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CHAPTER1 

 

Introduction  
 

Ferrites are an important class of technological materials that have been recognized to 

have significant potential in applications ranging from millimeter wave integrated circuitry 

to transformer cores and magnetic recording [1-6]. The technological importance of 

ferrites increased continuously as many discoveries required the use of magnetic materials 

[7]. The ferrofluid technology exploited the ability of the colloidal suspensions of micron-

sized ferrite particles to combine the physical properties of the liquids with the magnetism 

of the crystalline bulk ferrite materials for various applications such as sealing, position 

sensing as well as the design of actuators [8, 9]. As such a tremendous technological 

progress in electronics was inevitably accompanied by the development of computing, 

transportation and non-volatile data storage technologies. Miniaturization of the electronic 

devices became critical, thereby leading to the reduction of the size of the magnetic 

materials to dimensions comparable to those of the atoms and molecules [10]. At this 

point, nanoscale ferrites have found enormous potential applications in medicine and life 

sciences [11]. The synthesis of ferrite nanoparticles with controllable dimensionality and 

tailorable magnetic properties along with the understanding of the structure-property 

correlations have become one of the topics of fundamental scientific importance [12, 13]. 

 

     Ferrite thin films have the potential to replace bulky external magnets in current 

microwave devices. They can provide unique circuit functions that cannot be produced by 

other materials [14]. At microwave frequencies ferrite materials have low losses, high 

resistivity and strong magnetic coupling, making them irreplaceable constituents in 

microwave device technology such as isolators, circulators and phase shifters. Ferrite thin 

films have also attracted much attention in recent years as one of the candidates for high 

density magnetic recording and magneto-optical recording media because of their unique 
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physical properties such as high Curie temperature, large magnetic anisotropy, moderate 

magnetization, high corrosion resistance, excellent chemical and mechanical stability and 

large Kerr and Faraday rotations. Magnetic soft ferrite thin films with high resistivity and 

ac permeability were advanced for applications to multilayer chip inductors, micro-

transformers, magnetic recording and high frequency switched mode power supply [15]. 

In addition to these applications, both copper and zinc ferrites have been proved to be 

good gas sensors and catalysts [16-19]. As fillers in composites, ferrites can improve the 

modulus of the polymer matrix and provide additional functionality such as 

electromagnetic interference (EMI) shielding [20, 21].  

 

    
 

Figure 1.1: Some applications of ferrite materials (a) Circulator (b) Memory cores  

 

1.1 Historical development of ferrites  
Scientists believe that Greeks discover magnetism around 600BC in the mineral lodestone 

(magnetite Fe3O4), the first ferrite. Much later at about 1000AD the first application of 

ferrites was as lodestone used in compasses by marines to locate magnetic North. In 1600 

William Gilbert published the first systematic experiments on magnetism and he described 

the earth as a big magnet in his book "De Magnete". The first systematic study on the 

relationship between chemical composition and magnetic properties of various ferrites was 

reported by Hilpert in 1909. About 20 years after Hilpert’s work, Forestier, in France, 

started his chemical study on the preparation of various ferrites and measurements of their 

saturation magnetization as well as Curie temperature. During the 1930's research on soft 

ferrites continued, primarily by Kato and Takei and J. L. Snoek of the Phillips Research 

Laboratories in the Netherlands [22-a]. During this period Barth and Posniak discovered 

inverse ferrites (magnetic form) and normal ferrites (non-magnetic form). Landau and 

Lifschitz describe loss mechanisms in magnetic materials [22-b]. The appearance of first 
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commercial ferrite products for telecommunication was in 1945 as a result of the 

significant contributions of Snoek’s group work (Philips) since 1930s. Kittel formulated 

theory of domain formation, coercive force and domain wall dynamics [22-c]. The work of 

Verwey and Heilmann [25] on the distribution of ions over the tetrahedral and octahedral 

sites in the spinel lattice has contributed to progress in the physics and chemistry of 

ferrites. In 1948, Neel [23-a] explained magnetism in ferrites on the basis of two anti-

parallel magnetic sub-lattices (uncompensated anti-ferromagnetism). The invention of 

hexagonal ferrite magnets such as barium and strontium ferrite magnet was by Went et al. 

in 1952 [23-b]. In 1953 MIT built Whirlwind-I, the first computer with ferrite core 

memory. During 1950’s Scientists from different countries developed square-loop ferrite 

cores as well as ferrite devices for microwave applications. In late 1950’s Smit & Wijn 

[26] published a comprehensive book on ferrites. Since then developments have been 

made on the magnetic characteristics of ferrites that have improved microwave devices 

performances. At the end of the 20th century Sugimoto [7] published a paper which 

surveys the past, present and future of ferrites. 

 

     The first international conference on ferrites, ICF, was held in 1970 in Japan. Since 

then ten such conferences have been held. These conferences have contributed greatly to 

the advancement of the science and technology of ferrites. Significant advances in 

materials processing and device development has taken place during the last few years. 

The development of processing methods such as sol-gel, Sputtering, PLD and new 

analytic techniques like SPM extended X-ray absorbance fine structure analysis (EXAFS) 

over the recent years directed the research on ferrites towards nanoparticles and thin films. 

RF-Magnetron Sputtering and laser ablation deposition have been shown to allow the 

manipulation of cations within a unit cell providing opportunities to fabricate far from 

equilibrium structures and ultimately to tailor magnetic, electronic, and microwave 

properties for specific applications.  

 

 

1.2 Ferrites vs. ferromagnetic materials 
 

Ferrites, like ferromagnetic materials, consist of self saturated domains, exhibit 

spontaneous magnetization and show the characteristic hysteresis behavior and the 
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existence of magnetic ordering temperature. There are many parameters such as 

magnetization, coercivity, permittivity, permeability, resistivity etc. which play an 

important role in determining a particular application of magnetic material. These 

parameters are greatly influenced by porosity, grain size and microstructure of the sample. 

The resistivity of ferrites is at least six to twelve orders (depending on composition) higher 

than that of ferromagnetic materials such as permalloys and silicon iron. This has given 

ferrites a distinct advantage as magnetic materials of choice in high frequency applications 

[24]. Ferromagnetic materials are primarily metals and alloys but ferrites are ceramics. 

The saturation magnetization of ferrites is approximately one fifth to one eighth that of 

silicon irons. Ceramic processing techniques allow the economic fabrication of ferrite 

devices in various shapes and sizes (figure 1.2). 

 

 
 

Figure 1.2: Ferrite devices in various shapes and sizes 

 

 

 

 

 

1.3 Structure of ferrites 
Ferrites are ceramic magnetic materials containing iron oxide as a major constituent. It 

refers to the entire family of iron oxides that includes spinels, garnets, hexaferrites, and 

orthoferrites [24]. 
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Table 1.1: Crystal types of ferrite materials 

Type  Structure  General 
formula  

Example 

Spinel  Cubic  1MeO.1Fe2O3  Me = Ni, Mn, Co, Cu, Mg, Zn 
e.g., CuO. Fe2O3  

Garnet  Cubic  3Me2O3.5 
Fe2O3  

Me = Y, Sm, Eu, Gd, Dy, Ho, 
Er, Lu  e.g., 3Y2O3.5 Fe2O3

Magnetoplumbite Hexagonal 1MeO.6 Fe2O3 Me = Ba, Sr, Pb, Ca  
e.g., BaO.6Fe2O3  

Ortho-ferrite  Perovskite RFeO3 R is rare earth 

 

 

1.3.1 Spinel ferrites 
 
Spinel ferrites are mixed oxides with general formula AB2O4, where A is a metal ion with 

+2 valence and B is the Fe+3 ion. They have a spinel-type structure similar to that of the 

mineral “spinel”, MgAl2O4 (Figure 1.3). Substitution of A by divalent cation M (M: Mn, 

Co, Ni, Cu, Zn, Mg) and B by Fe forms ferrite MFe2O4 (MO · Fe2O3). The unit cell of 

spinel ferrite contains eight molecules (8 formula units MFe2O4). 

8 MFe2O4 = (8M + 16Fe) cations + 32 Oxygen anions = 56 ions 

 

 
 

Figure 1.3: The spinel crystal structure of MgAl2O4 [25]. 

 

     In a typical spinel lattice (figure 1.3), The large 32 oxygen anions (RO2- = 1.4 Å) 

arrange to form a nearly close packed fcc cubic lattice array forming two kinds of spaces 

between anions: tetrahedrally coordinated sites (A), surrounded by four nearest oxygen 
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ions, and octahedrally coordinated sites (B), surrounded by six nearest neighbor oxygen 

ions. The interstitial sites are schematically represented in Figures (1.4). There are 64 

tetrahedral and 32 octahedral possible positions for cations in the unit cell. In order to 

achieve a charge balance of the ions, the interstitial voids will be only partially occupied 

by positive ions. Therefore, in stoichiometric spinels, only one-eighth (8/64) of the 

tetrahedral sites and one-half (16/32) of the octahedral sites are occupied by metal ions in 

such a manner as to minimize the total energy of the system. The distribution of cations 

that can be influenced by several factors such as the chemical composition (ionic radius, 

electronic configuration and electrostatic energy), method of preparation and preparation 

conditions [25-28]. 

 

 

A 
B 
 

O2

 

Figure 1.4: Schematic drawing of the spinel unit cell structure [29]. 

 

     Depending on the cation distribution over the different crystallographic sites, the spinel 

compounds can be generally classified into two categories: normal and inverse spinels. 

Normal spinels have the general formula (A)t[B2]oO4 and contain all the trivalent metal 

ions [B3+] in the octahedral sites (o), whereas all the divalent metal ions (A2+) reside in the 

tetrahedral sites (t). Transition metal ferrites, such as ZnFe2O4 and CdFe2O4, assume the 

normal spinel structure. In the inverse spinels, the divalent cations (A2+) and half of the 

trivalent cations (B3+) occupy the octahedral sites, whereas the other half of the B3+ metal 

ions lie in the tetrahedral sites. Most of the first series transition metal ferrites, such as 

NiFe2O4, CoFe2O4, Fe3O4, and CuFe2O4, are inverse spinels; their site occupancy can be 
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described by the general formula (B)t[AB]oO4. Some other spinel compounds posses the 

divalent and the trivalent metal ions randomly distributed over both the tetrahedral and the 

octahedral interstices. These compounds are named mixed spinels and their composition is 

best represented by the general formula (A1-dBd)t[AdB2-d]oO4, where the inversion 

parameter, d, denotes the fraction of the trivalent cations (B3+) residing in the tetrahedral 

sites. Mixed spinels occur in a wide range of compositions and are usually considered as 

intermediate compounds between the two extreme cases, i.e., normal and inverse spinels 

[27]. 

     Representative ferrites adopting the mixed spinel structure include MgFe2O4 and 

MnFe2O4. Since magnesium ferrite contains 10% of the Mg2+ ions in the tetrahedral 

interstices and 90% in the octahedral interstices, according to the above mentioned 

formula, the cation distribution can be described as (Mg0.1Fe0.9)t[Mg0.9Fe1.1]oO4. 

Manganese ferrite, with 80% of the Mn2+ ions occupying the tetrahedral holes and 20% 

occupying the octahedral holes, can be written as (Mn0.8Fe0.2)t[Mn0.2Fe1.8]oO4. Therefore, 

the inversion parameter is 0.9 for MgFe2O4 and 0.2 for MnFe2O4. Usually, d varies 

between 0 (for normal spinel compounds) and 1 (for inverse spinels); the inversion 

parameter can also take intermediate values (0 < d < 1) and the corresponding ferrites 

adopt a mixed spinel structure characterized by a random occupancy of the tetrahedral and 

octahedral sites by the divalent (A2+) and trivalent (B3+) cations. Nanoparticles and thin 

films of inverse spinels such as CuF2O4 and normal spinel such as Zn-ferrites also adopt a 

mixed spinel structure [28]. 

     The exchange interaction between A and B sites is negative and the strongest among 

the cations so that the net magnetization comes from the difference in magnetic moment 

between A and B sites. The Fe cations are the sole source of magnetic moment and can be 

found on any of two crystallographically different sites: tetrahedral and octahedral sites 

[30]. 

     Given the complexity of the crystal structures of cubic spinel ferrites, the structural 

disorder, ranging from cation disorder to grain boundaries, has a significant effect on the 

electronic and magnetic properties. Moreover, these ferrites have open crystal structures so 

that diffusion of metal cations readily occurs. Both CuFe2O4 and ZnFe2O4 and mixed Cu1-

xZnxFe2O4 ferrites are interesting materials for research and industrial applications and 

taken as ideal systems for spinel ferrites. The crystal structure of these materials is 

sensitive to the preparation conditions and consequently influences their typical electrical 

and magnetic properties. 
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1.4 Fundamentals of magnetism 
A magnetic field is produced whenever there is an electrical charge in motion. In atoms, 

the magnetic moment originates from the motion of the electron spin and the orbital 

angular momentum around the nucleus as shown in figure 1.5. The net magnetic moment 

of an atom is just the sum of the magnetic moments of each of the constituent electrons, 

including both orbital and spin contributions. Moment cancellations due to opposite 

direction of electrons moment paired are also needed to be taken into account [28, 31]. 

 

 
Figure 1.5: The orbit of a spinning electron about the nucleus of an atom 

 

     When a material is placed in a magnetic field, the flux density (or magnetic induction 

B) is given by 

MHB π+= 4   [CGS]      (1.1) 

where H is the magnetic field and M is the magnetization. The nature of H, M and B is 

fundamentally all the same, as implied by equation (1). 

The units of these three parameters are also similar, and depend on the system of units 

being used. There are currently three systems of units that are widely used, including CGS 

or Gaussian system and SI system (Appendix A). 

     The susceptibility of a material χ is the ratio between the magnetization and the field 

given by 

HM /=χ  (emu/Oe.cm3)      (1.2) 

The permeability of a material relates the magnetic induction to the field by 

HB µ=  (dimensionless)      (1.3) 

Since , we have  MHB π+= 4 HMHB /41/ π+=  

πχ+=µ 41         (1.4) 

When characterizing magnetic properties, the susceptibility is the main parameter that is 

usually considered as it provides a measure of the response of the sample to an applied 
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magnetic field. The differences in magnetic behavior of materials are most often described 

in terms of the temperature and field dependence of the susceptibility [28]. 

 
1.4.1 Classification of magnetic materials 
 
In metals such as iron, cobalt and nickel (transition metals) having unfilled sub-valence 

shells, the magnetic moments of the inner shell (the d-shell) electrons remain 

uncompensated. This results in each atom acting as a small magnet. In addition, within 

each crystal the atoms are sufficiently close and the magnetic moments of the individual 

atom are sufficiently strong. This leads to a strong positive quantum-mechanical exchange 

interaction and long range ordering of magnetic moments which manifests itself as 

ferromagnetism. There are three conditions that must be met simultaneously before a 

substance shows ferromagnetic behavior [24]. They are as follows  

• There must be an unfilled electron shell within the atom 

• There must be uncompensated electronic spins in this unfilled inner shell 

• The ions of the atoms must form a crystal lattice having a lattice constant at least 

three times the radius of the unfilled electron shell. 

     If the adjacent moments are aligned antiparallel as a result of a strong negative 

interaction and only one type of magnetic moment is present, the neighboring atomic 

moments cancel each other resulting in zero net magnetization. The material is then said to 

exhibit anti-ferromagnetism. The situation can be interpreted as the result of simultaneous 

existence of the two sub-lattices. A sublattice is a collection of all the magnetic sites in a 

crystal with identical behavior, with all moments parallel to one another and pointing in 

the same direction, which are spontaneously magnetized and have the same intensity. 

Typical examples of anti-ferromagnetic materials are the metals Cr and α-Mn. 

 

 

Collinear 
ferrimagnet 

Collinear 
antiferromagnet 

Collinear 
ferromagnet 

Figure 1.6: Schematic representation of magnetic structures for ferromagnetic, 
antiferromagnetic and ferrimagnetic materials. 
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     Sublattices (two or more) can also have spontaneous magnetization in opposite 

direction but with different intensities. For instant, when a material contains magnetic ions 

of different species and magnetic moments, or the same species occupying 

crystallographically inequivalent sites, the resulting moments of the sublattices i.e. parallel 

or antiparallel to one another and the dominant exchange interaction is mediated by the 

neighboring nonmagnetic ions. Such materials have a spontaneous magnetization, which is 

weaker than materials whose magnetic moments are oriented in the same direction and yet 

strong enough to be of technical significance. These materials are said to exhibit 

ferrimagnetism, a term coined by Neel (1948). Lodestone or magnetite, FeO.Fe2O3, is an 

example of naturally occurring ferrimagnetic substance. The origin of magnetism in 

ferrites is due to [29]: 

• Unpaired 3d electrons 

• Superexchange between adjacent metal ions 

• Nonequivalence in number of A and B- sites. 

     In the free state, the total magnetic moment of an atom containing 3d electrons equal to 

the sum of the electron spin and orbital moments. In ferrites (magnetic oxides), the orbital 

magnetic moment is mostly “quenched” by the electron field, caused by the surrounding 

oxygen about the metal ion (crystal field). The atomic magnetic moment (m) becomes the 

moment of the electron spin and is equivalent to (m = µBn) where µB is the Bohr magneton 

and n the no. of unpaired electrons. Indirect exchange interaction (superexchange) takes 

place between adjacent metal ions separated by oxygen ions (A-O-B, B-O-B and A-O-A). 

Where all A-B, B-B and A-A coupling are negative. The strength of these interactions 

depends on the degree of orbital overlap of oxygen orbits and the transition metal orbits. 

The interaction will decrease as the distance between the metal ions increases and the 

angle of Me-O-Me bonds decreases from 180º to 90º. The only important interaction in 

spinel ferrites is the AB interaction since the angle is about 125º while BB is negligible 

because the angle is 90º. |AB coupling| > |BB coupling| > |AA coupling|. The interaction 

is such that antiparallel alignment occurs when both ions have 5 or more 3d electrons or 4 

or fewer 3d electrons. Parallel alignment occurs when one ion has ≤ 4 electrons and the 

second ion has ≥ 5 electrons. Since the common ferrite ions (Mn2+, Fe2+, Ni2+, Co2+, Cu2+) 

have more than 5d electrons, the magnetic moments are aligned antiparallel between A 

and B sites. Since there are twice as many B-site occupied as A-sites, the B-site will 
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dominate over the A site resulting in ferrimagnetism (Neel 1948). The net saturation 

magnetization is equal to the vector sum of the net moments of each sublattice [24]. 

ABS MMM −=        (1.5) 

 

 
Figure 1.7: Some of the configurations of ion pairs which probably make the greatest 
contributions to the exchange energy in the spinel lattices [26].  
 

     The existence of exchange field changes the state of the material from paramagnetic to 

ferrimagnetic. The effect of exchange field is opposed by thermal agitations and above a 

certain temperature called the Curie temperature, the ferrimagnetism is destroyed. In the 

mean field theory, to characterize A–A, B–B, and A–B exchange interactions molecular-

field coefficients λE,aa, λE,bb, and λE,ab = λE,ba are introduced, and these coefficients may 

have negative or positive signs. Keeping in mind that for T > TC (the Curie temperature) 

the system is a disordered paramagnet, and for T < TC the system is a ferrimagnet. To 

reiterate, in a ferrimagnetic material, magnetic moment of sublattice A and that of 

sublattice B are in opposite direction but with unequal amplitudes, which gives rise to non 

zero net magnetization. The total magnetic field in the absence of external magnetic field 

acting on a magnetic dipole in each sublattice is (in cgs units) [33] 

babEaaaEa MMH ,, λ+λ=       (1.6a) 

bbbEaaaEb MMH ,, λ+λ=       (1.6b) 

The magnetization of each sub-lattice can be described by the Curie relations where they 

have their own Curie constants Ca and Cb, which are not identical since each sublattice 

contains different kinds of ions on different crystallographic sites, as 

( a
a

a HH
T
CM += 0 )        (1.7a) 

( b
b

b HH
T
CM += 0 )        (1.7b) 
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Solving Eqs. (1.6) and (1.7), the inverse susceptibility of a ferrimagnet in the paramagnetic 

regime can be expressed as follows [33, 34] 

Θ′−
−+=

+
=

T
K

C
T

MM
H

ba 0

0 11
χχ

 in [cgs units]   (1.8) 

where 1/χ0, K, C an Θ' are constants depending on Ca, Cb, λE,aa, λE,bb, and λE,ab 

 

1.4.2 The origin of exchange interactions  
 

The origin of various exchange interactions in the magnetic materials have been described 

in the literature [32, 34, 35]. A brief description of these interactions is given below. 

 

(a) Direct Exchange Interaction 

When paramagnetic ion/atom cores are next to each other on the lattice sites and if they 

are not sufficiently tightly bound so that their electron clouds do overlap then they can 

have direct exchange. All localized dipole moment would tend to align parallel (had the 

temperature been absolute zero). 

 

(b) Superexchange Interaction 

Superexchange interaction is defined as an indirect exchange interaction between 

magnetic ions which is mediated by a non-magnetic ion placed in between. Sometimes 

one component of an alloy might be having intrinsic magnetic dipole moment whereas 

other component might be non magnetic. Even when the wave functions of two magnetic 

ions do not overlap, such crystal can have appreciable spontaneous magnetization. Two 

magnetic ions interact with the mediation of non magnetic ion. In such cases when 

paramagnetic ion/atom electron clouds don’t overlap and there is another non 

paramagnetic atom/ion sitting in between we call such interactions as superexchange 

interaction. 

 

(c) Double exchange interaction 

Zener (1951) proposed this exchange mechanism to account for the interaction between 

adjacent ions of parallel spins via a neighboring oxygen ion. The argument requires the 

presence of ions of the same metal in different valence states. In magnetite, for example, 

Zener's argument would envisage the transfer of one electron from the Fe2+ ion, with six 
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electrons in its 3-d shell, to the nearby oxygen ion and the simultaneous transfer of an 

electron with parallel spin to the Fe3+ ion nearby. 

 

(d) Indirect Exchange Interaction 

In metallic and semiconducting surroundings another kind of exchange interaction can 

dominate. In the sea of conduction electrons two paramagnetic ions/atoms can interact 

with each other by the mediation of free electrons. This type of exchange interaction is 

called indirect exchange interaction. One of the main mechanisms for indirect exchange 

interactions in dilute magnetic semiconductors (DMS) is RKKY mechanism. 

 

(e) Itinerant Exchange 

For those electrons that are not well localized and are shared by the entire crystal, such 

electrons can have exchange interaction among themselves. Such electron-electron 

interactions are called itinerant exchange interaction. 

 
1.4.3 Magnetization curve 
 

The magnetization curve describes the change in magnetization or magnetic flux of the 

material with the applied field [40]. When a field is applied to a material with randomly 

oriented magnetic moments, it will be progressively magnetized due to movement of 

domain boundaries. Initially, when no field is applied, the magnetic dipoles are randomly 

oriented in domains, thus the net magnetization is zero. When a field is applied, the 

domains begin to rotate, increasing their size in the case of the domains with direction 

favorable with respect to the field, and decreasing for the domains with unfavorable 

direction. As the field increases, the domains continue to grow until the material becomes 

a single domain, which is oriented in the field direction. At this point, the material has 

reached saturation (Figure 1.8). As the magnetic field is increased or decreased 

continuously, the magnetization of the material increases or decreases but in a 

discontinuous fashion. This phenomenon is called the Barkhausen effect and is attributed 

to discontinuous domain boundary motion and the discontinuous rotation of the 

magnetization direction within a domain [41]. 
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Figure 1.8: Magnetization curve with domain configurations at different stages of 
magnetization [40]. 
 

The typical magnetization curve can be divided into three regions [32]: 

a. Reversible region: The material can be reversibly magnetized or demagnetized. Charges 

in magnetization occur due to rotation of the domains with the field. 

b. Irreversible region: Domain wall motion is irreversible and the slope increases greatly. 

c. Saturation region: Irreversible domain rotation. It is characterized by a required large 

amount of energy to rotate the domains in the direction of the field. 

     If the field is reduced from saturation, with eventual reversal of field direction, the 

magnetization curve does not retrace its original path, resulting in what is called a 

hysteresis loop. This effect is due to a decrease of the magnetization at a lower rate. The 

area inside the hysteresis loop is indicative of the magnetic energy losses during the 

magnetization process. When the field reaches zero, the material may remain magnetized 

(i.e., some domains are oriented in the former direction). This residual magnetization is 

commonly called remanence Mr. To reduce this remanent magnetization to zero; a field 

with opposite direction must be applied. The magnitude of field required to lower the 

sample magnetization to zero is called the coercivity Hc (Figure 1.9). 
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Figure 1.9: Magnetic properties of materials as defined on the B-H plane or flux density B 
versus magnetic field H, (or the M-H plane of magnetization M versus magnetic field H). 
These include coercivity HC, remanence BR (MR), hysteresis loss WH, initial permeability 
µin (initial susceptibility χin), maximum differential permeability µmax (maximum 
differential susceptibility χmax) and saturation flux density BS (saturation magnetization 
Ms) [42]. 
 

 

1.4.4 Magnetic anisotropy 
 
Magnetic anisotropy energy is the energy difference between two directions of the 

magnetization with respect to a crystallographic axis. The total magnetization of a system 

prefers to lie along a certain direction called the easy axis. The energy difference between 

the easy and hard axis results from different kinds of magnetic anisotropies, which can be 

distinguished to their origin as magnetocrystalline anisotropy, shape anisotropy, growth-

induced anisotropy and stress-induced anisotropy. 

 

(a) Magnetocrystalline anisotropy  

The Magnetocrystalline anisotropy is an intrinsic property, related to the crystal symmetry 

of the material and based on the interaction of spin and orbital motion of the electrons. The 

strength of the spin-orbit coupling controls the magnitude of the anisotropy effects. When 

the spin-orbit interaction is considered as a perturbation, it is called anisotropic exchange 

interaction. 

For crystals with cubic symmetry, the anisotropy energy can be written in terms of the 

direction cosines (α1, α2, α3) of the internal magnetization with respect to the three cube 

edges [29] 
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where K1 and K2 are the first- and second-order temperature dependent magnetocrystalline 

anisotropy constants respectively and α1 = cosα, α2 = cosβ, α3 = cosγ, α, β, γ being the 

angles between the magnetization and the three crystal axes. 

In the case of hexagonal symmetry the anisotropy energy can be expressed as [29] 

∑=++= θθθ n
na KKKE 24

2
2

1 sin....sinsin    (1.10) 

where θ is the angle between the magnetization and the c-axis. This kind of anisotropy is 

usually referred to as uniaxial anisotropy. 

 

(b) Shape anisotropy 

In the case of a nonspherical sample it is easier to magnetize along a long axis than along a 

short direction. This is due to the demagnetizing field, which is smaller in the long 

direction, because the induced poles at the surface of the sample are further apart [43]. For 

a spherical sample there is no shape anisotropy. The magnetostatic energy density can be 

written as [28] 

2
02

1
sd MNE µ=        (1.11) 

where Nd is a tensor and represents the demagnetized factor (which is calculated from the 

ratios of the axis). M is the saturation magnetization of the sample. The shape anisotropy 

energy of a uniform magnetized ellipsoid is given by: 

)(
2
1 222

0 ZZYYXX MNMNMNE ++= µ      (1.12) 

where the tensors satisfied the relation 1=++ ZYX NNN  

 

(c) Surface anisotropy 

In small magnetic nanoparticles a major source of anisotropy results from surface effects. 

The surface anisotropy is caused by the breaking of the symmetry and a reduction of the 

nearest neighbor coordination. The effective magnetic anisotropy for a thin film can be 

described as the sum of volume and surface terms [Johnson 1996]: 

sveff K
t

KK 2
+=        (1.13) 

where t is the thickness of the film, Ks is the surface contribution, and Kv is the volume 

contribution consisting of magnetocrystalline, magnetostriction and shape anisotropy. In 
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the case of small spherical particles with diameter d the effective magnetic anisotropy can 

be expressed as 

svsveff K
d

KK
V
SKK 6

+=+=      (1.14) 

where  and 2dS π= 3

6
1 dV π=  

are the surface, and the the volume of the particle respectively. 

 

(d) Growth-induced anisotropy 

The growth-induced anisotropy arises from the special conditions during the growth 

process. In this case, a certain ordering of the respective ions takes place along the growth 

directions, which leads to a uniaxial growth-induced anisotropy [29]. For polycrystalline 

specimens, the induced anisotropy energy is  

)(sin2
uuKE θθ −=        (1.15) 

 where Ku is the induced anisotropy constant and (θ - θu) is the angle of the measuring 

field (θ) relative to the induced field (θu). 

 

(e) Stress-induced anisotropy 

The influence of the stress or strain also affects the preferred directions of magnetization 

due to the magneto-elastic interactions. Strain in a ferromagnet changes the 

magnetocrystalline anisotropy and may thereby alter the direction of the magnetization. 

This effect is the ‘inverse’ of magnetostriction, the phenomenon that the sample 

dimensions change if the direction of the magnetization is altered. The energy per unit 

volume associated with this effect can, for an elastically isotropic medium with isotropic 

magnetostriction, be written as [45] 

θ2cosKE −=        (1.16) 

with 

ελλσ EK
2
3

2
3

−=−=       (1.17) 

Here σ is the stress which is related to the strain, ε, via the elastic modulus E by Eεσ = . 

The magnetostriction constant λ depends on the orientation and can be positive or 

negative. The angle θ measures the direction of the magnetization relative to the direction 

of uniform stress. If the strain in the film is non-zero, the magneto-elastic coupling 
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contributes in principle to the effective anisotropy [46]. When the parameters are constant 

(not depending on the magnetic film thickness (t) this contribution can be identified with a 

volume contribution Kv. Strain in films can be induced by various sources. Among them 

are thermal strain associated with differences in thermal expansion coefficients, intrinsic 

strain brought about by the nature of the deposition process and strain due to non-

matching lattice parameters of adjacent layers [47]. 

 

1.4.5 Magnetism in Nanoparticles: Superparamagnetism 
     When the diameter of magnetic nanoparticles is small enough, each particle behaves as 

a single magnetic domain. Consequently, the alignment of spins under applied field is no 

longer impeded by domain walls. Further reduction in particle size allows for thermal 

vibrations to randomly fluctuate the net spins and the domains are considered unstable. 

Since the particles’ net spins are randomly oriented, they cancel each other and the net 

moment of the collective particles is zero. If a magnetic field is applied, the particles will 

align producing a net moment. This behavior is characteristic of paramagnetic materials, 

but the difference is that each molecule has a large net moment, e.g. 4 µB per molecule of 

Fe3O4. Thus, Bean coined the term superparamagnetism in 1959 [28]. 

     There are two characteristic behaviors of superparamagnetism: 1) magnetization 

curves, i.e. magnetization vs. applied field, do not change with temperature and 2) no 

hysteresis is observed, i.e. coercivity, Hc = 0. For nanoparticles to exhibit 

superparamagnetism, they must be small enough that each particle is a single domain and 

the energy barrier for spin reversal is easily overcome by thermal vibrations. Magnetic 

particles generally become single domain when they are less than 100 nm, and this limit is 

a function of the material properties [36]. Morrish and Yu determined that Fe3O4 particles 

are single domains when the diameter is 50 nm or less [37]. As the particle size decreases, 

the coercivity decreases until it reaches Hc = 0. At this critical particle size, the particles 

are superparamagnetic. The change in coercivity with particle diameter is shown in Figure 

1.10. 
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Figure 1.10. Schematic of changes in Hc with particle diameter, from Cullity [28]. SD: 
Single Domain, MD: Multi Domain, SPM: superparamagnetic, PSD: Pseudo Single 
Domain 
 

     Superparamagnetism behavior is observed in particle sizes that meet the following 

criteria [28]: 

K
kTVP

25
≤         (1.18) 

where Vp is the volume of the particle, k is Boltzman’s constant, T is temperature, and K is 

the anisotropy constant. In other words, if the energy barrier, ∆E = KVp, is greater than 

25kT, the net spin within each particle cannot fluctuate randomly from thermal vibrations 

and they are considered stable. Particles that are superparamagnetic at room temperature 

can become stable when the temperature is lowered according to Equation (1). This 

temperature is called the blocking temperature, TB. 

     Prediction of the critical particle size for onset of superparamagnetism is highly 

dependent on the accuracy of anisotropy constant, K. The anisotropy constant of 

nanoparticles is a contribution of different types: crystal, shape, interaction, and surface 

anisotropies. Crystal anisotropy is intrinsic to the material, while the others are induced or 

extrinsic. In a crystal, there is a preferred magnetization direction called the easy axis. If 

the applied field does not align with direction of the easy axis, the crystal anisotropy 

resists the domains from rotating and aligning with the field. As a result, higher fields 

must be applied to make all of the domains align. Shape anisotropy applies when the 

particles are not spherical, with the preferred alignment along the long axis of the particle. 

Exchange anisotropy is observed in small particles when they are in close contact, such as 

in clusters [38]. Its existence should be noted since it can change the anisotropy 

contribution of each particle. Surface anisotropy can contribute significantly to the overall 
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anisotropy of nanoparticles [38, 39]. Its effect is caused by the existence of a magnetically 

dead layer, spin canting, and presence of disorder and defects on the surface layer [38]. 

The overall anisotropy energy, EA, of a spherical nanoparticle is given by the following 

equation 

surfacerxnPCA EEVKE ++= int
2sin θ      (1.19) 

where KC is the crystal anisotropy constant, Eintrxn is the contribution of interaction 

between particles, and D is the particle diameter. 

Goya and coworkers estimated the effective anisotropy constant, K, of magnetite 

nanoparticles [39] and have accounted for bulk and surface contributions. Due to the 

surface effects, the anisotropy constant was increased from 1.1 x 104 erg/cm3 to 3.9 x 104 

erg/cm3. Applying Equation (1) the critical diameter for superparamagnetism is 18.5 nm 

for Fe3O4.  

 
 
1.4.6 Ferromagnetic resonance (FMR) 
 

In a magnetic resonance experiment, a spin, whether electronic or nuclear, will precess 

about the direction of an applied magnetic field when the resonance condition is satisfied 

by the application of the appropriate strength magnetic (static and rf) field. In the case of 

nuclear spins this is termed nuclear magnetic resonance (NMR), while in the case of 

electronic spins the phenomenon is labeled in function of the type of material in question. 

For example, in paramagnetic materials it is referred to as electron paramagnetic 

resonance (EPR), also known as electron spin resonance (ESR) and in ferromagnetic 

materials as ferromagnetic resonance (FMR). There are further classifications, such as 

antiferromagnetic resonance (AFMR) and spin wave resonance (SWR), which apply to 

antiferromagnetic and ferromagnetic systems (where confinement effects via magnetic 

boundaries can permit the excitation of standing spin wave modes of oscillation), 

respectively [48]. 

     In the simplest case, i.e. EPR, the electronic system possesses an intrinsic magnetic 

moment due to its spin. The magnetic moment has two possible orientations with two 

distinct energies, lower or higher energy, in the presence of an applied field (Zeeman 

Effect). The transition states refer to the electrons spin states, clockwise (mS = +½) or anti-

clockwise (mS = -½) (Figure 1.11). When an oscillating electron magnetic radiation of the 

appropriate frequency ν is applied perpendicular to the external magnetic field H, 
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transition can occur between the two spin states and the intrinsic spin is ‘flipped’. The 

difference between the two energy levels [49], 

HgEEE βµ=−=∆ −+       (1.20)  

corresponds to the energy of the absorbed photon ( νhE =∆ ) that is required to cause a 

transition. 

Thus the resonance condition is: 

Hgh βµν =          (1.21) 

In equations (1.20) and (1.21), g represents the g-value (ge = 2.00232 for a free electron), 

which is characteristic for each radical. H is the magnetic field, µB is the Bohr magneton µB 

= eħ/2me (9.274 ×10-24 JT-1), h (6.6262 ×10-34 J.s) is Planck’s constant and ν corresponds 

to the frequency of the absorbed photon in Hz. 

 

 
 

Figure 1.11: (a) Sketch of the uniform precession of vector M
r

about the external field 0H
r

. 

(b) Energy level diagram for a spin ms = ±1/2 system and the dipole transition for mwh
r

 

being perpendicular to  [49]. 0H
r

 

In the case of ferromagnetic systems, where there is a strong exchange interaction between 

neighboring spins, corrections must be introduced due to the internal field created by, for 

example, exchange field, demagnetizing effects and the various magnetic anisotropies 

which can be present. 

 
(a) Equation of motion for magnetization vector 

In order to describe the dynamics of ferromagnetic magnetization it is usually not 

necessary to consider the microscopic picture of ferromagnet (FM). It is more convenient 

to describe the magnetic state of the FM by introducing the so-called macro-spin M, which 
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is defined as the total magnetic moment per unit volume. Below the Curie temperature the 

magnitude of M is equal to the saturation magnetization MS, which for bulk Cu-ferrite 

(CuFe2O4) is 4πMs = 1700 G. An applied magnetic field H exerts a torque on M, resulting 

in precessional motion of the magnetization [50]. The magnetic field puts a torque on the 

magnetization which causes the magnetic moment to presses (Figure 1.12 (a)). In the 

absence of radio-frequency (RF) magnetic pumping field to sustain this precession, the 

rotation will not keep precessing and eventually spiral into alignment with the direction of 

the static magnetic axis as shown in Figure 1.12 (b). With applying an RF magnetic field 

in the plane normal to the static applied field, a pumping action can occur to maintain the 

precession of the magnetic dipoles as shown in Figure 1.12 (c). This RF applied field will 

have the strongest interaction with the magnetic dipoles when its frequency is at resonant 

frequency (ω0). 

 

 

 
 

Figure 1.12: (a) The precession of a magnetic dipole caused by the external magnetic field 
without any loss. (b) Friction loss causes magnetic dipole to align with the external 
magnetic field. (c) An RF magnetic field causes the magnetic dipole precess along the axis 
of external magnetic field [50]. 
 
There are two approaches that can be applied to analyze FMR data in thin films [51]: 

(i) the energy method introduced by Smit and Beljers and 

(ii) the vectorial formalism given by the Landau-Lifshitz (LL) equation of motion 

 

Here we will start the analysis of FMR using the second approach as described in 

reference 33 and 52. When a magnetic dipole (m) is immersed in a static magnetic field 

(H), it precesses about the field axis with an angular frequency ω0. The torque acting on m 

is expressed by 

HmT ×µ= 0         (1.22) 
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where µ0 is the permeability of vacuum. 

The spin angular momentum J is oppositely directed to m through the relation 

Jm γ−=         (1.23) 

where the gyromagnetic ratio mcge 2/=γ = 1.76 ×10 rad/sG =2.8 MHz/G 

The torque acting on a body, see Figure 1.13 for a pictorial view, is equal to the rate of 

change of angular momentum of the body: 

dt
dJT =         (1.24) 

Combining equations (122), (1.23) and (1.24) 

HmmJT ×µ−=
γ
−

== 0
1

dt
d

dt
d       (1.25) 

Under a strong enough static magnetic field, the magnetization of the material is assumed 

to be saturated and the total magnetization vector is given by M = Nm, where N is the 

effective number of dipoles per unit volume. We can then obtain the macroscopic equation 

of motion of the magnetization vector from Eq. 1.25 as 

HMM
×µ−=

γ 0
1

dt
d        (1.26) 

The minus sign is due to the negative charge of the electron that is carried out from γ. In 

many cases the absolute value of the electronic charge is used for practical purposes and 

the minus sign is removed (That’s why the torque in Figure 1.13 is shown in the direction 

of –m × H). 

 

 
Figure 1.13: A schematic of dipole moment m precessing about a static magnetic field H0. 
When the frequency of the alternating magnetic field Hac (wher Hac ⊥ H0 ) is near the 
natural precession frequency the precession of the magnetic moment grows [33]. 
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If the dipole is subjected to a small transverse RF-magnetic field Hac at an angular 

frequency ω, the precession will be forced at this frequency and an additional transverse 

component will occur. Then H is the vector sum of all fields, external and internal, acting 

upon the magnetization and includes the DC field Hi and the RF field Hac. Because Hac is 

much smaller than Hi there is a linear relationship between H and M. The actual 

relationship between the magnetic intensity H, which is averaged over the space for many 

molecules within the magnetic material, and the external applied field depends upon the 

shape of the ferrite body. Hi is the vector sum of all DC fields within the material 

including that due to the externally applied DC field H0 and any time-independent internal 

fields. For simplicity, we will assume that the medium is infinite, i.e. there is no 

demagnetization correction that depends on the shape of the material, the crystal 

anisotropy or magnetostriction is zero, and only the externally applied DC field H0 

contributes to the total internal field Hi, and it is large enough to saturate the 

magnetization. The total magnetic field can be expressed as  

ac0 HHH +=         (1.27) 

The resulting magnetization will then have the form 

acs MMM +=        (1.28) 

where Ms is the DC saturation magnetization and Mac is the AC magnetization. In Eq. 

1.28, we have assumed that the H field is strong enough to drive the magnetization into 

saturation, which is true for practical applications. The DC equation can be obtained from 

Eq. 1.26 by neglecting all the AC terms: 

000 =×γµ HM s        (1.29) 

which indicates that, to the first order, the internal DC field (Hi if contributions other than 

H0 are included) and the magnetization are in the same direction. Substituting Eqs. 1.27, 

1.28 into Eq. 1.26 (removing the minus sign) and taking into account  we 

obtain 

0/ =dtd sM

( 00 HMHMM
acacs

ac ×+×γµ=
dt

d )      (1.30) 

The products of the AC terms (second order terms) are neglected in Eq. 1.30 since the 

magnitudes of the AC components are much smaller than those of the DC components. 

Further assuming that the AC field, and therefore the AC magnetization, have a harmonic 

time dependence, , and by arbitrarily choosing the applied DC field direction along the tje ω
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z-axis (therefore, the RF field is in the x-y plane) the components of Eq. 1.30 in the 

Cartesian coordinate system can be written as 

ymyx HMM ω−ω=ω 0j       (1.31) 

xmxy HMM ω+ω−=ω 0j       (1.32) 

0j =ω zM         (1.33) 

where 000 Hγµ=ω , sm Mγµ=ω 0  

ω0 is called the Larmor frequency, which defines the natural precession frequency under a 

static magnetic field (see Figure 1.13 for the precession motion). Solving Eqs. 1.31, 1.32 

for Mx and My gives (Mz = 0 from Eq. 1.33): 
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These solutions can be written in tensor form: 
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where [χ] is the dynamic susceptibility tensor. Notice that for the given configuration 

(applied field in the z-direction) the total magnetization can be written as 
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[ ]( acHH + )χ= 0      (1.37) 

where 00 / HM s=χ . Comparing Eq. 1.36 with Eqs. 1.34, 1.35, the elements of [ ]χ  are 

obtained as 

22
0

0

ωω
ωωχχ
−

== m
yyxx        (1.38) 

22
0 ωω
ωωχχ
−

−=−= m
yxxy

j       (1.39) 

One can now derive the permeability tensor [ ]µ   using 
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( ) [ ]( ) [ ]HHHMB µ=µ+µ=+µ= 100     (1.40) 

The conventional notation (referred to as the Polder tensor) for the permeability tensor for 

a magnetic field bias along the z-direction is 
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where 

( ) ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−

+=+=+= 22
0

0
000 111

ωω
ωωµχµχµµ m
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22
0

000 ωω
ωωµχµχµ
−

==−= m
yxxy jjK      (1.43) 

As shown in Eq. 1.41 the permeability tensor is anti-symmetric owing to xy and yx terms 

having opposite signs, unlike the conductivity and permittivity tensors. Such anti-

symmetrical condition of ferrites is necessary for nonreciprocal devices. Obviously, the 

permeability tensor has a singularity at ω = ω0, which is known as the ferromagnetic (or 

gyromagnetic) resonance. When the driving frequency ω is equal to the natural precession 

frequency ω0 the energy from the microwave field is transferred most efficiently to the 

system of spins. At ω ≠ ω0 there is an oscillating component of the magnetization 

superimposed on the steady-state precession and the nearer the frequency of the 

microwave field to the natural precession frequency, the greater the energy absorbed by 

the spins will be. To observe this resonance, either the frequency or the applied DC field 

H0 can be swept until the precession frequency equals the microwave frequency. 

 

(b) Demagnetization effect 

In the discussions of the microwave susceptibility so far, the medium has been assumed to 

be infinite. However, one needs to evaluate the magnetic fields in samples of finite size, 

and demagnetization effects arise for finite samples. The analysis of these effects is 

simplified for uniformly shaped samples (sphere, cylinder, thin slab, etc.), for which the 

demagnetization factors can be easily obtained [52-54]. With the precession of M, the 

demagnetization fields  along different directions have to be taken into 

account, and since the demagnetization factors depend on the shape, the form of the 

MNH dd −=
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sample is important. In the case of an ellipsoidal sample, with principal axis coinciding 

with the coordinate axis, Nd is a diagonal tensor given by 
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and 
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( )kji zzyyxx MNMNMN ++−=  

Now, the total field H acting on M is 

dac HHHH ++= 0        (1.46) 

With  tj
ac eHH ω= 1

Neglecting relaxation effects, the motion of M is given as 

( dac HHHMM
++×γµ−= 00dt

d )     (1.47) 

One can assume that the magnetization does not deviate much from the equilibrium value 

(the saturation magnetization), that is, Mz≈ Ms. In the stationary regime, 

and . Inserting these expressions into eq. (1.47), we obtain: 

tj
xx MM ω= e)0(  

tj
yy MM ω= e)0(

( )[ ]100 HMHMNNMMMj zyyzzyx ++−−= γµω    (1.48a) 

( )[ 100 HMHMNNMMMj zxzxzxy ]++−−= γµω    (1.48b) 

0≅zMjω         (1.48c) 

The condition for the existence of solutions for this system of equations is that the 

determinant of the coefficients be equal to zero; for Hac = H1 = 0, 

0
])([

])([

0

0 =
−+

−+−
ωγ

γω
jMNNH

MNNHj

szy

szy   (1.49) 

The root of the resulting equation is the frequency 

( )[ ] ( )[{ } 2/1
000 SzxSzy MNNHMNNH −+−+= γω ]    (1.50) 

Where Mz ≈ MS  

This is the frequency of precession of the magnetization; the individual magnetic moments 

precess in phase, and therefore ω0 is called the uniform mode precession frequency. This 
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formula was first obtained by C. Kittel 1948 [53]. Maximum electromagnetic energy is 

absorbed around this frequency by a small ellipsoid sample (ferromagnetic resonance, 

FMR). 

The resonance frequency given by eq. (1.50) depends on the shape of the sample. For a 

spherical sample, the demagnetizing factors are 3/1=== zyx NNN  and the resonance 

frequency simplifies to  

00 Hγω =          (1.51) 

For a sample in the form of a thin film: 

With H0 ⊥ film plane (plane xy), 0== yx NN  and π4=zN  we have  

( SMH )πγω 400 −=        (1.52) 

With H0 ॥to the film plane (xz plane) 0== zx NN and π4=yN giving 

([ 2/1
000 4 SMHH πγω += )]       (1.53) 

which are the well known Kittel’s equations. 

 

 

Table 1.2: Demagnetizing factors and ferromagnetic resonance conditions for selected 

geometries. [53] 

Geometry  NX NY NZ FMR condition 

Sphere  1/3 1/3 1/3 
00 Hγω =  

Infinite circular cylinder 2π 2π 0 ( )SMH πγω 200 +=  

Perpendicularly 

magnetized film 

0 0 4π ( )SMH πγω 400 −=  

In-plane magnetized film 0 4π 0 ( )[ ] 2/1
000 4 SMHH πγω +=  

 

(c) Anisotropy effect 

Taking into account possible anisotropies of a film, Smit and Beljers (second approach) 

have shown that the equation of motion may be expressed in terms of the total free energy 

density E instead of effective fields. The contribution to the free energy density, in an 

external magnetic field, is coming from [51]: 

exad EEEEE +++= 0       (1.54) 
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where E0 describes the energy contribution of the external magnetic field, Ed is the energy 

of the demagnetizing field of the sample, Ea depends on the crystalline structure of the 

investigated sample (and it is caused by the spin-orbit coupling) and Eex represents the 

energy of exchange interaction.  

According to Smit and Beljers model [54], the resonance frequency is given by  
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In this equation E is the total free energy density of the system, and  θ and ϕ are the polar 

and azimuthal angles of the magnetization. The easy direction of the magnetization can be 

determined by calculating the equilibrium positions θ0, ϕ0 of the magnetization for a 

given external field value. For this the total free energy density E has to be a minimum, i.e. 

the equilibrium values can be obtained from the conditions ( ) 0
0
=∂∂ =θθθE   

and ( ) 0
0
=∂∂ =ϕϕϕE . 

For a system with tetragonal symmetry which occurs frequently in thin films, the free 

energy per unit volume is written in the form [55, 56] 
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where θ and θH are the polar angles of the magnetization and the external magnetic field is 

measured from the film to normal and ϕ and ϕH are the azimuthal angles measured with 

respect to the in-plane direction. A negative value indicates an easy direction in the film 

plane, whereas a positive value shows a preferential direction normal to the film plane. 

K2⊥ is the out-of-plane anisotropy constant and K2|| is the in-plane anisotropy constant 

which is usually very small and may result from a slight mis-cut of the substrate which 

leads to a preferential direction in the film plane. K4|| and K4⊥ are the fourfold in-plane and 

out-of-plane anisotropy constants respectively, M is the magnetization of the sample and 

H0 is the resonance field. 

 

     The resonance conditions derived from Eq. 1.56 is written for polar geometry in the 

form: 
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where  

M
KMM eff

224 +−= π        (1.58) 

For θ = θH = 0° (M and H perpendicular to the film plane) 

( )
M

KKMH ⊥+
+−= 42

0
24π

γ
ω      (1.59) 

For θ = θH = 90°  (M and H parallel to the film plane) 
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For azimuthal geometry θ = θH = 90°  (M and H parallel to the film plane) one finds the 

follow resonance condition 
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        (1.61) 

 

By analysis of the width and shape of the resonance, information about the magnetic 

anisotropy, the relaxation of the magnetization, the g-factor, Curie temperature, and 

anisotropy coefficients can be extracted. The resonance field H0 defines as the zero 

crossing of the absorption derivative and ∆Hpp the peak-to-peak linewidth defines as the 

field between the minimum and the maximum of the absorption derivative. The magnitude 

of H0 and its dependence on the orientation of the field, the sample thickness and the 

temperature provides information about the magnetic anisotropy of the sample. The peak-

to-peak resonance linewidth, ∆Hpp, yields information about the relaxation rate of the 

magnetization. Two mechanisms are responsible for this relaxation, namely the intrinsic 

damping of the magnetization and the magnetic inhomogeneities of the sample [57]. The 

inhomogeneous contribution is caused by the inhomogeneous local field distribution. This 

produce a range of resonance conditions which will give rise to a superposition of 
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resonance, resulting in an overall linewidth broadening. The frequency dependent 

resonance linewidth can be expressed as 

ω
γ

ω
M

GHHHH ininpp 2homhomhom 3
2)( +∆=∆+∆=∆    (1.62) 

where the term  ∆Hinhom is due to the magnetic inhomogeneities in the magnetic sample 

due to a spread in the crystalline axes, variations in grain size, effect of surface spins etc. 

The second term describes the intrinsic damping of the precession of the magnetization M, 

and γ is the gyromagnetic ratio. The Gilbert parameter (G) has values of the order of 10-8 s-

1. By making multi-frequency measurements it is possible to determine the Gilbert 

damping parameter (it is obtained from the slope of the frequency variation of the peak-to-

peak line width of the FMR signal). The intensity of the absorption signal can be used to 

estimate the magnetization of the sample. For signal derivatives with a Lorentzian 

lineshape the intensity is proportional to the product: A × (∆Hpp)2 [47]. In order to get a 

correct value of the magnetization, one needs a perfect calibration of the FMR 

spectrometer because the amplitude of the signal is very sensitive to the location of the 

sample within the cavity. 

 

1.5 Dielectric properties of ferrites 
The dielectric is referred to as a material that permits the passage of an electric field or 

electric flux, and has the ability to store electrical charges but does not normally conduct 

electric current.  However, a dielectric is generally considered as a nonconducting or an 

insulating material [58-60]. The electrons are bound to microscopic regions within the 

material, i.e. the atoms, molecules, in contrast to being freely movable in and out of 

macroscopic system under consideration. Most of the dielectric materials are solids such 

as ceramic, mica, glass, plastics, and the oxides of various metals. The degree to which a 

medium resists the flow of electric charge, defined as the ratio of the electric displacement 

to the electric field strength. It is more common to use the relative dielectric permittivity 

εr. 

     The behavior of dielectrics in electric fields continues to be an area of study that has 

fascinated physicists, chemists, material scientists, electrical engineers, and, more recently 

biologists [59]. They exhibit an electric dipole structure, in which positive and negative 

electrically charged entities are separated on a molecular or atomic level by an applied 

electric field. This is called polarization P. 
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According to Poisson’s equation, each free charge acts as a source for the dielectric 

displacement D 

freeDivD ρ=         (1.63) 

Here ρfree defines the density of free carriers. Under the electric field (E), D is described by 

PED += 0ε         (1.64) 

The term ε0E describes the vacuum contribution to the displacement D caused by an 

electric field E and P represents the electrical polarization of the matter in the system. The 

surface charge of density σS consisting of two portions: the bound charge σb and the free 

charge σS - σb. The free charge portion produces the electric Field E and the electric flux 

density of ε0E, while the bound charge portion produces polarization P. For many 

dielectric materials, P is proportional to the electric field strength E through the 

relationship: 

EP eχε 0=         (1.64) 

This leads to  

EED re εεχε 00 )1( =+=       (1.65) 

Here χe is the electrical susceptibility and εr the relative permittivity (or dielectric 

constant). 

     When a voltage is applied across the dielectric, energy is stored by one or more of the 

following mechanisms [58, 61]. They are  

1) Electronic polarization Pe

2) Ionic polarization Pi

3) Orientation polarization Po

4) Interfacial or Space Charge polarization Ps  

The polarization of dielectric material results from the four contributions can be written as 

follows (Figure 1.14)

Sie PPPPP +++= 0        (1.66) 

The first term is the electronic polarization, Pe, which arises from a displacement of the 

centre of the negatively charged electron cloud relative to the positive nucleus of an atom 

by the electric field. The resonance of the electronic polarization is around 1015 Hz; it can 

be investigated through optical methods. 
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Figure 1.14: Schematic representation of different polarization mechanisms operational in 
a ceramic [61]. 
 

The second term is the ionic polarization, Pi, which originates from the relative 

displacement or separation of cations and anions from each other in an ionic solid, and 

their resonance is in the infrared region of 1012-1013 Hz. The third contribution is the 

orientation polarization, Po, which is found only in materials with permanent dipole 

moments. This polarization is generated by a rotation of the permanent moment in the 

direction of the applied electric field. The polarization due to the orientation of electric 

dipoles takes place in the frequency range from mHz, in the case of reorientation of polar 

ligands of polymers up to a few GHz in liquids such as water. The last one, Ps, is the space 

charge polarization. This type of polarization results from the build-up of charges at 

interfaces of heterogeneous systems. Depending on the local conductivity, the space 

charge polarization might be occurring over a wide frequency range from mHz up to MHz. 

As shown in Figure 1.15 the different polarization mechanisms not only take place on 

different time scales but also exhibit different frequency dependence. 
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Figure1.15: Frequency dependent relative dielectric constant [62]. 

 

1.5.1 Dielectric constant and dielectric loss 
The dielectric constant is a material property which is technically important and is also 

helpful in understanding basic crystal physics. Combined with other information like the 

refractive index and the absorption frequency it throws light on the bonding in crystals. In 

theoretical studies of lattice dynamics, the dielectric constant forms one of the input 

parameters. Measurement of dielectric constant and loss as a function of frequency and 

temperature helps in understanding the polarization mechanism, process of conduction, 

influence of impurities and phase transition. AC conductivity obtained from the dielectric 

properties combined with the data on DC conductivity yields useful information on defect 

formation and nature of conduction [60]. 

 

     Dielectric materials are characterized by a high dielectric constant, which is always 

greater than unity and represents the increase in charge storing capacity by insertion of a 

dielectric medium between two plates of the capacitor (Figure 1.16) [64]. 

The capacitance C of the capacitor is a measure of this charge and is defined by 

d
AC 0ε=         (1.67) 

where A is the area of the parallel plates and d is the distance of separation between them 

and ε0 (8.854 X 10-14 F/cm) is the permittivity of the free space. 
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Figure1.16: Parallel plate capacitor (a) with a vacuum (b) filled with dielectric under short 

circuit condition (E = constant) [64]. 

 

If a dielectric material is inserted between the plates, the charge on the plates increase due 

to polarization in the material. The capacitance is now given by 

d
AC r 0εε

=          (1.68) 

εr is a relative permittivity of the dielectric material. 

The relative dielectric permittivity is written as a complex function: 

rrr iεεε ′′−′=∗         (1.69) 

The real part rε ′ characterizes the displacement of the charges, and the imaginary part rε ′′  

the dielectric losses. The loss tangent is defined as 

r

r

ε
εδ
′′
′

=tan          (1.70) 

For microwave ceramics frequently a quality factor Q is quoted: 

δtan
1

=Q         (1.71) 

Dielectric ceramics and polymers are used as insulators. Dielectric materials for capacitors 

must have a high dielectric constant, low dielectric loss, high electrical breakdown 

strength, low leakage currents, etc. 

 

1.5.2 Dielectric dispersion process  
In dielectrics, a dielectric relaxation phenomenon reflects the delay (time dependence) in 

the frequency response of a group of dipoles submitted to an external applied electric field 
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[58-60]. Not all the polarization vectors can always follow the variation of the alternating 

field. The frequency response is expressed in terms of the complex dielectric permittivity 

(Eq 8)  where )()()( ωεωεωε rrr i ′′−′=∗ fπω 2=  is the angular frequency, f is the circular 

frequency (in hertz) of the oscillating field and i a complex number (i2 = 1). 

     The variation of the dielectric constant with frequency of an ionic crystal is similar to 

the variation of polarizability and polarization. At low frequencies of the order of a few 

Hz, the dielectric constant is made up of contributions from electronic, atomic and space 

charge polarization. When measurements are carried out as a function of frequency, the 

space charge polarization ceases after a certain frequency and the dielectric constant 

becomes frequency independent. The frequency beyond which the variation ceases may 

fall in the range of a few kHz to MHz. The frequency-independent value is taken as the 

true static dielectric constant. Hence, generally, the dielectric constant is measured as a 

function of frequency to obtain the true static dielectric constant. The dielectric constant 

measured in the frequency independent region is taken as static or low frequency dielectric 

constant εs (sometimes referred to as infrared dielectric constant εir). As the frequency is 

increased further, the value remains unaffected till the strong resonance absorption 

frequency is approached in the infrared region. Beyond the resonant frequency, since the 

ions cannot follow the field, the polarization due to electronic contribution alone persists. 

Hence the dielectric constant in this region is termed ‘optical’ (εopt) or high frequency 

dielectric constant (ε∞) [60]. 

Under the influence of static field, the dielectric constant is treated as a real number. The 

system is assumed to get polarized instantaneously on the application of the field. When 

the dielectric is subjected to alternating field, the displacement cannot follow the field due 

to inertial effects and spatially oriented defects [63-67]. The dielectric constant is then 

treated as a complex quantity εr*(ω). 
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)(        (1.72) 

So, the variation of real and imaginary parts of the complex dielectric constant with 

frequency ω is given by the Debye equations 
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And the imaginary part of is ∗
rε

 



 37

221
)(

)(
τω
ωτεε

ωε
+

−
=′′ fS

r        (1.74) 

where τ is the relaxation time, ε' is identified with the measured dielectric constant ε and 

ε″ is a measure of the average power loss in the system. The loss is expressed in terms of 

the phase angle δ as tan δ = ε″/ε'. 

 

     The loss (tan δ) in general consists of two contributions; one, due to conduction and the 

other due to relaxation effects. The loss due to conduction of free carriers is expressed in 

terms of conductivity (σ) [60] 

rεω
πσδ
′

=
4tan         (1.75) 

A plot of log (tan δ) against log ω will give a straight line. If rε ′′  (i.e. δε tanr′ ) is 

proportional to inverse frequency, the conduction is frequency independent and is 

equivalent to DC energy loss. 

The dipolar impurities or dipoles created by defects show relaxation effects. The loss due 

to relaxation effects is obtained by combining Debye eq. (12) and (13) as 
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The frequency dependence of the loss due to relaxation effects differs from that of 

conduction loss. Unlike the conduction loss, which shows a linear log (tan δ) versus 

frequency plot, the loss due to relaxation effects shows a maximum at a certain frequency. 

The net effect on the appearance of the curve when both the effects are present will be a 

peak superimposed on a straight line. The departure from a straight line depends on the 

features of the peak like breadth, sharpness, etc. 

The total contribution to dielectric loss (tan δ) is the sum of the conduction loss given by 

(14) due to free vacancies and the dipolar Debye loss (15). Thus 
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At normal temperatures and low frequencies up to a few kHz the second term is 

negligible. The first term becomes predominant and conductivity may be obtained from 

the dielectric loss from the equation (14) [60] 

δωεεσ tan0 r′=        (1.78) 
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where ε0 is the vacuum dielectric constant. Unlike the conduction loss, the Debye loss is 

not explicitly defined. The loss may be due to rotating polar entities, defects such as 

impurity-vacancy, impurity-interstitial pairs and electrode polarization or even due to the 

presence of air gaps. It may be seen from that the conductivity can be estimated using data 

on dielectric constant and loss. 

 

 

1.6 Optical properties of ferrite thin films 
 

The optical properties of thin films are of significant importance, both in basic and applied 

research. The wide use of thin films in optical devices requires a good knowledge of such 

properties. The optical behavior of a thin film is a function of its interactions with 

electromagnetic radiation. Possible interactive phenomena are reflection, transmission, and 

absorption of the incident light onto the surface of the thin film.  When light proceeds 

from one medium into another (e.g. from air into a thin film), some of the light radiation 

will be reflected at the interface between the two media, some may be transmitted through 

the medium, and some will be absorbed within it if the material of a thin film is absorbing 

(metal and semimetal) [68]. The principle of conservation of energy determines that for 

any light radiation-matter interaction, the intensity I0 of the incident beam on the surface 

of the thin film at a particular wavelength must equal the sum of the intensities of the 

reflected, transmitted, and absorbed beams, denoted as IR, IT, and IA, respectively, i.e., 

ATR IIII ++=0        (1.79) 

An alternate form is 

1=++ ATR         (1.80) 

where R, T, and A represent the reflectance (IR / I0), transmittance (IT / I0), and absorbance 

(IA / I0), respectively. The sum of these macroscopic quantities which are usually known as 

the optical properties of the thin film must equal unity since the incident radiant flux at 

one wavelength is distributed totally between reflected, transmitted, and absorbed 

intensity. 

For a complete understanding of the optical behavior of a thin film, a good knowledge of 

the structure of the film is also necessary. The optical properties of ferrite thin films 

depend on the deposition methods, microstructure, the impurity concentration, the 

annealing temperature and on surface morphology of the films. The propagation of light 
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through a medium is quantified by the complex refractive index (n*) where n* = n – ik. 

The real part n which determines the velocity of light in the medium is called the 

refractive index and the imaginary part, k, the extinction coefficient is related to the 

absorption coefficient by the equation: k = α λ/4π. 

 

 

1.6.1 Optical parameters 
The optical constants of thin films could be measured experimentally by several methods 

including reflection or/and transmittance, spectrophotometry, interferometry, 

transmittance data (envelope), and Ellipsometry. There are a number of methods that can 

be used for the routine determination of the wavelength dependent complex refractive 

index of thin films, using simple spectrophotometric equipment [70]. 

 

1.6.1.1 Reflection – Transmission (RT) Method 

In the reflection - transmission (RT) method, the film is illuminated by unpolarized 

radiation, and the intensities of reflected and transmitted beams are measured as a function 

of wavelength. The photometric measurements of reflectance R and transmittance T at 

normal incidence are recognized as the most suited for determining the optical constants n 

and κ of a thin film material over a wide wavelength range. The result from this method is 

sensitive to the film surface properties. For normal incidence, the reflection coefficient, r, 

is obtained as [69] 
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The reflectance R is then defined by 
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The reflectance and transmittance are related by  

( ) ( dRT α−−= exp1 2 )       (1.83) 

These two relations offer a convenient method for determining the optical constants from 

the R and T data on the same film. 

 

 

 

 



 40

1.6.1.2 Envelope method 

The envelope method was proposed by Manifacier et al [71] and developed by Swanepoel 

[72] for transmission measurements to evaluate film thickness and the optical constants 

such as the refractive index n, extinction coefficient k, and absorption coefficient α from 

the transmission spectra. This method is based on the use of the extremes of the 

interference fringes of transmission spectrum for calculation the refractive index and film 

thickness in both weak absorption region and transparent region. 

     The envelopes are constructed by curve fitting to connect the maxima (TM) and minima 

(Tm). Consider the optical system consists of ferrite thin films deposited onto thick, finite, 

transparent (glass) substrates. The homogeneous film has thickness d and complex 

refractive index n = n - ik, where, n is the refractive index and k the extinction coefficient, 

which can be expressed in terms of the absorption coefficient a by the equation: k = α 

λ/4π. The thickness of the substrate is several orders of magnitude larger than d and its 

index of refraction is ns. The system is surrounded by air with refractive index n0 = 1. 

Taking all the multiple reflections at the three interfaces into account (air (n0)/film (nf 

)/thick trans-parent substrate (ns)/air (n0)) , it can be shown that in the case k2« n2 the 

expression for the transmittance T for normal incidence is given by [72] 
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where 
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The extremes of the interference fringes can be obtained from equation (1) by setting the 

interference condition cos φ = +1 for maxima TM and cos φ = -1 for minima Tm and can be 

written as 
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       (1.85) 

The interference maxima TM and minima Tm can be considered to be a continuous 

function of λ and experimentally determined by the envelopes as shown in figure 1.17. 

From the two new formulae (1.85) the optical constants can be derived. (Next section) 

 

 



 41

 
Figure 1.17: Schematic sketch of the typical behavior of light passing through a thin film 

on a substrate with normal incident [69]. 

 

(a) Refractive index 

According to Swanepoel’s method [72], the refractive index, n, values were calculated 

from the transmission spectra of the films. A typical transmission spectrum at normal 

incidence has two spectral regions: the region of weak and medium absorption and the 

strong absorption region. In the weak and medium absorption region, a first approximation 

of the real part of the refractive index n of the film can be calculated by the following 

expression: 

[ ]2122
SnNNn −+=       (1.86) 
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where TM and Tm are the transmission maximum and the corresponding minimum at a 

certain wavelength, λ, and ns is the refractive index of the substrate used (for glass 

ns=1.52) 

 

(b) Cauchy dispersion relation 

In the Cauchy relationship, the dispersion relationship between the refractive index (n) and 

wavelength of light (λ) is commonly stated in the following form [69]: 

( ) 42 λλ
λ CBAn ++=        (1.87) 
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where A, B, and C are material-dependent specific constants that fits the Cauchy model. 

Equation (1) is known as Cauchy’s formula and it is typically used fit for the refractive 

index as a function of the wavelength in the visible spectrum region for various optical 

glasses and is applies to normal dispersion, when n decreases with increasing λ. The third 

term is sometimes dropped for a simpler representation of n versus λ behavior. 

 

(c) Single-Oscillator Model 

An intuitive guide to explaining dispersion in insulators is based on a single-oscillator 

model in which the electric field in the light induces forced dipole oscillations in the 

material (displaces the electron shells to oscillate about the positive nucleus) with a single 

resonant frequency ω0. According to a single-oscillator model of Wemple-DiDomenico 

(WD-model), the relation between the refractive index (n) and photon energy, hν, at 

photon energies below the interband absorption edge can be written as follows [73]  
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where hν is the photon energy, Ed is the dispersion energy or the oscillator strength and E0 

is the oscillator energy. The first parameter measures the average strength of the interband 

optical transitions, associated with the changes in the structure of the material. The second 

one, can be correlated with the optical band gap by the empirical formula E0 = 2Eg. 

By plotting of refractive-index factor (n2 – 1)–1 against (hν)2 and fitting a straight line, E0 

and Ed can be determined directly from slope, (E0Ed)–1, and the intercept E0/Ed on the 

vertical axis. 

An important achievement of the WD-model is that it relates the dispersion energy Ed to 

other physical parameters of the material, through an empirical formula [73, 74] Ed = 

βNcZaNe (eV) where Nc, the coordination number of the cation nearest neighbor to the 

anion, Za, the formal chemical valency of the anion, and, Ne, the total number of valence 

electrons per anion and β is a two-valued constant (βi= 0.26 ± 0.03 eV and βc = 0.37 ± 0.04 

eV, for ionic and covalent compounds respectively).  

 

(d) Film thickness 

The thickness (d) of the films can be determined from the interference fringes of 

transmission data by calculating the refractive index of the thin film corresponding to two 

adjacent maxima (or minima) given as n (λ1) at λ1 and n (λ2) at λ2  [75, 76] 
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where n (λ1) and n (λ2) are the refractive indexes in two consecutive maxima (or minima) 

and λ1 and λ2 the corresponding wave lengths. Thickness measurements made by a surface 

stylus prfilometer can be carried out to cross check the results obtained by the method 

empolying only transmission spectra T(λ).  

 

(e)  Absorption and extinction coefficients 

The absorption coefficient (α) can be evaluated from transmission data using the relation 

[72] as follows 

)exp( dx α−= ,   [ ]x
d

ln1
−=α      (1.90) 

where d is the film thickness and x is absorbance 

 

In the region of weak and medium absorption, parameter x is given by: 
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In the region of strong absorption the interference fringes disappear and the absorption 

coefficient (α) can be calculated from the relation: 
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where T is the transmittance of the films in the strong absorption region. 

The extinction coefficient, k, is calculated from relation 

π
αλ
4

=k         (1.93) 

The low value of the extinction coefficient (in the order of 10–2) is a qualitative indication 

of good surface smoothness of the films. 
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(f) Dielectric constant 

The optical properties of any material are characterized by two parameters n and k. The 

complex dielectric constant is an intrinsic material property. The real part of it is 

associated with the way in which the speed of light varies in a material other than air.  The 

imaginary part is related to the absorb energy from electric field due to dipole motion. The 

real ε1 and imaginary ε2 parts of dielectric constant of the films could be determined using 

the following relations [69] 

ε = n2 = ε1+ iε2, n2 = (n + ik)2

ε1 = n2 - k2 and ε2 = 2nk      (1.94) 

where k = αλ/4π 

In explicit terms, n and k can be related to the dielectric constants as follows 
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1.6.2 Optical bandgap 
When an incoming photon with energy, E = hν is absorbed, it can interact with one of four 

types of carriers: inner shell electrons, valence electrons, free carriers, or electrons trapped 

by localized impurities and other defects [69]. The fundamental absorption process occurs 

when a valence electron is promoted to a higher energy state (e.g. conduction band). The 

optical band gap Eg for the films can be estimated from absorption coefficient α using the 

Tauc relation [77] which is given by 
q

gEhAh )( −= νυα        (1.96) 

where A is a constant depends on the transition probability, (hν) is energy of incident 

photon and (q) is an index that characterizes the optical absorption process and is 

theoretically equal to 2, 1/2, 3 or 3/2 for allowed indirect, allowed direct, forbidden 

indirect and forbidden direct electronic transitions, respectively depending on the nature of 

the electronic transition responsible for the reflection [78]. 
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Figure 1.18: Direct (left) and indirect (right) band gap transition [79] 

 

     A direct transition occurs when the valence band maximum and the conduction band 

minimum are at the zone center where k = 0 in the Brillouin zone, and an indirect one 

occurs when the conduction band minimum does not occur at k = 0, but rather at some 

other value of k which is usually at the zone edge or close to it (figure 1.18) [79]. For a 

direct transition, a photon with energy hν can be absorbed promoting a valence band 

electron to the conduction band, creating an electron–hole pair. This process involves a 

two body collision (electron and photon) accompanied by strong light absorption, whereas 

for an indirect transition between two bands with different wave vectors, both the kinetic 

energy and the potential energy of an electron must be changed, which requires the 

assistance of phonon. Hence, this process involves a three-body collision (electron, photon 

and phonon) and relatively weak light absorption [79, 80]. 

The band gap energy, Eg of the film can be obtained by extrapolating the linear portion of 

the plot of (αhν)2 and (αhν )1/2 against hν to (αhν)2 = 0 and (αhν )1/2 = 0 for direct and 

indirect bandgap respectively [81]. 
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1.7 Review of work on copper ferrites 

 
The attention has been focused on copper ferrites and copper containing ferrites because of 

their interesting electrical and magnetic properties and crystal structure changes due to 

heat treatment. Copper ferrite (CuFe2O4) is a ferrimagnetic semiconductor with the spinel 

structure. It can be prepared by solid state reaction of an equimolar mixture of copper and 

iron oxides. According to the CuO–Fe2O3 phase diagram, CuFe2O4 is formed between 

1000 and 1100 °C [82]. In fact, copper ferrite is  distinguished among other spinel ferrites 

by the fact that it undergoes a structural phase transition accompanied by a reduction in the 

crystal symmetry to tetragonal at a temperature of 390 0C due to disorientation of Jahn–

Teller distortion as a result of thermal motion of lattice at high temperatures [83-85]. This 

transition is strongly affected by the distribution of Cu ions on the two sublattices and the 

oxygen stoichiometry. For bulk CuFe2O4, these parameters can be altered by adjusting 

preparation conditions such as sintering temperature, cooling rate, gaseous environment 

etc. Under slow cooling Cu-ferrite crystallizes in a tetragonal structure with lattice 

parameter ratio c/a of about 1.06. Tetragonal phase of Cu-ferrite has inverse spinel 

structure with almost all Cu2+ ions occupying octahedral sublattice, whereas Fe3+ ions 

divide equally between the tetrahedral and octahedral sublattices. With increasing the 

number of Cu2+ ions on tetrahedral sublattice the distortion decreases stabilizing the cubic 

symmetry with large magnetic moment at room temperature [86]. 

     Copper ferrite (CuFe2O4) nanoparticle has gained significant attention in recent years. 

The preparation of CuFe2O4 nanowalls, nanorods and nanodisks using electrochemical 

method, reverse micelle and hydrothermal methods has been reported by [87, 88]. In 

addition, CuFe2O4 nanoparticles have been prepared by co-precipitation method [89, 90], 

precipitation in polymer matrix [91], mechanical milling [92-95], sol-gel method [96], 

combustion [97], auto-combustion [98, 99], Electrochemical [100], etc. The preparation of 

CuFe2O4 nanoparticles by these processes reduces the average grain size of CuFe2O4 and 

induces cation redistribution between tetrahedral and octahedral sites. 

     Copper ferrites have been characterized and studied by several techniques to explore 

the cation distribution between A- and B-sites. These include Rietveld structure 

refinement of the cation distribution in ferrite fine particles by X-ray powder diffraction 

[101], X-ray magnetic circular dichroism [102], EXAFS and XANES investigations [103], 

Mossbauer spectroscopy [104-110], Near Infrared Faraday rotation and Magneto-optic 

Kerr effect (MOKE) [111-115] etc. The effect of SnO2 coating on the zero field cooled 
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(ZFC) and field cooled (FC) magnetization magnetic properties of nanocrystalline 

CuFe2O4 has been reported by R. K Selvan et al. [116]. 

     The transport properties such as dc-conductivity, thermoelectric power and dielectric 

constant have also been carried out on CuFe2O4 compound [82, 117]. The phase transition 

studies of this compound have been done by Murthy et al. [118]. Mazen et al [119] studied 

the thermal and electrical properties of this material. The magnetostriction of a number of 

copper-containing ferrite spinels was measured by Antoshina and Goryaga [120]. It was 

found that the magnetostriction decreases with temperature that is conjectured to the 

increase in the degree of covalency among the Cu2+–O2– ions, which, in turn, reduces their 

spin–orbit coupling. 

     These materials have a wide range of applications, including gas sensors [121-123], 

Catalyst [124-126] CO2 decomposition [127], negative electrodes for Li-ion batteries 

[128], hydrogen production [129], magnetic adsorbents [130], etc.  

 

    Thin films of copper ferrites are also of great interest. There have been a number of 

studies on Cu-ferrite thin films with the objective of enhancing magnetization for 

applications deposited either by RF-sputtering [131-139] or Pulsed laser deposition [140, 

141]. In these studies higher magnetization values were achieved either by substrate 

heating or annealing the films at high temperatures or by applying high power and high 

working gas pressure. Zuo et al. [142] predicted that a high magnetization may be 

achieved by increasing the number of Cu2+ ions on A-sublattice. 

     The studies on bulk Cu0.5Fe2.5O4 ferrite  shows  the ordering of the Cu+ ions to the 

tetrahedral A-site when material is quenched from high temperature in a highly reducing 

atmosphere [143]. 
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1.8 Review of work on zinc ferrites 
Stoichiometric bulk Zinc ferrite (ZnFe2O4) prepared by the classical ceramic route exhibits 

a normal spinel structure where Zn2+ and Fe3+ ions occupy the tetrahedral (A) and the 

octahedral (B) spinel sites, respectively [144]. It displays a long-range antiferromagnetic 

ordering below 10 K with zero magnetization at room temperature. The magnetic ordering 

in ferrites is driven by the A–A, B–B and A–B interactions. The intra-site interaction of 

the magnetic moment of the cations on the A or B sites is much weaker than the A–B 

inter-site one. If the tetrahedral sites are exclusively occupied by non-magnetic ions i.e. 

Zn2+, magnetic interaction occurs only between Fe3+ ions in the octahedral sites, and the 

weak negative B–B interaction leads to an antiferromagnetic long-range order [145]. 

     The formation of bulk zinc ferrite from a dry mixture of ZnO and Fe2O3 by the solid 

state reaction method was extensively studied [144-148]. Experimental results indicated 

that the reaction rate could be increased by an increase in density of solid sample or 

reaction temperature. The reaction rate was also found to be increased by reducing the 

grain size of zinc oxide or iron oxide and the molar ratio of Fe2O3/ZnO [144]. 

     The influence of simultaneous thermal and ultrasonic treatments on the kinetics and 

mechanism of the reaction between ZnO and α-Fe2O3 was studied in a temperature range 

of 600–800 °C [145]. It was shown that ultrasound action leads to a considerable increase 

in conversion at the initial stage of interaction and changes the mechanism of the solid-

phase reaction at the main stage over the entire temperature range. 

     The kinetics of zinc ferrite formation in the rate deceleration period was studied by Xia 

and Pickles [146]. They found that the initial surface chemical reaction involved in zinc 

ferrite formation is very rapid at any given temperature, and the reactants quickly covered 

with zinc ferrite. Then, the reaction rate becomes decelerated. The kinetics of zinc ferrite 

formation during this rate deceleration period was studied in the temperature range of 873 

to 1073 K. The activation energy was found to be about 168 kJ mol-1. This activation 

energy indicates that diffusion is rate controlling. 

     The progress of the formation of zinc ferrite annealed at 1200 °C was monitored by 

XRD and XPS analyses at different time intervals [147]. The presence of octahedral zinc 

cation was observed along with the regular tetrahedral Zn in the sample that had 

undergone 30 minute heat treatment. After three hours of heating, pure normal zinc ferrite 

was formed. 
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     The magnetic properties of the normal spinel ZnFe2O4 were investigated using neutron 

diffraction (ND), muon-spin rotation/relaxation (µSR) and 57Fe and 67Zn Mossbauer 

spectroscopy (MS) [148]. The results show that the inversion is below limits of detection 

in samples which were slowly cooled from 1200 °C to room temperature. It also conform 

that below TN = 10.5 K the spinel exhibits long-range antiferromagnetic order (LRO). 

 

     The synthesis of ferrite nanoparticles is of great interest for tailoring of specific 

magnetic properties. When the size of magnetic particles reduces into nanometer-sized 

scale, the surface area/volume increases greatly, resulting in novel phenomena. 

Superparamagnetism, magnetic quantum tunneling and spin-glass-like behavior are some 

examples in the field of nanomagnetism [149, 150]. These magnetic properties make 

magnetic nanoparticles to have many technological applications including magnetic data 

storage, ferrofluid, medical imaging, drug targeting, and catalysis [151-153]. The zinc 

ferrite, ZnFeO4, one of the iron based cubic spinel series, shows significant changes in its 

magnetic properties by reducing the grains to the nanometer-sized range [154, 155].  

     Zinc ferrite nanoparticles have been synthesized by several methods. Pavljukhin et al. 

[156] reported that the zinc ferrite (ZnFe2O4) fine particles obtained by mechanical 

activation of bulk ZnFe2O4 crystal yield high magnetization even at room temperature. 

Sato et al. [157] also prepared ultrafine ZnFe2O4 particles of several nanometers in size by 

the coprecipitation method. They found the formation of short-range and long-range 

magnetic order in small ZnFe2O4 particles below and above approximately 30 K. Below 

30 K, the appearance of spontaneous magnetization and its hysteretic property is 

confirmed for small ZnFe2O4 particles and explained in terms of the presence of non-

collinear spontaneous magnetization due to the formation of a long-range magnetic order 

in small particles. 

     Since then, a wide variety of methods have been applied to synthesize ZnFe2O4 in the 

form of nanoparticles. These include the co-precipitation method [158-161], 

microemulsion method [149, 159, 162] [, the critical sol-gel processing or aerogel method 

[163-169], hydrothermal process [160, 170, 195], rapid quenching method [152–155], 

mechanical ball-milling [156, 163, 166, 171-183], hydrolysis in a polyol medium [184], 

spray pyrolysis [185], citrate precursor [186, 187], combustion [187, 188], tartrate 

precursor [189], RF-thermal plasma reactor [190], thermal decomposition [191], 
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electrodeposition [192], solvothermal method [193-195], pulsed wire discharge (PWD) 

[196], Sonochemical emulsification and evaporation [197] etc.  

     In a recent study, nanocrystalline ZnFe2O4 powders have been synthesized successfully 

by pulsed wire discharge (PWD) method using metallic Fe and Zn wires in oxygen gas 

[194]. Since high temperature and energy densities can be easily achieved in this method. 

PWD offers unique advantages for the synthesis of ultrafine ZnFe2O4 powder with novel 

properties without extra heat treatment.  

 

     The average particle size of the nanoparticles has usually been determined by x-ray 

diffraction (XRD) methods i.e. calculated from Scherrer's formula, and confirmed by 

transmission electron microscopy (TEM) or scanning electron microscopy (SEM). 

Ultrafine zinc ferrite particles prepared by the above synthesis methods have similar 

average particle sizes, the smallest particles are near 2-6 nm, the largest near 35 nm. When 

ultrafine particles are annealed typically between 500 and 800°C, the particle size 

increases. For nanoparticles, several properties such as the chemical reactivity, Neel 

temperature and melting point differ in comparison with corresponding bulk according to 

their degree of cationic inversion. 

     The common feature to the above studies, and one of the main stimuli to the continuing 

interest, is the enhancement in magnetic properties observed in nanostructured or 

nanocrystalline particles compared with the magnetic behavior exhibited by equilibrium 

ZnFe2O4. While many factors contribute to this enhanced magnetization, the prime factor 

appears to be linked with the nonequilibrium distribution of the magnetic irons and 

diamagnetic zinc cations. For ZnFe2O4 nanoparticles the key feature is the redistribution of 

Fe3+ into tetrahedral interstices and Zn2+ into octahedral interstices. This cationic 

rearrangement leads to the formation of two (A) and [B] magnetic sublattices which are 

then responsible for the enhanced magnetization displayed when compared with normal 

ZnFe2O4 in its equilibrium state [e.g. 224]. As explained by several authors, the overall 

magnetic behavior can be well accounted for in terms of a superexchange interaction of 

the type Fe3+(A)O2−Fe3+[B] occurring as a result of this cationic re-distribution in 

nanoscale ZnFe2O4 . 

     Details of the structural features and enhanced magnetization exhibited by nanoscale 

ZnFe2O4 have been extensively investigated by several groups using a variety of 

techniques including: magnetization [161, 172, 174, 198-201], permeability and 
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permittivity [194, 198], Infrared [197, 199],  Mossbauer spectroscopy [148, 157, 161, 172, 

174, 196, 202, 204-208], X-ray photoelectron spectroscopy [209], neutron scattering [175, 

177, 179, 197, 210], muon spin rotation/relaxation [148, 175, 197], Extended X-ray 

absorption fine structure (EXAFS) [211, 212], specific heat [206], the Faraday effect 

[203], nuclear magnetic resonance (NMR) [182], electron paramagnetic resonance (EPR) 

[213, 214] as well as a range of standard laboratory characterization techniques. 

     The main results one can conclude from the mentioned investigations are summarized 

as follows: 

(i) Presence of competing ferro- and antiferromagnetic exchange interactions arising from 

Fe clustering, 

(ii) Breaking of superexchange bonds due to oxygen vacancies produced during 

preparation. 

(iii) The analysis of x-ray diffraction, neutron powder diffraction, and calorimetric data 

has also been interpreted as indicating the presence of octahedral zinc. 

(iv) EXAFS data indicates that the structure around the Zn atom differs between bulk and 

nanocrystalline zinc ferrite. It revealed that Zn2+ ions occupy B-sites in addition to the 

normal A-sites. It is thought that the occupation of B-sites by Zn2+ brings about Fe3+ ions 

in both A- and B-sites, and the strong superexchange interaction between Fe3+ ions in A- 

and B-sites, JAB, causes high magnetization at room temperature. 

(v) Magnetic studies, including zero-field cooling (ZFC), field cooling (FC) magnetic 

susceptibility and hysteresis curves show that for the as-prepared ZnFe2O4, MFC(T) 

monotonically increases with decreasing temperature, whereas MZFC(T) shows a 

maximum, corresponding to spin freezing temperature Tf. Such a behavior is caused by the 

disordered cation distribution of Zn2+ and Fe3+ ions in the spinel structure.  

(vi) An enhanced magnetization of many times that of bulk zinc ferrite was observed for 

the nanoparticles regardless of synthesis method. The magnetization has reached value of 

about 78 emu/g at 5K [184]. For comparison, table 1.3 shows the saturation magnetization 

of ZnFe2O4 nanoparticles obtained by different synthesis methods. 
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Table 1.3: Comparison of the degree of structure inversion, the blocking temperature, TB, and the saturation 
magnetization of ZnFe2O4 nanoparticles obtained by different synthesis methods. 
 

Reference Synthesis method Part. 
Size 
(nm) 

δ % Method of 
determination of the 
local structure 

Ms 
(emu/g) 

This work Coprecipitation 
RF magnetron Sputtering 

  FMR, FC-ZFC 
FMR, FC-ZFC 

12 (RT) 
42 (RT) 

Ammar 2006 [184] Polyol method 6.6 25 6 T field-Mossbauer 78  (5K) 
Ammar 2004 [215]  14.8 18  54 (5K) 
H. H. Hamdeh 
1997 [163] 

Supercritical sol-gel + 
drying at 513 K 

8.1 22 Rietveld refinement 
on XRD 

22(5K) 

 
 

Supercritical sol-gel + 
drying at 513K + ball 
milling for 10 h 

10.3 
 

10 
 

Rietveld refinement 
on XRD 
 

73 (10K) 
 

C. R. Bluncson 
1994 [216] 

Hydrothermal in 
supercritical methanol 

5-20 0 Mossbauer at RT 38 (4.2K) 

S.-H. Yu 
2003 [200] 

Hydrothermal in ammonia 
solution  

300 ≠ 0 
 

Cation inversion 
suspected 

61 (80 K) 
 

G. F. Goya 2000 
[173] 

Ball milling 36 7 Rietveld refinement 
on neutron diffraction 

20.7 
(4.2K) 

 
 

Ball milling +calcinations 
at 773 K 

50 16 Rietveld refinement 
on neutron diffraction 

40 (4.2 K) 

C. N. Chinnasamy 
2000 [174] 

Ball milling 11 36 6 T field-Mossbauer 
at 10 K 

10 (RT) 

  14 24 6 T field-Mossbauer 
at 10 K 

7.5 (RT) 

F. J. Burghart 2000 
[174] 

Ball milling 9 43 Rietveld refinement 
on neutron diffraction 

58 (5K) 

T. Sato 1990 [157] 
B. Jeyadevan 1994 
[211] 

Coprecipitation at 373 K 5.5 ≠ 0 
 

EXAFS analysis at 
Zn Kedge 
 

35 (4.2 k) 
 

 
 

Coprecipitation at 373 K 
+ calcinations at 973 K 

96 11 
 

6 T field-Mossbauer 
at 10 K 

Not given 

T. Kamiyama 1992 
[217] 

Coprecipitation at 373 K 
 

5.5 ≠ 0 
 

Cation inversion 
suspected 

46.9 (5K) 

 
 

Coprecipitation at 373 K 
+ calcinations at 773 K 

29 
 

7 
 

Rietveld refinement 
on neutron diffraction 

26.4 (5 K) 

K. Tanaka 1998 
[155] 

Quenching    ___ 
 

 
 

 23.8 (RT) 
15 (RT) 

P. Y. Lee 2007 
[196] 

Pulsed wire discharge 
(PWD) 

45   25 (RT) 

A. Kundu 2003 
[161] 

Coprecipitation using 
Urea 

15  Mossbauer 21 (RT) 
50 (10K) 

K. Tanaka 2003 
[203] 

RF-Sputtering 10  Faraday Effect 32 (RT) 

N. Wakiya et al. 07 
[218] 

PLD at 500 °C, HA = 0 
In HA = 2kOe 

  M-H 7.43 (RT)  
56.6 (RT) 

W. Jiang 2009 
[195] 

one-pot solvothermal 
method 

  Mossbauer 83.4 (RT) 
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     Nanometer-sized zinc ferrite particles capped with a layer of surfactant were 

synthesized by coprecipitation and microemulsion [219]. The surfactant capping 

effectively inhibited grain growth, and it was observed that the zinc ferrite nanoparticles 

with a capping layer could readily be dispersed in some organic media due to their surface 

modification. 

 

     Zinc ferrite is a promising gas sensor material. The gas-sensing properties of ZnFe2O4 

thin films deposited on alumina substrates by an ultrasonic nebulization and pyrolysis 

method exhibit moderate sensitivity and good selectivity to CO, demonstrating that 

nanocrystalline ZnFe2O4 thin films deposited by this technique are promising CO-sensing 

materials [185]. Gas sensing properties of ultrafine ZnFe2O4 prepared by water-in-oil 

(W/O) microemulsion method have been carried out by X. Niu et al. [220]. Their main 

results of gas sensing measurement show that the ZnFe2O4 sensors have a high sensitivity, 

excellent selectivity and quick response behavior to Cl2 gas. The response of ZnFe2O4 to 

Cl2 gas shows the resistance increase that indicates an n-type semiconductor behavior. 

Non-stoichiometric zinc ferrites were used as catalysts for the oxidative dehydrogentation 

of 1-butene [162]. The parallelism between the macroscopic magnetization of the ferrites 

and their capacity of transforming 1-butene into butadiene, CO2 and 2-butene, by an 

oxidative dehydrogenation reaction, suggests that the “freezing” of the magnetic moments 

in the octahedral sites could cause this catalytic behavior. 

 

     The performance of zinc ferrites as desulfurization sorbents at high temperature was 

evaluated [221]. Performance of the zinc ferrite for H2S absorption was also evaluated 

using a fixed bed flow type reactor [222]. The effect of the modifier ion on the properties 

of ZnFe2O4 pigment has been done [223]. It was found that the ZnFe2O4 crystallizes at 600 

°C, with a reflectance peak between 650–700 nm, corresponding to the red-brick color. 

 

     In contrast to the large number of studies on bulk and nanoparticles of ZnFe2O4, there 

are few reports on thin films of ZnFe2O4 prepared either by RF-sputtering [203, 224-228] 

or pulsed laser deposition (PLD) [218, 229-233]. RF-magnetron sputtering and PLD are 

promising techniques to prepare nanocrystalline ZnFe2O4 thin films. It is considered that 

the preparation of the ZnFe2O4 thin film by the sputtering method, which involves very 

rapid cooling of vapor to form the solid state phase, causes the random distribution of 
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Zn2+ and Fe3+ ions in the spinel structure. In such a situation, Fe3+ ions occupy both 

octahedral and tetrahedral sites, and the strong superexchange interaction among them 

gives rise to ferrimagnetic properties accompanied with high magnetization [224]. 

Epitaxial thin films of spinel ZnFe2O4 were grown along the (111) direction using laser-

molecular beam epitaxy (laser-MBE) on an Al2O3 (0001) single crystal substrate [234]. 

 

     Recently [228], it has been reported that a spatially selective change of magnetism from 

paramagnetic to ferrimagnetic-like behaviors in normal spinel ZnFe2O4 thin film under 

irradiation with 780 nm femtosecond laser pulses. The distribution of Zn2+ and Fe3+ ions in 

the irradiated region on the film surface becomes disordered because of local heating to 

high temperatures, and the metastable phase of ZnFe2O4 is frozen by the rapid quenching 

after irradiation, resulting in the formation of the ferrimagnetic phase. The ferrimagnetic 

phase reverts to the paramagnetic state by annealing at 800 °C. 

 

1.9 Objectives of present work 
 

The general objectives of the present work are to investigate the composition, crystal 

structure and grain size dependence of the electronic, magnetic and optical properties of 

Cu-Zn ferrites (Cu1-xZnxFe2O4, 0 ≤ x ≤ 1). 

The Specific Objectives 

 To synthesize bulk, nanoparticles and thin films of CuFe2O4, ZnFe2O4 and 

Cu0.6Zn0.4Fe2O4 ferrites. 

 To characterize bulk, nanoparticles and thin films of ferrites from their structure, 

compositional and morphological point of view. 

 To study the magnetic (magnetization and FMR) and dielectric properties of the 

bulk and nanoparticles of the synthesized ferrites. 

 To study the magnetic (Magnetization and FMR) and optical properties of the 

synthesized ferrite films. 

Scope of study 

To attain the above mentioned objectives, the following tasks were carried out 

(1) Synthesis of magnetic ferrites MFe2O4 (where M: Cu, Zn and their mixture) using 

different physical and chemical methods as follows: 

(a) Ceramic method (Solid state reaction) for bulk samples 
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(b) Chemical methods (coprecipitation) for nanoparticle samples, and 

(c) Deposition methods (RF-magnetron sputtering) for nanocrystalline thin 

film samples 

(2) Study the crystal structure of the synthesized samples using (XRD) to ascertain the 

phase formation and for determining the particle size using peak broadening 

analysis. 

(3) Observe the morphology, particle size, chemical composition, and the crystallinity 

of the prepared samples using different microscopic probes like Atomic Force 

Microscopy (AFM), Scanning Electron Microscopy (SEM) and Energy Dispersive 

X-Ray Analysis (EDAX). 

(4) Study the static and dynamic magnetic properties of the samples using Vibrating 

Sample Magnetometer (VSM) and Electron Spin Resonance (ESR). 

(5) Study the dielectric properties of the synthesized samples using Impedance 

Analyzer. 

(6) Study the optical properties of CuFe2O4, ZnFe2O4 and Cu0.6Zn0.4Fe2O4 thin films 

and determine the optical constants of the film films such as refractive index (n), 

extinction coefficient (k) and energy band gap using transmission spectra recorded 

on UV-VIS-IR spectrophotometer. 

 

1.10 Thesis organization 
 

The thesis has been organized in five chapters as follows 

Chapter 1 includes the literature survey and the theoretical background with a focus on the 

fundamentals of magnetism, general information on the ferrite materials, description of the 

spinel structure, magnetic anisotropy, ferromagnetic resonance (FMR) theory and 

dielectric properties of ferrite materials. The objectives of the present work are also listed 

in this chapter.  

 

Chapter 2 contains the details of the experimental techniques used in the present study are 

described in this chapter. These include the preparation methods of the ferrite materials 

and their characterization. The sample synthesis has been carried out using different 

physical and chemical methods, which include solid state reaction for bulk samples, 
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coprecipitation for nanoparticle samples, and RF-magnetron sputtering for nanocrystalline 

thin film samples.  

 

Chapter 3 presents results obtained on Cu1-xZnxFe2O4 (0 ≤ x ≤ 1) ferrite bulk samples 

prepared by standard ceramic method.  

 

Chapter 4 deals with the results on Cu-Zn ferrite nanoparticles synthesized by modified 

coprecipitation.  

 

Chapter 5 contains a detailed study of the structural, magnetic and optical properties of 

ferrospinel Cu1-xZnxFe2O4 (x = 0, 0.4 and 1) thin films deposited by rf-magnetron 

sputtering.  

At the end of the thesis the main results and conclusions are summarized. 
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CHAPTER-2 

 

Experimental Techniques and Procedures 
 

This chapter deals with the experimental techniques of material synthesis and property 

measurements 

 

2.1 Material Preparation methods 
The method of material preparation plays a very important role in determining the chemical, 

structural, electrical and magnetic properties of spinel ferrites. Magnetic ferrites MFe2O4 

(where M: Cu, Zn and their mixture) were prepared by different physical and chemical 

methods. These include ceramic method (solid state reaction) for bulk samples, chemical 

methods (coprecipitation) for nanoparticle samples, and deposition methods (RF-magnetron 

sputtering) for nanocrystalline thin film samples. 

 

2.1.1 Ceramic processing of spinel ferrites (bulk form) 
The most widely used method for the preparation of bulk oxides is by reaction of solid 

components in the correct molar proportion at elevated temperature over a long period. The 

preparation of materials by this method requires the care to avoid excess quantity of reagents 

as this method involves treatment of the whole lattice and the material cannot be purified after 

the synthesis [1]. 

 

2.1.1.1 Reaction mechanism 
The knowledge of the reaction mechanism for spinel ferrites is necessary to understand the 

behavior of oxide mixtures during calcination or sintering. The spinel phase reaction MO + 

Fe2O3 = MFe2O4 is formed at the interface of MO and Fe2O3 by counter-diffusion of the 

cations M2+ and Fe3+ in the ratio 3:2 through practically rigid lattice of oxygen anions (Figure 
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2.1). In this reaction, the flux of the cations is coupled to maintain electro-neutrality. This 

reaction may also be accompanied by release or absorption of oxygen at the interface between 

oxide and ferrite [2–4]. 

 
Figure 2.1: Schematic drawing of solid-state reaction in spinel ferrite. 

 

     In practice the diffusion coefficients of the ions differ widely. In spinel ferrites, diffusion 

of the large O2- ions is rather slow when compared to cationic diffusion so that the most likely 

mechanism is the counter-diffusion of cations. The reaction between ZnO and Fe2O3 to form 

ZnFe2O4 is reported to occur by the counter-diffusion mechanism in which the cations Zn2+ 

and Fe3+ migrate in opposite directions and the oxygen ions remain essentially stationary [4]. 

Same mechanism is applicable for CuFe2O4. 

     Preparation process of bulk ferrite can be achieved by adjusting four major steps. These 

steps are powder preparation, pressing powder into a pellet, sintering and finishing or 

machining [5]. Sintering is the final and the most critical step. A brief discussion of sintering 

process is given below.   

 

2.1.1.2 Sintering process 
When a compacted powder is heated at an elevated temperature which is below the melting 

point, powder particles fuse together, voids between the particles decrease, and eventually a 

dense solid body is obtained. This phenomenon is called sintering process [6]. Sintering 

process has been used and still a very important process for producing ceramic materials. 

     The driving force of sintering is the excess surface free energy of a powder compact. When 

heated, system tries to decrease its surface free energy by decreasing its total surface area. 

This is reached by mass transport that joins the powder particles together. There is a chemical 

potential difference between surfaces of dissimilar curvature within the system. A concave 
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surface has a negative free energy and a convex surface a positive free energy. As a 

consequence, mass transport occurs from the particle surface (convex) to the inter-particle 

necks or pores (concave) (figure 2.2). The greater the curvature, i.e., the finer the particles, the 

greater the driving force sintering [2]. During sintering, mass transport can occur by solid-

state, liquid-phase and vapor-phase mechanisms individually, or in combination. 

 

 (c

Figure 2.2: Two-particle model for initial stage sintering (a) without shrinkage and (b) with 
shrinkage. (c) Material transport paths during sintering process [6, 7]. 
 

     The development of microstructures during sintering may be distinguished in three stages 

(Figure 2-3) [2, 3] 

Initial stage: Initially, material is transported from higher-energy convex particle surfaces to 

the lower-energy concave intersections between adjacent particles to form necks (“neck 

growth”). The powder particles fuse together and the area of contact increases gradually. 

Since mass is only transported from convex to concave areas, the total pore volume and the 

distance between the particle centers remain about constant, and shrinkage of the green body 

is only about 3 - 5%. In this stage, the relative density, which is the density of the powder 

compact, is about 50 – 60% of its theoretical density (Figure 2.3). 

Intermediate stage: In this stage, interparticle necks grow, the area of grain boundaries (the 

interface plane shared by two grains) increases, interparticle contacts flatten, and the pore 

diameters decrease. The distance between the particle centers and the volume of compact 

decreases (shrinkage of 5% to 20%), i.e. densification occurs. The density increases to about 

95% of its theoretical X-ray density value. 
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Figure 2.3: Schematic diagram showing the densification curve of a powder compact and the 
three sintering stages. A two-dimensional sphere model illustrating the first two stages during 
sintering [7, 8].  
 

Final stage: When the relative density increases above 0.95, isolated spherical pores remain 

only at triple points (intersection lines where three grains meet) or inside the grain matrix. In 

the final stage, these pores are gradually eliminated and the relative density increases further. 

 

     The most important powder physical characteristics that can affect sintering are particle 

size, particle packing, and particle shape [2, 3]. 

Particle size: Material transport occurs faster over shorter distances, and less material needs 

to be transported to fill small pores. Furthermore, very fine particles have high surface 

energies. Therefore, smaller powder particles speed up the sintering process and lower the 

sintering temperatures and pressure.  Due to the thermodynamic considerations, larger grains 

grow at the expense of smaller ones. Consequently, as sintering progresses, the average size 

of the grains increases (“coarsening”), and the size distribution becomes narrower. Since 

coarsening is much slower than sintering, grain growth can occur especially in the final stage. 

Particle packing: Improved particle packing increases the number of contact points between 

adjacent particles and the relative density of the compact. Consequently, densification occurs 

faster (better material transport) and with less volume. One of the most important reasons for 

non-particle packing is the formation of aggregates. 

Particle shape: Irregular-shaped particles, which have high surface area to volume ratio, have 

a higher driving force for densification and sinter faster than equiaxed particles. Particles that 

pack poorly sinter poorly.  
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2.1.1.3 Bulk Sample preparation 

The bulk ferrite samples of Cu1-xZnxFe2O4 (0 ≤ X ≤ 1) were prepared by utilizing traditional 

solid state reaction method. The starting materials were high purity (99.9%) of Zinc (II) Oxide 

(ZnO), Copper (II) oxide (CuO) and Iron (III) oxide (Fe2O3). The sequence of the preparation 

procedure is as follows: 

     The oxide powders (CuO, ZnO and Fe2O3) were weighed as per required stoichiometric 

percentage. The powders were mixed thoroughly using agate mortar and pestle to yield a 

homogeneous powder. The oxide mixture showed a characteristic red color. The mixture was 

calcined is air at 750 ºC for 12 hr followed by furnace cooling to form partial ferrite phase.  

     The calcining reaction itself is critical to the future properties of the ferrite because it 

determines the reactivity of the powder and the final shrinkage in the subsequent sintering 

step [9]. The result of the calcining process is a powder that is grounded further to 

homogenize its composition and improve reactivity by having a uniform small particle size.  

     It is necessary to provide the binding force among the calcined particles in order to make a 

green ceramic pellet of ferrite. The calcined ferrite powder and approximately 1.5 wt % of 

polyvinyl alcohol (PVA) were mixed together in the mortar. After granulating the mixture 

with a spatula and pestle about 2 gms of powder was used for making a single pellet. The 

ferrite powder was pressed using a cold uniaxial hydraulic press for 3 minutes to produce a 

green ceramic pellet with a diameter of 13 mm.  

     Finally, the green color pellets were placed in furnace and heated slowly until a 

temperature of 500 ºC at which most of PVA decomposition was reached. After 3 hours of 

hold at 500oC, the temperature was raised to 1000 ºC. After 12 hours of sintering, the samples 

were furnace cooled to room temperature by switching off the furnace. The sintering process 

is the most critical step. If carefully executed, it provides certain amount of bonding between 

the particles and yields the desired crystal structure, oxidation state, microstructure and 

physical properties of ferrites [5]. Some copper ferrite samples were quenched from high 

temperature to room temperature in air to study the effect of quenching on its structure and 

magnetic properties. Figure 2.4 shows the flow chart of the ceramic processing of bulk Cu1-

xZnxFe2O3. 
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Solid state reaction method 
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Figure 2.4: flow chart for conventional ceramic processing of bulk Cu1-XZnXFe2O4

 

 

 

Single 
phase 

Not 
Single 
phase 

XRD Calcine 750C /6hours 

VSM & FMR Grinding again /1hour 

XRDPresintering 900ºC /12 hours 
SEM 

Granulate with binder (PVA) 

Press (pellet d=13mm, t =3mm) 

Final sintering 1000 ºC/12hours  

EDAX 

DIELECTRIC 

Cut & polish 



 71

2.1.2 Synthesis of Cu-Zn ferrite nanoparticles 
Nanoparticles of spinel-ferrites offer great advantages and applications in many important 

areas. Decreasing the size of the particles to nanometer size (less than 100 nm) leads to 

increase in the surface-to-volume ratio which in turn strongly influences the physical and 

chemical properties of these materials [10]. Nanosized oxides give higher sintered density at 

relatively lower sintering temperatures, without considerable grain growth [11]. An ideal 

synthesis of nanocrystals has to provide the desired particle sizes over the largest possible 

range, narrow size distributions, high crystallinity, control of shape, and desired surface 

properties [12]. In the synthesis of nanoferrites, the precursors play a very important role [13]. 

The use of a particular precursor may affect the materials’ structure on a molecular level. 

Using appropriate precursors ensures the homogeneity and the highly dispersed state of the 

resultant material. 

     Several methods are used for the synthesis of nanosized spinel-type oxides especially the 

ferrite materials, in view of the potential applications of these nanosized materials in different 

technological areas, as well as to study the intriguing properties of the nanomaterials [13-15]. 

Synthesis techniques for the preparation of ferrite nanoparticles can be basically divided into 

the chemical, mechanical and physical methods. Chemical techniques starting from atomic or 

molecular precursors are mainly focused on the coprecipitation, sol-gel technique, polymeric 

precursor method from organometallic complex, microemulsion processing, and hydrothermal 

synthesis. The physico-chemical methods are mainly focused on spray pyrolysis, gas 

condensation, freeze-drying and ultrasonic methods, which can have significant importance in 

the preparation of nanostructured ceramic materials [13-18].  

     The important methods used to prepare spinel ferrite nanoparticles especially the 

coprecipitation method used to synthesized Cu-Zn ferrites are described below. 

 

2.1.2.1 Ball Milling 
Ball milling is a mechanical alloying method used to manufacture oxide by vigorous mixing 

of the starting powder material and milling balls in a vial for several hours [19, 20]. The 

vigorous shaking action permits the starting material caught between milling balls to be 

crushed during collision of the balls. The repetitive collision generates enough energy to 

produce non-equilibrated nanostructures, usually in an amorphous or quasi-crystalline state 
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[21]. This technique has been employed to synthesize several magnetic spinel ferrites such as 

ZnFe2O4 [22, 23].Mechanical methods based on mechanical attrition, grinding and milling 

lead to the formation of highly phase-dispersed materials typical for metal powders or oxide 

based materials (mechanical activation) or the formation of new products because of a solid-

state reaction (mechanochemical synthesis) [24]. Although this is a method that can produce 

large quantities of nanomaterials with cost efficiency, it lacks the ability to produce 

monodispersed and crystalline magnetic nanoparticles. 

 

2.1.2.2 Sonochemical Method 
Sonochemical process uses ultrasound to assist or enhance a chemical reaction. Nanoparticles 

can be produced using sonochemical methods that involve the process of cavitation [25]. 

Cavitation is best described as the formation, growth, and collapse of bubbles. When acoustic 

waves are introduced in liquids, the decompression cycle of the acoustic waves can generate 

bubbles [26]. During the decompression or expansion cycle, negative pressure exerted on the 

liquid pulls molecules apart and eventually exceeds the local tensile strength of the liquid 

creating a cavity or bubble. Bubbles then grow in the decompression phase by absorbing 

energy from the acoustic radiation. Once bubbles have grown to a critical size (varies with 

different liquid), they can no longer efficiently absorb energy and this allows the surrounding 

liquid to enter the bubble (compression) causing it to implode. During the implosion or 

collapse of these bubbles, a short-lived hot spot can be generated. 

 

2.1.2.3 Sol-gel process 
The synthesis of oxide nanoparticles by this procedure is based upon the hydrolysis and 

condensation of metal alkoxide M(OR)n, where M is the metal, O is the oxygen and R is the 

organic group [27]. Since the metal alkoxide and water are not soluble in each other, they are 

required to be dissolved in a common alcoholic solvent in order to carry out their reaction. 

The solution is then mixed with water, which causes gelation due to hydrolysis of the 

alkoxides into a branched network. With the sol-gel method it is possible to achieve mixing at 

the atomic level and homogeneous materials can be achieved. The high reactivity of water 

with the metal alkoxide is explained by that the alkoxide group, being highly electronegative, 

creates a positive charge on the central metal atom. On the other hand, in the water molecule, 
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there exists a partial negative charge on the oxygen atom. As a result, the water molecule 

attacks the metal atom from the alkoxide and results in the hydrolysis of the alkoxide [28]. 

     During the synthesis, two equal parts of alcoholic solutions are made. In one part, water 

and an organic polymer as a surfactant are dissolved in appropriate proportions in the 

alcoholic solvent. The second part of the alcoholic solution is prepared by dissolving 

completely the metal alkoxide in the common solvent. After homogenizing both the solutions, 

they are mixed rapidly. The order of mixing the two solutions does not affect the properties of 

the reaction product. The process is carried out in a dry-nitrogen glove box to avoid any 

premature reaction of atmospheric moisture with the alkoxide. The following reactions 

immediately take place upon mixing the two parts of the solutions [27, 28] 

 

Hydrolysis: M(OR)4 + H2O → M(OH)4 4ROH) 

Condensation: M(OR)4 + M(OR)4 → (OH)3M–O–M(OH)3 H2O 

 

Here M represents the metal atom, R is the alkoxide group and O is the oxygen atom. The 

result is the formation of the M–O–M bond within the solution. The kinetics of hydrolysis and 

condensation reactions is governed mainly by the ratio of molar concentrations of water to 

alkoxide (R). In general, low R values (<3) are suitable for fiber and thin-film formation while 

large R values (>3) generate powder particles. The oxide nanoparticle size and its distribution 

and particle surface morphology are hence affected by this R value [28]. 

     The high degree of mixing allows the precursor to form the required crystal phase during 

calcination at a very low temperature and high surface areas can therefore be achieved. 

However, it is important that the rate of hydrolysis of the different metal alkoxides match. 

Otherwise inhomogeneities will be formed, which might lead to phase segregation and 

lowering of surface area of the final material. Although the sol-gel method is very powerful 

for the preparation of materials with high surface area, it presents some drawbacks. The 

alkoxide precursors are expensive and often require moisture and oxygen-free atmosphere 

during synthesis [29]. This complicates the possibility of industrial scale-up. 
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2.1.2.4 Microemulsion 
Microemulsion is defined as a system of single-phase and thermodynamically stable isotropic 

solution composed of water, oil and surfactant that brings down the water/oil interfacial 

tension to a very low value [30]. The process of microemulsion to produce nanoparticles is 

unique in the sense that it can produce monodispersed particles and has capability to control 

not only the size but also the shape of the nanoparticles [28]. The internal structure of a 

microemulsion, at a given temperature, is determined by the ratio of its constituents. If the 

concentration of oil is low, a microemulsion with a continuous water phase can be formed, a 

so-called oil-in-water (o/w) microemulsion. If more oil is added a bi-continuous phase, which 

has no defined shape, will be formed. If oil is continued to be added until the water 

concentration becomes low, water-in-oil (w/o) microemulsion can eventually be formed. The 

surfactant molecules in o/w and w/o microemulsions arrange themselves to form clearly 

defined shapes (often spherical) called micelles [31]. The micelles can host water droplets. 

Every microemulsion system has a certain region where the concentration of the components 

is right to form a microemulsion [32]. 

 

2.1.2.5 The Hydrothermal Method  
A hydrothermal process is an effective approach to obtain highly crystalline ferrites from 

aqueous solutions, eliminating the annealing step, consists of heating the reaction mixture in a 

sealed container at moderate temperatures [16, 33 Byrappa]. In such conditions, a high 

pressure is built up inside the bomb-type reactor, thereby increasing the temperature of the 

solution high enough to promote the chemical reactions between the precursors and to 

produce ferrite powders with good crystallinity. As the pressure inside the reaction vessel 

increases, significant changes on the physical properties of the solvent are observed over a 

wide temperature interval. Thus, the polarity and density of the water decrease, whereas its 

temperature increases rapidly to reach values much higher than the boiling point. 

Additionally, its solvent properties are greatly enhanced, thereby enabling the complete 

dissolution of various compounds, both organic and inorganic, which otherwise have a sparse 

solubility in aqueous media. Finally, when the temperature and pressure attain the so-called 

“critical values” (TC = 374 °C, PC = 218 atm), the dissimilarities between the gaseous and 

liquid phases disappear completely and a new phase known as supercritical water is formed. 
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In the supercritical state, water combines the individual characteristics of the liquid and gas 

phases making it very attractive as reaction medium for various chemical reactions. However, 

such a behavior is not restricted only to water; other many nonaqueous solvents can serve as 

reaction media under similar conditions. Thus, when the chemical reactions take place in 

aqueous solutions the process is known as hydrothermal, whereas for non-aqueous solvents 

the technique is called solvothermal. Under such extreme conditions, chemical reactions can 

occur in both sub-critical and super-critical regime, thereby resulting into highly crystalline 

single-phase products which do not necessitate post-synthesis annealing [18, 26]. However, 

although the hydrothermal/solvothermal process is a one-pot, highly efficient “green-

chemistry” preparative route for various ferrite materials, it allows only for a limited control 

of the nucleation and growth processes usually yielding particles with irregular shapes, 

relatively large sizes and a wide size distribution. Yu and coworkers [34] noted that 

hydrothermal heating at 180°C of an ammoniacal FeCl2 solution containing metallic Zn leads 

to the formation of octahedrally-shaped ZnFe2O4 nanoparticles with an average size of 300 

nm. While the purity of the ferrite material is controlled by the reaction time and temperature, 

its crystallinity was found to be significantly enhanced by increasing the concentration of 

ammonia in the reaction solution. The reaction time and temperature as well as the dielectric 

constant of the reaction medium were also found to exert a significant effect on both the 

particle size and the crystallinity of the hydrothermally-prepared nanophase ferrites [16].  

 

2.1.2.6 Combustion method 
The ‘‘combustion synthesis,’’ also known as ‘‘self-propagating high-temperature synthesis’’ 

(SHS) represents a rapid process of solid combustion of reagents [35, 36]. The combustion 

method has been used in the preparation of a large number of technologically important 

oxides (refractory oxides, magnetic, semiconducting oxides, insulators, catalysts, sensors, 

etc.).There is a growing interest in the combustion synthesis of materials because this method 

is simple, fast, economic, and yields high purity products [13, 14]. 

The SHS method uses the energy produced by the exothermic redox decomposition of a 

mixture of metal nitrates with an organic compound. In the combustion, the mixtures of 

nitrates and organic compounds behave similarly to conventional oxidants and fuels. The 

reaction is carried out by dissolving metal nitrates and fuel in a minimum amount of water 
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and heating the mixture to evaporate water in excess. The resulting viscous liquid ignites and 

undergoes self-combustion, producing ashes that contain the oxide products. During the 

combustion, exothermic reactions take place. Gases such as N2, H2O, and CO2 evolve, 

favoring the formation of fine particle ashes [13, 14, 35]. 

 

2.1.2.7 Coprecipitation method 
 

The co-precipitation method is based on simultaneous precipitation of two or more metals 

[18, 29]. The precipitation is performed mostly through the hydrolysis at low temperatures (25 

-100 °C) of metal-nitrates solutions, such as zinc nitrate, copper nitrate and ferric nitrates. The 

starting point is to dissolve the metal salt precursors in water. The solution is then added 

slowly under vigorous stirring to a solution containing precipitating agent such as NaOH for 

all metals. It is important that all metals precipitate simultaneously so that a good degree of 

mixing of the metals is obtained. The stirring assures that there is no region where the amount 

of precipitating agent is low. If the stirring is inadequate local regions can form in the solution 

where the concentration of a precipitating agent slowly increases which could result in metals 

not precipitating simultaneously, which results in poor mixing of the metals [16]. 

     Co-precipitation is the most commonly used method to prepare mixed metal oxides in the 

industry since the metals salts are easy to handle and relatively inexpensive. Powders 

prepared by this technique usually show narrow size distributions (good homogeneity), with 

averages size on the order of a few tenths of a nanometer (fine particles). The high purity of 

ferrites obtained by this procedure, the greater reactivity, the elimination of calcining step, 

and the versatility in the type of precursors represent the main advantages of this method. 

Several papers have been reported on the preparation of ferrite through coprecipitation 

approach and finally converted into fine ferrite powders by thermal treatment.  

 

2.1.2.7.1 Co-precipitation mechanism 

The thermodynamics requirement for the precipitation of a solid phase is that the product of 

the reactants’ activities is greater than the solubility of the solid phase. This condition is 

achieved when the solution exceeds a critical level of super-saturation [18]. In the formation 

of zinc ferrite nanoparticles, the product of ferric and zinc ions activities must be greater than 
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the solubility of ZnFe2O4 and those conditions are attained at elevated temperature and high 

pH level. The precipitation of solid phase relieves the level of supersaturation in solution. 

     As shown in Figure 2.5, there are three pathways for the formation of small particles in 

solution [37]. In the first path, particles nucleate and then grow by diffusion. The distinct 

separation of the nucleation and growth processes results in the production of mono-disperse 

particles. In the second pathway, primary particles form during nucleation and then assemble 

into aggregates. In the third pathway, nucleation and growth stages are not distinct and result 

in polydisperse particles. However, if Ostwald ripening occurs during the aging of the 

particles, the smaller particles preferentially dissolve and larger particles will grow at their 

expense until all particles reach an equilibrium size [37]. 

 

 
Figure 2.5: Mechanism of formation of colloids. Three possible pathways for particle 
formation, reproduced from Tartaj et al. [37].  
 

The co-precipitation reaction takes place in two steps [38]: 

Step 1: At first solid hydroxides of metals in the form of colloidal particles are obtained by the 

coprecipitation of metal cations in alkaline medium (coprecipitation step).  For the case of 

Cu-Zn ferrite, this reaction is as follows: 

 

322
322 )(2.)(.)()1(82)1( OHFeOHxZnOHCuxOHFexZnCux −→+++− −+++  

 

Step 2: Then this product is subjected to heating in the precipitation alkaline solution to 

provide the transformation of solid solution of metal hydroxides to the Cu-Zn ferrites 

(ferritization step) as follows 



 78

 

OHnOnHOFeZnCuOHFeOHxZnOHCux xx 2242)1(322 )4(.)(2.)(.)()1( −+→− −  

where n is an integer. 

     A particular feature of “the co-precipitation method” is that the product contains a certain 

amount of associated water even after several hours of heating in alkaline solution. The rate of 

mixing of reagents plays a vital role in the size of the resultant particles. The relative rates of 

these two processes determine the size and polydispersity of obtained particles. Polydispersed 

colloids are obtained as a result of simultaneous formation of new nuclei and growth of the 

earlier formed particles. Less dispersed in size colloid is formed when the rate of nucleation is 

high and the rate of particles growth is low. This situation corresponds to a rapid addition and 

a vigorous mixing of reagents in the reaction. Slow addition of reagents in the coprecipitation 

reaction leads to the formation of bigger nuclei than rapid one. It must be also taken into 

account that in the case of slow addition of the base to solution of metal salts a separate 

precipitation takes place due to the different pH of precipitation for different metals. Separate 

precipitation may increase the chemical inhomogenity in the particles. To obtain ferrite 

particles of a smaller size, less dispersed in size and more chemically homogeneous the 

mixing of reagents must be performed as fast as possible [38]. 

An increase in temperature (in the range 20-100°C) significantly accelerates formation of 

ferrite particles. The activation energy for formation of ferrites of different metals is not 

equal. Auzans [38] concludes that the heating at temperatures close to 100 °C is preferable for 

an easier and more rapid formation of the Mn-Zn ferrite particles. 

 

2.1.2.8 Experimental procedure for synthesis of Copper-Zinc Ferrite nanoparticles 

 

The nanoparticles of Cu-Zn ferrites were synthesized by co-precipitation method. The process 

description is as follows: 

(a) Starting materials 

Metal nitrates (Zinc nitrate hexahydrate Zn(NO3)2.6H2O and copper nitrate hexahydrate 

Cu(NO3)2.6H2O) and  Iron (III) nitrate nonahydrate Fe(NO3)3.9H2O and Sodium hydroxide 

(NaOH) was utilized to chemically precipitate M-ferrite (MFe2O4) from a mixture of M-

nitrate and iron nitrate. (M = Cu, Zn or Cu + Zn). 
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(b) The sequence of the procedure 

The metal nitrates were weighed in required ratio for producing M-ferrite. The initial molar 

proportion (M2+/Fe3+) is always taken as the stoichiometric ½. Then the metal nitrates (M-

nitrate and iron nitrate) were dissolved in proper amount of distilled water and stirred 

constantly with a high-speed magnetic stirrer until dissolved. Sodium hydroxide is dissolved 

in distilled water until a pH greater than or equal to 12 was reached. The nitrate solution was 

poured into NaOH solution with vigorous stirring at 80 ºC. This results in precipitating of 

solid particles from the solution (figure 2.6). 

 

 
 

Figure 2.6: Schematic of the coprecipitation process of Cu1-xZnxFe2O4 ferrite nanoparticles. 
 

The solution (precipitate included) was centrifuged and the liquid was discarded. The 

precipitate was rinsed with distilled water and centrifuged again. The precipitate was then 

dried in oven at 80 ºC for 12 hrs, ground using a mortar and pestle and calcined at 500, 700 

and 850 ºC for 6 hours. The XRD studies confirmed the formation of the M-ferrite phase in 

the calcined samples. 
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2.1.3 Thin films of Cu-Zn ferrites 
 

Ferrite thin films can be prepared by chemical vapor deposition (CVD) or physical vapor 

deposition (PVD) techniques. In both CVD and PVD methods, one of the most critical 

deposition factors is the kinetic energy of the vapor phase particle, which can generally be 

divided according to the range of typically reported energies [39, 40], into three regimes. 

1. Thermal regime (0 ~ 0.3 eV), in which particles have low energy. Techniques within this 

range include chemical vapor deposition and thermal evaporation; 

2. Mediate regime (1~ 100 eV), in which particles have energies ranging from the bonding 

strength to the lattice penetration threshold. Techniques within this range include sputtering 

deposition and arc vapor deposition; 

3. Implantation regime (> 100 eV) in which particle energies are well able to cause surface 

penetration and implantation. Technique within this range is ion implantation. 

Figure 2.7 summarizes the main preparation methods for thin film processes [41]. Different 

techniques have been used by researchers for the preparation of ferrite thin films. These 

include chemical vapor deposition (CVD), magnetron sputtering, laser ablation, thermal 

evaporation, screen plating, ion beam deposition and ion implantation. 

 



 81

`

Thin film process

Physical process Ion process Chemical process

Thermal process Sputtering Plasma CVD Laser 
CVD

Thermal
CVD

Chemical 
solvent

Evaporation Laser MBE Ion 
plating

ARE ICBD

ARE: Activated reactive evaporation
MBE: Molecular beam epitaxy
ICBD: Ionized cluster beam deposition
PVD: Physical vapor deposition
CVD: chemical vapor deposition  

Figure 2.7: thin film deposition processes [41]  

 

      

2.1.3.1 Thermal Evaporation 
The thermal evaporation process comprises evaporating source materials in a vacuum 

chamber below 1 × 10-6 Torr and condensing the evaporated particles on a substrate [41, 42]. 

The important methods of evaporation are resistive heating, flash evaporation, electron beam 

evaporation, laser evaporation, arc evaporation, and radio frequency (rf) heating. Two types 

of thermal evaporation processes are shown in figure 2.8. Resistive heating is most commonly 

used for the deposition of thin films. The source materials are evaporated by a resistively 

heated filament or boat, made of W, Mo, or Ta. Crucibles of quartz, graphite, alumina, 

beryllia, boron-nitride, or zirconia are used with indirect heating. The refractory metals are 

evaporated by electron-beam deposition since simple resistive heating cannot evaporate high 

melting point materials. 
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Figure 2.8: Thermal evaporation process utilizing: (Left) Resistive heating and (Right) 
electron beam [43]. 
 

 

 

2.1.3.2 Pulsed laser deposition (PLD) 
PLD is an improved thermal process used for the deposition of alloys and/or compounds with 

a controlled chemical composition [41]. In laser deposition [44], a high-power pulsed laser 

such as the KrF excimer laser (1 J/shot) is irradiated onto the target of source materials 

through a quartz window. A quartz lens is used to increase the energy density of the laser 

power on the target source. Atoms that are ablated or evaporated from the surface are 

collected on nearby sample surfaces to form thin films. A typical PLD system is shown in 

figure 2.9. The target material is locally heated to the melting point, melted, and vaporized in 

a vacuum. The laser pulse may also provide photoemitted electrons from the target to make a 

plasma plume and the evaporation mechanism may be complex since the process includes the 

thermal process and the plasma process. 
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Figure 2.9: Pulsed laser deposition (PLD) uses a laser to ablate the source material from a 
target. The material is collected on substrates (S) in the form of thin films [41]. 
 

     The PLD has the advantage of being simple in design, and the target has many forms such 

as a powder, sintered pellet, and single crystal. The mechanism of evaporation is simply 

discussed using the thermal evaporation model. The irradiated laser power is absorbed on the 

surface of the target. The optical absorption depth, L0, of an ultraviolet laser is on the order of 

10 nm. The depth, L0, is given by [41] 

α/10 =L  

where α is the optical absorption constant of the target. The thermal diffusion depth, Lt, will 

govern the heating of the target; this is given by 
2/1
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KtL δ  

where δt is the pulse duration of the laser light, κ is the thermal conductivity of the target, c is 

the molar heat capacity of the target, and nmol is the molar density of the target. The Lo and Lt 

characterize the mode of the heating as follows: 

tLL >>0  (weakly absorbing) 

tLL <<0  (strongly absorbing) 

The values of Lt for Cu and Si are typically in micrometers. The targets of the insulator and 

wide-bandgap semiconductors show weak absorption. Metal targets and narrow-bandgap 

semiconducting targets show strong absorption. The strong absorption effectively melts the 
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target and thermally evaporates it. The laser irradiation may photoemit electrons from the 

target accompanied by photoionized atoms of target materials. The photoionized atoms create 

the plasma plume. 

 

2.1.3.3 Sputtering 
Sputtering is a Physical Vapor Deposition (PVD) process, which etches materials from a 

ceramic target [45]. When a solid surface is bombarded with energetic particles such as 

accelerated ions, surface atoms of the solid are scattered backward due to collisions between 

the surface atoms and the energetic particles as illustrated in Figure 2.10. This phenomenon is 

called back-sputtering, or simply sputtering [42]. Sputtering has become one of the most 

versatile techniques in thin film technology for preparing thin solid films of almost any 

material. Some of the main advantages of sputtering as a thin film preparation technique are 

(a) high uniformity of thickness of the deposited films, (b) good adhesion to the substrate, (c) 

better reproducibility of films, (d) ability of the deposit to maintain the stoichiometry of the 

original target composition, and (e) relative simplicity of film thickness control [42]. 

 

 

2.1.3.3.1 Sputtering process 

 

The sputtering process can be summarized as follows [46]: an external potential is applied 

from an outside power source, charging the target with high negative voltage (3 to 5 kV). A 

gas is introduced into the vacuum chamber between the target and the grounded substrate and 

chamber wall. The large potential difference causes the ionization of introduced gas in the 

high electric field that forms plasma. 

     The ionization results in a negatively charged electron and positively charged ion pairs, 

whereas the plasma itself retains net neutral charge. Positively charged ions are attracted to 

the negatively charged target and accelerated by electric field, resulting in a collision with the 

target material. When an ion approaches the surface of a solid (target), one or all of the 

following phenomena may occur (figure 2.10) [47]. 

• The ion may be reflected, probably being neutralized in the process. 
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• The impact of the ion may cause the target to eject an electron, usually referred to as a 

secondary electron. 

• The ion may become buried in the target. This is the phenomenon of ion implantation. 

• The ion impact may also be responsible for some structural rearrangements in the 

target material. 

• The ion impact may set up a series of collisions between atoms of the target, possibly 

leading to the ejection of one of the neutral atoms from the material by momentum 

transfer. This ejection process is known as sputtering. The sputtered atoms leave the 

target surface with relatively high energies (~10 eV) compared with evaporation 

atoms (~0.1 eV). This ejected flux of target atoms, which has a main direction, is then 

transported through the space towards the substrate where they condense and form a 

thin film [48].  

 

 
 

Figure 2.10: A schematic of the physical sputtering process [49] 

 

The average number of the atoms ejected from the surface per incident ion is called the 

sputtering yield [50]. The sputtering yield S depends on many factors, such as the mass and 

the energy of the incident particles; the mass and the binding energy of the sputtered atoms; 

the crystallinity of the target; etc. and it can be described as [51, 52]: 
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where Eion is the energy of the incident ion, Ethres is a threshold energy 

, V5/2
21 )/(8 MMUE sthers = p is the plasma potential, Vdc is the dc voltage on the target 

(discharge voltage), Us is the surface potential barrier and M1 and M2 are the mass number of 

the ion and the target, respectively. 

     The deposition rate R is proportional to the sputtering yield S, and I(1 - γ), with I the 

discharge current and γ the secondary electron emission coefficient [52]: 

)1( γ−×= SIconstR  

The principle of momentum transfer used to deposit materials has made the sputtering 

technique very attractive. Using this technique it is easy to deposit materials which could not 

be easily deposited using other techniques. This includes even refractory materials. 

     Depending on the gas pressure and the distance between substrate and target, the flux will 

be more or less scattered by the gas. The average distance an atom can travel before a 

collision is called the mean free path (λ). The mean free path λ can be estimated through [49] 

22 gg

g

dP
kT
π

λ =    

where k is the Boltzmann constant, Tg and Pg the gas temperature and pressure respectively, 

and dg the diameter of the gas molecule (dAr = 0.364 nm). During sputtering process, the film 

surface is ion bombarded. Because of the high-energy state of plasma, sputtered particles have 

enough energy to migrate on the film surface which can densify the growing film by 

enhancing the surface atom mobility [53]. In addition, ion bombardment of the growing film 

can restrict the grain growth and permit the formation of nanocrystalline [54]. The size and 

crystallographic orientation of grains can be controlled by the energy of bombarding ions 

[55].  

 

2.1.3.3.2 Effect of magnetic field (Magnetron sputtering) 

The ionization efficiency is improved by using a magnetic field parallel to the cathode surface 

and thus restraining the primary electron motion to the vicinity of the cathode [56]. These 

electrons thus trapped move inside the orbit gain a higher mean free path and collisionally 

scatter before reaching the anode. Consequently magnetron sputtering requires lower gas 
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pressures to sustain the plasma compared to that of the diode sputtering technique. Reduced 

scattering and increased electron usage efficiency leads to a better deposition rate and reduced 

applied voltage to sustain plasma in this technique. Along with these advantages, this 

technique has the disadvantage of the discharge being swept to one side by the E x B force 

[45]. This is avoided by using cylindrical cathodes that allow these drift currents to close on 

themselves.  

On the basis of the type of magnets used, magnetron sputtering is classified into different 

categories like cylindrical magnetron, hollow cathodes, cylindrical-post, cylindrical-hollow 

and planar magnetrons [41]. 

 

 

2.1.3.3.3 Film growth 

Thin film formation includes the processes of nucleation and growth. During the earliest stage 

of film formation, a sufficient number of vapor atoms or molecules condense and establish a 

permanent residence on the substrate. There are three basic growth modes [55]: (1) island 

mode (or Volmer-Weber), (2) layer by layer mode (or Frank-van der Merwe), and (3) mixed 

mode (Stranski-Krastanov), which are illustrated schematically in Figure 2.11. Island growth 

occurs when the smallest stable clusters nucleate on the substrate and grow in three 

dimensions to form island. This island growth happens when atoms and molecules in the 

films are more strongly bound to each other than to the substrate. Many systems of metals on 

insulators, alkali halide crystals, and graphite are good examples of this growth mode. 

     The opposite characteristics are displayed during layer growth. In the layer growth mode, 

the atoms are more strongly bound to the substrate than to each other. The first complete 

monolayer is then covered with a somewhat less tightly bound second layer, providing the 

decrease in binding energy is continuous toward the bulk crystal value. The layer growth 

mode is sustained. The most important example of this growth mode involves single crystal 

epitaxial growth of semiconductor films. The layer plus island or mixed growth mechanism is 

an intermediate combination of both aforementioned modes. In this case, after forming one or 

several monolayers, subsequent layer growth becomes unfavorable and islands form. The 

growth of ferrite films prepared using sputtering system could be attributed to the third mode.  
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Figure 2.11: Basic modes of thin films growth (a) layer by layer growth mode, (b) island 
growth mode and (c) mixed growth mode [55]. 
 
 
 
2.1.3.3.4 Film microstructure 
 
The most important parameters which influence the final grain structure of a vapor-deposited 

film for a given material are substrate temperature and growth flux. The growth flux is a 

quantity that represents the mass or volume flow rate onto the growth surface. In general, 

increasing the rate of deposition tends to promote formation of a finer scale microstructure, 

while increasing the substrate temperature tends to promote a coarser microstructure or single 

crystal growth [54]. Polycrystalline films are commonly described in terms of their grain 

structure, which is usually understood to include some measure of grain size, grain boundary 

morphology (typical grain shape), and film texture (distribution of crystallographic 

orientations). Thornton [57] proposed a four-zone model which is illustrated in Figure 2.12. In 

zone 1, tapered or fibrous grains and voided boundaries form where the structure is influenced 

by the shadowing effect and by the roughness of the substrate surface on which deposition is 

made. The transition zone is marked by dense grain boundary arrays and a film with a high 

dislocation density. Columnar grains evolve in zone 2, where the evolution of the structure is 

aided by surface diffusion processes. The transition from surface diffusion to bulk diffusion, 

as well as recrystallization and grain growth lead to the formation of an equiaxed grain 

structure in zone 3. As a general trend, similar structures evolve at higher temperatures in 

sputtered films as compared to evaporated films [43, 54, 57, 58]. 
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Figure 2.12: Structure evolution in polycrystalline films as a function of substrate 
temperature and argon gas pressure, following the four-zone model of Thornton [43, 57]. 
 

 

3.1.3.3.5 Deposition Equipment (Sputtering system) 

 

Sputtering is a type of Physical Vapor Deposition (PVD) as it uses the principle of momentum 

transfer to remove neutral atoms from a target. Several sputtering systems are proposed for 

thin-film deposition including dc diode, rf diode, magnetron, and ion-beam sputtering. The 

simplest model is the dc-diode sputtering system. The dc-sputtering system is composed of a 

pair of planar electrodes. One of the electrodes is a cold cathode and the other is the anode. 

The front surface of the cathode is covered with target materials to be deposited. The 

substrates are placed on the anode. The sputtering chamber is filled with sputtering gas, 

typically argon gas at 5 Pa (4 × 10-2 T). The glow discharge is maintained under the 

application of dc voltage between the electrodes. In the dc sputtering system, the target is 

composed of metal since the glow discharge (current flow) is maintained between the metallic 

electrodes. The schematic diagram of the dc-sputtering system is shown in figure 2.13. 
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Figure 2.13: Schematic showing the basic features of a dc-sputter deposition system [54] 

 

     By simple substitution of an insulator for the metal target in the dc sputtering discharge 

system, the sputtering discharge cannot be sustained because of the immediate buildup of a 

surface charge of positive ions on the front side of the insulator. To sustain the glow discharge 

with the insulator target, rf voltage is supplied to the target. This system is called rf-diode 

sputtering. In the rf-sputtering system, the thin films of the insulator are sputtered directly 

from the insulator target. 

     RF sputtering makes it possible for dielectric materials to be sputtered at relatively low 

voltages. However, due to the inherent difficulty of passing current through a dielectric, 

sputtering rates for oxides are extremely slow and inefficient. Magnetron sputtering helps 

alleviate this problem by introducing a magnetic field in addition to the usual electric field 

present in the plasma Figure 2.14. This helps confine electron motion to the target area, 

improving plasma intensity and thus deposition rate. The fact that the plasma is more confined 

to the area between the target and the substrates improves the efficiency by reducing the 

amount of material wasted during deposition. 

     In magnetron sputtering, a magnetic field is superposed on the cathode and glow 

discharge, which is parallel to the cathode surface. The electrons in the glow discharge show 

cycloidal motion, and the center of the orbit drifts in the direction of E×B with the drift 
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velocity of E/B, where E and B denote the electric field in the discharge and the superposed 

transverse magnetic field, respectively.  

 
Figure 2.14: Simplified Cross Section of a Sputtering System. 

 

     The magnetic field is oriented such that these drift paths for electrons form a closed loop. 

This electron trapping effect increases the collision rate between the electrons and the 

sputtering gas molecules. This enables one to lower the sputtering gas pressure as low as 10-5 

torr, but more typically 10-2 torr. In the magnetron sputtering system, the magnetic field 

increases the plasma density which leads to increase in the current density at the cathode 

target, effectively increasing the sputtering rate at the target. Due to the gas’s low working 

pressure, the sputtered particles traverse the discharge space without collisions, which results 

in a high deposition rate. 

     When a reactive gas species such as oxygen or nitrogen is introduced into the chamber, 

thin films of compounds (i.e., oxides or nitrides) are deposited by the sputtering of the 

appropriate metal targets [59]. This technique is known as reactive sputtering and may be 

used in either the dc or rf mode. Reactive sputtering is used in practice for the high-rate 

deposition of insulating metal oxide films. In these glow-discharge systems, sputtering gas 

molecules, during thin-film growth, irradiate the sputtered films. This causes the inclusion of 

the gas molecules in the sputtered films [60]. 

In a planar magnetron, the magnetic flux on the cathode surface is terminated to the magnetic 

core as shown in Figure 2.15 a. The magnetron is called a balanced magnetron. When an 

additional magnetic flux is superposed to the balanced magnetron shown in Figure 2.15 b, the 

magnetron is called an unbalanced magnetron. 
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Figure 2.15: (a) Balanced (Left) and (b) unbalanced magnetron sputtering (Right) [41]. 

 

 

2.1.3.3.6 RF-magnetron Sputtering System 

 

Ferrite films were deposited by employing TORR R300 rf-magnetron sputtering system as 

shown in figure 2.16.The deposition equipment is composed of two 2-inch planar high 

performance water-cooled magnetrons, a stainless steel chamber, high vacuum system, switch 

cabinet, a heated rotatable substrate holder etc. The equipment was provision of cooling water 

supply to cathode, power supply and turbo pump. The schematic diagram of the construction 

of the sputtering system is displayed in figure 2.17. 
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Figure 2.16: (a) The photograph of sputtering system used in this work, (b) view of the 

deposition chamber having two electron guns and (c) Plasma created during deposition 

process of ferrite thin films in Ar and (d) O2 gas. 
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Figure 2.17: Schematic diagram of the sputtering system with magnetron [61] 

 

     The material to be deposited (target) acts as the cathode and is connected to a negative 

voltage RF power supply. The substrate is placed on a substrate holder and could be 

grounded, floating, biased, heated, cooled, or could be a combination of these. The substrates 

are placed exactly below the target which makes 15º with the normal to the substrate. This 

setup is placed inside a vacuum system which is pumped down and maintained at high 

vacuum. An inert gas like Argon is introduced into the system as the medium for glow 

discharge. This is because an inert gas like Argon has its meta-stable energy greater than its 

first ionization potential which helps in producing a sufficient supply of ions for self-

sputtering. When this glow discharge is initiated, ions with high kinetic energy strike the 

cathode (target). Then sputtering process starts. The main parts of the deposition system are 

described in more details as follows. 

 

1. Process Chamber 

The sputtering chamber used to deposit the ferrite oxide films is made up of electro-polished 

stainless steel chamber of dimensions 16 inch × 14 inch × 16 inch.  These materials are non 

corrosible, non-magnetic, easy to weld and clean, highly malleable and have good out-gassing 

characteristics. It is vertical mounted inside, where the sputter-down-mode is available. The 
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process chamber contains feed-throughs for power, waterlines (for supplying cooling water to 

the sputter guns and crystal monitor), thermocouple, gas lines and other purposes. Rubber O-

rings act as vacuum sealant between the feed-throughs and the chamber. The chamber 

contains a rotatable substrate holder around a central axes supported by an external motor 

connected to the chamber through one of the feed-throughs. It also contains two rf sputtering 

guns above the substrate holder. The typical base pressure that could be maintained using this 

setup is in the low 10-6 Torr range. The sputtering system used to deposit the films for our 

experiments is made by TORR Company, USA. Figure 2.16 depicts the vacuum chamber 

used to deposit the ferrite films. Vacuum inside the chamber is created using a combination of 

Varian rotary vane mechanical pump and Turbo-molecular pump. 

 

2. Vacuum system 

     The vacuum inside a sputtering chamber is created and maintained using a pumping 

assembly. There are various factors that are to be considered when choosing a pumping 

system. The pumping rate, ultimate pressure that can be achieved, ability to handle gas loads 

and potential for oil contamination of the pump are some of them. The pumping system used 

in this work is a combination of a rotary vane pump (Varian DS 302) for roughing the system 

to a pressure of 10-3 Torr and a Varian turbo-molecular pump (300 l/s) for maintaining a high 

vacuum in the system. This pump has the capability to pump the system down to a pressure in 

the microtorr range. The vacuum system is also composed of a choke (for reducing the 

volume flow rate during sputtering) and a full-range compact pressure sensor. 

 

3. Source and RF-Sputtering power supply 

     The system is attached with two 2 inch Angstrom Sciences magnetron guns, each with 

innovative integral shutter and shield for depositing metals and dielectric target materials. The 

guns are at a tilt angle and focus at the center of the substrate stage. The guns are retractable 

up to 6 inch while keeping the focal point the same. The electrical system of rf sputtering for 

ferrite deposition involves an rf generator operated at 13.56 MHz, an rf switching control, an 

rf selector switch and two matchboxes (figure 2.18). The output of the rf generator is up to 

300 W. Figure 2.14 shows the sputtering cathode with cross-sectional schematic diagram of 

planar magnetron sputter gun. It consists of target, backing plate, target holder, ground shield, 
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permanent magnet, pole piece, ceramic insulator and cooling water inlet. The entire gun is 

oriented ~15° from the substrate normal and 5-6 cm center to center distance of the target to 

the substrate. Also highlighted are the magnetic field lines with respect to the target surface. 

The electrical connections show how the target is isolated from the grounding shield which is 

at common ground with the substrate stage via the chamber walls. 

 

 
Figure 2.18: A typical “L” matching network used on an rf diode sputtering system [43]. 
 

Further attachments 

1. Substrate heater 

The substrates are heated using quartz lamp heating arrangement to heat the sample stage up 

to 400 °C. The temperature is controlled and maintained digitally through a PID controller on 

front panel using a thermocouple as a sensor.  

2. Pressure Gauges 

     Deposition pressure is one of the important parameters that could affect the properties of 

the film. . A full range combination cold cathode and Pirani gauge measuring from 760 to 10 -

8 Torr is provided. 

3. Mass flow controller 

There are two mass flow controllers with shutoff valves for Argon and Oxygen. A unique gas 

shower ring is provided inside the chamber for uniform gas distribution during sputtering 

process. 

     4. RF Power supply 

The RF power supply is capable of delivering up to 300W. The RF supply is with an auto-

matching network in order to minimize the reflected power. Both the total and reflected power 
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is shown digitally on displays. The amount of power supplied to the gun controls the amount 

of ions produced during the sputtering of the target material and thus their density. 

 

2.1.3.3.7 Experimental Procedure 

1. Target preparation 

The source for the material to be deposited, the sputtered target, is a 2-inch ferrite ceramic 

target matching the size of the gun. The target preparation is similar to that explained in 

chapter 2 part-1 with miner modifications. The M-ferrite sputter target was loaded into the 

sputtering gun. 

2. Substrate cleaning 

All the films were deposited on glass substrates. The glass substrates were subjected to a 

sequential cleaning process before being loaded for deposition. The substrates were rinsed in 

flowing distilled water to remove dust particles. They are then cleaned with acetone to remove 

any organic impurities followed by subsequent cleaning step using isopropyl alcohol. The 

glass substrates were ultrasonically cleaned with distilled water. Complete drying is achieved 

by baking the substrates in an oven at 40°C for 30 minutes. 

3. In order to produce an edge for the thickness measurement by a profilometer, a glass slide 

was fixed on the glass substrate before coating and removed later together with the material 

deposited on top of it. 

4. The substrates are loaded onto circular stainless steel substrate holder. This setup is then 

mounted on the rotary sample holder assembly. This rotary assembly aids in placing the 

substrate exactly under the ferrite target. 

5. Chamber evacuation 

The vacuum chamber was evacuated down to a base pressure of 2 × 10-6 mTorr prior to the 

deposition.  

6. The gun shutter to the M-ferrite target is opened. The RF power to the sputtering gun is 

turned on and the target was pre-sputtered for 10 min. in the chosen Ar/O2 mixture. 

7. The substrate was brought under the target and kept in this position for the entire sputtering 

process. 

8. All the films were deposited for duration of 60 minutes. 
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2.2 Characterization techniques 
 

The characterization of materials requires obtaining information about the spatial arrangement 

of the atoms and identifying precisely which atoms occupy which particular sites in the 

crystal structure. It also includes the specification of imperfections, impurities, 

inhomogeneities, and so on. Often, it involves measuring some particular electronic or optical 

properties. This chapter includes the description of the physical principles of a set of tools that 

have been used to characterize the prepared samples with details of the experimental 

procedure. Some tools produce pictures of the material in real space. These include the 

scanning-electron microscope (SEM) and the atomic force microscope (AFM). Other 

complementary tools take pictures in momentum space or wave-vector space rather than in 

real space such as x-ray diffraction (XRD). 

    Additional tools provide information about the dynamical response of a material. Included 

among the numerous techniques available in frequency space are the optical spectroscopies: 

infrared, visible, and ultraviolet spectroscopy. It also describes briefly on transport 

measurements of AC electrical resistivity and impedance analyzer. There are spectroscopic 

techniques in which both the electrons and photons play a significant role. Included among 

the spectroscopic tools we have used extensively in this study is the electron-spin resonance 

(ESR). This chapter also describes static magnetic characterization tools like vibrating sample 

magnetometer (VSM). 

The characterization techniques of the ferrite Films and powders have been used in this work 

are as follows 

1. X-ray diffraction (XRD) (θ-2θ scan) 

2. Scanning electron  microscopy (SEM) 

3. Electron dispersive of X-Ray Analysis (EDAX) 

4. Thickness measurement (Profilometer) 

5. Atomic force microscopy (AFM) 

6. Vibrating sample magnetometer (VSM) 

7. Ferromagnetic resonance (FMR) 

8. Transmission Spectrum Measurement Spectrophotometer 

9. Impedance analyzer 
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2.2.1 X-Ray Diffraction (XRD) (θ-2θ Scan)  
 

X-ray diffraction (XRD) is a powerful technique used for analyzing the structure, geometry, 

and phase identification of unknown materials. It can be used on single crystal materials or for 

the determination of preferred orientation, defects, and stresses in thin films as well as 

polycrystalline materials [51]. XRD techniques are based on the scattering of x-rays from 

crystals. Scattering is defined as the deflection of either waves or particles randomly as a 

result of collisions. In the case of x-ray radiation, the waves are scattered by electrons 

surrounding atoms. The total scattering of a system is the combination of the scatter from an 

individual atom in the solid summed over the contributions of all related in the lattice [62]. 

     Diffraction effect is observed when electromagnetic radiation impinges on periodic 

structures with geometrical variations on the length scale of the wavelength of the radiation. 

The interatomic distances in crystals and molecules amount to 0.15 – 0.4 nm which 

correspond in the electromagnetic spectrum with the wavelength of x-rays having photon 

energies between 3 and 8 keV. Accordingly, phenomena like constructive and destructive 

interference should become observable when crystalline and molecular structures are exposed 

to x-rays. When a monochromatic X-ray radiation is incident upon the sample, a part of the 

radiation is scattered from the sample atoms. Scattered X-rays may constructively interfere 

when certain conditions are satisfied. This phenomenon is known as diffraction of X-rays 

(figure 2.19) and the condition is known as the Bragg law [63] 

θλ sin2 hkldn =  

Two incident rays are scattered from two atomic planes of the crystal. The traveling 

difference of two rays is equal to the double product of the inter-atomic plane distance dhkl 

and the sin function of the incident angle θ (sinθ). The Bragg law says that if the traveling 

difference is equal to an integer number of the incident X-ray wavelength then the 

constructive interference of the diffracted beam occurs and a sharp diffraction peak can be 

observed. 
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Figure 2.19: Reflection of X-rays from different atomic planes illustrating Bragg’s law [63] 
 

     The key components of a modern diffractometer include a monochromatic radiation 

source, sample stage (goniometer), radiation detection system, enclosure, and safety features. 

One of the most common configurations is the θ–θ upright. This type of diffractometer has a 

movable detector and X-ray source, rotating about the circumference of a circle centered on 

the surface of a flat powder specimen.  

     Figure 2.20 shows the beam path schematically. The intensity of a diffracted beam is 

measured directly by an electronic solid-state detection system. The scattered X-rays dissipate 

energy by generating electron–hole pairs in the detector. The electronic system converts the 

collected charge into voltage pulses. The electronics counts the number of pulses per unit of 

time, and this number is directly proportional to the intensity of the X-ray beam entering the 

detector. 
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Figure 2.20: Schematic of a θ–θ upright shows how the source and detector each move at a 
constant rate of θ/s relative to the sample. Hence, the source and detector move at constant 
rate of 2θ/s relative to one another [64]. 
 

     The technique can be used to characterize powders as well as polycrystalline materials. 

The material of interest is ground to produce a fine, randomly orientated powder, with each 

particle in the powder consisting of small single crystals or an aggregate of crystals 10 µm or 

less. The powder is placed into a recess of a plastic sample holder and leveled flat in the 

sample holder with a straight edge. 

     In brief, a sample is irradiated by monochromatic X-rays, which will be diffracted 

according to Bragg’s Law. In our experiments we have used X’Pert Philips PW 1730 Cu-Kα 

source (λ = 0.15406 nm) and Co-Kα (λ = 0.17898 nm) Inel XRG 3000 France. The diffraction 

intensity is measured continuously during a detector scan of 2θ, coupled to a specimen 

rotation of θ as shown in Figure 2.21. The recorded results are presented in the form of a 

diffractrogram where I, the intensity, is plotted as a function of 2θ. The recorded results are 

then compared with theoretical calculations and literature.  
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Figure 2.21: XRD patterns of powder ZnFe2O4 obtained in this work. 
 

     The diffraction data were fitted with a Lorentzian function to determine the location of 

each peak 2θ (figure 2.22). Using Bragg’s law, the interplanar lattice spacing, dhkl, was 

calculated. The variation of the average lattice spacing, i.e. the slight shift of the (hkl) peak 

position, in the direction normal to the plane of the films gives the strain on films; it is either 

compressive or tensile. The strain on films is calculated using the following formula: 

100(%) ×
∆

=
d
dStrain       (2.1) 

where d is the lattice spacing. A characteristic shift towards lower angle compared to the 

reflex of ideal crystals indicates a lattice expansion. The broadening due to strain (ε) can be 

written as θεβ tan−=∆  where dd /∆=ε . The XRD line width and particle size are 

connected through the Scherrer equation [63] 
θβ

λ
cos
9.0

1

=D  where, D is particle diameter, λ 

the wavelength of the X-ray radiation, β1 a measure of the broadening of diffraction line due 

to size effect. 
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Figure 2.22: The (311)-reflex of XRD for ZnFe2O4 nanoparticles obtained in this work  

 

Now if both the effect of “particle-size broadening” and “strain-broadening” is taken into 

consideration, then the total broadening (β) can be expressed as follows [36]: 

θε
θ

λβββ tan1 +=∆+=
DCos

 

λ
θε

λ
θβ Sin

D
Cos

+=
1         (2.2) 

where β is the full width at half maxima (FWHM) of the XRD peaks of the sample, D is the 

effective particle size, ε is the effective strain. A plot of 
λ
θβCos  vs. 

λ
θSin  will be a straight 

line, slope of which will give the estimation of the effective strain, whereas the intercept on 

λ
θβCos  axis will carry the information of the particle size. 

     Usually, the polycrystalline is such a crystal aggregates whose orientations may deviated 

widely from complete randomness, which is said to possess texture. In order to compare the 

reflex intensities of different orientations they are usually normalized with the tabulated peak 

heights of the powder diffractograms (PDF1991). The X-ray density for each composition 

was calculated using the relation [63] 
NV
ZMd x =   g/cm3, where, Z is the number of molecules 

per unit cell (Z = 8 for spinel structure), M the molecular weight, N the Avogadro’s number 

and V the theoretical value of the unit cell volume.  
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2.2.2 Scanning electron microscopy (SEM) 
 

The scanning electron microscope (SEM) is a widely used instrument to obtain information 

on bulk specimens. It is also an indispensable and powerful tool for analyzing and 

constructing new nanomaterials [65, 66]. The scanning electron microscope (SEM) is one of 

the most versatile instruments available for the examination and analysis of the microstructure 

morphology, thickness and growth structure, particle size and shape and chemical 

composition characterizations [65, 66]. 

     In this work, a Philips XL30 high / low vacuum scanning electron microscope was used for 

low magnification analyses. A schematic drawing of a conventional SEM representing the 

Philips XL30 ESEM is shown in Figure 2.23. 

 

 
 

Figure 2.23: (left) Schematic drawing of the electron column showing the electron gun, 
lenses, the deflection system and the electron detector. (right) Schematic drawing of a 
conventional self bias thermonic tungsten hairpin electron gun [66, 67] 
 

 

     The main task of the electron gun is to provide a stable beam of electrons with adjustable 

energy. There are several types of electron guns available and these are mainly categorized by 
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their ability to produce an amount of current into a small spot, the stability of the emitted 

current and the lifetime of the source. The Philips XL30 ESEM was fitted with a tungsten 

thermionic emitter. The tungsten thermionic emitter is fairly reliable and inexpensive and is 

commonly used for low magnification imaging. A schematic is shown in Figure above.  

     The principle of a SEM [67] is to scan the specimen surface with a focused electron beam. 

When primary electrons strike a specimen surface, a wide range of useful interactions can 

occur, causing various charged particles and photons to be generated. The different emitted 

signals can be collected and used to form an electron image that contains useful 3D 

information of the surface. The image formed is displayed on a cathode ray tube (computer 

monitor) at the same scanning rate as the electron beam scans the specimen. In addition, for 

thin specimens, primary electrons can be transmitted through the material and similarly 

utilized. Typical signals of the electron beam - specimen interactions are shown schematically 

in Figure 2.24 [67]. 

 

 
 

Figure 2.24: Some of the useful signals that are generated when a focused electron beam 
strikes a specimen. Note that, for a ‘thick’ specimen, i.e. more than a few hundred 
nanometres, electrons become absorbed within the specimen and hence are not transmitted 
[67] 
 
 
     All signals generated are emitted simultaneously and each carries different information. 

Both Secondary electrons (SE) and Backscattered electrons (BSE) are used for imaging while 

X-rays are used for chemical analysis. Secondary electrons are generated as a result of 

interaction and transfer of energy of both incoming primary electrons and outgoing 
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backscattered electrons with atoms within the material. Secondary electrons have low energy, 

approximately less than 50 eV, and as a result come from the outer surface of the material 

from where they have enough energy to escape.  

     BSEs are generated as a result of primary electrons coming from the electron beam that 

have been rebounded after collisions with the specimen. These have higher energy than SE, 

(greater than 50 eV) and come from a larger volume of the specimen (between the surface and 

0.1 ~ 0.5 µm deep). BSEs provide information on surface topography as well as atomic 

number contrast. The backscattering coefficient increases monotonically with Z and areas 

with a high average atomic number appear brighter in contrast. As a result, BSE provide 

information on compositional uniformity within the specimen.     Additional to SE and BSE, 

radiation in the form of X-ray photons is generated. This radiation provides chemical 

information when analyzed using energy dispersive X-ray spectrometry (EDAX) [67, 68]. 

 

2.2.3 Energy dispersive X-ray spectrometry (EDAX) 
 

As already seen in the SEM, the bombardment of a specimen with an electron beam leads to 

the generation of X-rays. These can be used to determine the elemental composition of 

different regions or features within the specimen [68]. 

     Basically, electrons in the inner shells of an atom are ejected and the atom is ionized. The 

excited atom returns to its stable state by an electron in one of its outer shells releasing its 

excess energy in the form of X-rays and filling the hole. The emitted X-rays have a 

characteristic energy for the shells involved in the activity and are characteristic of the given 

element. They may be used to gain chemical information about the specimen [69]. 

The X-rays can be detected by Si-crystal which produces electrical pulses with amplitude 

proportional to the energy of the incoming photon. The pulse amplitudes are measured and 

then stored in a multi-channel analyzer where each channel corresponds to a certain interval 

of pulse heights. A spectrum is then plotted showing the number of counts per energy 

channel. Peaks which form at certain energy levels in the spectrum can be identified and are 

proportional to the element(s) present within the specimen with that X-ray energy. The 

concentration of a given element can be determined by carrying out a quantitative analysis. A 

typical EDAX spectrum after collection is shown in Figure 2.25. 
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Figure 2.25: Typical EDAX spectrum obtained from Cu0.4Zn0.6Fe2O4 obtained in this work. 
 

2.2.4 Profilometry 
Insulating thin films are semitransparent, thus can be easily measured using optical techniques 

such as spectrophotometer and ellipsometry [51]. The thickness of the films in this work was 

measured by a profilometer, with a vertical resolution of 5Å. Profilometry describes a class of 

techniques for measuring surface topography. The general operating technique is shown in 

Figure. 2.26. 

 

   Glass substrate

Scan direction
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Scan direction
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Figure 2.26: Operating Concept for a Stylus Profilometer 
 

     A mechanical diamond tip stylus is scanned across the film surface in a straight line and 

height is recorded. Several measurements per sample were performed to average over 

variations in the film thickness. The probe generates a measurable signal response, typically 

electrostatic or the deflection of a laser signal, proportional to the change in height of the 
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sample surface. These results in a direct contour trace of the sample surface with primary 

limitations on resolution attributed to the scratching of the film surface, substrate roughness, 

and vibration during measurement [51]. Stylus based profilometers can be accurate to a 

resolution of roughly 1 nm. This primary drawback to the profilometry technique is that a step 

must be patterned into the film to allow for the measurement of film thickness. For the 

purpose of this study the thickness measurement of ferrite films was performed using surface 

stylus profilometer (Ambios tech model XP-1). The samples were partially masked in order to 

obtain a step height between the glass substrates and the films. The thickness of ferrite thin 

films was measured at three different positions and averaged. Standard deviation was 

calculated from these. 

 

2.2.5 Atomic force microscopy (AFM) 
 

Atomic force microscope (AFM) [70], a non-destructive analytical technique, can be used to 

visualize the surface morphology and roughness of film samples with a resolution down to the 

atomic level. One of the major advantages of this technique is that the image obtained directly 

corresponds to the surface profile. It is therefore possible to extract quantitative data such as 

the concentration of particles, particle size, particle size distribution and surface roughness or 

terrace step height about the surface from the image. AFM images were obtained by scanning 

a probe needle over a rectangular area of the surface.  

     Different SPM scanning modes can be classified by the forces that they monitor and the 

distance between the tip and the sample surface over which the forces operate as shown in the 

force–distance curve in Figure 2.27. There are three primary possible operational modes with 

these devices: contact, intermittent contact or non-contact modes [71]. In contact-AFM mode 

an AFM tip makes soft physical contact with the sample where a constant normal force, 

typically in the nN-range, is maintained via a regulation loop. The net force measured is the 

sum of the attractive and repulsive forces. On the other hand, in the noncontact mode the 

influence of the force gradient between probe and surface on a vibrating cantilever is utilized 

to measure the topography. The tip-sample separation is large, typically between 1 and 100 

nm. In contrast to the contact mode, the noncontact mode is less destructive. The net force 

detected is the attractive force between the tip and the sample [72, 73]. With intermittent 
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contact, or tapping mode, the probe is oscillated close to the surface where it repeatedly 

comes into and out of contact with the surface. 

 

 
 

Figure 2.27: A typical force-distance curve experienced by a probe tip as it approaches a 
surface [70]. 
 

     In this study, Nanopics 1000, SPI3800N with SPA400 (Seiko Instruments, Japan) 

microscope was used both in non-contact dynamic mode force microscopy (DFM) and 

contact mode atomic force (AFM) microscopy.  

 

Working principle of AFM  

The image is produced [72] by dragging a vibrating cantilever with a Si3N4 tip across the 

surface. When a sample brought close to a vibrating cantilever, a weak interaction force exists 

between the tip and the film surface that cause the tip to deflect from its equilibrium position, 

resulting in an amplitude change and a phase shift. A laser beam is reflected off the back of 

the cantilever and is detected with a split photodiode and onto a piezoelectric transducer. The 

degree of deflection of the tip can be measured by using this piezoelectric transducer together 

with a feedback loop. By adjusting the tip height during a scan so that there is no loss of 

vibration amplitude, a profile of the surface and topographic image can be obtained. 

Simplified block diagram of the atomic force microscope is shown in figure 2.28. 
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Figure 2.28: Schematic diagram of an atomic force microscope (AFM). 

 

     The resolution of the system is determined by the diameter of the tip and it is routinely 

possible to achieve nm-order spatial resolution. The lateral resolution is of the order of a few 

nanometres and the resolution in the vertical direction is better than 0.1 nm. 

Two surface roughness quantities are commonly determined by the AFM: average roughness 

(RA) and root-mean-square roughness (RMS). For N measurements of height z and average 

height z  of the scanned area, the average roughness is the mean deviation of the height 

measurements 
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2.2.6 Vibrating Sample Magnetometer (VSM) 
 

The vibrating sample magnetometer (VSM) is a basic instrument which was developed in 

1956 by S. Foner and Van Oosterhart for characterization of the magnetic materials [74]. The 

VSM method is based on Faraday’s law, which states that an emf will be generated in a coil 

when there is a change in the flux going through the coil [75]. When a material is placed 

within a uniform magnetic field a vibrator mechanism vibrates the sample in the magnetic 
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field. This causes the sample to undergo sinusoidal motion and creates a change in the 

magnetic flux, which is detected by pickup coils as an induction voltage. For a coil with n 

turns of cross-sectional area a, the emf (V) is related to dB/dt, given as [76] 

dt
dBnaV −=  

Since MB 0µ=∆  , when we place a magnetic sample into the coil, this relationship becomes 

dtMnaV /0µ−=  

     The output measurement displays the magnetic moment M as a function of the field H. A 

schematic of the VSM system is shown in Figure 2.29. It has a pair of electromagnets that 

generate a DC magnetic field, and a pick-up coil that acquires the sample signals. When a 

sample has a net magnetization, it produces magnetic flux in its vicinity. During VSM 

measurements, the sample is mechanically vibrated (up and down) at a fixed frequency 

(generally 82Hz). This vibration produces a flux change, which generates an AC voltage 

proportional to the magnetic moment of the sample in the pick-up coil. A lock-in amplifier is 

then used to measure the voltage. The AC signal picked up by the coil is proportional to the 

frequency and amplitude of the sinusoidal motion and the total magnetic moment of the 

sample at that applied magnetic field. 

 

 
Figure 2.29: Magnetic measurements (a) block diagram of the VSM (b) idealized M-H-
curves of a ferrite thin film with easy magnetization axis parallel to the film plane. 
 

     The frequency and amplitude of the sinusoidal motion are held constant, which is 

controlled by a capacitor (reference signal generator). By feeding the signals from the pick-up 

coils and the reference signal into a demodulator, the magnetic moment of the sample is 
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extracted [77]. The system is calibrated with a magnetic material with a known saturation 

magnetization, e.g. Ni. A Hall probe was used in order to determine the values of the applied 

field. Using the computer interface, the magnetic field and the signal proportional to the 

magnetic moment can be simultaneously recorded (hysteresis loops). The magnetic moment 

determined by VSM is given in terms of the basic electromagnetic unit (or, emu), which can 

be related to the magnetization, susceptibility, and Bohr magnetron. VSM provides a fast and 

easy technique for the measurement of the magnetic properties of a material [74]. The 

sensitivity of VSM manufactured by Lake Shore is in the range of 10-6 emu which is 

sufficiently accurate for the samples used in this dissertation 

 

2.2.7 Ferromagnetic resonance (FMR) 
Ferromagnetic resonance (FMR) is a powerful and useful tool for studying magnetic materials 

[78]. It is extremely informative method to study magnetic thin films because parameters of 

FMR depend strongly on thin film properties which have various physical origins. FMR can 

be detected using a conventional electron spin resonance (ESR) spectrometer.   ESR 

spectrometer operating at X-band frequency is commonly used instruments to measure such 

parameters as damping factor, gyromagnetic ratio or to observe temperature dependent phase 

transitions. However, comprehensive characterization of ferromagnetic materials 

encompasses study of various kinds of magnetic anisotropy, phase transitions with respect to 

magnetic field, domain wall motion etc. 

     The high frequency properties of the films were characterized using ferromagnetic 

resonance (FMR). FMR spectra were recorded using JEOL (JES-FA200) ESR Spectrometer 

operating at a standard X-band frequency (ν = 9.16 GHz). The modulation of the magnetic 

field was done with a frequency of 100 kHz and amplitude 10 Oe. The first derivative dP/dH 

of the power absorption P was recorded as a function of applied field H in the range 0 – 8 

kOe. We used 3 × 5 mm size samples for FMR measurements. Measurements were carried 

out at room temperature with two orientations of the magnetic field: in parallel and 

perpendicular to the film plane. The temperature dependent study of the resonance line 

parameters (line position, shape and width) was also carried out in the temperature range 120 

to 470K with a temperature stability of ±1K. 
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For a fixed frequency of the spectrometer, the dynamic susceptibility of the sample was 

recorded as a function of the strength and direction of the applied field. With the spectrometer 

used, the reference resonance field is H0 = ω0/γ = 3.3 kOe. For a given sample the field Hres 

was registered as the field for which dP/dH = 0. The distance between the bounding peaks of 

the first derivative of the absorption line was taken as the experimental width of the resonance 

line (see figure 2.30 for the typical resonance spectrum at X-band). 

 

 
Figure 2.30: typical FMR signal of ferrite thin films recorded in this work. 

 

The Experimental Set-Up of ESR Spectrometer  

 

X-band ESR is widely used since the sample volume is convenient (tube diameter ~ 4 mm), 

giving enough information from the obtained spectra. In order to manage a successful 

experiment each individual sub-system must function properly. A cold temperature ESR 

experiment requires much preparation in the instrumental setup. A brief explanation of the 

crucial instruments that are necessary and their individual contribution in acquiring reasonable 

spectra follows. 

     The experimental set-up of the main components of a standard X-band EPR spectrometer 

used is outlined in the figure 2.31. Generally, the main components of an EPR spectrometer 

are listed below [79-81]: 

1. Microwave Bridge 

2. Cavity 



 114

3. Electromagnets 

4. Signal Channel (Console) 

5. User interface (Computer) 

 

 
 

Figure 2.31: Schematic drawing of an X-band EPR spectrometer, (right) X-band cavity 
resonator [79]. 
 

1. The Microwave Unit 

The microwave bridge functions both as a microwave source and a detector of the transmitted 

waves from the cavity. The microwaves are generated through a gun-diode semiconductor 

oscillator which is widely used to produce lower power ratio signals at X-band frequencies (ν 

= 9.2 GHz). The produced radiation is transferred by means of a rectangular, hollow 

waveguide to an attenuator where the power (200 mW) can be reduced typically by a factor 

between 1 and 106. The output of the attenuator is transferred with a waveguide to a circulator 

that forces the waves into the downward waveguide to reach the resonator containing the 

sample. The signal microwave frequency is not permanent and adjustments can be done 

during the tuning process before each experiment. 

     The microwave radiation from the cavity is reflected to the detector, which consists of a 

diode that converts the microwave power to electric current, via a circulator that acts as traffic 
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circle by changing the route of the microwaves. The reflected microwaves are directed only to 

the detector and not to the source. Detection is further improved by modulating the signal. If 

the modulation is less than the absorption signal linewidth, the detector is sensitive to the 

phase of the signal, and then the derivative of the absorption signal appears. Any remaining 

radiation that reflects back from the detector is forced by the circulator into the upward 

waveguide that ends in a wedge, or taper, or “choke” to convert the radiation into heat, so that 

no radiation can return to the source. To control the power output of the microwave source 

there exists a variable attenuator that blocks the flow of microwave radiation. Thus one can 

more accurately determine and control the amount of microwave power exposed to the 

sample. 

2. The Cavity 

The sample is held in a microwave cavity which consists of a metal box (figure 31) that aids 

the amplification of weak signals from the sample. The cavity is itself positioned into a 

cryostat that remains under vacuum in the system. The sample which is surrounded by two 

large magnetic coils is swept with a magnetic field through the resonance condition.  

     The energy dissipation per cycle represents the amount of energy loss in one microwave 

period. The higher the energy loss, i.e. Q decreases, the lower the sensitivity of the 

spectrometer. Some of the microwave energy can be lost to the side walls of the cavity since 

electric currents are generated, which contribute to heat production. In order to reduce the 

origin of electric currents inside the cavity, the sample is placed in an electric field minimum 

and a magnetic field maximum. Thus bigger signals and higher sensitivities can be obtained. 

     The amount of microwave radiation into the cavity and the transmission back to the 

detector is determined by the iris. This is a hole that operates by carefully controlling the 

impedance (resistance) of the cavity and the waveguide. There exists a screw in front of the 

cavity where adjustments of the iris can be made. 

3. The Signal Channel 

The signal channel is built into the console which contains the required electronics for phase 

sensitive detection. Phase sensitive detection with magnetic field modulation increases the 

system sensitivity. The magnetic field is continuously modulated sinusoidally at the 

modulation frequency. When an EPR signal occurs, the field modulation sweeps thrrough the 

signal and the transmitted microwaves from the cavity becomes amplitude modulated at the 
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same frequency. A reference signal, which is sensitive to signals with the same modulation 

frequency and phase as the field modulation, is compared to the modulated signal. The signals 

which do not fulfill these requirements are suppressed. 

     If higher modulation amplitudes give rise to increased intensities, too high modulation 

amplitudes can subject broadening and distortion of the signal. A good rule of thumb is to use 

modulation amplitude that is less than the linewidth of the signal. Otherwise, difficulties in 

resolving signals from each other may occur. 

4. The Magnetic Field Controller 

The magnetic field controller is used to control the magnetic field sweep through the sample. 

The controller sets the field values, the sweep time and the current that flows in each magnet 

coil (windings). The controller regulates the magnetic field by receiving a reference value, in 

numerous times, which correspond to the magnetic field value. In between the two magnets a 

Hall probe is placed. This is influenced by the magnetic field such that it produces a voltage 

which is dependant of the field. The controller can then regulate the field by comparing the 

voltage produced by the Hall probe with the previously set reference voltage. Whenever there 

is a difference in voltage the magnetic power supply changes the amount of current that flows 

through the magnets and hence the magnetic field. 

 

5. The User (operator) Interface 

The JEOL ESR-spectrometer has Acquisition Software configured for various types of 

measurements, i.e. different resonators. The knobs of the spectrometer are all switches in the 

software of the spectrometer’s computer. The computer software is active (i.e. setting, 

regulating, and calibrating the spectrometer). The functions to set and their main parameters 

in parentheses are the microwave (frequency, attenuated intensity), the magnet (center field, 

scan range), the modulation system (strength, frequency), the amplifier (gain), and the data 

recorder (scan rate and damping time constant). The temperature of the optional cooling (or 

heating) system is set on a separate control system. 

 

2.2.8 Optical transmittance 
The transmission spectra of the films were recorded on a UV-Vis-NIR spectrophotometer 

(JASCO -V570 & V670). The spectrophotometer features an all-reflecting, double-
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monochromator optical system. The components are coated with silica for durability. 

Holographic gratings are used in the monochromator for the ultra-violet and visible light 

range and near infrared range.  

 

 
Figure 32: Schematic diagram of the UV-Vis-NIR spectrophotometer [82] 

 

     Figure 2.32 is a schematic diagram illustrating the operation of a spectrometer. Basically, 

the instrument has two radiation sources that cover the full operating wavelength of the 

spectrometer from 190 nm to 3000 nm, a monochromator that is responsible for passing 

monochromatic light to the sample, and two photodetectors for measuring the transmittance at 

different wavelength regions. The deuterium lamp and halogen lamp are the two radiation 

sources. The later is in charge of the wavelength in the visible to near infrared region, i.e. 

from 300 nm to 3300 nm, while the other is in charge of those wavelengths from 185 nm to 

350 nm. 

     The monochromator uses reflection gratings and entrance-and-exit slits to pass 

monochromatic light to the sample. The transmittance of the monochromatic light that passed 

through the sample is measured by a photomultiplier operating in the ultraviolet and visible 

region and a lead sulfide (PbS) detector operating in the near infrared region. One thing to 

note here is that all transmittance values shown by the instrument are in relative terms. It 

shows what percentage of light, from 0% to 100%, gets transmitted through the sample with 

respect to another parallel and unobstructed reference beam. 

     Reflectivity spectra provide similar and complementary information to the transmission 

and absorption measurements. For instance, absorption coefficients corresponding to the 

fundamental absorption are as high as 105 - 106 cm−1, so that they can only be measured by 

using very thin samples (thin films). In these cases, the reflectivity spectra R(ν) can be very 

advantageous, as they manifest the singularities caused by the absorption process but with the 
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possibility of using bulk samples [82-84]. The reflectivity at each frequency is defined by 

0I
IR R=  where IR is the reflected intensity. 

 
Figure 2.33: An experimental arrangement used to measure direct reflectivity spectra [82]. 
 

Reflectivity spectra can be registered in two different modes [82] direct reflectivity or diffuse 

reflectivity. Direct reflectivity measurements are made with well-polished samples at normal 

incidence. Diffuse reflectivity is generally used for unpolished or powdered samples. For 

direct reflectivity measurements (Figure 2.33), monochromatic light (produced by a lamp and 

a monochromator) is passed through a semitransparent lamina (the beam splitter). This lamina 

deviate the light reflected in the sample toward a detector. 

 

2.2.9 Dielectric measurements 
In addition to the magnetic properties, ferrite materials also exhibit good dielectric properties. 

The dielectric properties determine the response of a material when placed in an electric field 

[85, 86]. For most applications of ferrite materials, the dielectric constant (ε’) and dielectric 

loss (tanδ) are important practical parameters. Studies of the dielectric properties provide a 

great deal of information about the suitability of the material for various applications. 

Dielectric properties (εr) are always presented relative to the dielectric constant of the vacuum 

(ε0). The dielectric properties of ferrite materials are determined by the electrical permittivity 

(ε′) also known as the dielectric constant and the electrical conductivity (σ) 

AtCp 0/εε =′  

where ε0 is the permittivity of the free space,  t is the thickness of the sample and A is the 

surface area of the sample [87] 

δωεε
ρ

tan
1

0′
=AC  
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In figure 2.34 the permittivity is presented as a capacitor. The capacitor is placed parallel to 

the resistor, the latter presenting the conductivity.  

 

 
 

Figure 2.34: Dielectric measurement setup. A parallel plate condenser with dielectric 
 

Dielectric measurements (dielectric constant, loss) were carried out using Agilent 4294A 

impedance Analyzer interfaced to a PC. Signal of 0.5V was applied to the samples. The 

Agilent 4294A Precision Impedance Analyzer provides highly accurate 4-terminal-pair 

impedance measurement in a wide frequency range of 40 Hz to 110 MHz and extremely small 

variation in component characteristics that can be precisely evaluated with sweep 

measurements of 0.08% basic accuracy. This instrument is very good for component 

evaluation like capacitors, inductors, resonators, semiconductors and for material evaluations 

like toroidal cores and it also has a wide range of measurement parameters.  
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Figure 2.35: Agilent 4294A Precision Impedance Analyzer front panel (40Hz–110 MHz). 

 

     The front panel of the Agilent 4294A provides several blocks of hardkeys and an LCD 

display with a series of softkeys along its right-hand edge. Also, there are a number of test 

connectors and a power switch beneath the LCD display. Figure 2.35 shows the front panel of 

the Agilent 4294A. 

     Measurements on the samples were done at room temperature as a function of frequency 

and composition. The electrical contacts were made by using silver paste electrodes on bulk 

ferrite pellets to study the electrical properties of ferrite ceramics. The sintered pellets were 

polished to a smooth finish and cleaned thoroughly. The flat surfaces of pellets were coated 

with silver paste, which gives the metal-insulator-metal structure to the pellets which are 

ready for electrical measurements.  

The AC impedance was also measured in the frequency range 100 kHz to 13 MHz. The 

impedance |Ζ| and the phase difference (θ) between the voltage and current were measured as 

a function of frequency for the given sample. Analysis of the data is carried out by plotting 

the imaginary part of the impedance Z″= |Ζ| cosθ against the real part Z′= |Ζ| sinθ on a 

complex plane called the impedance plot. An impedance plot with linear scale is used to 

analyze the equivalent circuit. The intercept on the Z′ axis on the low frequency side gives the 

room temperature DC resistance [88]. 
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CHAPTER-3 

Properties of bulk Cu-Zn ferrites 

 

This chapter consists of studies of various properties of bulk Cu1-xZnxFe2O4. The results 

and discussion of the structural, magnetic and dielectric measurements on the samples are 

described in detail. 

 

3.1 Crystal Structure 
The crystal structure determination of the bulk ferrite samples was carried out using 

powder X-ray diffraction (XRD). The XRD patterns of Cu1-xZnxFe2O4 with (x = 0.0, 0.2, 

0.4, 0.6, 0.8 and 1.0) are   shown   in figure 3.1. The patterns show sharp peaks 

corresponding to a single phase spinel structure. No impurity or secondary phase was 

detected. It can be seen that for the compositional range 0 < x ≤ 1 the index of reflection 

planes (111), (220), (311), (222), (400), (422), (511), and (440) are indications of the 

presence of the cubic symmetry whereas for x = 0 it shows tetragonal structure. 

     The lattice parameters (a) were computed using the d-spacing values, which were 

calculated using Bragg’s law, and the respective (hkl) parameters. The values of lattice 

parameter found for CuFe2O4 (a = 8.20 (0.01), c = 8.69(0.01) Å) and for ZnFe2O4 (a = 

8.44 (0.003) Å) agree well with those reported in JCPDS (Joint Committee on Powder 

Diffraction Standards) card numbers 06-0545 and 22-1012, respectively. The 

compositional dependence of lattice parameter (a) is shown in Figure 3.2. It can be seen 

that the lattice parameter increases almost linearly with the increase in Zn-content (x) in 

accordance with the Vegard’s law [1] suggesting the formation of a homogeneous solid 

solution between CuFe2O4 and ZnFe2O4. This behavior has also been reported by Banerjee 

et al. [2]. The difference in the values of the lattice constant of Cu and Zn ferrite may be 

due to the different scattering source, sintering and preparation techniques. 
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Figure 3.1: XRD patterns of bulk Cu1-xZnxFe2O4 system 

 

It is reported that the Cu2+ ions have a marked preference for octahedral sites [3] due to 

their favorable fit of charge distribution of this ion in the crystal field of the octahedral site 

[4,5]. On the other hand, the Zn2+ ions have preference for tetrahedral sites [6,7] due to 

their readiness to form covalent bonds involving sp3 hybrid orbit [8]. So the linear increase 

in lattice constant with zinc content can be attributed to the larger ionic size of Zn2+ 

(0.82Å) compared to that of Cu2+ (0.70Å) [9]. Such effects of cationic size differences are 

also reported by Mangalarga et al. [8] and Hirota et al. [10]. 

 

     X-ray density (dx) was calculated using the formula  [11] where n is the 

number of molecules in a unit cell (n = 8 for spinel structure), M, N

3/ aNnMd Ax =

A, and a are the 

molecular weight, Avogadro’s number, and the lattice parameter, respectively. The X-ray 

density (dx) depends on the lattice parameter and the molecular weight of the sample 
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whereas the bulk density (d) is being calculated from the geometry and mass of the 

samples. The compositional dependence of both densities dx and d has been plotted in 

figure 3.2. It can be seen that both d and dx decrease with increasing zinc concentration. 

The percentage porosity (P%) of the samples was calculated using the following relation 

[10]: 

1001(%) ×⎥
⎦

⎤
⎢
⎣

⎡
−=

xd
dP  

where d and dx are the bulk density and X-ray density respectively. The porosity of the 

samples increases with increasing Zn-content. 

 

 
 

Figure 3.2: Variation of lattice parameter, density and porosity of Cu1-xZnxFe2O4. 
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3.2 Microstructure analysis 
     The Information about the microstructure of the bulk CuZn-ferrite samples was 

obtained from the SEM images taking in the secondary electron mode. SEM analysis is 

useful to study the microstructure of different compositions of ferrite and to identify the 

phases formed during sintering process. It is also useful to interpret the porosity 

percentage and estimate the grain size, shape and grain size distribution. The SEM images 

of the samples sintered at 1000 °C for 12 hrs are shown in figure 3.3. All the ferrite 

samples showed very good densification upon sintering. SEM of the surfaces of the 

sintered ferrites showed little or no intergranular porosity. It has been found that the 

porosity increases with increase in the grain size. It is to be noted here that there are some 

pores present; in the final structure that is unavoidable since 100% theoretical density is 

never achieved during any sintering process. The images show that the powder grains are 

free from anisotropy or secondary phase. The mean grain size of the samples increases 

drastically from about 1µm for x = 0 to about 70 µm for x = 0.8. The magnetic, electrical 

and mechanical properties of ferrites are found to be dependent on the microstructure of 

the samples [3].  

 

 

(c) (d) 

(b) (a) 

 

Figure 3.3: SEM images of Cu1-xZnxFe2O4 sintered at 1000°C for 12 hrs for x = (a) 0, (b) 
0.3, (c) 0.5 and (d) 0.8 
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     The characterization of the Cu-Zn ferrite samples sintered at 1000 °C for 12 Hrs was 
completed by the EDAX analysis using systematic data collected from the samples. For 
each sample we have checked the homogeneity by averaging the readings at three different 
positions from the centre and the edges. The relative elemental concentration from EDAX 
spectra of figure 3.4 are given in table 3.1. The values are normalized to the nominal 
composition of the starting materials. The Cu/Zn/Fe/O ratios were found to be within ~ 3-
6 % of the starting composition. It can be seen that the samples are iron rich and the 
concentration of iron increases with increasing zinc content which is attributed to loss of 
the divalent Zn ions during sintering process.  
 
 
Table 3.1: The calculated and measured composition of the Cu1-xZnxFe2O4 ferrite system 
by EDAX analysis. (The atomic weight of Zn = 65.38, Cu = 63.546, Fe = 55.847, O = 
15.9994) 
 

Cu Zn Fe O Zinc 

content 

M 

(g) Cal. Obs. Cal. Obs. Cal. Obs. Cal. Obs. 

0 239.24 26.56 25.56 0 0 46.69 49.15 26.75 25.29 

0.1 239.42 23.89 22.46 2.73 2.95 46.65 49.60 26.73 24.99 

0.2 239.60 21.22 17.95 5.46 5.68 46.61 48.19 26.71 28.19 

0.3 239.79 18.55 16.42 8.18 7.42 46.58 49.01 26.69 27.15 

0.4 239.97 15.89 14.81 10.90 9.90 46.54 48.31 26.67 26.98 

0.5 240.15 13.23 14.04 13.61 11.49 46.51 46.92 26.65 27.55 

0.6 240.34 10.58 8.18 16.32 14.70 46.47 47.03 26.63 30.09 

0.7 240.52 7.93 7.11 19.03 18.32 46.44 50.53 26.61 24.04 

0.8 240.71 5.28 6.44 21.73 20.95 46.40 47.88 26.59 24.73 

0.9 240.89 2.64 2.34 24.43 22.56 46.37 50.95 26.57 24.15 

1.0 241.07 0 0 27.12 25.45 46.33 51.03 26.55 23.52 
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(a) (b)

(c) 

 

(d)

 

Figure 3.4: EDAX spectra of Cu1-xZnxFe2O4 sintered at 1000°C for 12 hrs for x = (a) 0, 
(b) 0.3, (c) 0.5 and (d) 0.8 
 

 

3.3 Magnetization studies  
Figure 3.5 shows the M-H plots for the synthesized samples with concentrations (X = 0.0, 

0.1, 0.4, 0.6, 0.7) obtained using vibrating sample magnetometer (VSM) at room 

temperature. For the sake of clarity the data for other compositions are not included in the 

figure. Each loop shows low coercivity HC and low remanence (except for x = 0) 

indicating that the samples belong to the family of soft ferrites. The variation of coercivity 

HC and saturation magnetic moment nB as a function of Zn content are listed in table 3.2. 

     It is observed that HC decreases with increasing Zn content. This may be attributed to 

the decreasing of the magnetic anisotropy due to increasing grain size with increasing Zn 

content. This is in accordance with the result states that the coercive force is inversely 

proportional to grain size and directly proportional to magnetocrystalline anisotropy 
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constant [12]. MS and nB increase with increase in Zn content up to 40%. For higher Zn 

content these parameters show decreasing trend.  

 

 
Figure 3.5:  M-H Plots of Cu1-xZnxFe2O4 sintered at 1000°C for 10hrs 

 

The magnetization in copper ferrite (x = 0) can be explained on the basis of Neel's model. 

Neel's two sublattices model explains the magnetic properties of ferrimagnetic materials 

based on the spin moments of the individual ions in the crystal.  

 

Table 3.2: The magnetic parameters extracted from the M-H plots of Cu1-xZnxFe2O4

Zinc 

content (x) 

Saturation Magnetization, 

MS (emu/g) 

Saturation magnetic 

moment, nB (µB) 

Coercivity, 

H c (Oe) 

0.0 38.29 1.64 440 

0.1 51.38 2.20 1.7 

0.2 58.48 2.51 1.8 

0.3 60.92 2.61 1.0 

0.4 62.17 2.67 0.8 

0.5 55.84 2.40 0.7 

0.6 40.17 1.73 0.5 
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Copper ferrite (CuFe2O4) crystallizes in inverse spinel structure. The magnetic ions (Fe3+ 

and Cu2+) are distributed between the tetrahedral A-sites and the octahedral B-sites. These 

two sites constitute the two sublattices in the unit cell. According to this model, the 

magnetic properties in copper ferrites are governed by oxygen anion mediated exchange 

mechanisms namely antiferromagnetic superexchange between Fe3+ in the A site and Fe3+ 

in the B site (A-O-B interaction). The superexchange mechanism is depicted in Figure 3.6.  

 

 
 
Figure 3.6: Illustration of super exchange between Fe3+ on the A site and Fe3+ on the B 
site mediated by an oxygen anion. Virtual hopping (dashed arrows), possible only in an 
antiferromagnetic configuration of the Fe3+ ions, leads to a lower ground state energy in 
perturbation theory. 
 

     Figure 3.7 shows the spin orientations of ions in a single copper ferrite unit cell. It can 

be seen that a cancellation of the spin moments between the Fe3+ ions on the A and B sites 

and hence, the magnetization per formula unit is only due to the Cu2+ ions. The Fe3+ ions 

on A & B sites are arranged anti-parallel. 

The net magnetic moment nB can be calculated as follows 

 MB = M(Fe3+) + M(Cu2+) 

 MA = M(Fe3+) 

The net magnetic moment nB = |MB – MA| = M (Cu2+) = 1.73 µB  

Measured moments for CuFe2O4 = 1.64 µB  

 
Figure 3.7: Magnetic moment configuration in copper ferrite (CuFe2O4) 

(inverse spinel)  

Tetrahedral (A-site) (Fe3+) 
 

Octahedral (B-site) [Fe3+Cu2+] 
 

 

     In the case of zinc ferrite (ZnFe2O4) where all 8 Zn2+ ions occupy the A sites and all 16 

Fe3+ ions occupy the B-sites (normal spinel), there can exist only antiferromagneitc 
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superexchange interactions between Fe3+ ions which orient themselves in an antiparallel 

manner so that ZnFe2O4 behaves as an antiferromagnet. Figure 3.8 shows the spin 

orientations of ions in a single zinc ferrite unit cell. 

 

Figure 3.8: Magnetic moment configuration in zinc ferrite ZnFe2O4 

(normal spinel) 

Tetrahedral (A-site) (Zn2+) 
 

Octahedral (B-site) [Fe3+Fe3+] 
 

For zinc ferrite ZnFe2O4, it is normal spinel (Zn)tetr[Fe↓Fe↑]octaO4 so the 

net magnetic moment is zero. 

 

The magnetic properties of Zn substituted ferrimagnetic copper ferrite can’t be explained 

according to Neel’s model that predicts increase in magnetic moment linearly with Zn2+ to 

reach maximum value of 10 µB/f.u. at x = 1. Experimentally the situation is different (table 

3.2) where the magnetic moment increases to reach a maximum at x = 0.4 and then 

decreases to 0 at x = 0.  

     The departure from the Neel collinear model of ferrimagnetism can be explain using 

three theoretical models as follows [13]: 

(i) a paramagnetic centre model in which the number of magnetic nearest neighbors 

determines whether a magnetic ion remains paramagnetic or contributes to the 

magnetization [14]. 

(ii) a uniform spin canting relative to the average magnetization Y-K model [15] and 

(iii) a localized canting where the canting angle of a magnetic ion spin depends on the 

local magnetic environment [16]. 

The Y-K model [15] is an improvement of Neel's model, which successfully explains the 

experimental esults by introducing the concept of canting of spin moments in the lattice 

when Zn2+ is substituted on the A-sites. The transition from the magnetic CuFe2O4 to the 

non-magnetic ZnFe2O4 can be explained in view of Y-K model as follows: 

     When a magnetic Cu2+ ion is substituted by a non-magnetic Zn2+ ion, the total 

magnetization rises to 2.2 µB/f.u. This can be explained by the fact that Zn2+ ions have 

tendency to occupy the tetrahedral A-sites which leads to an increase in the number of 

Fe3+ on the B site, at the cost of Cu2+ ions, so as to maintain charge neutrality. When 4 

magnetic Cu2+ ions are substituted by 4 non-magnetic Zn2+ ions, the total magnetization 
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rises to 2.67 µB/f.u (figure 3.9). When more than five Cu2+ ions are substituted by 

equivalent number of Zn2+ ions at the A sites, one finds that the magnetization decreases 

in contradiction to the Neel's model. This is however in contradiction to the fact that 

ZnFe2O4 (ZFO) is an antiferromagnet with a zero net magnetic moment. It is assumed to 

be due to parallel arrangement of Fe3+ at the B-sites of ZFO (Figure 3.8). If there are only 

Fe3+ ions on the B-sites, one expects only a superexchange interaction and this should 

cause an antiparallel spin alignment at the B-sites. To avoid this contradiction, one has to 

supplement Neel's model with additional assumptions in order to correctly explain the 

transition from CuFe2O4 to ZnFe2O4. 

 

Figure 3.9: Magnetic moment configuration in Cu0.6Zn0.4Fe2O4) (mixed 

spinel)  

Tetrahedral (A-site) (Fe3+Zn2+) 
 

Octahedral (B-site) [Fe3+Cu2+] 
 

 

     In summary, the observed variations in magnetic moment can be attributed to the 

tetrahedral site’s strong preference for nonmagnetic Zn2+ ions, which causes the migration 

of Fe3+ ions from A- sites to B- sites, resulting in an increase in magnetic moment on B-

sublattice and increase in the net saturation magnetization according to the formula 

(Zn x2+ Fe 1-x 
3+ )Tetra[Cu1-x

2+ Fe1+x
3+ ]Octa O4

2-

The reduction of MS and nB for x > 0.4 can be explained in terms of spin structure changes 

from two sublattices Néel collinear structure to three sublattices with triangular 

arrangement having non collinear Yafet-Kittel canted spin structure on B-sublattice. For 

the samples with x ≥ 0.7 the magnetization increases with the applied magnetic field so 

that the saturation magnetization could not be reached even in the applied field of 10kOe. 
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3.4 Dielectric properties 
 

3.4.1 AC electrical resistivity 

 

Figure 3.10 shows the variation of AC electrical resistivity ρAC with frequency for various 

Cu1-xZnxFe2O4 samples at room temperature. All samples show same behavior of ρAC 

decreasing with increasing frequency, which is known to be the normal behavior of AC 

properties in ferrites. The conduction process in ferrites can be explained in terms of the 

electron-hopping model of Heiks and Johnston [17]. The hopping exchange in these 

ferrites, which reflects the conduction process, can be explained on the basis of the charge 

carrier exchange interaction between ions of different valency state belonging to the same 

element and occupy equivalent crystallographic positions, viz. the octahedral sites, which 

permits a fairly easy exchange of carriers between the different ions [18]. 

 

 
Figure 3.10: Frequency dependence of AC electrical resistivity of Cu1-xZnxFe2O4

 

     In the present samples the charge carriers exchange Fe2+ ⇌ Fe3+ and Cu1+ ⇌ Cu2+ 

occurs by random transfer between adjacent octahedral sites (B–sites) in the spinel lattice. 

The magnitude of exchange, which controls the conduction in ferrites, depends upon the 

concentration of Fe2+/Fe3+ and Cu1+/Cu2+ ion pairs present on B–sites [19]. The 

concentration of these ion pairs for a given ferrite depends on the preparation conditions. 
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The formation of these ions occurs during the sintering process as per the following 

mechanism: 

 

     The volatilization of Zn2+ ion at high sintering temperature leads to a partial 

evaporation of Zn2+ from the sample surface. As a result the associated oxygen bonds 

become unsaturated. The unsaturated bonds get associated with the neighboring Fe3+ ions 

and convert it to Fe2+ ions. The presence of Fe2+ as well as Fe3+ on B-sites leads to the 

formation of low resistivity surface layer so that zinc ferrite behaves as n-type 

semiconductor [20,21]. A reduction of a small amount of Cu2+ ions that occupy B-sites to 

Cu1+ ions takes place at 900 - 950°C and copper ferrite behaves as p-type semiconductor 

[19]. 

 

The applied electric field induces the charge carrier to transfer from one ion to the adjacent 

one in chain steps causing the conduction in these materials. The increase in frequency of 

the applied electric field enhances the hopping of charge carriers resulting in decrease of 

resistivity. At higher frequency, AC resistivity decreases because of the fact that hopping 

frequency can no longer follow the frequency of the applied external field [22]. The ferrite 

resistivity increases at low frequency because motion of electrons occurs readily through 

grains under an electric field but interrupted as they reach the interfaces [23]. 

 

3.4.2 Dielectric constant 

Figure 3.11 shows the variation of the dielectric constant ε′ of Cu1-xZnxFe2O4 ferrites in 

the frequency range 60 Hz to 10 MHz at room temperature. It is observed that the 

dispersion behavior exhibited by these samples is normal i.e. the values of ε′ decreases 

with increasing frequency. Similar behavior is observed for all compositions in the entire 

frequency range. The normal dielectric behavior has been reported in earlier works on 

ferrites [20, 24-26]. The decrease is rapid in the low frequency range followed by weak 

frequency dependence at higher frequency reaching a fairly constant value in MHz 

ferequency range. The decrease in ε′ takes place when the jumping frequency of electric 

charge carriers cannot follow the alteration of applied AC electric field beyond a critical 

frequency [27]. 

     The high values of the order of 102 - 104 of the dielectric constant ε′ as well as the low 

frequency dispersion in these polycrystalline ferrites can be explained in terms of Koops 
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theory [28], which is based on the Maxwell-Wagner type interfacial space charge 

polarization for inhomogeneous multi-layer dielectric structure [22,27]. The high values of 

ε′ at low frequency has been also reported in earlier works on ferrite [20,22,25,29]. 

     According to Koops’ model the dielectric structure (ferrite) is composed of well 

conducting grains, which are separated by poorly conducting thin layer grain boundaries, 

such as an equivalent of a resistor and a capacitor (figure 3.12). 

 

 
Figure 3.11: Frequency dependence of dielectric constant of Cu1-xZnxFe2O4

 

There are two types of charge carrier exchange in this system i.e. Fe2+⇌ Fe3+ and Cu1+⇌ 

Cu2+. When an electric field is applied, it could induce a local displacement of charge 

carriers through hopping to accumulate at the separating boundaries. The build up of 

charge carriers at the interfaces corresponds to a charge polarization and dielectric 

constant. At high frequencies, the jumping frequency of electric charge carriers cannot 

follow the alteration of applied AC electric field beyond a critical frequency and the 
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probability of charge carriers reaching the grain boundaries decreases resulting in decrease 

in the polarization and dielectric constant. 

 

 
Figure 3.12: Dielectric structure composed of well conducting grains separated by poorly 

conducting thin layer grain boundaries, such as an equivalent of a resistor and a capacitor. 

 

3.4.3 Dielectric loss tangent 

The dielectric loss (tanδ) arises due to lag of the polarization behind the applied 

alternating electric field and is caused by the impurities and imperfections in the crystal 

lattice. The variation of loss angle (tanδ) with frequency is shown in figure 3.13.  It can be 

seen that all the samples do not show relaxation peak behavior where tanδ decreases with 

increasing frequency. The high values of tanδ for some compositions of this system have 

been reported earlier in earlier work by Rezlescu [30]. The high values of loss tangent 

could be assigned to the higher concentration of charge carriers that form during sintering 

process. The dielectric loss in ferrites is generally reflected in the resistivity measurement, 

where the material with lower resistivity exhibit higher dielectric loss [31].  
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Figure 3.13: Frequency dependence of dielectric loss tangent of Cu1-xZnxFe2O4

 

 

3.4.4 Composition dependence of dielectric properties 

 

Figure 3.14 shows the variation of ε′, tanδ and ρAC with Zn concentration. It is observed 

that ε’ and tan δ decrease with increase Zn content up to x = 0.6 followed by an increasing 

trend with increase in Zn content. Similar behavior in the variation of ε′ and tanδ with zinc 

content has been reported earlier [24,22]. The variation of dielectric parameters with zinc 

content can be explained on the basis of two types of charge carriers’ model [19]. 
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Figure 3.14: Compositional dependence of ε′, tanδ and ρAC at a frequency of 1 MHz. 

 

At low substitution of Zn2+ (x≤ 0.6) p-type charge carriers dominate. The n-type of 

carriers dominate for x > 0.6 which depends on the sintering temperature. As the sintering 

temperature is ~1000 °C, this is enough to produce a pair of Cu1+ and Cu2+ but it is too low 

to create a plenty of Fe2+ ions. Ferrite samples with low zinc concentration are likely to 

have low evaporation of Zn favoring the creation of more Cu1+ compared to Fe2+ ions. 

Therefore the major contribution to the conductivity of the present ferrite samples is from 

the p-type carriers. 

 

It is well known that Cu2+ ions strongly prefer the occupation of B-site and Zn2+ ions 

strongly prefer the occupation of A-sites, while Fe3+ ions partially occupy both A- and B- 

sites. As Zn2+ ion substitution increases at (A-sites) replacing Cu2+ ions, some Fe3+ ions 

will be forced to migrate from A- sites to B- sites and the dielectric constant decreases. At 

higher concentration of Zn, the probability of increasing Fe2+ ions and Fe3+ ions on B-sites 

increases. Since Fe2+ ions are easily polarizable, the larger the number of Fe2+ ions the 
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higher would be the dielectric constant [32]. Ferrites prepared at higher sintering 

temperature are likely to have more Fe2+ ions and therefore, high dielectric constant and 

electrical conductivity [18]. Compositional non-stoichiometry is also an important 

requirement for obtaining high dielectric constant and dielectric loss.  

 

The variation of AC electrical resistivity with composition for this system is similar to that 

for ceramic Ni1-xZnxFe2O4 where the resistivity increases with increasing zinc content 

[33]. The values of ε′ and ρAC for x = 0.5 and its variation with frequency is similar to that 

reported in earlier works by Nam et al. [34]. 

 

3.5 Effect of quenching on properties of CuFe2O4

 

Heat treatment is a process involving heating a material to a high temperature followed by 

controlled cooling. The principal steps of any heat treatment are the heating stage, the 

holding time, and the cooling stage. The amount of time a sample is held at the holding 

temperature and the rate at which heat is removed from the sample are the most critical 

factors. It is necessary for the holding time to be sufficiently long to complete the required 

microstructural phase transformations. The cooling rate is equally important because 

different microstructural phases and their inherent properties are obtained at different 

cooling rates. [35]. 

 

     Copper and copper containing ferrites have been a focus of continued interest because 

of their interesting electrical and magnetic properties and crystal structure changes due to 

its high sensitivity to heat treatment. Switching and memory phenomena are also exhibited 

by CuFe2O4 [36]. 

 

     Figure 3.15 (a) shows XRD spectra of slow cooled (furnace cooled) copper ferrite 

powder. All peaks match with that of the standard bar pattern (JCPDS No. 34-0425) of 

copper ferrites with tetragonal structure. Figure (3.15b) is an XRD pattern of ferrite 

powder quenched from 900 °C. All major peaks match well with that of standard bar 

pattern of copper ferrite (JCPDS No. 70-0010) with cubic symmetry. The patterns show 

sharp peaks corresponding to a single phase spinel structure. No impurity or secondary 

phases were detected. It can be seen that for the quenched sample the index of reflection 
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planes are indications of the presence of the cubic symmetry whereas the slow cooled 

sample shows tetragonal structure. 

 

 

(b) 

 

(a) 

 
    

Figure 3.15: XRD patterns of CuFe2O4 (a) slow cooled with tetragonal structure (b) 
quenched in air with cubic symmetry. 
 

The SEM images of both the samples show distinct differences (figure 3.16). Both the 

ferrite samples showed very good densification with little intergranular porosity. The 

mean grain size is ~1 µm for slow cooled sample with good homogeneity. The mean grain 

size for the quenched sample is ~7 µm with wide grain size distribution. EDAX 

measurements show the stoichiometric ratio between iron and copper within ±5% of the 

starting composition for both the samples. 
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(b) 

 

 

(a) 

 

Figure 3.16: SEM images of CuFe2O4 (a) slow cooled and (b) quenched from 900 °C in 

air. 

     Figure 3.17 shows the M-H curves of slow cooled (sc) and quenched samples.  It can 

be seen that the quenched sample show higher magnetization and lower values of 

retentivity and coercivity. The values of the magnetization are in close agreement with the 

earlier reported values for slow cooled and quenched CuFe2O4 samples [36,37]. 

 

The increase in Ms in the quenched sample as compared to the slow cooled sample can be 

explained by considering the fact that on quenching the sample from elevated 

temperatures the cation distribution between A- and B-sites is random and frozen. This 
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leads to change of structure from tetragonal to cubic where migration of cupric ions to 

tetrahedral site causes an increase in the magnetization. The hysteresis curve of the 

quenched sample is narrow compared to with that of slow cooled sample. This behavior 

can be assigned to the cubic symmetry of the quenched sample compared to the slow 

cooled sample which has tetragonal symmetry and consequently higher magnetic 

anisotropy. 

 

 

(b) 

 

(a) 

 

Figure 3.17: M-H plots of CuFe2O4 (a) slow cooled and (b) quenched from 900oC in air. 
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     Figure 3.18 shows the variation of the dielectric constant (ε') and loss tangent (tanδ) 

with frequency for both slow cooled and quenched samples. The quenched sample show 

higher value of dielectric constant and dielectric loss tangent than the slow cooled sample. 

This behavior could be attributed to the formation of Cu+ ions in the sample when 

quenched from high temperature. The presence of Cu+ besides Cu2+ increases the number 

of charge carriers that contribute to conduction and consequently increase the polarization 

and dielectric constant. In the polarization process in ferrite containing copper there are 

two types of carriers (n and p) take part. The appearance of p-type carrier is due to Cu2+-

Cu1+ exchange that takes place in this ferrite [38]. 

The behavior of dielectric constant with frequency ε(f) can be explained based on the 

Rezlescu’s model [19]. According to this model the ε(f) can be ascribed to the presence of 

collective contribution to the polarization from two different types of charge carriers. For 

the samples under investigation, the conduction process can be attributed to the presence 

of two types of charge carriers, n-type as electron transfer between Fe2+ and Fe3+ and p-

type as a hole exchange between Cu1+ and Cu2+ at tetrahedral sites. These two coupling 

mechanisms can be represented by the following relations [29]:  

Fe2+  Fe3+ + e-, 

Cu2+  Cu+ + e+ (hole) 

Since the direction of displacement of electrons is opposite to that of the holes under the 

application of external field, the mobility of the holes is relatively very small compare to 

that of electrons. The resultant polarization of both types of charge carriers will give rise 

to peaking behavior as shown in the figure 3.18. 
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Figure 3.18: Dielectric constant and dielectric loss tangent of CuFe2O4 slow cooled and 

quenched from 900 °C in air.
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CHAPTER-4 

 

 

Studies on Cu-Zn ferrite nanoparticles  
 

The studies of nanoparticles of copper and copper containing ferrites have been of 

continued interest because of their interesting electrical and magnetic properties and 

crystal structure changes that take place due to heat treatment [1]. Chemical techniques are 

suitable for the synthesis of ultrafine materials with homogeneous composition and 

adequate morphology for their use in multiple technological purposes [2]. Coprecipitation 

method has been extensively used for the preparation of nanosized particles of spinel 

ferrite materials [3,4]. In this chapter the crystal structure and magnetic properties of Cu-

Zn ferrite nanoparticles synthesized by coprecipitation method are presented. These 

studies have been very useful in finding out the role of Cu2+ and Cu1+ ions in controlling 

the magnetic and dielectric properties of these ferrites.  

 

4.1 Crystal structure 
Figure 4.1 shows the typical XRD patterns of the Cu1-xZnxFe2O4 (0.0 ≤ x ≤ 1.0) powder 

samples coprecipitated at 80 °C followed by heat treatment in air at 850 °C for 6 hrs. For 

all the samples, the spinel phase is obtained and the main peak is (311), which is in 

agreement with our studies on corresponding bulk samples [Chapter 3].As can be seen 

from the XRD pattern no other phase is present. The average particle size of the as-

coprecipitated Cu1-xZnxFe2O4 (x > 0) samples estimated using Scherrer formula vary in the 

range 8–12 (±1) nm. The as-coprecipitated sample of CuFe2O4 (x = 0) is found to be 

amorphous.  

     The lattice parameters of the samples were calculated using the combination of Bragg’s 

law of diffraction and the relation 222 lkhda hkl ++= for cubic symmetry where h, k, and 

l are the miller indices, a represents lattice parameter and dhkl is interplanar spacing. With 

increase in Zn content the lattice parameter increases similar to what is observed in the 

case of bulk samples. The estimated values of ‘a’ for the samples with x = 0.4 and 0.8 are 
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8.36 and 8.38 Å respectively. This can be attributed to the difference in radii of Zn2+ (0.82 

Å) and Cu2+ (0.72 Å) which means that the larger the ion greater the lattice parameter [5].  

The relative concentration of Cu and Zn in the ferrite structure not only influences the 

particle size and lattice parameter but also causes deviation in the distribution of cations at 

the lattice sites of the nanoparticles. The cation distribution is influenced by the strong 

chemical affinity of certain cations to occupy either A- or B-sites and the metastable 

cation distribution in nanosized particles. It is also influenced by change in the 

stoichiometry when large number of small ions replaces ions having larger radii.  

 

 
Figure 4.1: X-ray powder diffraction patterns of Cu1-xZnxFe2O4 synthesized by 
coprecipitation method and calcined at 850 °C for 6 hrs. 
 

4.2 Microstructure analysis 
 

The surface morphology of the calcined copper-zinc ferrite nanoparticles have been 

studied by scanning electron microscopy (SEM). Figure 4.2 represents the SEM images 

for the compositions with x = (a) 0.0 (b) 0.4, (c) 0.6 and (d) 1.0. The difference in 
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microstructure is clearly seen in terms of grain size and morphology. The figure suggests 

the presence of aggregates of small grains at the surface of the higher Zn containing 

samples. The samples have a homogeneous microstructure of equiaxed grains. It can be 

seen that the morphology varies significantly with composition. Energy-dispersive x-ray 

spectroscopy (EDAX) was used to determine the final composition of the samples. The 

synthesis procedure was optimized until it produced samples with uniform microstructure 

and chemical homogeneity. 

 

    

    
 

Figure 4.2: SEM photographs of calcined Cu1-xZnxFe2O4 samples at 850 C for 6 hrs with 
x value of (a) 0.0 (b) 0.4, (c) 0.6 and (d) 1.0 
 

     The EDAX measurements (Figure 4.3) performed randomly at several spots across the 

samples show no microphase separation or compositional inhomogeneities at a 

submicrometer level. It reveals that the Cu:Zn:Fe ratio in the matrix is close to the nominal 

compositions with an overall a slight excess of Fe observed. No trace of any impurities is 

found in the samples confirming the phase purity of the samples. The EDAX results 

suggest that the precursors have undergone the chemical reaction fully to form the 

expected ferrite materials. 
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Figure 4.3: EDAX results confirm the formation of calcined Cu1-xZnxFe2O4 ferrite 
crystallites in the heat treated samples at 850 °C for 6 hrs with x value of (a) 0.0 (b) 0.4, 
(c) 0.6 and (d) 1.0. 
 

 

4.3 Magnetic properties 
 

Figure 4.4 indicates the composition dependence of the magnetization (M) vs. applied 

field (H) for Cu1-xZnxFe2O4 (0.0 ≤ x ≤ 1.0) samples synthesized by coprecipitation method 

followed by calcination at 850 °C for 6 hrs. With the increase in Zn content, the saturation 

magnetization (Ms) initially increases reaching the maximum value of about 67 emu/g at x 

= 0.4 followed by a decreasing trend with further increase in zinc content. This trend is 

similar to that of the bulk Cu1-xZnxFe2O4 samples (3rd chapter) and for M-Zn ferrite 

system (see for eg. [5,6]). 

     The improvement in MS with the addition of Zn ions into the CuFe2O4 compound is 

attributed to the preferential occupation of nonmagnetic Zn2+ ions of A-sites and 

consequent displacement of equivalent number of magnetic Fe3+ ions to B-sites. The 
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increment of B-site population with the magnetic Fe3+ on account of displacement from A-

sites develops the difference of magnetic moments which leads to the enhancement of 

Fe3+(A)-O-Fe3+[B] superexchange interaction and magnetization [7].  However, with 

further increase in zinc content (x > 0.4) after reaching a maximum, MS starts to decrease 

irrespective of increase in the number of Fe3+ ions on B-sites. The increment of Fe3+ ions 

on B-sites leads to decrease in the superexchange interaction between A and B sites. At 

this stage the Fe3+ spins start canting on B-sites. The canting increases with increase in the 

zinc content leading to full antiparallel alignment at x = 1 (ZnFe2O4) [7-9].   

 

 
Figure 4.4: Magnetization vs. magnetic field curves at 300 K for the Cu1-xZnxFe2O4 
samples prepared by coprecipitation method and calcined at 850 °C for 6 hrs. 
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With the increase in Zn concentration, the coercivity HC decreases monotonously. The 

decline in coercivity can be due to decreasing crystal anisotropy with increase in Zn 

concentration [10]. Similar results have been reported in the literature for substitution of 

magnetic ions by non magnetic Zn in mixed ferrites [11]. 

     The slightly higher MS values for the nanoparticle compared to the bulk materials 

(Figure 4.5) can be attributed to the change in the cation distribution of the coprecipitated 

samples. For the bulk material Cu2+ ions are apt to locate in the octahedral sites while Zn2+ 

in the tetrahedral sites. However, in the coprecipitated samples some fraction of Cu2+ ions 

occupy the tetrahedral sites while fraction of Zn ions occupy the octahedral sites resulting 

in an increase in the magnetic moment [10]. 

 

   
Figure 4.5: M-H plots of Cu0.6Zn0.4Fe2O4 and Cu0.4Zn0.6Fe2O4 (a) bulk sample prepared by 
solid state reaction at 1000 °C for 12hrs (b) nanoparticles synthesized by coprecipitation 
method with calcination at 850 °C for 6hrs. 
 

4.4 FMR studies 
 

Figures (4.6-4.8) show the temperature dependent ESR data for the as-coprecipitated Cu1-

xZnxFe2O4 nanoparticle (x = 0.4, 0.6, 0.7, 0.8 and 1.0) samples with cubic shapes. It can be 

seen that ESR measurements show only one FMR signal at g ~ 2, in the high temperature 

range. The FMR signal splits into two resonances. The single FMR lines of Lorentzian 

shape at high temperature can be assigned to a paramagnetic (PM) phase. With decrease in 

temperature the resonance absorption appearing at lower field can be assigned to a 

ferromagnetic phase. The resonance at high field can be assigned to the presence of one or 

two magnetic phases (PM, spin glass or antiferromagnetic) [12]. 
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Figure 4.6: FMR spectra of as-coprecipitated ZnFe2O4 nanoparticles at pH value of 12. 
 

     In the present systems, the splitting of the FMR spectra at lower temperature can be 

assigned to the formation of ferromagnetic (FM) clusters in paramagnetic (PM) and 

antiferromagnetic (AFM) backgrounds. The preparation of these materials as nanosized 

particles leads to change in their magnetic properties. Some of Zn2+ and Fe3+ ions 

redistribute partially among A- and B-sites which cause local superexchange interactions 

via oxygen ions between Fe3+ ions on both sites leading to local ferromagnetic phases 

[13]. With decreasing temperature more FM centers form and consequently increase the 

FM phase. This indicates that the FM-PM transition is not complete. The PM phase may 

still survive in a certain temperature range below TC. The formation of AFM phase could 

not be ruled out. We believe that the AFM phase plays a major role in the splitting of FMR 

signal. This is evident from the decrease signal intensity with decrease in temperature. The 

disappearance of the high-field signals in the sample containing high Cu content (Figure 

4.8) where the Para-to-ferromagnetic phase transition occurs in a very narrow temperature 

range confirms the absence or the highly reduced AFM phase in these samples compared 

to the sample having high zinc content.  
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     For zinc ferrite, the temperature dependence of FMR spectra (Figure 4.6) shows 

substantial changes near the transition temperature due to the existence of multi-magnetic 

phases (para-, ferro- and antiferromagnetic phases) over a wide temperature range. The 

splitting of the ESR signal could be due to the size distribution of the local effective 

magnetic fields (Heff) which lead to the appearance of two or more preferred directions of 

the orientation of local magnetic moments (ensembles of particles with specific shape or 

size distributions). This leads to superparamagnetic behavior as can be understood from 

M-H and M-T plots shown in figures 4.22 and 4.23. When these ferromagnetic phases are 

formed, the resonance field HR due to the spins in the ferromagnetic phase shifts towards 

the lower field with decreasing temperature due to the ferromagnetic exchange interaction. 

Whereas for the spins in the PM or AFM backgrounds HR shifts towards the higher field 

with decreasing temperature due to the demagnetizing field from the ferromagnetic 

phases.  

     The presence of two well resolved absorption lines in a wide temperature below Curie 

point TC was observed in La-manganite single crystal [14,15] and in polycrystalline 

samples [16]. The low field resonance is assigned to the FM state which appears below TC. 

The decrease in the resonance field Hr with decreasing temperature is associated with 

anisotropic interactions, namely, with increasing magnetocrystalline anisotropy and shape 

anisotropy. The other line assigned to the paramagnetic state changes its position 

insignificantly and its resonance field Hr does not depend on the sample shape and the 

orientation of the external magnetic field. The slight increase in Hr with decrease in 

temperature may be associated with a change in the g factor caused by local lattice 

distortions initiated by strong electron-phonon coupling. 
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(a) 

 

Figure 4.7: FMR spectra of (a) Cu0.2Zn0.8Fe2O4 and (b) Cu0.3Zn0.7Fe2O4 nanoparticles 

 

     The analysis of the resonance absorption of ESR signal for the samples of doped 

perovskite manganites (either single crystalline or polycrystalline) in which para- and 

ferromagnetic phases coexist over a wide temperature region was carried out by 

Dzhezherya and Tovstolytkin [12]. It was found that by taking into account the mutual 
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influence of coexisting phases gives rise to the appearance of substantial changes in the 

curves of line shape and HR values of resonance fields, as well as to the geometry of a 

phase distribution dependent on an external magnetic field. Near the temperature 

boundaries of the phase coexistence region, the resonance field for the paramagnetic phase 

becomes dependent on the shape of the sample, the saturation magnetization and the 

fraction of ferromagnetic phase. 

 

 

 
 

Figure 4.8: FMR spectra of (a) Cu0.4Zn0.6Fe2O4 and (b) Cu0.6Zn0.4Fe2O4 nanoparticles. 
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    The ESR measurements carried out on spinel compounds Fe1+xCr2-xS4 by Z. Yang et al. 

[17] show that only one ESR signal, with a g ~ 2, appears at temperatures above TC (the 

PM state). Below TC ESR spectra splits into two resonances. The ESR spectra analysis 

indicates that the PM-FM transition is not complete and the PM phase may still survive in 

a certain temperature range below TC. 

     This phenomenon was also observed in magnetic ferrofluids. One of the first 

experimental results regarding the effect of the particle size distribution on the 

ferromagnetic resonance line was reported by Sharma and Waldner [18]. They showed 

that at room temperature the ferromagnetic resonance line of some magnetic fluids has a 

two line pattern, consisting of a narrow line superposed to a broad line. They assumed that 

the broad line is due to the large particles within the magnetic fluid and the narrow line is 

due to the small particles, which are in superparamagnetic state. Similar experimental 

results were reported in Ref. [19,20]. 

     The influence of the temperature on the ferromagnetic resonance behavior of magnetic 

fluids was investigated by different authors [20–23]. The experimental results have shown 

that by increasing the temperature, the ferromagnetic resonance line becomes narrower 

and the resonance field shifts towards larger values. The explanation to the mentioned 

experimental results was supplied by the effective-field model of Raikher et al. (RSS 

model) [24,25]. The particles are assumed to be ultrafine (several nanometers in size), 

hence single-domain and considerably influenced by superparamagnetism. Under these 

circumstances the shape of the FMR absorption line is determined as interplay of two 

main mechanisms: thermofluctuational motion of particle magnetic (homogenous 

broadening) and orientational spreadout of the particle anisotropy axes (inhomogeneous 

broadening). These sources of the line shape have different temperature and field 

dependences. 

     The thermal and the particle size distribution effects on the ferromagnetic resonance of 

diluted magnetic fluids were theoretically investigated by Marin [26], neglecting possible 

effects due to the viscosity of the carrier liquid. The model originates from the theory of 

the ferromagnetic resonance of single-domain particle systems, which was modified in 

order to take into account the orientation mobility of the particles within the fluid and the 

finite size of magnetic particles. Under these circumstances the shape of the resonance 

line, the resonance field and the line width of magnetic fluids are found to be strongly 

affected by the temperature and by the particle size distribution. 
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     Figure 4.9 shows the temperature dependence of FMR spectra of the as-coprecipitated 

CuFe2O4 nanoparticles in the temperature range 300 to 470K. The FMR data shows a 

single resonance line fitted by a Lorentzian function corresponding to a g-value of 2.044 at 

room temperature. Beside the main resonance line there is a very weak signal 

corresponding to g ~ 4.3 for residual Fe3+ ions in close contact with spinel Cu-ferrites. The 

FMR data support the superparamagnetic nature in this sample. 

 

 
 

Figure 4.9: FMR spectra of as-coprecipitated CuFe2O4 nanoparticles recorded at various 
temperatures. 
 

     Figure 4.10 displays the temperature dependence of resonance field (Hr) and peak-to-

peak linewidth (∆Hpp) of the as coprecipitated CuFe2O4 nanoparticles. It is found that 

∆HPP decreases with increase in temperature up to 370K followed by increasing trend with 

further increase in temperature. The peak to peak width (∆HPP) of the FMR signal depends 

on the magnetic interactions and relaxation times which in turn are influenced by the 

microstructure of the ferrite material [27]. It could be the slight weakening of magnetic 

moment that is responsible for the observed reduction in the linewidth when temperature 

increases to 370 K. The increase of ∆HPP above 370 K could be due to thermal 

broadening. The resonance field Hr plotted in Figure 4.10 shows weak temperature 

dependence throughout the temperature range. This is in agreement with the magnetization 

data which shows that the sample is weak superparamagnet at room temperature. 
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Figure 4.10: Temperature dependence of FMR parameters of CuFe2O4 nanoparticles 

 

4.5 Dielectric properties 

 

The variation of the dielectric constant (ε′) and dielectric loss tangent (tanδ) of the Cu-Zn 

ferrite nanoparticle samples has been done as a function of frequency and composition as 

presented in figure 4.11 and figure 4.12. All the samples show normal behavior where 

both ε′ and tanδ decrease with increasing frequency. The values of ε′ and tanδ decrease 

with increase in frequency rapidly in the lower frequency range and marginally in the 

MHz frequency range. This behavior can be explained on the basis of Koops' model [28] 

which is based on the Maxwell-Wagner type interfacial space charge polarization for 

inhomogeneous multi-layer dielectric structure [29,30]. According to this model, the 

dielectric structure (ferrite) is composed of well conducting grains, which are separated by 

poorly conducting thin layer grain boundaries, such as an equivalent of a resistor and a 

capacitor.  

     There are two types of charge carrier exchange in this system i.e. Fe2+⇌ Fe3+ and 

Cu1+⇌ Cu2+. When an electric field is applied, it could induce a local displacement of 

charge carriers through hopping to accumulate at the separating boundaries. The building 

up of charge carriers at the interfaces corresponds to charge polarization and dielectric 

constant. At high frequencies, the jumping frequency of electric charge carriers cannot 
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follow the alteration of applied AC electric field beyond a critical frequency and the 

probability of charge carriers reaching the grain boundaries decreases resulting in decrease 

of polarization and dielectric constant [30-32]. 

 

 
 

Figure 4.11: Frequency dependence of dielectric constant of Cu1-xZnxFe2O4 nanoparticles. 
 

     The Loss factor decreases with the increase in frequency as shown in Figure 4.12. The 

values of tan δ depend on a number of factors such as stoichiometry, Cu+ and Fe2+ 

contents and structural homogeneity, which in turn depend on the composition and 

sintering temperature of the samples [29]. The initial decrease of tan δ with an increase in 

frequency can also be explained on the basis of Koops’ phenomenological model [28]. 
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Figure 4.12: Frequency dependence of dielectric loss tangent (tanδ) of Cu1-xZnxFe2O4 
nanoparticles. 
 

     Figure 4.12 shows that the ε′ and tanδ decrease with increase in Zn content up to x = 

0.6 followed by increasing trend with further addition of Zn. The variation of dielectric 

parameters with zinc content can be explained on the basis of two types of charge carrier 

model [33]. The decrease in ε′ and tanδ with increase in Zn content can be assigned to the 

decrease in Cu charge carriers. The increase in the ε′ values with increasing Zn content (x 

> 0.6) suggests the presence of increasing concentration of Fe2+ ions [34]. The Fe2+ ions 

being more easily polarizable than the Fe3+ ions, an increase in Fe2+ concentration would 

result in an increase in dielectric constant.  

     The real part of complex permittivity (ε′) of the nanocrystalline copper and zinc ferrites 

prepared by solid state reaction (bulk) and coprecipitation methods (nanoparticles) is 

shown in Figure 4.13 (a) and (b). The frequency dependence of dielectric constants (ε′) for 

the coprecipitated samples show little dispersion unlike for the corresponding bulk ferrites. 

The figure also shows the low values of dielectric constant observed in the coprecipitated 

CuFe2O4 sample compared to those obtained for ferrite bulk ceramics. Different behavior 

is obtained for the ZnFe2O4 where the coprecipitated sample shows higher values 

compared to the bulk one. The higher values could be attributed to the nanometer size 

effect of the particles. The dielectric enhancement is attributed to dipoles associated with 

the interfaces of the nanometer-sized particles. These dipoles result from different types of 

point defects at the particle interfaces [35]. The effect of particle size on the dielectric 
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constant of nanocrystalline ZnFe2O4 has been studied by Ghatak et al. [36] where ε′ is 

high for the smallest particles.  
 

   

 
Figure 4.13: Frequency dependence of ε′ of (a) bulk samples sintered at 1000 C°/12h and 
(b) coprecipitated samples calcined at 850 °C/6h of CuFe2O4 and ZnFe2O4. 
 

4.6 Effect of heat treatment 

 

4.6.1 Copper ferrite nanoparticles  
 

4.6.1.1 Crystal structure 

 

The XRD patterns of CuFe2O4 nanoparticles synthesized by coprecipitation method are 

shown in figure 4.14. It can be seen that the as-synthesized powder does not show any 

XRD peaks which is an indication of amorphous nature of the sample. The as-

coprecipitated powder is not expected to be pure CuFe2O4 as it may contain some 

adsorbed water and amorphous copper and iron hydroxides. Similar behavior has been 

reported by Tao et al. [37] and Sun et al. [38]. 
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Figure 4.14: the calcination effect on the XRD patterns of CuFe2O4 nanoparticles 

prepared by coprecipitation method. 

 

 

     The crystalline phase of the powder improves when the calcination temperature is 

increased. Diffraction patterns of the calcined powder show that the crystallization process 

starts when the calcination is done for 6 hrs at temperatures between 700 and 850 °C. This 

result is in good agreement with that obtained using metal citrate precursor [2]. The 

sample calcined at 850 °C is highly crystalline and the position and the relative intensity 

of peaks match well with that of standard tetragonal CuFe2O4 pattern (JCPDS N0. 34-

0425) where the patterns display the fundamental peaks of tetragonal structure with 

I41/amd space group regarded as a distorted cubic spinel structure. The d9 electronic 

configuration state in Cu2+ ions favors the Jahn-Teller effect due to the elongation of the 

ligand axis along the d orbital [2,39]. The lattice parameters a = 8.232 Å and c = 8.618 Å 

(for standard a = 5.844, c = 8.630) were calculated from the position of the principal peaks 

using a standard least squares routine. The results are also in good agreement with values 

obtained by other workers [39-41]. We were not able to estimate the average particle size 
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from the Debye–Sherrer formula due to the amorphous sate of the as prepared sample and 

the large crystallite size of the calcined sample as observed in SEM images (〈D〉 ~ 1 µm). 

 

4.6.1.2 Microstructural analysis 

 

     Figure 4.15 shows the SEM micrographs of as-coprecipitated and calcined samples at 

850 °C for 6 hrs. The SEM micrographs show that the as-coprecipitated samples have 

dominant spherical polydispersed particles with some monodispersed grains linked 

together with average particle sizes of the order of 60 nm.  

 

 
Figure 4.15: SEM micrographs of CuFe2O4 nanoparticles. (down) as coprecipitated 

(above) calcined at 850 °C for 6 hrs. 
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The calcined sample shows changes in the microstructure from a non-uniform 

agglomeration to highly crystalline structure. The average grain size is about 1µm and 

density ~ 5 g/cm3 which is close to that of bulk sample obtained by sintering at 1000 °C 

for 12 hrs [Chapter 3] and higher than that obtained for samples synthesized by ball 

milling and sintered at higher temperature [42]. The grain coarsening is mainly attributed 

to sintering that forms dense structure. Similar effect was observed by Sun et al. [38]. 

 

     The EDAX data of the as-coprecipitated sample shows that the Fe/Cu ratio deviates 

from the stoichiometry at different position in the sample. However, the chemical 

composition of the sample CuFe2O4 heat treated at 850 °C is found to confirm the 

chemical homogeneity. The chemical signatures obtained are identical within 

experimental accuracy (5-8%) and only Cu, Fe, and O elements are observed with the 

expected molar ratio for CuFe2O4.  

 

4.6.1.3 Magnetic properties  

 

The magnetic properties of ferrite materials are mainly dependant on the preparation 

method, particle size, sintering temperature, measuring temperature, microstructure and 

external field. Nanocrystalline ferrites are characterized by a lack of long range atomic 

order, similar to that of the liquid state. The lack of crystallinity causes nanocrystalline 

materials to have a very low magnetic anisotropy [43] and lower coercivity. 

     Figure 4.16 shows the effect of annealing temperature on the M-H plots of CuFe2O4 

nanoparticles. The magnetization of the as-coprecipitated sample is much smaller than the 

corresponding bulk sample and it shows superparamagnetic behavior at room temperature 

with zero coercivity and remanance. The substantial reduction of the magnetization could 

be related to the large surface area that arises in the imperfect structure of nanosized 

particles [44]. This leads to possible local canting of magnetic ions and formation of 

magnetic dead layer on the surface of particles [45,46]. The spherical nanoparticle can be 

thought of having core-shell structure with shell of finite and constant thickness made of 

weak-magnetic layer i.e. magnetically dead layer. It has been found that the shell layer can 

have thickness approximately equal to one lattice constant, which means that the magnetic 

nature of the first crystalline layer on the nanoparticles is weakened by surface adsorption 

of nonmagnetic ions but the magnetic properties of the core remains intact and resembles 
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to bulk magnetization [47]. The superparamagnetic behavior of the sample suggests that 

the thermal energy can overcome the anisotropy energy barrier of a single particle, and the 

net magnetization of the particle assemblies in the absence of external magnetic field is 

zero [48]. 

 

Table 4.1: Magnetic parameters of copper ferrite prepared by coprecipitation method. 

 

CuFe2O4 MS (emu/cc) HC (Oe) MR

As coprecipitated 1.92 0.35 0 

Calcined at 700 °C 30 350 8 

Calcined at 850 °C 33 450 13 

Bulk 35 435 13.5 

 

     The samples calcined at 700 and 850 °C exhibit hysteresis behavior at RT typical of 

ferrimagnetism, with coercivity, HC, of 350 and 450 Oe, remanence, MR, of 8 and 13 

emu/g, and saturation magnetization, MS, of 30 and 33 emu/g respectively. The Ms values 

obtained by extrapolating the high field region of the M (H) curve to infinite field (M vs. 

1/H to 1/H = 0). The values of HC, MS and MR/MS (squareness) ratio for sample calcined 

at 700 °C are less than the corresponding values for the bulk sample whereas the values 

obtained for the sample calcined at 850 °C are close to the bulk sample values. For the 

calcined copper ferrite, the improvement in magnetic properties such as saturation 

magnetization, remanent magnetization and coercivity are attributed to the increase in 

grain size, decrease in the defects and impurities and change in cation distribution[49]. 

This suggests that the calcination at 850 °C for 6 hrs is optimum for this compound to be 

synthesized by coprecipitation method. The larger value of HC for the sample calcined at 

850 °C compared to that of the bulk sample could be due to several sources including 

magnetic anisotropy, shape, stress, and surface effects. 
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Figure 4.16: M-H plots of CuFe2O4 nanoparticles measured at room temperature-The 
annealing effect. 
 

     The magnetization vs magnetic field plots for as-prepared and calcined CuFe2O4 

nanocrystalline samples 80 and 300K are shown in Figure 4.17. The as-coprecipitated 

sample does not show hysteresis even at 80 K and does not saturate in applied field up to 

10 kOe suggesting that the as-prepared sample is superparamagnetic at RT and 80 K. The 

relatively low magnetization (M) values found at high fields may be linked to the 

magnetic disorder due to the poor crystalline state of the CuFe2O4 [50]. 

 

       
Figure 4.17: M-H plots of CuFe2O4 nanoparticles annealed at 850 °C. 
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     The EDAX data of the as-coprecipitated sample does not show the stoichiometric ratio 

of 1:2 between Cu and Fe for various pieces of the sample. This could be due to the 

presence of residual CuO and Fe2O3 phases in close contact with spinel Cu-ferrite as 

confirmed by ESR spectra (Figure 4.9) which show weak signal corresponding to isolated 

Fe3+ ions. The magnetization loop measured at 300 K displays a smaller HC, a reduction of 

~ 20% of the value at 80 K. The reduction in HC and MS indicates the existence of residual 

disorder in the sample. 

 

4.6.2 Zinc ferrite nanoparticles 
 

4.6.2.1 Crystal structure (XRD analysis) 

 

To study the effect of particle size on the properties, the as-coprecipitated ZnFe2O4 

samples were calcined at 500, 700 and 850 °C for 6hrs. XRD patterns of the as-prepared, 

heat treated and the bulk samples are shown in figure 4.18. The XRD patterns for all the 

samples display the characteristic peaks of ZnFe2O4 which match well with cubic spinel 

Franklinite [JCDPS file No. 22-1012]. The fundamental peaks of ZnFe2O4 as shown in the 

figure are indexed as (111), (220), (311), (222), (400), (422), (511) and (440). The cell 

parameters of the samples calculated from the position of the principal peaks using a 

standard least squares routine are listed in table 4.2. The lattice parameter value of as-

synthesized ZnFe2O4 particles is 8.47 Å which is larger than the JCPDS table value of 

8.441 Å. The cell parameter of the calcined samples decreases with increase in calcination 

temperature reaching a value of 8.447 Å which is comparable to the value of 8.44 Å 

obtained for sample synthesized by ceramic method [chapter 3]. These results agree very 

well with earlier reports [51,52]. 
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Figure 4.18: XRD patterns of ZnFe2O4 nanoparticles- annealing effect 

 

      Broad XRD peaks corresponding to single-phase spinel zinc ferrite are observed. The 

broadening in XRD peaks may come from other sources in addition to the main 

contributions from the reduced particle size and strain in the crystal. The broadening 

decreases as heat treatment temperature increases. This indicates the improvement of 

crystallinity in the powders as well as the particle size growth with increase in heat 

treatment temperature. The mean particle size 〈D〉 of the crystallites was estimated from 

the full width at half maximum of the most intense reflection peak using Scherrer’s 

formula 
θβ

λ
cos
9.0

2/1

=〉〈D [53] where 〈D〉 is the average particle size, λ is the wavelength, θ 

is the diffraction angle of the most intense peak (311) and β1/2 is given 

by ( ) 2
0

2
02/12/1 b−= ββ  [53] where (β1/2)0 is the full width at half maximum (FWHM) of 

the (311) peak and B0 is same for larger crystallites. The value of (β1/2)0 was obtained 

from the fitting of the (311) peak to the Lorentzian function. The uncertainty in particle 
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size determination was estimated from the errors in the fitting procedures, which is in the 

range ± 1 nm. These studies reveal that with the increase in the calcination temperature the 

crystallite size gradually increases for all the powder samples. The estimated average 

particle size for various powder samples calcined at different temperatures are listed in 

Table 4.2. 

 

Table 4.2: Effect of heat treatment on the particle size and lattice parameter of ZnFe2O4 

nanoparticles prepared by coprecipitation method. 

 

Calcination 

temperature (°C) 

Particle size 

(nm) 

Lattice parameter 

(Å) 

As prepared (80) 8 8.471 

500 15 8.461 

700 20 8.455 

850 30 8.447 

Ceramic Standard 

(1000) 

5 µm 8.440 

 

 

4.6.2.2 Microstructural analysis 

     Figure 4.19 shows EDAX spectra of various samples. The chemical signatures for Zn, 

Fe an O are within the expected stoichiometry of ZnFe2O4 with an experimental error of 

(3-6%). This confirms the formation of ferrite crystallites in the as-synthesized sample. 

XRD and EDAX studies demonstrate that the as-coprecipitated samples were 

nanoparticles of crystalline ZnFe2O4 ferrite. 
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Figure 4.19: EDAX results confirm the formation of ferrite crystallites in the as-

synthesized sample. The chemical signatures obtained are identical. 

 

     The Figure 4.20 shows the SEM micrographs of as-coprecipitated and the samples 

calcined at 500 °C, 700 °C and 850 °C for 6 hrs.  

 

  

  
Figure 4.20: SEM micrographs of ZnFe2O4 nanoparticles (pH = 10) as a function of heat 

treatment (a) as-coprecipitated, and calcined at (b) 500, (c) 700 and (d) 850 °C. 

 

The SEM micrographs show that the samples have nanocrystalline structures with average 

particle sizes ~ 50 nm. The samples calcined at 500- 850 °C show changes in the 
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microstructure from a uniform agglomeration to grain coarsening without densification. 

The grain coarsening is mainly attributed to sintering process. 

 

4.6.2.3 Magnetic properties 

Figure 4.21 shows room temperature magnetization (M) measurements of coprecipitated 

and calcined samples of ZnFe2O4 prepared at pH values of 10 and 12. It can be seen that 

the magnetization of as-prepared samples does not saturate up to a magnetic field of 10 

kOe. The M values at 10kOe are 2 and 8 emu/g for the samples synthesized at pH values 

of 10 and 12 respectively. At RT the sample is paramagnetic having slightly higher M 

values compared to the bulk sample. This could be due to the existence of ferromagnetic 

mixed phases in paramagnetic background [54]. The heat treatment significantly decreases 

the magnetization value. The figure shows large decrease in M value for sample calcined 

at 850 °C. The higher value of M for sample prepared at pH 12 could be attributed to the 

redistribution of Zn2+ and Fe3+ cations in the ZnFe2O4 lattice sites. The value of 

magnetization is related to the inversion parameter δ. Higher magnetization corresponds to 

higher inversion parameter δ. The cation redistribution has changed from normal to the 

mixed spinel type structure. Hence, some percentage of Fe3+ cations are pinned in 

tetrahedral sites due to small size effect, which cause the formation of A-B exchange 

interaction between Fe3+ ions on both the sites to give rise to ferrimagnetic ordering of 

small clusters depending on the inversion parameters. These results are in good agreement 

with the data on ZnFe2O4 nanoparticles reported earlier [54-57].  

 

  
Figure 4.21: Room temperature M-H plots of ZnFe2O4 nanoparticles (pH = 10 and 12) as 
a function of heat treatment. 
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Figure 4.22 shows the M-H plots of as-coprecipitated and calcined ZnFe2O4 nanoparticles 

(pH = 10 and 12) recorded at 80 and 300K. The M-H curves at 80 K show high values of 

M with HC and MR close to zero suggesting that the samples are superparamagnets [58]. 

Similar behavior was observed by Upadhyay et al. [59]. 

 

      
 

      
 

Figure 4.22: M-H plots of as-coprecipitated and calcined ZnFe2O4 nanoparticles (pH = 10 
and 12) recorded at 80 and 300K. 
 

Figure 4.23 shows the magnetization (M) as a function of temperature (80-300K) for the 

as-prepared sample at pH value of 12 at constant magnetic fields(Hdc) of 20 , 100 and 5 

kOe in the FC-ZFC modes. In this temperature range the superparamagnetic blocking 

temperature is not observed and it could be below 80 K. The nanoparticles trapped inside 

magnetic pores show superparamagnetic behavior. 
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Figure 4.23: M-T curves for ZnFe2O4 nanoparticles prepared at pH value of 12 

 

Figure 4.24 shows the effect of pH-value on the magnetic properties of ZnFe2O4 

nanoparticles. The magnetization value (M) of the as-coprecipitated ZnFe2O4 

nanoparticles increased significantly by increasing the pH-value. This result can be 

explained by the fact that the cationic distribution in the nanocrystalline ZnFe2O4 is 

disordered: Zn2+ ions occupy B sites and Fe3+ ions occupy both A and B sites in the 

AB2O4 spinel structure. The occupation of Fe3+ ions on both sites leads to super-exchange 

spin interaction between A and B sites which give rise to a weak ferrimagnetic behavior. 

The disorder of cations increases with pH-value and thereby increases the magnetic 

moment. However, disordered Zn and Fe ions move back to their thermodynamically 

stable sites during subsequent heat treatment leading to dissappearance of ferrimagnetism 

and ZnFe2O4 becoming normal spinel like the corresponding bulk sample. 
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Figure 4.24: Room temperature M-H plots of as-coprecipitated ZnFe2O4 nanoparticles 
prepared at pH = 10, 12 and 13. 
 

 

4.6.2.4 ESR study  

 

Figure 4.25 shows the ESR spectra of zinc ferrite nanoparticles as a function of particle 

size. All the spectra show a single broad signal indicating the complete formation of the 

compound and absence of isolated Fe3+ ions. The peak to peak resonance linewidth (∆HPP) 

increases with increase in particle size. There is no significant change in g–value as a 

function of particle size. A good correlation is noticed between ∆HPP and particle size in 

this compound.  
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Figure 4.25: EPR spectra of zinc ferrite nanoparticles coprecipitated at a pH-value of 10 
as a function of thermal heat treatments. 
 

The temperature dependence of ∆HPP and resonance field Hr for sample with 8 nm particle 

size is shown in figure 4.26. The ∆HPP decreases with increasing temperature up to 250K 

followed by increasing trend with further increase in temperature. The re 

duction in ∆HPP with decreasing temperature is due to the variation of both the 

magnetization and anisotropy [60]. The large values of ∆HPP and g-factor at low 

temperature are attributed to stronger dipole-dipole interactions. With increasing 

temperature, this interaction decreases resulting in decreasing of ∆HPP and and increase in 

Hr. The increase of ∆HPP with temperature above room temperature could be due to 

thermal broadening. The resonance field Hr decreases slightly with decreasing temperature 

down to 230 K followed by a rapid decrease at lower temperatures (Figure 4.25). The non-

linear temperature dependency of Hr in nanometer size ZnFe2O4 suggests that the surface 

anisotropy becomes dominant on the magneto-dynamics of nanoparticles when the 
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diameter of the nanoparticle is smaller than the critical size (the effect of large surface area 

to volume ratio) [23]. 

 

 
 

Figure 4.26: Temperature dependence of EPR parameters of Zn-ferrite nanoparticles- 
Effect of annealing. 
 

 

 

 

 

 

 

 

 

 

 



 179

References 
 

[1] G. F. Goya, H. R. Rechenberg and J. Z. Jiang, J. Appl. Phys. 84 (1998) 1101-1108. 

[2] M. Bomio, P. Lavela and J. L. Tirado, J. Solid State Electrochem. 12 (2008)729–737. 

[3] M.U. Islam, T. Abbas, S. B. Niazi, Z. Ahmad, S. Sabeen and M. A. Chaudhry, Solid State 

Comm. 130 (2004) 353–356., S. Roy and J. Ghose, J. Appl. Phys. 87 (2000) 6226-6228. 

[4] Z. J. Zhang, Z. L. Wang, B. C. Chakoumakos and Jin S. Yin, J. Am. Chem. Soc. 120 (1998) 

1800- 1804. 

[5] M. Banerjee, N. Verma and R. Prasad, J. Mater. Sci. 42 (2007) 1833–1837. 

[6] J. Gao, Y. Cui and Z. Yang, Mater. Sci. Eng. B 110 (2004) 111–114. 

[7] M. A. Willard, Y. Nakamura, D. E. Laughlin and M. E. McHenry, J. Am. Ceram. Soc. 82 

(1999) 3342–3346. 

[8] Y. Yafet and C. Kittel, Phys. Rev. 87 (1952) 290–294. 

[9] R. G. kulkarni and U. V. Patil, J. Mater. Sci 17 (1982) 843-848. 

[10] A. Goldman, Modem Ferrite Technology, 2nd Ed. Springer Science, New York (2006). 

[11] S. Ounnunkad, P. Winotai and S. Phanichphant, J. Electroceram. 16 (2006) 363–368. 

[12] Y. I. Dzhezherya and A. I. Tovstolytkin, J. Phys.: Condens. Matter 19 (2007) 246212. 

[13] H. H. Hamdeh, J. C. Ho, S. A. Oliver, R. J. Willey, G. Oliveri and G. Busca, J. Appl. Phys. 81 

(1997) 1851- 1857. 

[14] K. W. Joh, C. H. Lee, C. E. Lee, N. H. Hur and H-C. Ri, J. Phys.: Condens. Matter 15 (2003) 

4161-4167. 

[15] N. V. Volkov, G. A. Petrakovskii, V. N. Vasilev and K. A. Sablina, Phys. Solid State 44 

(2002) 1350-1354. 

[16] H-D. Zhou, G. Li, S-J. Feng, Y. Liu, T. qian, X-J. Fan and X-J. Li, Solid State Comm. 122 

(2002) 507-510. 

[17] Z. Yang, S. Tan and Y. Zhang, Solid State Comm. 115 (2000) 679-682. 

[18] V. K. Sharma, F. Waldner, J. Appl. Phys. 48 (1977) 4298. 

[19] I. Hrianca, I. Malaescu, F. Claici and C. N. Marin, J. Magn. Magn. Mater. 201 (1999) 126-

128. 

[20] P. C. Morais, G. R. R. Goncalves, A. F. Bakuzis, K. S. Neto and F. Pelegrini, J. Magn. Magn. 

Mater. 225 (2001) 84. 

[21] F. Gazeau, J-C. Bacri, F. Gendron, R. Perzynski, Yu. L. Raikher, V. I. Stepanov and E. 

Dubois, J. Magn. Magn. Mater. 186 (1998) 175-187. 

[22] P. C. Morais, M. C. F. L. Lara, A. L. Tronconi, F. A. Tourinho, A. R. Pereira, F. Pelegrini, J. 

Appl. Phys. 79 (1996) 7931. 



 180

[23] R. Berger, J-C. Bissey, J. Kliava, H. Daubric and C. Estornes, J. magn. Magn. Mater. 234 

(2001) 535-544. 

[24] Y. L. Raikher and V. I. Stepanov, Phys. Rev. B 50 (1994) 6250-6259. 

[25] Y.L. Raikher and V.I. Stepanov, J. Magn. Magn. Mater. 149 (1995) 34-37. 

[26] C. N. Marin, J. Magn. Magn. Mater. 300 (2006) 397–406. 

[27] P. Chand, Hyperfine Interact 184 (2008) 195–200. 

[28] C. G. Koops, Phys. Rev. 83 (1951) 12–124. 

[29] M. Ajmal and A. Maqsood, J. Alloys Comps. 460 (2008) 54–59. 

[30] N. H. Vasoya1, V. K. Lakhani, P. U. Sharma, K. B. Modi, R. Kumar and H. H. Joshi, J. 

Phys.: Condens. Matter 18 (2006) 8063–8092. 

[31] M. A. El Hiti, J. Magn. Magn. Mater. 192 (1999) 305–313. 

[32] R. C. Kambale, P. A. Shaikh, C. H. Bhosale, K. Y. Rajpure and Y. D. Kolekar, Smart Mater. 

Struct. 18 (2009) 085014. 

[33] N. Rezlescu and E. Rezlescu, Phys. Stat. Sol. (a) 23 (1974) 575–587. 

[34] N. Gupta, A. Verma, S. C. Kashyap and D. C. Dube, Solid State Comm. 134 (2005) 689–694. 

[35] S. Berger, Dielectric Properties of Nanoparticles, In: Encyclopedia of Nanoscience and 

Nanotechnology, Edited by H. S. Nalwa, American Scientific, Vol. 2 (2004) 371–387. 

[36] S. Ghatak, M. Sinha, A. K. Meikap and S. K. Pradhan, Physica E 40 (2008) 2686–2693. 

[37] S. Tao, F. Gao, X. Liu and O. T. Sørensen, Mater. Sci. Eng. B 77 (2000) 172–176. 

[38] Z. Sun, L. Liu, D. Jia and W. Pan, Sensors and Actuators B 125 (2007) 144–148. 

[39] J. Darul and W. Nowicki, Radiation, Phys. Chem. 78 (2009) S109–S111. 

[40] R. K. Selvan, C. O. Augustin, C. Sanjeeviraja and D. Prabhakaran, Solid State Comm. 137 

(2006) 512–516. 

[41] R. K. Selvan, C. O. Augustin, M. I. Oshtrakh, O. B. Milder and V. A. Semionkin, Hyperfine 

Interact 165 (2005) 231–237. 

[42] M. H. Khedr, A. A. Farghali, and A. A. Abdel-Khalek, J. Anal. Appl. Pyrolysis 78 (2007) 1–6. 

[43] C. D. Lokhande, S. S. Kulkarni, R. S. Mane and S-H. Han, J. Magn. Magn. Mater. 313 (2007) 

69–75 73. 

[44] H. Nathani, S. Gubbala and R. D. K. Misra, Mater. Sci Eng. B 121 (2005) 126–136. 

[45] J. P. Chen, C. M. Sorensen, K. j. Klabunde, G. C. Hadjipanayis, E. Devlin and A. Kostikas, 

Phys. Rev. B 54 (1996) 9288. 

[46] J. M. D. Coey, Phys. Rev. Lett. 27 (1971) 1140-1142. 

[47] M. K. Rangolia, M. C. Chhantbar, A. R. Tanna, K. B. Modi, G. J. Baldha and H. H. Joshi, 

Indian J. Pure Appl. Phys. 46 (2008) 60-64. 

[48] C. Liu and Z. J. Zhang, Chem. Mater. 13 (2001) 2092-2096. 

[49] C. D. Lokhande, S. S. Kulkarni, R. S. Mane and Sung-Hwan Han, J. Crystal Growth 303 

(2007) 387–390. 



 181

[50] R. A. Borzi, S. J. Stewart, G. Punte, R. C. Mercader, G. Cernicciato and F. Garcia, Hyperfine 

Interact 148/149 (2003) 109–116. 

[51] H. H. Hamdeh, J. C. Ho, S. A. Oliver, R. J. Willey, G. Oliveri and G. Busca, J. Appl. Phys. 81 

(1997) 1851. 

[52] J. Philip, G. Gnanaprakash, G. Panneerselvam, M. P. Antony, T. Jayakumar and B. Raj, J. 

Appl. Phys. 102 (2007) 054305. 

[53] B.D. Cullity and S. R. Stock, Elements of X-Ray Diffraction, 3rd Ed., Prentice Hall, New 

Jersey, USA (2001). 

[54] S. A. Oliver, V. G. Harris, H. H. Hamdeh and J. C. Ho, Appl. Phys. Lett. 76 (2000) 2761. 

[55] T. Sato, K. Haneda, M. Seki and T. Iijima, Appl. Phys. A 50 (1990) 13-16. 

[56] S. Ammar, N. Jouini, F. Fievet, Z. Beji, L. Smiri, P. Moline, M. Danot and J. Greneche, J. 

Phys.: Condens. Matter 18 (2006) 9055–9069. 

[57] A. Yan, X. Liu, R. Yi, R. Shi, N. Zhang, and G. Qiu, J. Phys. Chem. C 112 (2008) 8558–

8563. 

[58] S. Bedanta and W. Kleemann, J. Phys. D: Appl. Phys. 42 (2009) 013001. 

[59] C. Upadhyay, H.C. Verma, V. Sathe and A.V. Pimpale, J. Magn. Magn. Mater. 312 (2007) 

271–279. 

[60] P. Kirrani, R. V. Upadhyay and R. V. Mehta, J. Magn. Magn. Mater. 252 (2002) 35-38. 



CHAPTER-5 
 

 Properties of Cu-Zn ferrite thin films  
 

This chapter contains the experimental results on the growth, structure, magnetic and 

optical properties of ferrospinel Cu1-xZnxFe2O4 (x = 0, 0.4 and 1) thin films deposited by 

rf-magnetron sputtering. The RF-Magnetron sputtering is a useful technique for getting 

very high deposition rate and homogeneous films with unique properties achieved by 

controlling the sputtering parameters [1]. The main objective is to study the influence of 

deposition environment on the structure and film growth as well as on the magnetic and 

optical properties of the sputtered films. These studies would be helpful in finding out the 

role of Cu2+ and Cu1+ ions in controlling the magnetic and optical properties of these 

ferrites. The Cu-ion valence state can be altered by using reducing or oxidizing 

environment while depositing the films. The studies on bulk Cu0.5Fe2.5O4 ferrite show the 

ordering of the Cu+ ions to the tetrahedral A-site when material is quenched from high 

temperature in a highly reducing atmosphere [2]. Our studies on bulk Cu1-XZnXFe2O4 

ferrites show that highest magnetization of ~330 emu/cc is obtained for the composition 

Cu0.6Zn0.4Fe2O4 [3]. There is no report on the properties of copper-zinc ferrite thin films. 

The detailed study of crystal structure, magnetic and optical properties of Cu-Zn ferrite 

thin films are presented in this chapter. 

     The pure Argon (Ar), pure oxygen (O2) and mixture of (Ar+O2) were used as sputtering 

gases at pressure of 5, 8, 12 and 15 mTorr. The films were deposited on glass substrates 

mounted on a non-rotating, unheated platform placed at a distance of ~ 60 mm below the 

target inside a vacuum chamber with a turbo pump yielding a base pressure of 10-6 Torr. 

For all the films the deposition time was kept 60 minutes. The films were deposited using 

rf-power of 100 W at various working gas pressure of Ar, O2 and Ar+O2. We have used 2-

inch diameter polycrystalline sintered targets prepared by ceramic method using high 

purity starting materials with final sintering at 900 °C for 12 hrs. 
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5.1 Copper ferrite (CuFe2O4) thin films 
 
 Introduction 
 
Thin films of spinel ferrites MFe2O4 (M = Mn, Cu, Zn, Ni, Co, Cd, etc.) exhibit excellent 

chemical stability and high corrosion resistivity and seem to be applicable as recording 

media and microwave absorbing layers [4]. In the spinel structure, the relatively large (1.4 

Ǻ) oxygen ions form a close packed f.c.c. lattice with two kinds of interstitial sites, the 

tetrahedral (A) sites and octahedral (B) sites that are surrounded by four and six oxygen 

ions respectively. The smaller transition metal cations (M2+ and Fe3+) occupy the 

interstices of oxygen ion lattice. The cation distribution among A and B sub-lattices 

determines to a large degree the magnetic and electronic properties of spinel ferrites. The 

general cation distribution can be indicated as: [ ] −+
+

+
−

+
−

+ 2
4

3
1

2
1

3
1

2 )( OFeMFeM octaddtetradd where d = 

1, 0 and 0 < d < 1 for normal, inverse and mixed spinel respectively [5].  

     Copper ferrite crystallizes in an inverse or mixed spinel structure depending upon the 

preparation conditions. Under slow cooling Cu-ferrite crystallizes in a tetragonal structure 

with lattice parameter ratio c/a of about 1.06. Tetragonal phase of Cu-ferrite has inverse 

spinel structure with almost all Cu2+ ions occupying octahedral sublattice, whereas Fe3+ 

ions divide equally between the tetrahedral and octahedral sublattices. There is a structural 

phase transition from tetragonal to cubic at a temperature of 390 0C due to disorientation 

of Jahn–Teller distortion as a result of thermal motion of lattice at high temperatures [6]. 

This transition is strongly affected by the distribution of Cu ions on the two sublattices and 

the oxygen stoichiometry. These parameters can be altered by adjusting preparation 

conditions such as sintering temperature, cooling rate, gaseous environment etc. With 

increasing the number of Cu2+ ions on tetrahedral sublattice the distortion decreases 

stabilizing the cubic symmetry with large magnetic moment at room temperature [7,8]. 
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     There have been a number of studies on Cu-ferrite thin films with the objective of 

enhancing magnetization for applications [9-12]. In these studies higher magnetization 

values were achieved either by substrate heating or annealing the films at high 

temperatures. Zuo et al. [13] predicted that a high magnetization may be achieved by 

increasing the number of Cu2+ ions on A-sublattice. 

     In this section, we have studied the effect of deposition environment on the structure, 

magnetic and optical properties of Cu-ferrite thin films. The films were deposited in pure 

Ar and pure O2 at different working pressure. Then the films were deposited in a mixture 

of Ar and O2 to understand the effect of oxidizing environment on their properties. 

 

5.1.1 Effect of Ar-O2 pressure 
 

5.1.1.1 Structural analysis (XRD) 

Figure 5.1 shows the XRD patterns for the as-deposited CuFe2O4 films. All the peaks 

belong to cubic spinel structure without any secondary phase. The diffraction (220) lines 

indicate the textured growth in the case of film deposited in Ar. With increase in oxygen 

content the intensity of (400) peak increases at the expense of (220) peak intensity. 

Ohnishi and Teranishi [7] reported that for spinel–ferrite the intensity ratios of planes 

I220/I400, I440/I400 and I422/I400 are considered to be sensitive to the cation distribution 

parameter (d). Our XRD data shows a strong dependence of these intensity ratios on the 

deposition environment. The higher values of these ratios for the as-deposited films in 

pure Ar indicate higher inversion parameter. The average crystallite size (D) of the films 

was estimated from XRD data using the Scherrer formula [14] θβλ cos/9.0=D , where λ 

is the wavelength of the used X-rays, β is the broadening of diffraction line measured at 

the half maximum intensity in radians and θ is the angle of diffraction. The values of the 

crystallite sizes are estimated to be about 15±2 nm for the film deposited in Ar and 

decreases with increasing oxygen partial pressure to be about 10 ± 2 nm for the film 

prepared in pure oxygen. 
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Figure 5.1: XRD patterns of as-sputtered Cu-ferrite films prepared under (Ar+O2) at 12 
mTorr. 
 

5.1.1.2 Surface morphology (AFM) 

Figure 5.2 shows the AFM images of the films. The film sputtered in Ar shows dense 

formation of oblong crystallites with partial alignment in one direction. The shape of 

grains becomes Y-shaped and their density decreases with increase in O2 content. The 

average grain sizes and root mean square roughness (rms) values decreases with oxygen 

content (Table 5.1). 
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Figure 5.2: AFM images of as-sputtered Cu-ferrite films prepared under (Ar+O2) at 12 
mTorr. 
 

     The average composition of the films was determined by EDAX studies using 

systematic data collected from the centre and edges of the films. The relative elemental 

concentration was used to estimate the atomic composition of the as-deposited films by 

considering their values normalized to the nominal composition of the target. The 

composition of the films was found to be close to the composition of the target. Figure 5.3 

presents the EDAX analysis for CuFe2O4 thin film deposited on a glass substrate. The Cu, 

Fe and O peaks appear along with a large Si substrate peak. The evolution of the oxygen 

peak in the EDAX spectra showed increasing values for the oxygen signal after thermal 

annealing at 500 °C.  
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Figure 5.3: EDAX results confirm the formation of ferrite nanocrystallites in the as-
deposited and annealed at 500 °C CuFe2O4 films. The chemical signatures obtained are 
identical. The films deposited on glass substrates and show prominent Si peaks. 
 

     Figure 5.4 shows the SEM micrographs of heat treated CuFe2O4 film at 500 °C for 3 

hrs. The SEM micrographs show that the film has nanocrystalline structure with average 

grain sizes of about 80 nm.  It can be observed that the grains of the CuFe2O4 film are 

dense and uniform after heat treatment.  

 

 
 

Figure 5.4: SEM images of CuFe2O4 thin films deposited at 12 mTorr Ar and annealed at 
500 °C for 3 hrs. 
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5.1.1.3 Magnetization studies (M-H plots) 

Figure 5.5 shows the M–H plots at RT for the Cu-ferrite films deposited under Ar gas 

environment with external field parallel (H॥�) and perpendicular (H⊥) to the film planes. 

The estimated magnetic parameters are summarized in Table 5.1. The films show large 

magnetization values and exhibit ferrimagnetic behavior with strong magnetic anisotropy. 

The saturation magnetization (MS) for bulk Cu-ferrite target is found to be 170 emu/cm  

[Chapter 3]. The magnetization value of the as-deposited film strongly depends on Ar gas 

pressure. The in-plane magnetization M

3

S॥� values of the as-deposited films are 120, 142, 

264 and 247 emu/cm3 at 5, 8, 12 and 15 mTorr of pure Ar gas respectively. Since MS॥� 

value is found to be maximum for films deposited under 12 mTorr, the effect of O2 

addition was therefore studied by maintaining the (Ar+O2) pressure at this level. The 

magnetization values and coercivity (HC) as a function of oxygen content are listed in 

Table 5.1. 

     The estimated deposition rate is ~58 Å /min for the films prepared under pure Ar and it 

decreases to ~17 Å /min in pure oxygen at pressure of 12 mTorr. The high deposition rate 

in pure Ar gas environment can lead to freezing of some Cu-ions on tetrahedral sites and 

equivalent number of Fe ions on octahedral sites during the deposition process.  

Furthermore, the deposition in reducing (argon) atmosphere may lead to the formation of 

Cu+ ion, having larger ionic radius than the Cu2+ ion. The Cu+ ions prefer occupation of 

the smaller four-coordinated tetrahedral site in the spinel structure and displace Fe3+ 

cations to occupy the octahedral sublattice [2]. This will increase octahedral Fe3+ ion 

concentration in expense of Cu2+ ions which in turn causes ferrimagnetic behavior with 

large magnetization. 
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Figure 5.5: M-H curves of as-sputtered Cu-ferrite films prepared under (Ar+O2) at 12 
mTorr. 
 

     For the films sputtered under Ar atmosphere, the estimated magnetic moment is 2.1 µβ 

per formula unit, whereas it is 1.5 µβ per formula unit for the bulk target. The 

magnetization value of 2.3 µβ has also been reported for quenched bulk Cu-ferrite [15]. 

The higher value of MS can therefore arise due to ordering of Cu+ to tetrahedral A-sites. 

The decrease in MS value with increase in oxygen content in (Ar+O2) mixture is ascribed 

to decrease in growth rate and Cu+ concentration which allow the cations to take up their 

preferable sites. The formation of Fe2+ cannot be ruled out in the spinel structure where a 

fraction of Fe3+ will be replaced by Fe2+ ions. So the general cation distribution for copper 

ferrite can be represented as  

 

((Cu2++Cu+)dFe3+
1−d)tetra[Cu2+

1−d (Fe2+Fe3+)1+d]octaO4
2−. 

 

The strong magnetic anisotropy of the films may be due to weak coupling between Cu2+ 

on the A-sites and Fe3+ on B-sites as a result of ordering of the Cu+ ions to tetrahedral A-

sites. 
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Table 5.1: Structural and magnetic parameters of as-sputtered Cu-ferrite films prepared 
under (Ar + O2) at 12 mTorr. 
  

(Ar+O2) 
(%) 

Thickness 
(nm) 

 

Grain 
size (nm) 

 

RMS 
(nm) 

 

MS॥ 

(emu/cc) 

MS⊥ 
(emu/cc)

HC॥�
(Oe) 

HC⊥
(Oe) 

 ±5% 
100 + 0 350 126 3.7 264 188 100 107 

75 + 25 210 112 2.6 212 150 77 110 

50 + 50 130 98 2.2 202 110 196 210 

0 + 100 100 68 1.3 118 58 125 150 

 

     The films sputtered in Ar environment were annealed in air at 500 °C for 3 h followed 

by slow cooling. This lowered the MS value by about 30% of the as-deposited film (Figure 

5.6). The coercivity however increases to a value of 330 Oe. The annealing removes the 

randomness of A-site and B-site cations and also oxidizes Cu+ to Cu2+ leading to lower 

magnetization value. 

 

 
Figure 5.6: M–H plots at RT for as-sputtered CuFe2O4 film (P(Ar) = 12 mTorr) and film 
annealed at 500 °C for 3 h with field parallel to film surfaces. 
 
 
     Figure 5.7 shows room temperature hysteresis curves of the film magnetic moment 

versus the static applied field in both the in-plane and perpendicular to plane static field 

configurations. The in-plane and perpendicular-to-plane intrinsic coercivities are 100 and 

132 Oe, respectively. The saturation flux density 4πMS of the film is obtained as the value 
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of applied field H required saturating the sample in the perpendicular-to-plane 

configuration. This saturation field is 2.5–3 kOe. With the perpendicular to-plane 

demagnetizing factor equal to 4π for a thin film, 4πMS is 2.5–3 kG. Note that this 

saturation field estimation of 4πMS does not require the measurement of the film thickness 

[16]. This determination of the saturation magnetization is consistent with that obtained 

from the FMR measurements to be presented in the next section. 

 

 
 

Figure 5.7: M–H plots (Left) recorded at RT with applied field in plane and out of plane 
configurations (Right) recorded at 300 and 80 K for as-sputtered CuFe2O4 film (P(Ar) = 
12 mTorr) with field parallel to film surfaces. 
 

     Magnetization as a function of the external magnetic field, M(H), are shown at 300 and 

80 K for CuFe2O4 thin film in figure 5.7. The magnetization at 10 kOe is as high as 264 

emu/cc at 300 K, and reaches 300 emu/cc at 80 K. The magnetic hysteresis loops are 

clearly observed in the low-field ranges. The hysteresis loop at 80 K (HC = 132 Oe) is 

larger than that measured at 300 K (HC = 100 Oe). The higher value of HC at lower 

temperature can be assigned to the large disorder in the system.  

 

5.1.1.3 Magnetization studies (ZFC-FC) 
 

Figure 5.8 shows the magnetization-temperature (M-T) curves of as-sputtered CuFe2O4 

thin films deposited at 12 mTorr of Ar, O2 and Ar+ O2 gas pressure under zero field 

cooling and field cooling (ZFC–FC) conditions. The ZFC/FC magnetization curves were 

measured in 100 Oe of external field in the temperature range 80-300 K. The zero-field 

cooled (ZFC) curves were obtained by cooling the CuFe2O4 films from 300 K to 80 K in 



 192

the absence of an external magnetic field, followed by the measurement of the 

magnetization under a magnetic field of 100 Oe as the temperature is raised back to room 

temperature. The field-cooled (FC) measurements were carried out in a similar way, 

except for the cooling process which was performed under an external magnetic field of 

100 Oe. 

     It can be seen in figure 5.8 that the ZFC and FC curves for the as-deposited films show 

significant irreversibility. In the ZFC curve for CuFe2O4 films (Figure 5.7 a-c) no 

maximum can be seen up to 300 K. The mean blocking temperature for CuFe2O4 films is 

well above room temperature, which is also evident from the large coercivity field (see 

Figure 5.4). The larger coercivity field (magnetocrystalline constant K) of CuFe2O4 is well 

above the applied field of 100 Oe. Since the blocking temperature is closely related to the 

magnetic anisotropy energy EA, one can evaluate the size of nanomagnets by the measured 

TB. 

     The curves follow different trends as the temperature is decreased from 300 to 80K. In 

the FC mode, the magnetization continues to increase with decreasing temperature without 

a tendency towards saturation demonstrating Curie-like behavior, whereas the ZFC 

magnetization shows a steady decrease to smaller values in the low temperature region. 

Such irreversibility observed in ZFC/FC curves originates from the anisotropy barrier 

blocking of the magnetization orientation in the nanoparticles cooled under zero field [17]. 

The magnetization direction of the nanocrystals is frozen in the initial state at high 

temperature, i.e., randomly oriented. At low temperature (80 K in our case) when a small 

magnetic field of 100 Oe is applied some small nanocrystals with low magnetic anisotropy 

energy flip in the field direction while the large ones do not. With increasing temperature, 

the thermal activation energy together with the field flips the larger particles. This process 

results in the increase in the magnetization in the ZFC curve with increasing temperature 

[17]. The size distribution of nanocrystals, i.e., the magnetic anisotropy is usually not 

uniform in the randomly arranged nanocrystal system. Larger the particles, higher the 

anisotropy energy (EA), thus a larger kBT is required for the material to become 

superparamagnetic.   
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Figure 5.8: Field cooled (FC) and zero field cooled (ZFC) magnetization curves as a 
function of temperature taken in DC applied field of 100 Oe for the CuFe2O4 thin films 
deposited at 12 mTorr of (a) Ar (b) 50% Ar + 50% O2 and (c) O2 gas pressure. 
 
 

     The variation of magnetization (M) with temperature (T) for rf-sputtered CuFe2O4, 

films in oxygen atmosphere show that the films contain nanoscale crystals was reported by 

Ibrahim et al. [18]. The ZFC and FC curves separate at the spin freezing temperature (Tf). 

ZFC/FC magnetization measurements show superparamagnetic behavior of the 

nanocrystalline CuFe2O4 ferrite prepared by coprecipitation in a polymer matrix [19]. The 

ZFC and FC magnetization curves on nanocrystalline CuFe2O4 and CuFe2O4/SnO2 
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nanocomposites synthesized by reaction of urea–nitrate combustion method show the 

blocking temperature. These materials are superparamagnetic at ambient temperature and 

ferrimagnetic at lower temperatures [20]. The blocking above room temperature has also 

been reported in spinel ferrite NiFe2O4 and CoFe2O4 nanocrystals embedded inside a ZnO 

matrix by Zhou et al. [17] and for pulsed laser deposited MgFe2O4 thin films by 

Yamamoto et al. [21]. 

 

5.1.1.4 FMR studies 
Figure 5.9 shows room temperature FMR spectra of CuFe2O4 thin film deposited at 12 

mTorr of Ar gas pressure at different orientations between external field and film surface 

from perpendicular to parallel orientations. The results show the shift in the signal position 

from the high-field region towards the low field regions as the polar angle θH increases. 

The lowest resonance field HR is 2.2 kOe. The symmetric Lorentzian line is observed 

when the magnetic field is applied in the film plane. The subsequent azimuthal angular 

measurements show that the value of HR and the lineshape are not changed if the applied 

magnetic field is rotated in the film plane. 

 

 
 

Figure 5.9: Angular dependent FMR signal of as-sputtered CuFe2O4 thin films at 12 
mTorr of Ar gas pressure. 
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     Figure 5.10 shows the out of plane angular dependence of FMR linewidth (∆H) and 

resonance field (HR) of as-sputtered CuFe2O4 thin films at 12 mTorr of Ar gas pressure. 

The effective saturation magnetization (4πMeff) and the effective g-value (geff) were 

determined from the data on the resonance fields for static fields parallel and 

perpendicular to the film plane using Kittel relations [22]: 

effMH π
γ
ω 4−=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
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)4( ////
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effMHH π
γ
ω

+=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛  (for  the film plane)  (5.1-b) //H

The estimated g-value of 2.1 agrees well with the reported value of 2.06 - 2.2 for the bulk 

ferrimagnetic Cu-ferrite [23] and for amorphous Cu-ferrite film [24].  

 

 
Figure 5.10: Angular dependent FMR linewidth (∆H) and resonance field (HR) of as-

sputtered CuFe2O4 thin films at 12 mTorr of Ar gas pressure. 

 

     In order to see an inhomogeneous broadening of the linewidth, the peak to peak 

linewidth was measured as a function of the out-of-plane angle. The inhomogeneous 

contribution to the total linewidth arises from the broadening induced by magnetic 

inhomogeneities, such as the internal static magnetic fields and the orientation of the 

crystallographic axis or anisotropy axis. Figure 5.10 shows the ∆H versus θH curves of the 

FMR signal for the Ar-deposited film. The shape of the curves implies that the linewidth is 
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composed of a homogeneous part and an inhomogeneous part. The homogeneous part is 

due to an intrinsic damping mechanism that is always present in the samples, whereas the 

inhomogeneous part is usually written as [25] 
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=∆ φ
φ

θ
θ
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where  ∆θH and ∆φH represent the spread in the orientation of the crystallographic axes 

and ∆Hint represents the variations of the internal magnetic fields throughout the sample. 

 

     Figure 5.11 presents the temperature dependence of the FMR spectra for the Ar-

deposited CuFe2O4 film at 12 mTorr recorded between 120 and 320 K. The magnetic field 

was applied along the in-plane direction. The corresponding FMR spectra consist of a 

single symmetric line, of almost ideal Lorentzian lineshape. In figure 5.11 HR shifts 

towards smaller values with decreasing temperature because the magnetic field is applied 

along the in-plane easy axes. 

 

 
 

Figure 5.11: In-plane resonant microwave absorption spectra of as-sputtered CuFe2O4 thin 
films (P(Ar) = 12 mTorr) for selected temperatures in the 120–320K range. 
 
 
     Ferromagnetic resonance measurements at X-band frequencies were performed to 

study the effects of spin freezing on high-frequency magnetic parameters for the films. 
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The temperature dependence of the linewidth (∆H) for representative sample sputtered in 

Ar at 12 mTorr is plotted in Figure 5.12. The variation of ∆H॥� and ∆H⊥ with T is quite 

similar where both of them increase with decreasing T to saturate at lower T. A relatively 

large ∆H is measured for H perpendicular to the film. The decrease in ∆H with T could be 

attributed to the weakening of the internal field (Hi) where both superexchange and 

anisotropy decrease as a result of increased thermal vibrations [26]. This trend in the Cu-

ferrite film is very similar to that reported previously for NiZnCu ferrite films prepared 

using RF-magnetron sputtering [27]. It is also similar to our data obtained on Cu-Zn ferrite 

and ZnFe2O4 films reported in the subsequent sections. Above RT, ∆H॥� and ∆H⊥ 

coincide. At lower temperatures a slight difference between parallel and normal 

configurations has been observed which can be understood in terms of an effective 

magnetization Meff of superparamagnetic particle ensemble variation with temperature. 

The variation of ∆H॥� and ∆H⊥ in the low temperature range could also be related to spin 

freezing as seen in the magnetization data in Figure 5.8. 

 

 
Figure 5.12: Temperature dependence of FMR linewidth of CuFe2O4 thin films  

 
 

     Figure 5.13 shows the temperature dependence of the resonance field (HR) for static 

field parallel (H॥�) and perpendicular (H⊥) to the film plane for argon-sputtered thin film. 

The resonance field H⊥ is larger than H॥� at all temperatures. One observes an increase in 
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the resonance fields H॥� and decrease in H⊥ as the temperature is increased similar to that 

reported by Han et al. [27] for NiZnCu ferrite system. A monotonous increase of H॥� from 

about 1.65 to 2.2 kOe is observed as the temperature increases from 120 K to 320K. At T 

= 220 K, H॥�(T) shows a kink above which the resonance field increases rapidly with 

temperature. 

 

 
Figure 5.13: Temperature dependence of FMR resonance fields of 12 mTorr Ar-deposited 
CuFe2O4 thin films recorded in the in-plane and out-of-plane configurations. 

     The temperature dependence of the effective saturation induction (4πMef) and effective 

(geff) is shown in Figure 5.18. A room temperature geff of 2.14 is estimated for the film. As 

mentioned earlier, the corresponding g-value of 2.1 is in good agreement with the value 

reported for divalent copper ions in octahedral sites. The data indicate an increase in geff as 

T decreases. Such strong temperature dependence for geff is usually observed around the 

compensation point in ferrimagnetic crystalline oxides where the sublattice magnetizations 

cancel each other. 
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Figure 5.14: The effective saturation magnetization (4πMeff) and the effective g-value 
(geff) (inset) were determined from data on the resonance fields for static fields parallel and 
perpendicular to the film plane using Kittel relations. 
 

 

5.1.1.5 Optical properties 
 

     The variation of (Ar/O2) ratio influences the optical properties of the ferrite films. 

Figure 5.18 shows the transmittance spectra measured at RT for the as-grown CuFe2O4 

films deposited in 12 mTorr of Ar, O2 and mixture of (Ar+ O2) gas pressure. The 

transmittance spectra show that all the films have sharp absorption edges which vary 

between 570 and 700 nm with increase in Ar percentage. The Ar-deposited films show 

less transmittance due to the higher thickness. With increase in the O2 percentage the film 

thickness decreases, absorption edge shifts towards lower wavelengths and transmittance 

is enhanced. This can also be due to the decrease of average grain size and formation of 

pores in the films. The compositional dependence of transmittance for films having same 

thickness shows that copper ferrite films have less transmittance. Zinc ferrite films show 

higher transmittance and blue shift. 
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Figure 5.15: Optical transmittance of as-sputtered Cu-ferrite films prepared under 
(Ar+O2) at 12 mTorr. 
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5.2 Zinc ferrite (ZnFe2O4) thin films 
 

Thin films of zinc ferrite were deposited by RF-Magnetron sputtering from a sintered 

target of ZnFe2O4 on glass substrates. The rf-power used was 100W. The films were 

sputtered under argon, oxygen and (argon + oxygen) mixture at various pressures. The 

structural characterization of the films was done using X-ray diffraction (XRD). The 

information about microstructure, surface morphology, chemical composition, grain size 

and surface roughness were obtained from atomic force microscope (AFM), scanning 

electron microscope (SEM) and energy dispersive X-ray analysis (EDAX) studies. The 

static magnetic properties of the films were studied at RT and 80 K in applied fields up to 

10 kOe using Vibrating Sample magnetometer (VSM). Field cooled (FC) and zero field 

cooled (ZFC) magnetization measurements and the temperature and orientation 

dependence of magnetic resonance data provide strong evidence of superparamagnetic 

character at room temperature and the occurrence of ferrimagnetic or ferromagnetic 

ordering at low temperature in the present nanocrystalline zinc ferrite films. The optical 

properties of the films were studied as a function of pure O2 pressure. The optical 

constants of the films were extracted from the transmission spectra by the envelope 

method. The effect of annealing on structural, optical, and magnetic properties of the films 

was investigated for the films annealed at temperatures from 200 to 500 °C. 

 

5.2.1 Effect of working gas pressure 

 

5.2.1.1 Structural analysis (XRD) 
 

Figure 5.16 shows the XRD patterns of the ZnFe2O4 thin films sputtered under pure Ar 

and oxygen at various working pressure. The patterns were indexed to the cubic spinel 

structure belonging to Zn-ferrites. Three main peaks were observed with orientations 

along the (311), (400) and (511) directions in all the films. Using Bragg’s law, the 

interplanar lattice spacing, d(311), was calculated. The lattice parameters, a, calculated by 

using 31111da =  are listed in table 5.2. The lattice parameter is higher for the film 

deposited at lower pressure and decreases with increase in pressure. At lower pressure (8 

mTorr), the diffraction peaks are broad and slightly shifted towards lower angle as 
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compared to the spectra for the bulk Zn-ferrite powder sample. The shift is more for the 

films prepared under Ar gas. This can be attributed to the internal stress caused by the 

trapped Ar atoms into the film and its consequent effect on the interaction between the 

grains and the substrate. The XRD peak shift for the films deposited under oxygen is 

lower and it decreases with the increase in the oxygen pressure. The XRD spectra peaks 

for the films deposited at 31 mTorr are very close to the corresponding peak positions of 

the bulk Zn-ferrite powder [Chapter 3, figure 3.1] indicating considerably lower stress in 

these films. The average crystallite size (D) of the films was estimated from XRD data 

using the Scherrer formula [14] θβλ cos/9.0=D , where λ (1.54056 Å) is the wavelength 

of the used X-rays, β is the broadening of the diffraction line measured at the half 

maximum intensity in radians and θ is the angle of diffraction. The values of the crystallite 

size as a function of the sputtering gas pressure are listed in table 5.2. The crystallite size 

is smaller for the films deposited at 8 mTorr pressure of argon or oxygen. There is a slight 

increase in crystallite size with increase in oxygen pressure. 

 

 
 

Figure 5.16: The XRD patterns of ZnFe2O4 (a), powder sample and thin films deposited at 
a pressure of (b) 8mTorr Ar, (c) 8mTorr O2, (d) 18mTorr O2, (e) 27mTorr O2 and (f) 
31mTorr O2. 
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5.2.1.2 Film surface morphology (AFM) 
 

     The surface morphology of the Zn-ferrite thin films was analyzed using the non-contact 

mode of AFM. Figure 5.17 displays AFM images of the Zn-ferrite films grown on glass 

substrates at 8mTorr of Ar and 8–31mTorr of O2. It can be seen that the topography of the 

ferrite films depends on the sputtering gas type and pressure. The film deposited under Ar 

exhibits a dense microstructure compared with those sputtered in the O2 environment. The 

average grain sizes and surface roughness (root mean square (RMS)) values are listed in 

table 5.2. The increase in roughness is consistent with the increase in crystallinity with 

oxygen pressure during deposition. This result is supported by XRD patterns as shown in 

Figure 5.16. The film deposited under Ar shows higher RMS values compared with that 

sputtered at the same pressure of the oxygen environment. The average RMS roughness 

increased from 1.7 to 2.7 nm as the oxygen pressure increases. This is due to variation in 

the distribution of incident angles and energy of the depositing atoms at low and high 

deposition pressures [28]. At low deposition pressure few collisions occur within the 

plasma; therefore incident angles tend to be close to normal and bombarding energy tends 

to be high. The high bombarding energy leads to a high adatom mobility (atoms present at 

the surface of the layer) and thus, to a higher film density. However, the increase in 

oxygen pressure results in focusing the particles ejected from the target on a small area, 

which leads to an increase in the number of collisions occurring in the space between the 

target and the substrate (plasma) leading to an increase in the incident angles of the 

particles. This causes a shadowing effect leading to the formation of clusters and voids 

within the growing layer [29, 30]. This makes the films porous. The increase in the surface 

roughness could be attributed to the formation of clusters of particles with voids in 

between due to the variation in the distribution of incident angles and energy of the 

depositing atoms at low and high gas pressures. These results support the optical refractive 

index variation with oxygen pressure. 
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Figure 5.17: AFM images of ZnFe2O4 thin films deposited at a pressure of (a) 8mTorr Ar, 
(b) 8mTorr O2, (c) 27mTorr O2 and (d) 31mTorr O2. 
 

Table 5.2: Structural parameters of the films deposited under Ar and O2 environments. t1 
and t2 refer to film thicknesses as estimated from the profilometer and the optical 
transmission spectra, respectively. 
 

Sample P 

(mT) 

RMS 

(nm) 

Grain 

Size  (nm) 

Crystallite 

Size (nm)  

Lattice 

Parameter (Å) 

t1 

(nm) 

t2

(nm) 

  ± 0.1 ± 5 ± 2 ± 0.002 ± 15 ± 15 

ZF-Ar8 8 4.2 55 11 8.68 420 450 

ZF-O8 8 1.7 70 11 8.55 300 320 

ZF-O18 18 2.3 66 13 8.53 280 265 

ZF-O27 27 2.7 60 15 8.46 240 250 

ZF-O31 31 2.6 72 15 8.45 200 230 
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5.2.1.3 Optical properties  
 

5.2.1.3.1 Spectral transmittance 

Figure 5.18 shows the optical transmission spectra, as a function of photon energy in the 

wavelength range 350–2500 nm, of ZnFe2O4 thin films deposited on glass substrates in 

argon and oxygen at room temperature. The films have strong band edge absorption in the 

wavelength region of less than 600 nm. The fringes in the transmission spectra result from 

the interference of the incident light at the air–film, film–substrate and substrate–air 

interfaces. The optical transmittance of the films prepared in O2 is more than 80% above 

the band edge and higher than the film deposited in argon. Zhi-hao et al. [31] reported a 

band edge of 700 nm for ZnFe2O4 nanoparticles and Wu et al. [32] reported 650 nm for 

the ZnFe2O4 film prepared by spray pyrolysis. 

 

     The optical properties of any material are characterized by parameters such as the 

refractive index (n), extinction coefficient (k) and absorption coefficient (α). There are a 

number of methods that can be used for the routine determination of the wavelength 

dependent complex refractive index of thin films, using simple spectrophotometric 

equipment [33]. We have used the envelope method proposed by Manifacier et al. [34] 

and developed by Swanepoel [35] to evaluate the optical constants from the transmission 

spectra. The envelopes are constructed by curve fitting to connect the maxima (TM) and 

minima (Tm) in the transmission spectra (Figure 5.18) using equations [35] 
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The interference maxima TM and minima Tm can be considered to be a continuous 

function of λ and experimentally determined by the envelopes as shown in figure 5.18. 

  

 
Figure 5.18: Spectral transmittance of Zn-ferrite thin films prepared under (a) 8 mT of Ar 
(b) 8 mT of O2, (c) 31 mT of O2. The inset shows the envelope for the data for film 
prepared under O2 at 8 mT. The curve Ts is for glass substrate. 
 

5.2.1.3.2 Refractive index 

Using Swanepoel’s method, the refractive index n values were calculated from the 

transmission spectra of the films. A typical transmission spectrum at normal incidence has 

two spectral regions: the region of weak and medium absorption and the strong absorption 

region. In the weak and medium absorption region, a first approximation of the real part of 

the refractive index, n, of the film can be calculated by the following expression: 
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22
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where 
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where TM and Tm are the transmission maximum and the corresponding minimum at a 

certain wavelength, λ, and ns is the refractive index of the substrate used (for glass ns = 

1.51).  

     Figure 5.19 shows the spectral dependence of the refractive index for the films 

deposited in different environments of argon and oxygen. The variation in the refractive 

index follows the normal dispersion law where it decreases with increasing wavelength. 

The refractive index of the films deposited in the argon atmosphere is higher than the films 

deposited in oxygen. It decreases as the oxygen pressure increases. This can be correlated 

with the variation of the microstructure of the films. As the oxygen pressure is increased 

the films become more porous which leads to a decrease in the refractive index. 

 

 
 

Figure 5.19: Refractive index of Zn-ferrite thin films deposited at a pressure of (a) 8 mT 
Ar, (b) 8mT O2, (c) 18mT O2, (d) 27mT O2 and (e) 31mT O2. 
 

     According to a single-oscillator model of Wemple–DiDomenico (WD) model [36], the 

relation between the refractive index, n, and photon energy, hν, can be written as follows: 
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where hν is the photon energy, Ed is the dispersion energy or the oscillator strength and E0 

is the oscillator energy. The first parameter measures the average strength of the interband 
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optical transitions, associated with the changes in the structure of the material. The second 

one can be correlated with the optical band gap by the empirical formula E0 = 2Eg.  

     Figure 5.20 shows (n2 − 1)−1 against (hν)2 plots. E0 and Ed can be determined directly 

from the slope (E0Ed)−1 and the intercept E0/Ed on the vertical axis of the straight line fits 

these plots. 

 

 
Figure 5.20: (n2-1)-1 versus (hν)2  plots with linear fits for Zn-ferrite thin films prepared 
under (a) 8 mT Ar, (b) 8mT O2, (c) 18mT O2, (d) 27mT O2 and (e) 31mT O2.  
 

     The optical band gap obtained from the WD-model gives an estimation of the direct 

band gap of zinc ferrite. The estimated values are 3.8 eV and 3.76 eV for the films 

deposited at 8mTorr of argon and oxygen pressure, respectively. These values are higher 

than the estimated values of 2.43 and 2.48 eV obtained from Tauc relation (equation 5.10). 

 

     Table 5.3 summarizes the estimated values of the oscillator parameters, E0, Ed along 

with that of the static refractive index, n(0), for (hν) → 0, extrapolated from the WD single 

oscillator fit. An important achievement of the WD model is that it relates the dispersion 

energy Ed to other physical parameters of the material, through an empirical formula Ed = 

βNcZaNe (eV), where Nc is the coordination number of the cation nearest neighbor to the 

anion, Za the formal chemical valency of the anion, Ne the total number of valence 

electrons per anion and β is a two-valued constant (βi = 0.26 ± 0.03 eV and βc = 0.37 ± 

0.04 eV, for ionic and covalent compounds, respectively). The estimated values of β for 

the present films are also listed in table 5.3. 



 209

 

Table 5.3: Optical parameters of ZnFe2O4 thin films. 

 

Sample 

name 

Eg  

(eV) 

Ed  

(eV) 

E0  

(eV) 

β  

(eV) 

N(0) k@ 600 

×10-2

ZF-Ar8 2.43 26.2 7.60 0.27 2.11 7.3 

ZF-O8 2.48 24.6 7.52 0.26 2.06 5.9 

ZF-O18 2.52 23.5 7.45 0.25 2.04 5.1 

ZF-O27 2.54 22.4 7.16 0.23 2.01 5.7 

ZF-O31 2.61 22.9 7.40 0.24 2.02 4.5 

 

 

5.2.1.3.3 Absorption and extinction coefficients 

The absorption coefficient (α) was evaluated from transmission data using the following 

relation [35]: 

)exp( tx α−= ,   [ ]x
t

ln1
−=α    (5.7) 

where t is the film thickness and x is absorbance. In the region of weak and medium 

absorption, the parameter x is given by 
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The extinction coefficient, k, was calculated from the relation k = αλ/4π 

 

     Figure 5.21 shows the dependence of the extinction coefficient (k) on wavelength, λ, 

for the thin films. The extinction coefficient is slightly affected by the change in oxygen 

working pressure. From the plot, it is clear that films deposited at high oxygen working 

pressure had a lower extinction coefficient (i.e. more transmissive) than those deposited at 

low oxygen pressure. This behavior is probably due to the higher porosity of the films 

deposited in the oxygen gas atmosphere. This factor plays a significant role in optical 

absorption processes. The variation of the extinction coefficient can be related to the 
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variation of the transmittance [37]. As the oxygen pressure is increased the transmittance 

increases and results in a decrease in the extinction coefficient. 

 

 
 

Figure 5.21: Variation of the extinction coefficient (k) with wavelength for Zn-ferrite thin 
films prepared under (a) 8 mT Ar, (b) 8mT O2, (c) 18mT O2, (d) 27mT O2 and (e) 31mT 
O2 gas pressure.  
 

 

5.2.1.3.4 Film thickness 

Film thickness (t1) was measured using a surface stylus profilometer (table 5.2). The 

thickness (t2) of the films was also estimated from the interference fringes of transmission 

data by calculating the refractive index of the thin film corresponding to two adjacent 

maxima (or minima) given as n(λ1) at λ1 and n(λ2) at λ2 [38]: 
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where n(λ1) and n(λ2) are the refractive indices in two consecutive maxima (or minima) 

and λ1 and λ2 the corresponding wavelengths. The film thicknesses estimated from the 

transmission data are comparable to the values obtained using a surface stylus 

profilometer (table 5.2) within an experimental error of about ±15 nm. The deposition rate 
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is maximum in the Ar environment and it is reduced considerably if Ar is replaced by 

oxygen with the same working pressure. The decrease in the thickness of the film with the 

increase in oxygen pressure is an indication of the decrease in the deposition rate due to 

the shadowing effect. 

 

5.2.1.3.5 Optical energy gap 

The optical band gap Eg for both the films can be estimated from the absorption 

coefficient α using the Tauc relation [38, 39] which is given by 
q

gEhAh )( −= νυα     (5.10) 

where A is a constant which depends on the transition probability, (hν) is the energy of the 

incident photon and q is an index that characterizes the optical absorption process and is 

theoretically equal to 2, 1/2, 3 or 3/2 for allowed indirect, allowed direct, forbidden 

indirect and forbidden direct electronic transitions, respectively, depending on the nature 

of the electronic transition responsible for the reflection [40]. 

 

     We plotted in figure 5.22 (αhν)1/q versus hν and obtained linear fits for q = 1/2, 

indicating a direct allowed transition. The band gap energy Eg, of the film was obtained by 

extrapolating the linear portion of the plot to (αhν)2 = 0. The band gap values are listed in 

table 5.3. The optical band gap is lower for the film deposited under Ar than under oxygen 

at the same gas pressure. It increases with the increase in oxygen gas pressure. This 

increase might be due to the enhanced stoichiometry and decrease in the oxygen vacancies 

by increase in the oxygen pressure. The band gap values obtained in this study are lower 

compared with the reported value of 2.70 eV for ZnFe2O4 films deposited by spray 

pyrolysis [32]. 

     The absorption in a wavelength range from 400 to 500 nm is attributed to the 

3d5→3d44s1 transition of Fe3+ ions, where the 4s orbital of Fe3+ is thought to contribute to 

the conduction band. 
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Figure 5.22: Plots of (αhυ)2 versus photon energy hυ for Zn-ferrite thin films prepared 

under (a) 8mTorr Ar, (b) 8mTorr O2, (c) 18mTorr O2, (d) 27mTorr O2 and (e) 31mTorr O2 

gas pressure. 

 

5.2.1.4 Magnetic properties 
 

5.2.1.4.1 M-H curves 

Figure 5.23 shows the plots of magnetization versus applied magnetic field curves at RT 

for the zinc ferrite films deposited at 8 mTorr Ar an 8, 18, 27 and 31mTorr oxygen gas 

pressure. The as-deposited ZnFe2O4 thin films show large magnetization values compared 

to that of the bulk sample and exhibit ferrimagnetic behavior at room temperature. The 

magnetization value of the argon-deposited film is lower value compared to that prepared 

under oxygen atmosphere. 
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Figure 5.23: Effect of oxygen gas pressure on M-H loops at RT for ZnFe2O4 thin films 
prepared under (a) 8mTorr Ar, (b) 8mTorr O2, (c) 18mTorr O2, (d) 27mTorr O2 and (e) 
31mTorr O2 gas pressure. 
 

     Significant increase in M with increase in O2 pressure to reach maximum value of 230 

emu/cc (42 emu/g) obtained for the film deposited at 27 mTorr. The value of 42 emu/g for 

the as-deposited film prepared under normal conditions in the present study is the highest 

so far reported in the literature. A comparison of magnetization values can be made with 

the reported values on mechanically processed nanocrystalline samples (12 emu/g) [41], 

samples prepared by wet-chemical methods (28 emu/g) [42] and (21 emu/g) [43], rf-

sputtered crystalline thin films (12 emu/g) [32] and (32 emu/g) [44] and laser ablated thin 

films in applied magnetic field of 2 kG (56.6 emu/g) [45]. The increase in the 

magnetization of ZnFe2O4 has been attributed to oxygen vacancies and disorder [46], 

surface effects [47], as well as to cation random distribution of magnetic iron Fe3+ ions 

and diamagnetic Zn2+ ions among the interstitial octahedral (B) and tetrahedral (A) sites of 

the spinel lattice of ZnFe2O4 [48]. The occupancy of Fe3+ ions on both A- and B-sites leads 

to strong negative superexchange interaction between Fe3+ ions with large magnetization 

values. During the film deposition, the oxygen vacancy and the disorder on the nanocrystal 

surface can contribute to cation redistribution on A and B sites leading to high 

magnetization. The oxygen working pressure of around 27 mTorr appears to be critical as 

it may provides sufficient time for the nanocrystals to settle down on the substrate in a 

preferred direction to give maximum magnetization. 



 214

 

     Figure 5.24 shows typical magnetization curves of as-sputtered ZnFe2O4 thin films at 

27 mTorr of oxygen pressure for parallel (H||) and perpendicular (H⊥) orientations of 

external magnetic field with respect to the film plane. One observes strong dependence of 

magnetization (M) on the orientation of H. For in-plane magnetization, the saturation takes 

place at field of about 2 kOe, which is smaller than the saturation field for transverse 

magnetization. The MS per unit volume of the as-deposited ZFO films is 230 emu/cc. A 

well-defined hysteresis is observed with coercivity HC value of 50 Oe. Such an MS versus 

H behavior is an indicative of the expected ferromagnetic ordering at room temperature of 

ZnFe2O4 thin films. Thus the magnetization curves of Figure 5.24 for Zn-ferrite films are 

totally different from the corresponding magnetization for the bulk ferromagnetic 

counterparts.  

 

 
Figure 5.24: Angular dependent M-H curves of as-sputtered ZnFe2O4 thin films at 27 
mTorr of oxygen pressure. 
 

     Magnetizations as a function of the external magnetic field, M(H), are shown at 80 K 

for ZnFe2O4 thin film in figure 5.25. The magnetization at 10 kOe is as high as 230 emu/cc 

(42 emu g-1) at 300 K and reaches 350 emu/cc (65 emu g-1) at 80 K. The magnetic 

hysteresis loops are clearly observed in the low-field ranges. The hysteresis loop at 80 K 

(330 Oe) is much larger than that at 300 K (55 Oe). The higher value of HC at lower 

temperature can be assigned to the large disorder in the system.  
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Figure 5.25: Magnetization as a function of the external magnetic field for ZnFe2O4 thin 
film measured at 80 K. 
 

5.2.1.4.2 FMR studies 

 

Figure 5.26 shows comparison of FMR spectra recorded at room temperature of as-

sputtered ZnFe2O4 films deposited on glass substrates. The films were deposited at 

ambient temperature in pure Ar gas at 8 mTorr and pure O2 gas at 8, 18, 27 and 31 mTorr 

of working pressures. It can be seen that ZnFe2O4 films deposited with pure Ar show 

relatively higher value of FMR peak-to-peak linewidth of around 910 Oe compared to the 

films deposited in O2 gas (850 Oe). With increase in O2 working pressure the linewidth 

decreases, which can be attributed to the reduction of structural inhomogeneities and 

magnetic disorder.  
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Figure 5.26: FMR spectra of ZnFe2O4 thin films deposited in O2 and Ar environments at 

various working gas pressures. 

 

     Figure 5.27 shows the out-of-plane angular dependent FMR spectra for the as-

deposited film in the range 0° – 90°. The FMR spectra show symmetric Lorentzian line-

shape. The signal becomes slightly asymmetric with appearance of another peak which 

coincides with the in-plane resonance as θH approaches zero.  The effective saturation 

magnetization (4πMeff) and the effective gyromagnetic ratio (γeff) are estimated using 

Kittel relations (5.1) [22,32].  

The values of (4πMeff) and (γeff) at RT are 1725 G and 3.08 GHz/kOe respectively. The 

growth process of the film is affected by internal stresses, preferential alignment of 

nanocrystalline grains or ions due to inter-atomic forces [49]. This induces additional 

anisotropy to the geometrical shape anisotropy of the grains.  
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Figure 5.27: Angular dependent FMR signal of as-sputtered ZnFe2O4 thin films at 27 
mTorr of oxygen pressure. 
 

     The temperature dependent FMR spectra for the ZnFe2O4 thin films deposited under O2 

pressure of 27 mTorr are presented in figure 5.28 recorded in the temperature range 120 ~ 

320 K. The films demonstrate FMR signals in which both position and width of the line 

strongly dependent on the sample orientation, shifting to lower fields at the parallel 

orientation (magnetic field in the film plane), and to higher fields at the perpendicular 

orientation. 

 

     Temperature dependent FMR measurements at X-band frequencies were performed to 

study the effects of spin freezing on high-frequency magnetic parameters of the film. 

Temperature dependence of FMR line width for a representative sample sputtered in O2 at 

27 mTorr are shown in Figure 5.29, for the static field H parallel (∆H॥�) and perpendicular 

(∆H⊥) to the film plane. ∆H⊥ is relatively larger than ∆H॥�. An increase in ∆H॥� and ∆H⊥ 

with decreasing T is evident from the data until 270 K. below 270K their variation is 

totally different. While ∆H॥� increases slightly with decreasing temperature, ∆H⊥ 

decreases. This effect can be assigned to the spin freezing at low temperatures as reported 

by Chen et al. [32] in ferrite. These results are supported by the magnetization vs 

temperature (M-T) measurements under zero field cooled (ZFC)-field cooled (FC) and 

shown in figure 5.36. 
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Figure 5.28: Temperature dependence of FMR spectra of as-sputtered ZnFe2O4 thin films 
at 27 mTorr of oxygen working pressure. 
 

 

     Figure 5.29 displays the temperature-dependent resonance field (HR) of the ZnFe2O4 

film sputtered under O2 environment at 27 mTorr on glass substrates for in-plane (H॥�) and 

out-of-plane (H⊥) configurations. The resonance field H⊥ is larger than H॥� at all 

temperatures. An increase in the resonance fields (H॥�) and decrease in H⊥ is observed as 

the temperature is increased. The temperature dependence of Hres manifests that the 

precession frequency of atomic magnetic moment changes with temperature and the 
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applied field orientation, and the different values of Hres for the out-of-plane and in-plane 

configurations indicate the presence of magnetic anisotropy in the thin films [50]. The 

resonance fields H॥� and H⊥ are related to the angular frequency of the microwave 

radiation, effective magnetization 4πMeff of the film and gyromagnetic ratio (γ) by the 

expressions (5.1). Since the magnetization decreases with increasing T and there is only a 

small change in the operating frequency one expects a decrease in H⊥ and an increase in 

H॥� as T is increased. The saturation of H⊥ at low temperature can be associated to the 

spin freezing. One can conclude that the temperature dependence of the resonance 

parameter is more sensitive in the perpendicular configuration. 

 

      
 

Figure 5.29: Temperature dependence of FMR resonance field and linewidth of ZnFe2O4 
thin films.  
 

     The anisotropic character of the nanocrystalline film is evident from ferromagnetic 

resonance (FMR) studies at X-band frequencies. The effective saturation induction 4πMeff 

= 4πMS + HA (where HA is the anisotropy field parallel to the film plane) and the effective 

g-factor geff were estimated from the resonance fields data as done in reference [10].  

     Figure 5.30 shows the variation in 4πMeff and geff with temperature. A room 

temperature geff of 2.2 is estimated for the film. The data indicate an increase in 4πMeff and 
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geff as T decreases. Such strong temperature dependence for geff is usually observed around 

the compensation point in ferrimagnetic crystalline oxides where the sublattice 

magnetizations cancel each other. 

 

    
 

Figure 5.30: The effective saturation magnetization (4πMeff) and the effective g-value 
(geff) were determined from data on the resonance fields for static fields parallel and 
perpendicular to the film plane using Kittel relations. 
 

 

5.2.2 Effect of Heat treatment 
 

The key inference is that the structural, optical and magnetic properties are influenced by 

the annealing of the Zn-ferrite films. The MS decreases with increase in annealing 

temperature which is assigned to the redistribution of the cations among A- and B-sites 

where they take up their preferable sites as in the bulk sample. 

 

5.2.2.2 Structural analysis (XRD) 

The X-ray diffraction spectra for the as-deposited film and the film annealed at 500 °C are 

displayed in Figure 5.31. The XRD patterns confirm the presence of spinel phase without 

any impurity phase for both the films. The lines can be indexed to the characteristic 

interplanar spacing (220), (311), (400), (422), (511) and (440) of the spinel structure with 

cubic symmetry. The average grain size was estimated from the width of the (311) 

reflection of the XRD patterns by using the Scherrer’s formula. The values of average 

grain size are 50 and 60 nm for the as-deposited and annealed film respectively. (After 

subtracting the broadening effects due to strain and experimental broadenings) 
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Figure 5.31: X-ray diffraction pattern of the as-deposited and annealed films of ZnFe2O4. 
 
 
5.2.2.2 Microsructural analysis 

Figure 5.32 shows the SEM micrographs of as-deposited and heat treated film at 500 °C 

for 3 hrs. The SEM micrographs show that the films have nanocrystalline structures with 

average grain sizes of about 70 and 100 nm for the as deposited and annealed films in 

accordance with AFM data of the same films. A crack-free, highly uniform and densely 

packed microstructure is obtained in these films. The grain size and uniformity of the 

deposited film were enhanced by annealing. 

 

   

(a) (b) 

Figure 5.32: SEM images of ZnFe2O4 thin films (a) as-deposited at 27 mTorr O2 (b) 
annealed at 500 °C for 3 hrs. 
 

     To confirm the chemical composition of the as-deposited and the heat treated ZnFe2O4 

films, EDAX spectra (Figure 5.33) were recorded at a number of positions of the film 

surface. The chemical signatures obtained are identical within experimental accuracy (5%) 
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and only Zn, Fe, and O elements are observed with the expected stoichiometric 

proportions of ZnFe2O4 (Zn/Fe = ½). This further confirms the formation of ferrite 

crystallites in the as-synthesized sample. XRD and EDAX studies demonstrate that the as-

sputtered thin films are nanocrystalline ZnFe2O4 ferrites. 

 

  
Figure 5.33: EDAX results confirm the formation of ferrite nanocrystallites in the as-
deposited and annealed at 500 °C ZnFe2O4 films. The chemical signatures obtained are 
identical. The films deposited on glass substrates and show prominent Si peaks. 
 

5.2.2.3 Film surface morphology (AFM studies)  

 

The influence of heat treatment on the surface morphology of the film was studied by 

atomic force microscopy (AFM). The surface morphology of the film is smooth with no 

cracks and defects, as shown in Figure 5.34. The film exhibited a dense microstructure and 

the grain size was found to increases from 80 to 120 nm as the annealing temperature is 

increased from 200 to 500 °C (Table 5.4). The surface morphology of the deposited film is 

related to the surface kinetic energy and depends on the processing parameters such as 

annealing temperature, duration and environment [51]. 

     Surface roughness (RMS) was improved with increase in annealing temperature. The 

average surface roughness is around 2 nm for the film annealed at 500 °C. Higher 

annealing temperature improved, the structural quality of the ZnFe2O4 thin films. The 

kinetic energy of the sputtered atoms increases with increase in annealing temperature 

resulting in structural improvement of the deposited ZnFe2O4 thin films.  
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Table 5.4: Effect of annealing on the AFM and magnetization parameters. 

ZnFe2O4 thin 

film  

〈Grain size〉 

(nm) 

〈RMS〉 

(nm) 

MS॥�

(emu/cc)

HC॥�

(Oe) 

∆H॥�

(Oe) 

HR॥�

(Oe) 

As-deposited 80 2.4 230 55 630 2235 

Ta = 200 °C 100 2.2 254 45 551 2221 

Ta = 300 °C 110 2.2 220 25 360 2180 

Ta = 400 °C 105 2.1 157 14 200 2430 

Ta = 500 °C 120 2.0 70 3 210 2587 

 

 

 
Figure 5.34: AFM images of ZnFe2O4 thin films prepared under 31 mTorr Oxygen 

pressure (a) As deposited and annealed for 3 hrs at (b) 200, (c) 300, and (d) 500 °C 

 

5.2.2.4 M-H plots  

Magnetization vs magnetic field plots of ZnFe2O4 films deposited in pure O2 and annealed 

in air for 3 h at temperatures in the range 200–500 °C are presented in Figure 5.35. It is 

observed that as annealing temperature increases the saturation magnetization (MS) of the 
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films increases and reaches the highest value of 254 emu/cc at Ta = 200 °C followed by 

decreasing trend with further increase in annealing temperature (Table 5.4) .  

According to XRD observations (see Figure 5.31), the as-deposited film is composed of 

nanocrystalline particles in amorphous background. AFM images also show the 

nanocrystalline nature of the films. These nanocrystals align in one direction at 200 °C. 

The nanocrystals merge forming bigger crystals as the annealing temperature is increased 

to 300 °C. The TEM observations on the films prepared by similar method by Nakashima 

et al. [52] show that the film is composed of crystalline nanoparticles dispersed in an 

amorphous matrix, and the amorphous phase is converted into the crystalline phase upon 

annealing at 300 °C. The enhancement of magnetization is presumably due to precipitation 

of a disordered ZnFe2O4 crystalline phase from the amorphous phase viz. the volume 

fraction of the ferrimagnetic ZnFe2O4 phase is increased by annealing the film at 200 and 

300 °C. 

     The thermal annealing of the film at Ta > 300 °C decreases MS and HC values 

drastically (figure 5.35 and table 5.4). This reduction can be due to the redistribution of the 

cations among A- and B-sites where they take up their preferential sites as in the 

paramagnetic bulk sample and consequently reduce the disorder in the system. 

 

 
 
Figure 5.35: Magnetization curves of ZnFe2O4 thin films annealed in air for 3 hrs at 
temperatures in the range 200–500 °C. 
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5.2.2.4 Magnetization studies (ZFC-FC) 
 
Figure 5.36 shows the magnetization versus temperature (M-T) curves of as-sputtered and 

annealed ZnFe2O4 thin films in an applied field of 100 Oe recorded in the zero field 

cooling – field cooling modes (ZFC–FC) in the temperature range 80-300 K. It can be 

seen that the ZFC and FC curves for the as-deposited and annealed films show significant 

irreversibility. The curves coincide initially, separate and follow different trends as the 

temperature is decreased from 300 to 80 K. In the FC mode, the magnetization continues 

to increase with decreasing temperature below the peak temperature TB, without a 

tendency towards saturation demonstrating Curie-like behavior, whereas the ZFC 

magnetization shows a maximum followed by a steady decrease to smaller values in the 

low temperature region. Similar results on ZnFe2O4 thin films are reported in the literature 

[53]. 

 

 
 

Figure 5.36: Temperature-dependent magnetization under ZFC-FC conditions at applied 
field of 100 Oe for as-deposited and annealed ZnFe2O4 films at 200 and 400 °C. 
 

     The ZFC Cusp feature is reported in nanocrystalline materials and thin films of 

ZnFe2O4. These observations have been attributed to various phenomena such as spin 

glasses [54], cluster glasses [55], frozen ferrofluids with random anisotropy [56], random 
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anisotropy ferromagnets [57], polymers containing magnetic components [48], disorder 

thin films [44,52] and superparamagnets [58-61].  

     Superparamagnets below the blocking temperature are unable to thermally equilibrate, 

but no underlying phase transition is present. In contrast, spin glasses and random 

ferromagnets exhibit a divergent nonlinear or singular susceptibility generally considered 

indicative of a phase transition. In each of these systems, the FC magnetization departs 

from the ZFC magnetization at some temperature (which may or may not be equal to the 

cusp temperature) and either reaches a plateau or monotonically increases below the cusp. 

In canonical spin glasses, the FC M(T) departs from the ZFC M(T) at or slightly above the 

cusp temperature and below the cusp temperature. In random anisotropic systems and 

frozen ferrofluids, the FC curve continues to rise monotonically with decreasing T below 

the cusp. The saturation or continuous rise of the FC curve below the cusp temperature is 

likely dependent on the magnitude of interactions and/or size effects [62]. 

     Based on the abovementioned arguments, The M-T behavior in the ZFC-FC modes for 

present films is caused by the disordered cation distribution of Zn2+ and Fe3+ ions in the 

spinel structure and can be explained in terms of superparamagnetism with intercluster 

interactions [44,52,55], suggesting that a ferrimagnetic order occurs for localized magnetic 

moments.  

     The peak temperature shifts toward lower values with increase in annealing 

temperature. For the as-deposited film, ZFC magnetization exhibits a maximum at around 

270 K whereas for the films annealed at 200 and 400 C it appears at around 230 and 170 K 

respectively. The variation of TB with Ta is mainly ascribed to the displacement of Fe3+ 

ions from A- to B-sites, which reduces the strength of strong superexchange interaction 

between Fe3+ ions on A- and B-sites; namely, the redistribution of Zn2+ and Fe3+ ions 

toward normal spinel structure that occurs at elevated Ta. Figure 36 also indicates that the 

room-temperature magnetization at 100 Oe is increased by annealing the film at 200 °C, 

then decreased at Ta = 400 °C. Similar behavior of Ta dependence of magnetization has 

been reported in reference [52]. As Ta increases, M(T) approaches the value that is 

observed for normal spinel ZnFe2O4 [53]. 
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5.2.2.4 FMR studies  

 

Figure 5.37 shows RT FMR spectra of as-sputtered films in pure O2 gas at 27 mTorr 

working pressure and annealed in air at temperatures of 200, 300, 400 and 500 °C. The 

FMR resonance of the as-deposited film consists of a single line with peak-to-peak 

linewidth (∆H) of around 630 Oe. A relatively broad FMR line observed for the as-

deposited ZnFe2O4 film compared to the bulk ZnFe2O4 (480 Oe) is due to the overlapping 

of FMR line for the grains with randomly oriented magnetic easy axis. The thermal 

treatment of the film decreases the linewidth significantly and also causes the resonance 

field to shift towards the higher field which is in conformity with the reduction in 

magnetization. Linewidth decrease with annealing can be assigned to the reduction of 

structural inhomogeneities and magnetic disorder (table 5.4). 

 

 

 
 
Figure 5.37: FMR spectra of ZnFe2O4 thin films deposited at 27 mTorr O2 gas pressure. 
The films were annealed for 3 h in air at temperatures of 200, 300, 400 and 500 °C. 
 
 
     Figure 5.38 shows temperature dependence of ∆H of the as-deposited and annealed 

films. ∆H is large at all temperatures and it increases with decrease in temperature for the 

as-deposited film, whereas it shows week temperature dependence for the annealed film. It 
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is expected that at low temperatures the internal magnetic field originating from magnetic 

entities is more uniform giving rise to narrow FMR line. The line broadening in the 

present films indicates the increase in the magnetic disorder in films with decreasing 

temperature. The strong temperature dependence of disorder indicates the contribution 

from exchange interactions. The antiferromagnetic contribution to magnetic interactions is 

also effective and enhances the disorder of the system. The increase in linewidth can be 

due to distribution of exchange interactions. This effect can also be related to disorderly 

frozen spin profile as reported in the case of Fe3O4 nanoparticles [63].  

 

 
Figure 5.38: Temperature dependence of peak-to-peak linewidth (∆H) of the as deposited 
and annealed films of ZnFe2O4.  
 

     Figure 5.39 shows the temperature dependence of resonance field (H) of the as-

deposited and annealed films.  The decrease in HR value with decrease in temperature 

shows the increase in internal fields. This result is consistent with ∆H variation with 

temperature.  
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Figure 5.39: Temperature dependence of resonance field (HR) of the as-deposited and 
annealed films of ZnFe2O4. 
 

     Figure 5.40 shows the RT transmittance spectra for the as-deposited and annealed 

films. The transmittance spectra show that all the films have sharp absorption edges at ~ 

550 nm. The films exhibit high transmittance above the absorption edge. Post-deposition 

annealing in air influences the optical properties of ZnFe2O4 films. The film annealed at 

200 °C has absorption edge at lower wavelength and enhanced transmittance which could 

be due to Burstein–Moss band-filling. However, the annealing above 200 °C decreases the 

optical transmittance and shifts the absorption edge towards higher wavelength. This can 

be due to the increase in grain size in the film and a change in the nature and strength of 

the interaction potentials between defects and host materials, which increase the tailing of 

the absorption edge. 
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Figure 5.40: Optical transmittance spectra of the as-grown and annealed ZnFe2O4 films. 
 

 

 

5.3 Copper-zinc ferrite (Cu0.6Zn0.4Fe2O4) thin films 
 

This section includes the study of the structure, morphology, magnetic and optical 

properties of Cu0.6Zn0.4Fe2O4 thin films. There is no report on the properties of copper-

zinc ferrite thin films and hence this work is an addition to the literature. This composition 

was chosen because bulk ferrite of this composition has the highest magnetization among 

all the compositions under study. The films were deposited from a sintered target of 

Cu0.6Zn0.4Fe2O4 composition onto glass substrate using rf-magnetron sputtering system 

operating at 100 W of rf-power in argon and oxygen environment. 

 

5.3.1 Effect of Ar gas pressure 
 

5.3.1.1 Structural analysis (XRD) 

 

Figure 5.41 shows the XRD patterns of the as-sputtered thin films at various pressure of 

pure Ar gas. All the peaks belong to spinel structure with cubic symmetry without any 

secondary or impurity phases. The XRD line width and crystallite size are estimated using 

Scherrer equation [14] )cos/(9.0 θβλ=D  where, D is particle diameter, λ the wavelength 

of the X-ray radiation, β a measure of the broadening of diffraction line due to size effect. 



 231

It can be seen that the peak broadening decreases with increase in Ar pressure. The 

average crystallite size increases from 5 to 21 nm with increase in Ar pressure from 5 to 

15 mTorr. With increase in Ar content the relative intensity ratios of planes I220/I400, 

I440/I400 and I422/I400 increases. It is known that for spinel–ferrite the increase in intensity 

ratios of these planes is related to the increase in disorder parameter and consequently to 

the increase in magnetization [7,64]. The diffraction data were fitted with a Lorentzian 

function to determine the location (2θ) of each peak. Using Bragg’s law, the interplanar 

lattice spacing dhkl and the cell parameter a were calculated. The variation of the average 

lattice spacing, i.e. the slight shift of the (hkl) peak position, in the direction normal to the 

plane of the film gives the measure of strain in the film; either compressive or tensile [65]. 

A characteristic shift towards lower angle compared to that of ideal crystal indicates lattice 

expansion. The films deposited at lower pressure show higher cell parameter (8.5Å) 

compared to the bulk due to the strain introduced in the film during deposition. The origin 

of the strain in the sputtered films may be related to several factors, including voids, argon 

inclusions and film substrate mismatch [66]. The strain reduces with increase in Ar 

pressure and the cell parameter approaches the bulk value of 8.41 Å. With increase in Ar 

gas pressure the phase collision increases which consequently reduces the kinetic energy 

of sputtered neutral atoms leading to decrease in strain [30]. 
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Figure 5.41: The XRD patterns of the as deposited Cu0.6Zn0.4Fe2O4 thin films under 
different Ar gas pressure. 
 

5.3.1.2 Surface morphology (AFM) 

 

     Figure 5.42 shows the AFM images of the films deposited at 5 and 12 mTorr of Ar 

pressure. The average particle size 〈D〉 and RMS values for various films are listed in table 

5.5.  
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(a) 

   

(b) 

  

Figure 5.42: AFM images of the as-deposited Cu0.6Zn0.4Fe2O4 thin films at (a) 5 mTorr (b) 

and 12 mT. 

 

     The increase in particle size and decrease in (RMS) with increase in Ar gas pressure 

could be attributed to shadowing effects. There is a variation in the distribution of incident 

angles and energy of the depositing atoms at low and high deposition pressures [28]. At 

low deposition pressure few collisions occur within the plasma; therefore incident angles 

tend to be close to normal and bombarding energy tends to be high. The high bombarding 

energy leads to a high variation in surface roughness. However, the increase in Ar gas 

pressure increases the number of collisions occurring in the plasma and consequently to an 

increase in the incident angles of the particles which leads to smoothening of the films. 

The results presented here are in good agreement with the model (figure 5.43) proposed in 

references [28-30].  
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Table 5.5: AFM and magnetic parameters of Cu0.6Zn0.4Fe2O4 thin films deposited under 

various Ar gas pressure. 

 Sample 
Name 

〈D〉 
(nm) 

RMS 
(nm) 

MS
(emu/cc) 

HC  
(Oe) 

MR/MS

% 
CZF-Ar5 33 3.8 126 170 25 
CZF-Ar8 40 3 132 100 15 

CZF-Ar12 43 1.15 283 90 32 
CZF-Ar15 55 2.1 295 67 17 

 

 

 

 

 

 

Figure 5.43: Schematic representation of the evolution of the microstructure according to 

the collision angle (E = bombarding energy, θ = collision angle) [29]. 

 

5.3.1.3 Magnetization studies (M-H plots) 

 

     Figure 5.44 shows the in-plane M-H plots at RT for the films deposited at various Ar 

gas pressure. The magnetization (Ms) increases from 126 to 132 emu/cc as the pressure 

increases from 5 to 8 mTorr followed by sharp increase to 283 emu/cc at 12 mTorr. 

Further increase in Ar pressure to 15 mTorr leads to an increase in MS value to 295 

emu/cc. 
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Figure 5.44: Effect of Ar pressure on M-H curves of Cu0.6Zn0.4Fe2O4 films  

 

     The change in crystal structure and magnetization can be explained in view of 

preferential occupation of A and B –sites in spinel structure. The high deposition rate in 

pure Ar environment can lead to freezing of some Cu-ions on tetrahedral A-sites and 

equivalent number of Fe ions on octahedral B-sites during the deposition process. 

Furthermore, the deposition in reducing (argon) atmosphere may lead to the formation of 

Cu+ ion, having larger ionic radius than the Cu2+ ion. The Cu+ ions prefer occupation of 

the smaller four-coordinated A-site in the spinel structure and displace Fe3+ cations to 

occupy the B- sites [2,64]. The formation of Fe2+ cannot be ruled out in the spinel 

structure where a fraction of Fe3+ will be replaced by Fe2+ ions. So the general cation 

distribution can be represented as 

 

((Cu2+Cu+)d Zn2+Fe3+
1−d)tetra[Cu2+

1−d(Fe2+Fe3+)1+d]octaO4
2−

 

where d is the inversion parameter. The occupancy of the nonmagnetic Cu+ and Zn2+ ions 

on A-sites dilutes the magnetic moment on A-sites leading to large difference between 

magnetization on B and A sites causing a strong negative super-exchange interaction 

between Fe3+ ions on both sites which in turn cause ferrimagnetic behavior with large 

magnetization [44,67]. The value of coercivity, HC decreases from 170 to 67 Oe with 

increase in Ar pressure from 5 – 15 mTorr.  This can be correlated to the crystallite size 

and the presence of significant inhomogeneities. The smaller crystallites in the case of thin 

films deposited under low Ar pressure has larger volume of the boundaries and 
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consequently more energy is required to rotate the grains by the external field and thus 

leading to higher coercivity.  

     Figure 5.45 shows the M-H plots for Cu0.6Zn0.4Fe2O4 thin film deposited at 12mT of Ar 

pressure measured at 300 and 80K. It can be seen that the saturation magnetization and 

coercivity are slightly higher at 80 K. 

 

 
 

Figure 5.45: M-H plots for Cu0.6Zn0.4Fe2O4 thin film deposited at 12 mT measured at 300 
and 80K. 
 

5.3.1.4 FMR studies 

Figure 5.46 shows the RT FMR spectra of as-sputtered Cu0.6Zn0.4Fe2O4 films deposited on 

glass substrates for both in-plane and out-of-plane configurations. The films were 

deposited at ambient temperature in pure Ar at 5, 8, 12 and 15 mTorr working pressures.  

 

Table 5.6: FMR parameters of Cu0.6Zn0.4Fe2O4 thin films deposited under different Ar 

pressures. 

 

Sample 
Name 

∆H॥�
(kOe) 

∆H⊥

(kOe) 
HR॥ 

(kOe) 
HR⊥

(kOe) 

CZF-Ar5 1.18 1.651 1.41 4.4 
CZF-Ar8 1.16 1.362 1.66 4.4 
CZF-Ar12 0.27 0.196 2.22 5.4 
CZF-Ar15 0.26 0.193 2.18 5.5 
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     The FMR parameters of Cu0.6Zn0.4Fe2O4 thin films deposited under different Ar 

pressures are listed in table 5.6. It can be seen that the films deposited at lower Ar pressure 

show higher ∆H value. With increase in working gas pressure ∆H decreases from 1.18 

kOe (5mTorr) to value of 0.26 kOe (15 mTorr). These results are in accordance with the 

variation in HC with Ar gas pressure (table 5.5). The line narrowing can be assigned to the 

reduction of structural inhomogeneities and magnetic disorder. The line widths when field 

is applied parallel (H॥�) to the film plane (∆ ) are larger than those when the field is 

applied perpendicular (H

||H

⊥) to the thin film plane. The narrow lines in the present films 

clearly support the idea of well aligned clusters, The large ∆HPP values are attributed to 

anisotropy broadening attendant upon having a random distribution of cluster orientations 

[68,69]. 

    

(B) (A) 

 

Figure 5.46: Effect of Ar gas pressure on FMR signals of Cu0.6Zn0.4Fe2O4 thin films 
deposited under different Ar pressures with (A) H॥ and (B) H ⊥ to film plane.  
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5.3.2 Effect of O2 gas pressure 

5.3.2.1 Surface morphology 

The surface morphology of the Cu0.6Zn0.4Fe2O4 thin films was analyzed by atomic force 

microscope (AFM) using non-contact mode with amplitude modulation. The scan area 

was 1µm x 1µm (Figure 5.47).  

 

 

 

 
Figure 5.47: AFM images of Cu0.6Zn0.4Fe2O4 thin films deposited under 5 mTorr (left) 

and 12 mTorr (right) of Oxygen gas pressure. Surface profiles of the films (medium) and 

the grain size distribution (below) for the corresponding film images.  
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     The films exhibited a dense microstructure and the grain size was found to decrease 

with the increase in O2 pressure. The average grain size for the films deposited at 5 and 12 

mTorr of O2 are 50 and 30 nm respectively. The surface morphology of the films was 

smooth with no cracks and defects and the average surface roughness was 1.5 nm for films 

deposited under O2 environment. There is no significant difference in the surface 

roughness for the deposited films in O2 environment as compared to that deposited in Ar 

atmosphere. Surface analysis is shown in figure 5.47. The narrow distribution of the grains 

size is observed for these films. 

 

5.3.2.2 Magnetization studies (M-H plots) 

 

     Figure 5.48 shows in-plane M-H plots at RT for the films deposited at 5, 8, 12 and 15 

mTorr of O2 gas pressure. The magnetization (Ms) values of the films are around 150 

emu/cc for various oxygen gas pressures. 

 

 
 

Figure 5.48: M-H curves of Cu0.6Zn0.4Fe2O4 films: O2 pressure effect 
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5.3.2.3 FMR Studies 

 

Figure 5.49 shows room temperature FMR spectra for films deposited at different O2 

pressure for in plane ( ) and perpendicular ( ) orientations of the static field with 

respect to the film plane. The in plane FMR spectra show symmetric Lorentzian line-

shape. The signal becomes slightly asymmetric in configuration. The out-of-plane 

FMR spectra reveals the presence of a small anisotropy in the films deposited in O

||H ⊥H

⊥H

2 gas 

environment compared to the films deposited in Ar gas. Similar FMR spectra were 

obtained for films sputtered in (Ar+O2) gas mixture.  

 

   

(B) (A) 

 

Figure 5.49: FMR signals of Cu0.6Zn0.4Fe2O4 films: O2 gas pressure effect with (A) H॥ 
and (B) H ⊥ to film plane. 
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5.3.3 Effect of (Ar+O2) gas mixture pressure 

 
5.3.3.1 Structural analysis (XRD) 

 

Figure 5.50 shows the effect of O2 content in (Ar+O2) mixture on the XRD patterns of as-

deposited Cu0.6Zn0.4Fe2O4 thin films at 12 mTorr of gas pressure. The XRD data for the 

as-deposited films reveal the nanocrystalline nature of the films. The XRD lines can be 

indexed to the spinel structure with cubic symmetry having the stoichiometry of the 

ceramic target (metallic cation/oxygen anion ratio equal to ~ 3/4). These results have been 

confirmed by EDAX measurements.  

 

 
 

Figure 5.50: Effect of Ar-O2 content on XRD patterns of Cu0.6Zn0.4Fe2O4 thin films 
deposited at 12 mTorr. 
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5.3.3.2 Surface morphology (AFM) 

     Figure 5.51 shows the AFM images of Cu0.6Zn0.4Fe2O4 thin films deposited at 12 

mTorr of (a) Ar (b) 50% Ar + 50% O2 (c) O2 gas pressure. AFM data analysis reveals that 

the films are made up of grains with a mean diameter centered on 60, 20 and 30 nm for 

films deposited at 12 mTorr of Ar, Ar+O2 and O2 respectively. The corresponding average 

RMS values are 1.15, 0.8 and 1.5 nm. The AFM images of the films show a very narrow 

grain size distribution. 

 

  

(a) (b) 

 

(c) 

 

Figure 5.51: AFM images of Cu0.6Zn0.4Fe2O4 thin films deposited in 12 mTorr of (a) Ar 
(b) 50% Ar + 50% O2 (c) O2 gas pressure. 
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5.3.3.3 Magnetization studies (M-H plots) 

Figure 5.52 shows the plots of magnetization versus applied magnetic field curves at RT 

for Cu0.6Zn0.4Fe2O4 thin films deposited in 12 mTorr of (Ar + O2) gas pressure. The 

magnetization decreases with increasing O2 content. The high deposition rate in pure Ar 

environment can lead to freezing of some Cu-ions on tetrahedral A-sites and equivalent 

number of Fe ions on octahedral B-sites during the deposition process. Furthermore, the 

deposition in reducing (argon) atmosphere may lead to the formation of Cu+ ion, having 

larger ionic radius than the Cu2+ ion. The Cu+ ions prefer occupation of the smaller four-

coordinated A-site in the spinel structure and displace Fe3+ cations to occupy the B- sites 

[2,64]. The formation of Fe2+ cannot be ruled out in the spinel structure where a fraction of 

Fe3+ will be replaced by Fe2+ ions. 

 

.  

Figure 5.52: M-H curves measured at RT of Cu0.6Zn0.4Fe2O4 thin films deposited in 12 
mTorr of (a) 100% Ar, (b) 90% Ar + 10% O2, (c)75% Ar + 25% O2, (d) 50% Ar + 50% O2  
and (e) 100% O2 gas pressure. 
 

5.3.3.4 Magnetization studies (ZFC-FC) 
 
     Figure 5.53 shows temperature dependences of zero-field cooled (ZFC) magnetization 

MZFC(T) and field-cooled (FC) magnetization MFC(T) for the as-deposited Cu0.6Zn0.4Fe2O4 

films in Ar and O2 environments. Both the films show that the MFC(T) monotonically 
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increases with decreasing temperature, whereas MZFC(T) shows a maximum corresponding 

to spin freezing temperature Tf or what is called blocking temperature TB. This peak 

appears at about 275 K for the film deposited under O2 atmosphere. Such a behavior is 

caused by the disordered cation distribution of Cu2+(Cu+), Zn2+ and Fe3+(Fe2+) ions in the 

spinel structure and can be explained in terms of superparamagnetism with intercluster 

interactions [44,52]. 

 

 
 

 
 
Figure 5.53: Field cooled (FC) and zero field cooled (ZFC) magnetization curves as a 
function of temperature taken in DC applied field of 100 Oe for the Cu0.6Zn0.4 Fe2O4 thin 
films deposited at 12 mTorr of (a) Ar (b) O2 gas pressure. 
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5.3.3.5 FMR studies 

Figure 5.54 shows characteristic FMR spectra recorded at RT for as-sputtered 

Cu0.6Zn0.4Fe2O4 thin films deposited in 12 mTorr of (Ar + O2) gas pressure. The spectras 

were recorded with the magnetic field applied in plane and out of plane of the thin film. It 

can be seen that the films deposited with pure Ar show lower ∆HPP value compared to that 

for films deposited in O2 environment. With increase in the O2 working pressure the ∆HPP 

value increases due to the increase in the structural inhomogeneities and magnetic 

disorder. For thin films deposited in O2 environment, it can also be seen that the difference 

in resonance fields in both configurations (H॥� and H⊥) is small as expected for the 

magnetic response of superparamagnetic particles above their blocking temperature. In 

contrast the thin films deposited in argon show large difference between H॥� and H⊥ 

values indicating high magnetic anisotropy in these films. 

 

  

(B) (A) 

Figure 5.54: FMR spectra recorded at RT of Cu0.6Zn0.4Fe2O4 thin films deposited in 12 
mTorr of (a) 100% Ar (b) 90% Ar + 10% O2, (c)75% Ar + 25% O2, (d) 50% Ar + 50% O2 
(e) 100% O2 gas pressure with (A) H॥ and (B) H ⊥ to film plane. 
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     The temperature dependent FMR spectra for the Cu0.6Zn0.4Fe2O4 thin films deposited 

under Ar gas at pressure of 12 mTorr are presented in figure 5.55. The position and width 

of the resonance line strongly depend on the sample orientation. It shifts to lower fields in 

the parallel configuration (magnetic field in the film plane), and to higher fields in the 

perpendicular configuration. The absence of multiple resonances also suggests that the 

films are magnetically homogeneous. 

 

 

 
 

Figure 5.15: Temperature dependence of FMR spectra for Cu0.6Zn0.4Fe2O4 thin films 
deposited under Ar pressure of 12 mTorr. The spectra are for the static magnetic field 
applied perpendicular and parallel to the film plane. 
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     Ferromagnetic resonance measurements at X-band frequencies were performed to 

study the effects of spin freezing on high-frequency magnetic parameters for the films. 

Figure 5.56, which shows the variation of the line width ∆H as a function of temperature 

for the static field H parallel (∆H॥�) and perpendicular (∆H⊥) to the film plane for the film 

deposited in Ar gas at 12 mTorr. A gradual increase in ∆H॥� and ∆H⊥ with decreasing T is 

evident from the data. A relatively large ∆H is measured for H parallel to the film plane. 

This trend in the CuZn ferrite film is very similar to that reported previously for NiZnCu 

ferrite films prepared using RF-magnetron sputtering [27]. The ∆H values obtained for 

Cu-Zn ferrite films are smaller than that of NiZnCu ferrite films. The data in Figure 5.56 

show weak temperature dependence of ∆H॥� and ∆H⊥ below 200 K. This could be related 

to the spin freezing at low temperatures as seen in the magnetization data shown in Figure. 

5.53 

 

 
Figure 5.56: Temperature dependence of the FMR linewidth at 9.2 GHz for an argon-
sputtered Cu0.6Zn0.4Fe2O4 film at 12 mTorr. The data are for the static magnetic field 
perpendicular and parallel to the film plane. 
 
 
     Figure 5.57 shows temperature dependence of the resonance field for static fields 

parallel (H॥�) and perpendicular (H⊥) to the film plane for film sputtered in Ar gas at 12 

mTorr. The HR⊥ is larger than HR॥� at all temperatures. An increase in the resonance fields 

(HR॥�) and decrease in H⊥ as the temperature increases is similar to that reported by Han et 

al. [27] for NiZnCu ferrite system.  
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Figure 5.57: Variation of ferromagnetic resonance fields for the static field parallel and 
perpendicular to the film plane which deposited in Ar-gas at 12 mTorr. 
 

     The temperature dependence of the effective saturation induction (4πMef) and effective 

(geff) is shown in Figure 5.58. geff of 2.08 at RT is estimated for the film. As mentioned 

earlier, the corresponding g-value of 2.1 is in good agreement with the value reported for 

divalent copper ions in octahedral sites. The data indicate an increase in geff as T 

decreases. Such strong temperature dependence for geff is usually observed around the 

compensation point in ferrimagnetic crystalline oxides where the sublattice magnetizations 

cancel each other.  
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Figure 5.58: Temperature dependence of the effective saturation induction 4πMeff and g-
factor obtained from FMR studies at 9.2 GHz. 
 
 
 
5.3.3.6 Optical properties 

 

Figure 5.59 shows the transmittance spectra measured at RT for the as-grown 

Cu0.6Zn0.4Fe2O4 films deposited in 12 mTorr of (AR+ O2) gas pressure. The transmittance 

spectra show that all films have sharp absorption edge at about 550 nm. The films exhibit 

high transmittance above the absorption edge. The variation of Ar-O2 ratio influences the 

optical properties of the ferrite films. The Ar-deposited films show less transmittance due 

to the higher thickness. With increase in the O2 percentage the film thickness decreases 

and consequently gives rise to shifting of the absorption edge towards lower wavelengths 

with enhancement in transmittance. This can also be due to the decrease of grain size and 

increase in porosity of the film. 
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Figure 5.59: Optical transmittance spectra of the as-grown Cu0.6Zn0.4Fe2O4 films at 12 
mTorr of Ar, O2 and Ar+O2.  
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Summary and Conclusions 
 
     Ferrites refer to the entire family of iron oxides that includes spinels, garnets, 
hexaferrites, and orthoferrites. Ferrites with spinel structure are cubic and have the form 
AB2O4 (A: divalent cations and B: trivalent cations of Fe). Spinel ferrite is an important 
class of materials that finds a wide range of applications from microwaves to transformer 
cores and magnetic recording. The technological importance of ferrites increased 
continuously as many discoveries required the use of magnetic materials. Nanoscale 
ferrites have found enormous potential applications in medicine and life sciences. Thin 
films of spinel ferrites are potential candidates for integrated devices applications. 
 
     In this thesis, the system of copper-zinc ferrites with the general formula Cu1-

xZnxFe2O4 (0 ≤ x ≤ 1) were synthesized in the form of bulk, nanoparticles, and thin films. 
The synthesis methods are solid state reaction, coprecipitation and RF-magnetron 
sputtering for bulk, nanoparticles and thin films of ferrite samples respectively. The latter 
two methods allow synthesizing nanocrystalline materials with unique characteristics and 
possible advantages over bulk materials. Coprecipitation method has been used to prepare 
samples with nanometer sized particles by controlling the pH-value and reaction rate of 
the precipitates. By adjusting various parameters, RF-magnetron sputtering can offer a 
way to deposit nanocrystalline ferrite films with highly reproducible properties. Copper 
and zinc ferrite thin films are interesting for their textural, structural, optical and 
magnetic properties, which differ substantially from their bulk counterparts. It is shown 
that the film deposition environments (O2-Ar) and gas pressure play a vital role in 
controlling the morphology and properties of the ferrite films. 
 
Studies on bulk Cu-Zn ferrites 
The results obtained on Cu1-XZnXFe2O4 (0 ≤ x ≤ 1) ferrite bulk samples prepared by 
standard ceramic method are presented as follows  

(a) Structural properties 
XRD patterns of the samples of the series Cu1-xZnxFe2O4 indicate single-phase cubic 
spinel structure for all compositions. Fast cooling gives cubic CuFe2O4 spinel and slow 
cooling stabilizes tetragonal structure. The lattice parameter increases linearly with 
increasing x value from 0.0 to 1.0 obeying Vigard’s law. The increase in lattice constant 
with Zinc content can be attributed to the larger ionic size of Zn2+ 

(0.82Å) than that of 
Cu2+ 

(0.70Å). The homogeneity of the samples was confirmed by EDAX and SEM. The 
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analysis of EDAX data shows that the samples are in good stoichiometric state. The 
morphology of the samples investigated by SEM shows that the average grain size is 
between 5 to 50 µm. 
 

(b) Magnetic properties 
The M-H curves for the samples with concentrations (X = 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 0.8 
and 1.0) were obtained using vibrating sample magnetometer (VSM) at room 
temperature. By slow cooling CuFe2O4 shows tetragonal structure with higher remanent 
(Mr) and coercivity (HC) and lower saturation magnetization (Ms). Ms can be enhanced by 
quenching from higher temperature with cubic structure. Zn-ferrite is paramagnetic at 
R.T. Ms reaches maximum at x = 0.4 which may be attributed to transition from collinear 
to non-collinear spin structure arrangement. The coercivity is small and its decreasing 
trend with increasing zinc content could be due to the decreasing of the magnetic 
anisotropy as a result of increasing zinc content. 
 

(c) Dielectric properties 
The variation of the dielectric constant ε′ was studied as a function of frequency and 
composition. All samples show similar behavior (normal behavior) where both ε′ and 
tanδ decrease with increasing frequency. The values of ε′ and tanδ decrease rapidly in the 
lower frequency range and marginally in the MHz frequency range. This behavior can be 
explained on the basis of Koops’ model in which the dielectric structure (ferrite) is 
composed of well conducting grains, which are separated by poorly conducting thin layer 
grain boundaries, such as an equivalent of a resistor and a capacitor. There are two types 

of charge carrier exchange in this system i.e. Fe2+⇌ Fe3+ and Cu1+⇌ Cu2+. When an 
electric field is applied, it could induce a local displacement of charge carriers through 
hopping to accumulate at the separating boundaries. The build up of charge carriers at the 
interfaces corresponds to a charge polarization and dielectric constant. At high 
frequencies, the jumping frequency of electric charge carriers cannot follow the alteration 
of applied AC-electric field beyond a critical frequency and the probability of charge 
carriers reaching the grain boundaries decreases resulting in decrease of the polarization 
and dielectric constant. The dielectric loss (tanδ) arises due to lag of the polarization 
behind the applied alternating electric field and is caused by the impurities and 
imperfections in the crystal lattice.  
     The AC-resistivity (ρAC) decreases with increasing frequency. The conduction process 
in copper ferrites can be explained in terms of the electron-hopping model of Heiks and 
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Johnson. The charge carriers exchange Fe2+⇌ Fe3+ and Cu1+⇌ Cu2+ occurs by random 
transfer between adjacent octahedral (B) sites in the spinel lattice. The magnitude of 
exchange, which controls the conduction in ferrites, depends on the concentration of 
Fe2+/Fe3+ and Cu1+/Cu2+ ion pairs present on B-sites. The dielectric constant and 
dielectric loss tangent  decrease with increasing zinc content up to x = 0.6 followed by an 
increase in x-value. This could be ascribed by the existence of two types of charge 
carriers created during the sintering process where the Cu1+/Cu2+ pair decreases and 
Fe2+/Fe3+ increases. 
 
Studies on Cu-Zn ferrite nanoparticles 
 
The results on Cu-Zn ferrite nanoparticles synthesized by modified coprecipitation 
method are presented below 
 

(a) Structural properties 
XRD results confirmed the formation of the M-ferrite phase (spinel structure). The XRD-
patterns for the as-coprecipitated samples show single broad lines without any impurity 
or secondary phase. The broadening of XRD peaks may come mainly from the reduced 
particle size and strain in the crystal. Sharpness of lines increases and (222) peak appears 
when samples are calcined at 700°C and 850°C. This corresponds to grain growth and 
improved particle crystallinity. The mean particle size of the as-coprecipitated samples is 
in the range of 5-10 nm and increases gradually with increase in the calcination 
temperature for all the compositions. The variation of the lattice parameter as a function 
of calcination temperature is estimated. This result is in good agreement with the results 
reported on ferrite fine powders. The thermal treatment of the samples at higher 
temperatures leads to grain growth and provides sufficient energy to allow reordering of 
the metal cations into their preferable sites resulting in typical properties of the bulk 
material. The homogeneity of the samples has been conformed by EDAX and SEM. The 
EDAX results show that the synthesized samples have stoichiometry close to the starting 
composition. The morphology of the samples investigated by SEM shows that the 
average particle size varies in the 50 - 70 nm range.  
 

(b) Magnetic properties 
     The M-H curves for the samples with concentrations (X = 0.0, 0.2, 0.4, 0.5, 0.6, 0.7, 
0.8 and 1.0) were obtained using vibrating sample magnetometer (VSM) at room 
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temperature. The plots were used to estimate magnetic moment for various synthesized 
samples. 
     It is found that the magnetic moment of the nanoparticle samples sintered at 850 °C is 
higher than those of corresponding bulk samples. The magnetic moment also increases 
with the increase in zinc content up to x = 0.4 followed by a decrease with further 
increase in Zn content similar to the case of bulk samples. The increasing trend in 
magnetic moment can be explained on the basis of Neel’s two sub-lattices model. 
However, the decreasing trend cannot be explained on the basis of the Neel’s two sub-
lattices model. It may be due to the non-zero Yafet-Kittel angles for all the samples with 
x> 0.4. The estimated value of Y–K angle increases exponentially with the increase in Zn 
concentration for x ≥ 0.4. The non-zero Y–K angle suggests that the magnetization 
behavior cannot be explained on the basis of Neel two sub-lattices model due to the 
presence of spin canting on B sites, which increases the B–B interaction and 
consequently decreases the A–B interaction. These results show that in the present 
system of ferrites, the randomness increases as Zn is substituted at Cu sites leading to a 
significant departure from Neel’s collinear model. We also found that the magnetic 
moment of the as-coprecipitated zinc ferrite increases with decrease in particle size. The 
highest value of magnetic moment for as-prepared zinc ferrite nanoparticle is about 12 
emu/g at room temperature. The magnetic moment decreases with increase in calcination 
temperature. 
     The variation of the dielectric constant ε′ of the ferrite nanoparticle samples has been 
done as a function of frequency and composition. All samples show normal behavior 
where both ε′ and tanδ decrease with increasing frequency. The values of ε′ and tanδ 
decrease rapidly in the lower frequency range and marginally in the MHz frequency 
range. This behavior can be explained on the basis of Koops' model as for the bulk 
samples. The analysis of the data has been done on the same lines as for the bulk 
samples.  
     EPR spectroscopy has provided significant information concerning the homogeneity 
of the ferrite samples and the dynamics of the ferromagnetic transition. This chapter 
covers the detailed temperature dependent EPR study on the nanoparticles of zinc ferrite 
and copper substituted zinc ferrites.  For zinc ferrite and copper substituted zinc (10, 20 
and 30% Cu) ferrite samples, the temperature dependence of FMR spectra shows 
substantial changes in the line shape of resonance near the transition temperature due to 
the existence of multi-magnetic phases (para-, ferro- and antiferromagnetic phases) over a 
wide range of temperature. For 40 and 60% substituted, the ferro-to-para transition is 
very sharp. The data is analyzed in view of various theoretical models. 
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Studies on thin films of Cu-Zn ferrites 
 
The detailed study of the structural, magnetic and optical properties of ferrospinel Cu1-

xZnxFe2O4 (x = 0, 0.4 and 1) thin films deposited by rf-magnetron sputtering are given 
bellow. 
 
 CuFe2O4 thin films 
The structure and morphology of the deposited films were investigated using X-ray 
diffraction (XRD) and atomic force microscopy (AFM). The XRD data indicate that the 
films crystallize in cubic spinel structure. The AFM images show the nanocrystalline 
nature of the films. The XRD and AFM studies of the as-deposited films indicate 
nanocrystalline cubic spinel structure. In case of CuFe2O4 films an observed increase in 
the intensity of (400) line at the expense of (220) line with increase in O2 content is 
ascribed to the change in distribution of Cu and Fe-ions among tetrahedral A-site and 
octahedral B-sites. The grain size depends on the process gas environment and varies 
between 55 and 75 nm. The smaller value is obtained for the film deposited under the 
pure argon environment. 
     The highest saturation magnetization (Ms) of 264 emu /cc (in-plane) and 188 emu /cc 
(out of-plane) were obtained for the as-deposited CuFe2O4 films in pure Ar at 12 mTorr. 
The high deposition rate in reducing atmosphere leads to the formation of Cu+ ions which 
prefer occupation of the A-site in the spinel structure displacing Fe3+ cations to occupy 
the B-sites giving rise to the change in cation distribution among A and B-sites and 
consequently leading to high value of MS. The decrease in MS value with increase in 
oxygen content is ascribed to decrease in film growth rate and Cu+ concentration which 
allow the cations to take up their preferable sites. The observed change in the film 
properties with environment are due the presence of multivalent copper and iron ions 
with differing site preferences. 
     The magnetization-temperature (M-T) curves of as-sputtered CuFe2O4 thin films 
deposited at 12 mTorr of Ar, O2 and (Ar+ O2) gas pressure under zero field cooling and 
field cooling (ZFC–FC) conditions were measured in an external field of 100 Oe in the 
temperature range 80-300 K. The ZFC/FC measurements for the as-deposited films show 
significant irreversibility. The discrepancy between the zero-field-cooled (ZFC) and 
field-cooled (FC) dc magnetizations demonstrate that the magnetism of the present thin 
film can be attributed to the superparamagnetism with the interaction among magnetic 
clusters. 



 258

  
ZnFe2O4 thin films 
 
The RT-magnetic measurements of ZnFe2O4 show ferrimagnetic behavior, and it strongly 
depends on deposition environment and process gas working pressure. The maximum 
magnetization of 230 emu/cm3 (42 emu/g) at RT is obtained for the film deposited at 27 
mTorr of oxygen pressure. The oxygen vacancy concentration and random distribution of 
Zn2+ and Fe3+ on both tetrahedral and octahedral sites are the possible reasons of high 
magnetization due to rapid cooling of sputtered vapors to form solid state film. 
     The magnetization versus temperature (M-T) curves of as-sputtered and annealed 
ZnFe2O4 thin films in an applied field of 100 Oe recorded in the zero field cooling – field 
cooling modes (ZFC–FC) in the temperature range 80-300 K show significant 
irreversibility. The curves coincide at high temperatures and follow different trends as the 
temperature is decreased from 300 to 80 K. In the FC mode, the magnetization continues 
to increase with decreasing temperature below the peak temperature TB, without a 
tendency towards saturation demonstrating Curie-like behavior, whereas the ZFC 
magnetization shows a maximum followed by a steady decrease to smaller values in the 
low temperature region. The peak temperature shifts toward lower values with increase in 
annealing temperature. This is due to the disordered cation distribution of Zn2+ and Fe3+ 
ions in the spinel structure and can be explained in terms of superparamagnetism with 
intercluster interactions suggesting that a ferrimagnetic order occurs for localized 
magnetic moments. The variation of TB with Ta is mainly ascribed to the redistribution of 
Zn2+ and Fe3+ ions toward normal spinel structure. 
     Ferromagnetic Resonance (FMR) studies were carried out as a function of 
composition, orientation and temperature on as-deposited RF-sputtered nanocrystalline 
ferrite thin films. The in-plane FMR linewidth (∆H) increases and the resonance field 
(HR) decreases with decrease in temperature. The annealing of the films in air at 500 0C 
for 3hrs decreases ∆H confirming disorder as the source of FMR line broadening for the 
as deposited films. The effective magnetization (4πMeff) of 1500 to 2200 G and 
gyromagnetic ratio (γeff) of 2.8 to 3.08 GHz/kOe were estimated using Kittel’s equations. 
The uniaxial anisotropic field of 800 to 1164 Oe observed for the films is assigned to 
preferential orientation of grains. 
 
     The optical constants of the films were extracted from the transmission spectra by the 
envelope method. It is found that the refractive index (n) and the energy band gap (Eg) 
increase with increase in Zn-content. The films deposited under Ar environment having 
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lower values of n and Eg. These values are enhanced by depositing the films in higher O2 
gas pressure. The estimated direct energy band gap values for the film deposited at 8 
mTorr of gas pressure in pure Ar is 2.43 eV. For the films deposited in pure O2, the band 
gap increases from 2.48 to 2.61 eV as the O2 pressure is increased from 8 to 31mTorr. 
The absorption is attributed to the 3d5→3d44s1 transition of Fe3+ ions, where the 4s 
orbital of Fe3+ is thought to contribute to the conduction band. The dispersion of the 
refractive index (n) is discussed in terms of the single-oscillator Wemple–DiDomenico 
model. This model is also used to estimate the dispersion parameters and the static 
refractive index. 
 
Cu0.6Zn0.4Fe2O4 thin films 
The detailed studies on bulk Cu1-XZnXFe2O4 ferrites show that the highest magnetization 
of ~ 330 emu/cc is obtained for the composition Cu0.6Zn0.4Fe2O4. There is no report in the 
literature on the properties of copper-zinc ferrite thin films. We carried out a detailed 
study of crystal structure, magnetic and optical properties of Cu0.6Zn0.4Fe2O4 ferrite thin 
films. The films were deposited by RF-magnetron sputtering with RF power of 100 W in 
pure Ar, pure O2 and (Ar+O2) at various working gas pressure. The XRD patterns show 
that the deposited films are single-phase and belong to spinel Cu0.6Zn0.4Fe2O4 ferrite with 
cubic symmetry without any secondary or impurity phases. XRD studies also confirm the 
change in the crystal structure with gas content and the nanocrystalline nature of the as-
deposited films. The average crystallite size increases from 5 to 21 nm with increase in 
Ar pressure from 5 to 15 mT. With increase in Ar content the relative intensity ratios of 
planes I220/I400, I440/I400 and I422/I400 increases. It is known that for spinel–ferrite the 
increase in intensity ratios of these planes is related to the increase in disorder parameter 
and consequently to the increase in magnetization. This behavior is an indication of the 
film orientation which can be assigned to the special conditions of the film preparation 
and the change in distribution of Cu, Zn and Fe ions among tetrahedral A-site and 
octahedral B-sites. The films deposited at lower pressure show higher cell parameter 
(8.5Å) compared to the bulk due to strain introduced in the film during deposition. The 
strain reduces with increase in Ar pressure and cell parameter approaches the bulk value. 
     The saturation magnetization (Ms) increases and coercivity (HC) decreases with 
increasing Ar pressure. Ms decreases from 283 emu/cc to 150 emu/cc as the O2 content 
increases from 0 to 100 % in the (Ar + O2) mixture. The variation of working pressure 
does not show any significant effect on the MS value when the films are deposited in O2 
environment alone. The large magnetization of the films sputtered under Ar environment 
can be due to the appropriate deposition parameters used in the present study which lead 
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to preferential orientation of ferrimagnetic clusters. . The high deposition rate in pure Ar 
environment can lead to freezing of some Cu-ions on tetrahedral A-sites and equivalent 
number of Fe ions on octahedral B-sites during the deposition process. Furthermore, the 
deposition in reducing (argon) atmosphere may lead to the formation of Cu+ ion, having 
larger ionic radius than the Cu2+ ion. The Cu+ ions prefer occupation of the smaller four-
coordinated A- site in the spinel structure and displace Fe3+ cations to occupy the B- sites. 
The formation of Fe2+ cannot be ruled out in the spinel structure where a fraction of Fe3+ 
will be replaced by Fe2+ ions. So the general cation distribution can be represented as 
((Cu2+Cu+)d Zn2+Fe3+

1−d)tetra[Cu2+
1−d(Fe2+Fe3+)1+d]octaO4

2− where d is the inversion 
parameter. The occupancy of the nonmagnetic Cu+ and Zn2+ ions on A-sites dilutes the 
magnetic moment on A-sites leading to large difference between magnetization on B and 
A sites causing a strong negative super-exchange interaction between Fe3+ ions on both 
sites which in turn cause ferrimagnetic behavior with large magnetization. The value of 
coercivity, HC decreases from 170 to 67 Oe with increase in Ar pressure from 5 – 15 
mTorr.  This can be correlated to the crystallite size and the presence of significant 
inhomogeneities. The smaller crystallites in the case of thin films deposited under low Ar 
pressure has larger volume of the boundaries and consequently more energy is required to 
rotate the grains by the external field and thus leading to higher coercivity. 
     The M-T studies were carried out in the ZFC/FC modes for the as-deposited 
Cu0.6Zn0.4Fe2O4 films in Ar and O2 environments. Both the films show that the MFC(T) 
monotonically increases with decreasing temperature, whereas MZFC(T) shows a 
maximum, corresponding to spin freezing temperature or what is called blocking 
temperature TB. Such a behavior is caused by the disordered cation distribution of 
Cu2+(Cu+), Zn2+ and Fe3+(Fe2+) ions in the spinel structure and can be explained in terms 
of superparamagnetism with intercluster interactions 
     The FMR spectra for the deposited films were recorded at a frequency of 9.2 GHz for 
parallel ( ) and perpendicular ( ) orientations of the applied field with respect to the 

film plane. The parallel FMR spectra show single symmetric Lorentzian line-shape. The 
perpendicular FMR spectra show slightly asymmetric with a second minor peak. The 
strong out-of-plane dependence of the FMR spectra reveals the presence of induced 
growth anisotropy in the films. This anisotropy decreases with O

||H ⊥H

2 content. The FMR 
resonance line width (∆H) is also strongly influenced by working gas pressure. The 
decrease in ∆H with Ar pressure correlates with the hysteresis and coercivity in the 
magnetization data which decrease with increasing Ar pressure. The line shape in 
perpendicular FMR is more sensitive to microstructural inhomogeneity than the in-plane 



 261

case. These qualitative conclusions are also consistent with the highly textured nature of 
the films.  The FMR parameters such as g-value and anisotropy field (Hu) were extracted 
using Kittel’s equations from parallel ( ) and perpendicular ( ) orientations of the 

applied field with respect to the film plane. 
||H ⊥H

 
The main results presented in the thesis are summarized as follows: 
 

1. The analysis of x-ray diffraction data shows the nanocrystalline nature of the 
samples indicating the presence of octahedral zinc in ZnFe2O4 and tetrahedral Cu 
in CuFe2O4 thin films and nanoparticles. 

 

2. The addition of nonmagnetic zinc to copper ferrite improves the magnetization 
reaching the highest value of 62 and 67 emu/g at x = 0.4 for bulk and 
nanoparticles respectively followed by a decreasing trend with further increase in 
zinc content. 

 

3.  DC-magnetization studies show superparamagnetic behavior of as-prepared 
samples of zinc ferrite and copper ferrite nanoparticles. This is attributed to 
breaking of superexchange bonds due to oxygen vacancies produced during 
producing stage. 

 

4. DC-magnetization studies show ferrimagnetic behavior of as-deposited zinc 
ferrite and copper ferrite thin films. 

 
5. An enhanced magnetization compared to bulk zinc ferrite was observed in films 

prepared by RF-magnetron sputtering. The magnetization reaches value of about 
42 emu/g at RT.  

 
6. Temperature dependence of FMR studies show the presence of competing ferro- 

and antiferromagnetic exchange interactions arising from Fe clustering in Zn and 
Cu-ferrite nanoparticles and thin films 

 
7. High value of saturation magnetization (Ms) of 264 emu /cc (in-plane) and 188 

emu /cc (out of-plane) were obtained for the as-deposited CuFe2O4 thin films in 
pure Ar.  
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8. The temperature dependent magnetization M(T) measurements in the ZFC-FC 
mode demonstrate that the magnetism of the films can be attributed to the 
superparamagnetism with the interaction among magnetic clusters. Spin freezing 
occurs at a temperature (TB) close to room temperature in zinc ferrite films.  TB 
moves towards lower temperature with increase in annealing temperature. The 
mean blocking temperature for CuFe2O4 and Cu0.6Zn0.4Fe2O4 films deposited 
under Ar-atmosphere is well above room temperature which could be due to the 
larger coercivity field of these films compared to the applied field of 100 Oe. The 
films deposited in O2 environment show superparamagnetic behavior at RT and 
the blocking temperature is ~ 275K. 

 
9.  The optical transmission of ZnFe2O4 thin films is high in the visible (about 85-

80% depending on thickness and gas type and pressure), with excellent UV 
absorption properties. The transmission and optical band-gap decrease with 
increase in copper content and thickness of the films. 

 
10. The post-deposition annealing of the films has been found to alter the film’s 

microstructure and properties. Annealing alters the distribution of oxygen defects, 
reduces the stress of the thin film and causes grain coarsening and re-
crystallization. Annealing increases the porosity, the transparency and optical 
band gap for the films deposited in Ar-atmosphere.  

 
11.  Annealing at lower temperatures (< 200°C) does not show a significant effect on 

the crystal structure. But annealing in air at higher temperatures (> 300°C) 
increases the oxygen content and the porosity of thin films, leading to 
improvement in the film transparency and grain alignment. 

 
12.  The dielectric constant and dielectric loss are smaller in the case of nanoparticle 

samples than those of bulk counterparts. This could be attributed to improvement 
in the homogeneity and density of the samples prepared by coprecipitation 
method. 
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   In conclusion, the thesis presents some new results as well as improvements on the 

information available in the literature on Cu-Zn ferrites. The thesis presents a systematic 

study of structural, magnetic and dielectric properties of Cu1-xZnxFe2O4   (0 ≤ x ≤1) 

samples in bulk, nanoparticles and thin film form. The thesis provides the preparation 

method of these ferrites in nanoparticle form by coprecipitation technique at lower 

sintering temperature of 850 °C with improved dielectric and magnetic properties 

compared to corresponding bulk ferrites. The systematic studies of structural, magnetic 

and dielectric properties as a function of nanoparticle size and pH-value are carried out in 

this work. Such studies are not reported in the literature. 

 

   The present work provides extensive study of magnetic, structural and optical 

properties of Cu, Zn and CuZn ferrite (Cu0.6Zn0.4Fe2O4) films. The ferrite films with 

improved magnetic properties were obtained by RF-sputtering on the unheated substrates 

using moderate power level without annealing but only by adjusting the process gas 

environment and target to substrate distance. There is no report on the synthesis and 

properties of mixed Cu-Zn ferrite thin films. However, there are a number of studies on 

Cu and Zn-ferrite thin films reported in the literature. In these studies higher 

magnetization values were achieved either by substrate heating or annealing the films at 

high temperatures or by using high RF- power level. The magnetic properties of ferrites 

are determined by site occupancy in the spinel structure. The site occupancy of various 

cations on A- and B- sites of the spinel structure of the ferrite films has been determined 

qualitatively using XRD spectra. The observed variation in the relative intensity ratios of 

I220/I400, I440/I400 and I422/I400 planes in the XRD spectra of the films is ascribed to the 

random distribution of the cations (Cu, Zn and Fe) among A- and B-sites. The 

quantitative analysis using Rietveld fittings of the XRD patterns did not provide accurate 

values of site occupancy in the spinel structure due to low counts and broad peaks in the 

XRD spectra. It is known that by using Rietveld refinement of x-ray diffraction data, it is 

difficult to deduce the degree of cation disordering, due to the similar scattering strength 

of cations. In the case of nanocrystalline thin films and nanoparticles such as our samples, 

the problem is more serious because of the broadness of the diffraction peaks. In the 

recent years the extended x-ray absorption fine structure (EXAFS) analysis has been used 
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to determine the degree of cation disordering in various spinel ferrites including NiZn 

ferrite, MnZn ferrite and Cu ferrite. EXAFS offers structural parameters concerning 

ambient atoms, such as coordination numbers and interatomic distance. On the other 

hand, x-ray absorption near-edge structure (XANES) analysis provides information about 

the electronic state and chemical bond of a specific atom. Since EXAFS and XANES 

give complementary information, the combination of both spectral analyses should be 

more effective in clarifying the local environment of a specific atom. Recently, these 

techniques have been used (Ref. 53, Chap. 5) to estimate the cation distribution over A- 

and B-sites in the spinel structure of ferrite thin films. 

 

   There is no report in the literature on FMR and optical properties of Cu-Zn ferrite thin 

films. The FMR data under zero-field cooled (ZFC) and field cooled (FC) conditions of 

the sample, confirm the disordered cation distribution of Cu2+, Zn2+ and Fe3+ ions in the 

as-deposited spinel lattice. The studies on the thin films annealed in air confirm disorder 

as the source of FMR line broadening for the as deposited films. The data have been 

analyzed in view of Kittle’s theoretical model. 

 

   The optical properties of the present ferrites thin films confirm them to be semi-

transparent. The optical experimental data is analyzed in view of single oscillator 

Wemple-DiDomenico model. The optical studies have provided the estimation of optical 

constants for these films which will be useful for their application in optoelectronic 

devices.  

 

   The present work on thin films has provided important data which may be useful for 

their applications in designing micro-transformers, micro-inductors, recording and 

microwave devices.  
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