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Abstract 

Coprecipitation method was used to prepare pure and doped CoFe2O4 nanoparticles. 

Ferric and cobalt salts were used as precursors while oleic acid was used as surfactant. X-

ray Diffraction and Transmission Electron Microscopy analysis confirmed single phase 

of nanoparticles with particle size ~20 nm. Electron transport in CoFe2O4 nanoparticles 

was investigated using impedance spectroscopy from 300 K to 400 K over wide 

frequency range (20 Hz - 2 MHz). Impedance spectroscopy of CoFe2O4 nanoparticles 

revealed a semiconductor to metal transition at ~330 K. The semiconductor to metal 

transition was attributed to existence of mixed valance states of Fe cations, reverse cation 

distribution among octahedral and tetrahedral sites and various types of interactions 

between these cations. Variation of exponent “s” with temperature suggested that 

overlapping large polaron tunneling was the dominant conduction mechanism in cobalt 

ferrite nanoparticles. The Mössbauer spectroscopy demonstrated the mixed inverse spinel 

structure of the CoFe2O4 nanoparticles. X-ray Photoelectron Spectroscopy analysis was 

carried out to study the oxidation states and environment of Fe and Co cations. Electrical 

properties of Sn
2+

 and La
3+

 doped CoFe2O4 nanoparticles were studied in detail. The 

change in dielectric constant and ac conductivity of CoFe2O4 nanoparticles were 

observed with dopant concentration. The temperature induced delocalization of charge 

carriers and metallic phase in Co0.6Sn0.4Fe2O4 nanoparticles was explained using M(H) 

loops and impedance spectroscopy. Metallic nature of Co0.6Sn0.4Fe2O4 nanoparticles 

above 360 K was attributed to dominancy of delocalized charge carriers Fe
3+
–Fe

2+
/Co

3+
–

Co
2+

 interactions over localized charge carriers Fe
3+
–O

2−
–Fe

3+
/Co

2+
–O

2−
–Co

2+
 

interactions. This was suggested that the wasp - waist magnetic hysteresis loop was due 

to simultaneous existence of ferromagnetic and antiferromagnetic domains in the system. 

The M(H) loops of Co0.6Sn0.4Fe2O4 nanoparticles indicated that at lower temperatures the 

superexchange interaction was dominant as compared to double exchange interaction 

while at higher temperatures double exchange interaction becomes more strong. The open 

M(H) loops of Co0.6Sn0.4Fe2O4 nanoparticles indicated the absence of magnetic 

saturation. The temperature dependent electrical behavior of the grain boundaries was 

reported and discussed in terms of depletion space-charge layer in the vicinity of grain 

boundaries. 
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Chapter 1  

Introduction 

The naturally occurring spinel Magnetite (Fe3O4) was the first discovered ferrite. The 

terminology spinel resulted from the Italian word “spinella”. Compass was the first 

application of spinel ferrite [1]. Magnetite exhibits novel magnetic properties such as 

ferrimagnetism and high Curie temperature. In addition to its novel magnetic properties, 

magnetite has some remarkable electrical properties as well, such as metal insulator 

transition, dipole relaxation, high dielectric constant and high dielectric loss [2-3].  

Magnetite crystallizes in the inverse spinel structure i.e. face centered cubic lattice with 

two types of interstitial sites (octahedral and tetrahedral). The general formula of spinel 

ferrite is AB2O4. A represents the divalent cations e.g. Nickel, Zinc, and Cobalt and B 

represents the trivalent cations such as Iron, aluminum, chromium and manganese. 

Basically Magnetite is a ferrimagnetic material and the cation among tetrahedral A and 

octahedral B sites is (Fe
3+

)
A
[Fe

2+
Fe

3+
]

B
. The semiconductive behavior of magnetite is 

changed into metallic type behavior as the temperature is decreased down to 120 K. This 

may be attributed to the change in crystal symmetry and charge ordering [4-5]. Previous 

experimental and theoretical studies reveal that the magnetic and electrical properties of 

magnetite are strongly correlated with the structure, cation distribution, and the valance 

state of the constituent elements [6-7].  A number of spinel ferrite compounds have been 

reported in literature. These compounds are derived from its parent compound Fe3-xMxO4.   

M may be any transition element such as Co, Fe, Zn, Mn. Cobalt ferrite (CoFe2O4) is an 

important member of the magnetite family. The structural properties of CoFe2O4 are 

similar to those of Fe3O4 with the exception that the divalent Fe
2+

 is now replaced by 

Co
2+

.  

Cobalt ferrite is a ferrimagnetic ceramic which behaves as a hard magnetic material and 

exhibit moderate magnetization, high coercivity, high electrical resistivity, low eddy 

current losses along with the exchange bias effect [8-9]. These novel electrical and 

magnetic properties are governed by the transition metal cations such as Co
2+

, Fe
2+

, Fe
3+

 

and strongly depend on the cations distribution, sintering temperature, condition of 

preparation, method of synthesis and type of dopant materials [10]. These properties 
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present cobalt ferrite as a good candidate for various types of applications such as 

computer, recording media, biomedical and sensors98. The cobalt ferrite nanoparticles 

can be used in cancer thermotherapy in which these nanoparticles produce localized 

heating in cancerous regions [11]. Recently, CoFe2O4 nanoparticles were investigated to 

use them in the development of deoxyribonucleic acid (DNA) and ribonucleic acid 

(RNA) bio-sensors [12]. Nanostructured cobalt ferrite is widely used in various types of 

sensors. Manganese doped cobalt ferrite provide a good opportunity for the CO2 gas 

sensor devices [13]. Moreover, the optimized doping of Mn can control the Curie 

temperature and magnetostrictive parameters, suitable for stress sensor applications. [14].  

During the past two decades the electrical and magnetic properties of bulk and 

nanostructured cobalt ferrite were extensively studied [15-18]. Magnetic response of 

cobalt ferrite nanoparticles was explained on the basis of core-shell model [19]. It has 

been observed that increase in the exchange bias is sharp at low field and low at high 

applied field. Such type of variation was attributed to the response of surface spins with 

applied field [19]. High temperature magnetic properties of cobalt ferrite nanoparticle 

were investigated by J.A. Franco and F.C. e Silva [20]. They reported that magnetic 

properties of cobalt ferrite nanoparticles decrease with increasing temperature and 

saturation magnetization approaches zero at ~ 830 K. These results were explained on the 

basis of thermally activated interparticles interaction, cation distribution and other types 

of heterogeneities in the system.  

X -Ray photoelectron spectroscopy (XPS) of CoFe2O4 nanoparticles revealed that various 

Fe cations (Fe
2+

, Fe
3+

) and Co cations (Co
2+

, Co
3+

) occupying octahedral and tetrahedral 

sites, have different binding energies [21-22]. It means that cations of the same element 

with different oxidation states and coordination have different binding energies and can 

be resolved through XPS analysis. Biesinger et al explained the multiplet splitting in Fe 

2p and Co 2p spectra [23]. This multiplet splitting occurs when a core electron is 

removed by photoionization, resulting in coupling between unpaired core electrons and 

unpaired electrons in outer most shell.  

In literature the knowledge about electron transport in 3d transition metal e.g. Fe, Co, 

Mn, Cr oxides is comparatively less than that of pure metals, ionic insulators and doped 

semiconductors [24]. A compound is said to be metallic if its resistance increases with 
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rise in temperature irrespective of the value of resistivity, likewise a compound is said to 

be semiconductor if its resistance decreases with rise in temperature. The previous 

literature about manganites and magnetites reveals no clear difference between insulators 

and semiconductors [24]. Most of the transition metal oxides with metallic behavior are 

ferromagnetic because the electron transfer occurs through double exchange interaction. 

In the same manner the ferromagnetic order transforms the whole electron transport from 

thermally activated (semiconductor) to metal like [24]. The occurrence of 

ferromagnetism and antiferromagnetism has been investigated in detail and some simple 

rules govern these phenomena. In 1951 Zener introduced the double exchange 

mechanism to explain the ferromagnetism [25]. Zener interpreted that ferromagnetism is 

due to the indirect coupling of electrons in d sub-shell through conduction electrons. 

According to Hund’s rules all electrons in d sub-shell will occupy the lowest energy 

levels with parallel spins. The spins of conduction electrons remain unchanged during 

their traveling among atoms.  The transport of these conduction electrons is possible in 

the environment of parallel spins of d sub-shell electrons. It was also assumed that the 

direct coupling of d sub-shell electrons arranges their spins in an antiparallel way. Hence, 

it should be noticed that ferromagnetism will always occur in the presence of some 

indirect coupling e.g. conduction electrons. In the Zener model of double exchange in 

manganites the role of oxygen is ignored and the charge carriers become delocalized. 

This delocalization of electrons is more favorable when electrons gain kinetic energy 

(thermal energy) [24]. On the other hand the super exchange interactions of both t2g and 

eg occur through O 2p orbital. Most of superexchange interactions lead to AFM order and 

electrons are localized. The superexchange interactions were first introduced by Kramers 

in 1934 [26] and later on analyzed by Goodenough [27]. In 1960, Goodenough 

investigated both the electrical and magnetic perspectives of the superexchange and 

double exchange interactions [28].  As described earlier in double exchange interactions, 

oxygen does not play the role of intermediary anion while in superexchange interaction, 

the oxygen plays this role; therefore Goodenough introduced the electrical terminologies, 

cation-anion-cation and cation-cation interactions for superexchange and double 

exchange interaction respectively. Goodenough proposed that strong cation-anion-cation 

and weak cation-cation interactions lead to semiconductor behavior of the system while 



 

4 

 

strong cation-cation and weak cation-anion-cation interactions impart metallic nature to 

the system. According to Goodenough these two types of interactions may exist 

simultaneously in various oxides containing transition metal cations with different 

oxidation states in Fe2O3, NiO, V2O3, Cr2O3 [28].  The semiconductor to metal transition 

has been widely investigated for many pervoskites e.g. LaCoO3, LaNiO3 La1-xCaxMnO3 

BiFeO3 and spinel magnetite Fe3O4 [29-34]. Recently, a semiconductor to metal 

transition at high temperature (348 K) has been reported in spinel NiFe2O4 nanoparticles 

[35-36]. This transition in nickel ferrite nanoparticles was explained on the basis of 

reverse cation distribution among octahedral and tetrahedral sites and various types of 

interactions. 

Most of the studies regarding the electrical behaviour of bulk and nanostructured cobalt 

ferrite confirm its semiconductor nature [10]. However, as the particle size decreases 

below 20 nm, the surface effects increase and most of the atoms reside on the surface of 

the nanoparticles. The surface contains various defects such as oxygen vacancies, 

dangling bonds etc. These defects drastically affect the conduction mechanism and 

various magnetic and electrical interactions among atoms. In depth investigations of 

CoFe2O4 nanoparticles are required to understand the effect of various types of magnetic 

and electrical interactions on conduction mechanism. The present study is about the 

thermally induced semiconductor to metal transition in cobalt ferrite nanoparticles and 

the results are explained in terms of electrical and magnetic interactions in the system. 

High resistance and low loss ferrite materials are used in many electronic applications 

such as switching-devices, mobiles and personal computers. The materials with high 

dielectric constants (≥10
3
) have become of immense interest for the miniaturized memory 

devices that are based on the capacitive components or energy storage principles [37-39].  

For this purpose, La
3+

 and Sn
2+

 were doped in CoFe2O4 nanoparticles to improve 

resistivity and dielectric properties. 
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1.1 Thesis outline 

Chapter 1 includes a brief introduction of the thesis which describes a brief history of 

the cobalt ferrite, its importance, and lack of study in this field and the significance of the 

present research work. 

In Chapter 2, various phenomena regarding electrical and magnetic parameters have 

been elaborated. Moreover, details about structure of ferrites in general and magnetic 

properties of ferrite nanoparticles are presented.  

Chapter 3 provides the details of coprecipitation technique. The working principles of 

various characterization techniques e.g. X-ray Diffraction (XRD), Transmission Electron 

Microscopy (TEM), Mössbauer Spectroscopy and Impedance Spectroscopy, have been 

described.  

In Chapter 4, temperature dependent electron transport in CoFe2O4 nanoparticles has 

been investigated through impedance spectroscopy. This chapter also includes X-ray 

Photoelectron Spectroscopy (XPS) and room temperature Mössbauer Spectroscopy of 

CoFe2O4 nanoparticles.  

Chapter 5 includes the structural and electrical properties of LaxCoFe2-xO4 (x = 0.00, 

0.03, 0.05, 0.07) and Co1-xSnxFe2O4 (x= 0.00, 0.10, 0.20) nanoparticles. This chapter also 

covers the effect of dopant concentration on structural and electrical properties (electrical 

conductivity and dielectric constant) of the system.  

Chapter 6 consists of detailed magnetic and electrical characterization of 

Co0.40Sn0.60Fe2O4 and the correlation between these two properties. The wasp-waist type 

M(H) loops of Co0.40Sn0.60Fe2O4 have been discussed in this chapter. The existence of 

ferromagnetic and antiferromagnetic domains is explained in detail. Moreover, the effect 

of grain boundaries on electron transport has been given in this chapter. 

Chapter 7 gives a conclusion of the research work presented in this thesis, followed by 

recommendations for future work. 
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Chapter 2  

Theoretical background 

2.1 Magnetic nanoparticles 

The physical entity having at least one of its dimensions in the range from 1 nm to 100 

nm can be regarded as nanostructure. The physical properties of the nanostructures are 

significantly different from their bulk counterparts. These nanostructures include various 

types of morphology with different dimensions e.g. nanoparticles, nanowires, nanofibers, 

nanosheets, nanotubes etc.  

Nanoparticles are quasi-zero dimensions nano-objects. All the linear dimensions of the 

nanoparticles are of the same order of magnitude. The magnitude of these linear 

dimensions is less than 100 nm [1]. The properties of the particles vary significantly as 

the size of the particles decrease. The reactivity of the particles increases when the 

particle size decreases and approach to nanometer scale [2]. Recently, nanostructured 

ferrites have become subject of great interest due to their unique optical, magnetic and 

electrical properties. These properties are different from those of the bulk materials, due 

to the size reduction to nanoscale and large surface to volume ratio of nanoparticles [3]. 

Magnetic nanoparticles with size less than 20 nm exhibit super paramagnetic phenomena 

because every particle behaves as a single magnetic domain [4]. In recent years, the 

enhancement in the magnetic and electrical properties of nanoparticles has been 

explained on the basis of core/shell model of nanoparticles [3]. The core region has 

perfect crystalline nature and the other is the shell region with weaker or broken 

crystallinity. There are mainly two reasons for the formation of core-shell structure in 

nanoparticles. Firstly, it may be due to the reduced coordination number of the surface 

atoms as compared to the interior (core) atoms that can break the crystallinity at the 

surface of nanoparticles, which results in the formation of core-shell structure [5]. 

Secondly, it could be due to the broken/tilted exchange (oxygen) bonds at the surface of 

the particles that is responsible for the broken crystallinity at the shell region [6]. From 

the magnetic point of view, core is the region where the magnetic order is perfect, or the 

spins are aligned completely in ferromagnetic order while at the shell region because of 

the broken exchange bonds the spins are randomized or tilted at the surface of the 
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particles. Therefore, the core of the particles behaves like ferromagnetic while the shell 

region behaves like spins-glass, frustrated, or randomized, which may not show complete 

ferromagnetic behavior [3]. The core shell model of magnetic nanoparticles is shown in 

the figure 2.1. The core spins are aligned in a proper direction (with good crystallinity) 

that can permit an ease to the flow of electrons in one direction when an electric field is 

applied. While in case of the shell because of the broken or weak crystallinity there may 

be some resistance offered to the flow of electrons that can resultantly increase the 

overall resistivity of nanoparticles at this (shell) region.   

                              

Figure 2.1 Core/shell model of nanoparticles 

 

2.2 Types of ferrite 

Ferrite can be divided into three categories. These categories are described briefly as 

follow. 

2.2.1  Hexagonal ferrite 

The general formula for hexagonal ferrite is M (Fe12O19) with magnetoplumbite type 

structure. The magnetoplumbite structure has one major favored direction namely c-axis 

and a minor direction namely a-axis. The lattice structure hexaferrite is identical to spinel 

type structure, except that now some oxygen layers contain some metal ions (Ba
2+

, Pb
2+

, 

Sr
2+

 ), as the ionic radii of these ions are almost equal to that of oxygen. Therefore, 

oxygen ions may be substituted by these ions. Hexaferrite are widely used as a permanent 

magnet. Hexagonal ferrites are further divided into six types namely M-type hexaferrite, 
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U-type hexaferrite, V-type hexaferrite, W-type hexaferrite, X-type hexaferrite and Z-type 

hexaferrite. 

2.2.2 Orthoferrite 

The general formula of orthoferrite is R3Fe5O12, where R represents rare earth element 

e.g. Y, Gd, and Dy. The orthoferrite is also known as garnet with orthorhombic type 

crystal structure. The garnet structure is more complicated with three types of sublattices, 

i.e. octahedral, tetrahedral and dodecahedral. This structure of orthoferrite makes it a hard 

magnetic material.  

The antiferromagnetic super exchange interaction causes a magnetic moment of 

5μB/molecules (small magnetization). The type of magnetic ions, bond angle and bond 

length strongly change the strength of antiferromagnetic super exchange interaction.  At 

180° this interaction is strong and it is weak at 90°. Form this point of view, the Fe
3+ 

(a)-

O-Fe
3+

(d) is strong because the bond angle is 126.6°.  

2.2.3 Spinel ferrite 

The spinel word has been originated from Italian word spinella, means spiky crystal.  

Bragg discovered the spinel structure in 1915 for the first time.  The general formula for 

compounds with spinel structure is ABO4,  where A represents the divalent metal cations 

(Co
2
+, Ni

2+
, Fe

2+
 etc) and B represents the trivalent cations (Fe

3+
, Al

3+
, Cr

3+
, Mn

3+
 etc). 

The spinel ferrite crystallizes into closed packed face centered cubic array of oxygen 

atoms with two types of sublattices sites [7-8]. The sublattices sites are namely 

tetrahedral site (surrounded by 4 oxygen atoms) and octahedral sites (surrounded by 6 

oxygen atoms). Single unit cell of spinel ferrite contains 8 formula units. The unit cell 

contains 64 tetrahedral sites and 32 octahedral B sites. Out of 64 tetrahedral sites 8 sites 

are occupied to neutralize the charge distribution inside a unit cell. Similarly out of 32 

octahedral sites only 16 are occupied by metal cations.  On the basis of cation distribution 

among octahedral and tetrahedral sites, spinel ferrite is classified into the following three 

types.  

2.2.3.1 Normal spinel  

In normal spinel divalent cations occupy tetrahedral sites and trivalent cations occupy 

octahedral sites. The general formula for normal spinel is [A]
tet

[B2]
oct

O4. ZnFe2O4, 

FeAl2O4 and NiAl2O4 are known to crystallize in the form of normal spinel. 
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2.2.3.2 Inverse spinel  

In inverse spinel structure half of the trivalent cations occupy octahedral sites and the 

remaining half occupy tetrahedral sites while divalent cations resides only on octahedral 

sites. The cation distribution in inverse spinel structure can be represented by the formula 

[B]
tet

[A, B]
oct

O4. Cobalt ferrite (CoFe2O4) and Nickel ferrite (NiFe2O4) are the example 

of inverse spinel. The conventional unit cell of spinel structure has been shown in figure 

2.2. 

 

 

Figure 2.2 Conventional unit cell of Inverse spinel structure 

2.2.3.3  Mixed spinel 

In random spinel structure the divalent (A) and trivalent (B) cations occupy both 

octahedral and tetrahedral sites simultaneously. The number of divalent and trivalent 

cations, residue on octahedral and tetrahedral sites randomly. This type of cation 

distribution can be presented by the formula [A1-δ, Bδ]
tet

[Aδ, B2-δ]
oct

O4, where δ is the 

degree of inversion. Normal and inverse spinel structures are the extreme cases of 

random spinel structure with δ = 1 and δ = 0 respectively. For mixed spinel the value of δ 

varies from 0 to 1.  
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2.3 Electrical properties 

The movement of electrons or holes is responsible for the conduction in ferrites [9]. Due 

to close proximity charge transfer between cations at the octahedral site governs the 

electrical conduction in ferrite [10]. The conductivity of ferrites can be explained on the 

basis of hopping model. This hopping model can be represented as 

Me
2+

-O
2-

-Fe
3+

   → Me
3+

-O
2-

-Fe
2+

     2.1 

Me represent any metal cation e.g. Co, Fe, Ni, Sn, Cr etc. The ions at the lattice site may 

be displaced by the interaction of electrons/holes and ions. This produces polarization at 

surrounding regions and the charge carriers (electron/holes) became trapped at the centre 

of polarized region. In this case transportation of charge carriers to the next neighbor is 

determined by the thermal energy provided to the system. The mechanism is called 

hopping and the energy provided to make the charge carriers jump is called activation 

energy.  

2.3.1 Complex impedance 

Impedance is equivalent of dc resistance for an applied ac voltage. In a dc circuit the 

current flow is only affected by simple resistance but in ac analysis the capacitors and 

inductance also play a major role in determining the amount of current flowing through a 

circuit. Therefore impedance will not only change the amplitude of the applied signal but 

also change phase and frequency of the applied voltage. Impedance is more wide-ranging 

than resistance because it contains frequency and phase differences.  

For an ac signal when V(t) = Vmsin (ωt) is applied to the system, a steady current          

I(t) = Imsin(ωt- ф) flows in the circuit. Here ω = 2πf is the angular frequency of the 

applied ac signal and ф is the phase difference between current and voltage as shown in 

figure 2.3. For a pure resistor ф = 0, while for both pure capacitor and inductor ф = 90
o
. 

For an inductive circuit the current lags the voltage by 90° while for capacitive circuit the 

current leads the voltage by 90°. 
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Figure 2.3 IV response for a capacitor ф = 90° 

The conventional complex impedance can be write as 
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Where Z' and Z″ is the real and imaginary part of the complex impedance, respectively.  

 

2.3.1.1 Impedance of an RC circuit 

Presently, researchers study the electrical response of materials in terms of complex 

impedance (Z' and Z″) as a function of frequency. This electrical response can be 

presented by different type of impedance plots e.g. Nyquist plot between Z' and Z″. These 

plots provide the best way to investigate various conduction mechanisms present in 

different electro active regions in the system e.g. electrode, interface and bulk effects. A 

better approximation of experimental impedance data can be performed by using an 

equivalent electrical circuit model.  These electrical circuits may consist of resistors, 

capacitors and inductors and other components. The capacitance and inductance may be 

due to the space charge polarization at various interfaces present in the system [11]. 

Consider an RC circuit consisting of a resistor and a capacitor connected in series as 

sown in the figure 2.4 (a). In this case, the resultant impedance is equal to the sum of all 

the individual components impedance and is given by  
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Equation 2.5 represents a straight line in the complex impedance plane along the 

imaginary axis with negative slope having intercept on the real axis at Rs as shown in the 

figure 2.4 (b). Usually the experimental data in term of real and imaginary part of the 

complex impedance result in a semicircular arc in complex impedance plane having 

center at the real axis as shown in figure 2.5 (a). This experimental data can be well fitted 

by using an electrical circuit consisting of a resistor and capacitor in parallel as shown in 

figure 2.5 (b). The complex impedance for such circuits can be express as 
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The radius of the semicircular arc is directly related to the resistance of the sample under 

investigation. Larger the radius of the semicircular arc larger will be the resistance of the 

sample and vice versa.  

 

Figure 2.4 (a) Series RC circuit (b) Complex impedance of series RC circuit 

 

Figure 2.5 (a) Parallel RC circuit (b) Complex impedance of parallel RC circuits 
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2.3.1.2  Constant phase element 

In general most of the systems (materials) deviate from the ideal capacitive behavior. 

This deviation from ideal capacitive behavior is termed as constant phase element. The 

constant phase element (CPE) arises from inhomogeneity in the system. This 

inhomogeneity in the system depends on porosity, degree of crystallinity, surface 

roughness, and various types of defects.  As a result the system does not have a unique 

relaxation time but a distribution of relaxation time. Fricke was the first who explained 

the phenomena of constant phase element [12]. 

Consider a circuit with an ideal capacitive behavior consisting of capacitor connected in 

series with a solution resistance as shown in the figure 2.6 (a). The impedance of this 

circuit results in a straight line in complex impedance plane plot (Z′′ Vs. Z′) while the 

corresponding admittance can be presented by a semicircular arc shown in figure 2.7a 

(solid line) and 2.7b (solid line) respectively. The complex impedance of this ideally 

capacitive circuit can be expressed by equation [13]. 

CjRZ *                                                               2.7    

Now consider the circuit with series connection of resistor R and constant phase element 

(figure 2.6b). To include CPE behavior (presented by dashed lines in figure 2.7a, and 

2.7b), the plot of ideal capacitive (presented by solid lines figure 2.7 a, b) behavior have 

to rotated by an angle ϕ= nπ/2. The corresponding complex impedance and admittance 

with CPE behavior can be represented by the following equations. 
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where Q is a constant with dimensions Ωcm
2
s

-(1-n)
. The admittance presented by equation 

2.8 results in a semicircular arc shown in figure 2.7b (dashed lines) with centers below 

the real axis. 

 

Figure 2.6 (a) Ideal series RC circuit (b) Series circuit with CPE 
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One of the most important circuit is the parallel combination of a resistor R capicitor 

or/constant phase element as shown in figure 2.8. This circuit results in a semicircular arc 

in complex plane plot as shown in figure 2.9. The dashed semicircular (figure 2.9) arc 

corresponds to the parallel circuit of resistror R and constant phase element (CPE).  

 

Figure 2.7 (a) Impedance and (b) Admittance of series RC circuit with ideal capacitive 

behavior (Solid lines) and CPE behavior (dashed lines) 

R

CPE

Element Freedom Value Error Error %
R Free(±) 4662 N/A N/A
CPE-T Fixed(X) 0 N/A N/A
CPE-P Fixed(X) 1 N/A N/A

Data File:
Circuit Model File: D:\Chapter 3\Sn doping\new fitting\cf x=0.20 Model.mdl
Mode: Run Fitting / Selected Points (0 - 0)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

 

Figure 2.8 Parallel circuit with CPE behavior 

The equivalent capacitance for CPE behavior can be calcualated by the charactersitic 

frequency. The frequency at the highest point in the complex impedance plane plot is 

termed as charachteristic frequency.  For the parellel combination of resistor R and 

capacitor C, the charachteristic frequency can can be expresed by the follwing equation. 

RC
o

1
                                                                                 2.10 
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The same charachteristic frequency for a circuit consists of a parallel combination of 

resitor and constant phase element is given by  

n

o
RC

1

1








                                                                                   2.11 

The equivalent capacitance (Cequi) for CPE behavior can be calculated by equating 

equation 2.10 and 2.11 

n

nequi

o
RCRC

1

11








                                                                2.12 

           1/1

1

 nn
nequi RCC        2.13 

 

Figure 2.9 Ideal capacitive (Solid lines) behavior and CPE behavior (dashed lines) of 

parallel RC circuit 

CPE provides a better way for the fitting of impedance data. For n = 1 the CPE behaves 

as a pure capacitor, for n = 0 it behaves just like a simple resistor, while for pure inductor 

CPE = -1 [14].  

2.3.2 Frequency dependent ac conductivity 

The electrical conductivity of a system can be defined as the ability to transfer charge. 

The number of charge carriers and average drift mobility determine the conductivity of a 

system. These charge carriers may be electrons, holes or ions. AC conductivity is a 
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complex quantity and can be represented by the following expression:  

 
2222 11 












 oo j

            2.14 

where ω is the angular frequency and τ is the relaxation time of the charge carriers. The 

first term of the above equation is the real part and the second term is the imaginary part 

of complex ac conductivity. The total ac conductivity σac obeys the Jonscher’s power law  

  σac (ω) = σdc +Bω
s
             2.15 

where σdc is the dc conductivity of the material at low frequency, B is the parameter with 

units of conductivity and “s” is the temperature dependent parameter which is equal to 

the slope of the σac vs log(ω) plot. The first term is temperature dependent and frequency 

independent dc conductivity, which is due to drift of accumulated charge carriers at 

various interfaces of the system. The variation of the slope “s” determines the conduction 

mechanism in the system. If “s” is temperature independent, quantum mechanical 

tunneling is expected. Small polaron (SP) conduction is predominant if “s” increases 

with temperature. The correlated barrier hopping (CBH) is usually associated with a 

decrease in “s” with temperature. In overlapping large polaron tunneling (OLPT) model, 

the slope “s” decreases with temperature, reaches a minimum value and then increases 

with temperature [15]. 

2.3.2.1  Polaron  

During conduction process, electrons pass through a lattice (where the atoms or ions are 

frozen at their lattice sites). In this case one can ignore any type of interaction between 

electrons and ions/atoms of the lattice in determining the electrical properties of the 

system.  However this model is insufficient to explain the electrical behavior of highly 

ionic or polar crystal. In such type of crystal there is a coulomb interaction between 

electrons and ions of the lattice which produces local deformation in the lattice of the 

system [16]. This local deformation moves through lattice along with the electrons. 

Hence an electron is always surrounded by a virtual phonon cloud. The combination of 

virtual phonon cloud/strain and electron field is called polaron. Polaron can be further 

divided into the following categories.  
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2.3.2.2 Large polaron 

In some cases the lattice distortion or radius of the polaron extends over multiple lattice 

constants and overlaps with the neighboring polaron [17-18]. Such polaron with large 

radius is called large polaron. The overlapping large polaron tunneling (OLPT) model 

was presented by Long in 1982 [19]. The frequency exponent “s” decreases with 

temperature attaining a minimum value and then starts to increase. This temperature 

dependence behavior can be represented by equation 2.15: 
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where rp is the radius of polaron, β = 1/KBT, α is the spatial extent of polaron, Rω is the 

tunneling distance.  

2.3.2.2.1 Small polaron  

As discussed above the coulomb interaction between electrons and lattice ions displace 

the ions creating a potential well. If the height of potential well is large enough then 

electrons are trapped in these potential wells. Hence the electron can be restricted into a 

small volume equal or less than one unit cell. In this situation the polarons are known as 

small polaron.  

The transfer of small polaron taking place through thermally activated hopping and the 

mobility exhibit Arrhenius type temperature dependence. 

Tk

W
e

T

drift
B

H

u

1

                 2.17 

where WH is the polaron energy, kB is Boltzmann constant and T is the temperature. 

Transition metal oxides and many other materials exhibit small polaron conduction 

mechanism. The frequency exponent “s” varies with temperature according to equation 

2.17. 
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2.4  Octahedral complexes 

All the orbitals in d sub-shell of 3d bare metal cations e.g. Fe and Co, have the same 

energy levels; however these orbitals in d sub-shell have different energy levels of 

octahedrally coordinated 3d metal cations.  This phenomenon is called d orbital splitting. 

 

Figure 2.10 Low spin state of Fe
3+ 

 

Figure 2.11 High spin state of Fe
3+
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Consider the free ion of iron (Fe
3+

) having 5 electrons in the d sub-shell. All the orbitals 

in d sub-shell are in the same energy levels. According to Hund’s rule the first three 

electrons will occupy the lowest energy level and the remaining two electrons will pair up 

with electrons already in the lowest energy level (t2g level) as shown in figure 2.10. This 

arrangement of electron is called low spin state of Fe
3+

. However when this free ion 

(Fe
3+

) occupies the octahedral site, there is an unbalanced electrostatic repulsive force on 

the d sub-shell electrons. This force depends on the orientation of d orbitals. This 

unbalanced repulsive force increases the potential energy of the electrons in d sub-shell. 

Hence the d orbitals splits into two levels namely t2g and eg with splitting energy Δo. The 

t2g is more stable and triply degenerate (dxy, dyz, and dzz) while the eg level is less stable, 

doubly degenerate (dz
2
, dx

2
-y

2
) [20]. In this case the first three electrons occupy t2g level.  

The remaining two electrons will go to eg level if the splitting energy Δo is less than 

electron pairing energy. This distribution of d electrons among energy levels is called 

high spin state of Fe
3+

 as shown in the figure 2.11. 

2.5 Magnetic properties
 

The origin of magnetism in a magnetic material is the way how the magnetic dipoles 

interact. On the basis of magnetic dipoles arrangement there are four types of magnetism 

namely paramagnetism, ferromagnetism, ferrimagnetism and antiferromagnetism. In a 

paramagnetic material the magnetic moments align themselves in a specific direction in 

the presence of an external magnetic field; however, as the field is removed the magnetic 

moments start to move in random directions. In an antiferromagnetic material the 

magnetic moments of atoms residue on different sublattice sites oppose each other with 

equal strength. While in a ferrimagnetic material this opposition is unequal. In 

ferromagnetic materials all the magnetic moments are directed in a single direction. 

Figure 2.12 (a, b, c, d) demonstrates the orientation of magnetic dipoles for these four 

types of magnetism. 



 

24 

 

 

Figure 2.12 (a) Paramagnetic orientation (b) Antiferromagnetic orientation (c) 

Ferrimagnetic orientation (d) Ferromagnetic orientation 

2.5.1 Exchange interactions 

Exchange interaction can be defined as the magnetic interaction between the electrons of 

the two atoms present in the outermost shell. The magnetic exchange interactions are 

further divided into following categories; 

2.5.1.1 Direct exchange interaction 

The direct exchange occurs in a close proximity of two moments such that their wave 

functions overlap each other. This direct coupling of incomplete d sub-shell always 

results in antiferromagnetic alignment with the antiparallel spins of interacting electrons 

[21]. According to Heisenberg the exchange energy between two interacting electrons of 

adjacent atoms is given by 

 Eex = -2Jδj.δi = -2Jδjδicos(ϕ)                                                2.19 

where J and Eex is the exchange integral and exchange energy respectively between two 

interacting electrons with spin δj and δi. 

2.5.1.2 Superexchange interaction 

The magnetic moments in many oxides are localized and the distance between them is 

large; therefore there is no possibility for the occurrence of direct interaction. Moreover 

in the crystal structure of many oxides the oxygen atom is located at the midpoint of the 

line joining the two magnetic cations. To explain the magnetism in such compounds 

Anderson proposed the model of superexchange interaction [22].   

In an excited state the oxygen 2p electron temporarily transfers to the neighboring metal 

cations. To understand the superexchange interaction, consider the example of oxygen 

and Fe cation (Fe
3+

). The Fe 
3+

 contains 5 electrons in d sub-shell which are arranged 

according to Hund’s rule. In the excited state one of the 2p electrons jump to Fe 
3+

 and 
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make it Fe
2+

 leaving an unpaired electron in the oxygen 2p level. Now this unpaired 

electron in 2p level is ready to interact with Fe
3+

 on the other side. Such type of 

interaction is called superexchange interaction. 

2.5.1.3 Double exchange interaction 

In 1951 Zener proposed the concept of double exchange interaction between the atoms of 

parallel spins through oxygen anion. The double exchange interaction requires the 

existence of cations of the same element with different valance states e.g. Fe
2+

, Fe
3+

. In 

the excited state the electrons from Fe
2+

 transfer to the oxygen 2p orbital. At the same 

time an oxygen 2p electron transfers to the neighboring Fe
3+

. The double exchange 

interaction always results in parallel alignment of the spin (ferromagnetic domains).  
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Chapter 3  

Synthesis and characterization techniques 

3.1 Coprecipitation technique 

The pure and doped cobalt ferrite nanoparticles were synthesized by coprecipitation 

method. Due to low cost the coprecipitation method is widely used for the preparation of 

the nanoparticles for the industry use [1]. The aqueous solution of divalent metal cations 

(M
2+

 and Fe
3+

) results in precipitation of spinel ferrite nanoparticles. Initially in 

coprecipitation method, the formation of metal hydroxides occurs in form of colloidal 

particles in alkaline medium such as sodium hydroxides (NaOH). The first step in 

coprecipitation can be formulated as 

2Fe
3+

 + Me
2+ 

   Fe2Me(OH)8    3.1 

For the formation of CoFe2O4 nanoparticles this equation can be written as 

2Fe
3+

 + Co
2+ 

  Fe2Co(OH)8    3.2 

The next step can be regarded as ferritisation. In this step the colloidal solution is heated 

upto 80 
o
C and the solid solution of metal hydroxides converts into the required ferrite. 

The ferritisation step can be represented as follows: 

Fe2Co(OH)8   CoFe2O4 + 4H2O    3.3 

The third step of coprecipitation method is called annealing, in which water from the 

product is removed through heating. The product contains a small amount of water 

(10%). This water in product cannot be removed during reaction. To remove this water 

from the product, it is then annealed at 600 
o
C.  Some parameters can affect the size and 

size distribution of nanoparticles prepared by coprecipitation method. The effects are 

described below. 

3.1.1 Effect of reactants concentration 

It has been reported that the concentration of the reactant does not affect the size and 

shape of the nanoparticle prepared by coprecipitation method [2]. However it is suitable 

to use a concentration from 0.1 mol/L to 0.2 mol/L, to prepare a non-viscous suspension 

of the nanoparticles. The preparation of non-viscous suspension is necessary in order to 

perform better mixing of reagents and high rate of stirring.  
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3.1.2 Effect of mixing rate 

In coprecipitation method two processes are important, namely nucleation and growth of 

the nuclei (center of crystallization). In this sense the rate of mixing of reactants is 

extremely important. Uniform and small particles are formed when the nucleation rate is 

faster than growth rate [3].  The condition for the synthesis of uniform and small particles 

can be obtained by quick addition and fast stirring of reagents.   

3.1.3  Effect of temperature and pH of reaction  

Increase in temperature in the range from 20 to 100 
o
C, is directly related to the rate of 

formation of ferrite. Different ferrites are formed at different activation energies. The 

yield of ferrite tends to grow when pH of the reaction becomes within the range from 7 to 

10. The yield grows drastically when pH of the reaction reaches 12.5.  Variation of pH of 

the reaction also affects the particle size and as a result poly-dispersed particles are 

formed.   

3.1.4  Effect of coprecipitation agent 

In coprecipitation mostly NaOH are used as precipitating agent. However some other 

types of precipitating agent like CH3NH3OH and NH4OH, can also be used. 

3.2 Procedure 

Salt solutions of 0.4M FeCl3 and 0.2M CoCl2.6H2O were prepared in double distilled 

deionized water. The deionized water was used for the preparation of solutions to obtain 

cobalt ferrite nanoparticles in pure form. These solutions were mixed together and stirred 

for five minutes at room temperature. Sodium hydroxide of 3.0M was added to the salt 

solution drop wise under constant stirring and the pH of the solution was constantly 

monitored until a pH level greater than 12 was achieved. A few drops of oleic acid 

(Albright and Wilson Asia Pvt. Ltd., Singapore) were used as the surfactant. The liquid 

precipitate was then brought to a reaction temperature of 80 
o
C and vigorously stirred for 

1 h. The solution was cooled to room temperature, washed with water and centrifuged to 

isolate the supernatants. The sample was dried at 100 °C overnight and then annealed at 

600 °C for 6 hrs. FeCl3.6H2O (99.3%, J.T. Baker) CoCl2.6H2O (99.9% Aldrich) and 

SnCl2.6H2O (99.9% Aldrich) NaOH (GR, 28–30%) and LaCl3 (99.9%) and SnCl2 were 
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used as precursors to prepare doped and pure CoFe2O4 nanoparticles. Figure 3.1 shows 

the schematic diagram of coprecipitation procedure.  

 

 

Figure 3.1 Schematic diagram of coprecipitation technique for synthesis of cobalt ferrite 

nanoparticles 

 

3.3 XRD technique  

XRD is simple, non-destructive and powerful characterization technique and widely 

employed for the structural analysis of materials. XRD provides informations about 

accurate location of atoms in the lattice, crystallize size, lattice constants, and phase 

analysis of a system.  

The structural analysis was carried using a Rigaku Geiger flux diffractometer 

(Rigaku,Tokyo, Japan) with CuKα radiation (λ = 1.5406 Å), operating at 40 mA and 30 

kV. The data were collected in 2θ from 10° to 80° with a step size of 0.04
o 
at 1 sec/step.    

X-rays are electromagnetic in nature having wavelength in the range from 0.5Å to 2.5 Å. 

X-rays incident on a material are scattered in different directions. The interference 

phenomena occur when the wavelength of X-rays matches the distance between the 

atoms or planes of the atoms. The constructive interference occurs between the X-rays 
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beams scattered by a set of planes. As a consequence a peak appears in the X-rays 

diffraction pattern corresponding to a specific set of parallel planes. The constructive 

interference obeys the Bragg’s law given by the equation 3.1  

                                                       nλ = 2dsinθ                                                3.4 

where n is an integer, λ is wavelength of incident X-rays, d is interplanar distance and θ is 

the diffraction angle. Figure 3.2 shows an experimental setup in which a sample is 

exposed to X-rays and the detector can be moved from 0° to 90°.  

 

Figure 3.2 Experimental setup of XRD 

 

Powder XRD θ is largely used in qualitative analysis e.g. identification of various phases 

present in the system. Every material exhibits its own diffraction pattern. There are 

several factors which affect the powder diffraction pattern e.g. size and shape of unit cell, 

position and atomic numbers of constituent atoms. The d spacing and intensities of the 

peaks vary from sample to sample. Joint committee on powder diffraction standards 

(JCPDS), is a large data base which consists of powder diffraction data for a large 

number of materials.  Most of the researchers use this data base for the qualitative 

analysis of their samples. 

The Scherrer formula; D = kλ /βCosθ is used to determine the crystallite size of the 

material [4]. Where D is crystal size, k is constant with a value between 0.9 and 1, β is 

the full width half of maximum of the peak present in the pattern. However this formula 

is applicable to a strain free mono-dispersed crystal [5]. 
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3.4 Transmission electron microscopy  

In transmission electron microscope (TEM) high energy electrons pass through a thin 

specimen and these electrons are made to form image by using suitable lenses. TEM is an 

important technique to determine the structure and morphology of crystals in a system 

especially at nanoscale.  

The wave nature of electrons was discovered in the 20
th

 century. According to de Broglie 

the wave length λ associated with electrons is given by λ = h/P = h/mv, where h is Plank 

constant while m and v is the mass and velocity of electron respectively. The wavelength 

of electrons decreases to atomic dimensions when these electrons are accelerated at high 

voltage [6]. Such high energy electrons can penetrate in the material up to a few 

micrometers. These electrons are diffracted by atomic planes in the sample, when 

exposed to such an energetic beam of electrons.  This reveals the possibility of obtaining 

a transmission electron diffraction pattern from transmitted beam of electrons through a 

thin film. This was first demonstrated by Thomson in 1927 [7]. As electrons are 

negatively charged particles, hence it can be diffracted by an electrical or magnetic field. 

Therefore it was suggested later that the focusing of transmitted electron beam can image 

a specimen with high resolution due to its shorter wavelength.   Ruska in 1931 obtained 

the first TEM image of a metal grid with a two lens TEM. The resolution of this TEM 

was improved by adding a third lens in 1932 [8]. Modern high resolution TEM has a 

resolution up to 1 Å. Moreover the degree of crystallinity in nanomaterials can be 

determined by selected area electron diffraction (SAED) pattern. Figure 3.3 shows TEM 

configuration used for the object imaging.  Electron gun emits the electron and electric 

field accelerates these electrons up to 100 kV or higher. The magnetic lenses control the 

path of these electrons and focus it on the image screen. Objective apertures are used to 

improve the contrast of the final image. A Tecnai G2 F30, TEM operating at 300 kV was 

used to collect the images of samples presented in this work. 
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Figure 3.3 TEM co 

nfiguration in imaging mode 

 

3.5 Mössbauer spectroscopy  

Mössbauer spectroscopy is used to study the interaction between an electromagnetic field 

due to extra nuclear charge and moment of nuclear charge. Such type of interaction 

causes the splitting and/or shifting of nuclear energy levels. This spectroscopic technique 

is based on the Mössbauer effect which was observed for the first time in 1957 by 

Mössbauer. The Mössbauer effect involves the simultaneous emission and absorption of 

γ-rays without any recoil of the parent nucleus obeying the law of conservation of 
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momentum. This technique is widely used to investigate the atomic and nuclear structure 

and environment of an atom in a system. The sensitivity of Mössbauer spectroscopy is 

very high and is of the order of 1part/10
12

.  

When a nucleus goes from excited state to ground state a γ-ray photon is emitted by the 

nucleus. The energy difference between the excited and ground states appears as the 

energy of emitted photon. However the energy of the emitted photon is not exactly equal 

to the transition energy because of some energy loss in recoil of the parent nucleus to 

conserve the momentum of the system. This means that the energy of the emitted photon 

is always less than the transition energy and is given as Eγ = Et -Erecoil. Similarly the 

energy of incident photon should be slightly higher than the natural transition energy of 

the nucleus because of energy loss during recoil of the nucleus. Hence the difference in 

energy for absorption and emission is equal to the double of the recoil energy. However 

one can observe a recoilless absorption or emission when the nucleus is a part of lattice. 

In a crystal lattice the nuclei are bound from each side leading to an increase in the 

effective mass of the nuclei. In this case the nucleus transmits the energy in the form of 

vibrational phonon which reduce its recoil during absorption or emission of γ-ray photon. 

If zero phonons are formed then all the transition energy appears as the kinetic energy of 

emitted photons and there will be no energy loss. This is called recoil free emission or 

recoilless absorption of photon.  It means that the transition energies will remain same for 

emitting and absorbing nuclei of the same element and same environment.  In this case a 

resonant absorption will take place. However, different chemical environment of emitting 

and absorbing nuclei result in splitting and/or shifting of nuclear energy levels, which 

correspond to a big change in absorbance.  This can be compensated by using Doppler 

Effect to obtain the resonance again. For this purpose the source is moved with a velocity 

of a few millimeters per second and the velocity of the source is converted into energy 

shift using Doppler Effect. Usually three types of interactions can be observed using 

Mössbauer spectroscopy. The details of these nuclear interactions are described below.  

3.5.1 Isomer shift 

Isomer shift (δ) describes the energy shift in resonance energy of the nucleus which arises 

due to the interactions between nuclear charges and electronic cloud of ‘s’ orbital around 

the nucleus. This energy shift appears as a shifted spectrum towards right or left as shown 
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in figure 3.4. The isomer shift is directly related to the density of electrons around the 

nucleus. Isomer shift provides sufficient knowledge about spin state and coordination 

number. 

 

Figure 3.4 Mössbauer spectrum showing a shift in –ve direction 

3.5.2 Quadrupole Splitting  

Quadrupole splitting occurs due to splitting of orbitals having an angular momentum 

larger than 1/2. The non-uniform charge distribution or ligands around the nucleus 

produces an electric field gradient. This electric field gradient splits the energy levels into 

sub-energy states. For example in the excited state of 
57

Fe the energy level with l = 3/2 

splits further into two sub-states with ml = ±1/2 and ml = ±3/2. Such type of splitting 

results in a two line Mössbauer spectrum often called doublet as shown in figure 3.5. 

3.5.3 Magnetic splitting  

Magnetic splitting or Zeeman spin splitting occurs due to the dipolar interaction between 

nuclear spins and the applied field.  In the presence of a magnetic field a nucleus with 

spin state l is further divided into 2l+1 sub-energy states e.g. when l = 3/2 the sub-energy 

levels are +3/2, +1/2, -1/2, -3/2. The transition between the excited and ground state will 

occur. However transition will occur between those states with ml= 0 or 1. This gives six 

transitions between states with ml = 1/2 and 1/3 resulting in a sextet in Mössbauer 

spectrum as shown in figure 3.6. The position and intensity of each line is related to the 
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energy levels and angle between the incident γ-ray and spin moment of the nucleus 

respectively. The intensity of the lines in magnetic splitting can give information about 

magnetic ordering and orientation of moment.     

 

Figure 3.5 Quadrupole splitting corresponds to a doublet 

 

Figure 3.6 Magnetic splitting corresponding to sextet 
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3.6 Impedance spectroscopy 

In the coming years impedance spectroscopy seems to play a dominant role as a new, 

nondestructive and powerful technique for the electrical characterization in material 

science. Impedance spectroscopy is very influential tool to examine the electrical 

response of a material on the basis of its microstructure i.e. grain boundaries, grain 

interiors and various phases present in the system [9]. Impedance spectroscopy is widely 

used to investigate the conduction mechanism in many materials including 

superconductors, semiconductors, and insulators. All electrical measurements in 

impedance spectroscopy are made over a selected frequency range under a small applied 

ac signal. Each value of frequency corresponds to specific values of complex impedance 

(Z′ and Z″). Usually three parameters are widely used in impedance spectroscopy. These 

parameters are Z* = Z′ - jZ″, ɛ* =  ɛ′ - jɛ″ = /(jωCoZ*),  M*  = M′ + jM″ = jωCoZ*. 

Where Z*, ɛ*, M* and ω = 2πf represent complex impedance, complex dielectric 

permittivity, complex modulus and angular frequency respectively. The ac conductivity is 

calculated using the formula σac = Z′/(Z′
2
 + Z″

2
)×A/d. where A is the area and d is the 

thickness of the sample. 

To perform impedance spectroscopy of nanoparticles, nanoparticles were pressed into 

pellet form. The contacts were made on both faces of the pellet using silver paste. These 

contacts were then heated at 150 °C for an hour. These contacts were then connected to 

an LCR (inductance L, capacitance C and resistance R) meter using copper wires. An 

Agilent E4980A LCR meter with frequency range 20 Hz to 2 MHz was used to perform 

impedance measurement as shown in figure 3.7. For most of the samples the temperature 

range was varied from room temperature to 400 K. Various electrical parameters e.g. ac 

conductivity, dielectric permittivity etc. were then calculated using various formulism as 

described above. 

3.7 DC measurements  

Keithley 2400 Source meter was used to measure the current-voltage (IV) characteristics 

of the samples as shown in figure 3.7. The same type of contacts was used as described in 

section of impedance spectroscopy. All DC measurements were carried from room 

temperature to 400 K with interval of 10 K. During measurements the voltage was varied 
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between from -5 V to +5 V or from -10 V to +10 V.  The corresponding current was 

measured at each voltage.  The dc resistivity ρdc was calculated by using the formula ρdc= 

RL/A, where R is the resistance of the pellet, L and A is the length and area of the pellet 

respectively.    

 

Figure 3.7 The system used for ac and DC measurements 

 

3.8 X-ray Photoelectron spectroscopy 

X-rays photoelectron spectroscopy (Sigma Probe, Thermo VG Scientific, Al Kα: 1486.6 

eV) has been employed to investigate the composition and oxidation states of the 

CoFe2O4 nanoparticles. The working voltage and current of X-ray source was 15 KV and 

7 mA respectively. The spectra of all elements and survey spectra were recorded with 

pass energy of 50 eV, analyzer angle of 40
o
, and source angle of 30°. A specific area (400 

x 400 µm
2
) was selected for analysis while the depth was from 2 nm to 5 nm. The 

calibration of binding energies was carried out on the basis of C 1s peak (~ 285.5 eV) 

which results from hydrocarbon contamination on the surface of the sample. SiC 

substrate is used as powder container and fixed the substrate in sample holder. The 

sample holder was inserted in the chamber. When vacuum reached up to 10
-9

 torr then a 

beam of X-ray was made incident on the sample. When X-rays hit nanoparticles it emits 

secondary electron from the samples. These electrons were detected by detector and then 

converted into electronic signals. 

Temperature  

Controller 
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Summary  

The chemical coprecipitation method has been employed to prepare pure and doped 

cobalt ferrite nanoparticles. The spinel phase was confirmed by XRD analysis using 

Rigaku Geiger flux diffractometer (Rigaku,Tokyo, Japan) with CuKα radiation (λ = 

1.5406 Å). TEM was used to determine the size and morphology of nanoparticles. The 

cation distribution among octahedral and tetrahedral sites has been determined by 

employing Mössbauer spectroscopy. The detailed electrical response of the material was 

examined through impedance spectroscopy using an Agilent E4980A LCR meter with 

frequency range 20 Hz to 2 MHz. Keithley 2400 Source meter was used to investigate the 

IV characteristics of the system 
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Chapter 4  

Conduction mechanism in CoFe2O4 nanoparticles 

 

In bulk form cobalt ferrite behaves as a semiconductor ceramic at below and above room 

temperature. Previous experimental work shows that the properties of nanomaterials 

including electrical, magnetic and structural etc, are much different from their bulk 

counterpart.  In this regard we also found some anomalies in the electrical properties of 

CoFe2O4 nanoparticles. Cobalt ferrite nanoparticles are prepared by chemical 

coprecipitation route. The XRD and transmission electron microscopy were performed to 

confirm the spinel phase, purity and size of the nanoparticles.  

In this chapter mainly the electrical properties of CoFe2O4 nanoparticles will be 

discussed. For this purpose, we performed impedance spectroscopy in wide frequency 

range from 20 Hz to 2 MHz while keeping the temperature range from 300 K to 400 K 

with a step of 10 K. The temperature dependent impedance spectroscopy shows a 

semiconductor to metal transition around 330 K. Such type of transition has been 

abundantly reported in manganites and transition metal oxides. The literature survey 

shows that there are three factors which are more probable to be responsible for 

occurrence of such type of transition. First the mixed valance states of the cations present 

in the system. Second the cation distribution among octahedral and tetrahedral sub-

lattices and third is the spin states (low and high spin states) of the interacting cations.  

Mӧssbauer spectroscopy is the best way to determine the cation distribution among the 

octahedral and tetrahedral sites. For this purpose room temperature Mӧssbauer 

spectroscopy was employed to determine the cation (Fe and Co) distribution among the 

octahedral and tetrahedral sites. Moreover X-ray Photoelectron spectroscopy was used to 

investigate the valance and spin states of Fe and Co cations present in the system. Hence 

in this chapter we will also discuss the XPS analysis in detail.   

 

4.1 X- ray diffraction analysis CoFe2O4 nanoparticles 

The XRD pattern of CoFe2O4 nanoparticles is shown in figure 4.1. The XRD pattern 

reveals that the nanoparticles are of single phase. No impurity peak was observed in XRD 



 

42 

 

pattern ensuring the purity of the sample. JCPDS card number 742081 was used to index 

all the peaks in XRD pattern. The value of lattice parameter ‘a’ was found to be 8.3766 

Å. This value is in agreement with previous reported values [1-2]. The particle size was 

calculated to be ∼10 nm from the full width half maximum of the strongest peak (311) of 

XRD pattern employing Scherer’s formula.  

 

20 40 60 80

100

200

300

400
(4

2
2
)

 

 

In
te

n
s

it
y

 (
a

.u
)

2deg

(4
4
0
)(5

1
1
)

(4
0
0
)

(3
1
1
)

(2
2
0
)

(1
1
1
)

 

Figure 4.1 XRD pattern of nanostructured CoFe2O4 nanoparticles 

4.2 TEM analysis of CoFe2O4 nanoparticles  

The TEM images of cobalt ferrite nanoparticles are shown in figure 4.2. The images 

clearly show the presence of nanoparticles with diameters ∼15 nm.  The SAED pattern 

reveals that the nanoparticles are crystalline. 
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Figure 4.2 TEM images and SAED pattern of nanostructured CoFe2O4 nanoparticles. 

 

4.3 Mӧssbauer spectroscopy of CoFe2O4 nanoparticles  

At nano scale the cation distribution among octahedral sites and tetrahedral sites are 

usually different to that of the bulk counterpart [2-3]. The Mӧssbauer spectra of CoFe2O4 

nanoparticles at room temperature are shown in figure 4.3. Fitting of the spectrum 

indicates that it consists of two magnetic sextets (six-line spectrum). One magnetic sextet 

for tetrahedral A site and the other for octahedral B site originating for two sublattices. 
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Figure 4.3 Room temperature Mӧssbauer spectrum of nanostructured CoFe2O4 

nanoparticles. 

The values of isomer shift (δ) of both sextets are (δtet = 0.41mms
−1

 and δtet = 0.27mms
−1

). 

These values correspond to the Fe
3+

 state. The internal magnetic fields for A, B sites are 

485 kOe and 458 kOe, whereas relative areas of tetrahedral and octahedral sites are 54% 

and 46% respectively. Therefore, the cation distribution may be estimated as 

(Co0.46Fe0.54)
A
[Co0.54Fe1.44]

B
O4. Hence the degree of inversion is found to be 54. This 

finding is in agreement with Vejpravova et al [4]. The small difference is due to the 

difference in particle size. Lavela and Tirado [5] carried out Mӧssbauer and magnetic 

studies of CoFe2O4 and NiFe2O4 nanoparticles and reported that only the Fe
3+

 state of 

iron was present in the system. Similarly Kim et al [6] investigated CoFe2O4 system and 

determined the presence of Fe
3+

 state. 

4.4 Impedance spectroscopy CoFe2O4 nanoparticles 

To correlate the electron transport to the microstructure of the pure CoFe2O4 

nanoparticles, the impedance spectroscopy was performed from 20 Hz to 2 M Hz and 

from 300 K to 400 K. respectively.  
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4.4.1 Complex impedance plane plot 

Figures 4.4, 4.5, and 4.6 demonstrate the complex impedance plane plot or Nyquist plot 

(Z' Vs. Z″) in temperature ranges 300 K – 330 K, 330 K – 370 K, 370 K – 400 K 

respectively. These plots show that three types of variations occur in these semicircular 

arcs as the temperature increases.  

First at temperatures ranging from 300 K to 360 K there were two semicircular arcs.  

These two semicircular arcs showed two different relaxation phenomena with different 

relaxation times τ = RC. At 300 K these two semicircular arcs were clearly 

distinguishable as shown in figures 4.4, and 4.5. However as temperature was increased 

these semicircular arcs merge together, resulting in a single semicircular arc at and above 

370K. Finally a complete semicircular arc was observed at 400 K indicating the 

domination of the single relaxation phenomenon (figure 4.6). In complex impedance 

plane plot two semicircular arcs can be resolved well if the difference between their 

relaxation time (τ = RC) is greater than two order of magnitude. Otherwise the two 

semicircles will appear in the form of a single semicircular arc [7].  The semicircular arc 

at higher frequency is attributed to the grain while the one at lower frequency is attributed 

to the grain boundaries. 

Secondly the both semicircular arcs shift towards higher frequencies showing that the 

conduction is due to thermally activated localized charge carriers. However above 330 K 

both these semicircular arcs shift toward lower frequency. This shifting towards lower 

frequencies is the indication that the charge carriers are now delocalized and metallic 

type conductive behavior is expected.  As a result a third type of variation with 

temperature occurs, which is related to the diameter of these semicircular arcs. Such type 

of localization and delocalization of charge carriers will be discussed in detail in chapter 

6.  

As described earlier the third variation occurs in the diameters of the semicircular arcs. 

From 300 K to 330 K the diameters of the semicircular arcs decrease, showing that the 

conductivity of nanoparticles increases as the temperature increases. However above 330 

K the diameter of these semicircular arcs increases with temperature. Hence there is an 

inverse relation between conductivity and temperature above 330 K. In other words it can 

be said that below 330 K the system behaves as semiconductor while above 330 K the 
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system behaves as a metal. Such type of transition is referred as semiconductor to metal 

transition (SMT). To correlate its electrical properties with the microstructure of the 

nanoparticles the experimental data was modeled with an equivalent circuit 

(RgCg)(RgbQgb), shown in figure 4.7. Here Rg and Cg are the resistance and capacitance of 

the grain interior while Rgb and Qgb are the resistance and constant phase element (CPE) 

of the grain boundaries. These parameters were extracted from the fitting procedure using 

Z-View software. The fitting error was maintained lower than 1% – 2%. Figure 4.8 

demonstrates the fitted and experimental data. A constant phase element Q was used to fit 

the experimental data. Sometime the distribution of relaxation time (τ = RC) is not 

uniform. This non-uniformity in relaxation time may be due to heterogeneous response of 

the system. The constant phase element was used by many researchers to accommodate 

such non-homogeneous response of the system in practical world [7]. In present case 

such type of non-ideal capacitive behavior may be due to inhomogeneity of the grain 

boundaries. The parameter ‘n’ shows the deviation from ideal behavior such that C = 

R
(1−n)/n

(Q)
1/n

.  For ideal capacitor n = 1 and for ideal resistor n = 0 [7]. The diameter of 

the semicircular arcs is directly related with resistance of grain and grain boundaries. 

Below 330 K the diameters of both the semicircular arcs decreased with increasing 

temperature indicating semiconductor nature of the nanoparticles. However, above 330 K 

the diameter and temperature were inversely related which confirm the metallic nature of 

the system. The temperature dependent variation of Rg, Rgb and total resistance Rt (Rt = 

Rgb + Rg) is shown in figure. 4.9. This figure also reveals a semiconductor to metal 

transition by changing the slope of R vs. T curve around 330 K. Initially, the values of 

impedance parameters Rg, Rgb and Rt decrease because of thermally activated localized 

charge carriers. As the temperature was increased from 300 K to 330 K the number of 

localized charge carriers increases and as a result the resistance of the system decreased. 

However, above 330 K these charge carriers became delocalized. Hence the scattering of 

these delocalized (metallic) charge carriers from grain boundary planes increased due to 

thermal vibration of lattice planes. As a consequence, the resistance of the system 

increased with temperature, and the system exhibited metallic type conductivity. 
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Figure 4.4 Nyquist plots of Z″ and Z' for nanostructured CoFe2O4 from 300 K to 330 K 
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Figure 4.5 Nyquist plots of Z″ and Z' for nanostructured CoFe2O4 from 340 K to 370 K 
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Figure 4.6 Nyquist plots of Z″ and Z' for nanostructured CoFe2O4 from 370 K to 400 K 

 

 

Figure 4.7 Equivalent circuit used to fit the experiment data 
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Figure 4.8 Experimental (hollow circles) and fitted data (filled circles) of nanostructured 

CoFe2O4 

 

Figure 4.9 Variation of Rg, Rgb and Rt with temperature 
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4.4.2 AC conductivity  

Figure 4.10 demonstrates the variation of ac conductivity as a function of inverse of 

temperature (1000/T). AC conductivity exhibits the same behavior with temperature as 

that of complex impedance plane plot. Below 330 K the ac conductivity of the system 

increases with temperature reflecting semiconductor behavior. Above 330 K the 

conductivity decreases with increase in temperature showing metallic behavior.    
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Figure 4.10 ac conductivity as a function of inverse temperature 

The previous work reported on conductivity measurements of CoFe2O4 nanoparticles 

show semiconductor behavior around 650 K [8] and for polycrystalline CuMn0.6Fe1.4O4 at 

around 348 K [9]. 

In rock-salt-type structures such as NiO, MnO, FeO and CoO, both cation–anion–cation 

(c–a–c) interactions and the cation–cation (c–c) interactions can be simultaneously 

present [10]. For 5 ≤ m ≤ 8, here m is the number of electrons in d level, c–a–c 

interaction is stronger. Strong c–a–c interactions and weak c–c interactions lead to 

semiconducting or insulating behavior. On the other hand the simultaneous presence of 

cations of the same element but with different valence electrons leads to metallic 

behavior below ferromagnetic Curie temperature. Such materials with strong c–c 
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interactions between octahedral B-site cations show metallic behavior, and may become 

semiconducting at low temperatures. Further, if c–a–c angle is 90° the c–a–c interactions 

are weak and c–c interactions are assumed to be predominant. However, when c–a–c 

angle is 180 or as small as 120, then c–a–c interactions are optimal [11]. 

As described in Sec 2.2.3.2, in bulk CoFe2O4 half of the Fe
3+

 cations reside at the 

tetrahedral sites while the remaining half occupy octahedral sites. The Co
2+

 occupies only 

octahedral sites. Annealing temperature and method of synthesis strongly affect the 

cation distribution among tetrahedral A sites and octahedral B sites in spinel ferrite [12]. 

However, the Mӧssbauer spectroscopy shows that cation distribution in our sample is 

(Co0.46Fe0.54)
A
[Co0.54Fe1.44]

B
O4. It means that in nanoparticle case half of the Fe cations 

are migrated from tetrahedral A sites to the octahedral B sites. This migration is 

compensated by Co cation from the octahedral to tetrahedral site. As a consequence, the 

number of Fe cations increases at the octahedral B site. This increase in the concentration 

of Fe cations at the  octahedral B sites increase the probability of c-c interactions to occur 

in the form of Fe
3+

- Fe
3+

 linkages at higher (above 330 K) temperature.  It is presumed 

here that below 330 K c-a-c interactions in the form of Fe
3+

-O-Fe
3+

 and Co
2+

-O-Co
2+

 

links, are more stronger as compared to the c-c interactions. In this case the charge 

carriers are localized and the system behaves as a semiconductor [13]. However, as the 

temperature increase c-c interactions become stronger and metallic type channels are 

formed in the form of Fe
3+

- Fe
3+

 and Co
2+

- Co
2+

. In this case the charge carriers become 

delocalized and behave like free charge carriers as in the metals [13].  

4.4.3 Frequency dependence of σac 

Figure 4.11 demonstrates the ac conductivity of the sample as a function of frequency. It 

is evident from the figure that ac conductivity increases with frequency. Also it can be 

observed from the figure that at 330 K the system has maximum conductivity while the 

lowest curve is at 400 K. Moreover this frequency dependence of ac conductivity has two 

temperature dependent regions. At lower frequencies σac is almost frequency independent 

or less frequency dependent. This is followed by another strong frequency dependent 

region at higher frequencies.  
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Figure 4.11 Variation of ac conductivity with angular frequency from 300 K - 400 K with 

temperature step of 10 K 

The conductivity in ferrites is mainly due to electron and hole hopping between adjacent 

cations. The increase in conductivity is due to increase in hopping of charge carriers as 

the frequency increases. In spinel ferrite there is electron hopping between Fe
2+

 and Fe
3+

 

as well as hole hopping between Co
2+

 and Co
3+

 [14]. At lower temperature (330 K - 360 

K) the existence of two frequency region reveals the multiple activation barriers [9]. 

These energy barriers act as charge trappers at lower temperature (300 K- 360 K). Above 

this temperature (370 K - 400 K) thermal energy of the charge carriers increases and 

become enough to cross the barriers. Hence these trapped charge barriers become free 

and start to play an active role in conduction of the system. As a consequence single 

activation energy is obtained at high temperature [15]. The appearance of single 

activation energy is clear from the curve at 400 K in figure 4.11.  

4.4.4 Overlapping Large Polaron Tunneling model (OLPT) 

The following equation describes the frequency dependent ac conductivity. 

σac (T) = σ1 (T) + σ2 (T)                                                           4.1 



 

53 

 

Here the first part of Equation 4.1 i.e. σ1(T) denotes the dc conductivity of the system. 

The dc conductivity is due to the drift of charge carriers. The second part of the same 

equation i.e. σ2(T) corresponds to the ac conductivity of the system which is related to the 

hopping of charge carries between Fe and Co cations.  

According to Jonscher’s universal power law the temperature dependent ac conductivity 

σ2 (T) can be expressed by the following expression [16]: 

 σ2 (T) = B(T)ω
s
(T)               4.2 

The parameters B depend on temperature having the unit of conductivity. The exponent 

“s” is dimensionless quantity and is the slope of log (σac) Vs. log (ω). The value of the 

slope “s” was to be within the range from 0.28 to 0.50. The variation of s with 

temperature has been shown in figure 4.12. The temperature dependent variation of s 

decides the type of conduction mechanism for a system under the applied electric field 

[17].  Temperature independent variation of “s” shows quantum mechanical tunneling. 

The increase in the value of “s” with temperature, is the evidence for the small polaron 

conduction mechanism. The decrease in “s” with temperature is associated with 

correlated hopping in the system. Overlapping large polaron (OLPT) conduction is 

expected when the value of “s” decreases with temperature reaches a minimum value and 

then starts again to rise [18]. The large polaron model was proposed by long [19]. In large 

polaron model the energy of polaron can be determined by the variation in polarization in 

structurally distorted lattice [19]. In the case of OLPT conduction mechanism the radius 

of polaron is large as several time of lattice constant. Due to long range coulomb 

interactions the potential barrier of a site expands over several inter atomic distances.    

Hence the potential well of several sites overlaps and as a consequence the activation of 

the sites decreases. This decrease in activation energy can be determined by the following 

equation. 

EH = EHO(1 – rp/R)                          4.3 

Here R is the polaron intersite distance, EH is the polaron hopping energy while rp is the 

radius of polaron. EHO can be express as 

EHO=e
2
/4εprp               4.4 

εp is the effective dielectric constant. For random value of R the ac conductivity can be 

expressed by the following expression. 
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Figure 4.12 Variation of exponent “s” with temperature 
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Here KB is the Boltzmann constant, T represent the absolute temperature, α is the spatial 

extent of polaron, Rω is the tunneling distance and N(EF) is density of state near the Fermi 

level. Using the following equation, the value of Rω can be extracted. 

 0'')]ln([2'  pHOoHO rERER                                    4.6 

Where 
TkB

1
 ,  RR 2'  ,  RR 2 , pp rr 2'  . The slope “s” can be determined 

using equation 4.2, 4.5 and 4.6. 
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The value of “s” increases as the temperature increases attaining a minimum value and 

then again start to increase with temperature. Same trend was found for CoFe2O4 

nanoparticles as shown in figure 4.12. This temperature dependent variation in the 
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frequency exponent s provides sufficient evidence for large polaron conduction 

mechanism. Large polarons are formed due to mixed valance states of the Fe and Co 

cations. 

4.5 X-Ray Photoelectron Spectroscopy 

X-Ray Photoelectron spectroscopy is an extremely surface sensitive technique and widely 

used for both qualitative and quantitative analysis of surface. The shift in the peak with 

chemical changes is of particular interest in X-Ray Photoelectron spectroscopy [20].  A 

chemical shift occurs in the binding energy spectrum of Photoelectrons with different 

chemical environment at same energy level [21]. The assessment and occurring of this 

phenomenon was carried out about 40 years ago [22]. The XPS probes the full core 

energy levels [23].  

In this section the 2p spectra of Fe and Co will be discussed in detail. Therefore a brief 

discussion about various energy levels is necessary. The electronic configuration of Fe
3+

 

and Fe is 1s
2
2s

2
2p

6
3p

6
3d

5
 and 1s

2
2s

2
2p

6
3p

6
3d

6
4s

2
 respectively. The 2p level is further 

divided into sublevel on the basis of total moment of electrons. For the 2p level the l = 1 

with spin moment is s = +1/2 or -1/2. Hence the total moment of the electron j = l + s = 

1+1/2 = 3/2 or j = 1-1/2 = 1/2. The two 2p levels can be regarded as 2p1/2 and 2p3/2 levels. 

The same is true for Co 2p level. 

4.5.1  Survey scan 

The XPS spectrum is used to determine the cation valence states. The XPS survey scan 

has been performed in the range 0-1350 eV. Overall survey indicates that there is no 

impurity peak in the XPS of current sample. Various parameter e.g. peak type, height, 

area and FWHM of each peak present in the survey of the sample are given in Table 4.1. 

Figure 4.13 shows the XPS spectrum of CoFe2O4 nanoparticles. This survey spectrum 

exposes strong signal for Fe, Co and Oxygen. The carbon peak is due to adsorption of 

acetate ions from the environment on the surface of CoFe2O4 nanoparticles [24]. The 

peak of the carbon is present everywhere on the surface of every sample. The carbon 

peak usually occurs at a binding energy (B.E) equal to 285 eV [25]. The value of carbon 

peak reported in table agrees with the previously reported values i.e. 285 eV.   
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Figure 4.13 XPS survey of CoFe2O4 nanoparticles 

 

Table 4.1 Peak parameters for various elements present in CoFe2O4 sample 

Peak 

Type 

Start B.E 

(eV) 

Peak B.E 

(eV) 

End B.E 

(eV) 

Height 

CPS 

FWHM 

(eV) 

Area 

CPS.eV 

At % 

C1s 297.9 284.59 279.1 1149.170 1.88 4244.380 07.35 

O1s 544.9 529.60 525.1 40426.11 1.89 97722.80 58.59 

Fe2p 739.9 710.65 700.1 19991.33 4.85 208773.1 23.00 

Co2p 811.9 780.13 771.1 11874.85 3.44 115075.3 11.06 

 

4.5.2 Oxidation states and environment of Fe cations 

In order to investigate the oxidation states and environment of the Fe cations consider the 

2p spectra of Fe. The 2p spectrum of Fe is shown in figure 4.14. The spectrum mainly 

consists of two Fe 2p peaks. These two peaks are separated by 14 eV. The first peak at 

724.02 eV is attributed to photoelectrons from 2p1/2 core level of Fe while the peak at 



 

57 

 

710.28 is due to 2p3/2 level [26-28]. The Fe 2p line shape in various oxides is more 

complicated. It is difficult to resolve the chemical shift due to various oxidation states of 

Fe (Fe
2+

 and Fe
3+

) separately. This problem arises due to two reasons, firstly this shift is 

very small to be detected and secondly the resolution limits of the instrument. However 

to overcome this problem there are some features to detect such type of small chemical 

shift due to different valance cations of the same element. Satellite peaks provide a fine 

approach for the identification of various oxidation states of Fe [28-29]. The 

characteristic satellite peak of Fe
2+ 

usually occur lower B.E than that of Fe
3+

 satellite peak 

[23]. The occurrence of both Fe
2+

 and Fe
3+

 satellite peaks give almost constant intensity 

between 2p1/2 and 2p3/2 peaks. However in the present case these two satellite peaks are 

distinguishable up to some extent as shown in figure. 4.14. This has been reported that Fe 

2p3/2 satellite binding energies for Fe
2+

 and Fe
3+

, differ by 3.5 eV [30]. The values of 

these binding energies are 715.5 eV and 719 eV for Fe
2+

 and Fe
3+

 respectively [30]. A 

closer look at this figure reveals that there are two types of satellite peaks at 719.10 eV 

and 715.44 eV with difference of 3.36 eV. These two satellite binding energies at 719.10 

eV and 715.44 eV correspond to the Fe
3+ 

2p3/2 and Fe
2+ 

2p3/2, respectively. This provides 

an evidence for the existence of iron with two oxidation states (Fe
3+

 and Fe
2+

) in CoFe2O4 

nanoparticles. Moreover, the value of FWHM of Fe2p3/2 peaks provide further 

confirmation for the existence of two oxidation states of Iron (Fe
3+

 and Fe
2+

) and 

environment/coordination of these cations in CoFe2O4 nanoparticles. The two peaks from 

Fe
2+ 

2p3/2 and Fe
3+ 

2p3/2 do not occur at the same binding energy but differ with 2 eV [31-

32]. As described earlier such a small difference in binding energy cannot be resolved. 

However the two 2p peaks result in a broad Fe 2p3/2 peak. The maxima of this broad peak 

usually occur at a binding energy between those of individual cations. In other words this 

broadened peak contains contribution from Fe
3+ 

2p3/2 and Fe
2+ 

2p3/2. The numerical values 

of these contributions can be approximated by investigating the FWHM and fitting of Fe 

2p3/2 peak. Gota et al [30] reported that Fe 2p3/2 peak with FWHM of 3.5 eV at BE of 711 

eV corresponds to pure Fe
3+

 in α-Fe2O3 compounds. 
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Figure 4.14 Fe 2p spectra 

Whereas the same peak occurs at BE of 710 eV with FWHM equal to 3.8 eV in FeO 

(pure Fe
2+

).  The broadened 2p3/2 peak at 710.5 eV with FWHM of 4.1 eV in Fe3O4 

corresponds to the simultaneous existence of Fe
3+

 and Fe
2+

 cations [30]. The fitting 

results in the present case show that the FWHM of Fe 2p3/2 peak is 4.64 eV. Due to 

unusual broadness of 2p3/2 peak, we concentrated only on Fe 2p3/2 peak to investigate the 

oxidation state and environment of Fe cations. The broadness of 2p3/2 peak corresponding 

to the combined contribution from both the Fe
3+

 and Fe
2+

 is more than that of individual 

of Fe
3+

,  Fe
2+

 and metallic Fe° peaks [33]. The broadness of 2p peak has been 

investigated by Gupta and Sen [34] in detail. They concluded that the extra broadness of 

2p peaks is due to spin orbit coupling between 2p electron vacancy and unpaired electron 

in outermost shell of Fe (3d electrons), electrostatic interaction, and crystal field effects. 

However the effect of crystal field makes the spectra more complicated [35].  For this 

purpose fitting of Fe 2p3/2 peak was carried out using XPSPEAK41 software. To fit 

experimental Fe2p3/2 spectrum a particular range of full width and half maximum (1 eV- 

1.6 eV) of peaks were selected. This range was selected because; the previous authors 

used the same range [35-36]. During fitting the Shirley background was subtracted from 
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Fe2p3/2 peak as shown in figure. 4.15. This spectrum is different from other Fe2p3/2 

spectrum present in various oxide e.g. Fe2O3, FeO due its large FWHM. The multiplets 

corresponding to Fe
2+

 and Fe
3+

 are used to fit the experimental data as shown in figure. 

4.15. This spectrum consists of four multiplets. This has been suggested that peak 1 and 

peak 4 correspond to the Fe
2+

 while peak 2 and 3 correspond to Fe
3+

. The binding energy 

and FWHM are listed in Table 4.2. The binding energies of the multiplets (peak 1 & 4) 

are 709.149 eV and 709.949 eV, respectively. The FWHM corresponding to these peaks 

are 1.206 eV and 1.075 eV, respectively. Similarly the multiplets (peak 2 & 3) occur at 

B.E equal to 711.847 eV and 710.735 eV correspond to Fe
3+

. The FWHM of these peaks 

(2 & 3) are 1.415 eV and 1.131 eV, respectively.     
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Figure 4.15 fitted curve for Fe 2p3/2 envelope spectra 

As described above multiplets splitting happens when there is an unpaired valance 

electron. In the case the photoionization causes to eject an electron from the core 2p level 

thus creating an electron vacancy. The coupling between unpaired electrons in the core 

and outermost shell create a number of final states. These final states are manifested in 

the XPS spectrum of the element under investigation. The values of binding energies and 

FWHM corresponding (Table 4.2) to Fe
2+

 and Fe
3+

 present in our system are very close 
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to the previously reported values [37-38]. The small difference in binding energy of these 

multiplets is due to different ligands and/or different orientation of the Fe
2+

 and Fe
3+

. 

Table 4.2 Fitting results of Fe2/3 spectra 

Peak  Position (eV) Area FWHM (eV) 

1 709.149 16140.480 1.206 

2 711.847 20506.150 1.415 

3 710.735 15511.640 1.131 

4 709.949 13905.250 1.075 

 

4.5.3 Low and high spin states of Fe
2+

 and Fe
3+ 

The low and high spin states of Fe
2+

 strongly depend on the ligands. The ligands e.g. F
-
, 

SO
4-

, Br
-
and O

2-
 do not have a strong ability to split outermost d orbital of Fe cations. As 

a result the octahedral splitting energy is lower than electron pairing energy. This 

provides an opportunity for 6d shell electron to occupy the less stable doubly degenerate 

states (dx
2

-y
2
 dz

2
). Hence Fe

2+
 cations remain in high spin state. Moreover the low spin 

Fe
2+

 compounds are incapable to produce multiplet splitting. Hence the Fe2p3/2 envelope 

of such compounds contains only a single peak [39]. However, we observed multiplet 

splitting for Fe2p3/2 envelope. The same phenomena can be employed to Fe
3+

 cations. 

Hence from this discussion and from fitting results, we can conclude that Fe
3+

 and Fe
2+ 

are present in high spin state in CoFe2O4 nanoparticles. 

4.5.4 Cobalt 2p spectra 

The cobalt 2p spectrum has been shown in figure 4.16. The spectrum mainly consists of 

two peaks i.e. Co2p1/2 and Co2p3/2 at 795.24 eV and 779.70 eV, respectively. Moreover a 

shakeup satellite peak was observed at 786.03 eV [40].  To determine the oxidation states 

and environment of the Co cations in CoFe2O4 nanoparticles, a careful fitting of Co2p 

spectrum were carried out as shown in figure. 4.17. All the fitting parameters are shown 

in Table 4.3.  
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The quantitative fitting practices are more complicated and problematic in the sense of 

presence of a variety of physical phenomena e.g. ligands field splitting, valance and core 

electrons coupling etc. The exact values of Co2p1/2 and Co2p3/2 are not sufficient for the 

determination of chemical states and environment of Co cations because the chemical 

shifts in these cases are very small [40]. In such cases, Co2p1/2 and Co2p3/2 binding 

energy difference and characteristics satellite peaks play an important role in determining 

the chemical states and environment of Co cations.   However after a careful examination 

of Co2p spectrum, through fitting procedure reveals that in addition to the above 

mentioned three peaks, there are two more peaks contributing in the spectrum. In other 

words we can say that Co2p spectrum was fitted with five peaks and all the parameters 

corresponding to these peaks are listed in Table 4.3. 

 

Table 4.3: Fitting results of Co 2p spectra. 

Peak  Position (eV) Area % Area FWHM (eV) 

1 779.892 42735.430 40.35 2.910 

2 795.313 15729.990 14.85 4.360 

3 802.592 4606.146 4.34 11.451 

4 786.460 29643.560 27.99 5.232 

5 782.800 13175.050 12.74 2.874 

 

These peaks occur at 802.59 eV and 782.80 eV. The peak 5 at 782.80 eV is ascribed to 

Co
3+

 at octahedral site FWHM of 2.874 eV [41]. Peak 5 has very small %Area, indicating 

that small amount of Co
3+

 cations occupy octahedral site. The small FWHM of the peak 

indicates the presence of a small quantity in the system. Chuang et al [42] observed 

shake-up satellite peak of 8.5 eV, greater than the main Co2p1/2 peak for tetrahedral Co
2+

.  
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Figure 4.16 Co 2p experimental spectra 

 

Figure 4.17 Fitted spectra of Co 2p 
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The occurring at 802.59 eV is attributed Co
2+

 cations occupying tetrahedral sites. It has 

been observed that strong satellite peak around 786 eV is due to Co
2+

 at octahedral site 

[41, 43]; therefore the peak 4 at 786.46 is attributed to the Co
2+

 at octahedral sites. The 

high intensity of peak 4 indicates that most of the Co
2+

 cations reside in the octahedral 

sites. Moreover binding energy difference between Co2p1/2 - Co2p3/2 is 15.54 eV. This 

value is very close to the previous reported value (16 eV) for high spin Co
2+

. 

4.5.5 Oxygen O1s Spectra  

The oxygen core level spectrum (O1s) has been shown in figure 4.18. The spectrum was 

fitted with two peaks. The binding energies of these peaks are 529.60 eV and 530.84 eV. 

The corresponding FWHM of these peaks are 1.245 eV and 1.10 eV. The values of all 

peak parameters are listed in Table 4.4.  

 

 

Figure 4.18 Fitted spectra of O 1s. 

The value of binding energy of first peak (529.60) is in agreement with the previously 

reported O1s values in rock salt and spinel 3d transition metal oxides [44]. The second 

peak with lower intensity at 530.84 eV may be associated with defects, contamination on 

the surface of the nanoparticles, which are intrinsic to this compound as reported in 
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literature [45]. This peak may also be due to the various kinds of carbonates compound, 

which are formed due to the reaction of carbon dioxide with surface oxygen when the 

sample is exposed to air.  

 

Table 4.4 Fitting results of O1s spectra 

Peak  Position (eV) Area FWHM (eV) 

1 529.597 79368.880 1.245 

2 530.841 14369.160 1.119 

 

Summary  

The electrical properties of nanostructured cobalt ferrite were investigated from 300 K - 

400 K at frequency ranging from 20 Hz – 2 MHz. The material was prepared by the 

coprecipitation technique. It was observed that both the grain and grain boundaries 

contributed to the conductivity of ferrite. Semiconductor to metal transition was observed 

at∼330 K in cobalt ferrite. It is suggest that replacement of Co
2+

 by Fe cations causes the 

predominance of c–c interaction between Fe–Fe as compared with c–a–c interactions 

between Fe
3+
–O

2−
–Fe

3+ 
and Co

+2
–O

2−
–Co

2+
. The strong c–c interactions lead to the 

semiconductor to metal transition. The XPS analysis indicates the presence of two 

oxidation states of Fe (Fe
3+

, Fe
2+

) and the presence of Co and Fe atoms on both 

octahedral and tetrahedral sites. The variation of frequency exponent “s” with 

temperature indicates that ac conductivity obeys the overlapping large polaron tunneling 

(OLPT) model. 
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Chapter 5  

Structural and electrical properties of La
3+

 and Sn
2+

 doped 

cobalt ferrite nanoparticles 

The magnetic and electrical properties of CoFe2O4 can be improved by doping with 

various materials, and some interesting results have been reported in this regard [1-3]. 

The electrical properties strongly depend on the composition, annealing conditions, grain 

sizes, and dopant materials [4-5]. Dielectric properties of cobalt ferrite have been studied 

with various dopant materials and concentrations [6-7]. The materials with high dielectric 

constants (≥10
3
) have become of immense interest for the miniaturized memory devices 

that are based on the capacitive components or energy storage principles [8-10]. The high 

values of dielectric constant (3×10
3 

- 8×10
3
) at various frequencies of La1.5Sr0.5NiO4 have 

been investigated on the basis of charge ordering (CO) [11]. However in most of the 

studies regarding doped CoFe2O4 a decrease of dielectric constant and conductivity with 

dopant concentration has been reported. Keeping in mind the importance of materials 

with high dielectric constant, tin (Sn) was doped in the above said system. We report an 

increase in the conductivity and dielectric constant with doping of tin in cobalt ferrite 

nanoparticles. The highest values of dielectric constant at lower frequencies are 7.05×10
3
 

and 9.46×10
3
 for 10% and 20% tin doped cobalt ferrite nanoparticles respectively.  

The structural and magnetic properties of cobalt ferrite have been investigated with 

doping of Al
3+

 and Ti
4+

 at various concentrations. [3,12]. ZnO increase the 

Magnetostrictive sensitivity of cobalt ferrite [13]. High resistance and low loss ferrite 

materials are employed in switching-devices used in many electronic applications such as 

mobiles and personal computers [14]. In this regard, we doped La
3+

 in CoFe2O4 

nanoparticles to fabricate more resistive nanostructured spinel ferrite. 

5.1 Preparation of La
3+

 and Sn
2+

 doped nanoparticles 

Four samples of LaxCoFe2-xO4 (x = 0.00, 0.03, 0.05, 0.07) nanoparticles and three 

samples of Co1-xSnxFe2O4 (x= 0.00, 0.10, 0.20) nanoparticles were prepared by 

coprecipitation technique. The details about the coprecipitation technique are available in 

the chapter 3. 
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5.2 Structural and electrical properties of CoLaxFe2-xO4 

XRD, transmission electron microscopy and Mössbauer spectroscopy has been employed 

to carry out phase analysis of La doped cobalt ferrite nanoparticles. 

5.2.1 The XRD analysis 

XRD patterns of CoLaxFe2-xO4 (x = 0.0, 0.03, 0.05, 0.07) samples are shown in the 

Figure 5.1. These samples were then assigned the names A, B, C and D according to their 

concentration as x = 0.00, 0.03, 0.05, and 007 respectively.  

 

 

Figure 5.1 XRD patterns of CoLaxFe2-xO4 nanoparticles of four different samples (A, B, 

C and D) with x = 0.00, 0.03, 0.05 and 0.07 respectively 

The XRD patterns confirmed a single phase, crystalline structure with no impurity 

present in the samples. The peaks were indexed as corresponding to the cubic CoFe2O4 

phase according to the JCPDS card number 742081. The lattice constant increased with 

dopant concentration as shown in figure 5.2. The observed increase in the lattice constant 

may be attributed to the relatively larger size of the La
3+

. The radii Fe cations (0.064 nm) 

are comparatively smaller than that of La
3+

 (0.106 nm) cations. 
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Figure 5.2 Variation of lattice constant with increasing La content (x) in Co-ferrite 

nanoparticles 

The Fe
3+

 cations are replaced by La
3+

 cations and as a consequence, a small increase in 

lattice constant of the system is evident.   

The previous studies in this regard reported the formation of a small fraction of LaFe2O3 

phase, when La
3+ 

was doped in spinel ferrite. The formation of LaFe2O3 has been 

attributed to the less solubility of La 
3+

 in spinel ferrites [15-17].  However, the accurate 

limit of solubility of La
3+

 in these ferrites is yet to be investigated [18]. In general, the 

limit of solubility of La
3+

 depends on the experimental conditions and method of 

synthesis of nanostructured materials. However, there is no indication in our XRD 

analysis for the formation LaFe2O3 phase. The XRD results are in good agreement with 

the earlier reported studies of La
3+

 doped spinel ferrite nanoparticles [3, 18-19].  
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The particle size was found to be ~20 nm calculated using Scherrer’s formula                    

d =




cos

9.0
, where β is the full width at half maximum of the strongest (311) peak, λ is 

the wavelength of incident x-ray and θ is the peak position.  

5.2.2 Transmission electron microscopy 

TEM images of La
3+

 doped cobalt ferrite nanoparticles confirmed the particles size to be 

~10 - 30 nm (figure 5.3). The particle size shown in the TEM images is in agreement 

with that calculated from Scherrer’s formula using XRD analysis (section 5.2.1). 

 

Figure 5.3 TEM images of one of the resprentative samples of La doped CoFe2O4 

nanoparticles 

5.2.3 Mӧssbauer spectroscopy analysis  

The fitting of Mӧssbauer spectrum was carried out using a computer program Mos-90, 

assuming that all the peaks are Lorentzian in shape. Figure 5.4 demonstrates the 

Mӧssbauer spectrum of CoLa0.07Fe1.93O4. The spectrum seems to be very well fitted with 
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four magnetic sextets and a quadrupole doublet. The isomer shift (d) and quadrupole 

splitting (D) values of all the three components indicate that the Fe
3+

 is in high spin state.  

 

Figure 5.4 Mössbauer spectrum of La0.07CoFe1.93O4 ferrite performed at room temperature 

Table 5.1 Mössbauer parameters of La0.07CoFe1.93O4 nanoparticles 

Spectrum Occupied 

site 

Heff 

(kOe) 

 

(mm/s) 

 

(mm/s) 

 

(mm/s) 

Relative 

area (%) 

Sextet 1 A 479 -0.04 0.22 0.60 25 

Sextet 2 B1 505 0.04 0.38 0.26 05 

Sextet3 B2 478 0.01 0.47 0.54 14 

Sextet 4 B3 432 0.03 0.33 1.98 50 

Doublet 1 B4 --- 0.64 0.30 0.62 06 

One sextet is due to Fe
3+

 in tetrahedral a sites and three sextets is due to Fe
3+

 for 

octahedral B1, B2, and B3-sites. The sextet four has very broad line-width representing 

magnetic nature of particles whereas the quadrupole doublet (B4) is due to the 
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superparamagnetic relaxation effect of the particles, which is observed when the 

relaxation time becomes significantly smaller than the measuring time of the Mӧssbauer 

effect. There are two sextets (sextet1 and sextet3) whose magnetic fields are very close to 

each other. However, they can be differentiated on the basis of their isomer shift values. 

Further details are given in Table 5.1. 

5.3 Impedance spectroscopy analysis of CoLaxFe2-xO4 

Impedance spectroscopy is a very useful technique to study the electrical response of a 

system.  This technique separates the contribution of electrical response from grain and 

grain boundaries in a system. The real (Zʹ) and imaginary (Zʺ) part of the complex 

impedance can be calculated by using the following equations [20]. 
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Where Rgb and Cgb are the resistance and capacitance resulting from grain boundaries 

whereas Rg are Cg represent the same parameters for the grain interiors.  

5.3.1  Nyquist plot 

The complex impedance plane plots (Nyquist plot) are shown in figure 5.5. The 

frequency in figure 5.5 increases from right to left direction. It is clear from the complex 

impedance plane plot that there are two semicircular arcs for x = 0.00, 0.03, 0.05 

compositions and a single semicircular arc for x = 0.07. The two semicircular arcs for x = 

0.0, 0.03, 0.05, demonstrate at least two types of relaxation phenomena with sufficient 

different relaxation times (τ=RC). The semicircular arc that corresponds to the grain 

boundaries usually occurs at lower frequency end because the grain boundaries have a 

large resistance. Hence the relaxation time (τ=RC) increases, in accordance with the 

relation τ=1/2πf. As a result, the semicircular arc related to the grain boundaries occurs at 

lower frequency [21]. Therefore, we conclude that the smaller semicircular arc at the 

higher frequency side is due to the grain interior while the larger one, at lower frequency 
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side corresponds to the grain boundaries. The radii of semicircular arcs represent the 

resistance of the corresponding phases (grain interiors and grain boundaries). The 

resistance of both the grain and grain boundaries increases with an increase in dopant 

concentration (La
3+

). However, the increase in grain boundaries concentration is more 

pronounced than that of the grain interiors. The larger value of grain boundary resistance 

suggests that the grain boundary volume is large as compared to the grain volume for all 

samples and hence the conduction through the grain boundary becomes dominant in this 

case. Both semicircular arcs shift towards the high frequency as the doping concentration 

increases. Finally, at x = 0.07 the larger semicircular arc dominates the whole frequency 

range while the smaller one shifts beyond the measured frequency range and becomes 

almost undetectable. Hence we observe only one semicircle for x = 0.07 composition. 

Equivalent circuit model shown in Figure 5.6 has been employed to fit the data and to 

extract the electrical parameters Rg, Cg,, Rgb and Cgb  using Z-View software. 

 

 

Figure 5.5 The experimental (hollow circles) and fitted data (filled circles) of Nyquist 

plot of CoLaxFe2-xO4 nanoparticles of four different samples (A, B, C and D) 
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The non-ideal capacitive behavior of the grain boundary of all samples is explained by 

introducing a constant phase element (Qgb) in the circuit. The non-ideal capacitive 

behavior may be due to the presence of the disorder in grain boundaries. The parameter n 

represents the deviation from the ideal behavior such that Cgb = R
(1-n)/n 

Q
1/n

, where n =1 

for pure capacitors [22]. The extracted parameters Rg, Cg, Rgb, Cgb, τg and τgb are given in 

Table 2 where τg and τgb are the relaxation time constants for the grain interiors and grain 

boundaries, respectively. 

 

 

 

 

 

 

Figure 5.6 The equivalent circuit used to fit the experimental data 

Table 5.2 Impedance parameters for the samples examined in the present study 

 

Electrical 

parameters 

Composition (x) 

0.0 0.03 0.05 0.07 

Rg 740 759.6 936 1000 

Rgb 1890 3190 51557 270850 

Cg 2.84×10
-10

 1.89×10
-10

 1.02×10
-09

 1.26×10
-08

 

Cgb 1.85×10
-11

 2.13×10
-09

 5.41×10
-09

 2.53×10
-10

 

τg 2.10×10
-07

 1.44×10
-07

 9.58×10
-07

 1.26×10
-05

 

τgb 3.49×10
-08

 6.80×10
-06

 2.79×10
-04

 6.84×10
-05

 

 

5.3.2 Dielectric properties of LaxCoFe2-xO4 

There are four types of polarization which contribute in the dielectric behavior of ferrite. 

These four types of polarization are interfacial, dipolar, atomic, and electronic [23]. The 

interfacial polarization is more pronounced at lower frequencies. The interfacial 

polarization is due to the presence of structural anisotropy in the system. The dipolar 
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materials exhibit orientational polarization of dipoles which results in Debye type 

dielectric relaxation above 10
4
Hz. Beyond this frequency range (≥10

6
), the dielectric 

properties of the material are due to the electronic and atomic polarizations. Figure 5.7 

represent the variation in the real part of dielectric permittivity (ε') as a function of 

frequency for the samples A, B, C and D.  This figure illustrates that samples exhibit 

interfacial and orientational polarization of dipoles contributing to the dielectric 

properties of pure and La
3+

 doped cobalt ferrite nanoparticles. For pure CoFe2O4 

nanoparticles (sample A), the dielectric constant decreases with an  increase in frequency 

reaching to a minimum close to zero at the high frequency end. This behavior of ε' with 

frequency for the undoped sample can be explained on the basis of Maxwell-Wagner 

theory of interfacial polarization that is in agreement with Koop’s phenomenological 

theory [24-26]. According to this theory, interfacial polarization is more pronounced at 

low frequencies as compared to the other types of polarization. The interfacial 

polarization has its origin in trapped charges at the grain-grain interface. This grain-grain 

interface (grain boundaries) act as barriers to the flow of charge carriers. This type of 

barriers form spatial charged layers. These layers are formed near the grain boundaries.  

The thickness of the spatial layers is inversely related (C = 1/d). As the thickness of these 

layers are very small which result in large capacitance. As a consequence these grain 

boundaries give a high dielectric constant to the material at low frequencies. In addition 

to the interfacial polarization a second frequency dependent region appeared for the 

doped samples C, B, and D. Here we presumed that this region is due to Debye type 

dielectric relaxation. This Debye type relaxation region spreads over the whole frequency 

range as the dopant concentration increases. For sample D (x = 0.07), this region 

becomes more prominent. The interfacial polarization suggests that the values of ε' and ε" 

should be zero at the high frequency end. The non-zero values of dielectric constant 

provide further evidence for existence of Debye relaxation. The non-zero values of 

dielectric constant ε' are shown in Figure 5.8. It can be observed ε′ has nonzero values 

(200- 800) at the high frequency end. This provides strong evidence for existing and pre-

dominancy of Debye type relaxation process. These observations are in good agreement 

with the previously reported results for Mg–Zn ferrite at 3 kHz [27]. Usually Debye type 

polarization arises due to the orientational polarization in dipolar materials. The presence 
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of Fe
3+

 and Fe
2+

 ions has rendered ferrite materials dipolar. Rotational displacement of 

dipoles causes to induce orientational polarization in the material. In ferrites, rotation of 

Fe
2+
↔ Fe

3+
 dipoles may be visualized as the exchange of electrons between the ions so 

that the dipoles align themselves in response to the alternating field. Another reason for 

the increasing trend in rotational displacement of dipoles with La
3+

 concentration may be 

the relatively larger size of La
3+

 ions. As described earlier in XRD analysis the small 

Fe
2+

/Fe
3+

 (0.064 nm) at octahedral sites are replaced by La
3+

 (0.106 nm). The large size 

of La
3+

 may create some distortion or stresses in the unit cell [17]. Therefore the La
3+

 

cations associate themselves with positive ions vacancies to accommodate these 

distortions and/or stresses. These associated pairs have the net dipole moment and 

exchange their sub-lattice positions (octahedral sites) when an electric field is applied 

[27]. This mechanism increases the orientational polarization linearly with La
3+

 

concentration as observed in our system. In ferrites, the dielectric permittivity decreases 

with frequency. We can see from the scale of Figure. 5.7, that the overall dielectric 

constant ε' decreases with increasing doping concentration in cobalt ferrite. The decrease 

in dielectric constant ε' can be explained on the basis of cation distribution. The 

polarization in ferrite depends on the concentration of Fe
2+

/Fe
3+

 cations at the octahedral 

B sites. The distance between these cations occupying octahedral sites B is 0.292 nm 

which is smaller than the distance (0.357 nm) between the two tetrahedral A sites. Due to 

this close proximity among Fe
2+

/Fe
3+

 at the octahedral B site, these cations govern the 

polarizability of the material. The larger La
3+

 cations occupy the octahedral B sites and 

replace Fe
2+

/Fe
3+ 

cations, thereby decreasing the number of Fe
2+

/Fe
3+

 dipoles at the 

octahedral sites. Hence the replacement of Fe
2+

/Fe
3+

 at the octahedral “A” site by La
3+

 

reduces the polarizability of the material and resulting in the reduction of dielectric 

constant. Moreover it has been observed in many cases that the conduction and dielectric 

mechanisms in ferrites are similar hence the dielectric permittivity is due to both the 

electron and holes. This can be explained according to Rezlescue model [28]. According 

to this model the dielectric polarization and electrical conduction in nanostructured cobalt 

ferrite is due to the electron hoping between Fe
3+ 

- Fe
2+

 and hole hoping between Co
3+

- 

Co
2+

. 
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Figure 5.7 Variation of real part of dielectric constant with frequency  

At higher frequencies the frequency of charge transfer cannot follow the applied electric 

field resulting in a decrease in dielectric permittivity. The variation of dielectric loss (ε") 

as function of frequency is shown in the Figure 5.9. The dielectric loss ε" decreases 

rapidly at low frequency and becomes almost constant at high frequency. There is a small 

peak for sample C corresponding to the Debye relaxation peak in dielectric constant ε'. It 

can be concluded from the above discussion that the overall polarization of the system 

decreases while individually the Debye orientational polarization effect increases in the 

samples with increasing La
3+

 concentration in cobalt ferrite nanoparticles 
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Figure 5.8 Magnified view of the variation of dielectric constant at high frequency end 
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Figure 5.9 Variation of imaginary part of dielectric constant with frequency  
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5.3.3 Tangent loss  

Figure 5.10 shows the variations in tangent loss with frequency for different 

compositions.  

 

 

Figure 5.10 Logarithmic dependence of the loss tangent of CoLaxFe2-xO4 with frequency 

in nanoparticles 

Appearance of loss peaks exhibiting the presence of relaxations in the system which is in 

accordance with the impedance results, as discussed previously. The peaks in the tangent 

loss are the indicatives of the maximum absorption of the electrical energy due to the 

coupling of the oscillating field with the oscillating charges. Larger peak in the low 

frequency region can be attributed to the relaxation process at the grain boundaries and 

smaller peak in the high frequency region is associated to the grain interiors [29]. The 

smaller peak shifts towards the higher frequency as the concentration of La
3+

 (x) 

increases the relaxation process at the grain boundaries. It has also been observed that 

La
3+

 substitution reduces the tangential loss that indicates a decrease in total number of 

hopping entities, as (tan δ)max is directly related to the number of dipoles available for the 
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relaxation [30]. This is in good agreement with a previous impedance study where La 

addition has reported to improve the resistive properties of the material thereby 

suppressing the Co
2+
↔Co

3+
 and Fe

2+
↔Fe

3+
 linkages [3]. 

5.3.4 Conductivity of LaxCoFe2-xO4 

The ac conductivity as a function of frequency is shown in figure 5.11. There is a plateau 

region at low frequency followed by a frequency dependent region at higher frequency 

side in all samples. 
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Figure 5.11 Frequency dependence AC conductivity of the samples 

 

The σac obeys the Jonscher’s power law i.e. σac (ω) = σdc +Bω
s
 [31] where σdc is the dc 

conductivity of the material at low frequency, B is the parameter with units of 

conductivity and “s” is the temperature dependent parameter which is equal to the slope 

of the σac vs log(ω) plot. The first term is temperature dependent and frequency 

independent dc conductivity, which is due to the drift of accumulated charge carriers at 

the grain boundaries. The frequency where the slope of the curve changes is called 

hopping frequency. As the frequency of the applied electric field increases, the hopping 
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of charge carriers between the ions increases, thereby increasing the conductivity of the 

material. Moreover, a second plateau region followed by a frequency dependent region 

was observed for the samples A and B. This type of σac variation with frequency indicates 

the existence of two types of relaxation phenomena with different time constants and 

relaxation frequencies. This type of behavior shows that more than one activation barriers 

with different activation energies exist in the samples [22]. The second activation barrier 

may be due to some trapped energy states which are capable of capturing the charge 

carriers at room temperature. The variation of ac conductivity with La
3+

 concentration is 

shown in Figure 5.11. The conductivity of CoLaxFe2-xO4 decreases with La
+3

 

concentrations. The La
3+

 occupy octahedral sites because it has larger ionic radius than 

Fe
3+

 (0.064 nm) and Co
2+

 resulting in the reduction of Fe
2+

/Fe
3+

 or Co
2+

/Co
3+

 

concentration at the octahedral sites. Hence the number of Co
2+

-Co
3+

 and Fe
2+

-Fe
3+

 pairs 

for hole and electron hopping decreases. Therefore the hopping of the charge carriers 

between the cations decreases as the concentration of lanthanum increases. This results in 

the accumulation of charge careers near the grain boundaries which increases the 

resistance of the grain boundaries. As a result, the conductivity of the samples decreases. 

 

5.4 Structural and electrical properties of Co1-xSnxFe204 

5.4.1 X- ray diffraction study Co1-xSnxFe204 

XRD patterns of samples A and B are shown in figure. 5.12, which confirm the pure 

phase, single crystalline phase formation of the prepared nanoparticles.  All the observed 

XRD peaks were indexed in accordance with the JCPDS card (742081) for the cubic 

CoFe2O4. The lattice parameter calculated from the XRD pattern was found to be 

0.83799 nm and 0.3685 nm for x = 0.10 and = 0.20 respectively, which is closely 

matched to pure CoFe2O4. This value of lattice constant agrees with that of conventional 

unit cell parameter of CoFe2O4. 
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Figure 5.12 XRD pattern of pure and 20% doped cobalt ferrite nanoparticles 

5.4.2 Transmission electron microscopy of Co1-xSnxFe204 

Figure 5.13 shows the low and high resolution TEM images of Co1-xSnxFe204 

nanoparticles showing that most of the particles are in cuboidal or spheroidal in shape. 

The images indicate that the size of the particles is not uniform, i.e. small particles of size 

below 10 nm and larger particles of size ~15 nm.  
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Figure 5.13 High resolution TEM images of tin doped cobalt ferrite nanoparticles 

 

5.4.3 Quantitative analysis of Co1-xSnxFe2O4 nanoparticles 

Figure 5.14 and 5.15 demonstrate the elemental analysis of 10 wt% and 20 wt% tin doped 

cobalt ferrite nanoparticle samples. It is clear from the EDX pattern that there is no 

impurity present with sufficient intensity to be detected. 
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Figure 5.14 EDX pattern of Co0.90Sn0.10Fe2O4 nanoparticles 
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Figure 5.15 EDX pattern of Co0.80Sn0.20Fe2O4 nanoparticles 
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At low energies there is a small carbon peak with low intensity. This carbon peak is 

common to every system. Because every sample adsorbs carbon from the environment 

when expose to air. The Pd and Au peak is due to the coating on the samples to make it 

conductive for electron beam of SEM. The quantitative analysis of both samples is 

summarized in Table 5.3. 

Table 5.3 EDX pattern of Co0.80Sn0.20Fe2O4 nanoparticles 

Element  Co0.90Sn0.10Fe2O4 Co0.80Sn0.20Fe2O4 

 wt% wt% wt% At% 

O K 15.81 40.58 27.73 58.82 

Sn L 3.71 1.28 6.57 1.88 

Fe K 53.81 39.56 46.18 28.07 

Co K 26.67 18.58 19.52 11.24 

Total  100 100 100 100 

 

5.4.4 Impedance spectroscopy of Co1-xSnxFe2O4 

5.4.4.1 Nyquist plot 

The two dimensional cole-cole (Nyquist) plots for experimental and fitted data of Co1-

xSnxFe2O4 (x = 0.0, 0.10, 0.20) are shown in figure 5.16. The same procedure described 

in section 5.2.4.1 was followed to fit the complex impedance data. The circuit used for 

lanthanum doped sample was also used to fit this data. The extracted parameters Rg, Rgb, 

Cg, Cgb are given in Table 5.4. This fitting of experimental data (cole-cole plot) results 

into two semicircular arcs each corresponding to two different relaxation phenomena in 

the cobalt ferrite system. The larger arc at low frequency may be attributed to the grain 

boundaries while the smaller one at high frequency to the grain interiors. The low 

frequency semicircular arc for both samples shows substantial deviation from Debye 

relaxation phenomenon [32]. The impedance parameters Rg, Cg, Rgb, and Cgb ,τg ,τgb are 

tabulated in Table 5.4. All these electrical parameters are deduced from the fitted data. 
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Where τg are τgb are the relaxation time associated with charge carries at the grain and 

grain boundaries. The values of Rgb are sufficiently large as compared to Rg. This may be 

attributed to the scattering of charge carriers from the grain boundary planes as 

mentioned in chapter 4. The capacitance of both the grain interiors (Cg) and grain 

boundaries (Cgb) for all samples were of the order of 10
-9

 F and 10
-10

 F respectively. The 

larger value of the capacitance means the higher values of dielectric constant and 

conductivity of the system [27]. The grain boundaries in this case act as barriers which 

offer relatively large resistance to the flow of free charge carriers (electrons and holes) 

that can result in the formation of a spatial charge layer at the grain boundaries. 

Formation of this spatial charge layer can lead to the high grain boundary capacitance 

(Cgb) in the system. To confirm these values of Cg and Cgb, the capacitance in parallel 

(Cp) were measured as function of frequency. The experimental curve of the capacitance 

in parallel as a function of frequency of the system verifies these values of Cg and Cgb 

shown in Figure 5.17. The Cp versus frequency plot shows that Cp decreases rapidly with 

increasing frequency and reaches static values at higher frequencies for both samples. 

The maximum values of Cp at the low frequency (100Hz), for all the three samples with 

x= 0.0, 0.10 and 0.20 are 1.17×10
-09

 F and 2.72×10
-09

 F and 3.34×10
-09

 F respectively. 

The static regions for both samples start at a frequency around 10
4
 Hz. The corresponding 

values of Cp in these static regions may vary from 2.01×10
-10 

F to 1.64×10
-10 

F for the 

both samples. Both fitting results of Nyquist plot and Cp curves revealed that the system 

exhibited two types of capacitance values. The capacitance values at lower frequencies 

were higher while at high frequency these values were small. As the grain boundaries are 

more active at lower frequencies owing to the increased relaxation time of the charge 

carriers in the vicinity of the grain boundaries. Similarly the grain interiors with more 

conducting channels dominate at the high frequency side. Hence low and high frequency 

values of (Cp) can be attributed to the Cgb and Cg, respectively [33]. These values of Cp at 

low and high frequencies show good agreement with fitted values of Cgb and Cg 

respectively as shown in Table 5.4. Hence it can be concluded that the low frequency 

capacitance and high dielectric constant is mainly due to the grain boundaries of the 

system while at high frequencies these parameters are the intrinsic properties of the 

system. 
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Figure 5.16 Cole-Cole plot for the tin doped samples with x = 0.0, 0.10, and 0.20 

 

Table 5.4 Electrical parameters at various concentration of Sn 

 Rg (Ω) Rgb(Ω) Cg (F) Cgb (F) n τg=RgCg(S) τgb=RgbCg(S) 

x = 0.0 113230 2.66×10
6
 6.16×10

-10
 1.25×10

-09
 0.7929 6.97×10

-05
 3.33×10

-03
 

x = 0.10 18115 2.63×10
6
 7.76×10

-10
 3.53×10

-09
 0.8410 1.41×10

-05
 9.27×10

-03
 

x = 0.20 4660 3.27×10
5
 2.38×10

-10
 3.34×10

-09
 0.8346 1.11×10

-06
 1.09×10

-03
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Figure 5.17 Frequency  dependence  of capacitance  in  parallel  for  pure  and  tin  doped 

cobalt ferrite 

5.4.4.2 Dielectric properties of Co1-xSnxFe2O4 

Figures 5.18 and 5.19 shows the frequency responses of real and imaginary parts of the 

dielectric constant for samples A and B in the frequency range 100 Hz - 2 MHz. The real 

part (ε′) in the curve represents the energy stored in the system as the polarization while 

the imaginary part (ε ) is the dissipated energy in the system. We observed that both ε′ and 

ε  show a decreasing behavior with increasing frequency and reach their minimum values 

at the high frequency. The variation in these parameters represents Maxwell–Wagner 

type interfacial polarization that is in agreement with Koop’s theory [24-25, 34]. As 

described in section 5.3.2, the mechanism of dielectric polarization and conduction is 

similar in ferrite materials. The electron exchange Fe
3+

 + e
-1

 ↔ Fe
2+

 is believed to be 

responsible for the conduction and dielectric polarization in the system [35]. The local 

displacement of electrons in the direction of applied field causes the dielectric 

polarization in the material. Generally, in ferrites the dielectric constant ε′ is high at low 

frequencies, decreases rapidly with frequency and finally reaches its minimum value at 

the highest frequencies.  
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Figure 5.18 Frequency dependence of (a) real part of dielectric constant (εʹ) 

 

Figure 5.19 Imaginary part of dielectric constant (εʺ) 
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Orientational polarization of dipoles produces Debye type dielectric relaxation process in 

the system. Such type polarization has been explained in details in section 5.3.2. Here we 

believe that the interfacial polarization is responsible for high dielectric constant below 

10
4 

Hz in all tin doped cobalt ferrite samples. According to Maxwell-Wagner (MW) type 

interfacial polarization the high values of ε′ are due to grain boundaries, which are 

usually more active at the lower frequencies. These grain boundaries contain non-

stoichiometric distribution of oxygen and the dangling bonds, which act as carrier’s traps 

in the system [36]. The low values of ε′ at high frequencies (10
4
) are due the reason that 

the exchange of electrons in Fe ions Fe
3+

 + e
-1
↔Fe

2+
 cannot follow the applied electric 

field. The dielectric constant was found to increase with doping of Sn
2+

 as shown in 

figure 5.18. This increase in ε′ can be explained on the basis of the cation distribution 

among the tetrahedral (A) and octahedral (B) sites. CoFe2O4 has the inverse spinel 

structure in its bulk form where Fe
+2

 ions are equally distributed in tetrahedral and 

octahedral sites while Co
2+

 ions are filled in octahedral sites only. The present author 

reported that nanosized cobalt ferrite has the mixed inverse spinel structure with the 

cation distribution of the form (Co0.46Fe0.54)
A
[Co0.54Fe1.44]

B
O4. Tin cations (Sn

+2
, Sn

+4
) 

have greater tendency to occupy the octahedral sites as compared to tetrahedral sites [37]. 

The cations occupying octahedral sites govern the polarization and conductivity of the 

materials due to their close proximity. Co
2+ 

cations at B sites are replaced by 

Sn
2+

/Sn
4+

cations. The existence of double valance state of tin ions (Sn
4+

, Sn
2+

) causes the 

electron exchange between these cations [38]. This fluctuation between the two valance 

states leads to an increasing dielectric constant for the 10% and 20% tin doped in cobalt 

ferrite samples.   

5.4.4.3 Ac conductivity of Co1-xSnxFe2o4 

The frequency dependence of conductivity (σac) has been shown in figure 5.20. It is seen 

that σac increases with increasing frequency for both the samples. The figure 5.20 shows 

that σac has two regions. The first region is frequency independent dc region. This region 

is followed by a second frequency dependent ac region. According to Jonscher’s 

universal power law ac conductivity of a system can be express by the following equation 

[39]. 

σac=σ0 + αAω
n
              5.4 
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where the frequency independent dc part (σ0) is related to the drift of the free charge 

carriers and α is the temperature dependent constant with units of conductivity. The 

hopping of electrons between Fe
2+

 and Fe
3+

as well as the hole hopping between Co
3+

 and 

Co
2+

 are responsible for the conduction in nanocrystalline cobalt ferrite [40]. 

 

 

Figure 5.20 Conductivity (σac) versus frequency plot for cobalt ferrite and tin doped 

cobalt ferrite nanoparticles 

The frequency acts as a pumping force for hopping of electrons and holes in the system. 

As the frequency increases some of the trapped charges become free and contribute to the 

conductivity of the material. In this article, we report that the conductivity is enhanced 

with doping of Sn
+2

 in cobalt ferrite. As described earlier tin cations occupy the 

octahedral sites and mechanism of conduction and dielectric polarizations is same in 

ferrites. Electron hopping between Fe
2+

 - Fe
3+

 and hole hopping between Co
2+

 - Co
3+

 are 

responsible for the conduction in pure cobalt ferrite. In addition to the hole and electron 

hopping the fluctuation of valance states in tin cations also causes an electrons exchange 

according to Sn
2+
↔ Sn

4+
 + 2e

-1
 that can lead to increasing conductivity of the doped 

system [38]. 

5.4.4.4 Temperature dependence of ac conductivity 

As we described in the previous chapter that the temperature dependent ac conductivity  
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Figure 5.21 Temperature dependence of ac conductivity in Co0.90Sn0.10Fe2O4 

nanoparticles 

 

Figure 5.22 Temperature dependence of ac conductivity of Co0.80Sn0.20Fe2O4 

nanoparticles 
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of cobalt ferrite nanoparticles undergo semiconductor to metal transition around 330 K. 

Before the transition temperature the conductivity of the system increases linearly with 

temperature. Such a variation in the conductivity of the system with temperature reveals 

the semiconductor nature of the system. Beyond the transition temperature the 

conductivity has an inverse relation with temperature confirming the metallic nature of 

the system. In section 4.4.2, the origin of this transition in pure cobalt ferrite has been 

discussed in detail. We believe that there are two reasons which are responsible for such 

type of transition. First the existence of mixed valance states of Fe and Co and the second 

reverse cation distribution among the octahedral and tetrahedral sites. To see the effect of 

doping on transition temperature we doped cobalt ferrite with 10%, 20% and 40% tin. 

As section 4.4.2 contains the detail study about semiconductor to metal transition, 

therefore here we will not provide the detail discussion about mentioned transition. Here 

the effect of Sn doping on transition temperature will be briefly discussed. 

For pure CoFe2O4 nanoparticles, semiconductor to metal transition occurs around 330 K 

as described in the section 4.4.2. We reported that transition temperature increases with 

doping of Sn in CoFe2O4 nanoparticles. For 10% doping of Sn in CoFe2O4 

(Co0.90Sn0.10Fe2O4) the transition temperature increases up to 340K as shown in figure 

5.21. This figure demonstrates that initially the ac conductivity of the system increases 

with temperature from 290 K to 340 K. Hence below 340 K, the system has 

semiconductor nature.  Beyond 340 K the conductivity decreases with increasing in 

temperature confirming the metallic nature of the system.  

A similar behavior of temperature dependent ac conductivity was also absorbed for 20% 

and 40% Sn doped CoFe2O4 nanoparticles with exception of transition temperature, 

which increased up to 360 K as shown in figure 5.22. 

The tendency of Sn to occupy the octahedral site is more than Fe and Co cations. So it 

affects the semiconductor to metal transition in two ways. 

1.  The increase in tin concentration decreases the Co concentration and also the number 

of Co cations at the octahedral site. Thus the Co - Co interaction at the octahedral sites 

became weak. 

2: Due to greater tendency of Sn cations to occupy octahedral site it also decreased the 

number of Fe cations which caused a decrease in Fe - Fe interactions.  
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These two types of interactions are responsible for semiconducting and as well as 

metallic behavior of the system.  

5.4.5 DC conductivity 

The DC measurements were carried out independently from ac measurement. Figure 5.23 

and 5.24 demonstrate the variation of DC conductivity as a function of temperature for 

10% and 20% Sn doped samples, respectively. The DC measurements further ascertain 

the semiconductor to metal transition for both the samples at the same temperature as 

reported in ac measurements (Impedance spectroscopy) section 4.4. 

 

 

Figure 5.23 Temperature dependence of DC conductivity for Co0.90Sn0.10Fe2O4 

nanoparticles 

It is clear from figures 5.23 and 5.24 that DC conductivity increases with rise in 

temperature below the transition temperature, while above the transition temperature the 

conductivity decreases with temperature imparting metallic nature to the system. From 

here we conclude that for both the 10% and 20% tin doped cobalt ferrite samples exhibit 

semiconductor to metal transition. Electrically the semiconductor to metal transition has 
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been investigated for pure cobalt ferrite nanoparticles. The magnetic origin of such 

transition for 40% tin doped (Co0.60Sn0.40Fe2O4) will be discussed in detail in chapter 6. 
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Figure 5.24 Temperature dependence of DC conductivity of Co0.80Sn0.20Fe2O4 

nanoparticles 

Summary  

Electrical properties of lanthanum doped and tin-doped cobalt ferrite nanoparticles 

synthesized by chemical coprecipitation route were investigated at room temperature. 

Mӧssbauer spectroscopy of La doped samples shows that Fe
3+

 ions are at high spin state. 

The impedance spectroscopy shows a large increase in the grain boundary resistance 

which has been attributed to the large grain boundaries volume in nanomaterials. We 

observed that the substitution of Fe
2+

/Fe
3+

 by La
3+

 decreases the conductivity and 

dielectric constant of nanostructured cobalt ferrite. Debye type of dielectric relaxation 

was reported in doped sample B, C, and D, which shows that the orientational 

polarization plays a dominant role in determining the dielectric properties of La doped 

samples. The low frequency high-dielectric constant (ε) and capacitance (Cp) was 
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investigated for tin doped samples. The presence of two semicircles in cole – cole plot of 

tin doped samples indicates the existence of the two relaxation phenomena in the 

material. The impedance data, fitted to an RC circuit, showing the resistive and capacitive 

behavior of the material. The data shows that both the grain and grain boundaries are 

contributing towards the conduction in the Sn doped nanoparticles. The presence of grain 

boundaries is responsible for the high values of dielectric constant and capacitance in 

parallel Cp at low frequencies. The exchange of valance electrons between Sn
2+

 and Sn
4+

 

enhances the dielectric constant and conductivity in tin doped cobalt ferrite nanoparticles.  
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Chapter 6  

Correlation between magnetic and electrical properties of 

Co0.60Sn0.40Fe204 nanoparticles 

In this chapter, the structural, electrical, magnetic properties and correlation between 

these properties of Co0.60Sn0.40Fe204 nanoparticles have been described and discussed in 

detail. The magnetic hysteresis loops of these nanoparticles at certain temperatures have 

been investigated. Magnetically these nanoparticles exhibit a wasp - waist magnetic 

hysteresis loop upto a certain temperature (360 K).  This was suggested that the wasp-

waist magnetic hysteresis loop is due to the simultaneous existence of ferromagnetic and 

antiferromagnetic domains in the system. The ferromagnetic and antiferromagnetic 

domains have been explained in terms of the double exchange and super exchange 

interactions, respectively.  

Electrically these ferromagnetic and antiferromagnetic domains impart metallic and 

semiconductor properties to the system respectively. As a consequence, thermally 

induced semiconductor to metal transition occurs at ~ 360 K. To explain such type of 

transition, impedance spectroscopy has been carried out from 300 K to 400 K. The 

Nyquist plots reveal the contribution of both the grain and grain boundaries in conduction 

of the system. The semiconductor to metal transition was explained using temperature 

dependent Nyquist plot and ac conductivity of Co0.60Sn0.40Fe204 nanoparticles. The 

spectroscopic plot (Z″ Vs. frequency) shows that charge carriers are localized below 360 

K and delocalized beyond 360 K. Moreover, DC measurements were performed 

independently from impedance spectroscopy from 285 K to 400 K. The DC resistivity 

and IV curves of the system further confirm a semiconductor- metal transition at ~ 360 K. 

 

6.1 Preparation of Co0.60Sn0.40Fe204 nanoparticles 

The Co0.60Sn0.40Fe204 nanoparticles were prepared by following the procedure described 

in section 3.2. 
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6.2 Structural characterization  

6.2.1 XRD analysis 

 

Figure 6.1 XRD pattern of Co0.60Sn0.40Fe2O4 nanoparticles 

XRD pattern of Co.60Sn.40Fe2O4 is shown in figure 6.1. The pattern confirms the spinel 

single crystalline structure and pure phase of nanoparticles. All reflections in the XRD 

pattern were indexed according to the JCPDS card (742081) for the cubic CoFe2O4 phase. 

The lattice parameter was also calculated mathematically by using the formula                 

 222

2

2
2

sin4
lkha 




. Here the values of sinθ and h

2
 + k

2
 + l

2
 are different for 

different peaks in XRD pattern. The value of lattice constant was found to be 0.8344 nm 

for all peaks present in XRD pattern of Co.60Sn.40Fe2O4 nanoparticles. This value of 

lattice constant is in agreement with previously reported values [1-2]. The particles size 

determined by Scherer’s formula was 23 nm. 

6.2.2 Transmission electron microscopy 

Figure 6.2 shows the TEM image of sample with particle size of ~20 nm that agrees well 

with the size calculated from the strongest XRD peak (311). TEM-EDS analysis was 

performed (figure 6.3) showing the presence of Co, Sn, Fe, and O with no measurable 

impurity peak. The Cu peak is due to the copper grid used in TEM sample preparation.  
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Figure 6.2 TEM image of nanoparticles 

 

Figure 6.3 TEM-EDS analysis 

6.3 Magnetic properties 

A wasp-waist magnetic hysteresis loop is one which is wider across the zero 

magnetization axis while narrower in the middle section. Interpretation of such complex 

magnetic hysteresis loops is more complicated [3-4]. Such type of loops has been widely 
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documented for many materials [5-7].  Wasp-waist magnetic hysteresis loops are mainly 

due to two reasons. First; this may be due to the coexistence of two magnetic components 

with different coercivities. This situation includes the presence of a mixture of grain sizes 

or two magnetic materials with different coercivities in the system. Second a mixture of 

superparamagnetic and single domain grain result in wasp-waist magnetic hysteresis loop 

[8]. Wasilewski reported that wasp-waist loops are formed when two disks of different 

coercivities are coupled [5]. A wasp-waist loop can be created by antiferromagnetic 

coupling on two ferromagnetic materials with different coercivities. Then the composite 

sum produces wasp-waist loop. Similarly, if two films of zero coercivity are coupled 

antiferromagnetically and then coupled with a hard magnetic material then the composite 

magnetization curve will be wasp-waisted [9].   

The M(H) curves of Co0.60Sn0.40Fe204 nanoparticles at 20, 50, 100,150, 200, 300, 330, and 

360 K are shown in the figures 6.4 and 6.5. It is seen that at low temperature the 

magnetization curve is strongly wasp-waist type; however as the temperature increases 

this effect decreases. Finally, at 360 K the magnetization curve of the nanoparticles 

shows the dominancy of ferromagnetic/ferrimagnetic domains in the system. Similar 

M(H) loops were reported for CoFe2O4 nanoparticles at low temperatures and the results 

were explained in terms of directional order of Co ions and vacancies [10]. However, 

more detailed study is required to explain the wasp-waist type hysteretic behavior of 

single domain cobalt ferrite nanoparticles [8]. As described above the mixture of 

superparamagnetic and single domain grains result in wasp-waist magnetic hysteresis 

loop. In our case the possibility for the presence of such a mixture is ruled out due to two 

reasons. Firstly in TEM images of the samples, the size of nanoparticles was ~ 20 nm 

while the critical superparamagnetic size for CoFe2O4 at room temperature is 4 to 9 nm 

[11-12]. So there is no possibility for the existence of superparamagnetic domains in the 

sample. Secondly, we observed wasp-waist type behavior at low as well as room 

temperature. Therefore, we believe that wasp-waist type behavior in the M(H) curves of 

Co.60Sn.40Fe204 nanoparticles may be due to the coexistence of ferromagnetic (FM) and 

antiferromagnetic (AFM) phases in the system. These phases are stable according to their 

thermodynamic energies. The magnetic properties of Co-Ferrite strongly depend on the 

cation distribution among the octahedral and tetrahedral sub-lattice sites and thermal 
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history of the samples [13]. The structural formula for mixed inverse spinel structure is 

(Me
2+

1-δFeδ
3+

)
A
(Me

2+
δFe2-δ

3+
)
B
O4 where superscripts A and B indicate tetrahedral and 

octahedral sub-lattices and superscript δ is the degree of inversion [14].  The Me
2+

 

represents the metal cations (Co
2+

 and Sn
2+

). In fully inverse spinel structure the degree 

of inversion is 1, Fe
3+

 occupy the octahedral and tetrahedral sites equally while Me
2+

 

occupy the octahedral B sites only. In our previous work the Mӧssbauer spectroscopy of 

CoFe2O4 nanoparticles shows a mixed inverse spinel structure with cation distribution of 

(Co0.477 Fe0.523)
A 

[Fe1.477Co0.523]
B
O4 as mentioned in chapter 4. Hence the degree of 

inversion is 0.52. There are two types of interaction in the spinel ferrite, inter-sub-lattice 

(A-B) interactions and intra-sub-lattice interactions (A-A) and (B-B) [15]. The 

antiferromagnetic superexchange (A-B) interaction between the two cations, mediated by 

an oxygen ion (cation-anion-cation) is strong as compared to the A-A and B-B 

interactions [16].  The A-A interaction is 10 times weaker than A-B interaction and B-B 

interaction is the weakest one. The superexchange interaction depends on two factors (1) 

cation-anion-cation angle and (2) the distance between the two cations [17]. If the angle 

between cation-anion-cation is 90
o
 then this superexchange interaction will be weaker 

one [18]. The structure of Fe3O4 is completely inverse spinel structure in with Fe
3+

 cation 

at A and B sites are coupled antiferromagnetically through super-exchange magnetic 

interaction while Fe
2+

 and Fe
3+

 occupying octahedral sites, which are coupled through 

double exchange interaction [19]. The magnetic interactions in cobalt ferrites are similar 

to that in magnetite (Fe3O4), except that Fe
2+

 cations are replaced by Co
2+

. The Fe
3+

 

occupying A and B sites are antiferromagnetically coupled while Fe
3+

 and Co
2+

 at 

octahedral B sites are ferromagnetically coupled; thus give rise to ferrimagnetic magnetic 

structure for CoFe2O4 [20]. As mentioned earlier, Cobalt ferrite nanoparticles have mixed 

inverse spinel structure with degree of inversion equal to 0.52 (< 1). It means that half of 

Fe
3+

 cations at tetrahedral A site replace Co
2+

 and Sn
2+

 at octahedral site thus increasing 

the concentration of Fe
3+

 on B sites. 
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Figure 6.4 M(H) curves of Co.60Sn.40Fe204 20 K, 50 K, 100 K, and 150 K. 

 

 

Figure 6.5  M(H) curves of Co.60Sn.40Fe204 at 200 K, 300 K, 330 K, and 360 K. 
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This transfer of Fe
3+

 weakens the superexchange A-B interaction. As a result, the double 

exchange between Fe
3+

 and Fe
2+

 i.e. B-B interactions become enough stronger that there 

is no more Fe
3+

 cation at A sites to align them antiferromagnetically [21]. Similarly, the 

double exchange interactions between Fe
3+

 and Co
2+

 at A and B sites are also enhanced. 

Moreover, by increasing the temperature of the system, thermal fluctuations further 

weaken the A-B interaction and ferromagnetically aligned double exchange interactions 

become dominant in the system [22]. Here we believe that below a certain temperature 

e.g. 360 K in this case, both superexchange (Fe
3+

-O
2-

-Fe
3+

) and double exchange (Fe
3+

-

O
2-

-Fe
2+

 and Co
2+

-O
2-

-Fe
3+

) exist simultaneously. These ferromagnetic and 

antiferromagnetic phases compete each other below 360 K; giving rise to wasp-waist type 

magnetic hysteresis loop as shown in figure 6.4. Around 360 K, superexchange 

interactions are suppressed and double exchange interaction becomes more dominant, 

imparting ferromagnetic nature to the system as can be seen in Figure 6.5 and therefore 

wasp-waist type behavior vanishes. 

6.3.1 Surface effect 

The magnified high magnetic field portion of hysteresis loop at selected temperatures is 

shown in Figure 6.6. This figure demonstrates that at maximum field (≈ 50kOe), the 

loops are still open which show the absence of magnetic saturation. This can be explained 

on the basis of the core-shell morphology of nanoparticles. Nanoparticles consist of two 

regions: one is perfect crystalline core and the other is the shell with broken crystallinity.  

In the core region, the spins are aligned in ferromagnetic order while in the shell the spins 

are randomized due to broken exchange bonds at the surface of the nanoparticles, spins-

glass, or frustrated magnetic behavior [23]. As the magnetic field increases the core spins 

align in the direction of magnetic field completely and magnetization due to the core is 

saturated [24]. Further increase of magnetic field affects only the surface canted spins and 

align them in the direction of applied magnetic field [25]. This effect produces a 

temporary absence of saturation magnetization which results in an open loop. There are 

broken bonds and oxygen vacancies at the surface of nanoparticles. As the superexchange 

between two cations interaction is mediated by an oxygen atom, the absence of oxygen 

may break the superexchange interaction between two cations at surface of nanoparticles 
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[26]. In this case direct exchange interactions are more probable between these surface 

cations. 

 

Figure 6.6 The magnified portion of M(H) loops at high magnetic field at selected 

temperatures 

6.3.2 Coercivity   

The coercivity values at different temperatures as calculated from the M(H) loops taken 

upto 50 kOe are shown in Figure 6.7. We observed a monotonic increase in coercivity 

with decreasing temperature from 360 K to 150 K, reaching to peak value around 150 K 

and finally the coercivity decreases with further decreasing temperature upto 20 K. The 

reason for the increasing coercivity with decreasing temperature can be understood by 

considering the effects of thermal fluctuations of the blocked moment, across the 

anisotropy barrier. For an assembly of non-interacting 3D single domain magnetic 

nanoparticles with uniaxial anisotropy, the coercivity (HC) in the temperature range (0 - 

TB /blocking temperature) can be written in the form of simple thermal activation model 

of particle moments over the anisotropy barriers (Kneller’s law) as [27-28]. 
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                                                             6.1 

where, HCO is the coercivity at T = 0 K, and can be estimated by extrapolating HC vs. 

temperature curve towards the field axis, while TB is the superparamagnetic blocking 

temperature of the nanoparticles. Referring to Figure 6.7, it was observed that the 

Kneller’s law is valid in the temperature range (360-150 K). At 150 K the coercivity is 

maximum, and below this temperature, it shows a decreasing trend with decreasing 

temperatures. The decreasing trend in coercivity below 150 K and magnetic analysis 

shows that both the ferromagnetic and antiferromagnetic phases exist; however at high 

temperature (150 K to 360 K) the ferromagnetic phase nucleates and grows as the 

temperature increases and becomes dominant around 360 K, which is also evident in the 

wasp-waist type behavior of M(H) loops. In the low temperature range 20 K to 150 K the 

population of antiferromagnetic phase increases which suppresses the coercivity of the 

samples with decreasing temperature. Coercivity decreases with decreasing temperature 

because as temperature goes down the antiferromagnetic phase increases and becomes 

maximum in the sample at the lowest temperature (20 K) in present case.  

 

 

Figure 6.7 Variation of Coercivity with temperature 
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In this case, the spins on the two lattices cancel the effect of each other, diminishing the 

resultant magnetic properties of the system and hence the coercivity of the samples 

decreases in this temperature range (20 K - 150 K). These results are consistent with our 

electrical characterization that will be explained in the section 6.4 of this chapter. 

6.4 Electrical properties 

In section 6.3 the coexistence of two magnetic phases as a function of temperature was 

discussed. Magnetic characterization shows the coexistence of AFM and FM domains 

below 360 K while above 360 K the FM domains dominate. These two magnetic phases 

are antiferromagnetic and ferromagnetic phases present in the Co.60Sn.40Fe204 

nanoparticles. These two phases are also linked with two different conduction 

mechanisms. The AFM phase corresponds to insulating/ semiconducting localized charge 

state while the FM phase is associated with the metallic delocalized charge state. Mostly 

in manganites, double exchange interaction leads to ferromagnetism with metal like 

electrical behavior while antiferromagnetism is associated with the semiconducting or 

insulating electrical behavior [29]. A material is said to be metal if its resistance is 

directly related with temperature, without confusing with resistivity values. The materials 

having inverse relation of its resistance with temperature are termed as semiconductor 

and/or insulator in research on manganites [29]. We will use the same terminology for 

such type of electrical behavior in magnetite (CoFe2O4), with mixed spinel structure. 

In order to study the electrical behavior of these phases in more detail, we employed 

impedance spectroscopy to the system. Impedance spectroscopy is a very useful 

technique in order to investigate the electrical properties of Co0.60Sn0.40Fe204 

nanoparticles and correlate these properties with the microstructure of nanoparticles.  

6.4.1 Complex impedance plane plot 

Complex impedance plane plot or Nyquist plot (Zʺ vs Zʹ) shows the variation in 

imaginary part as a function of real part of complex impedance. The contribution in 

conduction of the system due to different phases and relaxations can be explained by 

Nyquist plot. Figure 6.8 demonstrates the variation of Nyquist plot as a function of 

temperature. Some notable variations in conduction mechanism of Co0.60Sn0.40Fe204 

nanoparticles can be observed in this figure.  
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Nyquist plot at room temperature (300 K) indicates, two semicircular arcs having 

significant difference in their relaxation time constants (τ=RC) [12]. Owing larger 

relaxation time, the grain boundary (GB) charges relax at lower frequencies. The larger 

relaxation time of the grain boundaries is due to large capacitance and resistance. 

Therefore the high and low frequency relaxation are attributed to grains and GBs 

respectively. These two semicircular arcs are clearly distinguishable and separated below 

360 K, while above 360 K these two semicircular arcs overlap each other and appear in 

the form of a single semicircular arc. This behavior of semicircular arcs will be explained 

later in terms of relaxation time and relaxation frequencies in Bode and modulus plot.  

Resistivity of grain and GBs, and diameters of the corresponding semicircles arcs are 

proportional to each other. The larger diameter of semicircular arc corresponds to a large 

resistance and vice versa. At 300 K - 360 K the diameters of semicircular arcs decrease. 

The observed decrease is attributed to the semiconductor nature of the system. With 

further increase in temperature above 360 K, the increase in diameter suggests metallic 

nature of the system. In other words an increase in temperature below 360 K causes to 

enhance conductivity while above this temperature range the conductivity of the system 

decreases with temperature. Here we believe that 360 K is the semiconductor to metallic 

transition temperature (SMT). This transition will be explained in detail in later parts of 

this chapter. The inset in Figure 6.9 shows the equivalent circuit model (RgCg)/(QgbRgb), 

which has been employed to fit the data. This circuit correlates the electrical response and 

microstructure of system. Here the parameters Cg and Rg, have been used for capacitance 

and resistance of the gains respectively. The presence of two conduction phenomena with 

nearly equal relaxation time imparts non-ideal capacitive behavior to the grain boundaries 

[30]; therefore a constant phase element (Qgb) has been used to accommodate this non-

ideal capacitive response of the grain boundaries. The capacitance of GBs were 

determined by the formula Cgb = nnnRQ /)1(/1  , where Cgb and Rgb are the capacitance and 

resistance of grain boundaries respectively. For pure resistance the value of “n” is 0 while 

1 for pure capacitor [31]. Using Z-View software, these electrical parameters were 

determined through fitting the experimental data according to the equivalent circuit 

model. The overlapping of two semicircular arcs into a single semicircular is due to 

temperature dependent variation of relaxation time τ. The two semicircular arcs in 
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Nyquist plot are distinguishable when the difference between their relaxation times is 

larger than two orders of magnitude. Otherwise these semicircular arcs overlap each other 

and cannot be resolved. In the later case the two semicircles seem to be a single 

semicircle. Figure 6.9 shows the variation of Rg, Rgb and total resistance Rt (Rt=Rg+Rgb) 

as a function of temperature. The initial decrease in the values of Rg, Rgb, and Rt below 

360 K is due to increase in the rate of thermally activated hopping of localized charge 

carriers. Moreover trapped charge carriers also gain thermal energy with increasing 

temperature and contribute in the conduction of the system. The values of these 

parameters i.e. Rg, Rgb Cg, Cgb, τg, and τgb are given in Table 6.1, where τg and τgb 

represents the relaxation times of grain and grain boundaries respectively. We reported 

that with increase in temperature the difference between the values of τg, τgb decreases. 

Eventually at 400 K the difference between relaxation times of grain and grain 

boundaries becomes negligible and the corresponding semicircular arcs are no more 

distinguishable. As a result, these two semicircular arcs appear in the form of a single 

semicircular arc presenting the domination of high frequency relaxation. 

 

Figure 6.8 Complex impedance plane plots 
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Figure 6.9 Variation of Rg, Rgb and Rt with temperature. 

 

Table 6.1 Values of Impedance parameters at various temperatures. 

T 

(K) 

Rg 

(Ω) 

Cg 

(nF) 

Rgb 

(Ω) 

Cgb 

(nF) 

τg=RgCg 

(µSec) 

τgb=RgbCgb 

(µSec) 

290 44764 0.214 175780 1.59 9.58 279 

300 29970 0.233 80701 2.09 6.99 169 

310 26934 0.195 54808 2.31 5.24 127 

320 21268 0.191 35655 2.49 4.06 88.8 

330 22734 0.187 24990 2.37 4.24 59.1 

340 22027 0.186 19132 2.15 4.11 40.3 

350 21949 0.187 16236 1.77 4.11 28.7 

360 21084 0.189 14020 1.54 3.97 21.6 

370 26923 0.193 16714 1.12 5.20 18.8 

380 30666 0.281 51196 0.37 8.60 18.9 

390 56378 0.487 326290 0.23 2.74 75.9 

400 26791 0.459 131270 0.24 1.23 31.4 
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6.4.2 AC conductivity  

The temperature dependence of ac conductivity for Co0.60Sn0.40Fe204 nanoparticles at 

various frequencies is shown in figure 6.10. We can see that the sample exhibits 

semiconductor nature with an increase in conductivity from 300 K - 360 K, while beyond 

360 K the conductivity decreases with increasing in temperature, demonstrating the 

metallic nature of nanoparticles.  

Goodenough [32] explained the semiconductor to metal transition in term of two types of 

interactions namely cation-anion-cation (c-a-c) and cation-cation (c-c). On the basis of 

these interactions Goodenough explained such type of transition in NiO, CoO, FeO, 

MnO. The c-c interactions are more likely to occur when the atoms with different valance 

states (different number of 3d electrons) exist at the same time at octahedral B sites. Let 

m1 and m2 are the number of 3d electrons of two interacting atoms.  Moreover if 5≤ m1≤ 8 

and m2<8 then c-c interactions will be stronger than to the c-a-c interactions. The ligand 

field theory explains the degeneracy and stability of 3d electrons levels. According to this 

theory an electrostatic interaction exists between cations and anion occupying octahedral 

B sites. This electrostatic interaction splits the 3d level into stable t2g and less stable eg 

level. The t2g level is triply degenerate (dxy, dyz, and dzz) while eg level is doubly 

degenerate (dz
2
, dx

2
-y

2
). There are five electrons in d sub-shell of Fe

3+
 (m=5) which 

occupies eg and t2g levels.  In low spin state all these five electrons occupy only t2g level 

(t2g
5
eg

0
). In high spin state three electrons occupy t2g

 
level and two electrons occupy eg 

level and the corresponding distribution is t2g
3
eg

2
. Moreover, high temperature annealing 

of the sample creates defects which results to oxidize Fe
3+

 into Fe
2+

 by addition of 

another electron in the d sub-shell of Fe
3+

. This sixth electron in d sub-shell has different 

energy levels in inverse spinel and spinel structure [33]. Hence electronic distribution 

between eg and t2g levels in Fe
2+

 is different in the inverse spinel and spinel structure. In 

the inverse spinel structure the high and low spin states electronic distribution of Fe
2+

 are 

(t2g
4
eg

2
) and (t2g

6
eg

0
), respectively. The Co

3+
 are also created during annealing leading to 

the presence of both  Co
2+

 and Co
3+

 in low spin and high spin state in cobalt ferrite nano 

particles [34]. However, the Co
3+

 with six electrons in d sub-shell at octahedral site, is 

more stable in low spin state (t2g
6
tg

0
) as compared to the high spin state (t2g

4
tg

2
) [35]. 
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These spin states of Co and Fe cause strong c-c interactions as compared to c-a-c 

interactions. This is done by the following magnetic phenomena to occur. 

 i:  Spin pairing of electrons occurs between two adjacent cations if n2g≤ 3 or n2g≤ 5. In 

the later case the degeneracy of energy levels must be vanished by bonding.  

ii:  The presence of unpaired eg electrons at same the time with n2g>3 and t2g levels are 

degenerate. In this case the material shows ferromagnetic behavior.  

From electrical point of view in both cases the c-c interactions become stronger and the 

material shows metal like behavior while magnetically the material is ferromagnetic [14].  

Almost all materials with ferromagnetic order are metallic. In other words, ferromagnetic 

order changes the transport properties from thermally activated (semiconductor) to metal 

like transport [29], therefore, ferromagnetic order is due to domination of double 

exchange interactions above transition temperature (360 K) in Co0.60Sn0.40Fe204 

nanoparticles. The double exchange interactions have been in section 6.3 part at the start 

of this chapter. Theory of ferromagnetic order i.e. double exchange was first introduced 

by Zener [36]. As this model ignore the role of anion (oxygen) between two cations (Fe
2+

 

and Fe
3+

) [29]; therefore, in electrical terminology we refer double exchange interaction 

as c-c interaction while superexchange interaction as c-a-c interaction which decide the 

metallic and semiconductor nature of the system respectively. The bulk CoFe2O4 

crystallizes into an inverse spinel structure. The formula which represent the cationic 

distribution is (Fe
3+

)
A
(Co

2+
Fe

3+
)
B
O4 where A and B are presenting the cations occupying 

tetrahedral and octahedral sites respectively. The Mӧssbauer spectroscopy analysis 

indicate a mixed spinel structure of nanoparticles with cation distribution 

(Fe0.523Co0.477)
A
[Fe1.477Co0.523]

B
O4 as mentioned in chapter 2. It means that the larger 

Co
2+

 cations migrate from the octahedral to tetrahedral sites. Similarly half of the Fe 

cations also migrate from the tetrahedral A to octahedral B sites. This migration of cation 

produces compressive strain as the distance between B site cations is smaller than that of 

A site cations. These compressive strains weakened the AB super exchange interaction 

and enhanced the double exchange interaction between the B site cations [37]. The 

enhancement of double exchange interaction imparts metallic character to the system. 
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Figure 6.10 ac conductivity as a function of inverse of temperature (1000/T) 

  

The existence of cations of the same element with different valance electrons also gives 

metallic behavior below the Curie temperature and behaves as semiconductor at low 

temperatures [38]. The increase in the number of Fe cations  at B site,  the simultaneous 

presence of cations with different valance (Fe
3+

, Fe
2+

, Co
3+

, Co
2+

) and ligand field 

splitting  at B sites lead to  strengthen c-c interactions (Fe
3+
–Fe

2+
/ Co

3+
–Co

2+
). This is 

presumed here that below 360 K c-a-c interactions (Fe
3+
–O

2−
–Fe

3+
/Co

2+
–O

2−
–Co

2+
) are 

stronger than Fe
3+
–Fe

2+
/ Co

3+
–Co

2+
 interactions. Hence below 360 K the charges are 

localized and thermally activated, and an increase in temperature enhances the mobility 

of localized charge carriers.  As a result the system behaves as a semiconductor i.e. the 

conductivity increases with rise in temperature. On the other hand further increase in 

temperature causes the charge carriers to be delocalized and metallic channels are formed 

in the form of Fe
3+
–Fe

2+
, Co

3+
–Co

2+
 linkages[37].  
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6.4.3  Delocalization of charge carriers  

As discussed above, the charge carriers change their states from localized to delocalized 

state. This can be explained by considering the Z″ spectrum as shown in figures 6.11 and 

6.12.  Impedance spectroscopy can be used to determine whether the charge carriers are 

localized or delocalized [39]. Our main concern here is to decide whether the charge 

carriers are localized or delocalized before and after transition? To answer this question 

we will concentrate on Zʺ Vs frequency plot and variation of relaxation frequency with 

temperature. The loss spectrum (Zʺ vs. f) is beneficial to investigate the resistive part of 

the system [40]. The loss spectrum at various temperatures before transition has been 

shown in the Figure 6.11. We can observe the appearance of two peaks before transition 

temperature with completely different relaxation frequency (fr). The relaxation frequency 

may be defined as the frequency at which maxima of the peak occur. Before transition 

temperature (300 K - 360 K) these peaks shift towards higher frequency and merge 

together. As a result, the two peaks appear in the form of a single peak beyond 360 K. 

Moreover, this single peaks starts to shift towards low frequency beyond this 

temperature. The height of the peaks represents the resistance of phases exist in the 

system (grain and GBs), while relaxation frequency shows the ability of charge carriers to 

follow ac electric field [40]. The temperature behavior of the loss spectrum is in good 

agreement with complex impedance plane plot shown figure 6.8.  

Figure 6.13 demonstrates the temperature dependence of relaxation frequency at low 

temperatures (≥ 360 K). The relaxation frequency increases which provides an evidence 

for an increase in the rate of thermally activated hopping and localization of charge 

carriers [41]. The decrease in relaxation frequency above transition temperature (360 K) 

ensures the delocalization of charge carriers. Hence we can conclude from loss spectra 

(figure 6.11 and 6.12) that the charge carriers are localized in the form of Fe
3+

-O
2-

-

Fe
2+

/Co
3+

-O
2-

-Co
2+

 linkages and as a consequence the material exhibit semiconductor 

behavior. Conversely the charge carriers exhibit delocalized or iterant behavior in the 

form of Fe
3+
–Fe

2+
/Co

3+
–Co

2+
 links. Such type of delocalization of charge carriers 

imparts a metallic character to the material under investigation [42]. 
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Figure 6.11 Imaginary part of impedance (Z″) as a function of frequency at various 

temperatures below 360 K 

 

Figure 6.12 Imaginary part of impedance (Z″) as a function of frequency at various 

temperatures above 360 K 
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Figure 6.13 Temperature dependence of relaxation frequency fr 

 

6.4.4 DC resistivity  

Figure 6.14 demonstrates the DC resistivity ρdc versus inverse of temperature (1000/T). 

The temperature dependent behavior of DC resistivity in this plot can be divided into 

three regions. At the starting temperatures from 285 K to 360 K the DC resistivity 

decreases as the temperature increases, which confirms semiconducting behavior of the 

sample. Above this temperature range (360 K-380 K), the ρdc reveals less temperature 

dependence or almost temperature independent behavior with small activation energy. 

Metallic type nature of the samples was observed i.e. ρdc increased as temperature was 

further raised from 380 K to 410 K. The linear fit of the first two regions is shown in 

figure 6.15 at various bias voltages. Each region corresponds to entirely different 

activation energy as given in the Table 6.2. In the first region the measured activation 

energy is lower than the earlier reported values in literature (0.256eV) [1]. The small 

value of activation energy is due to tin (Sn) doping in spinel CoFe2O4 nanoparticles. 

There is a significant decrease in activation energy measured in the second region. This 

substantial decrease in activation energy ascertains the temperature induced transition of 



 

123 

 

charge carriers from localized to delocalized state [42]. This was attributed to the 

temperature induced metallic phase in the system. 

 

Figure 6.14 The dc resistivity as a function of inverse of temperature  

 

Figure 6.15 Linear fit of dc resistivity (a) first region, (b) second region  
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Table 6.2 Values of activation energies at different temperatures and bias voltages 

Bias  

Voltage 

Ea (eV) 

(285 K-350 K) 

Ea (eV) 

(360 K-380 K) 

Transition energy  

gap (meV) 

10V 0.129 0.005 124 

8V 0.120 0.011 111 

6V 0.122 0.013 109 

4V 0.128 0.017 111 

 

6.4.5 IV characteristics  

The Figure 6.16 illustrates IV characteristics of nanoparticles. IV curve of the system 

changes significantly above transition temperature.  

 

 

Figure 6.16 IV characteristics of the 40%  Sn doped sample  at 310 K and 380 K. Inset 

shows the differential conductance at these temperatures 
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Below the transition temperature the IV curves of nanoparticles exhibit nonlinear 

behavior which vanishes very fast as the temperature was further raised above the 

transition temperature (360 K).  The large slope of IV curve and small activation energy 

reflect the metallic phase with narrow/zero energy gap between valance and conduction 

band. The abrupt change in IV curve indicates that transition is due to the change of 

localized charge carriers into delocalized charge carriers [43].   

 

6.4.6 Differential conductance  

The differential conductance as a function of bias voltage at various temperatures is 

shown in Figure 6.17. A small peak appears in conductance curves. This peak is due to 

the presence of density of states in the neighborhood of GBs. The appearance of this peak 

makes the differential conductance asymmetric to the polarity of applied bias voltage. 

Such kind of asymmetric behavior of the grain boundaries has been observed abundantly 

[44]. The density of states is proportional to width and height of the peak [43]. An 

increase in temperature causes the width and height of the peak to be decreased. Finally 

this peak disappeared beyond the transition temperature. This behavior of differential 

conductance is in good agreement with low frequency semicircular arc in Nyquist plot 

(Figure 6.8). The GBs behave like a barrier. Such types of GBs are commonly reported in 

the ceramics having ions and electron as a charge carriers [45]. The GBs are often 

oppositely charged to the bulk charge carriers due to which a barrier forms at the GBs. As 

a result a depletion space-charge layer formed in the neighborhood of the GBs. The 

depletion space-charge layer near the GBs can be treated as back to back Schottky 

barriers [46]. The GBs barrier height фgb and concentration of charge carriers are 

interrelated by the equation 
KT

e
e

n

n Vgb

g

gb )0( 



 [47]. Providing that ng and ngb are the 

number of charge carrier present in the gain interiors and GBs respectively, while e is the 

charge on an electron, T is temperature, and K is Boltzmann constant. We can conclude 

from the above equation that the charge carriers flow from grain interiors to the GBs 

because grain interior and GBs are oppositely charged. As a result, electronic inversion 

channels appear at the GBs [47]. These channels are more conducting as compared to the 

rest of GBs. These channels lead to make the charge transport easier across the GBs by 
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lowering the GBs barrier height фgb. As explained before the 3d levels split into eg and t2g 

energy levels and electrons are distributed among these levels [48]. In equation 1 KT 

represent the thermal energy of eg electrons which is proportional to the kinetic energy Ek 

of these electrons. If gbk eE   the electrons will be localized and thermally activated 

conduction takes place across the GBs. However further increase in temperature increases 

the kinetic energy of electrons and it became greater than GBs barrier height i.e. 

gbk eE  . In this case, the electrons surmount the barrier and become delocalized by 

moving freely across the GBs [10]. Hence, it is concluded here that in temperature range 

300 K - 360 K, Ek is small and the charge carriers (eg electrons) are localized. In this case 

the sample behaves as semiconductor and IV curve exhibit non-linear character with a 

peak for GBs density of states in differential conductance curve. However increase of 

temperature beyond 360 K causes large value of Ek such that gbk eE  . The large value 

of Ek and formation of conducting channels cause the delocalization of electrons at the 

GBs, imparting metallic nature to the sample. As a result the IV curve becomes linear and 

the peak for GBs states in conductance curve disappeared around 360 K. 

 

 

 

 

 

 

 

 

 

 

Figure 6.17 Differential conductance curves of Co.6Sn.4Fe2O4 nanoparticles at selected 

temperature 
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Summary  

The Co0.6Sn0.4Fe2O4 nanoparticles were prepared using coprecipitation technique. The 

wasp-waist type M(H) loop of the nanoparticles at low temperatures has been attributed 

to the simultaneous existence of super exchange and double exchange interactions in the 

system. At low temperatures, the super exchange interaction causes material to exhibit 

antiferromagnetic semiconductor character. However, at higher temperature around 360 

K this case becomes reverse and the material behaves as ferromagnetic metal. Two 

semicircular arcs were observed in complex impedance plane plot at lower temperatures, 

showing that both grain and GBs contribute to conductivity of the system. The 

appearance of single semicircular arc at higher temperatures is due to the small difference 

in relaxation time of grain and GBs.  An equivalent circuit model has been employed to 

correlate the electrical properties with micro-structure of the system. The variation with 

temperature of complex impedance plane plot and dc resistivity suggests a 

semiconductor-metal transition around 360 K. Such type of transition has been 

interpreted in term of localized and delocalized charge carriers. We believe that below 

360 K charge carriers are localized in the form of Fe
3+
–O

2−
–Fe

3+
/Co

2+
–O

2−
–Co

2+
 links at 

octahedral B sites and the material exhibit semiconductor nature. Above 360 K, the 

charge carriers become delocalize in the form of Fe
3+
–Fe

2+
/Co

3+
–Co

2+
 links and system 

behaves as a metal. The variation of relaxation frequency in Z″ Vs frequency plot 

confirms the delocalization of charge carriers above 360 K. Moreover, the conversion of 

non-linear IV curve into a liner one provides a strong evidence for semiconductor-metal 

transition. The presence of the peak in differential conductance has been attributed to the 

density of state in the vicinity of GBs.  
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Chapter 7  

Conclusions and future recommendations 

7.1 Conclusions 

 Coprecipitation technique was employed to prepare pure and doped CoFe2O4 

nanoparticles. Various concentrations of lanthanum (La
3+

) and tin (Sn
2+

) were doped in 

CoFe2O4 nanoparticles. FeCl3.6H2O (99.3%, J.T. Baker), CoCl2.6H2O (99.9% Aldrich), 

SnCl2.6H2O (99.9% Aldrich), NaOH (GR, 28–30%) and LaCl3 (99.9%) were used as 

starting materials. The annealing process at 600 C removed all water (10%) contained in 

samples.  

The single phase of doped and undoped CoFe2O4 nanoparticles was confirmed by XRD 

analysis. In XRD pattern no impurity peak was present. This ensured the purity of the 

prepared samples. The spinel structure of undoped CoFe2O4 nanoparticles was confirmed 

by using JCPDS card number 742081. All peaks in XRD pattern were indexed using this 

JCPDS card. The value of lattice parameter ‘a’ was found to be 8.3766Å for undoped 

CoFe2O4 nanoparticles. It was observed that the lattice parameter slightly increased with 

doping of La
3+

 in CoFe2O4 nanoparticles. The particle size was found to be 10 nm to 20 

nm using Scherrer’s formula.  

The TEM images also showed that size of nanoparticles was from ~10 nm to ~20 nm. 

The TEM images of doped and undoped nanoparticles demonstrated that most of the 

nanoparticles were in spherical in shape. However few square shaped nanoparticles were 

also observed in the samples. The SAED revealed that the nanoparticles were crystalline. 

Room temperature Mӧssbauer spectroscopy was employed to determine the cation 

distribution among octahedral and tetrahedral sites in spinel CoFe2O4 nanoparticles. The 

careful fitting of the Mӧssbauer spectrum for undoped CoFe2O4 nanoparticles, indicated 

that it consisted of two magnetic sextets. This was presumed that two magnetic sextets 

originated from tetrahedral A site and octahedral B site. The relative areas of tetrahedral 

and octahedral sites were 54% and 46% respectively. Therefore, the cation distribution 

can be approximated as (Co0.46Fe0.54)
A
[Co0.54Fe1.44]

B
O4. Therefore the degree of inversion 

was found to be 54, indicating that CoFe2O4 nanoparticles has mixed spinel structure. 
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Impedance spectroscopy was employed to investigate the electrical properties of doped 

and undoped CoFe2O4 nanoparticles. The impedance spectroscopy was performed from 

300 K to 400 K and the frequency range was from 20 Hz to 2 MHz. 

The observed two semicircular arcs in complex impedance plane plot indicated presence 

of different relaxation times in the system. The semicircular arc at lower frequencies was 

attributed to the grain boundaries while semicircular arc at higher frequencies was 

attributed to grain interiors. At lower temperatures these semicircular arcs were 

distinguishable. However at higher temperatures these semicircular arcs overlapped and 

were not distinguishable.  The radius of semicircular arc is proportional to the resistance 

of the materials. For CoFe2O4 nanoparticles, initially the radius of both semicircular arcs 

decreased with increase in temperature from 300 K – 330 K. From 340 – 400 K the radius 

of both semicircular arcs increased with increase in temperature.  The variation of radius 

of each semicircular with temperature indicated that below 330 K the resistance of the 

material decreased with increase in temperature while above 330 K the resistance of the 

system increased with increase in temperature. Such transition is referred to as 

semiconductor to metal transition and 330 K is referred to as transition temperature.  

The experimental data (Z′ & Z″) were fitted with an equivalent RC circuit consisting of 

parallel combination of a resistance and constant phase element using Z-View software. 

This fitting separated the contribution to conductivity from grain interior and grain 

boundaries.  The conductivity of grain and grain boundaries exhibited semiconductor to 

metal transition at ~330 K.  

The ac conductivity also exhibited similar transition. Semiconductor to metal transition 

was explained on the basis of reverse cation distribution among octahedral/tetrahedral 

sites and existence of mixed valance states of the same element e.g. Fe
2+

 and Fe
3+

. The 

existence of strong cation-anion-cation interactions leads to semiconductor behavior of 

the system while strong cation-cation interaction leads to metallic behavior.  It is 

suggested here that below 330 K the semiconductor nature of CoFe2O4 nanoparticles is 

due to strong cation-anion-cation and weak cation-cation interactions. Cobalt ferrite has 

inverse spinel structure in bulk form. However we observed mixed spinel structure 

(reverse cation distribution) in case of cobalt ferrite nanoparticles. In mixed spinel 

structure the concentration of Fe cation at octahedral sites is large as compared to the 
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inverse spinel structure. As a consequence some of the Fe
2+

 cations migrate from 

tetrahedral sites to octahedral sites. The increase in concentration of Fe cations and the 

simultaneous existence of Fe
2+

 and Fe
3+

 at octahedral site, results in strong cation-cation 

interactions and weak cation-anion-cation interactions. Hence above 330 K the material 

showed metallic type behavior.  

The slope of σac and angular frequency (ω) plot was used to find the type of conduction 

mechanism. The variation of the slope with temperature indicated the presence of 

overlapping large polaron tunneling (OLPT) in the material. According to OLPT model 

the lattice defects and long coulomb interaction cause the potential well of polaron site to 

extend through many atomic distances and overlap with other sites. 

The X-ray Photoelectron spectroscopy was employed to investigate the oxidation state 

and environment of the cations (Co & Fe). Overall survey scan revealed that there was no 

impurity peak in the sample. The binding energies of the satellite peaks in Fe2p spectrum 

correspond to Fe
3+ 

2p3/2 and Fe
2+ 

2p3/2 which is an evidence for the existence of iron with 

two oxidation states (Fe
3+

 and Fe
2+

) in CoFe2O4 nanoparticles. Moreover the extra 

broadness (4.85 eV) of Fe2p3/2 has been attributed to the combine effect of Fe
2+

 and Fe
3+

 

because Fe
2+ 

2p3/2 and Fe
3+ 

p3/2 do not occur at same binding energy but differ with 2 eV. 

Such small difference cannot be resolved and as a result in unusual broadness of Fe2p3/2 

peak.   

The Co2p spectrum was fitted with five peaks using XPSPEAK41 software. The Co2p 

spectrum mainly consisted of two peaks at 795.24 eV and 779.70 eV and was attributed 

to Co2p1/2 and Co2p3/2, respectively. Moreover a shakeup satellite peak was observed at 

786.03 eV. In addition to these three peaks two more peaks were observed at 802.59 eV 

and 782.80 eV corresponding to Co
3+

 at tetrahedral and octahedral sites respectively. It 

has been suggested that at 786.46 is due to the Co
2+

 at octahedral sites. The oxygen core 

level spectrum (O1s) was fitted with two peaks. The binding energies of these peaks were 

529.60 eV and 530.84 eV.  The first peak was associated with oxygen while the second 

peak may be arising due to defects, contamination on the surface of nanoparticles. 

La
3+

 and Sn
2+

 were used as dopant material at various concentrations in CoFe2O4 

nanoparticles. The effect of dopant concentration on conductivity and dielectric 

permittivity were studied in detail.   It was found that the overall dielectric constant and 
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conductivity of CoFe2O4 nanoparticles decreased with La
3+

 concentration. However it 

was observed that doping of La
3+

 enhanced Debye type polarization in the material which 

arised due to the orientational polarization in dipolar material. The non-zero values of 

dielectric constant ε′ confirmed the Debye type polarization. The enhancement of Debye 

type polarization was due to larger size of La
3+

 ions.  The large size of La
3+

 as compared 

to Fe cation may cause distortion or stresses in the unit cell. Therefore it is suggested that 

the La
3+

 cations associate themselves with positive ions vacancy to accommodate this 

distortion and/or stress. These associated pairs have the net dipole moment. In the 

presence of electric field these associated pairs change their positions (octahedral sites).  

The existence of this mechanism increased the orientational polarization linearly with 

La
3+

 concentration as observed in our system. 

The doping of Sn
2+

 in CoFe2O4 nanoparticles imparts high dielectric constant ( > 10
3
) to 

the system. The dielectric constant, capacitance and conductivity of CoFe2O4 

nanoparticles increase linearly with doping of Sn
2+

.  The comparison of grain boundaries 

capacitance Cgb and capacitance in parallel Cp reveals that the high dielectric constant at 

lower frequency is in fact due to grain boundaries and it is an extrinsic property of the 

material. The Cgb values have been derived from the fitting procedure while Cp was 

measured directly with LCR meter. The values of both Cgb and Cp lie in the range from 

1.00 nF to 3.35 nF. It was also observed that most of doped Sn cations occupy octahedral 

sites which govern the conduction of the system. In addition to the hole hopping (Co
2+

 ↔ 

Co
3+

)  and electron hopping ( Fe
2+

 ↔ Fe
3+

), the fluctuation of valance states in tin cations 

also causes an electron exchange Sn
2+
↔ Sn

4+
 + 2e

-1
 that can lead to an increased 

conductivity of the doped system. Moreover the ac conductivity of Sn doped samples 

shows that an increase of the dopant (Sn
2+

) concentration in CoFe2O4 nanoparticle also 

increase the semiconductor to metal transition temperature. The transition temperature for 

pure CoFe2O4 nanoparticle was 330 K. However this transition temperature is 340 K for 

10% doping of tin (Co0.90Sn0.10Fe2O4). For 20% and 40% the transition temperature is 

~360 K. The variation of transition temperature was further confirmed by IV 

characteristics and dc conductivity σdc for all samples.  

High temperature impedance spectroscopy and magnetic properties of the system were 

measured to investigate the magnetic origin of semiconductor to metal transition. These 
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measurements also established a correlation between electrical properties and magnetic 

properties of the system.  For this purpose 40% Sn doped Cobalt ferrite 

(Co0.60Sn0.40Fe2O4) sample was selected. These nanoparticles exhibited a wasp - waist 

magnetic hysteresis loop up to a certain temperature. This has been proposed that wasp – 

waist type MH loops arise due to the simultaneous existence of ferromagnetic and 

antiferromagnetic domains in the system. The existence of double exchange interaction 

leads to ferromagnetism while super exchange interaction leads to antiferro magnetism in 

the system. The M(H) loop at low temperature (>20K) is strongly wasp-waist type. 

However as the temperature increases (≤ 360 K), the ferromagnetic domains become 

dominant resulting in a normal MH loop. Such type of behavior of M(H) loop has been 

attributed to dominancy of super exchange interaction at lower temperatures while at 

higher temperatures the double exchange interaction is dominant. The dominancy of 

double exchange interactions (at higher temperatures) and that of super exchange 

interactions (at lower temperatures) in Co0.60Sn0.40Fe2O4 nanoparticles has been explained 

on the basis of cation distribution among octahedral and tetrahedral sites. It has been 

proposed that due to reverse cation distribution some of the   Fe
3+

 cations at tetrahedral A 

site replace Co
2+

 and Sn
2+

 at octahedral site thus increasing the concentration of Fe
3+

 on 

B sites. This transfer of Fe
3+

 weakens the super exchange A-B interactions. As a 

consequence the double exchange between Fe
3+

 and Fe
2+

 i.e B-B interactions become 

stronger as there is no more Fe
3+

 cation at A sites to align them antiferro magnetically. 

Moreover the thermal fluctuations further weakens the A-B interactions when 

temperature of the system is increased and ferromagnetically aligned double exchange 

interactions become more dominant in the system. Hence it is concluded that at lower 

temperatures antiferromagnetic alignment (Super-exchange interactions) is dominant 

while at higher temperature around 360 K the ferromagnetic alignment (double exchange 

interactions) is strong. The double exchange interaction leads to ferromagnetism with 

metallic like electrical behavior while antiferro magnetism associated with 

semiconducting electrical behavior 

The electrical properties of Co0.60Sn0.40Fe2O4 nanoparticles exhibit semiconductor to 

metal transition at ~360 K. It has been proposed here that below 360 K cation-anion-

cation interactions (Super-exchange) are stronger as compared to the cation-cation 
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interactions (double exchange). In this case material behaves as a semiconductor. While 

above 360 K the above case it becomes completely reverse and Co0.60Sn0.40Fe2O4 

nanoparticles behave as a metal. 

The bode plot and variation of relaxation frequency with temperature shows that below 

360 K the charge carriers are localized and are thermally activated (semiconducting 

behavior) while above 360 K the charge carriers become delocalized (metallic behavior).   

The linear fit of ρdc versus temperature plot indicates three regions of this plot. These 

three regions have different activation energies. In semiconducting regions the value of 

activation energy was found to be 0.256 eV. The substantial decrease in activation energy 

( 0.005eV) in 2
nd

 region confirmed the metallic nature of the material. The large value of 

activation energy may be attributed to the scattering of delocalized charge carriers due to 

thermal vibration of lattice sites at higher temperatures in metallic phase. 

The IV curves of nanoparticles exhibit nonlinear behavior below the transition 

temperature. Such nonlinear behavior of IV curves vanishes very fast as the temperature 

was further raised above transition temperature (360 K).  It has been proposed here that 

the large slope of IV curve and small activation energy is due to metallic phase with 

narrow/zero energy gaps between valance and conduction bands. The abrupt change in IV 

curve indicates the transition of charge carriers from localized state to delocalized state. 
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7.2   Future recommendations 

1. CoFe2O4 nanoparticles have different electrical and magnetic properties from their 

bulk counterpart. The small size of this material may enhance the magnetic 

moment and its electronic behavior can be tuned from insulating to conducting and 

vice versa and produce spin polarized current. Therefore we propose that 

nanostructured CoFe2O4 as a suitable material for fabrication of spintronic devices. 

2. Nanostructured CoFe2O4 may be useful to achieve high spin filtering efficiency 

and future studies on this aspect could be useful.  

3. Synthesis of CoFe2O4 nanofibers using electrospinning technique is suggested. 

CoFe2O4 nanofibers may be used to fabricate gas sensors. 

4. The M(H) loop exhibits wasp-waist type behavior at low temperatures. Therefore 

low temperature impedance spectroscopy is strongly suggested to be performed. 

5. Detailed magnetic measurements including zero-field and field cooled M (T) 

analysis should be performed to further investigate the existence of ferromagnetic 

and antiferromagnetic domains in the system.  

6. In hyperthermia the temperature of cancerous cells is raised upto 42 - 46 
o
C for a 

short period of time using magnetic nanoparticles under the applied magnetic field. 

Therefore CoFe2O4 nanoparticles may be used in cancer treatment and detailed 

investigated in this regard may be useful. 

 

 

 

 

 


