper exhibits distinct characteristics,
specifically optimized and tailored for particular sensor
functions. Electrochemical paper based analytic devices
(ePADs) involves coupling of paper based biosensor with
the use of electrochemical methods such as cyclic
voltammetry [4]. In recent years, carbon-based
nanomaterials, including carbon nanotubes, graphene, and
graphite, have been recognized for their distinctive physical
and chemical properties, such as biocompatibility, electrical
conductivity, and high surface area, which are leveraged as
critical components in the formulation of conductive inks
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for the fabrication of paper-based sensors [5]. For instance,
carbon nanotube inks can be dispersed in a solvent and
printed onto paper substrates, facilitating the development
of electrochemical sensors [6] Additionally, graphene-
based inks exhibit exceptional conductivity and mechanical
attributes, rendering them highly promising for similar
applications [7].

The aim of this study is to develop a paper-based platform
for sustainable sensing, utilizing standard office paper,
which is subsequently printed with an inkjet printer to
fabricate the electrode design. Carbon nanotube ink is
employed for the working electrode. The fabricated
electrode is characterized by assessing its conductivity and
morphology. Furthermore, the electrode design is optimized
based on variables such as paper type, hydrophobic barriers,
and connection materials through cyclic voltammetry.

Materials and Method

Chemicals and apparatus

Potassium Ferrocyanide (K4[Fe(CN)s]), 6 amino caproic
acid (AHA), polystyrene sulfonate (PSS), KCl (Potassium
Chloride), Carbon nanotubes (CNTs), Milli-Q water
(Millipore), Phosphate buffer solution (PBS) at pH 7.0,
Mineral oil, Doms wax crayons, Silver paste, Office paper
(JK excel Bond & Lotus Ivory Sheets) A4 75, 85, 120, 140
gm, Apsara graphite 6B pencil. MS word software is used
for the electrode design. Two probe multimeter is used for
measuring ohmic resistance. Electrochemical experiments
were performed using a Emstat4S palm-sens potentiostat
and PS Trace 5.9 software was used for scanning. All
experiments were conducted at room temperature.

Fabrication and testing of paper platform

For electrode fabrication, four types of A4 office paper with
thicknesses of 75, 85, 120, and 140 g/m? were used, with
two design patterns as mentioned in Table 1 and Figure 1.
Pristine MWCNTs were modified via sonication, stirring,
centrifugation, and drying using 1% PSS and lithium salt of
6-amino caproic acid (AHA), yielding PCNT (PSS-
modified CNT) and LCNT (AHA-modified CNT) [11]. The
electrodes were constructed by layering graphite for the
counter electrode, silver paste for the reference electrode,
and PCNT as well as LCNT conductive ink (50ul) for the
working electrode. Hydrophobic barriers were added using
wax crayon by coloring and heating while immersed and
travelled through capillary driven force in mineral oil.

Electrochemical measurements

Cyclic voltammetry was conducted with an initial potential
range of -1.6 V to +1.6 V. The analysis began with 5 cycles
to assess potential etching, followed by an extended 25-
cycle evaluation to ensure stability.

Table 1: Geometrical dimensions of the paper-based electrode
employed for fabrication.
Dimension 2

Dimension Dimension 1

Total length of | 60mm x 40mm 49.99mm x 13mm

electrode

Clipping Box 3mm x 3mm 4.99 mm x 3.5 mm
WE Diameter 3mm 3mm

Distance between | 4mm Imm

RE and WE

Surface Area of | 81.2 mm? 40.5476 mm?

CE

Figure 1: Paper electrodes were fabricated based on the specified
dimensions, Dimension 1 (D1) and Dimension 2 (D2), as outlined
in Table 1.

Each cycle was performed at a scan rate of 0.05 V/s with a
step potential of 0.01 V. A 50 ul of 0.1M PBS solution
served as the electrolyte for entire electrochemical
reactions.

Results and Discussion

Investigation of modification of CNTs as conductive inks

For fabrication of paper electrodes investigation of
interaction between platform and conductive inks is the
primary step. The two biocompatible methods of CNTs
modification, already explored for other applications are
revisited over here to evaluate their conductivity henceforth
utilized as conductive inks for ePADs [12-13]. The
modification method of CNTs were optimized by varying
various ratios and percentage of modifier (PSS and
AHA).On basis of conductivity the most optimized
concentration was chosen for further studies. We have
restricted the use of modified CNTs as conductive inks only
for working electrode to simplify the study with the purpose
of understanding electrochemical interaction of ink with
paper platform. The modified CNTs designated as LCNT
for AHA salt modified CNTs and PCNT for PSS modified
CNTs were chosen for the study. The reason behind the
selection of such modifier was to deagglomerate pristine
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CNTs in aqueous medium without usage of long chemical
route and harsh chemicals. The two modifiers drew our
attention due to their biocompatible nature, one being as
FDA approved drug (AHA) while other as neuroactive
agent (PSS). Both modifiers had ability to generate negative
surface charge on being adsorbed through non covalent
interaction keeping the carbon nanoform de-agglomerated
and well dispersed in aqueous medium as well stated in
earlier studies [14-16].

The morphological evidence of such modified CNTs were
reported in our earlier work [17] which illustrated that the
modified CNTs with AHA salt had been adsorbed on the
surface of CNTs that had resulted in thickening of CNTs
surface. Along with thickness of the wall, modified surface
of CNTs were found rough and irregular in nature. This
roughness and irregularity could be useful for ePADs
fabrication as it could increase the electroactive area in
contrast to unmodified CNTs or covalently modified CNTs
which were often smoother compared to non-covalently
modified surface.

Conductivity and Layer Optimization of Working,
Counter and Reference electrodes on different papers

type

The ohmic resistance of the conductive path is measured via
two-point multimeter. The resistance measurements yielded
crucial insights into the optimal deposition via
concentration and number of depositing layers of
conductive ink necessary to achieve sufficient conductivity
on the electrodes. Moreover, for evaluating the
reproducibility of the fabricated inks the electrical
resistance of the electrode was tested so as to keep it similar
among all designed electrodes. The average resistance value
of counter, working and reference electrode is shown in
figure 2 for the paper type of varied thickness. The graph
indicates that LCNTs exhibit higher resistance than PCNTs,
confirming PCNTs superior conductivity and higher current
output potential for working electrodes as a conductive ink.
The counter electrode was fabricated using a graphite layer
via pencil friction due to its cost-effectiveness and
simplicity, while the reference electrode utilized
commercial silver paste, whose conductivity remained
consistent across paper thicknesses (p>0.05, p value
0.2377). Although 75GSM paper showed significantly
lower resistance (p=0.003) for the counter electrode which
could be because of the easy penetration of graphite layers
inside the pores in thinner paper, but later it was excluded
due to fragility. Thicker papers exhibited no significant
conductivity variation (p>0.05, p value 0.4105), leading to
the selection of 85GSM for further studies.

The number of deposited layers significantly impacts the
overall conductivity of the electrode. The ohmic resistance

progressively decreased with the incremental addition of
layers, until reaching a threshold where further layering no
longer contributed to conductivity improvements. For all
paper thicknesses, the counter electrode and working
electrode were optimized with two layers of graphite and
modified CNTs as conductive ink, respectively, while the
reference electrode required only one layer of silver paste.
After the deposition of the initial layer, a sufficient
absorption time was allowed to ensure proper penetration of
the material into the electrode substrate before applying
subsequent layers.
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Figure 2: Resistance value across different thickness of office
paper (75, 85, 140 and 210 GSM) (a) Resistance value for counter
electrode (MQ) (b) Resistance value for reference electrode (€2)
(c) Resistance value on 85GSM office paper for working electrode
with different conductive ink [LCNT (k) and PCNT(Q)].

Optimization of Hydrophobic agent

To assess the impact of the hydrophobic barrier on the paper
electrode, two sample electrodes were selected. In the first,
wax crayon was applied, while in the second, the electrode
was immersed in mineral oil until the hydrophobic region
(demarcated by the orange line) was fully coated. The figure
3 clearly demonstrates that both methods are effective in
confining the sample within the designated sample pad. So,
a volatile organic free mineral oil shows to be effective in
restricting the aqueous sample within the hydrophilic
testing region. Mineral oil used stated its environment
friendliness along with the ease of fabrication. For the wax
deposition, the hydrophobic layer penetration was
conducted through heating at a temperature of 121°C. Each
paper type was optimized for heating on both sides for
different durations according to its thickness factor, with the
75 GSM paper being treated for 5 minutes and the
remaining types (85, 140, and 210 GSM) for 15 minutes
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each. This variation in time could indicate that thinner
papers require less time to absorb the wax, while thicker
papers need extended heating to ensure complete
integration of the hydrophobic barrier into the fibers.

Time (min)

Figure 3: Optimized parameters (a) Time of heating required for
different office paper for hydrophobic layer formation (b)
Hydrophobic sample pad fabricated utilizing a wax-based crayon
method (c¢) Hydrophobic sample pad fabricated utilizing a mineral
oil method. Orange line indicated the mineral oil migration
distance of 3.8 cm after immersion.

Electrochemical characterization of the fabricated
electrodes

The paper electrodes were fabricated in two different
dimensions along with two types of materials used for
connections. The design aspect of electrode is an important
factor for improving its efficiency. From the concept of
electrochemistry and for the ease of fabrication an
optimized design was selected through CV analysis as
shown in figure 4. Here the two dimensions of electrode
differing in certain aspects i.e. distance between reference
and working electrode as well as counter surface area were
compared. It was observed that an optimized design
possessed lower current and selected for further study.
Along with-it materials i.e. graphite and Ag paste were
tested for connection where Ag always showed higher
current compared to graphite but could cause overheating
while working with biological buffers so graphite was used
as optimized connection material.

To further evaluate the repeatability, reproducibility and
lifetime of the electrodes the electrodes were evaluated for
stability study through 25 cyclic scans on number of
electrodes as shown in figure 5. The CV scans indicate the
stability of the adsorbed materials on the engineered paper
substrate, without any etching of the conductive ink. The
electrochemical responses did not show any significant
difference between number of electrodes scanned over a
good period of time which showed its reproducibility along
with a longer shelf life. This suggested that the platform is

highly suitable for analytical feasibility related to
biosensing and other electrochemical applications.
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Figure 4: Electrochemical characterization of the electrode
performed for (a) Dimension 1 (b) Dimension 2. The encircled
region highlights a higher current response for Dimension 1
compared to Dimension 2.
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Figure 5: Stability of the conductive ink on 85 GSM, stability
cycle (25 scans) for (a) LCNT on paper electrode (b) PCNT on
paper electrode.

Conclusion and Future Prospective

The study had brought out optimization of different
parameters to fabricate paper based -electrochemical
platform. The sustainability of the process to produce a final
deliverable is the motivation and basis behind the work
which is well achieved by using all environmentally
friendly steps of fabrication. Two greener methods of
modification of CNTs were successfully evaluated as
conductive inks where PCNT showed 10 times higher
conductivity to LCNTs attributing to its better ability of
deagglomeration. The method of creating hydrophobic
barrier was optimized with volatile-less oil and student wax
crayon, additionally making the steps cost worthy and
simple. The platform meets key REASSURED criteria,
ensuring real-time connectivity (R) with a portable
potentiostat, efficient sample collection (E) using 50 pL of
non-invasive fluids, affordability (A) with cost-effective
materials, user-friendliness (U), rapid analysis (R), and
robustness, as the electrodes are disposable and recyclable.
The selectivity and sensitivity (SS) of the paper platform for
dopamine sensing with further improvisation in design will
be investigated in the future work. The overall material
selection had resulted in stable electrochemical response of
the platforms showing its promising application not only in
biosensing but also in varied other electrochemical
processes.
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Abstract

indicates that the source rocks are not as mature.

Keywords: Basin, Clay, Mineralogy, Mossbauer, Sediments.

The Jaisalmer Basin is a pericratonic basin located on the northwest slope of the Jaisalmer Mari foundation arch that deepens
southwest. With a dip angle of 30 to 50, the basin is late Paleozoic-Mesozoic and is made up of Permian rocks that unconformably
rest on Proterozoic foundation. The sedimentary samples of the Pariwar Formation from the Danewala well DND#28 in the Jaisalmer
Basin were the subject of the current Mdssbauer spectroscopic investigation. The primary iron-bearing minerals include siderite,
pyrite, and Fe’* and Fe?" in clay. When humic organic matter is present, the presence of Fe* in clay is more favourable, and siderite
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Introduction

The source rocks are thought to be the sediments that
contain organic stuff. The only substance used to generate
hydrocarbons is these source rocks. The maturity and
quality of a basin's source rocks have a substantial impact
on its hydrocarbon potential and accumulation pattern. One
important factor in the characterisation of source rocks is
the degree of diagenesis of the inorganic minerals. *’Fe
Mossbauer spectroscopy may be used to analyze Iron-
containing minerals, including pyrite, carbonates, clay
minerals, and oxides that are found in the inorganic
materials associated with organic rich sediments [1-2].

Siderite is form diagenetic and redox condition during
deposition as early diagenesis, shortly after sediment
deposition, through the interaction of iron-rich pore waters
and carbonate ions and also the reduction of iron oxides and
hydroxides can lead to the formation of siderite and anoxic
environments, where the lack of oxygen prevents the
oxidation of iron and allows the formation of iron carbonate
minerals. Reducing conditions, such as those found in
sediments with high levels of organic matter, can also
favour the formation of siderite [3-6]. The presence of

siderite, calcite, and dolomite suggests a shallow marine to
lacustrine depositional environment [7].

Mossbauer spectroscopy study also compared with other
analyse technologies like SEM-EDS and XRD. SEM-EDS
provides elemental analysis, including iron, but does not
offer information on the iron oxidation state or coordination
environment other hand Mdssbauer spectroscopy provides
detailed information on the iron-bearing phases [8-9]. And
XRD cannot directly determine the iron oxidation state,
whereas Mossbauer spectroscopy can provide information
on the iron oxidation state and coordination environment.
[10]. The current study used ’Fe Mdssbauer spectroscopy
to examine The Lower Cretaceous sedimentary sequence of
well DND#28, dug in the Danewala structure of the
Jaisalmer basin, contains sedimentary materials from the
Pariwar formation at different depths. Mossbauer
spectroscopy is a valuable tool for identifying iron-bearing
minerals [11-13].

The method has been applied to coal, oil shale, and rocks
that are sources of petroleum to investigate the iron’s
chemical composition. The studies give helpful information
regarding the use of fossil fuels. This method is often used
to study geological samples, encompassing every kind of
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sediment. The state of sedimentary iron metal oxidation is a
well-known indication of the oxidation reduction condition
of sedimentation [14-18].

In order to better We have restricted our investigation to
Cretaceous sediments in order to comprehend the relative
distribution of iron-bearing minerals with depths and
ascertain whether the presence or lack of these minerals is
correlated with the environment of deposition, which in turn
determines the rate of sedimentation, a critical parameter in
assessing the quality of organic matter for hydrocarbon
prospecting in a basin. The presence of organic-rich shales
and the mineralogical evidence for anoxic conditions
suggest a high potential for source rock formation.

Method

In a sample holder (25 mm in diameter), finely ground
sediment samples were sandwiched between two paper
discs to form Mdossbauer absorbers.
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Figure 1: Mossbauer spectra of the samples at room temperature

Table 1: Mossbauer parameters of the samples of Pariwar
formation of well DND#28

Dept Peak IS QS LW | RA X2 Assignme
h s (mm/s | (mm/s nt
) )
1954- AA 0.29 0.55 0.2 27. 1.6 Pyrite
1956 4 7 1
M
BB/ 1.11 1.92 0.7 45. Siderite
6 1
DD 0.96 2.63 0.2 19 Fe?" in clay
4
cc/ 0.31 0.09 0.2 8.2 Fe*" in clay
4
2186- AN 0.34 0.66 0.7 49 1.2 Pyrite
2188 3 6
M
cc/ 0.58 1.19 1.0 51 Fe** in clay
6
2228- cc/ 0.55 0.34 0.7 61. 1.1 Fe’* in clay
2230 8 6 7
M
NN/ 0.04 0.41 0.9 38. Non
2 4 identify
2370- CiC/ 0.18 0.77 0.6 38. 1.1 Fe’* in clay
2372 1 2 4
M
CoC/ 0.32 0.27 0.6 61. Fe** in clay
7 8
2490- BB/ 1.24 1.78 0.8 81. 1.1 Siderite
2492 4 2 2
M
CiC/ 0.29 0.37 0.0 8 Fe*" in clay
7
C2CY 0.39 0.81 0.0 6.9 Fe*" in clay
7
DD/ 0.95 2.52 0.0 [ 3.9 Fe?* in clay
7

The thickness of the absorbers remained constant. Using a
typical constant acceleration spectrometer, Mossbauer
spectra were recorded at room temperature (300K) using a
10 mCi source in a Pd-matrix. The experimental setup's
specifics are comparable to those previously described by
Nigam et al. [19]. A 25 um thick a-iron foil spectrum's
centroid has been used to report the isomer shift (IS). A
computer program created by Meerwall was used to suit
each spectrum [20].

Discussion

The Danewala structure from the Jaisalmer basin is where
the well DND#28 is situated. ’Fe Mdssbauer spectroscopy
was used to analyse sedimentary samples from the Pariwar
Formation at different depths in the upper Cretaceous
succession. Figure shows the typical Mossbauer spectra of
well DND#28 that were taken at ambient temperature. AA’
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attributes pyrite, BB’ attributes siderite, CC’ attributes Fe>*
in clay, DD/ attributes Fe?* in clay, and NN/ attributes an
unidentified peak. The depth at which the sample is
obtained is shown in the graphic itself.

Conclusion and Future Prospective

All of the samples used in this investigation have a
noticeable amount of Fe** in clay, Presence of Fe*' in clay
is more favorable when the humic type of organic matter is
present and presence of siderite shows the poor maturity of
source rocks. The presence of siderite, calcite, and dolomite
suggests a shallow marine to lacustrine depositional
environment. So the rock is immature and in future they will
be matured as compression of hydrocarbon prospects. The
presence of organic-rich shales and the mineralogical
evidence for anoxic conditions suggest a high potential for
source rock formation.
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Abstract

Nano-ferrites are proved to be a powerful and commendable material nowadays for removal of hazardous pollutants from waste
water. Incorporation of rare earth metal ions into these metal ferrites alters the characters of specific metal nano-ferrites. In this study,
Lanthanum doped (x=0,0.1,0.3,0.5) cobalt ferrites (CoLaxFe2xO4) were prepared via sol-gel synthesis. Synthesized doped nano-
ferrites were characterized through FTIR, XRD (26.74 nm, 7.66 nm, 39.57 nm and 2.12 nm), SEM-EDX and SEM techniques. The
impact of incorporation of lanthanum ions on adsorption efficiency of different nano-ferrites material was checked to the adsorption
of methylene blue dye and Rhodamine B dye and the results were compared.
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Introduction

Water body contamination is one of the main issues with
environmental degradation that exists today. Because of the
presence of multiple contaminations less than 1% of the
total water is fit for human consumption [1]. Unusual
industrial and population growth led to environmental
problems, which prompted scientists to look for cutting-
edge materials to adapt to the new environment [2].
Adsorptive removal involves physically removing of
pollutant molecules by filtering them after they have been
adsorbed on the particle surface. Pollutants that are exposed
to light causing electron-hole generation on the particle
surface, which initiates electron transfer processes that lead
to chemical deterioration through photocatalytic
degradation [3].

The most frequent waste that the textile and printing
industries discharge into water bodies is dyes. Due to their
complicated aromatic structure and resistance to heat, light,
and chemicals, these colours biodegrade extremely slowly
[4]. These dyes can penetrate the food chain and cause a
variety of deadly diseases in humans by way of other living

species. They can also produce a large number of secondary
products through a sequence of photochemical and
physiochemical reactions. Therefore, it is crucial to remove
these dangerous pigments from water [5].

Adsorbent materials such as clay, zeolite, metal oxides,
activated carbon, and carbon allotropes are frequently
utilised in the removal of dyes. Although clay, activated
carbon, and metal oxide-based adsorbents have strong
adsorption efficiency, their usage is limited by a number of
drawbacks, such as the production of sludge, high
regeneration costs, the high cost of activated carbon, and the
leaching effect's ability to remove metal oxides [6].
Methylene blue (MB) is a substance with a wide range of
uses. It is used in the photo-reducible dyes used in galvanic
cells in industry, as oxygen detectors in vacuum-packed
food items, as an electrochromic material in windows, sun
roofs, and rear-view mirrors, as well as staining,
bacteriology, and microscopy in medicine. However, when
consumed by people, it results in a number of health issues.
Because of this, dyes shouldn't be released into natural
sources or effluents unless they have first undergone partial
or complete elimination procedures [7].
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Method

The reagents used in 1:2 ratios to produce the cobalt ferrite
through sol-gel synthesis. Fe(NO3)3.9H,0, Co(NO3),.6H,O
and Urea were dissolved in 30 mL of deionized water.
Three other compositions also were prepared using
La(NO3)3.6H,O to produce samples with the formula
CoLaxFe>xO4, with x values of 0.1, 0.3 and 0.5. In order to
obtain the products, the precursors in solution were heated
to 85 °C for 3 h under magnetic stirring until a gel was
achieved. Subsequently, the gel was dried at microwave
oven on 900 volt for 6 minutes, then it was crushed in
Morton-piston for 12 hours then it was transferred to an
alumina crucible and treated in a muffle furnace at 300 °C
for 20 h to ensure the complete decomposition of organics.
Finally, the characterization of the black powder was
carried out. Crystalline structures of the samples were
characterized in an X-ray diffractometer (XRD, Philips,
X'pert MPD) equipped with a CuKa source with step size
0.02° and a 26 range of 10-90 degree. ICSD data banks were
used for the identification of the resulting crystalline phases.
The shape and morphology of the particles were analysed
using scanning electron microscopy (SEM). Fourier
transform infrared (FT-IR) spectrum is recorded on Perkin
Elmer 2000 FT-IR spectrometer in KBr pellets. EDX is
done to confirm the chemical composition of the ferrites.
Adsorption of methylene blue dye and Rhodamin B dye is
studied by dissolving 0.01 g of ferrites and stir it for 30
minutes. The stock solution of 1 ppm was prepared and 25
MI was taken for the adsorption study. The adsorption is
taken at two different Ph acidic and basic which is adjusted
using (0.1 mol/L) HCL and NaOH. The absorbance was
recorded for the interval of the 5 minutes on SHIMADZU
UV Spectrophotometer, UV-1800.

Discussion

Characterization: In this study, different techniques (FTIR,
XRD, EDX-SEM and SEM) were used to characterised the
prepared lanthanum doped cobalt ferrites. The FTIR
spectrum of synthesised ferrites within the wavelength
range 400 to 4000 cm™! is shown in figure 1. In the spectrum,
the absorption peaks at 525 cm™' and 446 could be ascribed
to stretching vibration of metal-oxygen bond (Fe-O) at
octahedral and tetrahedral sites, respectively. These two
peaks suggest the formation of spinel ferrite-type oxide [8].
The absorption peak at 1036 cm™! could be attributed to
NOs-group [9]. But this peak is not observed in case on
CoLagsFe; 704. This indicates the structural changes at the
x=0.3 doped ferrite. The observed peak at 2350 cm' is
assigned to the C-H vibration.

Figure 2 displays the XRD patterns of doped ferrites
samples made using the sol-gel method. Indexed as (220),
(311), (222), (400), (422), (511), (440), (533) and (622)
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Figure 1: FTIR Spectrum of CoLaxFe2-xOs (x=0, 0.1, 0.3, 0.5).

Intensity
]
]

} g

2 theta

Figure 2: XRD Pattern obtained for CoLaxFe2xO4 (x=0.1, 0.3,
0.5).

Figure 3: SEM images of CoLaxFe2xO4 (x=0, 0.1, 0.3, 0.5).

planes, the well-defined peaks that have been detected
correspond to a single phase with cubic spinel. The
broadening of the peaks is due to nano size of the crystalline
particles. The size is calculated using Debey-Sherrer
formula and is found that 26.74 nm, 7.66 nm, 39.57 nm and
2.12 nm for CoLaxFe»xO4 from x=0, 0.1, 0.3 and x=0.5
respectively. The extra peaks found at for the x =0.3 dopes
ferrites. This also indicates the change in the structure of
this doped ferrites.
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Figure 5: Effect of contact on MB removal percentage (Acidic
medium).

Scanning electron microscopy (SEM) wad used to
investigate the surface morphology of the synthesised
ferrites, as shown in figure 3. As can be seen from the SEM
image, the surface of ferrites consists of large grains which
are surrounded by small particles. It is observed from the
images that for cobalt ferrite x =0.3 doped ferrite the particle
is well dispersed but in case of x =0.1 and 0.5 observed the
cluster.

The SEM-EDX is shown in the figure 4, this elemental
analysis shows the presence of the elements Co, La and Fe.
The increased concentration was seen as the increase in
height of peaks of Lanthanum from 0.1 to 0.3.

Effect of contact time for MB dye: Figure 5 shows the effect
of contact time on the removal percentage of methylene
blue. In this experiment, the contact time was changed and
the removal percentage increases with time. It is observed
that maximum efficiency reached the 30% for
CoLagsFe; 704. It has been found that with increase in
doping percentage of lanthanum contact time of for the
adsorption required less in acidic medium. In the basic
medium, CoFe;Os adsorbed good as compared to the
lanthanum doped cobalt ferrites.

Effect of contact time for Rhodamine B dye: Figure 7 shows
as the contact time increases the dye removal capacity in
acidic medium. The dye removal percentages increase from
CoFe;04 to CoLaysFe,«O4 as the concentration of lanthanum
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medium).
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Figure 8: Effect of contact on Rhodamine B removal percentage
(Basic medium).

increases. The maximum efficiency is 23.39% for
CoLagsFe; 504.

Figure 8 shows the dye removal % in basic medium. It is
observed that with increase in contact time % removal
increases. Also, with increase in the doping concentration
% removal increased.
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Conclusion and Future Prospective

In summary, the ferrites CoLayFe>.<O4 where x=0, 0.1, 0.3,
0.5 synthesised successfully. Dye removal efficacy
increases with increase in contact time and increase with
lanthanum doping in case of Rhodamine B dye in acidic and
basic medium with maximum efficiency reached to 23.29
%. in case of methylene blue dye with increase in contact
time dye removal % increase but the maximum efficiency
is found for CoLagsFe;704. This is due to the structural
changes found in this ferrite. Comparing the acidic and
basic medium dye removal %, in methylene blue dye in
acidic medium removal is less as compared to basic one. In
case of Rhodamine B dye, in acidic medium the dye
removal % is more as compared to the basic medium.

This result can be used to waste water treatment release
from industries. The water may be acidic or basic depending
upon the which type of industry, so the both acidic and basic
medium results are helpful form the purification of water.
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Abstract

We analyse soliton stability in discrete waveguides, revealing the impact of waveguide parameters and nonlinearity. Our analysis
reveals the impact of waveguide parameters and nonlinearity on soliton stability, identifying design guidelines for stable propagation.
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Introduction

Solitons are stable, localized waves that resist dispersion. In
discrete waveguides, nonlinearity and coupling effects
enable soliton formation with distinct characteristics
compared to continuous media [1]. Discrete solitons have
been observed in various physical systems, including
optical waveguide lattices, Bose-Einstein condensates, and
DNA molecules [2,3]. This study explores the behaviors of
onsite and intersite discrete solitons, relevant for photonics
applications.

Theoretical Background

Discrete solitons in waveguide lattices follow the discrete
nonlinear Schrédinger equation:

dA, )
LE"’ NAn + B(Aps1 +A4,-1) +YIA,]°A, =0

where A,, the wave amplitude at site n, § is the coupling
coefficient, and y denotes nonlinearity. The linear terms
B(A, 41+ A,—1) describe tunneling (or diffraction) of the
wave between adjacent lattice sites. The nonlinear
term y|A,,|24,, accounts for self-phase modulation, which
can lead to localized solutions (solitons). This equation
captures the interplay between diffraction, coupling, and
nonlinearity, leading to solitonic behavior [4,5].

Types of Solitons

1. Onsite Solitons

Onsite solitons are localized at a single lattice site, meaning
their energy or amplitude is concentrated at a particular
point in the discrete lattice. These solitons typically emerge
in discrete nonlinear Schrodinger equations (DNLS) and
other nonlinear lattice models.

Key Characteristics of Onsite Solitons

Strong Localization: The wave function is sharply peaked
at one site.

High Stability: Due to their strong localization, onsite
solitons are often more stable compared to intersite solitons.

Discreteness Effect: Unlike continuous solitons, onsite
solitons experience lattice discreteness, which prevents
them from dispersing.

2. Intersite Solitons

Intersite solitons are cantered between two adjacent lattice
sites, meaning they are not localized at a single site but
rather spread across two or more sites.

Key Characteristics of Intersite Solitons

Weaker Localization: The energy is distributed over
multiple sites, usually peaking between two adjacent sites.
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Lower Stability Compared to Onsite Solitons: Since their
energy is less confined, intersite solitons can be more
susceptible to perturbations.

Existence in Various Nonlinear Lattices: Found in
photonic lattices, Bose-Einstein condensates, and discrete
waveguide arrays.

Methodology

Using numerical simulations, we explored soliton behavior
by varying B and y values, initializing with single-site
(onsite) and dual-site (intersite) excitations.

Results

Onsite solitons remained confined and stable, with minimal
energy leakage [6]. Intersite solitons required higher
coupling for stability and showed sensitivity to small
perturbations. Figure 1(a) and (b) shows Onsite and Intersite
Soliton Profiles illustrates the distinct spatial distributions
of both soliton types. Onsite solitons exhibit strong
localization, whereas intersite solitons spread across
multiple lattice sites due to coupling effects.
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Figure 1(b): Intersite Soliton Profiles
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Conclusion

Onsite solitons demonstrate greater stability and resilience
to parameter variations than intersite solitons. These
findings offer insights into discrete solitons potential for
robust light localization in photonic applications.

References

1. Christodoulides, D. N., Lederer, F., & Silberberg, Y.
(2003), “Discretizing light in waveguide lattices”,
Nature, 424(6950), 817-823.

2. Fleischer, J. W., Segev, M., Efremidis, N. K., &
Christodoulides, D. N. (2003), “Observation of two-
dimensional discrete solitons in optically induced
photonic lattices ”, Nature, 422(6928), 147-150.

3. Kumar, R., Singh, U., Swami, O., Suthar, G., &
Nagar, A. (2024), “Existence and Stability of
Discrete Intersite Bright Solitons in Bose Einstein
condensates in parabolic trapped optical lattices”.
AIP Conference Proceeding, 3149 (1), 1-5.

4. Kevrekidis, P. G., Bishop, A. R., & Weinstein, M. 1.
(2001), “Modulational instability in discrete
nonlinear Schrédinger systems”, Physica D:
Nonlinear Phenomena, 142(1-2), 87-100.

5. Lederer, F., Stegeman, G. 1., Christodoulides, D. N.,
et al. (2008), “Discrete solitons in optics”, Physics
Reports, 463(1-3), 1-126.

6. Kivshar, Y. S., & Agrawal, G. P. (2003), “Optical
Solitons”, Academic Press.

Journal of Condensed Matter. 2025. Vol. 03. No. 01

134



Research Article

Kumar T et al: Study of the transport characteristics in LCMO (Perovskite manganite)

Study of the transport characteristics in LCMO (Perovskite
manganite)-rGO nanocomposite System at various temperature

for Resistive Switching (RS) Application

Tinku Kumar'? Ashok Kumar Jha!, Sumita Singh' and Shankar Kumar?

! Department of Physics, Patna University, Patna, Bihar, India.

2 Department of Physics, Patna Science College, Patna University, Patna, Bihar, India.

2 tinkujaymatadi(@gmail.com

Abstract

Keywords: Perovskites, Manganites.

Intensive studies of resistive switching mechanisms in oxide systems have been studied extensively due to its great potential prospect
in non-volatile memory applications. Several materials are well-explored for the Resistive Switching (RS) phenomenon as binary
oxides, polymers, perovskites, chalcogenides and even 2-D materials. The investigation for the best material offering RS behaviour
is still going on some magnetite like (Pao.7Cao.3sMnOsLao.7Sr03Mn0O3) also depicts the RS behaviour and their performance are limited
by the random. Oxygen vacancies perform a vital role in initiating the resistive switching (RS) phenomenon in oxide-based systems.
The random oxygen vacancies can be limited by two methods (1) by doping and (2) by forming nanocomposite. Interest has grown
in understanding to perovskite material. Among the several oxide materials, oxygen vacancies are introduced in oxide-based systems
using the synthesis method itself. So, lanthanum calcium manganites (Lao.3Cao7MnOs) are taken as active materials due to their
fascinating physical and electrical properties and study its RS effects, the small amount of reduced graphene oxide(rGO) in it.
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Introduction

Resistive switching (RS) mechanism in oxide system has
been studied extensively due to its prospect in non-volatile
memory application [1-5]. Several materials have been well
explored for the RS phenomenon like, binary oxides,
chalcogenides, polymers, perovskites and even 2-
dimensional materials [6-9]. The quest for the best materials
offering RS behavior is still going on. The manganites like
(Pap.7Cag3sMnQOs, Lag7Sro3MnOs) also depicts the RS
behavior, but their performances are limited by the random
oxygen vacancies [10-11]. In oxides-based system oxygen
vacancies play an important role to initiate the RS
phenomenon [12-15]. The introduction of oxygen vacancies
into an oxides material may increase the probability of
better RS behavior. The oxygen vacancies can be controlled
by two approaches by doping or by making nanocomposite.
Since nanocomposite approach is better and easier process
than the doping and also has an advantage in terms of cost,
processability, integrability and flexibility in the standard
process [16-19]. Among several oxides materials,

perovskite system has the advantages, that oxygen
vacancies can be easily induced into the system by synthesis
process itself. So, we have chosen a Lanthanum calcium
manganites (Lao7Cao3sMnOs3) as an active material because
its shows fascinating physical and electrical properties and
introducing small amount of reduced graphene oxide (rGO)
as a nano-fillers in it to study the RS effects of it [20-22]. In
this paper, we have studied the transport properties in
LCMO (perovskite manganite)-rGO nanocomposite system
at different temperature for RS application.

Experimental setup

Lag7Cap3MnO; (LCMO) polycrystalline
prepared using standard solid-state route. The LCMO
powder is mixed with reduced graphene oxide (rGO) to
make (1-x)LCMO.(x)rGO nanocomposite samples with

sample was

varying the value of x from 0.001 to 0.005. X-ray diffraction
(XRD), Field effect scanning electron microscope
(FESEM), Raman spectroscopy, X-ray photoelectron
spectroscopy (XPS), Transmission electron microscopy
(TEM) measurements are performed to see the structural
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properties of the samples. Keithley source meter was used
to measure I(Current)-V(Voltage) characteristic of all the
composite samples using two probe methods. The low
temperature measurements were done in the liquid Nitrogen
atmosphere using Keithley source meter interfaced with
cryogenic probe station.

Results and Discussion

The structural properties of (1-x) LCMO. (x)rGO
nanocomposite samples were analyzed by X-ray
diffractometer and Raman spectroscopy. The Fig 1(a) and
1(b) shows the XRD pattern and Raman spectra of the
nanocomposite samples respectively. The XRD pattern of
LCMO shows the presence of secondary phase. As XRD
did not detect the small concentration of rGO in the
nanocomposite, Raman spectra show the presence of rGO
in the nanocomposite with the Raman shift corresponding
to D- and G-band at 1352 cm™! and 1583 cm™! respectively.
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Figure 1: XRD pattern of (1-x)Lao.7Ca0.3MnOs.(x)rGO
nanocomposite samples [23].

The RS behavior of the samples was study from the [ vs V
measurement done at room temperature. The I vs V
measurement of the LCMO sample is shown in the Fig.2.
The I vs V curve is observed after applying a voltage in the
forward direction i.e, -3V to 3V. On reversing the direction
of voltage, the current follows the same path and hence
depicts the Ohmic nature. This exhibits that the LCMO
sample does not show any hysteresis.

The I vs V measurement of the sample is shown in Fig.2(a-
c¢). The compliance current is set to 200 mA before starting
the experiment to avoid any breakdown. In the given
sample, the forming is observed at 10.4 V. Once the sample
is activated by electroforming, the I vs V measurement is
performed. A pinched hysteresis [ vs V loop is observed and
is the fingerprint of a memristor.
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Figure 2: (a) [ vs V measurement for (1-x)
Lao.7Ca0.3Mn03.(x)rGO nanocomposite sample with x=0.005. (b)
I vs V measurement of first cycle of x=0.001 and (c) x=0.002
[23].

As the voltage is increased the non-linear nature of current
is observed and further increase in the voltage leads to a
sudden change in the current at 9.8 V (V). The system
changes its states from high resistance state to low
resistance state. This is known as the SET process. Further,
on application of negative voltage, the samples change its
state of resistance from low resistance state to high
resistance state at -9.4 V (Viese) through the RESET
process. The linear I vsV curve for x =0.001 and 0.002 are
shown in Fig. 2(b) and (c) respectively. It shows the forming
process of both the samples. The process is repeated for
performing the I vs V measurements of the other samples
also. From the I vs V curves of all the samples under study,
the steep increase in current region as SET state is observed
and becomes more steeper for x = 0.005 as compared with
the other samples. This suggests that the numbers of oxygen
vacancies are lesser in the small concentration of x sample
and hence it is not enough to make the filament type-
conducting path within the samples. The steep increase in
the current with increasing voltage for x = 0.005 may be due
to the increase in the oxygen vacancies in the sample.
Increase in oxygen vacancies allows formation of
conducting path and it is the reason for the change of
resistance state of the samples.
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The plot of resistivity vs. temperature plot show that with
the increase in rGO concentration, there is a shift in the
metal to insulator transition temperature towards the low
temperature range. This is shown in the Fig 3. The decrease
in metal to insulator transition may be due to the creation of
strain in the sample and hence a change in Mn-O-Mn angle.

To observe the effect of temperature in the RS behavior of
the LCMO-rGO samples, the I vs V curve has been studied
at different temperature, varying from 100 K to 250 K (Fig
4 a-b). The loss in the hysteretic nature was observed at
lower temperature region (< 200 K). Further, as the
temperature increases a decrease in the operating voltages
are observed and are shown in Fig. 4(c).

(a) 150 D
< LN
10 \ = 145 o
140 \°
—
g k
£ 1
c 3
O
N— -
Q
0.1F o x=0.000
F o x=0.001
@ x=0.002
e x=0.005
0.01

50 100 150 200 250 300 350
Temperature (K)

Figure 3: Resistivity vs. Temperature plot of (1-x)
Lao.7Ca0.3Mn0Os.(x)rGO samples. The dashed line represents the
metal-insulator transition temperature [23].
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Figure 4: Temperature dependent I-V curve of (1-x)
Lag 7Cag3MnOs.(x)rGO in semilogarithmic scale for (a)
x=0.001 and (b) x = 0.005 varying from 100 K to 300 K.
(¢) Variation of operating voltages Vet and Vieset as a
function of temperature [23].

Conclusion

The presence of both the phases in the nanocomposite is
confirmed by structural characterization using XRD and
Raman spectra of (1-x)Lag7Cao3MnOs.(x)rGO. The I vs V
curve of LCMO shows linear nature and retrace its path
when the voltage is swept in the opposite direction,
however, the nanocomposite sample with x = 0.005 shows
the hysteresis in the I vsV curve and can be attributed to the
resistive switching behavior. The material under study
shows pinched off I vs V nature, which may be due to the
memristor-type behavior. The RS behavior in the
nanocomposite has been explained using conducting
filament model and may be attributed to the creation of
oxygen vacancy in the nanocomposite. The resistivity vs.
temperature plot suggests that the metal insulator transition
temperature decreases with the increase in the concentration
of rGO in the sample. This may be attributed to the decrease
in the concentration of oxygen and due to change of the Mn-
O-Mn angles. The transport mechanism behind the I vs V
curve gives better fit for space charge limited conduction in
the linear variation of the current for the low bias region (I
« V), exhibits quadratic dependence (I o« V 2) for the
intermediate voltage region (Child’s law region) and steep
increase in current region for the high bias region. The
temperature dependent I-V nature suggests that the sample
losses its hysteresis nature with the decrease in temperature.
In addition, there is decrease in the Vet and Vieset is observed
with increasing temperature.

Acknowledgement

Authors would like acknowledge the Minor Research
Project funding by Patna University vide letter number S.
No. 001/R&DC/RP/PU/Sanction Date. 26.08.2023 to Dr
Ashok Kumar Jha, Assistant Professor, Department of
Physics, Patna University for project entitled “A study of
half Heusler, alloys for thermoelectric energy harvesting
using density functional theory”.

References

1. Y. Deng et al, Pesticide Biochemistry and
Physiology 195, 105529 (2023).
https://doi.org/10.1016/j.pestbp.2023.105529.

2. K. Kumari et al., Materials Research Bulletin 139,
111195 (2021).

3. S. K. Hong et al., IEEE Electron Device Lett. 31,
10051007 (2010).

4. C. He, Z. Shi et al., ACS Nano. 6, 42144221

(2012).

5. C.-Y. Liu et al.,, Nanoscale Res. Lett. 8, 156
(2013).

6. S.Seo,M.J. Leeetal., Appl. Phys. Lett., 85, 5655-
5657 (2004).

Journal of Condensed Matter. 2025. Vol. 03. No. 01

137


https://doi.org/10.1016/j.pestbp.2023.105529

Research Article Kumar T et al: Study of the transport characteristics in LCMO (Perovskite manganite)

7. B.J. Chol, D. S. Jeong et al., J. Appl. Phys. 98,
033715 (2005).

8. K. Park et al., Nanotechnology 27, 125203 (2016).

9. C.Y.Linetal,J. App. Phys. 102,094101 (2007).

10. W. W. Zhuang et al., Tech. Dig. Int. Electron
Devices Meet. 193, (2002).

11. A. Odagawa et al., Phys. Rev. B 70, 224403
(2004).

12. Y. B. Nian et al., Phys. Rev. Lett. 98, 146403
(2007).

13. Z. Guo et al,, J. Alloy. Compd. 580, 148 (2013).

14. J. Zhang et al., Appl. Phys. A, 123,10 (2017).

15. R. Zhang et al., Adv. elec. materials. 5, 1800833
(2014).

16. R. M. Mutiso et al., Appl. Phys. Lett. 103, 223302
(2013).

17. W. T. Kim et al., Appl. Phys. Lett. 96, 253301
(2010).

18. T. Tanetal., J. Alloys Compds, 610, 388 (2014).

19. S.Jou etal., Surf. Coat. Technol, 231, 311 (2012).

20. D. Rubi et al.,, Appl. Phys. Lett., 103, 163506
(2013).

21. M. Quintero et al., Phys. Rev. Lett., 98, 116601
(2007).

22. M. B. salamon et al., Rev. Mod. Phys. 73, 583
(2001).

23. K. Kumari, PhD thesis entitled, “Charge transport
studies of Pervoskite and 2d material oxide
composite system”, 1IT Patna (2022). Url:
http://hdl.handle.net/10603/463993.

Journal of Condensed Matter. 2025. Vol. 03. No. 01 138



