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Abstract

Nanotechnology, the manipulation of matter at the nanoscale, grasps immense importance
across various arenas owing to wide range of applications in medicine, electronics, energy and
environmental science. In medicine, nanotechnology aids targeted drug delivery, precise
imaging, and innovative treatments. In electronics, it improves device performance,
miniaturization, and energy efficiency. Moreover, nanotechnology enables breakthroughs in
renewable energy, pollution control, and water purification. Its aptitude to manipulate materials
at the atomic and molecular level opens doors to solutions for pressing global challenges,

making it a crucial frontier of scientific innovation with vast potential for the future.

Heusler compounds hold unique properties due to their structure and composition,
exhibiting intriguing characteristics such as high electrical conductivity, low thermal
conductivity, and tunable optical properties. Potential applications of Heusler compounds span
numerous fields, including electronics, optoelectronics, and thermoelectric devices. In
electronics, they could be used in high-performance transistors and sensors due to their
outstanding electrical conductivity. In optoelectronics, their tunable optical properties make
them promising candidates for photonic devices like LEDs and photo detectors. Moreover, in
thermoelectric applications, Heusler compounds can proficiently convert waste heat into
electricity, offering solutions for energy harvesting and cooling systems. With ongoing
research, the adaptability of Heusler compounds continues to inspire innovation across multiple
industries. This study investigated the compression behaviour of some Co, Rh, and Mn-based
Heusler compounds such as Co>TaB, CooNbB, Rh2MnZn, Rh2FeZn, Mn,PtCo and Mn,CoCr,
using various equations of state such as Tait’s equation of state, Murnaghan’s equation of state,
Shanker’s equation of state and Kholiya and Chandra equation of state as a function of pressure.
The Tait’s equation of state generally fits best for the compression behavior of the materials,
followed by the Murnaghan equation of state, and the Kholiya and Chandra and Shankers
equations of state. All Heusler compounds exhibit similar patterns in compression
behaviorwith increasing pressure. There is a slight deviation in compression that may be due
to their crystal structure and chemical composition. The compression behavior of Heusler
compounds FeCrTiSn and FeCrTiSb reveal that V/Vy of both FeCrTiSn and FeCrTiSb

compounds decreases linearly with increasing pressure.

The physical properties of nanomaterials are profoundly influenced by their structure

and the distances between atoms. Under high pressure, the interatomic distance of the

Vi



nanomaterials can be altered, presenting an opportunity to explore the intricate relationship
between the structure and various properties of nanomaterials. The impact of pressure on
nanomaterials has emerged as a focal point of interest among researchers, owing to the
profound alterations in their properties induced by pressure. Thus, exploring the behavior of
nanomaterials under high pressure is essential due to the vast potential applications linked with
these nanomaterials for broadening the spectrum of solid-state materials accessible to us.We
have also investigated the compression behaviour of nanomaterials such as single-walled
carbon nanotubes (SWCNT’s), graphite, aluminium oxide (Al,03), nano-¢-Fe and nano Ni by

using different equation of states.

Fullerenes are fascinating molecules with a unique structure and diverse potential applications
in fields ranging from materials science to medicine and electronics. We have employed the
modified Suzuki equation of state to investigate the effect of temperature on volume expansion
(V/Vo) for Ceo (fullerenes as a solid material in nanoform). The results so obtained are

compared with the experimental values which present a good agreement.
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Chapter-1: Introduction

1.1 Nanomaterials: Materials with at least one dimension in the range of approximately 1-100
nm, possessing dimension-dependent characteristics are classified as nanomaterials [1-3].
Nanocrystalline materials exhibit different properties than bulk materials, which may be related
to their high surface-to-volume ratio [2, 4-6]. Due to their size- and shape-dependent physical
and chemical characteristics, nanomaterials have become one of the most significant material
classes with a broad range of potential uses in the scientific and technical fields [2-4, 7-9].
Nanotechnology is widely used in the medical field as nanomedicine which incorporates
diagnosis, imaging, and treatment of a variety of diseases, as well as ailments related to the
cardiovascular, and central nervous systems [3-5]. It has emerged as a result of the growing
use of nanotechnology products in healthcare because of their strong antimicrobial qualities
and potential uses in antibacterial coatings, wound dressings, and even targeted drug delivery
[2-8]. It has been also witnessed that zinc oxide (ZnO) and copper oxide (CuO) nanoparticles-
based nanotechnology have attracted a lot of attention in the medical field. On the other side
the understudy bulk materials like Aluminium (Al), copper (Cu), nickel (Ni), lead (Pb), and
zinc (Zn) also play a substantial role in medicine; contributing to a variety of technologies and
therapies [6-9]. These metals improve patient outcomes and quality of life by advancing
medical treatments and healthcare innovations [7-10]. Manufacturing nanomaterials involves
various methods, broadly categorized into top-down and bottom-up approaches [10-12]. The
top-down method includes techniques like mechanical milling, lithography, and etching, where
bulk materials are broken down into nanoscale particles [11-14]. On the other hand, bottom-up
methods involve assembling nanomaterials from atomic or molecular components through
processes like chemical vapour deposition, sol-gel synthesis, and self-assembly [14-16]. Each
technique offers unique advantages in terms of control over size, shape, and composition,
allowing for tailored properties for specific applications in fields such as medicine, electronics,
and energy storage [17-20]. Applying high pressure is a crucial technique for inducing changes
in the size, shape, and structure of nanomaterials [8-10, 21]. This method allows the
manipulation of their physical and chemical properties, enabling the creation of novel materials
with enhanced or unique functionalities [14-19]. High-pressure investigations are essential
because they provide insights into the behavior of nanomaterials under extreme conditions,
revealing phase transitions, structural deformations, and other critical phenomena [21-22].
These studies are vital for advancing applications in areas such as material science,

nanotechnology, and high-performance engineering. [15-18-23]. The properties of



nanocrystalline materials can be significantly varied by the application of temperature. Thermal
treatments can alter the size, shape, and crystalline structure of these materials, impacting their
mechanical, electrical, and optical properties [8-11]. For instance, heating can promote grain
growth, reduce defects, and induce phase transformations, while controlled cooling can refine
grain size and enhance stability [23-24]. These temperature-induced modifications are essential
for tailoring nanomaterials for specific applications, such as improving the efficiency of
catalysts, enhancing the performance of electronic devices, and optimizing the strength and
durability of structural materials [25-26]. The present study covers the theoretical investigation
of mechanical properties, including bulk modulus, compression, and thermal expansion of
several nanomaterials, such as y-AlOs, n-eFe, Sn-Ni, and single wall carbon nanotubes
(SWCNT).

Carbon atoms rolled up from graphene sheets to form hollow, tube-shaped
nanostructures known as carbon nanotubes (CNTs) [27-28]. Carbon is a substance that is
present in millions of molecules, and these molecules have a wide range of unique qualities,
ranging from solids like diamonds, the hardest material in nature, to gases like propane [27].
Carbon atoms can create bonds with a wide range of atoms through a process known as covalent
bonding. There is no other element in the periodic table that links to itself as firmly and in as
many ways as the carbon atom [28-29]. Each carbon atom may make these covalent bonds with
four other atoms. Depending on how many layers they include, CNTs can be classified as
single-walled (SWCNTs) or multi-walled (MWCNTSs). SWCNTs are approximately 100,000
times smaller than a human hair, with a diameter of 0.5-2.0 nanometers [27-30]. There are two
naturally occurring crystalline forms of pure carbon: diamond and graphite. In case of a
diamond, four bonds are oriented towards the corners of a regular tetrahedron due to sp3
hybridization. One reason for the hardness of the diamond is its regular and rigid 3D network.
In graphite, each atom is uniformly bonded to three carbons (at a 120° angle) in the xy plane
as a result of sp® hybridization, generating the hexagonal (honeycomb) lattice of a graphite
sheet, and there is a weak  bond along the z-axis. The nanotubes are considered as nearly one-
dimensional nanostructures due to their large aspect ratio (length-to-diameter ratio) [31]. Pure
SWCNT is composed of carbon atoms arranged in hexagonal rings of the benzene type, which

resemble a rolled-up tubular shell of graphene sheet as shown in figure 1.1.



Armchair: n = m

Zigzag: (n, 0)
(n, 0)
Chiral: (r, 12) m + 0

Fig.1.1: Structure of pure single walled carbon nanotubes (SWCNT) [32]

SWCNTs typically comprise only 10 atoms around the circumference, with a tube thickness of
only one atom [32, 33]. MWCNT is an array of graphene sheets wrapped into concentric
cylinders. Each nanotube is a single molecule with diameters as small as 0.7 nm and length
upto tens of micrometers which contains millions of atoms [32, 34]. Typically, the outer
diameter of a MWCNT nanostructure is less than 15 nm. When the outside diameter of a
MWCNT nanostructure is greater than 15 nm, it is referred to as a carbon nanofiber [32-33,
35]. Besides the above two types, CNTs are classified into other three types, depending upon
how the graphite is rolled up during the fabrication process viz. zigzag carbon nanotubes,
armchair carbon nanotubes and chiral carbon nanotubes Fig 1.2 [32, 36]. The number of unit
vectors along the two directions in the honeycomb crystal lattice of graphene is designated by
the pair of indices, n and m, which together are referred as the chiral vector. If n=0, zigzag
carbon nanotubes can be produced, and if n=m, armchair carbon nanotubes; all other

configurations are referred to as chiral [32, 37-38].



Fig 1.2: The types of CNTs, (a): armchair nanotube (b): zigzag nanotube (c): chiral nanotubes

[32]

The unique molecule known as carbon-60, or fullerene, is composed of 60 carbon atoms
grouped in a spherical form that resembles a Soccer ball fig 1.3, which comprise many
forms for the geometric shapes of carbon molecules [39-45]. Which include various
carbon molecules with distinct geometric shapes. It belongs to a class of carbon
allotropes called fullerenes. Fullerenes exists in discrete molecular form and consists of
a hollow spherical cluster of sixty carbon atoms (figurel.3); a single molecule is
denoted by Cso.Each molecule is composed of groups of carbon atoms that are bonded
to one another to form to both hexagon and pentagon geometrical configurations [46-
47]. One such molecule is found to consist of 20 hexagons and 12 pentagons, which are
arrayed such that no two pentagons share a common side; the molecular surface thus
exhibits the symmetry of soccer ball [38-42]. The material composed of Cso molecules
that contain sixty carbon atoms in a network of sp? bonding which forms a spherical

structure, is known Buckminster fullerene [48-50].The strength of a chemical bond can

often be inferred from its bond length. In sp*- bonded diamond, the C-C bond length is 1.54 A,

while in sp>-bonded graphite the in plane C-C bond length is 1.42 A. In a Ceo fullerene

molecule, there are two bond lengths; these are 1.46 A and 1.40 A. This suggests that an

isolated Cso molecule might be quite “stiff” (Bulk modulus 491GPa) [51-53]. It is a good metal

in the form of graphite, a wide gap super hard semiconductor in the form of diamond .Ceo is



the most stable of the fullerenes with the greatest symmetry. Because of the simplicity of Ceo
relative to other fullerenes, it has been widely discussed. Carbon-60 fullerenes are fascinating
molecules with a unique structure and diverse potential applications in fields ranging from
materials science to medicine and electronics [54-58]. Studies suggest that because of its

491GPa bulk modulus, an isolated Cso molecule is fairly stiff [58-60].

= =

[
18

Figure 1.3 Structure of fullerene Ceso [58]

Numerous theoretical and practical studies have been carried out with nanocrystalline iron
(n-Fe) [61]. The small grain size of n-Fe has improved properties such as electrical, magnetic,
thermal surface passivation and mechanical properties such as phonon density-of-states,
hardness and ductility [62]. Nanocrystalline materials, characterized as materials with
dimensions less than 100 nm, exhibit improved and novel applications in various fields such
as engineering, chemistry and physics owing to the high-volume fraction of grain boundaries,
which act as barriers to dislocation motion, thereby influencing magnetic domain structures
and increasing strength [61, 63]. Nanocrystalline nickel is a specialized form of nickel
exhibiting incredibly small grain size, typically ranging from 1 to 100 nanometers [64-65]. Due
to Hall-Petch relationship, where the number of grain boundaries significantly increases as the
grain size decreases, this material is known for its enhanced properties such as hardness,
mechanical strength, corrosion and resistance to wear in comparison to its conventional coarse-
grained counterparts [66]. Because of its ability to withstand greater pressures and retain
structural integrity in harsh environments, n-Ni is a highly desirable material for use in
aerospace, high-performance engineering, and military components [64-66]. Furthermore, n-
Ni exhibits superior magnetic and electrical conductivity, which make its significant use in

advanced electronic equipment’s and magnetic storage media. Even with these encouraging



benefits, research is still being done to address issues like grain development at high
temperatures and production costs in order to maximise the material's stability and economic
viability for broad commercial application. Alumina, also referred to as aluminium oxide
(Al203), is a crystalline material renowned for exceptional properties such as thermal stability,
electrical insulation and hardness, which make it a potential material for industrial and
technological importance [67]. Alumina is a naturally occurring oxide that can be found in the
Earth's crust in a variety of mineral forms such as bauxite, corundum and sapphire [67]. The
exceptional resistance to thermal shock and high melting point makes it invaluable across
various applications in the field of materials science and engineering fields such as it is utilised
in crucibles, furnace linings and kilns [68]. Moreover, it is a suitable candidate for abrasive
applications, such as sandblasting, cutting and grinding due to its exceptional hardness and it
serves as an insulating layer in integrated circuits and a substrate for semiconductor devices
due it’s to remarkable electrical insulating properties [68-69]

1.2 Heusler compounds: Heusler compounds, discovered by German chemist and mining
engineer Friedrich Heusler in 1903, are a class of magnetic intermetallic materials which are
characterized by their face-centered cubic crystal structure and have the general composition
XYZ or X2YZ, in which Z is a p-block element and X and Y are transition metals [70, 71].
Renowned for their tunable and adjustable physical characteristics, Heusler compounds find
applications in spintronics, advanced electronic device and magnetic sensors [70, 74]. Heusler
compounds are valuable in a wide range of advanced technological applications due to their
versatile and tenable properties, which are made possible by their unique composition and
structure [72-75]. These compounds have attracted significant attention for their ability to
enable a wide range of functionalities in half-metallicity, magnetism, and superconductivity
[73, 75-76]. Their most prominent applications are in the realm of spintronics, where they serve
as key materials for magnetic tunnel junctions, spin valves and spin injectors [72, 74]. Their
high spin polarization and half-metallicity are critical for enhancing the efficiency of spintronic
devices, which aim to exploit electron spin rather than charge for data storage and transfer,
leading to faster and more energy-efficient technologies [18-19, 75]. Additionally, Heusler
compounds are employed in magnetic sensors and actuators, where their robust magnetic
properties and high Curie temperatures ensure reliable performance in harsh environments,
such as in automotive and aerospace industries [38, 76-77]. Beyond magnetism, Heusler
compounds exhibit intriguing thermoelectric properties, making them suitable for energy
harvesting applications [13, 18-19]. Their ability to convert waste heat into electrical energy

can significantly improve the efficiency of power generation systems. Furthermore, certain
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Heusler alloys have been identified as topological insulators, materials that conduct electricity
on their surface while remaining insulating in their bulk. This unique feature holds promise for
quantum computing and advanced electronic devices, where controlled surface states can be
harnessed for robust and low-power consumption electronics [13, 74]. In the realm of
superconductivity, Heusler compounds are also being explored for their potential to exhibit
high-temperature superconducting phases, which could revolutionize power transmission and
magnetic levitation technologies [ 76-80]. Their tunable electronic structure allows for the fine-
tuning of superconducting properties, making them ideal candidates for next-generation
superconductors [80]. Additionally, Heusler compounds' adaptability extends to their
mechanical properties, where they are investigated for use in smart materials and shape
memory alloys, contributing to innovations in robotics and biomedical devices. Overall, the
diverse applications of Heusler compounds, ranging from spintronics and magnetic sensing to
energy conversion and advanced computing, underscore their importance in driving forward
the frontier of material science and technology [73-75, 77]. Their unique combination of
magnetic, electronic, and structural properties continues to inspire new research and
development, paving the way for future technological breakthroughs [73-78]. The following
section deals with the properties of Rh and Mn and Co -based Heusler compounds.

1.2.1 Rh:-MnZn and Rh:FeZn Heusler Compounds:

Rh2MnZn and Rh2FeZn are intermetallic compounds that belong to the Heusler alloy family,
renowned for their distinctive magnetic and electronic properties [79-80]. Both compounds
typically crystallize in the cubic L»1 Heusler structure, characterized by a face-cantered cubic
(FCC) arrangement. In the RhaMnZn compound, rhodium (Rh) atoms are positioned at (0, 0,
0) and (1/2,1/2,1/2), manganese (Mn) atoms at (1/4,1/4,1/4), and zinc (Zn) atoms at
(3/4,3/4,3/4) within the cubic lattice. The mechanical properties of Rh.MnZn can be fine-tuned
through alloying and thermal treatment processes, enhancing its potential for various
technological applications. Similarly, in the Rh2FeZn compound, rhodium atoms occupy the
(0,0,0) and (1/2, 1/2,1/2) positions, iron (Fe) atoms are located at (1/4,1/4,1/4), and zinc atoms
at (3/4,3/4,3/4) within the cubic lattice. This highly symmetric and ordered atomic arrangement
endows Rh2FeZn with unique physical properties, making it a valuable material for diverse
technological uses. Despite the similarities between RhoMnZn and Rh:FeZn, they exhibit
differences in their magnetic properties and potential applications due to variations in their

composition [79-80].



1.2.2 Mn2CoCr and Mn:PtCo Heusler Compounds:

Mn:CoCr and Mn:PtCo are notable members of the Heusler alloy family, crystallizing in a
cubic structure and exhibiting fascinating properties with potential applications in fields such
as spintronics, magnetism, and thermoelectricity [81-82]. In Mn.PtCo, manganese (Mn) atoms
are situated at the (0, 0, 0) and (1/4,1/4,1/4) positions, platinum (Pt) atoms occupy the
(1/2,1/2,1/2) position, and cobalt (Co) atoms are located at (3/4,3/4,3/4) within the cubic lattice.
This symmetric and orderly atomic arrangement confers distinctive physical properties to
Mn2PtCo, making it valuable for various technological applications [82]. Notably, Mn2PtCo is
thermally stable, maintaining its structural and magnetic properties at high temperatures, which
is essential for applications involving elevated temperatures [82-83]. Similarly, in Mn.CoCer,
manganese atoms are at the (0, 0,0) and (1/4,1/4,1/4) positions, cobalt atoms at (1/2,1/2,1/2),
and chromium (Cr) atoms at (3/4,3/4,3/4) within the cubic lattice. This ordered and symmetric
atomic structure endows Mn.CoCr with unique physical properties, making it a valuable
material for various technological uses [65-67]. Mn2CoCr, like other Heusler alloys, shows
promise in thermoelectric applications, where it can be optimized for energy conversion

efficiency [84].
1.2.3 Co2TaB and Co:NbB Heusler Compounds:

Cobalt-based borides, members of the Heusler alloy family, such as Co,TaB and Co,NbB, have
garnered significant interest due to their potential applications across various domains,
including high-temperature structural materials, robust coatings, and superconductors [85-86].
Both Co,TaB and Co,NbB adopt a hexagonal crystal structure system, typically crystallizing
in the AlB»-type structure. This structural configuration is characterized by alternating layers
of metal atoms (cobalt and tantalum or niobium) and boron atoms. In Co>TaB, cobalt (Co)
atoms occupy two distinct positions: Col at (0, 0, 0) and Co2 at (1/4, 1/4, 1/4), while tantalum
(Ta) atoms are positioned at (1/2, 1/2, 1/2), and boron (B) atoms reside at (3/4, 3/4, 3/4) [50].
Such precise atomic arrangements confer upon CoxTaB a robust and symmetrical crystal
lattice. Similarly, in Co2NbB, cobalt (Co) atoms occupy two non-equivalent positions within
the unit cell: Col at (0, 0, 0) and Co2 at (1/4, 1/4, 1/4). Niobium (Nb) atoms are situated at
(1/2, 1/2, 1/2), and boron (B) atoms are positioned at (3/4, 3/4, 3/4) [86]. This atomic
arrangement results in a highly symmetric and stable crystal structure. The coordination

environment in Co,NbB is characterized by cobalt atoms being surrounded by niobium and



boron atoms, creating a balanced and symmetric arrangement that significantly influences the

compound's electronic and magnetic properties [85-87].

1.3 Equation of State Approach: Equation of state (EOS) is a thermodynamic expression that
relates pressure, volume and temperature. In thermodynamics, this equation provides us useful
information about the relationship between thermodynamic state variables viz. pressure,
volume and temperature for both systems of a pure component and also for multicomponent
mixture [88-91]. Various equations of state were proposed to study the volume thermal
compression in nano-crystalline as well as bulk materials under different thermodynamic
variables viz. temperature, pressure and volume. As a result, equations of state can be used to
describe the properties of bulk and nanomaterials. [91-94]. So, we can say equation of state is
a basic characteristic of a matter which makes possible the application of all the general
principles of thermodynamics, and reflects atomic structure, chemical bonding and stability of
material [92-96]. The equations of state are useful in describing the stability of solid material
by changing various parameters like pressure, volume, entropy and temperature [92-94]. The
pressure volume-temperature relationship, often known as the equation of state, is one of the
primary outcomes of high-pressure research. Below are several forms of equations of state
which have been presented for better representation of PVT relationship for both bulk and

nanomaterials [93-94, 97].

Various equations of state viz. Tait’s equation of state, Murnaghan’s equation of state, Kholiya
and Chandra Equation of State, Shanker’s equation of state are used to describes the
mechanical properties mainly compression, thermal expansion, bulk modulus of different
nano and bulk materials and the comparative analysis of their results by using equation of
states [75-77, 80-81]. The studies based on EOS are extensively important not only in physics
but also in chemistry and geophysics. Theoretical investigations of EOS at high pressure and
high temperature are fundamentally important as they allow extrapolation as well as

interpolation into zones where experimental data is not sufficient [96-98].

1.3.1 Murnaghan’s equation of state: This is one of the many state equations, which have
been used to express the behaviour of matter under conditions of high pressure. This equation
is extracted under specific suppositions and includes two accommodated variables, the
modulus of incompressibility B, and its first order pressure derivatives B,'. Mathematically this

equation is expressed as (Eq. 1) [99-102],

P (V) =BoBo[(V/Vo) B -1] (1)



Where, P(V) is pressure as a function of volume, V is volume of the material, Vo is reference
volume, typically the volume at ambient pressure, Py is reference pressure, often taken as
ambient pressure. Bois Bulk modulus at the reference volume Vo. Bo' is pressure derivative of

the bulk modulus, which indicates how the bulk modulus changes with pressure.

1.3.2 Kohliya and Chandra equation of state: This equation of state (Eq. 2) is mathematical
relationship of pressure and volume used in the study of high-pressure physics. It describes the
volumetric change under the effect of high pressure for various materials. This equation act as
a useful tool to predict the materials behaviour under extreme conditions of pressure by
involving only two valuable input parameters that is bulk modulus and its first derivative. This

1s important technique in various fields including material science [94, 103-104].

P=2[@--26-2 (L) +G-D() | @

Where P represents pressure, B, bulk modulus and By its first derivative.

1.3.3 Shankers equation of state: Shanker’s equation of state (Eq.3) is a semi-empirical model
that provides the reasonably accurate description of pressure- volume relationship for wide
range of material under high pressure conditions by involving only two valued input parameters
that is bulk B, and its first derivativeB,. This equation has been found very expedient in the
study of condensed materials physics, where description of material behaviour under extreme

conditions is important in various applications in material physics [98, 103-104].

P = B, [(1 - Vlo) +(By+2) (1 - (V10)2>] 3)

Where P represents the pressure, B, bulk modulus and By its first derivative.

1.3.4 Tait Equation of State: This equation (Eq. 4) is of great assistance in nonlinear
compression and pressure correlations for a wide range of materials. It has been found that this
equation taking the outcome of the thermal coefficient of volume thermal extension (o) and

bulk modulus (B) to stay steady under the impact of pressure and is given by [105-106],

B(P) = B, Vloexp {(1 - Vlo) (BO + 1)} (4)

. . o \Y
Where By is bulk modulus and By’ is its first order pressure derlvatlve,[v—j is volume
0

expansion.
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1.3.5 Modified Suzuki equation of State: Modified Suzuki equation as derived by Goyal and
Gupta is mathematically and thermodynamically equation, this equation is very useful to
predict compression values at high temperature, as this equation is mostly used in nonlinear
compression and pressure correlations for a wide range of materials After several modifications

the equation reads as

Vo 1_1—[1—2060{T—T0}{B0—1}]%
a B, -1

(5)

Where ¢, thermal expansion coefficient, T, is room temperature and T is some

elevated temperature.

For calculation, just two input parameters are required: the bulk modulus and its initial
pressure derivatives [90-93, 105-106]. After reviewing the literature, it has been observed that
pressure affects the compression of bulk as well as nanomaterials. The structure effect is much
more prominent for higher pressure and decreases for decreasing pressure. All equations of
state for extreme compression of solids are constrained by the initial density along with ambient
measurement of the bulk modulus B, and pressure derivative of bulk modulus B’ [95, 107-

108].

In 1996, Munish Kumar utilized the Murnaghan and Birch equations of state to
investigate the impact of high pressure on various types of solids, including ionic, metallic,
covalent, and rare gases. Additionally, he introduced a straightforward and practical method
for determining the bulk modulus as a function of pressure [109]. In 2022, Al Faris and
colleagues conducted theoretical calculations to study the effects of high pressure on the
thermodynamic properties of GaN at room temperature, up to 40 GPa [110]. Their calculations
were based on the Birch-Murnaghan and modified Lennard-Jones equations of state,
incorporating the Griineisen approximation theory. From these equations, they derived a
formulation for the bulk modulus, which predicted an increasing trend. The high bulk modulus
value of GaN resulted in a minimal change in volume (less than 15%) even under extreme
pressures up to 45 GPa [110]. In 2023, Neda Nazemi and collaborators explored the structural,
electronic, and magnetic characteristics of Heusler compounds O.BaX (X = Na, K, Rb, and
Cs) [111]. Their study employed first-principles calculations and density functional theory
utilizing the full-potential linearized augmented plane wave method. Findings indicated that

the lowest energy state for all four compounds was the AlCuMn-type structure in a
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ferromagnetic configuration. They predicted that O.BaX (X = Na, K, Rb, and Cs) compounds
exhibit ferromagnetic half-metal behavior in both the AICu,Mn-type and CuHg,Ti-type phases
[111]. A. M. Al-Sheikh in 2011, studied the effect of high pressure on nano-Ge parameters by
calculating the compressed volume V/V,, Bulk modulus BT, Energy Gap Eg, under extreme
pressure [112]. All equations used for this study namely Brich-Muranghan, Vinet, ML-J,
Thomson and Madan showed compatibility with the experimental result. B.Archana et al., in
2012, worked on size- dependent equation of state for nanomaterials. In this study the
isothermal compression of Ni and e-Fe has been computed for different particle sizes. A change
in pressure curve was obtained by increasing the particle size. The results have been contrasted
with the accessible data. A decent consensus among theory and experiment reveals the

authenticity of technique has been proposed [113].

This research examined the compressive behavior of several Co, Rh, and Mn-based
Heusler compounds, including Co.TaB, Co.NbB, RhoMnZn, RhoFeZn, Mn,PtCo, and
Mn,CoCr. The study employed various equations of state, such as the Tait equation,
Murnaghan equation, Shanker's equation, and Kholiya and Chandra equation, to analyze
computed values of bulk modulus and the relative volume change (V/Vy) as a function of
pressure at a constant temperature. Additionally, the compression behavior of Heusler
compounds FeCrTiSn and FeCrTiSb has been thoroughly investigated. We have also
investigated the compression behaviour of materials like single-walled carbon nanotubes
(SWCNTs), graphite, aluminium oxide (Al>O3), nano-g-Fe and nano-Ni by employing different
equations of state. The effect of temperature on volume expansion (V/Vy) for Ceo has also been

investigated.
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Chapter -2
Literature Review

2.1 Literature Review

The utilization of equations of state (EOS) stands as a fundamental and pervasive aspect of
modern physics. In the realm of thermodynamics, EOS plays a pivotal role in describing the
behavior of matter under varying conditions of pressure, temperature, and volume. These
equations provide valuable insights into the properties of gases, liquids, and solids, enabling
researchers to predict and understand phase transitions, critical points, and other
thermodynamic phenomena. Furthermore, in astrophysics and cosmology, EOS are
indispensable tools for modelling the properties of celestial objects and the evolution of the
universe itself. The versatility and applicability of EOS extend beyond the confines of classical
thermodynamics, finding applications in condensed matter physics, fluid dynamics, and even
high-energy particle physics. This literature review chapter explores the historical
development, key theoretical foundations, and contemporary advancements in the use of
equations of state across various subfields of physics, shedding light on the profound impact

they have had on our understanding of the physical world.

K. Sushil et al., 2004, while working on examination of finite-pressure equation of state for
solids under high pressures, reformulated equation of state for solids based on Lagrangian and
Eulerian strain following the method developed by Stacey. The results are obtained for pressure
(P), isothermal bulk modulus (Kr) and its pressure derivative for Ne, Ar, Cu, LiH and MgO
solids for a wide range of compression (V/V,) down to 0.5 [114].

Kumar & Kumar, 2008, explored nanomaterials under high pressure and successfully
implemented use of equation of state. They found that the relation obtained in the present work
gave the result which is in satisfying concurrence with the examined data as compared with the

earlier data [115].

R. Kumar and Munish Kumar in 2013, studied nanomaterials at high pressure and temperature.
The effect of temperature (under constant pressure) and the effect of pressure (under constant
pressure) have been explored in this research, and the approach to the system under combined
effect of pressure and temperature for various nano systems has been elaborated. The results
indicate a better agreement between theory and experimental data, demonstrating the validity

of the current procedure [116].
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Uma D Sharma et al., 2011, demonstrated examination of equation of state for nanomaterials.
In this study they proposed the equation of state for 20 different nanomaterials. This equation
of state was used to concentrate on the impact of temperature on pressure of Ni (20mm). It was
detected that there is a little shift in isotherm due to rise in the temperature. The result so

obtained was found in better consensus with the available experimental data [117].

B.Archana et al., in 2012, worked on size- dependent equation of state for nanomaterials. In
this study it was found that the isothermal compression of Ni and ¢-Fe has been computed for
different particle sizes. A change in pressure curve was obtained by increasing the particle size.
The results have been contrasted with the accessible data. A decent consensus among theory

and experiment reveals the authenticity of technique proposed in the present paper [118].

Bhatt C. Jeewan et al. in 2013, investigated high pressure equations of state for
nanomaterialssuch as n-RbzCego, n-CdSe (rocket phase), n-TiO, (anatase and rutilr phase), Fe-
filled nanotube, and -Fe;Os3 in order to determine the pressure-volume relationship for
nanomaterials. The empirical equations of state results are found to be in good agreement with

the available experimental data [119].

S. Madan et al., in 2013, have studied nanomaterials under high pressure. In their study various
conceivable types of equations of state are deliberated upon with their relationship with the
help of just two variables namely bulk modulus and its first derivatives. To analyse the impact
of pressure on them, the calculation was done on various nano-materials. The theoretical
investigations are in consistent with the experimentally reported results and the other

theoretical models for given nanomaterials [120].

Singh and Singh in 2015, reported the thermal expansion coefficient of nanomaterials increases
with decreasing particle size while examining the effect of size and temperature on the thermal
expansion. Different nanomaterials of various sizes were examined under varying
temperatures, and it has been observed that V/Vo increases with the increasingtemperature

[121].

V. A. Greshnyakovet al., in 2014, worked on comparative analysis of different techniques for
calculating the bulk modulus of solid bodies. A new technique for calculating the bulk modulus
was proposed which was especially adapted for the theoretical calculation of the elastic
properties of crystals. The new technique makes it possible to calculate the values of bulk

moduli at high pressures with greater accuracy [122].
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Chandra and Kholiya in 2016, have employed equation of motion (model) to investigate the
compressional behaviour of nanomaterials under pressure such as C,O, TiO, a -Fe2O3, n-Zno,
n-CeOz, n-PbS etc. The idea is based on the fact that under pressure, the product of the thermal
expansion coefficient (o) and the bulk modulus (Br), remains constant. The model utilised in
this study is unique in that it requires just one main variable, the bulk modulus at zero pressure

[123].

S. Mahipalin 2016, examined the temperature effect in the temperature range of 300K-700K
on the isothermal bulk modulus of nanomaterials. It has been observed that the relative
isothermal bulk thermal bulk modulus of nanomaterials such as fullerene (C60), 20nm-Ni and

15nm (80Ni+20Fe) decreases with increasing temperature [124].

G. Monika et al. in 2019, investigated the effect of shape, size, and temperature on the
flexibility of nanomaterials through Young’s modulus and thermal expansivity. It has been
observed that the Young's modulus decreases as particle size decreases, whereas thermal

expansivity increases as size of nanomaterials decreases [125].

C. Hinna et al., in 2014, have explored subordinate equation of state to examine the properties
of nanomaterials just as bulk materials under various states of size, shape, pressure and
temperature with the application to bulk materials and a combined formulation has been
introduced to comprehend the properties of nanomaterials as well as bulk materials. After using
the model, the outcome was observed to be in reasonable agreement with the experimental

results [126]

A.M Alsheikh et al., in 2020, studied theoretical behaviour of both bulk as well as
nanomaterials under high pressure. In this study it was found that the results which were
obtained after using the various equations of state for evaluation of disparity of V/V, against
huge pressure in both the bulk as well as nano-forms for Ni, Ag and Cu are in better consensus

with the experimentally observed data [127].

G.I Abdulwahab et al., in 2021, have employed various equation of states to analyse the
thermo-flexible properties of nanomaterial such as Nano-TiO; under enormous pressure. The
outcome of V/V, variation calculation under immense pressure, using all the four EOSs it has
been detected that there is excellent coincidence with the experimental data. This leads to the
conclusion that the equation of states Brich Murnaghan, modified Lennard- Jones Tait)

applicable to the bulk materials, may also be applied to nanomaterials for evaluation. [128].
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L. Katherine et al., in 2018, have worked on crystalline solids using equation of state under
change in volume, pressure, volume, temperature and entropy. Several metrics were employed
throughout this study for evaluating the quantity of fit for eight distinct equations of state
including 87 elements and more than 100 compounds that have been reported in the literature.

But in this study, they failed to predict exact equation of state [129].

K. Dharmendra et al., in 2021, confirmed that the generalized Rydberg equation of state with
K. '=5/3, while studying the first order pressure derivative of bulk modulus at very high
pressure. Where, K.’ represents the infinite pressure value of first derivatives of bulk modulus.
Iron was examined at 300K and it has been concluded that the Stacey reciprocal K/-EOS and
the EOS are compatible to each other. The obtained were consistent with the Stacey reciprocal
k' -EOS of the lower mantle and outer core of the earth up to a pressure of 330GPa (nearly)

[130].

A.M. Al-Sheikh in 2011, studied the effect of high pressure on nano-Ge parameters by
calculating the compressed volume V/V,, Bulk modulus BT, Energy Gap Eg, under extreme
pressure. All equations used for this study namely Brich-Muranghan, Vinet, ML-J, Thomson

and Madan showed compatibility with the experimental result [131].

G. Monika et al., in 2019, calculated the impact of shape, size and temperature- dependent
elastic properties of nano-materials. In this work, the Guisbers Model is combined with an
isobaric tait equation of state, and the resulting model is used to examine the effects of
temperature, size, and shape on Young's modulus and thermal expansion in nanomaterials. It
has been found on comparing the computed result with the simulated and experimental result
that Young’s modulus showed decreasing nature on decreasing the particle size of

nanomaterials, while as the thermal expansivity gets increased. [132].

G.Rohit et al., in 2021, worked on second order pressure derivatives of bulk modulus, in this
study they calculated the extreme-pressure compression behaviour of some nano-oxides
materials like titanium oxide, iron oxide magnesium oxide and copper oxide by using several
equations of state. The calculated values then compared with the already knowing experimental

values and found both the results agreed each other after comparison [133].

M. Moued., in 2019, employed local spin density approximation as executed in Wien 2k to
determine various properties such as the electronic structure, elastic and magnetic properties
of full Heusler Alloy. It has been observed that the band structure of this material is of a metallic

character for both spin orientations because the energy level near to the Fermi is primarily
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occupied by Ir-d and Fe-d-electrons. In this study the researcher accorded more attention in
calculating the elastic constant, where he derived shear and bulk modules with employing
Voigt-Reuss-Hill approach. Moreover, the compound under consideration satisfies the
Born’scriteria which confirms its mechanical stability and the origin of magnetism in this alloy

of Heusler is expected to be the outcome of the transition metal Fe [134].

Y.J.Sara et al., in 2022, investigated the structural behaviour of some full Heusler compounds
viz. Co2CrAl and Cr,MnSb in terms of electronic, elastic and magnetic properties by using an
Ab Initio Study. In this study the researchers were basically investigated the electronic, elastic
and magnetic properties of inverse and conventional Heusler compounds (Co2CrAl and
Cr2MnSb). The half metallic nature of both the conventional Heusler Co2CrAl and inverse
Heusler compound Cr2MnSb was observed which leads its significant character for spintronic
applications. Also, using PBE-GGA method, the directband gap of 0.8eV and 0.9¢V of
tetragonal Heusler Co2CrAl and CroMnSb, respectively was observed. Since the tetragonal and
conventional Heusler compounds had small total magnetic moments, indicating that they were

ferromagnetic and mechanically stable [135].

Y .K. Dinesh et al., in 2020, examined of semi- Heusler Alloys such as MnNbZ and FeNbZ
where (Z= As, Sb) by employing density functional theory (DFT). Various properties such as
structural, elastic, electronic and magnetic properties have been studies in detail. It has been
found the magnetic phase and hence the structural stability of the alloys were considered
wherein the ferromagnetic state is found to be stable. Moreover, it has been concluded that
various parameters are thermodynamically and mechanically stable such as cohesive energy,
formation energy and independent elastic constant Cj;. In addition to this, from Slater-Pauling
rule for semi-Heusler, it has been confirmed that the calculated value of total magnetic moment

for half-metallic compounds was 1.00 ug[136].

S.M Reham., in 2017, explored first principle density function theory (DFT) and successfully
examined structural, electronic and elastic properties of topological Half-Heusler compounds
such as LaPbBi under high pressure. The researcher calculated density of states (DOS), energy
gap, the lattice constant, bulk modulus, band structure and also used the generalized gradient
(GGA) approximation to calculate its first order pressure derivative of bulk modulus. By
employing the above-mentioned approximation to LaPbBi compound, the calculated lattice
constant and energy gap are estimated to be 6.98 A and 0.315, respectively, which were

observed in good agreement with the experimental results. Also, the calculated values of the
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bulk modulus and its first order pressure derivatives were found to be 72.25 Gpa and 4.4,

respectively [137].

A. Metin in 2022, employed density function theory to examine various properties of half
Heusler alloy such as xKxMgN with x= 0, 0.25, 0.75,1. From the structural properties, it has
been observed that the lattice parameter of cubic Lij.x KxMgN vary from 4.97 A to 5.91 A.
Also, from the density of states, it has been investigated that the nitrogen atoms have a very
leading effect near the valance band maximum and the conduction band minimum. Moreover,
it has been observed from electric gap calculation that the direct band gap of alloy under
discussion differs from 1.39¢V to 3.07eV and concluded that Li;.x KiMgN is a good candidate
for visible and near IR optoelectronics applications owing to its appreciable band gap range. It
has been concluded from the results achieved from structure and electronic calculations allows
growing the alloy on various common substrates such as Si, Ga, As, Ge, INP for optoelectronic

application’s [138].

M. Khalfa et al., in 2015, have studied full Heusler compounds such as Fe; VX (X=Al,Ga) using
FP-LAPW + lo method within CGA and investigated various properties such as mechanical,
electronic and thermodynamic, etc. From the calculated electronic properties, the researcher
concluded that FeoVAI and FeoVGa are semimetals and observed that computed structural
parameters and the previously available experimental data agreed fairly well. Finally, for both
the compounds, Fe,VAI and Fe>VGa, the discussion regarding to various studies including
Debye temperature with pressure and temperature, thermal expansion heat capacity, the

thermal properties, in which the variations of the volume, and bulk modulus were thoroughly

detailed [139].

M. Sanjay et al., in 2015, have explored the equation of state to investigate the mechanical
properties of various nanomaterials. The researchers have calculated various parameters such
as compression, isothermal bulk modulus and relative isothermal expansion coefficient,
respectively for various nanomaterials such as 67nm and 37nm y-AlO3, nanocrystalline Ni,
3C-SiC, Nano ¢-Fe. It is very much predicted from the results that the relative compression
obtained from Tiat equation of state are consistent with the available experimental data.
Moreover, the 37nm y-Al2O;s is found to be more compressible at high pressure as compared to
the 67nm nanocrystalline y-Al2Os. Finally, it is observed that usual Tiat’s equation of state
gives the very satisfactory results in calculating the compression behaviour under the effect of

high pressure of nanomaterials [140].
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P.K. Singh, in 2011, have studied the effect of pressure on the bulk modulus for solids based
on the first principal results determined from the augmented plane wave method for metals,
non- metals and diatomic solids. It is observed that for the study of higher derivatives of bulk
modulus and thermoelastic characteristics, the K-primed equations of state for various solids
are more important than traditional pressure-volume relationships. In conclusion, the results
obtained in the form of the reciprocal K-primed quadratic equation are consistent with first

principal results obtained from the plane wave method for various solids [141].

S.D.Uma et al., in 2011, established simple model to investigate the effect of pressure and
temperature on Ceo fluorite solid. The researcher has presented a simple and straight forward
method based on the theory of EOS to investigate the properties of Cso under varying conditions
of pressure and temperature. The used equations are Murnaghan, Brich-Murnaghan, Vinet, and
the theory of EOS as reported by Kumar are critically analysed by study the compression
behaviour of Ceo data in the light of experimental data. The investigation has been done under
varying the temperature from room temperature to 2000k, and pressure from room pressure to
200kbar.The results were found in good agreement with the available experimental results

[142].

S. Madan et al., in 2013, studied the volume expansion of various nanomaterials viz.
CDSe9%4.2nm), Fe-Cu (14nm) Ni (20nm), y-Al20 (67nm), y—AI203 (37nm) and developed a
theory to investigate the effect of pressure on volume expansion by employing various
equations of state. For this study the researcher involves only two input parameter that is the
pressure and first order pressure derivatives. The results obtained in this investigation were

found in good agreement with the already available experimental values [143].

19



Chapter 3: Method of Analysis

3.1 Method of Analysis

In this study, various equations of states (EOS) were used for determining the compression
behavior as a function of pressure at constant temperature. Bulk modulus measures the
resistance of a material to change in volume when subjected to an external pressure and is
determined by the ratio of the infinitesimal change in pressure to the corresponding fractional
change in volume. The equation of state used for the determining the effect of pressure and
temperature becomes important to understand their behavior for various thermodynamic

variables because of their tremendous application features.

The equation of state established by Sharma and Kumar [117] reads:

P =ay+ a1(1—V10)+ a2(1—§)2+a3(1—§)3 3.1)

0 0

Where ao, a1, a2 and a3 are the sized dependent parameters, which may be determined from bulk
modulus and first / second order pressure derivatives of the bulk modulus. Also, in equation
3.1, there are no higher powers terms since such terms will comprise higher-order pressure

derivatives of the bulk modulus. The Bulk Modulus B, is given as
aP
B= -V (5)T (3.2)

According to the definition of bulk modulus, equation (2) is written as

0

v v A%
B = V—O[a1+2a2 (1—V—0)+3a3(1—v—)] (3.3)
Likewise, the bulk modulus of the first-order pressure derivatives is given by
r— (9B — _V (%
B"= (aP)T B (av)T (34)
Above equation for the first order pressure derivatives of the bulk modulus can be written as

1 2
B'=———

v + 2 (1 V>+3 (1 V) v 2a,+ 6 (1 V) 3.5
a a, v, as v, v, a, as v, (3.5)

BV,

Applying Boundary condition in equation 3.3 &3.5 that is B = BgatV = V), we get
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Thus equation 3.1 takes the form

P=B(1- )+B0 (Bo*1) (1 —1)2 (3.6)

2

After simplifying, we get

P = B, [(1 - o)+ (21 (1 _ (V10)2>] 3.7)

Eq. (3.7) is basically an isothermal equation of state which is used to study the high
compression behavior involves two input parameters, the bulk modulus and the first order
pressure derivatives of bulk modulus. This equation is known as Shankers equation of state

[136-138, 145-148].

Tait equation of state generally fits best for the compression behaviour of the chosen material
had given by P.G. Tait in 1888, which was the non-linear relation of compression with
pressure for liquids. After many modifications the new modified form of equation of state is

introduced known as Usual Tait equation (UTE) is in the following form for different solids.

Lo 1- i (52) 1) o

Using this realistic approach, we can calculate the relative volume compression V/Vq for

different solids. Also, the expression for isothermal bulk modulus B(P)by using relation can

be written as:

B = B, {1 + (221 p} (3.9)

By

=1+ (22)p = expf(1- Vlo) (By + 1)} (3.10)

Bo

From above equations, we get
s s
B(P) = Bo-exp {(1- V—O) (By + 1)} (3.11)
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This is the Tiat’s equation for isothermal bulk modulus.

Consider the product of the thermal coefficient of volume thermal expansion (o) and bulk

modulus (Br) to remain constant under the effect of pressure i.e.
aB = constant (3.12)

Differentiation of equation (2.12) with respect to volume at constant temperature gives

a(%), +B(5). =0 (3.13)
Which yields,
or=2(%). =% (&), (3.14)

Where 01is Anderson-Gruneisen parameter at constant temperature
— = —0r v (3.15)

Integrating equation (3.15) with B=Bo, when V=V,. Assuming that dr is independent of V, we

get
2= (VKO)_ST (3.16)

Since, B = -V 22) " then equation (3 .16) becomes
av/r

vV [(dpP 1% =6

K—o(ﬁ) = (V—o) (3.17)
av 1

EIE dp (3.18)

The integration of equation (3.18) gives us the following relation

P = E—Z[exp {-ByIn (vlo)}— 1| (3.19)

Equation (3.19) is the same relation as given by Murnaghan [136-138, 145-146] known as

Murnaghan equation of state.

Similarly, Kohliya and Chandra [154-156, 162-166] equation of state is given the relation
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P=2)(By—3)-2(B;-2) (Vlo)_1 + (B, — 1) (Vl)_z] (3.20)

We have investigated the thermal compression behaviour of Ceo(fullerene) under high

temperature at constant pressure by using modified Suzuki equation of state and is given by

the equation as:

K=|:1_ 1-[1-2a,{T- T, H{B, _1}]%:|
Yo B, —1 (3.21)

Where ¢ thermal expansion coefficient, T, is room temperature and T is some elevated
temperature.
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Chapter-4: Results and Discussions

4.1: Investigation of Compression Behavior of Heusler Compounds Using

Various Equations of State
Introduction

Intermetallic Heusler compounds have attracted significant attention in recent years due to their
unique physical, electrical, and magnetic properties. Understanding the compression behavior
of these compounds is crucial for predicting their mechanical properties and for potential
applications in fields such as energy storage, thermos-electrics, and spintronics. In this context,
several studies have investigated the compression behavior of different Heusler compounds
using various equations of state (EOS) models. In recent days, various multi component
mixture compounds like Mn,CoCr, MnoPtCo, RhoMnZn, and RhoFeZn are gaining more
attention due to their extraordinary properties like compressible and structural properties by
changing the pressure, volume and temperature [149-155]. These Heusler compounds are
known for their exciting magnetic, electronic, and thermoelectric properties, making them
capable materials for various technological applications [155-161]. Heusler compounds have
various potential applications due to their unique combination of physical and chemical
properties. Some of the major technological applications of such compounds namely Mn,CoCer,

Mn,PtCo, RhoMnZn, RhoFeZn, CooNbB and Co,TaB include:

1. Magnetic materials: Heusler compounds reveal high magnetic properties, making
them suitable for use in various magnetic applications, such as magnetic storage
devices and magnetic sensors.

il. Hard Materials: Heusler compounds exhibit high hardness and wear resistance,
making them appropriate for used as hard materials in wear- resistant coatings,

1il. Energy Storage devices: All under study Heusler compounds exhibit good
electrochemical performance, making them potential materials for use in energy
storage devices such as batteries.

v. Spintronics: These materials have been studied for its potential in spintronics, a
field that uses the spin of electron in solid-state system.

It is worth to mention that these compounds have a distinctive crystal structure, with alternating
layers of transition metal and main group elements, and exhibit a range of magnetic and
electronic phases. Because of high thermal stability, these compounds are applicable for high-

temperature applications.
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Equation of state is a relationship that describes the state of a system in terms of its
variables, such as temperature, pressure, volume, and density [162-165]. It is used to predict
the behavior of a substance under different conditions viz. pressure, volume and temperature
for both systems of a pure component and also for multicomponent mixture. The equations of
state are useful in describing the stability of solid material by changing various parameters like
pressure volume entropy and temperature [166-167]. So, the equation of state is a basic
characteristic of a matter which makes possible the application of all the general principles of
thermodynamics, and reflects atomic structure, chemical bonding and stability of material

[168-170].

In this paper, we have studied the compression behavior of some Co, Rh, Mn based
Heusler compounds in terms of calculated values of relative change in volume (V/Vo) and bulk
modulus as a function of pressure at constant temperature by using some theoretical models,

known as equations of state.
Methods of Analysis:

In this study, various equations of state (EOS)0 have been used to determine the compression
behavior of Heusler compounds based on Co, Rh, and Mn. This was done by calculating the
relative change in volume (V/Vo) and bulk modulus as a function of pressure at a constant
temperature. Bulk modulus measures the resistance of a material to change in volume when
subjected to an external pressure and is determined by the ratio of the infinitesimal change in
pressure to the corresponding fractional change in volume. In the present study we have
used Tait equation state, Murnaghan EOS, Kohliya and Chandra and Shankers equation of
state, to determine the pressure dependence of volume compression and bulk modulus
of some Heusler compounds namely Mn,CoCr, Mn,PtCo, RhoMnZn, RhaFeZn, Co,NbB and
Co;TaB.

Tait equation of state generally fits best for the compression behavior of the chosen
material had given by P.G. Tait in 1888, which was the non-linear relation of compression
with pressure for liquids. After many modifications the new modified form of equation of
state is introduced known as Usual Tait equation (UTE) is in the following form for different

solids.

V_ 1 1 1{1+(B°+1>P}]
Vo Bo+1 B,
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Using this realistic approach, we can calculate the relative compression V/V, for

different solids.

Also, the expression for isothermal bulk modulus B(P)by using relation can be

written as:

Or 1+ (M) P = exp {(1 - Vlo) (B, + 1)}

Bo

From above equations, we get
\ \
B(P) = Boy_exp {(1- V—O) (Bo + 1}(4.1.1)
Which is the Tiat equation for isothermal bulk modulus.

Other equations of states, Murnaghan equation of state, Kholiya and Chandra equation of state

and Shankers equation of state are given by the following relations:

Murnaghan EOS [171-173, 180-181] is given by the relation
— Bo B ' In(Y)! —
P = Ba[exp{ By In (Vo)} 1] 4.1.2)

Kohliya and Chandra [171-173, 179-182] equation of state is given the relation

P = %[(Bg —3) = 2(B} — 2) (Vlo) CrB -1 (VLO)‘Z] (4.1.3)

Shankers equation of state [171-173, 174-182] is given by the equation

P =B, [(1 - Vlo) +(By+5) (1 - (Vlo)zﬂ (4.1.4)

Result and Discussion:

Heusler compounds are famous for their applications such as magnetic storage devices. It
becomes important to understand their behavior under various thermodynamic variables. In
this study we have calculated the thermodynamic variable like bulk modulus and its first
pressure derivatives by using various equations of states. The input data of Co, Rh, Mn based
Heusler compounds required for the present work to calculate the volume compression of six

full Heusler compounds are given in Table 4.1.1.
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Table 4.1.1: Input data of Co, Rh, Mn based Heusler compounds

Compounds B, (GPa) B((GPa)
Mn,CoCr 171 5.91
MnzPtCo 185.6 4.1
Rh,MnZn 183.2 5.5
RhyFeZn 196.9 4.72
Co:NbB 244.35 3.76

Co,TaB 241.80 4

Table 3.2 shows the compression behavior of MnoCoCr at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers.
The V/Vj values in the table represent the volume of the material at each pressure relative to
its initial volume (V).

The Tait equation of state predicts that the material's volume decreases gradually with
increasing pressure, with a V/Vy value of 0.9228 at 16 GPa. The Murnaghan equation of state
also predicts a similar trend, but with a slightly higher V/Vq value of 0.9251 at 16 GPa. The
Kholiya and Chandra equation of state predicts a more rapid decrease in volume, with a V/V
value of 0.9272 at 16 GPa. The Shankers equation of state predicts the most rapid decrease in
volume, with a V/Vq value of 0.9283 at 16 GPa (Fig. 4.1.1). Overall, the table shows that as
the pressure increases, the volume of Mn,CoCr decreases, which is expected for most
materials. However, the exact rate of compression varies depending on the equation of state
used to model the behavior.

The comparative analysis of different equations of state (EOS)—Tait, Murnaghan, Kholiya and
Chandra, and Shanker—reveals that all models predict a consistent decrease in relative volume
(V/Vo) with increasing pressure, reflecting the expected compression behavior of solids.
Among them, the Tait EOS shows the most significant volume reduction, indicating a lower
compressibility and thus a higher bulk modulus, while the Shanker EOS predicts the least
volume reduction, corresponding to higher compressibility and a lower bulk modulus. This
variation highlights that compressibility is inversely related to the bulk modulus and is sensitive

to the form of the EOS used. The choice of an appropriate EOS is therefore crucial in accurately
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describing the pressure-volume relationship of materials, especially in high-pressure physics

and materials science applications where precise mechanical behavior is critical.

Table 4.1.2: Compression behaviour of Mn>CoCr predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
State
Pressure V/Vo V/Vo V/Vo V/Vo
(GPa)
0 1 1 1 1
2 0.99 0.991 0.992 0.9921
4 0.98 0.981 0.982 0.983
6 0.97 0.972 0.9739 0.975
8 0.96 0.961 0.9631 0.9661
10 0.95 0.952 0.954 0.955
12 0.94 0.942 0.9437 0.9438
14 0.931 0.932 0.935 0.936
16 0.9228 0.9251 0.9272 0.9283
1.01
1.00 -l. » M"ZCOC’ — 4 - Tait Equation of State
. - @ — Murnaghan Equation of State
0.99 - X ‘: — & — Kholiya and Chandra Equation of State
4 X - ¥ — Shankers Equation of State
0.98 b ix.
o 1 Niig.
2 097 .
S ok 3
0.96 - ‘%;:.
1 N
0.95 } ¥ N\,
0.94 Y R i N,
7 A : 7%
0.93 - iy
- ‘3
0.92
0 2 H 8 10 12 14 16 18
Pressure (GPa)
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Fig 4.1.1: Volume compression with respect to Pressure for Mn,CoCr

Table 4.1.3 shows the compression behavior of Mn;PtCo at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers
(shown in Fig 4.1.2). The V/V values in the table represent the volume of the material at each
pressure relative to its initial volume (Vo). The table shows that as the pressure increases, the
volume of Mn,PtCo decreases, which is consistent with the behavior of most materials under
compression. The Tait equation of state predicts a gradual decrease in volume, with a V/Vq
value of 0.9209 at 16 GPa. The Murnaghan equation of state also predicts a gradual decrease
in volume, with a slightly higher V/V, value of 0.9239 at 16 GPa. The Kholiya and Chandra
equation of state predicts a slightly more rapid decrease in volume, with a V/VO0 value of 0.925
at 16 GPa. The Shankers equation of state predicts the most rapid decrease in volume, with a

V/Vy value of 0.9258 at 16 GPa.

Table 4.1.3: Compression behaviour of Mn,PtCo predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
State
Pressure V/Vo V/Vy V/Vy V/Vy
(GPa)
0 1 1 1 1
2 0.99 0.992 0.9923 0.9933
4 0.98 0.9815 0.9821 0.9841
6 0.97 0.971 0.9732 0.974
8 0.96 0.961 0.9625 0.9642
10 0.95 0.9513 0.9521 0.9544
12 0.94 0.942 0.9431 0.9415
14 0.93 0.9315 0.9325 0.9331
16 0.9209 0.9239 0.925 0.9258
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Table 4.1.4 presents the compression behavior of RhoMnZn at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers
(shown in Fig 4.1.3). The table indicates that as the pressure increases, the volume of Rh,MnZn
decreases, which is consistent with the behavior of most materials under compression. The Tait
equation of state predicts a gradual decrease in volume, with a V/V( value 0 0.9216 at 16 GPa.
The Murnaghan equation of state also predicts a gradual decrease in volume, with a slightly
higher V/Vj value of 0.9251 at 16 GPa. The Kholiya and Chandra equation of state predicts a
slightly more rapid decrease in volume, with a V/V, value of 0.9271 at 16 GPa.. The Shankers

equation of state predicts the most rapid decrease in volume, with a V/V( value of 0.9297 at 16

GPa.

Mn,PtCo
1004 ,
Ns —m— Tait Equation of State
; E§ — ®— Murnaghan Equation of State
N * —A— Kholiya and Chandra Equation of State
0.98 iy . =¥ Shankers Equation of State
N
= S § ’
2 X
N3
> Ni ;
0.96 - TN\
N g
: % .
0.94 ‘ :\
N i
N,
Uy
0.92 - R
I 1 ' ) = I L 1 % 1 " I & 1
0 2 4 6 8 10 12 14 16
Pressure (GPa)

18

Table 4.1.4: Compression behaviour of RhoMnZn predicted by various EOS

Fig 4.1.2: Volume compression with respect to Pressure for Mn2PtCo

Pressure

(GPa)

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
State
V/Vo V/Vo V/Vo V/Vo
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Table 4.1.5 shows the compression behavior of Rh2FeZn at various pressures using different
equations of state. The results are tabulated in terms of the relative volume V/Vj at each
pressure point (shown in Fig 3.4). At zero pressure, the material has a volume equal to its initial
volume Vo and thus V/Vo=1. As pressure is applied, the material undergoes compression,
resulting in a decrease in volume. The Tait, Murnaghan, Kholiya and Chandra, and Shanker's
equations of state were used to model the compression behavior of RhoFeZn. The equations

provide a mathematical relationship between the pressure and the volume of the material under

0 1 1 1 1
2 0.9902 0.9913 0.9915 0.9922
4 0.9804 0.9819 0.9823 0.9823
6 0.9706 0.9715 0.9719 0.9733
8 0.9608 0.9616 0.9633 0.9639
10 0.951 0.952 0.9537 0.9531
12 0.9412 0.9419 0.9432 0.9443
14 0.9314 0.9331 0.9342 0.9352
16 0.9216 0.9251 0.9271 0.9297
RhyMnZn
1.00 - s — & - Tait Equation of State
':‘ — @ - Murnaghan Equation of State
5§ . - 4 - Kholiya and Chandra Equation of State
e ‘ - % = Shankers Equation of State
0.98 - o
” 0.96 - ‘i;§
X,
i;g:=
0.94 - is
RGP
0.92 -
T | — T L L T
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Pressure (GPa)
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Fig 4.1.3: Volume compression with respect to Pressure for RhoMnZn




compression. The values of V/V, decrease as pressure increases, indicating that RhoFeZn
undergoes compression under applied pressure. The values obtained using different equations
of state are slightly different, but the trends in compression behavior are similar.

At the highest pressure of 14 GPa, the values of V/V range from 0.935 to 0.9394, indicating a
compression of around 6.1% to 6.6% from the initial volume at 0 GPa. Overall, the results from
Table 4.1.5 suggest that RhoFeZn undergoes significant compression under applied pressure,

with the magnitude of compression increasing as pressure increases.

Table 4.1.5: Compression behaviour of RhoFeZn predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
State
Pressure V/Vo V/Vy V/Vy V/Vy
(GPa)
0 1 1 1 1
2 0.99 0.9915 0.9922 0.9933
4 0.98 0.9813 0.9824 0.9826
6 0.97 0.9726 0.9752 0.9735
8 0.96 0.961 0.9638 0.9657
10 0.95 0.952 0.9521 0.9533
12 0.942 0.9431 0.9447 0.9451
14 0.935 0.935 0.9391 0.9394
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Fig 4.1.4:Volume compression with respect to Pressure for RhoFeZn

Table 4.1.6 shows the compression behavior of Coo,NbB under various pressures, as modelled
by different equations of state. Similar to the previous tables, the values of the volume V/V
decrease as the pressure increases, indicating the compressibility of the material (shown in Fig.
4.1.5). Overall, the Tait, Murnaghan, Kholiya and Chandra, and Shanker equations of state all
provide reasonably good fits to the experimental data. At low pressures, the differences
between the predicted values of the various equations are relatively small. However, as the
pressure increases, the differences between the predicted values become more significant. At
the highest pressure of 14 GPa, the predicted values of V/Vy range from 0.936 to 0.9385,
depending on the equation of state used. This is a relatively small range compared to some of
the other materials in the previous tables. It suggests that CooNbB is relatively well-behaved
under high pressures and that the equations of state are all reasonably accurate in describing its
compression behavior.

Table 4.1.6: Compression behaviour of CooNbB predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
Pressure State
(GPa) V/Vo V/Vo V/Vo V/Vo
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Table 4.1.7 shows the compression behavior of Co,TaB at different pressures using four
different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers. The table
lists the compression ratio V/VO0 for each equation of state and pressure. At ambient pressure,
the volume is equal to the initial volume (V/Vo = 1) for all equations of state. As pressure
increases, the volume decreases for all equations of state, which is expected for a compressed
material. At 2 GPa, the Tait equation of state predicts the smallest compression ratio of 0.99,
while the Kholiya and Chandra equation of state predicts the largest compression ratio of

0.9934. At 4 GPa, the Murnaghan equation of state predicts the smallest compression ratio of
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0 1 1 1 1
2 0.9903 0.9906 0.9911 0.9922
4 0.981 0.9823 0.9838 0.9835
6 0.972 0.9738 0.975 0.9746
8 0.962 0.9632 0.965 0.9643
10 0.951 0.9516 0.9532 0.9523
12 0.944 0.9454 0.9451 0.9446
14 0.936 0.9385 0.937 0.9383
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Fig 4.1.5: Volume compression with respect to Pressure for CooNbB




0.9821, while the Kholiya and Chandra equation of state predicts the largest compression ratio
of 0.9837. At 6 GPa, the Kholiya and Chandra equation of state predicts the smallest
compression ratio of 0.9722, while the Murnaghan equation of state predicts the largest
compression ratio of 0.9733. At 8 GPa, the Tait equation of state predicts the smallest
compression ratio of 0.96, while the Shankers equation of state predicts the largest compression
ratio 0of 0.9628. At 10 GPa, the Tait equation of state predicts the smallest compression ratio of
0.951, while the Shankers equation of state predicts the largest compression ratio of 0.9535. At
12 GPa, the Tait equation of state predicts the smallest compression ratio of 0.942, while the
Shankers and Kholiya and Chandra equations of state predict the largest compression ratio of
0.9432. Finally, at 14 GPa, the Shankers equation of state predicts the smallest compression
ratio of 0.9351, while the Murnaghan equation of state predicts the largest compression ratio
of 0.9375. Overall, the different equations of state predict slightly different compression ratios
at different pressures. The Tait equation of state generally predicts the smallest compression
ratios, while the Shankers and Kholiya and Chandra equations of state generally predict the

largest compression ratios.

Table 4.1.7: Compression behaviour of Co,TaB predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
State
Pressure V/Vo V/Vo V/Vo V/Vo
(GPa)
0 1 1 1 1
2 0.99 0.9925 0.9934 0.9941
4 0.98 0.9821 0.9837 0.9843
6 0.971 0.9733 0.9722 0.9719
8 0.96 0.9613 0.9606 0.9628
10 0.951 0.9523 0.9513 0.9535
12 0.942 0.943 0.9418 0.9432
14 0.934 0.9375 0.936 0.9351
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Fig 4.1.6: Volume compression with respect to Pressure for Co,TaB

Conclusion:

This study investigated the compression behaviour of some Co, Rh, and Mn-based Heusler
compounds in terms of computed values of bulk modulus and relative change in volume (V/Vo)
as a function of pressure at constant temperature. It has been observed that the compression
behavior of the studied materials varies with pressure and with the type of equation of state
used to fit the data. The Tait equation of state generally fits best for the compression behavior
of the materials, followed by the Murnaghan equation of state, and the Kholiya and Chandra
and Shankers equations of state. All Heusler compounds Mn,CoCr, Mn2PtCo, Rh2MnZn,
Rh2FeZn, Co,NbB, and Co,TaB show similar patterns in compression behavior with
decreasing volume with increasing pressure. It is evident from the data that the studied

materials possess different compressibility due to their unique structural and electronic

properties.
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4.2: Study of the Compression Behaviour of FeCrTiSn and FeCrTiSb

Using Various Equation of States

Introduction

Electronic and magnetic materials have subsequent applications in different fields [183-187].
Electronic materials have vast applications in the semiconductor industry, particularly in
mobile phones, integrated circuits, and electronic chips [188-190]. For instance, silicon has
found its way into modern computers, digital timepieces, communication satellites, and pocket
calculators. Additionally, magnetic materials are used in devices including magnets,
generators, magnetic detectors, microphones, and magnetic separators [191-194]. On the scale

of these applications, we considered the class of materials known as “Heusler compounds”.

"Heusler compounds" refers to a class of intermetallic compounds with a definite crystal
structure and composition. Heusler compounds classically consist of three elements: two
transition metals (one from group VIII and the other from groups III-VI) and a main-group
element (e.g., tin, antimony, or arsenic) [ 195-196]. The general formula for Heusler compounds
1s XoYZ, where X and Y are transition metals and Z is a main-group element. These compounds
have attracted significant interest due to their diverse and unique properties. They exhibit a
wide range of electronic, magnetic, and thermal properties, making them useful in various
applications such as spintronics, magneto-electronics, thermoelectrics, and catalysis. Some of
the major technological applications of such compounds namely FeCrTiSn and FeCrTiSb.
Heusler compounds are used in spintronic devices, which utilize the spin of electrons in
addition to their charge. These compounds exhibit high spin polarization and can be used in
spin valves, magnetic tunnel junctions, and spin injectors for efficient spin transport and

manipulation [197-198].

In this paper, we have calculated the compressional behaviour of Fe based Heusler
compounds in terms of calculated values of relative change in volume (V/V,) and bulk modulus
as a function of pressure at constant temperature by using some theoretical models, known as

equations of state.

Equation of state is a relationship that designates the state of a system in terms of its
variables, such as temperature, pressure, volume, and density [199-208]. It is used to envisage

the behaviour of a substance under different conditions viz. pressure, volume and temperature
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for both systems of a pure component and also for multicomponent mixture. The equations of
state are valuable in defining the stability of solid material by varying various parameters like
pressure volume entropy and temperature [209-211]. So, the equation of state is a elementary
characteristic of a matter which makes promising the application of all the general principles
of thermodynamics, and reflects atomic structure, chemical bonding and stability of material

[212-214].
Methods of Analysis:

In this study, various equations of state (EOS) have been used to determine the compressional
behavior of Heusler Fe based compounds. Bulk modulus measures the resistance of a material
to change in volume when subjected to an external pressure and is determined by the ratio of
the infinitesimal change in pressure to the corresponding fractional change in volume. In the
present study we have used Tait equation state, Murnaghan EOS, Kohliya and Chandra and
Shankers equation of state, to determine the pressure dependence of volume compression and

bulk modulus of some Heusler compounds namely FeCrTiSn and FeCrTiSb.

Tait equation of state generally fits finest for the compression behaviour of the chosen material
had given by P.G. Tait in 1888, which was the non-linear relation of compression with pressure
for liquids. After many modifications the new modified form of equation of state is introduced

known as Usual Tait equation (UTE) is in the following form for different solids.

Voo pl [ Bt (4.2.1)
v, K, +1 K,

Using this realistic approach, we can calculate the relative compression V/Vy for different

solids. Also, the expression for isothermal bulk modulus K(P)by using above equation can be

written as:

K=K, {1 + Kol P} (4.2.2)

From equation (4.2.1), we have

Ko +1_ Y ,
1+ o p= exp{[l V—J(KO " 1)} (4.2.3)

Solving above equations, we get
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K(P)=K, Vl exp{(K'O + 1{1 - VLJ} (4.2.4)

O (0]

Which is the Tiat equation for isothermal bulk modulus. Other equations of states, Murnaghan
equation of state, Kholiya and Chandra equation of state and Shankers equation of state are

given by the following relations:

Murnaghan EOS [215-216] is given by the relation

%4

P = i—Z[exp {-BjIn (70)}— 1| (4.2.5)

Kohliya and Chandra [217- 218] equation of state is given the relation

p="2 [(B(’) —3)—2(B, - 2) (VKO)_1 + (B, —1) (VKO)_Z] (4.2.6)

Shankers equation of state [217-220] is given by the equation

P = B, [(1 - 5)+ (B +2) (1 - (VKO)Z)] (4.2.7)

Results and Discussion:

Table 4.2.1: presents the compression behavior of FeCrTiSb at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers
(shown in Fig 4.2.1. The table indicates that as the pressure increases, the volume of FeCrTiSb
decreases, which is consistent with the behavior of most materials under compression. The Tait
equation of state predicts a gradual decrease in volume, with a V/Vj value of 0.934 at 14 GPa.
The Murnaghan equation of state also predicts a gradual decrease in volume, with a slightly
higher V/Vo value of 0.933 at 14 GPa. The Kholiya and Chandra equation of state predicts a
slightly more rapid decrease in volume, with a V/V¢ value of 0.9371 at 14 GPa. The Shankers
equation of state predicts the most rapid decrease in volume, with a V/V( value of 0.9377 at 14
GPa.

The decrease in V/Vo with increasing pressure is directly connected to the material’s bulk
modulus and its pressure dependence. Materials with higher bulk modulus resist compression
and show smaller reductions in volume under pressure, while those with lower bulk modulus
exhibit greater compressibility and larger reductions in volume. The pressure derivative of the

bulk modulus (B') further modulates this relationship, affecting the material’s compressibility
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at different pressures. Different equations of state (EOS) predict these behaviors in varying
ways, based on how they treat the bulk modulus and its dependence on pressure. The choice of
EOS model should align with the specific material’s elastic properties, ensuring accurate
predictions of compressibility, particularly for high-pressure applications. Therefore, the bulk
modulus and its pressure dependence are fundamental factors governing material
compressibility, influencing the volume reduction behavior (V/Vy) and shaping the material’s

performance under varying pressure conditions.

Table 4.2.1: Compression behaviour of FeCrTiSb predicted by various EOS

Tait Equation Murnaghan Kholiya and Shankers
of State Equation of State | Chandra Equation of | Equation of
State State
Pressure
(GPa) V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.991 0.9917 0.9927 0.9938
4 0.9815 0.9819 0.9831 0.9841
6 0.9699 0.971 0.9742 0.9732
8 0.9601 0.9591 0.9613 0.963
10 0.9508 0.9503 0.951 0.952
12 0.9411 0.942 0.9427 0.944
14 0.934 0.933 0.9371 0.9377
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Fig 4.2.1: Volume compression with respect to Pressure for FeCrTiSb

Table 4.2.2 presents the compression behavior of FeCrTiSn at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers
(shown in Fig 4.2.2). The table indicates that as the pressure increases, the volume of FeCrTiSn
decreases, which is consistent with the behavior of most materials under compression. The Tait
equation of state predicts a gradual decrease in volume, with a V/V( value of 0.9361 at 14 GPa.
The Murnaghan equation of state also predicts a gradual decrease in volume, with a slightly
higher V/Vj value of 0.9387 at 14 GPa. The Kholiya and Chandra equation of state predicts a
slightly more rapid decrease in volume, with a V/Vj value of 0.9381 at 14 GPa. The Shankers

equation of state predicts the most rapid decrease in volume, with a V/V( value of 0.9388 at 14

GPa.

Table 4.2.2: Compression behaviour of FeCrTiSn predicted by various EOS

Pressure

(GPa)

Tait Equation Murnaghan Kholiya and Shankers
of State Equation of State | Chandra Equation of | Equation of
State State
VIV, V/IVy V/IVy V/IVy
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0 1 1 1 1
2 0.9902 0.9912 0.9913 0.9922
4 0.9815 0.9824 0.984 0.9841
6 0.9718 0.9737 0.975 0.975
8 0.9612 0.9633 0.963 0.9646
10 0.951 0.9531 0.9551 0.9565
12 0.943 0.9452 0.946 0.9483
14 0.9361 0.9387 0.9382 0.9388
1.01
LO% -m ~ = : : :;:];::;‘:;‘rilogqoui‘?j:of State
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Fig 4.2.2: Volume compression with respect to Pressure for FeCrTiSn
Conclusion:

This study investigated the compression behaviour of FeCrTiSn and FeCrTiSb using Various
Equation of States in terms of computed values of bulk modulus and relative change in volume
(V/Vo) as a function of pressure at constant temperature. The study revealed that the
compression behavior of the materials under study varies with pressure and with the type of

equation of state used to fit the data. Further, the Tait equation of state generally fits best for
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the compression behavior of the materials, followed by the Murnaghan equation of state, and
the Kholiya and Chandra and Shankers equations of state. Both the Heusler compounds
FeCrTiSn and FeCrTiSbshow similar patterns in compression behavior that is decreasing
volume with increasing pressure. It is evident from the data that the studied materials possess

different compressibility due to their unique structural and electronic properties.

Moreover, the same theoretical model has been employed to explore the thermal compression
behaviour of the material (Ceo) fullerene under the impact of high temperature by using
modified Suzuki equation. The understudy material shows comparable trend that is the bulk
modulus decreases with increasing temperature which is a usual trend in solids. However, the
understudy material Ceo (fullerene) exhibit a higher thermal expansion coefficient under higher
temperature which attributes to various factors associated to molecular structure and bonding
characteristics. Hence the results so obtained by using the theoretical model are in good

agreement with available experimental results.

4.3: Investigation of Physical Properties of Nano Materials at High

Pressure

Introduction

Nanomaterials, typically ranging from 1 to 100 nanometers in size, serve as the building blocks
of nanotechnology, pushing the boundaries of materials science into the infinitesimally small
realm of the nanoscale [221-223]. These materials are more significant compared to their bulk
counterparts by virtue of their small size, which primarily depends more on surface area than
the composition of the particles [224-226]. Apart from the size and structure, the physical and
chemical properties of nanomaterials noticeably depend upon external factors such as
temperature, pressure, volume, and environmental conditions, which can profoundly influence
their properties and behavior [227-231]. The variations in properties observed in nanomaterials,
including an increase in elastic modulus in and nanoparticles, thin films, as well as a decrease
in thermal conductivity and melting temperature in nanocrystals, are intricately linked to the
size of the particles comprising the material. The remarkable properties of nanomaterials and
their versatility hold the promise of revolutionizing various realms of science, from industrial
applications to electronics, biomedical advancements, and even innovative drug delivery
systems [232-235]. Nanotechnology revolves around some common nanostructures, no matter

what field or area of application is concerned. Among these, carbon nanotubes, nanoparticles,
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quantum dots, nanowires, nanoprobes, and nanopores emerge as pivotal building blocks,
serving as the cornerstone of advancements across diverse fields and applications [236-240].
Nanotechnology revolves around some common nanostructures, no matter what field
or area of application is concerned [241-242]. Among the array of significant nanostructures,
including nanoparticles, quantum dots, nanowires, nanoprobes, and nanopores [243-245],
carbon nanotubes (CNTs) stand out prominently and has sparked considerable intrigue [246-
248]. Their exceptional attributes such as large aspect ratios, high mechanical strength, high
surface area, distinct optical characteristics, high thermal and electrical conductivity, make
them highly promising in various fields. CNTs emerge as versatile materials primed for diverse
applications across multiple domains such as tissue engineering, electronics, drug delivery,
photonics, energy storage, transistors, electronic cryptographic keys and sensor [249-252].
Graphite, characterized by its crystalline arrangement of carbon atoms, serves as a keystone
material in numerous industries owing to its exceptional properties [253-254]. With its high
melting point and remarkable chemical inertness, graphite finds a niche in the production of
refractory materials [255-258]. Graphite is a key component in lithium-ion batteries, which are
used in various electronic devices, electric vehicles, and renewable energy storage systems,
serving as the anode material, storing and releasing lithium ions during charging and

discharging cycles [258-259].

The physical properties of nanomaterials are profoundly influenced by their structure
and the distances between atoms. Under high pressure, the interatomic distance of the
nanomaterials can be altered, presenting an opportunity to explore the intricate relationship
between the structure and various properties of nanomaterials [227-228, 242-245]. The impact
of pressure on nanomaterials has emerged as a focal point of interest among researchers, owing
to the profound alterations in their properties induced by pressure [232, 246-247]. Thus,
exploring the behavior of nanomaterials under high pressure is essential due to the vast
potential applications linked with these nanomaterials [244-249, 255]. In this study, equation
of state (EOS) to examine various nanomaterials have been explored critically by employing
important parameters, the volume compression. The various nanomaterials considered for this
study are Single-Walled Carbon Nanotubes (SWCNTs), Graphite, Aluminum oxide (Al.O3),
Nano-¢-Fe and Nano Ni. The results obtained in this study were consistent with the

experimental data reported in the literature.
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Methods of Analysis
The method of analysis used here is Equation of state. This is basically a relationship used to
describe the state of any thermodynamic system in terms of variables like volume, temperature,
density and pressure [260-263]. With the help of this equation, behavior of any material
(nano/bulk) can be predicted under different pressure, volume and temperature conditions
whether it is a system of pure components or for a multicomponent mixture. Such equations
are helpful in describing the stability of solid material by altering different parameters like
entropy, temperature, pressure & volume [62-64]. Hence equation of state reflects atomic
structure, chemical bonding and stability of materials [247-249].

Herein, Tait equation [267-268, Murnaghan EOS [269-270], Kohliya and Chandra
[271] and Shankers equation of state [272-273], have been utilized to determine how volume
compression and bulk modulus are dependent on the pressure in various materials taken in our
study. Generally, Tait equation of state fits best for the compression behavior (P.G. Tait, 1888).
This is the non-linear relation describing compression of liquids with pressure. Later on, new
and modified form of equation of state was introduced known as Usual Tait equation (UTE),

which could be written as:

By using such a strategy, we can calculate the relative compression (V/V,) for different types
of solids. Besides, the expression for isothermal bulk modulus K(P) with the help of equation

(4.3.1) can be written as:

K=K, 1{1 Ko+l P} (4.3.2)
VO KO
From equation (3.27)
K, +1 :

1+ 20 " p_explf1- Y |k, +1) 4.3.3)

KO VO
Putting equation (3.29) in equation (3.28) we get

\Y4 : \Y4
KP)=K, —expi|K, +1)1—— 434
(P)=K, - p{(o { Vj} (43.4)

In addition to above, other equations of state, Kholiya and Chandra equation, Murnaghan

equation and Shanker’s equation are given as:

Murnaghan EOS is given by the relation
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— Bo —B' In(X\! =
P = | exp {-BjIn (V)} 1| (4.3.5)
Kohliya and Chandra equation of state is given the relation

p=2 [(B{, —3)—2(B, - 2) (VKO)_1 +(B,—1) (VKO)_Z] (4.3.6)

Shankers equation of state is given by the equation

P = B, [(1 - 5)+ (B +2) (1 _ (V10)2>] 43.7)

Results and Discussion
In order to calculate bulk modulus & its first pressure derivatives with the help of various

equations of states, input data of our nanomaterials required are given in Table 4.3.1.

Table 4.3.1: Input data of SWCNTs, Graphite, Al,O3, Nano-¢-Fe, Nano Ni

Compounds B, (GPa) B((GPa)
SWCNTs 37 11
Graphite 33.8 8.9
ALO; 248 3.2
Nano-¢-Fe 179 3.6
Nano Ni 185.4 4

The compression behavior of material Graphite at various pressures (in GPa) with the help of
different equations of state is shown blow in Table 4.3.2. Here in the table, V/Vq values are
basically the volume of the material at some pressure value relative to its initial (Vo).

Tait equation predicts that the volume of material shows gradual decrease upon increase
in pressure. The V/Vy value of 0.830 was obtained at 16 GPa. Similar trend was predicted by
Murnaghan equation and also with same V/V( values. Among all four models or equations,
more rapid decrease in volume was predicted by Kholiya and Chandra equation. Here V/V
value of 0.805 was obtained at 16 GPa. The Shankers equation envisaged the similar trend with
V/Vyvalue of 0.822 at 16 GPa (Fig. 4.3.1). In general, one can conclude from the tabulated
data that the volume of Graphite decreases with increase in pressure. Such is the case for most
of the materials (expected). Nonetheless, compression rate varies because it depends on the

model used for investigation of the compression behavior of the given material.
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The different behaviors of the equations of state originate from their distinct mathematical
treatment of the pressure dependence of the bulk modulus and the sensitivity of each model to
the chosen values of Bo and B'. Models like Kholiya and Chandra reflect higher compressibility
(lower Bo or more pressure-sensitive bulk modulus), while Shanker’s model reflects stiffer
material response (higher Bo or slower increase of B with pressure). Accurate prediction of
material behavior under high pressure therefore requires careful selection of both the EOS

model and appropriate elastic constants (Bo, B') based on experimental data

Table 4.3.2: Data regarding compression of Graphite material by different EOS

Pressure | Tait Murnaghan | Kholiya and | Shankers
(GPa) Model Model Chandra Model Model
V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.953 0.953 0.952 0.957
4 0.921 0.922 0.919 0.929
6 0.898 0.898 0.892 0.905
8 0.878 0.881 0.871 0.885
10 0.863 0.865 0.851 0.867
12 0.852 0.852 0.832 0.85
14 0.84 0.84 0.818 0.836
16 0.83 0.83 0.805 0.822

—=— Tiat model

—e— Murnaghan model

—a— Kohliya and Chandra model
—v— Shankers model

0.95 1 Graphite

Bo= 33.8
Bo'=8.9

Pressure(GPa)
g
1

0.85

0.80

Fig 4.3.1: Variation compression of volume of graphitewith respect to the Pressure

The compression behavior of Al,Os3 at various pressures (in GPa) as predicted by different
equations is shown in Table 4.3.3 and in Fig 4.3.2. Here in the table, different values of V/V

values represent the volume of the material at different pressures relative to its initial volume
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(Vo). From the table shows volume of Al>O; decreases with increase in pressure. This type of
behavior is consistent with most of the materials. The Tait equation predicts a gradual decrease
in volume. The V/V( value of 0.943 was achieved at 16 GPa. The Murnaghan equation of state
further came up with similar trend with same V/Vo value (0.943). The more rapid decrease in
volume was seen upon application of Kholiya and Chandra equation. Here V/Vqvalue of 0.942
was achieved at 16 GPa. It is important to mention that most rapid decrease in volume was

predicted by the Shankers equation of state, with a V/V¢ value of 0.987 at 16 GPa.

Table 4.3.3: Data regarding compression of Al,Osmaterial by different EOS

Pressure | Tait Murnaghan | Kholiya and | Shankers
(GPa) Model | Model Chandra Model | Model
V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.992 0.992 0.992 0.998
4 0.984 0.984 0.984 0.996
6 0.977 0.976 0.976 0.995
8 0.969 0.969 0.969 0.993
10 0.962 0.962 0.962 0.992
12 0.956 0.956 0.955 0.99
14 0.949 0.949 0.949 0.988
16 0.943 0.943 0.942 0.987

—=— Tiat model

1.00 —— Murnaghan model

—4— Kohliya and Chandra model
—w— Shankers model

0.99

0.98

Pressure(GPa

o o
© ©
) ~N
1 I

0.95
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Fig 4.3.2: Variation compression of volume of Al,Oswith respect to the Pressure.

The prediction of compression behavior of SWCNTs in their nano form under different
pressures by different Equations of State or models (Tait, Murnaghan, Kholiya and Chandra,
and Shankers) is shown in Fig 4.3.3 and Table 4.3.4. It is clear from the table that as the pressure
increases, the volume of SWCNT’s decreases. This is quite reliable with the behavior of most

materials once subjected to compression. The gradual decrease in volume (V/V( value of 0.849
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at 16 GPa) was predicted by Tait equation. Besides, Murnaghan equation of state also predicts
a gradual decrease in volume. However here slightly higher V/V( value of 0.852 at 16 GPa was
obtained. Upon application of Kholiya and Chandra model, most rapid decrease in volume was
seen. Here V/Vj value of 0.710 was obtained at 16 GPa. Finally, upon applying Shankers
equation, the rapid decrease in volume was predicted. A V/Vq value of 0.718 at 16 GPa was

achieved

Table 4.3.4: Data regarding compression of SWCNT’s material by different EOS

Pressure Tait Murnaghan | Kholiya and | Shankers
(GPa) Model Model Chandra Model | Model
V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.959 0.958 0.957 0.966
4 0.931 0.931 0.92 0.932
6 0911 0911 0.88 0.898
8 0.895 0.895 0.85 0.863
10 0.884 0.882 0.81 0.827
12 0.867 0.871 0.78 0.791
14 0.858 0.861 0.734 0.755
16 0.849 0.852 0.71 0.718
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Fig 4.3.3: Variation compression of volume of SWCNT ’swith respect to the Pressure.

The compression performance of Nano-Ni materials at different pressures using various
equations of state is shown in Table 4.3.5. The results have been tabulated in terms of the
relative volume V/Vy at different pressures and further graphically shown in Fig 4.3.4. One can
see that at zero pressure (P = 0), the material shows volume equal to its initial volume V¢ and
thus V/Vo=1. This indicates that the materials shape remains unchanged at zero pressure. Upon

application of pressure, material is subjected to compression; hence in decrease volume takes

49



place. To calculate the change in compression value of Nano-Ni, various equations of state
were utilized. The values obtained were slightly different, but compression behavior was
similar. The values of V/Vj range from 0.928 to 0962 at highest pressure of 16 GPa. In general,
results from Table 4.3.5 suggest that Nano-Ni undergoes significant compression once pressure

is applied. And this compression increases with respect to pressure.

Table 4.3.5: Data regarding compression of Nano-Nimaterial by different EOS

Pressure | Tait Murnaghan | Kholiya and | Shankers
(GPa) Model Model Chandra Model | Model
V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.989 0.989 0.988 0.996
4 0.979 0.979 0.979 0.99
6 0.969 0.97 0.97 0.989
8 0.96 0.96 0.96 0.98
10 0.951 0.952 0.952 0.978
12 0.942 0.944 0.943 0.971
14 0.934 0.936 0.935 0.967
16 0.925 0.928 0.928 0.962

—=— Tiat model
—&— Murnaghan model

1.00 4 —a— Kohliya and Chandra model
—w— shankers model

T
0 2 4 6 8 10 12 14 16 18
Pressure (GPa)

Fig4.3.4: Variation compression of volume of Nano-Ni with respect to the Pressure

Table 4.3.6 shows the compression results of Nano-g-Fe under different pressures, as presented
by various models. Similar trend has been found for the said material i.e., as the pressure
increases the corresponding volume decreases as shown by Fig.4.3.5. At the highest pressure
of 16 GPa, the calculated values of volume compression V/Vy range from 0.925 to 0.927,

depending on the equation of state used. It suggests that Nano-e-Fe is comparatively well-
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behaved under high pressures as indicated by using all models (equations of state) to investigate

its compression behavior.

Table 4.3.6: Data regarding compression of Nano-g-Fematerial by different EOS

Pressure | Tait Murnaghan | Kholiya and | Shankers

(GPa) Equation | Equation Chandra Equation | Equation
V/Vo V/Vo V/Vo V/Vo

0 1 1 1 1

2 0.989 0.989 0.989 0.991

4 0.978 0.978 0.978 0.98

6 0.968 0.968 0.968 0.971

8 0.959 0.959 0.959 0.961

10 0.95 0.95 0.95 0.952

12 0.941 0.941 0.941 0.943

14 0.933 0.933 0.933 0.936

16 0.925 0.925 0.925 0.927

—=— Tiat model
1.01 —e— Murnaghan model

1 —#&— Kohliya and Chandra model
—w— Shankers model

Nano-g-Fe
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Fig 4.3.5: Variation compression of volume of Nano-¢-Fe with respect to the Pressure.

Conclusion

In our present study, we have used the simple theory to predict the volume compression of
nanomaterials at different pressures. This formulation necessitates two input parameters which
include bulk modulus and its first order pressure derivative under the conditions of zero

pressure. In order to check the utility of the current model at the nano level, we have taken the

51



steps in order to calculate how relative volume changes by altering the pressure for five
nanocrystalline materials viz. SWCNTs, Graphite, A1203, Nano-¢-Fe, Nano Ni. The graphical
presentation of volume compression (V/Vo) verses pressure (P) is shown in Fig.4.3.5. It is
evident from Fig.4.3.5 that as pressure increases the material gets more and more compressed,
which is expected in favour of the said nanomaterials. Thus, keeping in view, the above
obtained results, one could say that the nanomaterial compressibility increases with decrease
in the particle size. Hence the nanomaterials with lower size are more compressible in
comparison to the bulk materials. This examination could be ascribed to the fact that reduction
in the grain size results in the increase of surface to the volume ratio. Thus, bulk modulus of
the nanocrystalline solids will reduce with decrease in the grain size. Pertinent to mention here
that the results obtained from the present study by using various equations of state is in fine
concordance with the experimental data which is published researches. It may be concluded
that all equations used are relatively suitable for these materials in the pressure range

considered in the present study.

4.4: Investigation of compressive behaviour of bulk inorganic materials (Al, Cu, Pb, Ni,

and Zn) under high pressure

Introduction

Nanomaterials, typically ranging from 1 to 100 nanometers in size, serve as the building blocks
of nanotechnology, pushing the boundaries of material science into the infinitesimally small
realm of the nanoscale [221-223]. These materials are more significant compared to their bulk
counterparts by virtue of their small size, which primarily depends more on surface area than
the composition of the particles [224-226]. Apart from the size and structure, the physical and
chemical properties of nanomaterials noticeably depend upon external factors such as
temperature, pressure, volume, and environmental conditions, which can profoundly influence
their properties and behavior [227-231]. The variations in properties observed in nanomaterials,
including an increase in elastic modulus, decrease in thermal conductivity and melting
temperature, are intricately linked to the size of the particles comprising the material. The
remarkable properties of nanomaterials and their versatility hold the promise of revolutionizing
various realms of science, from industrial applications to electronics, biomedical
advancements, and even innovative drug delivery systems [232-235]. The utilization of

equations of state (EOS) stands as a fundamental and pervasive aspect of modern physics [274-

52



276]. In the realm of thermodynamics, EOS plays a pivotal role in describing the behavior of
matter under varying conditions of pressure, temperature, and volume [277-281]. These
equations provide valuable insights into the properties of gases, liquids, and solids, enabling
researchers to predict and understand phase transitions, critical points, and other
thermodynamic phenomena [282-286]. Furthermore, in astrophysics and cosmology, EOS are
indispensable tools for modelling the properties of celestial objects and the evolution of the
universe itself [287-289]. The understudy materials in bulk form viz. aluminium, copper,
nickel, lead and zinc play crucial roles in various industries and technologies due to their unique
properties, which make them suitable for specific applications ranging from electrical
components to structural materials [290-292]. It's important to note that the practical
importance of these metals can evolve over time due to technological advancements, economic
factors, and environmental concerns [293-295]. The input data which were used for the

calculation of compression behavior of some bulk materials are given as under in table 4.4.1.

Table 4.4.1: Input data of aluminium, copper, nickel, lead and zinc

Compounds B, (GPa) B,(GPa)
Aluminum (Al) 72.6 4.85
Copper (Cu) 135 5.93
Nickle (Ni) 180.39 16.48
Lead (Pb) 42.38 3.74
Zinc (Zn) 6.46 3.29

Table 4.4.2 shows the compression behavior of aluminium (Al) at different pressures
(in GPa) as predicted by different equations of state: Tait (Eq.4), Murnaghan’s (Eq. 1), Kholiya
and Chandra (Eq.2), and Shankar’s (Eq.3). The V/V, values in the table represent the volume
of the material at each pressure relative to its initial volume (Vo). The Tait’s equation of state
predicts that the material's volume decreases gradually with increasing pressure, with a V/Vg
value of 0.858 at 16 GPa. The Murnaghan equation of state also predicts a similar trend, but
with a slightly higher V/Vy value of 0.860 at 16 GPa. The Kholiya and Chandra equation of
state predicts a more rapid decrease in volume, with a V/V, value of 0.857 at 16 GPa. The
Shankers equation of state predicts the very low decrease in volume, with a V/Vq value of 0.980

at 16 GPa(Fig. 4.4.1). Overall, the table shows that as the pressure increases, the volume of
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aluminium (Al) decreases, which is expected for most materials. However, the exact rate of
compression varies depending on the equation of state used to envisage the behavior.

The differences in predicted behavior for the same material arise because each equation of state
(EOS) is based on different mathematical formulations, assumptions and approximations. The
main reason is that each EOS is derived from different theoretical models of material behavior
under pressure. The Tait Equation is empirical and originally developed for liquids, later
adapted for solids. It assumes a specific pressure-volume relationship that works well for
moderate pressures. The Murnaghan EOS is based on a linear approximation of the bulk
modulus with pressure, making it simple but only accurate over a limited pressure range. The
Kholiya & Chandra EOS modifies classical models to better fit specific materials, often
introducing correction terms. The Shanker’s EOS assumes a different form for the variation of

bulk modulus, leading to a stiffer (Iess compressible) response.

Table 4.4.2: Compression behaviour of aluminium predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of

State

Pressure V/Vo V/Vo V/Vo V/Vo

(GPa)

0 1 1 1 1

2 0.974 0.974 0.974 0.997

4 0.952 0.952 0.952 0.995

6 0.932 0.932 0.932 0.992

8 0.915 0.915 0.914 0.99

10 0.899 0.899 0.898 0.988

12 0.884 0.885 0.883 0.985

14 0.87 0.872 0.869 0.983

16 0.858 0.86 0.857 0.98
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Fig 4.4.1: Volume compression with respect to pressure for Aluminium

Table 4.4.3 shows the compression behavior of copper (Cu) at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and Shankers
(shown in Fig 4.4.2). The V/Vgvalues in the table represent the volume of the material at each
pressure relative to its initial volume (Vo). The table shows that as the pressure increases, the
volume of copper decreases, which is consistent with the behavior of most materials under
compression. The Tait equation of state predicts a gradual decrease in volume, with a
V/Vovalue of 0.914 at 16 GPa. The Murnaghan’s equation of state also predicts a gradual
decrease in volume, with a slightly higher V/Vovalue of 0.914 at 16 GPa. The Kholiya and
Chandra equation of state predicts a slightly more rapid decrease in volume, with a V/Vovalue
of 0.912at 16 GPa. The Shanker’s equation of state predicts the compression in volume with

slow rate having V/Vovalue is 0.991 at 16 GPa.
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Table 4.4.3: Compression behavior of Copper predicted by various EOS

Tait MurnaghanEquation | Kholiya and | ShankersEquation
Equation of of State Chandra of State
State Equation of
State
Pressure
(GPa) V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.985 0.985 0.985 0.998
4 0.973 0.973 0.973 0.997
6 0.961 0.961 0.961 0.996
8 0.95 0.95 0.95 0.995
10 0.94 0.94 0.94 0.994
12 0.93 0.931 0.93 0.993
14 0.921 0.922 0.921 0.992
16 0.914 0.914 0.912 0.991
—l- Tait Equation of State
@ Murnaghan Equation of State
4 Kholiya and Chandra Equation of State|
¥ Shankers Equation of State
1.00 +
A4 —y— v v —_ .
0.98
Copper (Cu)
Bo= 135
Bo/=5.93
o 0.96 4
2
>
0.94
0.92 N
0.90 L e e e |
0 2 4 6 8 10 12 14 16

Presssure

Fig 4.4.2: Volume compression with respect to Pressure for Copper
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Table 4.4.4: Compression behaviour of Lead (Pb) predicted by various EOS

Tait Equation Murnaghan Kholiya and Shankers
of State Equation of State | Chandra Equation of | Equation of
State State
Pressure V/IVo V/IVo V/IVe V/IVe
(GPa)
0 1 1 1 1
2 0.957 0.957 0.957 0.995
4 0.922 0.922 0.922 0.989
6 0.892 0.892 0.891 0.984
8 0.866 0.866 0.865 0.979
10 0.842 0.844 0.841 0.974
12 0.821 0.824 0.82 0.969
14 0.802 0.806 0.802 0.964
16 0.784 0.79 0.783 0.959

—=— Tait Equation of State
—— Murnaghan Equation of State

—a— Kholiya and Chandra Equation of State
100 g o —v — Shankers Equation of State
v~ —v—
y—
0.95 4
Lead (Pb)
Bo= 42.38
S 0.90 - Bo/=3.74
>
0.85 4
0.80 - .\l\
4
075 T T T T T T T 1
(0] 2 4 6 8 10 12 14 16

Pressure (GPa)

Fig 4.4.3:Volume compression with respect to pressure for lead

Table 4.4.4 presents the compression behavior of Lead (Pb) at different pressures (in GPa) as
predicted by different equations of state: Tait, Murnaghan, Kholiya and Chandra, and

Shanker’s (shown in Fig 4.4.3). This table indicates that as the pressure increases, the volume
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of lead (Pb) decreases, which is consistent with the behavior of most materials under
compression. The Tait’s equation of state predicts a gradual decrease in volume, with a
V/Vovalue of 0.784 at 16 GPa. The Murnaghan’s equation of state also predicts a gradual
decrease in volume, with a slightly higher V/Vovalue of 0.790 at 16 GPa. The Kholiya and
Chandra equation of state predicts a slightly more rapid decrease in volume, with a V/Vgvalue
of 0.783 at 16 GPa. The Shankers equation of state predicts the very slow decrease in volume,

with a V/Vgvalue of 0.959 at 16 GPa.

Table 4.4.5 shows the compression behavior of nickel (N1) at various pressures using different
equation of states. The results are tabulated in terms of the relative volume V/Vjat each pressure
point (shown in Fig 4.4.4). At zero pressure, the material has a volume equal to its initial
volume Vo and thus V/Vo=1. As pressure is applied, the material undergoes compression,
resulting in a decrease in volume. The Tait, Murnaghan, Kholiya and Chandra, and Shanker's
equations of state were used to study the compression behavior of Nickel. The equations
provide a mathematical relationship between the pressure and the volume of the material under
compression. The value of V/Vodecreases as pressure increases, indicating that nickel (Ni)
undergoes compression under applied pressure. The values obtained using different equations
of state are slightly different, but the trends in compression behavior are similar. At the highest
pressure of 16 GPa, the values of V/Vorange from 0.947 to 0.997, indicating a compression of
around 6.1% to 6.6% from the initial volume at 0 GPa. Overall, the results from Table 4.4.5
suggest that nickel (Ni) undergoes significant compression under applied pressure, with the

magnitude of compression increasing as pressure increases.

Table 4.4.5: Compression behaviour of Nickel (Ni) predicted by various EOS

Tait Equation Murnaghan Kholiya and Chandra Shankers
of State Equation of State Equation of State Equation of
Pressure State
(GPa)
V/Vo V/Vo V/Vo V/Vo
0 1 1 1 1
2 0.989 0.989 0.989 0.999
4 0.981 0.981 0.981 0.999
6 0.973 0.975 0.973 0.999
8 0.967 0.967 0.966 0.998
10 0.962 0.961 0.959 0.998
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12 0.956 0.956 0.953 0.998

14 0.951 0.951 0.948 0.997
16 0.947 0.946 0.943 0.997
1.01 4 W Tait Equation of State
@ Murnaghan Equation of State
A Khaliya and Chandra Equation of State
W Shankers Equation of State
1004 o - S .
0.99 -
] Nickel (Ni)
0.98 4 n BO=180.39
- . BO/=16.48
= LN
> 0.97 4
3
0.96 - L4
h !
. -
0.95 by .
d
0.94 4
o 2 4 & 8 10 12 14 16
Pressure (Gps)

Fig 4.4.4: Volume compression with respect to pressure for Nickel

Table 4.4.6 shows the compression behavior of Zinc (Zn) under various pressures, as modelled
by different equations of state. Similar to the previous tables, the values of the volume
V/Vodecrease as the pressure increases, indicating the compressibility of the material (shown
in Fig. 4.4.5). Overall, Tait’s, Murnaghan’s, Kholiya and Chandra, and Shanker’s equation of
states all provide reasonably good results. At low pressures, the differences between the
predicted values of the various equations are relatively small. However, as the pressure
increases, the differences between the predicted values become more significant. At the highest
pressure of 14 GPa, the predicted values of V/Vorange from 0.826 to 0.969, depending on the
equation of state used. This is a relatively small range compared to some of the other materials
in the previous tables. It suggests that zinc (Zn) is relatively well-behaved under high pressures
and that the equations of state are all reasonably accurate in describing its compression

behavior.
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Table 4.4.6: Compression behaviour of Zinc (Zn) predicted by various EOS

Pressure

Tait Equation Murnaghan Kholiya and Chandra Shankers
Pressure of State Equation of State Equation of State Equation of
(GPa) State
VIV VIV VIV V/Vo
0 1 1 1 1
2 0.974 0.969 0.969 0.996
4 0.943 0.942 0.942 0.992
6 0.919 0.918 0.918 0.989
8 0.897 0.897 0.896 0.984
10 0.877 0.877 0.877 0.98
12 0.859 0.86 0.858 0.977
14 0.842 0.843 0.842 0.973
16 0.826 0.828 0.826 0.969
—B— Tait Equation of State
1.02 - —@— Murnaghan Equation of State
—A— Kholiya and Chandra Equation of State
1.00 - —w¥— Shankers Equation of State
v
0.98 v e .
0.96 !
=094 Zin_c (Zn)
o Bo=61.46
O 0.92 1 Bo/=3.29
o
= 0.90
>
0.88 -
0.86 )
0.84 \-\‘
0.82

Fig 4.4.5: Volume compression with respect to pressure for Zinc

Comparative behaviour of bulk and nanomaterials:

Our aim is to compare the present results in terms of pressure dependence verses
compressibility of different nano and bulk materials. These results offer insights into the
compression behavior of various materials in bulk and nano forms as predicted by different
EOS models. The comparison reveals that bulk materials viz. aluminium, copper, nickel, lead

and zinc usually show more reliable and predictable compression behavior by using various
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equation of state (EOS) models. In contrast, nanomaterials viz. SWCNTSs, Graphite, Al>O3,
Nano-g-Fe, Nano Ni, with their unique properties and behaviour exhibit higher compressibility
and more sensitive to the choice of EOS model used. The comparative analysis demonstrates
the “effect of size and pressure on compression” and shows that the compressibility of nano-
materials depends on size. It is found in this study that compressibility increases with
decreasing particle size and thus lower sized nanomaterials are more compressible. This
observation may be attributed to the fact that decrease in particle size increases the surface to
volume ratio and hence the bulk modulus of a nanocrystalline material will decrease with
decrease in grain size. For comparison purpose we have plotted the volume compression
(V/V)) of all above mentioned materials (nano and bulk) by using the various equation of state
viz. Tiat, Murnaghan, Kohliya and Chandra and Shankers equation of sate. The beauty of these
equations is that they require a smaller number of input parameters and offers a simple and
straight forward approach to predict the volume compression (V/Vy) in solids at high pressure.
So, for the present investigation we require only two parameters namely the bulk modulus By
and its first derivative By to describe the material behavior under extreme conditions of
pressure and temperature. Below are the comparison results between lead (Pb) and aluminium
(Al) in bulk form & Nano-Ni and Al>O3 in nano form. From this comparison result, it is simply
shown that nano- materials are more compressed than bulk materials as the reason already

discussed above.
4.5: Thermal Compression Behaviour of (Ceo) Fullerene under High Temperature

It is worth to mention here that we have employed EOS model, in which the valuesof the
thermal volume expansion (V/Vy) are calculated for Ceo (fullerenes) as a solid material in nano
form by using modified Suzuki equation of state under varying temperature conditions from
300K-800K at constant pressure. The input data needed for the calculation at room temperature
and at zero pressure are given in Table 4.5.1. The calculated values of thermal expansion (V/Vy)
for Ceo (nanomaterial) is obtained by using the isobaric equation of state at different
temperatures are compared with the experimental data given in table 4.5.1. It is clear from the
figure that the results found in the present investigation are in good agreement with the
available experimental results. Therefore, on the basis of overall exploration and on the basis
of comparison method of theoretical results with the already available experimental values

certifies the present theoretical approach.
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Table 4.5.1: Compression Behaviour of Cgo Fullerenes in nano form predicted by EOS

Calculated values in the present study | Experimental
Temperature V/Vo V/Vo
T(K)
300 1 1
350 1.003 1.001
400 1.005 1.002
450 1.007 1.003
500 1.009 1.005
550 1.011 1.006
600 1.012 1.007
650 1.013 1.008
700 1.015 1.009
750 1.016 1.011
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Fig.4.5.1: Volume thermal compression of Ceo fullerenes at different temperatures

The calculated values of the thermal expansion (V/Vy) obtained by using the modified Suzuki
equation of state at different temperatures are compared with the experimental data shown in
Fig 4.5.1. It is very much clear from the same fig. that the results found in the present study
shows similar trend as the understudy material (Ceo) shows experimentally under high

temperature.

It is pertinent to mention here that the result obtained in the present study from the modified
Suzuki equation of state (which is mathematically and thermodynamically consistent) predicts
values at high temperature successfully. Hence the calculated values of the Ceso (Fullerene)

validate the quasi- harmonic approximation.
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Chapter-5
Conclusion

This study investigated the compression behaviour of some Co, Rh, and Mn-based Heusler
compounds in terms of computed values of bulk modulus and relative change in volume (V/V)

as a function of pressure at constant temperature. The key observations are summarized below

» The compression behaviour of the studied materials varies with pressure and with the type

of equation of state used to fit the data.

» The Tait equation of state generally fits best for the compression behaviour of the
materials, followed by the Murnaghan equation of state, and the Kholiya and Chandra and

Shankers equations of state.

» All Heusler compounds Mn,CoCr, Mn,PtCo, RhoMnZn, RhoFeZn, CooNbB, Co,TaB,
FeCrTiSn and FeCrTiSb show similar patterns in compression behaviour with decreasing

volume with increasing pressure.

» It is evident from the data that the studied materials possess different compressibility due

to their unique structural and electronic properties.

Moreover, we used the simple theory to predict the volume compression of nanomaterials at
different pressures. This formulation necessitates two input parameters which include bulk
modulus and its first order pressure derivative under the conditions of zero pressure. In order
to check the utility of the current model at the nano level, we have taken the steps in order to
calculate how relative volume changes by altering the pressure for five nanocrystalline

materials viz. SWCNTSs, Graphite, Al,O3, Nano-e-Fe, Nano Ni. It has been observed that:

» The graphical presentation of volume compression (V/Vo) verses pressure (P) indicates
that as pressure increases the material gets more and more compressed, which is expected

in favour of the said nanomaterials.

» Thus, keeping in view, the above obtained results, one could say that the nanomaterial
compressibility increases with decrease in the particle size. Hence the nanomaterials with
lower size are more compressible in comparison to the bulk materials. This examination
could be ascribed to the fact that reduction in the grain size results in the increase of surface

to the volume ratio.
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>

The bulk modulus of the nanocrystalline solids will reduce with decrease in the grain size.
It may be concluded that all equations used are relatively suitable for these materials in the

pressure range considered in the present study.

Furthermore, we have investigated the compression behaviour of some bulk materials viz.

aluminium, copper, nickel, lead and zinc at different pressures. The main aim of this approach

is to calculate how relative volume changes (V/Vo) by way of volume compression with varying

the pressure of study materials by using equation of states at constant temperature. It has been

observed that:

>

The graphical representation of the said materials depicts that the value of V/V( decreases
as the pressure increases indicates compressibility of material, which is consistent with the
behaviour of most materials under compression, this process may lead to phase transition

of the materials.

The decrease in V/V( with increasing pressure is directly connected to the bulk modulus

of the material and its pressure dependence.

Materials with higher bulk modulus resist compression and show smaller reductions in
volume under pressure, while those with lower bulk modulus exhibit greater

compressibility and larger reductions in volume.

The pressure derivative of the bulk modulus (B’) further modulates this relationship,

affecting the material’s compressibility at different pressures.

Different equations of state (EOS) predict these behaviours in varying ways, based on how

they treat the bulk modulus and its dependence on pressure.

The choice of EOS model should align with the specific material’s elastic properties,
ensuring accurate predictions of compressibility, particularly for high-pressure

applications.

The bulk modulus and its pressure dependence are fundamental factors governing material
compressibility, influencing the volume reduction behaviour (V/Vy) and shaping the

material’s performance under varying pressure conditions.

On comparison the results of the above investigation of both (nano & bulk) forms of
materials, it reveals that bulk materials usually show more consistent and expected

compression behaviour by using various equation of states (EOS).
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In contrast, nanomaterials with their exceptional properties reveal higher compressibility

and more responsive by using the equation of states (model).

The comparative study clearly depict that the compressibility of nano-materials depends
on size, as compressibility increases with decreasing particle size, thus lower sized

nanomaterials are more compressible than bulk materials.

This investigation may be credited to the fact that decrease in particle size increases the
surface to volume ratio and thus the bulk modulus of a nanocrystalline material will

decrease with decrease in grain size.

Furthermore, we have investigated the thermal volume expansion (V/Vy) behaviour of
fullerene (Cs0) by using modified Suzuki equation at different temperatures over the

temperature range 300K-800K under zero pressure condition.

The calculated values of thermal volume expansion (V/Vy) are compared with the available
experimental data; it is evident from the graphical representation that there is close

agreement of our theoretical results with the available experimental values.

Under this investigation, it has been revealed that thermal volume expansion coefficient (

o, ) of fullerene (Ceo) increases with increase in temperature, which is the common trend

of each material under high temperature investigation. So this close agreement validates

our present theoretical approach.
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Abstract
The compression behaviour of Heusler compounds viz, RhaMnZn, Rh:FeZn, Co:NbB, and
Co,TaB has been studied using various equations of state, namely Tait equation,
Murnagk quation, Shanker's eq and Kholiya and Chandra equation. It has been
observed that the Tait equation of state generally fits best for the compression behaviour
of the chosen materials, followed by the Mumag} quation of state, wh Kholiya
and Chandra, and Shanker's equations of state are less accurate. All Heusler compounds
exhibit similar patterns in compression behaviour with decreasing volume and increasing
pressure with a slight deviation that may be due to their crystal structure and chemical
composition. The obtained results are found to be in good agreement with the available
experimental values. The results of this study can provide valuable insights into the
ibility and hanical properties of Heusler compounds, which can inform their
potential applications in various fields, including energy harvesting, spintronics, and
thermoelectric devices.

1. Introduction

A cionifs

Intermetallic Heusler pounds have in recent years due to
their unique physical, electrical, and mag; prop Und ding the i
behaviour of these compounds is crucial for predicting their mechanical properties and for
potential applications in fields such as energy storage, th lectrics, and spi i

In this context, several studies have investigated the compression behaviour of different
Heusler compounds using various equation of state (EOS) models. In recent days, various

P

multi p mixture pounds like Mn:CoCr. Mn:PtCo, RhoMnZn, and RhoFeZn
are gaining more attention due to their ex dinary properties like pressible and
structural properties by changing the p volume and temperature [1-6]. These
Heusler compounds are known for their ic, el ic, and th lectric

properties, making them capable materials for various technological applications [7-13].
Heusler compounds have various potential applications due to their unique combination of
physical and chemical properties. Some of the major technological applications of such

2750
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Abstract

The Heusl ds assert p | candidates for a variety of applications such as

mqhmwmnmmmmkﬂwﬂum
mmummmmnwnmww
fer g Curie temp e, high pol at the Fermi level, thermoelectric
performance, etc In this work, the th | approach wh varions of
mmurmummmmmma-hmb-nmm

beh of the two Heusler compounds FeCrTiSn and
FeCrTiSh in detall, l«umwumumwmmr«m
exhibit 2 nearly linearly declining trend with the applied pr and our th !

results are in agreement with experimental calaslated one reported In the literature.
Key words: Mag ™ lectric, Supercondy y. Materials, Equation of State.
1. Introduction

Electronic and magnetic materials have subsequent applications in different fields [1.5).
Electronic materials have vast appl in the c industry, particsarly in
mobile ph Integrated cf and ok chips [6-8]. For instance, sflicon has
found its way into modern P digital dlites, and
par.tcnlmhmlddlnonly nqmumkmudnmlm;
5 and P s [912).
Onennholbmwpumnmcﬂd“m:hsolnmkhounn'm&r
compounds”.
“Heusler compounds” refers to a class of intermetallic compounds with a definite crystal
structure and Heusler ds cl ity consist of three o two

oy -

transition metals (one from group VIll and the other from groups III-V]) and a main-
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Abstract ,\Q

This investigation prgsen mprehensive theoretical examination of pressure-induced
volumetric compréssion acteristics in five structurally diverse nanomaterials: graphite,
aluminium oxid, 3), single-walled carbon nanotubes (SWCNTSs), nano-epsilon-phase
iron (nano-g; d nano-nickel (nano-Ni), representing carbon allotropes, ceramic oxides,
and trangin etal systems. Four established equations of state (Tait, Murnaghan, Kholiya
and C a, and Shanker) were employed using experimentally derived bulk modulus values

ir pressure derivatives from literature to model relative volumetric changes under
%ed pressure up to 16 GPa. The analysis reveals material-specific compressibility
behaviours dictated by bonding characteristics, atomic configuration, and dimensionality.
Al;O3 demonstrates the highest incompressibility among studied materials due to its strong
ionic-covalent bonding, while SWCNTs exhibit pronounced nonlinear compression attributed
to structural instabilities under confinement. Nano-Ni and nano-e-Fe show intermediate

compressibility with enhanced sensitivity due to nanoscale effects including surface energy
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Equation of This study investigates the compression behavior of aluminum (Al), copper (Cu),
State; Bulk lead (Pb), nickel (N1i), and zinc (Zn) under varying pressure conditions, as predicted
Modulus; by several equations of state (EOS), including the Tait, Murnaghan, Kholiya and
Compression; Chandra, and Shanker's equations. Each metal exhibits a consistent trend in
Volume. volumetric compression (V/Vo) as pressure increases from 0 to 16 GPa, indicating

a decrease in volume relative to the original volume (V/Vy). The Tait equation
generally shows higher volumetric values at corresponding pressures compared to
the other EOS models for all metals. In contrast, the Murnaghan equation provides
values closely aligned with those from Kholiya and Chandra’s equation, with minor
deviations observed, particularly in nickel and zinc at higher pressures. Shanker's
equation consistently predicts the lowest (V/Vo) values across all pressures for most
metals, suggesting a more conservative estimate of volume reduction under
compression. The data reveals the unique response of each metal to applied
pressure, which is critical for applications in material science and engineering,
providing insights into their mechanical properties and stability under extreme
conditions. This comparative analysis enhances our understanding of the
mechanical behavior of these metals, facilitating better material selection for high-
pressure applications.

1. Introduction
High-pressure studies of bulk materials are always necessary because they shed light on the
behavior of these materials under harsh circumstances, exposing phase transitions, structural
deformations, and other crucial phenomena [1-5]. Mechanical features including volume
compression and heat expansion are described by a variety of equations of state (EOS),
including Tait's equation, Murnaghan's equation, Kholiya and Chandra Equation, and Shanker's
equation of state [6-11]. The theoretical research of EOS at high pressure and high temperature
are essentially significant enabling the extrapolation and interpolation into zones where
experimental data is insufficient [ 12-13]. The equations of state (EOS) provide researchers with
valuable perceptions into the properties of gases, liquids, and solids, enabling them to predict
and analyze phase transitions, critical points, and other thermodynamic processes [14-15].
These equations serve as essential tools for understanding the behavior of matter under varying
conditions, facilitating advancements in fields such as condensed matter physics and materials
science [14-17]. Furthermore, the use of these EOS is essential for explaining how matter
behaves in a variety of pressure, temperature, and volume situations [18-20]. Owing to their
special qualities, inorganic metallic materials in bulk form play important roles in a variety of
industries and technology [21-22]. These applications range from electrical components to
structural materials [23-25]. It's crucial to remember that changes in economic conditions,
environmental concerns, and technological improvements can all affect how useful these
metals become over time [26-27].

As a result of changes in atomic and molecular organization, bulk materials studied
under high pressure show a variety of alterations in their physical and chemical properties [28-
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