
“IONIC RADII AND MAGNETIC MOMENT 

DEPENDENT STRUCTURAL, MAGNETIC AND 

CATALYTIC PROPERTIES OF MIXED METAL 

OXIDE SYSTEMS” 

A thesis submitted in partial fulfillment of the requirement for 

The degree of Doctor of Philosophy in the subject of Chemistry 

Under the faculty of Science 

 

By 

Mr. Amol Murlidhar Pachpinde 
     M. Sc. 

Under the guidance of 

 

Dr. K. S. Lohar 
HEAD,  

CHEMISTRY DEPARTMENT, 

SHRIKRISHNA MAHAVIDYALAYA, GUNJOTI 

TQ. OMERGA, DIST. OSMANABAD. (MS) 

 

 

DR. BABASAHEB AMBEDKAR MARATHWADA UNIVERSITY, 
AURANGABAD - 431 004 

March -2016 

 



 

Dedicated to My Parents 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Mr. Late Murlidhar 

and Mrs. Chabubai. 



 

i 

 

 

This is to certify that work embodied in the thesis entitled, “Ionic Radii and 

Magnetic Moment Dependent Structural, Magnetic and Catalytic 

Properties of Mixed Metal Oxide Systems”, being submitted by Mr. Amol 

Muralidhar Pachpinde to the Dr. Babasaheb Ambedkar Marathwada university, 

Aurangabad for the award of degree of Doctor of Philosophy in Chemistry is a record of 

bonafide research work carried out by his under my guidance and supervision, and has 

fulfilled the requirements for the submission of this thesis to my knowledge, has reached 

requisite standard. The results contained in this thesis have not been submitted in part or 

in full, to any other University or institute for the award of any degree or diploma. 

 Place: Aurangabad. 

 Date:                    

 

 Research Guide 

 

  Dr. K.S.Lohar.            



 

ii 
 

 

ABSTRACT 

 
Nanotechnology entails the application of fields of science as diverse as surface 

science, organic chemistry, molecular biology, semiconductor physics, microfabrication, 

etc. To fabricate magnetic materials iron and its alloys were used to serve the need of the 

electrical industry for long time. This realization stimulated a renewed interest in 

“magnetic Insulators” as first reported by S. Hilpert in Germany in 1909. It was readily 

understood that if the high electrical resistivity of oxides could be combined with desired 

magnetic characteristics, a magnetic material would result that was particularly well 

suited for high frequency operation. 

Among these magnetic materials, spinel cobalt ferrites have been intensively 

studied recently owing to the excellent characteristics and their potential applications 

such as superior chemical stability, powerful corrosion, good mechanical hardness, high 

level of signal to noise ratio, high resistance, microwave devices, high-density magnetic 

recording, electronic devices and medicine large single axis anisotropy, large coercivity 

and magnetic energy product and highest performance to price ratio. These materials 

have good mechanical, chemical and thermal stability. Rare earth substituted ferrites are 

nowadays under extensive investigations in order to enhance the saturation 

magnetization, permittivity and permeability. 

 The objective of this thesis is to contribute to the understanding of the correlation 

between the structural, morphological, infrared, magnetic properties and some catalytic 

applications of rare earth substituted cobalt ferrite materials. The chapter 1 deals the 

relevance and important concepts of nanomaterials, magnetism, ferrites which are 

selected for the present investigation. This Chapter reviews the basic concepts of 

permanent magnetic materials and importance on spinel ferrites particularly cobalt ferrite 

permanent magnets. It briefly presents the review of the work carried out in the field of 

nano ferrites, the objectives of this research work. The samples investigated in this study 

were obtained sol-gel auto-combustion technique. A detailed description of the 



 

iii 
 

experimental methods is given in Chapter 2. This chapter introduces important aspects 

concerning the different synthesis methods of the nanocrystalline ferrite systems. 

Chapters 3 give the theoretical background of characterization techniques employed. 

Chapters 4 and 5 deals with the findings of the work carried out. Lastly chapter 6 deals 

with applications of synthesized ferrite systems as a catalyst for some chemical reactions. 

The following section provides a glimpse of the conclusions drawn from the present 

study and the scope for work.  

 Firstly, chapter 4 highlights the investigations on structural and magnetic 

properties of technologically important Ho
3+

substituted CoFe2O4, HoxCoFe2-xO4 (x=0.0, 

0.025, 0.05, 0.075, 0.1.) ferrite nanoparticles were prepared by sol-gel auto-combustion 

technique. The structural properties were investigated by using X-ray diffraction 

technique. Fourier Transform Infrared IR spectroscopy technique for the confirmation of 

crystal structure is outlined. Details of the imaging technique used (SEM) is also 

presented. Vibrating Sample Magnetometry (VSM) for the magnetic characterization of 

the samples has been discussed.  

  The different physical parameters such as lattice constants, X-ray density, 

cell volume, porosity, particle size were measured and show strong variation subject to 

Ho
3+

substitution. It was observed that the XRD pattern of x ≥0.075 sample consists of 

superposition of the cubic spinel and ortho-ferrite patterns indicating the two-phase 

coexisting region. With the addition of Ho
3+

contents for Fe
3+

in HoxCoFe2-xO4 compound 

grain size decreased with the substitution degree of Ho
3+

. Which may be due to  larger 

bond energy of Ho
3+

–O
2-

 as compared to Fe
3+

–O
2-

, more energy is needed to force 

Ho
3+

ions enter into the lattices and form the bond of Ho
3+

–O
2
 .Thus the rare earth 

element holmium acts as a grain growth inhibitor.  The knowledge of phase formation 

and surface morphology was understood by scanning electron microscopy technique. It is 

observed from SEM that uniform distribution of particles with better grain boundaries for 

initial Ho
3+

 concentration. Grain size is strongly affected due to the incorporation of 

Ho
3+

ions. The TEM micrograph of the synthesized Ho
3+

 substituted CoFe2O4 ferrite 

nanoparticles shows almost homogeneous and uniform distribution of the particles in this 

powder sample. The particles are consisted of some regular and irregular polyhedrons 

with mean sizes of about 34 nm (x= 0.0) and 41 nm(x= 0.075) much larger than the size 
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obtained from XRD data. The SAED patterns indicate that the samples are crystallized 

and their nature is polycrystalline. The Infrared spectroscopy results show the shifting of 

ѵ1 and ѵ2 absorption bands with Ho
3+ 

substitution. The effect of rare earth element 

Ho
3+

substitution on the magnetic properties of the material is in general a positive one. 

With the substitution of Ho
3+

ions in CoFe2O4, saturation magnetization increased from 

61.06 to74.05 emu/g, remanent magnetization increased from 28.5 to34.6 emu/g, this 

may be probably due to the larger magnetic moment of Ho
3+

ions and enhanced exchange 

interaction. Coercivity of CoFe2O4 increased from 1269 to 1591 Oe with 

Ho
3+

substitution.  

 In Chapter 5 the investigation of Pr
3+

 doped CoFe2O4, PrxCoFe2-xO4.  (x=0.0, 

0.025, 0.05, 0.075, 0.1) magnetic materials is presented. The samples were produced by 

sol-gel auto combustion technique. These efforts were towards synthesizing 

nanocrystalline rare earth Pr
3+

 doped CoFe2O4 and understanding chemistry and physics 

of these materials. The structural properties were investigated by using X-ray diffraction 

technique. The imaging technique SEM and TEM is used. Fourier Transform Infrared 

(FTIR) spectroscopy technique for the confirmation of crystal structure is outlined. The 

vibration of magnetization as a function of applied magnetic field at room temperature 

was studied Vibrating Sample Magnetometry (VSM).  

It is observed that the increase in the Pr
3+

 content causes the change in the 

intensity of the XRD characteristic peaks of PrxCoFe2-xO4.  (x=0.0, 0.025, 0.05, 0.075, 

0.1). Lattice constant „a‟ increased with the increase in Pr
3+

substitution. It is observed 

that the cubic spinel phase coexists with some amount of PrFeO3 phase in x≥0.05. As 

CoFe2O4 is nearly inverse spinel Pr
3+

substitution also affects the other structural 

parameters such as density and porosity of PrxCoFe2-xO4 nanoparticles. Scanning electron 

microscopy images shows that the grain size and morphology is strongly affected due to 

the Pr
3+

 substitution. The SEM images of the synthesized pure cobalt ferrite and 

Pr
3+

substituted cobalt ferrite, it is expected that the average grain size decreases with 

increase in Pr
3+

substitution. TEM images of the samples show that the particles are 

aggregated and the average value of the nanocrystalline samples are is consistent with the 

result from XRD according to the Scherrer formula. It also demonstrates that the 

nanoparticles are not in spherical shape but in square slice shape with small thickness.  
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The selected area electronic diffraction (SAED) pattern of the nanoparticles shows poly 

crystalline nature. IR spectrum of the synthesized samples displayed two absorption 

bands characteristic of the spinel ferrites at 707–757 and 454–477 cm
-1

. The higher 

frequency band (ѵ1) is appeared due to the stretching vibration of tetrahedral metal 

oxygen bond and the lower frequency band (ѵ2) is due to octahedral metal oxygen bond. 

Substitution of Pr
3+

 ions into the cobalt ferrite system can be utilized for enhancement of 

saturation magnetization (Ms) from 54.7emu/g to 64.2emu/g up to x≥0.75 and decrease 

for x=0.1. And coercive field (Hc) increases from 644 Oe to 1013 Oe. Substitution of 

Pr
3+

ions in the spin-down states (4e, 4f1 and 4f2) may lead to an increase in the net 

magnetization. Pr
3+

substituted cobalt ferrite samples exhibit higher coercivities than that 

of pure cobalt ferrite due to higher magnetocrystalline anisotropy.  

Lastly in chapter 6 deals with catalytic activity of synthesized HoxCoFe2-xO4 and 

PrxCoFe2-xO4 nanoparticles for multi component reactions. Ho
3+

doped CoFe2O4 

nanoparticles were used for one-pot three-component synthesis of 2,4,5-triaryl-1H-

imidazole derivatives from benzil or benzoin, aromatic aldehydes and ammonium acetate 

in ethanol. The three HoxCoFe2-xO4 (x = 0.0, 0.05, and 0.1) nanoparticles were screened 

to find out best ferrite composition for synthesis of 2,4,5-triphenyl-1H-imidazole as 

model reaction. It is observed that the reaction proceeds in shorter time period with good 

efficiency in the presence of HoxCoFe2-xO4(x= 0.05) nanoparticles. The catalyst was 

consecutively reused five times without any noticeable loss of its catalytic activity. Being 

a heterogeneous and highly magnetic, catalyst can be easily and almost completely 

separated by an external magnet which is of a great advantage. Hence the method 

overcomes the earlier disadvantages and therefore will be of general use and interest to 

synthetic chemists. Pr
3+

 doped CoFe2O4 nanoparticles were used as a catalyst for one-pot 

–four component synthesis of multisubstituted pyrrole derivatives via reaction of amines, 

aldehydes, acetylacetone and nitromethane in solvent free condition at 90 
ο
C. The three 

PrxCoFe2-xO4 (x = 0.0, 0.05, and 0.1) nanoparticles were screened to find out best ferrite 

composition for synthesis of          2-methyl-1,4-diphenyl-3-acetyl-1H-pyrrole as model 

reaction. It is observed that the reaction proceeds in shorter time period with good 

efficiency in the presence of PrxCoFe2-xO4 (x= 0.05) nanoparticles. The catalyst is easily 

recoverable using magnet and could be reused without significant loss of catalytic 
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activity. Even after five runs for the reaction, the catalytic activity of Pr
3+

 doped CoFe2O4 

was almost the same as that of the freshly used catalyst. The proposed method is 

advantageous and showing good potential for industrial application due to its little 

catalyst loading, short reaction time, catalyst reusability, and excellent yields.  

 

 

KEYWORDS: Ferrite materials, Sol–gel growth, Electron microscopy, Infrared 

spectroscopy, Magnetic properties, Ho
3+

doped CoFe2O4 nanoparticles; One-pot three-

component reaction, Pr
3+

 doped CoFe2O4, Recoverable using magnet, Catalyst 

reusability. 
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Chapter # 1 

Introduction to Ferrites 

 

1.1 Introduction 

1.1.1. Magnetic nanoparticles 

Today, research on, and the manufacturing of, magnetic particles with sizes 

from a few nanometers up to micrometers have been introduced into many 

different applications including information carriers in biotechnology and medicine. 

Magnetic nanoparticles, for example, magnetite or maghemite (common iron 

oxides used in different biomedical applications and in data-storage systems) with 

diameters less than about 50 nm are single domains. Magnetic nanoparticles can be 

divided into particles that are superparamagnetic or thermally blocked. 

Superparamagnetic particles have magnetic relaxation times that are shorter than 

the typical time scale of the measurement. Thermally blocked particles have 

magnetic relaxation times that are longer than a typical time scale of measurement 

being used to study the particle system.  

Magnetic nanoparticles show remarkable new phenomena such as 

superparamagnetism, high field irreversibility, high saturation field, extra 

anisotropy contributions or shifted loops after field cooling. These phenomena 

arise from finite size and surface effects that dominate the magnetic behaviour of 

individual nanoparticles. A particle of ferromagnetic material, below a critical 

particle size (<15 nm for the common materials), would consist of a single 

magnetic domain, i.e. a particle in a state of uniform magnetization at any field 

[1,2].The magnetization behaviour of these particles above a certain temperature, 

i.e. the blocking temperature, is identical to that of atomic paramagnets (super 

paramagnetism) except that an extremely large moment and thus, large 
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susceptibilities are involved. Magnetic nanoparticles of ferrites are of great interest 

in fundamental science, especially for addressing the fundamental relationships 

between magnetic properties and their crystal chemistry and structure. 

In present scenario of condensed matter physics rare earth ions are playing 

an active role in magnetic oxides and results in various novel properties in 

perovskites and pyrochlores [3,4].The spinel oxides with formula unit AB2O4 [5] 

represent another most important and interesting class of magnetic oxides. Where 

magnetic disorder and exchange frustration, introduced by size mismatch of 

cations and competition between super exchange interactions amongst A and B site 

moments, gives rise to various kind of magnetic order [6]. In spite of enormous 

works on substitution in spinel oxides [5,7], less attention has been paid for the 

substitution of rare earth (RE) ions in spinel oxides. More experimental 

investigation of RE substitution may provide fundamental theoretical 

understanding of coupling effect between 3d–4f spins in spinel oxides. For 

example, the vector mean field-model (Heisenberg) [8] predicts the appearance of 

re-entrant phase in disorder magnet [7,9] where the ferrimagnetic order of 

longitudinal spin components coexists with the spin glass order of transverse spin 

components. According to the Heisenberg spin glass model a spin can rotate along 

any direction with respect to the applied magnetic field. However, for a strong 

anisotropic magnetic material, such as rare earth substituted materials, the rotation 

of the spin is largely controlled by the crystalline field effect of rare earth (RE) 

ions. If the anisotropy field is strong enough, the spin is forced to be aligned along 

the local anisotropy axis. The preference of the spin alignment may add amazing 

character to the associated spin-cluster. Consequently, critical phenomena like 

magnetic transitions with AT (de Almeida–Thouless) and GT (Gabay–Toulouse) 

lines in rare earth containing disorder magnets will be different in comparison with 

isotropic (Heisenberg) spin glass behaviour of transition metal ions [10]. 

Therefore, systematic and detailed investigations of rare earth substitution over a 

wide range of spinel oxides are of renewed interest and relevance. In most of the 

earlier known cases, rare earth (RE) ions were substituted in a long range 

ferrimagnetic spinels like Ni–Zn ferrite, Co
2+

 containing ferrites [11,12]. The lack 

of sufficient experimental reports, dealing with the rare earth substitution in a 

frustrated and magnetically (one sub-lattice) diluted spinel oxides, motivated us to 
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study the effects of rare earth (Ho and Pr) ions in cobalt ferrite spinel oxide. The 

cation distribution 

[     
     

  ]   [     
       

  ]   

Where A: tetrahedral or A sites, B: Octahedral or B sites. This cation distribution 

indicates that A site is highly magnetic diluted (magnetic moment concentration 

0.2 due to Fe
3+

 is below the percolation limit 0.33 for the occurrence of long 

range ferrimagnetic order in spinel oxide). The B site moments form finite clusters 

and the spins inside the clusters are canted due to comparable or even weaker inter-

sub lattice superexchange (JAB) interactions than B sub lattice (JBB) superexchange 

interactions [13]. If RE
3+

 ions are introduced in this system, the B site Fe
3+

 ions 

will be replaced due to strong B site occupancy of RE ions, and we expect that 

some of the clusters will contain RE
3+

 ions [14]. 

1.1.2. Ferrites 

Ferrites are iron based oxides with technologically fascinating magnetic 

properties, making them a prominent category in magnetic materials. The ferrite 

particles in nano-regime with significant change of physical properties provide 

more advantages over the bulk ferrites [15]. With regards to the rapidly mounting 

field of nanotechnology, ferrite nanoparticles have been the core of extensive 

research pertaining to their widespread applications, be it biomedical, techno- 

logical or industrial. Nanocrystalline particles of magnetic materials show 

substantially enhanced magnetic properties. 

The unit cell of the spinel ferrite is formed by doubling the face centered 

cubic oxygen sub-lattice along each of the three dimensions. In this arrangement 

64 tetrahedral or A-sites and 32 octahedral or B-sites are created in the unit cell. In 

stoichiometric spinels only 8 A-sites and 16 B-sites are filled by divalent 

transition-metal ions. The spinel compounds belong to the space group Fd3m 

(F41/d32/m, No. 227 in the International Tables for X-ray Crystallography) with 

lattice parameter 8.5 Å. In mixed spinel ferrites the concentrations of ferrous, ferric 

and substituted metal ions and their distribution over tetrahedral and octahedral 

sites play a vital role in determining their magnetic and electrical properties. In 

normal spinels, all the A-sites are occupied by divalent transition metal ions while 
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in inverse spinels; the divalent ions occupy B-sites. In disordered spinels the 

divalent ions are present on both A and B-sites. The normal and inverse spinels are 

two extremes between which the cation distribution may vary. When the origin of 

the unit cell is taken at the centers of symmetry  ̅3m and  ̅  m, then oxygen 

positional parameter ‘u’ (the distance between the oxygen ion and the face of the 

cube edge along the cube diagonal of the spinel sub-cell has ideal values 0.375 

(3/8) and 0.250 (1/4) respectively, for a perfect cubic close-packed arrangement of 

oxygen ions. In this case the octahedral cation–anion distance or bond length is 

1.155 times larger than the tetrahedral bond length. A deviation from the ideal 

structure occurs when oxygen is displaced along (111) direction to accommodate 

the constituent cations, the tetrahedral site with smaller volume enlarges at the 

expense of the octahedral site and then ‘u’ value greater than 0.375. In order to 

control the domain of ferrite’s applications, the investigation of cation distribution 

on A and B sites and oxygen positional parameter ‘u’ is most important [16, 17]. 

 

1.1.3. Applications of ferrites 

The field of spinel ferrites is well cultivated because of their various 

potential applications and the interesting physics involved in it. Even after more 

than half of the century the scientist, researchers, technologist, and engineers are 

still excited in various types of bulk as well as nanocrystalline ferrite materials. 

The recent trend is focused on the doped ferrites prepared using various synthesis 

techniques with different cation concentrations which in turn affects the various 

properties like, electrical, dielectric, and magnetic behavior. Ferrite materials are 

important magnetic materials, which have various applications in power 

conditioning and conversion. Due to their distinct magnetic properties, ferrite 

materials have been widely used to prepare many electromagnetic devices such as 

inductors, converters, phase shifters and electromagnetic wave absorbers [18-19]. 

Industrial applications of magnetic nanoparticles cover a broad spectrum 

such as magnetic seals in motors, magnetic inks for bank cards, magnetic recording 

media and biomedical applications such as magnetic resonance contrast media and 

therapeutic agents in cancer treatment [1,20-23]. Each potential application 
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requires the magnetic nanoparticles to have different properties. For example, in 

data storage applications, the particles need to have a stable, switchable magnetic 

state to represent bits of information, a state that is not affected by temperature 

fluctuations. 

Inductors. Ferrites are primarily used as inductive components in a large variety of 

electronic circuits such as low noise amplifiers, filters, voltage-controlled 

oscillators, impedance matching networks etc. Their recent applications as 

inductors, obey among other tendencies, to the general trend of miniaturization and 

integration as ferrite multilayer for passive functional electronic devices. The 

multilayer technology has become a key technology for mass production of 

integrated devices; multilayer allows a high degree of integration density. 

Multilayer capacitors penetrated the market a few decades ago, while inductors 

started in the 1980s., the basic components to product. 

High Frequency. There has been an increasing demand of magnetic materials for 

high-frequency applications such as telecommunications and radar systems, as 

microwave technology requires higher frequencies and bandwidths up to100 GHz. 

Ferrites are non conducting oxides and therefore allow total penetration of 

electromagnetic fields, in contrast with metals, where the skin effect severely limits 

the penetration of high-frequency fields [24]. 

Power. Power applications of ferrites are dominated by the power supplies for a 

large variety of devices such as computers, all kinds of peripherals, TV and video 

systems, and all types of small and medium instruments. The main application is in 

the systems known as switched-mode power supplies (SMPSs). In this application, 

the mains power signal is first rectified it is then switched as regular pulses 

(typically rectangular) at a high frequency to feed into a ferrite transformer, and 

finally it is rectified again to provide the required power to the instrument. An 

increase in power delivery and efficiency can be obtained by increasing the 

working frequency of the transformer. 

Electromagnetic Interference (EMI) Suppression. The significant increase in the 

amount of electronic equipment such as high-speed digital interfaces in notebooks 

and computers, digital cameras, scanners, and so forth, in small areas, has seriously 

enhanced the possibility of disturbing each other by electromagnetic interference 
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(EMI). In particular, the fast development of wireless communications has led to 

interference induced by electric and magnetic fields. Electromagnetic interference 

can be defined as the degradation in performance of an electronic system caused by 

an electromagnetic disturbance [25]. The noise from electric devices is usually 

produced at frequencies higher than circuit signals. To avoid, or at least reduce 

EMI, suppressors should work as low-pass filters, i.e. circuits that block signals 

with frequencies higher than a given frequency value. There are several approaches 

to build EMI suppressors: soft ferrites [26], ferromagnetic metals [27], 

ferromagnetic metal/hexaferrite composites [29], encapsulated magnetic particles 

[29], and carbon nanotube composites [30]. 

High-density write-once optical recording: Thin films of defect spinel ferrites can 

be used as write-once read-many media working with blue wavelengths. In fact, 

because these non-stoichiometric ferrites are metastable, they can be transformed 

into corundum phases at moderate temperatures by a laser spot. The transformed 

regions have different optical indices from the starting ferrite film, making the 

readout process possible. 

Magnetic sensors: These are used for temperature control and these can be made 

using ferrite with sharp and definite Curie temperature. Position and rotational 

angle sensors (proximity switches) have also been designed using ferrites. 

Magnetic shielding: A radar absorbing paint containing ferrite has been developed 

to render an aircraft of submarine invisible to radar. 

Pollution control: There are several Japanese installations which use precipitation 

of ferrite precursors to scavenge pollutant materials such as mercury from waste 

streams. The ferrites produced subsequently can be separated magnetically along 

with the pollutant. 

Ferrite electrodes: Because of their high corrosion resistance, ferrites having the 

appropriate conductivities have been used as electrode in applications such as 

chromium plating. 

Entertainment ferrites: Ferrites are widely used in radio and television circuits. 

Typically applications include deflection Yokes, fly back transformers and SMPS 

transformer for power applications. 
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1.2 Literature review and aim of the present work 

A recent literature survey on the structural and dielectric properties of 

various spinel nanocrystalline ferrites are discussed herein brief. Many researchers 

have studied the influence of various rare earth doping atoms on the properties of, 

Li–Ni, Mn–Zn, Mg–Cu, Cu–Zn ferrites, etc. [31–34]. The results of these 

researches show that different rare-earth ions behave differently in spinel ferrite. In 

general, the permeability of ferrite (e.g. Ni–Zn) was reported to decrease with the 

substitution of R2O3. An increase of about 60% relative permeability in Sm-doped 

Cu–Zn ferrite is reported by Sattar et al. [35]. Jalli et al. [36] report on the 

Samarium (Sm) doped M-type strontium ferrite single crystals. Dwevedi et al. [37] 

report on the structural, electrical and magnetoreactance of Dy, Gd and Nd-doped 

Ni ferrites. Some literature reports the decrease in relative density of ferrites with 

rare earth addition. On the other hand, others report on its increase. It has been 

accepted that the rare-earth ions commonly reside at octahedral sites and have 

limited solubility in the spinel lattice due to their large ionic radii. Nevertheless, 

the precise value of their solubility in the spinel lattice is not well known [38, 39]. 

Fayek et al. [40] have reported effect of Zn substitution on dielectric properties of 

Cu1−xZnxGa0.5Fe1.5O4 ferrite prepared by solid state method. Their results of 

frequency dependent dielectric loss (tan ı) behavior show relaxation spectra.Where 

the authors determine relaxation time and the maximum frequency for the hopping 

mechanism. Sivakumar et al. [41] have concluded that the real part of the dielectric 

constant (ε) is found to be around 100 for milled MgFe2O4 which are two orders of 

magnitude smaller than that of the bulk MgFe2O4. The authors also observe 

anomalous behavior of dielectric constant (ε), which has been explained based on 

the presence of both n-type and p-type charge carriers. Kaiser [42] has investigated 

the effect of Ni substitution on various properties of (Cu0.8−xZn0.2Nix) Fe2O4 ferrites. 

Their electrical measurements at various compositions were investigated from 

room temperature up to 650K in the frequency range (10
2
–10

5
 Hz).They conclude 

that the transition temperature (Tc) of (Cu0.8−xZn0.2Nix) Fe2O4 increases with an 

increasing Ni concentration. Reddy et al. [43] studied the influence of copper 

substitution on structural and electrical properties of Mg-Cu-Zn ferrites prepared 

by microwave sintering method. Their reported results reflect that, the lattice 
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parameter ‘a’ slowly increases, whereas the density sharply increases with 

increasing concentration of Cu ions in the MgCuZn ferrite. Ahmed et al. [44] and 

Ata-Allah and Fayek [45] have reported Cu substituted Ni, Zn, and Mn ferrites. 

Their results show strong influence of concentration of Cu substitution on 

frequency and temperature dependence dielectric properties like dielectric constant 

(ε) and dielectric loss (tan) [46]. Structural, electrical and magnetic properties of 

Co-Cu ferrite nanoparticles have also been studied by various workers [47]. M.A. 

Gabal studied structural and magnetic properties of nano-sized Cu–Cr ferrites 

prepared through a simple method using egg white [48]. In the recent years; there 

has been an increased interest in the application of Ni-Cu-Zn ferrite for the 

production of MLCI components. The applications of the chip inductors include 

[49-51]. The investigations showed an improved densification in Ni-Zn [52] and 

increased permeability in Cu-Zn ferrite [53] by Sm substitution. La substitutions 

showed an improved resistivity in Ni-Zn ferrites [54]. Similarly, these substitutions 

may improve the electromagnetic properties in Ni-Cu-Zn ferrites. Rare earth ions 

can improve densification and increase permeability and resistivity in (Ni1-x-

yZnxCuy) REzFe2-zO4 ferrites where, RE enters into the ‘B’ sites by displacing a 

proportionate number of Fe
3+

 from B to A sites. Previous studies suggest that the 

inhomogeneous magnetic spin structure can be effectively suppressed by La 

doping [55-58].  

The cubic CoFe2O4 has large magnetocrystalline anisotropy energy with 

positive anisotropy constant. It has six easy directions along the cube edges of the 

crystal represented as <100>, four hard directions across the body diagonals 

denoted as <111> and twelve saddle points across the face diagonals, which lead to 

positive magnetocrystalline anisotropy constant [59,60]. The large 

magnetocrystalline anisotropy energy of cobalt ferrite is mainly attributed to the 

Co
2+

 ions on the B sites of the spinel. As the crystal field is not capable to quench 

the orbital magnetic moment, there is a strong spin-orbit coupling (L-S coupling) 

and due to this coupling there is large magnetocrystalline anisotropy energy 

(MAE) [61]. Depending on the method of preparation, CoFe2O4 may have normal 

spinel, mixed spinel or inverse spinel structures and can be expressed by: 
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[     
     

  ]   [     
       

  ] . The parameter of inversion, x, is equal 0 for 

inverse spinel and to 1 when the spinel is normal. 

Beside the all above fact discussed; rare earth elements are especially 

different because of their higher ionic radii and higher magnetic moment which 

highly influenced the properties of the spinel ferrite. Therefore, we have decided to 

use the rare earth doping with different composition percent in the spinel ferrite. At 

the same time due to its unique properties of Co-ferrite, the amount of Co
2+

 will be 

kept constant in the whole range of sample composition.  

In the present study we have choose Ho
3+

 and Pr
3+

 rare earth element as a 

substitute ions for Fe
3+

 in CoFe2O4. 

Multiferroic and magnetoelectric  properties of single-phase 

Bi0.85La0.1Ho0.05FeO3 ceramics were studied by Xingquan Zhang et al. [62] R.N. 

Bhowmik and R. Ranganathan studied Magnetic properties in rare-earth 

substituted spinel Co0.2Zn0.8Fe2-2x RExO4 (RE=Dy, Ho and Er, x= 0.05) [63].Effect 

of rare-earth Ho ion substitution on magnetic properties of Fe3O4 magnetic fluids 

were studied by R. V. Upadhyay et al. [64]. Marit Stange et al. [65] studied 

structural aspects of the distorted perovskite ABO3 phase Pr1-xSrxFeO3, were 

studied by powder X-ray diffraction, powder neutron diffraction, 57 Fe Mössbauer 

spectroscopy, and Fe, Sr, and Pr L
III

-edge EXAFS techniques. Yanfei Wu et al.[66] 

studied the structure, electromagnetic properties and microwave absorption of the 

hexaferrites BaCo- NiPrxFe16-xO27 and tries to illustrate the effect of the 

Pr
3+

substitution for Fe
3+

on these properties. 

In the light of the literature as discussed above, it is well known that the 

structural and the dielectric properties of ferrites are strongly dependent on method 

of synthesis, sintering temperature, chemical composition and grain structure or 

size. Hence, the study of such properties at different frequencies, temperatures and 

chemical compositions may provide valuable information about the kind and 

amount of additives required to obtain high quality materials for practical 

applications. As a result, the study of electric and dielectric properties is equally 

important as those of magnetic properties from the applied fundamental research 

point of view. By keeping the importance of CoFe2O4 and rare earth elements such 
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as holmium (Ho
3+

) and praseodymium (Pr
3+

) ions we have synthesized following 

two ferrite systems in order to investigate structural and magnetic properties 

1. HoxCoFe2-xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) 

2. PrxCoFe2-xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) 

Methodology: 

The microstructures and properties of ferrite materials are also very 

sensitive to the preparation methodology used in their synthesis. Many methods, 

such as co-precipitation, spray pyrolysis, combustion synthesis, hydrothermal 

synthesis, and sol–gel method [67–71], have been used for the preparation of soft 

ferrites. However not all methods are commercially feasible due to some intrinsic 

disadvantages such as complexity, time consumption, or impurity penetration. 

Method of sample preparation 

Sol gel method is an important mean of preparing inorganic oxides. It is a 

wet chemical method and a multistep process involving both chemical and physical 

processes. A sudden increase in viscosity is the common feature in sol-gel 

processing, indicating the onset of gel formation. The sol–gel method adopted in 

this research work has the following advantages. First, the composition of 

nanocrystalline sample to be homogeneous and powder sample possess high 

quality. Second, the heat treatment temperature is low, and the nanostructure and 

crystallite size of powder sample can be controlled by the annealing temperature. 

Some of other important features of the sol-gel method are: 

 Better homogeneity 

 High purity 

 Lower processing temperature 

 Better size and morphological control 

 More uniform phase distribution in multi component systems like 

ferrites. 
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Objectives: 

a. To choose the correct rare earth element with proper ionic radii and   

             magnetic moment as a dopant. 

b. To synthesis the rare earth doped cobalt ferrite by sol-gel auto-combustion   

             method. 

c. To investigate the phase formation and structural parameter by  

 X-ray diffraction technique (XRD) 

 Transmission electron microscopy (TEM) 

 Scanning electron microscopy (SEM) 

 Infrared spectroscopy (IR) 

d. To study the magnetic properties such as saturation magnetization, 

magneton number and coercivity by  

 Vibrating sample magnetometer (VSM) 

Catalytic activity: 

                 Several transition metal oxides in the form of nano particles were 

employed as recyclable catalysts for one-pot multicomponent reactions. Higher 

surface area of nanomaterials allow them to act as effective catalysts for organic 

synthesis. These nanoparticles have simplified isolation procedure for product, 

with small amount of catalyst, affording easy recovery and recyclability of the 

catalyst. The general nanoparticles as a catalyst require conventional isolation 

techniques such as filtration or centrifugation which sometimes becomes difficult 

to recover completely. 

                 To overcome this issue, the use of magnetic nanoparticles has emerged as 

a viable solution. Their insoluble and paramagnetic nature enables easy and 

efficient separation of the catalysts from the reaction mixture with external 

magnet.  
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Chapter # 2 
 

Crystal Structure and Properties of Spinel 

Ferrites 

 

  2.1. Spinel Compounds 

The principal member of the group has the formula, AB2O4; the „A‟ 

represents a divalent metal ion such as magnesium, iron, nickel, manganese and 

zinc. The quadrivalent lead ion can also occupy this site. The „B‟ represents 

trivalent metal ions such as aluminum, iron, chromium and/or manganese. 

However, titanium Ti
4+

 and Pb
2+

 etc. may also occupy this site. Solid solutioning is 

common in this group of minerals meaning that they may contain certain 

percentages of different ions in any particular specimen [72]. The majority of 

spinel compounds belong to the space group Fd3m. In most oxide structures, the 

oxygen ions are appreciably larger than the metallic ions and the spinel structure 

can be approximated by a cubic close packing of O
2-

 ions in which the cations (e.g. 

Co
2+

, Fe
3+

) occupy certain interstices. The structure of a spinel compound is 

similar to the highly symmetric structure of diamond. The position of the A ions is 

nearly identical to the positions occupied by carbon atoms in the diamond 

structure. This could explain the relatively high hardness and high density typical 

of this group. The arrangement of the other 4 ions in the structure conforms to the 

symmetry of the diamond structure. The arrangement of the ions also favors the 

octahedral crystal structure, which is the predominant crystal form and is in fact 

the trademark of the spinels. There are well over a hundred compounds with the 

spinel structure reported to date. Most of them are oxides, some are sulphides, 

selenides and tellurides and few are halides. Many different cations may be 

introduced into the spinel structure and several different charge combinations are 

possible; almost any combination that adds up to eight positive charges to balance 

eight anionic charges [73], for example Co
2+

Fe2
3+

O4, Mg2
2+

Ti
4+

O4, Li
1+

Al
3+

Ti
4+

O4, 
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Li0.5
1+

Al2.5
3+

O4 and Na2
1+

W
6+

O4, etc. 

In oxide spinels, the two types of cations do not usually differ greatly in 

size, because the spinel structure is stable only if the cations are rather medium 

sized and,  in addition, the radii of the different ionic species in the same 

compound do not differ  too much. Similar cation combinations occur in 

sulphides, e.g. Zn
2+

Al2
3+

S4 and Cu2
2+

Sn
4+

S4. However, in halide spinels e.g. 

Li2
1+

Ni
3+

F4 and Li
1+

Mn2
3+

/
 4+

F4, cations are limited to charges of +1 and +2, in 

order to give an overall cation: anion ratio of 3:4. 

Most spinels fall into three series determined by a B metal: aluminate series 

with Al
3+

 (Hercynite, Gahnite, Galaxite); a magnetite series with Fe
3+

 (Magnetite, 

Magnesioferrite, Franklinite); a chromite series with Cr
3+

 (Chromite, 

Magnesiochromite). There is extensive cationic exchange (solid solution) within 

each series but very little between the series [74]. Spinels are classified on the basis 

of the distribution of cations in the two principal sites, tetrahedral site (T
-
) and 

octahedral site (O
-
), into three types. 

 

2.1.1 Types of Spinel  

Based on the coulombic energy of charged ions and their influence in the 

polarization of anions, large divalent ions favour tetrahedral occupancy and large 

trivalent ions favour octahedral occupancy. From these considerations it follows 

that 2-3 spinels fevours normal configuration, thus in normal spinel all divalent 

metal ions occupy tetrahedral A-sites and all trivalent ions occupy octahedral B-

sites symbolically normal spinels can be represented as 

      (M)
 A

 [Fe
3+

M
2+

]
B
 2

4O
 
 

Example: Zinc ferrites  (Zn)
A
 [Fe2

3+
]

B
 2

4O
 
 

 If half of the Fe
3+

 ions occupy A-site and remaining half of the Fe
3+

 ions 

and all the M
2+

 ions occupy B-site, we call this structure as inverse spinel.  

Example: (Fe)
A
[Co-Fe]

B 2

4
O ,  (Fe)

A
 [Ni-Fe]

B 2
4O

 
 

 In spinel ferrites if the divalent metal ions and trivalent Fe
3+

 ions are 

distributed randomly over the tetrahedral and octahedral B-sites, then the spinel 

ferrite is called random spinel. 
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Example: Magnesium ferrite 

  (Mg0.1Fe0.9)
A
 [Mg0.9Fe1.1]

B
 2

4O  

A whole range of possible distribution is observed. This can be represented in 

general terms by  

 




2
4

BIII
1

II
1

AIII
1

II O]FeMe[)FeMe( . 

Where the ions inside the bracket are located in octahedral sites and the ions 

outside the brackets in tetrahedral sites. The limiting case, =1 is called normal 

spinel and the other limiting case, when =0 is called inverse spinel. For a random 

distribution  can have value in between 0 and 1. 

 

2.2  Spinel Ferrite 

    2.2.1. Chemical Composition of Spinel Ferrite 

Complex oxides with the spinel structure often called “spinels” belong to 

the group of strategic materials which are used in the wide area of modern 

technologies. They exhibit excellent magnetic, refractory, semiconducting, 

catalytic and sorption properties. The general chemical formula of ferrites 

possessing the structure of the mineral spinel, MgAl2O4, is MeFe2O4, where Me 

represents a divalent metal ion with an ionic radius approximately between 0.6 and 

1Å. 

 In the case of simple ferrites, Me is one of the transition elements Mn, Fe, 

Co, Ni, Cu and Zn, or Mg and Cd. A combination of these ions is also possible, a 

mixed ferrite. The symbol Me can represent a combination of ions which have an 

average valency of two e.g. Li
1+

 and Fe
3+

 in lithium ferrite, Li0.5Fe2.5O4. The 

trivalent iron ions (Fe
3+)

 in MeFe2O4 can be completely or partly replaced by 

another trivalent ion such as Al
3+

 or Cr
3+

, giving rise to mixed crystals with 

aluminates and chromites. 

 These compounds are also ferrimagnetic at room temperature if large 

amount of non-magnetic ions are not present. If the ferric ions are replaced by a 

tetravalent ion like Ti
4+

, an equal part of the Fe
3+

 are changed into Fe
2+

. A great 

variety of the chemical composition of ferrimagnetic oxide with spinel structure is 

possible. 
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   2.2.2. Crystal structure of Spinel Ferrite 

 The smallest cell of the spinel lattice that has cubic symmetry contains 

eight “molecules” of MeFe2O4. The relatively large oxygen ions form an fcc. 

lattice. In the cubic close packed structure two kinds of interstitial sites occur, the 

tetrahedral (A) and octahedral [B] sites which are surrounded by 4 and 6 oxygen 

ions respectively. In the above mentioned cubic unit cell, 64 tetrahedral and 32 

octahedral sites are present, of which only 8 and 16 respectively, are occupied by 

metal ions. 

 In a tetrahedral site, the interstitial is in the center of a tetrahedron formed 

by four lattice atoms. Three atoms, touching each other, are in plane; the fourth 

atom sits in the symmetrical position on top. Again the tetrahedral site has a 

defined geometry and offers space for an interstitial atom. An octahedral position 

for an (interstitial) atom is the space in the interstices between 6 regular atoms that 

form an octahedron. Four regular atoms are positioned in a plane; the other two are 

in a symmetrical position just above or below. All spheres can be considered to be 

hard and touching each other. The six spheres define a regular octahedron, in its 

interior there is a defined space for an interstitial atom, bordered by six spheres. 

The primitive tetrahedral unit cell of spinel ferrite consists of two molecular 

MeFe2O4 units and is represented by two octants as shown in the Fig. 2.1. Four 

primitive unit cells (Fig. 2.1) combine to form the conventional, cubic unit cell of 

spinel.  

 

 

 

  

 

 

 

 

Fig.2.1. MeFe2O4 Spinel structure [75] 
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2.3  Magnetic properties 

 Magnetic material exhibits different kind of magnetic ordering depending 

upon spin orientation. The magnetic behaviour is caused by spinning of electrons 

of„d‟ orbital about their own axis gives rise to spin magnetic moments. The motion 

of electron in the orbit around the nucleus results in orbital magnetic moments. In 

case of transition element, these orbital magnetic moments get quenched by 

crystalline electrical field. The different magnetic behaviour observed is due to 

different contribution of electron spin.  

 

   2.3.1. Classification of Magnetic Properties 

 On the basis of electron spin magnetism is classified in number of classes 

as diamagnetism, paramagnetism, ferromagnetism, anti-ferromagnetism and 

ferrimagnetism.  

 Diamagnetism: In this type of material, the resultant electron spin on each 

cation is zero. 

 Paramagnetism: Paramagnetism results if there is no interaction between the 

spin of different atoms.  

 Ferromagnetism: Positive interaction between the spin of the different atom, 

causing them to align parallel to each other, yields ferromagnetism. 

 Antiferromagnetism: When the spins are antiparallel, due to interaction, it 

results in antiferromagnetism. 

 Ferrimagnetism: Due to presence of both negative and positive interaction, 

when some spins are antiparallel to some other but leaving a resultant moment, 

then it is known as ferrimagnetism. 

 

      2.3.2. Magnetic Ordering and Interactions 

In ferrites, the metallic ions occupy two crystallographically different sites, 

i.e. octahedral [B] and the tetrahedral (A) site. Three kind of magnetic interactions 

are possible, between the metallic ions, through the intermediate O
2- 

ions, by super-

exchange mechanism, namely, A-A interaction, B-B interaction and A-B 

interaction. 
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It has been established experimentally that these interaction energies are 

negative, and hence induce an anti-parallel orientation. In general, the magnitude 

of the interaction energy between the magnetic ion, Me
I 
and Me

II
 depends upon (i) 

the distances from these ions to the oxygen which the interaction occurs and (ii) 

the angle Me
I
-O-Me

II
 represented by the term  as shown in Fig. 2.2. 

 

Fig. 2.2: Angle  between Me
I
 and Me

II
 with oxygen ion. 

 

An angle of 180
0
 will give rise to the greatest exchange energy and the 

energy decreases very rapidly with increasing distances.  

The various possible configurations of the ions pairs in spinel ferrites with 

favourable distances and angle for an effective magnetic interaction as envisaged 

by Gorter are given in Fig. 2.3. Based on the values of the distance and the angle , 

it may be concluded that, of the three interactions the A-B interaction is of the 

greatest magnitude. The two configurations for A-B interaction have small 

distances (p, q and q, r) and the values of the angle  are fairly high. Of the two 

configurations for the B-B interaction, only the first one will be effective since in 

the second configuration, the distance „s‟ is too large for effective interaction. The 

A-A interaction is the weakest, as the distance „r‟ is large and the angle 180 

[76]. 
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A-B interaction B-B interaction A-A interaction 

 
 

 
   = 126

0
         =154

0 
        =90

0
             =125

0 
         =79

0 

 

Fig. 2.3:  Configuration of ion pairs in spinel ferrites with favourable distance and 

angles for effective magnetic interaction. 

 

Thus, with only A-B interaction predominating the spins of the A and B 

site ions in ferrites will be oppositely magnetized sublattice A and B with a 

resultant magnetic moment equal to the difference between those of A and B site 

ions. In general, the value of saturation magnetic moment for the B lattice (MB) is 

greater than that of the A lattice (MA), so that the resultant saturation magnetization 

(Ms) may be written as  

Ms=|MB-MA| 

With this theory, Neel could satisfactorily explain the experimentally observed 

magnetic susceptibility and magnetic saturation data obtained for ferrites. 

Theoretically computed values of the saturation magnetic moments per formula 

unit of the ferrites agree very well with the experimental values as seen from Table 

2.2. 
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    2.3.3. Magnetization 

 The magnetization is a powerful tool to study the different parameters such 

as domain wall rotation, anisotropy, magnetic hardness or softness of material, 

magnetic ordering etc. Ferrites exhibit almost all the properties similar to that of 

ferromagnetic materials. When the magnetic field is applied to the ferromagnetic 

material, the magnetization may vary from zero to saturation value. This behaviour 

is expressed by Weiss [77] by introducing the idea of existence of domains. 

According to Weiss, though each domain is spontaneously magnetized in the 

direction of field, magnetization may vary from one domain to another domain. In 

general, specimen consists of many domains, in domain configuration i.e. a 

function of applied field. The magnetic moment of specimen is a vector sum of 

magnetic moment of each domain. As a result the magnetization or average 

magnetic moment per unit volume may have value between zeros to saturation. 

 Studies on magnetic hysteresis of ferrite provide useful information of the 

magnetic parameter like saturation magnetization (Ms) coercive force (HC) and 

remanence ratio (Mr/Ms). According to the values of these parameters, the ferrites 

can be classified as soft and hard ferrites. The ferrites with low coercive force are 

called soft ferrites and ferrites with high Hc are called hard ferrites. Soft ferrites are 

those materials which do not retain permanent magnetism, which provide easy 

magnetic path. Hard ferrites retain permanent magnetism and are difficult to 

magnetize and demagnetize. According to Neel [78] the coercive force (HC) is 

related to saturation magnetization, internal stress, porosity [79] and anisotropy 

[80]. The Hysteresis properties are highly sensitive to crystal structure, heat 

treatment, chemical composition, porosity and grain size.  

 

    2.3.4. Types of Magnetic Materials 

 Most of magnetic materials of industrial interests are ferromagnetic 

materials. The ferromagnetic materials can be categorized into two; one is soft 

magnetic materials and the other is hard magnetic materials. As shown in the 

magnetization curve, a ferromagnetic material with the demagnetized state does 

not show magnetization although they have spontaneous magnetization. This is 
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because the ferromagnetic materials are divided into many magnetic domains. 

Within the magnetic domains, the direction of magnetic moment is aligned. 

However, the directions of magnetic moments vary at magnetic domain walls so 

that it can reduce the magnetostatic energy in the total volume. In the 

demagnetized state, total magnetization is cancelled because of the random 

orientation of the magnetizations in magnetic domains. When external magnetic 

field is applied, domain walls migrate and disappear when all magnetic moments 

are aligned to the direction of the magnetic field. When all magnetic domains are 

wiped away and magnetizations are all aligned to the direction of the magnetic 

field, magnetization is saturated. This magnetization is called saturation 

magnetization, Ms.  

 

      2.3.4.1 Soft Magnetic Material 

When domain wall can easily migrate, the ferromagnetic material can be 

easily magnetized at low magnetic field. These types of ferromagnetic materials 

are called soft magnetic material, and are suitable for applications of magnetic 

cores or recording heads. Since soft magnetic materials can be demagnetized at 

low magnetic field, coercivity Hc is low. As they can be easily magnetized, 

permeability is high. For ferromagnetic materials to be soft, their 

magnetocrystalline anisotropy and magnetostriction constant must be low. In 

addition, for easy migration of magnetic domains, they must have small number of 

defects such as crystal grains. 

 

     2.3.4.2 Hard Magnetic Materials 

When domain wall is difficult to migrate, magnetization of the 

ferromagnetic material occurs only when high magnetic field is applied. In other 

words, these types of ferromagnetic materials are difficult to magnetize, but once 

magnetized, it is difficult to demagnetize. These materials are called hard magnetic 

materials, and are suitable for applications such as permanent magnets and 

magnetic recording media. Hard magnetic materials have high magnetocrystalline 

anisotropy. Since large magnetic field is required to demagnetize, their coercivity 

Hc is usually high, but coercivity is highly sensitive to the microstructure. 
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2.3.5 Hysteresis 

In Fig. 2.4, various forms of magnetism are shown on a hysteresis loop. 

where Ms
 
is saturation magnetization at which all the spins are aligned with the 

magnetic field; Hc
  

is the coercive field which is the internal magnetic field of 

material; MR
 
is the remanent magnetization which is the magnetization retained by 

the material. It can be seen from the figure that superparamagnetic and 

paramagnetic materials do not have a hysteresis loop. 

 

 

Fig. 2.4. Magnetization (M) vs. applied field (H) for ferromagnetic, paramagnetic 

and superparamagnetic materials. 

 

2.3.6 Exchange Interactions 

Magnetism in transition metal oxides is observed to be rather complex than 

that of individual isolated atoms because of the presence of coupling of atomic 

moments. This coupling of moments is responsible for cooperative nature of 

magnetism in transition metal oxides. The statistical correlation for electrons of 

like spin, with each surrounded by a void due to local depletion of parallel spin 

electrons, is called exchange. There exist three types of magnetic interactions 

direct exchange, double exchange and super-exchange. 

 

Ferromagnetism 

Paramagnetism 

Superparamagnetism 
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     2.3.6.1 Direct Exchange Interaction 

When the individual moments are located close enough to allow sufficient 

overlap of their wave functions, the direct exchange can occur. In such conditions 

minimum Coulomb‟s interactions will be experienced when electrons are located 

between the nuclei. The electrons in such a condition should have opposite spins 

which results in anti-ferromagnetism. While ferromagnetism is observed when the 

moments are arranged parallel to each other, which is possible only when the 

electrons are located far from one another. Such a magnetic dipole-dipole 

interaction would be too small by a factor at least 103 to explain the observed 

Curie temperatures. The interaction can be explained on the basis of an exchange 

force, which is quantum mechanical in origin; according to Heisenberg. The 

exchange energy Eex between two atoms having spins Si and Sj is given simply by 

Eex = -2Jex Si·Sj 

= -2Jex Si . Sj cosθ      (2.3) 

Where Jex is called exchange integral which occurs in the calculation of the 

exchange effect and it is a measure of the extent to which the electronic charge 

distributions of the two atoms concerned overlap one another, and θ is the angle 

between the spins. If Jex has a positive value then the exchange energy Eex is 

minimum when electron spins are parallel i.e., θ = 0 (ferromagnetism). If Jex has 

negative value, then Eex is minimum when electron spins are anti-parallel; i.e.,      

θ = 180º (antiferromagnetism). 

 

2.3.6.2 Super-exchange Interaction 

The oxide ion has a very small interaction magnitude with metallic ions in 

its ground state because of a completely filled 2p orbital. The superexchange 

interaction has been proposed for the case in which there is a mechanism of 

excitation from this ground state as the interaction can only take place in the 

excited state with the metallic ion. The possible excitation mechanism involves the 

temporary transfer of one oxide 2p electron to a neighboring metal ion. 

Qualitatively we can describe the superexchange interaction by considering the 

following example of ferric ions in an oxide (Fig 2.5). We go from a ground state 

of these ferric ions in which the five 3d electrons according to Hund‟s rule are all 
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aligned parallel to each other. The six 2p electrons of the oxygen ion form three 

pairs. The spin of electrons in each of these pairs is paired and they reside in a 

dumb-bell shape p-orbital. In an excited state the electron from the nearby oxide 

ion leaves the p-orbital and becomes (temporarily) part of Fe
3+

 ion, which becomes 

Fe
2+

 on gaining Néel electron. The transfer process in which we have one Fe
3+

 ion 

on one side of the oxygen and another Fe
3+

 ion on the other side is given as shown 

in (Figure 2.5). 

The one Fe
3+

 ion now becomes a Fe
2+

 ion. The unpaired electron of the 

oxygen p orbital which was directed toward the Fe
3+

 ions now can interact with the 

Fe
3+

 ion present on the opposite side. 

 

 

Fig. 2.5. Super-exchange Interactions [10] 

The overall coupling between the cations depends on a combination of 

direct exchange, excitation and intra-atomic (Hund‟s Rule) coupling, and is known 

as superexchange. If the 3d orbital of the metal ions are less than half full, the 

superexchange should favour a positive interaction; for 3d shells which are half 

filled or more than half filled, e.g. Fe
3+

 ion, a negative interaction with anti-parallel 

spin is probable. It is generally assumed that this superexchange interaction 

diminishes rapidly as the distance between the ions increases. The dumbbell shape 

of the 2p orbital makes it reasonable to assume that the interaction for a given ionic 

separation is greatest when the metal oxygen-metal angle is 180° and is least when 

this angle is 90°. Thus in a spinel lattice we conclude that AB interaction is 

relatively strong, the A-A interaction is relatively weak and the B-B interaction is 

probably intermediate [81].  
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2.3.7  Magnetic Anisotropy 

 In most magnetic materials, to varying degree, the magnetization tends to 

align itself along one of the main crystal directions. That direction is called the 

easy direction of magnetization. All ferromagnetic and ferrimagnetic materials 

possess, to a lesser or greater degree, a crystal direction or a set of directions in 

which the magnetization prefers to be oriented [82].  

This magnetic anisotropy can have various causes. The most important in 

magnetic materials are the shape and magnetocrystalline anisotropies. Shape 

anisotropy is associated with the geometrical shape of a magnetized body, and 

refers to the preference that the polarization in a long body is for the direction of 

the major axis. The magnetocrystalline anisotropy is associated with the crystal 

symmetry of the material. There are three situations that give rise to this anisotropy 

as an intrinsic crystal property. The first and most important one is that in which 

the atoms possess an electron-orbital moment in addition to an electron-spin 

moment. In such a situation the spin direction may be coupled to the crystal axis. 

This arises through the coupling between spin and orbital moments and the 

interaction between the charge distribution over the orbit and the electrostatic field 

of the surrounding atoms. There will be one or more axes or surfaces along which 

magnetization requires relatively little work. The crystal will then be preferentially 

magnetized along such an easy axis or plane. The second situation is encountered 

in non-cubic crystal lattices. In these crystals the magneto-static interaction 

between the atomic moments is also anisotropic, which may give rise to easy 

directions or planes of magnetization. The third possibility of crystal anisotropy is 

found in the directional ordering of atoms as described by Néel [78]. This typically 

involves solid solutions of atoms of two kinds, A and B, linked by the atomic 

bonds A-A, A-B and B-B. In the presence of a strong external magnetic field the 

internal energy of these bonds may be to some extent direction-dependent. Given a 

sufficient degree of atomic diffusion as a result of raising the temperature, for 

example a certain ordering can be brought about in the distribution of the bonds; in 

this way it is possible to "bake" the direction of this field into the material as the 

easy axis of magnetization. In addition to these sources of magnetocrystalline 

anisotropy mechanical stresses may contribute through the magneto-elastic 
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(magneto-strictive) properties of the crystal. This contribution, however, is 

considered to be negligible in hard magnetic materials [82]. 
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Chapter # 3 
 

Synthesis Method and Characterization 

Techniques 
 

This chapter presents a brief background of the various methods of sample 

preparation and characterization techniques used for studying properties (like 

structural, electric, dielectric, and magnetic) of presently investigated ferrite 

systems. The details of experimental techniques, various characterization 

equipments and their working details are also given in this chapter 

 

3.1 Synthesis Method 

Sol gel method is an important mean of preparing inorganic oxides. It is a 

wet chemical method and a multistep process involving both chemical and physical 

processes. A sudden increase in viscosity is the common feature in sol-gel 

processing, indicating the onset of gel formation. 

The important features of the sol-gel method are. 

a)  Better homogeneity 

b)  High purity 

c) Lower processing temperature 

d)  Better size and morphological control 

d)  More uniform phase distribution in multi component systems like ferrites. 

The steps in sol gel synthesis are as follows. 

 

i)  Hydrolysis 

 The process of hydrolysis may start with a mixture of metal alkoxide and 

water in a solvent usually alcohol at the ambient or slightly elevated temperature. 
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ii)  Polymerization 

 This step involves condensation of adjacent molecules where in H20 and 

alcohol, are eliminated and metal oxide linkages are formed. Polymeric networks 

grow to colloidal dimensions in the liquid (sol) state. 

 

iii)  Gelation 

 In this step, the polymetric networks link up to form a three dimensional 

network throughout the liquid. The system becomes somewhat rigid, on removing 

the solvent from the sol. Solvent as well as water and alcohol molecules remain 

inside the pores of the gel. 

 

iv)  Drying 

 Water and alcohol are removed at moderate temperatures leaving a 

hydroxylated metal oxide with residual organic content. 

 

V)  Dehydration 

 This step is carried out between 670 K and 1070 K to take off the organic 

residues and chemically bound water, yielding a glass metal oxide. 

 

VI)  Densification: 

 Temperature in excess of 1270K is used to form the dense oxide product. 

The sol-gel technique has been used to prepare sub micrometer metal oxide 

powders with a narrow particle size distribution and unique particle shapes. Metal -

ceramic composites as well as organic- inorganic composites have been prepared 

by the sol gel route. Fig. 3.1 depicts the flow chart of sol-gel auto-combustion 

method. 
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Fig. 3.1: Flow chart of sol-gel auto-combustion method 

 

3.2 Characterization techniques 

3.2.1 X-ray Diffraction 

The X-ray diffraction technique is used for the structural/phase analysis of 

the material under investigation. The basic principle is that for a fixed wavelength 

(λ), the constructive interference occurs for a fixed set of an interplaner spacing (d) 

and incidence angle (θ) (Figs. 3.3 & 3.3). According to Bragg’s condition of 

diffraction: 

 = 2dsin        3.1 

For cubic system, d is given by 

Aqueous solution Chelating agent 

Mixed solution Ammonia 

Sol 

Gel 

Dried Gel 

HoxCoFe2-xO4 

 PrxCoFe2-xO4 

Co+Cu+Cr nitrates Ni+Cu+Zn nitrates (Fe(NO3)3·9H2O) La nitrate 



[CHAPTER 3] Ph.D. Thesis 

 

 29 

 

 
 

   
        

          3.2 

Combining the above two equations we get a relation, which predict the diffraction 

angle for any set of planes for a given ‘λ’ if the following condition is satisfied, 

       
 

     
              3.3 

 

 

Fig. 3.2: Basic principle involved in diffraction of X- ray beam from assembly of 

lattice-atoms 

 

It is seen that diffraction directions are determined by the shape and size of 

the unit cell. This is an important point. All we can possibly determine about an 

unknown crystal by the measurement of the directions of diffracted beams are the 

shape and size of its unit cell. The intensities of diffracted beams are determined by 

the positions of the atoms within the unit cell and it follows that we must measure 

intensities if we are to obtain any information about the atom positions. It is also 

found for many crystals, that there are particular atomic arrangements, which 

reduce the intensities of some diffracted beams to zero. In such cases, there is 

simply no diffracted beam at the angle predicated by the equations of the type eqs. 

(3.3 and 3.4). It is in this sense that equations of this kind predict all possible 

diffracted beams. 
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Fig. 3.3: Schematic diagram of Bragg’s diffraction 

While indexing for cubic structure, it has to be kept in mind that for simple 

cubic and simple tetragonal all (h k l) values are permissible, yet reflections 

corresponding to (h
2
+k

2
+l

2
) values equal to 7, 15, 23…. are all absent. The 

reflection peaks for bcc satisfy the condition h+k+l = 2n. For fcc structure, the 

reflection peaks are found to have (h k l) values either all even or all odd. The 

average grain size of the sample can be calculated from the width of the peak by 

using the relation: 

   
  

     
        3.4 

Where B is the broadening of line expressed in the unit of 2θ, K is a constant ~ 1 in 

most case and L is the average length of the crystallites; and λ and θ have their 

usual meanings.  

Generally, X-ray diffraction provides information about the:  

(a) Long range order structure  

(b) Phase composition  

(c) Crystallinity, crystal size and shape  

(d) Micro-stress and strain 

(e) Texture (crystal orientation) 

 

 



[CHAPTER 3] Ph.D. Thesis 

 

 31 

 

X-ray diffraction technique is a powerful technique to study the crystal 

structure of a material. Qualitatively and quantitatively it also determines the 

amorphous contain of the sample. The technique helps in identifying the 

constituents of multiphase mixture. The X-ray diffraction pattern yields 

information of the position of Bragg’s peaks. The XRD patterns also helps to 

identify the structural phases present in the end product obtain by the method of 

preparation used. The XRD patterns of all the samples were recorded on Philips X-

ray diffractometer (Model 3710) by employing the following specification. 

 

Target:   Cu-K 

2 range:  20-80
0
 

Step width:  0.02,  

Count rate:  400-700 counts/sec. 

3.2.2 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is a well known technique for 

imaging solid materials at atomic resolution. Structural information can be 

acquired both by (high resolution) imaging as well as by electron diffraction. 

Additional detectors allow for elemental and chemical analysis down to this sub-

nanometer scale. 

 

Basic Principles 

The design of a transmission electron microscope (TEM) is analogous to 

that of an optical microscope. In a TEM high-energy (>100 kV) electrons are used 

instead of photons and electromagnetic lenses instead of glass lenses. The electron 

beam passes an electron-transparent sample and a magnified image is formed using 

a set of lenses. This image is projected onto a fluorescent screen or a CCD camera. 

Whereas the use of visible light limits the lateral resolution in an optical 

microscope to a few tenths of a micrometer, the much smaller wavelength of 

electrons allows for a resolution of 0.2 nm in a TEM. 
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Imaging 

Image contrast is obtained by interaction of the electron beam with the 

sample. Several contrast effects play a role. In the resulting TEM image denser 

areas and areas containing heavier elements appear darker due to scattering of the 

electrons in the sample. In addition, scattering from crystal planes introduces 

diffraction contrast. This contrast depends on the orientation of a crystalline area in 

the sample with respect to the electron beam. As a result, in a TEM image of a 

sample consisting of randomly oriented crystals each crystal will have its own 

grey-level. In this way one can distinguish between different materials, as well as 

image individual crystals and crystal defects. Because of the high resolution of the 

TEM, atomic arrangements in crystalline structures can be imaged in large detail. 

 

Electron Diffraction 

 By adjusting the magnetic lenses such that the back focal plane of the lens 

rather than the imaging plane is placed on the imaging apparatus a diffraction 

pattern can be generated. For thin crystalline samples, this produces an image that 

consists of a pattern of dots in the case of a single crystal, or a series of rings in the 

case of a polycrystalline or amorphous solid material. For the single crystal case 

the diffraction pattern is dependent upon the orientation of the specimen and the 

structure of the sample illuminated by the electron beam. This image provides the 

investigator with information about the space group symmetries in the crystal and 

the crystal's orientation to the beam path. This is typically done without utilising 

any information but the position at which the diffraction spots appear and the 

observed image symmetries. 

Diffraction patterns can have a large dynamic range, and for crystalline 

samples, may have intensities greater than those recordable by CCD. As such, 

TEMs may still be equipped with film cartridges for the purpose of obtaining these 

images, as the film is a single use detector. 

In case of a crystalline material, electron diffraction will only occur at 

specific angles, which are characteristic for the crystal structure present. As a 

result, a diffraction pattern of the irradiated area is created that can be projected 

onto the CCD camera. In this way, electron diffraction can provide 



[CHAPTER 3] Ph.D. Thesis 

 

 33 

 

crystallographic information from thin films, bulk materials as well as from 

nanometer sized particles (Figure 3.4). 

  

Fig. 3.4 (a): Crystalline diffraction pattern from a 

twinned grain of FCC Austenitic steel 

Fig. 3.4 (b): Electron diffraction patterns of an as-

deposited (room temperature) and an annealed (300 

ºC) Al-Ge film. The left part shows a set of a few, 

broad rings, characteristic of an amorphous film. The 

right part shows a large number of sharp rings. The 

diameters of these rings are characteristic for the 

crystal structure present. In this case a mixture of 

crystalline Al and crystalline Ge. 

 

Chemical Analysis 

As a result of the interaction of the electron beam with the specimen, some 

energy is transferred from the electrons to the sample. The excitation and de-

excitation of atoms and molecules in the sample allow (local) chemical analysis. 

This analysis can either be performed using the broad beam used for normal 

imaging, or by focusing the beam size down to 0.2 nm. The combination of 

Scanning TEM (STEM), a mode in which this narrow beam scans a selected area 

of the specimen, with chemical analysis techniques such as Electron Energy Loss 

Spectroscopy (EELS) and Energy Dispersive X-Ray analysis (EDX) allows for 

mapping of the lateral distribution of elements with high spatial resolution. 

 

3.2.3 Scanning Electron Microscope (SEM) 

A scanning electron microscope is a type of electron microscope that 

images a sample by scanning it with a high-energy beam of electrons in a raster 

scan pattern. The electrons interact with the atoms that make up the sample 

http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Raster_scan
http://en.wikipedia.org/wiki/Raster_scan
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producing signals that contain information about the sample's surface topography, 

composition, and other properties such as electrical conductivity. 

The types of signals produced by the SEM include secondary electrons, 

back-scattered electrons (BSE), characteristic X-rays, light (cathode), specimen 

current and transmitted electrons. Secondary electron detectors are common in all 

SEMs, but it is rare that a single machine would have detectors for all possible 

signals. The signals result from interactions of the electron beam with atoms at or 

near the surface of the sample. In the most common or standard detection mode, 

secondary electron imaging or SEI, the SEM can produce very high-resolution 

images of a sample surface, revealing details about less than 1 to 5 nm in size. Due 

to the very narrow electron beam, SEM micrographs have a large depth of field 

yielding a characteristic three-dimensional appearance useful for understanding the 

surface structure of a sample. This is exemplified by the micrograph of pollen 

shown to the right. A wide range of magnifications is possible, from about 10 

times (about equivalent to that of a powerful hand-lens) to more than 500,000 

times, about 250 times the magnification limit of the best light microscopes. Back-

scattered electrons (BSE) are beam electrons that are reflected from the sample by 

elastic scattering. BSE are often used in analytical SEM along with the spectra 

made from the characteristic X-rays. Because the intensity of the BSE signal is 

strongly related to the atomic number (Z) of the specimen, BSE images can 

provide information about the distribution of different elements in the sample. For 

the same reason, BSE imaging can image colloidal goldimmuno-labels of 5 or 

10 nm diameter which would otherwise be difficult or impossible to detect in 

secondary electron images in biological specimens. Characteristic X-rays are 

emitted when the electron beam removes an inner shell electron from the sample, 

causing a higher energy electron to fill the shell and release energy. These 

characteristic X-rays are used to identify the composition and measure the 

abundance of elements in the sample. 

The electron beam comes from a filament, made of various types of 

materials. The most common is the Tungsten hairpin gun. This filament is a loop 

of tungsten which functions as the cathode. A voltage is applied to the loop, 

causing it to heat up. The anode, which is positive with respect to the filament, 

forms powerful attractive forces for electrons. This causes electrons to accelerate 

http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Secondary_electrons
http://en.wikipedia.org/wiki/Backscatter
http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Depth_of_field
http://en.wikipedia.org/wiki/Light_microscope
http://en.wikipedia.org/wiki/Elastic_scattering
http://en.wikipedia.org/wiki/Colloidal_gold
http://en.wikipedia.org/wiki/Colloidal_gold
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Electron_shell
http://en.wikipedia.org/wiki/Energy_level
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toward the anode. Some accelerate right by the anode and on down the column, to 

the sample. Other examples of filaments are Lanthanum hexaboride filaments and 

field emission guns. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.5: Electron specimen interaction. 

 

The SEM uses electrons instead of light to form an image. A beam of 

electrons is produced at the top of the microscope by heating of a metallic filament. 

The electron beam follows a vertical path through the column of the microscope. It 

makes its way through electromagnetic lenses which focus and direct the beam 

down towards the sample. Once it hits the sample, other electrons ( backscattered 

or secondary ) are ejected from the sample. Detectors collect the secondary or 

backscattered electrons, and convert them to a signal that is sent to a viewing 

screen similar to the one in an ordinary television, producing an image. 

 

3.2.4 Infrared Spectroscopy (IR) 

 Infrared spectroscopy is the method of choice of qualitative analysis of 

organic material and it has wide application to inorganic substances as well. The 

infrared spectrum of a material has aptitude for the fingerprint, a unique property 

of that material and of its physical state. The spectrum is unique because it reflects 

the vibration between atoms within the molecule, and even slight changes in 

http://mse.iastate.edu/microscopy/backscat2.html
http://mse.iastate.edu/microscopy/second2.html
http://mse.iastate.edu/microscopy/proimage.html
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geometry or bond strength between atoms cause noticeable shift in the infrared 

absorption pattern. 

 When a molecule interacts with the radiation of the proper frequency, it 

absorbs energy and molecule is set into vibration. By measuring the transmitted 

energy as a function of radiation frequency, we can determine which frequency has 

been absorbed by the sample. The resulting plots of energy versus frequency are 

the infrared spectrum of the sample. 

 The infrared spectra of all the samples of the present series were recorded 

at room temperature in the range 300 - 800cm
-1

 on a Perkin Elemer spectrometer 

(Model 783). To study the IR spectra of all the samples, about one gram of fine 

powder of each sample was mixed with KBr in the ratio 1:250 by weight to ensure 

uniform distribution in the KBr pellet. The mixed powder was then pressed in a 

cylindrical die to obtain clean disc of approximately 1 mm thickness. The IR 

spectra were used to locate the band position. The IR spectra were used to 

determine bond length RA and RB, in a cubic crystal for tetrahedral (A) and 

octahedral [B] site using formula given by Gorter [83]. Using the analysis of 

Waldron [84], the force constant K0 and Kt were calculated.  

 

3.2.5 Vibrating Sample Magnetometer (VSM) 

 A vibrating sample magnetometer or VSM is a scientific instrument that 

measures magnetic properties invented in 1955 by Simon Foner at Lincoln 

Laboratory MIT. The paper about his work was published shortly afterward in 

1959 [85]. A sample is placed inside a uniform magnetic field to magnetize the 

sample. The sample is then physically vibrated sinusoidally, typically through the 

use of a piezoelectric material. Commercial systems use linear actuators of some 

form and historically the development of these systems was done using modified 

audio speakers, though this approached was dropped due to the interference 

through the in-phase magnetic noise produced, as the magnetic flux through a 

nearby pickup coil varies sinusoidally. The induced voltage in the pickup coil is 

proportional to the sample's magnetic moment, but does not depend on the strength 

of the applied magnetic field. In a typical setup, the induced voltage is measured 

through the use of a lock-in amplifier using the piezoelectric signal as its reference 

http://en.wikipedia.org/wiki/Vibrating_sample_magnetometer#cite_note-0
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signal. By measuring in the field of an external electromagnet, it is possible to 

obtain the hysteresis curve of a material.  

A typical hysteresis curve of a spinel ferrite is also shown in Fig. 3.5. A 

great deal of information can be learned about the magnetic properties of a material 

by studying its hysteresis loop. A hysteresis loop shows the relationship between 

the induced magnetic flux density (B) and the magnetizing force (H). It is often 

referred to as the B-H or M-H loop. 

 

 

Fig. 3.6: A typical hysteresis curve of a spinel ferrite. 

 

From the hysteresis loop, a number of primary magnetic properties of a 

material can be determined such as magnetization (Ms), coercivity (HC), 

remanence magnetization (Mr) etc. 
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Chapter # 4 

Results and Discussion on HoxCoFe2-xO4 

Ferrite System 

 

4.1 Introduction 

With regards to the rapidly mounting field of nanotechnology, ferrite 

nanoparticles have been the core of extensive research pertaining to their 

widespread applications, be it biomedical, techno logical or industrial. Trends in 

ferrite technology in the days to come includes challenges in applications, 

advancement in manufacturing techniques and cost factor in both commercial and 

defense applications [18]. 

Cobalt ferrite (CoFe2O4) is a ferrimagnetic material which presents the 

highest magnetocrystalline anisotropy and magnetostriction coefficient among 

ferrites. It has been regarded as one of the competitive candidates for a variety of 

applications in high density magnetic recording media, microwave devices, high 

sensitivity sensor, and biomedical industries [86].CoFe2O4 possess an inverse 

spinel structure, generally, it is found that in an inverse spinel cubic crystal 

structure in which half of the tetrahedral sites (A-sites) are occupied by half of 

Fe
3+

ions. The octahedral sites (B-sites) will be held by the leftover Fe
3+

with the 

transition metal ions. In theory, the addition of appropriate transition metal ion into 

the spinel structure will generate the movement of many cations between two 

lattice sites and directly affect crucial properties especially magnetic behavior of 

ferrites. Introducing a relatively small amount of RE, an important modification of 

both the structure, and magnetic and electrical properties can be observed in these 

ferrites which has attracted the attentions of researchers. It is known that the 

magnetic behavior of the ferromagnetic oxides is largely governed by the Fe–Fe 

interaction (the spin coupling of the 3d electrons) and by introducing rare earth 

(RE) ions into the spinel lattice, the RE–Fe interactions may start to have an 
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appreciable effect (3d–4f coupling), which can lead to small change in the 

magnetization and curie temperature. However, the RE–RE interactions are very 

weak since their results from the indirect mechanism 4f–5d–5d– 4f [87]. There are 

a few reports available which have mentioned the synthesis of rare earth (RE
3+

) 

substituted nanocrystalline spinel ferrites in single phase form using different 

chemical routes despite having big difference in ionic radius of RE
3+

 and Fe
3+

 ions 

[88-92].   

In the present work, CoFe2O4 is modified on rare earth Ho
3+

 substitution 

due its intrinsic large magnetic moment and anisotropy. In such a case, the rotation 

of the spin is largely controlled by the crystalline field effect of rare earth ions and 

if this anisotropy field is strong enough, the spins are forced to align along the 

local anisotropic axis. This will lead to different types of magnetic ordering in the 

system. 

Chemically prepared magnetic nanoparticles exhibit superior magnetic 

properties compared to their bulk counterparts due to small particle size and 

uniform distribution. In order to form these fine spinel-type ferrite particles, 

various wet methods have been devised including freeze-drying, spray drying, co-

precipitation and sol–gel as well as dry methods such as mechanical alloying and 

thermal plasma [93-95].  

In addition, combustion synthesis has recently been developed to 

synthesize ultra-fine powders of ceramic oxides. This method is very simple, cost-

effective and fast. In brief, in this technique, an aqueous solution, containing an 

organic compound as fuel (for example glycine, citric acid, urea, etc.) and suitable 

metal salts as oxidizer (nitrates are generally preferred since they have good 

solubility in water), is introduced to a furnace or microwave oven. The solution 

then starts boiling. The heating and evaporation of the nitrate solution results in an 

exothermal, self-sustaining and fast chemical reaction [96]. 

Even though studies on the fabrication and the magnetic characteristics of 

cobalt ferrite nanoparticles substituted with different cations are rapidly expanding, 

however to the best of our knowledge, there is no study concerning the structural 

and magnetic properties of holmium (Ho
3+

) substituted cobalt ferrite synthesized 

by sol-gel auto-combustion method.  
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Particularly, anticipating the possible contribution of Ho
3+

 and in order to 

enhance structural and magnetic property of CoFe2O4, we have systematically 

substituted Ho
3+

 in HoxCoFe2-xO4 and prepared by sol-gel auto-combustion 

method. XRD, SEM, TEM, IR and magnetization were carried out to understand 

our observation of structural and magnetic behavior in Ho substituted CoFe2O4.  

 

4.2 Experimental 

The ferrite powders were synthesized through sol-gel auto-combustion 

route to achieve homogeneous mixing of the chemical constituents on the atomic 

scale and better sinterability. AR grade cobalt nitrate (Co(NO3)2·3H2O), holmium 

nitrate (Ho(NO3)3·5H2O), iron nitrate (Fe(NO3)3·9H2O) and citric acid 

(C6H8O7·H2O), were used to prepare the HoxCoFe2-xO4 (x = 0.0, 0.025, 0.05, 

0.075, 0.1) ferrite compositions. Reaction procedure was carried out in air 

atmosphere without protection of inert gases. The molar ratio of metal nitrates to 

citric acid was taken as 1:3. The metal nitrates were dissolved together in a 

minimum amount of double distilled water to get a clear solution. An aqueous 

solution of citric acid was mixed with metal nitrates solution, then ammonia 

solution was slowly added to adjust the pH at 7. Then the solution was heated at  

90 ºC to transform into gel. When ignited at any point of the gel, the dried gel 

burnt in a self-propagating combustion manner until all gels were completely burnt 

out to form a fluffy loose powder. The auto-combustion was completed within a 

minute, yielding the brown-colored ashes termed as a precursor. The as prepared 

powder then annealed at 600 ºC for 4 h.  

Sol-gel auto-combustion synthesized powder samples were X-ray examined 

by Phillips X-ray diffractometer (Model 3710) using Cu-K radiation 

(=1.5405Å). Transmission electron microscope (TEM) measurements were 

recorded on Philips (Model CM 200). The infrared spectra of all the samples were 

recorded at room temperature in the range 300 cm
-1

 to 800 cm
-1

 using Perkin Elmer 

infrared spectrophotometer. Room temperature magnetization of the samples was 

measured using the pulse field magnetization set-up. 

 

 



[CHAPTER 4] Ph.D. Thesis 

 

 41 

 

4.3 Results and discussion 

      4.3.1. Structural Analysis 

The XRD pattern of the as-synthesized CoFe2O4 nanoparticles is shown in 

Fig. 4.1. The diffraction peaks related to Bragg’s reflections from (220), (311), (40 

0), (422), (511) and (4 4 0) planes correspond to the standard structure of CoFe2O4 

(JCPDS card no. 22-1086) which has spinel cubic type with a space group of 

Fd3m.As Ho
3+

 substitution increases the deviation from single phase becomes 

more prominent with the appearance of some un-indexed peak as secondary phase 

with insignificant amount of hematite phase. The formation of secondary phases in 

the ferrite during sintering process is governed by the type and the amount of 

Ho
3+

used. Therefore, the small amount of Ho
3+

ions in CoFe2O4 can affect not only 

the phase composition but also the size of the spinel matrix. This is probably due to 

ortho-ferrite (HoFeO3) phase [63]. It has been reported [97] that phase formation is 

affected by the concentration of rare earth element, Ho
3+

, in substituted samples of 

CoFe2O4.The most important reason for the phase formation in the Ho
3+

substituted 

CoFe2O4 samples is electronic configuration and ionic radii of the Ho
3+

rare earth 

element. The Ho
3+

 ion has the larger radius of about (1.04 Å) to occupy the 

tetrahedral (4f1) or the octahedral (12k, 2a, 4f2) sites of Fe
3+

 whose ionic radius is 

0.67 Å. Therefore, when the substitution of Ho
3+

 ions is high, this lead to the 

formation of secondary phases on the grain boundaries because of the diffusion of 

RE-Ho
3+

 ions. K. Kamala Bharathi et al. [98] also observed a small distortion in 

the lattice upon the substitution of Fe by Ho in the B site and may relate this fact to 

the changes in the O-Fe and O-Co bond lengths in the B site. 

The lattice parameter ‘a’ was calculated using the following equation [99]: 

)( 222 lkhda         4.1 

Where d is the inter-planer spacing and (hkl) is the index of the XRD reflection 

peak. It is observed from Table 4.1 and Fig. 4.2 that lattice constant ‘a’ increased 

from 8.355 to 8.383Å with an increase in Ho
3+

 substitution. It is very likely that the 

ionic size mismatch for a small substitution of Fe
3+

 atoms by Ho
3+

 alone would be 

able to produce such a non-monotonic increase in lattice parameter, because the 

radius of Ho
3+

(1.04 Å) is larger than the radius of Fe
3+

(0.67 Å). In searching for an 
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alternative explanation of the observed lattice expansion in annealed samples, the 

exchange of (Fe
3+

 and Co
2+

) cations among A- and B-sites cannot be ruled out in 

Ho
3+

 doped CoFe2O4 nanoparticles.  

The X-ray density (dx) of all the samples of the series was obtained by the 

following relation: 

 
3

8

Na

M
dx 

 
       4.2 

where ‘8’ is the number of molecules per unit cell, ‘M’ is the molecular weight of 

sample, ‘N’ is the Avogadro’s number and ‘a’ is lattice constant. It is observed 

from Table 4.1 and Fig. 4.3 that the X-ray density increased from 5.345 to 

5.536g/cm
3
with increase in Ho

3+
 substitution. This behaviour of X-ray density is 

related to the molecular weight (M) and lattice constant (a). The increase in X-ray 

density may be due to the greater atomic mass of Ho
3+

 (164.93 a.m.u) than that of 

Fe
3+

 (55.85 a.m.u) 

The average crystallite diameter ‘DXRD’ of powder estimated from the most 

intense (311) peak of XRD and using the Scherrer formula [99]: 





cos

9.0

B
DXRD         4.3 

where λ is the wavelength used in XRD, B is the full width of half maximum in 

(2),  is the corresponding Bragg angle. Figure 4.4 and Table 4.1 shows that the 

crystallite diameter increased from 32.1 to 39.7nm with an increase in Ho
3+

 

substitution for x = 0.075, thereafter it decreased to 32.1 for x = 0.1. 

The specific surface area (S) was calculated from the diameter of the 

particle in nanometer and the measured density in g/cm
3
 using the relation [100]: 

 
BDd

S
6000

         4.4 

where D is the average crystallite size and dB is the bulk density. The variation of 

surface area (S) with Ho
3+

 substitution is shown in Fig. 4.4 and Table 4.1.  

SEM micrographs were used to obtain further structural information and 

selected samples are shown in Fig. 4.5 (a-e).  Fig. 4.5 (a-e) show good spherical 

shaped particles in the material. The SEM pictures also indicate nearly uniform 

distribution of particles. Better grain boundaries were observed at smaller 

substitution of Ho
3+

 ions. Compared with the XRD results mentioned above, it can 
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be confirmed that after the addition of Ho
3+

ions, the main phase of the samples is 

Ho
3+

 doped CoFe2O4 and grain boundary phase could be HoFeO3. Further, it is 

observed that the grain size is decreased with Ho
3+

 substitution even though the 

particle size is increased. The decrease in grain size of the samples with increasing 

Ho
3+

 substitution ions can be explained as follows.  

The Ln
3+

 ions have empty or half-filled or fully filled 4f electron shell with 

stable structure, so the sample with rare earth ions has high thermal stability. Due 

to the larger bond energy of Ho
3+

–O
2-

as compared with that of Fe
3+

–O
2-

, it is 

obvious that more energy is needed to make Ho
3+

 ions enter into lattice and form 

the bond of Ho
3+

– O
2-

. Bond energy is a part of inner energy. During the process of 

bond break or formation, inner energy will be changed in the chemical reaction. If 

the bulk work is small enough and can be neglected, the variation of enthalpy will 

be equal to the variation of inner energy. The variation of bond energy will directly 

lead to the variation of enthalpy. So the increase of bond energy will induce the 

increase of inner energy, i.e. more energy is needed to form the bond of Ho
3+

–O
2-

. 

The higher thermal stability of the Ho
3+

 substituted samples relatives to cobalt 

ferrite, and hence more energy is needed for the Ho
3+

 substituted samples to 

complete crystallization and growth of grains. In addition, the formed HoFeO3 

phase pinning at the grain boundary will hinder the growth of ferrite grains, 

resulting in smaller ferrite gains and thus denser samples. 

The TEM micrograph of the synthesized Ho substituted CoFe2O4 ferrite 

nanoparticles are shown in Fig. 4.6 showing almost homogeneous and uniform 

distribution of the particles in this powder sample. The particles are consisted of 

some regular and irregular polyhedrons with mean sizes of about 34 nm (x = 0.0) 

and 41 nm (x = 0.075) much larger than the size obtained from XRD data. The 

particles tend to agglomerate because they experience a permanent magnetic 

moment proportional to their volume. The TEM images of sample show that the 

particles are aggregated and the average value of the nanocrystalline samples are 

consistent with the result from XRD according to the Scherrer formula. The bright 

fringes observed from the corresponding SAED patterns (Fig. 4.7) of the selected 

region indicate that the samples are crystallized. The SAED patterns indicate that 

Ho
3+

substituted ferrite nanoparticles were found in well-crystalline nature. The 

superimposition of the bright spot with Debye ring pattern indicates polycrystalline 
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nature of the sample. 

The bulk density ‘dB’ of the specimens has been determined by the hydro-

static method. The variation of the bulk density is shown in Fig. 4.8 and the values 

are depicted in Table 4.1.The bulk density increased from 4.352 (x = 0.0) to 4.599 

(x =0.1) with increase in Ho
3+

 substitution. One possible reason for the increasing 

densities is that the introduction of Ho
3+

ions produced smaller ferrite grains, thus 

resulting in denser samples, which was quite in agreement with the changes in the 

percentage shrinkages of diameter, and relative densities of the samples. Another 

reason for the increasing densities is the formation of foreign phase HoFeO3. 

The percentage porosity is calculated using the following relation: 

100
d

dd
P

X

BX 






 


       4.5
 

where dx and dB are the X-ray density and bulk density respectively. Table 4.1 and 

Fig. 4.8 shows that the porosity decreased with an increase in Ho
3+

 substitution. 

The decrease in porosity is related to increase in bulk density. 

Using the experimental values of lattice constant ‘a’, oxygen positional 

parameter ‘u’ (0.375 Å) and substituting using the following equations, the allied 

parameters such as tetrahedral and octahedral bond length (dAx and dBx), tetrahedral 

edge, shared and unshared octahedral edge (dAXE, dBXE and dBXEU) were calculated. 

dAx = a 3 (u-1/4)        4.6 

dBx = a [3u
2
-(11/4)u+43/64)]

1/2    
  4.7 

dAxE = a 2 (2u-1/2)        4.8 

dBxE= a 2(1-2u)               4.9 

dBxEu = a [4u
2
 – 3u + (11/16)]

1/2
      4.10 

Figure 4.9 and Table 4.2 show that all the allied parameter increased with 

an increase in Ho
3+

 substitution. The variation of allied parameters is related to the 

difference in the ionic radii of Ho
3+

 and Fe
3+

. The Ho
3+

 ion with the larger ionic 

radii increases the allied parameter as the replaces Fe
3+

 ions of smaller ionic radii. 

The hopping length for A-site (LA) and B-sites (LB) are calculated using the values 

of lattice constant.  
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4

3
aLA 

        
4.11

 

4

2
aLB 

        
4.12

 

The variation of hopping lengths with Ho
3+

 content x is shown in Table 4.3 

and Fig. 4.10 It is observed from Fig. 4.10 that the distance between the magnetic 

ions (hopping length) Ho
3+

increases as Ho
3+

 substitution increases. This behavior 

of hopping length with x is analogous with the behavior of lattice constant with 

Ho
3+

 substitution. This variation may be attributed to the difference in the ionic 

radii of the constituent ions, which makes the magnetic ions become larger to each 

other and the hopping length increased.  

 

4.3.2 Infrared Spectroscopy 

The room temperature IR spectra of the all the composition are shown in 

Fig. 4.11. The spectra are recorded in the range from 300 to 800 cm
-1

. The band 

positions for all the investigated composition are given in Table 4.4. The spectra 

show two main absorption bands ʋ1andʋ2as a common feature of all the ferrites. 

The high-frequency band ʋ1 lies in the range702-725 cm
-1

 while the low-frequency 

band ʋ2 is varying in the 486-497 cm
-1

 range. The difference in the band position is 

expected because of the difference in Fe
3+

- O
2-

distance for the octahedral and 

tetrahedral compounds. From the IR spectra it is noticed that the frequency ʋ1and 

ʋ2areslightly shifted with an increasing Ho
3+

concentration and consequently with 

decreasing Fe ions concentration. Waldron [84] studied the vibration spectra of 

ferrites and attributed the ʋ1 band to the intrinsic vibrations of the tetrahedral 

groups and ʋ2 band to the octahedral groups. Thus, the replacement of La
3+

 with 

Fe
3+

 ions (having larger ionic radius and higher atomic weight than Fe
3+

) at 

octahedral site in the ferrite lattice affects the Fe
3+

- O
2-

stretching vibration. This 

may be reason for the observed change in ʋ1 and ʋ2 band positions. 
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4.3.3 Cation Distribution 

The cation distribution in spinel ferrite can be obtained from the analysis of 

X-ray diffraction pattern. In the present work, the Bertaut method [101] is used to 

determine the cation distribution. This method selects a few pairs of reflections 

according to the expression: 

    
    

       
     

    
     

       
             4.13 

where     
     and      

      are the observed and calculated intensities for reflection 

(hkl), respectively. The best information on cation distribution is achieved when 

comparing experimental and calculated intensity ratios for reflections whose 

intensities (i) are nearly independent of the oxygen parameter, (ii) vary with the 

cation distribution in opposite ways and (iii) do not differ significantly.  

The distribution of divalent and trivalent cations among octahedral and 

tetrahedral sites in the   presently investigated samples were determined from the 

ratio of XRD lines I220/I440 and I422/I400.These planes are assumed to be sensitive to 

the cation distribution. The temperature and absorption factors are not taken into 

account in our calculations as they do not affect the intensity calculation. If an 

agreement factor (R) is defined as in Eq. (4.14), the best-simulated structure which 

matches the actual structure of the sample will lead to a minimum value of R and 

the corresponding cation distribution is obtained for each hkl and        reflection 

pair considered: 

   |(
    
    

       
    )  (

    
     

       
     )|      4.14 

For the calculation of the relative integrated intensity (Ihkl) of a given diffraction 

line from powder specimens as observed in a diffractometer with a flat-plate 

sample holder, the following formula is valid, 

      | |   
           4.15 

where F is the structure factor, P is the multiplicity factor, LP is the Lorentz-

polarization factor and 
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       4.16 

The atomic scattering factors for various ions were taken from the literature [99]. 

It should be added that the calculated integrated intensities are valid at 0 K. 

Because the observed values are obtained at room temperature, a suitable 

correction is in principle necessary for precise comparison. However, the spinels 

are high-melting compounds, the thermal vibration of the atoms at room 

temperature should not differ greatly from that at absolute zero. Therefore, in our 

intensity calculations no temperature correction was deemed necessary. 

The cation distribution from in above mentioned way is listed in Table 4.5. 

It is observed from table 4.5 that the Ho
3+

 ions show a preference for octahedral 

sites. It is to be noted that the radius of the octahedral site is larger than that of 

tetrahedral site in the spinel lattice. As mentioned earlier the ionic radius of the 

Ho
3+

 ion is 1.04 Å which could be large for tetrahedral A site and therefore these 

larger Ho
3+

 ions occupy octahedral site. It can also be assumed that the small 

amount of Ho
3+

cations substituted for Fe
3+

 cations which enter into the octahedral 

sites by rearrangement of cations between the tetrahedral and octahedral sites to 

minimize the free energy of the system. It is also observed that Co
2+

 ion initially 

occupy only octahedral sites, but as the Ho
3+

 concentration increased Co
2+

 ions 

occupied tetrahedral A site as well. Partial migration of Co
2+

 ions (0.78Å) from B 

to A sites has been observed by increasing the Ho
3+

 concentration accompanied by 

an opposite transfer of equivalent number of Fe
3+

 ions (0.67Å) from A to B sites in 

order to relax the strain at the octahedral sites [102].  

 The mean ionic radius of the tetrahedral A- and octahedral B-sites (rA and 

rB) was calculated for all the samples using the relations discussed elsewhere    

[103, 104]. The values are given in Table 4.6 and its variation is shown in Fig. 4.12. 

It is observed from Fig. 4.12 that both rA and rB increased with an increase in Ho
3+

 

substitution. The increase in rB is due to the occupancy of larger Ho
3+

 (1.04 Å) at 

octahedral B site which replaced smaller Fe
3+

(0.67 Ǻ) ions. The site ionic radii of 

tetrahedral A-site (rA) initially remain constant and it increased for x  0.075. The 

increase in rAfor x  0.075 is due to the migration of Co
2+

 ions from B site to A site. 
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The theoretical values of lattice parameter (ath) were calculated using the 

following equation [105]: 

    0B0Ath Rr3Rr3
3

8
a       4.17 

where rA and rB are radii of tetrahedral (A) site and octahedral [B] site, RO is radius 

of oxygen i.e. (RO = 1.32 Å). The variations of theoretical lattice parameter are 

shown in Table 4.6 and Fig. 4.13. It is observed theoretical lattice constant 

increased with increase in Ho
3+

 substitution. This variation is similar to that 

observed for experimentally determined lattice parameter (a). 

Using the values of ‘a’, the radius of oxygen ion RO= 1.32 Ǻ and ‘rA’ in the 

following expression, the oxygen positional parameter ‘u’ was calculated [21]: 

  









4

1

a3

1
Rru 0A       4.18 

As discussed earlier the A site is smaller in size than the B sites. A site is unable to 

accommodate available cations without local distortion of the sites. Thus each A 

site expands by an equal displacement of the four surrounding oxygen ions, 

towards and along the body diagonal of the cube, to form a tetrahedral with an 

A−ion having cubic symmetry. However, six oxygen ions surrounding a B site are 

shifted in such a way that this oxygen octahedral shifts by the same amount, as the 

first expands. A quantitative measure of this displacement is the oxygen positional 

parameter u, given by a distance between an oxygen ion and a face of a cube. The 

ideal FCC parameter is u = 3/8 = 0.375, where the packing of ions, within the 

lattice, is taken as perfect. However, slight deviation from the perfect value may 

occur due to relatively larger oxygen ion which causes a small distortion of the 

lattice structure to make space for the cations at the available interstitial sites in the 

unit cell. The oxygen atom in the spinel structure is not generally located at the 

exact FCC sub lattice. Their detailed positions are deformed as given by the u 

parameter, which reflect adjustment of the structure to accommodate differences in 

the radius ratio of the cation in A and B sites [106].Figure 4.13 and Table 4.6 

shows the variation of oxygen positional parameter ‘u’ with Ho
3+

 substitution. In 

most oxide spinels the oxygen ions are apparently larger than the metallic ions. 

Our value of ‘u’ is larger than its ideal value (u = 0.375 Å), this larger value may 

probably be due to many reasons, including the history of the samples, 
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experimental or measurement errors, e.g. precision of the observed X-ray intensity 

and the theoretical data used for the scattering model of the system.  

 

4.3.4 Magnetization 

In the present work to tailor the magnetic properties of the cobalt ferrite, 

Fe
3+

 ions are partially substituted by trivalent ions of rare earth element Ho
3+

, 

aiming to occupy the spin down sites and, consequently, to increase the net 

magnetization. Magnetic measurements of Ho
3+

 substituted CoFe2O4 ferrite 

nanoparticles were carried out at room temperature using pulse field hysteresis 

loop technique with a peak field of 9 kOe and the hysteresis loops are shown in 

Fig. 4.14 As it can be seen, the variation of magnetization as a function of applied 

field presents a wide cycle and the observed hysteresis loops are characteristic 

behavior of hard magnetic material. The values of saturation magnetization (Ms), 

remanence magnetization (Mr), coercivity (Hc) and magneton number (nB) 

obtained from magnetization plots are given in Table 4.7. The effect of rare earth 

element Ho
3+

 substitution on the magnetic properties of the material is in general a 

positive one. It is observed from Figs 4.14 and 4.16 that magnetization increased 

with an increase in Ho
3+

 substitution because of larger magnetic moment of Ho 

(10.6 µB) than Fe (5µB). The magnetic moment in the case of the Ho
3+

 is 10.6 µB 

and generally originated from the localized 4f electrons. Therefore, the effect of 

Ho
3+

ions in the cobalt ferrite materials seems to be similar to the substitution of 

magnetic ions in the octahedral Fe sites of the spinel lattices. 

In spinel ferrite the saturation magnetization is dominated by the 

superexchange interactions between the tetrahedral (A-sites) and octahedral (B-

sites) sites cations. According to Neel’s molecular-field model [107], the A-B 

super exchange interaction predominate the intrasublattice A-A and B-B 

interactions. Therefore, the net magnetic moment is given by the sum of the 

magnetic moments of the A and B sublattices. The magnetic moment per formula 

unit (nB) was calculated from Neel’s sub-two-lattice model using the relation, 

nBcal.= MB-MA       4.19 

where MB and MA are the B and A sub-lattice magnetic moments in B. The 

variation of nBcal. with Ho
3+

 substitution is shown in Fig. 4.15. According to the 



[CHAPTER 4] Ph.D. Thesis 

 

 50 

 

cation distribution (Table 4.5) Co
2+

 (3µB) ions mostly contribute to the B-site 

sublattice magnetization, Ho
3+

 (10.6 µB) ions contribute only to the B-site 

sublattice magnetization whereas Fe
3+

 (5 µB) contribute equally to A and B site 

sublattice magnetization. The preferential occupancy of Ho
3+

 ions at the octahedral 

B-sites in the CoFe2O4 spinel will result in decreasing the concentration of Fe
3+

 

ions in these sites and resulted into the increase of net magnetic moment. The 

increase in magnetization with the increasing Ho
3+

 content means that the 

  323

BA HoOFe  superexchange interaction is stronger than the   323

BA FeOFe  

interaction. The increase in Ms and consequently nB could also be contributed by 

the enhancement of hyperfine fields at 12k and 2b sites [108].It is also worth to 

mention here that while CoFe2O4 was substituted by an amount of Ho
3+

 ions, the 

interaction between the spins of the Ho
3+

 ion and theFe
3+

 ion, which, to some 

extent, decouples the antiferromagnetic interactions between the Fe
3+

 ions and thus 

provides a significant enhancement of the magnetization. 

The observed magnetic moment per formula unit in the Bohr magneton 

(µB) was calculated using a relation  4. 20 

   
                 (  )                            (  )

    
  4.20 

It is obvious from Table 4.7 and Fig. 4.15 that the calculated and observed values 

of the magneton number are in good agreement with each other.  

Remanence magnetization (Mr) increased from 28.5 to 34.6 emu/g with 

Ho
3+

 substitution (Table 4.7). Remanence ratio (R), i.e. Mr/Ms is calculated for 

Ho
3+

 substituted CoFe2O4 nanoparticles. Table 4.7 shows that R is ranging from 

0.451 to 0.467 which is well below the typical value1 for single domain isolated 

ferromagnetic particles. The remanence ratio is0.5 for randomly oriented uniaxial 

anisotropic ferromagnetic particles [109]. The deviation of R from typical single 

domain class value may be assigned to the interaction amongst the grains which 

are affected by the core–shell structure of grains and grain size distribution in 

material. The observed remanence ratio is well agreed to the values of single 

domain or pseudo-single domain particles of other chemical routed RE doped 

CoFe2O4 samples [110]. 
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The anisotropy constant (K) can be calculated using following relation and 

assuming the magnetic particles to be isolated (exchange interacting spin) single 

domains, 

  
    

 
  

The values of K listed in table 4.7 are much higher than that of previously reported 

RE-CoFe2O4 [111]. This shows that grains are not single domains and anisotropy 

contribution is not uniaxial, but it may be cubic magneto-crystalline anisotropy and 

hence strong grain to grain interactions exist in these materials. 

Coercivity (Hc) of CoFe2O4 increased with the increase in Ho
3+

substitution 

(Fig. 4.16).The coercivity increases with Ho
3+

 substitution that may be due to the 

enhancement of magneto crystalline anisotropy with anisotropic Fe
2+

 ions located 

on 2 A sites as usually found in rare earth substitution and this happens due to 

elevated sintering temperature [112].The coercivity increase with the increase of 

Ho substitution. It is observed that Hc is inversely proportional to the packing of 

magnetic materials or the grain size that is Hc1/r. It is also to be noted that the 

coercivity is a microstructure property. It depends upon defects, surface effect, 

strains, non-magnetic atoms, etc. in the material [113]. The coercive force variation 

of the system shows a typical size dependent behavior. This behavior can be 

attributed to the combination of surface effect and its surface anisotropy [114]. The 

electronic configuration of Ho
3+

 ions results in the lattice or crystalline field 

distortion, and generates an internal stress. Also, the strong spin-orbit coupling of 

rare earth Ho
3+

 ions may contribute to the anisotropy, when they are located in the 

B sites of ferrite [115]. This might also one of the reasons to increase the coercivity 

of the samples with Ho
3+

substitution. 
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Table 4.1 Lattice constant (a), X-ray density (dx), crystallite size (DXRD), specific 

surface area (S), bulk density (dB) and porosity (P) of HoxCoFe2-xO4 

Comp. 

x 

a 

(Å) 

dx 

(g/cm
3
) 

DXRD 

(nm) 

S 

(m
2
/g) 

dB 

(g/cm
3
) 

P 

(%) 

0.000 8.355 5.345 32.1 42.95 4.352 18.58 

0.025 8.363 5.392 34.8 39.19 4.399 18.41 

0.050 8.372 5.436 37.9 35.42 4.469 17.79 

0.075 8.379 5.484 39.7 33.43 4.521 17.56 

0.100 8.383 5.536 32.1 40.64 4.599 16.92 
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Table  4. 2 Tetrahedral bond (dAX), octahedral bond (dBX), tetra edge (dAXE) and 

octahedral edge (dBXE) (shared and unshared) of HoxCoFe2-xO4 

Comp. 

x 

dAX 

(Å) 

dBX 

(Å) 

Tetra edge (Å) Octa edge dBXE (Å) 

dAXE Shared unshared 

0.000 1.8957 2.0397 3.0955 2.8120 2.9555 

0.025 1.8964 2.0405 3.0967 2.8130 2.9565 

0.050 1.8977 2.0420 3.0989 2.8150 2.9587 

0.075 1.9018 2.0463 3.1056 2.8211 2.9650 

0.100 1.9034 2.0480 3.1081 2.8234 2.9675 
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Table 4.3 Hopping lengths(LA and LB) of HoxCoFe2-xO4 

Comp. 

x 

Hopping length 

LA (Å) LB (Å) 

0.000 3.6176 2.9538 

0.025 3.6211 2.9566 

0.050 3.6250 2.9598 

0.075 3.6280 2.9623 

0.100 3.6301 2.9640 
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Table 4.4 IR absorption bands of HoxCoFe2-xO4 

Comp. 

x 
ν1 (cm

-1
) ν2 (cm

-1
) 

0.000 725 497 

0.025 708 499 

0.050 714 491 

0.075 702 496 

0.100 725 486 
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Table  4.5 Cation distribution of HoxCoFe2-xO4 

Comp. 

x 
Cation distribution 

0.000 (Fe)A [CoFe]B O4 

0.025 (Fe)A [CoHo0.025Fe0.975]B O4 

0.050 (Fe)A [CoHo0.05Fe0.95]B O4 

0.075 (Co0.05Fe0.95)A [Co0.95Ho0.075Fe0.975]B O4 

0.100 (Co0.05Fe0.95)A [Co0.95Ho0.1Fe0.95]B O4 
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Table  4.6 Ionic radii of tetrahedral A-site (rA), octahedral B-site (rB), theoretically 

lattice constant (ath) and oxygen positional parameter (u) of HoxCoFe2-xO4 

 

Comp. 

‘x’ 

rA 

(Å) 

rB 

(Å) 

ath 

(Å) 

u 

(Å) 

0.000 0.670 0.725 8.518 0.3849 

0.025 0.670 0.730 8.530 0.3847 

0.050 0.670 0.734 8.543 0.3845 

0.075 0.676 0.736 8.556 0.3847 

0.100 0.676 0.741 8.569 0.3845 
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Table  4.7 Saturation magnetization (Ms), remanence magnetization (Mr), 

remanence ratio (R), magneton number (ηB), anisotropy constant (K) and 

coercivity (HC) of HoxCoFe2-xO4 

Comp. 

x 

Ms 

(emu/g) 

Mr 

(emu/g) 
R 

ηB (µB) K 

(erg/cm
3
) 

HC 

(Oe) Obs. Cal. 

0.000 61.06 28.5 0.467 2.57 3.0 38743 1269 

0.025 65.19 29.8 0.457 2.77 3.14 45144 1385 

0.050 66.96 30.9 0.461 2.88 3.28 49651 1483 

0.075 71.10 32.1 0.451 3.09 3.62 56560 1591 

0.100 74.05 34.6 0.467 3.26 3.76 55241 1492 
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Fig. 4.1: X-Ray diffraction patterns of (a) x = 0.0, (b) x = 0.025, (c) x = 0.050, (d) 

x = 0.075 and (e) x = 0.1 for HoxCoFe2-xO4 
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Fig. 4.2: Variation of lattice constant with Ho
3+

 content x 
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Fig. 4.3: Variation of X-ray density with Ho
3+

 content x. 
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Fig. 4.4: Variation of specific surface area (S) and crystallite size (Dxrd) with La 

substitution of HoxCoFe2-xO4 
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Fig. 4.5. (a) = 0.0, (b) = 0.025 and (c) = 0.05, 

 
 

 

(c) 

(d) 
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Fig. 4.5. (d) = 0.075 and (e) = 0.1 
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Fig. 4.6: TEM images of (a) x = 0.0 and (b) x = 0.075 

 

(a) 

(b) 
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Fig. 4.7: SAED images of (a) x = 0.0 and (b) x = 0.075 
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Fig. 4.8: Variation of bulk density (dB) and porosity (P) with Ho
3+

 content x. 
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Fig. 4.9: Variation of Tetrahedral bond (dAX), octahedral bond (dBX), tetra edge 

(dAXE) and octahedral edge (dBXE) (shared and unshared) with Ho
3+

 content x of 

HoxCoFe2-xO4 
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Fig. 4.10: Variation of ion jump lengths (LA and LB) with Ho
3+

 substitution of 
HoxCoFe2-xO4 
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Fig. 4.11: Infrared spectra of HoxCoFe2-xO4. 
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Fig. 4.12: Variation of site ionic radii (rA and rB) with Ho
3+

 content x. 
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Fig. 4.13: Variation of theoretical lattice constant (ath) and oxygen parameter (u) 

with Ho
3+

 content x. 
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Fig. 4.14: Variation of magnetization (M) with applied field (H). 
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Fig. 4.15: Variation of observed (Obs.) and calculated (Cal.) magneton number 

with Ho
3+

 content x. 
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Fig. 4.16: Variation of magnetization (Ms) and coercivity (Hc)  

with Ho
3+

 content x. 
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Chapter # 5 

Results and Discussion on PrxCoFe2-xO4 

Ferrite System 

 

5.1 Introduction 

There is an increasing interest in magnetic ferrite nanoparticles because of 

their broad applications in several technological fields including permanent 

magnets, magnetic fluids, magnetic drug delivery, microwave devices, and high 

density information storage [116,117]. Chemically prepared magnetic 

nanoparticles exhibit superior magnetic properties compared to their bulk 

counterparts due to small particle size and uniform distribution. Technically, spinel 

ferrites are an important group of magnetic materials with diverse properties 

applicable in the fabrication of electronic, magnetic and microwave devices. 

Cobalt ferrite is partially inverse spinel material having semiconducting 

nature and exhibits high resistivity, along with moderate magnetization and 

magneto resistance and very high magneto crystalline anisotropy. These properties 

can be tailored by proper choice and composition of trivalent cations to replace 

Fe
3+

in the parent lattice of cobalt ferrite caused by a structural variation in the host 

lattice. The rare earth ferrites found important applications in modern 

telecommunication and electronic devices. An improvement in the intrinsic 

magnetic properties of the ferrite can be obtained by using optimization of 

synthetic parameters and partial substitutions for Fe sites, metal ions having much 

larger ionic radii compared with the Fe ion radius, such as rare earth ions, can be 

used for enhancing the magnetization and coercive field and as inhibition agents of 

the grain growth mechanism at high temperature [118,119]. 

The improvement is largely associated with the increase of both 

magnetocrystalline anisotropy and coercive field and magnetization observed in 

RE substituted ferrites. The RE ions may contribute to a change of new magnetic 
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interactions, thus improving the magnetic properties [120].Rare earth ions can 

improve densification and increase permeability and resistivity of ferrites. Previous 

studies suggest that the inhomogeneous magnetic spin structure can be effectively 

suppressed by RE doping [55, 56]. Furthermore, it is known that the rare-earth ions 

(RE) have unpaired 4f electrons and strong spin–orbit coupling of the angular 

momentum. Moreover, 4f shell of rare-earth ions are shielded by 5s
2
5p

6
orbital and 

almost not affected by the crystal field of surrounding ions. Doping of rare-earth 

ions into spinel ferrites, 4f–3d coupling takes place which determines the 

magnetocrystalline anisotropy of the samples.  

One of the most remarkable feature of spinel ferrites is the strong 

dependence of properties on the state of chemical order, i.e., on the cation 

distribution [121]. Whereas the magnetic order of the ferrimagnetic spinels is due 

to a super-exchange interaction mechanism occurring between the metal ions in the 

tetrahedral A-sites and octahedral B-sites, magnetization arises from the difference 

of the magnetic moments of the ions in the B-sites and those of the A-sites [122]. 

RE enters into the ‘B’ sites by displacing a proportionate number of Fe
3+

 

from ‘B’ to ‘A’ sites. It is reported that rare earth praseodymium (Pr
3+

) ions can 

improve the magnetic properties of hexagonal ferrite [123-125]. However, to the 

best of authors knowledge there are no reports are available in the literature 

regarding the substitution of Pr
3+

 ions in cobalt spinel ferrite synthesized by sol-gel 

auto combustion technique. In the current study we have directed our attention to 

the preparation of rare earth Pr
3+

 substituted CoFe2O4 ferrite nanodimensional 

powders by sol-gel auto-combustion method. The effect of Pr
3+

 on the structural 

and magnetic properties of CoFe2O4 was in focus of the investigation. 

 

5.2 Experimental 

Sol-gel auto-combustion method was used to synthesize Pr
3+

 substituted   

CoFe2O4. Analytical grade citric acid (C6H8O7·H2O), praseodymium nitrate 

Pr(NO3)3.6H2O, cobalt nitrate Co(NO3)2.6H2O, and iron nitrate (Fe(NO3)3·9H2O) 

were used as starting materials.  

 

\ 
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   5.2.1. Sol Formation 

 The stoichiometric amount of above mentioned metal nitrate and citric acid 

was dissolved into de-ionized water to form a mixed solution. Homogenous 

distribution and segregation of the metal ions was achieved by the use of citric 

acid. The pH value of the solution was maintained in the range 7 by drop wise 

addition of ammonia solution (base catalyst) in order to speed up the reaction. The 

solution was constantly stirred using a magnetic agitator. The condensation 

reaction took place between the adjoining metal chlorides and the molecules of 

citrates yielding a polymer precursor in colloidal dimensions known as sol. 

 

 5.2.2 .Gel Formation 

The obtained sol was heated at 90C on a hot plate under regular stirring to 

condensate into a xerogel. 

 

 5.2.3. Powder Formation 

 An increase of temperature up to 300 C led to the ignition of the dry gel 

and a loose ferrite nanopowder was obtained through the burning of gel in a self- 

propagating combustion manner. During the combustion process, exothermic 

decomposition of a redox mixture of metal chlorides and citric acid took place 

along with the removal of gases such as H2O, N and CO2 etc. 

Reaction procedure was carried out in air atmosphere without protection of 

inert gases. The molar ratio of metal nitrates to citric acid was taken as 1:3.The as 

prepared powder then annealed at 600 ºC for 4 h.  

Sol-gel auto-combustion synthesized powder samples were X-ray examined 

by Phillips X-ray diffractometer (Model 3710) using Cu-K radiation 

(=1.5405Å). Transmission electron microscope (TEM) measurements were 

recorded on Philips (Model CM 200). The infrared spectra of all the samples were 

recorded at room temperature in the range 300 cm
-1

 to 800 cm
-1

 using Perkin Elmer 

infrared spectrophotometer. Room temperature magnetization of the samples was 

measured using the pulse field magnetization set-up, with the maximum applied 

magnetic fields of 9000 Oe.  
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5.3 Results and Discussion 

       5.3.1. Structural Analysis 

It is obvious from the XRD patterns (Fig. 5.1) of PrxCoFe2-xO4 that the 

patterns were indexed and cubic lattice was observed. The results indicate that the 

material has a well-defined crystalline single phase belonging to the fcc system. 

The diffraction pattern gave a verification of the presence of spinel crystal 

structure for each composition of PrxCoFe2-xO4. Since the XRD patterns of PrFeO3 

phase cannot be found in Fig. 5.1 for x < 0.075, we can draw a conclusion that Pr
3+ 

has entered the lattice of ferrite successfully. It is observed that the cubic spinel 

phase coexists with some amount of PrFeO3 phase in x ≥ 0.075. As CoFe2O4 is 

nearly inverse spinel, this anomaly in the intensity distribution may arise from the 

following facts: (i) differences in the cation distribution among the [A] and [B] 

sites in the spinel lattice and; (ii) phase inhomogeneity, in particular presence of 

ferrite phases with different cation distributions. The ionic radius of Pr
3+

  ions is 

1.13Å  which is larger than that of Fe
3+

 (0.67 Å),  and the amount of Fe
3+

ions 

substituted by Pr
3+

ions is limited, thus redundant Pr
3+

ions aggregates on the grain 

boundaries forming PrFeO3 phase. As a result, there was a limit for the 

replacement of Fe
3+

 with Pr
3+

, and the maximum was x = 0.05 in our experiment.  

The X-ray diffraction patterns show as light shifting in peaks position due 

to unstable d-spacing values with increasing Pr
3+

 content in all ferrite samples. The 

replacement of Fe
3+ 

ions in octahedral B sites by Pr
3+ 

ions would cause the 

expansion of unit cell, resulting in larger lattice constants [11]. 

The lattice parameter ‘a’ was calculated using the following equation [126]: 

)( 222 lkhda         5.1 

where d is the inter-planer spacing and (hkl) is the index of the XRD reflection 

peak. It is observed from Table 5.1 and Fig. 5.2 that lattice constant ‘a’ increases 

from 8.373- 8.423 Å with increase in Pr
3+

 substitution. The ionic radius of Pr
3+

 and 

Fe
3+

 ions is 1.13 and 0.67 respectively, therefore, when Fe
3+

was replaced by Pr
3+ 

the lattice constant should aggrandize as the content of the Pr
3+

increased.The 

relationship between Pr
3+

 substitution and lattice parameter can be explained by 

Vegard’s law [127].The law states that the crystallographic parameters of a 

continuous substitutional solid solution vary linearly with concentration at constant 
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temperature when the nature of the bonding is similar in the constituent phases. 

The X-ray density (dx) of all the samples of the series was obtained by the 

following relation; 

 
3

8

Na

M
dx 

 
       5.2 

Where 8 is the number of molecules per unit cell, ‘M’ is the molecular weight of 

sample, ‘N’ is the Avogadro’s number and ‘a’ is lattice constant. It is observed 

from Table 5.1 and Fig. 5.3 the X-ray density exhibits an increasing trend from 

5.309 to 5.405g/cm
3 

with an increase in Pr
3+

 substitution. The atomic weight of 

Pr
3+

 is 140.90amu which is larger than the atomic weight of Fe
3+

 (55.84amu), this 

lead to increase in dx with Pr
3+

 substitution. 

The average crystallite diameter ‘DXRD’ of powder estimated from the most 

intense (311) peak of XRD and using the Scherrer formula [126]: 





cos

9.0

B
DXRD          5.3 

Where λ is the wavelength used in XRD, B is the full width of half maximum in 

(2),  is the corresponding Bragg angle. The reflection plan (311) was used to 

calculate the crystallite size and lattice constant since this crystallographic plane 

exhibited the maximum diffraction intensity. Figure 5.4 and Table 5.1 shows that 

the crystallite size varies in the range of 24.5 to 37.9 nm with Pr
3+

 substitution. 

The specific surface area (S) was calculated from the diameter of the 

particle in nanometer and the measured density in g/cm
3
 using the relation [100]: 

 
BDd

S
6000

         5.4 

where D is the average crystallite size and dB is the bulk density. The variation of 

surface area (S) with Pr
3+

 content x is shown in Fig. 5.4 and Table 5.1.  

SEM micrographs were analyzed to investigate the grain structure of the 

nanoparticles and assist in understanding the development of the grain sizes. 

Fig.5.5 shows the SEM images of the synthesized pure cobalt ferrite and Pr
3+

 

substituted cobalt ferrite. It is observed that the average grain size decreases with 

increase in Pr
3+

 substitution. When Fe
3+

 ions in ferrite lattices are substituted by 

Pr
3+

ions, the lattice parameter is found to change. The variation of lattice parameter 

will lead to the lattice strains, which produce the internal stress. Such a stress 
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hinders the growth of grains, so the grain sizes of the samples substituted with Pr
3+

 

ions. It is also to be noted that the larger bond energy of Pr
3+

-O
2-

, all the 

Pr
3+

substituted samples have higher thermal stability relative to pure CoFe2O4, and 

hence more energy is needed for the substituted samples to complete crystallization 

and grain growth. As it is observed from XRD data as well, Pr
3+ 

ions, because of 

their larger ionic radius, enter partially into the lattice; the rest may reside at the 

grain boundary as a second phase. The presence of Pr
3+

 ions at the boundary of 

grain will bring pressure on the grain and hinder the growth of grains. 

TEM images (Fig. 5.6 a and b) of the typical samples show that the 

particles are aggregated and the average values of the nanocrystalline samples are 

consistent with the result from XRD according to the Scherrer formula. 

Interestingly, Fig. 5.6 (a and b) demonstrates that the nanoparticles are not in 

spherical shape but in square slice shape with small thickness. Fig. 5.6 (c) shows a 

selected area electronic diffraction (SAED) pattern of the nanoparticles. 

The bulk density ‘dB’ of the specimens has been determined by the hydro-

static method. The variation of the bulk density is shown in Fig. 5.7 and the values 

are depicted in Table 5.1. Moreover the presence of Pr
3+ 

ions activates the sintering 

process in ferrites and leading increasing densities 

Since the formation of secondary phase (PrFeO3) fills inter-granular voids 

and exhibits good densification, a decrease in porosity was expected with Pr
3+ 

contents. The percentage porosity is calculated using the following relation 

100
d

dd
P

X

BX 






 


       5.5
 

where dx and dB are the X-ray density and bulk density respectively. Table 5.1 and 

Fig. 5.7 shows that the porosity increased with increase in Pr
3+

 substitution. The 

increase in porosity is related to decrease in crystallite diameter and bulk density. 

Using the experimental values of lattice constant ‘a’, oxygen positional 

parameter ‘u’ and substituting using the following equations, the allied parameters 

such as tetrahedral and octahedral bond length (dAx and dBx), tetrahedral edge, 

shared and unshared octahedral edge (dAXE, dBXE and dBXEU) were calculated. 











4

1
u3adAX

       5.6 
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2

1

2

BX
64

43
u

4

11
u3ad 

















       5.7 











2

1
u22adAE

       5.8 

 u212adBEshaired                     5.9 

2

1

2

dBEunshaire
16

11
u3u4ad 








     5.10 

Table 5.2 and Fig. 5.8 show that all the allied parameter increased with the 

increase in Pr
3+

 substitution. The variation of allied parameters is related to the 

difference in the ionic radii of Pr
3+

 and Fe
3+

. The Pr
3+

 ion with the larger ionic radii 

increases the allied parameter as the replaces Fe
3+

 ions of smaller ionic radii. 

The hopping length for A-site (LA) and B-sites (LB) are calculated using the 

values of lattice constant.  

4

3
aLA 

        
5.11

 

4

2
aLB 

        
5.12

 

Table 5.3 and Fig. 5.9 shows the variation of hopping lengths LA and LB 

with Pr
3+

substitution. It is observed from Table 5.3 and Fig. 5.9 that the distance 

between the magnetic ions (hopping length) increases as Pr
3+

 substitution 

increases. This behavior of hopping lengths with Pr
3+

 substitution is an analogous 

with the behavior of lattice constant with Pr
3+

 substitution. This variation may be 

attributed to the difference in the ionic radii of the constituent ions, which makes 

the magnetic ions become larger to each other and the hopping length increased.  

 

5.3.2 Infrared Spectroscopy 

In order to confirm the constitutions of spinel structure and to investigate 

the chemical properties of ferrite, the infrared (IR) spectroscopy of Pr
3+

 substituted 

CoFe2O4. The analysis of IR spectra can give information about structural 

transformation and can be considered as an important tool to get information about 

position of ions in the crystal. The room temperature IR spectra of all the 

composition are shown in Fig. 5.10. IR spectrum of the synthesized samples 
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displayed two absorption bands characteristic of the spinel ferrites at 707-757 and 

454-477 cm
-1

. The higher frequency band (ν1) was due to stretching vibration of 

tetrahedral metal oxygen bond and the lower frequency band (ν2) was due to 

octahedral metal oxygen bond [84].The band positions for all the investigated 

composition are given in Table 5.4. The change in the lattice constant is 

responsible for this shift of the center frequencies. The increase in the unit cell 

dimensions due to the replacement of Fe
3+

 ions by larger ionic radius Pr
3+

 ions 

affects the Fe
3+

–O
2-

stretching vibrations and this is a prominent cause of change in 

band positions. The change in the frequency of ν1 stretching band indicates the 

preference of Pr
3+

 ions to occupy the octahedral sites. The peak intensity of 

frequency bands slightly changes with an increasing Pr
3+

substitution. It is known 

that the intensity ratio is a function of the change of dipole moment with the inter-

nuclear distance (dμ/dr) [128]. This value represents the contribution of the ionic 

bond Fe-O in the lattice. Furthermore, it is observed from Fig. 5.10 that the normal 

mode of vibration of tetrahedral cluster (ν1) is higher than that of octahedral cluster 

(ν2), which is attributed to the shorter bond length of tetrahedral cluster and longer 

bond length of octahedral cluster. 

 

5.3.3 Cation Distribution 

The cation distribution in spinel ferrite can be obtained from the analysis of 

X-ray diffraction pattern. In the present work, the Bertaut method [101] is used to 

determine the cation distribution. The cation distribution of PrxCoFe2-xO4 is listed 

in Table 5.5. The radius of Pr
3+

 ions was larger than that of others metal ions in the 

as-obtained products and the interspaces of tetrahedral sites (A) was smaller than 

that of octahedral site [B], so Pr
3+

 ions was prior to occupy the octahedral sites 

[B].Partial migration of Co
2+

 ions (0.78Å) from B to A sites has been observed by 

increasing the Pr
3+

 concentration. Fe
3+

 ions showed no strong preference for any 

site and occupy both tetrahedral A- and octahedral B-site. 

 The mean ionic radius of the tetrahedral A- and octahedral B-sites (rA and 

rB) can be calculated for all the samples using the relations discussed elsewhere 

[129]. The values of rA and rB are listed in Table 5.6 and its variation is shown in 

Fig. 5.11. It is observed from Table 5.6 and Fig. 5.11that the mean ionic radius of 

the tetrahedral A- and octahedral B-sites increased with an increase in Pr
3+
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substitution. The increase in rB is due to the replacement of smaller Fe
3+

 ions of 

ionic radii (0.67 Ǻ) by the larger rare earth Pr
3+

 ions with 1.13 Å ionic radii at 

octahedral B-site. The small increase in rA is due to the migration of Co
2+

 ions 

from B site to A site, that resulted in the increase the octahedral radii ‘rB’.  

The theoretical values of lattice parameter can be calculated with the help 

of following equation [105], 

    0B0Ath Rr3Rr3
3

8
a       5.13 

Where rA and rB are radii of tetrahedral (A) site and octahedral [B] site, RO is 

radius of oxygen i.e. (RO = 1.32 Å). The values of theoretical lattice parameter `ath’ 

obtained by using relation (5.13) are shown in Table 5.6 and its variation is shown 

in Fig. 5.12. It is observed that ath increased from 8.518 to 8.582Ǻ with increase in 

Pr
3+

 substitution. The difference between a and ath may be related to the lattice 

defects for polycrystalline material and the presence of Fe
3+

 on A or B sites which 

are not taken into account [130]. 

Using the values of ‘a’, the radius of oxygen ion RO = 1.32 Ǻ and ‘rA’ in the 

following expression, the oxygen positional parameter ‘u’ can be calculated [20], 

  









4

1

a3

1
Rru 0A       5.14 

Figure 5.12 and Table 5.6 shows the variation of oxygen positional parameter ‘u’ 

with Pr
3+

 substitution. Our value of ‘u’ is larger than its ideal value (u = 0.375 Å), 

this larger value may probably be due to many reasons, including the history of the 

samples, experimental or measurement errors, e.g. precision of the observed X-ray 

intensity and the theoretical data used for the scattering model of the system.  

 

5.3.4 Magnetization 

The magnetic hysteresis loops collected at room temperature for the present 

samples are shown in Fig. 5.13. As shown in the hysteresis loop of all the samples 

are characterized by its moderate magnetization which monotonically increases 

with increase in applied field and it does attain saturation at the maximum 

attainable field. The values of saturation magnetization (Ms), remanent 

magnetization (Mr) and coercivity (Hc) of Pr
3+

substituted samples are shown in 
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table 5.7. It is observed from Table 5.7, Figs 5.13 and 5.15 that magnetization 

increased from 54.7 to 64.2 with increase in Pr
3+

 substitution for x  0.075, 

followed by decrease in Ms for x = 0.1.There are three factors for interpreting 

magnetization behavior such as hyperfine field enhancements with increase in 

Fe
3+

–O–Fe
3+

 superexchange interaction strength and super-transfer fields, spin 

canting (non-collinear magnetic order), and magnetic dilution with valence state 

change of Fe
3+

(3d
5
 high spin) ions into Fe

2+
(3d

6
 low spin) ions after being 

substituted by Pr
3+

 ions. At the same time, the magnetic behavior of the 

ferrimagnetic hexaferrite material is largely governed by the distribution of iron 

ions on the crystallographic lattice sites and hence the Fe
3+

–O–Fe
3+

exchange 

interactions (the spin coupling of the 3d electrons). The magnetization of the ferrite 

material varies with the factors influencing the strength of these exchange 

interactions. In the Pr
3+

 substituted ferrite, Pr
3+

-Fe
3+

interactions may also exist via 

4f–3d couplings which can cause changes in magnetic properties. The substitution 

of Pr
3+

 for Fe
3+

in the spin- up states (12k,6g,4f3 and 2d) appears to cause reduction 

in magnetization while the substitution in the spin-down states (4e, 4f1 and 4f2) 

may lead to an increase in the net magnetization [131].Therefore, if Fe
3+

in the 

spin-down states were replaced by Pr
3+

, the net magnetization in upward spin is 

expected to increase the total magnetic moment and hence strengthen the 

magnetization, just as the results show. Besides, the substitution of Pr
3+

to Fe
3+ 

induces a perturbation in both electron-density and symmetry around the 2d lattice 

site, which could strengthen the exchange interactions and hence strengthen the 

magnetization [108]. According to the above discussion, through the 

Pr
3+

substitution in the spin-down states, the Fe
3+

–O–Fe
3+

superexchange interaction 

was strengthened. Hyperfine fields at 12k and 2d sites were enhanced by the higher 

net magnetization which was meaningful to Ms [123]. Interestingly the Ms 

decreased for highest value of Pr
3+

 in CoFe2O4. The observed reduction in 

saturation magnetization upon RE
3+

 is more complex and semi empirically 

depends on the exchange energy associated to the magnetic moment of transition 

metal (TM), the TM–O distances, TM–O–TM angle [118], 4f spin contribution to 

the spin-up magnetic moment of the ferrimagnetic structure and associated valance 

changes in Fe
3+

 to Fe
2+

 at 2a and/or 4f2 sites upon RE
3+

 substitution These 

interactions are largely dependent on the associated structural changes as well. The 
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overall decrease in magnetization with RE
3+

 substitution is also associated with the 

non-collinear arrangement of magnetic moment of Fe
3+

. Spin canting or non-

collinear magnetic order is a behavior in which spin orientations of magnetic ions 

align by making angles from the preferred direction. The net magnetic moment or 

magnetization will change with the spin canting. The spin canting effect may also 

cause a decrease in Ms. The net magnetic moment or magnetization will change 

with the spin canting. The spin canting effect caused a decrease in Ms. The 

magnetic moments in the case of the rare-earth ions generally originates from the 

localized 4f electrons. Therefore, the effect of Pr
3+

 ions in the CoFe2O4 materials 

seems to be similar to the substitution of non-magnetic ions in the octahedral Fe 

sites of the spinel lattices. As the net magnetic moments in the ferrimagnetic ferrite 

materials depend on the number of magnetic ions occupying the tetrahedral and 

octahedral sites, the enhancement in the magnetization as a function of Pr
3+

 

substitution is clear. The magnetic moment per formula unit (nB) was calculated 

from Neel’s sub-two-lattice model using the relation, 

nBcal.= MB-MA       5.15 

where MB and MA are the B and A sub-lattice magnetic moments in B. AB2O4 

spinel crystal structure consist of inter-sublattice (A-B) super-exchange 

interactions and intra-sub-lattice(A-A) and (B-B) exchange interactions. Inter-sub-

latticesuper-exchange interactions of the cations on the (A-B) are much stronger 

than the (A-A) and (B-B) intra-sub-lattice exchange interactions [132]. It is 

observed from table 5.5 that Pr
3+

ions occupy the octahedral sites in the ferrite 

which causes Co
2+

 ions to migrate from B site to A site. This occupancy of Pr
3+

 

and Co
2+

 ions increases the difference of magnetic moment between A and B 

sublattice which resulted in the increase in calculated magnetic moment.  

The observed magnetic moment (nBObs.) per formula unit in the Bohr 

magneton (µB) was calculated using a relation 5. 16 

       
                 (  )                            (  )

    
  5.16 

It is obvious from Table 5.7 and Fig. 5.14 that the calculated and observed values 

of the magneton number are in good agreement with each other.  

Figure 5.15 shows the variation of coercivity with Pr
3+

 substitution. The 

dependence of the coercivity can be co-related with the variation of grain size, and 
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it is known fact that coercivity is inversely proportional to the grain size. Larger 

grain tends to contain a more number of domain walls. The magnetization or 

demagnetization caused by domain wall movement requires less energy than that 

required by domain rotation. On contrast with the contribution to magnetization or 

demagnetization due to domain rotation, the wall movement increases as the 

number of walls increases with increasing grain sizes [67]. Therefore, samples 

having larger grains are expected to have lower coercivity, and vice versa. This 

seems to be the main reason for the changes in coercivity of the Pr
3+

 substituted 

CoFe2O4.At the same time, impurities distributed in the grain boundary area break 

and go against the displacement of domain walls. Due to the existence of the 

foreign phase PrFeO3 and the like, the samples after doping with more Pr
3+

ions 

were expected to have larger coercivity [19]. As reported in the earlier references, 

the magnetocrystalline anisotropy with anisotropic Fe
3+

 ions will enhance after the 

substituting of the rare earth, which causes increase in coercivity [133,134]. 
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Table 5.1 Lattice constant (a), X-ray density (dx), crystallite size (DXRD), specific 

surface area (S), bulk density (dB) and porosity (P) of PrxCoFe2-xO4 

 

Comp. 

x 

a 

(Å) 

dx 

(g/cm
3
) 

DXRD 

(nm) 

S 

(m
2
/g) 

dB 

(g/cm
3
) 

P 

(%) 

0.000 8.3732 5.309 24.515 56.50 4.332 18.41 

0.025 8.3761 5.352 37.883 36.06 4.392 17.93 

0.050 8.3835 5.386 26.046 51.91 4.438 17.60 

0.075 8.3984 5.405 37.905 35.04 4.517 16.42 

0.100 8.4234 5.404 37.893 35.00 4.524 16.28 
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Table  5.2 Tetrahedral bond (dAX), octahedral bond (dBX), tetra edge (dAXE) and 

octahedral edge (dBXE) (shared and unshared) of PrxCoFe2-xO4 

 

Comp. 

x 

dAX 

(Å) 

dBX 

(Å) 

Tetra edge (Å) Octa edge dBXE (Å) 

dAXE Shared unshared 

0.000 1.8999 2.0443 3.1025 2.8183 2.9621 

0.025 1.9006 2.0450 3.1036 2.8193 2.9631 

0.050 1.9023 2.0468 3.1063 2.8218 2.9657 

0.075 1.9056 2.0504 3.1118 2.8268 2.9710 

0.100 1.9113 2.0565 3.1211 2.8352 2.9798 
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Table 5.3 Hopping lengths (LA and LB) of PrxCoFe2-xO4 

 

Comp. 

x 

Hopping length 

LA (Å) LB (Å) 

0.000 3.6257 2.9604 

0.025 3.6270 2.9614 

0.050 3.6302 2.9640 

0.075 3.6366 2.9693 

0.100 3.6474 2.9781 
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Table 5.4 IR absorption bands of PrxCoFe2-xO4 

 

Comp. 

x 
ʋ1 (cm

-1
) ʋ2 (cm

-1
) 

0.000 757 454 

0.025 754 461 

0.050 718 471 

0.075 713 477 

0.100 707 475 
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Table  5.5 Cation distribution of PrxCoFe2-xO4 

                          

Comp. 

x 

Cation distribution 

0.000 (Fe)A [CoFe]B O4 

0.025 (Fe)A [CoPr0.025Fe0.975]B O4 

0.050 (Co0.05Fe0.95)A [Co0.95Pr0.05Fe]B O4 

0.075 (Co0.05Fe0.95)A [Co0.95Pr0.075Fe0.975]B O4 

0.100 (Co0.1Fe0.9)A [Co0.9Pr0.1Fe]B O4 
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Table  5.6 Ionic radii of tetrahedral A-site (rA), octahedral B-site (rB), theoretically 

lattice constant (ath) and oxygen positional parameter (u) of PrxCoFe2-xO4 

 

Comp. 

‘x’ 

rA 

(Å) 

rB 

(Å) 

ath 

(Å) 

u 

(Å) 

0.000 0.670 0.725 8.518 0.3849 

0.025 0.670 0.731 8.533 0.3846 

0.050 0.676 0.734 8.550 0.3848 

0.075 0.676 0.740 8.565 0.3845 

0.100 0.681 0.743 8.582 0.3846 
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Table  5.7 Saturation magnetization (Ms), remanent magnetization (Mr), magneton 

number (ηB) and coercivity (HC) of PrxCoFe2-xO4 

 

Comp. 

x 

Ms 

(emu/g) 

Mr 

(emu/g) 

ηB (µB) HC 

(Oe) Obs. Cal. 

0.000 54.7 17.2 2.30 3.00 644 

0.025 56.1 19.4 2.38 2.96 748 

0.050 59.3 20.7 2.54 3.13 691 

0.075 64.2 22.1 2.77 3.09 804 

0.100 61.4 20.6 2.67 3.26 1013 
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Fig. 5.1: X-Ray diffraction patterns of (a) x = 0.0, (b) x = 0.025, (c) x = 0.050,  

(d) x = 0.075 and (e) x = 0.1 for PrxCoFe2-xO4 
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Fig. 5.2: Variation of lattice constant with Pr
3+

content x 
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Fig. 5.3: Variation of X-ray density with Pr

3+
 content x. 
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Fig. 5.4: Variation of specific surface area (S) and crystallite size (Dxrd) with Pr 

substitution of PrxCoFe2-xO4   
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Fig. 5.5. SEM images of (a) x = 0.0, (b) x = 0.025 and (c) x = 0.05, 

 

(a) 

(b) 

(c) 
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Fig. 5.5. SEM images of (d) x = 0.075 and (c) x = 0.1 
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Fig. 5.6: TEM images of (a) x = 0.0 and (b) x = 0.1 

(a) 

(b) 
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Fig. 5.6:(c) SAED pattern of x = 0.1 
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Fig. 5.7: Variation of bulk density (dB) and porosity (P) with Pr
3+

content x. 
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Fig. 5.8: Variation of Tetrahedral bond (dAX), octahedral bond (dBX), tetra edge 

(dAXE) and octahedral edge (dBXE) (shared and unshared) with Pr
3+

 content x of 

PrxCoFe2-xO4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.000 0.025 0.050 0.075 0.100

1.9

2.0

2.8

3.0

3.2

 

 

 dAX   dBX   dAXE

 dBXE (Shared)   dBXE (unshared)

Pr
3+

 content x

B
o
n

d
 a

n
d
 E

d
g

e 
(Å

)

2.960

2.965

2.970

2.975

2.980

O
ctah

ed
ral u

n
sh

ared
 ed

g
e (Å

)



[CHAPTER 5] Ph.D. Thesis 

 

 106 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5.9: Variation of ionjump lengths (LA and LB) with Pr
3+

 substitution of 

PrxCoFe2-xO4 
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Fig.5.10: Infrared spectra of PrxCoFe2-xO4. 
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Fig. 5.11: Variation of site ionic radii (rA and rB) with Pr
3+

content x. 
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Fig. 5.12: Variation of theoretical lattice constant (ath) and oxygen parameter (u) 

with Pr
3+

 content x. 
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Fig. 5.13: Variation of magnetization (M) with applied field (H) of PrxCoFe2-xO4 
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Fig. 5.14: Variation of observed (Obs.) and calculated (Cal.) magneton number 

with Pr
3+

 content x. 
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Fig. 5.15: Variation of magnetization and coercivity withPr

3+
content x. 

 

 

 

 

 

0.000 0.025 0.050 0.075 0.100

55

60

65

 

 

 

M
s 

(e
m

u
/g

)

Pr
3+

 content x

 

 Ms

 Hc

600

700

800

900

1000

 
H

c 
(O

e)



[CHAPTER 6] Ph.D. Thesis 

 

 113 

 

 

Chapter # 6 

Catalytic Applications of HoxCoFe2-xO4  

and PrxCoFe2-xO4 Ferrite System. 

 

6. A. HoxCoFe2-xO4  , Ferrite System. 

      6. A.1. Introduction 

 Multicomponent reactions (MCR) [135-137] have become important tools for 

the rapid generation of molecular complexity and diversity with predefined 

functionality in chemical biology and drug discovery [138-140]. These reactions are 

often discovered by serendipity, but rational design strategies are now playing an 

increasing role because of their convergent nature, superior atom economy, and 

straightforward experimental procedures in the construction of target compounds by 

the introduction of several diversity elements in a single operation, resulting in 

substantial minimizations of waste, labor, time, and cost. MCRs, a powerful and 

virtually reliable target-guided synthetic approach, has extensively been used and 

applied for the rapid construction of molecular-level complex architectures, and 

interest from different branches of science is expanding exponentially [141]. 

 Interest in imidazole-containing structures stems from their widespread 

biological activities and their use in synthetic chemistry. The imidazole ring system is 

one of the most important substructures found in a large number of natural products 

and pharmacologically active compounds [142-146]. In recent years, substituted 

imidazoles are substantially used in ionic liquids [147] that have been given a new 

approach to ‘Green Chemistry’. Triarylimidazole derivatives have many biological 

activities, for example, herbicidal [148], fungicidal [149],
 
anti-inflammatory [150],

 

and antithrombotic activities [151]. In addition, they are used in photography as 

photosensitive compound [152]. Literature survey reveals that there are several 

methods for synthesizing them, mainly using nitriles and esters [153-155] as the 



[CHAPTER 6] Ph.D. Thesis 

 

 114 

 

starting materials. The first synthesis of the imidazole core 2,4,5-triphenylimidazoles 

using 1,2-dicarbonyl compounds aldehydes and ammonia, was proposed by Japp and 

Radziszewski [156-157].
 
Subsequently, many other methods for synthesis of this 

important heterocycle have been published [158-159].
 
Recently some methods for 

synthesis of tetra-substituted imidazoles are reported [160].
 
However, some of these 

previous methods have suffered from one or more drawbacks like high temperature 

requirement, highly acidic conditions, and the use of metal cyanides for preparation of 

the nitrile compounds that limit their utility [161,162]. Some of methods have resorted 

to harsh conditions (e.g. the formamide synthesis, which requires excess reagents, 

H2SO4 as a condensing agent, 150-200°C, 4-6 h, 40-90% [163-165].
 
Due to these 

reasons, the development of mild, efficient and versatile method is still important. 

In recent times, several transition metal oxides in the form of nanoparticles were 

employed as recyclable catalysts for one-pot multicomponent reactions [166]. In 

general, nanomaterials with natural morphologies containing higher surface area as 

reactive sites allow them to act as effective catalysts for organic synthesis [167]. 

These nanoparticles have provided a simplified isolation       procedure for the 

product, with small amounts of catalyst, affording easy recovery and recyclability of 

the catalyst. In some cases, recovery of the nanoparticles from the reaction mixtures 

is so difficult that conventional techniques such as filtration or centrifugation are not 

enough for an efficient recovery. To overcome this issue, the use of magnetic 

nanoparticles has emerged as a viable solution; their insoluble and paramagnetic 

nature enables easy and efficient separation of the catalysts from the reaction mixture 

with an external magnet. Taking into consideration the importance of 

multicomponent reaction [168,169], we decided to use  Ho
3+

 doped CoFe2O4 

nanoparticles as magnetically recoverable and reusable catalyst for the synthesis of 

2,4,5-triaryl-1H-imidazoles . Herein we wish to report an efficient synthesis of 2,4,5-

triaryl-1H-imidazoles via one-pot three-component condensat- ion reaction of benzil 

or benzoin, aromatic aldehydes and ammonium acetate in high yields and short 

reaction times by using Ho
3+

 doped CoFe2O4 nanoparticles with as a green, robust 

and easily recoverable catalyst. (Scheme 1 and 2). 
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Scheme 1.  Synthesis of 2,4,5-triarylimidazoles using benzil (1), aromatic aldehydes 

(2), and ammonium acetate (3) using 5 mol % HoxCoFe2-xO4 (x = 0. 05) nanoparticles 

as catalyst. 

 Scheme 2. Synthesis of 2,4,5-triarylimidazoles using benzoin (5), aromatic aldehydes 

(2) and ammonium acetate (3) using 5 mol % HoxCoFe2-xO4 (x = 0. 05) nanoparticles 

as catalyst. 

 

6. A.2. Experimental 

     6. A.2.1. Chemistry 

 1
H NMR spectra were recorded on a 400 MHz Varian-Gemini spectrometer 

and are reported as parts per million (ppm) downfield from a tetramethylsilane 

internal standard. The following abbreviations are used; singlet (s), doublet (d), triplet 

(t), quartet (q), multiplate (m) and broad (br). Mass spectra were taken with 

Micromass - QUATTRO-II of WATER mass spectrometer. The purity of the 

synthesized compounds was checked by TLC. Melting points were determined in 

capillary tubes and are uncorrected. 
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          6. A.2.2. General procedure for the synthesis of 2,4,5-triaryl-1H-

imidazoles 4(a-n) 

 A mixture of benzil or benzoin (1.0 mmol), aromatic aldehydes (1.0 mmol), 

ammonium acetate (4.0 mmol), and HoxCoFe2-xO4 (x= 0.05) nanoparticles (5 mol %) 

in ethanol (25 ml) was refluxed (80
ο
C). The completion of the reaction was checked 

with TLC (n-hexane: ethyl acetate 4:1). After completion of reaction, the catalyst was 

magnetically removed from the reaction mixture. The solution was cooled to room 

temperature and poured on ice-water (50 ml) to get the precipitated solid. It was 

collected by filtration, washed with water and dried to give the corresponding 2,4,5-

triaryl-1H-imidazoles. All synthesized compounds were characterized with 
1
HNMR 

and mass. Also the melting points recorded and compared with the corresponding 

literature mp and found to be matching with those. 

 

      6. A.2.3. Spectral data for some 2,4,5-triaryl-1H-imidazole 

deivatives 2,4,5-triphenyl-1H-imidazole (4a) Off-white solid; mp 278-280
o
C; 

1
H 

NMR (400 MHz, DMSO):  = 7.52-7.60 (m, 6H), 7.69-7.75 (m, 3H), 7.88-7.95 (m, 

6H), 8.92 (br, 1H); MS (EI, 70 eV): m/z  = 296 [M+H]
+
.  

 2-(4-methyl phenyl)-4,5-diphenyl-1H-imidazole (4b) Off-white solid; mp 

231-232 
o
C; 

1
H NMR (400 MHz, CDCl3) (Fig.6.1):  = 8.03 - 7.15 (m, 14 H Ar - H), 

8.23 (brs, NH), 3.16 (s, 3H,CH3), ES/MS (Fig.6.2) m/z = 312  [M+H]
+ 

. 

 

6. A.3. Results and discussion 

 Ho
3+

 doped CoFe2O4 nanoparticles were prepared by sol–gel auto-combustion 

route to achieve homogeneous mixing of the chemical constituents on the atomic 

scale and better sinterability as reported earlier.  

 Initially, to study the catalytic efficiency of Ho
3+

 doped CoFe2O4 

nanoparticles, three HoxCoFe2-xO4 (x = 0.0, 0.05, and 0.1) nanoparticles were 

screened to find out best ferrite composition Ho
3+

 doped CoFe2O4 nanoparticles for 

synthesis of 2,4,5-triphenyl-1H-imidazole (4a) as model reaction. The reaction was 

carried out using benzil (1) (1.0 mmol), benzaldehyde (2) (1.0 mmol) and ammonium 

acetate (3) (4.0 mmol) in ethanol (25 mL) as solvent using Ho
3+

 doped CoFe2O4 

nanoparticles (20 mol %) as catalyst (Table 6.1). The title compound 4a was isolated 
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with 98% yield in the presence of HoxCoFe2-xO4 (x= 0.05) nanoparticles in shorter 

reaction time (10 min) than with other nanoparticles HoxCoFe2-xO4 (x= 0.0 and 0.1). 

After deciding the nanoparticles, the amount of nanoparticles (catalyst load) was 

optimized for model reaction (4a). The catalyst was added in amounts of 30, 20, 15, 

10, 5, and 0 mol %. The results indicate that increase in amount of catalyst from 20 

mol % to 30 mol % did not show any change in yield ant time of reaction (Table 6.1, 

Entry 4). Also, when catalyst load was decreased sequentially from 20 mol % to 5 

mol %, the results indicate, there were no change in yield and time of the reaction.  

When no catalyst was added (0 mol %) for model reaction, there was only small 

amount (Yield 25 %) of product obtained after 180 min. Therefore, 5 mol % of the 

catalyst HoxCoFe2-xO4 (x= 0.05) nanoparticles was assumed to ensure the best yield 

(98 %) in short reaction time (10 min). Thus, our results make the process under study 

more attractive and interesting from the viewpoint of economy and simplicity.  

 To assess the generality of this approach, various aromatic aldehydes were 

reacted with benzil and ammonium acetate under optimized conditions to obtain 

2,4,5-triaryl-1H-imidazoles 4(a-n) (Scheme 1). As shown in Table 6.2, aldehydes 

containing either electron-withdrawing or electron- releasing groups gave the 

corresponding 2,4,5-triaryl-1H-imidazoles (3a-3h) in high yields. In addition, it was 

specifically considerable that aryl aldehydes bearing electron-releasing groups such as 

-CH3, -OCH3, -OH, and -N(CH3)2 reacted very smoothly in short reaction times and 

higher yields (Table 6.2, 4b-4e) while electron-withdrawing substitutions such as -Cl 

and -CN (Table 6.2, 4f-4h) showed less reactivity in this condensation reaction. As 

shown in Table 6.2, these condensation reactions also proceed suitably when different 

heteryl-aromatic aldehydes were used in the synthesis of 2,4,5-triaryl-1H-imidazoles 

derivatives (4i-4n) in short reaction times and high yields. 

 1,2-diketones (like benzil) are usually prepared from the -hydroxy ketones 

(like benzoin) catalyzed by various oxidants. Some of these catalysts are toxic, costly 

and also required the tedious experimental procedures [170].
 
To avoid the preparation 

of starting material 1,2-diketones like benzil, the synthesis of 2,4,5-triphenyl-1H-

imidazole 4a was studied using benzoin (5) (1.0 mmol), benzaldehyde (2) (1.0 mmol) 

and ammonium acetate (3) (4.0 mmol). Surprisingly, using the similar reaction 

conditions, 2,4,5-triphenyl-1H-imidazoles 4a was isolated in 93 % yield within short 

reaction time (15 min). Encouraged by this result, we extended the methodology for 
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synthesis of various 2,4,5-triaryl-1H-imidazoles 4(a-n) using benzoin, various 

aromatic aldehydes and ammonium acetate (Scheme 2). The yields obtained were in 

the range of 84 % to 95 % (Table 6.2). Similar trends were also observed for Scheme 

2, that is, aryl aldehydes bearing electron-releasing groups gave the corresponding 

2,4,5-triaryl-1H-imidazoles in higher yield as compared with aryl aldehydes bearing 

electron-withdrawing substitutions.  

 Catalyst reusability is of major concern in heterogeneous catalysis. The 

recovery and reusability of the catalyst was investigated in this reaction for model 

reaction (4a). The reaction was carried out using benzil (1) (1.0 mmol), benzaldehyde 

(2) (1.0 mmol) and ammonium acetate (3) (4.0 mmol) in ethanol (25 mL) as solvent 

using 5 mol % of HoxCoFe2-xO4 (x= 0.05) nanoparticles as catalyst. After completion 

of reaction (monitored by TLC), catalyst recycling was achieved by fixing the catalyst 

magnetically at the bottom of the flask with a strong magnet, after which the solution 

was taken off with a pipette, the solid washed twice with acetone and the fresh 

substrate dissolved in the same solvent was introduced into the flask, allowing the 

reaction to proceed for the next run. The catalyst was consecutively reused five times 

without any noticeable loss of its catalytic activity (Cycle number and yield of 4a: 1, 

98 %; 2, 98 %; 3, 97 %; 4, 97 %; 5, 96 %). These catalysts are highly magnetic and 

their saturation magnetization values are found to be 67.05 and 68.55 emu/g, which 

are much higher than other reported magnetic catalysts. Therefore, they could be 

easily and almost completely separated by an external magnet which is of a great 

advantage for a heterogeneous catalyst. 

 The work-up of these reactions was very clean and required only pouring of 

the reaction mixture over ice-water after removing the catalyst with the help of 

magnet, and the desired products were thus isolated with high purity. To the best of 

our knowledge, the synthesis of 2,4,5-triaryl-1H-imidazoles derivatives using Ho
3+

 

doped CoFe2O4 nanoparticles as catalyst has not been reported previously. The 

catalyst is not only efficient but also mild and easy to handle.  
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6. B.  PrxCoFe2-xO4 Ferrite System. 

     6. B.1. Introduction 

Multicomponent reactions (MCRs) [135-137] have become important tools for 

the efficient and rapid generation of structurally complex target compounds with 

predefined functionality in chemical biology and drug discovery [138-140]. These 

reactions are often discovered by serendipity, but rational design strategies are now 

playing an increasing role because of their convergent nature, superior atom economy, 

and straightforward experimental procedures in the construction of target compounds 

by the introduction of several diversity elements in a single operation, resulting in 

substantial minimizations of waste, labor, time, and cost. MCRs, a powerful and 

virtually reliable target-guided synthetic approach, has extensively been used and 

applied for the rapid construction of molecular-level complex architectures, and 

interest from different branches of science is expanding exponentially [141]. 

Pyrrole is one of the important heterocycle owing to its antitumor, anti-

infammatory, antibacterial, antioxidant, and antifungal properties [171-173]. In 

addition, pyrrole derivatives are also particularly important in materials science [174]. 

These utilities continue to drive the interest in the development of new synthetic 

methods for pyrrole derivatives. The traditional routes to their synthesis are multistep 

reactions, as illustrated by the Paal-Knorr cyclization of 1,4-dicarbonyls with 

ammonia or primary amines [175,176]. This method suffer from several drawbacks, 

such as stepwise reactions, narrow substrate scope, and lacking the variation of 

substituents on the pyrrole ring due to the unity of starting materials. For all these 

reasons, the search for new atom-economical and green synthetic methods, which 

avoid the use of special reagents, cost, time, and steps from readily available and 

inexpensive materials for the synthesis of multisubstituted pyrrole derivatives, has 

attracted much attention [177,178]. Combining the advantages of multicomponent 

reaction and the magnetic nanocatalysts, the development of a new atom-efficient and 

environmentally friendly synthetic procedure for the efficient preparation of 

structurally diverse pyrroles is therefore an interesting challenge. 

 With the increasing demand for ‘‘green chemistry’’, the use of efficient and 

recoverable supported heterogeneous catalysts becomes one of the most important 

topics of research in synthetic organic chemistry, material science, and engineering. 
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One of the most attractive alternatives to catalyst are use magnetic ferrites, which 

have witnessed increasing popularity due to their high surface areas and improved 

dispersability in the reaction medium [179,180]. Specifically, magnetic ferrite 

catalysts can be recovered using an external magnet due to the paramagnetic 

character. This makes the removal and recycling of the catalyst much easier than 

filtration and centrifugation. Inspired by the utilization of Pr
3+

 doped CoFe2O4 as 

magnetically recoverable and reusable catalyst in the field of multicomponent 

reactions [181-191], herein we wish to report an efficient one-pot four-component 

synthesis of multisubstituted pyrrole derivatives via reaction of amines, aldehydes, 

acetylacetone and nitromethane in high yields and short reaction times by using Pr
3+

 

doped CoFe2O4 with as a green, robust and easily recoverable catalyst (Scheme 3). 

 

Scheme.3.Synthesis of multisubstituted  pyrroles 5(a-k). 

 

6. B.2. Experimental 

       6. B.2.1. Chemicals and apparatus 

All solvents, chemicals, and reagents were purchased from Merck, Avra Synthesis 

and Sigma-Aldrich chemical companies. The purity of the synthesized compounds 

was checked by TLC. Melting points were determined in capillary tubes and are 

uncorrected. 
1
H NMR (400 MHz) and 

13
C NMR (100 MHz) spectra were recorded on 

a Varian-Gemini spectrometer and are reported as parts per million (ppm) downfield 

from a tetramethylsilane internal standard. The following abbreviations are used; 

singlet (s), doublet (d), triplet (t), quartet (q), multiplate (m) and broad (br). Mass 

spectra were taken with Micromass- QUATTRO-II of WATER mass spectrometer.  
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     6. B.2.2 General procedure for the synthesis of multisubstituted 

pyrrole derivatives 5(a-k) 

The mixture of amine 1 (1.0 mmol), aldehyde 2 (1.0 mmol), acetylacetone 3 

(1.0 mmol), nitromethane 4 (1.0 ml) and PrxCoFe2-xO4 (x= 0.05) (5 mol %) was 

stirred at 90 
ο
C (Scheme 3). The completion of the reaction was checked by TLC (n-

hexane: ethyl acetate 4:1). Upon completion of the reaction, the reaction mixture was 

cooled to room temperature and 10 ml of ethyl acetate was added. The pyrrole 

derivatives were dissolved in ethyl acetate and the catalyst was separated 

magnetically, washed with ethyl acetate and used for subsequent cycles. Pure 

products were obtained by evaporation of the solvent, followed by recrystallization 

from ethanol. The melting points were recorded and compared with the corresponding 

literature melting point and found to be matching with those.  

    6. B.2.3. Spectral data for some multisubstituted pyrrole derivatives 

1-(4-hydroxyphenyl)-2-methyl-4-phenyl-3-acetyl-1H-pyrrole (5f): Orange solid; 

mp 150-152 
o
C; 

1
H NMR (400 MHz, CDCl3) (Fig. 6.3):  = 2.07 (s, 3H, -CH3), 2.44 

(s, 3H, CH3-C=O-), 4.70 (br, 1H, Ar-OH,), 6.24 (s, 1H, -CH- of pyrrole), 6.90-7.40 

(m, 4H, ArH), 7.45-7.53 (m, 5H, ArH); MS (ES-MS) (Fig. 6.4): m/z  = 292.24 

[M+H]
+
.  

 

6. B.3. Results and discussion 

Pr
3+

 doped CoFe2O4 ferrites were prepared by sol–gel auto-combustion route 

to achieve homogeneous mixing of the chemical constituents on the atomic scale and 

better sinterability as reported earlier.  

 Initially, to study the catalytic efficiency of pr
3+

 doped CoFe2O4, all the four 

PrxCoFe2-xO4 (x = 0.0, 0.025, 0.05 and 0.1) ferrites were screened to find out best 

ferrite composition using synthesis of 2-methyl-1,4-diphenyl-3-acetyl-1H-pyrrole (5a) 

as model reaction. The reaction was carried out with aniline 1 (1.0 mmol), 

benzaldehyde 2 (1.0 mmol), acetylacetone 3 (1.0 mmol), nitromethane 4 (1.0 ml) 

using PrxCoFe2-xO4 (x = 0.0, 0.025, 0.05 and 0.1) frites (20 mol %) as catalyst (Table 

6.3). The title compound 5a was isolated with 95 % yield in the presence of PrxCoFe2-

xO4 (x= 0.05) in shorter reaction time (1.5 h) than with other ferrites i.e. PrxCoFe2-xO4 
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(x= 0.0, 0.025 and 0.1). Thus, PrxCoFe2-xO4 (x= 0.05) was best catalyst among 

screened Pr
3+

 doped CoFe2O4 ferrites in terms of yield and reaction kinetic. 

 After deciding the catalyst, the amount of PrxCoFe2-xO4 (x= 0.05) i.e. catalyst 

load was optimized for model reaction (5a). The catalyst was added in amounts of 30, 

20, 15, 10, 5, and 0 mol %. The results indicate that increase in amount of catalyst 

from 20 mol % to 30 mol % did not show any change in yield and time of reaction 

(Table 6.3, Entry 5). Also, when catalyst load was decreased sequentially from 20 mol 

% to 5 mol %, the results indicate, there were no change in yield and time of the 

reaction (Table 6.3, Entries 6, 7 and 8).  When no catalyst was added (Table 6.3, 

Entry 9) for model reaction (5a), there was only small amount (yield 15 %) of product 

obtained after 6 h. Therefore, 5 mol % of the PrxCoFe2-xO4 (x= 0.05) catalyst was 

assumed to ensure the best yield (95 %) in short reaction time (1.5 h). Thus, our 

results make the process under study more attractive and interesting from the 

viewpoint of economy and simplicity. 

 Following the optimized reaction conditions, a variety of multisubstituted 

pyrrole derivatives 5(a-k) were synthesized (Scheme 3) in good yields (Table 6.4). As 

shown in Table 6.4, anilines bearing either electron-withdrawing or electron-releasing 

groups gave the corresponding pyrroles (5a-5f) in high yields (85-97 %). In addition, 

it was specifically considerable that anilines bearing electron-releasing groups such as 

-CH3 (5e, yield 97 %) and -OH (5f, yield 96 %) reacted very smoothly and gave 

higher yields (Table 6.4, Entries 5 and 6) while electron-withdrawing substitutions 

such as -F (5b, yield 90 %), -Cl (5c, yield 88 %) and –NO2 (5d, yield 85%) showed 

less reactivity in this cyclization reaction (Table 6.4, Entries 2, 3 and 4). Similarly, 

benzaldehydes bearing electron-withdrawing substituents such as -F (5g, yield 85 %), 

-Cl (5h, yield 87 %) and NO2 (5i, yield 83) gave less yields when compared with 

electron-donating substituents such as -CH3 (5j, yield 93 %) and -OH (5k, yield 95 %) 

(Table 6.4, Entries 7-11). Thus, these successful results greatly proved that this 

procedure was extendable to various substrates in four-component reactions, 

generating moderate to high yields of the multisubstituted  pyrrole derivatives 5(a-k).   

 Catalyst reusability is of major concern in heterogeneous catalysis. The 

recovery and reusability of the catalyst was investigated in this reaction for model 

reaction 5a. The reaction mixture of aniline 1 (1.0 mmol), benzaldehyde 2 (1.0 

mmol), acetylacetone 3 (1.0 mmol), nitromethane 4 (1.0 ml) and 5 mol % of 
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PrxCoFe2-xO4 (x= 0.05) as catalyst was refluxed at 90
ο
C. After completion of reaction 

(monitored by TLC), the reaction mixture was cooled to room temperature. The 

compound was dissolved in 10 ml ethyl acetate and catalyst recycling was achieved 

by fixing the catalyst magnetically at the bottom of the flask with a strong magnet, 

after which the solution was taken off with a pipette. The solid i.e. catalyst was 

washed twice with ethyl acetate and dried to remove residual solvents, and then 

reused directly in the model reaction for next round without further purification. The 

catalyst was consecutively reused five times without any noticeable loss of its 

catalytic activity (Cycle number and yield of 5a: 1, 95 %; 2, 95 %; 3, 94 %; 4, 94 %; 

5, 93 %). PrxCoFe2-xO4 (x= 0.05) is highly magnetic and their saturation 

magnetization values are found to be 59.25 emu/g [194], which are much higher than 

other reported magnetic catalysts. Therefore, they could be easily and almost 

completely separated by an external magnet which is of a great advantage for a 

heterogeneous catalyst. 

 The work-up of these reactions was very clean as there were no tedious steps 

were involved for obtaining the desired compounds in pure form and in good yields. 

After recrystallization, compounds have been obtained in high purity, thus no 

chromatographic techniques were used for purification of the compounds. The 

catalysts were also easily separated from reaction mixture with the help of magnet. To 

the best of our knowledge, the synthesis of multisubstituted pyrrole derivatives 5(a-k) 

using Pr
3+

 doped CoFe2O4 as catalyst has not been reported previously. The catalyst is 

not only efficient but also mild and easy to handle.  

 A plausible mechanism for the formation of pyrrole derivatives is proposed in 

Scheme 4. The intermediates (Z)-4-(phenylamino) pent-3-en-2-one (A) from aniline 1 

and acetylacetone 3 and (E)-(2-nitrovinyl) benzene (B) from benzaldehyde 2 and 

nitromethane 4 could be generated in the presence of a PrxCoFe2-xO4 (x= 0.05). These 

two intermediates reacted via Michael addition, followed by intramolecular 

cyclization with the elimination of nitroxyl (HNO) and water to lead to the final 

product 5 [192-194]. 
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Table 6.1 Optimization of reaction conditions and catalyst load (mol %) of Ho
3+

 

doped CoFe2O4 nanoparticles for the synthesis of 2,4,5-triphenyl-1H-imidazole (4a). 

 

Entry Catalyst (nanoparticles) Catalyst loading 

(mol %) 

Time 

(min) 

Yield of 4a, 

a
% 

1 HoxCoFe2-xO4 (x = 0.0) 20 30 78 

2 HoxCoFe2-xO4 (x = 0. 05) 20 10 98 

3 HoxCoFe2-xO4 (x =0.1) 20 45 85 

4 HoxCoFe2-xO4 (x = 0. 05) 30 10 98 

5 HoxCoFe2-xO4 (x = 0. 05) 15 10 97 

6 HoxCoFe2-xO4 (x = 0. 05) 10 10 98 

7 HoxCoFe2-xO4 (x = 0. 05) 5 10 98 

8 HoxCoFe2-xO4 (x = 0. 05) 0 (No catalyst) 180 25 

 

a
 Hereinafter, isolated yield of pure product. 
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Table 6. 2. Synthesis 2,4,5-triaryl-1H-imidazoles 4(a-n) using benzil or benzoin, 

aromatic aldehydes and ammonium acetate using 5 mol % HoxCoFe2-xO4 (x = 0. 05) 

nanoparticles in ethanol. 

Entry Aromatic 

aldehydes 

Reaction 

temp (
ο
C)  

Time (min) 
a 
% Yield  

Benzil Benzoin Benzil Benzoin 

4a 

 

80 10 15 98 93 

4b 

 

80 15 20 95 90 

4c 

 

80 10 15 98 92 

4d 

 

80 10 20 96 90 

4e 

 

80 15 15 98 95 

4f 

 

80 20 25 92 85 

CHO

CHO

CH
3

CHO

MeO

CHO

HO

CHO

N
CH

3

CH
3

CHO

Cl
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4g 

 

 

80 

 

20 25 90 88 

4h 

 

80 25 25 88 84 

4i 

 

80 20 25 98 92 

4j S
CHO

 

80 20 20 95 90 

4k 

 

80 20 25 90 86 

4l 

N

CHO

 

80 20 25 95 92 

4m 

N

CHO

 

80 20 25 96 90 

4n 

 

80 20 30 92 88 

 

a
 Hereinafter, isolated yield of pure product. 

 

 

 

CHO

NC

O
CHO
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Table 6.3 Optimization of reaction conditions and catalyst load (mol %) of Pr
3+

 doped 

CoFe2O4 for the synthesis of compound 5a. 

Entry Catalyst  Catalyst (mol %) Time (h) 
*
% Yield of 5a  

1 PrxCoFe2-xO4 (x = 0.0) 20 4 70 

2 PrxCoFe2-xO4 (x = 0.025) 20 5 72 

3 PrxCoFe2-xO4 (x = 0. 05) 20 1.5 95 

4 PrxCoFe2-xO4 (x =0.1) 20 4.5 78 

5 PrxCoFe2-xO4 (x = 0. 05) 30 1.5 95 

6 PrxCoFe2-xO4 (x = 0. 05) 15 1.5 95 

7 PrxCoFe2-xO4 (x = 0. 05) 10 1.5 95 

8 PrxCoFe2-xO4 (x = 0. 05) 5 1.5 95 

9 No catalyst - 6 15 

           

  *
 Hereinafter, isolated yield of pure product. 
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Table 6.4 One-pot four-component synthesis of multisubstituted  pyrroles 5(a-k). 

 

Entry R
1
 R

2
 Product Time 

(h) 

*
% 

Yield 

Melting Point (
ο
C) 

Observed Literature 

1  C6H5 C6H5 5a 1.5 95 104-106 106-107 [30]  

 

2  4-F-C6H4 C6H5 5b 2 90 132-124 130-131 [30]  

 

3  4-Cl-C6H4 C6H5 5c 2.5 88 126-128 127-128 [30]  

 

4  4-NO2-C6H4 C6H5 5d 2.5 85 170-172 171-172 [30] 

  

5  4-CH3-C6H4 C6H5 5e 1 97 106-108 109-111 [30]  

 

6  4-OH-C6H4 C6H5 5f 1.5 96 150-152 155-158 [31]  

 

7  C6H5 4-F-C6H4 5g 2 85 128-130 127-128 [32]  

 

8  C6H5 4-Cl-C6H4 5h 2 87 148-150 146-147 [32]  

 

9  C6H5 4-NO2-C6H4 5i 2.5 83 Oil Oil [30]  

 

10  C6H5 4-CH3-C6H4 5j 1 93 Oil Oil [32]  

 

11  C6H5 4-OH-C6H4 5k 1.5 95 174-176 170-171 [31]  

 

*
 Hereinafter, isolated yield of pure product. 
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Fig. 6.1:   
1
H NMR spectrum of 2-(4-methyl phenyl)-4,5-diphenyl-1H-imidazole (4b) 
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Fig. 6.2:   Mass spectrum of 2-(4-methyl phenyl)-4,5-diphenyl-1H-imidazole (4b) 
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Fig.6.3: 
1
H NMR spectrum of 1-(4-hydroxyphenyl)-2-methyl-4-phenyl-3-acetyl-1H-

pyrrole (5f) 
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Fig.6.4: Mass spectrum of 1-(4-hydroxyphenyl)-2-methyl-4-phenyl-3-acetyl-1H-

pyrrole (5f) 
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Chapter # 7 

Conclusion 

 

We conclude that Ho
3+

 is a potential candidate to be substituted in CoFe2O4 

nanoparticles material systems, which certainly helps to modified structural and 

enhance magnetic properties. The XRD pattern of x  0.075 sample consists of 

superposition of the cubic spinel and ortho ferrite patterns indicating the two-phase 

co-existing region. With the addition of Ho
3+

 contents for Fe
3+

 in HoxCoFe2-xO4 

compound grain size decreased with the substitution degree of Ho
3+

. Thus the rare 

earth element holmium acts as a grain growth inhibitor. Due to the larger bond 

energy of Ho
3+

-O
2-

 as compared to Fe
3+

-O
2-

, more energy is needed to force 

Ho
3+

ions enter into the lattices and form the bond of Ho
3+

-O
2-

. The present work to 

tailor the magnetic properties of the CoFe2O4, Fe
3+

 ions are partially substituted by 

trivalent ions of rare earth element Ho
3+

, aiming to occupy the spin down sites and, 

consequently, to increase the net magnetization. The effect of rare earth element 

Ho
3+

 substitution on the magnetic properties of the material is in general a positive 

one. With the substitution of Ho
3+

 ions in CoFe2O4, saturation magnetization 

increased from 61.06 to 74.05 emu/g, remanent  magnetization increased from 28.5 

to 34.6 emu/g, this may be probably due to the larger magnetic moment of Ho
3+

 

ions and enhanced exchange interaction. Coercivity of CoFe2O4 increased from 

1269 to 1591Oe with Ho
3+

 substitution. Coercivity follows Hc1/r behavior. 

 We have developed a highly efficient one-pot three-component method for 

the synthesis of 2,4,5-triaryl-1H-imidazole derivatives from benzil or benzoin, 

aromatic aldehydes and ammonium acetate in ethanol using  Ho
3+

 doped CoFe2O4 

nanoparticles. Advantages of the proposed procedure include simplicity, high 

yield, short reaction time, ease of separation and reusability of the magnetic 

catalyst. The method overcomes the earlier disadvantages and therefore will be of 

general use and interest to synthetic chemists. 

It can be concluded from this research; the sol–gel combustion method has 
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been justified to be a simple and powerful procedure for synthesizing rare earth 

Pr
3+

 substituted CoFe2O4 nanoparticles from metal nitrates using citric acid as the 

fuel with reduction of time consumption. Sintered PrxCoFe2-xO4 nano-sized 

crystallite ferrite samples show the formation of spinel cubic crystal structure with 

appearance of small peaks represented a secondary phase due to the presence of 

rare earth Pr
3+

ions.The unit cell parameter increases linearly with the increase of 

Pr
3+

substitution due to its larger ionic radii as compared to Fe
3+

 ions. The structural 

characterization of the powders using XRD and TEM confirmed the formation of 

nanosize particles. The occupation number of individual atoms over the A and B 

sites are affected by the variation of the Pr
3+

 substitution. Pr
3+

 ions enter into the B 

site which increases almost linearly with x. Co
2+

 ions shows preference towards B 

site, whereas Fe
3+

 ions are distributed over both A- and B- sites for the whole 

compositional range. The variation of the theoretical and experimental lattice 

parameter is in a good agreement with each other. The system maintains 

ferrimagnetic ordering at room temperature for the whole range of the composition 

studied. Substitution of Pr
3+

 ions into the cobalt ferrite system can be utilized for 

enhancement of both saturation magnetization (Ms) and coercive field (Hc). 

Substitution of Pr
3+

 ions in the spin-down states (4e, 4f1 and 4f2) may lead to an 

increase in the net magnetization. Pr
3+

 substituted cobalt ferrite samples exhibit 

higher coercivities than that of pure cobalt ferrite due to higher magnetocrystalline 

anisotropy. 

We have developed a highly efficient one-pot four-component method for 

the synthesis of multisubstituted pyrrole derivatives from amines, aldehydes, 

acetylacetone and nitro methane using PrxCoFe2-xO4 (x= 0.05) as heterogenous 

catalyst. A wide range of amines and aldehydes can be tolerated, giving the 

structural diversity of pyrrole derivatives in good to excellent yields. Also, method 

overcomes the earlier disadvantages and therefore will be of general use and 

interest to synthetic chemists. Moreover, the catalysts could be easily recovered 

and reused five times without significant loss of activity, showing good potential 

for industrial application.  
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