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ABSTRACT 

Influence of Mn Substitution on the Structural, Electrical and Magnetic Properties of 

Ni-Cu-Cd Bulk Ferrites Sintered from Nanocrystalline Powder 

Maintaining nanoscale properties in a high-density bulk form of ferrite prepared from 

powdered nanoparticles is quite desirable in many high frequency applications. Various  

Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (NMCCFO, x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) dense bulk ferrites 

were consolidated from nano-crystalline powders by the sol-gel auto-combustion technique. 

Commercially available different nitrate salts of the ingredients were mixed thoroughly in 

stoichiometric amount and were calcined at 700°C for 5 h. Pellet and toroid shaped samples 

prepared from each composition were sintered at 1200°C for 5 h.  

X-ray diffraction (XRD) was used to carry out the structural analyses. The XRD data confirm 

that all compositions are single phase spinel structure. The lattice constant increase with 

increasing Mn content which is a clear indication of Mn incorporation in spinel structure. The 

theoretical density and the bulk density decrease but the porosity increases with increasing 

Mn content. The Rietveld refinement method confirms the goodness of fit with refined XRD 

data of NMCCFO for different Mn content. Rietveld technique is also adopted to determine 

the cation distribution between tetrahedral and octahedral sites and shows that maximum 

migration of Fe ions from A to B-sites occurs for x = 0.2 of Mn content. 

The Maximum Entropy Map analysis reveals the variation of the electron density with 

increasing Mn content and the presence of strong covalent bonding. Field emission scanning 

electron microscopy (FE-SEM) is used to carry out the surface morphology analyses. The 

average grain sizes increases from 1 μm to 4 μm for all compositions except x = 0.5 of Mn 

content. Energy dispersive X-ray (EDX) findings confirm the absence of traceable impurities 

and presence of Ni, Mn, Cu, Cd, Fe, and O in the samples. 

The dielectric measurements as a function of frequency and compositions are carried out at 

room temperature in the frequency range 100 Hz to 100 MHz. The dielectric constant (ε/) and 

the dielectric loss tangent (tan δ) remains high at low frequency but becomes independent of 

frequency at higher frequencies for all the compositions of NMCCFO. This phenomenon may 

be explained by the Maxwell–Wagner model. The ac conductivity (σac) is derived from the 

dielectric measurements and it increases with increasing of frequency for all the compositions 

of NMCCFO.  
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Frequency dependence of real (M/) and imaginary (M//) parts of the electric modulus and real 

(Z/) and imaginary (Z//) parts of the complex impedance for different composition are 

measured at room temperature. The Cole-Cole plots (M/ vs M//) of electric modulus exhibit a 

tendency of formation of a single semicircular arc for all compositions indicates the existence 

of single-phase nature of the materials as well as the improvement in conductivity. Also, the 

Cole-Cole plots (Z/ vs Z//) of complex impedance exhibit a tendency of formation of 

semicircles end in the high frequency region. It explains the dominancy of the grain 

boundary.  

The vibrating sample magnetometer (VSM) was used for magnetization measurement at 

room temperature. From the hysteresis loop, the saturation magnetisation (Ms), remanent 

magnetisation (Mr), coercivity (Hc), the ratio (R) of Mr and Ms, anisotropy constant (K1), and 

magnetisation magnetic moment (μB) are calculated. All the compositions show the nature of 

soft ferrite due to the small amount of remanence and coercivity. Theoretical law of approach 

to saturation (LAS) shows that the values for both the saturation magnetization (Ms) and 

anisotropy constant (K1) are lesser than the experimental value.  

Therefore, the unique combination of electric and magnetic properties like low dielectric loss 

tangent, high ac conductivity and soft ferrite like behavior make the NMCCFO materials 

suitable for manufacturing high frequency devices like Multilayer Ferrite Chips Inductor 

(MLFCI), phase shifters, switches, etc. 
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mvims‡ÿc 

Influence of Mn Substitution on the Structural, Electrical and Magnetic Properties of 

Ni-Cu-Cd Bulk Ferrites Sintered from Nanocrystalline Powder 

¸‡ov b¨v‡bv cvwU©K¨vj (powdered nano particle) †_‡K ‰Zwi D”P Nb‡Z¡i evé (bulk) AvK…wZi 

†divBU (ferrite) Dcv`v‡b b¨v‡bv †¯‹j ‰ewkó¨¸wj eRvq ivLv A‡bK D”P wd«‡Kv‡qwÝ (high 

frequency) A¨vwcø‡Kkb¸wj‡Z ‡ek cÖ‡qvRbxq| wewfbœ Ni0.5-xMnxCu0.2Cd0.3Fe2O4 

(NMCCFO, x = 0.0, 0.1, 0.2, 0.3, 0.4 Ges 0.5) Nb evé †divBU¸wj mj-‡Rj (sol-gel) 

¯q̂swµq `nb (auto-combustion) †KŠkj Øviv b¨v‡bvwµ÷vjjvBb cvDWvi (nano-crystalline 

powder) †_‡K MwVZ (consolidated) n‡qwQj| evwbwR¨Kfv‡e msM„wnZ Dcv`vb¸wji wewfbœ 

bvB‡UªU jeY‡K †÷vBwKI‡gwUªK (stoichiometric) cwigv‡Y cy•Lvbycy•Lfv‡e wgwkªZ Kiv n‡qwQj 

Ges 5 N›Uvi Rb¨ 700 wWwMÖ †mjwmqvm ZvcgvÎvq K¨vjmvBb (calcine) Kiv n‡qwQj| cÖwZwU 

K‡¤úvwRkb †_‡K ˆZwi †c‡jU (Pellet) Ges Ui‡qW (Toroid) AvK…wZi bgybv¸wj 1200 wWwMÖ 

†mjwmqvm ZvcgvÎvq 5 N›Uvi Rb¨ wm›Uvi (sinter) Kiv n‡qwQj| 

GK&ª-‡i wWd«vKkb (XRD) KvVv‡gvMZ we‡kølY Ki‡Z e¨eüZ nq| GK&ªAviwW (XRD) ‡WUv, mg Í̄ 

bgybv¸wji GKK `kv (phase) w¯ú‡bj ‡divBU (spinel ferrite) KvVv‡gv wbwðZ K‡i| µgea©gvb 

Mn Dcv`v‡bi mv‡_ j¨vwUm aªæe‡Ki (lattice constant) e„w× hv w¯ú‡bj KvVv‡gv‡Z Mn AšÍf~©w³i 

GKwU ¯úó Bw½Z cÖ`vb K‡i| µgea©gvb Mn  mshyw³‡Z ZvwË¡K NbZ¡ (X-ray density) Ges evé 

NbZ¡ (Bulk density) n«vm cvq wKš‘ miæZ¡ (porosity) e„w× cvq| wiU‡fë widvBb‡g›U 

(Rietveld refinement) c×wZ wewfbœ gvÎvi Mn Dcv`v‡bi Rb¨ NMCCFO Gi cwigvwR©Z 

GK&ªAviwW (XRD) †WUvi mv‡_ Goodness of fit ‡K wbwðZ K‡i| †UUªv‡nWªvj Ges A±v‡nWªvj 

mvBU¸wji g‡a¨ abvZ¡K Avq‡bi (cationic distribution) e›Ub wbav©i‡Yi Rb¨I wiU‡fì †KŠkj 

(Rietveld Technique) M„wnZ nq Ges †`Lv hvq †h, G- mvBU¸wj †_‡K we- mvBU¸wj Avqib 

(Fe) Avqb¸wji mev©waK ’̄vbvšÍi N‡U x = 0.2 Mn Dcv`v‡bi  Rb¨| 

me©vwaK GbUªwc gvbwPÎ (maximum entropy map) we‡kølY, Mn gvÎv e„w×i mv‡_ B‡jKUªb 

Nb‡Z¡i ZviZg¨ Ges kw³kvjx mg‡hvRx eÜ‡bi (Covalent bonding) Dcw ’̄wZ cÖKvk K‡i| 

GdBGmBGg (FESEM)) c„‡ôi iƒcwe`¨v (surface morphology) we‡kølY Ki‡Z e¨eüZ nq| 

Mn gvÎvi x = 0.5 avc e¨ZxZ mg Í̄ bgybv¸wji Rb¨ Mo †MÖB‡bi AvKvi (grain size)  
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1 gvB‡µvwgUvi †_‡K 4 gvB‡µvwgUvi ch©šÍ e„w× cvq| GbvwR© wWmcviwmf GK&ª-‡i (EDX) djvdj, 

mbv³‡hvM¨ Ggb Ac`ªe¨¸wji Abycw ’̄wZ Ges bgybv¸wj‡Z Ni, Mn, Cu, Cd, Fe Ges O Gi 

Dcw ’̄wZ wbwðZ K‡i|  

wd«‡Kv‡qwÝ Ges K‡¤úvwRk‡bi dvskb (Function) wn‡m‡e A Í̄iK (dielectric) cwigvc¸wj 100 

nvU©R †_‡K 100 †gMv nvU©R Gi wd«‡Kv‡qwÝ cwimxgvq (frequency range) N‡ii ZvcgvÎvq 

cwigvc Kiv nq| A Í̄iK aªæeK (dielectric constant) Ges A Í̄iK ÿwZi ¯úk©K  (dielectric 

loss) Kg wd«Kz‡qwÝ‡Z D”P _v‡K wKš‘ NMCCFO Gi mg Í̄ bgybv¸wji Rb¨ D”PZi wd«‡Kv‡qwÝ‡Z 

wd«‡Kv‡qwÝ BwÛ‡c‡Û›U n‡q hvq| GB NUbvwU g¨vK&ªI‡qj-IqvMbvi g‡Wj Øviv e¨vL¨v Kiv †h‡Z cv‡i| 

Gwm cwievwnZv (ac conductivity) WvBB‡jKwUªK cwigvY †_‡K cÖvß Ges GwU  NMCCFO Gi 

mg Í̄ K‡¤úvwRkb Rb¨ wd«‡Kv‡qwÝ e„w×i mv‡_ e„w× cvq| 

‰e`y¨wZK gWzjv‡mi ev Í̄e (M/
) Ges KvíwbK  (M//

) Ask¸wji wd«‡Kv‡qwÝ wbf©iZv Ges wewfbœ bgybvi 

Rb¨ RwUj Bw¤ú‡W‡Ýi (complex impedance) ev Í̄e (Z/
) KvíwbK (Z//

) Ask¸wj N‡ii 

ZvcgvÎvq cwigvc Kiv nq| ˆe ỳ¨wZK gWzjv‡mi ‡Kv‡j -†Kv‡j (Cole-Cole) cøU¸wj mg Í̄ 

bgybv¸wji Rb¨ GKwU GKK Aa©e„Ë ˆZwii cÖeYZv cÖ`k©b K‡i| GwU wewfbœ gvÎvi DcKiY¸wji GKK 

`kv (unit-phase) cÖK…wZi Aw¯Í‡Z¡i cvkvcvwk cwievwnZv DbœwZi Bw½Z †`q| GQvovI RwUj 

Bgwc‡Û‡Ýi †Kv‡j-‡Kv‡j cøU (Cole-Cole plote) D”P wd«‡Kv‡qwÝ AÂ‡j Aa©e„Ë ˆZwii cÖeYZv 

cÖ`k©‡bi gva¨‡g †MÖBb mxgv‡šÍi (grain boundary) cªvavb¨ eY©bv K‡i|  

wfGmGg (VSM) N‡ii ZvcgvÎvq †PŠ¤̂KxqKiY (Magnatization) cwigv‡ci Rb¨ e¨eüZ 

n‡qwQj| wn‡÷‡iwmm jyc †_‡K m¨vPz‡ikb g¨vM‡bUvB‡Rkb (Ms), wigv‡b›U g¨vM‡bUvB‡Rkb (Mr) 

†KvqviwmwfwU (Hc),  Ms / Mr Gi nvi, A¨vbvB‡mvUªwc aªæeK (K1) Ges g¨vM‡bUvB‡Rkb g¨vM‡bwUªK 

‡gv‡g›U (μ B) MYbv Kiv nq| mg Í̄ bgybv¸wj Aí cwigv‡Y †iwg‡bÝ (Mr) Ges †KvqviwmwfwU (Hc) 

Gi Kvi‡Y mdU ‡divB‡Ui (soft ferrite) cÖK…wZ cÖ`k©b K‡i| ZË¡xq j Ae A¨v‡cÖvP Uz m¨vPz‡ikb 

(LAS) †`Lvq †h, m¨vPz‡ikb g¨vM‡bUvB‡Rkb (M) Ges A¨vbvB‡mvUªwc aªæeK (K1) Df‡qi gvbB 

cixÿvg~jK gv‡bi †P‡q Kg|  

mZivs ‰e ỳ¨wZK Ges †PŠ¤̂Kxq ˆewkó¨¸wji Abb¨ mgš̂q, †hgb wb¤œ WvB‡jKwUªK jm U¨vb‡R›U  

(tan δ), D”P Gwm cwievwnZv Ges big †divB‡Ui g‡Zv AvPiY GbGgwmwmGdI (NMCCFO) 

DcKiY¸wj‡K gvwë‡jqvi †divBU wPcm BbWvKUi (MLFCI), †dR wkdUvi, myBP BZ¨vw`i g‡Zv 

D”P wd«‡Kv‡qwÝ wWfvBm ‰Zwii Rb¨ Dchy³ K‡i ‡Zv‡j| 



vi 

LIST OF MAIN NOTATIONS 

 

λ  X-ray wavelength 

Ni-Cu-Cd  Nickel-Copper-Cadmium 

N   Avogadro’s number 

MW   Molecular weight 

Ms   Saturation Magnetization 

MLFCI   Multilayer ferrite chip inductor 

M   Magnetization 

oC   Degree Celsius 

(hkl)   Miller index 

a   Lattice parameter 

B   Octahedral sites 

A   Tetrahedral sites 

P   Porosity 

ρx   X-ray density 

β   Full width at half maximum of XRD peak 

XRD   X-ray diffraction 

C   Capacitance 

d   Lattice spacing 

Din   Inner diameter 

Dod   Outer diameter 

ρexp   Bulk density 

ω   Angular frequency 

PVA   Polyvinyl alcohol 

Q   Quality factor 

RE   Rare earth 

RLF   Relative loss factor 

D   Crystallite size 

t    Thickness 



vii 

JCPDS   Joint committee on powder diffraction standards 

TGA   Thermo gravimetric analysis 

VSM   Vibrating sample magnetometer 

G   Goodness of fit 

MEM   Maximum Entropy Map 

LAS   Law of Approach to Saturation 

Mr   Remanent magnetization 

K1   Anisotropy constant 

FESEM   Field Emission Scanning Electron Microscope 

EDX   Energy Dispersive X-ray 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 

LIST OF FIGURES 

Figure 1.1: Unit cell of spinel ferrite with general formula MeFe2O4. 2 

Figure 2.1: Different types of ferrites. 6 

Figure 2.2: Structure of spinel ferrite (a) formula cell, (b) B site and (c) A site. 8 

Figure 2.3: Applications of spinel ferrite nanoparticles. 9 

Figure 2.4: VSM analysis of Ni0.95-xCdxCu0.05Fe2O4 ferrite. 11 

Figure 3.1: Block diagram of Sol-Gel process. 18 

Figure 3.2: Apparatus related to Sol-Gel process. 19 

Figure 3.3: Nano-powder of pure and Mn substituted NMCCFO ferrites. 20 

Figure 3.4: Bulk samples of pure and Mn substituted NMCCFO ferrites. 21 

Figure 3.5: Flaw chart for preparation of different NMCCFO compositions from 

nanoparticles with sol-gel auto- combustion technique. 

22 

Figure 4.1: Bragg’s law of XRD. 24 

Figure 4.2: Philips PW 3040 X pert pro XRD. 24 

Figure 4.3: Schematic diagram of FESEM. 29 

Figure 4.4: Schematic diagram of EDX. 29 

Figure 4.5: Block diagram of VSM. 32 

Figure 4.6: Vibrating Sample Magnetometer (VSM). 32 

Figure 5.1: (a) XRD spectra of NMCCFO for different Mn contents and (b) 

Magnified XRD spectra of the most intense peak at (311) of 

NMCCFO 4 for different Mn contents results between 35° to 36°. 

35 

Figure 5.2: Crystallite size of NMCCFO for different Mn contents (x). 36 

Figure 5.3: Variation of experimental and theoretical lattice constant with Mn 

content of NMCCFO. 

38 

Figure 5.4: Variation of (a) Bond length and (b) Hopping length with Mn of 

NMCCFO. 

39 

Figure 5.5: Refined XRD data of NMCCFO for different Mn contents by 

Reitveld refinement method. 

40 

Figure 5.6: Cationic distribution both in A site (tetrahedral) and B sites 

(octahedral) of NMCCFO for different Mn contents (x) by Rietveld 

42 



ix 

refinement.  

Figure 5.7: MEM map of Mn substituted NMCCFO bulk ferrites (a) 2D 

delineation of fill contours (b) 3D images. 

45 

Figure 5.8: Variation of density and porosity with Mn content of NMCCFO. 46 

Figure 5.9: The micrograph of FESEM images of NMCCFO for different Mn 

content sintered at 1200°C. 

48 

Figure 5.10: Average grain sizes of NMCCFO for different Mn contents. 49 

Figure 5.11: EDX graphs of NMCCFO for different Mn contents. 50 

Figure 5.12: Frequency dependent of (a) real part, (b) imaginary part and (c) loss 

tangent of dielectric constant of NMCCFO bulk ferrites for different 

Mn contents. 

52 

Figure 5.13: Frequency dependent of (a) real part, (b) imaginary part of electric 

modulus and (c) the Cole-Cole plot of NMCCFO bulk ferrites for 

different Mn contents. 

55 

Figure 5.14: Frequency dependent of (a) real part, (b) imaginary part of 

impedance and corresponding (c) the Cole-Cole plot of NMCCFO 

bulk ferrites for different Mn contents. 

57 

Figure 5.15: Equivalent RC circuit. 58 

Figure 5.16: Frequency dependence of ac conductivity (σac) of dense NMCCFO 

bulk ferrites for different Mn contents. 

59 

Figure 5.17: Magnetic Hysteresis Loops of NMCCFO for different values of Mn. 61 

Figure 5.18: Changes of (a) saturation magnetisation and magnetic moments, (b) 

anisotropy constant with Mn addition of NMCCFO bulk ferrites. 

62 

Figure 5.19: LAS curves of Mn substituted NMCCFO bulk ferrites. 63 

 

 

 

 

 

 

 



x 

LIST OF TABLES 

Table 3.1:  Comparative state of major synthesis methods. 17 

Table 3.2: Compositions of NMCCFO. 18 

Table 5.1: Various parameters calculated from XRD data of NMCCFO. 35 

Table 5.2 Various bond length, hoping length and ionic radius of 

NMCCFO. 

39 

Table 5.3 Cations distribution of NMCCFO. 41 

Table 5.4 Molar mass, bulk density, theory density and porosity of 

NMCCFO. 

46 

Table 5.5 Average grain size of NMCCFO sintered at 1200°C. 49 

Table 5.6 The EDX elemental (chemical composition) data analysis of 

NMCCFO. 

51 

Table 5.7 Magnetic parameters along with LAS fitted parameters of 

NMCCFO. 

61 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 

TABLE OF CONTENTS 

Acknowledgements i 

Abstract ii 

mvims‡ÿc iv 

List of Main Notation vii 

List of Figures ix 

List of Tables xi 

Table of Contents xii 

CHAPTER 1: INTRODUCTION 

1.1 General  1 

1.2 Objectives of the Present Research 3 

1.3 Possible Outcome 4 

1.4 Outline of the Thesis 4 

CHAPTER 2: LITERATURE REVIEWS 

2.1 Introduction 6 

2.2 Overview of the Ferrite Material 6 

2.3 Overview of Spinel Structure 7 

2.4 Methods of Compacting Nano Powders 9 

2.5 Review of Relevant Works 

2.5.1 Synthesis of Ni-Cu-Cd Ferrites Nanoparticles 

2.5.2 Effect of Substitution by Divalent Cation 

10 

10 

13 

2.6 Origin of Magnetism in Spinel Ferrite 15 

CHAPTER 3: SYNTHESIS PROCEDURE 

3.1 Introduction  16 

3.2 Synthesis Techniques 

3.2.1 Sol-gel Auto-combustion method 

3.2.2 Raw Materials and its Weighting 

3.2.3 Instruments 

3.2.4 Synthesis of nanocrystalline powder 

3.2.5 Milling, Annealing, Pressing, and sintering  

3.2.6 Bulk sample preparation 

16 

16 

18 

18 

19 

20 

21 

CHAPTER 4: EXPERIMENTAL TECHNIQUES 

4.1 Structural Characterization  

4.1.1 X-Ray diffraction 

4.2.2 Philips X’Pert pro diffractometer 

4.2.3 Crystallite size measurement 

4.2.4 Lattice parameter, bond length, and hopping length 

4.2.5 Determination of theoretical lattice constant 

4.2.6 Density and porosity 

23 

23 

24 

25 

25 

26 

26 



xii 

4.3 Data Analysis by Rietveld refinement method 27 

4.4 Morphological Characterization 

4.4.1 FESEM analysis 

4.4.2 Energy dispersive X-ray (EDX) spectroscopy 

27 

28 

29 

4.5 Electric and Dielectric Properties Measurement  29 

4.6 Magnetization Measurement 

4.6.1 Magnetic moment and anisotropy constant 

31 

32 

CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Introduction 34 

5.2 XRD Study of NMCCFO 

5.2.1 Determination of lattice constant of NMCCFO 

5.2.2 Bond length, hopping length and ionic radii of NMCCFO  

5.2.3 Fitness of good of NMCCFO 

5.2.4 Cation distribution of NMCCFO 

5.2.5 Maximum Entropy Map (MEM) of NMCCFO 

5.2.6 Densification and porosity of NMCCFO 

34 

36 

38 

40 

41 

43 

45 

5.3 Microstructure and surface morphology 47 

5.4 Elemental analysis of NMCCFO 49 

5.5 Dielectric properties study 

5.5.1 Frequency dependent dielectric studies of NMCCFO 

5.5.2 Electric modulus analysis of NMCCFO 

5.5.3 Impedance spectra study of NMCCFO 

5.5.4 Frequency dependent AC conductivity of NCCFO 

51 

51 

54 

56 

58 

5.6 Magnetic properties of NMCCFO : VSM analysis 59 

CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 64 

6.2 Suggestion for future work 66 

 6.2.1 Future applicability of NMCCFO 66 

 6.2.2 Future scope of improving NMCCFO 67 

REFERENCES 68 

LIST OF PRESENTATION 75 

 

 



Chapter 1                                                                                                                                                    Introduction 

1 

CHAPTER 1 

INTRODUCTION 

1.1 General  

The present trend of technological demand is to develop the miniaturization and cost- effective 

new materials with high performance devices. Thereby, nanoparticles technology draw 

attention to facilitate and easing these problems and plentiful of research works are going on 

in these fields. Therefore, the inclusion of nanoparticle technology in preparing nano ferrite 

has further revolutionized the possibility of invention new materials in the different applied 

field (Callister, David and Rethwisch, 2013, Devmunde et al., 2016, Valenzuela, 2012, Thakura 

et al. 2020). In the recent years, spinel nano-ferrite with general formula AB2O4 is gaining 

interest to the electronic industries because of wide variety of applications in different fields 

(e.g., inductors, high frequency devices, biosciences, low dielectric loss, high ac conductivity, 

high electrical resistivity, high saturation magnetization etc.). At present, with the inception of 

high-frequency applications, electronic industries are in need of ferrite-based materials with 

low dielectric loss and high ac conductivity. In this new criteria, Nickel (Ni) based ferrite with 

the desirable novel properties along with lower cost and easy processing method would fit itself 

as a potential candidate for using in various microwave devices e.g. circulators, isolators, phase 

shifters and antennas (Hossen, Nasrin and Hossen, 2020, Arifuzaman et al. 2016, Tatarchuk et 

al. 2017, Narang and Pubby, 2021).  

In contrast with bulk materials, ferrite nanoparticles exhibit unusual structural and electrical 

along with magnetic properties, e.g., single domain characteristics, lower curie temperature, 

super-paramagnetism, and magnetization. It also shows enhanced dielectric properties due to 

its size and surface effect (Arifuzaman et al., 2016, Hashim et al., 2013). On the other hand, 

investigating the processing and properties analysis of high dense bulk ferrite synthesized from 

nano-powder significantly became a complex research objective to material engineers and 

scientists. In many electronic applications specially in high frequency domain, high density 

bulk form is required instead of nano powder form. For retaining the unusual electromagnetic 

properties of nano particles, grain size in polycrystalline solid structure should be maintained 

in the nanometric range. To consolidate nano-particles into high density bulk solids, the 

traditional sintering procedures, based on thermal treatments at high temperatures for extended 

periods of time, are typically used. The transforming of bulk ferrite synthesized from nano-

powder retaining nano behavior within the structure significantly differs in functional 
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properties from those of nano-powder and bulk separately (Valenzuela, Gaudisson and Ammar, 

2015, Morales et al., 2008).  

A spinel ferrite unit cell consists of 8 fcc formula cells. The ionic formula is MFe2O4 derived 

from mineral spinel structure MgAl2O4 where M represents divalent metal ion. Its basic 

formula is (A)[B]2O4 where A and B sites are known as tetrahedral and octahedral sites 

respectively within a cubic closed-packed arrangement that is formed by oxygen atoms. In 

cubic unit cell arrangement, total atoms number is 56: out of which 32 oxygen anions and 24 

cations (one-eighth of 64 A-sites and half of 32 B-sites). A large part of unoccupied sites 

remains in crystal structure of spinel ferrites which facilitates migration of cations. Thereby, 

structural, electrical and magnetic properties are highly influenced by cationic distribution. The 

metal ions like Co, Ni, Cr tend to occupy B sites, Mn, Zn prefer A sites and Fe occupy at both 

sites. The crystal makeup of spinel ferrite is explained by formula (𝑀𝑒1−𝑥
2+ 𝐹𝑒𝑥

3+)A 

[𝑀𝑒𝑥
2+𝐹𝑒2−𝑥

3+ ]B O4, where x = 0 for normal spinel and x = 1 for inverse structure and x is called 

inversion parameter which varies with synthesis methods. The occupancy of larger cations and 

expansion of A and B sites are characterized by oxygen parameter (u) which refers to oxygen 

movement during the substitution process of cations (Devmunde et al., 2016, Tatarchuk et al., 

2017, Narang and Pubby, 2021). Thus, the substitution of transition metals such as Mn, Cu, 

Cd, Co causes significant change in physical and electromagnetic properties in spinel ferrite 

materials (Singh, Srinivas and Tirupanyam, 2016). 

 

Fig. 1.1: Unit cell of spinel ferrite with general formula MeFe2O4 (Thakura et al., 2020). 

Currently, as a point of interest, many research groups have been focusing on investigating the 

influence of Mn substitution on various compositions of Ni-based spinel ferrite materials to 

modify the synthesis routes as well as structural and electromagnetic characteristics and find 
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the possibility to improve upon (Shelar et al., 2009, Raju, Balaji and Reddy, 2014, Siddique et 

al., 2003, Zhao et al., 2007, Kumar and Jayaprakash, 2013, Hassan et al., 2013). The 

substitution of Mn2+ ion at Ni2+ sites affect spinel chemical composition significantly and 

improves magnetic properties along with increased electrical resistivity because of its large 

magnetic moment (5 μB) and controlled distribution of cations in both the sites which ultimately 

facilitates high-frequency applications (Callister, David and Rethwisch,2013, Shelar et al., 

2009, Raju, Balaji and Reddy, 2014). 

Furthermore, the preparation condition and synthesis route have a direct effect on composition, 

morphology, and crystallite size which are being correlated with physical and chemical makeup 

(Mokdad, Hassan and Awad, 2019). The basic operational principle of producing nanoparticles 

is ‘the synchronization of a high rate of nucleation with a low rate of growth (Lyakishev, 

Alymov and Dobatkin, 2003). Moreover, the economical aspect also needs to be considered. 

Thus, it is very important to employ a feasible synthesis method for expected properties. To 

produce high-quality ferrite nanoparticles, the sol-gel auto-combustion technique is appropriate 

for our study (Hossen and Hossen, 2019) due to its required advantages significantly lower 

cost, non-toxicity, easy control etc. 

Till today, various research works have been carried out on the different compositions of Ni 

ferrites with various substitutions to enhance the electrical and magnetic properties. But a little 

research work is observed on Mn substituted Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (NMCCFO) dense 

bulk ferrite. The present work focus on observing nanoscale effect in bulk form and the changes 

in structural, electrical and magnetic properties of Mn substituted NMCCFO high dense bulk 

ferrite sintered at 1200℃ for future applicability. In this study, the sol-gel auto-combustion 

synthesis route are employed. The structural analysis, surface morphology, elemental study, 

electrical and magnetic properties of the dense bulk ferrite are investigated. 

1.2 Objectives of the Present Research 

The main objectives are as follows: 

 Synthesis of Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ferrite 

nanoparticles by using sol-gel auto-combustion technique and sintered at 

1200°C. 

 Study of structural characterization, surface morphology, saturation 

magnetization (Ms) and frequency dependent transport properties. 
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1.3 Possible Outcome 

The sol-gel auto combustion technique is expected to produce high purity ultrafine 

nanoparticles by controlling the stoichiometric amount. Cation like manganese (Mn2+) 

substituting in the parent component of NiCuCdFe2O4 may change the various properties like 

dielectric, electric, magnetic etc. Therefore, the present high density bulk samples with low 

dielectric loss and high ac conductivity may be used as a raw material for manufacturing 

frequency dependent communication devices like multilayer ferrite chip inductor’s (MLFCI), 

sensors, circulators, isolators, phase shifters and antennas in high frequency applications. 

1.4  Outline of the Thesis 

This thesis consists of six chapters. These are: 

Chapter 1: Introduction (Motivation and objectives of the present work) 

This chapter begins with a general introduction to give a clear idea of the present 

research work chronologically. Therefore, it mentions the objectives of this research 

along with possible outcome in Bangladeshi perspective. Lastly, it draws the outline 

of the research. 

Chapter 2: Literature Reviews 

This chapter presents the theoretical background of ferrite, its compositions, types in 

addition to crystal structure of spinel ferrite and its cation distribution. Besides, it 

discusses Ni-Cu-Cd ferrite, effect of substitution and synthesis of magnetic 

nanoparticles from different scientific literatures. 

Chapter 3: Synthesis 

It describes details of the preparation methods with related apparatus and shows 

production of powder and bulk sample from raw materials.  

Chapter 4: Experimental Techniques 

Structural characterization by XRD and data analysis by Reitveld refinement method, 

morphological study and elemental discussion explained by FESEM and EDX analysis 
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are discussed in this chapter. Electric and magnetic parameters measurement are also 

explained.  

Chapter 5: Results and Discussion 

Here, results of different experiments and their minute discussions related to present 

study are thoroughly explained with different tables and diagrams. 

Chapter 6: Conclusions and Recommendations 

Concluding remarks are drawn from overall experimental study and recommendations 

for future scope are the containment of this chapter. 
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CHAPTER 2 

LITERATURE REVIEWS 

2.1 Introduction 

Modern civilization stands on the solid foundation which has been created and strengthened 

with the contributions of past and continuing science and technological development found in 

the history. Ferrite itself has its own historical development inside the world of magnetism. 

The significant properties of ferrites could be varied by tailoring their complex magnetic 

structure to make it useful for high frequency applications. This chapter describes sequentially 

origin, types, crystal structure, synthesis method, cation distribution inside ferrite and effect of 

substitution of divalent cation from the literatures of other investigators working in this 

experimental field. 

2.2  Overview of the Ferrites 

Ferrites which are also known as magnetic oxides are members of ferrimagnetic material. These 

materials contain iron oxide as main constituent elements. The ferrites are commonly expressed 

by general chemical formula MeO.MtO3 where Me depicts as Fe2+, Ni2+, Mg2+, Cu2+, Mn2+, or 

Zn2+ and Mt is represented as Fe3+, Mn3+, Co3+, Al3+, Ga3+ etc. Here O is oxygen ions. Besides, 

mixed ferrites can be produced e.g. (Mg-Mn) Fe2O4, (Ni-Zn) Fe2O4, (Mg-Ni) Fe2O4 The 

different crystal structures of ferrites are shown in Figure 2.1. 

 

Fig. 2.1: Different types of ferrites. 
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The ferrites first drew the public attention when Hilpert (1909) focused on their applications at 

high frequency range (Suzuki, Tanaka and Ikemizu, 2001). A comprehensive research work 

was initiated by Snoek (1946) at Philips Research Lab (Ohta and Kobayshi,1964). Takai (1937) 

in Japan started serious investigation on the same materials concurrently (Suzuki, Tanaka and 

Ikemizu, 2001). Snoek’s contribution on ferrite materials exposed many hidden mysteries of 

magnetic properties of ferrite. He was interested on high permeability(μ) materials of cubic 

structure. This specific structure supports low crystalline anisotropy due to symmetry reason. 

He could successfully find desired material in mixed spinel ferrite of MeZnFe2O4 where μ were 

ranged up to 4000 (Suzuki, Tanaka and Ikemizu, 2001, Ohta and Kobayshi,1964, Tsunekawa 

et al.,1979). Now if we focus on our present study, we see the development of nickel-based 

ferrite materials. Ni-based magnetic spinel ferrites have been drawn attraction to researchers, 

investigators and a large number of applied science students due to their significant properties 

and varied application in technological field specially in electronics and biomedical field 

during the last 80 years (Cruickshank, 2003). 

Ni-Cu ferrite has already shown its established position and potentiality in tech-world because 

of high saturation magnetization, resistivity and non-conductivity with lesser loss energy over 

a broader frequency range (Hossen, Nasrin and Hossen, 2020). Ni-Cu-Cd spinel ferrite, 

although its attention is in elemental level, generates interest in practical field due to its 

multiplicity scope of uses (Hankare et al., 2010). In addition, Mn substituted Ni based spinel 

ferrite materials shows their possibility to change structural, and electro-magnetic properties 

which is a strong motivation for researchers to work further on Mn substituted Ni-Cu-Cd ferrite 

presently. 

The sintering process is also marked as an important step in preparing ferrite and often shows 

a dominant role in many magnetic properties. Tatarchuk et al. (2017), investigated the influence 

of sintering environment on magnetic properties. They observed the effect of high density on 

increasing permeability (Hoque, Choudhury and Islam, 2002). 

2.3 Overview of Spinel Structure 

Spinel ferrite is a group of magnetic materials that takes its name from the MgAl2O4 mineral 

named ‘spinel’, which occurs naturally. The spinel structure was first determined by Bragg 

(1915) and Nishikawa (1915). Since their discovery, these ferrites, also called ‘cubic ferrites’, 

have drawn the attention of material scientists. The general formula for the ‘spinel’ structure is 
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AB2O4, where A stands for a divalent cation and B for a trivalent cation. The full structural 

formula of spinel ferrites is AFe2O4, which can be defined as tightly packed cubic structures 

with iron as a trivalent cation (Fe3+). Divalent cation (𝐴) can be iron, nickel, zinc, cobalt, 

manganese, magnesium, copper, cadmium, or their combinations etc. 

A spinel ferrite, MFe2O4 cubic unit cell has 8 formula units with 56 ions. There are 32 (8 

formula units *4 ions) oxygen anions, 8 (8 formula units*1 ion) M2+ cations and 16 (8 formula 

units*2 ions) 𝐹𝑒3+ cations. As delineated by the ferrite researchers (Figure 2.2 (a), (b) and (c)), 

large sized oxygen ions form a closely packed face centered cubic (fcc) structure with smaller 

divalent metal cations occupying the interstitial positions with space group 𝐹𝑑3𝑚𝑂𝑘
7(227). The 

spinel unit cell maintains its electrical neutrality overall. 

𝐶ℎ𝑎𝑟𝑔𝑒 𝑜𝑛 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 

= 𝑄𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 

= 𝑄𝑂𝑥𝑖𝑧𝑒𝑛 𝑎𝑛𝑖𝑜𝑛 + 𝑄𝐷𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑐𝑎𝑡𝑖𝑜𝑛 + 𝑄𝐹𝑒𝑟𝑟𝑖𝑐 𝑖𝑜𝑛 

= 32 × (−2) + 8 × (+2) + 16 × (+3) 

= −64 + 16 + 48 

= 0 

 

 

Fig. 2.2: Structure of spinel ferrite (a) formula cell, (b) B site and (c) A site. 

Since, two different valence cations (+2 and +3) are available, two types of crystallographic 

sites are present in the spinel structure. One is the tetrahedral ‘A’ site, surrounded by four 

oxygen ions and the other is the octahedral ‘B’ site, surrounded by six oxygen ions as shown 

in Figure 2.2. There are 8 A-sites and 16 B-sites in a spinel unit cell. Ions located at the 
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tetrahedral sites are known as ‘network formers’, while those located at the octahedral sites are 

known as ‘network’ modifiers. Such a structure endows the spinel ferrites with unique 

electromagnetic properties.  

The crystal makeup of spinel ferrite is explained by formula (𝑀𝑒1−𝑥
2+ 𝐹𝑒𝑥

3+)A [𝑀𝑒𝑥
2+𝐹𝑒2−𝑥

3+ ]B O4, 

where x = 0 for normal spinel and x = 1 for inverse structure and x is called inversion parameter 

which varies with synthesis methods. The occupancy of larger cations and expansion of A and 

B sites are characterized by oxygen parameter (u) which refers to oxygen movement during the 

substitution process of cations. Thus, the substitution of transition metals such as Mn, Cu, Cd, 

Co causes significant change in physical and electromagnetic properties in spinel ferrite 

materials (Tatarchuk et al., 2017, Narang and Pubby, 2021). Some of the novel applications of 

spinel ferrite are shown in Figure 2.3. 

 

Fig. 2.3: Applications of spinel ferrite nanoparticles (Tatarchuk et al., 2017). 
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2.4  Methods of Compacting Nano Powders  

Production of bulk or dense ceramic materials from nano powders are obtained by the methods 

of compacting at room temperature which possibly falls under subsequent sintering process 

(standard sintering and pressure induced sintering). The methods types are as follows: 

i. Pressing nano powders 

ii. Sintering nano powder without pressing 

iii. Pressure induced sintering 

In present study we applied the first case (i) and this case is only discussed here. In powder 

metallurgy, variety of pressing methods are used to produce high dense and porous materials. 

The parameters affecting density are particle size, impurity surface morphology, particle- shape 

and the method of pressing.  

To press nano-powders following uniaxial pressing are used: 

a. Static pressing (mold pressing, forging) 

b. Dynamic pressing (magneto-impulse, explosive) 

c. Vibration pressing (ultrasonic) 

Besides, to obtained high dense homogeneous materials uniform (isostatic) pressing 

(hydrostatic, gasostatic and quasi-static) are used. At present extreme plastic deformation 

method is also used. 

In case of ii type, sintering of nano powders without pressure which is also called ‘conventional 

sintering’ does not allow to produce a pore free small grained materials at low temperature. On 

the other hand, at high temperature, the grain size increases with density extension. This 

problem solved by high-speed microwave sintering and controlled sintering method. 

In case of iii type, it is a promising method to prepare bulk nanocrystalline materials. Here a 

low density (30-40%) pre form is pressed, heated at oxide reduction temperature and pressed 

at the theoretical pressure. In this case grain size reduce significantly with sintering temperature 

(Lyakishev, Alymov and Dobatkin, 2003). 
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2.5 Review of Relevant Works 

2.5.1 Synthesis of Ni-Cu-Cd Ferrites Nanoparticles 

The general operational principle of producing nanoparticles is ‘the combination of a high rate 

of nucleation with a low rate of growth. To provide necessary environment, solutions could be 

different. The size distribution of particles and their structure and properties are mostly 

influenced by conditions of formation, synthesis route and time (Lyakishev, Alymov and 

Dobatkin, 2003). Therefore, it is often critical to find a particular synthesis technique to obtain 

the desired properties of nano-particles. Over the past few decades, several methods have been 

employed for synthesize high quality spinel ferrite nanoparticles, among them, co-

precipitation, sol-gel auto combustion, sol-gel and solid-state reaction route (Hossen, Nasrin 

and Hossen, 2020), hydrothermal (Kang, 2003, Ai, Zhang and Chen, 2011) are well mentioned 

and have been used extensively. 

Solid state method was used by many investigators (Hossen, Nasrin and Hossen, 2020, 

Tatarchuk et al., 2017) to prepare Ni based spinel ferrite nanoparticles. In this process, various 

metal oxides are mixed and calcined to obtain ferrite powders. Main disadvantages are 

homogeneity and mechanical mixing of oxides could hardly intimate which causes in 

composition fluctuation at every stage of processing. Calcination temperature is more than 

750°C and sintering temperature is more than 1000°C. Chemical methods could solve the 

limitations of this method. Belavi et al. (2012) employed an ideal double sintering ceramic 

method to investigate Ni0.95-xCdxCu0.05Fe2O4. They reported structural properties with fine 

particles and semiconducting nature. They also found a variation of dielectric constant for the 

low and high-frequency region along with magnetic properties. Marinca et al. (2013) 

synthesized Ni1-xMnxFe2O4 nano particles by heat treatment and following mechanical milling 

in a combined way. The crystallite size decreases with increasing milling time up to 120 

minutes and particle size found less than 25 nm. They have also observed variation of saturation 

magnetization within the structure as shown in Figure 2.4.  

Co-precipitation method was extensively employed to synthesis Ni based spinel ferrites by 

many researchers. It is convenient, time saving, economic with high production rate and could 

produce uniform-sized particles (Tatarchuk et al., 2017). In this route, aqueous solutions of di 

and trivalent transition metal salts are mixed together in 1:2 mole ratios in alkaline medium 

with a setup of continuous stirring. A careful observation on pH is must for better result. 
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Fig. 2.4: VSM analysis of Ni0.95-xCdxCu0.05Fe2O4 ferrite. 

The common disadvantage is comparatively low crystallinity and requirement of subsequent 

thermal treatment. Mirazaee et al. (2020) made Mn substituted Ni nano ferrite particles by 

using a customized co-precipitation scheme. They examined structural and magnetic properties 

by analyzing XRD, FESEM, FT-IR, and VSM data output. They also found spin canting 

following doping Mn ion. Tirupanyum et al. (2015) synthesize MnxNi1-xFe2O4 by this process 

and obtained crystalline ferrite particles with particle size of about 30 nm. They observed that 

crystallite size had influenced on saturation magnetization and coercivity with addition of Mn 

contents. Akash et al. (2016) prepared Ni1-xMnxFe2O4 nanocrystalline ferrite powder by 

chemical co-precipitation method. They possess low magneto-crystalline anisotropy at a 

particle size of 50 nm. Khan et al. (2017) synthesized nanoplates of M0.8Ni0.2Fe2O4 by the co-

precipitation route with side-length 8+ / -2 nm. They verified the single-phase crystalline 

nanoparticles with plate-like morphology. 

NMCC ferrite has been also synthesized by through sol-gel auto-combustion technique due to 

its simplicity in process, lower cost, wide range of materials processability, refined particles, 

acute control on the doping level, and homogeneity (Tatarchuk et al., 2017, Thakura et al. 2020, 

Hossen and Hossen, 2019). A good number of investigators have used the process and observed 

nano-sized spherical ferrite having particle size 17-37 nm. Moazzem et al. (2020) prepared Ni-

Cu-Cd ferrite by sol-gel auto-combustion route with annealing temperature at 700℃ for 5hrs. 

They observed increased lattice constant and decreased saturation magnetization while adding 

Mn content. The same results were also reported by Shirsath et al. (2010) while preparing  

Ni0.5-x MnxZn0.5Fe2O4. Arifuzzaman et al. (2016) synthesized Ni0.7-xCuxCd0.3Fe2O4 by sol-gel 

auto-combustion process calcined at 550℃. They investigated physical and electrical 
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properties at room temperature and the rising of ac conductivity with increased frequency 

reported. The hopping mechanism was applied to explain the phenomenon. The average 

crystallite size was 11 nm and 17 nm at 550℃ and 700℃. Devmunde et al. (2016) synthesized  

Ni1-xCdxFe2O4 by sol-gel method where citric acid was used as fuel at a low ignition 

temperature of 200-250℃. Particle’s size was counted in the range of 46-58 nm. 

Batoo et. al. (2009) investigated the finite size effect and influence of temperature on electrical 

properties of nanocrystalline Ni–Cd ferrites. They successfully synthesized single-phase 

polycrystalline cubic spinel Ni0.2Cd0.3Fe2.5xAlxO4 with an average crystallite size of 5 nm 

through sol-gel technique. Complex impedance spectra showed only one semi-circle 

corresponding to the grain boundary volume suggesting that contribution to the conductivity is 

solely by grain boundary volume. The ac conductivity is found to increase with increase in 

grain size. The dielectric constant and loss tangent both showed normal behavior with respect 

to frequency. This technique yields single phase spinel type cubical structure of ferrites. 

The solvo-thermal method (or Hydrothermal if water is used) is another eco-friendly synthesis 

route where aqueous or non-aqueous solvents are used with better control on particle size 

(Tatarchuk et al., 2017). A wide range of spinel ferrites have been synthesized with it e.g., 

MgFe2O4. 

Sol-gel auto-combustion method has been proved to be best one due to its simplicity in process 

and economic way to produce nano scale ferrite powder with high purity. Nano crystalline 

structured material offer novel properties. By proper modifying and tuning of the particle size 

it is possible to optimize the expected properties like structural, physical, electromagnetic etc. 

(Das et al., 2009). 

2.5.2  Effect of Substitution by Divalent Cation 

A good number of researchers are working on the enrichment of physical and electro-magnetic 

properties of ferrites with the process of substitution and doping by divalent ions. In a general 

sense, the divalent metal ions (which is denoted by Me
2+) i.e., Ni, Zn, Cu, Mg, Mn, Cd, Co, or 

mixtures of these act as substituent or dopant and are also substituted in different spinel ferrites 

Usually, these substitutes maintain a critical characteristic which is known as “site occupancy” 

or “site preference” in between two sites i.e., Tetrahedral-A site and Octahedral-B site in the 
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spinel structure. All of them have different site affinity towards A and B site and significantly 

contribute in changing the properties by modifying cation distribution in crystal structure. The 

influence of Me
2+ substitution over the electro-magnetic properties is studied basing on two 

important factors i.e., site preference of Me
2+ ions and the strength of exchange interaction 

among magnetic ions. The influence of divalent substitution in NiCuCd and some Ni based 

ferrite are reviewed bellow: 

Shirsath et al. (2010) investigated Mn ion influence while preparing Ni0.5-x MnxZn0.5Fe2O4 at 

600oC temperature. They have observed increased lattice constant and decreased saturation 

magnetization with addition of Mn ion. Same result was also observed by Moazzem et al. 

(2020) prepared Ni-Cu-Cd ferrite by sol-gel auto-combustion route with annealing temperature 

at 700°C for 5 h. 

Devmunde et al. (2016) synthesized Ni1-xCdxFe2O4 by sol-gel method and examined the 

influence of Cd2+ (nonmagnetic) ions over Ni2+ and Fe ions (magnetic). They observed 

frequency-dependent dielectric properties. It was also seen that magnetic parameters decrease 

as a function of Cd content. 

Hussain et al. (2013) synthesized Ni1-xMnxFe2O4 applying sol-gel auto combustion process and 

they also examined similar modification in the lattice parameter with increase manganese 

content the same as Shirsath et al. (2010). 

Manjura et al. (2002) worked on the structural and electro-magnetic properties of  

Ni1-xCuxFe2O4 nanoparticles by sol-gel technique and examined the effect of Cu on 

electromagnetic characteristics. Pandav et al. (2016) observed the alteration in the structural 

and magnetic properties of NiFe2-xMnxO4 ferrite with the substitution of Mn ion. 

Zn2+ is used to improve electro-magnetic properties as well as densification in ferrite. It is 

substituted in spinel ferrite to increase magnetization. It also lowers magnetostriction and 

anisotropy in ferrites. Cu is also conventionally used in NiCuZn ferrite to improve 

densification, electrical resistivity and saturation magnetization (Roy, Nayak and Bera, 2008).  

S. K. Nath et al. (2012) investigated the magnetic ordering of Ni-Cd ferrite along with 

substitution of Cd ion. XRD results indicate the single phase of pure cubic spinel structure. The 

magnetic moment increases with Cd content up to x = 0.3 at room temperature and thereafter 

decreases.  
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Many researchers work on Mg substitution in different ferrite systems and found it significant 

changes on structural, electrical and magnetic properties. Besides MgO is also a stable oxide 

which frequently used in different electronics applications. Mg ion substitution and its effect 

on structural and electrical properties along with magnetic properties of 

Ni0.5−xMgxCu0.2Cd0.3Fe2O4 was studied by Moazzam et al. (2019). They found lattice constant, 

grain resistance, and grain boundary resistance increases with the substitution of Mg2+. A rise 

of ac conductivity is also observed with increasing frequency. Akash et al. (2016) observed  

Ni1-xMnxFe2O4 sample possess low magneto-crystalline anisotropy due to substitution of Mn 

ion. 

2.6  Origin of magnetism in spinel ferrite 

Magnetism originates from the number of unpaired spins in electron. In spinel ferrite lattice, 

cations are separated by O2- ions which has zero magnetic moment due to its filled shells with 

p-type orbitals. Ni2+ (d8), Cu2+ (d9), Cd2+ (d10), Mn2+ (d5) and Fe3+ (d5) cations of the ferrite 

have 2, 1, 0, 5, and 5 unpaired electrons respectively. As a result of unfilled 3d sub shell of 

divalent Ni, Cu, Mn, and trivalent Fe ions, have magnetic moments. But Cd ion by contrast 

is diamagnetic due to filled outer sub shell. 

As in ferrite structure, cations are intervened by oxygen, cation-cation direct interaction s are 

negligible. When cations are bonded covalently to oxygen, p-orbital of oxygen interact with 

d-orbital of cations with; C-↑-↓-O-↑-↓-C (where C is for cation and O is for oxygen) anti-

parallel spins of cations. This indirect interaction is called ‘super exchange’ interaction. 

There could be three types of interactions: A-O-A, B-O-B, and A-O-B. `Out of them, A-O-

B is significantly strongest in nature. Since the unpaired electrons number vary in different 

cations, the total magnetization i.e. moment / unit volume is caused from the difference 

between the magnetic moments of A-sites and B-sites. This magnetism is known as 

ferrimagnetism and NiCuCd bulk ferrite is a ferrimagnetic material. 

Further, the magnetic properties of ferrite could be modified through substitution process by 

proper distribution of cations among tetrahedral and octahedral lattice sites. In present study, 

Ni is substituted by Mn. When Mn is substituted for Ni, there would be a several migration 

occurrences among Fe3+ and other transitional divalent cations with a proportionate in 

between A-site and B-site which results significant change in saturation magnetization (Roy, 

Nayak and Bera, 2008). 
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CHAPTER 3 

SYNTHESIS PROCEDURE 

3.1 Introduction  

The general formula of Mn substituted NiMnCuCd ferrite is Ni0.5-xMnxCu0.2Cd0.3Fe2O4 

(NMCCFO) where x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5. The following compositions were 

synthesized, characterized and discussed all through. 

 Ni
0.5

Cu
0.2

Cd
0.3

Fe
2
O

4
 

 Ni
0.4

Mn
0.1

Cu
0.2

Cd
0.3

Fe
2
O

4
 

 Ni
0.3

Mn
0.2

Cu
0.2

Cd
0.3

Fe
2
O

4
 

 Ni
0.2

Mn
0.3

Cu
0.2

Cd
0.3

Fe
2
O

4
 

 Ni
0.1

Mn
0.4

Cu
0.2

Cd
0.3

Fe
2
O

4
 

 Mn
0.5

Cu
0.2

Cd
0.3

Fe
2
O

4
 

3.2 Synthesis Techniques 

In the present study, the sol-gel auto-combustion technique was employed to synthesis samples 

of Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) mixed nanocrystalline ferrite 

powders. This process which is also called “self-propagating synthesis” was first coined by a 

Russian named Merzhanov (Nersesyan, Peresada and Merzhanov, 1998). 

3.2.1 Sol-gel auto-combustion method 

The sol-gel auto-combustion synthesis process is a renowned route to form novel nanoparticles 

and nano composites. It has significant dominion on the textural and surface properties of the 

material. Moreover, this sol-gel route has the advantages of lower cost precursors, low external 

energy consumption, simplicity in preparation process, non-toxicity as well as simple apparatus 

requirement that produce nano-sized, homogeneous, fine crystalline powders. A comparative 

state of different synthesis routes is given in Table 3.1. 
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Table-3.1: Comparative state of major synthesis methods (Tatarchuk et al., 2017, Thakura et 

al. 2020, Hossen and Hossen, 2019) 

Synthesis 

Techniques 

Temperat

ure (°C) 

Advantages Disadvantages 

Coprecipitation 

technique 

30-140  Easy method 

 Low cost 

 Control on size 

 High mass production 

 Low crystallinity 

 Extended reaction time 

 Additional thermal 

treatment  

Hydrothermal 100-200  Eco friendly 

 Scalable 

 Controlled on particle 

 Simplicity 

 Special Reactor needed 

 High pressure needed 

 Long reaction time 

Conventional 

Solid-state 

reaction 

technique 

-140 to 200   The toxic-free and cheap 

solvent used  

 Simple and economically 

viable 

 Formation of toxic 

waste products  

 Not suitable for mass 

production 

Sol-gel 20-200  Simplicity in process 

 Lower cost 

 Wide range of materials 

processable 

 Refined particles  

 Acute control on the 

doping level 

 Homogeneity 

 Thermal treatment for 

high purity 

Combustion process provides a unique synthesis technique through which a strong exothermic 

redox reaction is occurred between nitrate salts and organic fuel to obtain multi element oxides. 

In this process, the auto-combustion reaction itself supplies the necessary energy instead of 

using a high temperature furnace. Mainly, sol-gel process undergoes in few steps to provide 

the resultant metal oxide protocol and those are hydrolysis, condensation and drying process. 

Figure 3.1 shows the process briefly but a flow chart is given in Figure 3.5 to explain the total 

process elaborately. 
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Fig. 3.1: Block diagram of Sol-Gel process. 

 3.2.2 Raw materials and its weighting 

Commercially available nitrate salts of Merck Germany: nickel nitrate hexahydrate  

(Ni(NO3)26H2O) (99.8%), manganese nitrate hexahydrate (Mn(NO3)26H2O) (99.5%), copper 

nitrate trihydrate (Cu(NO3)23H2O) (99.7%), cadmium nitrate tetrahydrate (Cd(NO3)24H2O) 

(99.5%), and ferric nitrate nonahydrate (Fe(NO3)39H2O) (99%) were taken as precursor 

materials. The mass calculation of all the NMCCFO samples with different Mn contents are 

shown in Table 3.2. 

Table 3.2: Compositions of NMCCFO. 

Mn content, 

x 

Composition Ni(NO3)2 

.6H2O 

Mn(NO3)2 

.6H2O 

Cu(NO3)2 

.3H2O 

Cd(NO3)2 

.4H2O 

Fe(NO3)3 

.9H2O 

0.0 Ni0.5 Cu0.2 Cd0.3 Fe2O4 11.5639 0.0 3.8430 7.3603 64.2625 

0.1 Ni0.4 Mn.1Cu0.2Cd0.3Fe2O4 9.2649 2.28633 3.8488 7.3713 64.3586 

0.2 Ni0.3 Mn.2Cu0.2Cd0.3Fe2O4 6.9591 4.5795 3.8545 7.3531 64.4550 

0.3 Ni0.2 Mn.3Cu0.2Cd0.3Fe2O4 4.6463 6.8796 3.8603 7.3935 64.5517 

0.4 Ni0.1 Mn.4Cu0.2Cd0.3Fe2O4 2.3266 9.1866 3.8661 7.4046 64.6487 

0.5 Ni0.0 Mn.5Cu0.2Cd0.3Fe2O4 0.0 11.5042 3.8719 7.4157 64.7459 
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3.2.3 Instruments  

The apparatus required to produce Mn substituted NMCCFO dense bulk ferrite from 

nanoparticles are balance, stirrer, mortar and pestle, crucibles, furnaces, dies, hydraulic press, 

ceramic tray etc. All these instruments are available at the Department of Physic, CUET.  

 

 

Fig. 3.2: Apparatus related to Sol-gel process. 

3.2.4 Synthesis of nanocrystalline powder 

To obtain “sol” (a colloidal or a molecular suspension form), a homogeneous mixture was 

prepared by dissolving a stoichiometric proportion of analytic grade nitrate salts (precursor 

mentioned above materials) in ethanol (C2H6O). A magnetic stirrer was employed for 

continuous stirring, and pH value was maintained seven by adding ammonia solution. This sol 

was kept on a hot plate at 70°C to transform into xerogel under constant stirring. Further 

burning up to 200°C temperature in the air caused the explosion of dried gel, and consequently, 

soft loose ferrite nanocrystalline powder was produced through a self-ignition process. Product 
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nano powder was calcined at 700°C, which lasted five h, and the rate of heating-cooling was 

10°C and 5°C per minute, respectively. 

 

Fig. 3.3: Nano-powder of pure and Mn substituted NMCCFO. 

3.2.5 Milling, annealing, pressing and sintering 

Calcination is the process in which appropriate number of mixture-materials is transformed 

into required crystalline phase with a thermal treatment. In this process high temperature is 

raised under certain restricted supply of oxygen without melting the product elements. The 

main purpose of calcination is to remove unwanted air molecules and impurities by 

evaporation. 

On the other hand, sintering is also a heat treatment process which is occurred at a higher 

temperature than calcination. Sintering is applied for better densification and its temperature is 

lower than melting point. Different sintering temperatures produce different grain size. 

Homogeneous and compact solid are obtained after sintering. In our case, calcination was 

occurred at 700°C and time was taken 5 hours. Besides, sintering temperature was 1200°C for 

another 5 hours. 

In hand milling method, mortar and pestle are used for grinding the samples. In the present 

case, after calcination at 700°C the product powders were crushed for 3 hours in mortar to 

obtain fine particles. Before sintering, again the powdered samples were mixed with binder and 

then granulated by mortar and pestle (hand milling) for 30 minutes. 
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In the process of compaction, the NMCCFO samples of calcined nano powders were converted 

to pallet and toroid by pressing with hydraulic press. 

3.2.6 Bulk sample preparation 

The resultant calcined ferrite powder was milled by hand in a mortar for 3 hours to form fine 

particles. In addition, for granulation, the powder was blended thoroughly with a proper amount 

of 5 wt% polyvinyl alcohol (PVA) for 30 min (as a binder). After that, the granulated ferrite 

particles were uniaxially pressed with a hydraulic press to form desired shape samples. The 

pressure for toroid-shaped and pallet-shaped specimens was 1600 psi and 6000 psi, 

respectively. The samples were then sintered at 1200℃ in an electrical furnace for 5 hours, 

where the heating -cooling rate was 10°C and 5°C per minutes, respectively. The surfaces of 

the product samples were polished with both rough and fine grinding papers. Finally, finished 

product were produced for further investigations. 

 

Fig. 3.4: Bulk samples of pure and Mn substituted NMCCFO. 

A flow chart of the synthesis process is given in Figure 3.5. The specimen in this experiment 

was prepared by following two stages. 
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Fig. 3.5: Flaw chart for preparation of different NMCCFO compositions from nanoparticles 

with sol-gel auto-combustion technique. 

 

 

Stage-1 

Stage-2 
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CHAPTER 4 

EXPERIMENTAL TECHNIQUES 

In this chapter we describe basic experimental techniques to measure different parameters. 

X-ray Diffraction was used to determine the crystal structure and lattice parameters. Surface 

morphology and microstructure measurements were carried out by Field Emission Scanning 

Electron Microscopy. Elemental analysis was done by Energy Dispersive X-ray (EDX). 

Saturation magnetization measurements were carried out using Vibrating Sample 

Magnetometer. Impedance Analyzer with frequency range of 100 Hz-100 MHz was employed 

to investigate dielectric properties along with dielectric loss and other responses of electrical 

parameters. Different essential equations for measuring structural, magnetic and electrical 

properties are also given below. 

4.1 Structural Characterization 

4.1.1 X-ray diffraction 

The X-ray diffraction (XRD) technique is used for the structural/phase analysis of the material 

under investigation by employing Philips X’Pert Pro diffractometer using CuKα wavelength, 

λ =1.54 Å.  

The basic principle is that for a fixed wavelength (λ), the constructive interference occurs for a 

fixed set of an interplaner spacing (d) and incidence angle (θ) (Fig. 4.1). According to Bragg’s 

condition of diffraction:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                                                         (4.1) 

where d is the distance between crystal planes and n is the positive integer which represents 

the order of reflection. Equation (4.1) is known as Bragg law. This Bragg law suggests that 

the diffraction is only possible when  ≤ 2d  (Cullity, 1959). For this reason, we cannot use 

the visible light to determine the crystal structure of a material. The X-ray diffraction (XRD) 

provides substantial information on the crystal structure. 

For cubic spinel structure, lattice parameter is measured by 

𝑛𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2                                                                         (4.2) 
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where h,k,l are called Miller indices. This technique is primarily used for phase identification 

of crystallize material and provide information related to unit cell dimension. 

 

 

 

 

 

Fig. 4.1: Bragg’s law of XRD. 

4.2.2 Philips X’Pert pro diffractometer 

Figure 4.2 is the photography of X’pert pro diffraction system. It is employed for various 

application of diffraction ranges starting from routine work to in depth research analysis. It is 

programed with software from Philips. In XRD analysis, a range of diffraction angles are 

 

Fig. 4.2: Philips PW 3040 X pert pro XRD. 

calculated from the reflected X ray beams off (with specific wavelength) from parallel atomic 

planes. All the mechanism of the system is set to produce a peak on “diffractogram”, Just like 

‘fingerprint’ which identify the minerals with its own set of peaks.  
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The specification of the diffractometer is: 

i. XRD source: 3 kW copper tube 

ii. Software and database: Pro-Fit line analysis software, X’Pert Plus analysis 

software (with Rietveld Capability), data collector.  

iii. Apparatus statistics: The machine uses Cu K alpha with wavelength of 1.54 Å. 

A 40 kilo-volt 45 milli-amp X-ray tube is used for common analysis. Slits of 

various dimension are applied e.g. 0.04 degree soller slit, 1 degree divergence 

and anti-scatter slits, ½ degree and ¼ degree receiving slits etc. 

iv. Temperature capacity: Anton-par 77-725 K and 300-1475 K cameras. 

v. Detectors: Xe proportional counter and SS X’cellerator.  

vi. Objectives: PreFix optics, programmable slits and monochromator. 

4.2.3 Crystallite size measurement 

Crystallite size (D): Measuring the size of particle has wide implications in property analysis 

of ferrite nanocrystalline Materials.  

𝐷 =
 0.9λ

βcosθ
                                                                                (4.3) 

here λ is the wavelength of X-ray whose value is 1.54 Å, θ and β are Bragg’s angle and the full 

width at half maxima value respectively. This equation is called Scherrer’s formula and used 

to calculated particle size from XRD peak graph (Cullity, 1959). 

4.2.4 Lattice parameter, bond length, and hopping length 

Lattice constant (a): Both experimental and theoretical lattice constants were measured by the 

following formula (Hossen, Nasrin and Hossen, 2020): 

Experimental lattice constant, 𝑎𝑒𝑥𝑝 =
𝑑ℎ𝑘𝑙

√ℎ2+𝑘2+𝑙2
                                                (4.4) 

Measurement of bond length and ionic radii: Standley’s relations have been employed for 

estimation (Standely, 1972): 
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𝑇𝑒𝑡𝑟𝑎ℎ𝑒𝑑𝑟𝑎𝑙 𝑏𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ,    𝐴 − 𝑂 = (𝑢 −
1

4
) ɑ√3                                    (4.5) 

𝑂𝑐𝑡𝑎ℎ𝑒𝑑𝑟𝑎𝑙 𝑏𝑜𝑛𝑑 𝑙𝑒𝑛𝑔𝑡ℎ, 𝐵 − 𝑂 = (
5

8
− 𝑢) ɑ                                   (4.6) 

𝐼𝑜𝑛𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐴 − 𝑠𝑖𝑡𝑒, 𝑟𝐴 = (𝑢 −
1

4
) ɑ√3 − 𝑅𝑂                                 (4.7) 

𝐼𝑜𝑛𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝐵 − 𝑠𝑖𝑡𝑒, 𝑟𝐵 = (
5

8
− 𝑢) ɑ − 𝑅𝑂                                   (4.8) 

where u is the O2 ion parameter having ideal value for spinal ferrite = 3/8. 

Hopping Length measurement: The Hopping length was determined by following equation 

(Mirzaee, Shayesteh and Mahdavifar 2014): 

𝐿𝐴 = ɑ (
√3

4
)                                                                             (4.9) 

𝐿𝐵 = ɑ (
√2

4
)                                                                            (4.10) 

4.2.5 Determination of theoretical lattice constant 

Theoretical lattice constant, 𝑎𝑡ℎ =
8

3√3
[(𝑟𝐴 + 𝑅0) + √3  (𝑟𝐵 + 𝑅0)]                              (4.11) 

where ionic radius of oxygen, 𝑅0= 1.32 Å. The values of rA and rB were calculated from cation 

distribution. 

4.2.6 Density and porosity 

Experimental density (𝜌𝑒𝑥𝑝) measurement (Bulk density): The bulk density of was 

measured by using the formula: 

𝜌𝑒𝑥𝑝 =
𝑚𝑎𝑠𝑠

𝑣𝑜𝑙𝑢𝑚𝑒
                                                                        (4.12) 

The theoretical density (X-ray density) 𝜌𝑥was calculated using following expression: 
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𝜌𝑥 =
𝑍𝑀

𝑁𝐴𝑉
  𝑔/𝑐𝑚3                                                               (4.13) 

where M is the molecular weight, Z is the number of molecules per unit cell (Z = 8), NA is the 

Avogadro's number (6.02  1023 mol-1), V is the unit cell volume. (For cubic cell V= a3; for 

tetragonal cell V = a2c and for orthorhombic cell V = abc, where a, b and c are the lattice 

parameters). 

The porosity was calculated from the relation (Cheng,1999). 

𝑃( %) =  (1 −
𝜌𝑒𝑥𝑝

𝜌𝑥
 ) × 100                                                      (4.14) 

where 𝜌𝑒𝑥𝑝 is the bulk density and 𝜌𝑥is the theoretical density.  

4.3 Data Analysis by Reitveld refinement method 

Rietveld technique was adopted for structure refinement using XRD data and Fullprof Suite 

software package was used to process data for analysis. XRD patterns were analyzed under 

Pseudo Voigt peak shape in Fd-3m space group and background was also refined. Diffraction 

patterns, cation distribution, electron density and maximum entropy map (MEM) were studied 

and analyzed precisely. Moreover, Vesta software was utilized for forming crystal structures 

of investigated ferrite samples. 

4.4 Morphological Characterization 

The study of microstructure is necessary to obtain a deeper image of grain structure. For this 

purpose, the sintered NiCuCd ferrite and its substituted samples were used. In present study, 

the microstructure was examined by field emission scanning electron microscope (FESEM), 

where an electron beam with prob was used to create images at 5 kV. Originally the 

experimental data were collected from FESEM, (JEOL JSM 7600F, Japan) at BCSIR 

Laboratories, Dhaka. The average grain diameter (size) of the samples were measured by linear 

intercept method where photo-image of FESEM were used. Besides, the EDX study was 

introduced to analyze chemical makeup of the sample where the accelerating voltage was at 10 

kV. 
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4.4.1 Field Emission Scanning Electron Microscope (FESEM) and its function 

The electron microscope in short EM is one of the very routinely applied investigative tools 

in the field of surface characterization in micro/nanomaterials. The major steps belong to all 

EMs regardless of variety are as follows: 

 Generation of primary electron stream from a source and acceleration towards an 

anode under vacuum. 

 Transforming stream of electron into narrow and focused beam passing through 

condenser lens (actually electro-magnet). 

 Striking of fine electron beam over the sample passing through magnetic objective 

lens where beam act as scanning beam. 

 Interaction of primary beam with sample in different ranges of energy which is 

detected as electric signal and ultimately results as image production.  

Basically, Field Emission Scanning Electron Microscope (FESEM) is an advanced 

technology applied to create the micro or nanostructure image. It is more capable than SEM 

in terms of resolution (1 nm VS 50 to100 nm in order) and focusing in depth permits the 

former one more 3D information provider than the latter. 

In a typical FESEM, an electron beam is produced from a field emission source and a high 

vacuum environment is kept to avoid disturbance of gas molecules interaction with electron 

beam. The emitted electrons are accelerated with electric potential range of 0.5V to 30 kV 

towards the samples. These primary electrons are transformed into fine narrow scanning 

beam after passing through a series of electromagnetic lenses (condenser, scan coil, objective 

lens etc.) which is ultimately undergoing interaction with the solid sample. The affect of 

interaction is the result in emission of Secondary e- (SE), backscattered e- (BE), X-ray 

excitation beam, Auger electron, cathode luminescence and electron transmission. A detector 

collected SEs and converts them into electric signals which in process amplified and 

transform into digital images for further investigation. A schematic diagram is shown in 

Figure 4.3.    
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Fig. 4.3: Schematic diagram of FESEM. 

4.4.2 Energy dispersive X-ray (EDX) spectroscopy 

EDX was examined on the same samples to identify the elemental composition. In addition 

to FE-SEM instrument, these systems are attached within. The basic principle of EDX was 

first observed by Mosely to identify composition. He found the changes of X-ray frequency 

emitted from different elemental targets which also varied linearly with atomic number.   

 

 

 

 

 

 

Fig. 4.4: Schematic diagram of EDX. 

4.5 Electric and Dielectric Properties Measurement 

The data of different parameters such as dielectric constant, loss tangent, electric modulus, 

complex impedance and ac conductivity for studied ferrite samples have been collected as a 

function of frequency by using WK (Wayne-Kerr) model- 6500B Impedance Analyzer. In all 

cases, the frequency ranges were maintained between 100 Hz to 100 MHz at room 
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temperature. Disk-shaped samples with thickness about 0.16 cm - 0.18 cm and radius about 

0.60 cm - 0.61 cm were used in the experiment.  

Dielectric constant (𝜺/, 𝜺//): Permittivity is a measure of how an applied electric field affects 

and affected by a dielectric material. Dielectric constant or relative permittivity is an important 

tool to explain the characteristics of ferrite as multifunctional material. Dielectric permittivity 

is often treated as a complex function of the frequency of the applied field. Following 

equations are used to calculate dielectric parameters (Bagum, Hossen and Chowdhury, 2016): 

휀∗ =  휀/ − 𝑗휀//                                                                 (4.17) 

𝑅𝑒𝑎𝑙 𝑝𝑎𝑟𝑡 , 휀/ =  
𝐶𝑝 𝑡

ɛ𝑜𝐴
                                                   (4.18) 

where Cp, t, A and ɛo are capacitance, thickness, cross-sectional area and permittivity in 

vacuum respectively. The value of ɛo is 8.854 × 10-4 F/cm. 

Loss Tangent (tan δ) is calculated from the following equation (patil et al., 2019): 

𝑡𝑎𝑛𝛿 =
휀//

휀/
                                                                    (4.19) 

here, 휀/ explains stored energy in materials and 휀// is the imaginary part which express energy 

loss. 

Electric modulus (𝑀/, 𝑀//): The frequency dependent electric modulus can be calculated 

through the expressions (Zulqarnain et al., 2021): 

𝑀∗(𝑓) =  𝑀/  + 𝑗𝑀// =
1

𝜖∗
                                                     (4.20) 

𝑀/ = 𝜔𝐶𝑔𝑋                                                                                (4.21) 

𝑀// = 𝜔𝐶𝑔𝑅                                                                             (4.22) 

where geometrical capacitance 𝐶𝑔 =
ɛ𝑜𝐴

𝑑
 and 𝜔 is angular frequency. 
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Impedance (𝑍/, 𝑍//) : The impedance is a more general circuit parameter which estimates 

the ability of a circuit to resist the flow of electrical current. Following equations were used 

to calculate the impedance parameters: 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 , 𝑍 = 𝑍/ + 𝑗𝑍//                                      (4.23) 

𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 , 𝑍/ = |𝑍| cos 𝜃                                                              (4.24) 

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑐𝑒 , 𝑍// = |𝑍| sin 𝜃                                                              (4.25) 

where 𝜃 is phase shift. 

AC conductivity (σ): Conductivity acts as a measuring tool for the analyzing of density and 

porosity (Blum, 1958). Following formula was used to express the frequency dependent ac 

conductivity of a ferrite bulk ceramic samples. 

𝜎𝑎𝑐 = 휀/휀0𝜔𝑡𝑎𝑛𝛿                                                                             (4.26) 

where ω is the angular frequency . 

4.6 Magnetization measurement 

Magnetic moment per unit volume is called magnetization. It can be measured with different 

methods. In this present study, the vibrating sample magnetometer (VSM) was used for 

magnetization measurement at room temperature. This VSM was first introduced by S. Foner 

in 1956 and well accepted as standard approach by worldwide due to its simplicity and 

relatively high sensitivity in the study of low temperature and high magnetic field. The basic 

functional principle of VSM is founded on Faraday’s law of induction. In a typical VSM, a 

vibrating rod is placed in a static and uniform magnetic field. The magnetic sample is usually 

attached to this rod and allowed to vibrate at a constant frequency. Finally, the induced electro 

motive force by the sample is measured as voltage signal through a process of amplification. 

The resultant induced signal is directly proportional to the magnetization of the specimen. It 

is also independent of external field intensity. A block diagram and picture are shown in  

Figure 4.5 and 4.6. 
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Fig. 4.5: Block diagram of VSM. 

 

 

 

 

 

 

 

Fig. 4.6: Vibrating Sample Magnetometer (VSM). 

4.6.1 Magnetic moment and anisotropy constant calculations 

In the present study significant changes have been observed in magnetic properties due to the 

substitution of Mn2+ in NiCuCd bulk ferrite sintered at 1200°C. VSM testing of all the 

samples was done at room temperature (VSM, Lakeshore 7400 series) to record 

magnetisation data and magnetic flux density. These measuring data were collected at 

Atomic Energy Commission, Dhaka. Besides, magnetisation curves were also analysed by 

the Law of Approach to Saturation (LAS) method, widely applied on polycrystalline soft 

ferrite. The magnetic moment (𝜇𝐵) has been measured with the following formula: 

μB =
M × MS

5585
                                                                           (4.15) 
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where M and Ms are molecular weight and saturation magnetization, respectively. The 

anisotropy constant has been computed through the equation: 

𝐾1 =
𝑀𝑠 × 𝐻𝑐

2
× 104 (

𝑒𝑟𝑔

𝑐𝑚3
)                                               (4.16) 
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CHAPTER 5 

RESULTS AND DISCUSSION 

5.1 Introduction  

The dense Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (NMCCFO, x = 0.0, 0.1,0.2, 0.3,0.4, and 0.5) bulk 

compositions were prepared by the sol-gel auto-combustion technique and were sintered at 

1200C with the duration of 5 hours. XRD and FESEM were used to carry out the structural 

analysis and surface morphology. The effects of microstructure and sintering temperature on 

the properties of NMCCFO were studied. A possible correlation between grain size, density 

and porosity were also discussed. MEM analysis was introduced to observe electron density. 

The dielectric and electrical properties of these compositions were measured at room 

temperature in the frequency range 100 Hz to 100 MHz with Impedance Analyzer. Electrical 

properties of all the compositions were studied by complex impedance plot and analyzed by 

the Cole-Cole plot. VSM was applied to investigate the Ms and LAS was used to calculate 

anisotropy constant as well as Ms results theoretically for critical analysis.   

5.2 XRD study of NMCCFO 

The XRD pattern is the structural fingerprint that figures out the atomic arrangement in the 

sample elements. Figure 5.1 (a) shows the XRD spectrum of various  

Ni0.5-xMnxCu0.2Cd0.3Fe2O4 samples within the range from 20° to 70°. In investigating the 

plots, the results reveal that the peaks are at (220), (311), (222), (400), (422), (511) and (440) 

which confirms the presence of single-phase cubic spinel ferrite structure with no trace of 

impurity peaks in all the samples. This reflects homogeneity and purity of the product 

samples which also indicates complete dissolution of Mn into NMCCFO. Peaks are 

confirmed by XRD card – JCPDS no-019-0692 (Hossen, Nasrin and Hossen, 2020).  

The magnified plot of XRD peak at the (311) are shown in Figure 5.1 (b). It is observed that 

with the addition of Mn content, the peaks of XRD get broader. The broadened peak pattern 

confirms the fine particle nature of the studying specimens in the nano-scale range. It is also 

noticed from the graph that within 35° to 36° of the position, 2θ, highest intense planes are 

seen which confirms the formation of ferrite structure. Moreover, the positions of the peaks 

are shifted towards lower angles with the increase of Mn content. This is due to the increase 
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in d-spacing caused by the internal stress in lattice constant which is explained in different 

scientific literature (Cheng et al., 1999, Rezlescu et al., 1994). 

 

 

 

Fig. (a) Fig. (b) 

Fig. 5.1: (a) XRD spectra of NMCCFO for different Mn contents and (b) Magnified XRD 

spectra of the most intense peak at (311) of NMCCFO for different Mn contents results 

between 35° to 36°. 

The crystallite size value was measured with the help of the highest intense XRD peak at 

(311). Well known Scherrer formula, i.e., equation (4.3), was used for calculation, and 

resultant data are presented in Table 5.1. The output shows that the particle sizes are in the 

ranges of 34 nm to 58 nm. This crystallite size study is found suitable in other reports 

(Hossen, Nasrin and Hossen, 2020). In high-density recording media, these crystallite sizes 

are helpful to record an optimized signal-to-noise ratio.  

Table 5.1: Various parameters calculated from XRD data of NMCCFO. 

Mn content,  

(x) 

Crystallite Size, 

D (nm) 

Lattice constant, a (Å) 

Experimental  Theoretical  

0.0 34 8.37 8.46 

0.1 44 8.38 8.47 

0.2 48 8.39 8.49 

0.3 50 8.42 8.51 

0.4 51 8.43 8.53 

0.5 58 8.47 8.55 
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The average crystallite size increases with the increase of Mn content as shown in Figure 5.2. 

In this case, lattice strain could be induced due to the dissimilarity in ionic radius of  

Ni+2 (0.69 Å) and substituted Mn+2 (0.83 Å). In this regard, effect of site preference of cations 

in ferrite system could play as an additional factor. Another explanation may be cited from 

crystal growth point of view. Variation of crystallite size as a function of Mn content might 

be related to the effect of heat treatment on molecular concentration of elements coming for 

nucleation on crystal surface during the crystal growth process. The increasing Mn content in 

ferrite system causes liberation of less latent heat due to exothermic reaction at crystal surface 

which enhanced the crystallite growth (Upadhyay, Verma and Anand, 2004). 

0.0 0.1 0.2 0.3 0.4 0.5

30

40

50

60

C
ry

st
al

li
te

 s
iz

e 
(n

m
)

Mn content (x)  

Fig. 5.2: Crystallite size of NMCCFO for different Mn contents (x). 

5.2.1 Determination of lattice constant of NMCCFO 

The theoretical lattice constant (𝑎𝑡ℎ) and the experimental lattice constant (𝑎𝑒𝑥𝑝) were 

calculated by using the equation (4.11) and (4.4) respectively and are given in Table 5.1. For 

easy assimilation, the calculation of one of the samples is shown below:  

For x = 0.0 : Ni0.5Cu0.2Cd0.3Fe2O4  

Cation distribution: (𝑁𝑖0.094𝐶𝑢0.015𝐶𝑑0.195𝐹𝑒0.696)𝐴[𝑁𝑖0.406 𝐶𝑢0.185𝐶𝑑0.105𝐹𝑒1.304]𝐵 

𝑟𝐴          = 𝐶𝐴𝑁𝑖𝑟(𝑁𝑖2+) + 𝐶𝐴𝐶𝑢𝑟(𝐶𝑢2+) + 𝐶𝐴𝐶𝑑𝑟(𝐶𝑑2+) + 𝐶𝐴𝐹𝑒𝑟(𝐹𝑒3+) 

= (0.094 × 0.69) + (0.015 × 0.72) + (0.195 × 0.97) + (0.696 × 0.645) 

= 0.7137Å 
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𝑟𝐵         =
1

2
[𝐶𝐵𝑁𝑖𝑟(𝑁𝑖2+) + 𝐶𝐵𝐶𝑢𝑟(𝐶𝑢2+) + 𝐶𝐵𝐶𝑑𝑟(𝐶𝑑2+) + 𝐶𝐵𝐹𝑒𝑟(𝐹𝑒3+)] 

=
1

2
[(0.406 × 0.69) + (0.185 × 0.72) + (0.105 × 0.97) + (1.304

× 0.645)] 

= 0.6780Å 

𝑎𝑡ℎ       =
8

3√3
[(𝑟𝐴 + 𝑅0) + √3  (𝑟𝐵 + 𝑅0)] 

=
8

3√3
[(0.7137 + 1.32) + √3 (0.6780 + 1.32)] 

= 8.4591Å 

Where 𝑟(𝑁𝑖2+), 𝑟(𝐶𝑢2+), 𝑟(𝐶𝑑2+), and 𝑟(𝐹𝑒3+) are the ionic radii of Ni (0.69Å), Cu 

(0.72Å), Cd (0.97Å), and Fe (0.645Å) respectively. 𝐶𝐴𝑁𝑖, 𝐶𝐴𝐶𝑢 𝐶𝐴𝐶𝑑, and 𝐶𝐴𝐹𝑒 are the 

concentrations of A- sites and 𝐶𝐵𝑁𝑖, 𝐶𝐵𝐶𝑢, 𝐶𝐵𝐶𝑑, and 𝐶𝐵𝐹𝑒 for B-sites respectively. 

The calculation shows that the theoretical lattice constant (𝑎𝑡ℎ) of the sample, 8.46 Å is closer 

to that of experimental lattice constant (𝑎𝑒𝑥𝑝) i.e., 8.37 Å. Similar way all substituted values 

of investigated samples were measured and exhibited in Table 5.1. It is to be noted that the 

result of both lattice parameters in present work matched quite well and variance recorded up 

to 1.5% which is also supported by the other research works (Hossen, Nasrin and Hossen, 

2020). This indicates a realistic estimation of cation distribution by Reitveld technique that 

we applied for refinement of XRD data. Moreover, reasonable causes for the above-

mentioned deviation between 𝑎𝑡ℎ and 𝑎𝑒𝑥𝑝 may be related to the formation of Fe2+ and 

crystal imperfections along with different measuring techniques of ionic radius (Akash et al., 

2016). 

The plot of experimental and theoretical lattice constant against Mn content are shown in  

Figure 5.3. The graph shows that both the values of lattice constant are increased as Mn 

content increases. From the Table 5.1 and Figure 5.3, it is also found that both the lattice 

constant of pure Ni-Cu-Cd (8.37 Å) is less than that of the substituted sample (8.48 Å) and 

both (experimental and theoretical) the values of lattice constant increase linearly with the 

increase of Mn content. Vegard’s Law of linearity explains the result which is the increase of 

lattice constant is proportional to the increase of ionic radius (Deraz and Alarifi 2012). Here, 

in the Ni0.5-xMnxCu0.2Cd0.3Fe2O4, the ionic radius of Mn2+ (𝑟𝑀𝑛= 0.83 Å) is larger in than that 
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of Ni2+ (𝑟𝑁𝑖=0.69 Å) and Fe3+ (𝑟𝐹𝑒=0.65 Å) respectively. As the smaller ionic radius of Ni2+ is 

substituted successively by the larger ionic radius of Mn2+, the unit cell length gets extended 

to preserve the overall cubic symmetry which results in increasing lattice constant linearly 

(Hossen, Nasrin and Hossen, 2020, Muhammad and Maqsood, 2008). 
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Fig. 5.3: Variation of experimental and theoretical lattice constant with Mn content of 

NMCCFO. 

This can also be explained with the formula of mean ionic radii of variant ions (Smit and 

Wijn, 1959). 

𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) = (0.5 − 𝑥)𝑟𝑁𝑖 + 𝑥𝑟𝑀𝑛 + 2𝑟𝐹𝑒                                    (5.1)  

It is observed from the above equation that 𝑟(𝑣𝑎𝑟𝑖𝑎𝑛𝑡) increases with the addition of Mn 

content.  

5.2.2 Bond length, hopping length and ionic radii of NMCCFO 

The bond lengths (A—O, B—O), hopping lengths (LA, LB) of tetrahedral (A site) and 

octahedral (B site) and the Ionic radii of tetrahedral (rA) and octahedral (rB) sites are 

calculated by using the equation of 4.5, 4.6, 4.9, 4.10, 4.7 and 4.8 respectively and are shown 

in Table 5.2. The variation of bond lengths (A—O, B—O) and hopping lengths (LA, LB) with 

Mn content are shown in Figure 5.4. It is observed from the figure that both the values are 
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increased with the increase of Mn content which establish a direct relation among them 

(Hossen, Nasrin and Hossen, 2020, Arifuzzaman et al., 2020). 

From Table 5.2, it is found clearly in experimental samples that rA varies from 0.46 Å to  

0.48 Å which are less than that of Mn2+ and Ni2+. Thus, to give space for these ions (Mn, Ni) 

in tetrahedral sites, rA needs to be expanded and hence lengths between anions related to  

A-sites will be increased. This causes increasing of bond length (A—O) at tetrahedral sites. 

On the other hand, when rB decreases, bond length (B—O) also decreases. It is because, when 

ionic radius at octahedral site (rB) decreases, the associated anions will move towards B-sites 

and thus reducing bond length (B—O). This reduction explains that anions associated with B-

sites will shift away from A-sites and will result in increasing oxygen positional parameter 

(u) (Raghuvanshi, Mazaleyrat and Kane, 2018). The larger value of B—O than A—O may 

indicate larger orbital overlapping of Fe and O ions at the A-sites. 

Table 5.2: Various bond length, hoping length and ionic radius of NMCCFO. 

Mn content, 

(x) 

Bond Length, Å Hoping Length, Å Ionic radius of A and B 

sites, Å 

A — O  B — O L
A
 L

B
 r

A
 r

B
 

0.0 1.811 2.091 3.622 2.953 0.461 0.741 

0.1 1.812 2.092 3.624 2.954 0.462 0.742 

0.2 1.815 2.095 3.629 2.959 0.465 0.745 

0.3 1.823 2.105 3.646 2.972 0.473 0.755 

0.4 1.826 2.108 3.651 2.976 0.476 0.758 

0.5 1.833 2.116 3.666 2.989 0.483 0.766 

 

0.0 0.1 0.2 0.3 0.4 0.5
1.80

1.81

1.82

1.83
 Bond Length,  A-O

 Bond Length, B-O

Mn content, x

B
o
n
d
 L

en
g
th

, 
 A

-O
 (

Å
)

2.09

2.10

2.11

2.12

 B
o
n
d
 L

en
g
th

, 
B

-O
 (

Å
)

 
0.0 0.1 0.2 0.3 0.4 0.5

3.60

3.63

3.66

3.69  Hoping Length,  LA

 Hoping Length,  LB

Mn content (x)

H
o
p
in

g
 L

en
g
th

, 
 L

A
 (

Å
)

2.94

2.96

2.98

3.00

 H
o
p
in

g
 L

en
g
th

, 
 L

B
 (

Å
)

 
Fig. (a) Fig. (b) 

Fig. 5.4: Variation of (a) Bond length and (b) Hopping length with Mn content of NMCCFO. 
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5.2.3 Goodness of fit of NMCCFO 

Refined XRD patterns through Rietveld refinement process are shown in Figure 5.5. Red 

lines and black lines are representing the observed data and calculated data respectively for 

all samples. The values of chi square (χ2) are found below 2 for all investigated samples. 

Hence, the fitting process can be termed as the good fitting (Kumar et al., 2013) which can 

also be seen from the patterns as both experimental and calculated curves are fitted perfectly 

and almost coincide with each other. 

  

  

  

Fig. 5.5: Refined XRD data of NMCCFO for different Mn contents by Reitveld refinement 

method. 

x=0.0

= 
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As a result, the line at the bottom which is denoted as the difference between experimental 

and calculated pattern is found almost linear in every case. The refinement was done within 

in the diffracted angle between 10° and 80° and found only the major peaks as found in the 

XRD patterns without any extra peaks. Similar results were found in previous reported work 

for dense ceramics (Mahmood and Hossen, 2021). 

5.2.4 Cation distribution of NMCCFO 

In case of spinel ferrite samples, the influence of cations and their distributions in interstitial 

sites plays a key role on investigating properties and their suitability for application in 

technology. Site occupancy of cations is a multifaceted step by step process and depends on 

certain specific factors comprises of internal (i.e., size, valency, presence of other ions etc.) 

and external (i.e. preparation method, preparation environment etc.) factors (Raghuvanshi, 

Mazaleyrat and Kane, 2018). This cation distribution can be extracted by processing XRD 

diffraction data. In this present study, Rietveld technique is adopted to determine the cation 

distribution. The final allocation of cations on tetrahedral and octahedral sites, basing on 

fraction concentration and site preference, is presented in Table 5.3.  

Table 5.3: Cations distribution of NMCCFO. 

x Composition Tetrahedral A-sites Octahedral B-sites 

0.0 Ni
0.5

Cu
0.2

Cd
0.3

Fe
2
O

4
 Ni

0.094
Cu

0.015
Cd

0.195
Fe

0.696
 Ni

0.406
Cu

0.185
Cd

0.105
Fe

1.304
 

0.1 Ni
0.4

Mn
0.1

Cu
0.2

Cd
0.3

Fe
2
O

4
 Ni

0.157
Cu

0.058
Cd

0.068
Mn

0.098
Fe

0.619
 Ni

0.243
Cu

0.142
Cd

0.232
Mn

0.002
Fe

1.381
 

0.2 Ni
0.3

Mn
0.2

Cu
0.2

Cd
0.3

Fe
2
O

4
 Ni

0.146
Cu

0.056
Cd

0.066
Mn

0.140
Fe

0.591
 Ni

0.154
Cu

0.144
Cd

0.234
Mn

0.060
Fe

1.409
 

0.3 Ni
0.2

Mn
0.3

Cu
0.2

Cd
0.3

Fe
2
O

4
 Ni

0.124
Cu

0.061
Cd

0.079
Mn

0.132
Fe

0.604
 Ni

0.076
Cu

0.139
Cd

0.221
Mn

0.168
Fe

1.396
 

0.4 Ni
0.1

Mn
0.4

Cu
0.2

Cd
0.3

Fe
2
O

4
 Ni

0.095
Cu

0.064
Cd

0.076
Mn

0.141
Fe

0.625
 Ni

0.005
Cu

0.136
Cd

0.224
Mn

0.259
Fe

1.375
 

0.5 Mn
0.5

Cu
0.2

Cd
0.3

Fe
2
O

4
 Cu

0.088
Cd

0.100
Mn

0.186
Fe

0.626
 Cu

0.112
Cd

0.200
Mn

0.314
Fe

1.373
 

Moreover, the graphical demonstration is also illustrated clearly in Figure 5.6 against 

increasing Mn content. This figure depicts the occupation of Ni, Mn, Cu, Cd and Fe ions on 

tetrahedral A-sites and octahedral B-sites respectively for studied samples basing on XRD 

data analysis. Figure 5.6 (a) explains the main features related to Fe3+ where it occupies both 

A and B-sites. Up to x = 0.2, Fe ions has a increasing trend of occupying at B-sites where as 

at A-sites it decreases. Maximum value of Fe concentration is recorded at x = 0.2 i.e. 
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maximum migration of Fe ions from A-sites to B-sites occurs. With further increase in Mn 

ion, a slow reverse result is found. This would affect overall magnetization.  

In Figure 5.6 (b) a major shift is observed in Cd2+ in A-site to B-site which has an impact in 

changes among lattice constant and other structural parameters. In Figure 5.6 (c) and (d), 

similar pattern of transition from B-site to A-site can be marked up to x = 0.1 among Ni and 

Cu ions. 
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Fig. 5.6: Cationic distribution both in A-site (tetrahedral) and B-sites (octahedral) of 

NMCCFO for different Mn contents (x) by Rietveld refinement. 

In Figure 5.6 (d), Mn ion remains more populated at A-site up to x = 0.3, then it alters its 

course due to more contents. Similar result is also seen in case of Ni ions which explain 

major substitutions are observed at B-site. Here it is to be noted that with increasing Mn 

contents and due to the presence of different ions, sites-A and sites-B get affected and non-

equilibrium cation distribution is observed. These findings are also reported earlier (Hossen, 

Nasrin and Hossen, 2020). 
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5.2.5 Maximum Entropy Map (MEM) of NMCCFO 

The maximum entropy map (MEM) method was applied to study electron density distribution 

with the software named Fullprof, which is usually used for Rietveld analysis. This method is 

a robust statistical tool for determining electron density from a limited number of structure 

factors. The main idea of MEM is to introduce the thermo-dynamical concept of entropy into 

informational or statistical data due to solving problems that are suffering from incomplete or 

noisy information by reconstructing the problem itself. It creates the basis for statistical 

mechanics and plays a significant role in characterizing experimental / laboratory data in 

astronomy, economics, crystallography, medicine etc. The MEM provides a distribution that 

matches the given data, is least biased with missing information, and does not put correlations 

in expected results from data. In short, the MEM provides the most probable result out of the 

least input data with the best fit map. Here, in the present study, “image” consist of mapping 

electron-density and structure factors of Bragg reflection is the source of “data”. Certain basic 

equations and algorithms are developed to develop the MEM (Magdysyuk, Smaalen, and 

Dinnebier, 2019). MEM helps to visualize the redistribution and localization of charge 

density. In Figure 5.7, MEM of different compositions of studied samples are delineated, and 

2D and 3D maps are projected with colour code and value range. These MEM calculations 

have provided an approximated mapping of the charge density of crystal phases. Maximum 

charge density is depicted with a positive value in yellow color. The minimum value is 

represented by light sky blue with a negative sign. These indicators show types of bonding 

between different elements in the samples. Positive values demonstrate a covalent bond, 

whereas ionic and metallic bonds are denoted by negative values in which the exchange of 

charges forms bonds. 

  

x = 0.0 x = 0.0 
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Delocalized charges with covalent bonds have been observed in the maps. Since covalent 

bonds are created through the imbrication of electron densities, the bond between Fe3+ and 

O2+ is of this type with isotropic nature. It is also known that strong covalent and ionic bonds 

have a direct impact on stiffness. Additionally, a metal-metal covalent connection regulates 

the tolerance of damage caused by simple shear deformation. Strong covalent bonds are 

observed in the atoms of various combinations in this investigation. The most intriguing 

finding of this analysis is the reduction of ionic forms in ferrite dense ceramics caused by the 

emerging Mn substitution on the ferrite sites. As more manganese is added, the covalent 

bonds have grown stronger as a result. 

5.2.6 Densification and porosity of NMCCFO 

Study of density is significant because of its influence over the properties of materials 

specially in structural and electromagnetic properties which are highly affected by 

densification process. The bulk density (𝜌𝑒𝑥𝑝) and the theoretical density (𝜌𝑥) were 

determined by using the equation of 4.12 and 4.13 respectively and included in Table 5.4. 

The 𝜌𝑒𝑥𝑝 depends on mass and volume but the 𝜌𝑥 is influenced by both the molar mass (M) 

and the experimental lattice constant (𝑎𝑒𝑥𝑝). It is observed that the molar mass of non-

substituted NMCCFO sample is 251.47 g/mol and maximum substituted one is 249.59 g/mol 

that is a decreasing pattern. The value of 𝑎𝑒𝑥𝑝 varies from 8.37 Å up to 8.47 Å that is a rising 

trend.  

 

  

(a) (b) 

Fig. 5.7: MEM map of Mn substituted NMCCFO bulk ferrites (a) 2D images and 

(b) 3D images. 

x = 0.5 x = 0.5 
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Table 5.4: Molar mass, bulk density, theory density and porosity of NMCCFO. 

Mn content, 

x 

Molar mass, 

M, (g/mol) 

Bulk density,  

𝜌𝑒𝑥𝑝, (g/cc) 

Theory density, 

𝜌𝑥, (g/cc)  

Porosity,  

P (%) 

0.0 251.47 4.62 5.70 18.95 

0.1 251.09 4.45 5.69 21.79 

0.2 250.72 4.31 5.65 23.72 

0.3 250.34 4.23 5.57 24.06 

0.4 249.95 4.18 5.54 24.55 

0.5 249.59 4.10 5.46 24.91 

Figure 5.8 shows the variation of density and porosity of NMCCFO. It is observed from 

graph that both the theoretical, 𝜌𝑥 and bulk, 𝜌𝑒𝑥𝑝 densities decrease with increasing Mn 

content. The decrease of 𝜌𝑥 may be due to reduction in molar mass, M which outgrows the 

cell volume. Moreover, in the Table 5.3, the bulk density, 𝜌𝑒𝑥𝑝 is found decreasing from 4.62 

g/cc to 4.01 g/cc while Mn content increasing. This may be explained with the fact that the 

atomic weight and density of Mn2+ (7.43 g/cc) are lower than those of Ni2+ (8.91 g/cc). This 

substitution causes the structural distortion and results in decreasing of bulk density, 𝜌𝑒𝑥𝑝.  
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Fig. 5.8 : Variation of density and porosity with Mn content of NMCCFO. 
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It is also observed from Table 5.4 that the 𝜌𝑥 is higher than 𝜌𝑒𝑥𝑝. The reasons may be the 

presence of pores which are grown during the preparation of compositions or due to sintering 

process (Hossen, Nasrin and Hossen, 2020, Muhammad and Maqsood, 2008). 

In fabrication process, bulk ferrites are produced from nanocrystalline powders and during 

compaction process for shaping, pores or void spaces present between nano particles. After 

sintering, total pore elimination process often remain incomplete and some residual porosity 

exist. This porosity has a significant effect on structural (elasticity and strength) and 

electromagnetic properties of ferrites. The porosity (%) was calculated by equation 4.17 and 

included in Table 5.4.  

The existence of significant porosity is identified in the results. Maximum porosity,  

P (%) is found for x = 0.5. The porosity of the studied ferrite sample is mainly the product of 

two sources (i) Pintra (intragranular) and (ii) Pinter (intergranular) porosity. The 2nd one is grain 

size-dependent (Das, Bhattacharya, Sen and Maiti, 2009). The graph of porosity change with 

Mn contents is demonstrated in Figure 5.5. It is found that up to x = 0.5, porosity increases 

and maintains an opposite trend of bulk density.  

5.3 Microstructure and surface morphology  

Microstructure strongly affects the magnetic and electric properties of nano crystalline 

materials where grain size plays a key role. Figure 5.9 shows the micrographs of FESEM 

for different NMCCFO samples sintered at 1200°C. The average grain sizes were measured 

by linear intercept method. These images reveal the chronological changes in grain 

distribution due to the substitution of Mn addition in structure and the texture turns into 

lesser homogeneity. The closer scanning of the micrographs illustrates the presence of 

grains with clearly visible grain boundaries. Due to magnetic nature of transitional metals 

such textures are usually observed. This type of result is also seen in other research works 

(Lodhi, 2014).  

Average grain sizes (d) and Mn content (x) are tabulated in the Table 5.5 which is also 

projected graphically in Figure 5.10. The size varies from 1 μm to 4 μm except x = 0.5 of Mn 

content. It is observed that the grain size increases with the increase of Mn content. This 

means that microstructure of NMCCFO is strongly dependent on Mn presence. Yan and 

Johnson reported the influence of Mn2+ addition and had shown that Mn act as a slight 
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accelerator of grain growth (Shirsath et al., 2010). Moreover, the unit cell of Ni (0.69 Å) may 

be enlarged when it is replaced by Mn (0.83 Å), higher ionic radius ultimately encouraged 

atomic diffusion in the crystal lattice (Roy, Nayak and Bera, 2008). The melting point of Mn 

(1246℃) is lower than that of Ni (1455℃) which may also contribute in enhancing the grain 

size (Shah and Hossain, 2013). Besides, the interaction of grain boundary and pores is also 

contributing shaping the average sizes. The nature of grain growth reflects the race between 

the driving force for the grain boundary movement and the retarding force exerted by pores.  

  

  

  

Fig. 5.9: The micrograph of FESEM images of NMCCFO for different Mn content sintered at 

1200°C.  

 

 

x = 0.0 x = 0.1 

x = 0.5 x = 0.4 

x = 0.2 x = 0.3 
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Table 5.5: Average grain sizes of NMCCFO sintered at 1200°C. 

Mn 

content, (x) 

Crystallite size, 

D (nm) 

Average grain 

sizes, d (μm) 

0.0 34 1.13 

0.1 44 2.28 

0.2 48 2.49 

0.3 50 3.91 

0.4 51 4.16 

0.5 58 - 
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Fig. 5.10: Average grain sizes of NMCCFO for different Mn contents. 

5.4 Elemental analysis of NMCCFO 

The EDX study is applied to analyze chemical make-up of the sample and thereby 

investigates its purity calculating the percentages of various elements on surface area. The 

EDX spectra of NMCCFO bulk ferrite specimens is shown in Figure 5.11 at 0-20 keV energy 

range. The results support the presence of Ni, Mn, Cu, Cd, Fe, and O as well as the absence 

of any detectable impurities in the samples. Due to applying carbon coating for FE-SEM 

study prior to the measurement, the existence of carbon atoms is observed.  
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Fig. 5.11: EDX graphs of NMCCFO for different Mn contents. 

Both the mass % and the element % of different compositions of NMCCFO samples are 

shown in Table 5.6. The result percentages indicate the absence of chemical reaction or 

ingredient loss. 

 

 

 

 

x = 0.1 

x = 0.2 x = 0.3 

x = 0.5 x = 0.4 
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Table 5.6: The EDX elemental (chemical composition) data analysis of NMCCFO. 

 

x  

Mass % Atomic% 

Ni Mn Cu Cd C Fe  O Ni Mn Cu Cd C Fe  O 

0.0 12.48 - 6.95 0.68 7.29 53.46 19.15 6.88 - 3.54 0.19 19.65 30.99 38.74 

0.1 11.31 2.69 6.19 0.69 3.57 58.04 17.59 6.93 1.71 3.50 0.22 10.69 37.39 39.56 

0.2 6.72 5.82 5.43 0.99 4.20 61.12 15.71 4.18 3.86 3.11 0.32 12.77 39.92 35.83 

0.3 4.56 7.92 7.15 1.21 4.71 56.22 18.23 2.69 5.00 3.90 0.37 13.59 34.92 39.51 

0.4 1.72 11.62 6.22 2.44 3.65 56.10 18.19 1.04 7.58 3.49 0.77 10.82 35.79 40.51 

0.5 - 12.04 5.14 1.54 6.84 43.97 30.46 - 6.13 2.26 0.38 15.94 22.02 53.26 

5.5 Dielectric properties study of Ni0.5-xMnxCu0.2Cd0.3Fe2O4 

5.5.1 Frequency dependent dielectric studies of NMCCFO  

There are certain factors which modify the dielectric properties in polycrystalline materials 

namely cationic substitution or nature of dopants, preparation route, grain size etc. The 

NMCCFO samples is inhomogeneous in nature due to the polycrystalline structure where 

high conducting grains are separated by high resistive grain boundaries and pores. 

Frequency dependent dielectric real part, 휀/, imaginary part, 휀// and loss tangent, 𝑡𝑎𝑛𝛿 of 

the different NMCCFO samples measured within 100 Hz to 100 MHz by impedance 

analyzer at room temperature are projected graphically in Figure 5.12. Distinct variations 

are observed with increasing frequency range along x-axis. In Figure 5.12 (a) and (b), both 

휀/  and 휀// graph show declining trends with increasing applied frequency which is a 

typical characteristic of the spinel ferrite. At lower frequency range, both 휀/  and 휀// exhibit 

usual dispersion attitude but with increasing frequency domain, they tend to fall sharply and 

finally, becomes frequency independent after 1 MHz at higher range. In comparison 

between Figure 5.12 (a) and (b), it is found that 휀//drops more sharply than 휀/ which points 

out loss tangent, 𝑡𝑎𝑛𝛿 would decrease rapidly with addition of Mn content. The lowest 

dispersion occurred at x = 0.1 sample. 
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Fig. 5.12: Frequency dependent of (a) real part, (b) imaginary part and (c) loss tangent of 

dielectric constant of NMCCFO bulk ferrites for different Mn contents. 

As polarization depends on valence state of ions and variation of space-charge polarization, 

so changes may occur in two different frequency regions. This phenomenon may be 

explained by two-layer model of Maxwell-Wagner Interfacial polarization in 

inhomogeneous condition along with Koop’s theory (Maxwell,1954, Koops,1951). 

According to this theory, in heterogeneous ferrite samples, they could act as two layers 

conductor i.e., grain boundary with greater resistance (first layer) and grains itself as 

conductors (second layer). At low frequencies, first layer is activated with the applied 

electric field and number of accumulated charges becomes higher at grain boundary region 

due to its high resistance. Subsequently, the hopping mechanism occurs in ferrous and 

ferric ions pair, i.e., 𝐹𝑒2+ ↔ 𝐹𝑒3+  which produces interfacial polarization. In addition, the 
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charges obtain sufficient time to be aligned themselves with applied field. As a result, 

interfacial polarization increases and in turn relative permittivity or dielectric constant is 

also increases (Arifuzzaman et al., 2020). In the case of high frequency ranges, the second 

layer that is grains as conductors becomes activated. Due to the high applied frequency, 

electric dipoles are unable to synchronize with changes in the applied field and exhibit lag 

in tracking. With applying further higher frequency, frequency independent behavior is also 

observed. As a result, space charges cannot accumulate on grain boundary and causes rapid 

decrease in dielectric constant (Hossen, and Hossen, 2019). The variation among dielectric 

values in different frequency range could also be explained with different polarization 

process. At lower frequencies, all the four types polarization (electronic, ionic, orientational 

and space charge) contribute to the higher values of 휀/ and 휀//. But at higher range of 

frequencies, some of them are stopped to contribute in the lower values of 휀/ and 휀// (Shah 

and Hossain, 2013). 

Loss factor explains the loss of energy in the dielectric mechanism. Frequency dependent 

𝑡𝑎𝑛𝛿 undergoes similar dispersion like dielectric constant except a peaking effect which are 

observed in Figure 5.12 (c). This occurrence may be explained in light of the Maxwell-

Wagner (two layers) Model and Koop's theory. Because of the high resistance at grain 

boundaries, the Fe2+ ions require more energy for conversion into Fe3+ which ultimately 

results a higher value in tangent loss in lower frequency ranges. On the other side, at high 

frequency due to higher conductivity in grains, loss is minimum in transforming ferrites. 

There are peaks in 𝑡𝑎𝑛𝛿 graph of different samples which could be explained basing on 

relaxation condition (Mahmood and Hossen, 2021). The peaks are appeared when the 

hopping frequency of metal ions becomes equal to that of the applied electric field. Thus, 

the maximum electrical energy transfers to the oscillating dipoles at the resonance 

frequency and due to the maximum power loss, highest peaks are observed (Arifuzzaman et 

al., 2020). The dielectric loss are causes of impurity, moisture, crystal defects, and 

inhomogeneous nature. Low loss factor at higher frequency exposes the potentiality of the 

present samples in high frequency applications. 

It also reveals that tangent loss, 𝑡𝑎𝑛𝛿 declines significantly with addition of Mn ions 

between steps x = 0.1 to x = 0.5. In dielectric samples, oxygen vacancies, grain size, density 

and porosity play a significant role in variating polarization and managing dielectric losses. 

As density decreased due to the substitution of Mn in present NMCCFO samples and 
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porosity increased (Figure 5.8), so number of polarizing elements also decreased 

simultaneously; which in turn causing the declining value of 𝑡𝑎𝑛𝛿 (Hossen, Nasrin and 

Hossen, 2020, Hossen, and Hossen, 2019).  

5.5.2 Electric modulus analysis of NMCCFO 

The complex modulus is an effective tool to confirm the occurrence of dielectric relaxation 

in the ferrite materials and explain the relaxation process by considering space-modification 

of charge carriers (Hashim, Alimuddin, Shirsath, 2013). This analysis also reveals 

information about poly crystalline structure and the dynamics of electric response in ferrite 

samples. The frequency (f) dependent real part (M/) and imaginary part (M//) of electrical 

modulus for different Mn2+ contents are shown in Figure 5.13. 

At low frequency zone (<103 Hz) in Figure 5.13 (a), M/ seems to approach zero value 

whereas at high frequency region, it approaches sharply to saturation with highest value and 

becomes frequency independent. The reasons behind this consistent increasing value of M/ 

from low to higher frequency range may be due to (i) long range conduction at low 

frequency range and (ii) short range conduction of mobile charges at high frequency 

(Hossen, Nasrin and Hossen, 2020). Approaching towards zero value at low frequency 

might be the deficiency of restoring force for the mobility of charge carriers under the 

influence of induced electric field. Generally, the mobility of charge carriers depends on the 

restoring force induced by applied field (Arifuzzaman, 2020). 
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Fig. 5.13: Frequency dependent of (a) real part, (b) imaginary part of electric modulus and 

(c) the Cole-Cole plot of NMCCFO bulk ferrites for different Mn contents. 

On the other side, in Figure 5.13 (b), the graphical representation of imaginary part, M// 

against frequency clearly shows a peaking nature. The peaks are shifted towards higher 

frequency range with the increasing of Mn content except x = 0.0. These peaks reveal 

different electrical parameters like ion dynamics, electrical transport and relaxation 

mechanism. The wider peak explains larger relaxation conductivity. The peaks for different 

compositions of the NMCCFO sample divide the frequency region into two parts clearly. 

The left side of the individual peak falls in low frequency region in which charge 

transporters have their long-range mobility where they can jump between two neighboring 

sites to accomplish hopping mechanism. Again, on the right side of the peak, short-range 
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mobility occurs among charge carriers that means they continue their movement within the 

potential well (Hossen, Nasrin and Hossen, 2020). 

The Cole-Cole plot (M// vs M/) of electric complex modulus is illustrated in Figure 5.13 (c). 

The presence of semi-circular arcs indicates the existence of single-phase nature of the 

materials. The variation in diameters of the semi-circles due to the addition of Mn contents 

indicates significant improvement in conductivity. Such graphical representation suggested 

that the conduction phenomenon is due to non-Debye relaxation mechanism (Zulqarnain, 

2021). 

5.5.3 Impedance spectra study of NMCCFO 

The frequency dependent impedance analysis is a crucial method to obtain information 

regarding the resistive (Z/, real part) and the reactive (Z//, imaginary part) elements of a 

magnetic material which facilitate understanding the conduction route, the structure of the 

material and defects. It is also an essential tool to differentiate the contribution of resistance 

among the grain and grain boundary of NMCCFO. 

Impedance spectroscopy was carried out in the frequency range of 100 Hz to 100 MHz at 

room temperature. Figure 5.14 (a) illustrates the variation of the real part of impedance, Z/, 

with frequency for different Mn contents. In this Figure, higher values of Z/ are observed at 

lower frequencies. This might be the result of space charge polarization and low conduction 

mechanism in the materials. It is also observed that the value of Z/ declines steadily up to a 

certain frequency and after that Z/ is independent of frequency with lower values of Z/ at 

higher frequencies. It means that when frequency increases, the internal resistance of the 

materials reduces, causes increase of conduction (Miah and Hossain, 2016).  

Figure 5.14 (b) illustrates the frequency-dependent imaginary part of impedance, Z// for 

different compositions of Mn. All compositions show peaking nature except x = 0.0. At 

higher frequency range, a declining trend of Z// is also observed with independent of 

frequency.  

Moreover, it is observed from both figures 5.14 (a) and 5.14 (b), the values of Z/ and Z// are 

decreased gradually with the increase of Mn content except x = 0.0. The values of Z/ and Z// 

for the substituted compositions are higher than the parent composition. 
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Fig. 5.14: Frequency dependent of (a) real part, (b) imaginary part of impedance and 

corresponding (c) the Cole-Cole plot of NMCCFO bulk ferrites for different Mn contents. 

The Figure 5.14 (c) represents the Cole-Cole plots (Z/ vs Z//) which is also known as 

Nyquist diagram. The result from this plot may support the changes which are observed in 

dielectric property and ac conductivity measurement. Also, this plot is very useful to 

identify the contribution of grain boundary resistance and grain resistance. In this diagram, 

it is seen that all the semicircles end in the high frequency region of real impedance axis, Z/. 

It explains the existence of grain resistance with disappearance of typical Debye nature 

(Arjunwadkar and Patil, 2014). Additionally, this graph explains the role conduction 

mechanism at grain boundaries. Plots with overlapping semicircular arcs show grain 

conduction at higher frequencies and semiconducting grain boundary conduction at lower 

frequencies. These may be explained with the help of brick-layer model. 
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Fig. 5.15: Equivalent RC circuit. 

According to the brick-layer model, which is typically used to examine the structural 

properties of nanocrystalline ferrite materials, each of these conductions can be represented 

by an ideal equivalent RC circuit as shown in Figure 5.15 (Behera et al., 2014). It may be 

assumed that a polycrystalline ferrite consists of large domains of fairly well conducting 

material (R1 and C1) which are separated by thin layers of relatively poorly conducting 

substances (R2 and C2). By using impedance spectroscopy, the equivalent RC circuit are 

used to determine the resistance and capacitance of the grain and grain boundary. The 

contribution of the grain boundary in ferrite materials is more significant than the grain 

resistance brought on by the presence of defects.  

5.5.4 Frequency dependent AC conductivity of NCCFO 

Figure 5.16 shows the frequency dependent ac electrical conductivity (σac) for different Mn 

contents of NMCCFO ferrites. The frequency ranges were taken from 100 Hz to 10 MHz. 

Generally, a rising tendency of σac with increasing frequency is observed for ferrite 

materials. Figure 5.16 demonstrates that at low frequency range, σac remains nearly steady 

but at higher frequency range, it rises smoothly. This means, with increasing frequency, the 

conductivity becomes more dependent on frequency. In ferrite materials, conductivity 

develops through hopping mechanism of Fe3+ to Fe2+ ions at octahedral sites. The increase 

of σac means the increase of rate of hopping between ferrous and ferric ions, not the 

increase of number of charge carriers. The rate of hopping of the electrons is increased with 

the increase of frequency. Therefore, the conductivity increases but resistivity decreases 

(Jonscher,1977).  

R2 R1 

C1 C2 
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Fig. 5.16: Frequency dependence of ac conductivity (σac) of dense NMCCFO bulk ferrites for 

different Mn contents. 

The Fe3+/Fe2+ ions concentration at B-sites depends on sintering conditions, temperature 

etc. The Maxwell-Wagner two-layer theory may also be used to describe how ac 

conductivity changes (Patil et al., 2000). According to this theory, at higher frequency 

domain, conduction is activated through the grains (highly conducting) which ultimately 

increases hopping of electrons between neighboring sites. On the other hand, at low 

frequency range, conduction is activated through high resistive grain boundaries which 

produce a smaller number of hopping electrons and causes high energy loss. Another 

reason for increasing conductivity may be conversion of σdc to σac (Ram and Chakrabarti, 

2008). The detailed hopping model is explained by Austin and Mott (Hossen, Nasrin and 

Hossen, 2020). 

5.6 Magnetic properties of NMCCFO: VSM analysis 

The magnetic properties of a material depend on how many permanent dipoles it has or not 

and the orientation of these dipoles to each other. Additionally, these properties are affected 

by anisotropy, density, compositions, cation distribution, and exchange interactions between 

tetrahedral A sites and octahedral B sites. The vibrating sample magnetometer (VSM) was 

used for magnetisation measurement at room temperature. The magnetic parameters of the 

Mn substituted NMCCFO ferrites are presented in Table 5.7 and Figure 5.17 shows the 

related hysteresis curve. From this hysteresis curve, the saturation magnetisation (Ms), 
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remanent magnetisation (Mr), coercivity (Hc), the ratio (R) of Mr and Ms, anisotropy constant 

(K1), and magnetisation magnetic moment (μB) are calculated at room temperature. All the 

compositions in the curve show the soft nature of ferrite due to the existence of small amount 

of Mr and Hc (Amri et al., 2021).  

It is observed from Table 5.7, the highest and lowest values of Ms are noticed for x = 0.0 and  

x = 0.5 compositions of Mn respectively. The value of Ms decreases continuously from 65 

emu/g (x = 0) to 30 emu/g (x = 0.5) with the increase of Mn content. This type of result is 

also seen in other research work (Mirzaee, Shayesteh and Mahdavifar, 2014). It is also 

evident from the Table 5.7, the calculated value of μB (magnetic moment) declines from 2.91 

to 1.34 with the addition of Mn content. The variation of Ms and μB with Mn content is 

shown in Figure 5.18 (a). 

Table 5.7: Magnetic parameters along with LAS fitted parameters of NMCCFO. 

Mn 

content, 

(x) 

K1 from 

LAS 

(erg/cm3) 

Ms from 

LAS 

(emu/g) 

MS 

(emu/g) 

Mr 

(emu/g) 

R = 

Mr/MS 

μB 

(Bohr 

mag.) 

K1 

(erg/cm3) 

0.0 0.25 65 65 7.76 0.12 2.91 0.25 

0.1 0.22 58 59 7.06 0.12 2.64 0.23 

0.2 0.17 54 55 2.18 0.04 2.45 0.18 

0.3 0.12 38 39 0.77 0.02 1.74 0.11 

0.4 0.10 30 31 0.61 0.02 1.36 0.08 

0.5 0.10 29 30 0.30 0.01 1.34 0.08 

Due to the addition of Mn ions in NMCCFO samples, both the crystallinity and uniformity 

changes, which in turn causes the change value of Ms. According to the different research 

works, the reasons for the decreasing trend in Ms are manifold. The substitution of Mn ions 

creates strain in the spinel structure, which influences spin cantin and may cause to lowering 

the value of Ms (Hossen, Nasrin and Hossen, 2020). It is known that Mn is paramagnetic in 

nature. The magnetic moments of Mn2+ and Fe3+ are same. The value of μB in case of Mn2+ 

(5.0 μB) > Ni (2.3 μB) (Ghodake et al., 2016). Cation distribution and exchange interaction in 

between tetrahedral sites and octahedral sites play a strong role in controlling and changing 

the amount of magnetisation possession in ferrite. According to the Table 5.3 (Cations 

distribution of NMCCFO), it is observed that Ni2+ has a strong tendency to occupy B 
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(octahedral) sites, whereas Mn2+ ion shows the partial distribution between A and B sites. In 

addition, Fe3+ and Cu2+ ions prefer to exist in tetrahedral and octahedral sites but have more 

affinity towards B-sites (Smit and Wijn, 1959).  

The lower value of Ms due to Mn substitution may be attributed from the existence of 

weakening A-B exchange interaction owing to the migration of Fe3+ ions between tetrahedral 

and octahedral sites. Furthermore, the formation of more vacancies occurs at B-site due to its 

lower formation energy than A-site during sintering. These vacancies reduce super-exchange 

interaction and resist the rotation of the domain wall (Aakash et al., 2016, Eshraghi, Rahimi 

and Kameli, 2014, Barathiraja et al., 2016). 

 

Fig. 5.17: Magnetic Hysteresis Loops of NMCCFO for different values of Mn contents. 

The decreasing magnetisation may also be explained in terms of densification with Mn 

content. Generally, a decrease in the material’s density is associated with a decline in 

magnetization value (Roy, Nayak and Bera, 2008), which could be explained by the 

following equation: 

𝑀 = 𝜌𝑒𝑥𝑝 × 𝜎                                                                                             (5.2) 

where M = magnetisation, 𝜌𝑒𝑥𝑝 = bulk density, and 𝜎 = emu/g. Here, 𝜌𝑒𝑥𝑝 decrease with the 

increase of Mn content as shown in Table 5.4. 
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Fig. 5.18: Changes of (a) saturation magnetisation and magnetic moments, (b) anisotropy 

constant with Mn addition of NMCCFO bulk ferrites. 

The remanent ratio (R = Mr/MS), also known as squareness ratio (SQ), measures the quantity 

of anisotropy present in the sample element. This ratio represents the variation in the 

magnetisation orientation along the easy axis after removing of the applied magnetic field 

(Hossen and Hossen, 2019). In the present study, the value of R decreases with the increase 

of Mn content and the value changes from 0.12 to 0.01 as shown in Table 5.7. The lower 

value of R indicates the contribution of interactions between the grains and also indicates the 

random orientation of domains (Amri et al., 2021). The values of effective anisotropy 

constant (K1) of NMCCFO are tabulated in Table 5.7 for different Mn content. The value of 

K1 decreases with the addition of Mn are also shown in Figure 5.18 (b). The decrease of K1 

may be due to the decrease of Ms and Mr with the increase of Mn. 

Moreover, the law of approach to saturation (LAS) was applied to analyze the magnetisation 

curve with the help of Origin-19a software. The saturation magnetisation (Ms) and anisotropy 

constant (K1) were measured from the M-H curve by fitting the high field magnetisation data. 

The obtained results are presented in Table 5.7 and LAS fitted carves are shown in Figure 

5.19. The values for both the parameters in different compositions of pure and substituted  

Ni-Cu-Cd ferrite samples are lesser than the experimental value (Vazquez, Fernengel and 

Kronmuller, 1987). 
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Figure 5.19: LAS curves of Mn substituted NMCCFO bulk ferrites. 
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CHAPTER 6 

 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

In the present study, high-density bulk form of various Ni0.5-xMnxCu0.2Cd0.3Fe2O4 (NMCCFO, 

x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) compositions was prepared from nano-crystalline powders. 

A simple and cost-effective sol-gel auto-combustion synthesis technique was employed. The 

effect on the structural, electrical and magnetic properties due to Mn substitution were 

investigated. From the systematic study, the following conclusions are drawn: 

(i) High-density bulk form of NMCCFO nano crystalline compositions was 

successfully synthesized from commercially available different nitrate salts of the 

ingredients and were calcined at 700°C for 5 h. Pellet and toroid shaped samples 

prepared from each composition were sintered at 1200°C for 5 h. 

(ii) The XRD pattern confirms the formation of a single-phase cubic spinel structure 

for all composition with lattice constant ‘a’ in the range of 8.37 Å – 8.47 Å. The 

lattice constant increases linearly with Mn2+ content. The increase may be 

attributed to the ionic size differences because the unit cell has to expand when 

substituted by ions with larger ionic size. The crystallite sizes are in the range of 

34 nm -58 nm. 

(iii)       The Rietveld refinement approach confirms that the refined XRD data of 

NMCCFO fits well for various Mn content. Additionally, the Rietveld method is 

used to calculate cation distribution between tetrahedral and octahedral sites. The 

highest transfer of Fe ions from A-sites to B-sites is found when the Mn content is 

x = 0.2. Moreover, partial occupancy tendency of Ni2+, Mn2+, Cu2+, Cd2+ and Fe3+ 

are observed in both sites.  

(iv) The 2D and 3D images of Maximum Entropy Map (MEM) demonstrate the 

variation of electron density with Mn addition. It also indicates the dominancy of 

the covalent bonding and the reduction of ionic forms due to the Mn substitution. 

(v) The values of X-rays density and bulk density indicate a declining trend with 

increasing Mn2+. The bulk density is reduced from 4.62 g/cc to 4.01 g/cc. The 
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reason may be due to the substitution of higher density of Ni2+ (8.91 g/cc) by 

lesser density of Mn2+ (7.43 g/cc) ion which causes the structural distortion. The 

porosity is inversely related to the density and is found in the range of 18 % to 

26%. 

(vi) The field emission scanning electron microscopy (FE-SEM) images reveal the 

chronological changes in grain distribution due to the substitution of Mn content 

in the structure as well as the texture turns into lesser homogeneity. The result 

indicates that the average grain sizes increases from 1 μm to 4 μm for all 

compositions, except Mn, x = 0.5 content. The presence of Ni, Mn, Cu, Cd, Fe, 

and O in the samples and also the absence of any traceable impurities in the 

compositions are confirmed through energy dispersive X-ray (EDX) study. 

(vii) The frequency dependence of dielectric analysis is carried out at room 

temperature in the frequency range 100 Hz to 100 MHz. The result shows that the 

dielectric constant (ε/) and dielectric loss tangent (tan δ) are high at lower 

frequencies but became independent of frequency in the higher frequency range 

for all the compositions of NMCCFO. This behaviour may be explained by the 

Maxwell-Wagner model. 

(viii) The electric modulus (M/ and M//) spectra exhibit the dynamics of conduction 

mechanism. At lower frequency region, the real part of M/ seems to approach zero 

value but at higher frequency region, it approaches sharply to saturation value. 

The imaginary part, M// clearly shows peaking nature. The wider peak explains 

larger relaxation conductivity. The Cole-Cole plot confirms the existence of 

single-phase nature of the materials and suggest that the conduction phenomenon 

is due to non-Debye relaxation mechanism. 

(ix) The real part of complex impedance, Z/ is high at lower frequency region and 

decreases with the increase of frequency. This might be the result of the space 

charge polarization. Different broader peaks of Z// are observed which shows the 

relaxation behavior in the compositions. The Cole-Cole fitted curves show the 

contribution of grain and grain boundary resistance in the impedance 

spectroscopy.  
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(x) The ac conductivity (σac) increases with increasing of frequency for all the 

compositions of NMCCFO whereas it decreases with increasing Mn content at 

low frequency region. This dispersive behaviour is mainly affected by manganese 

ions. 

(xi) The magnetization was measured by vibrating sample magnetometer (VSM) at 

room temperature. The magnetic parameters like hysteresis loop, the saturation 

magnetisation (Ms), remanent magnetisation (Mr), coercivity (Hc), the ratio (R) of 

Mr and Ms, anisotropy constant (K1), and magnetisation magnetic moment (μB) are 

calculated. All the compositions show the nature of soft ferrite due to the small 

amount of remanence and coercivity. Ms decreases gradually from 51.71 emu/g to 

36.34 emu/g with the increase of Mn contents. Theoretical law of approach to 

saturation (LAS) shows that the values for both the saturation magnetization (Ms) 

and anisotropy constant (K1) are lesser than the experimental value. 

From the above point, we may conclude that the compositions of Mn = 0.1 and 0.2 show 

optimum results in terms of lightly changed saturation magnetization as well as reduces K1, 

𝑡𝑎𝑛𝛿 at higher frequencies, low grain resistances. Therefore, these compositions may be used 

as a raw material for manufacturing frequency dependent communication devices like 

multilayer chip inductor’s (MLCI), sensors, phase shifters, switches, etc. 

6.2 Suggestions for future work 

With the inception of nanotechnology, a raising trend is established in the field of research on 

miniaturization and high efficiency electronic devices. Besides, consolidating nano-powders 

into dense bulk form with a view to retaining nano effect along with the advantages of 

electromagnetic properties is also desirable in many electronic applications. Soft magnetic 

materials are found promising as the basic magnetic component of these modern gadgets. 

6.2.1 Future applicability of NMCCFO 

The results of the investigation over a broad frequency range have demonstrated the 

capability of synthesized dense bulk ferrite for the operation in multifunctional electrical 

appliances as well as technical equipment in miniaturized versions. Soft ferrite materials are 

extensively used in multi-layer ferrite chip inductors (MLFCI) which form a basic 

requirement in high technology areas. The electrical, dielectric and magnetic property 



Chapter 6                                                                                                                   Conclusions and Recommendations 

67 

analysis reveals the improve nature of investigated samples for the application of high 

frequency devices in the field of communication like sensors, circulators, and antennas etc 

which could be a prospective identity in a wide variety of applications to shape the future of 

advanced technology. 

6.2.2 Future scope of improving NMCCFO 

However, the scopes of the future works are proposed as: 

 The temperature dependent electrical and dielectric properties of the samples may be 

studied. 

 Temperature dependent magnetic permeability and Curie temperature (TC) of the 

samples may be determined. 

 The optical properties and band gap of the samples may be investigated.  

 Other techniques (microwave sintering, spark plasma sintering) may be adopted to 

obtain less porosity of the samples.  

 Ferroelectric hysteresis of the samples may be studied. 
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