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Abstract 

The w ork pr esented in t his thesis was carried o ut to understand the effects of 

tetravalent ha fnium (Hf4+) ion on t he crystal structure a nd p hase, s urface morphology, 

electrical, d ielectric and co mplex impedance properties of cobalt f errite (CoFe2O4; C FO). 

Hafnium incorporated cobalt ferrite, CoFe2-xHfxO4, with x = 0.00, 0.05, 0.075, 0.10, 0.15 and 

0.20 were prepared by the standard solid state ceramic synthesis method.  X-ray d iffraction 

(XRD) a nd scanning e lectron m icroscopy (SEM) ch aracterizations w ere p erformed t o 

determine t he structural p roperties. Most important as pect o f this study is t o e xplore t he 

dielectric and complex impedance properties as a  function o f variable temperature (T=300-

1000 K ) a nd frequency ( f=20 Hz -1 MHz). Room t emperature an d t he t emperature 

dependence o f d ielectric co nstant, l oss factor, co mplex impedance, an d the ac r esistivity 

measurements enabled u s to understand the e ffect of t emperature an d frequency o n t he 

electrical and d ielectric p roperties o n CoFe2-xHfxO4 and, t hus, t o de rive structure-property 

relation.  

X-ray diffraction (XRD) patterns for Hf-incorporated CFO confirm t he formation o f 

majority of CFO spinel [with space group Fd3m (227)] phase, in addition to the small amount 

of H fO2 monoclinic [ space gr oup, P 1 21/ c ( 14)] phase leading t o f ormation o f CFO-Hf 

composites. The lattice co nstant v alues derived f rom X RD for CFO-Hf were found t o 

increase from 8.374 Å (x = 0.000) to 8.391 Å (x = 0.200). The lattice expansion is significant 

at the very first s tep o f H f-incorporation a nd then s lows do wn w ith pr ogressive H f-

incorporation. SEM imaging a nalysis indicates t hat Hf resides at  t he g rain bo undaries f or 

CFO-Hf.  

The dielectric constant (ε') of C FO-Hf is T-independent at T<450 K, at which po int 

increasing t rend pr evails. A  gr ain bulk-boundary ba sed two-layer model, w here 
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semiconducting-grains separated by insulating-grain boundaries, satisfactorily accounts for ε-

T (>450 K ) variation. C orrespondingly, electrical responses i n i mpedance f ormalism are 

attributed to the grain a nd grain-boundary e ffects, r espectively, which a lso accounts for the 

observed two dielectric-relaxations. The results demonstrate that the dielectric phenomena in 

CFO-Hf can be tailored by tuning Hf-concentration.  
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Chapter 1: Introduction 

1.1     Introduction to Ferrite Materials 

Ferrites are magnetic ma terials in  which hematite (Fe2O3) o r magnetite (Fe3O4) ar e 

the principal components. This material first came into commercial production in 1948. There 

are many applications as well as methods of making ferrites and the effects of such variables 

as porosity and grain size on their properties. The soft ferrites have a cubic crystal structure 

and the general formula MO⋅Fe2O3, where M is a divalent metal such as Co, Zn, Mg, Mn, or 

Ni. All t he commercial ferrites are mixed ferrites ( solid solutions o f o ne ferrite in a nother). 

Their densities are a little over 5 g/cm3, Curie temperatures range from about 300 to 600 0C, 

and saturation magnetization (Ms) from about 100 to 500 emu/cm3 (100–500 kA/m). Almost 

all of them have <111> easy directions of magnetization, low magnetocrystalline anisotropy, 

and low t o m oderate m agnetostriction. Among t he s pinel ferrite family, c obalt ferrite 

(CoFe2O4, referred to CFO throughout this thesis) has a high coercivity and the highest value 

of magnetostriction d ue t o the h ighly a nisotropic Co2+ ions, which m ake i t useful f or 

magnetostrictive sensors [1,2,3,4]. The ferrites are distinctly inferior to magnetic metals and 

alloys for ap plications involving s tatic o r m oderate-frequency ( power-frequency) f ields, 

because t hey have M s values less t han a  t hird o f iron a nd its alloys a nd far lower 

permeability. But the exceptional fact about the ferrites is that they possess sufficiently high 

electrical r esistivity in addition to the reasonably good magnetic properties. This means that 

they can operate with virtually no eddy-current loss at  high frequencies, where metal cores, 

even those made of extremely thin tape or fine particles, would be useless. This fact accounts 

for virtually all the applications of soft ferrites [1].  

1.2       Types of Ferrites 

In general, there are four types of ferrites.  

   i) Garnet, ii) Hexaferrite, iii) Orthoferrite, and iv) Spinel ferrite 
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i) Garnet: 

The semiprecious stone ga rnet is a ctually a  gr oup o f isomorphous minerals w ith a 

cubic structure. A typical composition is Mn3Al2(SiO4)3, but certain other d ivalent ions can 

be s ubstituted for M n2+ and similarly other trivalent i ons for A l3+. B y s ubstituting cer tain 

trivalent ions for t he mixture o f d ivalent ( Mn2+) a nd t etravalent ( Si4+) io ns i n the natural 

garnet, it is possible to make silicon-free garnets with the composition 3M2O3∙5Fe2O3. The 

most magnetically interesting o f these synthetic garnets are those in which M is yttrium (Y) 

or one o f t he r are ear ths from g adolinium ( Gd) t o l utetium ( Lu), inclusive. T hese ar e a ll 

ferrimagnetic, but r ather w eakly so; saturation m agnetization (σs) in t he neighborhood o f 

room temperature less than 10 emu/g or Am2/kg. Yttrium–iron garnet (Y3Fe5O12) commonly 

known a s Y IG, ha s a  normal σs, T  cu rve, b ut m ost of t he r are-earth g arnets ex hibit a  

compensation point. YIG has important applications at very h igh f requency, particularly in 

the microwave region. The cubic unit cell is large, with a lattice parameter of ~ 12.9 Å, and it 

contains 1 60 a toms. T hree crystallographically d ifferent k inds o f sites exist, la beled 

conventionally as A, B, a nd C, a nd occupied as follows: 16Fe3+ at A site, 24Fe3+ at B site, 

and 24 M3+ at C site. The i nteraction b etween the F e3+ ions at A a nd B  sites is s trongly 

antiparallel. I n t he r are-earth g arnets, t he moment o n t he r are-earth i ons at C si tes i s 

antiparallel to the resultant mo ment of the Fe3+ ions. The Y3+ ion in YIG has no  moment, so 

that the net moment of YIG is solely due to an unequal distribution of the same kind of ions 

(Fe3+) i n A a nd B  sites, a s in  γ-Fe2O3. T he g arnets w ere ex tensively investigated an d 

developed in the 1960s and 1970s during the creation of a nonvolatile computer memory and 

processor system based on moveable magnetized regions called bubble domains. A great deal 

of h igh-quality materials an d e ngineering w ork w as completed, bu t the s ystem w as not 

commercially successful a nd has d isappeared [1]. They are used in microwave applications 

extremely narrow ferromagnetic resonance-absorption line [5].  
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ii) Hexaferrite 
 

Barium f errite has t he formula BaFe12O19 with a h exagonal c rystal s tructure, a nd 

fairly large u niaxial c rystal a nisotropy.  B arium ferrite w as d eveloped into a  c ommercial 

magnet material in 1952 in t he N etherlands by t he P hilips C ompany, w hich c alled it 

Ferroxdure. A  n umber o f o ther t rade na mes h ave been u sed, bu t w ith t he e xpiration o f 

patents, these materials ar e u sually just ca lled ceramic magnets o r f errite magnets. T he 

composition is ge nerally not s pecified, b ut b etter pr operties are o bserved for s trontium 

instead o f barium in t he hexaferrite. The t erm “barium ferrite” ca n be u nderstood to mean 

either material o r a mixture. S ometimes t he g eneral t erm hexaferrite is u sed for both the 

materials. Hexaferrite may be used as fridge magnets, electric motors, loud speakers, and data 

storage [1]. They ar e interesting d ue t o their r ecently d iscovered multiferroic behavior at  

room temperature [6]. However, much improvement is required in the development of these 

materials. 

iii) Orthoferrite 

Anti-ferromagnetism m ust be revised f rom i ts e arlier definition and m ake i t m ore 

general, to include the possibility that the spins of two sub-lattices may have any relation to 

each o ther as  long as  t hey form a n o rdered ar rangement w ith no net magnetization. S light 

deviations f rom id eal anti-ferromagnetism can a lso e xist. I n some Orthoferrite m aterials, 

spins of the two sub-lattices are not quite antiparallel but slightly tilted or “canted” out of the 

alignment. The result is a s mall net magnetization in one d irection. From one point of view 

such materials are ferromagnetic; t hey ar e co mposed o f d omains, eac h spontaneously 

magnetized to a magnitude, and they show hysteresis. But they do not saturate, and in strong 

fields t hey e xhibit susceptibility a ppropriate t o their b asic a nti-ferromagnetism in t he o lder 

literature this phenomenon is called parasitic ferromagnetism, and it was often attributed to a 

ferromagnetic impurity existing as particles of a second phase. It is now recognized as having 
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a more basic cause and is k nown a s canted anti-ferromagnetism. Materials which show t his 

behavior a t r oom t emperature include α-Fe2O3 (hematite) an d t he r are-earth Orthoferrite. 

These have the general formula RFeO3, where R is yttrium or a r are earth ion. Their crystal 

structure is o rthorhombic ( three axes of unequal length at r ight angles to each another), and 

the spontaneous magnetization (σsp) is p arallel t o the c-axis ( the < 001> - axis o f t he c ell), 

except i n S mFeO3, w here σsp is p arallel t o the a-axis. T he c ombination o f high magnetic 

frequencies with very large magneto optical effects makes the orthoferrites interesting subject 

for the study of laser-induced dynamics [1]. Orthoferrites are transparent, and can modify the 

polarization of a beam of light under the control of a magnetic field (Faraday rotation). This 

makes them p otentially us eful a s op tical s ensors a nd a ctuators f or u se i n op tical 

communications [7]. 

iv) Spinels 

These ferrites have the spinel structure and are sometimes called ferrospinels, because 

their cr ystal s tructure is c losely r elated t o that o f t he mineral spinel, M gO⋅Al2O3. T he 

structure is face centered cubic. Eight formula units or a total o f 8 X  7 =  56 ions exists per 

unit cell. T he large oxygen ions ( ionic radius radius ~1.3 Å) are packed quite close together 

in a  face-centered cu bic ar rangement; the mu ch s maller me tal i ons (0.7-0.8 Å) o ccupy t he 

spaces between them. These spaces are o f two kinds. One is called a tetrahedral (or A site), 

because it is located at the center of a tetrahedron whose corners are occupied by oxygen ions 

(Fig. 1.1c). The o ther is ca lled an octahedral (or B site), because the oxygen ions around it 

occupy the corners of an octahedron (Fig. 1.1b). 
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Figure 1.1 Crystal structure of a cubic spinel ferrite [50] 

 

The cr ystallographic e nvironments o f t he A a nd B s ites ar e d istinctly d ifferent. The 

unit cell contains 56 ions, a two-dimensional drawing of the complete unit cell is too cluttered 

to be useful. Instead, we can consider a u nit cell of edge ‘a’ to be divided into eight octants, 

each of edge a/2, as shown in Fig. 1.1a. The four orange octants have identical contents, and 

so do the four white octants. The contents of the two upper-left octants are shown in Fig. 1.1b 

and 1. 1c. O ne tetrahedral s ite o ccurs at  the cen ter o f t he upper-right o ctant, a nd the other 

tetrahedral s ites are at  s ome but n ot al l o ctant c orners. F our octahedral s ites o ccur i n t he 

upper-left octant; one is connected to six oxygen ions, two of which, are in adjacent octants 

backside and bottom. Similarly, in tetrahedral, the oxygen ions are arranged in the same way 

in all octants. Not all of the available sites are actually occupied by the metal ions. Only one-

eighth o f t he A s ite a nd o ne-half o f t he B s ite a re o ccupied, a s s hown in T able 1. I n t he 

MgAl2O4 mineral spinel, t he Mg2+ ions are present at  A s ite and the Al3+ ions are at B s ite 

[1]. 

a 

a) 

b) 

c) 
a/2 
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Figure 1.2 Mineral (MgAl2O4) Spinel Structure [51] 

  

All s pinel ferrites MO ∙Fe2O3 have e xactly t he same structure shown i n Figure 1. 2, 

with M2+ at A site and Fe3+ at B site. This is called the normal spinel structure. Both zinc and 

cadmium ferrites have this structure and they are both nonmagnetic, i.e., paramagnetic. Many 

other ferrites, however, have the inverse spinel structure where the divalent ions occupy the B 

site and t he t rivalent ions are eq ually divided between A a nd B  sites. T he d ivalent an d 

trivalent ions normally occupy the B sites in a r andom fashion i.e., they are disordered. Iron 

(Fe), cobalt (Co), and nickel (Ni) ferrites exhibit inverse structure and are ferromagnetic [1]. 

  

Table 1: Arrangement of metal ions in the unit cell of a ferrite MO∙Fe2O3 

     
Occupants 

Name of site 
 

Number of 
available sites 

Number of  
occupied sites Normal spinel Inverse spinel 

Tetrahedral 
(A) 64 8 8M2+ 8Fe3+ 
 
Octahedral 
(B) 32 16 16Fe3+

 8Fe3+ 8M2+ 
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The high electrical resistivity and the outstanding magnetic properties make the spinel 

ferrites excellent core materials for power transformer in electronic and telecommunications 

applications [8]. Magnetic spinels c an a lso be characterized for g ood ch emical stability, 

mechanical hardness an d h igh c oercivity and t hus make them excellent can didates for 

nonvolatile memory d evice ap plications based on their r esistive s witching performance 

[7,8,24,25,26,30].   

The d istribution o f t he d ivalent ions between A and B s ites in some ferrites can b e 

altered by heat t reatment; it may depend, for example, on whether the material is quenched 

from a high t emperature or s lowly co oled [1]. Ferrites ca n be prepared with two or  more 

different k inds o f d ivalent ion, e.g. (Ni, Zn)O∙Fe2O3. This is called a mixed ferrite. Most of 

the cubic ferrites used commercially are mixed ferrites [1]. 

 

1.3  Cobalt Ferrite 

Cobalt ferrite ( CoFe2O4) is a s pinel ferrite w ith a chemical c omposition of A B2O4. 

Among the three types of spinel ferrites, cobalt ferrite has an inverse spinel structure which 

has a face cen tered c ubic, cl osely p acked a rrangement o f o xygen ions with t he C o2+ 

occupying the octahedral sites and the Fe3+ ions equally distributed among the tetrahedral and 

octahedral s ites. Passionate investigations on ferrite materials are paving the way to develop 

magnetoresistive random access memory (RAM). Other applications o f these materials t ake 

place in electrochemical, optoelectronic, magnetic, electronic, ferro-fluid, semiconductor, and 

anti-cancer dr ug d elivery industries [ 11-27].  C obalt ferrite is w ell known f or i ts good 

dielectric properties, moderate saturation magnetization, large magnetocrystalline anisotropy, 

chemical stability, mechanical hardness, and high coercivity [7,10,12,13,16,17,21,22].  

The dielectric and electrical properties of ferrites will vary due to particle/atomic size, 

morphology, a s w ell a s cation d istribution, w hich a ll d epend o n t he method o f s ynthesis 
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[10,31-42]. Previous reports [4, 30, 31, 32], demonstrate an increase in the dielectric constant, 

saturation magnetization, a nd co nductivity and a d ecrease in t he C urie t emperature w ith a  

given ad dition o f M n ions in spinel ferrites. T he e nhanced p roperty r esults o f larger ion 

substitutions contributed to numerous investigations on the fabrication and synthesis of cobalt 

ferrite ceramics in cluding b all m illing [4], a cer amic method b y firing [ 33], imp regnation 

[29], reverse micelles, hydrothermal methods [31,32,34], a p olymeric precursor [35], sol-gel 

[17,39], and a polyol [31] method. 

 

1.4 Hafnium in Cobalt Ferrite 

The ionic size o f hafnium (Hf4+) ions ( 0.76Å) a nd c obalt ions ( 0.735Å) is 

considerably larger t han t hat o f iron ions (0.645Å) [Shannon and Prewitt]. The inclusion of 

hafnium into co balt ferrite may produces the lattice d istortions in t he s pinel structure and 

accordingly s ome previous reports have s hown that this d istortion c auses c hanges in t he 

dielectric and electrical properties of the cobalt based ceramic compounds [8,43]. Hafnium is 

a promising alloying component having all the desirable qualities of high k materials and its 

chemical s tability is  a n a dvantage [44]. Its high density ( 9.68 g/ cm3) ma kes i t resistive t o 

impurity diffusion [44]. To the best of our knowledge, there has been only one case reported 

by Wells an d R amana [ 11] where the hafnium is incorporated i nto c obalt f errite a nd t he 

structural, chemical, and room temperature (RT) dielectric property effects were observed.  

1.5 Importance of Hf incorporation in CFO 

As d iscussed by T.M. M eaz et  al . [ 45], dur ing t he s intering pr ocess, a t hi gh 

temperatures, F e2+ ions arise from t he p artial r eduction o f F e3+ ions. F e2+ ions pr efer t o 

occupy t he B -site, w hile Fe3+ can o ccupy A- and B -sites [ 45]. A lso, C o2+ ions m ay b e 

oxidized t o C o3+ during s intering a s well. I n s mall H f c oncentrations, C o ions p refer t o 

occupy at B-site [44]. Thus, it is expected that the conduction process occurs as a result from 
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the e lectron exchange between Fe2+ and Fe3+ ions (n t ype charge carriers) and hole transfer 

between Co2+ and Co3+ ions (p-type charge carriers) at  octahedral sites [44]. We expect that 

Hf4+ ions may occupy B-site when it is added in a small amount (up to 0.075), with further 

increase of Hf ion content; it will occupy the A-site. The presence of Hf ions at B-site will act 

as e lectrostatic t rap f or the e lectron ex change b etween F e2+ and F e3+ ions b y forming 

electrostatic bonds w ith F e2+. T herefore, w hen hafnium incorporation b ecomes more than 

0.075, the pr esence o f H f ions a t A -site m ay al low an increase in t he co nductivity by 

increasing t he c hance o f formation o f Fe2+ needed for t he ho pping mechanism, w hich is in 

good ag reement w ith t he o bserved behavior o f t he ac r esistivity w ith H f. T herefore, t he 

behavior of the resistivity with Hf in this system suggested that Hf ions play a major role in 

the conduction process. 

Complimentary with the last paragraph, Hf4+ ions may go to the  F e3+ site i n cobalt 

ferrite grains, when Hf present in small amounts (<0.075 wt%). At higher Hf concentrations, 

Hf4+ ions reach saturation in cobalt ferrite and instead begin to settle at grain boundaries. Due 

to t his developed morphology, the contribution to the p olarization e ffects from t he grain 

boundaries strongly increase.  

1.6 Objective of the study 

The goal of the present work is to provide a continuing extract on the dielectric and electrical 

properties of hafnium incorporated cobalt ferrite in the frequency range (F: 20 Hz- 1 MHz) 

and over the temperature range (T: 25 °C to700 °C). We examine the dielectric constant and 

dielectric loss as a function of temperature and frequency. The resistance (R/Z') and reactance 

(X/Z'') were measured at  room temperature and at various fixed temperatures by varying the 

frequency from 2 0 Hz t o 1  MHz were. T hese measurements w ere used t o obtain the 

temperature dependent complex impedance plots an d d epict how t he g rains a nd t he g rain 
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boundary play an important role in t he capacitance enrichment and a lso o n the conduction. 

The specific research objectives of this thesis work are:  

1. Synthesize t etravalent H f incorporated c obalt ferrite cer amics w ith variable H f 

content. 

2. Evaluate t he frequency ( f=20 H z - 1 M Hz) and t emperature ( T=300–973 K ) 

dependent dielectric properties of hafnium incorporated cobalt ferrite. 

3. Understand t he mechanisms responsible f or the d ielectric behavior, dielectric 

relaxation properties, and loss factor associated with CFO-Hf ceramics. 

4. Propose a  model t o a ccount f or electrical responses in  imp edance f ormalism 

especially using the grain and grain-boundary effects (if present). 

5. Derive a  correlation between structure, dielectric and impedance properties o f CFO-

Hf ceramics. 
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Chapter 2: Materials and Methods 
 

2.1 Synthesis 

Pure cobalt ferrite (CFO), CoFe2O4 and H f integrated CFO (CFO-Hf) samples were 

prepared by the s tandard solid s tate chemical reaction method. The p owders in t he mixture 

consists of Cobalt (II) O xide (CoO <10 microns 99.5% pure), Iron (III) Oxide (Fe2O3 - 0.3 

micron 99. 95% pur e), a nd H afnium ( IV) Oxide ( HfO2; 99.95% pur e; from A lfa A esar). 

These s tarting m aterials were m ixed i n a required ratio s o a s t o p roduce CoFe2O4, 

CoFe1.95Hf0.05O4, C oFe1.925Hf0.075O4, C oFe1.9Hf0.1O4, C oFe1.85Hf0.15O4, a nd 

CoFe1.8Hf0.2O4. After obtaining these desired CFO and CFO-Hf compositions, t he p owders 

were mixed in a p estle a nd mortar for three h ours u sing et hanol as  a medium. T hen eac h 

batch was pressed into one large disc shape pellet in a C arver press at 2.5 tons, individually 

calcined at 1200 °C for 10 hours, and after cooling they were crushed in a p estle and mortar 

again for an  hour t hen p ressed with 6  t ons o f pressure into small d isc shaped pellets o f 

roughly 0.18-0.21cm in thickness (t) and between 0.3125-0.3131cm in diameter. Finally, they 

were sintered at 1300 °C for 12 hours.  

2.2. Crystal Structure and Phase Analysis - X-ray Diffraction (XRD) 

           The structural characterization was performed with the utilization of a Bruker D8 Advanced X-

Ray Diffractometer (XRD) (see Figure 2.1). The crystal structure of preferred crystallographic 

orientation, average crystallite size, and phases were determined from the XRD analysis. 
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Figure 2.1 Bruker D8 Advanced X-Ray Diffractometer 

 

 In the XRD technique, a parallel beam of X-rays incident on the sample surface, which then 

diffracts from the first and second atomic lattice layers capturing them in the detector (see figure 2.2). 

The detector sends the angle a t which t he X-ray was r eceived which c orrelates i t t o t he inter-planar 

atomic distance (d-spacing). The d-spacing is calculated using Bragg’s Law shown in eqn (1).  

                                        𝑛λ = 2𝑑 sin (θ )……………………………………………............. ( 1) 

Where λ is the wavelength of  incident X-rays, d is the inter-planar spacing, and θ is Bragg’s angle. 

The X -ray was p roduced b y a  c opper t arget t hus g iving of f C uKα radiation ( λ=1.54056) a t r oom 

temperature.  
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Figure 2.2 Braggs Diffraction Law Diagram [52] 

The pa tterns given b y X RD a re i n t he f orm of p eaks whose he ight may r epresent a quantitative 

measure of t he amount o f gr ains which a re oriented i n a  c ertain c rystallographic or ientation. In the 

present work, CuKα radiation of wavelength 1.54058 Å was employed to obtain XRD patterns 

of t he CFO-Hf ceramics. Measurements were made in the 2θ range from 200 to 800 with an 

increment of 0.050, and at a scan rate of 1 degree per minute. 

 
2.3       Morphology - Scanning Electron Microscopy (SEM) 

Principle of Operation  

            An e lectron be am incident o n the s ample s urface and e jects the weakly b onded 

electrons ca lled s econdary e lectrons (SE). These e lectrons have low e nergy a nd c an be 

detected by the detector to produce an SEM image of the sample surface up to 1 micrometer 

in depth. The low energy SE’s can be affected by the electromagnetic field. To avoid charge 

build up on the sample surface, the sample must be properly attached to a conductive copper 

tape strip o r a co ating o f graphite. The SEM ( model: Hitachi S-4800) available a t UTEP is 

shown in Figure 2.3.  
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Figure 2.3 Scanning Electron Microscope (SEM) 

 

            To p roduce the beam, e lectrons ar e thermionically e mitted f rom a cat hode t ungsten 

filament and drawn to an anode. The electron beam energy can be employed in a range from 

0.5 K eV t o 40 KeV. T wo c ondenser lenses in t he vacuum chamber ar e u sed t o focus t he 

beam t o a s urface ar ea o f 1  nm t o 5  nm in d iameter. T he p ath o f t he be am o n t he s ample 

surface follows a raster scan pattern. Sweeping from left to right, it blanks as it rapidly moves 

back t o the left p osition a nd s cans t he ne xt line d ownwards.  W hen t he p rimary e lectrons 

from the beam hit the sample, its energy is high. The high energy beam losses its energy by 

random scattering and absorption. Due to the low energy of the excited secondary electrons, 

they can be detected by the SE detector and produce the SEM image.  

2.4       Dielectric and Complex Impedance Spectroscopy  

            Pellets in  the form o f disc w ere p laced b etween t wo f lat, p arallel silver foils 

(electrodes). The smooth surfaces of the CFO/CFO-Hf samples were coated with high purity 
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silver paste for good Ohmic conduction. An electric field with a potential of 1Volt is applied 

through t he sample between t he s ilver e lectrodes. This setup can  be co nsidered electrically 

equivalent to a capacitance Cp in parallel with a resistance Rp [20].  

 

Figure 2.4 Electrical/Dielectric Test Sample Holder 

 

The dielectric constant, loss, the ac resistivity and conductivity were determined using the 

following formulas: 

  ε′ = 𝟏𝟏.𝟐𝟗×𝑪𝒑×𝒕
𝑨 ………………………………......……………….………….………(2) 

𝐭𝐚𝐧 δ = ε"
ε′

…………………………………………………………………..…….……(3) 

ρ𝒂𝒄 = 𝑹×𝑨
𝒕

………………………………………….......................................................(4) 

 σ𝒂𝒄 = 𝟏
ρ

……………………………………………………………………….….....……(5) 

where Cp is the capacitance in picofarads, t is the thickness of the sample (cm), A is the cross 

sectional area of the sample (cm2), tanδ is the dissipated energy loss, ε″ is the imaginary part 

of the d ielectric constant ( loss factor), ε′ is the real part o f the imaginary constant, R is t he 
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resistance in Ohms, ρ is t he resistivity (Ohm⋅cm), σ is the conductivity (1/Ohm⋅cm). These 

values were attained using an HP 4284A LCR meter. 

On Site Schematic 

 

 

 

 

 

 

 

Furnace 

LCR meter 

Sample 
holder 

Thicknes
 

LCR meter 
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Chapter 3: Results and Discussion 

3.1 Crystal Structure  

X-ray diffraction (XRD) patterns of CFO-Hf composites are shown in Fig. 3.1a. XRD 

data c onfirm t he spinel p hase, w ith space gr oup Fd3m ( 227), for CFO ( x=0.000). A small 

amount o f H fO2 phase c an be seen for CFO-Hf composites. No other phases were detected 

confirming t he s uccessful p reparation C FO-Hf with s pinel p hase. H owever, p eak s hift is 

noted in CFO-Hf compared to CFO (Fig. 3.1b). The intensity o f the additional peaks due to 

HfO2 increases with increasing x (Fig. 3.1c). The lattice constant values derived from XRD 

for CFO-Hf were found to increase from 8.374 Å (x=0.000) to 8.391 Å (x=0.200). The lattice 

expansion i s l arge even for a ve ry small amount of Hf (x=0.050) at the very first step. The 

lattice constant change then slows down with x. The s ignificant lattice expansion in CFO-Hf 

can be attributed to the ionic size difference in the Hf4+ ions compared to Fe3+ ions. The ionic 

size of Hf4+ (0.83 Å) is greater than that of Fe3+ (0.67 Å) and induces a lattice distortion upon 

Hf-incorporation at  Fe lattice s ites in CFO. Most importantly, in order to confirm the HfO2 

incorporation is carried o ut e fficiently and s intering w as pe rformed t o t he b est p ossible 

extent, t he d ensity o f t he c eramics is ca lculated from t he X RD d ata. T he d ensity o btained 

from XRD calculations for pure CFO is 5.21 g/cm3, which is in agreement with the standard 

density (5.27 g/cm3) for cobalt ferrite. The density values calculated for CFO-Hf composites 

from X RD indicate a n increasing t rend f rom 5. 21 to 5. 80 g/ cm3 with increasing H fO2 

concentration ( x from 0. 0 t o 0. 2). T he increased de nsity values, t hus, c onfirm t he 

incorporation of Hf into CFO and completeness of the sintering process as well. Furthermore, 

the E DS d ata as  s hown a nd d iscussed in s ection 3 .2 al so co nfirmed t he increasing H f 

concentration in the samples.  
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Figure 3.1  (a) XRD patterns (slow scans) of the CFO-Hf ceramics as a function of x. 

The data indicate that the CFO-Hf crystallize in inverse spinel structure. 

Formation of secondary HfO2 phase can be seen with increasing Hf-

content. Indexing of the peaks due to CFO and HfO2 are as labeled. (b) 

The (311) peak of CFO-Hf (x=0.200) compared to CFO (x=0.000). Peak 

shift with Hf incorporation is evident.  (c) Expanded region of monoclinic 

HfO2 peaks, which are dominant with increasing x. 
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3.2 Morphology and Chemical Composition 

 The SEM images from t he different samples a re shown b elow in F igure 3 .2. The crystallites 

are seen to be evenly distributed in the scan. Also, smooth grain boundaries are evident. 

 

Figure 3.2 SEM images of Hf-incorporated cobalt ferrite ceramics 
 

 

3.3 The Elemental Mapping Analysis 

The EDS scans show a qualitative balance of the elements in the samples based on the x-rays 

emitted b y each i on when s truck b y a n electron b eam, which i s u nique t o t he generating element 

[31,33]. The scans are shown in the figure below as a function of Hf concentration. 

Pure CFO

0.5 μm 0.5 μm

CFO-Hf(0.05))

0.5 μm

CFO-Hf(0.10))

0.5 μm

CFO-Hf(0.20))
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Figure 3.3 (a) EDS data of Hf-incorporated cobalt ferrite ceramics 

 
The materials are stoichiometric and homogeneous, being evenly distributed. The x-ray lines 

for Fe Kα, Co Kα, O Kα, La Lα and Co Lα appear on the graph at their proper energy positions. Since 
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there i s no L a i n t he s ample, these a re a ll f or Fe, C o, Hf, a nd O . C  a nd Al a lso a ppear du e t o t he 

carbon tape and Al holder used in the scan. The scan shows great purity in the samples, and proper 

increase in concentration of Hf in the high concentration samples. 

3.4 Dielectric Constant 

The p ermittivity ( dielectric co nstant) i s a measure o f h ow much e lectric flux is 

produced in a medium p er unit c harge. With a n increase in permittivity, more electric f lux 

occurs due to polarization effects. Permittivity is  associated to the ease in which a d ielectric 

material polarizes in response to an electric field. The complex dielectric function ε*(ω) in it s 

dependence on angular frequency (external e lectrical field) and t emperature originates from 

different processes: i ) m icroscopic f luctuations o f molecular di poles ( rotational di ffusion) 

[10], ii) propagation o f mobile charge carriers ( translational diffusion of electrons, holes, or 

ions), and iii) separation o f c harges at  interfaces which g ives r ise t o an  additional 

polarization. T he latter can  t ake p lace at  i nner d ielectric boundary layers 

(Maxwell/Wagner/Sillars-polarization on a mesoscopic scale and/or at the external electrodes 

contacting the sample (electrode polarization) on a macroscopic scale [21].  

3.4.1 Mesoscopic scale: Maxwell/Wagner/Sillars Polarization 

    For inhomogeneous materials, in our case a polycrystalline ceramic, the influence o f 

Maxwell-Wagner ( M-W) interfacial p olarization i s an important mechanism and must be  

considered when pursuing an investigation on the dielectric behavior of a ceramic composite 

or system. According to the M-W two layer model, conductive grains are separated by poorly 

conducting g rain boundaries. T he e lectron e xchange between F e2+ and F e3+ is d ue t o the 

displacement of ions in the direction of the applied field which determines the polarization in 

ferrites [43]. At internal grain boundaries o r interface boundaries, t he movement o f c harges 

can be restricted thus giving rise to Maxwell/Wagner type interfacial polarization.  
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3.5 Frequency Dependent Permittivity Measured at Room Temperature 

    The d ielectric co nstant decreases strongly w ith increasing frequency, p articularly in 

the l ower f requency range. T his c an be e xplained o n t he basis o f M -W in terfacial 

polarization. At low frequencies, the natural oscillation ( lattice vibration) of the system is i n 

phase with the applied frequency and all types of polarizations are present i.e., Ptotal = Pi + Pd 

+ Pa + Pe, where t he subscripts i, d , a a nd e represent t he interfacial ( or s pace c harge), 

dipolar, atomic (or ionic), and electronic contributions, respectively [28]. The response t ime 

for electronic and atomic polarization is so short and can be assumed to be negligible for a ll 

frequencies from 0 to about 1012 Hz, so we can group these two polarizations as Pα = Pe + Pi 

. These two types o f polarization can be considered to follow instantaneously the excitation 

field frequency without time lag; in other words, Pα and frequency can be considered to be in 

phase [ 48]. However, as  t he frequency o f t he AC field is increased, t here co mes a p oint 

where the natural oscillation of the interfacial and dipolar contributing species, in other words 

the electron exchange Fe2+ ↔ Fe3+ lags behind the frequency of the applied field thus comes 

out of phase and the dielectric constant of all samples merge to a constant value at 1 MHz in 

this case. 



 

23 
 

 

Figure 3.4 Room temperature dielectric data of Hf-integrated cobalt ferrite ceramics. 

The data shown are as a function of variable composition of Hf in cobalt ferrite. (a) 

Frequency variation of the real part of the dielectric constant; (b) Frequency variation 

of the imaginary part of the dielectric constant; (c) Frequency variation of the dielectric 

losses; (d) Frequency variation of the ac electrical resistance  

 

3.5.1 Relaxation Time 

    The t ime r equired for orientational, h opping, o r space ch arge polarization a nd 

depolarization is quite long and varies in a w ide range, depending on the d ielectric systems. 

Such polarization p rocesses ar e sometimes r eferred to as  relaxation p rocesses because t hey 

involve a  r elaxation t ime. A r elaxation p henomenon o ccurs w hen r estoring a ction t ends t o 

bring the excited system back to its original equilibrium state [47]. 

d) 

a) 

c) 

b) 
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 Relaxation t ime is t he t ime r equired for t he p ermanent d ipoles (positive a nd negative 

charges o f opposite sign but equal magnitude) to reorient (relax) according to the change in 

the externally applied electric field.  

 Relaxation processes are characterized by a p eak in the imaginary part and a s tep-like 

decrease of the real part of the complex dielectric function with increasing frequency. In non-

ohmic co nduction o r p olarization e ffects ( at i nner b oundaries o r ex ternal e lectrodes) the 

dielectric constant increases with decreasing frequency as seen in (Fig. 3.7) [47]. 

3.5.2 Debye Model  

    Dielectric relaxation processes are usually analyzed using model functions. The well-

known and s tudied Debye f unction i s the m ost i mportant function us eful t o m odel t he 

dielectric co nstant variation. W e have u sed Debye m odel to c onfirm t he e xperimentally 

observed frequency dependent dielectric constant at  room temperature. The modified Debye 

function u sed for t he frequency d ependent d ielectric co nstant [47] is g iven below. Other 

equations employed to model the dielectric data are also given below. 

Debye equation 

ε∗(ω) = ε∞ + ε𝒍−ε∞
𝟏+(ωτ)  ……………….……………………………….........  (6) 

Cole-Cole equation 

ε∗(ω) = ε∞ + ε𝒍−ε∞
𝟏+(ωτ)𝟏−𝜶

 ……….....………………………………..…….  (7) 

Davidson-Cole equation 

ε∗(ω) = ε∞ + ε𝒍−ε∞
𝟏+(ωτ)β   .…………….………….………………………...   (8) 

H-N equation 

ε∗(ω) = ε′∞ + ε′𝒍−ε′∞
𝟏+(ωτ)β(𝟏−𝜶)  …….……………………………………….  (9) 
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Modified Debye Equation 

ε′(ω) = ε′∞ + ε′𝒍−ε′∞
𝟏+(ωτ)𝟐(𝟏−𝜶)  …………………………………………….  (10) 

where α and β are parameters with 0 < α < 1 and 0 < β < 1 .   ε*(ω) is t he c omplex 

permittivity, ε′l- ε′∞ is the d ielectric r elaxation s trength; ε′l being t he s tatic (low f requency 

permittivity) and ε′∞ being the permittivity at the high frequency limit. τ is the Debye average 

relaxation time, α is the spreading factor, and the field’s angular frequency ω is a lso 

expressed as ω = 2π × 𝑓 with f  being the linear frequency of the applied field.   

 Using t he modified Debye equation w e ca n derive theoretical dielectric co nstant as a  

function of frequency. All the va lues in (equation 10) were given or can be calculated from 

the experimental dielectric data except for α. However, the plots shown in (Figure 3.5) show 

a line with slope equal to 1-α. We can solve for α from the following plots. 
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Figure 3.5 Spreading factor derivation plot 

 

We then solved for τ in equation 10 in the following way: 

ε∗(ω) = ε′∞ +
ε′𝒍 − ε′∞

𝟏+ (ωτ)𝟐(𝟏−𝜶) 

ε∗(ω)− ε′∞ =
ε′𝒍 − ε′∞

𝟏+ (ωτ)𝟐(𝟏−𝜶) 

𝟏 + (ωτ)𝟐(𝟏−𝜶) =
ε′𝒍 − ε′∞

ε∗(ω) − ε′∞
 

m = 1-α 
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(ωτ)𝟐(𝟏−𝜶) =
ε′𝒍 − ε′∞

ε∗(ω)− ε′∞
− 𝟏 

τ =
𝟏
ω

× �
ε′𝒍 − ε′∞

ε∗(ω)− ε′∞
− 𝟏�

𝟏
𝟐(𝟏−𝜶)

 

 

The average relaxation values for all ceramics with variable Hf content were obtained. With 

all values determined, we were able to plug them into equation 10 and obtain the calculated 

real part of dielectric constant with varying frequency. The p lots shown in Fig. 3.6 illustrate 

the calculated and experimentally observed dispersion in dielectric constant.  

 

Figure  3.6 Calculated vs experimental RT dielectric constant 
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3.6 Temperature Dependent Dielectric Constant  

As seen in ( Fig. 3.7a-d), the dielectric constant increases with t emperature up to the 

transition temperature (Tt), t hen decreases beyond it. Generally, t he t emperature dependent 

behavior of dielectric constant for ferrites is influenced by the four types of polarization (Pi, 

Pd, Pa, and P e). The quick initial increase in d ielectric co nstant with t emperature is largely 

due thermally activated ch arge car riers in c ongruence w ith interfacial a nd d ipolar 

polarization, which are strongly temperature dependent [8,46] The interfacial phenomenon is 

due t o the accumulation of c harges at  t he g rain b oundary a nd as  t emperature r ises, more 

charges accu mulate at  the g rain boundary t hus increases t he p olarization [ 8]. According t o 

Sarah a nd S uryanarayana [49], polarization i n f errites i s similar t o that of t he co nduction 

process. E lectrons ar e locally d isplaced in t he d irection of the a pplied field dur ing t he 

electron exchange between the ferrous (Fe2+) and ferric (Fe3+) ions on the octahedral sites and 

this determines the polarization [8].  
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Figure 3.7 Temperature dependent dielectric constant for a given composition 

d) 

a) 

c) 

b) 
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Figure 3.8   Temperature dependent dielectric constant at a constant frequency. The 

data shown are for various compositions of Hf content in ceramics. 

 

3.7 Temperature Dependent Dielectric Loss Tangent (tan δ) 

The e nergy loss ( dielectric loss t angent, t an δ) is  expressed as t he r atio o f t he 

imaginary part o f t he d ielectric co nstant to the r eal part, (see equation 3). T he tan δ values 

depend o n impurities, imperfections in t he cr ystal, Fe 2+ content, an d s toichiometry a nd 

therefore d epend o n t he co mposition a nd s intering t emperature o f t he samples [ 43]. Both 

temperature an d frequency appear t o affect the b ehavior o f t he p eaks. The d ata f or H f-

integrated co balt ferrites ar e shown in Figure 3.9, where a peaking be havior for the energy 

loss when displayed as a function o f t emperature is e vident for a ll compositions. The high 

d) 

a) 

c) 

b) 
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energy l oss experienced at l ow f requencies can b e explained b ased on  Koop’s 

phenomenological theory [46], in which the resistivity is high and the grain boundaries play a 

bigger role, more energy is required for the electron transfer between Fe2+ and Fe3+ ions, as a 

result the loss is high. At higher frequencies, where the resistivity is  low and the grains play 

the d ominant r ole, less e nergy is r equired for t he t ransfer o f e lectrons between t he hetero-

valent Fe ions and a lower loss is produced. The tan δ (F) behavior is said to occur due to a 

strong co rrelation between t he c onduction mechanism and d ielectric behaviors that ferrites 

possess [47]. The maximum of tan δ values (Debye relaxation peaks) are expected to occur 

when the hopping frequency of electrons between Fe2+ and Fe3+ ions is approximately equal 

to that of the externally applied field [47]. Since ωτ = 1, ω = 2π f, and τ = 1/(2P) where P is 

the jumping probability per unit t ime then it is expected that f is proportional to P. The shift 

of p eaks t o h igher t emperature w ith increasing frequency indicates t hat t he jumping 

probability per unit time ‘P’ increases with increasing frequency. However, the shift in peak 

towards a lower temperature with increasing hafnium ion substitution indicates a decrease in 

the jumping probability per unit t ime as hafnium content increases. The decrease in jumping 

probability is a ccredited t o a r eduction o f iron ions a t the B -site, w hich is r esponsible for 

polarization in t hese ferrites [ 47]. As t he f requency increases, t he p eak s hifts t owards the 

higher temperature while they shift towards a lower temperature with increasing Hafnium ion 

substitution as seen in (Fig. 3.9a-d). It is also observed that there is a g reater loss tangent or 

peak height with increasing hafnium concentration and frequency. 
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Figure 3.9 Temperature dependent dielectric energy loss for a given composition 

d) 

a) 

c) 

b) 
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Figure 3.10 Temperature dependent dielectric energy loss for a given frequency 

 

3.8 Temperature dependent imaginary part of dielectric constant  

 The imaginary part o f the d ielectric constant (energy d issipation factor) is r elated t o 

the real part of the dielectric constant and the energy loss tangent by equation 3. Figures 3.11 

and 3.12 are supporting the data from the d ielectric e nergy loss graphs. The shift t o higher 

temperatures for the d issipation factor is a lso explained t hrough t he same co ncept that it i s 

due to the “P” increases with increasing frequency.  

d) 

a) 

c) 

b) 
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Figure 3.11 Temperature dependent imaginary part of dielectric constant for a given 
composition 

 

 

 

d) 

a) 

c) 

b) 
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Figure 3.12 Temperature dependent imaginary part of dielectric constant for a given 
frequency 

 

 

3.9 Temperature Dependent AC Resistivity 

 The v ariation o f t he ac r esistivity w ith t emperature f or p ure CFO and ha fnium 

integrated cobalt ferrite samples are illustrated in Fig. 3.13. The resistivity initially increases 

up t o 170°C, w hich increases w ith increasing frequency, t hen d ecreases t hereafter. T he 

essential decrease o f resistivity implies an increase in the ac co nductivity whose increase is 

more rapid at higher frequencies. This increase in conductivity with temperature is due to the 

increase in t he d rift mobility o f t he ch arge car riers w hich leads t o i ncreased hopping 

mechanism. The difference in resistivity values with temperature for the different frequencies 

indicates the strong frequency dependence under these conditions. As t emperature r ises, the 

d) 

a) 

c) 

b) 
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resistivity values for all frequencies merge onto a co mmon value. This observed behavior of 

the c onductivity is indicative t hat el ectrical co nduction in t hese s amples is a t hermally 

activated p rocess g overned by t he r elease o f space c harge in g ood ag reement w ith t he 

impedance an alysis r esults. Therefore, t he p eaks o bserved for a ll compositions a nd four 

frequencies (Fig. 3. 14) may be c orrelated t o the g rain a nd g rain boundary c ontributions 

implying the space charge contribution to the resistivity becoming dominant above the peak 

observed in the resistivity. Furthermore, it was interesting to see that the temperature at which 

the dielectric constant begins to increase, the temperature at which the contribution from the 

grain b oundary initiates in t he co mplex impedance measurements is co rrespondent t o the 

temperature at  w hich t he r esistivity p eak is o bserved. All in a ll, t he e lectrical co nduction 

present w ith c hange in compositions at  a g iven frequency may be co rrelated t o the s pace 

charge g enerated d ue t o the thermally act ivated p rocesses in ad dition t o the h opping o f 

electrons between Fe2+/Hf4+ and Fe3+/Hf4+ [Y.D. Kolekar].  
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Figure 3.13 Temperature dependent Resistivity for a given composition 

d) 

a) 

c) 

b) 
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Figure 3.14 Temperature dependent resistivity for a given frequency 

 

3.10 Cole-Cole Plot 

    A distribution of relaxation t imes is necessary to interpret the experimental dielectric 

data and we shall discuss the approach based on a distribution of relaxation t imes. However, 

to take i nto acc ount the ef fect of a d istribution o f r elaxation t imes, C ole an d C ole h ave 

proposed t hat an Argand d iagram, in w hich Z ′ (real p art o f impedance) is p lotted a s a  

function of Z″ (imaginary part of impedance) [48]. 

    Debye’s semicircle is based on α = 0, which represents the materials’ having only one 

single r elaxation t ime. I n g eneral, t here e xists a  distribution o f r elaxation t imes in a ll solid 

materials because t here are always s ome non-uniformities in local d omains, w hich would 

alter the individual dipoles or charges in addition to the existing dipoles in the material. If the 

d) 

a) 

c) 

b) 
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relaxation t imes are due t o several d ifferent mechanisms, t hen t he Z′ versus Z″ arc w ill be 

asymmetrical [48]. 

 

Figure 3.15 Complex impedance spectroscopy for pure CFO and CFO-Hf(0.200) with 
varying temperature 

 

The following equations were used to obtain the calculated complex impedance spectroscopy 

data: 

𝑍∗ =
1

𝑅𝑔−1 + 𝑗ω𝐶𝑔
+

1
𝑅𝑔𝑏−1 + 𝑗ω𝐶𝑔𝑏

= 𝑍′ − 𝑗𝑍′′ 

f) 

a) 

b) 

e) 

c) 

d) 

g) 

h) 
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𝑍′ =
𝑅𝑔

1 + (ω𝑅𝑔𝐶𝑔)2 +
𝑅𝑔𝑏

1 + (ω𝑅𝑔𝑏𝐶𝑔𝑏)2 

 

𝑍′′ =
ω𝑅𝑔2𝐶𝑔

1 + (ω𝑅𝑔𝐶𝑔)2 +
ω𝑅𝑔𝑏2𝐶𝑔𝑏

1 + (ω𝑅𝑔𝑏𝐶𝑔𝑏)2 

 

Where Z* is the complex impedance, Z′ is the real part of the impedance, Z′′ is the imaginary 

part of t he impedance, R g, R gb a nd Cg, C gb are t he r esistance a nd c apacitance o f t he 

respective grain and grain boundaries.  

3.11 Complex Impedance Plots - Grain and Grain Boundary Contribution 

    The impedance p lots f or p ure C FO an d C FO-Hf(0.200) o btained a t di fferent 

temperatures (30-400°C) are shown in (Fig. 3.15) The effect of Hf is clearly evident on the 

electrical behavior at  a ll t emperatures w hen both co mpositions ar e co mpared. At r oom 

temperature (30°C), a single semicircular arc is observed for pure CFO. The corresponding 

plot for CFO-Hf at 30°C has a different behavior. This one shows two semicircular arcs. This 

observation indicates t hat t he d ielectric r esponse an d as sociated mechanism is different i n 

CFO-Hf when co mpared to pure CFO.  The reader should be informed that the d iameter o f 

the s emicircles r epresents the r esistance from the r espective grain a nd/or gr ain b oundary. 

Further an alysis o f t he impedance d ata as  a function o f T  for C FO a nd C FO-Hf pr ovides 

additional insight into the detailed mechanisms.  The decreasing diameter behavior of the left 

semicircle resulting from grain for both compositions, pure and CFO-Hf (0.2) indicates that 

the conductivity from the bulk increases with increasing temperature. For pure CFO, there is 

no grain boundary contribution to permittivity at room temperature until higher temperatures.  

While for CFO-Hf(0.200), the grain boundary p lays a  dominant role from room temperature 

throughout which leads to higher polarization effects.  
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The r esistance and cap acitance behavior acco rding t o g rain and g rain boundary 

contribution is indicated in Table 2. 

 

Table 2 Grain (g) and grain boundary (gb) electric response to Hf content 

The parameters in table 2 were obtained by fitting the data from the complex impedance 

spectroscopy.   

The effect of Hf and the physics behind the observed transition from grain dominated 

mechanism (CFO) to grain boundary dominated effects on the dielectric properties o f CFO-

Hf can be understood as follows. Hafnium is larger in size and, so, its incorporation into CFO 

expands t he lattice. The i ncrease i n ε' with H f is, t hus, d ue t o the at omic p olarizability 

resulting from C FO-Hf co mposite formation. The d istance between the cat ions in the CFO-

Hf ar e larger compared t o p ure C FO. T his mechanism ac counts for t he o bserved ε'(T) 

dependence on composition (x) of CFO-Hf. In addition, Hf ions form the secondary phase at  

the g rain boundary. T he s econdary p hase formed at  the g rain b oundary is more insulating 

compared to the interior of the grain. The charge accumulation at grain boundaries contribute 

to the i nterfacial p olarization, w hich further en hances t he d ielectric co nstant as  n oted f or 

CFO-Hf. S ome o f t he H f ions substituting for F e may r esult in Fe2+ ions ( for c harge 

  CoFe2O4 CoFe1.9Hf0.1O4 CoFe1.8Hf0.2O4 

Temp. 
(K) 

Rg Cg     Rgb  Cgb Rg  Cg     Rgb  Cgb Rg  Cg     Rgb  Cgb 

(MΩ) (pF) (MΩ) (pF) (MΩ) (pF) (MΩ) (pF) (MΩ) (pF) (MΩ) (pF) 
300 150 7 -- -- 16.5 8 21 500 1.31 7 6.5 1850 
323 88 12 -- -- 14.5 8 21 550 0.78 9 5 2200 
373 28 10 -- -- 5.5 8 16 900 0.393 9 2.65 2300 
423 5.15 9 12.000 800 0.525 8 9.5 1550 0.071 9 0.512 2300 
473 0.54 9 5.820 1500 0.052 8 1.42 2500 0.01 9 0.065 2300 
523 0.05 8 0.850 2400 0.004 8 0.0695 3000 -- -- 0.01 2300 
573 0.006 8 0.011 2600 0.001 8 0.0145 3025 -- -- 0.001 2300 
623 -- -- 0.016 2700 -- -- 0.0026 3025 -- -- 5E-4 2300 
673 -- -- 0.004 2750 -- -- 0.0016 3050 -- -- 2E-4 2700 

 



 

42 
 

neutrality), which makes grains more conducting compared to grain boundaries. Furthermore, 

the ch arge co ncentration g radient w ith a s eparation barrier at  g rain b oundary t o gr ain 

interface occurs due to Hf4+ ions at the boundary versus Fe3+/Fe2+ ions within the bulk of the 

grain. E vidence for s uch mechanism is d erived from impedance s pectroscopic d ata, w here 

initially CFO e xhibits o ne semicircular a rc ( grain) w hile CFO-Hf e xhibits t wo semicircular 

arcs ( grain and g rain boundary). H owever, increasing t emperature increases t he e lectron 

hopping within the grain, making it more conducting, and finally the grain-effect diminishes, 

at w hich p oint t he g rain-boundary effect a lone contributes t o the d ielectric r elaxation. A 

direct, m icroscopic e vidence for H fO2 phase a t t he gr ain boundaries is pr ovided by  t he 

scanning e lectron microscopy ( SEM) imaging co upled w ith e nergy d ispersive X -ray 

spectrometry (EDS) analysis as shown in Fig. 3.16 for x=0.075. The image A shown is on a 

larger s cale bar t o indicate the C FO g rains. T he magnified p hase co ntrast image ( B; inset) 

shows the expanded region of the grain boundary, where the white HfO2 insulating particles 

are evident all along the edges of the CFO grains. Thus, impedance and microscopy analyses 

clearly confirm and validate the proposed model of semiconducting-grains (CFO) separated 

by insulating-grain boundaries (HfO2). 

 

Figure 3.16 SEM data for x=0.075. The image A shown is on a larger scale bar to 

indicate the CFO grains. The magnified phase contrast image (B; inset) 

shows the expanded region of the grain boundary, where the white HfO2 

insulating particles are evident all along the edges of the CFO grains. 
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Chapter 4: Conclusions 
 

   Hafnium integrated cobalt ferrite was fabricated using the solid state reaction method. 

The r esults s how t hat t he t emperature an d frequency o f t he e xternally ap plied field had a 

significant effect on the dielectric constant, loss, and conductivity properties. The SEM image 

for C FO-Hf(0.200) appear t o s how h afnium p articles r esiding at  t he g rain boundaries. At 

room temperature, the dielectric co nstant i s h igher in t he low frequency r ange, e specially 

when the ha fnium concentration i s h igher. T he l oss e nergy is maximum for t he Hf ( 0.1) 

sample at room temperature and at Hf(0.15) with temperature. Conductivity increases as Hf 

content increases. When t he d ielectric co nstant w as p lotted as  function o f t emperature, the 

highest value achieved was 25,384 at Hf(0.075) at 520°C with frequency of 1kHz. This high 

value is at tributed t o the p resence o f H f at  t he g rain b oundaries w hen ( Hf>0.075). The 

integration of hafnium in co balt f errite, in concentration (>0.075), increased the a mount of 

Fe2+ which in t urn increased t he co nductivity du e to increased electron exchanges between 

Fe2+ and Fe3+. Finally, the grain bo undary p lays a  major role w ith Hf>0.075 which leads to 

higher dielectric co nstant values. At room t emperature, Hf-induces a  t ransition from grain-

dominated mechanism to grain-boundary dominated mechanism of the dielectric relaxation in 

CFO. The dielectric maxima occur at lower temperatures in CFO-Hf compared to CFO due to 

formation of insulating grain boundaries with increasing Hf-content. The results demonstrate 

that the dielectric properties of CFO-Hf can be tailored by tuning the Hf concentration. 

  

 

. 
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