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Several LaNis-based hydrogen storage alloys were studied using secondary ion mass spectrometry (SIMS) technique. Ar* ions with the
energy of 10 - 18 keV were used as primary ions. The study of the initial stages of the processes of LaNis-based alloys interaction with
hydrogen under the experimental conditions showed that on the areas of clean surface, hydrogen formed chemical compounds with the
both of the main components of the alloy: nickel and lanthanum. As hydrogen accumulates on the surface and in the near-surface region,
a hydrogen-containing structure is formed, which is characterized by a certain stoichiometric ratio of components. Nickel in this structure
has strong chemical bonds with two hydrogen atoms, and lanthanum — with two or more hydrogen atoms. Along with such compounds,
some structures with lower hydrogen content are also formed. The formed hydrogen-containing structure includes both main alloy
components, La and Ni for all the studied samples, even though only lanthanum is generally accepted to be the hydride-forming element
in such alloys. The SIMS studies of the chemical composition of the surface monolayers of the intermetallic alloy LaNis, in the process
of its interaction with oxygen, showed the following. As a result of the oxygen interaction with the alloy, a complex chemical structure
including oxygen, lanthanum and nickel is formed on the surface and in the near-surface region of LaNis. Oxygen in such a structure,
similarly to hydrogen, forms strong chemical bonds with both components of the alloy. This is indicated by the presence in the mass
spectra of a large set of oxygen-containing emissions of positive and negative secondary ions with lanthanum and nickel, as well as
oxygen-containing lanthanum-nickel cluster secondary ions. The formed oxide compounds have a three-dimensional structure and
occupy tens of monolayers. Oxygen poisoning of the surface of the hydride-forming alloy LaNis can occur regardless of whether the
surface of the alloy was clean from the very beginning or it was covered with a layer of hydrogen-containing chemical compounds.
Keywords: SIMS; surface; intermetallic alloy; lanthanum alloy; LaNis; hydrogen; metal hydride; oxygen; oxides
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INTRODUCTION

The energy supply independence is currently an integral part of the sovereignty of every state. One of the
promising directions for solving the problem of the energy supply independence and ensuring sustainable development
is the development of the field of hydrogen energy, that is, the field of energy, which is based on the use of hydrogen as
a means for the energy production, accumulation, transportation and consumption. Hydrogen energy has turned into a
direction, along with some other ones, with which the leading countries of the world associate the prospects of their
national economics. The needs of various branches of hydrogen energy, which are necessary for the production and
utilization of hydrogen as a renewable, ecological and safe energy carrier, require the introduction and development of
various types of metal hydride technologies, that is, the technologies, based on the ability of a number of hydride-
forming intermetallic alloys reversibly react with gaseous hydrogen to form metal hydrides.

The ability of a number of metals and alloys to reversibly absorb significant amount of hydrogen with the
formation of metal hydrides has given rise to a number of technical solutions for the practical use of this phenomenon.
The basis for this is the unique combination of the metal-hydrogen systems properties, namely, the possibility to
achieve extremely high volumetric densities of hydrogen atoms in metal lattices (up to 0.09-0.1 g cm™), a wide range of
operating temperatures and pressures, selectivity of the hydrogen absorption process, significant changes in the physical
properties of the metal, when it is saturated with hydrogen, catalytic activity and a number of other features [1-4].

The reversible reaction of metal hydride formation can occur either as a result of direct interaction of the hydride-
forming metal (or alloy) with gaseous hydrogen, or as a result of an electrochemical process. The process of direct
interaction includes the following stages: transport of hydrogen molecules to the metal surface; physical adsorption,
dissociation of adsorbed H, molecules and the transfer of hydrogen atoms into the material volume with the formation
of an interstitial solid solution (a-phase) and then — hydride (B-phase). The concentration of hydrogen atoms in the a-
phase is small; they are statistically distributed in the interstitial voids of the metal matrix, which retains the original
structure with a small (up to 5%) increase in the volume. On the contrary, the hydride is characterized by a high content
of hydrogen atoms and their ordered arrangement.

The reaction of interaction with hydrogen takes place with the release of heat during the formation of the hydride and
the absorption of heat during hydride dissociation. The reaction is reversible, the process can be turned to one direction or
the other and its speed can be controlled by changing only the temperature and (or) pressure. An increase in the pressure of
gaseous hydrogen and a decrease in temperature shift the equilibrium of the reaction to the side of hydride formation, while
a decrease in pressure and an increase in temperature cause decomposition of the hydride [5,6].
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Among the large number of metal hydrides known to date, the hydrides of intermetallic compounds occupy a
special place. Such hydrides are represented by the general formula A,B,Hx, where AB, is an intermetallic compound
of two or more metals, at least one component (A) of which has a high affinity for hydrogen, i.e. forms a highly stable
binary hydride, and the other one (B) does not interact directly with hydrogen under normal conditions. It is customary
to classify the hydride-forming intermetallics according to the ratio of hydride-forming (A) and non-hydride-forming
(B) components. Among the large number of types of hydride-forming intermetallics, such compounds as ABs, AB»,
AB and A,B are of the greatest practical importance. In the compounds ABs, rare earth elements and/or calcium are
used as the component A; in the compounds AB, and AB, the elements of the titanium subgroup are used; in the
compounds A,B, mainly magnesium is used. The component B in all the intermetallics mainly includes transition
metals (Fe, Co, Ni, V, Mn, Cg, etc.). The formation of hydrides of intermetallic compounds is accompanied by the
expansion of crystal lattices. Typical values of the increase in the volume of the unit cell vary from 10 - 15 to 20 - 25%.
In this case, the symmetry of the original metal matrix is usually preserved.

The technologies based on the use of metal hydrides, the so-called metal hydride technologies, include the
accumulation, compact and safe storage and transportation of hydrogen, thermosorption compression, separation of
hydrogen from gas mixtures, its purification, distribution of isotopes, as well as ensuring the operation of various
physical and technical devices, such as injectors of thermonuclear facilities, ion sources of accelerators, gas supply
systems of vacuum-plasma facilities, etc. [2, 7, 8].

Accumulation, compact and safe storage, and transportation of hydrogen

The reversible storage of hydrogen in the form of intermetallic hydride has a number of advantages as compared to
the conventional storage methods using gas cylinders or cryogenic equipment. The intermetallic hydrides have clearly
defined volumetric advantages as compared to the compressed or liquefied gas. In fact, the density of hydrogen in
hydrides approaches that of liquid hydrogen, since the packing density of H in the hydride crystal lattice is usually
much higher than that of liquid hydrogen. This method of storage can be implemented at relatively low temperatures
and pressures, which provides a high degree of fire and explosion safety, without the use of cryogenic technology and
expensive and highly insulated containers, which are necessary to minimize the losses caused by liquid hydrogen
evaporation. Furthermore, the method is characterized by compactness and low energy costs for the hydrides formation
as compared to the liquefaction and compression of hydrogen [6].

Thermosorption compression

The concept of hydrogen compression by using intermetallic hydrides is based on the fact that the process of
hydrogen absorption, accompanied by the formation of a metal hydride, occurs with the release of heat (exothermic
reaction); in the course of the hydride decomposition with the hydrogen release, the heat absorption occurs (an
endothermic process). The absorption occurs at a rather low pressure of hydrogen, and the release — at high pressure,
similar to the processes of suction and discharge in a mechanical compressor. This makes it possible to carry out the
process of low-pressure hydrogen absorbing at a lower temperature, and to desorb higher-pressure hydrogen when the
appropriate heat is delivered to the metal hydride. This method is called thermosorption (or thermochemical) hydrogen
compression, and the devices implementing it are the metal hydride thermosorption compressors (MH TSC) [9]. The
metal hydride thermosorption compressor has a number of advantages as compared to traditional mechanical
compressors. Such a compressor has no moving parts, pistons, membranes, or bellows. This provides a simplified
design and high reliability, thus reducing the probability of explosive hydrogen leakage.

By applying the thermosorption compressors, it is possible to solve the problem of utilization of low-potential
(unusable) heat in various industries, converting it into highly organized energy of compressed gas.

Hydrogen purification, hydrogen separation from gas mixtures

The selectivity of the intermetallics reaction with hydrogen allows for the realization of the processes of hydrogen
purification from gaseous impurities, as long as the reactive species, such as O,, H>O, CO, etc., tend to be absorbed by
hydride, and the inert species, such as N», CHy, etc., can be removed at the initial stages of the dehydrogenation process.
Thus, the devices based on the intermetallic hydrides are often used in specialized applications, where H, "ultra-high
purity" is required (for example, as a gas-carrier of gas chromatograph). The selectivity of the reaction also allows using
the devices based on intermetallic hydrides to extract hydrogen from the gas mixtures without application of expensive
devices, such as palladium filters.

The intermetallic hydrides can also be used to separate different isotopes of hydrogen: protium (H), deuterium (D),
and tritium (T), for example, the separation of D from natural hydrogen (0.016% of D, residual H), or the removal of
radioactive T from non-radioactive D and/or H. For example, zirconium-based getter alloys are used in a number of
nuclear energy technologies, as well as in the fuel cycle research and development of thermonuclear reactors.
Zirconium-based (Zr,Fe) non-evaporable getters are used to solve the rather urgent task of purifying gas streams from
hydrogen tritium isotope [10-12]. The advantage of using Zr,Fe (SAES Getters ST198) instead of traditional methods of
tritium collection and removal [13] is simplicity and possibility to avoid the production of tritium water, which makes a
greater biological hazard. The gas absorption method is a non-oxidation process, in which the trittum water vapor is
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never produced in the process line. In getters, tritium is stored more safely than in derivative products of the
conventional oxidation-adsorption process. Also, the hydrogen isotopes, captured by the metal hydride getters, can be
later extracted in their elemental form.

Ensuring the operation of various physical and technical devices.

The ability to control the pressure of desorbed hydrogen by means of a directed thermal effect on the metal hydride
allows using the metal hydrides for high-precision regulated supply of hydrogen to the consumer. Some metal hydrides
with fast dynamics of low-pressure hydrogen absorption (hydrogen getters) formed the basis of efficient hydrogen removal
systems and systems of regulated supply of low-pressure hydrogen to the vacuum-plasma installations.

A distinctive feature of getter hydride-forming intermetallics is the low equilibrium pressure of hydrogen sorption-
desorption at the temperatures close to the room ones. This feature allows using them in various devices operating at
sub-atmospheric pressures, in particular, to ensure the operation of various physical and technical devices, such as
injectors of thermonuclear installations, ion sources of accelerators, gas power systems of vacuum-plasma installations,
gas lasers and other devices using hydrogen as a working medium [[14], Error! Reference source not found.].

THE ROLE OF IMPURITY GASES IN HYDROGEN IN THE PROCESSES OF INTERACTION
WITH HYDRIDE-FORMING ALLOYS

The impurity gases that are present in hydrogen have different effects on the absorption capacity of hydride-
forming alloys, in some cases, they can significantly change the kinetic parameters of the sorption-desorption processes
and the hydrogen capacity of the alloy [16]. The impurity gases can be conventionally divided into four groups
according to the nature of their influence on the alloy and its hydrogen-sorption characteristics [17, 18].

The first group is the impurities that lead to surface poisoning. The impurity gas molecules, contacting the surface,
form a strong chemical bond with the surface metal atoms, which cease participating in the processes of dissociative
chemisorption of hydrogen. In general, a monolayer coating is sufficient for complete deactivation of the material. Such
a deactivated surface efficiently blocks the area of the underlying material from interaction with hydrogen. Thus, the
surface poisoning lies in the formation of a surface structure that prevents the rapid dissociation of hydrogen on the
surface H, — 2H and/or the penetration of hydrogen into the volume, what is equally necessary for the practical use of
reversible hydrides. In the process of cycling, the poisoning causes a rapid decrease in hydrogen capacity. However, as
long as the impurity molecules are localized only on the surface, the poisoned samples can often be reactivated (for
example, by cycling and/or heating in pure H,). An example of poisoning is exposure to the surface (at certain
temperatures) of CO carbon monoxide, which forms a chemisorbed monolayer on the surface of LaNis with a heat of
adsorption comparable to the heat of nickel carbonyl formation. This makes the nickel atoms, on which the catalytic
dissociation of hydrogen takes place, inactive. CH3SH (methyl mercaptan) and H>S produce a similar effect.

The second group are the impurities that slow down the processes of interaction with hydrogen, in particular, lead
to some decrease of the hydrogen absorption kinetics, but not to the detriment of the hydrogen capacity. This group
includes the impurities that are characterized by much softer and more homogeneous form of interaction with hydride-
forming materials, than the interactions categorized as poisoning. The influence of CO,, NHj is an example.

The third group are the impurities that have a reactive effect, i.e., initiate a chemical reaction causing the alloy
volume corrosion and, as a result, an irreversible decrease in hydrogen capacity. This situation occurs when hydrogen is
contaminated with oxygen (in some situations, oxygen has a poisonous effect). In the case with the lanthanum-nickel
alloys, the effect of oxygen lies in the formation of compounds with lanthanum: La,O; or various hydrates or
hydroxides. Some oxygen compounds with nickel atoms are also formed. At the room temperature, this process is quite
slow. H,O has a similar effect. In this case, the H,O molecule dissociates on the surface, thus resulting in the surface
efficient oxidizing (hydrolysis). The rate of the oxidation reaction can be slightly slowed down by the presence of a
certain amount of physisorbed H,O molecules on the surface. The reaction usually causes the formation of very stable
chemical compounds that are hydrogenated irreversibly and cannot be easily regenerated to the original state.

And the fourth group are the impurities chemically inert to the alloys, which do not form chemical compounds
with the alloy material and do not transform the surface, but slow down the kinetics of sorption due to the formation of
an inert layer of the impurity components on the surface. This effect is caused by CH4, CoH4 or No.

It should be noted that the nature of the impurities influence can change significantly with temperature, time and,
possibly, concentration.

THE SURFACE ROLE IN HYDRIDE FORMATION PROCESSES

As a result of the researchers’ serious efforts, a large number of hydride-forming alloys for the application in
various fields have been synthesized. At the same time, for a long period, the properties of such alloys had been
optimized mainly by changing their component composition or the method of their preparation. A large number of
publications have been devoted to these problems over the past ten to twenty years. Much less attention was paid to the
study of the role of the materials surface in the processes of their interaction with hydrogen, as well as the role of
gaseous impurities in hydrogen during interaction with the surface. Such processes can play a decisive role in the
processes of hydride formation. Therefore, the progress of the practical development of metal hydride technologies
requires careful research at the monolayer level of both the actual elementary processes of hydrogen interaction with the
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surface of materials that form hydrides, and the influence of gas impurities. Such studies will allow solving a number of
problems related to the dynamics of sorption - desorption and surface poisoning.

It is generally accepted that the surface of a solid body contains not only the upper atomic layer, but also several
upper monolayers, which differ in composition from the bulk. In the case of a pure single-crystal sample, there may be
three or four such monolayers. For the polycrystalline metals or multiphase alloys, the surface or surface layer can be as
thick as 10 nm. The formation of the surface layer of chemical compounds is caused by interaction with the gas phase.
The composition of such compounds, in addition to the bulk impurities, includes the elements: C, O, H, and N. This
surface layer is formed naturally on an initially clean and reactive metal surface. In some cases, it completely passivates
the metal surface. The passivation is quite desirable in some respects, for example for corrosion protection, but plays a
negative role in cases, where the surface must remain reactive, for example for catalysts, getters or hydride-forming
metals and alloys. The surface properties are especially important in the absorption of hydrogen by intermetallic
hydride-forming compounds, since the first stage of absorption is physical adsorption followed by dissociation
(atomization) of the adsorbed hydrogen molecules on the transition metal atoms.

Among the intermetallic compounds of the system, such as AB, AB», ABs and A;B (where A is a metal forming a
stable hydride, B is, mainly, a transition metal that does not interact with hydrogen under normal conditions) have
gained interest as potential materials for technological applications. So, ABs alloys, based on lanthanum, attract
considerable attention due to their ability to store large amount of hydrogen, ease of activation, and ability to react
quickly and reversibly at ambient temperature and moderate pressures [19]. The alloys such as TiFe and Mg,Ni, have
been recognized as H, carriers for vehicles, mainly due to their convenient pressure-composition-temperature (PCT)
relations, high H» content, favorable kinetics, and lower cost as compared to some other suitable alloys. However, a
serious problem for all these materials in technological applications is their poor resistance to poisoning by gaseous
impurities such as O,, HO vapor, CO, CO,, etc., which are present in the supplied H, gas and in atmospheric
sources [18]. As a result, the alloys frequently require activation procedures before they accept hydrogen. Applicability
of intermetallics for storage, transportation, purification of hydrogen, its separation from gas mixtures, etc. depends
mainly on their cyclic stability, H-capacity, absorption and desorption kinetics.

While the cyclic stability and hydrogen capacity are determined by the volumetric properties of intermetallic
compounds, namely: parameters of the crystal lattice, electronic band structure, the kinetics of sorption-desorption
largely depends on the properties of the surface. Despite numerous studies of bulk characteristics, the nature and
properties of the surface of these materials have so far attracted little attention, although the activated intermetallics,
which disperse during hydrogenation, are a fine powder, and therefore their surface is an important factor in the
hydrogenation process [20, 21].

The studies of surface properties in relation to the kinetics of sorption-desorption processes, as well as in relation
to the activation, deactivation and reactivation of materials, are absolutely necessary, especially given the urgency of
developing activation procedures, as well as to improve the properties of metal hydride systems in terms of
hydrogenation using commercial H, sources, for example, hydrogen from steam reforming of hydrocarbons, etc.

The knowledge of the chemical composition of the surface outer monolayers is quite important when studying the
kinetics of hydrogen sorption-desorption processes, since the surface of any metal material, subject to the experimental
conditions, is always covered with a greater or lesser amount of chemical compounds, what is due to the interaction
with the gas phase [22]. Such compounds largely determine the parameters of further interaction with the gas phase. A
clean surface can be obtained only due to some special measures, which are often difficult to implement.

Although there are many studies in the literature on the interaction of hydrogen with metals, not all the
publications consider the influence of the material surface on the characteristics of the hydrogen sorption-desorption
process. There are few experimental studies (e.g. [23, 24]) of the influence of the surface coatings chemical composition
on the processes kinetics. The nature of such studies is fragmentary, as they do not provide an opportunity to form a
general idea of the patterns of such influence. One of the reasons for this is that the detection of hydrogen using the
most common analytical methods of surface investigation is very problematic. The electronic spectral methods (such as
AES and XPS) cannot always detect hydrogen and its compounds. One of the unique features of the mass spectrometric
methods SIMS (secondary ion mass spectrometry) and SNMS (secondary neutral mass spectrometry) is the ability to
detect hydrogen.

Thus, the study of the composition of chemical compounds on the surface is of great importance. The studies of
this kind are very important for understanding the initial stages of the processes that develop on the surface, such as the
initial accumulation of hydrogen, poisoning of the reaction due to the presence of impurities in the gas phase, activation
or passivation of hydrogenation, etc. [25]. Such studies attract considerable attention of scientists engaged in various
disciplines from both fundamental and applied viewpoint.

APPLICATION OF SECONDARY ION MASS SPECTROMETRY (SIMS) METHOD FOR STUDYING

THE SURFACE OF SOLIDS AND THEIR OUTER ATOMIC LAYERS
The SIMS method is based on the analysis of the characteristics of the ionic component of the products of solids
sputtering with a beam of accelerated primary ions (or atoms). When interacting with the surface of a solid, the
primary ion can undergo elastic or inelastic scattering, be recharged, adsorbed, or penetrate deep into the solid. In the
latter case, as a result of the repeated collisions with atoms of a solid (cascade of collisions), the ion losses energy, is
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neutralized and can either be implanted into the lattice or fly-off into vacuum as a result of scattering. At the same
time, a part of the atoms located on the surface and near the surface receive the energy exceeding that of the
interatomic bond in the lattice, and when moving towards the surface, this part of the atoms can leave the surface, thus
resulting in the “cathode sputtering” (emission of neutral atoms) and in the secondary ion emission (emission of
secondary positive and negative ions) [22, 26-29].

Among the distinguishing features of the SIMS method are: the possibility of analyzing any solid substances
without any special preparation (metals and alloys, semiconductors, dielectrics); possibility of detection of all the
elements from hydrogen to transuranic elements; high sensitivity of the analysis corresponding to the trace atoms
concentration: ~ 10 - 107 % (or corresponding to the substance consumption: ~ 10 of a monolayer); the possibility of
performing depth profiling analysis of materials with high depth resolution: ~ 30 - 100 A; the possibility of identifying
not only individual elements and isotopes, but also their chemical compounds.

When conducting the surface analysis, SIMS method is mainly used for the identification of surface atoms and
molecules, as well as for studying the dynamics of the surface phenomena, various physical and chemical processes at
the interface between a solid and a gas. Such surface phenomena as catalysis, corrosion, adsorption, and diffusion are
investigated by the SIMS method.

The information about the elemental and isotopic composition, about the composition of chemical compounds on
the surface is usually provided by the mass spectra of sputtered positive and negative secondary ions. The information
about the physical and chemical processes on the surface of solids under different experimental conditions can be
obtained by analyzing the dependences of the emission intensity of characteristic secondary ions on the temperature of
the sample, the partial pressure of the gas in the target chamber, the current density of primary ions, and kinetic
dependences.

Along with high sensitivity, the SIMS method has a unique ability not only to detect hydrogen, but also to
determine the presence of hydrogen chemical compounds on the surface and in the near-surface layer, as well as to
detect changes in the composition of such compounds, subject to the experimental conditions. This makes the method
quite an effective tool for studying the characteristics of hydrogen sorption-desorption processes by materials used in
metal hydride technologies [30].

The following content of this article is an overview of the works studying the metal hydrides surface by the SIMS
method.

SIMS INVESTIGATION OF THE LaNis ALLOY SURFACE AND A NUMBER OF LANTHANUM-
BASED ALLOYS DURING THEIR INTERACTION WITH HYDROGEN

In 1970, when studying the intermetallic compounds ABs (where A is a rare earth metal, B is nickel or cobalt), it
was found that the intermetallic LaNis is capable to absorb and release a large amount of hydrogen at temperatures close
to the room one and at relatively low pressures [19]. Thus, as a result of hydrogen sorption at the room temperature and
the pressure of 0.2-0.5 MPa, the LaNisHs7 hydride was formed, in this case the volume of the crystal lattice unit cell
increased by 25% with maintaining hexagonal symmetry. The hydrogen content in the hydride was 1.4 wt. %: If
calculated per unit volume, this is one and a half times greater than the amount of hydrogen contained in liquid
hydrogen.

The subsequent studies of ABs intermetallic compounds determined their main properties and parameters. The
hydrides of ABsHy composition, where X, subject to the nature of A and B, varies from 3 to 8, are characterized by
moderate dissociation pressures (from 0.01 to 1 MPa) at the room temperature and low enthalpy of hydrogen absorption
(30 — 40 kJ-mol"). In practice, of greatest interest is the intermetallic LaNis hydride, whose absorption capacity and
kinetics of hydrogen absorption can be considered as a comparison standard for the preparation of other materials for
hydrogen batteries operating at low temperatures. LaNis alloy is a vivid example of hydride-forming materials used in
metal hydride technologies. Due to high hydrogen capacity, high cyclic stability and ease of activation, the materials
based on it occupy one of the central places in metal hydride energy technologies.

Fig. 1 shows the pressure-composition-temperature diagram for the LaNis/H system. The results of numerous
studies on LaNis are presented in a vast number of original works and reviews [1-3, 31, 32]. In general, according to the
published data, the hydrogen sorption characteristics of the LaNis alloy can be characterized as follows. The
intermetallic has a hexagonal structure of the CaCus type. The equilibrium saturation of LaNis with hydrogen is
achieved in ~ 10 minutes, and most of the hydrogen (up to 90%) is absorbed or desorbed in the first few minutes. The
absorption rate depends weakly on the temperature and pressure, what indicates a low activation energy of this process.
The desorption of hydrogen occurs with some hysteresis, that is, the pressure of hydrogen required for the formation of
a hydride is greater than that at which the hydride decomposes (pressure hysteresis). The value of hysteresis decreases
as the number of cycles of the absorption - desorption process increases.

The absorption capacity of the intermetallic LaNis increases markedly with a decrease in temperature with an
almost unchanged absorption rate. The LaNis hydride formation enthalpy is 15.7 kJ mol"'H, decomposition enthalpy is
15.1 kJ mol'H [33].

As it was noted earlier, there is a large number of works studying hydrogen absorption in metals and alloys,
especially in hydride-forming materials. At the same time, the number of works devoted to the influence of the surface
itself on the initial stages of hydride formation is quite limited.
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Figure 1. Pressure-composition isotherms for the LaNis/H system [19]

Among the works devoted to the study of the surface of hydrogen-storing alloys by the SIMS method, we should
mention the works [34, 35], which present the results of studying the hydrogen-containing samples of the LaNis alloy.
In [36] the characteristics of chemical bonds in hydrogen (deuterium)-saturated LaNis alloys, as well as in the alloy, in
which nickel is partially replaced by Al or Ag, were investigated by SIMS and X-ray photoelectron spectroscopy. In
addition to ABs hydrogen storage alloys based on La, the alloys based on Nd and Sm were also studied with SIMS. In
[37], the characteristics of the components of Nd>Co14B and Nd,Fe;4B alloys interaction with hydrogen and their
function during hydrogenation were studied with SIMS. The information about the metal-hydrogen bonds in the
SmCosD, system was presented in [38].

Below are presented the results of studying with SIMS the initial stages of the interaction of hydrogen with the
surface of the hydrogen-storing alloy LaNis, as well as a number of lanthanum-based alloys when interacting with
hydrogen [39-41].

The measurements were carried out in the following way. The monolithic samples, or tablets, compressed from finely
dispersed alloy material, were bombarded with a beam of Ar* ions with the energy of 8 keV when analyzing the positive
secondary ions, and 16 keV when analyzing the negative secondary ions. The residual vacuum in the target chamber was ~
4 10 Pa, the current density of the primary beam was 1.2-12.0 pA cm?, what corresponded to the SIMS dynamic mode.
The SIMS instrument was equipped with an energy filter, which allowed measuring the emission intensities of only low-
energy (in a narrow range of energies) secondary ions, which largely characterize the presence and composition of
chemical compounds on the surface under study [42]. The intensities of secondary ion emissions were measured in the
dynamic range of at least 6 orders of magnitude. Before the measurements, the samples were annealed in the residual
vacuum at the temperature of 750-1000 K in order to partially clean the surface from the chemical compounds that are
either desorbed or dissolved in the volume of the material during the annealing process. After annealing, the surface was
cleaned with a beam of primary ions until the composition of the mass spectra and intensity of secondary ion emissions
were completely stabilized. The composition of the gas phase was monitored using a gas mass spectrometer. With the help
of the same mass spectrometer, after the necessary calibrations, small partial pressures of gases in the vacuum chamber
were measured. The studied alloy samples were the tablets pressed from finely dispersed material.

In the case, when the emissions of polyatomic secondary ions, which characterize the composition of chemical
compounds on the surface, overlap in a complex manner by mass, their specific contributions were divided according to
the usual procedure, utilizing the known natural distribution of isotopes.

Generally, the data of the SIMS experiments were analyzed to determine the functions of various components of the
alloy in relation to its interaction with hydrogen, that is, adsorption on the surface and its subsequent binding in the alloy.

The mass spectra analysis of positive and negative secondary ions sputtered from the surface of the investigated
LaNis samples, measured before and during the annealing process, showed the presence of a vast number of various
emissions related to the alloy material and its impurities, as well as the objects introduced from the gas phase. During
the samples annealing, in addition to the emissions of positive and negative secondary ions, the emission of positive
thermoions was observed (in the absence of the primary beam bombardment). Namely, emission of positive thermoions
of alkali metals Na*, K*, Rb*, Cs*, which, in principle, are typical for metals and alloys of technical purity, as well as
emission of thermoions La*, LaO" were observed. The emission of such La-containing thermal ions is explained by the
decomposition and desorption of oxides, which are on the surface from the very beginning and which, as a rule, must be
removed to achieve high reactivity of the surface. The oxides removal is essentially the purpose of the samples
activation.
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As an example, Fig. 2 shows the dependence of the emission intensity of thermoions La®, LaO" on the sample
temperature. Fig. 3 shows the time dependence of the emission intensity of the same thermoions at the temperature of
880 K. It is obvious that in a few minutes the intensity of the oxygen-containing lanthanum ions emission, and therefore
the amount of oxygen-containing compounds of lanthanum on the surface, decreases several times.
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Figure 3. Time dependence of the emission intensity of La*, LaO" thermionic ions
from the surface of the LaNis sample at the temperature of 880 K

Figure 2. Temperature dependence of the
emission intensity of thermoions La*, LaO"
from the surface of the LaNis sample

The mass spectra measured after annealing and cleaning of the surface with the primary beam are much cleaner.
Figs. 4, 5 are the examples of such a spectra. The spectra of positive secondary ions contain emissions of atomic and
cluster ions of lanthanum and nickel, intermetallic ions of lanthanum and nickel, the emissions, which are attributed to
the compounds of these ions with hydrogen, oxygen, and carbon (what is typical for metals and alloys). . Moreover, the
emissions related to lanthanum predominate, and the most intense emission is the emission of lanthanum oxide ions,
whereas the nickel oxide emission is almost absent. The spectra of negative secondary ions, in contrast to the positive
ones, contain for the most part, nickel-related emissions, including nickel oxides.

This composition of mass spectra indicates that even after annealing and cleaning with the primary beam, the
surface of the studied samples is, to a certain extent, covered with chemical compounds, which include hydrides,
oxides, hydroxides, and carbides. In this case, judging by the presence in the emission spectra of cluster ions, such as
Nis* or LaNiy*, this coating is not continuous, that is, the surface of the samples has areas free of chemical compounds.
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Figure 4. Section of the mass spectrum of positive secondary ions, sputtered from the surface of the LaNis alloy sample at the room
temperature, in a residual vacuum and with a primary ion current density of j=4.5 pA-cm
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Figure 5. Section of the mass spectrum of negative secondary ions, sputtered from the surface of the LaNis alloy sample at the room
temperature, in a residual vacuum and with a primary ion current density of j=4.5 pA -¢cm?

It is known that the equilibrium pressure of the processes of hydride formation (and hydride decomposition) at the
temperatures >300K for the LaNis alloy is much higher (close to atmospheric) than that in the vacuum chamber during
SIMS experiments. The hydrogen-saturated samples placed in the chamber are degassed as a result of vacuum pumping,
here not only the B-phase, in which the hydrogen in the alloy is in the form of a hydride, decomposes, but also little
remains of the a-phase, i.e. of the solid solution of hydrogen in the lattice, especially since the samples are annealed
before the measurements. Under the indicated conditions of the experiment, the hydrogen molecules colliding with the
surface, as in the case with a number of other metals and alloys, interact only with the surface atoms and, in the best
case, hydrogen saturates only the near-surface region, without diffusing in a noticeable amount into the volume. Such a
situation does not allow carrying out the SIMS study of the LaNis samples surface whose volume concentrations of
hydrogen are substantial.

In order to verify the assumption that, under the specified experimental conditions, the hydrogen, upon reaching
the surface, interacts only with the surface and near-surface metal atoms, without diffusing in significant quantities into
the volume, the following experiment was conducted. The surface of the LaNis sample was cleaned with the primary
beam with the density of 6 pA cm™ in a residual vacuum, then the primary beam was turned off and hydrogen was
supplied into the chamber settling within few seconds to a partial pressure of ~ 3.5-103 Pa. At this pressure, the sample
was exposed for a certain period, then the hydrogen was pumped out (the major mass of hydrogen was pumped out in a
few seconds), the primary beam was turned on (with the current density of 0.3 pA cm?), and the dependence of the
emission intensity of the secondary ions Ni,H (Ni,H™ are characteristic of the hydrogen compounds), on the time of
sputtering was measured. That is the depth profiling analysis was carried out. However, the exact calculation of the
number of sputtered monolayers is not possible, since the sputtering coefficient of the material under study is unknown,
so only an estimate of the number of sputtered monolayers was calculated for the sputtering coefficient equal to 4
(bombardment of the sample at the angle of 60° to the normal). The measurements were made for several hydrogen
exposure duration values. The results of the measurements are shown in Fig. 6.

The analysis shows that about 12 monolayers are sputtered in ~ 300 s, while the emission intensity of Ni;H" ions
decreases several times, which indicates to a decrease in the amount of hydrogen-containing chemical compounds. This
fully agrees with the assumption that the processes of interaction with hydrogen for this sample are limited only to the
near-surface region at the given experimental conditions. At the same time, of course, one should not forget about the
effects introduced by the primary beam, namely, the implantation of recoil atoms (hydrogen atoms located on the
surface) and ion mixing. As a result of such influence, the hydrogen can be detected even at the depth of several tens of
monolayers, but such hydrogen is not an object that characterizes the actual processes of interaction with the alloy
surface.

Thus, under the specified experimental conditions, it is indeed possible to study only the initial stages of hydrogen
accumulation (hydrogenation), namely, the interaction of hydrogen with the surface of the specified alloys, without
taking into account its diffusion into the volume, as one of the channels for changing the surface composition. In this
case, of course, the influence of the primary beam must be taken into account. Taking this in mind, the studies of
changes in the quantitative and qualitative composition of the mass spectra of secondary ions, sputtered from the
surface of the samples, subject to the partial pressure of hydrogen in the sample chamber, were conducted. Figs. 7,8
show the examples of such dependences for hydrogen-related emissions of positive and negative secondary ions,
sputtered from the surface of the LaNis sample. Fig. 9 also shows the dependence for the hydrogen-containing complex
lanthanum nickel ions.
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Figure 6. Time dependence of the emission intensity of negative secondary Ni2Hions, sputtered from the surface of LaNis at the
room temperature, for different exposure doses at a hydrogen partial pressure of 3.5-10 Pa
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Figure 7. Dependence of the emission intensity of positive (a) and negative (b) hydrogen-containing secondary ions with nickel,
sputtered from the surface of LaNis at the room temperature, on the partial pressure of hydrogen.

As the analysis shows, when the partial pressure of hydrogen increases from residual ~ 7-1077 to ~ 3-7-107 Pa, the
intensity of both positive and negative hydrogen-containing secondary ions, which are observed, increases by two
orders of magnitude. In the spectrum of positive ions, the hydrogen-containing ions with lanthanum are the most
intensive, in the spectrum of negative ions the most intensive are those with nickel (what is explained by the different
electron affinity energy of 0.5 eV for lanthanum and 1.15 eV for nickel).

The presence of the emissions of hydrogen-containing ions with lanthanum and with nickel and complex
lanthanum-nickel ions (LaNi, LaNi,H"), as well as the increase in the intensity of such emissions, indicates that
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hydrogen, impacting the surface, forms chemical bonds with both components of the alloy. The increase in the intensity
of these emissions with the increase in the flow of hydrogen on the surface indicates an increase in the number of
hydrogen-containing chemical compounds, which include nickel and lanthanum, on the surface.
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Figure 8. Dependence of the emission intensity of positive (a) and negative (b) hydrogen-containing secondary ions with lanthanum,
sputtered from the surface of LaNis at the room temperature, on the partial pressure of hydrogen

Regarding the kind of compounds which are formed on the surface, the following can be said. The emission of
some ions stands out slightly from the general picture of the growth of the hydrogen-containing ions intensity. The
emission intensity of NiH, ions increases more rapidly with the increase of the hydrogen partial pressure, than that for
the other hydrogen-containing secondary ions, and increases by more than three orders of magnitude. For the maximum
pressure values, the emission of NiH,™ ions becomes predominant. It is logical to assume that at the partial pressures
higher than ~ 10° Pa, a hydrogen-containing structure begins to form actively on the surface, the characteristic fragment
of which is the NiH, ion. As long as nickel is divalent in most chemical compounds, it is also logical to assume that as
the partial pressure of hydrogen increases, nickel hydride NiH> is formed on the surface and in the near-surface region,
and NiH, ions are the fragments of this compound. A similar picture occurs with the emission of LaH,™ and LaH3™ ions.
The emission intensity of these ions also increases at a faster rate, and it also increases by more than two orders of
magnitude (for LaH,” — by three orders of magnitude). It can be assumed that lanthanum hydride LaH, and LaH; are
formed on the surface along with nickel hydride NiH,, and the ions LaH,", LaHs, LaH," and La,H," are characteristic
fragments of these chemical compounds.

The tendency of the curves in Figs. 7-9 to reach the plateau is, apparently, due to the fact that at hydrogen partial
pressures greater than ~ 7-10- Pa (at the room temperature) on the surface and in the near-surface region a hydride
structure is completely formed, whose composition does not undergo qualitative or quantitative changes at further
hydrogen pressure increase.

The dependences of the emission intensity of the oxygen-containing secondary ions on the partial pressure of
hydrogen were also measured. The examples of such dependencies are shown in Fig. 10.

As Fig. 10 shows, an increase in the partial pressure of hydrogen leads to an increase in the intensity of the
emission of hydroxide ions (both lanthanum and nickel) and practically does not affect the emission of oxide ions. The
lack of influence of oxide ions on the emission can be explained by the fact that the oxide structure (which includes
both lanthanum and nickel atoms), from which the oxygen-containing ions are sputtered, does not undergo significant
changes, neither quantitative nor qualitative, as the hydrogen pressure increases. Earlier, a number of arguments were
proposed in favor of a certain picture of hydride formation; however, such a picture makes sense only for a relatively
clean surface. It is difficult to assume that the same processes of hydride formation take place on the surface covered
with oxides; at least, the obtained experimental data do not support such an interpretation. A logical explanation of such
a situation can be the assumption that the surface is only partially covered with oxides; along with islands of oxides,
there is also a clean surface, on which the interaction with hydrogen actually takes place. The oxides on the surface
have an island structure, whose size is hardly affected by hydrogen. The effect of hydrogen on oxides lies only in the
formation of a certain amount of hydroxides.



20
EEJP. 3 (2023)

Viktor O. Litvinov, et al.

The analysis of the results shows that a group of ions, containing more than one hydrogen atom, stands out from
an overall large number of hydrogen-containing secondary ions that are sputtered. For NiHy", La,H,", LaH,", LaH,
LaHs", LaNiH,, LaNiH;, the dependence of the emission intensity on the partial pressure of hydrogen within the
pressure range from ~10 to ~10- Pa allows for approximation by a power function with the exponent greater than one.
For the other numerous group of hydrogen-containing ions, such as La,H", LaH*, Ni,H (n = 1, 2, 3, 4), as well as
complex ions LaNiH*, LaNi,H* such an approximation is also possible, however, in all the cases with different

exponents that are smaller than one.
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Figure 9. Dependence of the emission intensity of hydrogen-containing complex secondary ions (with lanthanum and nickel),
sputtered from the surface of LaNis, on the partial pressure of hydrogen, at the room temperature
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the surface of LaNis at the room temperature, on the partial pressure of hydrogen
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The presence of the group of secondary ions containing more than one hydrogen atom and differing in the value of
the exponent of the degree of the power function, which approximates the dependence of the emission intensity on the
partial pressure of hydrogen, gives reason to assume the following. As hydrogen accumulates on the surface and in the
near-surface region of the samples, a parent hydrogen-containing structure, whose characteristic fragments are
secondary ions containing more than one hydrogen atom, is formed. This compound is characterized by the fact that
nickel, which is divalent in most chemical compounds, has strong bonds with two hydrogen atoms, and trivalent
lanthanum has such bonds with more than two hydrogen atoms. The fact that the set of characteristic ions for this
compound includes the complex LaNiH> ion indicates that the formed hydrogen-containing structure includes the both
main components of the alloy. Thus, it can be assumed that under the specified conditions of the experiment, a
hydrogen-containing intermetallic compound, characterized by a certain stoichiometric ratio, is formed on the surface
and in the near-surface region. Such a compound cannot be identified with the bulk hydride phase of the alloy (B-
phase), which is formed in the volume of the sample at significantly higher pressures and is characterized by a number
of thermodynamic and crystallographic parameters.

The emission of the secondary ions, containing less than two hydrogen atoms, is the result of the fragmentation of
the hydrogen-containing surface-structures, in which the alloy components do not exhibit their valence limits. The
increase in the intensity of such emissions represents only an increase in the number of such structures or, in fact, an
increase in the amount of hydrogen, which formed a bond with the alloy components, in various atomic combinations.

In the processes of intermetallic alloys hydrogenation, the temperature is an equally important parameter as the
hydrogen pressure, therefore, when carrying out the work, the dependence of the emission intensity of hydrogen-
containing secondary ions on the samples temperature was measured. The measurements were carried out at the residual
pressure and, for a greater clarity, at an increased partial pressure of hydrogen Py;=3.54-10"* Pa. As it was in the case of
dependences on the partial pressure of hydrogen, the temperature dependences for the secondary ions, which include the
alloys main components, that is, lanthanum and nickel, are similar. As an example, Fig. 11 shows a series of such
dependencies for the secondary ions sputtered from the surface of the LaNis sample.
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Figure 11. Dependence of the emission intensity of positive (a) and negative (b) hydrogen-containing secondary ions, sputtered from
the surface of LaNis, on the temperature at the hydrogen pressure increased to p(H2)=3.54-10"* Pa, and at the current density of
primary ions j=4, 5 uA-cm?

The main characteristic feature of the temperature dependences, measured at an increased hydrogen partial
pressure, is a significant decrease in the emission intensity of almost all the positive and negative hydrogen-containing
ions as the temperature increases. The emission intensity of such ions correlates with the amount of hydrogen-
containing compounds on the surface; therefore, a decrease in the intensity of these emissions indicates a decrease in the
amount of hydrogen-containing chemical compounds.

The steady state coverage of the surface by the adsorbed particles and the products of chemical reactions of these
particles with the surface atoms of a solid is determined by the dynamic balance between several processes. These are
the adsorption-desorption processes, since the steady state coverage is realized at adsorption-desorption equilibrium
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between the gas phase and the surface, as well as the processes of sputtering by the primary beam and diffusion
processes of adsorbed particles into the volume. The parameters of sputtering processes, in the first approximation, do
not change with temperature in the studied temperature range and, therefore, sputtering affects the steady state coverage
in the same way at different temperatures. The parameters of the diffusion processes, as a rule, can significantly depend
on the temperature, especially for hydride-forming alloys. In order to find out the role of the diffusion processes in our
experimental conditions, the following experiment was conducted.

The surface of the sample (LaNis) was pre-cleaned with the high-density primary beam. Then hydrogen was
supplied into the chamber, settling within 1-2 seconds to a pressure of 1.8-10* Pa, simultaneously, the time dependence
of the emission intensity of the Ni,H" ions, which is characteristic of hydrogen-containing compounds, was measured.
During this measurement the primary current density was reduced to j=1.13 pA cm?. A lower density, than that at
measuring the temperature dependences, was used to reduce the sputtering effect of the primary beam. The exposure
duration at the increased hydrogen pressure was 150 seconds. The results of measuring the time dependence of the
characteristic ion emission intensity during the exposure are presented in Fig. 12. After the exposure for 150 c, the
hydrogen was pumped out within ~1 s. The density of the primary beam was increased to j=4.5 pA-cm, and the time
dependence of the emission intensity was measured, i.e. in the process of sputtering of the formed layer of hydrogen-
containing compounds. This procedure was repeated for various sample temperatures. These data are presented
in Fig. 13.
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Figure 13. Dependence of the emission intensity of
secondary ions Ni2H on the time of sputtering after exposure at
hydrogen partial pressure p(H2)=1.8-10% Pa at different
temperatures and primary ion current density j=4.5 pA-cm

Figure 12. Time dependence of the emission intensity of
secondary ions Ni2H, sputtered from the LaNis surface, for
different temperatures of the sample at the current density of
primary ions j=1.13 pA-cm? and the partial pressure of hydrogen
p(H2)=1.8-10% Pa

From the data shown in Fig. 12 the following is evident. First, the emission intensity of secondary ions,
characteristic of the hydrogen-containing compounds, increases with time, what is quite natural. All the curves tend to
rich the plateau. Since the registered ions are sputtered from the upper monolayers, the increase of their emission
intensity indicates an increase in the amount of hydrogen-containing compounds on the surface, the fragment of which
is Ni,H ion. Secondly, the emission intensity of the characteristic ions decreases with an increase of the temperature, at
which the exposure was realized. Such a decrease, by the same logic, can be explained by the fact that at a fixed partial
pressure of hydrogen, an increase in the temperature of the sample leads to the formation of a smaller number of
hydrogen-containing compounds on the surface. In this case, the dynamic equilibrium between the processes of
adsorption, desorption, diffusion and sputtering is realized faster; the curves reach the plateau faster.

An approximate estimate of the number of sputtered monolayers was made as a function of time for the sputtering
coefficient equal to 4. The analysis of the data (Fig. 13) allows concluding that during the exposure at the specified
partial pressure in the studied temperature range, the hydrogen diffuses with the formation of chemical bonds in
noticeable quantities only to the depth of ~ 10 monolayers.
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In addition to the above, the following should be noted. In the process of sputtering, the amount of the hydrogen-
containing compounds for different stages of sputtering changes in a complex manner. Considering that in this case the
sputtering itself is the process that determines the composition of the surface compounds, that is, without taking into
account the hydrogen diffusion in the process of measurements, then it can be assumed that the data, obtained in the
sputtering process, actually represent the results of the depth profiling analysis. This allows tracing the dependence of
the amount of hydrogen-containing compounds on the temperature, at which the exposure was realized, for different
stages of sputtering. Fig. 14 presents the following data.
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Figure 14. Dependence of the emission intensity of secondary ions NizH, sputtered from the surface of LaNis, on the exposure
temperature for different stages of sputtering

The analysis of the dependences presented in Fig. 14 shows, that in the first monolayer at the beginning of
sputtering for ~ 0.2 s, the number of hydrogen-containing compounds decreases monotonically with the increase of the
exposure temperature, i.e., the curve monotonically decreases. For the subsequent monolayers, there is a tendency for
reaching the maximum emission intensity at the temperatures higher than the initial one. Thus, in the second monolayer
(after ~ 5,6 s of sputtering) and, similarly, in the third and fourth monolayers (after ~ 11 and 17 s of sputtering), the
amount of hydrogen-containing compounds increases with the increase of the exposure temperature from 313 K to
373 K. In the fifth and deeper monolayers, the number of hydrogen-containing compounds increases with the increase
of the exposure temperature up to 423 K. At the higher exposure temperatures, the number of compounds decreases for
all the monolayers. Thus, in the region from the fifth monolayer and deeper, the maximum emission intensity, and
therefore the amount of hydrogen-containing compounds, is in the temperature range of 373-423 K. At the same time, a
general decrease in the emission intensity is observed for each subsequent monolayer.

The given results allow for the following conclusions. After the exposure for 150 s, at the hydrogen partial
pressure of ~ 10 Pa, the number of chemical compounds on the surface monotonically decreases several times as the
exposure temperature increases ~ to 500 K. In the deeper monolayers, the amount of hydrogen-containing compounds
increases at the beginning with the increase in the temperature, at which the exposure is realized, and only after
reaching ~ 423 K it begins to decrease. The maximum number of compounds at the depth of more than ~ 5 monolayers
is formed in the temperature range of 373-423 K.

Thus, there are additional reasons to believe that under experimental conditions, realized in this study, the
processes of hydrogen interaction with the investigated alloys take place only, mainly, on the surface and in the nearest
near-surface region. This, in turn, allows to interpret the obtained results as the initial stages of hydrogen accumulation
(hydrogenation) processes, namely, as the interaction of hydrogen with the surface of these alloys, without taking into
account its significant diffusion into the volume, as one of the channels for changing the surface composition.

In addition to the temperature dependences of the emission intensity of hydrogen-containing secondary ions the
temperature dependences of the oxygen-containing ions of the main components of the alloys under investigation and
carbon-containing ones, were measured. As an example, Figs. 15, 16 show the temperature dependences for such
secondary ions, sputtered from the LaNis surface, which were measured at the residual partial pressure of hydrogen.
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Figure 15. Temperature dependence of the emission intensity of  Figure 16. Temperature dependence of the emission intensity of
carbon-containing negative secondary ions, sputtered from the positive secondary ions containing oxygen, which are sputtered
surface of LaNis, at the residual partial pressure of hydrogen, and from the surface of LaNis at the residual partial pressure of
the current density of primary ions j=4.5 pA-cm™ hydrogen and the current density of primary ions j = 4.5 uA-cm

The presence of the emissions of carbon-containing ions is due to the fact that carbon is present in the volume of
polycrystalline samples as an impurity. A common feature of all the temperature dependences of carbon-containing ions
emissions is a greater or lesser increase in the emission intensities at an increase of the temperature (Fig. 15). Especially
intensive growth is observed at the temperatures above ~ 450 K (®NiCy7, LaCy"). This, most likely, is due to the fact,
that at these temperatures carbon begins to diffuse from the volume to the surface, where it forms chemical bonds with
the alloy components.

The presence of oxygen-containing ions in the mass spectra of secondary ion emissions is a consequence of both
the presence of oxides in the samples volume as a bulk impurity, and, to a lesser extent, the result of oxygen sorption
from the gas phase. As Fig. 16 shows, the emission intensity of oxide ions at the temperatures above ~600 K has a
general tendency to increase with the temperature rise. The observed increase in the emission intensities of oxygen-
containing ions is logically to be associated with the intensification of the oxide formation processes at these
temperatures.

Next, the results of the investigation of the surface of intermetallic alloys LaNis 75Alp2s and LaNis sMngs by SIMS
are presented. That is, the LaNis-based alloys, in which a part of the nickel atoms were replaced by aluminum or
manganese atoms, were studied [41].

It is known, that the properties of the intermetallic LaNis can be changed within wide range by replacing
lanthanum or nickel completely or partially with some other metals. As long as lanthanum has a rather high cost, it is
replaced by the mixed metal Mm, which contains La, Ce, Pr, Nd, Sm Gd in different percentage ratios. This
significantly reduces the cost of the intermetallic without significant change in its properties. In order to change the
hydrogen sorption characteristics of alloys of the LaNis (MmNis) type, reduce the number of activation cycles, increase
the stability of characteristics in the process of operation, and reduce the cost, they are alloyed by replacing the nickel
atoms by various elements (Mg, Al, Ti, Zr, Mn, Mo, Cr, V, Fe, Co, Si, Zn, Sn). [4, 5, 43, 44]. Different options of
Mm(Ni, Co, Mn, Al)s alloys are the basis of most up-to-date commercial anodes of nickel-metal hydride (NiMH)
batteries.

Various hydrogen sorption characteristics of such doped alloys have been extensively studied experimentally.
However, despite the considerable efforts by experimentalists, the mechanisms causing doping effects still remain
insufficiently determined.

Summarizing the results of a large number of works devoted to the study of the influence of alloying with
aluminum and manganese, the following conclusions can be drawn. Partial replacement of Ni atoms in the intermetallic
LaNis by Al or Mn atoms causes significant reduction of the equilibrium pressure in the plateau region, reducing the
absorption/desorption pressure hysteresis with a slight decrease in the hydrogen capacity. The kinetics of sorption
processes also does not change significantly, although the data on the kinetics are contradictory [5, 45-48].
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It was established that the alloy with aluminum has a higher cyclic stability than LaNis, and is also characterized
by a greater resistance to the presence of an oxygen admixture in hydrogen. The partial replacement of nickel atoms by
aluminum increases the resistance to both internal and external degradation of the material [49-52].

The study of Al influence on the hydrogen diffusion in the alloy hydride doped with aluminum showed a
significant increase of the activation energy of hydrogen diffusion at the room temperature, and, accordingly, a decrease
in the rate of diffusion by more than two orders of magnitude as compared to the base alloy hydride [53, 54].

When discussing the reasons for the decrease in equilibrium pressure, corresponding to the plateau on the
sorption/desorption isotherm, when nickel is replaced by aluminum or manganese, many authors, for example,
in [47, 55, 56] agree that the main reason is an increase in the size of the elementary crystal cell of the alloy, since the
atomic radius of Al and Mn exceeds that of Ni. In [55] it is shown that the plateau pressure on the pressure-
composition-temperature diagram is inversely proportional to the interstitial hole size in the crystal lattice, in which the
hydrogen is accommodated. As a result of the increase of interstitial hole size, the hydrogen atoms are more easily
embedded in the crystal lattices, forming thermodynamically more stable hydrides, which leads to an increase in the
enthalpy of hydride decomposition and a decrease in the equilibrium potential of hydride formation.

Therefore, the replacement of nickel atoms in LaNis by larger atoms stabilizes the hydride phase of these materials
and leads to the formation of more stable hydrides. From the technological point of view, this replacement is
a convenient option for expanding the working temperature range of these materials. Unfortunately, the replacement
of nickel with larger atoms is usually accompanied by a slight decrease in the hydrogen capacity [57, 58].

Generally, the data of SIMS experiments were analyzed in order to determine the functions of different
components of the alloy related to the interaction with hydrogen, that is, the adsorption on the surface and its
subsequent binding in the alloy.

The analysis of the mass spectra of positive and negative secondary ions, sputtered from the surface of the
investigated samples LaNis7sAlo2s and LaNis sMng s, which were measured before and in the process of annealing, as in
the case with LaNis, showed the presence of a vast number of various emissions. These emissions are atomic and cluster
ions of lanthanum, nickel, aluminum, manganese and also ions which combine the alloy components and the impurities
that are present in the samples. In the mass spectra, there are also emissions caused by interaction with the gas phase,
that is, the emissions corresponding to the compounds with hydrogen and oxygen. The spectra of positive secondary
ions are dominated by the emissions related to lanthanum. The most intensive emission in the spectra of positive ions
for all the samples was the emission of lanthanum oxide ions. The spectra of negative secondary ions contain intensive
emissions related to nickel, including nickel oxides.

Besides, at the temperatures of more than 700 K, the emission of La* and LaO" thermionic ions was observed for
all the samples; for the samples LaNis7sAlo2s and LaNissMngs the emission of Al" and Mn" thermionic ions,
respectively, was observed. The emission of such thermoions can be the result of the decomposition and desorption of
the oxides that are on the surface from the very beginning.

The mass spectra measured after annealing and cleaning with the primary beam is much cleaner. In Figs. 17, 18 the
examples of spectra of positive ions for LaNis75Alo2s and LaNigsMngs are presented. Like with LaNis, the spectra of
positive secondary ions contain emissions of atomic and cluster ions of lanthanum and nickel, intermetallic ions of
lanthanum and nickel, emissions related to the compounds of these ions with hydrogen, oxygen, carbon (which, in general,
is typical for metals and alloys). Moreover, the emissions related to lanthanum predominate, and the most intensive
emission was that of lanthanum oxide ions, but the emission of nickel oxide was virtually absent. The spectra of negative
secondary ions, in contrast to the positive ones, contain mostly nickel-related emissions, including nickel oxides.
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Figure 17. Section of the mass spectrum of positive secondary ions, sputtered from the surface of the LaNia75Alo.2s alloy sample at
the room temperature, in the residual vacuum
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Figure 18. Section of the mass spectrum of positive secondary ions, sputtered from the surface of the LaNis.sMno s alloy sample at
the room temperature, in the residual vacuum

As long as the alloys under study are of main interest concerning the interaction with hydrogen, the dependences of
the emission intensity of various hydrogen-containing secondary ions, which were sputtered from the surface of the
samples, on the partial pressure of hydrogen in the sample chamber, were measured first of all. It is such emissions that
allow drawing a conclusion about the presence and composition of chemical compounds containing hydrogen on the
surface. The mass spectra obtained at the increased hydrogen partial pressures, as in the case with LaNis, contain a large set
of hydrogen-containing emissions of both positive and negative secondary ions. In the spectra of positive ions, the
emissions of hydrogen-containing ions containing lanthanum atoms are the most intensive. In the spectra of negative ions,
there are ions containing nickel atoms. The electron affinity energy for lanthanum is 0.5 eV, for nickel it is 1.15 eV [59].

The analysis of the results has shown that for all the samples under study, as in the case of LaNis, the composition
of the mass spectra and the dependence of the emission intensity of the secondary ions, containing lanthanum and
nickel, on the partial pressure of hydrogen, are similar. The mass spectra contain emissions of hydrogen-containing
positive ions LaH,", La;H," (n=1, 2), Ni,H" (m=1, 2, 3), negative ions LaH,, (n=1, 2, 3, 4), NiH,, (m=1, 2),
NiH (n=2, 3, 4) and a number of other ions with low intensity.

The specific character of the Mn/Al-doped alloys is the presence of a number of additional emissions related to
manganese or aluminum. In the mass spectra of the secondary ions, sputtered from the surface of the LaNi4s sMny 5 alloy,
in addition to the ions comprising the main components of the alloy, there is an emission of secondary ions containing
Mn. These are positive ions Mn,*, Mn,H" (n=1, 2), NiMn", NiMnH", LaMn*, LaMnH" and negative ions MnH", MnH",
MnNiH", MnNiH;,". Besides, the emission of manganese ions with oxygen MnO", MnOH" is also observed. This
indicates that the composition of chemical compounds on the surface of this sample, including oxygen-containing ones,
under the specified conditions of the experiment includes all the components of the alloy, including manganese.

In the mass spectra of secondary ions, sputtered from the surface of the alloy dopped with aluminum
LaNi4 75Alo2s, additional emissions of Al*, NiAl*, LaAl*, LaAlO"™ Ni;Al', as well as hydrogen-containing emissions of
complex nickel-aluminum and lanthanum-aluminum ions NiAIH", LaAlH", LaAlOH", NiAlIH-, NiAlH,", Ni,AlIH", are
observed. At the same time, there are no emissions corresponding to compounds of aluminum directly with hydrogen
(namely Al,Hn"), at least in the amount that allows for their unambiguous interpretation in the mass spectra. Since the
complex hydrogen-containing ions of aluminum with nickel or with lanthanum are the fragments of the surface
chemical compounds, the absence of Al,Hn," ions allows to conclude that at the increased pressures, the hydrogen on the
surface is not bound to aluminum, but bound to nickel or lanthanum atoms. This is a notable difference from the alloy
with manganese, where the presence of emissions of secondary manganese ions directly with hydrogen (Mn,H") gives
reason to believe that manganese, along with nickel and lanthanum, takes a direct part in the processes of hydride
formation. Fig. 19 presents the examples of the dependence of the emission intensity of hydrogen-containing ions with
manganese and with aluminum on the partial pressure of hydrogen.

The measured dependences of the emission intensities on the partial pressure of hydrogen for all the alloys under
study show the following. As the partial pressure of hydrogen increases, the intensity of most of the observed positive
and negative hydrogen-containing secondary ions increases substantially. The growing nature of these dependences
indicates an increase in the number of hydrogen-containing compounds on the surface and in the near-surface region of
the samples, which include all the alloy components. The specific feature of the alloy dopped with aluminum, as noted
earlier, is that under the given experimental conditions, hydrogen does not form chemical bonds directly with
aluminum, unlike with nickel, lanthanum, and manganese.

The temperature dependences for the hydrogen-containing secondary ions, which include the dopant atoms
sputtered from LaNis sMng s and LaNia 75Al 25 alloys, have mainly the same decreasing character.
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Figure 19. Dependence of the emission intensity of the positive hydrogen-containing secondary ions with manganese, sputtered from
the surface of LaNissMnos (a), and negative hydrogen-containing secondary ions with aluminum, sputtered from the surface of
LaNiq4,75Al0,25 (b), on the partial pressure of hydrogen at the room temperature and current density of primary ions j=4.5 pA-cm

SIMS INVESTIGATION OF CHEMICAL COMPOSITION OF THE COMPOUNDS ON THE SURFACE OF
LaNis ALLOY DURING ITS INTERACTION WITH OXYGEN

In the following section we present the results of the SIMS studies of the surface monolayers chemical
composition of the intermetallic alloy LaNis in the process of its interaction with oxygen [60, 61].

The practical use of the intermetallic alloys in various areas of hydrogen energy, such as compact and safe storage
of hydrogen, purification, its separation from gas mixtures, and ensuring the operation of various devices using
hydrogen as a working medium, requires the solution of a number of problems, one of the main of which is the problem
of resistance to gaseous impurities. The impurity gases, which are present in hydrogen, as was indicated earlier, can
significantly affect the absorption capacity of intermetallic alloys. In some cases, they can significantly change the
kinetic parameters of the sorption-desorption processes and the hydrogen capacity of the alloy [16-18].

The impurity gases, adsorbed on the intermetallic alloy surface, can form a strong chemical bond with the surface
metal atoms, as a result these atoms cease participating in the processes of dissociative chemisorption of hydrogen.
Such a deactivated surface effectively blocks the underlying region of the material from interacting with hydrogen. If
the impurity gas is oxygen, then the high activation energy between the physisorbed and chemisorbed states of
hydrogen on the oxidized surface prevents dissociative chemisorption and associative desorption, since most metal
oxides do not have valence electronic states for hydrogen chemisorption. The sticking coefficient of hydrogen becomes
practically zero. Molecular hydrogen cannot penetrate through the protective surface layer in order to dissociate on the
metal surface under the oxide.

On the other hand, the hydrogen dissolved in the alloy cannot leave the surface because the associative
desorption is prevented [58]. The removal of the surface oxides lowers the activation energy and causes an increase
in the hydrogen sticking coefficient, as well as an increase in the rate of dissociative chemisorption and associative
desorption.

The intermetallic alloy LaNis has a set of parameters that are very attractive for the practical needs. The alloy is
characterized by high hydrogen capacity, excellent sorption—desorption kinetics, relatively low sensitivity to impurities
in gaseous hydrogen, and the ability to be easily reactivated after poisoning. At the same time, if the study of the
specific character of the alloy bulk properties attracted and continues to attract the attention of many researchers, much
less attention was paid to the analysis of the surface properties and its influence on the parameters of hydrogen
sorption—desorption processes [62]. Based on this, studies of the surface properties of intermetallic alloys, in general,
and the LaNis alloy, in particular, remain relevant even nowadays. The study of the surface chemical composition, at
the initial stages of interaction with reactive gases, can provide useful information that will allow not only to expand the
general understanding of the processes of hydride formation, but also is of undoubted interest for the improvement of
activation technologies applied in the processes of interaction with hydrogen, which has gaseous impurities.
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A number of works investigated the influence of oxygen on the processes of the intermetallic alloy LaNis
interaction with hydrogen. At the same time, the published results show some contradictions regarding the nature of the
compounds, which are present on the surface.

Thus, in papers [17, 20, 21, 49, 58, 64-66] dedicated to the study of the influence of impurities in gaseous
hydrogen and the state of the metal surface on the sorption characteristics of intermetallic alloys, it is considered that
the oxygen influence on the properties of the intermetallic alloy LaNis involves the processes of the components
segregation on the surface. In these works, a model of surface segregation of LaNis is proposed. This model is based on
the analysis with X-ray photoelectron spectroscopy, low-energy electron diffraction and Auger electron spectroscopy,
as well as the magnetic susceptibility measurements.

The essence of the model is as follows. On a freshly prepared LaNis sample, the component composition of the
surface is the same as in the volume. As long as the surface energy of lanthanum is lower than that of nickel, when
reaching the state of thermodynamic equilibrium, the surface is enriched with lanthanum. Selective oxidation of
lanthanum on the surface additionally lowers its surface energy. Since the surface segregation is usually driven by the
difference in the surface energy of the alloy components, the oxidation of lanthanum promotes the prerequisites for its
segregation. Lanthanum diffuses to the surface and binds with oxygen. In the presence of hydrogen, the surface of the
alloy is largely covered with La;O; or La(OH);. The surface oxide is formed as a result of the reaction with oxygen
from the gas phase and with the bulk oxygen diffused to the surface.

The authors of these works believe that, as lanthanum segregates and oxidizes, the nickel atoms group together,
forming large clusters, which in some cases cross the surface, resulting in a mixture of Ni and La,O3 on the surface.
Dissociative chemisorption and associative desorption of hydrogen in this case can occur on metallic nickel particles or
on the lower LaNis metallic layer. The lanthanum oxide and nickel form a protective coating over LaNis, and therefore,
this alloy is rather little affected by impurities such as CO,, H>O or O», which are present in hydrogen.

In [67], at the investigation of LaNis using X-ray photoelectron spectroscopy, it was shown that, when it was
exposed to oxygen, the lanthanum atoms, but not nickel ones, were oxidized. The nickel segregation occurs in each
hydrogen sorption-desorption cycle. Lanthanum in this model actually serves as a gas absorber, thus ensuring the
formation of pure nickel clusters. This process is a mechanism of self-regeneration of the LaNis alloy active surface. A
similar model was proposed in [68].

Thus, an essential feature of the considered model is the oxygen-induced separation of the alloy components into
lanthanum oxidation products (oxides or hydroxides) and nickel clusters. The nickel clusters provide the necessary
active centers for dissociative chemisorption of hydrogen before its penetration into the metal lattice.

In contrast to the model described above, in works [69, 70], on the bases of the photoelectron studies, the effect of
oxygen is believed to be more complex than that assumed in the above model. Although the rare earth components
(lanthanum) are oxidized rather quickly when being exposed to oxygen, however, the experiments have shown that
nickel oxide is present in the first few surface monolayers along with the lanthanum oxide. Moreover, the magnetic
susceptibility measurements show that primary clustering of nickel occurs during hydrogen desorption but not during its
absorption. Thus, it appears that the lanthanum-rich oxide layer is important not because it provides large clusters of
nickel on the surface, but rather because it protects the underlying material. In the course of hydrogen sorption-
desorption processes, nickel remains unoxidized not due to the self-regeneration mechanism, but, most likely, due to the
reducing hydrogen atmosphere [68].

In [62, 71, 72], in the frame of the discussion of the processes of intermetallic alloys activation, in particular
LaNis, the following is proposed. The metal surface, under the influence of air, is enriched with lanthanum and is
completely oxidized, mainly to La,Os. Actually, oxides, hydroxides and carbides are present on the surface. The nickel,
which is on the surface, is completely oxidized. It consists of NiO, Ni(OH),, and Ni,Os, but the latter two components
exist only in the upper few monolayers. The La,O; layer extends to a greater depth as compared to NiO, the latter being
present only in the form of thin oxide layers. Thus, it is believed that NiO oxide is distributed over the surface of La,O3
and, in fact, behaves as a system on a metal carrier, which has a higher catalytic activity as to hydrogen. The NiO,
formed on the surface, can be easily reduced by hydrogen even at the room temperature to form active nickel clusters.
In other words, after activation, NiO is reduced to the metallic state and forms the Ni/La,Os system. This, in turn,
intensifies the hydrogen adsorption and increases the reaction rate.

From the overview of the processes models of the of LaNis interaction with the components of the gaseous
medium it follows, that until now there is no doubt that the chemical composition of the surface of intermetallic alloys
is one of the most important parameters, which controls many surface phenomena, including the processes of hydrogen
sorption-desorption, heterogeneous catalysis, etc. At the same time, there is no consensus on what the surface actually
represents, and what chemical compounds are present on it, when impurities are present in hydrogen, in particular,
oxygen. This circumstance provides grounds for further research.

Next we present the experimental results of the SIMS study of the surface monolayers chemical composition of the
intermetallic alloy LaNis in the process of its interaction with oxygen. The studied samples were tablets pressed from
the fine-grained LaNis alloy. Before the measurements, the samples were annealed in a residual vacuum at the
temperature of ~1000 K. After annealing, the surface was cleaned with the beam of primary ions until the composition
of the mass spectrum and the emission intensity of various secondary ions were fully stabilized.
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As mentioned earlier, after annealing and cleaning the sample with the primary beam, the measured mass spectra
of both positive and negative secondary ions contain numerous emissions of atomic and cluster ions of the alloy
components, as well as the emissions caused by interaction with the gas phase and bulk impurities, i.e. the emissions
related to the compounds of lanthanum and nickel with hydrogen, oxygen, and carbon.

The mass spectra of positive and negative secondary ions, sputtered from the surface of the alloy, were measured
in the range of oxygen partial pressures 6.6-107-8.8:10* Pa and the residual hydrogen partial pressure. The mass
spectra contain a large set of oxygen-containing emissions of both positive and negative secondary ions. In the spectra
of positive ions, the emissions of oxygen-containing ions, which include lanthanum atoms, turned out to be most
intensive. This is, obviously, due to the electropositive nature of lanthanum.

In the spectra of negative ions, there is a large set of oxygen-containing ion emissions, which include nickel atoms.
There are also a vast number of oxygen-containing emissions of the complex secondary ions, which include atoms of
lanthanum, nickel and oxygen in various combinations. Despite the fact that in the operating mode the residual partial
pressure of hydrogen is 4-5-10 Pa, the spectra along with the emission of the oxide ions have corresponding emissions
of hydroxide ions.

The dependences of the intensities of a number of oxygen-containing emissions on the partial pressure of oxygen
in the sample chamber at the residual partial pressure of hydrogen and the room temperature were measured. The
spectra of positive secondary ions were measured at the current density of the primary beam of 9 uA cm?, and the
spectra of secondary negative ions were measured at the current density of the primary beam of 17 pA cm. Figs 20-22
present the examples of the measured most specific dependences of the intensities for some positive and negative
secondary ions with lanthanum, nickel and intermetallic lanthanum-nickel ions.
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Figure 20. Dependence of the emission intensities of positive secondary ions with lanthanum, sputtered from the surface of LaNis,
on the partial pressure of the oxygen at the room temperature and primary ion current density of 9.0 pA cm

The sputtering of the surface of a solid, as is known, occurs when a sufficiently energetic cascade (initiated by
primary ions) of paired collisions of target atoms approaches the surface [73]. In the sputtering process, along with
monatomic or diatomic particles, the polyatomic complexes, as a part of the surface and near-surface region, are
sputtered. Such complexes can escape from the surface if the binding energy of the atoms in it is greater or just under
the binding energy of the corresponding complex with the surface. At the stage of separation from the surface, the
fragmentation processes of these complexes can continue, as a result of which only stable fragments or only atomic
particles remain. Also, at the stage of escape, as a result of electron exchange processes between the escaping complex
and the surface, as well as between the complex fragments, a charge state and an excited state of stable fragments are
formed. This is the basis of the secondary ion emission and SIMS method, and that, ultimately, allows drawing a
conclusion about the state of the surface based on the analysis of the measured mass spectra.

It should be noted that, in contrast to the above mechanism, a model of the polyatomic secondary ions formation
due to the recombination of atoms and molecules, sputtered independently in the same cascade of collisions from non-
adjacent sites, as a result of interaction in the region near the surface, is also considered [74-77]. If such a model is
correct, then the sputtered polyatomic ions will certainly not completely depict the composition of chemical compounds
on the surface.
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Figure 22. Dependences of the emission intensities of complex secondary ions with lanthanum and nickel, sputtered from the surface
of LaNis, on the partial pressure of oxygen at the room temperature

First, such a model is proposed on the basis of theoretical calculations and has a very limited comparison with the
experiment. Secondly, even if in some cases the model is valid for diatomic clusters, it is difficult to assume that up to
6-8 atoms, sputtered in one cascade from non-adjacent sites, recombine above the surface. But in our experiments, the
emissions of such secondary ions (for example, NisO4, LaNi;O*, LasNi,O") are observed, although with low intensity.

Of course, matching of the composition of various secondary ions with specific chemical compounds on the
surface must be approached with caution, since, to a much greater extent, the composition of the compounds on the
surface corresponds to that of the neutral (not ionic) component of the sputter products. It should be kept in mind that
the processes of a charge acquisition and preservation can affect the composition of the sputtered polyatomic ions.



31
The Role of Surface in Hydride Formation Processes EEJP. 3 (2023)

The above said gives reasons to believe that the diversity of the composition of both positive and negative
secondary ions, and even the behavior of the dependences of these ions emission intensity on the partial pressure of
oxygen, observed in our experiments, are determined exclusively by the composition of the surface and near-surface
monolayers, from which the sputtering takes place.

The analysis of the results allows concluding that oxygen forms strong chemical bonds with the both components
of the alloy, when it impacts the surface of the LaNis sample. This is evidenced by the presence of a large set of
secondary ions of La,On™, NinOm™ type, and the presence of secondary ions of La,NinOx* type (where n, m and k take
different values in the case of positive and negative ions).

When discussing the mass spectra composition, the following must be kept in mind. Although all the sputtered
ions are the fragments of the surface and near-surface monolayers of a solid, the emission of atomic and even diatomic
secondary ions, as a rule, is not sufficiently informative. Such ions can be fragments of the chemical compounds having
the most diverse composition. At the same time, the emission of complex ions, containing several atoms, largely
characterizes the parent structure, from which its ionized fragments are knocked out.

The information about the composition and state of the surface, obtained on the basis of the analysis of such
polyatomic emissions, can be more reliable. From this point of view, the most interesting are the emissions of
La,NinOx* ions. The presence of such emissions in the spectrum gives reasons to believe that upon the oxygen sorption
on the surface of LaNis, it not only forms strong chemical bonds with both components of the alloy, but forms a general
structure of lanthanum, nickel, and oxygen. Moreover, judging by the diversity of the observed secondary ions
composition, such an oxide structure in the investigated pressure range is not homogeneous, but is a superposition of
structures with different stoichiometric ratios of the components.

With the increase of the oxygen pressure, the emission intensities of most oxygen-containing secondary ions
(Figs. 20-22) pass through a maximum. Moreover, the more oxygen atoms in the composition of the secondary ion are
per metal atom, the higher is the oxygen pressure, at which the maximum is observed. There are also secondary ions,
the emission intensity of which with the increase of the oxygen partial pressure only tends to rich the plateau. Thus, the
course of the observed oxygen dependences represents the process of increase in the number of oxygen atoms per
number of metal atoms in the oxygen-containing structure, which is formed on the surface and in the near-surface
region. As the partial pressure of oxygen increases, an oxide structure is realized on the surface of the LaNis sample, in
which the number of oxygen atoms per number of the matrix atoms increases.

As is noted above, the mass spectra contain a large number of the emissions of secondary hydroxide ions of the alloy
components. In most cases, the intensity of these emissions is small as compared to that of the oxide ion emissions. The
presence of such emissions is due to both the residual hydrogen in the sample volume and the interaction of the gas phase
with the residual hydrogen. The dependences of the emission intensity of such ions on the partial pressure of oxygen
generally correlate with those of the oxide ions. In most cases, the dependencies pass through a maximum or tend to reach
the plateau. As an example, Fig. 23 shows the oxygen dependencies for some secondary ions of hydroxides.
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Figure 23. Dependence of the emission intensities of hydroxide secondary ions, sputtered from the surface of LaNis, at the room
temperature, on the partial pressure of oxygen
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It should be emphasized, that the concentration of oxygen on the surface, and therefore, the steady state coverage
of the surface with oxygen-containing chemical compounds, under our experimental conditions at the room
temperature, is determined by the dynamic equilibrium between the processes of oxygen adsorption from the gas phase
and sputtering by the primary beam. Also, the effects of the ionic mixing should be taken into account.

Here the following should be noted. It cannot be excluded that under certain experimental conditions, the oxygen-
containing secondary ions can be formed at the stage of the escape in the process of the escaping fragment interaction with the
gas phase; in our case, as the result of association with oxygen. In this case, the composition of the sputtered ions will not
completely characterize the surface structure. In order to check such a possibility, the following experiments were conducted.

After cleaning the surface of the sample with the primary beam at continuous recording of the emission intensity
of the selected ion, oxygen was supplied into the sample chamber up to the pressure of ~3.3 10 Pa. After
44-46 seconds, the supply of the oxygen was shut off, and then the dependences of the intensity of secondary ion
emission and the oxygen pressure in the sample chamber on time were measured. Fig. 24 presents the results of
measurements at the sputtering stage after shutting off the supply of oxygen for the oxygen-containing positive ions
with lanthanum La,*, La,O", La,Os", Fig. 24a, and for the negative ions with nickel NiO»", Ni,Os", Ni,O", Fig. 24b.
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Figure 24. Time dependence of the emission intensities of the oxygen-containing secondary ions and of the partial pressure of
oxygen in the sample chamber: a — positive ions, b — negative ions

The analysis of the obtained dependencies shows that the partial pressure of oxygen p(O.) in the sample chamber,
after shutting off its supply, drops by two orders of magnitude in ~ 10 seconds. The emission intensity of secondary
ions falls much more slowly. The emission intensity of La," ions during the same 10 seconds decreases only
by 3.3 times, that of La,Os" ions by 1.4 times, in contrast, the emission intensity of La,O," ions begin to grow and
passes through a maximum. The situation with the emissions of oxygen-containing negative ions NiO,", Ni,O3", NixO',
is similar. The emission intensity of NiO,", NiO3™ ions decreases to a much lesser degree than the oxygen pressure, and
the emission intensity of Ni;O'ions passes through a maximum.

Thus, the results of the experiments show that there is no direct correlation between the change in the partial
pressure of oxygen and the change in the emission intensity of the secondary ions. This gives reasons to believe that the
secondary ions are formed not as a result of association with oxygen of the gas phase, but as a result of sputtering of the
oxides formed on the surface.

The behavior of the dependences of the emission intensity on time for the selected ions correlates well with the oxygen
pressure dependences for these ions, which are shown in Fig. 20a, 22a. Le. the curve for La,O" (Fig. 20a) and the curve for
Ni,O (Fig. 21a) passes through a maximum as the oxygen partial pressure increases. The dependencies for these ions in Fig.
24a and Fig. 24b qualitatively repeat this trend but in the reverse order. The results, obtained for LaO,", La,Os", NiO,, Ni,Os,
in this sense, also correlate with the oxygen dependencies for these ions: these dependencies are shown in Fig. 20a and Fig.
21a. The oxygen dependencies for these ions only tend to rich the plateau. The curves for LaO,", La;O5", NiO3, NiO;™ in Fig.
24, which correspond to sputtering, also qualitatively repeat this trend in the reverse order.

As a continuation of this type of experiments, a study of the dependences of the emission intensities of a wider
range of secondary ions on the time of their sputtering after exposure of the sample to oxygen was carried out [78]. An
oxide structure was created on the surface of the sample at an increased partial pressure of oxygen, what, as noted



33
The Role of Surface in Hydride Formation Processes EEJP. 3 (2023)

above, is characterized by a set of oxygen-containing secondary ions and by the ratio of their emission intensities. Then
this structure was sputtered with the primary beam. As the sputtering progressed, a change in the emission intensity of
the observed secondary ions was recorded.

These experiments were carried out in the following way. After cleaning the surface of the sample with the
primary beam in the residual vacuum, during the continuous recording of the emission intensity of the selected ion,
oxygen was supplied into the chamber up to the pressure of ~ 3.3-10* Pa. After 46-48 seconds, the supply of the oxygen
was shut off and the time-dependences of the secondary ion emission intensity and the oxygen pressure in the target
chamber were further measured. The oxygen pressure was recorded using a gas mass spectrometer. The results of the
measurements are presented in Figs. 25-28.
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Figure 25. Dependences of the emission intensities of positive secondary ions with two lanthanum atoms on the oxygen partial
pressure (a) and dependencies of the emission intensities of positive secondary ions with lanthanum on the sputtering time after
exposure to oxygen (b)
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Figure 26. Dependences of the emission intensities of positive secondary ions with three lanthanum atoms on the oxygen partial
pressure (a) and dependences of the emission intensities of positive secondary ions with lanthanum on the sputtering time after the
exposure to oxygen (b)
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Figure 27. Dependences of the emission intensities of negative secondary ions with nickel on the oxygen partial pressure
(a) and dependences of the emission intensities of negative secondary ions with nickel on the sputtering time after the exposure to
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Figure 28. Dependences of the emission intensities of complex secondary ions with lanthanum and nickel on the partial pressure of
oxygen (a) and dependences of the emission intensities of complex secondary ions with lanthanum and nickel on the sputtering time
after the exposure to oxygen (b)

For clarity, these figures also present both the results of changes in the emission intensity of a number of oxygen-
containing emissions (Figs. 25a, 26a, 27a, 28a), obtained at the increase in the partial pressure of oxygen, and the results
of the measurements at the sputtering stage (Figs. 25b, 26b, 27b, 28b) after shutting off the supply of oxygen, for the
oxygen-containing positive ions with lanthanum and for the negative ions with nickel. For the convenience of
comparison, the actual emission intensities, shown in the figures concerning the sputtering, are normalized to their
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intensity at the moment, which corresponds to the shutting off the supply of oxygen. Thus, the curves in Figs. 25b, 26b,
27b, 28b show how many times the emission intensity changes during the time of sputtering in relation to the starting
point. The same figures present the dependences of the oxygen partial pressure in the chamber, also normalized to their
initial value.

The curve marked in Fig. 28b as La,**NiO4™+La,Ni,", represents the sum of the emissions of secondary ions
Lay*NiO4" and La,Ni," (400 a.m.u.), the separation of their specific contributions was not carried out, since the signal
was recorded in a continuous mode (unlike the curve for La,**NiO4 in Fig. 28a).

The analysis of the results obtained during the sputtering of oxides shows the following. The oxygen partial
pressure p(O») in the target chamber, after shutting off the supply, drops by two orders of magnitude in 10 seconds. At
the same time, the intensity of the secondary ions emission changes much more slowly. For some secondary ions the
emission intensity increases during the sputtering, for the others it decreases, and for a number of ions passes through a
maximum. This applies both to the ions with lanthanum, and to those with nickel, as well as to the complex nickel-
lanthanum ions (Figs. 24b-28b). Such a behavior of the emission intensity dependences on sputtering time for the
selected ions correlates well with the oxygen dependences of these ions, shown in Figs. 24a-28a. The course of
dependences of the ion emission intensity on the sputtering time qualitatively repeats in the reverse order the course of
the corresponding dependences, obtained with the increase of the oxygen partial pressure.

Such a correlation allows to state that in the sputtering experiments, after the oxygen is pumped out of the sample
chamber, as the oxides formed on the surface are sputtered, the situation is realized opposite to that, which occurs at the
increase of the partial pressure of oxygen, when the number of oxygen atoms per atom of the matrix in the surface
structure increases. That is, as the oxygen-containing structure (formed at the maximum oxygen partial pressures in
these experiments) is sputtered, the number of oxygen atoms per number of matrix atoms decreases.

The data, presented in Figs. 24b-27b, indicate that the sputtering of the formed oxides continues during hundreds
of seconds. This indicates that the formed oxide compounds have a three-dimensional structure and occupy dozens of
monolayers. In such a three-dimensional oxide structure, the outer monolayers are characterized by the highest
concentration of oxygen. The oxygen concentration decreases in the deeper lying monolayers.

The sputtering results, obtained during the sample exposure in oxygen under the action of the primary beam and
the exposure with primary beam turned off (Fig. 27b) allow making a qualitative similar interpretation. This gives
reasons to believe that the primary beam, while introducing the factor of sputtering and ion mixing, does not
significantly affect the oxidation processes of LaNis.

In addition to the above, the results of the sputtering experiments show that there is no direct correlation between
the change with time in the partial pressure of oxygen and the change with time in the emission intensities of the
secondary oxygen ions. This is a direct indication that the observed secondary ions are not a product of the association
of the sputtered surface fragments with the oxygen of the gas phase at the fly-off stage, but are the products of the oxide
compounds sputtering, and characterize the composition of the surface and near-surface regions.

SIMS INVESTIGATIONS OF THE OXYGEN EFFECT ON KINETICS OF HYDROGEN
SORPTION-DESORPTION PROCESSES BY LaNis HYDRIDE-FORMING ALLOY

Previously, the results of the study of the processes of hydrogen interaction with LaNis alloy surface were
presented. According to these data, as hydrogen accumulates on the surface (at an increase of hydrogen partial
pressure), a hydrogen-containing structure, which is characterized by a certain stoichiometric ratio of components, is
formed on the surface and in the near-surface region of the sample. For the SIMS experiments, this structure is
characterized both by a certain set of hydrogen-containing secondary ions (positive and negative), sputtered from the
surface by the primary beam, and also by the ratio of emission intensities of these ions. One of the secondary ions,
which have one of the highest emission intensities at relatively low hydrogen partial pressures, is the Ni;H™ secondary
ion. The emission intensity of such ions depends almost linearly on the partial pressure of hydrogen and can be taken as
a measure of the amount of hydrogen that has a chemical bond with the alloy components on the surface and near-
surface region. The same applies to the secondary ion La,H'. When analyzing the processes of hydrogen sorption-
desorption on the surface of LaNis, these secondary ions were chosen to monitor the amount of hydrogen on the surface.

When studying the effect of the composition of surface chemical compounds on the kinetics of hydrogen sorption
processes, the experiments were carried out in the following way. The surface of the sample (LaNis) was cleaned with
the high-density primary beam, next, oxygen was supplied into the chamber up to a certain pressure, so that a certain
steady state coverage with oxygen-containing compounds was formed on the surface. Then, hydrogen was supplied into
the chamber (within 2-3 seconds) up to a given pressure, and an increase in the number of hydrogen-containing
compounds on the surface was observed; the number of compounds was monitored by the emission intensity of the
specific secondary ions (Ni;H"). After the emission intensity reached the plateau, hydrogen was pumped out (within 2-3
seconds) from the sample chamber, and again, the process of sputtering of the hydrogen-containing compounds was
observed by monitoring the emission intensity of the secondary ions NixH. Next, the partial pressure of oxygen was
increased stepwise, therefore increasing the steady state coverage with oxygen-containing compounds, and the
procedure with hydrogen was repeated. Here, it is considered that the steady state surface coverage by adsorbed
particles and the products of chemical reactions of these particles with the surface atoms of a solid (in our case, oxides
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and hydrides), with the diffusion being not taken into account, is determined by the dynamic equilibrium between the
processes of adsorption from the gas phase and the processes of sputtering by the primary beam. All the experiments
were performed at the constant primary ion current density (j=14 pA cm?). In Figs. 29-31 the examples of the measured
dependences for several values of the hydrogen partial pressure at different oxygen coatings are presented.
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Figure 29. Time dependence of the emission intensity of Ni2H™ ions from the LaNis surface at the residual surface pre-coverage with
oxygen (at P(02) residual) and at different values of hydrogen partial pressure
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Figure 30. Time dependence of the emission intensity of Ni2H™ ions from the LaNis surface for the surface pre-coverage with oxygen
(at P(02) 4-107 Pa) and at different values of the hydrogen partial pressure
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(at P(02) 1-10** Pa) and at different values of the hydrogen partial pressure
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The analysis shows that the emission intensity of Ni,H ions and, therefore, the amount of hydrogen-containing
compounds on the surface decreases as the partial pressure of oxygen increases, that is, as the surface oxidizes. An
increase in oxygen pressure (above ~ 4-10* Pa) results in a decrease in the emission of Ni,H™ ions down to the
background level, that is, with such oxygen coatings, the hydrogen ceases to interact with the surface. It is evident, that
under such experimental conditions, the surface is completely covered by the layer of oxygen-containing chemical
compounds, which prevent the hydrogen chemisorption. On the other hand, at the fixed oxygen pressure, the higher the
pressure of hydrogen supplied to the chamber is, the greater is the number of hydrogen-containing compounds. Since at
the sorption stage all the curves reach the plateau, this means that a steady state coverage of hydrogen-containing
compounds is formed on the surface rather quickly, according to the balance between the processes of adsorption of
hydrogen from the gas phase and the processes of sputtering. The lack of saturation of the emission intensity as to the
hydrogen pressure indicates that all the hydrogen supplied to the chamber (in the applied pressure range) participates in
the reaction and, potentially, the surface still has a sufficient resource for the formation of hydrogen-containing
compounds either locally or stoichiometrically.

In order to present more clearly the kinetics of the hydrogen sorption process, the data obtained for the sorption
stage were normalized to the maximum intensity; the results are given in Fig. 32.
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Figure 32. The normalized time dependence of the emission intensity of Ni2H" ions from the LaNis surface for different oxygen-precovered
surfaces and different values of hydrogen partial pressure: a) residual oxygen pressure; b) P(O2) = 4-107; ¢) P(O2) =1-10* Pa.

From Fig. 32 it follows that the oxygen coating has a weak effect on the formation rate of the maximum possible
coverage with hydrogen-containing compounds for this combination of parameters. To a greater extent, the rate is
affected by the pressure of the hydrogen supplied to the chamber; the higher is the pressure, the higher is the rate of the
compounds formation.

Similar experiments were performed for the case, when La;H" ions were used as characteristic secondary ions. The
analysis of their results allows drawing similar conclusions.

When studying the effect of the composition of chemical compounds, which are present on the surface (in our case,
the effect of surface oxidation), on the kinetics of hydrogen desorption processes, the experiments were performed in the
following way. The surface of the sample was cleaned with the primary beam, then the primary ion current density
j=0.14 pA-cm was set (a lower density than that in other experiments was used to minimize the decrease of the amount
of chemical compounds on the surface by sputtering); the sample chamber was supplied with oxygen and various
oxygen pre-coatings were created on the clean surface of the sample, next, the oxygen was pumped out and the chamber
was supplied with hydrogen, which created its own coverage on the partially oxidized surface. After the formation of the
specified coverage, hydrogen was pumped out and the sample was heated up linearly with at the rate of 1.62 K sec’!,
simultaneously, the emission intensity of the characteristic ions Ni,H™ was recorded. After the experiment was over, the
surface was cleaned with the primary beam to the initial state. The measurements were repeated for different values of
the exposure both in oxygen and in hydrogen. The results are presented in Fig. 33.

The increase of the sample exposure in oxygen at the same unchanged exposure in hydrogen leads to a decrease in
the number of hydrogen-containing chemical compounds on the surface. This, in fact, confirms the results of the
experiments on sorption. (Figs. 29-31). After small exposures in hydrogen (Fig. 33a), that is, with a small amount of
hydrogen-containing compounds on the surface, the hydrogen desorption is noticeable with an increase in temperature,
and therefore the decrease in the number of hydrogen-containing chemical compounds for all the investigated oxygen
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pre-exposures begins only at the temperatures above ~ 450 K. After relatively larger exposures in hydrogen (Fig. 33b),
that is, with a relatively large number of hydrogen-containing compounds on the surface, the hydrogen desorption
begins almost immediately after the onset of heating for all the investigated oxygen pre-exposures. In each case,
however, at the temperature of ~ 575 K, the emission of characteristic ions becomes negligible, so the surface becomes
free of hydrogen-containing chemical compounds; in this case, such a situation occurs for all the oxygen pre-exposures.
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Figure 33. Time dependence of the Ni2H™ ions emission intensity from the LaNis surface at a linear increase in temperature after
different values of pre-exposure in oxygen for the exposure in hydrogen: a) —4 L; b) — 60 L
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Next, the conditions for the desorption experiment, in contrast to the above, were slightly changed. First, a hydrogen
coverage was formed on a clean surface, and then the effect of oxygen was investigated. The surface of the sample was
cleaned with a primary beam, after that the primary current density j=0.14 uA-cm™ was set; the chamber was supplied with
hydrogen (instead of oxygen, as in the first case), and a certain hydrogen pre-coverage was formed on the sample surface
(the experiment was carried out for the residual hydrogen pre-coverage and for the pre-coverage corresponding to the
exposure of 60 L); then hydrogen was pumped out and the chamber was supplied with oxygen (instead of hydrogen, as in
the first case), which interacted with the hydrogen-precovered surface. After the specified oxygen exposure was reached,
the oxygen was pumped out and the sample was heated up linearly (in time) at the rate of 1.62 K-sec™!, while, just as in the
first case, the emission intensity of the characteristic Ni;H™ ion was recorded. When the experiment was over, the surface
was cleaned with the primary beam to the initial state. The measurements were repeated for different exposure values in
both hydrogen and oxygen. Fig. 34 presents the measured dependences for the residual surface pre-coverage with hydrogen
and for the hydrogen exposure of 60 L at several values of the oxygen exposure.

The analysis shows that the conclusions drawn when considering the results of the first experiment (Fig. 33) are
fully valid for the experiment, when the coverage with hydrogen-containing compounds was formed before the exposure
to oxygen. This allows concluding that both in the first and second cases, an increase in temperature causes the
decomposition of similar chemical compounds on the surface. Therefore, regardless of what comes first to the clean
surface, hydrogen or oxygen, the chemical compounds similar in composition will be formed, as Fig. 3 shows, the
compounds are, likely, hydroxides. Thus, the oxygen poisoning of the surface of the hydride-forming alloy LaNis can
occur regardless of whether the alloy surface was clean from the very beginning or was covered with a layer of hydrides.

CONCLUSION

The studies of the lanthanum-based alloys performed by the SIMS method showed that under normal conditions
the surface of LaNis, LaNis 75Alo2s and LaNiy sMng s samples, which are used mainly as the hydrogen storage materials,
is, to a certain extent, covered with a layer of chemical compounds including oxides, hydrides, hydroxides, carbides of
the alloy components. Moreover, judging by the presence of lanthanum cluster ions in the emission spectra, this
coverage is not continuous, that is, the surface of the samples has some regions free of chemical compounds. The
annealing and bombardment with the primary beam, although reducing the amount of these compounds, does not lead
to complete cleaning of the surface.

The study of the time dependences of the emission intensity for the secondary ions characterizing the presence of
hydrogen-containing compounds on the surface, measured in the process of hydrogen adsorption and then in the process
of sputtering of the formed surface compounds, which was performed at different temperatures of the sample, showed
the following. The processes of the alloys interaction with hydrogen under experimental conditions (at the room
temperature and hydrogen pressure in the sample chamber 1-10°-7-102 Pa) are limited only to the near-surface region,
i.e. the hydrogen, reaching the surface, interacts only with the surface and near-surface atoms of the alloy components
and, in the best case, saturates only the near-surface region without diffusing in a noticeable amount into the alloy
volume.

In the process of the hydrogen adsorption, the amount of the hydrogen-containing compounds, formed on the
surface and in the near-surface region, monotonically decreases with the increase of temperature; the steady state
coverage with the compounds is also realized faster. In the investigated temperature range, the hydrogen diffuses in
noticeable quantities to the depth of ~ 10 monolayers. Thus, the processes of hydrogen interaction with the alloys in the
given experimental conditions take place only on the surface and in the near-surface region. This, in turn, allows
interpreting the obtained results as the initial stages of hydrogenation processes, and not taking into account the
diffusion of hydrogen into the volume, as one of the channels for changing the surface composition.

The study of the initial stages of the processes of these alloys interaction with hydrogen under experimental
conditions showed, that on the regions of the clean surface, hydrogen forms chemical compounds with the both main
components of the alloy, nickel and lanthanum. As the hydrogen accumulates on the surface and in the near-surface
region, a hydrogen-containing structure is formed, which is characterized by a certain stoichiometric ratio of
components. Nickel in this structure has strong chemical bonds with two hydrogen atoms, and lanthanum with two or
more hydrogen atoms. Along with such a compound, the structures with lower hydrogen content are also formed. The
formed hydrogen-containing structure includes the both main components of the alloy La and Ni for all the studied
samples, even only lanthanum is generally believed to be the hydride-forming element in such alloys.

The hydrogen sorption from the gas phase to the alloys surface causes a significant change in the emission
properties of the alloy, in terms of secondary ion emission. The yield of the positive secondary ions increases and the
yield of negative secondary ions increases especially greatly, first of all, due to the hydrogen-containing ion emissions.
Such an increase is due to the processes of formation on the surface and in the near-surface area of the structures, whose
sputtering by the primary beam is characterized by significantly higher coefficients of secondary ion emission as
compared to the clean metal surface.

In the case of the LaNissMngs alloy, the manganese, as an additional alloy component, is also a part of the
forming hydrogen-containing structure and, therefore, takes a direct part in the processes of hydride formation. In the
case of the LaNis7sAlpos sample, unlike the manganese, the aluminum does not form direct chemical bonds in
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significant quantities with hydrogen. That is, the aluminum atoms themselves in this alloy do not take participation in
the processes of hydride formation, in the sense of the formation of chemical bonds. Their main role of aluminum is in
the crystal lattice reconstruction.

The studies of the temperature influence on the emission intensity of hydrogen-containing secondary ions have
shown that with the increase of temperature, the number of hydrogen-containing compounds on the surface and in the
near-surface region decreases. Such a decrease is, primarily, related to a decrease in the sticking coefficient of the
hydrogen molecules.

The SIMS studies of the chemical composition of the surface monolayers of the intermetallic alloy LaNis in the
process of interaction with oxygen showed the following. As consequence of the oxygen interaction with the alloy, a
complex chemical structure including oxygen, lanthanum and nickel is formed on the surface and in the near-surface
region of LaNis. Both oxygen and hydrogen in such a structure form strong chemical bonds with the both components
of the alloy. This is evidenced by the presence in the mass spectra of a large set of oxygen-containing emissions of
positive and negative secondary ions with lanthanum and nickel, as well as cluster oxygen-containing lanthanum-nickel
secondary ions. The formed oxide compounds have a three-dimensional structure and occupy dozens of monolayers. In
such a three-dimensional oxide structure, the outer monolayers are characterized by the highest ratio of the number of
oxygen atoms to the number of matrix atoms. This ratio decreases in the deeper lying monolayers.

The quantitative and qualitative ratio of the elements in the resulting oxide structure mainly depends on the partial
pressure of oxygen and, to a much lesser extent, on the sputtering action of the primary beam.

The observed secondary ions are not the product of the association of the surface sputtered fragments with oxygen
of the gas phase at the fly-off stage, but are the products of the oxide compounds sputtering, therefore the secondary
ions characterize the composition of the surface and near-surface region.

The study of the effect of oxygen on the kinetics of hydrogen-sorption processes by the hydride-forming alloy
LaNis showed the following. With a fixed number of oxygen-containing compounds on the surface, the higher is the
pressure of hydrogen above the surface, the greater is the number of the formed hydrogen-containing compounds. The
oxygen coating has a weak effect on the formation rate of the maximum possible (at the specific combination of the
parameters) coverage with hydrogen-containing compounds. The greater is the hydrogen pressure above the surface, the
higher is the rate of the compounds formation.

The study of the oxygen influence on the kinetics of desorption processes showed that for all the investigated
oxygen exposures, at a small amount of hydrogen-containing compounds on the surface, a noticeable decrease in their
amount begins only at the temperatures above ~ 450 K. At a relatively large amount of the hydrogen-containing
compounds on the surface, the decrease starts almost immediately after the beginning of heating from 300 K. At the
temperature of ~ 575 K, the emission of characteristic ions becomes negligible, so the surface becomes free of
hydrogen-containing chemical compounds.

Poisoning of the surface of the hydride-forming alloy LaNis with oxygen can occur regardless of whether the
surface of the alloy was clean from the very beginning or was covered with a layer of hydrogen-containing chemical
compounds.
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POJIb TIOBEPXHI ¥ MPOHECAX I'TAPUJOYTBOPEHHS
BikTop O. JliTBinos, IBan 1. Okceniok, imurtpo 1. [lleBuenko, Basentun B. bookos
Xapkiscokuti nayionanvnutl ynieepcumem im. B.H. Kapaszuna
61022, Yxpaina, m. Xapxis, nn. Ceoboou, 4

Meroznom BropunHOi ioHHOI Mac-criekrpometpii (BIMC) mpoBezeHe nociiKeHHsT 3MiH XIMIYHOTO CKJIaay MOBEPXHEBUX MOHOIIAPIB
IHTepMeTaJIeBUX CIUIaBiB HA OCHOBI JIAHTaHY y MPOLEC B3a€EMOIT 3 BOIHEM 1 KHCHEM. Y SIKOCTI IEPBUHHUX 10HIB BUKOPHCTOBYBAJIHCS
ionn Ar' 3 enepriero 10-18 keB. JlocimipKeHHS IOYaTKOBKX CTaJliif MPOLIECIB B3aEMOIIT IIMX CIUIABIB 3 BOJHEM B yMOBAaX €KCIIEPUMEHTY
TI0Ka3aJIo, 10 Ha AUITHKAX YHCTOI IOBEPXHI BOJICHb YTBOPIOE XIMIUHI CIIOTYKU 3 000Ma OCHOBHIMH KOMIIOHEHTaMH CIUIaBY HiKeleM i
JIaHTaHOM. Y Mipy HaKOIMYCHHs BOJAHIO HA IOBEPXHI i B IPHIIOBEPXHEBIH 00JACTI YTBOPIOETHCS BOJHEBMICHA CTPYKTYpa, IO
XapaKTepH3yEThCsI IEBHUM CTEXIOMETPHYHHM CITiBBITHOLICHHSIM KOMITOHEHTiB. Hikesb y Taxiii cTpyKTypi Mae MilHi XiMi4HI 3B'SI3KH 3
JIBOMa aTOMaMH BO/IHIO, a JIaHTaH 3 JBoMa abo Oiblue aroMamu BofHIO. [Topsiy i3 TaKOIO CIIONIYKOIO YTBOPIOIOTECS TAKOXK CTPYKTYPH 3
MEHIINM BMicTOM BozHIO. BopHeBMicHa cTpyKTypa, 1110 opMyeThes BKITFOYaE 00M1Ba OCHOBHI KOMITOHEHTH ciutaBy i La i Ni s Beix
JOCITIDKEHHX 3pasKiB, X04a NPUIHATO BBAXKATH, LIO TiAPUIOYTBOPIOIOYMM €JIEMEHTOM Yy TakuX cIUlaBax € yantad. [Ipoexeni BIMC
JOCTIDKEHHST XIMIYHOTO CKJIa[ly TIOBEPXHEBHX MOHOMLIApIB iHTepMeTaneBoro cruiaBy LaNis y mporeci B3aeMozil 3 KUCHEM IMOKa3ai
HacTymHe. B pesynbTari B3aemomnii KHCHIO 3 O0'€KTOM, IO JOCIHIDKYEThCS, Ha TOBEPXHI 1 y TpHIoBepxHEBii oOmacti LaNis
YTBOPIOETHCSI KOMIUIEKCHA XIMIUHA CTPYKTYpa, IO BKIIIOYA€ KUCEHb, JJAHTAH 1 Hikelb. KuceHs y Takiif CTpyKTypi SIK 1 BOJEHb YTBOPIOE
MiIHI XIMigHI 3B'I3KH 3 000Ma KOMITIOHEHTaMH CIuiaBy. [Ipo 1ie CBiMUMTH HAsBHICTH Y Mac-CIEKTpax BEIIMKOTO HaOOpy KHCHEBMICHUX
eMiCiif TIO3UTHBHUX, 1 HEraTMBHNUX BTOPHHHMX 1OHIB 3 JIAHTAHOM, 3 HIKEJIeM, a TaKOXK KJIACTEPHUX KUCHEBMICHUX JIaHTaH-HIKEJIEBHX
BTOPUHHMX 10HIB. OKCHIHI CIIOJIyKH, IO YTBOPIOIOTECS, MAlOTh O0'€MHY CTPYKTYpy 1 3aiiMaioTh AecsiTku MoHomapiB. OTpyeHHS
MIOBEPXHi TiapuoyTBoprotoyoro cruiaBy LaNis kucHeM Moxke BilOyBaTHCS HE3aIeXKHO BiJj TOro 4y OyJia IIOBEPXHS CILIABY BiJl CaMOro
MOYaTKy YKCTOl, a00 OyJ1a MOKpHUTA ILaPOM BOJHEBMICHUX XIMIYHHX CIIOJYK.

Kurouosi cinoBa: BIMC; nosepxus, inmepmemanesi cniagu Ha OCHOGI IAHMAHY; 800€Hb, 2IOpUdlU; KUCEHb, OKCUOU
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In this paper, we study spatially homogeneous and anisotropic Bianchi type-I space-time filled with perfect fluid within the
framework of f(R,T) theory of gravity for the functional form f(R,T) = R + 2f(T) with f(T) = aT + ST?, where a and § are
constants. Exact solutions of the gravitational field equations are obtained by assuming the average scale factor to obey a hybrid
expansion law and some cosmological parameters of the model are derived. Two special cases, leading to the power-law expansion
and the exponential expansion are also considered. We investigate the physical and geometrical properties of the models by studying
the evolution graphs of some relevant cosmological parameters such as the Hubble parameter (H), the deceleration parameter (g) etc.
Keywords: Bianchi type-1 universe; f(R, T) theory of gravity;, Hubble parameter, Cosmological constant; Deceleration parameter
PACS: 04.50.kd, 98.80.-k, 04.20.jb

1. INTRODUCTION

More than two decades have passed since the first observational results from Supernovae Type Ia [1-3] with
strong support from a number of astrophysical and cosmological observations such as Cosmic Microwave Background
(CMB), Wilkinson Microwave Anisotropy Probe (WMAP), Large Scale Structure (LSS), Baryon Acoustic Oscillation
(BAO), Galaxy redshift surveys [4—10] etc. that the universe at present is in a state of accelerated expansion. It is
accepted as true that there was also a cosmic acceleration, which occurred at the very early epoch of the universe. The
early time cosmic acceleration, called inflation, although there is no known direct detection for this, has theoretical
explanations, but the root cause of the late time cosmic acceleration having direct detection is yet to be ascertained.
Since matter contributes with force and positive pressure that decelerates the rate of cosmic expansion, therefore, as a
resolution to this bizarre issue a substantial amount of energy component apart from the baryonic matter is hypothesized
to be present in the universe to speed up the cosmic expansion. It is possible only when an unusual component with
large negative pressure, dubbed dark energy, covering nearly 68.3% of the total energy content of the universe is
present to counteract the gravitational pressure of the baryonic matter. Within the framework of General Relativity, the
most efficient candidate for dark energy is the cosmological constant A as it works well with the observational data. But
due to its problematic nature with the fine-tuning and the cosmic coincidence problems, various other dark energy
models such as quintessence, k-essence, tachyon, phantom, Holographic dark energy, Chaplygin gas models etc. have
been proposed in the literature.

The problem of late time cosmic acceleration has also been approached with some alternative theories of gravity,
popularly known as modified theories of gravity, which are developed by modifying the geometric part of the Einstein-
Hilbert action. Among the various modified theories of gravity, the simplest and the most studied one is the f(R) theory
of gravity, the action of which is constructed from the standard Einstein-Hilbert action simply by taking an arbitrary
function f(R) in place of R, where R is the Ricci scalar curvature. The other most interesting and viable alternative to
General Relativity is the f (R, T) theory of gravity proposed by Harko et al. [11] in which the gravitational Lagrangian in
Einstein-Hilbert action is given by an arbitrary function f (R, T) of the Ricci scalar R and the trace T of the stress-energy
tensor Tj;. In their work, they have obtained the gravitational field equations in the f (R, T) gravity in the metric formalism
and presented the field equations for the three explicit forms of the functional f(R,T): (i) f(R,T) =R+ 2f(T),
(i) f(R,T) = 1(R) + fo(T), (ii) fF(R,T) = f1(R) + fL(R)f5(T).

Harko et al. also derived the equations of motion of test particles together with the Newtonian limits in f(R,T)
gravity models. Further, they have investigated the constraints on the magnitude of the extra-acceleration on the
precession of the perihelion of the planet Mercury. Houndjo [12] discussed transaction of matter dominated phase to an
accelerated expansion phase by developing the cosmological reconstruction of f(R,T) theory of gravity. Since then,
many researchers have studied cosmological dynamics in f (R, T) theory of gravity as it takes care of the early time
inflation as well as the late time cosmic acceleration. A number of authors have also investigated Bianchi cosmological
models in f(R,T) theory of gravity in different contexts as Wilkinson Microwave Anisotropy Probe (WMAP) and
some other experimental tests support the existence of an anisotropic phase in the early era which might have been
wiped out in the course of cosmic evolution resulting in the present isotropic phase. Adhav [13] investigated LRS
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Bianchi Type I cosmological model with perfect fluid, Reddy ef al. [14] explored Bianchi Type III and Kaluza-Klein
cosmological model, Chandel and Ram [15] generated a new class of solutions of field equations from a set of known
solutions for a Bianchi Type III cosmological model with perfect fluid, Chaubey and Shukla [16] studied a new class of
Bianchi Type III, V, VI, models in presence of perfect fluid, Sahoo and Mishra [17] investigated Kaluza-Klein dark
energy model in the presence of wet dark fluid, Ladke ef al. [18] constructed higher dimensional Bianchi Type-I
cosmological model, Sahoo ef al. [19] investigated an axially symmetric space-time in presence of perfect fluid source,
Agrawal and Pawar [20] investigated plane symmetric cosmological model in the presence of quark and strange quark
matter, Bhoyar [21] talked about non-static plane symmetric cosmological model with magnetized anisotropic dark
energy, Yadav ef al. [22] searched the existence of bulk viscous Bianchi-I embedded cosmological model by taking into
account the simplest coupling between matter and geometry, Yadav et al. [23] investigated a bulk viscous universe and
estimated the numerical values of some cosmological parameters with observational Hubble data and SN Ia data. Singh
and Beesham [24] explored a plane symmetric Bianchi Type I model by considering a specific Hubble parameter which
yields a constant deceleration parameter, Chaubey ef al. [25] considered general class of anisotropic Bianchi
cosmological models in f(R,T) gravity with dark energy in viscous cosmology, Bhattacharjee et al. [26] presented
modelling of inflationary scenarios, Tiwari ef al. [27] studied Bianchi type I cosmological model for a specific choice of
the function of the trace of the energy momentum tensor. Modifications and generalisations of f (R, T) theory of gravity
are also considered in the literature. Singh and Bishi [28] studied Bianchi Type III cosmological model in the presence
of cosmological constant A. Moraes et al. [29] investigated static wormholes in modified f(R,T) gravity. Moraes and
Sahoo [31] have proposed a new hybrid shape function for wormhole. Azmat et al. [31] studied viscous anisotropic
fluid and constructed corresponding dynamical equations and modified field equations in f(R,T) theory of gravity.
Tretyakov [32] discussed the possibility of a further generalization of f (R, T) gravity by incorporating higher derivative
terms in the action and demonstrated that inflationary scenarios appear quite naturally in the theory. Recently, several
authors have studied various other cosmological scenarios in the framework of f (R, T) theory of gravity [33—39].
Motivated by the above-mentioned works, we focus our present work in studying spatially homogeneous and
anisotropic Bianchi type-I universe with perfect fluid source in f(R,T) theory of gravity for the functional form
f(R,T) =R+ 2(aT + BT?), where o and f are constants. The field equations are solved by assuming the average
scale factor in the form of hybrid expansion law. We organize the paper as follows: in section 2, we give a brief review
of the f(R,T) theory of gravity. In section 3, we derive the gravitational field equations for the Bianchi type-I metric.
Exact solutions of the field equations are obtained in section 4. In section 5, some physical and kinematical properties of
the model are discussed by graphically representing the evolution of graphs of some parameters of cosmological
importance. Two particular scenarios are also examined when the expansion of the universe is governed by power-law
expansion and exponential expansion only. We summarize the main results with some concluding remarks in section 6.

2. BRIEF REVIEW OF f(R,T) GRAVITY
In f(R, T) gravity proposed by Harko ez al. (2011), the action is taken as

S =——[f(R,T)J=gd*x + [ Ly/=gd*x, (1)

where f(R,T) is an arbitrary function of the Ricci Scalar R and of the trace T of the stress-energy tensor of matter T;;
defined by
_ ~2 8(/=gLlm)
PSS e @
Here, L,, is the matter Lagrangian that generates a specific set of field equations for each choice of L,,.
By assuming the Lagrangian of matter to depend only on the metric tensor components g;; and not on its derivatives,
the stress-energy tensor can be obtained as

OLm
agi’

Tij = gijLym — 2 (3)
By varying the action (1) with respect to the metric tensor components g/, the field equations of f(R, T theory

of gravity in the metric formalism are obtained as
1
fa®R TRi; = fR, T gij + (9,80 = ViV;) fa (R, T) = 81Ty — fr(R, T)T;j — fr(R, )0y, )
where, fr(R,T) and fr(R, T) are the partial derivatives of f(R,T) with respect to R and T respectively, V; is the

covariant derivative, (] = V, V¥ is the D’ Alembert operator and

k asz

®l'j = _ZTU + gULm - Zgl agijaglk. (5)

The stress-energy tensor of matter T;; is assumed to take the perfect fluid form so that

T;j = (p + Puu; — pgij- (6)
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where p and p are respectively the density and pressure of the perfect fluid.
For the choice L,, = —p, we thus have

0;; = —2T;j — pgij- (7
For the functional form
f(R,T) =R+ 2f(T). (®)

where f(T) is an arbitrary function of T, the gravitational field equations of f(R,T) gravity are obtained from
Eq. (4), as

1 , ,
Ry —ZRgi; = 8Ty — 2f"(T)Ty; — 2f (T)0y; + f(T) gy ©)
where f'(T) = % (f(T)). In view of eq (6), the field equations (9) become

Ry Rgu = 8nTy; + 2f"(T)Ty; + [2pf"(T) + f(T)]9;- (10)
For the choice
f(T) = aT + BT?, (11)
where a and [ are constants, the eq.(10), in presence of a time varying cosmological constant A, reduces to

R;; Rgl] + Agij = [8m + 2a + 4BT]T;; + [2pa+4p,8T+aT+,8T2]gU (12)

3. THE METRIC AND FIELD EQUATIONS
The spatially homogeneous and anisotropic Bianchi type-I metric is given by

ds? = dt? — A%dx? — B*dy? — C%*dz?, 13)

where the directional scale factors 4, B and C are functions of the cosmic time # alone. In comoving coordinates,
the field equations (12) take the form

A2 4 BC 4S8 = (8w +3a)p + 5pp* — 3fp® — 14Bpp —ap — A, (14)
§+§+--=—(8n+3a)p+9/3p2—6Bpp+ap+/3p2—/\, (15)
A B AB
Z+E+Z———(87r+3a)p+9ﬁp — 6Bpp + ap + Bp? — (16)
§+£ __: —(8m + 3a)p + 9Bp? — 6Bpp + ap + Bp? — A, (17)

where an overhead dot denotes differentiation with respect to t.

4. COSMOLOGICAL SOLUTION OF THE FIELD EQUATIONS
Here, we have four field equations with six unknowns A, B, C, p, p and A. So, in order to obtain a complete
solution, we have to consider two extra conditions.
Therefore, we consider the equation of state for perfect fluid as

P = wp, (18)
where w is a constant.
And, the average scale factor a defined by
a= (ABC)? (19)
to obey the hybrid expansion law proposed by Akarsu ef al. [40];
a=a ) ¢, 0)

where y and ¢ are non-negative constants and a, represents the present value of the scale factor and t, represents the
present age of the universe.
From equations (15)-(17), we then obtain

A= ayl, (i)y 6™ exp [ml [ {ao (i)y RCe 1)}_3 dt], @1

to
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t t -3

B = agyl, (é)y 95(5_ Y exp [mz f {ao (é)y ef(g_ 1)} dt], (22)
t t -3

C = apls (%)y ef(%_ ) exp [m3 ) {ao (&)y 65(5_ 1)} dt]. (23)

where [, 15,13 and m,, m,, m5 are constants of integration satisfying the relations l;l,l3 = 1 and m; + m, + m3 = 0.

5. PHYSICAL AND GEOMETRICAL PROPERTIES OF THE MODEL
For our model, some important cosmological parameters are:
The spatial volume

3y Lt
V = ABC = a,? (ti) ¥ 1), (24)
0
The mean Hubble parameter is
G LA B _E Y
H_a_3(A+B+c)_to+t' 25)
The deceleration parameter
_ _ad _ yto® _
1= ~"% = Gwer ! (26)

The expansion scalar

9=3H:(£+§+£’)=3(5+z). @27

A' B ¢ to  t
The shear scalar

2 _1ry3 2 _ 2) — ma?+mz®+mymg
773 (Ziei Hi* = 3H?) aos(ti)éyeef(%n)' (28)
0

The anisotropy parameter

—H\2 2 2
A, = 12?=1 (HL H) _ 2(m; +2m3 +m2m33 ; (29)
O ey
9a0°(z+) () e
where H; = %, H, = g, H; = % are the directional Hubble parameters.
The energy density (p), the pressure (p) and the cosmological constant (A) are obtained as

6 t_ 6y-2 t_
(w+1){(4n+a)2(w+1)a06(i) yesf(fo 1)+8ﬁ(3m—1)<mz2+m32+m2m3—yao6to(‘2)(i) 4 e“(fo 1))1
Am+a to to

p= N t > (30)
4B(Bw-1) 4B(w+1)(3a)—1)a03(%)3]/83;(%_ 1)

t - L
w\/(m+1){(4n+a)2(w+1)a06( t)GyeGS(%_1)+83(3w—1)<m22+m32+m2m3—ya06t0(_2)(ti)ey 2esg(fo 1))}
w@nt+a) o

o
p = _ t ’ (31)
+GEwe=1) 4B(w+1)(3w—1)a03(%)3ye3$(%_1)
A= — (m22+m32+mym3)(w+5) viw+5-6y(w+1)} 3§82  6y§  (4mta){(w+5)(dm+a)-2(8n+3a—aw)} n
- £\6Y ss(i_l) 2(w+1)t2 t?  tto 88(3w—1)
2(w+1)a06(%) e '\to
£ | 7\ (mp?+ma®+myms) 7T
9(£+7) )+ +
t, t 6 = 20(Bw—-1
° ao6(%) yeﬁf(to 1) FBw-1)
t - t_
\](w+1)g(47T+0£)2(w+1)a06(%)6y666(5_1)+8ﬁ(3w—1)<mz2+m32+mzm3—ya06t0(—2)(é)6y ZeGS(fo 1))}
(32)

8B(w+1) 2o (ti)syegs(%- 1)
0
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Figure 1. Variation of the Hubble parameter H v/s cosmic timet  Figure 2. Variation of the deceleration parameter q v/s cosmic
time t

Figure 3. Variation of the energy density p v/s cosmic time t Figure 4. Variation of the pressure p v/s cosmic time t

Figure 5. Variation of the cosmological constant A v/s cosmic time ¢

To explore the physical and geometrical properties of the model from the evolution graphs of the cosmological
parameters, we takey = 0.6, £ = 0.2, ap =1, t, =1, m; =0.7, my; =03, my=-1, a=0.1, £ =01, w =1.
From the graphs, we observe that the Hubble parameter (H) and the deceleration parameter (q) are decreasing
functions of cosmic time. The energy density (p) and pressure (p) are also decreasing function of cosmic time. Figure
5, shows that the cosmological constant (A) decreases rapidly at initial stage and tend to zero in the course of evolution.
The hybrid expansion law (20) is a combination of the power law expansion and the exponential expansion. It yields the
power law expansion for ¢ = 0 and the exponential expansion for y = 0.
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Case (i): When ¢& = 0, equation (20) reduces to

which is the power-law of expansion.
Then, equations (21)-(23) yield

A= ayly (%)y exp [m1a53tgy tll__:;], (33)
B = ayl, (&)y exp [m2a53tgy ':11__33:], (34)
C = ayls (é)y exp [m3 ay3ty tll__:::] (35)

Thus, when the expansion of the universe is governed by a power law expansion, then

3y
V=a(5) (36)
W=t 37)
1
a=1-1, (38)
o=, (39)
2 — m22+m32+m2m3 (40)

6y >
t
a0%(7;)

2(my2+ms2+myms)
m = (41
9a0%(3) (%)
6 6y—2
o J(w+1){(4n+a)2(w+1)a06(%) 188 Ge-1)(my2 +ms2 +myma-yageto I (L) )} o
4f(Bw-1) 4ﬁ(m+1)(3w—1)a03(%)3y ’

wimra) a)j(w+1){(4n+a)2((u+1)a06(%)6y+8,8(3a)—1)(m22+m32+m2m3—yaoﬁto(_z)(%)wﬂ)}

_ ) (43)
4p(Bw-1) 4B(w+1>(3w—1)a°3(%)3y
(ma?+my?+mams)(@+5) | ylw+5-6y(w+D)) _ (“n+ta){(w+5)(@dn+a)-2(8n+3a-aw)) )? (ma®smg*+mams)
A=— 767 20+1)t2 8B (3w-1 +9(_) e
2(w+1)a06($) (w+1)t BGBw-1) ‘ aos(ﬁ)
) i j(w+1){(4n+a)2(w+1)a06(%)6y+86(3w—1)(mzz+m32+mzm3‘V‘loﬁto(_”(%)sy_z)}
44
{2ﬁ(3w—1) 8B(w+1) “03(%)3}, -

From the Figures 6, 7, 8 and 9, we see that the Hubble parameter (H), energy density (p), pressure (p) are
decreasing functions of cosmic time and the cosmological constant (A) decreases initially to negative value and then
increases tending to zero as time evolves. The deceleration parameter (q) may be positive, negative or zero depending
on the values of y. For y > 1, the expansion of the universe corresponding to the constructed model accelerates.

For y < 1, the expansion decelerates and for y = 1, the universe undergoes uniform expansion.

Case (i1): When y = 0, equation (21) reduces to
t
a= aoes(g_ 1),

which is the exponential law of expansion.
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Then, equations (21)-(23) yield

t r t b

A = aglyefli ) exp [matn 34055 ), 3)
L 0 i
t r t b

B = aolzef(g_ ) exp %:t:e_%(%_ g , (46)
| 0 i
t r t 1

C= a0l3ef(5_ ) exp %:t:e_%(% -1) . 47)
| 0 |

0.00z2

Figure 7. Variation of the energy density p v/s cosmic time t

Figure 8. Variation of the pressure p v/s cosmic time t Figure 9. Variation of the cosmological constant A v/s cosmic
time t

When the expansion of the universe is governed by the exponential law of expansion, then

V= a03e35(%‘ o) (48)
H= % (49)
q=-1, (50)
9=3§ G

2 _ m22+m32+m2m3

o =
aoéer(%_l) ’

(52)
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2(my2+mz2+myms)
Ay = 2 23 65(:_2_:)’ (53)
9a06(%) e "\to

6§(L— 1)
(w+1){(4m+a)2(w+1)aybe ~\to +8B(Bw—1)(My2+mz2+myms)

am+a
T 4BGe-1) G , (54)
#eemy 4p(m+1)(3m—1)a0333§(ﬁ‘1)
t
wj(w+1){(4n+a)2(“’“)“06"6{(% B 1)+8ﬁ(3w—1)(m22+m32+mzm3)}
p = w@n+a) (55)
= = — :
ey 4,8(w+1)(3w—1)a03e3€(f0 1)
A=— (ma®+ma2+myms)(w+5)  3§%  (4m+a){(w+5)(47+a)—2(8n+3a—aw)} 49 (i)z (my2+ma?+myms) { -
= J _ > t _
R spGe-1) o/ sestli1) 2B(GBw-1)
t
J(w+1){(4n+“)2(0""1)!10686;(% N 1) +8ﬁ(3w—1)(m22+m32+m2m3)}
; (56)
8B (w+1)

T
3t(55-1)
ag3e "\to

Figure 10. Variation of the energy density p v/s cosmic time t Figure 11. Variation of the pressure p v/s cosmic time t

Figure 12. Variation of the cosmological constant A v/s cosmic time t

From the graphs, we observe that the energy density, pressure and cosmological constant initially assume negative
values and then tend to zero in the course of time.

6. CONCLUDING REMARKS
In this paper, we study Bianchi type-I cosmological model within the framework of f(R,T) theory of gravity
considering the functional f(R,T) = R + 2(aT + BT?), where a and 8 are constants. We consider the expansion of
the universe to follow a hybrid expansion law and obtain exact solution of the field equations. Two particular cases are
also considered when the expansion of the universe is governed by a power law and an exponential law only. We

investigate the physical and kinematical properties of various cosmological parameters in all these three cases and find
that
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* Both the hybrid expansion law and power law of expansion induce an initial singular model of the universe as the
metric coefficients A, B and C vanish at the initial moment. In case of exponential expansion law, the metric
coefficients A, B and C become constants at t = 0.

* For hybrid law and power law of expansion, the physical parameters H, 8,62, A,, assume very high value at the
initial epoch and tend to zero for large t. Also, the volume of the universe is zero at the beginning and increases
exponentially with time t. Hence, the universe starts with the Big Bang singularity at t = 0 and then expand throughout
the evolution. In case of exponential law, the physical parameters H, 8 become constants. Volume is initially very low
and increases exponentially in the course of time while the other parameters show similar behavior as hybrid law and
power law of expansion.

* In hybrid expansion law, the deceleration parameter (q) approaches —1 for large cosmic time. In case of power
law of expansion, it may be positive, negative or zero showing thereby that the universe may undergo accelerating
expansion, decelerating expansion or uniform expansion. The expression for the deceleration parameter q, in the case
of exponential law of expansion, shows that the expansion of the universe is decelerating throughout the evolution
without depending on y.

* For hybrid law and power law of expansion, the energy density and pressure increase rapidly at the beginning but
it decreases in the course of evolution and tend to 0 at late time. But in case of exponential expansion law, the energy
density and pressure are negative and increase exponentially throughout the evolution of the universe and tend to 0 as
time t — oo,

* The cosmological constant (A) decreases initially and then increases and tends to 0 at late times for hybrid law as
well as power-law of expansion. In the case of exponential law, cosmological constant is negative and increases in the
course of time tending to zero at late times.
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AHI3OTPOITHA KOCMOJIOTTYHA MOJIEJIb VY f (R, T) TEOPIi TPABITAIIIT
3 KBAJIPATHYHOIO ®YHKIIE€IO BIA T
Yanapa Pexxa Maxanra, lllasnika /lexa, Kankana Ilarxak
Daxynemem mamemamuru, Ynisepcumem I ayxami, I'veaxami-781014, Inois

V wmiff crarTi MH JOCHIIKYEMO MPOCTOPOBO-OAHODIAHUI Ta aHi3oTponHuil mpocrip-yac bianki Tumy I, 3amoBHeHuit igeanbHOIO
pinunoo, y pamkax AR, T) teopii rpasitauii ais gyukuionansnoi popmu AR, T)=R+2AT) 3 AT)=aT+BT?, ne a i B koucrantu. Touni
PO3B’SI3KH PIBHSAHB T'PaBITALlIHHOTO MONS OTPUMaHI IUIAXOM IPUIMYIICHHS, IO CepeAHill MacmTaOHUK KOe(DIIiEHT MiIKOPSEThCS
riOpuaHOMY 3aKOHY PO3IIMPEHHS, 1 BUBEICHO AEsSKI KOCMOJIOTIYHI TapaMeTpH MOAENi. TakoX pPO3TIIIAIOTBECS Ba OCOOIMBHX
BUIAJKH, IO MPU3BOAATH A0 CTENEHEBOTO PO3KJIALy Ta €KCIIOHEHIIAIIBHOTO po3KiIamny. Mu nociikyeMo (i3ndHi Ta reoMeTpHYHi
BIIACTHBOCTI Mojelel, BUBYal0un rpadiky eBoMIONii IesIKUX BiJIIOBIJHNX KOCMOJIOTIYHHUX ITapaMeTpiB, TAKUX K rmapaMeTp Xaobia
(H), mapameTp ynoBiJIbHEHHS () TOIIO.

Kuarwuosi cnoBa: Bceceim bianxi muny I; f(R,T) meopis epasimayii; napamemp Xabbia;, KOCMONOSIMHA cmMana;, napamemp
YNOBINbHEHHS
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In this article, we examine the LRS Bianchi type-I cosmological model in the framework of AR, T) gravity, where R is the Ricci scalar
and 7'is the stress energy momentum tensor in the presence of Domain wall. we used the special law of variation of Hubble’s parameter
proposed by Berman (1983) to obtained the exact solution of field equation, corresponds to the model of the universe. The Energy
conditions and physical behaviour of the universe has been obtained and their evolution has been discussed using some physical
parameter and by means of their graphs. Also, we can use the Statefinder parameter for testing the validity of the model.

Keywords: f(R, T) gravity; Statefinder parameters; LRS Bianchi type -1 cosmological model; deceleration parameter

PACS: 04.20.—q; 04.20.Jb; 04.50.Kd

INTRODUCTION

There are three solutions to the equation of expanding universes, each predicting a different ultimate fate for the
entire universe. The ultimate fate of the universe can be determined by measuring the rate at which it is expanding relative
to the amount of matter it contains. Open, flat, and closed universes are the three forms of expanding universes that are
theoretically possible. The universe would always grow if it were open. If the universe were flat, it would also continue
to expand indefinitely, but the rate of growth would eventually reduce to zero. The universe would eventually stop
growing and collapse in on itself if it were closed, possibly resulting in another big bang. in all three scenarios gravity is
the reason for the slowed expansion.

The universe in which we exist must have gone through a phase of exponential accelerating expansion called
inflation. Inflation not only explains the physics of the early universe, but also some conceptual problems in the big bang
cosmology such as flatness problems, the horizon problem, etc. Guth [1,2] presented the revolutionized cosmic ideas on
this expansion and the beginning of this universe as a result of the big bang. observational data from the Plank
collaboration [3], Baryon Oscillation Spectroscopic Survey (BOSS) [4], and Atacama Cosmology Telescope Polarimeter
(ACTPol) collaboration [5] provides relevant experimental evidence about the acceleration of our universe. Modern
cosmology developed a fresh perspective in the previous century that allowed for significant improvements in the
understanding of the universe's current, accelerating expansion. Observations from Supernovae cosmology project [6,7]
high red-shift supernova [8], cosmic microwave background (CMB) fluctuations [9,10], large-scale structure
(LSS) [11,12], cosmic microwave radiation (CMBR) [13] suggests that present universe is undergoing an accelerated
expansion. To explain this acceleration Einstein introduced the simple proposition for Dark energy (DE) known as the
cosmological constant to the gravitational field equation. However, this cosmological constant faces some theoretical
difficulties such as fine-tuning problems, coincidence, etc. To avoid those cosmological difficulties researchers, approach
two different ways to explain the cosmic acceleration. The first approach is to start working on quintessence [14, 15],
phantom [16], k-essence [17], tachyons [18], holographic dark energy [19], Chaplygin gas [20], etc.

The second approach is to introduce modified gravity as an alternative to GR and it can describe the late time
cosmology as well. In recent years, several theories of modified gravity have been developed corresponding to the
modification in Einstein—Hilbert action by a polynomial function of R ( f(R) gravity) [21-23], a function of Ricci scalar,

and a trace of energy-momentum tensor f(R,T) gravity [24], a function of torsion scalar f(7) gravity [25], Gauss-

Bonnet scalar f(G) gravity. Among the modified theories of gravitation, f(R,T) gravity become most popular these

days to the theoretical cosmologists and astrophysicts as it can explain many cosmological and astrophysical problems.
f(R,T) gravity was proposed by Harko et al. [24] which is the extension of f(R,T) gravity with trace energy

momentum tensor 7 with the modification in Hilbert action principle. This of gravity takes into account the effects of
minimal coupling between matter and geometry in the action of gravity. This idea gained popularity when it was first
proposed, and researcher used it to explain a variety of other cosmological circumstances scenarios, including
thermodynamics [26-28], gravitational waves [29-31], redshift drift [32], big bang nucleosynthesis and entropy evolution

7 Cite as: V.R. Patil, P.A. Bolke, S.K. Waghmare, J.L. Pawde, East Eur. J. Phys. 3, 53 (2023), https://doi.org/10.26565/2312-4334-2023-3-03
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https://orcid.org/0000-0002-0442-3962
https://orcid.org/0000-0002-1212-5260
https://orcid.org/0000-0001-8068-6265
https://doi.org/10.26565/2312-4334-2023-3-03
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334

54
EEJP. 3 (2023) V.R. Patil, et al.

[33]. Nisha Godani [34] investigated FRW cosmology in f (R, T) gravity to study the age of universe, apparent magnitude
and age of universe. Tiwari et al. [35] studied the quadratically varying parameter in f(R,7) gravity. An anisotropic

Tilted Marder’s Cosmological Model is investigated by Pawar and Shahare [36] in the framework of f(R,T) gravity and

discussed the energy conditions of the model with the help of some physical parameters. Mishra et al [37] analysed
cosmological models with an anisotropic variable parameter in f(R,T) gravity. Sahoo et al. [38] discussed the energy

conditions in non-minimally coupled in f(R,T) gravity. late-time acceleration for the bulk-viscous fluid in f(R,T)

gravity is studied by Arora et al. [39].

The experimental and observations data of microwave background radiation suggest that our present universe is largely
homogeneous and isotropic represented by FRW model. Bianchi space-time plays a significant role in modern cosmology
to discuss and understand the early phases of the evolution of the universe due to spatial homogeneous and anisotropic
behaviour as such cosmological models plays a significant role in describing the large structure and behaviour of the universe.
Yadav et al. [40] investigated the existence of bulk viscous universe in f(R,T') gravity. Patil et al. [41] discussed the Bianchi

type IX cosmological model in Creation field. Koussour & Bennai [42] discussed Bianchi type I space-time with bulk
viscosity in f(R,T) gravity. Recently [43-46] investigated Bianchi type space-time in f(R,T) gravity.

With this motivation, in this paper, we have emphasized to investigate the exact solution of LRS Bianchi type- |
model in the framework of modified f(R,T) theory of gravity with domain wall using special law of variation of Hubble’s

parameter. Also, we discuss energy conditions of the model. The article is organized as follows: In section 2 we briefly
review f(R,T) theories, and we present the field equation of gravity. Section 3 is used to find exact solution of LRS
Bianchi type- I model, the energy conditions of the model are presented in section 4, the Statefinder diagnostic are
analysed in section 5. Finally, the results are summarized and concluded in section 6.

Gravitational field equations of £ (R,7T) gravity
The gravitational field equations of models in f(R,T) theory of gravity is obtained from the Hilbert-Einstein action
in variational principle.
The action for f(R,7)modified gravity is given as,

S=Jx/;(f(R’T)+Lmjd‘x, )

162G

where, f(R,T) is an arbitrary function of the Ricci scalar R and of the trace 7' of the stress-energy tensor of the matter
T,, and L, is the usual matter Lagrangian.

The stress-energy tensor of the matter 7,, is defined as

o2 SWst) o
uv \/% é'g#v ’
and its trace by T =g"'T,,
The corresponding field equations of f(R,T) gravity by varying the action (1) with respect to the metric tensor g, is

given by
1
fR (R’T)R/Jv _Ef(R’T)g//v +(g/1v|:|_v,uvv)fk (R’T)=8”T/1v _fT (R’T)T,uv _fT (R’T)G/zv (3)
where,
I (R,T I (R,T ,.
.fR E%? fTE%y DEVV_,‘y

V, is the covariant derivative and T,, is the standard matter energy-momentum tensor derived from the Lagrangian L,,.

By contracting equation (3) we get relation between the Ricci scalar R and trace 7 of stress-energy momentum tensor
as,

SrR,DR+30/f,(R,T)-2f(R,T)=8xT — f-(R,T)T — (R, T)O, @)

where, ©=¢""0,,
In f(R,T) gravity theory, the function f(R,T) depends on the nature of matter source. Hence, one can obtain

several theoretical models corresponding to the different matter models. Harko et al. [24] have considered the following
three different classes of f(R,T) gravity models:
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R+2£(T)
JRT) =1 [(R)+ (T : (&)
H(R)+21,(R)f(T)

In this paper, we assume f(R,T)=R+2f(T), with the particular choice f(7T)=AT , where A is constant.
The field equation in f(R,T) theory with the function f(R,T)=R+2f(T), where the matter source is perfect fluid
are given by Harko et al. [24]

1 7 4
Ry, =3 Rg, =871, 42/ (1), +[2p (D)4 (D)2, ©

where prime denotes the differentiation with respect to argument.
The energy- momentum tensor of domain wall is taken as

T, =p(gu +ww, )+ pww,, )

where p is the energy density , pis the pressure of domain wall and w" =(1,0,0,0) is the four velocity vector in the
comoving coordinates which satisfies the condition w*w, =-1.

Then we have,
L=0=T'=p,I)=—p,T=3p-p. ®)

Domain walls are cosmologically important due to their appearance in the phase transition of the early universe.
Kibble [47] has highlighted that late time evolution of domain walls is governed by their surface tension and their
interaction with matter. Different types of domain walls can occur with very different degrees of transparency, but in all
cases the size of the overall structure increases over time.

Metric and field equations
We consider the LRS Bianchi type I space-time of the form

ds’ =dt’ = L(t) dx’ = M (1)’ (dy’ +dz°), 9

where L(¢) and M(¢) are the scale factor and the function of the cosmic time ¢ only.
The corresponding field equation (6) for the metric (9) for the function f(R,T)=R+2f(T) with f(T)=AT can

be written as

. N2 ..
M M

—| +2—=-B7+5)p-Ap, 10
(Mj Y e srasap-ip (10)
L M LM

—+—+——=—-8z+50)p-Ap, 11
AR A4 (4
CN2 ..

M LM

— | +2=—=@8r+A)p-34p, 12
[M] Ty = ®rrAp=32p (12)

where dot (.) represents the derivative with respect to ¢ .
Equation (10), (11) and (12) are three linearly equations with four unknowns L,M,p and p. In order to solve the

system completely we use variation law of Hubble’s parameter between H and a proposed by Berman (1983).
H=la" =I(LM*) /5, (13)

where [ >0 and n>0 are constants.
The spatial volume is given by
V=a'=LM?, (14)

where a the mean scale factor.

The mean Hubble’s parameter H for the metric (9) is given by

1 1(L M) a
H=—(H +H +H)=—-| “+2—|=2 (15)
3 : 3L M) a
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L M o . .
where H = 7 and H, =H,_ = I are the directional Hubble’s parameter in the x,),z respectively.

The volumetric deceleration parameter is
1 ..
q=—1+—(—j=—@=n—1 (16)
from equation (13) and (15), on integration we get

1
a=nlt+k)", n#0 17
Subtracting equation (11) from (10) we get,

B Bl
dai\L M L M\L M

on integrating and using (14), (17) we get

2 1 2c 3
L=(c,)3 (nlt+k)n exp(3l(nl_3) (nlt+k ) J JN#3 (19)
1 1 _ n-3
M =(c,) (nlt+k )n exp| ——(nlt+k) » | n#3 (20)
31(n—3)

where ¢, and c, are the constant of integration.
using equation (11), (13), (19) and (20) we get,

e 1 I [87(2n-3)+2A(n-3] 2¢>(127-A) 1)
- P 5 2 - 6 (2
((87+32)" - 2*) (nlt+k,) 9[(%%)”}
-1 P[-6A(1+n)-24x] 24c’(m+A
- Ay =2 | lt+k ) L 2t 1)6 (22)
(874327 -2) | (nir+k) 9{(nlt+k1)n}
using equation (19) and (20) in equation (9), the model of the universe takes the form
4 2 4c n3 2 2 2c n-3
ds* =dt* —(c,)3 (nlt+k, )n exp L—(nlt+k)n |dx*—(c,) 3 (nlt+k )nexp —(nlt+k) | (dy* +dz*),
3l(n-3) 3l(n—-3)

(23)

Definition for physical parameter such as , the spatial volume (V), directional Hubble parameter (H;), mean

Hubble’s parameter (H) , extension scalar (8), shear scalar (o) and anisotropy parameter (4, ), deceleration parameter
(g) for the universe (23) are given by:

3

V=(nlt+k ) 24
H = 201 / (25)
' 2 (nlt+k,)
3(nlt+k ) !
—c /
H =H_ = ! 3 (26)
3(nlt+k ) (it +k)
He— 't 27
(nlt+k,)
p=—3" (28)
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12 2(n=3)
[, = e (nlt+k1) n 29)
2
0'2 =—c1 3 (30)
3(nlt+k )
qg=n-1 31)

Fig. (1) shows the variation of Hubble parameter (H) with cosmic time (¢) . From figure we observe that H is
decreasing function of cosmic time. Similarly, from Fig. (4) the expansion scalar () is the decreasing function of time.
Both Hubble’s parameter (H') and expansion scalar () starts from a positive value and approaches a small positive value
for large value of time (¢) . Hence the expansion rate is faster at the beginning and slows at later stage. We plotted all the
graphs by taking n,/,k,c, =1.5,2,1,1.

Fig. (2) and (3) shows the variation of spatial volume (V) and shear scalar (o) with cosmic time (¢) . From the

figure we observe that the shear scalar is decreasing positive value function of time and spatial volume of the model is
increasing function of cosmic time. Hence the present model is expanding and shearing.

401

w
T

Hubbel's parameter( H)
=
Voiume- (V)
o
T

0 1 2 3 4 5 0 05 i is
cosmic time (1) cosmictime:(t)

~

Figure 1. Plot of variation of Hubbel’s parameter (H) vs
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Fig. (5) and (6) represent the plot of pressure and energy density with cosmic time (¢) for A=0,—land—2 by taking

n,lk ,c, =3.2,0.097,0.1,0.2 . The value of pressure approaches to a small negative value close to zero, for large value of

time. From the recent observations data and accelerated cosmic expansion of the universe, it is assumed that the Universe
is undergoing an accelerating expansion due to the negative pressure called as dark energy. Also, from the graph of energy
density (p) vs. cosmic time (¢) , it is observed that, energy density is decreasing positive valued function of time and
approaches zero at late time.
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Energy conditions
In this section, we examine the energy condition for our constructed model. Additionally, we examine whether or
not our model satisfies the energy conditions.
The energy conditions are:
1) Weak energy conditions (WEC): p=0 and p+p=0.
i) Dominant energy conditions (DEC): p—p =0.
iii) Strong energy condition (SEC): p+3p =0

1 I*(16zn+8An) ¢ (48w +224
prp= > P T (32)
((8z+34) =22) | (nit+k,) 9[(%%)”}

1 I (167n—6An—121—487) 26c
pP—P= *_ I+k ) + 6 (7 (33)
((872’+3ﬂ) — ) (I’lt+ 1) 9‘:(nlt+k])":|

1 (1620 +20An+124+487) (704+967)c;
p+3p: > - 6 [ (34)
((87r+3/1)2—/12) (nlt+k,) 1
9| (nlt +k,)»

(p=»)
s & s
2: B B
2: 5 I

o~ ~
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Figure 7. Plot of (p+p) vs cosmic Figure 8. Plot of variation p—p vs cosmic Figure 9. Plot of variation of (p+3p)vs

time (t) time (t) cosmic time (t)
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Fig. (7), (8), (9) represents the graph of energy conditions vs. cosmic time with A=0,—1 and —2. From these
figures it is observed that all the energy conditions (EC) are satisfies by the model in f(R,T) gravity.

State-finder diagnostic
A cosmological diagnostic parameter set {r,s} called State-finder pair was introduced first by Sahni et al. [48] to

study a geometric view of the dark energy models. The state finder parameters depend on the scale factor. The important
property of state-finder pair is that, the fixed point {r,s}={1,0} characterizes the cold dark matter with A (ACDM)

model, while the fixed point {r,s} = {1,1} characterizes the standard cold dark matter (SCDM) model.

The state finder parameter » and s are defined as follows:

=(n-1)(2n-1), (35)

r—1 2

@25

From Fig. (10), we can see that our model satisfies SCDM scenario of the universe for n=1.5.

5= n. (36)

301
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Figure 10. The state finder plane

DISCUSSION AND CONCLUSION
In this paper, we studied the LRS Bianchi -I cosmological model in the framework of f(R,T) theory of gravity

with f(R,T)=R+2f(T) by taking f(T)= AT . Exact solution of the field equations is obtained with the help of special

law of variation of Hubble’s parameter proposed by Berman (1983). We have discussed the geometrical and kinematical
properties of various parameters. Also we have studied the behaviour of the model according to graphs of physical
parameters such as Hubble’s parameter (H), the spatial volume (V), extension scalar (6), shear scalar(o), Energy

density (p) and pressure ( p) . The Hubble’s parameter, shear scalar and expansion scalar are constant as cosmic time tends
to zero and this parameter diverges when cosmic time is —k, /(n-1).

i)  Hubble’s parameter, shear scalar and expansion scalar are decreasing positive value function of cosmic time.
This shows that at the beginning the expansion rate is faster and slows at later stage.

ii) The spatial volume admits constant value at early times of the universe (as cosmic time tends to zero), after that
spatial volume start increasing with increase in cosmic time without showing any type of initially singularity and
finally diverges to o« as ¢ —>oe. This indicates that initially, the evolution of universe starts at the big-bang

singularity ¢ =—k, / (n-1)and then expands approaching to infinite volume.

iii) The positive sign of deceleration parameter () corresponds to standard decelerating model whereas the negative
sign indicates acceleration. For n > 1, deceleration parameter ¢ >0,hence model represents the decelerating
model whereas 0 <n <1, we get —1 < ¢ <0, which describes an accelerating model of the universe.

iv) Energy density (p)is positive and decreasing function of cosmic time and also p — 0 when ¢ — oo,
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v) It is worth to note that, f(R,T) model reduces to general relativity (GR) for A=0.From Figs. (7-9), it is

observed that all energy conditions (EC) are satisfied in f(R,T) model but these energy conditions are not
satisfied in general relativity (4 =0) model.

vi) The Statefinder trajectory (Fig. 10), showing that the model behaves as the SCDM model during the early

universe and as the ACDM model during the late universe.
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In the context of current scenario, it is crucial to look beyond Einstein’s theory, which opens the door to certain modified
theories of gravity. So, present study is devoted to investigate the various energy conditions, particularly, strong energy
condition (SEC), weak energy condition (WEC), null energy condition (NEC) and dominant energy condition (DEC)
corresponding to different functional forms of f(R) gravity. We have studied for flat, isotropic and homogeneous FLRW
cosmological model filled with interacting field i.e., perfect fluid is coupled with mass less scalar field for different models
of modified f(R) gravity in which R is the Ricci scalar. We have observed, the accelerated expansion of the Universe
which exact match with recent observational evidences.

Keywords: FLRW cosmological model; f(R) gravity; Interacting field; Hubble’s law
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1. INTRODUCTION

During the past few decades, the astrophysical data from cosmic microwave background anisotropy, galaxy
clustering and high red-shift supernovae [1, 2, 3] have disclosed large scale structure and accelerated expansion
of the Universe caused by a dominated negative pressure fluid termed as dark energy (DE). According to
experimental findings, the DE acquires almost 73%, dark matter occupied 23% and baryonic matter served 4%
[4, 5, 6] of entire energy density. The vacuum energy (also known as the cosmological constant) with equation
of state (EoS) parameter w = —1 are the most straightforward and theoretically plausible candidates to explain
the existence of DE [7, 8]. But instead of introducing a dark energy it is more sensible to propose theories by
modifying the Einstein-Hilbert action with Ricci scalar R and a general function along with matter-geometry
coupling. Some of popular and important modified theories are f(R) gravity [9], f(T) gravity [10], f(G) gravity
[11], f(R,T) gravity [12] etc.

The f(R) gravity is one of the most powerful and interesting candidates to study the behaviour of DE
and is a modification of general relativity that alters the Lagrangian density of the theory by incorporating a
function f(R) into the gravitational action [13]. To extend and generalize Einstein’s theory of general relativity,
there exist different approaches to describe modified gravity theories such as f(R) gravity which approaches
aim to expand the understanding of gravitational interactions and their implications. Recent research has
focused on f(R) gravity as a potential explanation for the accelerated expansion of the Universe. These theories
have limitations such as instability, ghost-like degrees of freedom, and the fine-tuning problem. Despite these
limitations, f(R) gravity has been successful in explaining various phenomena, including the structure formation,
the unification of cosmic epochs, and the late accelerated expansion of the Universe [14, 15, 16, 17]. Studies in
f(R) gravity have supported observations of Type Ia supernovae and WMAP data, which indicate an accelerated
expansion of the Universe [18]. After a long period of time, the expansion will cease entirely and the Universe

will attain isotropy i.e as t — oo, %f_> 0 [19].The Hubble parameter (H) and expansion scalar (6) have been
analyzed, revealing that the expansion rate of the Universe was higher during the Big Bang and has gradually
decreased over time [20]. Researchers have also explored the solutions of Bianchi-type cosmology in metric f(R)
gravity and compared them with Lematre-Tolman cosmology, which describes inhomogeneity in the Universe on
various scales[21]. The influence of magnetism in the early stages of the Universe’s evolution has been observed
in the investigation of Bianchi type I space-time in f(R) gravity with the presence of string clouds and domain
walls containing strange quark matter [22]. Both accelerating and decelerating phases of Bianchi type-1 space-
time have been studied in f(R) gravity, with the Universe expanding in both phases. The initial expansion rate
is much faster than the later rate [23]. The expansion of model begins with zero volume, finite string density as
well pressure and continues to expand over time [24]. Fourth-order f(R) extended theories of gravity have been
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examined [25], specifically the form f(R) = R+ R?, which is in line with theoretical constraints and cosmological
data for static and spherically symmetric configurations. In contrast to the expansion scalar, shear scalar, and
Hubble’s parameter, the spatial volume in f(R) gravity increases exponentially with time, indicating a constant
rate of expansion that matches the present-day scenario [26]. Using a special form of the Hubble parameter,
researchers [27] have investigated exact solutions of spatially homogeneous Bianchi type-I cosmological models
in the context of f(R) theory of gravity. The models depict an expanding Universe following a power law after
the Big Bang singularity, with the presence of accelerating or decelerating phases depending on the parameters
[28]. Furthermore, the solutions of field equations have been explored for higher dimensional Kaluza-Klein
cosmological models using string models in f(R) gravity, resulting in an accelerated expanding Universe [29)].

The authors [30] employed a special case proposed by Schwinger and found solutions for the model FRW
closed bulk viscous cosmological model with wet dark fluid was examined using the Nordtvedt general scalar-
tensor theory. Another investigation focused on two fluid axially symmetric cosmological models in the f(R,T)
theory of gravitation. By imposing a supplementary constraint Hs = kHj, the authors [31] obtained a de-
terministic model that exhibited an expanding and shearing Universe. Some authors [32] presented a FRW
cosmological model which satisfied the principle and considering the most recent research that suggested dark
energy is responsible for the Universe’s acceleration. The authors [33] selected a specific functional form and
explored the cosmological behavior of FRW models in the f(R, G) gravity. They discussed violations of the SEC
(strong energy condition) and NEC (null energy condition), which are necessary for bouncing models. In the
context of the Big Bang theory, researchers [34] investigated the cosmological behavior within the framework
of the f(R,T) gravity. They obtained a solution for the FRW cosmological model, which revealed that the
Universe is accelerating and expanding according to current observations. By adopting the fractal parameter
w = 0 and the relationship between p,, and pp,, i.e. pm = (v — 1)pm, 1 < v < 2, [35] explored the flat FRW
two-fluid cosmological models in fractal theory of gravity and discovered the answers.

By examining the plane-symmetric cosmological model in the presence of a source-free electromagnetic
field coupled with mass less scalar field [36, 37] identified an expanding, shearing and non-rotating Universe.
It is observed that the closed Universe correspond to quintessence while flat and open Universe corresponding
to the phantom model of the Universe [38]. A realistic Universe dominated by matter has been obtained using
two-fluid viscous dark energy models for an anisotropic general type of Bianchi space-time that is filled with
barotropic and dark fluid in interacting and non-interacting modes with variable EoS parameter [39]. During
investigations of the two-fluid Bianchi type-V I anisotropic cosmological model coupled with the zero mass scalar
field in Einstein’s theory of gravitation, some authors [40] discovered that the cosmological constant decreased
over time as the Universe expanded which supported by a recent finding from observations of type Ia supernova
explosions (SNIa). Researchers [41] have explored modified f(T) gravity two-fluid cosmological models and
observed the expanding and shearing nature of the Universe. Some authors [42] studied both interacting and
non-interacting cases while observing the matter and radiation fluids in the scale covariant theory of gravitation
for Bianchi type I. Researchers [43] looked at a plane-symmetric cosmological model in f(R,T) gravity with an
interacting field as a source of energy and noticed that the pressure and density behaved differently in different
models.

Energy conditions are fundamental for understanding concepts like black hole thermodynamics and the
singularity theorem. The Raychaudhuri equations [44] provide an excellent model for describing the attractive
nature of gravity and the positive energy present in the Universe. There are four different energy conditions:
the null energy condition (NEC), weak energy condition (WEC), dominant energy condition (DEC), and strong
energy condition (SEC). The weak energy condition states that the energy density measured by any observer
should not be negative. It implies that the energy density must be greater than or equal to zero at all points
in spacetime. On the other hand, the strong energy condition stipulates that the pressure observed by any
observer should be less than or equal to the energy density, and the energy density itself should not be negative.
In other words, the pressure should not counteract gravity. The dominant energy condition requires that the
energy density measured by any observer must be positive, and the energy flux measurement must not be
space-like. This means that the energy flow cannot exceed the speed of light, and the energy density at any
point in spacetime must be greater than or equal to zero.

The article follows the following structure. Section II provides an introduction to the formalism of f(R)
gravity. Section III examines the field equations for the isotropic, flat, and homogeneous FLRW Universe. In
Section IV, the solutions to the field equations for f(R) gravity are obtained and calculations are performed
for the Hubble parameter, average scale factor, spatial volume, and Scalar expansion. Section V discusses the
energy conditions for various models of f(R) gravity. Finally, Section VI presents a discussion of the findings
and concludes the article.
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2. FORMALISM OF f(R) GRAVITY

A modification to the general theory of relativity is f(R) gravity. The field equations of f(R) gravity are
obtained by varying Hilbert-Einstein action principle which is given by

S

— 1oz [ rmvEgdt + [ Say=adis &)

where f(R) is a general function of Ricci scalar R and g is the determinant of g;; and S,, is Lagrangian of
matter.
The Ricci scalar R is obtained by contracting the Ricci tensor R;; as

R = g"R; (2)
Here the formulation of the Ricci tensor is given by

Ry =TI?  —T?

ijop L ipiJ +T7,T8, — T (3)

ij= pq pTJq

where I'g represents the components of the renowned Levi-Civita connection as described by

, 1.

Iy = 59”” (Gjm,k + Gkm.j — Gjk,m) 4)

The corresponding field equations of f(R) gravity are obtained by varying the action (1) with respect to g;; as,
1

F(R) Ri; — 5/ (R) gij — ViV;F (R) + gi;;UF(R) = T}; (5)

Where 0= Vkvk and F(R) — d);(]?)

Here V; is the covariant derivative and Tj; is energy momentum tensor derived from the Lagrangian Sp,.
The energy momentum tensor T;; is given by

7, = 2 9(/=95)
YooVeg  9gY

3. FLRW METRIC AND FIELD EQUATIONS

The observational data from Cosmic Microwave Background (CMB) [45, 46] point out that our Universe
is spatially flat at late times, therefore we considered the isotropic, flat and homogeneous FLRW metric as

(6)

3
ds? = dt* — a*(t) Z da? (7)

i=1
Where, a termed as cosmic scale factors used to measure the expansion of Universe, is a functions of time ¢

only.
from equation (3), we obtained the non-zero components of Ricci tensor as

ROO = 735’ R11 = R22 = R33 = — (2&2 + aa) (8)

Therefore, the resulting Ricci scalar R for the line element (7) is

i a2 i a2
R—6a+6a2—6[a+2] (9)

Here H = % is a Hubble parameter.
We assume the gravitational field’s energy source to be an interacting field with dark energy, which is coupling
of a perfect fluid and a mass less scalar field for the metric (7) is given by

where S;; represent an energy momentum tensor for perfect fluid distribution given by

Sij = (p+ p)uiuj — pgij (11)
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Here, p denotes the spatially isotropic pressure, p is the matter-energy density, and u® = (1,0,0,0) represents
the time-like four-velocity vector of the cosmic fluid satisfying u*u; = 1
and

1
,Tz‘j = U,in — igijU,sU’s (12)

The mass less scalar field (U) satisfies
97 Usij = pe (13)

where, U and p,. are mass less scalar field and charge density respectively depends on cosmic time (t) alone.
Also semicolon (;) and comma (,) denotes covariant and partial derivative respectively
The Einstein field equations (5) for the cosmological model (7) using equation (10) are given by

{2 <32> + Z] F(R) — %f(R) + 2%1’D +F=—p+ U; (14)
i Q. 7
32 F(R) - %f(R) +3%F=p- % (15)

An over-dot (.) denotes an ordinary derivative with respect to cosmic time ¢.

4. SOLUTIONS TO FIELD EQUATIONS

There are two linearly independent equations with four unknowns H, p, p and U. Therefore to find above
unknowns we have to use following plausible condition; The Hubble’s parameter variation Bermann proposed
in 1983, which provides the relationship between Hubble parameter and the average scale factor as,

H=ba™" (16)

where b is positive and n > 0 are constants.
from above equation we have

where ¢ is deceleration parameter.
Using equation (17) and equation (18) we obtained
Average scale factor as,

a(t) = (ct +d)« (18)
The Volume (V) is
V =a3(t)
V=(ct+d)n (19)
The Hubble Parameter (H) is
=12
a
c
H=—°_ 2
n(ct + d) (20)
The Scalar expansion (6) is
0 =3H
3¢
_ 21
b n(ct + d) (21)

where ¢ and d are the constants of integration.
We have consider charge density p. = 0
Therefore, the mass less scalar field is given by

a
Uiclf+621617+62 (22)
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5. ENERGY CONDITIONS

To understanding geodesics of the Universe it is necessary to know the energy conditions (ECs), which
are linear combinations of energy density and pressure. The well-known Raychaudhuri equations provide the
foundation for energy conditions (ECs) which are of the form [43, 44, 45, 46]

o 1

E = —592 — UijO'ij =+ wijwij — Rijuiuj (23)
do 1 iy g o
E = —592 — O’Z'jO'” + wijw” - Rijﬂlﬂ] (24)

where 6 is the expansion factor, n' is the null vector and 0%/ and w;; are shear and rotation respectively for the
vector field u'.
For attractive gravity, equations (23) & (24) satisfy the following conditions

Riju'v’ >0 (25)
Rijn'n’ >0 (26)
Hence, the energy conditions derived from standard GR for perfect fluid matter distribution are
e Strong Energy Conditions (SEC) : p+3p >0
e Weak Energy Conditions (WEC) : p>0,p+p>0
e Null Energy Conditions (NEC) : p+p >0
e Dominant Energy Conditions (DEC) : If p > 0, |p| < p
We have discussed the viability of energy conditions in two model.
5.1. f(R)=R
To illustrate how the aforementioned conditions can be employed to establish limits on f(R) theories, we
will present a specific example. In this case, we will focus on a particular family of theories characterized by

the form of f(R)
J(R) =R (21)

With choice of above functional form of f(R) gravity, equation (5) reduced to field equation of G. R.
Therefore, equation (14) & (15) are reduced to

2 (2n-3) &

1 6
=—— " 4 Zct+d)n 28
P="Earar T2 (28)
12 6 362 1
i t+d)n — — 29
14 261(C + ) ng (Ct+d)2 ( )
SEC :
+3p=2c3(ct + d)» +6(1 )fLm (30)
pop=Lalc nn2(ct+d)2_
WEC :
tp=CcE(ct+d)= —2 L S
prp=alc nn2(0t+d)2_
1, 6 3¢? 1
= t+dn — ———— >0 31
p 201(0 + ) n2 (Ct+d)2_ ( )
NEC :
tp=cRct+d)n —2 c_1 . (32)
prp=ale nn2(ct—|—d)2_
DEC :
c? 1
p—p:2(n— >0 (33)
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5.2. f(R) =R+ bR™

where m is an integer and b is a constant that can assume positive or negative values. To illustrate the
energy conditions, we will assume in this subsection that the function f(R) is an algebraic polynomial of R with

the independent parameters b and m.
Using above functional form of f(R) gravity, equation (14) & (15) yields,

2 @2n-3) ¢ s
—b(T =) 2m = 3)(2 — n) + ———n?m(m — 1)(2m — 1) <"
n m n n(ct—i—d)n mim m n(ct + d)
A3(1-n) o s m-1 m N
=B (et T DT ImbET 2 ) <””+"m>[n<ct+co]
SEC :
62 3(4 — 3n) 2 s m—1 m ¢ oy
P = g 2 m e ) [
—3b(7 —n)™ ! (2m—3)(2—n)+Ln2m(m—1)(2m_1) _< "
n(ct +d) n(ct +d)
>0
WEC :
c? (6 —5n) 2 s m—1 m oy
o=l e+ DF —ome (L m) [ oS o
—b(T—n)" "t (2m = 3)(2 )4—L m(m —1)(2m — 1) <"
n m n n(ct+d)n mim m n(ct + d)
>0
S3iom @ 6 1 c 2(m-+1)
= 4+ Llct+d)» —9Imb6™ (2 —n)"(1 (et +d) =0
NEC :
2 (6—5n) 6 m—1 m N
ptp ﬁ(ct+d)z+01(0t+d)"*9mb6 (2-n) (1+n+nm)[n(ct+d)}
—b(7—n)™? (2m—3)(2—n)+Ln2m(m—1)(2m_1) e "
n(ct + d) n(ct +d)
>0
DEC :
—c? 2 6 1 ¢ o
PP =t ap At DT —ImbE" T2 =) (L4t nm) {n(ct—i—d)}

+b(7 —n)m1 {(Zm —3)2—n)+ ﬁrﬂm(m ~1)(2m - 1)} [n(ctid)} "

>0

From the figure we have observed that,

(36)

(37)

(38)

(39)

e The physical characteristics, such as the mean scale factor, spatial volume, Hubble parameter, expansion
scalar, pressure, and energy density, exhibit a dependence on cosmic time. As we approach the limit of

t — 0, these parameters assume constant values without variation.

e In present described model, the spatial volume (V') undergoes a remarkable transformation, commencing
with a small value at the inception of Universe and progressively stretching towards an immeasurable
magnitude as shown in Figure 1.This conspicuous phenomenon unequivocally signifies the extraordinary

expansion of the Universe.
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Figure 1. The behavior of Spatial Volume (V) against Cosmic Time (¢) for the proper choice of constants:
c=1&d=0.5

4.5

Hubble Parameter (H)

Cosmic Time (t)

Figure 2. The behavior of Hubble parameter (H) against Cosmic Time (¢) for the proper choice of constants:
c=1&d=05

e The Hubble parameter (H) represents the pace at which the Universe is expanding, signifying the fractional
growth in its scale over a given unit of time. It possesses a positive value and exhibits a decreasing trend
as time progresses. The expansion scalar offers insights into the expansion rate, revealing that it was more
rapid during the initial stages and gradually decelerates in later phases, as depicted in Figure 2

e From Figure 3, it is observed that as time progresses, the mass less scalar field (U) also increases leading
to expansion of the Universe. As time progresses, the scalar field gradually gains energy, resulting in
an increasing mass which is responsible for the expansion rate of the Universe and overall cosmological
evolution.

e The pressure exhibits a range of variation, shifting from significantly negative values to slightly negative
values (as depicted in Figure 4 & 7). Furthermore, as time progresses towards infinity (¢ — o0), the
pressure tends to approach zero. These observations hold true for both functional forms of f(R) gravity,
namely f(R) = R & f(R) = R + bR™, respectively. The negative nature of the pressure serves as an
indicates presence of dark energy and energy density for both functional form of f(R) models are increasing
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Figure 3. The behavior of Mass Less Scalar Field (U) against Cosmic Time (¢) for the proper choice of
constants: c=1,d =0.5,¢c1=1& co =1.5
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Figure 4. The behavior of energy pressure (p) for f(R) = R against Cosmic Time (¢) for the proper choice of
constants: ¢c=1,n=2,d=0.5 & ¢; =0.01

function of cosmic time (¢) (Figure 5 & 8).

6. DISCUSSION & CONCLUSION

The f(R) gravity offers an alternative explanation for the recent cosmic acceleration, by eliminating ad-
ditional spatial dimensions or introducing exotic dark energy term. Also, different functional forms for f(R)
introduces a challenge in constraining the numerous theories of f(R) gravity from a physical perspective.

In this this article we explored the FRW cosmological model in the presence of an interacting field. Specifi-
cally, we consider a scalar field that modifies the energy-matter content and influences the dynamics of Universe.
We found that the expansion of Universe starts with a steady state and increases gradually. At a specific time,
the Universe suddenly exploded and expanded to a large extent, which is consistent with the Big Bang scenario
and agreed with recent observational data [1, 2]. It is observed that the Hubble parameter (H) initiates with a
fixed value and gradually approaches zero as ¢ — co. Consequently, under such conditions, the Universe demon-
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Figure 5. The behavior of energy Density (p) for for f(R) = R against Cosmic Time (¢) for the proper choice
of constants: c=1,n=2,d=1& ¢; =0.5
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Figure 6. The behavior of Energy Conditions for f(R) = R against Cosmic Time (¢) for the proper choice of
constants: ¢,n,d & ¢y

strates a tendency towards de-Sitter space in an asymptotic manner. Concurrently, the deceleration parameter
(¢) remains constant, acquire negative value when 0 < n < 1 which value signifies the accelerated expansion of
the Universe. The energy density remains consistently positive and exhibits an upward trend as cosmic time
progresses while the pressure associated with dark energy is increases negatively as time passes.Investigating
energy conditions based on the behaviour of matter and energy under gravitational theories allows researchers
to study the characteristics, evolution, and future of the Universe. These circumstances are strong tools for
exploring basic physics ideas and understanding the intricate dynamics of our cosmos.

In this article, we have provided insights into a particular inquiry by exploring various limitations imposed
on general f(R) gravity, focusing on the energy conditions. By utilizing Raychaudhuri’s equation and the
essential criterion of gravitational attraction, we establish the SEC, WEC, NEC and DEC within the framework
of f(R) gravity. Our findings reveal that while these conditions bear resemblance to those derived in the general
relativity.Based on our observations, in the present study, we find that the strong energy condition (SEC),
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Figure 7. The behavior of energy pressure (p) for f(R) = R+ bR™ against Cosmic Time (t) for the proper
choice of constants: ¢ =4,n=0.1,d=0.5,¢c; =0.01,b=15& m=1
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Figure 8. The behavior of energy Density (p) for f(R) = R+ bR™ against Cosmic Time (¢) for the proper
choice of constants: c=1,n=2,d=1.5,¢;, =0.5,b=15&m=1

represented by the inequality p+3p > 0, is satisfied for both the functional forms of f(R). This result indicates
that the model under consideration is non-singular, as the SEC imposes restrictions on the energy density p
with the pressure p to ensure non-negative values.

Furthermore, our analysis reveals that the weak energy condition (WEC), given by the inequality p > 0, is also
satisfied. This condition indicates that the energy density is non-negative, confirming the physical viability of
the model. These conclusions can be observed from equations (29) and (35), which provide further evidence for
the fulfillment of the WEC in the present study.

Moreover, we investigate the null energy condition (NEC), expressed as p+p > 0. Our findings demonstrate
that the NEC is preserved for both functional forms of f(R). This preservation of the NEC is evident from
equations (32) and (37), reinforcing the consistency of the model with regard to the NEC. Additionally, our
study reveals that the dominant energy condition (DEC), defined as p—p > 0, is also preserved. The preservation
of the DEC, as indicated by equations (33) and (39), suggests an accelerated expansion of the Universe. In
summary, our observations (from Figure 6 & Figure 9) shows that the present model satisfies the SEC, WEC,
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Figure 9. The behavior of Energy Conditions for f(R) = R+ bR™ against Cosmic Time (¢) for the proper
choice of constants: ¢,n,d,c1,b & m

NEC and DEC also agreed with results of [47, 48, 49] for WEC, NEC and DEC . This indicates the non-singular
nature of the model, ensures non-negative energy densities, confirms the preservation of the NEC, and suggests
an accelerated expansion of the Universe. These results contribute to our understanding of the energy conditions
in the context of f(R) gravity and provide valuable insights into the behavior of matter and evolution of the
Universe within this modified gravitational framework.

Acknowledgments

We would like to express our deepest gratitude to the referees who reviewed our research article. Their
insightful comments, suggestions have greatly contributed to improving the quality & clarity of our research
work. Furthermore, we would like to acknowledge the invaluable support and resources provided by the research
center Arts, Science and Commerce College, Chikhaldara Dist. Amravati. Their facilities, equipment
& collaborative environment. We are also grateful to the editorial board of this prestigious journal for considering
our research article.

ORCID

Vasudeo Patil, https://orcid.org/0000-0002-0442-3962; Jeevan Pawde, https://orcid.org/
0000-0001-8068-6265; @ Rahul Mapari, https://orcid.org/0000-0002-5724-9734; © Pravin Bolke,
https://orcid.org/0000-0002-1212-5260

REFERENCES
[1] A.G. Riess, et al., Astron. J. 116, 1009 (1998). https://doi.org/10.1086/300499

]

[2] S. Perlmutter, et al., Astrophys. J. 517, 565 (1999). https://doi.org/10.1086/307221

[3] C.L. Bennet, et al., Astrophys. J. Suppl. 148, 1 (2003). https://doi.org/10.1086/377253

[4] A.G. Riess, et al., Astrophys. J. 607, 665 (2004). https://doi.org/10.1086/383612

[5] D.J. Eisenstein, et al. Astrophys. J. 633, 560 (2005). https://doi.org/10.1103/RevModPhys.75.559

[6] P. Astier, et al., Astron. Astrophys. 447, 31 (2006). https://doi.org/10.1051/0004-6361:20054185

[7] T. Padmanabhan, Phys. Rept. 380, 235 (2003). https://doi.org/10.1016/S0370-1573

[8] P.J.E. Peebles, and B. Ratra, Rev. Mod. Phys. 75, 559 (2003). https://doi.org/10.1103/RevModPhys.75.559

[9] S. Nojiri, and S. Odintsov, Phys. Rev. D, 68, 123512 (2003). https://doi.org/10.1103/PhysRevD.68.123512

[10] R. Femaro, and F. Fiorini, Phys. Rev. D, 75, 084031 (2007). https://doi.org/10.1103/PhysRevD.75.084031
]S

[11 Nojiri, S. Odinstov, and P. Tretyakov, Prog. Theor. Phys. Suppl. 172, 81 (2008).

https://doi.org/l().1143/PTPS.172.81

[12] T. Harko, F.S.N. Lobo, S. Nojiri, and S.D. Odintsov, Phys. Rev. D, 84, 024020 (2011).
https://doi.org/10.1103/PhysRevD.84.024020


https://orcid.org/0000-0002-0442-3962
https://orcid.org/0000-0001-8068-6265
https://orcid.org/0000-0001-8068-6265
https://orcid.org/0000-0002-5724-9734
https://orcid.org/0000-0002-1212-5260

73
Energy Conditions with Interacting Field in f(R) Gravity EEJP.3(2023)

[13] H.A. Buchadahl, Mon. Not. Roy. Astron. Soc. 150, 1 (1970). https://doi.org/10.1093 /mnras/150.1.1

[14] S.  Nojiri, and S.D.  Odintsov, Int. J. Geom. Meth. Mod. Phys. 4, 115 (2007).
https://doi.org/10.1142/S0219887807001928

T. Multamaki, and I. Vilja, Phys. Rev. D, 74, 064022 (2006). https://doi.org/10.1103/PhysRevD.74.064022
T. Multamaki, and I. Vilja, Phys. Rev. D, 76, 064021 (2007). https://doi.org/10.1103/PhysRevD.76.064021
7] M.F. Shamir, Astrophys. Space Sci, 330, 183 (2010). https://doi.org/10.1007 /s10509-010-0371-5

8] M. Sharif, and H.R. Kausar, Phys. Lett. B, 697, 1 (2011). https://doi.org/10.1016/j.physletb.2011.01.027

15]
I
]
I
9] M.F. Shamir, Int. J. Theor. Phys. 50, 637 (2011). https://doi.org/10.1007/s10773-010-0587-8
]
]
]
]

1
1
1
1
2

5

=)}

0] K.S. Adhav, Bulg. J. Phys. 39, 197 (2012). https://www.bjp-bg.com/papers/bjp2012_3_197-206.pdf
M.F. Shamir, and Z. Raza, Can. J. Phys. 93, 1 (2015). https://doi.org/10.1139/cjp-2014-0338
S.D. Katore, S.P. Hatkar, and R.J. Baxi, Found. of Phys. 46, 409 (2016). https://doi.org/10.1007/s10701-015-9970-x

S.R.  Bhoyar, V.R.  Chirde, and S.H. Shekh, Prespacetime  J. 7(3), 456 (2016).
https://prespacetime.com/index.php/pst/article/viewFile/915/907

[24] M.V. Santhi, V.U.M. Rao and Y. Aditya, Can. J. Phys. 96, 1 (2017). https://doi.org/10.1139/cjp-2017-0256

[25] A.V. Astashenok, S.D. Odintsov, and A. Cruz-Dombriz, Class. Quantum Grav. 34, 205008 (2017).
https://doi.org/10.1088/1361-6382/aa8971

[26] M.V. Santhi, Y. Sobhanbabu, and B.J.M. Raoz, J. Phys. Conf. Ser. 1344, 012038 (2019).
https://doi.org/1088,/1742-6596/1344/1/012038

[27] A.H. Hasmani, and A M. Al-Haysah, Appl. Appl. Math, 14, 334 (2019).
https://digitalcommons.pvamu.edu/cgi/viewcontent.cgi?article=1717andcontext=aam

[28] S.D. Katore, and S.V. Gore, J. Astrophys. Astr. 41, 12 (2020). https://doi.org/10.1007/s12036-020-09632-z
29] A.M. Al-Haysah, and A.H. Hasmani, Heliyon, 7(9), e08063 (2021). https://doi.org/10.1016/j.heliyon.2021.e08063

[30] V.UM. Rao, M.V.  Santhi, and Y. Aditya, Prespacetime J.  6(6), 531-539  (2015).
https://prespacetime.com/index.php/pst/article/download/749/752

[31] D.D. Pawar, V.J. Dagwal, and P.K. Agrawal, Malaya J.  Mat. 4(1), 111 (2016).
https://www.malayajournal.org/articles/MJM16_14.pdf

[32] G.K. Goswami, A. Pradhan, M. Mishra, and A. Beesham, New Astronomy, 73, 101284 (2019).
https://doi.org/10.1016/j.newast.2019.101284

[33] S.V. Lohakare, F. Tello-Ortiz, S.K. Tripathy, and B. Mishra, Universe, 8(12), 636 (2022).
https://doi.org/10.3390/universe8120636

[34] V.R. Patil, J.L. Pawde, and R.V. Mapari, IJIERT, 9, 4 (2022). https://dx.doi.org/10.17605/OSF.I0/QABKV

[35] D.D. Pawar, D.K. Raut, and W.D. Patil, Pramana J. Phys. 96, 133 (2022). https://doi.org/10.1007/s12043-022-
02364-5

[36] S.N. Bayskar, D.D. Pawar, and A.G. Deshmukh, Rom. Journ. Phys. 54, 763 (2009).
http://www.nipne.ro/rjp/2009_54_7-8 html

[37] D.D. Pawar, and R.V. Mapari, J. Dyn. Systems and Geom. Theories, 20(1), 115-136 (2022).
https://doi.org/10.1080,/1726037X.2022.2079268

[38] B. Saha, H. Amirhashchi, and A. Pradhan, Astrophys. Space Sci. 342, 257 (2012). https://doi.org/10.1007/s10509-
012-1155-x

[39] V.R. Chirde, and S.H. Shekh, The African Rev. Phys. 9, 0050 (2014).
http://lamp.ictp.it/index.php/aphysrev/article/view/971/393

[40] J. Satish, and R. Venkateswarlu, Bulg. J. Phys. 46, 67 (2019). https://www.bjp-bg.com/papers/bjp2019_1_067-
079.pdf

[41] V.J. Dagwal, and D.D. Pawar, Mod. Phys. Lett. A, 35(04), 1950357 (2020).
https://doi.org/10.1142/S0217732319503577

N
—_

22
23

[42] S.P. Hatkar, P. Agre, and S.D. Katore, Ann. Appl. Sci. 1, 659 (2022). https://doi.org/10.55085/aas.2022.659

[43] A. Raychaudhuri, Phys. Rev. 98, 1123 (1955). https://doi.org/10.1103/PhysRev.98.1123

[44] S. Nojiri, and S.D. Odintsov, Int. J. Geom. Methods Mod. Phys. 4, 115 (2007).
https://doi.org/10.1142/S0219887807001928

[45] N.W. Halverson, E.M. Leitch, and Pryke et. al., Astrophys. J. 568, 38 (2002). https://doi.org/10.1086/338879

[46] J. Ehlers, Int. J. Mod. Phys. D, 15, 1573 (2006). https://doi.org/10.1142/S0218271806008966

[47] S. Mandal, P.K. Sahoo, and JR.L. Santos, Physical Review D, 102(2), 024057 (2020).

https://doi.org/10.1103/PhysRevD.102.024057
[48] P.K. Sahoo, S. Mandal, and S. Arora, Astron. Nachr. 342, 89 (2021). https://doi.org/10.1002/asna.202113886



74
EEJP.3(2023) Vasudeo Patil, et al.

[49] S.H. Shekh, V.R. Chirde, and P.K. Sahoo, Commun. Theor. Phys. 72, 085402 (2020). https://doi.org/10.1088/1572-
9494 /ab95fd

EHEPTETUYHI YMOBUA 3 I1IOJIEM BBAGMO,Z[IT B f(R) FPABITAHIT
Bacyneo ITatin?, J>kusan ITaBne?, Paxyn Mamapi®, IIpasin Boske®
¢ Kagedpa mamemamuru, Mucmeyms, Hayky ma mopezieass kosedoicy, Juxzrasdapa, oxpye Ampasami (MS), India
b Kadedpa mamemamuru, Jepocashutl iLCmumym #ayky ma symanimeprus nayk Bidapbza, Ampasami (MS), India
¢ Kagedpa mamemamuru, Koaedoic inorcenepii ma ynpasainns npod. Pama Meze, Ampasami (MS), India

Y mOTOYHOMY KOHTEKCTI CIIeHApilo BKpail BaXKJIMBO JUBHUTHCA 3a MexKi Teopil Elimmreiina, aka BiAKpuBae ABepi IO cIe-
miaJapHO MoaudikoBaHUX Teopiit rpasitarii. OTxKe, JaHe TOCTIIXKEHHS IPUCBAYEHE TOCTIIXKEHHIO PISHUX €HEePreTUIHUX
YMOB, 30kpema cunbaux eneprermannx ymos (SEC), cnabkux eneprernanunx ymo (WEC), HyIb0BIX €HEPreTHIHAX yMOB
(NEC) i mominyrounx enepreruynux ymos (DEC), mo Biguosigatoors pisaum dysxuionansaum ¢gopmam f(R) cuna 1sa-
ximag. Mu gocsimkysBam mwiocki, i3orpouni Ta omaopizmi kocmodsioriuai momeni FLRW, 3amoBmeni mosem B3aemogil,
T00TO; imeaIbHa PITUHA TIOETHYETHCA 3 6e3MaCOBUM CKAJITPHAM TIOJIEM JTs pisaux mogmeneit moamdikosanoi f(R) rpasi-
Tamil, B gkiit R € ckamapom Piudi. Mu crocrepirasm nmprckopeHe po3nIupeHHd BceecBiTy, o BiooBizae OCTaHHIM JaHUM
CIIOCTEpEe’KeHb.
Kurouosi cyoBa: xocmonozivna modeav FLRW; epasimauia f(R); e3aemoditone nose; s3axon Xabb6ra
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The purpose of the present study is to determine the characteristics of time evolution of various cosmological quantities, based on
four models constructed for a universe undergoing accelerated expansion. This formulation is done in the framework of Kaluza-Klein
space-time, for zero spatial curvature. To solve the field equations, an ansatz is chosen for each model in such a way that it leads to a
signature flip of the deceleration parameter, to ensure its consistency with recent astrophysical observations indicating a change from
a decelerated expansion to an accelerated expansion of the universe. Based on these four models, time evolutions of several
cosmological parameters are obtained and their variations are shown graphically against time. The arbitrary constants, associated
with each model, are so tuned that the model correctly predicts the values of the Hubble parameter, deceleration parameter, energy
density and gravitational constant at the present time. The findings from these models are consistent with each other, and they are in
agreement with the observed features. The gravitational constant (G) shows a rapid fall in the early universe, followed by an
extremely slow rise which continues at the present time. Taking (G) as a constant in two of the four models, the cosmological
constant is found to be independent of time. A significant finding is that the signature flip of the deceleration parameter almost
coincides with the signature flip of the cosmological constant (A), pointing towards a relation between the accelerated expansion and
the dark energy which is represented by A. Other plots with respect to A also depict dark energy’s role in governing cosmic
evolution. Considering its dynamical nature, A is referred to as cosmological term (instead of cosmological constant) in the text.
Contrary to the common trend of using arbitrary units, the SI units for all measurable quantities are used.

Keywords: Kaluza-Klein Cosmology; Dark Energy; Cosmological constant; Gravitational constant; Cosmic Acceleration

PACS: 04.20.—q; 04.50.+h; 04.50.—h; 98.80.Es; 98.80.—k

1. INTRODUCTION

Worldwide research in recent years, based on observational data, has proved beyond doubt that the universe is
expanding with acceleration. It has caused a remarkable shift of the focus of research interests from a mere expansion to
the mysteries of acceleration in the expansion process. Had gravitation been the only controlling force, which is
attractive, the expansion would surely have been a decelerated one. An energy of an exotic form, designated as Dark
Energy (DE), generating a negative pressure, is considered to be responsible for the cosmic acceleration, based on the
experimental observations from supernova la [1, 2]. Extensive research is going on to find the characteristics of DE
which remains a cosmological mystery. Based on recent research using supernova data, it has been found that the
universe had changed its mode of expansion in the past, from deceleration to acceleration, causing a signature flip of the
deceleration parameter from positive to negative [3-5]. One finds mainly two approaches of studying this field in the
scientific literature to unravel the mysteries of the accelerated expansion of the universe. One of these approaches is to
formulate models for dark energy and study their dynamics. Another approach is to construct cosmological models
under the framework of modified theories of gravity (modified version of Einstein’s theory) and study their dynamics.
The cosmological constant (A) is regarded as the simplest candidate representing dark energy. There are other models
like quintessence, phantom, k-essence and quintom which are known to account for dark energy [6-9]. Although A was
used in the field equations by Einstein as a constant [10], it is presently regarded as a dynamical quantity due to certain
limitations pertaining to Cosmological Problem and Coincidence Problem [11]. Einstein’s theory of gravitation has
undergone several modifications resulting in the birth new theories like f(R) and f(R,T) theories of gravity [12-14], and
scalar tensor theories of gravitations such as Brans-Dicke (BD) and Saez-Ballester (SB) [15, 16]. Investigations of
various types have been carried out in recent times by constructing DE cosmological models based on the above-
mentioned theories [17-20].

Kaluza and Klein made an attempt to unify gravitational force with electro-magnetic force in the third decade of
the twentieth century resulting into the formulation of Kaluza-Klein (KK) theory [21, 22]. There is an extra dimension,
namely the fifth dimension, in the KK theory which was required to unify the two forces mentioned earlier. In the five
dimensional model constructed by Chodos and Detweiler, it was shown that there is a contraction of the extra
dimension due to cosmic evolution [23]. The present four-dimensional form of the universe is considered theoretically
to be preceded by an era that required a multidimensional description. As time goes on, the extra dimensions shrink in
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such a way that they no longer remain detectable by the experimental facilities at our disposal. This phenomenon has
motivated many researchers to work in the field of cosmological models in higher dimensions. KK theory is essentially
the theory of general relativity in five dimensions. Some of the authors who have carried out significant studies in five-
dimensional space-time are Chodos & Detweller [23], Witten [24], Appelquist et al. [25], Appelquist & Chodos [26]
and Marchiano [27]. One of the articles that attracted our attention to the formulation of DE models, based on Kaluza-
Klein theory, is an investigation by Mukhopadhyay et al. [28].

To ensure the authenticity of predictions based on a theoretical formulation, one must construct more than one
model (under the same framework) and validate them using some standard results obtained from observational data. An
objective of the present work is to carry out a theoretical study, to determine the time dependence of some cosmological
quantities, by constructing models with sufficient inter-model consistency. Another objective is to determine the
dependence of cosmic evolution upon dark energy, represented here by the cosmological term (A). In order to fulfill the
second objective, we aim to formulate expressions relating A with some parameters and also to examine graphically the
variation of some parameters as functions of A.

For the present study, we have chosen the framework of the Kaluza-Klein space-time (with zero spatial curvature).
The main theoretical formulation (described in Section 2) of our study is divided into two parts (A & B). The third part
(Part-C) uses the results of the preceding parts to derive expressions involving A. Part-A has two models based on the
assumption that the equation of state (EoS) parameter has a constant value (as in ref. no. 28). Part-B consists of two
models formulated on an assumption that the gravitational term (G) is a constant quantity. Using these four models, we
have determined the nature of time dependence of several cosmological quantities such as, scale factor (a), Hubble
parameter (H), deceleration parameter (q), energy density (p), EoS parameter (w), cosmological term (A), gravitational
term (G) and G /G. Part-A is based on two empirical expressions for A (for Models 1 & 2) and Part-B is based on two
empirical expressions for H (for Models 3 & 4). Results of the studies, using these four models, are mostly in agreement
with astrophysical observations regarding a universe expanding with acceleration. To ensure the authenticity or
theoretical validity of each model, we have tuned the constant parameters (associated with each model) in a way such
that the values of Hy, qq, py and G, obtained from the model are consistent with their presently accepted values. The
symbols Hy, qy, po and G, denote respectively the values of H, ¢, p and G at the present time, i.e. t = t,, where ¢, is
the present age of the universe. Time dependence of several cosmological quantities has been shown graphically and
they are consistent with the findings of other recent investigations, some of whom are based on theoretical frameworks
or models different from ours.

An important feature of this study is that, unlike many other contemporary studies, we have used proper units (SI)
for all measurable quantities (H, p, G), instead of plotting them in arbitrary units. To depict the time dependence of a
parameter pictorially, we have plotted it graphically against t/t, (where t, is the present age of the universe, about
13.7 X 10° years). This way of graphical depiction is expected to give the readers a concrete picture of how a
cosmological parameter evolves with time. A significant and unique finding of our study is that the change of sign of
the deceleration parameter (indicating transition from deceleration to acceleration) occurs almost simultaneously with
the signature flip of the cosmological term A (which represents dark energy) from negative to positive.

2. FIELD EQUATIONS AND MODELS
The metric of Kaluza-Klein space-time is given by,

ds? = dt? — a2(t) [f—z; +72d0% + (1 - kr?)dy?| (1)

Here, d2? = d0? + sin? 6 d¢? and a(t) stands for the scale factor. The symbol k stands for the curvature parameter
where we have k = —1, 0, 1 respectively for spatially open, flat and closed universe.
For a universe, which is constituted by a perfect fluid, the energy-momentum tensor is expressed as,

Tuv = (P + p)uuuv e zm 2

Here, w,v = 0,1,2,3,4 and u, (five-velocity) satisfies the relation u¥u, = 1. The symbols p and p denote, respectively,
the pressure of the cosmic fluid and the energy density of the universe.
Einstein’s field equations are expressed as,

1
R, — ER I + A gy = 81G Ty, 3)

In equation (3), R, and R denote the Ricci curvature tensor and Ricci scalar respectively. The symbol A denotes
what was initially introduced by Einstein as cosmological constant. The symbol g,, denotes the metric tensor for
general relativity and G stands for the gravitational constant. Considering their dynamical nature in Models 1 & 2, A
and G have been referred to as the cosmological term and the gravitational term respectively in the present article.

Based on equations (1), (2) and (3), we obtain the following two equations from which the time dependence of the
scale factor (a) can be determined.
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87er+/l=6<%+a£2) (4)
i, a? | k
87TGp—A=—3<;+§+;> (5)

For a universe with zero spatial curvature (i.e., k = 0), equations (4) and (5) can be expressed as the following two
equations respectively.

81Gp + A = 6% = 6H” (6)
8nGp — A = —3H — 6H? (7)

We have used the expression for the Hubble parameter (H), i.e., H = S, to obtain equations (6) and (7) from

equations (4) and (5) respectively.
The continuity equation is given by,

p+4H{@+p)=0 ®

For a barotropic equation of state, we have the following relation between pressure and density.

p = wp (€
Here w is called the equation of state (EoS) parameter.
Using equation (9) in equation (7) we obtain,
8nGwp — A = —3H — 6H? (10)
Using equation (9) in equation (8) we obtain,
p+4Hp(w+1)=0 (11)

Combining equation (6) with equation (10) we obtain,

_ (w0+1)(A-6H?)
3

H (12)

2.1. PART-A
In this part of our study, we assume the EoS parameter (w) to be independent of time, as has been done in many
recent studies, such as the one by Mukhopadhyay et al. [28]. Here we formulate two models (Models 1 & 2) based on
two different empirical expressions for the cosmological parameter (A).
Solving equation (11) by integration we obtain the following expression for energy density (p).

p = Cya—4@+D (13)

where C; is the constant of integration. Its value can be determined by using the values of energy density (p) and the
scale factor (a) at present time (t = t,). Choosing a scale factor with a(t,) = 1 we get C; = p, where p, denotes the
value of p at t = ¢,.

2.1.1. Model-1
Here we use the following ansatz for the cosmological term (A).

A= 6H? — Bt™ (14)

where § and m are constants.
Substituting equation (14) into equation (12) and integrating we obtain,

_ (1+0)B tm+1

a
H = ; - 3 m+1 (15)
Integrating equation (15), the scale factor (a) is obtained as.
_ ___ BQ+w) m+2
a=C exp[ 3 D) (me2) ] (16)

where C, is the constant of integration.
Using equation (16), the expression for the deceleration parameter is obtained as,
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_ _E _ 3(m+1) (m+2)
1= s an

Substituting equation (16) into equation (13) we obtain the following expression for the energy density (p).

4 B (1+w)? t(m+2)] (18)

p =Dy exp [3 (m+1) (m+2)

where D, = C,C; @),
Substituting equation (15) into equation (14), we get the following expression for the cosmological term (A).

_ o [BGaro)]? £2(m+1) _ gpm
A=6 [3 (m+1) pt (19)
Using equations (15), (18) and (19) in equation (6), we get the following expression for the gravitational term (G).
4B(1+w)%  _ mao
G= exp [ Seman)(mez) © ] 20)
Using equation (20) we get the following expression for G /G,
G _ -1 4BA+w)? i
g mt 3(m+1) t @D

2.1.2. Model-2
Here we use the following ansatz for the cosmological term (A).

A= 6H%(1+ at™) (22)

where a and n are constants.
Substituting equation (22) in equation (12) and integrating we get,

g=%—__@ ,-(n+1) (23)

a 2a(1+w)
Integrating equation (23), the expression of the scale factor (a) is obtained as,

a=Czexp [n—ﬂ t‘"] (24)

2an(1+w)

where the constant of integration is Cs.
Using equation (24), the deceleration parameter (g) is obtained as,

q=-1-2a(1+ w)t" (25)
Substituting equation (24) into equation (13), we get the following expression for the energy density (p).

p=D, exp[ 2(n+1)t_] (26)

Here D, = C,C; *“*Y.
Substituting equation (23) into equation (22), the cosmological constant (A) is obtained as,

2
A= 6T ] 2 (1 4 ™) 27)

2a(1+w)

Using equations (23), (26) and (27), in equation (6), the following expression is obtained for the gravitational term (G).

_ __ 3(n+1)? —(n+2) 2(n+1) , _p
G= 167Dy (1+w)2a ¢ exp[ an ¢ (28)

Using equation (28), we get the following expression for G /G.

=-(m+2)t7 - @t‘("“) (29)

2.2. PART-B
In this part of our study, we assume G to be independent of time, having a value of G = 6.67 X 10711 Nm?K g2
(i.e., the value of the gravitational constant). This assumption is logically valid because the value of G /G is very small
(=107 yr~tatt = t,, as obtained from Models 1 & 2). Here we formulate two models based on two different
empirical expressions for the Hubble parameter (H).
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Using equations (6) and (10) we get,
3

w=-1———F§
8nGp

Substituting equation (30) into equation (11) we get,
. 3H
p —

~ 2n6

Solving equation (31) for p by integration we obtain,

_ 3 g2 _ 2
p=po+—(H*—Hp)

(30)

(€2))

(32)

In obtaining equation (32) from the solution of equation (31), we have used the fact that H = Hyand p = pg at t =

to (the present time).
Substituting equation (32) into equation (6) we obtain the following expression for A.

A = 6H2 — 8nGp,

Equation (33) shows that A is time independent.

(33)

Using the values of the parameters G, Hy and po in equation (33), we get A = 1.768 X 1073>. The values of

different cosmological parameters (at t = t,) used in this article are given in Section-3.

2.2.1. Model-3
In this model, we use the following ansatz for the Hubble parameter (H).

=)

Here, k is a constant.
Att = t,, the ansatz yields H = H,,.
Using equation (34), we get the following expression for the deceleration parameter.

to

q:—l——:—l

H k (t )‘("“)
H? Hypto

Using the fact that g = g, at t = t,, we get,

k = —Hoto(1 + qo)
Substituting equation (34) into equation (32) we get the following expression for the energy density.

= m 22" -1

Using equations (34) and (37) in equation (30), we get the EoS parameter () as,

k-1
_ 3Hy ('t 1
T ] R H
8nG ty +3H0 (L) 1
Po 4G

Using the relation H = %, equation (34) can be rewritten as,
a £\
a= ()
Solving the above equation by integration and taking a = 1 at t = t,, we get,

_ Hoto ((\FH
a=Exp [(k+1) ((ro) 1)]

2.2.2 Model-4
In this model, we choose an ansatz for the Hubble parameter (H), which is given by,

H=%+y

where y and p are arbitrary constants.
Using equation (41) we obtain the following expression for the deceleration parameter.

(34

(35)

(36)

(37

(3%

(39

(40)

(41
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— _ K
1= 1 Gy (42)

Using the fact that, H = Hy, ¢ = q, at t = t,, we obtain the following values of the parameters p and y (based on eqns.
41 and 42).

u=Hg tg (1+qo) 43)
2,2
y=Hy— Hj tot(l"'(Io) (44)
0

Substituting equation (41) into equation (32) we obtain the following expression for the energy density (p).

3 [ 2
e (R (45)
Substituting equation (41) and (45) into equation (30), we obtain the following expression for the EoS parameter (w).
3u 1
w=-1+ 5 (46)
8mGt2 _Po+%[()’+%) —Ho]l

Using the relation H = g, equation (41) can be written in the following way,

a_ ¢
d_tyy (47)
Solving equation (47) by integration and using a = 1 for t = ¢t,, we get,
- t\H
a = et (g) (48)
2.3 PART-C

Expressions relating A with q and p based on Models 1 & 2
We know that A represents dark energy and its value is related with dark energy density [46]. In this part of the
study we find relations connecting A to g and p, based on Part-A.
Combining equation (19) with equations (17) and (18), we get the following two equations relating A with g and p
respectively.

) 1\ 2(m+1) —1\m
_ B (1+w) B(1+w) Jm+2 _ B(1+w) Jm+2
A=6 3 (m+1) ([(q + 1) 3(m+1)2 ) ﬁ ([(q + )3(m+1)2] ) (49)
1 2 (m+1) 1 \m
P AEE2D) (1+w)]? P (3 0m+1) (mt2)) |2 _ P (3 0m+1) (m+2)) ™2
3 (m+1) [( (D1)>( 4B (1+w)? )] B In (Dl) ( 4B (1+w)? ) (50)

Combining equation (27) with equations (25) and (26), we get the following two equations relating A with g and p

respectively. e
1\ —2(n+1 N
_ [ D) 7? g+1 \n g+l \m
4=6 [2a(1+w) ((—2a(1+w)) ) (1 ta ((—Za(1+w)) ) ) (51)

1\ —2(n+1) nn

=l (|(n@) )| ) (e [(0@) )| o

Equations (49) and (51) are expressions for the cosmological term (A) in terms of deceleration parameter (q),
based on Models 1 and 2 respectively. Equations (50) and (52) are expressions for the cosmological term (A) in terms of
energy density (p), based on Models 1 and 2 respectively.

3. RESULTS AND DISCUSSION
To find the time dependence of various cosmological quantities (a, H, q, p, G, A, w, G /G), one needs to know the
values (or the permissible ranges of values) of the constant parameters associated with each of the four models
constructed here. These values can be estimated from the considerations of the following requirements.
1) a > 0 by definition. Here we have chosena = 1 at t = ¢,
2) H > 0 since the universe is expanding,
3) p > 0 by definition,
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4) the values of Hy, qg, pg, Gy, Which are obtained from the models, should be consistent with their currently
accepted values obtained from observational data,

5) the time-variation of q, as obtained from these models, must be such that it undergoes a change of sign from
positive to negative, to be consistent with the fact that the present accelerated expansion of the universe was preceded
by a phase of deceleration [3-5].

The currently accepted values (in SI units) of some cosmological parameters, used in the present study are given
below [29-31].

Hy=239%10"® sec™, qo = —0.55, pp = 9.90 X 1072’ Kgm™3, G, = 6.67 x 107N m? Kg™2 t, =
4.34 x 107 sec.

Based on the five requirements, mentioned above, we have obtained the following set of values for the constant
parameters associated with Models 1 & 2.

a=-1230x%x10%B=1230%10"°,m = —1.467,n = —0.533,w = —0.535,C; =9.9%107%7,C, = C; =
0.143.

Following values have been obtained for the constant parameters associated with the Models 3 & 4, using
equations (36), (43) and (44).

k = —0.467,u = 0484,y =1.274%x 10718, 4 =1.768 x 10735

Figure 1 shows the time dependence of the scale factor (a), as obtained from Models 1, 2, 3, 4 respectively. These
graphs manifest almost the same behavior for a, indicating clearly that it increases monotonically with time, which is
appropriate for an expanding universe and it is found to be consistent with the findings of a recent study based on a
different model in Kaluza-Klein framework [28].

Figure 2 shows the time dependence of the Hubble parameter (H), as obtained from Models 1, 2, 3, 4. These
graphs are almost in agreement with each other, indicating a fall in the value of H with time, at a gradually decreasing
rate. It is quite similar to the nature of time dependence of H as obtained from some other recent studies [28, 30, 31].
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Figure 1. Variation of scale factor (a) as a function of time for Figure 2. Variation of Hubble parameter (H) as a function of
Models 1-4 time for Models 1-4
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Figure 3. Variation of deceleration parameter (q) as a function Figure 4. Variation of energy density (p) as a function of time
of time for Models 1-4 for Models 1-4

Figure 3 shows the time variation of the deceleration parameter (q) for Models 1, 2, 3 and 4. Each of these graphs
shows that g undergoes a signature flip from positive to negative, implying a change from a decelerated expansion to an
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accelerated expansion, in absolute agreement with the results based on observational data [3-5]. It is observed that q is a
monotonically decreasing function of time, with a gradually decreasing rate of change. These characteristics of q are
similar to the results of some recent investigations based on various theoretical formulations [28, 30-32].

Figure 4 depicts the time evolution of the energy density (p) as obtained from Models 1, 2, 3 and 4. For a greater
visual clarity of data, p has been plotted in the logarithmic scale. These plots show that it decreases with time with a
decreasing rate of change. This behavior of p is in agreement with the results of some recent studies carried out by
methods different from ours [28, 31, 32].

Figure 5 shows the time variation of the cosmological term (A), based on Models 1 and 2. It is observed that A is
negative in the early universe. It increases very steeply with time initially, becoming asymptotic to a positive value
which is nearly 1.59 x 10735, Here, the rate of increase of A is found to be very high in the early universe but it
gradually decreases to a much smaller value. This observation is consistent with the results of some recent studies
carried out by various methods [33-37].

According to the Models 3 & 4, A is independent of time (eqn. 33), with a value of 1.77 x 1073°. It is important
to note that the value of A at present time (i.e., t = t;), obtained from Models 1 & 2, is 1.77 x 1073%, which is the
same as the value obtained from Models 3 & 4.
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Figure 5. Variation of cosmological term (A) as a function of Figure 6. Variation of EoS parameter (w) as a function of time
time for Models 1 and 2 for Models 3 and 4

Figure 6 shows the time variation of the EoS parameter (w), as obtained from Models 3 and 4. It is observed that
w initially decreases and later increases with time for both models. This nature of time evolution is found to be close to
the findings of some recent investigations based on models of various types [38-40]. These figures show that its values
are in the quintessence (w > —1) region over almost the entire span of time shown in these plots. According to these
plots we have, w, = —0.535. It is observed that this value is the same as the one that we must set for w, for Models 1 &
2 (where w is a constant quantity), to ensure that the predictions from these models are in agreement with the observed
features of the universe.
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Figure 7. Variation of gravitational term (G) as a function of Figure 8. Variation of G /G as a function of time for Models 1
time for Models 1 and 2 and 2

Figure 7 depicts the time variation of the gravitational term (G) based on Models 1 & 2. Each of these plots shows
a steep fall in G in the early universe, followed by a slow rise. G is found to be increasing with time for almost the entire
span of time shown in these plots. It is observed that G has a rising trend at the present time (¢t = t,). There are several
studies, conducted by different methods, where the gravitational term is found to increase with time [28, 41-44].

Figure 8 shows the time dependence of G /G as obtained from Models 1 and 2. In both plots, G /G is found to be
increasing very steeply with time in the early universe, from negative to smaller negative values, at a gradually decreasing
rate. Nearly at t = 0.59¢,, its sign changes from negative to positive. The value of (G/G)¢~¢, is 3.35 X 107 Yr~* for
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both models. These values are consistent with those obtained from recent observations [45]. The positive sign of
(G/G)¢=¢, corresponds to the fact that G is presently increasing with time, which is shown by Figure 7. It is evident from

the values of G/G that we have an extremely slow change of G with time, where dG /dt is of the order of 1072! (in
Nm? Kg=2 Yr~') at the present time (i.e., t = t). Its smallness implies that the change of G is extremely slow. This
observation justifies our decision to consider G to be independent of time for the calculations in Part-B of the present
article.

The equation of state parameter (w) is a very important tool to find the characteristics of the accelerated expansion
of the universe. The values of w, used in many studies, are 0, 1/3, 1 and —1, for respectively the pressure-less dust,
radiation, stiff-fluid and vacuum-fluid dominated universe [46]. The ranges of values of w, obtained from galaxy
clustering statistics [47] and the observational results from SN la data [48], are —1.33 < w < —0.79 and —1.67 <
w < —0.62 respectively. However, one does not necessarily have to regard w to have a constant value. It can be
regarded as a function of time [49, 50]. On account of the unavailability of observational results, one often uses a
constant value of w for calculations [51, 52], as we have done in Models 1 & 2 of this article.

Figure 9 depicts the variation of deceleration parameter (q) as a function of cosmological term (A). Here, a
significant observation is that the time at which q changes its sign from positive to negative is almost the same as the
time at which A changes its sign from negative to positive. This plot is based on the data generated by equations (49)
and (51). This observation indicates that the transition from the phase of deceleration to the phase of acceleration is
somehow connected to some phenomena involving dark energy which is regarded here as being represented by A.

Figure 10 shows the variation of energy density (p) with respect to the cosmological term (A). It is based on the
data generated by equations (50) and (52). Here, we find that p decreases very rapidly after A changes its sign from
negative to positive. It means that the rate of decrease of p with time is much greater than the rate of change of A at that
stage of cosmic evolution, indicating a considerably faster expansion of the universe compared to the era of negative A.
Like Figure 9, this figure also indicates a relation between the accelerated expansion and dark energy whose density is
estimated in terms of the value of A [46].
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Figures 11 and 12 show, respectively, the variations of Hubble parameter (H) and the cosmic expansion rate
(da/dt = aH) with respect to the cosmological term (A). In each of these two figures, it is observed that, the evolution
of the dependent variable becomes much faster as the cosmological term (A) undergoes a signature flip from negative to
positive. This behaviour may be regarded as a manifestation of acceleration in the expansion process controlled by dark
energy (represented here by A). Quite significantly, the signature flip of A is found to be almost coincident with the
signature flip of the deceleration parameter, as depicted by Figure 9.
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4. CONCLUSIONS

In the framework of Kaluza-Klein space-time, with zero spatial curvature, we have constructed four theoretical
models based on four different ansatzes, and the results of this investigation have been depicted graphically. According
to each of these four models, the deceleration parameter is a function of time and it changes sign from positive to
negative, implying a change from a phase of decelerated expansion to a phase of acceleration, which is consistent with
the conclusions drawn from recent astrophysical observations [3-5]. These four models are consistent with each other in
terms of the predictions made by them regarding the characteristics of time evolution of different cosmological
quantities. The results of the present investigation are also consistent with the findings of several other studies, carried
out under theoretical frameworks different from ours, as discussed in the previous section. In Models 1 & 2, the EoS
parameter (w) is regarded as a constant and its value is determined from the requirement that the models should account
for the observed features of the universe with sufficient accuracy. These two models enabled us to determine the time
dependence of the cosmological term (A) and the gravitational term (G) among other parameters. It is interesting to note
that, A has come out to be independent of time in Models 3 & 4, where we have regarded G as a constant quantity. The
value of A obtained here is the same as the value of Aq (i.e., the value of the dynamical A term at t = t;) obtained from
the Models 1 & 2. Time dependence of w has been obtained from Models 3 & 4. The value of w, obtained here is the
same as the value of constant w estimated by Models 1 & 2. All these aspects show an inter-model consistency,
confirming the authenticity of predictions based on these models. A notable finding is that the signature flip of the
deceleration parameter happens simultaneously with the signature flip of the dynamical A term. Through the plots in
Figures 9-12, we have made an attempt to demonstrate, in a simple way, the role played by dark energy (represented
here by A) in controlling the evolution of various parameters that characterize an expanding universe. A unique feature
of the present article is that we have shown graphically the time evolution of G/G, whose value at t = t, has been
obtained from observations in several ways, as discussed in details in an article by Ray et. al. [45]. The present work
can be regarded as a mathematical exercise aimed at determining the characteristics of time dependence of various
cosmological quantities, under the framework of Kaluza-Klein space-time and our findings are in accordance with the
observed features of the expanding universe. These findings are based on four models which are mathematically simpler
than many other studies we have come across. Unlike a common convention, our graphical depiction of time evolution
of every parameter is with respect to t/t, (instead of just t in arbitrary units) which enables the reader to get the exact
time at which the parameter attains a certain value. A limitation of the present work is that we have not been able
assume any ansatz using which the time evolution of both w and G can be determined from the same model. As a future
extension of this study, we have plans to work with some new ansatzes in this regard and compare the results of
investigations with those obtained observationally and also with those obtained here, making thereby an attempt to
achieve an improvement over the present work. The present work might be helpful to other researchers for studying
cosmic evolution under various other theoretical frameworks.
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JOCJIIZKEHHS EBOJIOLNIT KOCMOJOTITYHAX ITAPAMETPIB HA OCHOBI
MOJIEJEN TEMHOI EHEPI'Ii B TEOPIi KAJTYIU-KJISIAHA
Cyainro Poii®, Acmita lac®, Ausema Jleii®, Jledosina Bicsac®, Cyainto Caxa Poii®
“Kagheopa ¢izuxu, xoneoxc Ce. Kcas'epa, Konkama, 3axiona beneanis, Inois
bMaziemp, cmydenm (2020-2022), gizuxa, xoneoxc Ce. Kcas’epa, Koaxama, Inoia

MeToro IbOTO JOCIHIIKEHHS € BU3HAYEHHS XapaKTEPUCTUK YaCOBOI €BOMIOLIT PI3HUX KOCMOJIOTIYHUX BEIWYHH HA OCHOBI YOTHPHOX
Moyieniel, o0y qoBaHuX [yl BeecBiTy, 110 3a3Ha€e NPUCKOPEHOro posiuupeHHs. Lle ¢popMynoBaHHS BHKOHAHO B paMKax MPOCTOPY-
yacy Kanynu-Kneiitna mis HysboBoi npoctopoBoi kpuBu3HH. [1106 po3B’si3aTu piBHSHHS TOJS, AJIS KOXKHOI MOJei BUOMUpAEThCS
MiIXiJ TaKAM YHHOM, MO0 Le TPHU3BEJO JO XapaKTEPHOro IEPEBOPOTY MapaMerpa YIOBUIbHEHHS, 100 3a0be3nedyuTd Horo
Y3TOJDKEHICTh 3 HEIIOJAaBHIMH acTPO(i3MYHUMHU CIOCTEPESKCHHSIMH, SIKI BKa3yIOTh Ha 3MiHY BiJl YIOBUIBHEHOTO PO3IMIMPEHHS 10
MpUCKOpeHoro po3wmmpeHHs BcecBiTy. Ha oCHOBI muX 4OTHPhOX MOAENeil OTpUMaHi 4acoBi €BOJIOLIT KiJIBKOX KOCMOJOTiYHHX
mapaMeTpiB i ix Bapiauii moka3aHi rpadiyHo B 3anexHOCTI Bix dyacy. J[OBiJIbHI KOHCTaHTH, ITIOB’s3aHi 3 KOXXHOIO MOJEIUIIO,
HAJIAIITOBaHI TaK, IO MOJIEJIb IPaBIIILHO MPOTHO3YE 3HAYCHHS MapaMeTpa Xa001a, mapaMeTpa yHOBIIbHEHHS, IIITBHOCTI eHeprii Ta
rpaBiTallifHOT TOCTIHHOI B AaHWi Yac. BUCHOBKM LMX MoZeJeld Y3TO[KYIOTHCS OAWH 3 OJHHAM, 1 BOHH Y3TOIDKYIOTBCS 3
CIIOCTEpPEKYBAaHUMHU OCOONMMBOCTSMU. ['paBitamiiina mocriiina (G) moka3dye IIBHIKE IAIiHHS B paHHbOMY BcecBiTi, a moTim
Ha/J3BUYAlHO TIOBIIBHE 3pOCTAHHS, SIKE TPUBAE B JaHHH Yac. B3sBim G 3a KOHCTaHTY B JIBOX i3 4OTHPHOX MOJIENEH, KOCMOJIOTiYHA
cTasa He 3aJISKUTh Bil yacy. BayKJIMBUM BiIKPHTTAM € Te, [0 XapaKTEePHUIl IEPEBOPOT MapamMeTpa YHOBIIbHEHHS Maiike 36iraerscs
3 XapakTepPHUM MEPEBOPOTOM KOCMOJIOTTYHOI MOCTIHHOT (A), [0 BKasye Ha 3B 530K MiX NMPUCKOPEHUM PO3IIMPEHHSM i TEMHOO
eHepriero, sika npexacraBieHa A. [HmI croxeTd momo A Takok 300paxyroTh pOJb TEMHOI €Heprii B yNpaBiliHHI KOCMiYHOO
eBoTIOLli€l0. BpaxoBytouun iforo nuHamidHy MpUpoay, A y TEKCTi 3ragyeThCst SK KOCMOJOTIYHHMA TepMiH (3aMiCTh KOCMOJIOTTYHOT
nocTiitHoi). Beynepeu mommpeHiii TeHIeHIIi BUKOPUCTAHHS JOBUTBHUX OAMHUIb, UIA BCiX BUMIPHUX BETMYHUH BUKOPHCTOBYIOTHCS
omunumi CI.

KurouoBi cioBa: kocmonozis Kanyyu-Kuetina; memua enepeis;, KOCMONIOIYHA CIMANA, 2PASIMAYitiHa cmad; KOCMIYHe NPUCKOPEHHS
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In the present study, a homogeneous and anisotropic LRS Bianchi type-I universe model is considered with an interacting dark matter
and Renyi holographic dark energy model (RHDE) in f(R) gravity. The deceleration parameter (DP) shows a signature flipping for
a universe which was decelerating in past and accelerating at present epoch. Therefore, the DP is a most physically justified parameter
to analyze the solution of cosmological model. In order to find an exact solution of the field equations of the model, the shear scalar is
considered to be proportional to the expansion scalar. We have considered f’ (R) =bR", the depiction model of [ (R) which is the

function of Ricci scalar R . The physical and geometrical characteristics of the universe model have been studied.
Keywords: f{R) Gravity; RHDE; dark matter; Cosmology,; Bianchi type-I space-time
PACS: 04.50.Kd; 95.35.+d; 95.36.+x; 98.80.-k

INTRODUCTION
Observational cosmic data show that our Universe is currently expanding at a faster rate [1-5]. Dark energy (DE),
which has negative pressure and accounts for 70% of the exotic component, is what propels the universe's cosmic
expansion [6-9]. To investigate the universe and its accelerated expansion, modified theories of gravity provide an
alternative approach. Some appropriate characteristics of modified theories of gravity are found in [10]. In the literature,
several modified theories, including f(R) gravity [11-15], f(T) gravity [16-20],and f(G) gravity [21-23] have been

proposed with the changes of the Einstein—Hilbert action. Many researchers have worked on modified theories of gravity
in recent past on different aspects of Cosmology [24-34]. In fact, the Ricci scalar f(R) theory uses a conventional

Einstein-Hilbert action that contains an arbitrary function R. The authors of Nojiri et al. [35] provided a comprehensive
overview of modified theories of gravitation. Theoretical models of workable dark energy are described in [36]. The
Noether symmetry technique is used to show spherically symmetric solutions in [37]. The exact solutions of static
spherically symmetric space-times in f(R) gravity coupled to nonlinear electrodynamics have been studied by

Hollenstein and Lobo [38]. f(R) gravity has been studied by a number of researchers in various cosmological

contexts [39-53].

Holographic dark energy (HDE) has a variety of characteristics that have been studied in [54-58]. In [59-61], the
holographic concept serves as the foundation for the potential of HDE. The HDE theory is also a helpful approach for
addressing the DE conundrum in [62]. It was put forth based on the quantum characteristics of black holes (BH), which
have been thoroughly studied in the literature to research quantum gravity. Studying the cosmic ramifications of
holographic dark energy is more natural because Newton's gravitational constant is made dynamical in the Scalar Tensor
Theory. According to [63], the holographic principle refers to a system's entropy, which is determined by its surrounding
surface area rather than its volume. If we assume that the infrared (IR) cutoff is equal to the size of the universe, then the
holographic energy density is rather near to the dark energy density. We can discover the cosmological characteristics of

the vacuum energy with the aid of the HDE theory. The decreased Planck mass M 127 =8nG and the numerical constant

d are used to calculate the HDE energy density p,, =3d°M ;L’Z . Numerous investigations have examined the interaction

of holographic dark energy with matter using various IR cutoffs, including particle horizons, future horizons, and Hubble
horizons. The authors of [64] suggested an IR cut-off made up of local Hubble scale values and temporal derivative
Hubble scales. Sheykhi et al. in [65] explore the astrophysical implications of New Holographic DE (NHDE) by using

the Hubble radius L= H ' as the system's IR cutoff. Many extended entropy formalisms have been used to investigate
cosmological and gravitational events, but Tsallis and Renyi entropies offer the most accurate universe model. Sharma-
Mittal HDE is compatible with the expansion of the universe and it is stable whenever it dominates the cosmos. The
horizon is assigned to the Tsallis and Renyi entropies to investigate the cosmic ramifications. The generalized entropies

7 Cite as: K.S. Wankhade, A.Y. Shaikh, S.N. Khan, East Eur. J. Phys. 3, 87 (2023), https://doi.org/10.26565/2312-4334-2023-3-06
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have been used to develop three HDE models: the Tsallis HDE (THDE) [66], the Renyi HDE (RHDE) [67] and the
Sharma-Mittal HDE (SMHDE) [68]. Jawad and colleagues studied the THDE, RHDE and SMHDE models [69]. Maity
and Debnath have examined all the aforementioned HDE models as well as New Agegraphic DE (NADE) in the context
of flat D-dimensional fractal Universe in loop quantum cosmology [70]. The same authors analysis of THDE, RHDE,
and SMHDE in [71] used the Nojiri- Odinstov (NO) cut-off as the IR cut-off. In [72], Sharma and Dubey looked at the
RHDE in relation to Brans-Dicke cosmology. An interacting model of the Renyi holographic dark energy in the Brans-
Dicke theory of gravity was built by the authors in [73]. Numerous relativists have recently worked on RHDE in various
cosmological contexts, as seen in [74-83].

The main goal for this work is to illuminate the cosmic expansion for a homogeneous and anisotropic LRS Bianchi

type I universe model with an interacting dark matter and RHDE within the framework of f (R) gravity by taking the
Hubble horizon as a candidate for the IR-cutoffi.e., L =1/H . The deceleration parameter (DP) shows a signature flipping

for a universe which was decelerating in past and accelerating at present epoch. Therefore, the DP is a most physically
justified parameter to analyze the solution of cosmological model. In order to find an exact solution of the field equations of

the model, the shear scalar is considered to be proportional to the expansion scalar. We have considered f (R) =bR", the

depiction model of f (R) which is the function of Ricci scalar R .

/(R) GRAVITY FORMALISM
The f(R) gravity is one of the generalizations of the general theory of relativity. The three primary approaches to
f (R) gravity are "affine gravity", "Palatini formalism" and "metric approach". The action is varied with regard to the

metric tensor and the connection used in the metric approach is a Levi-Civita connection. While in Palatini formalism,
the metric and the connection are independent of one another and the two aforementioned parameters can vary on their

own. In metric-affine f (R) gravity, the metric tensor and connection both operate independently, with the assumption

that the matter action also depends on the connection. Action in this theory is provided by
S:f,/—g(f(R)+Lm)d4x. (1)

Here, g the metric determinant, L the matter Lagrangian and a general function f (R) of the Ricci scalar are present.

It should be noted that this action can be obtained simply by replacing R by f (R) in the default Einstein-Hilbert action.

From this action, the associated field equations are discovered as

1
F(R)R, 5 f(R)g,, -V, V,F(R)+g,0F(R)=-T,,, )

where O =V'V, , F (R)Edf (R)/dR , T, the standard matter energy momentum tensor is obtained from the

w2

Lagrangian L, ,and V, is the covariant derivative.

m >

METRIC AND FIELD EQUATION COMPONENTS
Cosmologies with anisotropic models are being investigated in recent times. The spatially homogeneous and
anisotropic Bianchi type models are more interesting because of their ability to explain the cosmic evolution in early phase
of universe. More ever, Bianchi type models have simple mathematical forms. In this work, we are interested to explore

f (R) gravity using Locally Rotationally Symmetric (LRS) Bianchi type-I space-time. The line element is of the form
ds® =—dr’ + A (1)dx’ + B* (t)|dy* + dz* |, 3)

where 4 and B are functions of cosmic time ¢ only.
Consider the stress energy momentum tensor for interacting two fluid as

T = ]-;l.l/ + 71/.1/ (4)

w

where, Y_LV =p,u,u, and T =(p, + p,,)u#uy +p,8,, » with comoving coordinates u" = (0,0,0,1) and w'u, =—1,

% v
where u" is the four velocity vector of the fluid, p, is pressure of RHDE, p, and p, are energy densities of dark matter

and RHDE respectively. Now we define some kinematical quantities of the space-time such as average scale factor and
volume respectively as

@ =V =AB. (5)
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The mean Hubble parameter, which expresses the volumetric expansion rate of the universe is
1
Hzg(Hl+H2+H3), (6)

where H,, H, and H, are the directional Hubble parameters in the directions of x, y and z axes respectively. Anisotropy
parameter, for discussing whether universe approach isotropy or not, is defined as

1 (H —HY
“‘EEP?T&‘ ™)

The expansion scalar and shear scalar are respectively defined as

A _B
f=—+2—, 8
I ®
2_3 2
=314, ©)
2
Here dot indicates a derivative with regard to time.
Using equations (2), (3), and (4), the field equations can be expressed as follows
A _AB 1 B .
2= |F(R)+=f(R)+2=F+F=p_, 10
S T2 PR+ f(R)+22 b, (10)
B B AB I A B .
—+—+——|F(R)+=f(R)+|=+—=|F+F=p,, 11
B B AB()Zf()AB Pr (h
A B 1 A B,
—+2—|F(R)+=f(R)+|—+2—=|F=—(p, +p,)- 12
S T2 [FR)+ S (R)+|~ B] (Pw+r,) (12)

SOLUTION OF THE FIELD EQUATIONS
The deceleration parameter is defined in terms of the scale factor and scale factor is a function of time. So, it always
motives the researchers to investigate the time dependent deceleration parameter rather than the constant deceleration
parameter. Thus, we have interested to investigate the time dependent deceleration parameter. The deceleration parameter

is defined as g = —ac'i/ @’ , where a is the average scale factor. We have considered the special form of time varying

deceleration parameter ¢ =—1+ ﬁ/ 1+a” , where 3>0 is a constant. Consequently, the Hubble’s parameter is

H=1+a". (13)

Again, integrating the above equation, we have
%
a=(e"e-1)". (14)

3/
Using equation (5), we get AB* = (eﬁ”" — 1)/’ . Now, in order to solve the field equations, we take into account that

expansion scalar is proportional to shear scalar [84-85] which results as 4 = B" where m >1 is an arbitrary constant.
Hence, we get

3m

A= <e93f+6 _ 1);3(m+2) , (15)

3

B — (eHH»C _ l)ﬂ(nz#»Z) s (16)
Using equations (15) and (16), the metric in (3) filled with the fluid in (4) in the framework of f (R) gravity becomes

6m 6

ds®> = —dt* + (em" - I)W dx® + (e‘m‘ - 1)3('””) [dy2 + dzz] . (17)
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TWO FLUIDS INTERACTING MODEL
When dark matter and holographic Renyi dark energy interact, the overall energy density fulfils the continuity
equation as ( pm) + ( pr) +3H ( Pt P, + pr) = 0. However, when their individual energy densities do not conserve, the

equation for the continuity of matter becomes [86],
(b)) +3H (p,) =0, (18)

(p,)+3H(p, +p,)=-0. (19)

The quantity Q >0, expresses the interaction (for Q > 0) and non-interaction (Q =0 ) term between RHDE and

dark matter components. Since we are interested in investigating the interaction between RHDE and dark matter, it should
be noted that an ideal interaction term must be motivated from the theory of quantum gravity. In the absence of such a
theory, we rely on pure dimensional basis for choosing an interaction Q . In our work, we consider the interacting term as

Q0 =3kHp, ,where x is the coupling constant to determine its appropriateness.

DYNAMICAL PROPERTIES OF THE MODEL
The average scale factor and spatial volume are respectively obtained as

) Y
a=(e* -1, (20)
, %
V:a3=(e‘dt+cfl)/d. 21
The mean Hubble parameter and expansion scalar yield as
1
_ 22
H (1 - e*“’*“)) ; (22)
3
= . 23
0 (1 e*<ﬂ‘+f>) (23)
The anisotropy parameter is
2
_2(m-1)
A, = - (24)
(m+2)
The shear scalar is determined as
3(m—1)
o= 3m=1) L (25)

4 4 k Expansion scalar

Hubble's parameter

~_/

0.0 05 1.0 1.5 2.0

Cosmic Time
Figure 1. Hubble parameter and Expansion scalar versus cosmic time for c=1, m=2 and =3

It can be shown that the universe is expanding as cosmic time advances because both the average scale factor and
spatial volume are rising. It is depicted from Figure 1 that the mean Hubble parameter is acting as a constant throughout the
universe's expansion and that the expansion scalar gets less as cosmic time grows. Expansion scalar is constant because of
t — oo . It implies that the universe's expansion is initially more rapid and then it slows down over time. Anisotropy
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parameter is observed to be constant during the expansion of the universe and does not depend on cosmic time ¢ in contrast
to shear scalar, which is observed to depend on cosmic time and change over the course of the universe's evolution.
The deceleration parameter is obtained as

qg= 1+ ﬂe—(@z+c) (26)

The DP shows a transition of universe for > 1 and again lies at an accelerating phase for B < 1. Summing up the
results, it can be concluded that, the deceleration parameter plays a vital role in account of accelerated expansion of the
universe. The model with time varying deceleration parameter represents an expanding universe in accelerated phase.
From Figure 2, it is noted that the deceleration parameter, which reflects the typical accelerating expansion, ¢ — —1 is

negative throughout the expansion of the universe. As cosmic time lengthens, recent theoretical observations are
consistent with this scenario.

024

044

-0.6 4

Deceleration Parameter

-0.8 4

00 05 10 15 20

Cosmic Time

Figure 2. Deceleration parameter versus cosmic
time for c =1 and 3=3.

The Ricci scalar R is obtained as

_ (_6> M,
where M, =(m+2)" and M, = 3»<m2 +2m+3)—6(m—|—2)2 )
The depiction model of f(R) is
— (_6> M,
S (R)=b e ™) M, + (1] (28)
Also,
n—1
(-6) M
F(R)=bn{—————| M, + > 29
( ) M1 (1 _ —(x?H—C)) 1 (1 _ e—(ﬂz-%—c))
Energy density for RHDE has the form
3d’ -1
P=e (1 + 7T6L2) ,

with d and § being constants [67], [69]. Here, by considering the Hubble horizon as a candidate for the IR-cutoff, i.c.,
L=1/H , the energy density for RHDE from above equation is obtained as

347 1

_QTZ(H—W(STZ) ’ (30)

P,

— d n
where, 7=1—¢ "+

The isotropic pressure is
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3 m(3m—G(m+2)+6 ) 1 ..
p,=—1|Bm+ ( ( ) )F—|—2F +—f+F, 31)
(m+2)T (m+2)T 2
where
n—1 n—=2
F = —bn(n—1)8| =5 1‘7] ﬁM1+2M2][ﬁMI+%] ,
M, T T T
and

g o
T T

1

e

The RHDE equation of state parameter is found to be

F":

1—7

(1-7)
2M, | — 142
T

T

]+[ﬂM1+ +(n-2)

2M, ]

1—7}[5M1+2M2]}
T T

w, :;%TZ <1+7r672)

m(3m—,8(m+2)+6)

pm+ (m—l—Z)T

F+2F]+%f+ﬁ ) (32)

3
(m+2)7'

The RHDE energy density is always positive and decreases with cosmic time ¢ as depicted in Figure 3. As the

cosmos expands, its energy density drops until it reaches zero at a massive expansion. In Figure 4, RHDE pressure versus
cosmic time ¢ is depicted graphically.

.35 -

5 0.4 4

40 4
=~ 23]
e =
© 45 4
B i =4
2 03 A
) =]
o » -50 4
-
B 8 55
8 021 o 3
m

60 4

0.1 T T T T -65 T T T T
0.0 0.5 1.0 L5 2.0 0.0 0.5 1.0 145 2.0
Cosmic Time Cosmic Time

Figure 3. Energy density of RHDE versus cosmic time for Figure 4. Pressure of RHDE versus cosmic time for =73,
623,c=1,d=1.2and5=4 c:l’mzz’nzz and b=1.

It is evident that RHDE exerts a negative pressure throughout the universe's expansion. The year 2009 saw a result
that limits the dark energy equation of state parameter to —1.44 < w_ < —0.92 by combining cosmic data sets from galaxy
clustering, CMBR anisotropy, and luminosity distances of high redshift SNe-Ia.

04

-0.5 4
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-0.7 4
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-1.0 T T T T
0.0 05 1.0 1.5 2.0

Cosmic Tune
Figure 5. EoS parameter of RHDE versus cosmic time for =3, c=1,d =12, =4, m=2,n=2 and b=1.
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In Figure 5, it is shown that the equation of state parameter initially reflects the quintessence region and that as time
goes on, it evolves around the ACDM model. The equation of state parameter behaves like a cosmological constant

w, =—1 as the universe expands, which is consistent with recent theoretical results.
Stability factor is
1— 2m(3m—G(m+2)+6
e (3m—p(m+2)+e)
5 8 [ 72 (1+77672) 1 3 T (m+2)7
0, =——> —f+F+——
3B\=7)l 75 2|2 (m+2)7 m(3m—B(m+2)+6) . .
~+= +| Bm + F+2F
<1+7T57) T (m+2)1
where
6" I
—bn(n—1)3|—| (r,)|—L
w-0afe] (]
F= 1__2T {27-27-3 +%[2M2[3_2T]+ﬂM1 (2—7') +(n—2)7173}
T
+{Tl 2M2[—1_2T]—|—7'2 2_7] +(n—2)[1_7]722H(n—3)M2 17 + H—n[l_T ]}
T T T T°T, T
and
M 2M 3—
TI_[5M1+—2], 72—[,6'M1+ 2], 73:[2M2[ T]+5M1 :
T

F+2F}

(33)

From Figure 6, it is clear that the universe is unstable because RHDE has a negative stability factor during the

universe's expansion.
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Figure 6. Stability factor of RHDE versus cosmic time for =3, c=1,d=12,6=4, m=2,n=2 and b=1.

CONCLUSION

In the present study, a homogeneous and anisotropic LRS Bianchi type I universe model is considered with an
interacting dark matter and RHDE in f (R) gravity.

e [t is found that the energy density of RHDE is always positive and decreases as a function of cosmic time ¢ .

e As time goes on, the equation of state parameter evolves around the ACDM model, which is familiar from the
universe's current accelerated expansion. The equation of state parameter initially represents the quintessence

area [87-88].

e The average scale factor and the spatial volume increase with increasing cosmic time.

e  Expansion scalar is constant because of ¢ — oo . It implies that the universe expands more quickly initially and
then less quickly as time goes on.

e The deceleration parameter is negative during the entire universe's expansion, which is consistent with the usual
accelerating expansion [89-90].

The stability factor has been negative during the universe's expansion, indicating that the cosmos is unstable.
As cosmic time lengthens, recent theoretical observations are consistent with this scenario.
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T'OJOTPA®IYHA MOJIEJIb TEMHOI EHEPI'Ti PEHBI V f(R) TPABITAII 3 T4-OBPI3AHHSIM XABBJIA
Kimop C. Bankxane?®, Aandpen 0. lleiix”, Cipaxx H. Xau®
4Jlenapmamenm mamemamuxu, Maxasiovsanas, okpye Manepyanip. Bacum - 444403, Inois
bﬂenapmmeym mamemamuxu, Inoipa I'anoi Maxagiovsnas, Panezaon - 445402, Inois
¢Konedoic inorcenepii ma menedsrcmenmy npogpecopa Pama Meze, baouepa, Ampasami - 444701, Inoia

VY upoMy IOCTIKEHHI PO3TISIAETRCS OJHOPIAHA Ta aHi30TpomnHa Moaenb BeecBity LRS Bianchi tumy [ i3 B3aemozirouoro TeMHOIO
Marepiero Ta rojorpadiunoro monemno Temuoi eneprii Pensi (RHDE) y f(R) rpasiramii. ITapamerp ynosinsHerHst (DP) nmokasye
XapaKTepHe IepeBepTaHHs Ul BeecBity, SIKM YIOBUIBHIOBABCS B MUHYJIOMY Ta IIPHCKOPIOBABCS B HUHINIHIO €TIOXY. TakuM YHHOM,
DP € naii0inpi (Gi3nuHO BUNPaBIaHUM MapaMeTpoM I aHali3y pilleHHs KocMoioriyHoi Mozeri. 1106 3HaliTH TO4YHMI pO3B’ 30K
HOJILOBUX PIBHSIHb MOJEJI, CKaJIsIp 3CYyBY BBa)KA€THCS MPONOPLIHHIM CKalsipy po3ummpeHHs. Mu posrisnymu f(R) = bR", Mmonenio
300pakenHs f(R) sixoi € pyHkiist ckamsipa Piuui R. [lociimkeHo (i3UKo-reoMeTpHyHi XapakTepiucTHKU Moeli Beecsity.

Kuarouosi cinoBa: f(R) epasimayis; RHDE; memna mamepis; kocmonoeis; npocmip-yac Bosnki muny [





