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ABSTRACT
This research work presents the effect of rare earth substitution (Dy, Pr, Nd, and Nd-Cr
co substituted) on structural, morphological, ferroelectric and dielectric properties of
YFeO3. Sol gel method has been used to prepare the four series Y1-xDyxFeO3 (0 ≤ x ≤
0.16), Y1-xPrxFeO3 (0 ≤ x ≤ 0.16), Y1-xNdxFeO3 (0 ≤ x ≤ 0.16), and Y1-xNdxCr0.4Fe0.6O3
(0 ≤ x ≤ 0.16). X-ray diffraction (XRD), scanning electron microscopy (SEM), and
Fourier transform infrared spectroscopy (FTIR) were employed for structural and
morphology analysis. The substitution of praseodymium (Pr) modified the orthorhombic
structure into a hexagonal structure. However, small traces of Fe2O3 and Y2O3 were also
appeared. Variations in lattice parameters were observed due to the mismatch of host ions
as compared to Y3+ ion in YFeO3. The average crystallite size lies in the range between
~27 nm to ~15 nm. SEM exhibited inhomogeneous shape for pure YFO while the doped
samples were in round shape, spherical shape, rod shape and clusters of grains. Line
intercept method was used to measure average grain size of four compositions in a wide
range between ~62 nm-~149nm. FTIR analysis in the range of 400-800cm-1 showed a
presence of two vibrational bands appeared due to the octahedral and tetrahedral
stretching vibrations. Force constant and bond length variations are described on basis of
oxygen-cation bond distances. Frequency dependent dielectric behavior of four series
was investigated at room temperature in a frequency range of 1 MHz~3 GHz. The
substitution of rare earth elements shows enhanced dielectric constant and reduces
dielectric losses. These reduced losses made this material useful in the fabrication of
high-frequency devices and multilayer chip-inductor. The damping effect is significantly
observed in all series, is good agreement with Koop's theory and the Maxwell-Wagner
model. . For all compositions, AC conductivity is found to be increased in wide
frequency range due to the hopping of charge carriers between Fe2+ and Fe3+ and
migration of oxygen vacancies. The distinctive behavior of low tangent loss may be
suitable for high-frequency applications.

xvii

CHAPTER 1
1

Introduction

1

1.1 Historical Overview
Pierre Curie discovered that ferroelectric and ferromagnetic phenomena produced in a
material at the same time. The magneto-electric properties attracted a lot of interest for several
researchers.

Initially

Dzyaloshinski

discovered

magnetoelectricity

in

Cr2O3

and

experimentally it was observed by Astrov in the same material. This material is para-electric
and also anti-ferromagnetic which is impractical for microelectronics. A further interesting
phenomenon of ferromagnetic and ferroelectrics was the contribution of Schmidt's research
on boracites. For device applications, boracites are indeed impractical materials, it has smaller
symmetry with larger unit cells and synthesized in needle shapes more significantly. This
material displays magneto-electricity at lower temperatures. Meanwhile, Smolenskii's
Leningrad was pioneered to analyze bismuth ferrite BiFeO3, but they found that it was
difficult to synthesize single crystal and ceramic samples. More recently, research on the basic
magnetoelectricity analysis was published by Schmidt, Fiebig, and Eerenstein et al. [13].
Multiferroics class is such an attractive class of materials that shows coupling of
ferromagnetism and ferroelectricity simultaneously (Deka et al., 2017b). The coupling of
magnetic and electric order (known as magneto-electric coupling) is an interesting aspect of
these multiferroics. Magneto-electric coupling controls the ferromagnetism by polarization,
whereas ferroelectric polarization is controlled by the magnetic field. Magnetoelectric
coupling is confirmed in many materials, such as TbMnO3 and TbMn2O5. Ferroelectric
Random Access Memories and Magnetic Random Access Memories are applications of these
multifunctional devices. Practically these multiferroics have vast scope in spintronics devices,
microelectronic devices, transducers, sensors, bubble memory devices, optoelectronics, solar
energy devices, high-density FRAMs, satellite communication, storage devices, permanent
magnets, and photoelectron chemical cells (Iyyappa Rajan et al., 2017). For device
applications, boracites are impractical materials, it has smaller symmetry with larger unit cells
and synthesized in needle shapes. This material displays magnetoelectricity at lower
temperatures. Meanwhile, Smolenskii's Leningrad was pioneered to analyze bismuth ferrite
BiFeO3, but they found that it was difficult to synthesize its single-phase sample. More
recently, research of the basic magnetoelectricity analysis was published by Schmid, Fiebig,
and Eerenstein et al. [13]. The current attention in bismuth ferrite was mainly stimulated by
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Ramesh group's in 2003 paper which depicted that it had unusually high residual polarization,
Pr, 15 times higher than earlier observed in bulk, along with large ferromagnetism.

1.2 Nanomaterials
Since it has emerged about two decades earlier, nano-science and nanotechnology both
attracted a lot of attention from researchers. For several causes, nanomaterials with a size of
1–100 nm are a significant class of new materials. They exhibit optical, electrical, catalytic,
and electronic characteristics depending on volume and behave entirely different from their
bulk behavior. Due to various applications, nano-sized metal oxides attracting interest i.e
electrodes in batteries having lithium ions batteries, photocatalysis, MRI detection agents,
high storage devices, and microwave instruments (Mahmood et al., 2012).

Figure 1.1: Classification of nanomaterials (Gubala et al., 2018).

Nanotechnology has many applications in the field of science and engineering like robotics,
medicine and biology, optical fiber communication networks, aerospace technology, the
technology of advanced materials, precision manufacturing, and chemical engineering. There
are two interlinked patterns, the efficiency phenomenon, and the ultra-precision
manufacturing trend. Ultra-precision methods in the manufacturing industry are already
widely implemented, for example, to improve the performance of automobile and aircraft
engines and the manufacture of optical components like mirrors and lenses, by acquiring
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high-quality surfaces. To study and calculate the size of the nanometer, new tools, and
measuring techniques are developing to provide this capability. Using physics principles,
various methods may be used as atomic force microscopy, measurement of laser position, and
electron tunneling microscopy (Mamalis, 2007). Complex oxides are a broad category of
materials with a broad range of structures and properties of crystals. In past, this research was
motivated by the creation of new technologies and the subsequent access to the best quality
materials. Researchers have shown repeatedly the potential of advanced material synthesis,
Electric and magnetic dipoles have been located in such materials opposite and parallel to the
magnetic or electrical field applied (Mamalis, 2007).

1.3 Perovskite Structure (ABO3)
In perovskite oxides, it is a challenging task to observe ferroelectric and magnetic properties
simultaneously. The applications of these multifunctional materials in the field of information
storage and spintronics, also known as spin electronics, is one of the attractive visions
captivating researchers to find multiferroic materials with different mechanisms. Perovskite
oxides are considered to be prominent materials in the field of catalysis, optics, and
magnetism due to their remarkable features. Perovskite oxides are considered to be prominent
materials in the field of catalysis, optics, and magnetism due to their remarkable features.
These oxides can easily adopt almost 90% of metallic ions without destabilizing the structure.
ABO3 perovskite can be modified by compositional variations at both site. This resulted in the
formation of oxygen vacancies and a controlled transport mechanism in the material (Peña
and Fierro, 2001; Pimenov et al., 2006). These oxides can easily adopt almost 90% of metallic
ions without destabilizing the structure. ABO3 perovskite can be modified by compositional
variations at A-site and B-site. This resulted in the formation of oxygen vacancies and a
controlled transport mechanism in the material (Peña and Fierro, 2001; Pimenov et al., 2006).
Perovskite group materials may be represented with general formula ABO3 comprising ideal
cubic structure, having A cations in the center of the body, B cations in the cube corners (6fold coordination), and oxygen in the center of the cube edges. Cubic symmetry is reduced to
rhombohedral or orthorhombic depending on the chemical character of cations A and B, as in
the YCrO3-YAlO3 framework. Such orthorhombic perovskite has special electrical and optical
characteristics. ABO3 structure has been widely investigated in photo-electrochemistry, fuel
oxide cells (SOFCs), catalysis, and sensors. To obtain a wide range of applications, it is most
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important for the improvement of perovskite features. Their properties might be improved by
partial replacement of A-site or B-site with one or both sites that can boost or alter their
physical and chemical properties and extend the application view (Sinha et al., 2016).

Figure 1.2: (a) Render centered in Sr

(b) TiO6 octahedra representation

(c) Render centered in Ti

In this configuration, Sr (A) is covered by twelve equal distance neighbors of oxygen. It
results in complete TiO6 octahedra of 90ᴼ angles. Through their common corner, these
octahedra are joined, forming an endless chains network that stretches in three orthogonal
directions. Using the theoretical spherical atomic model, the reconstruction of a transversal
and edge view split of this ideal structure (where each atom touches each other) is used to
estimate the state that should meet the ionic radii condition of A, B, and O to construct this
structure. Goldschmidt used an important relationship for introducing a tolerance factor
known as 𝑡= 𝑟𝐴+𝑟𝑂/ √2( 𝑟𝐵+𝑟𝑂) (Li et al., 2004).
1.3.1 Dielectric Behavior of ABO3
In the microelectronics industry, materials having a high dielectric constant and low dielectric
loss comprise technological importance allowing miniaturization of devices. The high amount
of intrinsic constant of the dielectric is generally displayed exclusively by ferroelectric and
relaxor-ferroelectrics. Materials with the so-called giant constant of dielectric were reported in
current years. One of material with composition CaCu3Ti4O12 (CCTO) constant of dielectric
materials has attracted a lot of attention recently. It was initially thought of as modern
processes of intrinsic polarization correlated with either a particular crystal structure or
charge-ordering. In many instances, it was later shown that the effect of giant dielectric
constant is often correlated with a familiar extrinsic polarization form Maxwell-Wagner and
also it is not the intrinsic characteristics of the materials associated with it. This influence has
been found in CCTO since the very first time, the emphasis was on materials having
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perovskite (ABO3) structure because of the specific characteristics of these materials (Prasad
et al., 2011).
1.3.2 REFeO3 (Re = Sm, Dy, Nd, La, Y, Gd, Yb, Pr, and Y)
Perovskite oxides, the RFeO3 (R = rare earth) have been considered as the most suitable
candidates for use in storage devices at room temperature. In recent years, rare-earth orthoferrites had drawn great interest in works due to potential candidates in the field of magnetoelectric (ME). Most of the REFeO3 have a common orthorhombic perovskite configuration
with the Pnma space group (Wang et al., 2017c).
High-frequency magnetization precession, stable dielectric characterizes as well as
transportation charges over a wide range of frequencies, and photo-catalytic operations make
them necessary for a broad range of technical applications. The Fe ion in unit cells is placed
to the adjacent six iron ions by super-exchange interaction with oxygen ions. Such magnetic
characteristics resulted in increased magnetic energy displaying high magnetic ordering
temperatures (∼680 K) and complex magnetic properties. In that context, in some of these
instances, this work is based on the analysis of four of the rare-earth orthoferrite family oxide
compounds with the generalized formula REFeO3 (RE = La, Nd, Pr, Sm), where the strongly
electronegative element, iron (Fe) occupies the place of the B cation (Gupta et al., 2018; Liu
et al., 2019). These also exhibit unusual physical properties like a giant constant of dielectric,
an anti-ferromagnetic structure with parasitic photo-catalytic and ferromagnetism activity,
among other impressive properties that have drawn significant attention to be used in potential
uses, like dielectric materials (Prasad et al., 2012).
1.3.3 Dielectric Behavior of ReFeO3
The dielectric properties of rare earth-ions oxides drew interest in RFeO3 due to their behavior
of colossal dielectric constant (CDC) in CaCu3Ti4O12. RFeO3 a material consists of relatively
complicated perovskites structure, which allows them good for observing the behavior of the
CDC. The CDC activity model for RFeO3 is however far from being accepted. For instance,
in PrFeO3 and SmFeO3, the effect of grain boundary was debated as the primary source for
CDC actions. The source of CDC behavior in YFeO3 was believed to be electronically
ferroelectric. While the hopping mechanism of the charge carrier was reported to highlight the
CDC behavior observed in BiFeO3 and LaFeO3 (Prasad et al., 2011).

6

Barium titanate (BaTiO3) has been one of the piezoelectric materials that have been studied
and most commonly used. Both pyroelectric materials are piezoelectric as well, but
piezoelectric materials are not pyro-electric without a specific polar axis. All the components
with ferroelectricity are pyro-electric, however, all the pyro-electric materials are not
ferroelectric. The distinctive feature is that random polarization can be changed by an external
force and never be projected based on symmetry (Selbach, 2009). The piezoelectric,
ferroelectric, and dielectric properties of BaTiO3 ceramic can be influenced by its
microstructure, stoichiometry, and strong solution dopants reaching A or B sites. BaTiO3
ceramic with dopants like Pb or Ca ions were used to develop commercial piezoelectric
materials and to stabilize the phase of tetragonal structure over a larger temperature range.

Figure 1.3: Schematic diagram for piezoelectric and dielectric characteristics of BaTiO 3 ferroelectric ceramic.

1.4 Magnetoelectric Coupling
The effect of ME has been identified in antiferromagnetic compounds of Cr2O3. Various
single-phase materials with the effect of ME like RMnO3 (R = rare earth) have been
discovered in succession for several decades. The magneto-electric effect is quite weak and
mostly detected at a low temperature or strong magnetic field, which restricts their technical
application (Somiya, 2013). The effect of ME is intrinsic in the single-phase ME crystals. For
multi-phase composite materials with larger extrinsic ME effect gives prospects for future
technical and potential applications. The magnetic layer shifts its form when a magnetic field
is exerted on the composites, and the strain is shifted to the piezoelectric phase, resulting in
electrical polarization. The effect of ME is a combination of magnetic and electrical
phenomena by elastic interaction (Cheng et al., 2011). The researcher has investigated
alternate methods to achieve the desired results of composite magneto-electric structures due
to the unusual existence of multiferroic. An applied electrical force induces a mechanical
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compression in the ferroelectric material through the converse effect of piezoelectricity. This
resulted in strain in the ferri-magnetic substance and a resultant shift in magnetic or
magnetization anisotropy through the piezo-magnetic effect (Martin and Schlom, 2012). It is
possible to develop components of both ferroelectric and ferromagnetic memories used in
highly advanced technology. Such components are also used for the design of transducer and
micro-regulator electrostriction generators, sensors, detectors etc. In such devices, these
materials are primarily used in the form of thin layer ceramic elements (Bochenek and
Surowiak, 2009).

1.5 Dielectric Materials
During the last few years, dielectric materials have attained the attention of researchers, due to
their promising applications in storage devices i.e. capacitors and supercapacitors. The
mechanism behind storing the energy is that the charges at the electrodes get neutralized due
to the dielectric material which otherwise contributes to the external field in the absence of the
dielectric material (Barsoukov and Macdonald, 2018). When an AC source is applied across
the capacitor, the current produced is the sum of the charging current, IC, and the loss current
IL. These two factors are related to the dielectric constant. The losses are shown as the
conductance parallel to the capacitance as shown in Fig. 1.9 (Bahadur et al., 2017).

Figure 1.4: AC voltage source capacitance

Greek word dielectric means insulating material having unique characteristics for prevention
of electrical conduction and it can assimilate the electric charge. Until the saturation limit is
approached, it will have an absorbing charge, only if the power root still is linked and striving
to drain further electricity in it, this is called the dielectric breakdown (Yoon and Hong,
2017). Dielectric materials have properties to polarize in the electric field. In the dielectrics,
the net flow of electric charges is zero but in an ideal dielectric, all of the energy essential to
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produce an electric field is rectifiable in a vacuum, when the field is not present (Abbas et al.,
2017b). The potential gradient is a power of the dielectric which makes its insulation collapse.
When the applied potential is made absent, a solid dielectric is eliminated by the liquids and
gases alleviate up soon. The study of dielectric properties is the main approach for the
examination of material structure (Ali et al., 2015).
1.5.1 Types of Dielectric Material
Polar and non-polar are the two main types of dielectrics. Dielectrics having permanent
electric dipoles are called polar and those that do not have permanent dipoles are known as
nonpolar (Hiremath and Venkataraman, 2003).When the electric filed is applied to non-polar
dielectrics, positive and negative charges induced in molecules due to this applied field-effect
(El Hiti, 1999). The polar materials possess optical and infrared polarization. The polar
substances demonstrate polarization because of polar alignment (Saravanan et al., 2009).
1.5.1.1 Permittivity (Real and Complex)
A measure of a material‟s ability to resist the flow of charge is called permittivity and is also
defined through the ratio between the elastic change and strength of the electric field
producing it. Its units are Farads per meter and have a value greater than one (Nithya and
Selvan, 2011). Dielectric constant can be defined as a ratio between absolute permittivity of
medium and vacuum‟s absolute permittivity. Value varies from one (for vacuum) to above
400 (Sivakumar et al., 2018). Property of a dielectric medium of a capacitor can be used to
define it, i.e. for parallel plate capacitor having a suitable dielectric between the plates, the
ratio of the capacitance with dielectric placed between the plates and the capacitance with no
dielectric medium between plates is called dielectric medium. The relative permittivity of
dielectric material is presented as: (Cuenca et al., 2016).
ε = Cm/Co

1.1

here, C is the capacitance when a dielectric is present between the plates and Co is capacitance
when the dielectric medium is present. The electrical susceptibility regarding the dielectric
constant is defined as: (Anis-ur-Rehman et al., 2016).
X = ε' – 1

1.2

Dielectric constant and susceptibility both are the ratios between the same physical quantities
so these having no unit and also dimensionless. The relative permittivity is usually called
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permittivity. Its value is always greater than one. For gases ε‟ is smaller than 1. Most of the
dielectric materials have values below 40 but a few have tens of thousands. Liquids usually
have values less than 100 (Zaki, 2007).
1.5.1.2 Dielectric Constant
The dielectric constant is the ratio between the field intensity of material in a vacuum and that
in material for that same division of charges. Capacitance can be defined as: (Cuenca et al.,
2016).
C=Q/V

1.3

Q is a charge which is passing through the conductor and V is applied voltage across the ends
of the conductor. The capacitance of two parallel plates capacitor which is separated by a
distance d and area of each plate is A is given as (Cuenca et al., 2016)
C = ε' εo A / d

1.4

This „ε‟ is used as a dielectric constant or permittivity.
1.5.1.3 Tangent Loss
When real and imaginary parts of the relative permittivity plotted into a simple vector
diagram, the angle

is formed with the real part axis (x-axis,

r).

Eq 1.5 shows that the

relating loss of the material is the ratio between the energy lost and energy stored. Figure 1.5
shows the vector sum of electric modulus (Rout and Choudhary, 2015).
=D=

1.5

Figure 1.5: Vector sum of real and imaginary parts of dielectric or permittivity [27].
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1.6 Ferroelectricity
The polarization direction may be changed by an internal electric field greater than the
Electric and coercive field, which is oriented in the opposite. A hysteresis loop characterizes
the non-linear behavior of polarization P as a function of an electrical field, polarization can
saturate in large enough fields, and remaining polarization Pr or polarization of spontaneity, a
zero electrical field prevails. Ferro electricity is a phenomenon that vanishes at a critical
temperature termed as the Curie temperature Tc (paramagnetic electric material > Tc). Electric
susceptibility χ = ε -1 and dielectric constant ε is high in ferroelectric materials and varies
from the Curie temperature when the polarization is most sensitive to electrical fields. The
dielectric constant is the function of the material's polarizability; P = εoχE, here εo represents
the dielectric constant in a vacuum. There may be 32 groups of crystallographic points from
which 21 are non-centrosymmetric groups. Twenty of such 21 point groups show
piezoelectricity; polarization can be caused by mechanical stress and vice versa: an electrical
field can cause strain. Piezoelectricity is a good linear interaction between mechanical stress
and electrical polarization. 10 of the 20 non- centrosymmetric points group have a single polar
axis and therefore exhibit pyro-electricity; the temperature changes may result in a change of
polarization. Ferroelectricity is a unique feature of certain polar dielectrics. It is generally
linked with transitions in the para-electric-ferroelectric phase. The transitions typically lead to
non-polar to polar structural transition of phase having the crystallographic point of view. The
fundamental feature of ferroelectricity seems to be the reversible spontaneous polarization
(Ps) and imaging of domain (Hou et al., 2018). Theory of Landau- Devonshire and the
concept of Curie symmetry, the space group for the ferroelectric phase must be a para-electric
sub-group, even if there are anomalies. This principle is most useful in helping to analyze the
properties and structures of the ferroelectric phase. Ferroelectric materials are applied in a
wide variety of applications, including resonators, actuators, transformers, transducers, nonvolatile Fe-RAMs, condensers, sensors, etc. The existence of spontaneous polarization is the
main feature of ferroelectric materials, which could be re-oriented through the application of
an external field including strain and electric fields. (Liu et al., 2015a; Shi et al., 2019).
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Figure 1.6: Polarization occurs in a spin-wave (magnon). (a) The classic illustration of a ferromagnet spin-wave:
the spin (red arrow) precedes a fixed (blue) axis. (b)The black arrows are calculating the difference.

1.7 Ferromagnetism and Antiferromagnetism
Traditional multiferroics seems to be single-phase materials with ferroelectricity,
ferromagnetism, or ferroelasticity coexistence. This may produce new physical properties and
result in new functionality. Multiferroic coupling, which was anticipated in 1894, is rapidly
developing in the previous decade. Magnetism happens independently of ferroelectricity in
the group of multiferroic single-phase materials. Perovskite dependent in Bismuth (BiFeO3,
BFO), and perovskite manganates geometrically mediated hexagonal surfaces of
ferroelectricity (HoMnO3, YMnO3). Multiferroic materials are very significant to single-phase
materials that can produce useful properties by combining them with Fe3O4 (Hou et al., 2018).

Figure 1.7: The relationship between multiferroic and magnetoelectric materials (Keeney et al., 2013).
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The heterostructures multiferroic demonstrate the strong magnetoelectric interfacial effects
that could be used in multifunctional spintronics. The heterostructures of multiferroic
demonstrate the strong magneto-electric interfacial effects that could be used in
multifunctional spintronics, optoelectronic and nanoelectronic devices. Some multiferroic
heterostructures were produced with the BaTiO3 ferroelectric compound ferromagnetics
(Fe3O4). Over the last ten years or so, Products with two or more ferrous characteristics in the
same phase were significant scientific interests that have coexistence, called multiferroics. For
the years, detailed work on material systems like BiFeO3 has resulted in different
experimental and theoretical studies GaFeO3, YMnO3, and so on. Besides these, this work
has shown interest in a relatively new product group. Besides these, the latest work has also
shown interest in new materials classes, including transition metal oxides like rare earth
chromites (in RCrO3, R is rare-earth ion) demonstrating magneto-electric pairing among
cations of R3+ and Cr3+. RCrO3 compound shows canted antiferromagnetic behavior having a
weak ferromagnetic moment among 113-140 K as well as a dielectric transition raging from
472-516 K. Such materials also have low but limited ferroelectric polarization ranging from
0.2 to 0.8 μC /cm2 having lower TN values compared to ortho-ferrites of rare earth whose TN
is usually 620–740 K. Ferroelectric calculation, however, is difficult because of the high flow
rate (Mall et al., 2018).

1.8 Technological Advancement of Magnetism
Over the last few decades, the use of magnetism as communication systems, electric motors,
magnetic hard disk data collection, transformers and generators, and as electronic credit and
debit card magnetic storage has made enormous progress. Advancement in magnetism has
remained attentive to theoretical concepts and the development of research, particularly in the
field of magnetic sensing. Tunnel Magneto Resistance (TMR) and Giant Magneto Resistance
(GMR) sensors utilizing ferromagnetic layers can start taking over automotive as well as
consumer electronics when they offer big precision and stabilization using the nature of spin
rather than electron charge (Fernández et al., 2012).

1.9 Theoretical Perspective of Magnetic Materials
Materials with permanent magnetic characteristics, where magnetization continues even when
the magnetic field is removed are classified to be ferromagnetic materials or ferrimagnetic
materials. In these magnetic materials, the ordering of the magnetic spin method is processed
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in two ways. The first scenario concerns the overlap of opposite nuclear moments. Interaction
of electrostatic forces among adjacent atoms depends on the electrons and the relative
alignment of the spinning of an electron. Pauli‟s Exclusion Principle allows them to have
spatial separation in parallel spin alignment; while electrons align similarly in anti-parallel
alignment and the overlapping of their wave function occurs. The difference of energy
between the alignments of these two electrons spin is known as the energy of exchange or
interaction. It fits well with the ideas of “molecular field theory” and Heisenberg‟s magnetic
ordering model (McCallum et al., 2014).

1.10 Multiferroism
Multifunctional materials had attracted much attention due to practical applications to be used
in storage materials and interesting fundamental physics of materials. This phenomenon
happens with the general formula ABO3 in perovskite oxide. The following details are now
well known in the context of analysis of multiferroic perovskite: (i) Ferroelectric (FE)
Ferromagnetic (FM) behaviors are jointly exclusive because of the B-site element's do
electronic structure (Kundu et al., 2015).
Among multiferroics, YFeO3 has a wide range of applications in spintronics, oscillators,
FeRAM, sensors, phase shifters, solid oxide fuel cells, and optical insulators. (Bharadwaj et
al., 2019; Ismael et al., 2017b; Raut et al., 2018; Rosales-González et al., 2018b; Shang et al.,
2013; Shen et al., 2012; Wadgane et al., 2018a; Yuan et al., 2012). YFeO3 multiferroics
(general formula ABO3) of Perovskite type structure, where "A" is a rare earth cation and "B"
is a transition metal ion. YFeO3 crystallizes into an orthorhombic structure and a hexagonal
phase of type YAlO3, depending on the synthesis process and environmental conditions.
Interestingly, the anti-ferromagnetic sequence causes Fe-spin-related polarization (Suthar et
al., 2017). YFeO3 shows a slight band gap adaptation that motivates photocatalysis (Ismael et
al., 2017b).
1.10.1 Types of Multiferroics
Localized moments exchange interactions of electrons result in magnetic ordering. The
situation is very different for ferroelectrics. There are many various microscopic sources in
ferroelectricity, and therefore different types of multiferroics can be found. In general, there
seem to be two multiferroics groups. The first group, which could be named multiferroics
type-I in which magnetism and ferroelectricity have various sources, although there is a
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relation between them (Ramesh and Spaldin, 2007b). Multiferroics of type-I have become
"older" and most numerous. These are strong ferroelectrics whose critical temperature is at
room temperature. Based upon the mechanism of ferroelectricity in the materials, this can be
classified in various subclasses of type-I multiferroics. This theory states either by an
alternative (non-d electron) magnetism mechanism or by an alternative ferroelectricity
mechanism. Multiferroic is achieved in magnetic perovskite-structure oxides using lone pair
on the broad (A-site) cations by maintaining small (B-site) magnetic cations. BiFeO3 is the
more widely studied among Bi-based magnetic ferroelectrics (Ramesh and Spaldin, 2007a).
Another mechanism that could lead to ferroelectricity and multiferroicity of type-I can be
charge ordering (Khomskii, 2009).
In general, according to the specifications of the microscopic mechanism, the type-II
multiferroics having magnetic origin for ferroelectricity could be further classified. The first
group consists of those with a non-collinear spiral order of spin, making the space inversion
of symmetry that is broken and this FE polarization is explained based on Dzyaloshinskii
Moriya interaction (DMI). The pre-generated polarization is reformulated as P = eij (Si Šj),
where eij is the vector that connects two adjacent Si and Sj neighbors. The magnetic field (H)
operated polarization switching which shows the unique characteristics of such multiferroics
in TbMnO3 (TMO) also DyMnO3 (DMO) gives the giant ME. The second group consists of a
particular collinear spin structure and therefore called exchange striction mechanism which
will drive improper ferroelectricity. The polarization might be represented like P∼Si.Sj as
explained in the case of Ca3Co1-xMnxO6 and HoMnO3 orthorhombic etc. Besides these two
mechanisms, another worth mentioning is the spin-dependent p-d hybridization. Polarization
with the magnetic field-driven spin Si rotation is due to the p-d hybridization observed in
Ba2CoGe2O7. Though, the induced polarization P in these multiferroics is generally small (<
100 μC / m2) (Lu and Liu, 2016).
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Figure 1.8: Different kinds of multiferroic spin structures that are related to type-II multiferroics (Van Aken et
al., 2004).

1.11 Structural view of YFeO3
Structural point of view, six neighboring oxygen ions are co-ordinated with each ferroic ion to
build an octahedron. The controlled range of calcination temperature decides whether it has
an orthorhombic or hexagonal phase of YFeO3. The hexagonal phase receiving more attention
from researchers due to good performance in photocatalytic activities (Suthar et al., 2019).

YFeO3 ceramics has perovskite structure with a space group Pnma. YFeO3 ceramics has G-type
antiferromagnetic nature and shows a weak ferromagnetism, Neel temperature (TN) =644K,
and high resistivity. A Super exchange interaction bond is responsible for magnetism in
YFeO3 due to

the change in Fe3+-O-Fe2+ bond length (Shen et al., 2015). YFeO3 has a

ferroelectric behavior and exhibits dielectric polarization mechanism, this is due to the
Wagner space charge effect. Dielectric relaxation phenomenon is due to the activation at
Fe2+/Fe3+ site. YFeO3 is gaining interest of researchers because it shows its multiferroic
properties at a room temperature besides of other multiferroic materials (Cheng et al., 2016b;
Deka et al., 2017b; Fabian et al., 2016b; Karpinsky et al., 2017; Shen et al., 2012; Shen et al.,
2015; Shi et al., 2016b; Tien et al., 2014; Zhang et al., 2016). Substitution of an element is an
effective way to improve properties of a material. Doping of Zn, Cd, Cr, Ca, Gd, Ho, Lu, and
Er (Cheng et al., 2016b; Deka et al., 2017b; Fabian et al., 2016b; Karpinsky et al., 2017; Shen
et al., 2012; Shen et al., 2015; Shi et al., 2016b; Tien et al., 2014; Zhang et al., 2016). YFeO3
Perovskite has shown magneto optical phenomenon, that makes it suitable for memory
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element in logical devices, optical switches, magnetic field sensors and magnetic optical
current sensors (Tien et al., 2014).

1.12 Statement of Problem
The polarization-mediated buildup of charge carriers boundaries lie at the heart of promising
phenomena for instance the ferroelectric field-effect, magneto-electric coupling and, the
photovoltaic effect. This screening process suggests this for the enhanced electrical
conductivity usually perceived in many ferroelectrics, including Pb(Zr, Ti)O3, BiFeO3,
LiNbO3, and hexagonal rare-earth manganites (Rojac et al., 2017). Perovskite has a vast scope
of materials for examples BiFeO3, YCrO3, GaFeO3, GdFeO3, LaFeO3 and SmFeO3 are
promising multiferroics (Ma et al., 2017; Maity et al., 2019; Mall et al., 2018; Raies et al.,
2018; Sánchez-De Jesús et al., 2020; Shah and Kotnala, 2012). In this class of materials,
BiFeO3 in single-phase remains wide attention of researchers due to its marvelous physical
and chemical properties. However, despite interesting multiferroic properties, there may be
some flaws in secondary phases due to narrow equilibrium region and high leakage during
current put limitation of this material in technological applications (Rosales-González et al.,
2018c). In the present study, we use the sol-gel method for the synthesis of YFeO3. This is an
advantageous method as better mixing of solution, lower energy consumption, lower
temperature synthesis, and uniform homogeneity in the final product (Deka et al., 2017b;
Wadgane et al., 2018a). After doping, the stability of its perovskite structure and its improved
physical properties are attractive features for researchers. Materials properties can be
enhanced or modified through the judicious choice of rare-earth or transition elements
substitution. Among these perovskites, YFeO3 is an interesting, which are initiated by
structural distortions and electronic defects. Recently, YFeO3 has been found in the form of
orthorhombic and hexagonal phases. The ionic radius ratio provides the basis for clarifying
the YFeO3 polymorphism. This clarifies the prospect of successive occurrence in many cases,
including the presence of an orthorhombic modification of the hexagonal form of YFeO3,
among which two spatial groups P63cm and P63/mmc have already been reported (Popkov et
al., 2018).
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1.13 Aims and Objectives
Substitution of rare earth metals (Dy, Nd, Pr, Nd-Cr) may produce structural, morphological,
and dielectric changes. It is expected that the difference in doped ionic radii may produce
structural changes in YFeO3. A few research works are reported for dielectric properties at a
high-frequency range of doped YFeO3 ceramics for practical applications in the industry. The
difference in ionic radii and doping of these rare earth metals may replace yttrium ion and it
may enhance the dielectric properties. There is a scope for dielectric studies at high-frequency
range along with the substitution of different cations in YFO. Doping of Zn, Cd, Cr, Ca, Gd,
Ho, Lu, and Er (Cheng et al., 2016b; Deka et al., 2017b; Fabian et al., 2016b; Karpinsky et al.,
2017; Shen et al., 2012; Shen et al., 2015; Shi et al., 2016b; Tien et al., 2014; Zhang et al.,
2016) has been reported but suggested rare earth elements substituted YFeO3 has not yet been
reported in best knowledge of the author. Thus, it is expected to change the structure of
YFeO3 and its electrical properties due to changes in bond lengths. The author aims to link the
changes in dielectric properties with the structural findings of pure and doped YFeO3. It
would be expected to improve the dielectric properties of YFeO3 ceramics by substitution at
room temperature and for high-frequency device applications. Substitution may change the
bond length of Fe-Fe and Fe-O, thereby affecting the exchange interaction. Therefore, we
choose these ceramics for the investigation of structural parameters and dielectric
measurements for high frequency (1 MHz to 3 GHz) at room temperature. The co-doping of
Nd3+ at A-site and Cr3+ at B-site has not yet been reported to the best knowledge of the
researcher.

Various

xNdxFe0.6Cr0.4O3 (0.00

compositions

Y1-xDyxFeO3,

Y1-xPrxFeO3,

Y1-xNdxFeO3,

Y1-

≤ x ≤ 0.16) were taken to tailor the structural and electrical behavior of

YFO for a wide range of applications. This material was synthesized via a cost-effective and
scalable auto-combustion sol-gel method. The same valence state of Nd3+ may replace
Y3+ and Cr3+ may adjust Fe3+ easily. It is expected some distortion in the crystal structure and
dielectric properties by these valence fluctuations. Because of this, a systematic investigation
of Y1-xNdxFe0.6Cr0.4O3 is reported in detail here. Replacement of Pr will change the electrical
properties due to changes in the structure of YFeO3 and the length of the bond. The authors
aim to link the changes in dielectric properties with the structural findings of pure and Pr
YFeO3. It is expected a small difference in the ionic radii of Y3+ (1.02 Å) and dopant Dy3+
(1.03 Å) may improve the electrical properties. This substitution may produce variation in
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tilting of FeO6 octahedra by suppressing strain parameters which are also indicated in earlier
reported work (Yuan et al., 2012).

1.14 Applications of Multiferroics
Multiferroic material is such a class of materials that exhibit two or more ferroic order such as
ferroelectric, ferromagnetic, and ferroelastic at the same time which is also known as a
magnetoelectric effect. This multiferroic has gained tremendous attention in the field of
technology such as spintronics devices, sensors, storage devices, satellite communication,
photonics, multistate memories, transducers, high-density microactuators, ultrafast optical
switches, catalysts, and multifunctional device applications(Cheng et al., 2012; Godara et al.,
2014; Hou et al., 2012; Khalifa et al., 2016; Li et al., 2016; Liu et al., 2015b; Shang et al.,
2013; Shen et al., 2015; Singh and Yadav, 2015; Song et al., 2017; Vashisth et al., 2017; Zhu
et al., 2017). These multiferroics have become an integral part of industrial applications such
as magnetic data storage media, quantum electromagnets, ferroelectric random access
memory (Fe-RAM), resistive switching memory, actuators, transducers, microelectronic
devices, multiple-state memories, and spintronic devices (Ismael et al., 2017b; Lim et al.,
2018; Shen et al., 2012; Yuan et al., 2012). Grain boundaries and Maxwell-Wagner space
charge effect at interface introduced the dielectric relaxation in YFeO3 which can produce the
magneto capacitance without magnetoelectric coupling that is useful in multistate memories.
YFeO3 possesses a smaller optical band gap of 1.96 eV that makes it suitable for optical
applications (Wang et al., 2017a; Wang et al., 2017b). In rare-earth orthoferrites many
fascinating properties such as ultrafast laser-induced spin-reorientation phase transition
switching, ultrafast inverse Opto-magnetic eﬀects, and multiferroicity. These properties show
remarkable behavior at low temperature further experimental studies is required to get room
temperature orthoferrites by doping suitable elements. (Wu et al., 2012). For device
applications, such a coupling must be attained at room temperature. The magnetoelectric
coupling suggested its potential device functionality with lower energy consumption (Heron
et al., 2014; Vanga et al., 2016). The polarization-mediated buildup of charge carriers
boundaries lies at the heart of promising phenomena for instance the ferroelectric field-effect,
magnetoelectric coupling and, the photovoltaic effect. This screening process suggests this for
the enhanced electrical conductivity usually perceived in many ferroelectrics, including
Pb(Zr, Ti)O3, BiFeO3, LiNbO3, and hexagonal rare-earth manganites (Rojac et al., 2017).
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L.R. Shi et al reported Ho and Cr co-doped YFeO3 were prepared by sol-gel method. They
used yttrium nitrate hex-hydrate, holmium nitrate hex-hydrate, chromium nitrate nanohydrate, and iron nitrate nano-hydrate as starting materials. XRD patterns revealed that all the
samples were in an orthorhombic structure with space group Pmna without secondary phases.
They investigated the dependence of temperature on the magnetization reversal and attributed
to Fe-O-Fe/Cr, Cr-O-Cr/Fe, and Ho-O-Cr/Fe complicated interactions. At higher
temperatures, a reversal of magnetization can occur by applying an external magnetic field
and this behavior can be used in magnetic dual-sensor devices. They also found that dielectric
behavior and dielectric constant in vast frequency and temperature range in Y1xHoxFe0.5Cr0.5O3.

It was suggested that future theoretical and experimental work is required

for magnetization reversal and dielectric relaxation (Shi et al., 2016b).
Man Cheng et al. (Cheng et al., 2016b) reported Y1-xErxFeO3 powder synthesized by sol-gel
method. They used Erbium Oxide, nitric acid, yttrium nitrate, and ferric nitrate monohydrates
as starting materials. It was examined that doping of Er3+ does not produce any structural
changes in YFeO3. The single-phase ErFeO3 was also prepared during the preparation of
YFeO3. It was shown that magnetic properties depend on the doping concentration of Er3+ in
YFeO3. It was shown that magnetization at 60kOe enhanced five times from 1.842emu/g of
YFeO3 to 9.31emu/g of ErFeO3. Neel temperature TN was calculated around 368°C which
was decreased by increasing Er3+ contents at Y2+site.
Hui Shen et al. (Shen et al., 2012) reported Mn-doped YFeO3 synthesized by sol-gel auto
combustion method. Yttrium nitrate, ferric nitrate monohydrate's, manganese nitrate tetra
hydrates, and citric acid were used as starting materials. Structural analysis was carried out by
XRD technique, morphological studies were investigated by TEM and magnetic properties
were studied by PPMS technique. It was observed that lattice parameters increased by
increasing the content of Mn in YFeO3 which were attributed to the distortion of crystal
structure and variations in the tilting angle FeO6 octahedra around the b axis. TEM Technique
revealed that grain boundaries were distinguishable and average grain size of pristine YFeO3
was about 50nm and doped samples range from 70nm to 90 nm.
Fabian et al. (Fabian et al., 2016b) reported Cr3+ doped yttrium ferrite YFeO3, this material
was prepared by the co-precipitation method. They used Yttrium nitrate, Chromium nitrate,
and ferric nitrate as raw materials. It was investigated that YFeO3 has an orthorhombic crystal
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system with space group Pnma. Cell volume decreased with increasing Cr3+ concentration due
to the difference in ionic radii of Cr and Fe ions. It was shown that temperature changes
affected the magnetization of YFeO3 due to Dzyaloshinski-Moria interaction.
Nguyen et al. (Tien et al., 2014) reported Ca doped YFeO3 synthesized via co-precipitation
method. Iron nitrate nano-hydrate, chromium chloride hexahydrate, calcium chloride, and
distilled water were precipitated with sodium carbonate. The size of the YFeO3 nano-particles
was decreased by increasing calcium content. It was found that magnetization was increased
and Coercivity (Hc) decreased by increasing the concentration of Ca ions.
Bipul Deka et al. (Deka et al., 2017b) reported the effect of manganese doping on magnetic
and dielectric properties of YFeO3 prepared by solid-state reaction method. Variations in
lattice parameters were observed by the doping of Mn3+ that was attributed to john teller
distortion. They investigated that canting angle and Dzyaloshinski-Moriya interaction
decreased by decreasing temperature which was attributed to spin reorientation transition. It
was found that dielectric relaxation behavior and relaxation energy dramatically varied by
doping of Mn in YFeO3. It was found that dielectric dispersion was enhanced by grain
boundaries. Doping of Mn changed the dielectric properties which were evident from the
enhancement of ε′ and ε″. The increase of ε′ and ε″ was attributed to the increase of leakage
current which is produced by enhancement of oxygen vacancies. The enhancement of the
Fe2+/Fe3+ ratio was due to the oxygen vacancies and charge hopping between Fe2+ and Fe3+
ions. They discuss that YFeO3 shows ferroelectric behavior by doping of Mn content.
Chao Zhan et al (Zhang et al., 2016) reported Zn doped YFeO3 synthesized via sol-gel
method. They prepared these nanoparticles by using zinc acetate, iron nitrate, and yttrium
nitrate as starting materials. Structural analysis was carried out by X-ray diffraction and
dielectric behavior was investigated by impedance analyzer. It was found that YFeO3 has an
orthorhombic structure with space group Pbnm. SEM results showed that the grain size of the
sample is about 1-2µm. Dielectric properties were investigated at a broad range of frequency
and temperature, it was explained that hopping of oxygen vacancies and fluctuation of
Fe2+/Fe3+ ions give rise to the electrical conductivity and relaxation process.
Dinh Van Tac et al. (Van Tac et al., 2011) reported cadmium doped yttrium ferrite prepared
by co-precipitation of iron hydroxide, yttrium carbonate, and cadmium carbonate. They used
yttrium chloride, iron nitrate, and cadmium nitrate as raw materials. These single-phase nano22

crystalline materials had an average particle size ranging from 23 nm to 34 nm. It was pointed
out that as the concentration of cadmium is increased particle size further decreased, which
was attributed to the internal stress that confines the crystal growth. It was discovered that the
substitution of cadmium enhanced the magnetization four times of un-doped YFeO3 due to the
charge compensation.
Tao Xie et al. (Xie et al., 2016) reported YFe0.8Mn0.2O3 synthesized via optical floating zone.
They used oxides of Yttrium, Manganese, and iron as starting materials to synthesize high
quality and homogeneity single-phase crystal. These nano-materials were observed at high
temperature in the range of 100Oe external magnetic field Hc increased with temperature was
attributed to exchange anisotropy field. It was explained that anisotropy energy changes with
the temperature variations; this was attributed to the anisotropy energy in YFe0.8Mn0.2O3 due
to large spin-orbit interaction.
Xue ping yuan et al. (Yuan et al., 2012) reported Gd doped YFeO3 synthesized by solid-state
reaction method. They used yttrium oxide, gadolinium oxide, and iron oxide in definite
proportions as starting materials. It was pointed out that all samples were in an orthorhombic
crystal system with space group Pbnm and no impurity phases were detected. It was explained
that doping of Gd in YFeO3 induces tilting of FeO6 octahedral and convert YFeO3 to GdFeO3.
Enhancement in magnetization was observed and it was attributed to the super-exchange
interaction and large magnetic moment of Gd.
Bolarin-Miro et al. (Bolarín-Miró et al., 2014b) reported Gd1-xYxFeO3 was prepared by
mechano-synthesis method. They used oxides of iron, gadolinium, and yttrium in definite
proportions as starting materials. It was studied that how the doping of Gd modifies the
structural and magnetic properties of YFeO3. It was confirmed that a thorough formation of
ortho-ferrites has an orthorhombic structure with space group Pbnm. It was observed that
Gd0.75Y0.25FeO3 had maximum magnetization except for all other doping concentrations. This
was attributed to the doping of magnetic Gd ion for the non-magnetic site Y in YFeO3.
Mingyu Shang et al. (Hasheminia et al., 2013) reported YFeO3 was synthesized in
hydrothermal conditions. They used iron nitrates and yttrium nitrates as raw materials. They
discussed that YFeO3 had maximum polarization of 40 µC/cm2 in these ceramics and about 60
µC/cm2 in a single crystal. They observed polarization at 300K by applying an electric ﬁeld of
4.5kV/cm raises saturation polarization Ps of 0.006 µC/cm2 and coercive ﬁeld of 1.8 kV/cm.
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They observed 0.15 µC/cm2 polarization and a coercive ﬁeld of 25 kV/cm by decreasing
temperature at 77 K. It was studied that polarization of YFeO3 nanoparticles at high
temperature was difficult to measure due to the high leakage current. They discussed that
ferroelectricity YFeO3 was present and requires more investigation on a theoretical and
experimental study on intrinsic polarization of YFeO3
Shen et al. (Shen et al., 2015) reported the first principle study on the electronic, optical, and
magnetic properties of orthorhombic YFeO3. They found lattice constant by using the
generalized gradient approximation (GGA) method and found that YFeO3 has G type antiferromagnetic phase with space group Pnma. It was explained that the net magnetic moment
of Y in YFeO3 is zero because Y3+ is diamagnetic so the net magnetic moment is due to the Fe
only. They calculated the magnetic moment of Fe in YFeO3 by GGA and GGA+U was
4.013µB and 4.23µB that was less than the actual magnetic moment of Fe3+ (5µB), this
reduction was attributed to d electrons in YFeO3 which are not completely localized instead
hybridized with O-2P state. It was concluded that the valence band consists of Fe-3d and O2P states and the conduction band has Fe-3d and Y-4d states. Absorption and reflection
confirmed that YFeO3 has optical properties.
J. Saha et al reported the synthesis, structural analysis, and vibrational spectroscopic study of
YFeO3 perovskite. They used Y2O3 (99.9%purity), Fe2O3 (99% purity) to synthesized YFeO3
via the solid-state reaction method. The XRD analysis confirmed the single-phase Pbnm
structural model for YFeO3. FTIR analysis was carried out in a range of 420-600 cm-1 and
found a strong peak ≈ 554 cm-1, which was also present in NdFeO3 in this range. Raman
Spectroscopic analysis also confirmed the orthorhombic crystalline YFeO3 (Saha and Jana,
2018).
O. Rosales-González et al. reported the crystal structure and multiferroic behavior of
perovskite and multiferroic behavior of perovskite YFeO3. They used Y2O3 (99.9%purity),
Fe2O3 (99% purity) in a stoichiometric ratio as a starting material. Peaks of Y2O3 and Fe2O3
were observed by the XRD technique which also confirmed that there was no impurity in the
sample. The XRD patterns of YFeO3 (ICDD #80865, Pnma) showed the impure form of
YFeO3. The broadening of the peak was associated with the defects and distortion during the
milling process. When the temperature was increased to 973 K, the diffraction peaks were
narrowed down and measured crystallite size was increased from 92 nm to 151 nm, this was
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attributed to the atomic diffusion produced by heat energy. As the annealing temperature was
increased it also increases the lattice parameters of YFeO3. This was due to the release of
micro-strains during the preparation process and the reduction of lattice defects. The
orthorhombic structure of YFeO3 shows magnetization as it tends to anti-ferromagnetic
behavior. The dielectric constant was increased with an increase in frequency. The dielectric
analysis showed that the centrosymmetric structure of YFeO3 was distorted at an annealing
temperature of 973 K. The weak ferroelectricity was observed which was associated with a
non-collinear magnetic structure (Rosales-González et al., 2018b).
V.I. Popkov et al. reported the effect of spatial constraints on the phase evolution of YFeO3
based nano-powders under heat treatment of glycine nitrate combustion products. The XRD
analysis showed the formation and structural modifications of YFeO3, The glycine nitrate
combustion route was used to synthesize the YFeO3. Three different structural analyses of
YFeO3 were discussed such as amorphous hexagonal h1-YFeO3 (P63cm), hexagonal h2-YFeO3
(P63/mmc), and orthorhombic o-YFeO3 (Pbnm). The EDX analysis showed an elemental
composition such as Yttrium to iron oxide ratio of 49.7 mol% and 50.3 mol% respectively.
The heat treatment in the air reduces the critical size around 15 nm when the crystal growth of
h2-YFeO3(P63/mmc) modified to h1-YFeO3 (P63cm) (Popkov et al., 2018).
Santosh R. Wadganeet reported Ferro-magnetic and magneto-electric characteristics of
YFeO3 and Y3Fe5O12 nano-composites using the sol-gel method. The ferric nitrates, yttrium
nitrates, and citric acid were used as starting materials. Yttrium nitrates and ferric nitrates
were used according to a mole ratio of 1:3. The yttrium iron garnet and yttrium ferrite were
sintered at 1100° C for 6 hours and 800° C for 4 hours respectively.Y3Fe5O12 and YFeO3 were
matched with standard card (ICDD No. 89-2609) and (ICDD No 39-1489) respectively. The
crystallite size was measured in a range between 23 nm to 13.05 nm. The X-ray density of
composite was decreased from 5.17 g/cm3 to 2.30 g/cm3. The grain size of the composite was
decreased with the increasing composition of YFeO3. The well-defined grain boundaries and
fine grain structure were observed from FE-SEM images. The dielectric constant was
observed in an increasing trend as the YFeO3 contents were increased in the YFeO3-Y3Fe5O12
composite (Wadgane et al., 2018a).
Kamal Warshi et al. reported the possible origin of ferromagnetism in anti-ferromagnetic
orthorhombic YFeO3. They used the full-potential linearized augmented plane wave (FP25

LAPW) method utilizing density-functional theory. Their first principle calculation indicates
induction of net magnet moment due to Y and Fe site location in YFeO3 system. They
revealed that the Zener double exchange mechanism was responsible for ferromagnetism and
this was generated by the valence state of Y, Fe, and oxygen vacancies (Warshi et al., 2018).
Al-Hazmi et al. reported the influence of sintering temperature on physical properties of
YFeO3 prepared by the Lα-alanine assisted combustion method. They used Yttrium
trifluoroacetate, trifluoroacetate, deionized water, and Lα-alanine as starting materials. The
sintering was carried out in a temperature range of 350° C to 900° C for four hours. The
single-phase orthorhombic YFeO3 was confirmed by XRD analysis. Diffraction planes were
well matched with standard card (JCPDS: 39-1489). The crystallite size was enhanced by
increasing sintering temperature. The grain size was estimated in the range of 27 nm to 86 nm
and a quasi-rectangular shape was observed in the SEM analysis (Al-Hazmi et al., 2017).
Qurshia Choudhry et

al. the magnetic, electrical, and dielectric properties of

La1−xDyxCo1−yFeyO3 nanoparticles synthesized via co-precipitation method. The used
lanthanum chloride (98 %,), DyCl3.7H2O (99%), ethyl acetate (98%), ferric nitrate (98%), and
Aqueous Ammonia (BDH 35%) as starting materials, and all these chemicals were purchased
from Sigma Aldrich. They found an increase in particle size from 20 nm to 60 nm and XRD
analysis confirmed the orthorhombic structure of these nanoparticles. The DC resistivity was
found to be increased by 12 times by the incorporation of Dy and Fe ions in LaCoO 3. They
suggested that these nanoparticles are implied in technological applications due to their
novelty (Choudhry et al., 2015).
Khomchenko et al. reported the doping strategy for improving the properties of BiFeO3. They
synthesized Bi1-xAxFeO3 using the solid-state reaction method. The oxides of bismuth,
calcium, ferric, strontium, barium, and lead were used as starting materials. They investigated
the electrical and magnetic properties of BiFeO3 by diamagnetic ions such as Ca, Sr, Pb, and
Ba ions. They found that doping of hetero-valent ions would generate oxygen vacancies in the
BiFeO3 poly-crystalline sample. This investigation showed a rhombohedral R3c space group
having a distorted perovskite structure. The PFM analysis indicated the ferroelectric
polarization at room temperature (Khomchenko et al., 2009).
Coutinho et al. reported a comparative analysis of YFeO3 and LaFeO3. The combustion
method was used to synthesize these samples. The observed XRD patterns were matched with
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standard patterns such as (ICDD-164083) and (ICDD-80866) for LaFeO3 and YFeO3
respectively. The lattice parameters b and c were decreased by substitution of La at Y site and
also enhance the distortion at octahedral sites. They stated that the difference in ionic radii of
La and Y ion may be the reason for the variations in lattice parameters (Coutinho et al., 2017).
Fang-Cheng LÜ et al. reported the enhanced dielectric and magnetic properties of yttrium
doped bismuth ferrite nano-fiber. The sol-gel method was used for the preparation of samples.
The nitrates of yttrium, bismuth, and iron nitrate were used as a reagent of analytical grade.
The measured average grain size was around 200 nm and SEM images showed the high
crystallinity of grains. The SEM analysis indicated that doping of yttrium enhanced crystal
grain size. The XRD analysis revealed that doping of Y shifted characteristics peak towards
higher angle and structure changes to rhombohedral to orthorhombic. The low dielectric loss
and improved ferroelectricity were observed which indicated that leakage current was
decreased (Lü et al., 2017).
Mohammed Ismael et al. reported the synthesis of pure hexagonal YFeO3 Perovskite as an
efficient visible light active photo-catalyst. The sol-gel method was used for the preparation
of YFeO3 at 700 calcination temperature. They used citric acid, iron nitrate, and yttrium
nitrate as starting materials. It was found that there were no secondary phases present in the
sample and XRD patterns were indexed by standard card (ICDD-00-048-0529). The
hexagonal phase of YFeO3 started to convert into an orthorhombic phase when the calcination
temperature increased from 700° C. They used the Scherer equation to calculate the average
crystallite size for hex-675 and orth-900 which were found to be 14.7 nm and 46.8 nm,
respectively. The surface area decreased by increasing calcination temperature, it also agreed
with XRD results (Ismael et al., 2017a).
Popkov et al. reported the magnetic properties of YFeO3 nano-crystals obtained by different
chemical methods. They used different chemical methods such as glycine-nitrate synthesis
method, thermal treatment of GNS products, hydrothermal and thermal treatments of coprecipitated hydroxides for the preparation of yttrium ferrite nanoparticles. The iron nitrates
and yttrium nitrates of analytic grade were used as starting materials. The average crystallite
size ranges from 29 ± 3 nm to 58 ± 6 nm was measured by morphological studies. The
isometric morphology and agglomeration were observed in the thermal treatment of coprecipitated hydroxides and glycine-nitrate combustion material. The rod shape grains were
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observed in the hydrothermal treatment. They suggested that the morphology of the YFeO3
has a strong effect on magnetic properties (Popkov et al., 2017).
Shang et al. reported the multiferroic perovskite YFeO3 prepared by hydrothermal technique.
The used YNO3 and Fe(NO3) 3.9H2O as a starting material. The XRD analysis showed that
YFeO3 possesses a distorted perovskite orthorhombic structure having pnma space group. The
value of saturation polarization of 0.006 µC/cm2 was observed around 4.5 kV/cm applied
field at 300 K. The coercive field and polarization were found to be two-fold greater at 77 K
than those obtained values at room temperature. It was concluded that ferroelectricity and
weak ferromagnetism simultaneously present in the YFeO3 (Shang et al., 2013).
Pradeep Sherikar et al.reported the synthesis of Yttrium Ferrite (YFeO3) by combustion
synthesis using Alanine as a fuel. The nitrates of yttrium and iron were used in a
stoichiometric ratio to synthesize YFeO3. The Scherer equation was used to measure the
crystallite size which was found in the range of 46 nm. They used JCPDS card no 39-1489 to
match diffraction planes and observed no secondary phases other than YFeO3. The
orthorhombic structure with space group Pbnm was found in XRD analysis. The SEM
analysis showed the agglomeration of particles (Sherikar and Sherikar, 2017).
Karan Singh et al. reported the Spin-phonon coupling and exchange interaction in Gd
substituted YFe0.5Cr0.5O3. The solid-state reaction method was used to synthesized Gd
substituted YFe0.5Cr0.5O3. The XRD analysis showed that ionic radii difference in Y and Gd
affect the lattice parameters and unit cell volume. The incorporation of dopant was also
evident from the shifting of diffraction peaks to lower angles. It was studied that magnetic
coupling Gd-O-Cr/Fe influenced magnetic interaction which induces positive magnetization
(Singh et al., 2018).
Frédéric Stevens et al. reported low-temperature crystallization of YFeO3 synthesized by
organic acid-assisted sol-gel synthesis. They used ferric chloride, yttrium chloride, citric acid,
tartaric acid, ethanol, nitric acid, oxalic acid, and malonic acid as the reactants. The sample
was annealed at 850° C to obtain YFeO3 (00-008-0150). The TEM results showed that nitratebased samples were more porous as compared to those which are chloride-based samples. The
impurity of YFeO3 was observed to be improved by adding chelating agents such as citric
acid, tartaric acid, and malonic acid (Stevens et al., 2014).
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Recently, the doping of rare earth elements in the Perovskite structure has yielded improved
results. For example, the substitution of Eu, Gd, Dy, and Nd in BiFeO3 produced structural
defects and reduced the size of the crystallite, resulting in increased photo-catalytic properties
(Dhiman and Singhal, 2019). Similarly, Eu, La, Sm, Dy, and Nd adjusted the dielectric
parameters by altering the structure of the well-known BiFeO3, SmFeO3, and LaFeO3
(Chakrabarti et al., 2012; Cyriac et al., 2020; Kumar et al., 2020b; Kumar et al., 2019; Matin
et al., 2019; Pradhan et al., 2020; Rhaman et al., 2019; Sati et al., 2014; Singh et al., 2019;
Wrzesinska et al., 2019). Rare earth elements such as Er, Sm, Gd, and Ho in YFeO3
significantly changed their structural and magnetic properties (Bharadwaj et al., 2019;
Bolarín-Miró et al., 2014a; Cheng et al., 2016a; Shi et al., 2016a; Singh et al., 2018; Yuan et
al., 2012). This was explained based on distortions and defects present in the crystal structure
that improved the physical properties of YFeO3. Substitution of Pr is expected to change the
bond length of Fe-Fe and Fe-O, thereby affecting the exchange interaction. Er, doping
increased magnetization from 1.842emu / g (YFeO3) to 9.31emu / g, which is five times
higher than pure YFeO3 (Suthar et al., 2019). Liu et al. modified BiFeO3 by Nd3+ that
improved permittivity ε′ and dielectric loss ε′ʹ at high frequency. The co-doping of rare earth
Gd3+ with Cr3+ and Ho3+ and Cr3+ in YFeO3 showed improved magnetic properties due to GdO-Cr/Fe, Fe-O-Fe/Cr, Cr-O-Cr/Fe, and Ho-O-Fe/Cr interactions. This suggested its use in
magnetic dual-sensor devices (Fabian et al., 2016a). In earlier reports, rare earth
Er3+ substitution in YFeO3 improved the magnetic properties. Many attempts to improve the
dielectric properties of YFeO3 had been interested in researchers. Their focus was to improve
the dielectric properties at a different range of temperature and frequency (102 Hz to
103 Hz) (Deka et al., 2017a; Madolappa et al., 2017; Wu et al., 2016; Zhang et al., 2017; Zhu
et al., 2014). Recently, the doping of rare earth elements in the Perovskite structure had
yielded improved results. For example, the substitution of Eu, Gd, Dy, and Nd in BiFeO3
causes structural defects and reduces the size of the crystallite, resulting in increased photocatalytic properties (Dhiman and Singhal, 2019). Similarly, Eu, La, Sm, Dy, and Nd adjusted
the dielectric parameters by altering the structure of the well-known BiFeO3, SmFeO3, and
LaFeO3 (Chakrabarti et al., 2012; Cyriac et al., 2020; Kumar et al., 2020b; Kumar et al., 2019;
Matin et al., 2019; Pradhan et al., 2020; Rhaman et al., 2019; Sati et al., 2014; Singh et al.,
2019; Wrzesinska et al., 2019). Rare earth elements such as Er, Sm, Gd, and Ho in YFeO3
significantly changed their structural and magnetic properties (Bharadwaj et al., 2019;
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Bolarín-Miró et al., 2014a; Cheng et al., 2016a; Shi et al., 2016a; Singh et al., 2018; Yuan et
al., 2012). This was explained by distortions and defects in the crystal structure that improved
the physical properties of YFeO3. Er, doping increased magnetization from 1.842emu / g
(YFeO3) to 9.31emu / g, which is five times higher than pure YFeO3. This was due to changes
in Fe-Fe and Fe-O bond lengths that affected exchange interactions.
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CHAPTER 3
3

Synthesis Methodology and Characterization Techniques

31

This chapter reviews the basic details for the synthesis of the entire compositions prepared by
sol-gel method. Description of various characterization techniques including, X-ray
diffraction, Scanning electron Microscopy SEM, FTIR, and Dielectric are discussed to
explain structural, morphological, spectroscopical and electrical properties of the synthesized
material.

3.1 Sol-Gel Auto Combustion Route
The properties of ceramics depend significantly on how they are produced starting with the
preparation of powders (selecting a suitable for the preparation) via their refining, mixing,
compacting, or final sintering. The sol-gel process offers easy and efficient conditions for
ceramic powder synthesis. It is focused on reactions of high purity organic or inorganic metal
salts in precursor solutions. Inorganic compounds or organic metal salts (alcohols, acetates) or
inorganic compounds (e.g., metal hydroxides, nitrates) may be the first ingredients for the
preparation of a chemical solution. Furthermore, the reaction products of the original
ingredients are also esters derived from the system as by-products, e.g. alcohol complexes. In
the sol-gel process, a suitable solvent is applied to the solution and additional ligands
(stabilizers) for the improvement and stabilization. Hydrolysis is the next step of the process
of sol-gel. Sol (colloidal solution having a liquid dispersion medium) is created as a result of
the reaction of hydrolysis. If an organic material or organic liquid is a source of dispersion in
the medium, organosols will be created; hydrosols will be produced when water is created.
The colloidal structure loses its fluidity by gelatinizing as a consequence of the reciprocal
contract of sol particles. Gels comprising a liquid dispersion medium called lysogens
(hydrogels, organo-gels), are dried and processed into xerogels as a synthesized powder
content of the material in question. Sol-gel manufacturing has many benefits, including the
complete homogeneity of the product powders (Bochenek and Surowiak, 2009). The
processing of nanosized perovskite-type to produce oxide is another approach for catalysts of
perovskite-type with high specific surface areas. Overall, the increasing calcination
temperature is decreased by the specific surface area of perovskite-type oxide. There has been
a great deal of work in processing methods to improve the surface area of perovskite-type
oxide. Sol-gel system is one of the most common perovskite-oxide powder processing by high
surface area. So far, certain methods have also been established to extract fine particles: i.e.
thermal decomposition processes of organic cyanine and polymer precursors, flame
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hydrolysis process of an aqueous solution of intermediate salts, a ball-milling system of the
reverse micelle, reverse homogeneous form of precipitation.

3.2

Synthesis of Rare Earth (Dy, Pr, Nd, Nd-Cr) Substituted YFeO3

3.2.1 Substitution of Dysprosium (Dy) at Y site of YFeO3
3.2.1.1 Chemical Compositions
Various compositions of Y1-xDyxFeO3 were synthesized using appropriate amount of metal
Nitrate solutions x = 0.00, 0.04, 0.08, 0.12, 0.16. Various amounts of metal Nitrates for
different compositions of DyxY1-xFeO3 followed as: YFeO3.


YFeO3



Y0.96 Dy 0.04FeO3



Y0.92 Dy 0.08FeO3



Y0.88 Dy 0.12FeO3



Y0.82 Dy 0.16FeO3

3.2.1.2 Materials and Methods
These starting materials were used in the preparation process: yttrium nitrate hexahydrate
Y(NO3)3.6H2O, iron nitrate Fe(NO3)2, dysprosium nitrate hexahydrate Dy(NO3)3.6H2O, citric
acid, aqueous NH3(BDH 35%), and de-ionized water.
3.2.1.3 Tailoring of Samples
Precise quantities of metal nitrates and citric acid were taken and dissolved in a required
volume of de-ionized water. The nitrates to the citric acid ratio were kept at approximately
1:2. The pH was maintained at approximately 7 while stirring and adding ammonia (NH3)
drop-wise. A constant temperature of 85° C was maintained while continuously stirring by a
magnetic agitator on a hot-plate. After five hours of continuous stirring, a viscous gel
appeared which turned into a fluffy grey powder upon igniting. The samples were kept in an
oven for 24 hours to obtain a dried powder.
3.2.1.4 Sample Annealing and Pellets Formation
The sintering was done at 800° C for two hours for the development of the orthorhombic
phase. The sintered powder was used for the formation of circular pellets with 8 mm
diameters. The 5wt% polyvinyl alcohol (PVA) solution was used as a binder to make pellets.
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A force of 35 kN was used for two minutes to make pellets in a hydraulic pressing machine.
To improve the compactness, the pellets were sintered at 200° C for one hour.

Figure 3.1: Schematic representation of the synthesis of Y1-xDyxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16) ceramics
via sol gel method.

3.2.2 Series 2: Substitution of Praseodymium (Pr) at A site of YFeO3
3.2.2.1 Chemical Compositions
Various compositions of Y1-xPrxFeO3 were synthesized using appropriate amount of metal
Nitrate solutions x= 0.00, 0.04, 0.08, 0.12, 0.16. Various amounts of metal Nitrates for different
compositions of PrxY1-xFeO3 are followed as:


YFeO3



Y0.96 Pr 0.04FeO3



Y0.92 Pr 0.08FeO3
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Y0.88 Pr 0.12FeO3



Y0.84 Pr 0.016FeO3

3.2.2.2 Materials and Method
The ceramics were synthesized by the automatic combustion sol-gel method. The Sol-gel
method was used to obtain a homogeneous material. The following chemicals of analytical
grade were used for the preparation of these ceramics, iron nitrate [Fe(NO3)2] (98% Merck),
yttrium nitrate hexahydrate [(NO3)3.6H2O] (98% Sigma Aldrich), Praseodymium nitrate
hexahydrate. Pr(NO3)3.6H2O (Sigma Aldrich 99.9%), citric acid, aqueous NH3 (BDH 35%),
and non-ionized water.
3.2.2.3 Preparation and Mixing of the Solutions
The calculated amount of salts required was taken in the appropriate proportions. The molar
ratio of metal to nitrate was maintained at around 1: 2. The following five compositions were
prepared. The solutions of all samples were heated with a magnetic stirrer and mixed. A
temperature of 80° C was maintained during the mixing process. About 8 pH ammonia drops
were added and maintained. All samples were warmed for 8 h until the NOx was completely
dissolved. The dark green gel was obtained; dried at 120° C. Additional heat treatment was
given at 300° C to ignite the gel. Finally, the dark brown powder YFeO3 was converted into
ceramics.
3.2.2.4

Sample Annealing and Pellets Formation

For the development of the final stage of this material, the sample was annealed at 800° C.
5% (polyvinyl alcohol) PVA solution was used to seal the granules. This powder sample was
kept at a pressure of 20 kN/m2 to form 8 mm in diameter.
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Figure 3.2: Schematic representation of the synthesis of YFO and Y1-xPrxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16)
ceramics via sol gel method.

3.2.3 Series 3: Substitution of Neodymium (Nd) at A site of YFeO3
3.2.3.1 Chemical Compositions
Various compositions of Y1-xNdxFeO3 were synthesized using appropriate amount of metal
Nitrate solutions x= 0.00, 0.04, 0.08, 0.12, 0.16. Different compositions of Y1-xNdxFeO3 are
followed as:
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YFeO3



Y0.96Nd0.04FeO3



Y0.92Nd 0.08FeO3



Y0.88Nd 0.12FeO3



Y0.84Nd 0.16FeO3

3.2.3.2

Materials and Methods

Y1-xNdxFeO3 (0 ≤ x ≥ 0.16) ceramics were prepared via the sol-gel auto-combustion
technique. The sol-gel method is a simple and cost-effective method to prepare nanocrystallites. The following chemicals of analytic grade were employed for the preparation of
Y1-xNdxFeO3 iron nitrate [Fe (NO3)2], (98% Merck), yttrium nitrate hexahydrate
[Y(NO3)3.6H2O], (98% Sigma Aldrich), Neodymium nitrate hexahydrate (Nd(NO3)3.6H2O)
(Sigma Aldrich 99.9%), Citric acid, Aqueous NH3(BDH 35%), and de-ionized water.
3.2.3.3 Tailoring of Samples
Metal salts of desired concentrations were dissolved according to a required volume in
separate beakers. Molar ratio 1:2 of metal to nitrate was adjusted for the preparation of
samples. Constant stirring by magnetic agitator and heating continues till 50° C temperature
within 8 minutes, then add 10mL of 2M ammonia solution dropwise to maintain pH ~ 7.
Further constant stirring was continued at 85° C temperature for 5 hours to obtain viscous
greenish xerogel. Viscous greenish gel turned into the dark brownish gel at a final stage of
combustion.
3.2.3.4 Sample Annealing and Pellets Formation
Sintering of all prepared samples was carried out for 24 hours at 85° C temperature. The
brownish powder was annealed in furnace Vulcan A-550 at 800° C temperature for 2 hours.
The powder was finely ground to achieve the phase of YFeO3 ceramics. This powder of
YFeO3 was mixed with 5 % polyvinyl alcohol (PVA) solution as a pellet binder. Pellets of
8mm diameter of all samples were dried at 200° C temperature for one hour.
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Figure 3.3: Schematic representation of the synthesis of Y1-xNdxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16) ceramics
via sol gel method.

3.2.4 Series 4: Substitution of Neodymium (Nd) at A site and Chromium (Cr) at B site
of YFeO3
3.2.4.1 Chemical Compositions
Various compositions of Y1-xNdxFe0.6Cr0.4O3 were synthesized by using appropriate amount of
metal Nitrate solutions x= 0.00, 0.04, 0.08, 0.12, 0.16. Different compositions of Y1xNdxFe0.06Cr0.04O3

are followed as:
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Y Fe0.6Cr0.4O3



Y0.96Nd0.04Fe0.6Cr0.4O3



Y0.92Nd 0.08 Fe0.6Cr0.4O3



Y0.88Nd 0.12 Fe0.6Cr0.4O3



Y0.84Nd 0.16 Fe0.6Cr0.4O3

3.2.4.2 Material and Methods
YFeO3 and Y1-xNdxFe0.6Cr0.4O3 (0 ≤ x ≤ 0.16) ceramics were synthesized by sol-gel auto
combustion method.The following starting materials were used for the preparation, iron
nitrate Fe(NO3)2 (98% Merck), yttrium nitrate hexahydrate Y(NO3)3.6H2O (98% Sigma
Aldrich), neodymium nitrate hexahydrate N3NdO9.6H2O (Sigma Aldrich 99.9%), chromium
nitrate Cr(NO3)3, citric acid, aqueous NH3( BDH 35% ), and de-ionized water.
3.2.4.3 Tailoring of the Samples
Measured weights of chemicals according to the stoichiometric ratio were dissolved in the
required volume. Metal to nitrate ratio was kept approximately 1:2 for the synthesis of
materials.

A

magnetic

stirrer

was

used

to

dissolve

these

salts

completely.

When 50 °C temperature was attained, then 10 mL of 2 M ammonia solution drop-wise was
added to adjust pH ~ 7. Constant stirring at 85° C temperature for 5 hours remained in
continuation till the formation of a viscous greenish gel. Finally, the gel ignited, which was
turned into dark brownish sol.
3.2.4.4 Sample Annealing and Pellets Formation
The brownish powder was sintered in furnace Vulcan A-550 at 800° C for 2 hours and finally,
it was grinded. Powder of YFeO3 mixed with 5 % polyvinyl alcohol as a pellet binder was
used to get a diameter of 8 mm pellets. The pellets of all samples were dried at 200° C
temperature for one hour.
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Figure 3.4: Schematic representation of the synthesis of YFO and Y1-xNdxFe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12, 0.16)
ceramics via sol gel method.

3.3 Characterization Techniques
This series of samples are prepared by sol-gel auto combustion technique. Various
characterization techniques are used for characterization including X-ray Diffraction (XRD),
Scanning Electron Microscopy SEM, Fourier Transform Infrared Spectroscopy (FTIR),
Ferroelectric, and Dielectric measurements. X-ray diffractometer (X‟ Pert Pro 3040/60
diffractometer) using Cu-Kα as a radiation source was used to investigate XRD parameters.
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The wavelength of 1.5406 Å at a 2θ range of (20°-80°) was used to plot the XRD patterns.
The morphology study of these nanoparticles was performed by SEM analysis (Hitachi S4800 model. FTIR spectra of crystalline powder YFO and doped samples were characterized
by Thermo Scientific Nicolet 6700 in a range between ~ 450cm-1 to ~2900 cm-1. The
dielectric measurement for all samples was recorded by the LCR impedance analyzer from 1
MHz to 3 GHz frequency range at room temperature.
Details of characterization techniques are discussed in this chapter.

3.3.1 X-ray Diffraction (XRD)
X-ray diffraction (XRD) is a powerful technique used for the study of nanomaterials. It is the
most important instrument for probing the structure of nano-materials as the wavelength of Xrays is on the atomic scale. The key use of powder diffraction is to detect components in a
sample by a search/match process. It is an influential and speedy method used to identify an
unknown material (Ravi Sharma, 2012). Characterization of both organic and inorganic
crystalline material is done via the non-destructive XRD technique. X-ray diffraction (XRD)
is a well-known investigative technique, which has been employed for the examination of
both molecular and crystal structures, qualitative detection of different compounds (I.
Ivanisevic, 2010), quantitative determination of chemical species (M. Cabral, 2013),
calculating the degree of crystallinity, isomorphous replacements, stacking faults,
polymorphisms, phase transitions, particle sizes, etc. (Rasel Das, 2014).
3.3.1.1 Bragg’sLawInterpretationfor XRD
When the x-rays strike the crystalline materials then the x-rays are scattered by the electrons
of the atoms in all orientations producing a secondary spherical wave in a procedure
corresponding to the rebound of water waves after striking a barrier. Generally, in most
directions, the scattered x-ray waves cancel each other through destructive interference. They
reinforce constructively in some directions (fig.3.5) and creating peaks at angular locations in
the intensity profile given by Bragg‟s law (Xie et al., 2014):
𝓃 λ=2 𝒹sinθ

3.1
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Figure 3.5: Constructive Interference of reflected waves following Bragg law terms. (Chu

et al., 2007).

3.3.1.2 Purpose of XRD Technique
XRD technique is employed to find out the single-phase nature of the samples. XRD is the
best vital technique used for the investigation of the structural characteristics of the material.
It helps to detect the occurrence of various phases as well as the impurities in un-reacted
constituents in a given material. Modification of the synthesis process by the useful guideline
is given through such information. The unit cell parameters of the system are provided via
XRD data analysis. In the current study, X-ray diffraction was widely used for the
examination of the course of the reaction throughout the synthesis of the samples and the
modification of the heat treatment processes consequently.
3.3.1.3 Important Parameters from XRD Data
The valuable information of XRD are explained by the following parameters.
3.3.1.4 Lattice Parameter
The lattice parameter for hexagonal ferrite structure was calculated by this formula(S. B.
Narang, 2007):
3.2
Where h, k, l are miller indices, „a‟ and „c‟ are lattice parameters and „d‟ is the inter-planer
spacing.
3.3.1.5 Unit Cell Volume
The volume of the unit cell also varies with the composition and following the lattice
parameters. The volume of the unit cell was calculated by using the formula(J. P. S. G. Dixit,
2010):
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𝑟

3.3

3.3.1.6 X-ray Density & Bulk Density
The study of X-ray and bulk density is essential for determining the properties of the prepared
samples. The X-ray density is defined and calculated by using the formula (J. Smith, 1959):
𝑟

𝑡

3.4
3.5

The bulk density is determined by the relation:
3.6
Where „m‟ represents the mass of pellets, „M‟ denotes the molar mass, „N A‟ is the Avogadro
number, „r‟ signifies the radius of the pellets, „V‟ is the volume of the unit cell and „Z‟
specifies the no. of molecules per unit cell.
3.3.1.7 Porosity
Porosity can be calculated by using the equation:
3.7
Percentage porosity is measured by the relation:
3.8
Where, ρb is the bulk density of the material can be measured utilizing mass/volume of the
fine particles in pellet form or via Archimedes principle
3.3.1.8 Particle Size
When the size of the particle of the single crystal is smaller than 100 Å then the particle size
term is used. The crystallite size (D) is calculated by Debye Scherrer‟s formula (Stock, 2001):
3.9
Where λ represent the wavelength of X-rays, θ is the Bragg‟s angle, β shows full width half
maximum (FWHM) in radian and K is Scherrer constant (0.94 is the value of K for hexagonal
structure)
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3.3.2 Scanning Electron Microscopy SEM
The SEM analysis is used to examine the surface morphology such as roughness and
uniformity of nano-materials. (Karak, 2019). The spatial solution of SnmkEM depends not
only on the concentration of scattered electrons but also on the interaction of electrons with
the surface of the samples. Secondary electrons propagate because of the interaction between
the surfaces and electrons. The energy of secondary electrons is generally below 50 eV.
Emission efficiency depends significantly on the geometry and the elemental composition of
the sample surface (Cai et al., 2019).
Scanning electron microscope (SEM), electron beam is pointed at the sample instead of beam
of light [15]. The elcronic gun at top of device is utilized the throw of highly concentrated
electron beam .The field emission gun for the production of strong electric field and and
thermionic gun for heating filament are the two basic types of this apparatus. Primary
electrons, secondary electrons, and Auger electrons are produced when an electron beam
strike the samples. High-resolution SEM images produce 1 nm to 5 nm using secondary
electrons. A schematic diagram of SEM is shown in Figure 3.6 (Titus et al., 2019)

Figure 3.6: Schematic diagram of working of SEM
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3.3.3 Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis has been used since seventy years for materials analysis. The interaction of
infrared radiation with matter against photon frequency is examined via infrared absorption
spectroscopy. Fourier transform infrared spectroscopy is used to study stretching and
vibration of chemical bonds that makes it helpful for analyzing both organic and inorganic
materials (R. M. Silverstein, 1981). A fingerprint of a sample having absorption curves that
resemble with the frequencies of vibrations between chemical bonds. The same patterns are
not produced in two different materials because every material has a distinctive combination
of atoms. Hence, an identification (qualitative analysis including structural elucidation and
compound identification) of each different type of material can be resulted in by infrared
spectroscopy. Furthermore, the quantity of material present is a direct indication as displayed
by the size of curves in the spectrum. Infrared spectroscopy is an exceptional tool for
quantitative analysis having modern software algorithms (D. R. Lide, 1994). The the
interference of radiation between two rays is the foundation of FTIR. The resulting signal is
produced against any change produced by bond length (Griffiths, 1986). Generally,
Michelson interferometer has often used an interferometer. Moving mirror, fixed mirror, and
a beam divider are three main components of this apparatus (Figure 3.7).

Figure 3.7: Schematic diagram of Michelson Interferometer

The radiation is collimated and directed on to the interferometer and hit on the beam splitter
in the broadband IR source. The transmitted beam is the beam that emerges from the
interferometer at 90° C and this is the beam perceived in FTIR analysis. The moving mirror
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produces the optical path difference between the two arms. For path differences of (n + 1/2) λ,
the two beams interfere constructively and destructively in the case of the transmitted beam.
The signal is then recorded by the detector.
The fundamental parts of FTIR apparatus are displayed in Figure 3.8. The radiation coming
out from the source is entered by an interferometer to the sample before reaching a detector.
When the amplification of the signal is completed then the high-frequency parts have been
removed by a filter. By the use of an analog-to-digital converter the data are transformed to
digital form and moved to the computer for Fourier-transformation [148].

Figure 3.8: Schematic representation of basic components of Fourier Transform Infrared Spectroscopy
(FTIR)(Stuart, 2004)

The usual instrumental procedure is as given:
a) The Source: Glowing black-body source is employed for the Emission of infrared
energy. The controlled amount of energy is offered to the sample (and, ultimately, to
the detector) when the beam through an aperture.
b) The Interferometer: The beam comes into the interferometer where the „spectral
encoding‟ happened. The subsequent interferogram signal then departures the
interferometer.
c) The Sample: The beam arrives at the sample chamber where it is reflected off or
transmitted through the surface. This is where absorption of particular energy occurs
that are distinctive properties of sample.
d) The Detector: Finally, the beam enters the detector for final measurement. For the
measurement of special interferograms, specifically designed detectors are used.
e) The computer: Digitalization of signal is completed and then transferred to the
computer. For interpretation and any additional manipulation, the ultimate infrared
spectrum is then offered to the user.
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Figure 3.9: Instrumental diagram of an FTIR

Advantages
The advantages of FTIR are as follows:
1. It can be applied to aqueous, dehydrated, or powdered samples.
2. These instruments are self-calibrating because of a HeNe laser as an internal
calibration standard named Cones Advantage.
3. Most of the measurements via FTIR are completed in seconds rather than several
minutes.
4. Less energy from the source and minimum time (normally 1 to 2 seconds) is required
for a scan and various scans completed in few seconds.
5. By the use of FTIR sensitivity is enhanced as extra sensitive detectors are used. The
optical throughout is greatly larger (described as the Jacquinot Advantage) that
resulted in smaller noise levels and the speedy scans permit the co-addiction of many
scans to decrease the random measurement noise to any preferred level (called signal
averaging) (Corporation, 2001).
3.3.4 Dielectric Properties
Electrical insulator materials are being used since lon ago to stop the flow of current in an
electrical circuit. The property of electrical polarization is exhibited by insulating materials
termed as dielectrics and are used to modify the dielectric function of the vacuum. In 1745,
Cunaeus and Mussachenbroek constructed the first capacitor that was named as Leyden jar
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(Broek, 1762). However, no study was done to 1837 about the characteristics of insulating
materials. The first quantitative measurements of these materials were accomplished in the
book form by Faraday and named such materials as dielectrics (Faraday, 1837). An
investigation about the dielectric characteristics was carried out systematically via Mossotti
(Mossoti, 1847) and Clausius. Some molecules had permanent dipole moments associated
with them as recognized by Debye at the start of the 20th century. According to him the
macroscopic dielectric properties of such materials are produced by that molecular dipole
moment. The theory of dielectrics is still an active area for research. Temperature and
frequency are the significant parameters to understand the performance of dielectric materials
with the change of field (Debye, 1912).
Both the magnetic and electrical properties of the materials can be provided by dielectric
measurements which make it significant and proved it useful in various research and
development fields (Cole, 1951). Ferrites have enormous applications from microwave to
radio frequencies. The small conductivity of ferrites provides bases to them for their use in
microwave applications. . The dielectric properties of ferrites are reliant on numerous factors
as well as the way of preparation, chemical composition, and grain structure or size (S. E.
Shirsath, 2011). When ferrite is annealed under faintly tumbling condition, the valence state
altered, the single cation found in the fine particles gives large conductivity. Furthermore,
when such a material is cooled in an oxygen atmosphere then there is the possibility to make
films of large resistivity over the component grain. When the single grains in ferrites are
parted by either air gaps or small conducting layers act as the inhomogeneous dielectric
material. Significant interest is produced in the small frequency range (102 Hz- 105 Hz)
dielectric behavior of ferrite. In ferrites, the method of dielectric polarization is done by a
process analogous to the conduction method described by Rabkin and Novikova (S. Shinde,
1998). For inhomogeneous dielectric structure, a phenomenological theory of dispersion
centered on the Maxwell-Wagner interfacial polarization model was given by Koop (S.
Patange, 2011).
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CHAPTER 4
4

Results and Discussion
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4.1 Y1-xDyxFeO3 Ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16)
4.1.1 X-ray Diffraction Analysis
Figure 4.1, 4.2, 4.3, 4.4 and 4.5 showed plots of XRD data of pure and Dy doped YFeO3,
respectively. The main diffraction peaks are associated with (111), (020), (112), (200), (211),
(113), and (140) of Orthorhombic YFeO3 (o-YFeO3) with space group Pnma. The diffraction
peaks of hexagonal phase YFeO3 ( minor phase) have also been identified with a major
orthorhombic phase that is supported by earlier reported work (Wu et al., 2004). The second
phase Y2O3 evident at 2θ ≈ 27.23° in the sample x=0.08 has also been observed in similar
ceramics (Wang and Wang, 2019). The XRD patterns revealed a small variation in the
symmetry of samples with the detection of the hexagonal YFeO3 phase (h-YFeO3). XRD
patterns were matched with the standard ICDD card (01-089-2609) of orthorhombic YFeO3.
The lattice constants were calculated by utilizing cell software (CELL version 5.0 (copy-right

Intensity (a.u)

c)) by K. Dwight, 1986).

Figure 4.1: The X-ray diffraction patterns of Y 1-xDyxFeO3 ceramics for composition x= 0.00
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Figure 4.2: The X-ray diffraction patterns of Y 1-xDyxFeO3 ceramics for composition x= 0.04

Figure 4.3: The X-ray diffraction patterns of Y1-xDyxFeO3 ceramics for composition x= 0.08
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Figure 4.4: The X-ray diffraction patterns of Y 1-xDyxFeO3 ceramics for composition x= 0.12

Figure 4.5: The X-ray diffraction patterns of Y 1-xDyxFeO3 ceramics for composition x= 0.16
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The lattice constants (a, b, and c) and unit cell volume (223.61 - 227.6 Å3) were found to be
increased in non-linear patterns with Dy substitution. This non-uniform trend exhibits the
nonconformity of Vegard‟s law prediction that is previously reported for rare earth dopants
(Kamran and Anis-ur-Rehman, 2020). The increases in lattice constant and cell volume may
be due to the incorporation of larger ionic radii of Dy3+ (1.03 Å) to replace the smaller ionic
radii of Y3+ (1.02 Å) at the tetrahedral site of YFeO3 ceramics. This has a good agreement
with previously reported literature (Abreu et al., 2016). The non-linear expansion in lattice
parameters and cell volume may also be attributed to the presence of the secondary phase of
Y2O3 (Javed et al., 2019). The structural stability of any of the perovskite structures was
determined by the Goldschmidt tolerance factor, which is mathematically expressed as:

t

rA  ro

4.1

2 rB  ro

rA is ionic radii of A-site cation, rB is ionic radii of B-site cation, and ro is the ionic radii

of anion oxygen. The tolerance factor for Dy3+ substituted YFeO3 was calculated as:

t

(1  x)r (Y 3 )  ( x)r (Dy3 )  r (O 2 )
r ( Fe3 )  r(O2 )

4.2

Tolerance factor t was calculated for Y1-xDyxFeO3, which had values of 0.8057, 0.8056,
0.8055, 0.8053, and 0.8052. The radii of the Dy3+ ion were large as compared to the Y3+ ion,
which reduces the tolerance factor. This decrease in tolerance factor compressed Fe-O bonds
and stretched the Y3+/Dy3-O bonds and produced the octahedral rotation of oxygen (Fki et al.,
2017).
Table 4.1: Lattice constant, cell volume, crystalline size, x-ray density, bulk density and porosity of Dy
substituted Y1-xDyxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).
Parameters
Lattice Constant a
Lattice Constant b
Lattice Constant c
Cell Volume/Vcell (A3)
Bulk density/ρ bulk (g/cm3)
X-ray density/ρ X-ray (g/cm3)
Porosity
Crystallite size/D (nm)

YFeO3 Dy 0.04Y0.96FeO3 Dy 0.08Y0.92FeO3 Dy 0.12Y0.88FeO3 Dy 0.16Y0.84FeO3
5.28
5.32
5.28
5.28
5.30
5.58
5.60
5.57
5.60
5.60
7.59
7.62
7.65
7.59
7.63
223.61
227.6
225.48
224.91
226.93
5.001
5.015
5.013
4.926
4.950
5.722
5.686
5.804
5.884
5.897
0.126
0.117
0.136
0.162
0.160
26.68
16.4
24.36
16.21
26.98

Debye-Scherrer‟s equation (Khalaf et al., 2020) was used for calculating the crystallite size.
The average crystallite sizes range from 26.68 nm to 16.40 nm. The non-uniform increase in
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crystallite size was due to the dispensation of dopant Dy3+ ions at the alternating site of
YFeO3 [17]. The bulk density, X-ray density, and porosity, of all samples were calculated as:
x 

3M
N A V

4.3

Z is the number of molecules per unit cell, but in the case of YFeO3 perovskite Z = 3, V cell
volume, NA is Avogadro‟s number, and M is for molecular mass. X-ray density was measured
from 5.722 g/cm3 to 5.897 g/cm3. Bulk density (ρb) is simply dependent on the mass and
dimensions of pellets. The bulk and X-ray densities were increased. The variation in bulk
density was found to be 5.001 g/cm3 to 4.950 g/cm3. The porosity of prepared samples was
increased with the substitution of Dy. The ionic radii difference at the A site (Y3+ or Dy3+ site)
may generate vacancies at the octahedral site. Hence, at higher doping concentration this may
obstruct the growth of the grains due to the development of phase at grain boundaries. The
decrease in porosity for composition x = 0.04 might be to due to bubble formation (Javed et
al., 2019).
4.1.2 Scanning Electron Microscopy (SEM)
Figure 4.2 shows the scanning electron microscopy (SEM) images of Y1-xDyxFeO3 (x = 0.00,
0.08, 0.16). The average grain size was measured from SEM images as 94.25 nm, 72.2 nm,
and 94 nm for x = 0.00, 0.08, and 0.16 compositions, respectively.

a

b

c

Figure 4.6: SEM images (a), (b) and (c) represents Y1-xDyxFeO3ceramics (x= 0.00, 0.08, and 0.16).

As the substitution level was increased, the grain size was found to be decreased as for x =
0.08. For the higher concentration x = 0.16, the grain size was increased. This behavior was
also observed in the XRD analysis. These samples showed round and polyhedral grains which
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are supported by the earlier report (Berezhnaya et al., 2018; Zhou et al., 2019). The merging
behavior of nanoparticles is due to the agglomeration of particles. This behavior was
attributed to the phenomenon of interfacial surface tension (El Foulani et al., 2019).
4.1.3 Fourier-Transform Infrared Spectroscopy (FTIR)
Figure 4.3 shows the FTIR spectra for pure and Dy3+ doped YFeO3 ceramics. These spectra
were recorded in the wave-number range from 400 cm-1 to 4000 cm-1. The development of
single-phase YFeO3 and oxygen-related groups was identified by utilizing this technique. The
vibration of Fe-O and Y-O is indicated by absorption bands from 400 cm-1 to 600 cm-1. The
stretching vibration of Fe-O was due to the octahedral rotation of FeO6, which is associated
with the absorption bands (579 cm-1 to 687 cm-1). The characteristic bands 579 cm-1 to 687
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cm-1were the confirmation for the formation of YFeO3 (Zheng et al., 2018).

Figure 4.7: FTIR spectra of Y1-xDyxFeO3 ceramics for compositions (x= 0.00, 0.04, 0.08, 0.12, and 0.16).

The absorption band of 1535 cm-1 was due to the O-H stretching vibration of water molecules
(Javed et al., 2019). The variations in the shifting of bands and intensity peaks were observed
and it confirmed the doping of Dy3+ ion in YFeO3. The stretching vibration of C-O is
attributed to the ~1400 cm-1 and ~1600 cm-1 absorption peaks. It was inferred that Fe3+ and
Y3+ ions were completely chelated into the gel, which is indicated by absorption bands of
around ~1628 cm-1 and ~1521 cm-1. The following mathematical relation was used to measure
the vibrational frequency of the Fe-O bond:
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In this equation, v is wave-number, K is the average force constant, c is the speed of light,
and  is effective mass, which is also described by the following equation:
Mo  M Fe
Mo  M Fe



4.5

Where Mo and M Fe are the atomic masses of O and Fe, respectively. The spring constant (k)
and bond length (r) is measured by the relation given as follows (Fki et al., 2017):
k
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It is noticed that absorption bands υ1 (tetrahedral) and υ2 (octahedral) for pure YFeO3 are
indicated by 450.71 cm-1 and 592.13 cm-1, respectively.
Table 4.2: (FTIR characteristics bands (v1 and v2), Bond lengths (LA (Å) and LB (Å)) and Spring constants (Ktetra
and Koct) measured for Y1-xDyxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).
Composition (x)

Wave
number (v1
(cm-1))

Wave
number (v1
(cm-1))

Bond length
(LA(Å))

Bond length
(LB(Å))

Spring constant
(Ktetra(dyn/cm2)x105)

Spring
constant Koct
(Dyn/cm2 ) x105

0.00
0.04
0.08
0.12
0.16

477
466
441
395
441

549
687
591
605
617

1.192
1.210
1.255
1.351
1.255

1.0853
0.9344
1.0329
1.0167
1.0034

10.0377
9.5846
8.5881
6.8934
8.5968

13.296
20.831
15.424
16.171
16.828

The substitution of Dy3+ ion decreased the bond length from 1.192 Å to 1.35 Å for the
tetrahedral site and 1.085 Å to 1.0328 Å for the octahedral site, respectively. The spring
constant increased for Dy3+ substitution from 13.296 Dyn/cm2 to 80.831 Dyn/cm2, which
showed a strengthening of inter-atomic bonding (Manzoor et al., 2017).
4.1.4 Dielectric Properties
The following equations are used for the electric field, dielectric loss, and dielectric constant:

D   E

4.7

 *   ' 

4.8

'

Cd
AP   

4.9
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Here D represents the electric displacement field and E stands for the electric field in equation
4.7. The energy loss of dielectric material expresses as a dielectric loss factor  " that can be
determined by the following relation:

 "   ' tan( )

4.10

AP is the pellet cross-sectional area,   is the permittivity of free space,  ' is dielectric
constant, C is capacitance, ε is the imaginary part of dielectric loss, and d is the width of the
pellet.

Figure 4.8: The variations of dielectric constant versus frequency for Y1-xDyxFeO3 ceramics (0 ≤ x ≤ 0.16).

4.1.4.1 DielectricParameters(ε',ε",tanδ)
The dielectric constant, dielectric loss, and tangent loss, were observed in the 1.0 MHz to 3.0
GHz frequency range. These graphs are depicted in Figure 4.4, Figure 4.5, and Figure 4.6,
respectively. The substitution of Dy3+ ion increased the dielectric constant. The dielectric
constant decreased at a low-frequency region and it remains almost constant with an increase
in frequency. The space charges, such as Fe2+ and Fe3+ ions, may not follow the electric field
generated by high frequency, which may decrease the dielectric constant. Dielectric constant
was found to be 5.80 and 5.10 for the compositions x = 0.08 and x = 0.16, respectively.
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Table 4.3: Dielectric parameters variation of Dy substituted Y1-xDyxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).

Dielectric
Constant
Dielectric
Loss
tan

Frequency
1.25 GHz
2.25 GHz
2.95 GHz
1.25 GHz
2.25 GHz
2.95 GHz
1.25 GHz
2.25 GHz
2.95 GHz

x=0.00
4.296
3.948
4.312
0.159
0.085
0.130
0.036
0.021
0.032

x=0.04
3.925
3.483
3.807
0.062
0.029
0.119
0.015
0.092
0.049

x=0.08
4.796
4.640
4.731
0.062
0.083
0.146
0.019
0.020
0.046

x=0.12
4.261
4.293
4.196
0.020
0.117
0.167
6.965
0.027
0.048

x=0.16
5.233
5.731
5.130
0.098
0.043
0.079
0.018
0.070
0.023

The dielectric constant observed at 2.15 GHz and 1.71 GHz exhibit higher values as
compared to the other Dy3+substituted samples. Grain boundaries effects play a major role in
dielectric parameters. Since the substitution of Dy3+ ion reduces free space charge by nonuniform grain boundaries; therefore this may enhance the dielectric constant. The rotational
displacement of Fe3+ and Fe2+ ions at the changing applied field may cause orientation
polarization. The exchange of electrons among Fe3+ and Fe2+ at alternating electric fields may
restrict the hopping phenomenon at high frequencies (Rawat and Yadav, 2014). The MaxwellWagner type interfacial polarization phenomenon may be responsible for high-value dielectric
constant at the lower frequency region. This model was based on different conductivity
behavior on the interfacial polarization (Aziz et al., 2016). The decreasing trend of dielectric
loss from 0.163 to 0.080 was observed at a low-frequency range of 16 MHz.

Figure 4.9: Variations of dielectric loss with applied frequency for Y1-xDyxFeO3 ceramics (0 ≤ x ≤ 0.16).
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The substitution of Dy3+ for x = 0.16, showed the low dielectric loss of 0.023 at the 1.25 GHz
frequency range. The dielectric loss was decreased from 0.130 to 0.079 with the substitution
of Dy3+ at a higher frequency range of 2.95 GHz. This has been attributed to the rotation of
the FeO6 octahedral and the change in Fe-O bond length (Li et al., 2016). This achieved a low
value of the tangent loss at high frequency is highly desirable in energy storage and
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microwave devices (Sharma et al., 2018).

Figure 4.10: Tanloss versus applied frequency of Y1-xDyxFeO3ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16).

It was observed that all types of polarization were dominated at low frequencies, which
caused the dielectric loss in the samples. Certain new factors, such as defects in the crystal
structure, secondary phases, voids, and grain boundaries, may influence dielectric parameters
(Pattanayak et al., 2014). The ratio between real and imaginary parts of a dielectric constant is
defined as loss tangent (tanδ) and can be determined as follow:
tan( ) 

"
'

4.11

Tangent loss in terms of ac conductivity may also be determined by the following equation:
tan( ) 

 ac
2 f 

4.12
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From this mathematical relation, the tangent loss is directly proportional to the ac
conductivity and inversely proportional to the dielectric constant. It is noticed that the
substitution of Dy3+ ion has decreased the tan loss. The composition x = 0.16 showed a low
value of the tangent loss, such as 0.079 at the 2.95 GHz frequency range.
4.1.4.2 Electric Modulus
Electric modulus is the real reactive component and can be calculated by the following
equation:
M 

1
1

 M ' jM"
    j "

4.13

Electric modulus can also be represented as:
M  M ' jM",

M' 

'
( ')  ( ")
2

2

,

M "

"
( ')  ( ") 2
2

4.14

Figures 4.7 and Figure 4.8 show the variations of real parts and reactive parts of the electric
modulus (Μ' and M") with frequency for all of the prepared samples. Impedance analysis was
utilized to study the bulk properties of materials.

Figure 4.11: Real part of electric modulus (Mʹ) as a function of the frequency of Dy substituted YFeO3 ceramics.
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The localized and delocalized conduction and space charge phenomenon could be explained
based on electric modulus analysis. It was observed that at the low-frequency range, the real
part of the electric modulus and the imaginary part of the electric modulus keep low values.
The value of Μ' at frequency 2.6 GHz enhanced to the maximum value.

Figure 4.12: Imaginary part of electric modulus (Mʹ) as a function of frequency for Dy substituted YFeO3
ceramics.

The composition x = 0.04 exhibited a high value of electric modulus (Μ' and M"). Some
vibrational phenomena in Μ' and M" plots were noticed in the frequency range from 2.4 GHz
to 2.6 GHz for all samples, which was attributed to the hopping of charge carriers. Transport
phenomenon, mobility of charges, and conductivity relaxation are the factors that could be
attributed to variations in electric modulus. Oxygen vacancies play a crucial role in the
reduction of Fe3+ to Fe2+ ions, which is also demonstrated in the dielectric relaxation process
(Akhtar et al., 2018).
4.1.4.3 AC conductivity
The characteristic of a material to conduct electric current is known as electrical conductivity.
Mathematically it can be demonstrated as:

 total   dc (T )   ac (  T )

4.15
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The second part can be expressed in terms of power-law as:
4.16

 ac (, T )  B(T ) n(T )

ω = 2πf (angular frequency), B = (temperature-dependent factor) with unit of conductivity
(Ω-cm)-1, n = constant having value from zero to one AC conductivity can also be represented
with an empirical mathematical relation:

 ac    '    tan( )  2 f tan( )

4.17

Figure 4.9 depicts the variation of ac conductivity for Y1-xDyxFeO3 versus frequency for all
compositions. Where exponential factor is mentioned by A, n is the frequency exponent and ω
is the angular frequency. Koop‟s model (1951) (Koops, 1951) and Maxwell-Wagner (1913)
(Wagner, 1913) suggest this material as a capacitor separated by conductive grain and
resistive grain boundaries.

Figure 4.13: AC conductivity variations vs frequency of Y1-xDyxFeO3 ceramics (0 ≤ x ≤ 0.16).

According to these theories, ac conductivity results showed grain boundaries affected at low
frequency. The conductivity of grains was responsible for the dispersion at the high-frequency
range (Ali et al., 2014a). At the high-frequency region, the ac conductivity decreased because
the charges could not follow the applied electric field. The resonance peaks occurred in the
frequency regions of 1.32 GHz to 1.75 GHz and 2.3 GHz to 2.87 GHz, respectively. These
relaxation peaks were observed when the applied frequency became equal to the hopping
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frequency (Majeed et al., 2020). The substitution of Dy3+ ion may enhance the leakage
current, which may create more oxygen vacancies. The hopping of charge carriers between
Fe3+ and Fe2+ was increased. Transport of charge carriers due to oxygen vacancies cluster
becomes easier, which may enhance conductivity, which was revealed in the case of
enhancement of the dielectric constant with an increase of Dy3+ ions substitution (Deka et al.,
2017b). The insulating behavior of YFeO3 was observed at low frequency. The preparation
method was the cause of the restricted movement of charges through the grain boundaries.
Simultaneously, by increasing frequency, the conductivity was increased from grain
boundaries, and this material started to act as a semiconductor (Rosales-González et al.,
2018a).
4.1.4.4 Quality Factor
The plots of Q-values of Y1-xDyxFeO3 of all of the samples are given in Figure 4.10 The
substitution of Dy3+ ions decreased the quality factor. This decrease may be attributed to the
porosity of the samples.

Figure 4.14: Q-value vs applied frequency of Y1-xDyxFeO3 ceramics for all compositions represented by
(x=0.00, x=0.04, x=0.08, x=0.12, and x=0.16) labeled graphs.
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The composition Y0.96Dy0.04FeO3 showed a shifting of resonance towards the high-frequency
range, which purposes this material for the application of frequency filter and resonant circuit
(Ejaz et al., 2018).

4.2 Y1-xPrxFeO3 ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16)
4.2.1 Structural Analysis
X-ray diffraction (XRD) patterns obtained for Y1 x Prx FeO3 (0.00  x  0.16) samples are
depicted in Figure 4.11. Pure YFeO3 has been well indexed with standard pattern of reference
card (ICDD# 122022-73-0). XRD pattern of the pure sample possess an orthorhombic
structure with Pnma space group. The lattice constant „a‟ has increased from 3.523 to 5.530
upon substitution up-to x = 0.12, afterwards, it started to decrease from 5.530 to 5.529. The
increase in lattice constant „a‟ may be due to the expansion of spinel lattice since the
replacement of larger Pr3+ ions with Y3+ on the octahedral site. While further decrease in
lattice constant „a‟ for sample x = 0.16 is due to the segregation of Pr3+ ions which occurs at
grain boundaries. XRD patterns of all samples show a minor mixture of reflection peaks
corresponding to Fe2O3 (ICDD #3364, R-3c) and Y2O3 (ICDD # 00-044-1105) precursor
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materials, together with o-YFeO3 and h-YFeO3 meta-stable phase (Nguyen et al., 2020).

.
Figure 4.15: The X-ray diffraction patterns of Y1-xPrxFeO3 ceramics for all compositions (x= 0.00,
0.04, 0.08, 0.12, 0.16).
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The broadening of the diffraction peak has been observed around 2θ ≈ 30.28. This was
attributed to the defects and distortions that were stimulated during the synthesis process
(Rosales-González et al., 2018b). It is quite evident from XRD patterns that the substitution of
Pr3+ modifies the orthorhombic structure into the hexagonal structure. Figure 4.11 indicates
the prominent broad Bragg reflections around 2θ ≈ 30.15, 31.02, 33.09, 43.00, 52.01, 61.4,
and 62.44, their corresponding crystal planes were indexed as (100), (101), (102), (104),
(110), (114), and (202), respectively. This confirms the formation of hexagonal phase YFeO3.
XRD patterns of Pr substituted samples for all compositions exhibit orthorhombic phase,
simultaneously it also exhibits hexagonal phase of YFeO3.
Table 4.4: Lattice constant, cell volume, crystalline size, X-ray density, bulk density and porosity of
YFO and Y1-xPrx FeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).
Parameters
Lattice Constant (a)
Lattice Constant (b)
Lattice Constant (c)
Cell Volume (Vcell)
(Å 3)
Bulk density (ρ bulk)
(g/cm3)
Porosity
Crystallite size(D) (nm)

5.28
5.58
7.59

Y0.96
Pr0.04FeO3
3.523
11.643

Y0.92
Pr0.08FeO3
3.527
11.623

Y0.88
Pr0.12FeO3
3.530
11.640

Y0.84
Pr0.16FeO3
3.529
11.612

223.61

125.14

125.21

125.60

125.30

5.009

5.015

5.094

4.926

4.634

0.108
16.61

0.514
6.62

0.512
6.41

0.532
6.35

0.566
6.15

YFeO3

The structural parameters such as lattice constant, cell volume, bulk density, and crystallite
size were measured. These results are shown in Table 4.4. The substitution of Pr slightly
shifts characteristic diffraction peaks towards a smaller angle which is consistent with the
increment of cell volume (Suthar et al., 2020). This could be attributed to the substitution of
larger ionic radii Pr3+ as compared to smaller ionic radii Y3+. It has also been reported that
replacement of larger ionic radius (Pr3+) with smaller ionic radius (Y3+) induce internal stress
resulting in enlargement of lattice parameters, lattice distortion, and increase of unit cell
volume (Kamran and Anis-ur-Rehman, 2020). Further, lattice parameters (a = 5.28, b = 5.58,
and 7.59) of pure YFeO3 ceramics are analogue to earlier reported literature (Deka et al.,
2016). Lattice parameters and cell volume have been increased systematically with the rise in
dopant concentration (Rosales-González et al., 2019). Cell volume of Pr substituted samples
found to be in a range between 125.14 and 125.60. The crystallite size is measured using the
Scherrer equation given as:
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D

k
B cos 

4.18

Whereas “D” is crystallite size, wavelength (  ) = 1.5406Å, Constant (k) = 0.89, B is full
width at half maximum (FWHM), and  is diffraction angle. Crystallite size was steadily
decreased from 16.61 nm to 6.15 nm. Previous studies indicated that o-YFeO3 and h-YFeO3
exhibit an average crystallite size between 30 to 53 nm, and 6 nm to 14 nm, respectively. This
behavior of the average crystallite size is consistent with the author‟s findings for o-YFeO3
and h-YFeO3 (Popkov and Almjasheva, 2014). The broadening of characteristic peaks with
the enhancement of Pr substitution might have the possibility for decreasing the trend of
average crystallite size. However, secondary phases may reside on grain boundaries and
constrained grain growth, the similar behavior was observed by Kamran et al. (Kamran and
Anis-ur-Rehman, 2020). Bulk density is calculated as follows:

B 

m
2 rh

4.19

Where  B stands for bulk density, h shows thickness,

m

is a mass of pellet. Bulk density

was thoroughly decreased from 5.009 g/cm3 to 4.634 g/cm3 with the increase of Pr
concentration.
4.2.2 SEM Analyses
The SEM analysis of samples Y1 x Prx FeO3 x =0.00, 0.08, and 0.16 has been carried out to
study morphology and grain size which is depicted in Figure 4.12. The morphology and
distribution of grains are relatively non-uniform. The grains of the pure sample is found to be
in an arbitrary shape.
a

c

b

Figure 4.16: SEM images (a), (b) and (c) represent Y1-xPrxFeO3 ceramics (x= 0.00, 0.08, and 0.16).
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Pure samples show an elongated structure of grains having a rectangular cross-section. Pr
substitution abruptly alters the morphology of grains to a non-uniform spherical shape. SEM
images reflect that o-YFeO3 is converted into hexagonal phase upon substitution. Figure b and
c show a smaller size and porous type grains shape (associated with the morphology of the
hexagonal phase) due to removal of organics and decomposition during the sintering process.
This behavior may be the effect of phase change from orthorhombic to hexagonal which is
correlated with XRD results. In an earlier report this behavior could be observed (Zhang et al.,
2012). The author‟s XRD results also support this phenomenon. The agglomeration is higher
for doping amount at x = 0.08 then adhesion tends to be linear for x = 0.16 (Zhou et al.,
2019). The line intercept method (LIM) is used to measure the grain size of samples. The
average grain size has been found as 149.28 nm, 66.78 nm, and 69.36 nm for the samples
0.00, 0.08, and 0.16 respectively. From the author‟s achieved results, it is shown that the
substitution of Pr significantly decreases the grain size and induces the lattice defects. This
might be attributed to the difference in ionic radii of dopant Pr3+ and host Y3+ in YFeO3
(Wang and Wang, 2019). The pure sample depicts the relatively large agglomeration which
started to decrease as the doping amount is increased. The previous study also indicated that
o-YFeO3 shows a large agglomeration. It may also be attributed to the difference in ionic radii
which induce strain in crystal structure and resist in development of growth [1].
4.2.3 FTIR Analysis
The FTIR spectra of pure sample and Pr substituted YFeO3 have been depicted in Figure 4.13.
The two main absorption bands ν1 (449.86 cm-1) and ν2 (567.12 cm-1) corresponds to
tetrahedral site A and octahedral site B, respectively. This confirmed the formation of YFeO3.
It has been seen that Pr substitution shifted octahedral band position towards higher frequency
and tetrahedral band position shift towards low-frequency side.
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Figure 4.17: FTIR spectra of Y1-xPrxFeO3 ceramics for compositions (x= 0.00, 0.04, 0.08, 0.12, and 0.16).

The absorption bands ~ 449.86 cm-1 and ~ 567cm-1 are associated with the stretching
vibration of Fe-O and FeO6 octahedral rotation. The absorption bands 449.86 cm-1 correspond
to the YO6 octahedra. The substitution of Pr3+ ions as compared to Y3+ ions slightly shifted
absorption band ν1 towards lower values (449 cm-1 to 406 cm-1). This is attributed to the
shortening of the distance between the Fe-O bond and Y-O (Chandekar et al., 2020). A clear
shift of absorption bands 1629 cm-1 to 1399 cm-1 for citric acid was assigned to the chelation
of metal ions that may change of vibrational state of ligands. It has been concluded the
successful chelation of Y3+ and Fe3+ ions into gel complexes (Zhang et al., 2013b) The
characteristic bands around 3418 cm-1 is attributed to the presence of the small amount of
water in the dried gel YFeO3 . The OH group in citric acid is assigned to the absorption band
~ 2925 cm-1. Furthermore, Fe-O bond length at tetrahedral sites LA (1.508-1.108 Å) is small
as compared to bond length at octahedral sites LB (2.603-2.222 Å). This confirms that the
absorption band ν2 has a higher frequency than the absorption band ν1. These characteristic
bands have confirmed the successful formation of all prepared samples (Varshney et al.,
2011). The following equation was used to measure the force constant at the lattice site:
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Kt / o  4 cv

4.20

Where Kt is used for force constant at tetrahedral sites, Ko is the force constant for the
octahedral sites, c = 2.99×1010 cm/s, and μ=2.60×10−23 g respectively. The following relation
can be used to measure the vibrational frequency of the Fe-O bond:

1 K
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 is wave-number, K is the average force constant, c is the speed of light, and  is effective

mass which is described by the following equation:



Mo  M Fe
Mo  M Fe
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where Mo and M Fe are the atomic masses of Fe and O respectively. The spring constant (k)
and bond length (r) can be measured by the relation given below:
k
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Table 4.5: The values of FTIR characteristics bands (v1 andv2), bond lengths (LA (Å) and LB (Å)) and spring
constants (Ktetra and Koct) for Y1-xPrxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).

Pr-concentration
(x)

Wave
number
(v1
(cm−1))

Wave
number
(v2(cm−1)

Bond Length
(LA (Å))

Bond
Length
(LB (Å))

Spring constant
(Ktetra(Dyn/
cm2)x105)

Spring constant
Koct (Dyn/cm2 )
x105

0.00
0.04
0.08
0.12
0.16

450.71
487.78
453.11
469.31
479.11

592.13
690.62
687.60
601.01
687.90

2.603058
2.222893
2.576599
2.402275
2.305475

1.508148
1.108888
1.118877
1.464802
1.118356

1.632695
1.911925
1.649461
1.769156
1.843438

2.818025
3.832668
3.798451
2.901416
3.80022

Force constant (Ktetra and Koct) for all compositions (0.00  x  0.16) are presented in Table
4.5. This shows increasing trend that ranges from 1.633 Dyn/cm2x105 to 1.912 Dyn/cm2x105
and 2.818Dyn/cm2x105 to 8.832 Dyn/cm2x105, respectively. This increasing trend is
attributed to weak interatomic bonding. This has also been inferred that increment in bond
length may decrease force constant (ur Raheem et al., 2017). These variations were due to
the substitution of different ionic radii Pr at the Y site of YFeO3. The substitution of Pr3+
ions may slightly change the band structure, broadening of band and splitting of band. The
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stretching vibrations of oxygen, hydrogen and metal ions may cause the stretching of band at
2345 cm-1.
4.2.4 Dielectric properties
The following equations were used for dielectric loss and dielectric constant:

 *   ' 
'

4.24

Cd
AP   

4.25

AP is used for pellet cross-sectional area,   for permittivity of free space,  ' for dielectric
constant, C is for capacitance,  * for the imaginary part of dielectric loss and d is the width
of the pellet. The energy loss of dielectric material express as a dielectric loss factor which
can be determined by the following relation:

 "   ' tan( )

4.26

Tangent loss is a measure of energy loss in the material. It can be calculated as (Barsoukov
and Macdonald, 2018):
tan  

1

4.27

2f o 

To investigate the electrical properties of material synthesized nanoparticles were pressed into
pellets. Dielectric constant (ε) of synthesized nanoparticles can be estimated as: (Barsoukov
and Macdonald, 2018).


Cd
o  A

4.28

Here C shows the capacitance, d is the thickness of the pellet, A is the area of the pellet, and
εο is the permittivity of free space. Generally, it has been reported that the dielectric constant
of ceramics depends on various types of polarization i.e. interfacial or space charge
polarization, ionic polarization, dipolar polarization, and electronic polarization (Kumar et al.,
2020a).
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Figure 4.18: Dielectric constant versus frequency for Y1-xPrxFeO3 ceramics (0 ≤ x ≤ 0.16).

At low-frequency region, space charge or interfacial polarization dominate due to the
accumulation of charges at grain boundaries; this is by Koop‟s phenomenological theory. In
the high-frequency region ionic and electronic polarization play dominant role in polarization
(Kumari et al., 2014). Figure 4.14 demonstrates the variations in the dielectric constant of
synthesized nanoparticles as a function of frequency. All samples show a normal dispersion
behavior i.e. high value of dielectric constant at low frequency. At low-frequency dipoles
have sufficient time for the alignment in the direction of the applied field for that reason the
high value of the dielectric constant is observed. Whereas at high frequencies, dipoles could
not synchronize with the applied field, consequently the low value of the dielectric constant is
observed. Enhancement in dielectric constant has been observed with the increase of dopant
concentration. Whereas, the high value of dielectric constant has been observed for sample x
= 0.16 (dielectric constant = 10.35 at 2.41 GHz) due to strengthened and stable h-YFeO3.
Subsequently, it has been inferred that the Y3+ ions are successfully incorporated into YFeO3.
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Table 4.6: Dielectric parameters of Y1-xPrxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16) at various frequencies .

Frequency

x=0.00

x=0.04

x=0.08

x=0.12

x=0.16

16 MHz

4.51053

4.06947

4.51993

6.58309

7.83705

Dielectric

1.25 GHz

4.32904

3.96184

4.27917

6.29105

7.03454

Constant

2.25 GHz

3.94887

3.48390

4.16204

6.53444

8.52158

2.95 GHz

4.33857

3.84778

4.49902

6.44383

7.86601

16 MHz

0.25148

0.06657

0.11570

0.13741

0.28936

Dielectric

1.25 GHz

0.15930

0.06063

0.05920

0.07726

0.08867

Loss

2.25 GHz

0.08550

0.07065

0.04820

0.88441

0.88122

2.95 GHz

0.13980

0.10538

0.14961

0.35951

0.28462

16 MHz

0.05575

0.01333

0.02560

0.02087

0.03692

1.25 GHz

0.02116

0.01378

0.01478

0.01316

0.01647

2.25 GHz

0.02167

0.01478

0.01158

0.13535

0.10341

2.95 GHz

0.03223

0.02168

0.03346

0.05619

0.03640

tan

This increasing trend of dielectric constant is supposed to increase due to the replacement of a
larger ionic radius of Pr3+ (0.99 Å) for Y3+ (0.95Å) (Yousuf et al., 2019). Resonance peaks
have been observed between the 2.00 GHz to 2.55 GHz frequency range. This resonance
occurs due to the hopping of charge carriers (Qian et al., 2009). Consider that Fe3+ ions are
placed at FeO6 octahedral site, this extent at equilibrium state that may cancel out the electric
field at the symmetric site. A slight movement of central oxygen ions may produce a
temporary dipole moment. According to the author‟s results, the neighboring moment, in this
case, such as Pr doping significantly enhanced the additional mechanisms of dielectric
constant (Raut et al., 2018).
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Figure 4.19: The dielectric loss versus frequency forY1-xPrxFeO3 ceramics (0 ≤ x ≤ 0.16).

The energy losses have been observed due to electron hopping and imperfections that were
present in the crystal (Saravanan et al., 2009). Figure 4.15 demonstrates normal dispersion
behavior. Maxwell Wagner and Koop‟s phenomenological theory are responsible for such
kind of behavior in multiferroics (Ni et al., 2009). The appearance of resonance peaks at high
frequency is due to the resonance phenomenon that arises when jumping frequency becomes
equal to the applied field as a result of this maximum energy is transferred to oscillating ions
and a sharp increase of power loss takes place (Saravanan et al., 2009). The minimum value
of tangent loss has been observed for sample x = 0.16. The real and imaginary part of the
dielectric constant is defined as a tangent loss (tanδ) and can be determined as follow:
tan( ) 

"
1
'

4.29
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Tangent loss in terms of ac conductivity also determined by the following equation:

tan( ) 

 ac
2 f 

4.30

From this mathematical relation, the tangent loss is directly proportional to the ac
conductivity and inversely proportional to the dielectric constant. Figure 4.16 depicts that
tangent loss decreases with the increase of applied frequency. The low value of tangent loss
has been observed at low frequency showing normal dispersion behavior of synthesized
nanoparticles. It is attributed to the space charge carriers originated from synthesized
nanoparticles follows the direction of the applied field at low frequency (El Hiti, 1999).

Figure 4.20: Tan loss versus frequency of Y1-xPrxFeO3 ceramics (x= 0.00, 0.04, 0.08, 0.12, and 0.16).

The low value of tangent loss has been observed for the optimized sample x = 0.16. The
variations in tangent loss (tanδ) are attributed to many factors such as synthesis method, the
stoichiometric ratio of dopant, and chemical composition. Domain wall resonance
phenomenon may be responsible for tangent loss (Junaid et al., 2020). Electric modulus is
discussed as the real reactive component depicted in the following equation;
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M

1
1

 M ' jM"
    j "

4.31

Electric Modulus can also be represented as;

M  M ' jM",

M' 

'
"
, M "
2
2
( ')  ( ")
( ')  ( ")2
2

4.32

Complex impedance spectroscopy is generally associated with characterizing the electrical
properties of materials and their interfaces with electronically conducting electrodes. This
technique gives a direct relation between a real system and an idealized circuit made up of
discrete electrical components. This may also be used to examine the dynamics of bound
charges and mobile charges in bulk or interfacial regions of any kind of solid materials. Most
materials have grains and grain boundaries regions which have different physical properties.

Figure 4.21: Real part of electric modulus (Mʹ) as a function of frequency for Pr substituted YFeO3 ceramics.

The frequency-dependent real (Mʹ) and imaginary part (M″) of electric modulus graphs are
shown in Figure 4.17 and Figure 4.18. Mʹ shows constant values at low frequency and
decreasing trend at a higher frequency that might be due to polaron hopping. At highfrequency relaxation, peaks have been observed which might be due to the resonance
phenomenon. Figure 4.18 shows M″ values with asymmetric peaks at higher frequencies. The
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shifting of peaks at higher frequencies demonstrates that the increase of dopant concentration
resulted in the shifting of peaks that may follow Maxwell-Wagner-Sillars polarizationmechanism.

Figure 4.22: Imaginary part of electric modulus (Mʹʹ) versus frequency for Pr substituted YFeO3 ceramics.

The Low-frequency region shows a hopping process due to the movement of charge carriers
over a long distance (f<fc), while for the high-frequency region (f>fc) the carriers move over
short distances that is correlated with relaxation polarization (Gajula et al., 2020; Omri et al.,
2020).
The characteristic of a material to conduct electric current is known as electrical conductivity.
Mathematically it can be demonstrated as:

 total   dc (T )   ac (  T )

4.33

The second part can be expressed in terms of power-law as follow:

 ac (, T )  B(T ) n(T )

4.34
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ω = 2πf (angular frequency), B= (Temperature-dependent factor) with unit of conductivity (ῼcm)-1, n = constant having value from zero to one.
AC conductivity also represented with an empirical mathematical relation:

 ac    '    tan( )  2 f tan( )

4.35

The conductivity (σ) of synthesized nanoparticles can be calculated as: (Barsoukov and
Macdonald, 2018).

  2f o tan 

4.36

It should be noted that conduction in YFeO3 ceramics is categorized into two parts, region 1 is
frequency independent region that arises due to band conduction, which is known as dc
conductivity. Region II is a frequency-dependent region, arises due to hopping mechanism
due to the presence of mixed-valence states i.e. Fe3+ and Fe2+ (Saravanan et al., 2009).
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Figure 4.23: AC conductivity variations vs frequency of Y1-xPrxFeO3 ceramics (0 ≤ x ≤ 0.16).

Figure 4.19 shows the variations of conductivity as a function of frequency at room
temperature. Normally AC conductance depends on the number of factors such as free charge
carriers, interstitial sites, and oxygen vacancies present in a material (Nithya and Selvan,
2011). A low value of AC conductance at low frequency is due to the hopping electrons that
can move easily within the grains and cannot migrate across resistive grain boundaries which
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act as a potential barrier for charge carriers. This behavior is associated with the resonance
phenomenon in which dipoles resonate with the applied field and high value could be
observed at high frequency. It also depends on the motion of charge carriers across the grain
boundaries. AC conductivity was found to be increased with a doping concentration of Pr.
Variations in ac conductivity can be observed when applied frequency increased from 1.6
GHz. The three resonance peaks have been observed in a frequency range of 1.5GHz to 2.9
GHz. Sample x = 0.16 shows an optimized value of ac conductivity at the high-frequency
range (1.467x106 at 2.54 GHz) shown in Figure 4.19. This increasing behavior may be
elucidated by Koop‟s theory, Maxwell-Wagner model, and hopping mechanism (Ni et al.,
2009).

Figure 4.24: Q-value vs frequency of Y1-xPrxFeO3 ceramics for all compositions represented by (a), (b), (c), (d)
and (e) labeled graphs.

Quality factor (Q factor) is an important parameter for the evaluation of the quality of
inductors, resonators, capacitors, designing filters, wireless power transfer systems. The plots
of quality factor versus frequency are depicted in Figure 4.20 for all samples. An increase in
Q factor up to frequency 1x104 has been observed at which resonance phenomenon occurs. Q
value was found to decrease after this resonance frequency. Hence, the Presence of pores
inside grains enhances the loss factor that may decrease Q value (Majeed et al., 2016).
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4.3 Y1-xNdxFeO3 Ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16)
4.3.1 XRD Analysis
Figure 4.21 shows the XRD patterns of all samples Y1-xNdxFeO3 (x= 0.00, 0.04, 0.08, 0.12,
0.16). XRD analysis has revealed a single-phase orthorhombic structure with a space group
Pnma. The observed diffraction patterns have been indexed with standard pattern ICDD (00011-0558). The specific Bragg‟s reflection d (hkl) (121) of higher intensity is a confirmation
of single-phase YFeO3 ceramics.

Figure 4.21 depicts that Nd3+ ion were completely

incorporated into Y site YFeO3 without secondary phases, this shows the successful
substitution.

Figure 4.25: The X-ray diffraction patterns of Y1-xNdxFeO3 ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16)

Tolerance factor has been evaluated the structural stability of any of perovskite structure
ABO3 which is given as:

t

rA  ro

4.37

2 rB  ro

rA = ionic radii of A-site cation, rB = ionic radii of B site cation and ro is the ionic radii

of anion Oxygen. If a tolerance factor “t” is less than unity then compressive strain would be
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produced. Fe-O bonds and Y-O bonds settled oxygen ions at the octahedral position in such a
way that substitution of any of the bigger cations may have the slightest lattice strain (Sharif
et al., 2016). Goldschmidt tolerance factor (t) for pure and Nd3+ substituted YFeO3 is
calculated as:

t

(1  x)r (Y 3 )  ( x)r ( Nd 3 )  r (O 2 )
r ( Fe3 )  r(O2 )

Tolerance factor t

4.38

for the all compositions (x = 0.00, 0.04, 0.08, 0.12 and 0.16) has been

measured as 0.855, 0.854, 0.853, 0.852, and 0.844 respectively. For the stability of the
perovskites structure, the tolerance factor should be in a range of 0.80 to 1. The decreasing
trend intolerance factor is attributed to the substitution of smaller ionic radii of Nd3+ (0.995
nm) as compared to the Y3+ (1.06nm) (Sharif et al., 2018). XRD patterns indicate that the
most intense peak having hkl (121) was shifted towards a higher angle with the increase of
Nd3+ ions concentration. Cell volume is linearly decreased with the doping which might be
attributed to smaller ionic radii of Nd3+ ion which has replaced Y3+ion from the octahedral
position YFeO3 . Crystallite size is calculated by Debye-Scherrer‟s formula given as:

D

k
B cos 

4.39

Where “D” is crystallite size, wavelength (  ) = 1.5406Å, k = 0.89, B is full width at half
maximum (FWHM) and  is diffraction angle. All the samples have been crystallized into a
nano-scale range (15 nm to 23 nm). This is non-linear behavior for doping concentration is
attributed to the dispensation of Nd3+ ions at different sites of YFeO3 (ur Raheem et al., 2017).
Crystalline size variations are attributed to the variation of distance amongst layers, due to
compressive stress for all samples.
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Table 4.7: Lattice constant, cell volume, crystalline size, x-ray density, bulk density and porosity of
Nd substituted Y1-xNdxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16).
Parameters
Lattice Constant a
Lattice Constant b
Lattice Constant c
Cell Volume/Vcell
(A3)
Bulk density/ρ bulk
(g/cm3)
X-ray density/ρ x-ray
(g/cm3)
Porosity
Crystallite size/D
(nm)

5.303
5.531
7.665

Nd
Y
0.04 0.96FeO3
5.30
5.56
7.61

Nd
Y
0.08 0.92FeO3
5.30
5.557
7.614

Nd
Y
0.12 0.88FeO3
5.297
5.556
7.612

Nd
Y
0.16 0.84FeO3
5.299
5.551
7.602

224.82

224.25

224.24

224.18

223.61

5.001

5.015

5.172

5.139

5.188

5.691

5.770

5.836

5.903

5.984

0.121

0.130

0.113

0.129

0.132

23.05

15.52

17.75

21.54

20.72

YFeO3

Lattice parameters a, b, and c are calculated by using cell software, where „V‟ is the cell
volume. Cell volume is decreased which is attributed to the replacement of a small ionic
radius of Nd with a large ionic radius of Y (Mahmood et al., 2012). X-ray density is measured
by the following mathematical relation:

x 

4M
N A V

4.40

Whereas ρ x is X-ray density, M is molar mass, and NA is Avogadro's number. X-ray density
is linearly increased with the rise in the concentration of Nd3+. X-ray density is simply
dependent on the molecular mass of dopant and cell volume. An atomic mass of neodymium
ion is greater than the mass of yttrium ion which may be the reason for variation in X-ray
density. Whereas, bulk density is measured from this relation:

B 

m
2 rh

4.41

Where  B stands for bulk density, h shows the thickness and, m is a mass of pellet. Bulk
density also shows increasing behavior for all doped samples. This has been observed that all
samples were less dense than pure YFeO3 (Shahzad et al., 2015). Substitution of Nd3+ ions may
control the crystalline size efficiently. Bulk density was found to be less than X-ray density,
this is attributed to the occurrence of pores in the nano-crystallites and control the formation
of the grain (Asif et al., 2019). Porosity has been measured in a range of 0.129 to 0.132.
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4.3.2 SEM Analysis
The SEM analysis analysis of YFO and Nd-doped YFO are performed by the JSM-61 Shottky
Scanning Electron Microscope. Pure YFO shows the presence of all elements, such as Y, Fe,
and O.

Figure 4.26: SEM images Y1-xNdxFeO3 ceramics (x= 0.00, 0.08, 0.16)

SEM analysis for the compositions x = 0.00, x = 0.08, and x = 0.08 is depicted in Figure 4.22.
Agglomeration of nanoparticles has been observed, this is due to the ferromagnetic nature of
particles. The SEM analysis reveals that pure YFO has a cluster of grains. The Nd-doped
samples are exhibited in a round and spherical shape of grains. The line intercept method has
been used to estimate the average grain size. It has been found that the average grain size is
decreased from 96.25 nm to 82.27 nm with the increase of composition level. The average
grain size is larger as compared to crystallite sized measured in XRD, this might be attributed
to the aggregation of particles that is also reported by Gao et al (Andjelković et al., 2018; Gao
et al., 2019).
4.3.3 FT-IR Spectroscopy
Figure 4.23 depicts that FTIR spectra of crystalline powder YFO and all doped samples have
been observed in a range of ~ 450cm-1 to ~2900 cm-1. The absorption bands that appeared at
450.71 cm-1 are due to Fe-O bending. Moreover, FeO6 octahedral stretching and the
vibrational band is due to the phase formation of YFeO3. The absorption bands 592.13 cm-1
specifies the overspreading of Fe-O and Y-O bonds, it is attributed to FeO6 and Y-O
octahedral rotation in the crystal structure of YFeO3 (Ejaz et al., 2018). Comparative IR
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analysis of all the Nd3+ ions-doped and pristine YFO shows a slight shift from ~450 cm-1 to a

Transmittance (%T)

higher frequency region.

Figure 4.27: FTIR spectra of Y1-xNdxFeO3 ceramics for compositions (x= 0.00, 0.04, 0.08, 0.12, 0.16).

Variations of absorption bands towards higher frequency are attributed to bond length
variations. Substitution of Nd in YFO may change Fe-O, O-Fe-O, and Y-O bond length, this
may confirm the successful substitution of Nd ions (Sangian et al., 2017b). The hydroxyl
group (OH) in citric acid is assigned by a broad range absorption peak 2921cm -1. The
evolution of symmetric and anti-symmetric stretching in a carboxylic group of citrate is
attributed to the absorption peaks around 1400 cm-1 and 1600 cm-1. The deformation of the
carboxylic group and C-H group is ascribed by absorption peaks from 1125 cm-1 to 1520 cm1

(Ali et al., 2014b; Zhang et al., 2013a). The shifting of Y-O and Fe-O bonds is measured by

the IR active modes. The following relation is used to measure the vibrational frequency of
the Fe-O bond:

1 K
v
 
2 c   

1

2

4.42
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In this equation v is wave-number, K is the average force constant, c is the speed of light,
and  is effective mass which is also described by the following equation:



Mo  M Fe
Mo  M Fe

4.43

where Mo and M Fe are the atomic masses of Fe and O respectively. The spring constant (k)
and bond length (r) is measured by the relation (Fki et al., 2017):
k



17
Nm1
3
r



4.44

It is noticed that absorption bands υ1 (tetrahedral) and υ2 (octahedral) for pure YFeO3 has been
indicated by the values 450.71 cm-1 and 592.13 cm-1, respectively.
Table 4.8: FTIR characteristics bands (v1 andv2), Bond lengths (LA (Å) and LB (Å) ) and Spring
constants (Ktetra and Koct) measured for Y1-xNdxFeO3 (x= 0.00, 0.04, 0.08, 0.12, 0.16.
Composition
(x)

Wave
number
(v1
(cm−1))

Wave number
(v1(cm−1))

Bond
Length
(LA (Å))

Bond
Length
(LB (Å))

Spring constant
(Ktetra(Dyn/
cm2)x105)

Spring constant
Koct (Dyn/cm2 )
x105

0.00
0.04
0.08
0.12
0.16

450.71
487.78
453.11
469.31
479.11

592.13
690.62
687.60
601.01
687.90

2.603058
2.222893
2.576599
2.402275
2.305475

1.508148
1.108888
1.118877
1.464802
1.118356

1.632695
1.911925
1.649461
1.769156
1.843438

2.818025
3.832668
3.798451
2.901416
3.80022

The absorption bands (υ1 and υ2) are significantly enhanced by increasing Nd doping
concentration in YFeO3 ceramics. FTIR analysis reveals that intensity of absorption band,
metal-oxygen bond length, and force constant has been increased with Nd substitution in

YFeO3 . These noticeable changes are consistent with XRD results. The observed values of the
tetrahedral band are less than an octahedral band, this is attributed to the difference in metaloxygen bond length (Ejaz et al., 2018).
4.3.4 Dielectric analysis
The dielectric measurement of Y1 x Nd x FeO3 for all compositions (x = 0.00, 0.04, 0.08, 0.12,
0.16) has been performed from 1.0 MHz to 3.0 GHz frequency range at a room temperature.
The obtained samples are pressed in disc shape pellets. The following equations have been
used for the electric field, dielectric loss, and dielectric constant:
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D   E

4.45

 *   ' 

4.46

'

Cd
AP   

4.47

AP = Pellet cross sectional area,   = permittivity of free space,  ' = dielectric constant, C =
Capacitance,  * = imaginary part of dielectric loss and d is width of pellet

Figure 4.28: The variations of dielectric constant versus frequency for Y1-xNdxFeO3 ceramics(0 ≤ x ≤ 0.16)

4.3.4.1 Dielectric constant and Dielectric loss
Figure 4.25 shows that dielectric loss has anomalous behavior, while the dielectric constant
was enhanced for different compositions of Y1 x Nd x FeO3 ceramic. This behavior is attributed
to space charge polarization. Since charge carrier build-up across the resistive grain
boundaries, therefore it may cause a potential drop due to the conductive grains. Koop‟s
model suggests that the effect of grain boundaries dominates at a low frequency and dielectric
loss remains nearly constant at high frequency (Farid et al., 2017).
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Table 4.9: Dielectric parameters variations of Nd substituted Y1-xNdxFeO3 (x= 0.00, 0.04, 0.08, 0.12,
0.16).

Dielectric
Constant

Dielectric
Loss

tan

Frequency
16 MHz
1.25 GHz
2.25 GHz
2.95 GHz
16 MHz
1.25 GHz
2.25 GHz
2.95 GHz
16 MHz
1.25 GHz
2.25 GHz
2.95 GHz

x=0.00
4.51
4.33
3.58
4.32
0.25
0.16
0.05
0.13
0.06
0.04
0.01
0.03

x=0.04
3.63
3.57
3.45
3.63
0.08
0.01
0.09
0.06
0.02
0.00
0.03
0.02

x=0.08
5.11
4.80
4.49
4.92
0.16
0.05
0.09
0.14
0.03
0.01
0.02
0.03

x=0.12
5.12
4.80
4.49
4.92
0.16
0.05
0.09
0.14
0.03
0.01
0.02
0.03

x=0.16
3.30
3.06
2.64
2.93
0.10
0.06
0.13
0.11
0.03
0.02
0.05
0.04

It is observed that at a low frequency, the value of the dielectric constant is high, as the
dielectric constant started to decrease the frequency is also increased. The various parameters
are involved for enhancement of dielectric constant at a lower frequency such as ionic, dipole
moment, electronic, and interfacial dislocations. The electric dipole moment is responsible for
the anomaly of dielectric properties due to the charge compensation of Fe-based oxides
(Sharif et al., 2018). The energy loss of dielectric material represented by the dielectric loss
factor  " is determined by the following relation:

 "   'tan( ) D   E

4.48
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Figure 4.29: Variations of dielectric loss with applied frequency forY1-xNdxFeO3 ceramics (0 ≤ x ≤ 0.16).

The materials with low dielectric loss may have high resistivity. At x=0.04, a low value of the
dielectric loss was achieved, this may suggest it for high resistive material (Khan et al., 2017).
Smaller ionic radii of Nd3+ ions as compared to Y3+ ions may cause a reduction in unit cell
volume, it may restrict the movement of Fe3+ at Fe-O octahedral site to decrease the
polarization. Grain size plays a dynamic role for polarization so it could be inferred that
increment in doping of Nd3+may decreases the grain size, this may decline the value of
polarization (Dai et al., 2016).
4.3.4.2 Dielectric tangent-loss
Figure 4.26 exhibited variations of loss tangent with a frequency range from 1.0 MHz to 3.0
GHz for Y1 x Nd x FeO3 . Dissipation of energy was observed from the spectrum of dielectric loss
tangent. The ratio between the real and imaginary part of the dielectric constant is defined as
loss tangent (tanδ) and can be determined as:
tan( ) 

"
'

4.49
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When an applied frequency becomes equal to the natural frequency of oscillating ions, then a
large amount of energy is transferred which causes power loss. This behavior of oscillating
ions would produce resonance peaks that were observed for Y1 x Nd x FeO3 .

Figure 4.30: Tan-loss versus applied frequency of Y1-xNdxFeO3 ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16).

According to Hudson high losses would occur in high conductivity material and low dielectric
material would have low dielectric losses (Sharif et al., 2018). Tangent loss in terms of ac
conductivity also determined by this equation:
tan( ) 

 ac
2 f 

4.50

From this mathematical relation, the tangent loss is directly proportional to the ac
conductivity and inversely proportional to the dielectric constant. It was observed that doping
of Nd decreased the tangent loss. Grain size, annealing temperature, number of ions, method
of preparation, Fe3+/ Fe2+ ratio, structural morphology, and number of oxygen vacancies are
the factors that may affect tangent loss and other dielectric parameters (Khan et al., 2017).
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Figure 4.26 exhibited those conduction losses and dielectric losses were observed

Y1 x Nd x FeO3 . Such losses that occurred due to the actual movement of charges are known to
be conduction losses. Whereas, such losses due to the oscillation of electric charges in the
presence of AC electric field termed as dielectric losses. Hopping of charge carriers was
almost absent at grain boundaries at low frequency that depict that YFO act as insulator at low
AC current. This might be attributed to the preparation method. Since low losses were
observed in all compositions of YFO. This suggests its use in high frequency applications
(Rosales-González et al., 2018c; Wadgane et al., 2018b).
The anomalous behavior of dielectric material is attributed to Rezlescu‟s model and the
transfer of the electron and hole that appears due to the conduction mechanism of charges
during the sintering process. According to this model, the relaxation peaks were observed in
all samples Y1 x Nd x FeO3 . This was due to the combined effect of n-type and p-type
transportation of charges. The resonance peaks were observed around the 2.67 GHz frequency
range. The slight shift of these resonance peaks was due to the substitution of the Nd3+ ions.
The value of loss tangent lies between 0.01 to 0.05 (ur Raheem et al., 2017).
4.3.4.3 Electric Modulus (Mʹ and Mʺ)
Mechanism of charge-carrying such as hopping of charge carrier and conductivity relaxation
time has been investigated by complex modulus. Electric Modulus demonstration may imply
to suppress the effect of conductivity.
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Figure 4.31: Real part of electric modulus ( M‟) as a function of frequency for Nd substituted YFeO3ceramics.

Mechanical shear modulus with an electrical correspondent is said to be the methodology of
electric modulus. Electric modulus is discussed as the real reactive component is given as:
M 

1
1

 M ' jM"
    j "

4.51

Electric Modulus is represented as:
M  M ' jM",

M' 

'
( ')  ( ")
2

2

,

M "

"
( ')  ( ") 2
2

4.52

Figure 4.27 and Figure 4.28 shows the variation of a real part and reactive part of electric
modulus (Μʹ and Mʹʹ) with frequency for all the prepared samples of Y1 x Nd x FeO3 .
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Figure 4.32: Imaginary part of electric modulus (Mʹʹ) as a function of frequency for Nd substituted YFeO3
ceramics.

It has been demonstrated that resistance due to the influence of grain boundary was increased
as the substitution level of Nd3+ increased. Resonance peaks are shifted towards lower
frequencies which are attributed to the enhancement of relaxation rate by the decrease of
relaxation frequency. Conductivity relaxation is indicated in the spectrum of electric modulus
by the presence of maxima peaks (Malik et al., 2018).
4.3.4.4 Cole-Cole plots
Grains and grain boundary effects are investigated by Cole-Cole plots. Shifting of maxima
peaks, accumulation of charge carries, and interfacial polarization phenomenon is studied by
involving the electric modulus. The plot between Μʹ versus Mʹʹ in case of semi-circles
provides enough details of YFeO3 ceramics.
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Figure 4.33: Cole Cole Plots (Mʹ versus Mʹʹ) of Y1-xNdxFeO3 ceramics (x= 0.00, 0.04, 0.08, 0.12, 0.16).

Figure 4.29 shows semi-circles for pure YFO and Nd substituted YFO indicates the grain
boundary densities, this plays a major role in the conduction phenomenon. It is noted that
semi-circles in the left portion of lower values frequency allocated as the region of grain
resistance, the central region of frequency specify to the resistance of grain boundaries, while
entire of the resistance by grains and grain boundaries are indicated by the right side of higher
values of frequency (Malik et al., 2018). The broad Debye peak confirms the presence of
the relaxation process in all compositions Y1 x Nd x FeO3 . All the complex variables such as
electric modulus, permittivity, impedance and admittance, and dielectric loss in the
Nyquist plot are related to each other by real (resistive) and imaginary (reactive) parts for
these Nd substituted samples. The electric modulus characterizes to investigate interfacial
polarization effect with the frequency that produces electric charge growth by shifting
relaxation peak (Ali et al., 2014a).
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Each of the semi-circles illustrated in the cole-cole plot of different radii due to the different
compositions of Nd3+ ions illustrated in Figure 4.29. This difference in radii is attributed to
each sample that has a different composition in complex impedance behavior. The charge
carrying properties of Y1 x Nd x FeO3 are controlled by the defects present at the area of grain
boundaries. In such circumstances, mobile effects considerably enhanced as a result of space
charge production at grain boundaries. So, at the lower frequency region semicircle section
has been originated due to resistance of grain boundaries, while at the high-frequency region
the resistance of grains is dominated. It may be suggested that grains continuously keep high
capacitance and low resistance as compared to the grain boundaries (Manzoor et al., 2017).
4.3.4.5 AC Conductance
The characteristic of a material to conduct electric current is known as electrical conductivity.
Mathematically it is demonstrated as:

 total   dc (T )   ac (  T )

4.53

Specific conductance is the sum of two factors as shown in the above mathematical relation.
First-term is specifically for independent of frequency (lower range frequencies) when grain
boundaries are so active due to the drift motion of space charge carriers. While another term
representing for higher frequency range (frequency-dependent function) was due to hopping
of charge carrier and dielectric relaxation (ur Raheem et al., 2017).
The second part can be expressed in terms of power-law as follow:
4.54

 ac (, T )  B(T ) n(T )

ω = 2πf (angular frequency), B = Temperature-dependent factor with unit of conductivity (ῼcm-1), n = constant having value from zero to one. AC conductivity is represented as:

 ac    '    tan( )  2 f tan( )
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4.55

Figure 4.34: Ac conductivity variations vs frequency of Y1-xNdxFeO3 ceramics (0 ≤ x ≤ 0.16).

Figure 4.30 showed the variation of ac conductivity for Y1 x Nd x FeO3 versus frequency
evaluated for each composition. It was observed that for composition x = 0.00, ac
conductivity (  ac ) attains to its maximum value. The substitution of Nd3+ ions for different
compositions decreases ac conductivity respectively. This was attributed to oxygen vacancies
and charge compensation (Shahzad et al., 2017b).
4.3.4.6 Quality Factor
The quality factor (Q Factor) is reciprocal of tangent loss

(tan  ) that is also termed as

dissipation factor. Figure 4.31 depicted that the quality factor shows a small variation from
1.0 MHz to 1.0 GHz frequency range for all compositions of Y1 x Nd x FeO3 .
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Figure 4.35: The Q-value vs applied frequency of Y1-xNdxFeO3 ceramics for all compositions represented by (a),
(b), (c), (d), and (e) labeled graphs.

The quality factor shows variation at a high range of frequency. The lowest values of a quality
factor were recorded for compositions x=0.00, 0.04, 0.08, and 0.06 at a frequency range
2.1GHz, 2.63GHz, 1.9GHz, and 2.35GHz, respectively. This was attributed to the pores inside
the grains, it may increase the loss factor that causes to decrease quality factor. In the highfrequency range resonance, peaks were observed which suggested that YFO could be used in
high-frequency multilayer chip inductors (Majeed et al., 2016).
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4.4 Y1-xNdxFe0.6Cr0.4O3 Ceramics(0.00≤x≤0.16)
4.4.1 XRD Analysis
Figure 4.32 depicted XRD patterns of YFeO3 and Y1-xNdxFe0.6Cr0.4O3 (0.04 ≤ x ≤ 0.16) after
auto-combustion dried gel. XRD analysis of synthesized samples showed the successful
growth of the orthorhombic structure associated with space group Pnma. The observed
diffraction patterns were well indexed with standard pattern (ICDD card 122022-73-0) and
specifically, Bragg‟s reflection diffraction plane of higher intensity confirmed the growth of
YFeO3. This result is in good agreement with the reported earlier (Ismael et al., 2017b). The
presence of additional impurity phases (*) were exhibited in all prepared samples around 2θ ≈
30.21°. Few minor secondary phases of Fe3O4 were also detected in XRD patterns (Shen et
al., 2012; Zheng et al., 2006). This mixture of minor phases of Fe2O3 (ICDD #3364, R-3c)
and (ICDD #27772, Ia-3) together with o-YFeO3 and h-YFeO3 metastable phase has been
previously reported (Rosales-González et al., 2018b). The occurrence of a sharp diffraction
peak showed that the samples are in bulk form. The lattice parameters were evaluated by cell
software (CELL version 5.0 (copy-right (c)) by K. Dwight, 1986) (Khan et al., 2018).

Figure 4.36: The X-ray diffraction patterns of YFO and Y1-xNdxFe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12, 0.16) ceramics.
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The lattice parameters were observed as a = 5.28, b = 5.58, and c = 7.59 which are in close
agreement with earlier reports (Shang et al., 2013). The lattice constant “a” was decreased
from 5.280 to 5.273 Å with Nd3+ substitution up to x = 0.08 afterward it started to increase
between 5.283 Å and 5.288 Å. This was attributed to the agglomeration of Nd3+ at grain
boundaries (Ahmad et al., 2018). The slight shift of diffraction peaks and variations in lattice
parameters were attributed to ionic radii differences such as Y3+ (1.03 Å) for Nd3+ (1.08 Å)
and Fe3+ (0.55 Å) for Cr3+ (0.62 Å) (Fabian et al., 2016a; Song and Jiang, 2018). This has
been indicated that a specific doping ratio of Nd3+ and Cr3+ can significantly change the
crystal structure of YFeO3. The variations in cell volume were found in a range of 223.61 to
224.38.
Table 4.10: Lattice constant, cell volume, crystalline size, X-ray density, bulk density and porosity of
YFO and Y1-xNdx Fe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12, 0.16) ceramics.
Parameters
Lattice Constant
(a)
Lattice Constant
(b)
Lattice Constant
(c)
Cell Volume/Vcell
(A3)
Bulk density/ρ bulk
(g/cm3)
X-ray density
ρ X-ray(g/cm3)
Porosity
Crystallite size/D
(nm)

YFeO3

Nd.04Y.96Fe.6Cr.4O3

Nd.08Y.92Fe.6Cr.4O3

Nd.12Y.88Fe.6Cr.4O3

Nd.16Y.86Fe.6Cr.4O3

5.28

5.279

5.273

5.288

5.283

5.58

5.589

5.591

5.594

5.590

7.59

7.603

7.595

7.600

7.598

223.61

224.32

223.91

224.81

224.38

5.001

4.964

4.659

4.788

5.056

5.678

5.725

5.802

5.844

5.921

0.126

0.133

0.196

0.180

0.145

26.68

45.02

48.19

44.38

44.91

The crystallite size was measured using Debye-Scherrer‟s equation:

D

k
B cos 

4.56

Where “D” is crystallite size, wavelength (  ) = 1.5406Å, k = 0.89, B is full width at half
maximum (FWHM) and  is a diffraction angle. The average crystallite size was measured in
the range of 26.680 nm to 48.196 nm. The substitution of Nd3+ and Cr3+ may cause the
compressive stresses which in result enhanced the distance amongst layers (ur Raheem et al.,
2017). This behavior might be responsible for an increase in crystallite size. X-ray density
was calculated as:
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x 

3M
N A V

4.57

However, ρx is X-ray density, M is molar mass and NA is Avogadro's number and V is the
volume of YFeO3. X-ray density was found from 5.678 (g/cm3) to 5.921 (g/cm3). The bulk
density was estimated by:

B 

m
2 rh

4.58

Wheres stands for bulk density, h shows thickness, m is the mass of pellet. The variations in
bulk densities were observed; they ranged from 5.001 to 5.056. The small value of bulk
densities was attributed to an accumulation of grains with Nd3+ and Cr3+substitution into
YFeO3 perovskite ceramics. Table.4.10 showed that the value of X-ray density comparative to
bulk density was larger for all compositions. This fact may be due to the existence of pores
and porosity in synthesized samples (Shahzad et al., 2017a).
4.4.2 SEM Analysis
SEM graphs of YFeO3 and Y1-xNdxFe0.6Cr0.4O3 (x = 0.08 and x = 0.16) are presented in
Figure 4.33. The grains of the pure YFO samples were in round shape. The average grain size
was estimated at 62.18 nm. Grain size and shape was modified as the substitution of
Nd3+ increased. The observed grains of Nd3+ substituted samples were in round, tubes, and
wire-like

shapes.

The

average

grain

size

of

Y0.92Nd0.08Fe0.6Cr0.4O3 and

Y0.84Nd0.16Fe0.6Cr0.4O3 compositions were found to be 101.92 nm and 89.80 nm, respectively.
The width of tubes and wires was measured as an average size of grains for
Y0.84Nd0.16Fe0.6Cr0.4O3. The agglomerations and voids caused grain growth (Ramesh et al.,
2018).
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a

c

b

Figure 4.37: SEM images (a), (b) and (c) represents YFO and Y 1-xNdx Fe0.6Cr0.4O3 (x = 0.08 and x = 0.16)
ceramics.

SEM images exhibited irregular size and shape of grains by combining in network structure.
Figure 4.33 shows that the enhancement of Nd substitution has increased the porous structure
of grains due to decomposition and removal of organics. Pure samples possess large
agglomeration and large sizes of grains. These results may be co-related with already obtained
XRD results (see porosity in Table 4.10), a similar result is already reported (Zhang et al.,
2012).
4.4.3 FTIR Spectroscopy
The fundamental absorption bands of YFeO3 and Y1-xNdxFe0.6Cr0.4O3 (0.04 ≤ x ≤ 0.16) were
studied by FTIR analysis (Figure 4.34). The absorption peak υ1 = 477 cm-1 was due to the
octahedral rotation of FeO6. This was shifted toward lower wave-number as substitution of
Nd3+ increased. The absorption peak of 579 cm-1 was assigned to the bending and stretching
of Fe-O/Nd-O, FeO6 octahedral rotation, and overlapping of Y-O. This absorption band was
shifted towards a higher wavenumber from 579 cm-1 to 621 cm-1(Sangian et al., 2017a).
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Transmittance (%T)
Figure 4.38: FTIR spectra for YFO and Y1-xNdxFe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12, and 0.16) ceramics.

Furthermore, this observed shift was due to crystal symmetry which may cause a change in
bond length and re-arrangements of coordination number. This may also indicate the
replacement of Y3+ ions with Nd3+ ions, these results are by earlier reported literature (Fki et
al., 2017). The absorption peak 3420 cm-1 was assigned to the residual amount of water. The
citric acid presence corresponded to the absorption band 2921cm-1. The symmetric and
asymmetric stretching vibrations appeared at the absorption band from 1407 cm-1 to 1628 cm1

(Todorovsky et al., 2002; Wang and Yu, 2007). It was notable that no absorption band of

related organic groups and nitric oxides appeared which indicates the complete combustion of
organic compound (Zhang et al., 2013a). The following relation can be used to measure the
vibrational frequency of the Fe-O bond:

1 K
v
 
2 c   

1

2

4.59

In this equation v is wave number, K is the average force constant, c is the speed of light,
and  is effective mass as follows:
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Mo  M Fe
Mo  M Fe

4.60

Where Mo and M Fe are the atomic masses of O and Fe respectively. The Bridge et al. (Bridge
and Round, 1988) measured the spring constant from the following relation:
3

 ( XaXb)  4
1
k  5.28 N 
  30( Nm )
2
(
r
)



4.61

Where N denotes bond order, Xa and Xb describe electro-negativities of a and b atoms and r is
the bond length. The spring constant (k) and bond length (r) were also measured from the
following relation (Fki et al., 2017):
k



17
Nm1
r3



4.62

v is wave number, K is the average force constant, c is speed of light and  is an effective

mass which is described by this equation:



Mo  M Fe
Mo  M Fe

where Mo and

4.63

M Fe are the atomic masses of O and Fe respectively (Fki et al., 2017).

Measured values of (υ1, υ2, and Kt, Ko) are listed in Table 4.11.
Table 4.11: FTIR characteristics bands (v1 and v2), Bond lengths (LA (Å) and LB (Å) ) and Spring
constants (Ktetra and Koct) for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12, 0.16) ceramics.
Composition
(x)

Wave
number
(v1 (cm−1))

Wave number
(v1(cm−1))

Bond
Length
(LA (Å))

Bond
Length
(LB (Å))

Force constant
(Ktetra(Dyn/ cm2)x105)

Force constant Koct
(Dyn/cm2 ) x105

YFO
0.04
0.08
0.12
0.16

477
439
440
471
406

579
621
620
622
621

1.192
1.259
1.257
1.201
1.326

1.47
0.995
1.00
0.981
0.990

10.03
8.506
8.549
9.801
7.286

14.789
17.021
16.974
17.093
17.046

The substitution of Nd3+ in Y1-xNdxFe0.06Cr0.04O3 increased the bond length from 1.192 Å to
1.326 Å at tetrahedral sites. The bond lengths decreased from 1.047 to 0.990 at the octahedral
site. The force constants (Ktetra and Kocta) were found between 10.03 (Dyn/ cm2x105) to 7.286
(Dyn/ cm2x105) and 14.789 (Dyn/ cm2x105) to 17.046 (Dyn/ cm2x105), respectively. It was
found that the force constant increased by increasing bond length at the octahedral site (Ditta
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et al., 2017). This was attributed to the strength of interatomic bonding (Manzoor et al., 2018).
These variations in force constant might be due to the substitution of rare earth Nd 3+ which
may produce changes in band shift, new bands, splitting of bands, and broadening of bands
(Akhtar et al., 2018).
4.4.4 Dielectric Properties
The stored electrostatic energy at the rate of change of volume gradient is known as the
dielectric constant. Mostly the dielectric capacitor uses this energy in the form of the charge
stored. The relation between dielectric constant and capacitance (C) represented as:

 *   ' 

'

4.64

Cd
AP   

4.65

AP is used for pellet cross-sectional area,   for permittivity of free space,  ' for dielectric
constant, C is for capacitance,  * for the imaginary part of dielectric loss and d is the width
of the pellet. The dielectric constant of all compositions was carried out in the frequency
range of 1.0 MHz to 3.0 GHz (Figure 4.35). It was found that as frequency increased the
dielectric constant started to decline.

Figure 4.39: Variations of dielectric constant (εʹ) with frequency for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x= 0.04,
0.08, 0.12, and 0.16) ceramics.
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4.4.4.1 DielectricParameters(ε',ε",tan )
The maximum dielectric constant was observed at 1MHz frequency range then subsequently
decreased to 2.52 GHz frequency range. For compositions x = 0.04 and 0.08, the dielectric
constant is 4.23 and 1.45 at 2.96 GHz frequency range. It can be seen that further substitution
of Nd3+ in Y1-xNdxFe0.6Cr0.4O3 for compositions x = 0.12 and 0.16 improved the dielectric
constant from 4.67 to 4.76, respectively.
Table 4.12: The measured values of Dielectric parameters for YFO and Y1-xNdxFe0.6Cr0.4O3 (x= 0.04,
0.08, 0.12, 0.16) ceramics.

Dielectric
Constant
Dielectric
Loss
tan

Frequency
1.25 GHz
2.25 GHz
2.95 GHz
1.25 GHz
2.25 GHz
2.95 GHz
1.25 GHz
2.25 GHz
2.95 GHz

YFO
4.32904
3.94887
4.31231
0.09092
0.08557
0.13900
0.03680
0.02167
0.03223

x=0.04
3.14533
2.84171
3.20033
0.05392
0.03587
0.19918
0.01634
0.01262
0.06224

x=0.08
1.45805
1.29700
1.46300
0.00736
0.03949
0.04977
0.00599
0.03045
0.03402

x=0.12
4.4415
4.34307
4.73892
0.11698
0.07358
0.03250
0.02355
0.01694
0.05033

x=0.16
4.36822
4.18389
4.42010
0.16412
0.15385
0.14920
0.03575
0.03677
0.03370

It is speculated that variations in dielectric constant may be attributed to the dipole relaxation
phenomenon of Fe3+/Fe2+ charges. This could also be suggested that the non-uniform sintering
process effectively changed the oxygen anions position on grains and grain boundaries which
causes interfacial polarization which might be another reason for dielectric variations [1]. It is
noted that the dielectric constant was decreased with increasing frequency which might be
elucidated based on Maxwell-Wagener theory, Koop‟s Model, and space charge polarization.
The polarization is determined by the local movement of electrons and the exchange between
Fe2+ and Fe3+ at an applied electric field. At a higher frequency range, the value of
polarization decreased because charges may not follow the applied external field further at a
certain frequency. A high-value dielectric constant at low frequency is attributed to interfacial
dislocations, oxygen vacancies, and grain boundaries defects [2]. The dielectric relaxation
process has occurred around the 2.56 GHz frequency range. The energy loss of dielectric
material express as dielectric loss factor given as:

 "   'tan( ) , D   E

4.66
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The composition x = 0.12 exhibited a low dielectric loss of 0.0325 in comparison to all other
samples. The dielectric loss in yttrium ferrite is associated with conductivity and the defects
of the crystal structure.

Figure 4.40: Variations of dielectric loss (εʹʹ) with applied frequency for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x =
0.04, 0.08, 0.12, and 0.16) ceramics.

Figure 4.36 depicted the variations in dielectric losses. Different compositions have different
effects on dielectric losses. Resonance peaks occurred when the frequency of hopping charge
carriers becomes equal to the frequency of the applied electric field [3]. In Figure 4.36, it is
observed that dielectric loss is high at low frequency and vice versa. At low-frequency grain
boundaries dominates while high-frequency conductive grains may play an effective role.
Further, fluctuation of tangent loss is probably due to various factors such as structural
uniformity, Fe2+ contents, the composition of samples, stoichiometry, and synthesis method
(Abbas et al., 2017a). For composition x = 0.12, optimized results have been obtained such as
εʹ = 4.76, and εʹʹ = 0.0325. These findings may help for the fabrication of the SIW cavity
resonator using FR4 substrate (Han et al., 2014; Tang et al., 2019).
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Figure 4.41: Tan-loss versus applied frequency for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x = 0.04, 0.08, 0.12, and
0.16) ceramics.

It is also found that tan showed a resonating behavior that occurred at a high-frequency
region around 2.55 GHz depicted in Figure 4.37. This behavior may be due to the hopping of
electrons between Fe3+ to Fe2+. The tan showed a decreasing trend with the increase of
frequency ascribed to pinning of domain wall motion (Dar et al., 2012). The low tangent
losses were significantly noticed at high frequency. This indicates the usability of this
material in high-frequency applications, similar results were previously reported (Akhtar et
al., 2017).
4.4.4.2 Electric Modulus (M', M")
Figure 4.38 and Figure 4.39 depicted variations of the real and imaginary part of electric
modulus for frequency and composition. The semi-circle arcs appearing in dielectric response
are comprehensive detail of relaxation peaks (maxima).
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Figure 4.42: Real part of electric modulus (Mʹ) as a function of frequency for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x =
0.04, 0.08, 0.12, and 0.16) ceramics.

It can be noted that substitution of Nd3+ may slightly shift relaxation peaks towards higher
frequency. This might be attributed to restoring force which controls the movement of charge
carriers in the applied electric field [4]. Impedance spectroscopy is a basic tool to investigate
the dielectric relaxation phenomena. The real and imaginary parts of impedance play an
important role to differentiate between grain, grain boundary, and electrode interface (Singh
et al., 2012). Semicircles at low frequency represent electrode, the contribution of grain at
high frequency, and mid-frequency this exhibited the effect of grain boundaries (Jamal et al.,
2011).
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Figure 4.43: Imaginary part of electric modulus (Mʹʹ) as a function of frequency YFO and Y1-xNdx Fe0.6Cr0.4O3
(x= 0.04, 0.08, 0.12, and 0.16) ceramics.

4.4.4.3 AC Conductivity
Nyquist‟s plot was interpreted based on the equivalent circuit model that is composed of
passive elements that are linked in series or parallel arrangements. Ceramic materials may
have the role of all three semicircles. Z View commercial software may be utilized to
segregate between grains, grain boundaries, and electrodes. Depression angle is measured to
see the deviation of the relaxation process from ideal type behavior (Barsoukov and
Macdonald, 2018). Shifting of maxima peaks, accumulation of charge carriers, and interfacial
polarization phenomenon was studied by governing the electric modulus. The graph between
Μʹ vs Mʹʹ in case of semi-circles provides enough details of under-investigated YFO
ceramics. The characteristic of a material to conduct electric current is known as electrical
conductivity. Mathematically, it can be demonstrated as:

 total   dc (T )   ac (  T )

4.67

The second part can be expressed in terms of power-law as follow:
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 ac (, T )  B(T ) n(T )

4.68

ω is 2πf (angular frequency), B is (Temperature-dependent factor) with a unit of conductivity
(ῼ-cm)-1, and n is constant having a value from zero to one. Where ζDC is frequency
independent conductivity, ζw is associated with the hopping conduction and this AC
conductivity has a strong relationship with angular frequency. Normally AC conductivity
showed electrode effects (usually active at low frequencies), DC plateau (at intermediate
frequencies), and defect processes. These processes result from hopping or tunneling between
equilibrium sites (Hzez et al., 2018).
4.69
Here Ea and Eb are the activation energy for the intrinsic and extrinsic conduction processes,
respectively and A and B are constants. In the present study, we investigated the response of
dielectric for the frequency at room temperature.
| |

| |

4.70

Specific conductance is the sum of two factors as shown in the above mathematical relation.
First-term is specifically for independent of frequency (lower range frequencies) when grain
boundaries are so active due to the drift motion of space charge carrier. While another term
representing for higher frequency range (frequency-dependent function) due to the hopping of
charge carrier and dielectric relaxation (Ansari et al., 2012). AC conductivity also represented
with an empirical mathematical relation:

 ac    '    tan( )  2 f tan( )

4.71

ζac represents ac conductivity, “f” is frequency, εo is the permittivity of free space and
dielectric

loss

xNdxFe0.6Cr0.4O3

factor

is

denoted

by εʹʹ.

All

samples

of

Nd3+ substituted

Y1-

showed an increasing trend at a low frequency while the dispersion effect

was prominent in the high-frequency region (Figure 4.40).
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Figure 4.44: AC conductivity variations Vs. frequency for YFO and Y 1-xNdx Fe0.6Cr0.4O3 (x= 0.04, 0.08, 0.12,
0.16) ceramics.

The trend of AC conductance with frequency may be explained by the Maxwell-Wagner
model and Koop's theory (Cuenca et al., 2016). The obtained results of quality factor showed
a decreasing trend with Nd3+ substitution and the results are shown in Figure 4.41. This may
be attributed to porosity. The composition x = 0.16 indicated a high value of quality factor
which is good for resonant circuits and frequency filter (Ejaz et al., 2018).
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Figure 4.45: Q-value vs. applied frequency for YFO and Y1-xNdx Fe0.6Cr0.4O3 (x = 0.04, 0.08, 0.12, and 0.16)
ceramics.

Table 4.13: Optimized Dielectric Results
Sample
Y0.84Dy0.16FeO3
Y0.84Pr0.16FeO3
Y0.84Nd0.16FeO3
Y0.84Nd0.16Fe0.6Cr0.4O3

Frequency
2.25 GHz
2.41 GHz
2.95 GHz
2.95 GHz

Dielectric Constant
5.731
10.35
4.92
4.738
110

Dielectric loss
0.043
0.088
0.091
0.032

Tangentloss
0.070
0.036
0.038
0.016

Conclusions
The sol-gel auto-combustion method was used for the synthesis of rare earth metals
substituted YFeO3 ceramics. XRD results showed that the porosity of all samples was varied
between 5.172 g/cm-3 to 4.634 g/cm-3 by the substitutions in YFeO3. XRD pattern of the unsubstituted sample has an orthorhombic structure having Pnma space group. XRD patterns of
the substituted samples revealed that the substitution of Pr modifies the orthorhombic
structure into a hexagonal structure. Bulk density and porosity were decreased with Pr
substitution in YFeO3. A decreasing trend in tolerance factor was observed which was
attributed to the substitution of smaller ionic radii Nd3+ (0.995nm) for the Y3+ (1.06nm) in
YFeO3 ceramics. The substitution of Nd3+ has significantly influenced the structural
parameters and induced variations in cell volume. SEM analysis revealed the nano regime
size of the synthesized Dy3+ substituted YFeO3 samples. Crystallite size was steadily
decreased with Pr substitution. Pr significantly decreases the grain size. The SEM analysis
revealed that the grain size of Nd substituted samples was large as compared to pure YFO,
this was attributed to the aggregation of particles resulting from magnetic dipole interaction.
The FTIR investigation of Dy3+ substituted YFeO3 showed that absorption band υ1
(tetrahedral) was shifted towards the lower wave-number range. The absorption band υ2
(octahedral) was shifted towards the higher wave-number range. The enhancement of spring
constant with Dy3+ substitution indicated the strengthening of inter-atomic bonding. The
absorption bands ν1 and ν2 were associated with the stretching vibration of Fe-O and FeO6
octahedral rotation Pr3+ substituted YFeO3. FTIR analysis revealed the shifting of
fundamental characteristic bands (υ1 and υ2) that confirmed the presence of YFeO3. The
notable changes in force constant and bond length have been attributed to the strength of
interatomic bonding in Nd substituted YFeO3 ceramics. The substitution of the Dy3+ ions
significantly enhanced the dielectric constant. The dielectric loss decreased with substitution
at the high-frequency range of 2.95 GHz which is useful in storage devices and microwave
applications. The composition Y0.96Dy0.04FeO3 showed shifting of resonance peak towards a
high-frequency range. An enhancement in dielectric constant was observed with an increase
of dopant concentration (Pr). The dielectric constant was found to be increased while
dielectric loss and tan-loss were decreased. The complex impedance analysis showed the
contribution of grain boundary phenomenon in dielectric properties. AC conductance has
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shown an increasing trend at a low frequency while dispersion effect was prominent at the
high-frequency region, explained on basis of Maxwell-Wagner model and Koop's theory.
Impedance spectroscopy has revealed that restoring force controlled the movement of charge
carriers in the applied electric field. The improved dielectric properties and microwave
frequency response make these materials useful in high-frequency filters and resonant
circuits.
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