
Multiferroic Properties of Magnetoelectrically Coupled  

Lithium-Copper-Nickel-Zinc Ferrite and Rare Earth Substituted 

Barium-Dysprosium-Titanate Composites 

 

 

 

 

 

 

 

 

 

 

 

 

Mithun Kumar Das 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Department of Physics 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

DHAKA-1000 





 

 

Multiferroic Properties of Magnetoelectrically Coupled  

Lithium-Copper-Nickel-Zinc Ferrite and Rare Earth Substituted 

Barium-Dysprosium-Titanate Composites 

 

 

 

 

by 

Mithun Kumar Das 

Roll No: 0416144001F 

Session: April 2016 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

 

 

 

 

Department of Physics 

BANGLADESH UNIVERSITY OF ENGINEERING AND TECHNOLOGY 

March 2021 





 

iii 
 

   

 

 

 

CANDIDATE’S DECLARATION 

 

It is hereby declared that this thesis or any part of it has not been submitted elsewhere 

for the award of any degree or diploma. 

 

 

 

 

-------------------------------------- 

 

 

 

 

 

 

 

Mithun Kumar Das 



 

 

iv 

 

 
 
 
 
 
 

 

Dedicated 

To 

My Beloved  

Family Members 

 



 

 

 

v 

 

Acknowledgments 

First and above all, I praise to almighty God for blessed me with strength, courage, and 

patience to complete this research work. 

I would like to express my sincere gratitude, indebtedness, and profound respect to my 

honorable supervisor Prof. A. K. M. Akther Hossain, Department of Physics, 

Bangladesh University of Engineering and Technology (BUET), Dhaka, Bangladesh for 

his constant encouragement, indispensable guidance, constructive criticism, numerous 

fruitful discussion and close supervision throughout the whole period of my research. 

I would also like to thank my Doctoral Committee members for their encouragement, 

insightful comments, and questions throughout the journey of my research work. 

I would like to express my gratitude to Prof. Md. Rafi Uddin, Head, Department of 

Physics, BUET. I am also grateful to the respected teachers of the Department of 

Physics, BUET, Dhaka for their sincere cooperation. 

I am grateful to the authority of Comilla University, Cumilla, Bangladesh for permitting 

me to perform research at BUET. I would like to thank all of my colleagues at the 

Department of Physics, Comilla University for their support and inspiration. 

I would like to thank Prof. Md. Fakhrul Islam, Head, Department of Glass and Ceramic 

Engineering, BUET for providing me the opportunity to do the XRD, P-E, FESEM, and 

EDS measurements. My special thanks to Prof. Md. Abdul Matin and Dr. Md. Abdullah 

Zubair for offering cooperation and valuable suggestions throughout the research work. 

I would also like to acknowledge the authority of the Atomic Energy Center, Dhaka 

(AECD), for providing me the facility to perform the M-H hysteresis loop of the studied 

samples. I want to express my deep thanks to Dr. Mohammed Nazrul Islam Khan, CSO, 

Materials Science Division, AECD, for supporting me to take measurements of my 

specimens. 

I am also grateful to Ph.D. research fellow Mr. Bablu Chandra Das and Mrs. Roksana 

Parvin. Thanks also to Dr. Abdulla-Al-Momin, Associate professor, Department of 

Physics, Jagannath University, Dhaka. I also gratefully acknowledge the cooperation of 

all other researchers of M.Phil. and M.Sc. in our laboratory for their constant support of 

my research.  

 

I gratefully acknowledge CASR, BUET, Grant No. 318(26), for funding this research. I 

am especially grateful to the Bangabandhu Science and Technology Fellowship Trust 

for providing the scholarship for the three years and six months of my Ph.D. program. 

Finally, I would like to thank my wife Dr. Asha Sarker whose continuous inspiration, 

the sacrifice of sweet moments, and encouragement gave me the strength to carry out 

my research. My special thanks to my parents, brothers, sister, and all other relatives 

whose enduring love enabled me to complete this work. 

 

 

The Author 

Mithun Kumar Das



 

vi 

 

ABSTRACT 

Multiferroic xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1-x)Ba0.95R0.05Ti0.95Dy0.05O3 composites 

(where, R = Sm and Gd; x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 1.00) were 

prepared by the conventional solid-state reaction technique. The structural, real part 

of initial permeability, M-H hysteresis loop, dielectric properties, ac conductivity, 

impedance spectroscopy, ferroelectric property, and magnetoelectric voltage 

coefficient of the composites have been studied in detail. The phase identification of 

ferrite and perovskite structure was executed by the Rietveld refinement analysis of 

the XRD patterns. The ferrite phase of Li0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 forms a cubic 

spinel structure. On the other hand, ferroelectric phases of Ba0.95Sm0.05Ti0.95Dy0.05O3 

and Ba0.95Gd0.05Ti0.95Dy0.05O3 show tetragonal perovskite structure. There is a slight 

change in the lattice parameters in the composites results from the stress between 

these phases. The density decreases and the average grain diameter increases with 

ferrite content in the composites. The real part of initial permeability and relative 

quality factor enhance with increasing ferrite phase because of high magnetic 

LNCZFO. Nevertheless, the composites with Sm show relatively higher real part of 

initial permeability compared to the composites with Gd. Saturation magnetization is 

found to increase with increasing ferrite content of the composites. The dispersive 

dielectric nature is observed in the low-frequency region due to Maxwell-Wagner 

type interfacial polarization. In lower frequency regions (20 Hz-10
4 

Hz) some 

composites have a higher dielectric constant than the constituent phases due to large 

interfacial polarization created from the heterogeneous interface of the constituents. 

The shifting of the ferroelectric transition temperature in the composites confirmed 

the interaction between the constituent phases. The ac conductivity of the studied 

composites result from small polaron hopping mechanism and satisfied the 

Jonscher’s power law. Non-Debye type relaxation is found in the studied composites 

because each composite exhibits a depressed semicircle. The presence of Ni and 

heterogeneity have a significant effect on the ferroelectric properties of the 

composites. The maximum magnetoelectric voltage coefficient (αME) of  

172 mV/cmOe is obtained for 0.10LNCZFO+0.90BGTDO composites. This value of 

αME may be a suitable alternative to Pb-based multiferroics for the application of 

modern multifunctional devices. 



 

vii 

 

Contents 

 Page No 

Title page i 

Certification of thesis ii 

Declaration iii 

Dedication Iv 

Acknowledgments V 

Abstract vi 

Contents vii 

List of Figures x 

List of Tables xv 

List of Symbols and Abbreviations  xvi 

 

CHAPTER 1: INTRODUCTION 

 

1.1 Introduction 1 

1.2 Motivation of the Present Research 3 

1.3 Objectives 4 

1.4 Layout of the Thesis 

 

5 

CHAPTER 2: LITERATURE REVIEW 

 

2.1 Review of Earlier Research 

 

6 

CHAPTER 3: SAMPLE PREPARATION AND EXPERIMENTAL 

TECHNIQUES 

 

3.1 Sample Preparation 27 

 3.1.1 Introduction 27 

 3.1.2 Chemical composition of the ceramic powders 27 



 

viii 

 

 3.1.3 Standard solid-state reaction technique 28 

 3.1.4 Details of calcining, shaping, and sintering 28 

  3.1.4.1 Calcination 28 

  3.1.4.2 Shapping 29 

  3.1.4.3 Sintering 30 

 3.1.5 The stages in the preparation of sample 32 

 3.1.6 Preparation of samples for the present research 32 

3.2 Characterization Techniques 33 

 3.2.1 X-ray diffraction 33 

 3.2.2 Density measurement 34 

 3.2.3 Field Emission Scanning Electron Microscopy 34 

 3.2.4 Energy Dispersive Spectroscopy 35 

 3.2.5 Magnetic properties measurements 36 

  3.2.5.1 Complex initial permeability 36 

  3.2.5.2 M-H hysteresis loops 36 

 3.2.6 Dielectric properties measurements 37 

 3.2.7. Complex impedance spectroscopy analysis 39 

 3.2.8 Ferroelectric property measurements 40 

 3.2.9 Magnetoelectric coefficient measurement 

 

41 

CHAPTER 4: RESULTS AND DISCUSSION 

 

4.1 Characterization of xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 + 

(1-x)Ba0.95Sm0.05Ti0.95Dy0.05O3 

43 

 4.1.1 Structural characterization, density, and porosity 43 

 4.1.2 Surface morphology and EDS analysis 47 

 4.1.3 Initial permeability 49 

 4.1.4 Magnetic hysteresis 53 

 4.1.5 Dielectric property 55 

 4.1.6 Complex impedance spectra analysis 59 

 4.1.7 The ac conductivity 63 

 4.1.8 Ferroelectric hysteresis 66 



 

ix 

 

 4.1.9 Magnetoelectric voltage coefficient 68 

 4.1.10 Summary of xLNCZFO+(1-x)BSTDO Composites 70 

4.2 Characterization of xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 + 

(1-x)Ba0.95Gd0.05Ti0.95Dy0.05O3 

71 

 4.2.1 Structural characterization, density, and porosity 71 

 4.2.2 Surface morphology and EDS analysis 75 

 4.2.3 Initial permeability 78 

 4.2.4 Magnetic hysteresis 81 

 4.2.5 Frequency-dependent dielectric property 83 

 4.2.6 Temperature-dependent dielectric property 86 

 4.2.7 Complex impedance spectra analysis 87 

 4.2.8 The ac conductivity 93 

 4.2.9 Ferroelectric hysteresis 95 

 4.2.10 Magnetoelectric voltage coefficient 97 

 4.2.11 Summary of xLNCZFO+(1-x)BGTDO Composites 99 

 

CHAPTER 5: CONCLUSIONS 

 

5.1 Conclusions  101 

5.2 Suggestions for further research 103 

 References 105 

 Appendices 124 

 

 

 

 

 

 

 



 

x 

 

 List of figures  

Fig. No. Figure Caption Page No. 

   

Fig. 2.1 (a) The XRD patterns and (b) variation of ρth, ρB, and P of 

various Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4. 

6 

Fig. 2.2 Micrograph images for various Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4. 7 

Fig. 2.3 Variation of μi′ as a function of frequency for various Li0.35-

0.5xNi0.3ZnxFe2.35-0.5xO4. 

7 

Fig. 2.4 Variations of (a) tanδM and (b) RQF for various  

Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4. 

8 

Fig. 2.5 M-H hysteresis loops for various Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4. 8 

Fig. 2.6 (a) The XRD patterns and (b) ρth, ρB and P with content for 

various LixCu0.1Co0.1Zn0.8-2xFe2+xO4. 

9 

Fig. 2.7 Micrograph images for polycrystalline LixCu0.1Co0.1Zn0.8-

2xFe2+xO4. 

9 

Fig. 2.8 The variation of (a) μi′ and (b) RQF for various 

LixCu0.1Co0.1Zn0.8-2xFe2+xO4. 

10 

Fig. 2.9 The M-H loops for LixCu0.1Co0.1Zn0.8-2xFe2+xO4. 10 

Fig. 2.10 Variation of (a) ε′ and (b) tanδE with frequency for various 

LixCu0.1Co0.1Zn0.8-2xFe2+xO4. 

11 

Fig. 2.11 (a) The XRD patterns, and (b) the variation of ρth, ρB, and P 

with content for various Ni0.50xCuxZn0.50Fe2O4. 

11 

Fig. 2.12 The variation of μi′ with frequency for various Ni0.50-

xCuxZn0.50Fe2O4. 

12 

Fig. 2.13 M-H hysteresis loops for various Ni0.50-xCuxZn0.50Fe2O4. 13 

Fig. 2.14 XRD patterns of (Ba1-xRx)(Ti1-xDyx)O3. Gaussian-fitting to the 

XRD peaks in the vicinity of 45 . 
13 

Fig. 2.15 SEM images of (a) (Ba0.94Eu0.06)(Ti0.94Dy0.06)O3, (b) 

(Ba0.94Gd0.06)(Ti0.94Dy0.06)O3, and (c) (Ba0.94Tb0.06)(Ti0.94Dy0.06)O3 

ceramics. 

14 

Fig. 2.16 Temperature dependences of (a) ε′ and (b) tanδE for BRTD 

(where, R= Eu, Gd, and Tb) measured at 1 kHz. 

14 

Fig. 2.17 Frequency dependences of (a) ε′ and (b) tanδE for BRTD 15 



 

xi 

 

(where, R= Eu, Gd, and Tb). 

Fig. 2.18 (a) XRD patterns of un-doped and Gd-doped BaTiO3 

perovskite, (b) typical shifting of peak position with Gd 

doping. 

15 

Fig. 2.19 The frequency dependent variation of (a) ε', and (b) tanδE. 16 

Fig. 2.20 XRD patterns of Ba1-xSm2x/3TiO3. 17 

Fig. 2.21 FESEM micrographs of Ba1-xSm2x/3TiO3. 17 

Fig. 2.22 Variation of ε' and tanδE as a function of the temperature of  

Ba1-xSm2x/3TiO3 at various frequencies for samples with  

x = 0.00-0.04. 

18 

Fig. 2.23 Variation of ε' and tanδE as a function of the temperature of 

Ba1-xSm2x/3TiO3 at various frequencies for samples with  

x = 0.06-0.10. 

19 

Fig. 2.24 P–E hysteresis loop of Ba1-xSm2x/3TiO3. 20 

Fig. 2.25 XRD patterns of xBCTO+(1-x)NCZFO composites  

(x = 0.00-1.00). The inset: XRD of (311) plane for all 

composites. 

21 

Fig. 2.26 (a) M-H loops of xBCTO+(1-x)NCZFO composites, (b) Ms 

and Hc variation with BCTO percentage. 

22 

Fig. 2.27 (a) P-E loops for different compositions of BCTO percentage, 

and (b)-(d) magnetic field induced polarization loops for  

x = 0.3, 0.5, and 0.7, respectively. 

22 

Fig. 2.28 Variation of ME coefficient with dc magnetic field for 

xBCTO+(1-x)NCZFO composites. 

23 

Fig. 2.29 XRD patterns of xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 

composites. 

24 

Fig. 2.30 M-H curves for various xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 

composites. 

24 

Fig. 2.31 P–E loops of various xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 

composites. 

25 

Fig. 2.32 The variation of αME with dc magnetic field for various 

xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 composites. 

26 

Fig. 3.1 (a) Uniaxial press machine, and (b) uniaxial pressing 

mechanism. 

29 



 

xii 

 

Fig. 3.2 Schematic representation of sintering phases: (a) green body, 

(b) initial phase, (c) intermediate phase, and (d) final phase. 

31 

Fig. 3.3 Furnace (Nobertherm, HTC 08/14, Germany). 31 

Fig. 3.4 Flow chart of the sample preparation by solid-state reaction 

technique. 

32 

Fig. 3.5 (a) Bruker's XRD D8-discover instrument, and (b) Bragg law 

of diffraction. 

33 

Fig. 3.6 Field Emission Scanning Electron Microscopy (Model No. 

JEOL JSM 7600F). 

35 

Fig. 3.7 Toroid shaped sample for permeability measurement. 36 

Fig. 3.8 Vibrating Sample Magnetometer. 37 

Fig. 3.9 Wayne Kerr Impedance Analyzer (Model No. 6500B).  37 

Fig. 3.10 (a) The impedance plot for an ideal polycrystalline sample, 

and (b) the corresponding equivalent circuit. 

39 

Fig. 3.11 Ferroelectric loop tracer. 40 

Fig. 3.12 Sawyer Tower (S-T) circuit. 41 

Fig. 3.13 Experimental setup for the measurement of the 

magnetoelectric coefficient. 

41 

Fig. 4.1 XRD patterns of (a) LNCZFO, (b) BSTDO, and (c) various 

xLNCZFO+(1-x)BSTDO composites. 

43 

Fig. 4.2 Rietveld refinement of various of xLNCZFO+(1-x)BSTDO 

composites. 

45 

Fig. 4.3 Variation of ρB, ρth, and P as a function of ferrite content of 

various xLNCZFO+(1-x)BSTDO composites. 

47 

 

  

Fig. 4.4 FESEM images along with grain distribution histogram of 

various xLNCZFO+(1-x)BSTDO composites. 

48 

Fig.4.5 FESEM image and EDS spectrum of (a) x = 0.00, (b) x = 0.50, 

and (c) x = 1.00 of xLNCZFO+(1-x)BSTDO composites. 

49 

Fig. 4.6 Variation of μi′ as a function of frequency for various 

xLNCZFO+(1-x)BSTDO composites. 

50 

Fig. 4.7 Variation of tanδM as a function of frequency for various 

xLNCZFO+(1-x)BSTDO composites. 

51 



 

xiii 

 

Fig. 4.8 Variation of RQF as a function of frequency for various 

xLNCZFO+(1-x)BSTDO composites. 

52 

Fig. 4.9 M-H hysteresis loops of various xLNCZFO+(1-x)BSTDO 

composites. 

54 

Fig. 4.10 Variation of ε' as a function of frequency for various 

xLNCZFO+(1-x)BSTDO composites. 

56 

Fig. 4.11 Variation of tanδE as a function of frequency for various 

xLNCZFO+(1-x)BSTDO composites. 

57 

Fig. 4.12 Variation of (a) ε' as a function of temperature for various 

xLNCZFO+(1-x)BSDTO composites at 100 kHz frequency, 

and (b) TC with ferrite content. 

58 

Fig. 4.13 Frequency dependent variation of (a) Z', and (b) Z'' for 

various xLNCZFO+(1-x)BSTDO composites. 

59 

Fig. 4.14 Electric modulus spectra of various xLNCZFO+(1-x)BSTDO 

composites: (a) real part (M'), and (b) imaginary part (M''). 

61 

Fig. 4.15 (a) Equivalent circuit model, and (b)-(i) Nyquist plot of 

various xLNCZFO+(1-x)BSTDO composites. 

62 

Fig. 4.16 Frequency dependence of ζac for various xLNCZFO+ 

(1-x)BSTDO composites. 

64 

 

 

Fig. 4.17 Variation of (a) ζac with ω, (b) n with ferrite content, and  

(c) ζac fitting according to the Jonschers power law for  

x = 0.20 sample in region-I. 

65 

Fig. 4.18 P-E loops of various xLNCZFO+(1-x)BSTDO composites. 67 

Fig. 4.19 Variation of (a) αME with dc magnetic field for various 

xLNCZFO+(1-x)BSTDO composites, and (b) maximum αME 

with the ferrite content. 

68 

Fig. 4.20 XRD patterns of (a) LNCZFO, (b) BSTDO, and (c) various 

xLNCZFO+(1-x)BGTDO composites. 

71 

Fig. 4.21 Rietveld refinement of various xLNCZFO+(1-x)BGTDO 

composites. 

72 

Fig. 4.22 The ρB, ρth, and P as a function of the ferrite content of 

xLNCZFO+(1-x)BGTDO composites. 

75 

Fig. 4.23 FESEM images, and grain distribution histogram of various 

xLNCZFO+(1-x)BGTDO composites. 

76 

Fig. 4.24 Micrographs and corresponding EDS spectra of (a) x = 0.00, 77 



 

xiv 

 

(b) x = 0.50, and (c) x = 1.00 of xLNCZFO+(1-x)BGTDO 

composites. 

 

Fig. 4.25 Variation of μi′ as a function of frequency for various 

xLNCZFO+(1-x)BGTDO composites. 

78 

Fig. 4.26 Variation of tanδM with frequency for various xLNCZFO+ 

(1-x)BGTDO composites. 

80 

Fig. 4.27 Variation of RQF with frequency for various xLNCZFO+ 

(1-x)BGTDO composites. 

81 

Fig. 4.28 M-H hysteresis loops for various xLNCZFO+(1-x)BGTDO 

composites. 

82 

Fig. 4.29 Variation of ε' with frequency for various xLNCZFO+ 

(1-x)BGTDO composites. 

83 

Fig. 4.30 Variation of tanδE with frequency for various xLNCZFO+ 

(1-x)BGTDO composites. 

85 

Fig. 4.31 Variation of (a) ε' as a function of temperature for various 

xLNCZFO+(1-x)BGDTO composites at 100 kHz, and (b) TC 

with ferrite content. 

86 

Fig. 4.32 (a) Frequency dependence of Z', and (b) Z'' for various 

xLNCZFO+(1-x)BGTDO composites. 

88 

Fig. 4.33 Electric modulus spectra of various xLNCZFO+(1-x)BGTDO 

composites: (a) for M', and (b) for M''. 

89 

Fig. 4 34 (a) Equivalent circuit model, and (b)-(i) Nyquist plot of 

various xLNCZFO+(1-x)BGTDO composites. 

91 

Fig. 4.35 Variation of ζac as a function of frequency for various 

xLNCZFO+(1-x)BGTDO composites. 

93 

Fig. 4.36 

 

 

 

Variation of (a) ζac with ω, (b) n with ferrite content, and  

(c) ζac fitting according to the Jonschers power law for  

x = 0.20 sample in region-I. 

94 

Fig. 4.37 P–E loops for various xLNCZFO+(1-x)BGTDO composites. 96 

Fig. 4.38 Variation of (a) αME with dc magnetic field for various 

xLNCZFO+(1-x)BGTDO composites, and (b) maximum αME 

with the ferrite content. 

97 

 

 

 



 

xv 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

List of tables 

 
Table No. Table caption Page No. 

Table. 4.1 The space group, lattice parameter, reliability factors, and 

goodness of fit (GOF) for various xLCNZFO+(1-x)BSTDO 

composites. 

46 

Table. 4.2 The ρth, ρB, P,  ̅ and μi′ (at 100 kHz) for various xLCNZFO+ 

(1-x)BSTDO composites. 

53 

Table. 4.3 Measured magnetic parameters of xLNCZFO+(1-x)BSTDO 

composites. 

55 

Table. 4.4 The space group, lattice parameter, reliability factors, and 

GOF of various xLCNZFO+(1-x)BGTDO composites. 

74 

Table. 4.5 The ρth, ρB, P,  ̅ and μi′ (at 100 kHz) for various xLCNZFO+ 

(1-x)BGTDO composites. 

79 

Table. 4.6 Measured magnetic parameters of xLNCZFO+(1-x)BGTDO 

composites. 

83 

Table. 4.7 Comparison of the maximum αME of various composites 

prepared by standared solid-state technique with the present 

composites. 

99 

Table. 5.1 Comparison of different properties of  ̅ in µm, µi' at 100 kHz, 

Ms in emu/g, ɛ' at 100 kHz, and αME in mV/cmOe of the 

present composites. 

103 



 

xvi 

 

List of Symbols and Abbreviations 

 

ME Magnetoelectric 

LNCZFO Li0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 

BSTDO Ba0.95Sm0.05Ti0.95Dy0.05O3 

BGTDO Ba0.95Gd0.05Ti0.95Dy0.05O3 

BT BaTiO3 

BCTO Ba0.8Ca0.2TiO3 

NCZFO Ni0.2Cu0.3Zn0.5Fe2O4 

XRD X-ray Diffraction 

FESEM Field Emission Scanning Electron Microscopy 

EDS Energy Dispersive Spectroscopy 

VSM Vibrating Sample Magnetometer 

   Avogadro’s number 

   Bohr magneton 

TC Curie temperature 

TN Néel temperature 

  Relaxation time 

Ts Sintering temperature 

ρth Theoretical density 

ρB Bulk density 

P Porosity 

 ̅ Average grain diameter 

L0 Inductance of the winding coil without sample 

Ls Self-inductance of the sample core 

μi Initial permeability 

μi' Real part of initial permeability 

fr Resonance frequency 

RQF Relative quality factor 

tanδM Magnetic loss factor 

B Magnetic induction 

H Magnetic field 



 

xvii 

 

M Magnetization 

Ms Saturation magnetization 

Mr Remanent magnetization 

Hc Coercivity 

E Electric field 

Cs Capacitance with dielectric 

Co Capacitance of free space 

   Dielectric constant 

   Permittivity of free space 

      Dielectric loss factor 

   Complex impedance 

   Real part of the complex impedance 

    Imaginary part of the complex impedance 

    ac conductivity 

    dc conductivity 

n Frequency exponent factor 

Cg Capacitance of grain 

Cgb Capacitance of grain boundary  

Rg Resistance of grain  

Rgb Resistance of grain boundary  

   Complex electric modulus 

   Real part of complex electric modulus 

    Imaginary part of complex electric modulus 

    Magnetoelectric voltage coefficient 

 

 

 

 

 

 

 

 

 

 



1. INTRODUCTION 

1.1 Introduction 

Materials science and engineering have been at the prominent edge of technological 

development since the bronze and iron ages. Material having simultaneously 

ferroelectric and ferromagnetic/antiferromagnetic characteristics in the same phase is 

defined as multiferroics. The word “multiferroic” was first proposed by H. Schmid in 

1994 [1] to define a material possessing two or more core ferroic properties which 

occur in the same phase. All multiferroic materials which have been studied to date 

grouped into two categories, namely single-phase materials, and composites. Single-

phase multiferroics exhibit both piezoelectric and piezomagnetic characteristics in 

the same phase. In the case of single-phase multiferroics, multiferroicity is an 

intrinsic feature of the material and has identical structures. Natural single-phase 

multiferroics are limited and their magnetoelectric (ME) pairing influence, 

polarization, transition temperatures, and magnetization are insufficient for potential 

implementation. On the other hand, multiferroic composites (MFCs) are a mixture of 

various ferroic orders. MFCs have drawn great interest because of the co-existence of 

the constituent phases, the coupling between the ferroic phases, and emerging 

applications in various multifunctional devices (e.g. microwave phase shifters, data 

storage, actuators, multifunctional sensors, ME memory cells, broadband magnetic 

field sensors, etc.) [2-11]. The investigation and engineering of novel multifunctional 

materials, which exhibit different functionalities in the same phase, is one of the most 

fascinating challenges in today’s solid-state physics. The use of these materials can 

increase the degree of flexibility and efficiency while at the same time reducing the 

expenses, size, and power consumption of possible integrated systems. In such 

conditions, complex oxides are very promising materials from a practical point of 

view, because they can show a broad range of properties: ferromagnetism, 

ferroelasticity, ferroelectricity, etc., and could be plastics, insulators, semiconductors, 

and superconductors. Besides, combining some of these characteristics may give rise 

to new promising applications. One of the most well-known examples is 

magnetoresistance (the combination of conductivity and magnetic order), which has 

enabled the development of basic physics within the spintronics system. The 

structure of the MFCs formed by the synthesis of two ferroic materials. In the case of 
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MFCs, the multiferroic order is not intrinsic and has different structures. The lack of 

single-phase multiferroic materials makes composites an effective alternative. 

Compared to single-phase multiferroic materials, composites are more attractive due 

to their improved properties, particularly at room temperature (RT). 

 

In the most general perspective, the idea of multiferroics developed from the study of 

the ME mechanism [12]. Coupling interaction between different ferroic phases in 

MFCs could result in additional impacts, like the ME effect [13-15]. The combining 

effect between magnetic and electric properties in the matter was first introduced by 

Röntgen in 1888 [16] when he found that a dielectric material becomes magnetized 

with an electric field and, conversely, it becomes polarized with a magnetic field. 

This phenomenon was theoretically defined by Curie in 1894 [17]. The discovery of 

the origin of ferroelectricity was made by Valasek in 1920 [18]. Also, Fox and Scott 

[19] have demonstrated that ferroelectricity can generate a magnetic order and vice 

versa. The concept of ME was introduced by Debye in 1926 [20]. In 1972, the two-

phase composite material was observed by van Suchtelen. He worked on composite 

BaTiO3/CoFe2O4 and suggested the idea of a two-phase product property in the 

composite originating from an elastic interacting between the phases [21]. The ME 

impact in a composite with one magnetostrictive and one piezoelectric phase is one 

of these product properties. In this technique, the ME coupling is a mechanical 

method. The ME effect produced in this method may be approximately a hundred 

times greater than that obtained in a single-phase multiferroic system [22]. In the 

early 1990s, Russian scientists prepared particular ceramic composites of ferrites and 

BaTiO3 (BT) or Pb(ZrTi)O3 by standard sintering technique [23, 24]. The ME 

coupling can result from a combination of a few order parameters coupled with 

strain, such as electrostrictive and magnetostrictive, and so on. The multiferroic ME 

composites formed by mixing piezoelectric and piezomagnetic components have 

attracted interest in recent years because of their multi-functionality and large ME 

response [25, 26]. These ME composites have potential applications in multi-

functional operating systems. Besides, MFCs can create a large coupling beyond RT 

that facilitates them to fit into high-tech applications. 

 

 



3 
 

1.2 Motivation of the Present Research 

Multiferroic materials consist of a strain-coupled ME effect, which has attracted 

attention and encouraged a large number of research activities. They were of great 

interest for their promising technological applications in new multifunctional systems 

[1]. But single-phase multiferroics did not attract the researchers due to their 

practical limitations in multi-functional device applications. Such disadvantages 

might be overcome by the use of multiferroic composites. Composite materials were 

extensively used in modern electronic devices with a growing demand for new 

technology requiring high reliability, limited space, and multifunctional efficiency. 

Multiferroic composites are easy to process and have a greater ME voltage 

coefficient compared to single-phase materials such as Cr2O3 by two orders of 

magnitude [22]. Synthesized multiferroic composites exhibit strong ME effects at 

ambient temperature, which develop as a product-property of ferroic orders mediated 

by elastic deformation [21]. In the presence of the ME response, the external 

magnetic field can trigger electric polarization and the electric field can trigger 

magnetic order, which makes these materials technologically important. Suitable 

ferrite and ferroelectric mixture can produce an extremely good ME effect. The high 

magnetostriction coefficient of the ferrite phase and the prominent piezoelectric 

coefficient of the ferroelectric phase are fundamental requirements for obtaining a 

higher ME coefficient for multiferroic composites [27]. Thus, an appropriate 

combination of two different phases of the material, including magnetostrictive and 

piezoelectric phases, will result in a widely applicable extrinsic ME voltage 

coefficient in composites. Multiferroic properties of different composites based on 

Ni-Cu-Zn and BaTiO3 were reported earlier [28-47]. To the best of our knowledge, 

no work has been reported on specific xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+ 

(1-x)Ba0.95R0.05Ti0.95Dy0.05O3 composites (where, R = Sm and Gd) based on a 

literature survey. 

 

In this research, Li0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 (LNCZFO) was chosen as the ferrite 

phase and Ba0.95R0.05Ti0.95Dy0.05O3 (BRTDO) as the ferroelectric phase. The selection 

of these two materials was made based on the criteria for the high ME coefficient 

mentioned above. The Li-Ni ferrite doped with Jahn-Teller ions such as Zn
2+

, Cu
2+

 

had a high magnetostriction coefficient as these ions have a high ME coupling 
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coefficient [48]. Nevertheless, enhanced RT saturation magnetization (Ms), complex 

initial permeability (µi) with high resonance frequency (fr), high relative quality 

factor (RQF), ambient Néel temperature (TN), and large resistivity was also observed 

in Li
1+

 doped Ni-Cu-Zn ferrites [49-51]. It is therefore quite important to figure out 

the possible improvements in the different physical properties of the different 

LNCZFO-BRTDO composites. On the other hand, BRTDO was chosen as a 

ferroelectric phase because rare-earth-doped BT has a high dielectric constant (ɛ'), 

low dielectric loss (tanδE), high resistance, good thermal stability, low leakage 

current density, low transition temperature (TC), and high piezoelectric coefficient 

[52-54]. Therefore, it is quite interesting to find out possible changes in the various 

physical properties of a class of LNCZFO-BRTDO composites. Once these two-

component phases can be successfully incorporated into the composites, it is 

expected that they might exhibit excellent magnetic, electrical, and ME properties. 

Lead-free materials are used for present MFCs due to the toxicity of lead and 

associated risks to health and the environment. The lead-free MFCs with the above 

two ferroic orders are expected to become a potential material for modern 

multifunctional device applications at RT. 

 

1.3 Objectives  

MFCs with LNCZFO and BRTDO are expected to have good magnetic, electrical, 

and ME properties for applications as an alternative to Pb-based multiferroics.  

The main objectives of the present research are as follows:  

 Synthesis of xLNZFO+(1-x)BRTDO composites (where R = Sm and Gd;  

x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 1). 

 Structural characterization has been performed and hence theoretical density, 

the lattice constant, and porosity have also been calculated. 

 Surface morphology and microstructure analysis have been performed. 

 Complex initial permeability, loss tangent, RQF at RT in the frequency range 

10 kHz to 120 MHz with compositional change have been performed. 

 Measurements of the magnetization versus magnetic field (M-H) hysteresis 

loop of the samples. 

 Dielectric properties, ac conductivity, complex impedance, and electric 

modulus spectroscopy with the variation of frequency have been performed. 
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 The temperature-dependent ɛ' has been performed. 

 Ferroelectric polarization versus electric field (P–E) hysteresis loops have 

been measured. 

 Measurements of the ME coefficient as a function of the dc magnetic field. 
 

1.4 Layout of the Thesis 

 Chapter 1 deals with the introduction, motivation, and objectives of the 

present investigation. 

 Chapter 2 described the literature review and review of earlier research. 

 Chapter 3 deals with sample preparation and experimental techniques. 

 Chapter 4 explained the results and discussion. 

 Chapter 5 described the conclusions and suggestions for the future work of 

the present study. 

 



2. LITERATURE REVIEW 

2.1 Review of Earlier Research 

A large number of researchers all over the world are working on the different 

properties of single-phase multiferroic and multiferroic composite consists of ferrite 

and ferroelectric phases [55-95]. A brief review of some of these is discussed below: 

 

Islam et al. [49] looked into the magnetic behavior of polycrystalline  

Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4 spinel ferrites for various multifunctional applications. 

The X-ray diffraction (XRD) affirmed the presence of a single-phase spinel structure, 

as depicted in Fig. 2.1. (a). Fig. 2.1(b) shows the variation of density (ρ) with Zn 

content. The bulk density (ρB) and theoretical density (ρth) were enhanced as Zn 

content increased. Because of the increase in density, the porosity (P) decreases as 

the Zn content increases. 

 

 

 

 

 

 

 

 

Fig. 2.1(a) The XRD patterns and (b) variation of ρth, ρB, and P of various  

Li0.35-0.5xNi0.3Znx Fe2.35-0.5xO4 [49]. 

 

The substitution of Zn accelerates grain growth and consistent grain allocation in the 

studied samples (Fig. 2.2). The mean grain diameter ( ̅) enhances as Zn 

concentration rises, which acting a vital role in enhancinges the   
 , RQF, and Ms. 

The highest magnitude of   
  (= 254) is obtained for Li0.15Ni0.3Zn0.4Fe2.15O4 sample, 

which is greater than 6 times as much as the parent sample. The maximum RQF and 

Ms are also obtained for the Li0.15Ni0.3Zn0.4Fe2.15O4 sample. With an increase in the 

Zn content,   
  and Ms enhance up to their maximum magnitude for x = 0.4. This is 

(a) 
(b) 
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described by the cation distribution and super-exchange activity between A- and B-

sites. Fig. 2.4(a) dipicts the variance of tanδM with frequency and the minimum value 

is obtained for the Li0.15Ni0.3Zn0.4Fe2.15O4 sample, which is 6 times smaller than the 

parent sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Micrograph images for various Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4 [49]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Variation of μi′ as a function of frequency for several  

Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4 [49] 
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Fig. 2.4 Variations of (a) tanδM, and (b) RQF for various Li0.35−0.5xNi0.3ZnxFe2.35-0.5xO4 

[49]. 

 

 

 

 

 

 

 

Fig. 2.5 M-H hysteresis loops for various Li0.35-0.5xNi0.3ZnxFe2.35-0.5xO4 [49]. 

Parvin et al. [50] studied the microstructural, magnetic, and dielectric characteristics 

of LixCu0.1Co0.1Zn0.8-2xFe2+xO4 ferrites. The XRD patterns of these samples affirmed 

the existence of a single-phase spinel structure (Fig. 2.6a). Both ρth and ρB decline 

just a similar manner as Li content enhances in distinct LixCu0.1Co0.1Zn0.8-2xFe2+xO4 

exclude x = 0.10, as illustrated in Fig. 2.6b. The ρB enhances enhancing Li up to  

x = 0.10, after which it declines and the P reduces. This finding can be described in 

aspects of the atomic weights of the elements. The atomic weight of Zn (65.38 amu) 

is higher than that of Li (6.941 amu) and Fe (55.845 amu). Zn is replaced by both Li 

and Fe. 

(a) (b) 

ta
n
δ

M
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Fig. 2.6(a) The XRD patterns and (b) ρth, ρB and P with content for various 

LixCu0.1Co0.1Zn0.8-2xFe2+xO4 [50]. 

The  ̅ enhances with enhancing Li substitution since a small quantity of Li promotes 

grain growth (Fig. 2.7). It was observed that µi' enhances up to a specific amount of 

Li concentration and then decline with further enhancement of Li content. The effect 

of Li substitution improves the µi' from 18 to 61 for x = 0.10 sample. Both µi' and 

RQF are found to have a maximum value for the  

x = 0.10 due to the highest dense sample (in Fig. 2.8). 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Micrograph images for polycrystalline LixCu0.1Co0.1Zn0.8-2xFe2+xO4 [50]. 
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Fig. 2.8 The variation of (a) μi', and (b) RQF for several LixCu0.1Co0.1Zn0.8-2xFe2+xO4 

[50]. 

 

Fig. 2.9 shows the M-H curves for LixCu0.1Co0.1Zn0.8-2xFe2+xO4 ferrite. The 

substitution of Li content affects the magnetic characteristics owing to the 

modification of the cation distribution. The magnetization of the samples enhances 

linearly with enhancing imposed magnetic field strength up to 0.1 T. Magnetization 

gradually enhances additional than 0.1 T and eventually reaches saturation. The Ms 

and µB enhance up to x = 0.30 attributable to the strengthening of the A-B interplay 

in the AB2O4 spinel ferrites (in Fig. 2.9). The ε′ declines with frequency, being faster 

at lower frequency regime and slower at higher frequencies, possibly wing to 

Maxwell-Wagner interfacial polarization (Fig. 2.10a). The minimum tanδE for the x = 

0.10 sample is obtained (Fig. 2.10b). 

 

  

 

 

 

Fig. 2.9 The M-H loops for LixCu0.1Co0.1Zn0.8-2xFe2+xO4 [50]. 

µ0H (T) 

  

μ
i' 
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Fig. 2.10 Variation of (a) ε′, and (b) tanδE with frequency for distinct 

LixCu0.1Co0.1Zn0.8-2xFe2+xO4 [50]. 

 

Hossain et al. [51] investigated the structural and magnetic characteristics of Cu 

substituted Ni0.50-xCuxZn0.50Fe2O4 ferrites. The XRD patterns of these samples 

revealed the creation of a single-phase spinel structure (Fig. 2.11a). The ρB, ρth, and P 

are displayed in Fig. 2.11(b). The ρth rises with a rise in Cu content since the 

molecular weight of every sample rises considerably with the enhance of Cu content. 

The ρB enhances with enhancing in Cu content up to x = 0.10, after which it declines. 

 

  

 

 

 

 

 

 

 

Fig. 2.11(a) The XRD patterns, and (b) the variation of ρth, ρB, and P with content for 

various Ni0.50xCuxZn0.50Fe2O4 [51]. 

 

Besides, the P of the sample exhibits the inverse trend. The rise in ρB could be related 

to the variation in atomic weight between the initial and replaced cations (the atomic 
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weight of Cu (63.55 amu) is greater than Ni (58.71 amu)). The decline in density 

could be attributed to intergranular/intragranular porosity caused by discrete grain 

growth. 

 

 

 

  

 

 

 

 

 

Fig. 2.12 The variation of μi′ with frequency for different Ni0.50-xCuxZn0.50Fe2O4 [30]. 

 

Fig. 2.12 displays the distinction of μi′ with frequency for different  

Ni0.50-xCuxZn0.50Fe2O4 ferrites. From Fig. 2.12 it is evident that the μi′ increases 

randomly with the enhance of Cu content and the maximum magnitude is obtained 

for x = 0.10 sample because it comprises the highest density. Beyond this magnitude 

of Cu substitution, μi′ declines due to the decline in density. 

 

From the M-H graph (Fig. 2.13), it is evident that all the samples are in a 

ferromagnetic state. The M enhances with an enhancement of the imposed magnetic 

field strength up to 0.2 T. Above this imposed field M rises deliberately and then 

reaches saturation. The MS reduces linearly with increasing Cu up to x = 0.15, after 

which it enhances. It is described by cation distribution and exchange interply 

because  distribution of cations in the A- and B-sites impacts the magnetic 

characteristics of ferrites. The probable cation distribution could be presented as 

(      
        

    [      
     

        
      

   in the ideal case in which all cations are in 

their specified position. The probable cation distribution can be expressed as an ideal 

case in which all cations are in their appropriate locations. Substitution of Cu at the 

octahedral site rather than Ni declines the net magnetic moment at B-site. 

Subsequently the magnetic moment of Cu (1μB) is smaller than that of Ni (2μB). 

Furthermore, owing to the unaffected diamagnetic Zn content, the magnetization of 
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the A-site is assumed to be constant. As a consequence of weakening the A-B 

interaction of these NiCuZn ferrites, the net magnetization  

(MS = MB-MA) decreases. 

 

 

 

 

 

 

 

Fig. 2.13 M-H hysteresis loops for different Ni0.50-xCuxZn0.50Fe2O4 [51]. 

 

Lu et al. [52] synthesized multiferroic Eu
3+

, Gd
3+

, Tb
3+,

 and Dy
3+

 doped BT ceramics 

by solid-state reaction method. The XRD patterns of the (Ba0.94R0.06)(Ti0.94Dy0.06)O3 

(BRTD) (where, R = Eu, Gd, Tb) ceramics displayed a tetragonal perovskite 

structure without any secondary phase except the perovskite phase. This XRD study 

reveals that R ions could be combined entirely into the host BT lattice using co-

doping with Dy
3+

 ions. The tetragonality of BRTD is noticed by two separate (002) 

and (200) peaks around 45⁰, as shown in the inset of Fig. 2.14. These two typical 

peaks are more distinct in the BTTD. 

 

 

 

 

 

 

 

 

Fig. 2.14 XRD patterns of (Ba1-xRx)(Ti1-xDyx)O3 ceramics. Gaussian-fitting to the 

XRD peaks in the region of 45⁰ [52]. 

 

2θ (degree) 
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The SEM images of BRTD became denser for the reason of co-doping of double rare 

earth, and these ceramics showed a medium  ̅. The  ̅ of BETD, BGTD, and BTTD 

were 0.25, 0.30, and 0.31 µm, accordingly, i.e.  ̅ grew gradually with atomic number 

(AN) (Fig. 2.15). Fig. 2.16 shows the temperature-dependent ε′ and tanδE for BRTD 

measured at 1 kHz. It shows a diffuse phase transform performance and a nonlinear 

shift in TC with ion doping. The impact of mixed-valence states allied with site 

occupation is accountable for this irregular TC-shift rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.15 SEM images of (a) (Ba0.94Eu0.06)(Ti0.94Dy0.06)O3, (b) 

(Ba0.94Gd0.06)(Ti0.94Dy0.06)O3, and (c) (Ba0.94Tb0.06)(Ti0.94Dy0.06)O3 ceramics [52] 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16 Temperature dependences of (a) ε′ and (b) tanδE for BRTD (where, R= Eu, 

Gd, and Tb) measured at 1 kHz [52]. 
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(Ba1-xRx)(Ti1-xDyx)O3 (x = 0.60) 
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The frequency-dependent ε′ and tanδE for BRTD are demonstrated in Fig. 2.17. The 

ε′ of BRTD decreased slowly up to 10
6
 Hz and then reduced rapidly. Nevertheless, 

the BGTD sample demonstrated higher ε′ at a higher frequency region compare to 

the other samples. The BGTD displayed a very low tanδE. Therefore, to attain larger 

ε′ at higher frequency with low tanδE, the co-doping with Gd
3+

and Dy
3+

 ions in BT is 

the best option, which can enhance the dielectric implementation at a high frequency. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.17 Frequency dependences of (a) ε′ and (b) tanδE for BRTD  

(where, R= Eu, Gd, and Tb) [52]. 

 

Borah et al. [53] prepared Gd doped BT samples by solid-state reaction process. The 

XRD patterns are revealed in Fig. 2.18(a). The diffraction patterns are shown 

perovskite structure of BT. Nevertheless there is a transition of the (110) peak to a 

lower Bragg angle with doping, no extra peaks contributing to any by-products or 

other intermediate products, including BaO were evidenced in the XRD patterns 

(in Fig. 2.18.a). 

 

 

 

 

 

 

 

 

Fig. 2.18(a) XRD patterns of un-doped and Gd-doped BaTiO3 perovskite (b) typical 

peak shifting of Gd doping [53]. 
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The dielectric characteristics of a solid-state method generally correspond to its 

charge-holding capability at a specified frequency. Fig. 2.19 shows the frequency-

dependent variation of ε' and tanδE. As a common trend, the Gd-doped BT perovskite 

would have a higher charge-accumulation capacity than their un-doped counterparts. 

The impact of Gd doping on the frequency-dependent ε' of BT is shown in Fig. 

2.19(a). At lower frequency, all forms of polarization respond, but as the imposed 

frequency enhances, polarization (excluding for electronic polarization) disappears 

and, as a consequence, the magnitude of ε' is decreased. Besides at a higher 

frequency, electric dipoles cannot capable to follow an ac frequency and appear to be 

mobile, thus suppressing the capacitive response. The tanδE of a dielectric order is 

associated with the energy dissipation procedure in the dielectric system. The 

frequency-dependent tanδE of undoped and Gd-doped BT arrangements are presented 

in Fig. 2.19(b). The tanδE of these samples declines rapidly at lower frequencies but 

slowly at higher frequencies. The decrement in tanδE with a frequency increment 

could be discussed by the decrement in polarization with an increase in frequency. It 

can be seen that, at lower frequencies, the magnitude of tanδE was very high in 

comparison to its un-doped state. Nevertheless, at high-frequency region, tanδE 

appears to be invarient of doping concentration. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19 The frequency-dependent variation of (a) ε' and (b) tanδE [53]. 

 

Ganguly et al. [54] prepared Ba1-xSm2x/3TiO3 ceramics by solid-state reaction route. 

They investigated the XRD analysis, microstructural, dielectric property, and 
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ferroelectric property of the prepared samples. Fig. 2.20 demonstrates the XRD 

patterns of Ba1-xSm2x/3TiO3 ceramic powders. The findings of the single-phase 

perovskite structure can be seen in all of the samples. The presence of peaks (002) 

and (200) in all compositions indicates tetragonal symmetry.Shifting the peak to a 

higher angle implies a decline in the lattice constants with enhancing Sm element. 

 

 

 

 

 

 

 

 

 

Fig. 2.20 XRD patterns of Ba1-xSm2x/3TiO3 [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.21 FESEM micrographs of Ba1-xSm2x/3TiO3 [54]. 

 

The radius of Ba ion is 0.16 nm whereas that of Sm is 0.124 nm for +2 valence state 

with co-ordination number 12. It is therefore evident that replacement of lower radii 

2θ (⁰) 

2θ (⁰) 
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Sm at the higher radii Ba site effects in a reduction in cell parameters and therefore 

in cell size. In doping, a rapid decrease in   ̅ is noticed compared to pure BT  

(Fig. 2.21). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.22 Variation of ε' and tanδE as a function of the temperature of  

Ba1-xSm2x/3TiO3 at different frequencies for samples with x = 0.00-0.04 [54]. 
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Fig. 2.23 Variation of ε' and tanδE as a function of the temperature of  

Ba1-xSm2x/3TiO3 at different frequencies for samples with x = 0.06-0.10 [54]. 

 

Figures 2.22 and 2.23 show the dielectric nature as a variation of temperature at 

various frequencies. A rapid decrement in Tc–t (cubic to tetragonal transition 

temperature) is found while an enhance in the Tt–o (tetragonal to orthorhombic) and 
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the To–rh (orthorhombic to rhombohedral) transition temperatures is noticed with 

enhancing Sm content. For all the samples the Tc–t remains beyond RT. It can, 

therefore, be established that the un-doped BT and the doped materials reveal 

tetragonal uniformity at RT. The decline in Tc–t in the circumstance of rare earth, 

such as Sm doping in BT suggests a reduction in tetragonality. Substituting Ba
2+

 with 

Sm
3+

 creats an A-site deficit to retain charge neutrality. This enhances with an 

enhance in Sm. Also, the tetragonal unit cell parameters decline. The unit cell shrinks 

as the Ti
4+

 ion moves away from the octahedral site. Therefore the pairing between 

the TiO6 octahedral weakens. This causes a significant decrease in Tc–t (Tc–t is related 

directly to the cation's shift from the core of the octahedral site to its position in the 

polar phase). Though the existence of an A-site vacancy provokes disorder in the 

structure, the long-range ferroelectric property is not eliminated. The temperature-

dependent tanδE decreases with the increase of Sm concentration ant the minimum 

magnitude is obtained for x = 0.08 sample. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.24 P–E hysteresis loop of Ba1-xSm2x/3TiO3 [54]. 

 

The P-E hysteresis loops of pure BT and doped samples are presented in Fig. 2.24. 

This ferroelectric behavior was evaluated at a frequency of 50 Hz with a maximum 

imposed electric field of 1 kV/mm. It is evident that polarizations are approaching 

saturation in such an electric field. Doping causes loops to become slimmer, as well 

as an irregular decline in remanent polarization but a very regular reduce in coercive 
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parameter. Dilution in the ferroelectric nature of BT is noticed with consecutive Sm 

doping. Reduced remnant polarization and a smaller coercive field were attributed to 

the effect of enhanced domain pinning by retained vacancies. 

 

Sadhana et al. [38] synthesized and investigated the different properties of 

xBa0.8Ca0.2TiO3 (BCTO)+(1-x)Ni0.2Cu0.3Zn0.5Fe2O4 (NCZFO) (x = 0, 0.1, 0.3, 0.5, 

0.7, 0.9, and 1) composites. Fig. 2.25 displays the XRD study of xBCTO+ 

(1-x)NCZFO composites. The co-existence of ferromagnetic and ferroelectric phases 

is visible in the XRD results. There were no other phases identified, revealing that 

there was no obvious reaction between the two phases. The lattice parameters 

intended for tetragonal BCTO are a = 0.402 nm, c = 0.398 nm, and cubic NCZFO 

ferrite is a = 0.832 nm. The inset of Fig. 2.25 also illustrates that as x enhanced up to 

0.3, the (311) peak shifted to a lower angle, whereas as x enhanced further, the peak 

shifted to a higher angle. It demonstrates that as x enhances up to 0.3, the composite 

is confined to stress generated by piezoelectric BCTO, which is effeciently shifted to 

the ferrite phase. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.25 XRD patterns of xBCTO+(1-x)NCZFO ferrite composites (x = 0.00-1.00). 

The inset: XRD of (311) plane for all compositions [38]. 

 

Fig. 2.26(a) shows the magnetization loops of xBCTO+(1-x)NCZFO composites. 

The disparity of Ms and the coercive field (Hc) for all composites are displayed in  

Fig. 2.26(b). The maximum Ms of 61 emu/g is found for the parent ferrite phase. It is 

evident that as the proportion of x enhances, the Ms decliend because of the existence 
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of nonmagnetic phase and interface impacts, which modify the distribution of 

magnetic ions and their spin orientation,  affecting the magnetic interactions. The Hc 

enhances with x up to 0.3, then declines for 0.5, and afterwards enhances again with 

an additional increment of x, which may be contributed to domain wall pinning 

owing to the ferrite phase. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.26(a) M-H loops of xBCTO+(1-x)NCZFO composites, (b) Ms and Hc variation 

with BCTO fraction [38]. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.27(a) P-E loops for several compositions of BCTO percentage, and (b)-(d) 

magnetic field induced polarization loops for x = 0.3, 0.5, and 0.7, respectively [38]. 
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Fig. 2.27(a) shows the P-E loops with numerous percentage of x. It is evident that 

xBCTO+(1-x)NCZFO composites exhibited ferroelectric nature. Polarization values 

increased with an increase in x content and the Ec decreased owing to the reduction 

of leakage current. Fig. 2.27(b-d) depicts the magnetic field influenced polarization 

for x = 0.3, 0.5, and 0.7. Even when the magnetic field was applied, the ferroelectric 

loops has not demonstrate saturation, however, the leakage was evident to be large. 

The cause may be a voltage drop through the ferrite that affects the impedance of the 

BCTO+NCZFO interface. Once the electric field is imposed, the electrical phase 

separation happens in the NCZFO ferrite causing in a voltage drop through the 

interface that influences the ferroelectric transferring activity of the xBCTO+ 

(1-x)NCZFO composites. 

 

 

 

 

 

  

 

 

Fig. 2.28 Variation of ME coefficient with dc magnetic field for xBCTO+ 

(1-x)NCZFO composites [38]. 

 

 

Fig. 2.28 depicts the variation of ME response with dc biased magnetic field of for  

x = 0.3, 0.5, 0.7, and 0.9. It evident that ME response enhanced with a bias field and 

decreases after reaching the maximum value with the further enhance of the field. It 

is assumed that magnetostriction rises slowly and reaches the maximum limit with 

the magnetic field. This highest magnetostriction produces a large strain that 

transfers through the interface to the ferroelectric phase at which the voltage is 

generated. Thus, at this point, the ME output displays the highest value. 
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Kanakadurga et al. [96] investigated the different properties of xBaTiO3+ 

(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 (MCZ) composites. The XRD patterns reveal that the 

composites are made of the MCZ ferrite phase with spinel structure and the BT phase 

with perovskite structure (in Fig. 2.29). It is also observed from the XRD patterns 

that both constituent phases coexist in the composites. The intensity of significant 

peaks, including (311) for MCZ and (110) for BT, relies on the quantity of their 

portion in the composite material. With an increment of x, the strength of BT peaks 

enhances, whereas the strength of ferrite peaks declined. 

 

 

 

 

 

 

 

 

 

Fig. 2.29 XRD patterns of vatrious xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 composites 

[96]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.30 M-H curves for various xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 composites 

[96]. 
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Fig. 2.30 reveals magnetic hysteresis loops of x = 0.0, 0.2, 0.4, 0.5, and 0.6 at RT. 

Samples display standard magnetic hysteresis, suggesting that the composites are 

magnetically well-ordered. From the figure, it can be shown that coercivity rises with 

the enhance of the BT phase up to x = 0.4. This suggests that the magnetization 

capacity is weakened by the presence of the non-magnetic BT phase, at where 

domain wall pinning happens, which contributes to enhanced Hc. When x exceeds 

0.4, the Hc reduces, suggesting that no domain wall pinning exists. The maximum Ms 

is obtained for the parent ferrite phase. Besides Ms of the composites gradually 

declines with the rise of the BT phase. 

Fig. 2.31 demonstrates the P-E loops for the composites. It is evident from Fig. 2.30 

that the composites show the usual P-E loop implying that the materials are 

spontaneously polarized under the imposed electric field. The ferroelectric nature of 

the hysteresis loops gradually weakened by a reduction in BT content owing to a 

comparatively low electrical resistance of MCZ ferrite. The ferroelectric coercivity 

declines with a rise in the BT phase, which indicates that the composites become 

readily polarized by the imposed electric field. 

 

 

 

  

 

 

 

 

 

 

 

Fig. 2.31 P-E loops of various xBaTiO3+(1-x)Mg0.48Cu0.12Zn0.4Fe2O4 composites 

[96]. 

 

Fig. 2.32 shows the change of the ME voltage coefficient on the dc magnetic field for 

composite materials. The figure reveals that the magnetic bias dependency of αME is 
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considered to be identical for each composites. It is evident that, for x = 0.8 sample, 

αME improves with a magnetic field rise of up to 700 μV/cm Oe and declines with 

more rise of H and eventually saturates at a bias level. The maximum ME magnitude 

is found for the 1.5 kOe dc region. At this dc field, the ferromagnetic phase has 

achieved a saturation value generating a constant electric field in the ferroelectric 

phase, causing in a decrease of αME with the rising magnetic field. It indicates that 

magnetic saturation happens at low stimulation and that the materials are ideally 

suitable to a comparatively weak magnetic field. 

 

 

 

 

 

   

 

 

 

 

 

 

 

Fig. 2.32 The variation of αME with applied dc magnetic field for various xBaTiO3+ 

(1-x)Mg0.48Cu0.12Zn0.4Fe2O4  composites [96]. 

 

 

 

 

 

 

  



3. SAMPLE PREPARATION AND EXPERIMENTAL 

TECHNIQUES 

 

3.1 Sample Preparation 

3.1.1 Introduction 

Synthesizing polycrystalline composites with optimal favorable characteristics is 

indeed a complicated process, and controlling chemical composition, homogeneity, 

and microstructure is important. Since most of the characteristics required for 

composite applications are not inherent but extrinsic, the preparation of samples has 

to be made more complex. It is well established that approximately all composites 

decompose at high temperatures if we want to melt them under normal 

circumstances. Nowadays, a large number of composite powders are prepared by the 

conventional ceramic method or by the standard solid-state reaction methodology. 

The majority of non-conventional techniques involve the production of the powder 

using a wet process. Some of those approaches include [97, 98]: 

(i) Co-precipitation 

(ii) Organic precursors 

(iii) Spray-drying 

(iv)  Freeze-drying 

(v) Combustion synthesis 

(vi)  Glass crystallization 

The standard solid-state reaction procedure used in this research work has been 

described here. 

 

3.1.2 Chemical composition of the ceramic powders 

Various ferroelectric and ferromagnetic ceramics with different chemical 

compositions were reported in the literature for use as components of ME ceramic 

composites. The following specific compositions were selected in the present study 

to produce ME composites: 

Ferromagnetic phase: Li0.10Ni0.30Cu0.10Zn0.40Fe2.10O4  

Ferroelectric phase: Ba0.95R0.05Ti0.95Dy0.05O3 (where R = Sm and Gd). 
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3.1.3 Standard solid-state reaction technique 

The solid-state reaction is often a high-temperature direct reaction among raw 

materials (typically powders). Ambient temperature delivers the energy required for 

the reaction. In general, solid-state reactions are slow, as a large number of bonds 

dissociate and ions moved through a strong gas-phase and solutions during reactions. 

Diffusion is the most common controlling factor for solid-state reactions. The 

diffusion of cations via product layer is thus the step that regulates the speed of a 

solid-state reaction. The solid-state reaction accelerates with increasing temperature, 

and it usually does not happen before the reaction temperature exceeds at least two-

thirds of the melting temperature of one of it's molecules. 

 

In a solid-state reaction system, raw elements are weighed as per the stoichiometry of 

the composition. Raw materials are mechanically combined, and then the grinding 

process is conducted to control the size of the particles and mix homogeneously. For 

this reason, the milling process may decrease the particle size to the 1-10 μm 

varieties [99]. An effort to minimize the particle size can further impact the 

homogeneity and purity of the sample. Acetone is taken as a medium because it is 

inexpensive, of high purity, and non-flammable. The next step is the solid-state 

reaction between the components of the raw materials at an appropriate temperature. 

This technique is called firing or calcination. The ground powders are calcinated in 

air or oxygen at a temperature of between 700 and 1000⁰C for 5 hours. The 

calcination process may be performed till the mixture has been converted to the 

desired crystalline form. The calcined powders are smashed once more into finer 

particles. These calcined powders are formed into pellets and toroid samples via die-

punch operation or hydrostatic or isostatic pressure. Then the prepared samples are 

sintered at an appropriate temperature to dense the compositions [100-102]. Fig. 3.4 

demonstrates the flow chart of preparing composite material by the solid reaction 

method. 

 

3.1.4 Details of calcining, pressing, and sintering 

3.1.4.1 Calcination 

Calcination is the process of heating a substance to an ambient temperature in air or 

oxygen a little below the melting point, resulting in moisture loss, reduction or 
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oxidation, obtaining a homogeneous, and phase pure composition of mixed powders 

of carbonates and any other compounds. A calciner is a steel cylinder that twists in a 

heated furnace and executes indirect high-temperature operation under controlled 

circumstances. The calcination procedure can be repeated as many times to achieve 

the highest standards of homogeneity. Powders that have been calcined are squashed 

into fine powders. The desired features of fine powders are [38]: 

(i) Particles of a small size (sub-micron) 

(ii) Narrow distribution in particle size 

(iii) Dispersed particles 

(iv) The equiaxed shape of particles 

(v) High purity 

(vi) Homogeneous composition. 

Because of the narrow size distribution of the reactant granules, there is a 

considerable contact area for initiating the solid-state reaction; diffusion paths are 

reduced, resulting in more effective reaction finalization. The narrow allocations of 

spherical particles, and indeed the scattered state, are essential for powder 

compaction since the development of the green material. Grain growth throughout 

sintering might be a little more controlled if the preliminary size is small and 

homogeneous. 

3.1.4.2 Pressing 

 

 

 

 

 

 

 

 

 

Fig. 3.1 (a) Uniaxial press machine, and (b) uniaxial pressing mechanism. 
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A binder is applied before compaction, at a concentration below 5 wt% [38]. 

Polyvinyl alcohol is the most widely used binder. The binder promotes the 

movement of particles during compaction and increases the bonding between the 

particles, possibly through the formation of particle-binder-particle type bonds. 

Throughout sintering, binders are decomposed and extracted from the composite. 

Pressures are used for the compaction of calcined powders, typically several tons per 

square inch (using Fig. 3.1). To make a pellet of 90 g and a toroid shaped ring of 80 

g powders are taken from the calcined powders and pressed by a hydraulic press. 

 

3.1.4.3 Sintering 

Sintering is a procedure that compresses green elements into strong and dense 

polycrystalline materials using the furnace depicted in Fig. 3.3. Throughout sintering 

at a significant temperature, the atomic movement becomes more prominent and the 

region between grains in contact opposite owing to the thermal expansion of the 

grains and lastly, only one interface between two grains persists. The decline in the 

surface free energy of the powder is the driving force behind sintering. In the 

polycrystalline body, some of this energy is transformed into interfacial energy 

(grain boundaries) [98, 103]. Densified ceramics result from atoms on grain surfaces 

being influenced in all directions by adjacent atoms in this state [104]. Sintering 

temperature, time, and the furnace environment play a vital role in the electric and 

magnetic characteristics of the materials. The objectives of the sintering mechanism 

are as follows: 

(i) to bind the particles together to give adequate strength 

(ii) to densify materials by removing pores 

(iii) to homogenize the material by finishing the reactions during the 

calcination process. 

The sintering of crystalline solids is done by Coble and Burke [105], who explained 

the scientific relationship with the rate of grain growth, is given below: 

 ̅     
         (3.1) 

where n is around 
 

 
, ts is the sintering time and k is the temperature-dependent 

parameter. 

There are three stages to sintering: 

phase 1. the contact area among particles enhances 
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phase 2. the porosity shifts from open to closed. 

phase 3. pore volume shrinks, and grains expand. 

 

 

 

 

 

Fig. 3.2 Sintering phases are depicted in a diagram: (a) green body, (b) initial phase, 

(c) intermediate phase, and (d) final phase [99]. 

 

 

 

 

 

 

 

 

Fig. 3.3 Furnace (Nobertherm, HTC 08/14, Germany). 

 

At the earliest stages of the sintering system, rather than at high temperatures, the 

lattice distortion, and internal strain are declined by atomic diffusion, and this is 

often referred to as the recovery process. A recrystallization process occurs by atomic 

diffusion during the further rise of temperature. Throughout recrystallization, a new 

crystal nucleus develops and grows at the grain boundary and in other regions within 

the grain with greater free energies. In the meantime, some grains grow by inhaling 

some smaller grains. Grain growth is typically understood through the movement of 

grain boundaries in the recrystallization stage. The higher the sintering temperature 

(Ts), the more grains could grow as the development of grain results from atomic 

diffusion that decreases with the rise in Ts. The density of the ceramic sample is 

influenced by the Ts and time in a more complex manner. Whether the Ts is too high 

or the sintering time is too long, the density of alkaline-based ceramics is reduced 
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due to BaCO3 evaporation at high temperatures. Even though grain growth is 

triggered by nuclear diffusion, it confirms that higher Ts and a longer hold time 

results in larger grains. 

 

3.1.5 The stages in the preparation of sample 

The flow chart for the preparation of samples using a solid-state reaction method is 

presented in Fig. 3.4. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 Flow chart of the sample preparation by solid-state reaction technique. 

 

3.1.6 Preparation of samples for the present research 

Multiferroic xLNCZFO+(1-x)BRTDO composites (where R = Sm and Gd; x = 0.00, 

0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 1.00) were amalgamated by the conventional 

solid-state reaction technique. The magnitudes of x were chosen for a clear 

conception of the variations in the physical characteristics of composites with the 

ferrite phase. High purity Li2CO3 (99.0%), NiO (99.9%), CuO (99.99%), ZnO 

(99.9%) and Fe2O3 (99.95%) powders were taken to fabricated the LNCZFO 

constituent. Raw materials of BaCO3 (99.9%), Sm2O3 (99.9%), Gd2O3 (99.9%), TiO2 

(99.9%), Dy2O3 (99.9%) were taken to fabricated the BRTDO phases. Stoichiometric 

amounts of raw materials were mixed with an agate mortar and pestle in an acetone 

medium. The mixed ferrite and ferroelectric powders were calcined at 700 and 

1000⁰C, respectively. The ground powders of the constituent phases were then mixed 

in an acetone medium for 5h according to the formula xLNCZFO+(1-x)BRTDO. A 

granulation binder of 10% PVA was then mixed into the powders. The mixed 
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powders were uniaxially pressed to make disk- and ring-shaped samples. The 

optimum properties of the compositions are found at optimum Ts which are typically 

between 1200 and 1250⁰C. The samples were sintered at various temperatures within 

this range to determine the optimum Ts. The optimum Ts values were obtained as 

follows: 1250⁰C for x = 0.00, 0.10, 1225⁰C for x = 0.20, 0.30, 0.40, 0.50, 0.60, and 

1200⁰C for x = 1.00 for composites with R = Sm. Besides, optimum Ts values were 

obtained as follows: 1250⁰C for x = 0.00, 1225⁰C for x = 0.10, 0.20, 0.30, 0.40, 0.50, 

0.60, and 1200⁰C for x = 1.00 for composites with R = Gd. 

 

3.2 Characterization Techniques 

3.2.1 X-ray diffraction 

The XRD is a efficient method for the survey of crystal structures and the atomic 

spacing of powder and solid samples of any material shown in Fig. 3.5. The XRD 

works by using the constructive interference of monochromatic X-rays and 

crystalline samples. A cathode ray tube generates the X-rays, which are then filtered 

to generate monochromatic radiation, collimated to focus, and directed at the sample. 

Interaction of the incident rays with the sample generates constructive interference 

when the conditions agree with Bragg's law: 

     sinθ = nλ        (3.2) 

where dhkl and n are the distance between crystal planes and the positive integer 

which signifies the diffraction order, respectively. Equation (3.2) is referred to as the 

Bragg law. This law implies that diffraction can only be accomplished if the 

condition of λ ≤ 2 dhkl is satisfied. 

 

 

 

 

 

 

 

 

Fig. 3.5 (a) Bruker's XRD D8-discover instrument and (b) Bragg law of diffraction 

[106]. 
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X-ray spectra are made up of various components, the most useful of which are Kα 

and Kβ. Specific wavelengths are the characteristics of the target material (such as 

Cu, Fe, Mo, Cr). Among these materials, Cu is the best common target element for 

single-crystal diffraction, with CuKα radiation of wavelength 0.1542 nm. The lattice 

parameters were calculated by Rietveld refinement analysis [107]. 

 

3.2.2 Density measurement 

The ρB of the sintered samples is evaluated with the Archimedes technique. First, 

each sintered sample was weighed (Wd) by the precision balance (Shimadzu AX 

120). After that, the pellet was inserted into a beaker filled with distilled water with a 

small hanger and weighed (Ww). Using the above data, the ρB of a sample was 

determined using the following formula: 

                     
  

     
          (3.3) 

The     (constituent phases) was computed by applying relationship: 

        
   

    
        (3.4) 

where n denotes the atoms per unit cell,    denotes the molecular weight, NA 

denotes Avogadro's number, and V denotes the unit cell volume. The     of the 

composites was computed by applying relationship: 

     (         )  
 

  
 

    (   )  

     
    (3.5) 

where    denotes molecular weight of LNCZFO and    denotes molecular weight 

of BRTDO. The unit cell volume of ferrite and ferroelectric constituents in the 

composites are     
 

  
 

   

   (       )
 and    

 

  
 

(   )  

   (             )
, respectively. 

 

3.2.3 Field Emission Scanning Electron Microscopy 

A Field Emission Scanning Electron Microscopy (FESEM) microscope works with 

electrons (particles with a negative charge) rather than light, as shown in Fig. 3.6. 

These electrons are liberated by the source of field emission. Electrons scan the 

object in a zigzag pattern. FESEM introduces topographical and elemental details at 

magnifications at magnifications of 10  to 300000 , with virtually unlimited depth 

of field. A scanning electron microscope's electron gun with a field-emission cathode 

provides narrower scanning beams at low as well as high electron energy, resulting 
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in both enhanced visual resolution and reduced sample charging and damage.FESEM 

contains the Schottky field emission gun that uses electric field emissions to reduce 

the efficiency and increased the thermionic emission of tungsten. The field emission 

gun generated an electron beam and enhanced current density or brightness. JSM 

7610F equipped with Gentle Beam mode generates high-resolution images though at 

low voltage acceleration from 100 V to 3.9 kV without damaging the surface of the 

material. Therefore the signal is amplified and then used to exhibit the relevant 

sample statistics. The resolution of a FESEM image depends on the beam diameter 

on the surface of the sample. Though the effective resolution relies on the 

characteristics of the sample, the samples synthesized process, and many operational 

factors, including lens to surface distance of the sample, the beam intensity, scanning 

speed, accelerating voltage, and the angle of the sample for the detector. A resolution 

of 1 nm can be obtained under optimum conditions. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 FESEM instrument (Model No. JEOL JSM 7600F). 

 

3.2.4 Energy Dispersive Spectroscopy 

Energy Dispersive Spectroscopy (EDS) is an analytical method used for the 

elementary analysis of a material. It is a type of X-ray fluorescence spectroscopy that 

investigates a substance using electromagnetic radiation and matter interactions. The 

pulse processor, X-ray detector, and analyzer are the three main components of an 

EDS system, and they must all be programmed to work together to obtain the best 

outcomes. X-rays are detected and converted into electronic signals by the X-ray 



36 
 

detector. After which the pulse operating system tests the electric signals to evaluate 

the energy of all X-ray observed. At last, the analyzer exhibits and interprets data 

from X-rays. 

The present research was carried out using the EDS analysis system provided by the 

JSM 7610F FESEM. 

 

3.2.5 Magnetic properties measurements 

3.2.5.1 Complex initial permeability 

The   
 , tanδM and RQF were evaluated using the Wayne Kerr 6500B impedance 

analyzer. The Toroid-shaped sample was used for the determination of complex 

permeability at RT in the frequency spectrum of 10 kHz-120 MHz presented in Fig. 

3.7. The   
  
was determined using the following relation: 

  
  

  

  
         (3.6) 

where Ls is the self-induction of the winding coil with the sample, L0 (= 
   

  

 ̅
 ) is the 

inductance of the coil without sample, N is the number of turns in the coil (N = 4), S 

is the cross-sectional area and  ̅ is the mean diameter of the sample. The RQF was 

determined using the formula: 

                 
  
 

     
                                                                                      (3.7) 

 

 

 

 

Fig. 3.7 Toroid shaped sample for   
  measurement. 

3.2.5.2 M-H hysteresis loops 

The M-H curve for materials was determined using the Vibrating Sample 

Magnetometer (VSM) shown in Fig. 3.8. VSM is a scientific instrument that 

measures magnetic behavior by placing the specimen inside a uniform magnetic 

field. The induced voltage due to the magnetic moment in the pickup coil made by 
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physically vibrating the sample is proportionate to the sample magnetization but is 

independent of the magnetic field applied. The magnetic field-dependent 

magnetization hysteresis curve of the materials can thus be evaluated by identifying 

the induced voltage. 

 

 

 

 

 

 

 

 

Fig. 3.8 Vibrating Sample Magnetometer. 

3.2.6 Dielectric properties measurements 

 

 

 

 

 

 

Fig. 3.9 Wayne Kerr Impedance Analyzer (Model No. 6500B). 

Frequency-dependent dielectric characteristics, ac conductivity, impedance 

spectroscopy, and temperature-dependent ɛ' were measured using Impedance 
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Analyzer. Fig. 3.9 demonstrates the experimental setup of the Wayne Kerr 6500B 

Impedance Analyzer. Measurements of dielectric characteristics typically 

implicate the measurement of the change in capacitance and loss of a capacitor 

in the existence of dielectric materials. The operation of the measurement 

technique can be explained as follows: Firstly considered an ideal lossless air 

capacitor of capacitance C0. The capacitance is changed when the dielectric 

component is inserted into the air medium. The RT dielectric and electrical 

properties (ac conductivity and impedance) measurements on disk-shaped 

samples are performed for all the compositions in the frequency spectrum of 20 

Hz-5 MHz. 

The ε' is calculated using the following relations [100], 

             0

'
C

C
 ,        (3.8) 

where C represents the capacitance of the composition and 

            
d

A
C 0

0




        
(3.9) 

where Co, d and A represent the capacitance without dielectrics, the thickness of the 

capacitor, and the cross-sectional area of the disk-shaped sample, respectively. To 

ensure better electrical contact for the evaluation of ε', the samples were painted on 

both sides with silver paste. The ac conductivity (ζac) is measured at RT in the 

frequency area of 20 Hz-5 MHz to investigate the conduction procedure of the 

samples. The ac of the samples is calculated using the following equation [108]: 

        
      ,       (3.10) 

where ε0 = 8.85 × 10
−12

 Fm
−1

, ω and tanδE reflect angular frequency, and is the loss 

of the dielectric material, individually. 

 

3.2.7 Complex impedance spectroscopy analysis 

The electrical characteristics of complex perovskite oxides can be studied using 

complex impedance spectroscopy. The ac measurements are often performed to 

analyze impedance spectroscopy using a Wheatstone bridge form of device 

(Impedance Analyzer or LCR meter), wherein R and C of the samples are evaluated 
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and balanced with respect to the variable resistors and condensers. Impedance ǀZǀ 

(~Z*) and the phase discrepancy (θ) among the voltage and current are determined as 

a function of frequency. Therefore the data is examined by plotting the imaginary 

part of impedance, Z'' = ǀZǀcosθ against the real part of impedance, Z' = ǀZǀsinθ on 

such a complex plane recognized as impedance plot. The impedance for a parallel 

RC circuit is demonstrated using the relationship given below: 

                         
 

  (   ) 
  

    

  (   )  
                                          (3.11) 

One obtains after simplifying  

             (   
 

 
)       (

 

 
)                                                                    (3.12) 

This shows the equation of the circle with the radius R/2 and the center at (R/2, 0). 

Thereby, a plot of Z' versus Z'' (as a function of ω) for a polycrystalline material 

results in two semicircles (Fig. 3.10). This plot is often referred to as the Cole-Cole 

plot. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10 (a) The impedance plot for an ideal polycrystalline sample and (b) the 

corresponding equivalent circuit. 

Using the given formula, the composites' complex electric modulus (M*) was 

estimated: 

            ( )  
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where    and     depict the complex dielectric constant and its imaginary part, 

respectively. 

Simplifying and substituting     by        , we get 

               ( )    ( )      ( )  
 

  (        )
 

 (     )

  (        )
                        (3.14) 

where    and     dipict the real and imaginary parts of M*, respectively. 

3.2.8 Ferroelectric property measurements 

Precision multiferroic test system (Model: P-PMF, Radiant Tech. Inc., USA) 

attached with 10 kV high voltage interface (Model. P HVI210KSC, amplifier 

(Model. Trek 609B) was used to describe the electrical characteristics of samples 

shown in Fig. 3.11. The electric field and frequency-dependent electric polarization, 

ɛ', and tanδE can be determined by this device. 

 

  

 

 

 

 

 

 

Fig. 3.11 Ferroelectric loop tracer. 

 

The basic P-E test system is based on Sawyer Tower (S-T) circuit depicted in  

Fig. 3.12. The circuit contains two capacitors, one owing to sample (C) and the other 

to a linear known valued internal capacitor (Co) connected in series. The principle is 

simple when two capacitors are associated in series and ac voltage is imposed on 

both in series, the charge on both will be the same. To achieve complete saturation, 

the internal capacitance must be greater than the sample capacitance. 
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Fig. 3.12 Sawyer Tower (S-T) circuit. 

 

3.2.9 Magnetoelectric coefficient measurement 

Fig. 3.13 Experimental setup for the measurement of the ME coefficient. 

The sides of the pellet are connected to a Keithley electrometer (model 197A) to 

measure the ME coefficient, which gives the output voltage value shown in Fig. 3.13. 

The sample is then inserted between the two poles of the electromagnet. Another pair 

of coils known as Helmholtz-coil is placed between the poles of the electromagnet. 
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The Helmholtz coil is attached to an ac power supply and creates an ac magnetic 

field. The magnetic field of the electromagnet is changed by changing the current 

and voltage of the dc power supply and the sample experience different magnetic 

fields. This effect results in a change in the output voltage. The ME coefficient of the 

materials is evaluated using the following relation [109]: 

      (
  

  
)   

 
  

   
       (3.15) 

where V0, d, and h0 represent the ME voltage established within the sample, the 

effective thickness of the sample, and the amplitude of the applied ac field, 

respectively. 

 



 

 

4. RESULTS AND DISCUSSION 

 

4.1 Characterization of xLNCZFO+(1-x)BSTDO Composites 

 

4.1.1 Structural characterization, density, and porosity 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 XRD patterns of (a) LNCZFO, (b) BSTDO, and (c) various 

xLNCZFO+(1-x)BSTDO composites. 

 

The XRD pattern of LNCZFO is shown in Fig. 4.1(a) confirms the single-phase 

cubic spinel structure, while the pattern of BSTDO shown in Fig. 4.1(b) is a 

characteristic feature of the single-phase tetragonal perovskite structure. The XRD 

peaks have been identified with their corresponding Miller indices. The positions of 

all peaks in the XRD pattern match well with previously reported results [49, 54]. 
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Fig. 4.1(c) shows the XRD patterns of various xLNCZFO+(1-x)BSTDO composites. 

No third phase is observed in the XRD pattern, indicating that there was no chemical 

reaction between the phases. It is seen that, with increasing ferrite content in the 

composites, the intensity of the ferrite peaks increases while perovskite peaks 

decrease. This implies that the intensity of XRD peaks and the number of peaks 

depend on the concentration of constituent phases in the composites. 

 

Fig. 4.2 demonstrates the Rietveld refined XRD patterns of the studied composites. 

The presence of constituents (LNCZFO and BSTDO) and the absence of 

intermediate phases confirm the excellent formation of composites. The Rietveld 

refinement also confirms the cubic spinel crystal structure with    ̅  space group of 

LNCZFO phase and tetragonal perovskite structure with P4mm space group of 

BSTDO phase [110]. In the figure, the black line and red circle represent the 

observed and calculated intensity, respectively. Short vertical lines with a red color 

below the patterns determine the position of the Bragg diffraction and the lower 

continuous line is the difference between the observed and the calculated intensity. It 

is evident that there is a good agreement in the observed and calculated XRD 

patterns that are also verified by the observation of the difference pattern. Parameters 

including R-factors (R = reliability) and goodness of fit index were analyzed to 

assess the reliability and fitting quality of experimental data, respectively. The best 

fit of the experimental diffraction data is obtained since these parameters have 

attained their lower value and therefore the respective crystal structure is regarded to 

be satisfactory [33]. There is no significant change in the refined lattice parameters 

(shown in Table 4.1) of the individual phases in the composites, which indicates that 

there is no structural change in the individual phases during the formation of the 

composites. Slight changes in the lattice parameters result from the stress between 

the two ferroic orders [30]. The values of the lattice parameter obtained from the 

Rietveld refinement analysis [107]. The cubic ferrite phase consists of a = 0.8443 

nm, while a = b = 0.4032 nm and c = 0.4035 nm for the tetragonal perovskite phase 

of x = 0.50 composite. The results obtained are well satisfied with the results 

reported earlier [22-25, 111-119]. 
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Fig. 4.2 Rietveld refinement of various of xLNCZFO+(1-x)BSTDO composites. 
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Table 4.1 The space group, lattice parameter, reliability factor (R), and goodness of 

fit (GOF) for various xLCNZFO+(1-x)BSTDO composites. 

 

 

Fig. 4.3 demonstrates the variation of ρB, ρth, and P as a function of the ferrite 

content. The ρB of the sintered samples was measured using the Archimedes method. 

The ρB initially increases with the ferrite content (for x = 0.10) because the small-

sized grains of BSTDO fill the intergranular pores of the LNCZFO phase thereby 

increasing ρB. Also, the high interaction between the constituent phases for x = 0.10 

samples confirmed by the αME is responsible for the higher ρB. Then ρB decreases 

with an increase in the ferrite content as the molecular weight of the LNCZFO 

(232.08 amu) is lower than that of the BSTDO (239.58 amu). The ρth decreases 

almost linearly according to the sum rule. It also appeared that, for all the 

composites, the value of ρB is lower than the corresponding value of ρth. This can be 

explained by the influence of pores that might be created and developed throughout 

the sintering of bulk samples. There are two sources of porosity in ceramic samples: 

intergranular and intragranular porosity [120, 121]. Thus, total porosity is expressed 

as, 

                                      (4.1) 

Content 

(x) 

Space group Lattice parameter (nm) R (%)  

 

GOF 

Ferrite  Ferroel

ectric 

 

Ferrite Ferroelectric  

Re 

 

Rp a a c 

0.00    ̅  P4mm ------- 0.4035 0.4037 4.66 4.27 1.22 

0.10    ̅  P4mm 0.8377 0.4034 0.4036 5.44 8.57 1.97 

0.20    ̅  P4mm 0.8384 0.4033 0.4037 5.08 6.74 1.70 

0.30    ̅  P4mm 0.8382 0.4036 0.4038 4.59 6.87 1.84 

0.40    ̅  P4mm 0.8385 0.4037 0.4039 4.30 5.94 1.96 

0.50    ̅  P4mm 0.8379 0.4032 0.4035 4.03 6.50 1.99 

0.60    ̅  P4mm 0.8388 0.4031 0.4034 3.69 3.84 1.35 

1.00    ̅  P4mm 0.8443 ------- ------- 2.63 2.61 1.26 
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As a result of these intergranular and intragranular pores, ρB is smaller than ρth in the 

composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 Variation of ρB, ρth, and P as a function of ferrite content of various  

xLNCZFO+(1-x)BSTDO composites. 

 

 

4.1.2 Surface morphology and EDS analysis 

The microstructure of multiferroic materials plays an important role not only for 

electrical and magnetic properties but also for ME coupling. The distribution of the 

grains along with fitted curves as presented in Fig. 3.4 to evaluate the grain sizes of 

LNCZFO and BSTDO ferroics in the composites. The two ferroic phases can be 

easily identified from the FESEM images. From FESEM image analysis it was 

observed that the relatively larger grains are the ferromagnetic phase. The number of 

these grains increases as the x value increases. It is observed from the micrographs 

that the multiferroic composites have a fine crystalline structure. Micrographs show 

the inhomogeneous grain size due to the different growth rates of the individual 

phases in the composites. The average grain diameter ( ̅) of the compositions, 

calculated by fitting the data based on the Gaussian distribution function. With the 

increase of LNCZFO ferrite in composites, the  ̅ increased due to a higher  ̅ of 

LNCZFO than BSTDO. The reduction of stress due to an increase in porosity with an 
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increase in the ferrite phase in the composite also may be responsible for this 

increase in  ̅ with the ferrite phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 FESEM images along with grain distribution histogram of various 

xLNCZFO+(1-x)BSTDO composites. 

To evaluate the chemical composition of different xLNCZFO+(1-x)BSTDO 

composites, EDS spectra are recorded from FESEM as depicted in Fig. 4.5. The EDS 

spectrum shows that the proportion of the elements in the constituent phases is well 

compatible with the nominal composition of the composite phases, except for 
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oxygen. This is because the oxygen deficiency can be created during the high 

sintering temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 FESEM image and EDS spectrum of (a) x = 0.00, (b) x = 0.50, and  

(c) x = 1.00 samples of xLNCZFO+(1-x)BSTDO composites. 
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4.1.3 Initial permeability 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 Variation of μi′ as a function of frequency for various  

xLNCZFO+(1-x)BSTDO composites. 

 

Information on the mechanism behind the magnetic properties of the composites and 

their capability in high-frequency applications is reflected by the value of μi′. Fig. 4.6 

demonstrates the variation of μi′ with frequency for different xLNCZFO+ 

(1-x)BSTDO composites between 10 kHz and 120 MHz. The value of μi′ increases 

with increasing LNCZFO phase in the composites because of high magnetic 

LNCZFO, while BSTDO exhibits weak ferromagnetic or antiferromagnetic behavior. 

For x = 1.00, the value of μi′ is very high compared to the other samples. The μi′ of a 

polycrystalline ferrite is related to two separate processes of magnetization:  

(i) domain wall motion and (ii) spin rotation [122, 123], which is expressed as 

follows: 

                   μi
'
 = 1 + χw + χspin                                                       (4.2) 

where χw and χspin represent the domain wall motion and the spin rotation 

susceptibility of the material, respectively. The χw and χspin can be written as: 

                        
     

  ̅

  
                                                                                  (4.3) 
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where Ms is the saturation magnetization, K is the anisotropy constant, and γ is the 

domain wall energy. Therefore, it is seen that the motion of the domain wall is 

influenced by the  ̅ and strengthened with the increase of  ̅  In the case of normal 

grain growth, the relationship between μi′ and  ̅ is directly proportional. Besides, 

from the M-H hysteresis loop, it is also evident that the magnetization is very large 

for x = 1.00 sample. The μi′ is directly proportional to the magnetization. The  ̅  and 

magnetization of x = 1.00 sample is greater than the other composites. As a result, 

the sample with x = 1.00 is much different from the rest. With an increase of 

frequency, the value of μi′ remains almost constant for all composites up to fr and 

then decreases. The reason for the decrease of μi′ beyond fr is the origination of 

pinning points from intragranular pores and impurities at a higher-frequency on the 

surface of the sample. These pining points obstruct the spin rotation and the motions 

of domain walls as a result reduce their contribution to μi′ [124]. High μi′ and high fr 

are mutually incompatible, according to Snoek’s relation (frμi′ = constant) [125]. 

Therefore, as LNCZFO increases in composites, fr decreases. No fr was found for  

x = 0.00 and x = 0.10 samples in the observed frequency range (inset of Fig. 4.6) as 

the fr occurs beyond this range. The increase of μi′ with an increase of the LNCZFO 

content is expected as per the sum rule of the composite. The values of μi′ are 

presented in Table 4.2. 

 

 

 

 

 

 

 

 

Fig. 4.7 Variation of tanδM as a function of frequency for various 

 xLNCZFO+(1-x)BSTDO composites. 
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Fig. 4.7 demonstrates frequency variation of tanδM for various xLNCZFO+ 

(1-x)BSTDO composites. The tanδM arises by the latency of domain wall motion 

with applied ac field is ascribed to various defects, including domain wall bowing, 

non-uniform and non-repetitive domain wall motion, and domain wall annihilation 

[126]. It is extremely desirable from the implementation point of perspective to have 

this loss as small as possible. At the lower frequency region (up to 10
5
 Hz) the tanδM 

decreases with the increase of ferrite phase due to the increase of Q factor which is 

inversely proportional to the tanδM. The tanδM of the composites at high-frequency 

(beyond 10
6
 Hz) is quite low. This is because of the insulating layers originating 

from BSTDO enveloping the LNCZFO particles, which significantly increase the 

resistivity of the material causing a reduction in the eddy current loss [127]. At 

higher frequency region, the tanδM again increases due to the random motion of the 

domain wall which unable to follow the magnetic field. Moreover, at the higher 

frequency region, tanδM also increases with increasing ferrite content due to the 

decrease of the Q factor. 

 

 

 

 

 

 

 

 

Fig. 4.8 Variation of RQF as a function of frequency for various  

xLNCZFO+(1-x)BSTDO composites. 

The variation of the RQF as a function of the frequency is demonstrated in Fig. 4.8. 

The RQF is used as a performance indicator for practical applications. The RQF 
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directly proportional to the RQF. The RQF increases with an increase in frequency 

up to a certain value and then decreases with the formation of a peak. RQF peaks 

shift towards the lower frequency region with the increase of ferrite content 

indicating the lowering of tanδM. For LNCZFO, the peak is sharper but broadened by 

increasing the ferroelectric phase in the composite, increasing the frequency utility 

range. 

 

Table 4.2 The ρth, ρB, P,  ̅ and μi′ (at 100 kHz) for various xLCNZFO+(1-x)BSTDO 

composites. 

 

Content (x) 
Ρth 

(g/cm
3
) 

ρB 

(g/cm
3
) 

P (%)  ̅ (µm) 

  
  at 

100 

kHz 

0.00 6.12 5.83 5 0.34 25 

0.10 6.11 5.86 4 0.40 38 

0.20 6.10 5.72 7 0.44 43 

0.30 6.07 5.61 8 0.49 45 

0.40 6.05 5.52 9 0.52 48 

0.50 6.04 5.41 11 0.57 49 

0.60 6.02 5.28 12 0.66 54 

1.00 5.82 5.13 14 1.60 231 

 

4.1.4 Magnetic hysteresis 

Magnetic hysteresis analysis is a significant factor for assessing the potential use of 

magnetic materials. Variation of magnetization with the applied magnetic field for 

different xLNCZFO+(1-x)BSTDO composites are presented in Fig. 4.9. The figure 

represents that the M-H loops are quite narrow for all samples. The magnetization of 

all samples significantly increases with an increase of the applied magnetic field up 

to 0.1 T. Magnetization above 0.1 T increases slowly and then obtained a saturation 

nature. The applied magnetic field above 0.2 T the M-H loops exhibit an independent 

nature, i.e. the magnetization of all samples reaches its saturation value. The Ms of 

the samples enhances with an increase of the ferrite phase in the composites due to 
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the higher μi' of ferrite phase which is directly proportional to the Ms. Increased 

magnetization values with an increasing LNCZFO contributes to more ferrite grains 

than ferroelectric phase grains that also enhance the magnetic moment of the 

composite sample [128, 129]. The LNCZFO phase has higher Ms because of the 

stimulation of migration of Fe
3+

 into B-site as nonmagnetic Zn
2+

 prefers to go to  

A-site. Such migration of Fe
3+

 to B-site raises the magnetic moment of the B-site, 

leading to enhance A-B interaction. Enhanced A-B interaction causes an increase in 

net magnetization (Ms = MB–MA). The BSTDO exhibits a weak ferromagnetic 

behavior with a small magnitude of Mr of 0.182 emu/g and incorporation of LNCZO 

and BSTDO into composite contributes to an enhancement of magnetization due to 

the interfacial strain leads to change the orientation of the spins [103]. The magnitude 

of Ms for all samples is measured by the extrapolation of the magnetization curve to 

H = 0. The minimum Ms of 2.420 emu/g is found for x = 0.00 sample. The Ms 

enhances with an increase in ferrite content and reached a maximum value of  

~80 emu/g for x = 1.00 sample. The composites comprise a large magnitude of 

reduced (Mr/Ms) magnetization relative to the parent LNCZFO phase. This reduced 

magnetization is also referred to as the hysteresis loop squareness. The estimated 

range of these values is 0.094-0.026, which is appropriate for use in memory devices 

[130]. 

 

 

 

 

 

 

 

 

 

Fig. 4.9 M-H hysteresis loops of various xLNCZFO+(1-x)BSTDO composites. 
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Table 4.3 Measured magnetic parameters of xLNCZFO+(1-x)BSTDO composites. 

 

Content, x Ms (emu/g) Mr (emu/g) Hc (T) 

0.00 2.43 0.33 0.0031 

0.10 7.03 0.99 0.0032 

0.20 11.63 2.59 0.0069 

0.30 14.92 2.42 0.0075 

0.40 22.80 2.94 0.0042 

0.50 28.06 1.75 0.0034 

0.60 32.66 6.71 0.0071 

1.00 79.67 4.38 0.0034 

 

4.1.5 Dielectric property 

The ε′ signifies the efficiency of the dielectric material to store the electrical energy.  

Fig. 4.10 demonstrates the variation of ε′ with frequency. It is observed that ε′ 

decreases with the increase of frequency. Afterward, it remains almost constant for 

all composites. This low-frequency dielectric dispersion results, because at  

low-frequency all types of polarization (interfacial, dipolar, ionic, and electronic) are 

present in the samples [131]. However, on increasing frequency, some of the 

polarizations gradually disappear (except electronic and ionic) resulting in a rapid 

drop of ε′. It could be also happened due to the electric dipoles do not get enough 

time to line up and therefore cannot follow the rapid variation of the applied 

alternating electric field. In the lower frequency, the large value of ε′ also results 

from the interfacial polarization suggested by Maxwell-Wagner [132-134]. 

Interfacial polarization originates from the inhomogeneity of the sample arising from 

grain structure, impurity, interfacial defects, and porosity. This inhomogeneity is 

generated in the sample during the process of high-temperature calcination and 

sintering. The ε′ increases with increasing the ferrite content for some of the 

composites owing to the enlarged  ̅ of the samples. The grain boundary area 

decreases as  ̅ increases. The increase in interfacial polarization also resulted from 

the heterogeneity of composites [135, 136]. These heterogeneities are the interfaces 

between the ferrite and ferroelectric phases, where the conductivity and permittivity 

of the constituent phases are different. This gives rise to an interfacial polarization 
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and contributes to ε′ [137]. As a result of the presence of ferrite with large  ̅ and 

heterogeneity in the composites, ε′ was increased. In the present study, an enhanced 

ε′ was observed for  ̅ between 0.521-0.658 µm and a decreasing trend of ε′ was 

observed for other values of  ̅. These results agree with the earlier reports  

[138, 139]. The value of ε′, however, is decreased with an increase in the ferrite 

phase at a higher frequency for the reason that ε′ is smaller for LNCZFO compared to 

BSTDO. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10 Variation of ε' as a function of frequency for various  

xLNCZFO+(1-x)BSTDO composites. 

 

The tanδE is the dissipation of electrical energy in the form of heat energy. Fig. 4.11 

reveals the variation of tanδE as a function of frequency. This tanδE is attributed to 

the resonance of the domain wall [51]. Frequency dispersion tanδE occurs in both 

ends of the relaxation peak. It is observed that the composites exhibit the loss peaks 

according to the Debye relaxation theory. Such resonance loss peaks arise when the 

hopping frequency of the electrons between the different ionic states, becomes 

almost equal to the frequency of the applied field. That is when the condition ωη = 1 

is satisfied [33]. Similar behavior is also reported in earlier studies [140, 141]. 

Samples with x = 0.40-0.60 show a double relaxation loss peak. The samples were 
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polycrystalline material, both grain and grain boundaries can be prominent. It is 

evident from the Nyquist plot of these samples that both grain and grain boundary 

effects exist. This double loss peak is originated from the grain and grain boundary 

contribution. The loss peak at the lower frequency area is for grain boundary 

contribution and the higher frequency is for grain contribution. The value of tanδE 

increases with the increase of ferrite content due to the increase of the mobility of the 

charge carrier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Variation of tanδE as a function of frequency for various  

xLNCZFO+(1-x)BSTDO composites. 

 

Fig. 4.12(a) demonstrates the temperature-dependent ε' measured at a frequency of  

100 kHz. A dielectric peak at around 132⁰C is observed for the case of untainted 
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transition of the ferromagnetic phase. Different factors including structural 

transitions, the ME effect, or transitory interaction among oxygen ion vacancies and 

the Fe
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temperature-dependent dielectric peaks [142-144]. Fig. 4.12(b) shows the shifting of 
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phases. The shifting of the peak position implies the ME interaction between the 

constituent phases [148-150]. The broadening of the dielectric peak for some 

samples reveals the existence of diffuse phase transition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.12 Variation of (a) ε' as a function of temperature for various xLNCZFO+ 

(1-x)BSTDO composites at 100 kHz frequency, and (b) TC with ferrite content. 
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4.1.6 Complex impedance spectra analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13 Frequency dependent variation of (a) Z', and (b) Z'' for various xLNCZFO+ 

(1-x)BSTDO composites. 

Frequency-dependent Z′ is shown in Fig. 4.13(a). The graphical representation shows 

that the magnitude of Z′ gradually decreases with an increase of frequency up to a 

certain value (10 kHz) which confirms the increase of conductivity in the composite. 
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At lower frequencies (up to 10
4
 Hz), the higher value of Z′ indicates that relaxors 

have larger polarization since all types of polarization exist in this region. In the 

lower frequency region, the Z′ decreases with the increase of ferrite content due to 

the lower resistive property of the ferrite phase. The plateau-like behavior of Z′ at 

higher frequencies indicates the possible release of space charge polarization at the 

boundaries of homogeneous phases in composites under the applied external field 

[151-153]. The merger behavior of Z′ at a higher frequency region (above 10
4
 Hz) is 

due to the reduction of the impedance of the sample. This is due to the capacitive 

reactance is inversely proportional to the frequency which contributes to the total 

impedance. The obtained results are well compatible with PZT+NZFO and 

CZFMO+PCT composites [154, 155]. Fig. 4.13(b) shows the identical variation of 

Z'' with frequency as that of Z′. The absence of the relaxation phase resulted from the 

static relaxation of the electron in the composites. 

 

Fig. 4.14(a) shows the frequency-dependent M′ which is inversely proportional to ɛ'. 

In the low-frequency region (up to 10
3
 Hz), the value of M′ is quite low, indicating 

the presence of the polaron hopping and the relatively small influence of the 

electrode impact [156-158]. After a certain frequency, the value of M′ increases, 

because of the inability of some dipoles to follow the alternating electric field at 

higher frequencies. Therefore, M′ significantly increases with frequency for all 

samples. Fig. 4.14(b) demonstrates the frequency response M''. The M'' peak is 

obtained in different frequency regions for different composites due to the different 

relaxation times. The region below the peak frequency defines the range of motion of 

the charge carriers over long distances, i.e. between the grains. Beyond the peak 

frequency, the charge carrier moves within short distances, i.e. within the grains 

[159]. The region where the peak occurs indicates a shift from long to short-distance 

mobility of charge carriers. At both ends of the maxima, asymmetrical peak 

broadening is observed. Asymmetric peak broadening indicates that relaxation times 

are distributed at different time constants [160]. 
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Fig. 4.14 Electric modulus spectra of various xLNCZFO+(1-x)BSTDO composites: 

 (a) for real part (M'), and (b) for imaginary part (M''). 
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grain boundary effects. If a third semicircle is present, it indicates the electrode 

effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15 (a) Equivalent circuit model, and (b)-(i) Nyquist plot of various 

xLNCZFO+(1-x)BSTDO composites. 
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Fig. 4.15(b-i) demonstrates the Nyquist plot of different composites. In the 

impedance spectra, composites with x = 0.00, 0.10, 0.20, 0.30, and 1.00 have a single 

semicircular arc. This suggests that the materials have only a grain boundary effect 

on the conduction process [162]. The impedance spectra of composites x = 0.40, 

0.50, and 0.60 consists of double semicircular arcs. In higher frequencies, these 

composites exhibit an asymmetrical semicircular arc that is caused by the 

superposition of semicircular arcs of the constituent phases. This may result from a 

slight difference in relaxation time for grains in the constituent phases. The 

equivalent circuit consists of two sub-circuits connected in series as shown in  

Fig. 4.15(a) can be used to describe this activity. The response of RgCg and RgbCgb 

corresponds to the high and low-frequency semicircular arcs, respectively. Here, Rg 

and Rgb are the grain and grain boundary resistance, Cg and Cgb are the grain and 

grain boundary capacitance, respectively. According to the equivalent circuit, 

impedance can be evaluated as follows: 

                         
 

    
     

 

     
     (4.5) 

Non-Debye-type relaxation is found in the studied composites because each 

composite exhibits a depressed/distorted semicircle. A perfect semicircle with its 

center at Z'-axis is observed for an ideal Debye-type relaxation [163]. The figure 

displays that with the increase of ferrite content the grain boundary resistance 

decreases. This may be ascribed to the less resistivity of the ferrite phase. 

 

4.1.7 The ac conductivity 

In material science, conductivity is an important topic. Electrical conductivity shows 

significant electrical features and is therefore essential to clarify its mechanism.  

Fig. 4.16 demonstrates the frequency-dependent variation of ζac. The frequency-

dependent ζac spectrum shows two different regions. The conductivity in the lower-

frequency region is almost independent of the frequency referred to as dc 

conductivity (ζdc), where the resistive grain boundaries are more active for dielectrics 

according to the Maxwell-Wagner double layer model [133, 164]. At the high-

frequency region (above 10
4
 Hz), known as the hopping region, ζac is increasing very 

rapidly and the transport phenomenon continues with hopping carriers resulting from 

the constituent elements. Conductive grains become more prominent at higher 

frequencies, thus increasing the hopping charge carrier and contributing to increased 
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conductivity. Hopping of 3d electrons between Fe
2+

 and Fe
3+

 as well as Ni
2+

 and Ni
3+

 

could play a significant role in the conductivity system. The frequency-dependent ζac 

can be written according to Jonscher’s power law [165]: 

                   ζac (ω)= ζdc+Bω
n
,       (4.6) 

where ζac(ω) is the resultant conductivity, B is the pre-exponential factor, n is the 

frequency exponent. The exponent n shows the degree to which the moving ions 

interact with the surrounding lattice. Both n and B depend on materials and 

temperature. The n parameter specifies whereas the conduction is dependent on the 

frequency (0 < n < 1) or independent of the frequency (n = 0). The independent 

nature of σac at a lower frequency (up to 10
2
 Hz) and increasing trend at a higher 

frequency, indicating the shift of an ion from long-range hopping to short-range ion 

motion and thereby confirms the establishment of conductivity relaxation. The 

variation of ζac can easily be explained by the polaron hopping mechanism proposed 

by Austin and Mott as a function of frequency [166]. In the small polaron model, ζac 

increases with increasing the frequency, while the ζac decreases with increasing the 

frequency in the large polaron hopping mechanism [167]. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16 Frequency dependence of ζac for various xLNCZFO+(1-x)BSTDO 

composites. 
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Fig. 4.17 Variation of (a) ζac with ω, (b) n with ferrite content, and (c) ζac fitting 

according to the Jonschers power law for x = 0.20 sample in region-I. 

 

Fig. 4.17(a) shows the variation of ζac as a function of ω. The ζac increases almost 

linearly with increasing ω, indicating the conduction process in the composites is 

caused by a small polaron hopping mechanism [168]. Fig. 4.17(b) demonstrates the 

variation of n with the ferrite content. There are three different regions of ζac were 

selected (in Fig. 4.17.a) and the value of n is determined by the fitting of Jonscher 

power law for different frequency regions. Fig. 4.17(c) shows the fitting diagram of 

ζac by the Jonschers power law for x = 0.20 composite in region-I. The value of n in 

the region I (10
2
-10

3
 Hz) is found to be between 0.58-0.65. Moreover, the value of n 

in region II (10
4
-10

5
 Hz) is in-between 0.72-0.79, and region III  

(10
5
-10

6
 Hz) is in-between 0.91-0.94. This result satisfied Jonscher’s power law and 

the conduction is due to the small polaron hopping mechanism. The magnitude of n 
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increases with an increasing frequency indicating that the increase of mobility of 

charge carrier over a long distance to a short distance. The variation of ζac with ω 

should be linear as per Jonscher’s law. However, mixed polarons (small/large) 

conductions are responsible for the slight deviation of some composites from 

linearity [169, 170]. 

 

4.1.8 Ferroelectric hysteresis 

The P-E curves were evaluated to assess the ferroelectric nature of the composites as 

shown in Fig. 4.18. In the figure, samples up to x = 0.20 show typical ferroelectric 

nature, indicating that the samples are polarized spontaneously. The maximum 

saturation polarization (0.39 µC/cm
2
)
 
is found for x = 0.20 among these samples. The 

remnant polarization of these samples is found to be between the ranges of  

0.035-0.204 µC/cm
2
, which is quite small. This may be the smallest  ̅ of the BSTDO 

phase [171]. The ferroelectric behavior of the composites gradually weakens with an 

increase in ferrite content as the LNCZFO provides a relatively lower electrical 

resistance than BSTDO perovskite. The P-E loops of the composites with  

x = 0.50 and 0.60 are almost rounded and the ferrite phase (x = 1.00) illustrates an 

almost rectangular loop, suggesting a very lossy and lower resistive sample from 

which nothing could be obtained from the intrinsic ferroelectricity. High leakage 

current, inappropriate electrode and barium volatilization may also be the possible 

reason for this. Similar behavior has been reported earlier [172]. The ferroelectric 

coercive field is minimum for x = 0.10 composite, which implies that the composite 

may easily be polarized under the appropriate electric field. 
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Fig. 4.18 P–E loops of xLNCZFO+(1-x)BSTDO composites. 
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4.1.9 Magnetoelectric voltage coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.19 Variation of (a) αME with dc magnetic field for various xLNCZFO+ 

(1-x)BSTDO composites, and (b) maximum αME with the ferrite content. 

 

The strain-mediated ME coupling effect in composites with constituent phases 
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multiferroic materials arises from the interaction of the magnetic and ferroelectric 

domains. The applied magnetic field induces a large strain in the magnetic domains 

of the samples, which distort the ferroelectric domains. As a result, charges are 

induced in the grains. These charges would help to develop more voltage in the grain, 

which in turn produces a strong ME coupling. The variation of αME for the 

composites as a function of the applied dc magnetic field is demonstrated in  

Fig. 4.19(a). The value of αME is found to increase with the applied dc magnetic field 

due to the increase of magnetostriction in the ferromagnetic phase. At a certain value 

of the applied dc magnetic field, the αME obtained its maximum value because of 

obtaining the saturation state of the ferromagnetic phase. The αME gradually 

decreases after reaching the maximum value. The decrease in αME with the increase 

in the dc magnetic field is explainable by the fact that after reaching the saturation 

state ferromagnetic phase provides a constant voltage to the ferroelectric phase. As a 

result with increasing voltage after reaching saturation state causes lowering the 

voltage magnetic field ratio which reduces the value of αME [174]. The variation of 

maximum αME with ferrite content is shown in Fig. 4.19(b). The plot reveals that the 

maximum αME decreases with large grain ferrite content, which is responsible for a 

significant decrease in composite resistivity. The ME response of the composites 

depends on the piezoelectricity of the ferroelectric phase and the magnetostriction of 

the ferrite phase. Smaller grains are more effective in producing both piezomagnetic 

and piezoelectric coefficients than larger grains [175]. Moreover, to obtain a better 

ME effect in composites, two individual phases should be in equilibrium, and a 

mismatch between grains should not be present. Leakage charges are developed 

through the path of low resistive ferrite grain surrounding the ferroelectric grains. 

These leakage charges reduce the piezoelectric effect of the ferroelectric phase, 

which is one of the causes of the αME decrease. The increasing porosity with the 

increase of the ferrite phase is another possible reason for less ME coupling between 

the two phases in the composite. The increase in porosity results in a decrease in the 

net magnetization of the samples, which has a significant effect on the coupling 

interaction between the two phases. The maximum value of αME  

(170 mV/cmOe) is found for the x = 0.10 composite. Sample with x = 0.10 shows the 

maximum αME due to the well-connected grains, high density, low porosity, and high 
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resistivity. The results of the presented composites are relatively higher than 

previously reported results by other researchers [176-178]. 

 

4.1.10 Summary of xLNCZFO+(1-x)BSTDO Composites 

Various xLNCZFO+(1-x)BSTDO multiferroic composites were synthesized and 

investigated the structural, morphological, magnetic properties, dielectric properties, 

electric modulus, conductivity, impedance spectroscopy, ferroelectric property, and 

ME voltage coefficient. The Rietveld refinement analysis of XRD patterns confirms 

the existence of both constituent phases without any third phase. The density 

decreases and  ̅ increases with the increase of the ferrite phase. The   
  and RQF 

increases with the enhancement of LNCZFO in the composite due to the increase of 

magnetic grains. The Ms of the composites enhances with increasing ferrite content 

and obtained a maximum value of ~80 emu/g for x = 1.00 sample. Some composites 

show a higher ε′ than the constituent phases due to the space charge polarization 

results from a heterogeneity of the composites. The shift of temperature-dependent ε′ 

peak position has confirmed the ME interaction between the ferroic phases. The 

modulus and the ζac of the composites reveal a polaron hopping conductivity. The 

linearity of ζac versus ω graphs implies that the conductivity is due to the small 

polaron hopping mechanism and satisfied Joncher’s power law. The non-Debye type 

relaxation occurs for all the composites that each composite has a distorted 

semicircle in the Z′ versus Z′′ graph. Initially, the ferroelectric property increases 

with the increase of the ferrite content up to x = 0.20 then decreased due to the 

increase of low resistive and high porous ferrite phase. The x = 0.10 composite shows 

the highest αME of 170 mV/cmOe. The results obtained from the present study could 

be used to manufacture potential multifunctional devices for technological use and to 

explore the new family of composites. 
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4.2 Characterization of xLNCZFO+(1-x)BGTDO composites 

4.2.1 Structural characterization, density, and porosity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20 XRD patterns of (a) LNCZFO, (b) BGTDO, and (c) various  

xLNCZFO+(1-x)BGTDO composites. 

 

Fig. 4.20 illustrates the typical XRD patterns of LNCZFO, BGTDO, and different 

xLNCZFO+(1-x)BGTDO composites. The XRD peaks were indexed with equivalent 

Miller indices. No reflections except those relating to a cubic structure of the ferrite 

material and tetragonal structure of the ferroelectric material were detected, 

indicating that there were no chemical reactions between the two ferroics in the final 

sintering stage [49, 54]. No non-indexed peaks correlated with the initial raw 

materials were found that can attribute to the production of impurity. The existence 

of both phases in the composite with no third phase confirmed the excellence of the 
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fabrication of composite material. When the ferrite phase increases, the ferrite peaks 

become more intense, while the perovskite peaks become less intense. The number 

and intensity of peaks in the XRD patterns depend on the number of ferroic orders in 

the composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.21 Rietveld refinement of various xLNCZFO+(1-x)BGTDO composites. 
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Fig. 4.21 demonstrates the Rietveld refined XRD patterns of the studied composites. 

The presence of constituents (LNCZFO and BGTDO) and the absence of 

intermediate phases confirm the excellent formation of composites. The Rietveld 

refinement also confirms the cubic spinel crystal structure with    ̅  space group of 

LNCZFO phase and tetragonal perovskite structure with P4mm space group of 

BGTDO phase. In the figure, the black line and red circle represent the observed and 

calculated intensity, respectively. Short vertical lines with a red color below the 

patterns determine the position of the Bragg diffraction and the lower continuous line 

is the difference between the observed and the calculated intensity. It is evident that 

there is a good agreement in the observed and calculated XRD patterns that are also 

verified by the observation of the difference pattern. Parameters including R-factors 

(R = reliability) and goodness of fit index were analyzed to assess the reliability and 

fitting quality of experimental data, respectively. The best fit of the experimental 

diffraction data is obtained since these parameters have attained their lower value 

and therefore the respective crystal structure is regarded to be satisfactory [32]. There 

is no significant change in the refined lattice parameters (shown in Table 4.4) of the 

individual phases in the composites, which indicates that there is no structural change 

in the individual phases during the formation of the composites. Slight changes in the 

lattice parameters result from the stress between the two ferroic orders [30]. The 

values of the lattice parameters were obtained from the Rietveld refinement analysis 

[107]. The cubic ferrite phase consists of a = 0.8443 nm, while a = b = 0.3988 nm 

and c = 0.3999 nm for the tetragonal perovskite phase of x = 0.50 composite. The 

results obtained are well satisfied with the results reported earlier [22-25]. 
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Table 4.4 The space group, lattice parameter, R, and GOF of various xLCNZFO+ 

(1-x)BGTDO composites. 

 

 

Content 

(x) 

Space group Lattice parameter (nm) R (%)  

 

GOF 

Ferrite  Ferroel

ectric 

 

Ferrite Ferroelectric  

Re 

 

Rp a a c 

0.00    ̅  P4mm ------- 0.3995 0.4026 5.91 4.63 1.03 

0.10    ̅  P4mm 0.8447 0.3986 0.3993 5.61 7.29 1.75 

0.20    ̅  P4mm 0.8444 0.3987 0.3998 5.13 6.09 1.59 

0.30    ̅  P4mm 0.8446 0.3985 0.4001 5.25 6.89 1.31 

0.40    ̅  P4mm 0.8445 0.3986 0.4003 4.54 4.21 1.22 

0.50    ̅  P4mm 0.8446 0.3988 0.3999 4.29 3.79 1.15 

0.60    ̅  P4mm 0.8444 0.3989 0.4004 3.76 3.26 1.13 

1.00    ̅  P4mm 0.8443 ------- ------- 2.63 2.61 1.26 

 

 

The graphical representation of ρB, ρth, and P of the composites as a percentage of the 

ferrite component is shown in Fig. 4.22. The bulk density of all composites was 

estimated using the Archimedes principle. The maximum value of ρB was obtained 

for x = 0.10 composite, as the small grains of the perovskite material fill the 

intergranular pores of the composition. Also, the high interaction between the 

constituent phases for x = 0.10 samples confirmed by the highest αME is responsible 

for the higher ρB. The ρB decreases above x = 0.10 due to the atomic weight of 

LNCZFO (232.08 amu) which is lower than the atomic weight of BGTDO (239.92 

amu). ρB is lower than ρth for all composites because, in the case of ρth estimation, 

porosity is not considered which can be produced and grown well into the bulk 

samples during the sintering process. The ρth declines just about linearly to comply 

with the mixture rule or the sum rule. In ceramic material, P is derived from two 

sources, including intergranular pores and intragranular pores [121]. Due to the count 

of these intergranular and intragranular pores during the ρB measurement, ρB is lower 

than ρth. 

 



 

75 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.22 The ρB, ρth, and P as a function of ferrite content of xLNCZFO+ 

(1-x)BGTDO composites. 

 

4.2.2 Surface morphology and EDS analysis 

The microstructure of MFCs plays an important role in the electric and magnetic 

behaviors, as well as the ME coupling. The FESEM associated with the EDS carried 

out the microstructural, surface morphology, and elemental distribution of all 

samples. The distribution of the grains along with fitted curves is presented in  

Fig. 4.23 to evaluate the grain diameter of LNCZFO and BGTDO ferroics in the 

composites. The ferroic phases can be easily identified from the FESEM images. 

From FESEM image analysis it was observed that the relatively larger grains are of 

the ferromagnetic phase. The number of these grains increases as the x value 

increases. Micrographs exhibit the inhomogeneous grain development in the 

composites. This inhomogeneity of grain is due to the dissimilar growth of particular 

phases. The  ̅ of the composites were calculated by fitting the data based on the 

Gaussian distribution function [121]. The  ̅ values of the composites in the range of 

0.319–1.597 μm were well consistent with the earlier report [179]. The increase in  ̅ 

with an increment in ferrite content in the composite might be the cause of the 

combination of large ferrite grains with small ferroelectric grains. The  ̅ value for the 

different samples is presented in Table 4.5. The porosity of the composites develops 
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with an increment in the LNCZFO phase, which agreed with the bulk density and 

porosity measured according to the Archimedes principle. The lower stress created 

from the high porosity of the ferrite element also leads to an increment in  ̅ with the 

ferrite content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.23 FESEM images and grain distribution histogram of various  

xLNCZFO+(1-x)BGTDO composites. 

The EDS spectra were obtained from FESEM to evaluate the atomic percentage of 

the different xLNCZFO+(1-x)BGTDO composites, as shown in Fig. 4.24. The EDS 

spectra confirmed the incorporation of Ni, Cu, Zn, Fe, Ba, Gd, Ti, Dy, and O in the 

composites. The evaluated quantities of the elements are well-matched with the 
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approximate percentages of the different constituents, excluding oxygen. The oxygen 

vacancy can be created at high temperatures during the sintering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.24 Micrographs and corresponding EDS spectra of (a) x = 0.00, (b) x = 0.50, 

and (c) x = 1.00 of xLNCZFO+(1-x)BGTDO composites. 
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4.2.3 Initial permeability 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.25 Variation of μi′ as a function of frequency for various  

xLNCZFO+(1-x)BGTDO composites. 

The μi′ represents the stored energy and demonstrates the part of magnetic induction 

in material under the ac magnetic field. Fig. 4.25 shows the variation of μi′ with a 

frequency range of 10 kHz-120 MHz for various xLNCZFO+(1-x)BGTDO 

composites. The μi′ is almost constant up to a certain frequency for the reason that 

magnetic moments are capable of following the alternate applied magnetic field in 

this region through the magnetization process [180]. This frequency independence 

nature is influential for different applications, including broadband transformer and 

wideband read-write head for video recording [181, 182]. The μi′ increases with the 

ferrite content as the LNCZFO are highly magnetic, whereas the BGTDO is weakly 

ferromagnetic. The μi′ for the LNCZFO phase is much larger than any of the other 

composites. The magnitude of μi′ of a ferrite depends on two factors: (i) domain wall 

motion and (ii) spin rotation [122, 123]. For normal grain growth, the domain wall 

motion is proportional to the  ̅ of the material. The value of  ̅ increased by the 

increase of the domain walls per grain. As the motion of domain walls creates μi′, any 

increase in the number of domain walls may lead to an increase in μi′. The  ̅ for  
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x = 1.00 is much larger than the other composites. Besides, in the M-H hysteresis 

loop, it is also evident that the magnetization is very large for x = 1.00 sample. The 

μi′ is directly proportional to the magnetization. Hence, μi′ for x = 1.00 is quite 

different from the rest of the samples. The μi′ decreases in the higher frequencies 

because of the creation of pinning points on the surface of the sample from 

impurities and intergranular pores, which obstructs the spin rotation and domain wall 

motion by lowering the contribution to enhancing μi′ [124]. The maximum μi′ and the 

corresponding fr are inversely proportional to each other as per the Snoek (frμi′ = 

constant) relationship [125]. Thus, an increase of LNCZFO in composites causes a 

decrease in the magnitude of fr. Hence, it is possible to control the μi′ and fr of the 

composites by changing the LNCZFO or BGTDO content. No resonance peak was 

identified in the observed frequency range for x = 0.00, 0.20, and 0.30 composites as 

above the frequency studied. The μi′ increases with LNCZFO content according to 

the sum rule of the composite and is reported in Table 4.5. 

 

Table 4.5 The ρth, ρB, P,  ̅, and μi′ (at 100 kHz) for various xLCNZFO+(1-x)BGTDO 

composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Content (x) 

Ρth 

(g/cm
3

) 

ρB 

(g/cm
3

) 
P(%)   ̅(µm) 

  
   at 

100 kHz 

0.00 6.03 5.63 7 0.32 26 

0.10 6.04 5.65 6 0.38 30 

0.20 6.02 5.50 9 0.42 32 

0.30 6.00 5.40 10 0.48 35 

0.40 5.99 5.35 11 0.51 41 

0.50 5.98 5.31 12 0.55 45 

0.60 5.96 5.27 13 0.64 48 

1.00 5.82 5.13 14 1.60 231 
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Fig. 4.26 describes the frequency-dependent tanδM of all composites. This tanδM 

creates from the lack of domain wall motion with the applied ac magnetic field and is 

also attributed to different defects, like non-uniform and non-repetitive domain wall 

motion, and domain wall bowing [126]. At the lower frequency region (up to 10
6 

Hz), the tanδM decreases with the increase of the ferrite phase due to the increase of 

Q factor which is inversely proportional to the tanδM. The tanδM for all samples in 

high frequency (beyond 10
5
 Hz) is quite low due to the insulating layer created from 

BGTDO surrounding the LNCZFO elements, which can significantly enhance the 

resistive property of the materials and minimize the loss of eddy current [127]. At the 

higher frequency region, the tanδM again increases due to the random domain wall 

motion and unable to follow the magnetic field. Besides, at the higher frequency 

region, tanδM also increases with increasing ferrite content due to the decrease of the 

Q factor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.26 Variation of tanδM with frequency for various xLNCZFO+(1-x)BGTDO 

composites. 

 

The RQF is used as a performance assessment parameter of material for practical 

applications. Fig. 4.27 represents the frequency-dependent RQF of the samples. The 

RQF increases with the increase of ferrite content due to the increase of μi' which is 

directly proportional to the RQF. The RQF enhances as the frequency increases and 
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then decreases with the additional increment showing a peak. The maximum RQF 

and fr shifted to lower frequencies with an increase in the ferrite content indicating 

the lowering of tanδM. For the ferrite phase, the RQF peak is sharp but widens by 

enhancing the ferroelectric component in the composite, which increases the 

frequency band of the utility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.27 Variation of RQF with frequency for various xLNCZFO+(1-x)BGTDO 

composites. 

 

 

4.2.4 Magnetic hysteresis 

Magnetic hysteresis is a significant factor in the determination of the potential use of 

magnetic materials. Variability of magnetization at RT with the applied field for 

various xLNCZFO+(1-x)BGTDO composites is shown in Fig. 4.28. The figure 

describes that the M-H loops are quite thin for all samples. The magnetization of all 

samples considerably enhances with an addition of the implemented magnetic field 

up to 0.15 T. Magnetization beyond 0.15 T rises slowly, and then a saturation nature 

is achieved. The applied magnetic field higher than 0.25 T shows an independent 

structure of the M-H loops, i.e., the magnetization of all samples reaches the 

saturation state. The Ms of the samples enhances with an increase of the LNCZFO 

phase in the composites due to the higher μi' which is directly proportional to the Ms. 
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Increased magnetization values with an increasing LNCZFO contributes to more 

magnetic grains than the BGTDO phase that also enhances the magnetic moment of 

the composites [128, 129]. The LNCZFO phase has more eminent Ms because of the 

stimulation of migration of Fe
3+

 into B-site as nonmagnetic Zn
2+

 favors to go to A-

site. This migration of Fe
3+

 to the B-site increases the magnetic moment of the B-site, 

which strengthens the interaction of the A-B. Enhanced A-B interaction induces 

increased net magnetization (Ms = MB–MA). The BGTDO demonstrates a weak 

ferromagnetic performance with a low magnitude of Mr of 0.32 emu/g and the 

inclusion of LNCZO and BGTDO into composite contributes to an enhancement of 

magnetization due to the interfacial strain leads to change in the orientation of the 

spins [159]. The magnitude of Ms for all composites is evaluated by the extrapolation 

of the magnetization curve to H = 0. The minimum Ms of 2.26 emu/g is observed for 

x = 0.00 sample. The Ms increased with an increase in ferrite content and achieved a 

maximum value of ~80 emu/g for x = 1.00 sample. The composite consists of a 

significant amount of reduced magnetization (Mr/Ms) relative to the parent LNCZFO 

phase. This decreased magnetization is often called the squareness of the hysteresis 

loop. The determined range of these values is 0.057-0.247, which is suitable for use 

in memory devices [130]. 

 

 

 

 

 

 

 

Fig. 4.28 M-H hysteresis loops for various xLNCZFO+(1-x)BGTDO composites. 
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Table 4.6 Measured magnetic parameters of xLNCZFO+(1-x)BGTDO composites. 

 

 

 

 

 

 

 

 

4.2.5 Frequency-dependent dielectric property 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.29 Variation of ε' with frequency for various xLNCZFO+(1-x)BGTDO 

composites. 

 

The ε′, also known as relative permittivity, is a unique parameter used to describe the 

dielectric behaviors of the materials. The ε′ is the amount of energy stored in the 

material. The frequency-dependent ε′ is represented in Fig. 4.29. The ε′ decreases to 

Content, x Ms (emu/g) Mr (emu/g) Hc (T) 

0.00 2.26 0.32 0.0023 

0.10 6.92 1.11 0.0047 

0.20 9.89 2.44 0.0081 

0.30 13.14 1.98 0.0047 

0.40 20.55 2.86 0.0046 

0.50 26.12 1.73 0.0023 

0.60 31.85 7.59 0.0081 

1.00 79.67 4.38 0.0034 
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certain values by increasing the frequency. After that, ε′ becomes almost constant for 

all the composites. The low-frequency dielectric dispersion occurs since all kinds of 

polarizations are present in the composites at low-frequency (up to 10
4
 Hz). But, as 

the frequency increases, some polarizations are significantly disappeared (except for 

electronic and ion) leading to a sharp fall of ε′. The ε′ is fairly small at higher 

frequencies (beyond 10
4
 Hz) because the electric dipoles do not get sufficient time to 

align and unable to follow the fast variation of the ac electric field. In the low-

frequency region, the high magnitude of ε′ derived from the interfacial polarization 

proposed by Maxwell-Wagner [132, 133]. Interfacial polarization creates from 

inhomogeneity of the material, results through grain composition, porosity, 

interfacial defects, charges trapped by the defects at the grain boundaries, oxygen 

vacancies, and impurity. During the high-temperature calcination and sintering, this 

inhomogeneity formed in the sample. Besides, space charge polarization could also 

be caused by the Ba-volatility and the transition from Fe
3+

 to Fe
2+

 in LNCZFO. The 

Fe
3+

 to Fe
2+

 transition in LNCZFO takes place to maintain a charge balance, which 

may also contribute to the formation of oxygen vacancies [183]. The ε′ for some 

samples of x = 0.40, 0.50, and 0.60 enhances with the increase of LCNZFO content 

because of the large  ̅ for the LNCZFO phase. The area of the grain boundary 

reduces with the increase of  ̅. The heterogeneity of the composites also increased 

the interfacial polarization [135, 136]. The difference in conductivities and 

permittivity of the interface between the constituent phases forms this heterogeneity. 

When an electric field is implemented in the studied samples, the space charge is 

given by the LNCZFO phase. This charge accumulates at the interface of the two 

phases as a result of the existence of distinct conductivity and permittivity. It leads to 

the rise of the interfacial polarization and contributes to the ε′ [137]. The effect of 

large  ̅ of ferrite phase and heterogeneity of the composite contribute to an increase 

of ε′. In this investigation, enlarged ε′ found for samples with  ̅ values ranging from 

0.521 to 0.659 μm and a declining pattern of ε′ observed for all other  ̅ values. The 

findings are well agreed with the previous reports [138, 139]. The studied composites 

also showed an immense frequency consistency of ε′ at the higher frequency region. 

Nevertheless, with an increment in the ferromagnetic phase at a higher frequency 

region, the value of ε′ is declined since ε′ is smaller for LNCZFO than for BGTDO. 
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Fig. 4.30 Variation of tanδE with frequency for various xLNCZFO+(1-x)BGTDO 

composites. 

 

The tanδE variation, depending on frequency, is presented in Fig. 4.30. This tanδE 

resulted from the domain wall resonance [51]. The large tanδE of LNCZFO is due to 

some ion migrations and, in particular, to the loss of conductivity induced by 

hopping electrons between Fe
3+

 and Fe
2+

 ions [184]. As mentioned, the grains have 

higher conductivity than that of the grain boundaries in ferrite, while small grains are 

efficient for reducing the Fe
2+

 concentration [184]. On the other hand, BGTDO 

ceramics could cause a decrement in  ̅, leading to a decline in conductivity. In both 

ends of the tanδE peak, frequency dispersion tanδE occurs. The composites show the 

loss peaks satisfying the Debye theory of relaxation. These relaxation tanδE peaks 

resulted from the momentary delay of molecular polarization of dielectric material 

with the ac electric field. In other terms, if the condition ωη = 1 is satisfied [140]. In 

earlier studies, similar behaviors are also reported [51, 141]. The value of tanδE 

increases with the increase of LNCZFO content due to the increase of the mobility of 

the charge carrier. 
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4.2.6 Temperature-dependent dielectric property 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.31 Variation of (a) ε' as a function of temperature for various xLNCZFO+ 

(1-x)BGTDO composites at 100 kHz and (b) TC with ferrite content. 

 

Fig. 4.31(a) demonstrates the temperature-dependent ε' measured at a frequency of  

100 kHz. A dielectric peak at around 130⁰C is observed for the case of pure BGTDO 

ceramics. The peak observed at about 194⁰C might be the structural transition of the 
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ferromagnetic phase. Different factors including structural transitions, the ME effect, 

or transitory interaction among oxygen ion vacancies and the Fe
3+

 as well as Fe
2+

 

ions at the interface of polycrystalline materials can result in temperature-dependent 

dielectric peaks [142]. Fig. 4.31(b) shows the shifting of dielectric peaks to higher 

temperatures with increasing the LNCZFO phase in the composites due to the 

heterogeneity, defects, and strain produced between the constituent phases  

[145-1147]. This can also be for the different TC of the constituent phases. The 

shifting of the peak position implies the ME interaction between the constituent 

phases [148]. The broadening of the dielectric peak for some samples reveals the 

existence of diffuse phase transition. 

 

4.2.7 Complex impedance spectra analysis 

The frequency-dependent nature of Z′ is shown in Fig. 32(a). The value of Z′ 

decreases with an increase in frequency to a certain value, indicating that the charge 

carrier conductivity is increased up to this limit and then follows the frequency-

independent nature. The larger Z′-value in the lower-frequency range (up to 10
4 

Hz) 

specifies that the relaxors comprise a higher polarization resulting from all types of 

polarization. The impedance spectroscopy study revealed that the Z′-values initially 

reduced by an increment in frequency to a certain value of ≤ 10
4
 Hz and attained a 

stable state at a frequency of ≥ 10
4
 Hz. The decline in Z′ may result from an increase 

in conductivity due to the presence of space charge polarization in the composites at 

higher frequencies [1151, 152, 185, 186]. The large value of Z′ at lower frequencies 

indicates that the polarization in the composites is larger. The merger of Z′ at higher 

frequencies indicates the possible release of space charge polarization or 

accumulation at the boundaries of homogeneous phases in the composites under the 

applied external field. The merger behavior of Z′ at a higher frequency region is due 

to the reduction of the impedance of the sample. This is due to the capacitive 

reactance which is inversely proportional to the frequency which contributes to the 

total impedance. Additionally, with the increase of LNCZFO content, the values of Z′ 

decline in the low-frequency region, and then they appear to merge in the high-

frequency region. This suggests that the frequency at which the space charge 

becomes free also depends upon the LNCZFO phase. At the lower frequency region, 

the Z′ decreases with the increase of LNCZFO content due to the lower resistive 
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property. The decreasing trend of Z′ implies an increasing loss in resistive properties 

of the composites. This is the typical nature due to the existence of space charge 

polarization in the material. The findings are well agreed with earlier research  

[154, 155]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.32 (a) Frequency dependence of Z', and (b) Z'' for various  

xLNCZFO+(1-x)BGTDO composites. 
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The variation of Z'' with frequency is presented in Fig. 4.32(b).  

Fig. 4.32(b) shows the identical variation of Z'' with frequency as that of Z′. The 

absence of the relaxation phase resulted from the static relaxation of the electron in 

the composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.33 Electric modulus spectra of various xLNCZFO+(1-x)BGTDO composites: 

 (a) for M' and (b) for M''. 
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The bulk characteristics evident in the impedance investigation are associated with 

dipole relaxation and/or long-range conductivity. It is hard to distinguish this bulk 

characteristic with the help of impedance studies, for which electrical modulus 

analysis is used. Electric modulus, depending on the capacitance value, helps to 

understand the different relaxation and space charge aspects. Fig. 4.33(a) 

demonstrates the frequency variation of M′. The value of M′ is quite low in the 

lower-frequency region (up to 10
3 

Hz), suggesting the activity of polaron hopping 

and the relatively small influence of electrode effects [156, 187]. The M′ increases up 

to a certain frequency since various dipoles cannot follow the ac electric field near a 

higher frequency (beyond 10
3 

Hz). The M′ significantly enhanced for all samples 

with frequency and reaching high-frequency saturation. Dispersion is significant at 

low frequency, which shifts to higher-frequency for the distribution of relaxation 

times within the material. The frequency response of M'' is presented in Fig. 4.33(b). 

It is evident that M'' shows the maximum value at a certain frequency and varies with 

composites along with the frequency, confirming the different relaxation times for 

different samples. Asymmetrical peak broadening is found at both ends of the 

maxima, which indicates that periods of relaxation are divided into separate time 

constants [160]. The peak broadening results due to the distribution pattern of local 

conductivity and electrical response time as a result of the non-uniform 

microstructure of the material [188]. The frequency range below the peak specifies 

the mobility region of the charge carrier over long distances, i.e., between the grains. 

Above the peak frequency, the charges move within short-distances, i.e., within 

grains [129]. The peak represents the transition from long to short-distance mobility. 

 

Impedance spectroscopy is a well-known method used to determine the influence of 

grain and grain boundary influences on polycrystalline materials. The Nyquist plots 

are particularly suitable for materials with one or more different relaxation 

mechanisms of similar magnitude and following the Cole-Cole functional methods. 

The equivalent circuit of the brick-layer model [161] with three parallel RC circuits 

paired in series can explain the relaxor's properties of the material containing the 

effect of grain, grain boundaries, and electrode. 
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Fig. 4.34(a) Equivalent circuit model, and (b)-(i) Nyquist plot of various 

xLNCZFO+(1-x)BGTDO composites. 
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Depending on the electrical properties of the composite, the plot may have two semi-

circles. The first semicircular arc at the lower frequency range and the second at the 

higher frequency region represent the resistance of grain boundary and grain, 

respectively [189]. In some cases, a relatively narrow semicircular arc is observed at 

a slightly lower frequency, which may be due to the influence of interfaces or 

electrodes [190]. The semicircular arc in the intermediate frequency region is due to 

the dominant grain boundary effect, resulting from the parallel arrangement of the 

grain resistance and grain capacitance of the material. On the other hand, arcs at 

larger frequencies reveal the grain influence creating from the parallel arrangement 

of grain resistance and capacitance of the sample [162]. Fig. 4.34(b-i) shows the 

complex impedance plots for all the composites. The points in the black line 

represent the experimental data and the points in the red line show the theoretical fit 

data in Fig. 4.34. In the present study, samples of x = 0.10, 0.20, 0.30, and 1.00 

comprise only a single semicircle, suggesting that electrodes and grains do not have 

much impedance since this would produce an extra semicircular arc. A single 

semicircle in the impedance spectra demonstrates that only a grain boundary effect is 

dominant for the conduction of the composites. The samples of x = 0.00, 0.40, 0.50, 

and 0.60 exhibit double semicircle in their impedance spectra diagram. The 

impedance spectra with a double semicircular arc reveal the contribution of both 

grain and grain boundary resistance to the conduction process within the samples. 

The grain contribution arc usually lies in a frequency region higher than the grain 

boundary, as the grain boundary relaxation time is higher than the grain. This activity 

can be explained with an equivalent circuit comprising of two sub-circuits linked in 

series as presented in Fig. 4.34(a). If the center of the semi-circular arc lies on the Z'-

axis, the Deby-type nature relaxation occurs [163]. Relaxation of the non-Debye 

pattern was obtained for the investigated composites, as each composite produces a 

depressed/distorted semicircle. The grain and grain boundary resistances were 

obtained from the fit for the studied composites. The grain boundary resistance of the 

samples decreases with ferrite content (except x = 0.10) due to the enhanced grain 

inhomogeneity in the composites. The small grain boundary resistance is found for 

the pure LNCZFO phase compared to the rest of the samples as a result of the 

conductive ferrite phase. 
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4.2.8 The ac conductivity 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.35 Variation of ζac with frequency for various xLNCZFO+(1-x)BGTDO 

composites. 

 

The frequency-dependent ζac of MFCs stated by the polaron hopping mechanism 

depends on the free charges available in the composites. When the electric field is 

applied, the mobility of negative charges in oxide metals begins to distort or polarize 

the adjacent lattice to form a polaron. If distortions within lattice are of the order of 

the lattice constant, small polaron developed, while the distortions are equal or above 

the lattice constant, large polarons are created. It is also possible to describe the ζac 

by the Austin and Mott polaron models [164]. The large polaron happens when the 

ζac decreases as the frequency increases, while the small polaron happens when the 

ζac increases with the frequency [165]. Fig. 4.35 illustrates the variation of 

frequency-dependent ζac. There are two different regions in the frequency-dependent 

ζac spectrum. In the low-frequency region (up to 10
2 

Hz), the conductive behavior is 

independent of the frequency defined as ζdc, in which the grain boundary effect 

becomes more prominent to dielectrics according to the Maxwell-Wagner double 

layer model [133, 166]. In the high-frequency hopping region (beyond 10
4 

Hz), ζac 

increases rapidly, and hopping carriers from the components are continuing to 
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develop. Conductive grains at higher frequencies become more dominant, increasing 

the hopping carrier and conductivity. Hopping 3d electrons between Ni
2+

 and Ni
3+

 

also between Fe
2+

 and Fe
3+

 might play an influential role in the conduction 

mechanism. By the Jonscher power law [167], the frequency-dependent ζac 

expressed as ζac(ω)= ζdc+Bω
n
. The independent nature of ζac at a lower frequency 

and increasing trend at a higher frequency, indicating the shift of an ion from long-

range to short-range mobility and thereby confirms the establishment of conductivity 

relaxation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.36 Variation of (a) ζac with ω, (b) n with ferrite content, and (c) ζac fitting 

according to the Jonscher’s power law for x = 0.20 sample in region-I. 
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Fig. 4.36(a) shows the variation of ζac as a function of ω. The ζac increases almost 

linearly with increasing ω, indicating the conduction process in the composites is 

caused by a small polaron hopping mechanism [168]. Fig. 4.36(b) demonstrates the 

variation of n with the ferrite content. There are three different regions of ζac were 

selected (in Fig. 4.36.a) and the value of n is determined by the fitting of Jonscher 

power law for different regions. Fig. 4.36(c) shows the fitting diagram of ζac by the 

Jonschers power law for x = 0.20 composite in region-I. The value of n in the region 

I (10
2
-10

3
 Hz) is found to be between 0.62-0.66. Moreover, the value of n in region II 

(10
4
-10

5
 Hz) is in-between 0.74-0.79, and region III (10

5
-10

6
 Hz) is in-between  

0.92-0.95. This study satisfied Jonscher’s power law of conductivity and the 

conduction is due to the small polaron hopping mechanism [165]. The magnitude of 

n increases with an increasing frequency indicating that the increase of mobility of 

charge carrier over a long distance to a short distance. The variation of ζac with ω 

should be linear as per Jonscher’s law. However, mixed polaron (small/large) 

conductions are responsible for the slight deviation of some composites from 

linearity [169, 170]. 

 

4.2.9 Ferroelectric hysteresis 

The ferroelectric behavior of the composites evaluated by P-E curves is 

demonstrated in Fig. 4.37. Composites up to x = 0.30 show typical ferroelectric 

characteristics, signifying spontaneous polarization under the applied electric field. 

These samples display a P-E hysteresis loop, which is not fully saturated. Besides, 

the typical polarization increases with an increase in the ferrite content up to  

x = 0.30, and the highest polarization of 0.34 μC/cm
2
 is obtained for x = 0.30 of these 

samples. The remanent polarization increases with an increase in LNCZFO content. 

This increase in polarization may be due to the space charge polarization created by 

the heterogeneity of the interface between the LNCZFO and BGTDO phases. The 

contribution to polarization due to space charge increases with an increase of 

LNCZFO content in the composites. This confirms that the presence of nickel ferrite 

in the composite has a significant effect on the ferroelectric properties of the barium 

titanate phase. Similar results were reported earlier [191, 192]. The composites of  

x = 0.40 and 0.50 exhibited almost rounded shaped loops, whereas samples of  

x = 0.60 and 1.00 showed a nearly rectangular-shaped loop, suggesting lower 
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resistive and highly lossy samples from which no inherent ferroelectricity can be 

found. The significant reason for the lack of ferroelectricity of the samples could be 

the high leakage current, improper electrode, and barium volatilization. These 

findings are well compatible with the results reported earlier [172, 179]. The sample 

of x = 0.00 comprises the minimum coercive field, which signifies that the samples 

can be polarized easily by an adequate electric field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.37 P-E loops for various xLNCZFO+(1-x)BGTDO composites. 
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4.2.10 Magnetoelectric voltage coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.38 Variation of (a) αME with dc magnetic field for various xLNCZFO+ 

(1-x)BGTDO composites, and (b) maximum αME with the ferrite content. 
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interactions between them [193]. The strain-mediated ME response was observed 

depending on the mole percentage of the constituent phases, polarization, electric 

resistance, and the magnetization of the ferroic phases [173]. The applied magnetic 

field and the coupling between ferromagnetic and ferroelectric domains establish 

strain in magnetic domains, which leads to stress in ferroelectric domains. This stress 

causes polarization of the ferroelectric domains, which creates a voltage in the 

grains. The αME variation for all samples with the applied dc magnetic field is shown 

in Fig. 4.38(a). The figure shows that αME increases with the applied dc magnetic 

field reaches a peak and then gradually decreases. A similar result was reported by 

another researcher [194]. The increase in elastic interaction between the ferroic 

orders may contribute to this initial increase in αME. The highest ME value for all the 

composites observed in the 2.8 kOe dc field, suggesting that the LNCZFO phase has 

reached a saturation state creating a steady electric field in the BGTDO phase, 

resulting in a decrement of      
  

   
) with an increment of the magnetic field 

[156]. Fig. 4.38(b) demonstrated the variation of the maximum αME of each sample 

with ferrite content. This figure shows that the maximum αME decreases with an 

increase in ferrite of large grain owing to a significant reduction in composite 

resistivity. The αME depend on the magnetostriction and piezoelectricity of the 

ferromagnetic and ferroelectric phases, respectively. Smaller grains are more 

efficient than larger grains for the enhancement of piezomagnetic and piezoelectric 

coefficients [175]. However, to achieve a better result in composites, two particular 

components would be similar, and there would be no disparity between grains. The 

decreasing of the αME with an increasing concentration of the LNCZFO phase due to 

the low resistive ferrite provides poor strain and also establishes a path for the 

charges created in the ferroelectric phase. Besides, leakage charges are formed by the 

low-resistive ferrite grain through the mentioned path, which plays an important role 

to decrease the αME. The higher porosity of the ferrite phase may be another potential 

reason for decreasing the αME with the ferrite content. However, the shift of stress 

between the ferromagnetic and the ferroelectric phases plays an influential role in 

obtaining high resistance. The maximum αME of about 172 mV/cmOe was found for 

x = 0.10 composites at 2.8 kOe applied dc magnetic field, which is relatively higher 

than the results reported earlier [176-178]. Sample with x = 0.10 shows the maximum 

αME due to the well-connected grains, high density, low porosity, and high resistivity. 
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Table 4.7 Comparison of the maximum α
ME

 of various composites prepared by 

standard solid-state reaction technique with the present composites. 

 

 

 

 

 

 

 

 

 

 

 

4.2.11 Summary of xLNCZFO+(1-x)BGTDO Composites 

The standard solid-state reaction technique was used to synthesize the mixed spinel-

perovskite structured xLNCZFO+(1-x)BGTDO MFCs. The phases of spinel-

perovskite were identified by Rietveld refinement analysis of XRD spectra. The  ̅ 

enhances with an enhancement of LNCZFO, while the density decreased with an 

increment of LNCZFO in MFCs. A significant improvement of   
  was observed due 

to the substitution of BGTDO by strong magnetic LNCZFO. The typical low-

frequency (up to 10
6 

Hz) dielectric dispersal behavior is observed due to the 

Maxwell-Wagner interfacial polarization. The independent nature of ε′ in the high-

frequency range (beyond 10
6 

Hz) is due to a lack of response to the fast variation of 

the applied field by the electric dipoles with higher relaxation time. The sample of  

x = 0.60 is comprised of the maximum dielectric constant of about 10
4
 at 1 kHz. The 

linearity of the ζac versus ω plots proves that the conductivity is for a small polaron 

hopping process. Complex impedance spectroscopy showed that samples of x = 0.10, 

0.20, 0.30, and 1.00 only have a grain boundary contribution, whereas samples of  

ME composite 
αME 

(mV/cm.Oe) 
Reference 

0.15Ni0.85Cd0.2Cu0.05Fe2O4+0.85BaTiO3 17 [195] 

0.2Ni0.5Cu0.3Zn0.2Fe2O4+0.8BaTiO3 141 [196] 

0.1Ni0.8Zn0.2Fe2O4+0.9BaTiO3 152 [197] 

0.3NiFe2O4+0.7PbZr0.47Ti0.53O3 0.5 [198] 

0.1Ni0.8Zn0.2Fe2O4+0.9PbZr0.52Ti0.48O3 40 [199] 

0.7CuFe2O4+0.3BaTiO3 15 [200] 

0.1LNCZFO+0.9BSTDO 170 Present 

study 0.1LNCZFO+0.9BGTDO 172 



 

100 
 

x = 0.00, 0.40, 0.50, and 0.60 showed grain and grain boundary effect on the 

conductivity of the material. Excellent intrinsic ferroelectric properties were obtained 

for samples up to x = 0.30. The maximum ME coefficient was obtained to be 172 

mV/cmOe for the composite of x = 0.10. These results suggest that x = 0.10 may be 

useful for engineering in lead-free multifunctional devices in the broad frequency 

ranges. 

 

 

 

 



5. CONCLUSIONS 

 

5.1 Conclusions 

The significant findings of this research work are as follows: 

 Multiferroic composites (i) xLNCZFO+(1-x)BSTDO and (ii) xLNCZFO+ 

(1-x)BGTDO were prepared by the standard solid-state reaction method. 

 The Rietveld refinement of XRD patterns of the composites exhibits both ferrite 

and ferroelectric phases with no third phase confirmed the excellence of the 

manufacturing of composite material. The LNCZFO shows a cubic spinel 

structure. Besides, BSTDO and BGTDO show tetragonal perovskite structure. 

 The value of ρB increased for x = 0.10 sample and then decreases with the 

addition of the ferrite phase in both xLNCZFO+(1-x)BSTDO and xLNCZFO+ 

(1-x)BGTDO composites. Density decreased with the addition of the LNCZFO 

phase which might be attributed to the fact that the molecular weight of LNCZFO 

is lower than those of BSTDO and BGTDO. The value of ρth was found to be 

higher than that of ρB. The maximum value of ρB (5.87 g/cm
3
) is found for the 

0.10LNCZFO+0.90BSTDO composite. 

 The   ̅ increases with increasing the ferrite phase due to the larger grain diameter 

of the ferrite phase compare to that of the ferroelectric phase. Lower stress is 

created due to the high porosity of the ferrite phase which may also lead to an 

increment in  ̅ with the ferrite content. 

 The elements present in different compositions in EDS are well-matched with 

their nominal stoichiometry, which confirmed that the preparation condition 

completely favored the formation of the multiferroic composites. 

 The   
  and RQF increase, while tanδM decreases with increasing ferrite content in 

both series of composites. The relatively larger value of   
  and RQF are obtained 

for the xLNCZFO+(1-x)BSTDO composites, and the maximum value of   
  (231) 

at 100 kHz is found for the LNCZFO sample. 

 The Ms increases with increasing ferrite content in both series of composites 

signifying the enhancement of the ferromagnetic property of the composites. The 

comparatively higher value of Ms is obtained for the xLNCZFO+(1-x)BSTDO 

composites, and a maximum Ms of  80 emu/g is obtained for LNCZFO sample. 
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 At lower frequency regions some composites have higher ɛ' than the constituent 

phases due to large interfacial polarization produced by the heterogeneity of the 

composites. The maximum ε′ of about 10
4
 at 1 kHz is obtained for 

0.60LNCZFO+0.40BGTDO composite. The ε′ shows excellent high-frequency 

stability which can be appropriate for fabricating microwave devices. 

 The position of temperature-dependent dielectric peaks shifts to higher 

temperature with the increase of the ferrite phase in both series of composites due 

to the heterogeneity, defects, and strain produce between the constituent phases. 

The shifting of the TC confirmed the interaction between the constituent phases. 

 The contribution of grain and grain boundary in the conduction mechanism of the 

composites was identified by the complex impedance spectroscopy analysis. 

Some samples exhibit a single semi-circular arc due to the dominance of grain 

boundary resistance, whereas other samples show double arcs representing the 

dominance of grain and grain boundary effect on the conduction mechanism. 

 The ac conductivity follows Joncher’s power law and the present investigation is 

satisfied with the small polaron hopping mechanism. 

 The P-E hysteresis loop of both series of composites was measured. Samples up 

to x = 0.30 for xLNCZFO+(1-x)BSTDO composites and up to x = 0.20 for 

xLNCZFO+(1-x)BGTDO composites show a typical ferroelectric nature and the 

rest of the samples show lossy behavior. The maximum typical polarization of 

0.39 µC/cm
2
 is obtained for 0.30LNCZFO+0.70BSTDO composite. 

 The ME coupling between the magnetic and ferroelectric order of both series of 

composites was determined by the calculation of ME. The maximum ME of  

172 mV/cmOe is obtained for 0.10LNCZFO+0.90BGTDO composite. 
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Table 5.1 Comparison of different properties of  ̅ in µm,   
  at 100 kHz, Ms in 

emu/g, ɛ' at 100 kHz, and αME in mV/cmOe of the present composites. 

 

 

5.2 Suggestions for further research 

Further studies on different aspects are possible for the fundamental interest of the 

studied materials. 

 Neutron diffraction analysis and Mössbauer spectroscopy can be performed to 

know the cation distribution in A- and B-sites, and also to know the valence state 

of the ions. 

 Transmission electron micrographs may be taken for a proper understanding of 

the domains. 

 Different preparation techniques (e.g., sol-gel, Spray-drying, and auto-

combustion) may be followed to prepare the samples for comparing the 

properties of the present study. 

 

 

 

 

 

 

Content, 

x 

xLNCZFO+(1-x)BSTDO xLNCZFO+(1-x)BGTDO 

 ̅   
  Ms ɛ' αME  ̅   

  Ms ɛ' αME 

0.00 0.33 25 2.43 1397 113 0.32 26 2.26 1452 86 

0.10 0.40 38 7.03 401 170 0.38 30 6.92 455 172 

0.20 0.44 43 11.63 379 162 0.42 32 9.89 388 160 

0.30 0.49 45 14.92 554 149 0.48 35 13.14 594 146 

0.40 0.52 48 22.80 904 129 0.51 41 20.55 1124 125 

0.50 0.57 49 28.06 1299 108 0.55 45 26.12 1308 103 

0.60 0.66 54 32.66 1658 95 0.64 48 31.85 2329 72 
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Novelty of the Present Research 

The novelty of this research is that composites formed from two ferroic phases 

exhibit large αME (172 mV/cmOe for 0.10Li0.1Ni0.30Cu0.1Zn0.4Fe2.1O4+ 

0.90Ba0.95Gd0.05Ti0.95Dy0.05O3 composite) at RT, a suitable alternative of Pb-based 

multiferroics for the application of modern multifunctional devices. 
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A B S T R A C T

The conventional solid-state reaction method was used to synthesize the xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1−x)
Ba0.95Sm0.05Ti0.95Dy0.05O3 multiferroic composites. X-ray diffraction patterns confirmed the coexistence of the
constituent phases in the composites. Field Emission Scanning Microscopy images showed that the average grain
size increased with the ferrite content in composites. The compositional study confirmed that the proportion of
the components is well compatible with their nominal compositions. The real part of the initial permeability was
found to increase, but the magnetic loss decreased with ferrite content. The dielectric dispersion was observed at
lower frequencies on account of interfacial polarization. The maximum dielectric constant of about 6.7 × 103

was found for the value of x = 0.60 at 1 kHz. The ac conductivity followed the Jonscher’s power law, and the
conduction was due to the small polaron hopping. The impedance spectroscopy analysis confirmed that both the
grains and grain boundaries affected the conduction for samples with x = 0.40, 0.50 and 0.60, while only grain
boundary was the dominating factor for the other samples. Polarization-electric field curves (P-E) confirmed that
the samples up to x = 0.20 had a good ferroelectric nature with a maximum saturation polarization of 0.34 µC/
cm2 and the rest had lossy behavior. The highest magnetoelectric (ME) voltage coefficient was found to be
170 × 103 Vm−1T−1 for x = 0.10.

1. Introduction

Multiferroic materials consist of strain-coupled ferromagnetic and
ferroelectric phases resulting in ME coupling between the two ferroic
orders [1]. This ME coupling in multiferroic materials have gained at-
tention and encouraged a large number of research activities. They
were of great interest for their promising technological applications in
new multifunctional systems (e.g. microwave phase shifters, multi-
functional sensors, data storage, broadband magnetic field sensors,
actuators, magnetoelectric memory cells, etc.) [2]. There are two types
of multiferroics: single-phase and composite. Natural single-phase
multiferroics are rare and their ME coupling response, polarization,
magnetization, and transition temperatures are too low for practical
applications. Another limitation is that most single-phase materials
contain expensive constituent materials and utilize costly processing
techniques. Such disadvantages might be overcome by the use of mul-
tiferroic composites. Composite materials were extensively used in
modern electronic devices with a growing demand for new technology
requiring high reliability, limited space, and multifunctional efficiency.

Multiferroic composites are easy to process and have greater ME vol-
tage coefficient compared to single-phase materials such as Cr2O3 by
two orders of magnitude [3]. Synthesized multiferroic composites ex-
hibit strong ME effects at ambient temperature, which develop as a
product-property of ferroic orders mediated by elastic deformation [2].
This product property is more significant and does not exist in the in-
dividual phases. In the presence of the ME coupling, the external
magnetic field can trigger electric polarization and the electric field can
trigger magnetic order, which makes these materials technologically
important. Suitable ferrite and ferroelectric mixture can produce an
extremely good ME effect. The high magnetostriction coefficient of the
ferrite phase and the prominent piezoelectric coefficient of the ferro-
electric phase are fundamental requirements for obtaining a higher ME
coefficient for multiferroic composites [4]. Thus, an appropriate com-
bination of two different phases of the material, including magnetos-
trictive and piezoelectric phases, will result in a widely applicable ex-
trinsic ME voltage coefficient in composites. Multiferroic properties of
different composites based on Ni-Cu-Zn and BaTiO3 were reported
earlier, such as (1–x)NZF+xBT [5], (1−x)Ba0.5Sr0.5Zr0.5Ti0.5O3+(x)
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Ni0.12Mg0.18Cu0.2Zn0.5Fe2O4 [6], NiFe2O4-BaTiO3 [7], Ba0.8Ca0.2TiO3-
Ni0.2Cu0.3Zn0.5Fe2O4 [8], BaTiO3-CoFe2O4 [9], Ba0.6Sr0.4TiO3–
Ni0.2Cu0.2Zn0.62O(Fe2O3)0.98 [10]. To the best of our knowledge, no
work has been reported on specific xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1−x)
Ba0.95Sm0.05Ti0.95Dy0.05O3 composites based on literature survey.

In this research, Li0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 (LNCZFO) was chosen as
the ferrite phase and Ba0.95Sm0.05Ti0.95Dy0.05O3 (BSTDO) as the ferro-
electric phase. The selection of these two materials was made based on
the criteria for high ME coefficient mentioned earlier. The LiNiFe2O4

doped with Jahn-Teller ions such as Zn2+, Cu2+ had a high magne-
tostriction coefficient as these ions have a high ME coupling coefficient
[11]. Nevertheless, enhanced room temperature (RT) saturation mag-
netization, complex initial permeability with high cut-off frequency,
high relative quality factor, ambient Néel temperature (TN) and large
resistivity were also observed in Li1+ doped Ni-Cu-Zn ferrites [12,13].
It is therefore quite important to figure out the possible improvements
in the different physical properties of the different LNCZFO–BSTDO
composites. On the other hand, BSTDO was chosen as a ferroelectric
phase because rare earth doped BaTiO3 (BTO) has high dielectric con-
stant, low dielectric loss, high resistance, good thermal stability, low
leakage current density, low transition temperature, and high piezo-
electric coefficient [14–17]. It was expected that the composites of
these two would have good magnetic, electrical and ME properties for
RT applications. The structural, magnetic, dielectric, ferroelectric and
ME properties of the composites studied are reported in this research.
The observed results are thoroughly examined and discussed from an
experimental point of view.

2. Experimental

2.1. Sample preparation

Multiferroic xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1−x)Ba0.95Sm0.05Ti0.95
Dy0.05O3 (where x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 1.00)
composites were synthesized by the conventional solid-state reaction
technique. High purity Li2O (99.90%), NiO (99.90%), CuO (99.99%),
ZnO (99.90%) and Fe2O3 (99.98%) powders were used to synthesize the
LNCZFO phase. Raw materials of BaCO3 (99.90%), Sm2O3 (99.90%),
TiO2 (99.90%), Dy2O3 (99.90%) were used to synthesize the BSTDO
phase. Stoichiometric amounts of raw materials were mixed with an
agate mortar and pestle in an acetone medium. The mixed ferrite and
ferroelectric powders were calcined at 973 K and 1273 K, respectively.
The ground powders of the constituent phases were then mixed in an
acetone medium for 5 h according to the formula xLNCZFO+(1−x)
BSTDO with x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 1.00. A
granulation binder of 10% polyvinyl alcohol was then mixed into the
powders. The mixed powders were uniaxially pressed to make disk- and
ring-shaped samples. The optimum properties of the compositions are
found at optimum sintering temperatures (Ts) which are typically be-
tween 1473 and 1573 K. The samples were sintered at various tem-
peratures within this range to determine the optimum Ts. The optimum
Ts values were obtained as follows: 1573 K for x = 0.00, 1523 K for
x = 0.10, 1498 K for x = 0.20, 0.30, 0.40, 0.50, 0.60, and 1473 K for
x = 1.00.

2.2. Characterizations

Phase identification was performed using a Philips PANalytical
X’PERT-PRO X-ray diffractometer (XRD) configured with CuKα radia-
tion (λ = 0.15418 nm). The unit cell parameters of the composites were
then calculated from the XRD data. Field Emission Scanning Electron
Microscopy (FESEM, model JEOL JSM 7600F) and Energy Dispersive X-
ray Spectroscopy (EDS) were used for studying surface morphology and
compositional analysis, respectively. The X-ray density (ρx) of the
samples was estimated using the formula:

= nM
N V

,x
A (1)

where n is the number of atoms in the unit cell, NA is Avogadro’s
number, M is the molar mass, and V is the volume of the unit cell. The
bulk density (ρB) of the samples was calculated using the formula:

= m
r t

,B 2 (2)

where m, r and t are the mass, radius and thickness of the pellet, re-
spectively. The porosity (P) was calculated using the relation:

= ×P (%) 100,x B

x (3)

Frequency-dependent magnetic and dielectric properties were
measured at RT by impedance analyzer (model-WAYNE KERR 65003).
The real part of the initial permeability (µi') was estimated using the
relation:

=µ L
L

,i
s

0 (4)

where Ls is the self-induction of the winding coil with sample, L0

(=µ N S

d
0 2

) is the inductance of the coil without sample, N is the number

of turns in the coil (N = 4), S is the cross-sectional area and d is the
mean diameter of the sample. The relative quality factor (RQF) was
determined using the formula:

=RQF
µ

tan
i

M (5)

where tanδM denotes the loss factor. Samples were coated on both sides
with conducting silver paste to ensure better electrical contact for di-
electric measurements. The dielectric constant (ε') was estimated using
the relation:

= Ct
A

,
0 (6)

where C, A and ε0 are the capacitance of the plate, the cross-sectional
area of the electrode and the permittivity of free space, respectively.
Complex electric modulus (M*) of the composites was calculated using
the following equation:

= = =
+

+
+

= +M
j

j M jM( ) 1 1 ( ) ( ),2 2 2 2 (7)

where and represent the complex dielectric constant and imaginary
part of complex dielectric constant, respectively.

Simplifying and substituting by tan E, we get

= + =
+

+
+

M M jM
tan

j tan( ) ( ) ( ) 1
(1 ) (1 tan )

,
E

E

E
2 (8)

where M and M are the real and imaginary parts of M*, respectively.
The ac conductivity ( ac) of the compositions was estimated using

the formula:

= tanac E0 (9)

where ω is the angular frequency. The ME coefficient was measured as a
function of the dc magnetic field in the superimposed ac magnetic field on
the sample. The electromagnet provided a dc magnetic field of up to
0.7 T. A signal generator (50 Hz) was used to drive the Helmholtz coil to
generate the ac magnetic field. The output voltage was measured using a
Keithley Electrometer (Model 2000) as a function of the applied dc
magnetic field. The ME coefficient ( ME) was estimated using the formula:

= =dE
dH

V
h t

( )ME H
0

0
ac (10)

where V0 and h0 refer to the ME voltage across the surfaces of the sample
and the magnitude of the ac magnetic field, respectively.
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3. Results and discussion

3.1. Phase identification

Fig. 1 shows the X-ray diffraction (XRD) patterns of different
xLNCZFO+(1−x)BSTDO composites. The XRD peaks have been iden-
tified with their corresponding Miller indices. The XRD pattern of
LNCZFO shown in Fig. 1(a) confirms the single-phase cubic spinel
structure, while the pattern of BSTDO shown in Fig. 1(b) is character-
istic of the single-phase tetragonal perovskite structure. The positions of
all peaks in the XRD patterns match well with previously reported re-
sults [12,18]. No third phase is observed in the XRD pattern, indicating
that there was no chemical reaction between the two phases. It is seen
that, with increasing ferrite content in the composites, the intensity of
most of the ferrite peaks increase while perovskite peaks decrease. This
implies that intensity of XRD peaks and number of peaks depends on
the concentration of constituent phases in the composites. The lattice
parameters were calculated by solving different sets of equations re-
lated to successive peaks. The values of the lattice parameter obtained
for each plane were plotted against the Nelson–Riley function F(θ)
[19].

= +F cos
Sin

cos( ) 1
2

.
2

2

2

(11)

where θ is Bragg’s angle. A straight line fit was obtained and the ac-
curate value of lattice parameter (a) was determined from the extra-
polation of these lines to =F ( ) 0. It was found that the lattice para-
meters of the ferroelectric and ferrite phases changed very slightly in
the composites. This can be explained by the stress acting between the
two phases [20] and the diffusion of a small amount of each phase into
the other. The values of the lattice parameter of individual phases and
of all the composites are tabulated in Table 1. For 50%LNCZFO+50%
BSTDO composite, the typical lattice parameter for the ferrite phase is
a = 0.85291 nm and for the ferroelectric phase a = b = 0.40404 nm
and c = 0.40150 nm. These values are well compatible with the values
for spinel and perovskite structures reported earlier by other re-
searchers [12,18].

3.2. Density and porosity

Fig. 2 demonstrates the variation of ρB, ρx and P as a function of the
LNCZFO content. The ρB initially increases with the LNCZFO content
(for x = 0.10) because the small sized grains of BSTDO fill the

intergranular pores of LNCZFO phase thereby increasing ρB. Then ρB

decreases with an increase in the LNCZFO content as the molecular
weight of the LNCZFO (232.08 amu) is lower than that of the BSTDO
(239.58 amu). The ρx decreases almost linearly according to the sum
rule. It also appeared that, for all the compositions, the value of ρB is
lower than the corresponding value of ρx. This can be explained by the
influence of pores that might be created and developed throughout
sintering of bulk samples. There are two sources of porosity in ceramic
samples: intergranular and intragranular porosity [21]. Thus, total
porosity is expressed as,

= +P P Pinter intra. (12)

As a result of these intergranular and intragranular pores, ρB is
smaller than ρx in the composites.

3.3. Surface morphology and energy dispersive X-ray spectroscopy analyses

The microstructure of multiferroic materials plays an important role
not only for electrical and magnetic properties but also for the ME
coupling. Fig. 3 shows the FESEM images of different xLNCZFO+(1−x)
BSTDO multiferroic composites. It is observed from the micrographs
that the multiferroic composites possess fine crystallite structure. The
observed inhomogeneity in the grain size is due to the different growth
rates of individual phases in the composites. The average grain dia-
meter (D ) is determined from the FESEM images using the linear in-
tercept method: D= 1.56L [22], where L is the average intercept
length. With the increase of LNCZFO content in composites, the
D increased due to a higher D of LNCZFO than BSTDO. The increase in
D with ferrite content may also result in lower stress because of the
increased porosity of the composites.

In order to evaluate the chemical composition of different xLNCZFO
+(1−x)BSTDO composites, EDS spectra are recorded from FESEM as
depicted in Fig. 4. The EDS spectrum shows that the proportion of the
elements in the constituent phases is well compatible with the nominal
composition of the composite phases, except for oxygen. This is ex-
plained by oxygen deficiency created during the high-temperature
sintering process.

3.4. Complex initial permeability

Information on the mechanism behind the dynamic magnetic
properties of the composites and their capability in high-frequency
applications is reflected by the value of μi′. Fig. 5 demonstrates the
variation of μi′ with frequency for different xLNCZFO+(1−x)BSTDO
samples at RT between 10 kHz and 120 MHz. The value of μi′ increases
with an increase in LNCZFO content in the composites because of high
magnetic LNCZFO, while BSTDO exhibits weak ferromagnetic or anti-
ferromagnetic behavior. For x = 1.00, the value of μi′ is very high
compared to the other samples. The μi′ of a polycrystalline ferrite is
related to two separate processes of magnetization: (i) domain wall
motion and (ii) spin rotation [23,24], which is expressed as follows:

= + +µ 1i w spin (13)

where χw and χspin represent the motion of the domain wall and the
intrinsic rotational susceptibility of the material, respectively. The χw

and χspin can be written as:

= M D3 ¯
4

.w
s
2

(14)

= M
K

2 .spin
s
2

(15)

where Ms is the saturation magnetization, K the anisotropy constant,
and γ the domain wall energy. Therefore, it is seen that the motion of
the domain wall is influenced by the Dand strengthened with the

Fig. 1. XRD patterns of (a) LNCZFO (b) BSTDO and (c) various xLNCZFO
+(1−x)BSTDO composites.
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increase of D̄. In the case of normal grain growth, the relationship
between μi′ and D̄ is directly proportional. The Dof x = 1.00 is greater
than the other compositions. As a result, the sample with x = 1.00 is
much different from the rest. With an increase of frequency, the value
of μi′ remains almost constant for all compositions up to a certain cut-
off frequency fr and then decreases. The reason for decrease of μi′ be-
yond fr is the origination of pinning points from intragranular pores and
impurities at a higher-frequency on the surface of the sample. This
phenomenon obstructs spin rotation and the motion of domain walls
and reduces their contribution to μi′ [25]. High μi′ and high fr are
mutually incompatible, according to the Snoek’s relation (frμi′ = con-
stant) [26]. Therefore, as LNCZFO increases in composites, fr decreases.
No fr was found for x = 0.00 and x = 0.10 samples in the observed
frequency range (inset of Fig. 5) as the cut-off occurs beyond this range.
The increase of μi′ with an increase of the LNCZFO content is expected
as per the sum rule of the composite. The values of μi′ are presented in
Table 1.

3.5. Relative quality factor and magnetic loss tangent

The variation of the RQF as a function of the frequency is demon-
strated in Fig. 6(a). The RQF is used as a performance indicator for
practical applications. The RQF increases with increase of frequency
and peaks at a certain value and then decreases. For LNCZFO, the peak
is sharper but broadened by increasing the ferroelectric phase in the
composite, increasing the frequency utility range. Fig. 6(b) reveals that
the loss of the composites at high-frequency is quite low. This is because
of the insulation layers originating from BSTDO enveloping the
LNCZFO particles which significantly increase the resistivity of the

material causing reduction in the eddy current loss [27]. The magnetic
loss caused by the latency of domain wall motion with applied ac field
is ascribed to various defects, including domain wall bowing, non-
uniform and non-repetitive domain wall motion, the variation of

Table 1
The X-ray density, bulk density, P, lattice parameters, D and μi′ (100 kHz) of various xLCNZFO+(1−x)BSTDO composites.

Content (x) Lattice parameter (nm) X-ray density × 103 (kg/m3) Bulk density × 103 (kg/m3) P (%) Average grain size (µm) µí at 100 kHz

Ferrite a Ferroelectric

a c

0.00 ….. 0.4041 0.4034 6.113 5.838 5 0.329 25
0.10 0.8760 0.4022 0.4018 6.111 5.860 4 0.387 38
0.20 0.8779 0.4020 0.4017 6.100 5.705 7 0.430 43
0.30 0.8898 0.4023 0.4017 6.070 5.611 8 0.489 45
0.40 0.8529 0.4022 0.4017 6.053 5.519 9 0.521 48
0.50 0.8512 0.4019 0.4015 6.038 5.402 11 0.558 49
0.60 0.8446 0.4020 0.4016 6.015 5.272 12 0.658 54
1.00 0.8405 ….. ….. 5.396 5.015 14 1.597 231

Fig. 2. Bulk density (ρB), X-ray density (ρx), and porosity (P %) as a function of
ferrite content of xLNCZFO+(1−x)BSTDO composites.

Fig. 3. FESEM images of xLNCZFO+(1−x)BSTDO composites (a) x = 0.00, (b)
x = 0.10, (c) x = 0.20, (d) x = 0.30, (e) x = 0.40, (f) x = 0.50, (g) x = 0.60,
(h) x = 1.00.
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localized flux density, domain wall annihilation and nucleation [28].

3.6. Dielectric property

Fig. 7(a) demonstrates the variation of ε′ with frequency. The RT ε′
is investigated within the frequency range from 20 Hz to 10 MHz. It is
observed that ε′ decreases with the increase in frequency up to a certain
value. Afterwards, it remains almost constant for all compositions. This
low-frequency dielectric dispersion results because at low-frequency all
types of polarizations (electronic, interfacial, dipolar and ionic) are

present in the samples. However, on increasing frequency some of the
polarizations gradually disappear (except electronic and ionic) resulting
in a rapid drop of ε′. The ε′ remains almost constant at higher fre-
quencies as the electric dipoles do not get enough time to line up and
therefore cannot follow the rapid variation of the applied alternating
electric field. In the low-frequency region, the large value of ε′ results
from the interfacial polarization suggested by Maxwell–Wagner
[29,30]. Interfacial polarization originates from the inhomogeneity of
the sample arising from grain structure, impurity, interfacial defects,
and porosity. This inhomogeneity is generated in the sample during the
process of high-temperature calcination and sintering. The ε′ increases
with ferrite content for some of the composites owing to the enlarged
Dof the samples. The grain boundary area decreases as D increases. The
increase in interfacial polarization also resulted from the heterogeneity
of composites [31,32]. These heterogeneities are the interfaces between
the ferrite and ferroelectric phases, where the conductivity and per-
mittivity of the constituent phases are different. This gives rise to an
interfacial polarization and contribute to ε′ [33]. As a result of the
presence of ferrite with large Dand heterogeneity in the composites, ε′
was increased. In the presented study, an enhanced ε′ was observed for
D between 0.521 and 0.658 µm and a decreasing trend of ε′ was ob-
served for other values ofD . This is thought to be caused by dilution of a
non-ferroelectric grain boundary phase. These results agree with the
earlier reports [34,35]. The present composites show an excellent high-
frequency constancy of ε′ for a given composition presented at the inset
of Fig. 7(a). The absolute value of ε′, however, is decreased with an
increase in the ferrite phase for the reason that ε′ is smaller for LNCZFO
compared to BSTDO.

Fig. 7(b) reveals the variation of dielectric loss (tanδE) as a function
of frequency. This tanδE is attributed to the resonance of the domain
wall [6]. Frequency dispersion tanδE occurs in both lower and higher-
frequency regions. It is observed that the composites exhibit the loss
peaks according to the Debye relaxation theory. Such resonance loss
peaks arise when the hopping frequency of the electrons between the
different ionic states, become almost equal to the frequency of the ap-
plied field. That is, when the condition ωτ = 1 is satisfied [36]. Similar
behavior is also reported in earlier studies [6,37]. Composites of
x = 0.40, 0.50 and 0.60 exhibits large ε′ with low tanδE compared to
both LNCZFO and BSTDO phases as a result of the reduced motion of
the charge carriers.

3.7. Electric modulus spectra analysis

Fig. 8(a) shows the frequency-dependent M′. In the low-frequency
region, the value of M′ is quite low, indicating the motion of the po-
laron hopping and the relatively small influence of the electrode impact
[38,39]. After a certain frequency, the value of M′ increases, because of
the inability of some dipoles to follow the alternating electric field at a
higher-frequency. The M′ significantly increases with frequency for all
samples. Fig. 8(b) demonstrates the frequency response M″. The region
below the peak frequency defines the range of motion of the charge
carriers over long distances, i.e. between the grains. Beyond the peak
frequency, charge carrier moves within short distances, i.e. within the
grains [40]. The region where the peak occurs indicates a shift from
long to short-distance mobility. At both ends of the maxima, asymme-
trical peak broadening is observed. Asymmetric peak broadening in-
dicates that relaxation times are distributed in different time constants
[41].

3.8. The ac conductivity

In material science, conductivity is an important topic. Electrical
conductivity shows important electrical features and is therefore es-
sential to clarify its mechanism. Fig. 9(a) demonstrates the frequency-
dependent σac. The frequency-dependent σac spectrum shows two

Fig. 4. EDS spectrum of (a) BSTDO (b) LNCZFO (c) point 001 (d) point 002 and
(e) point 003 of 0.5LNCZFO+0.5BSTDO composite (f) image used for EDS
study of 0.5LNCZFO+0.5BSTDO composite.

Fig. 5. The variation of μi′ as a function of frequency for various xLNCZFO
+(1−x)BSTDO composites.
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different regions. The conductivity in the lower-frequency region is
almost independent of the frequency referred to as dc conductivity
(σdc), where the resistive grain boundaries are more active for di-
electrics according to the Maxwell–Wagner double layer model [30,42].
At the high-frequency region, known as the hopping region, σac is in-
creasing very rapidly and the transport phenomenon continues with
hopping carriers resulting from the constituent elements. Conductive
grains become more prominent at higher frequencies, thus increasing
the hopping charge carrier and contributing to increased conductivity.
Hopping of 3d electrons between Fe2+ and Fe3+ as well as Ni2+ and
Ni3+ could play a significant role in the conductivity system. The fre-
quency dependent σac can be written according to the Jonscher’s power
law [43]:

= + B( ) ,ac dc
n (16)

where σac (ω) is the resultant conductivity, σdc is the dc conductivity, B
is the pre-exponential factor, n is the frequency exponent. The exponent
n shows the degree to which the moving ions interact with the sur-
rounding lattice. Both n and B depend on materials and temperature.
The variation of σac can easily be explained by the polaron hopping
mechanism proposed by Austin and Mott as a function of frequency
[44]. In the small polaron model, σac increases with an increase in
frequency, while the σac decreases with an increase in frequency in the
large polaron hopping mechanism [45]. The present investigation is
satisfied with the small polaron hopping mechanism. Fig. 9(b) shows
the variation of logσac as a function of logω. The logσac increases with
an increase in frequency for all samples, indicating the conduction

process in the material is caused by small polaron hopping [46]. The
variation of logσac with logω should be linear as per Jonscher’s law.
However, mixed polarons (small/large) conductions are responsible for
the slight deviation of some compositions from linearity [47].

3.9. Complex impedance spectra

Frequency-dependent resistance (Z′) is shown in Fig. 10(a). The
graphical representation shows that the magnitude of Z′ gradually de-
creases with an increase in frequency up to a certain value (1 kHz)
which confirms the increase of conductivity in the composite. At lower
frequencies, the higher value of Z′ indicates that relaxors have larger
polarization since all types of polarization exist in this region. The
plateau-like behavior of Z′ at higher frequencies indicates the possible
release of space charge polarization at the boundaries of homogeneous
phases in composites under the applied external field [48,49]. The
obtained results are well compatible with PZT–NZFO and CZFMO–PCT
composites [50,51]. The enhanced Z′ values are found in the low-fre-
quency region with an increase in the BSTDO content (except for parent
compositions, x = 0.00 and 1.00), indicating an increase in the resistive
values of the composite. Fig. 10(b) demonstrates the frequency varia-
tion of the reactance (Z″) following a trend similar to Z′.

Polycrystalline relaxors consisting of grains and grain boundaries
can be modeled by an equivalent circuit according to the brick-layer
model [52] consisting of three parallel RC circuits connected in series
(Fig. 11.a). Each RC element of the equivalent circuit contributes a
semicircle to the Z′ versus Z″ graph. A single semicircle indicates grain

Fig. 6. The variation of (a) RQF and (b) tanδM as a function of frequency for various xLNCZFO+(1−x)BSTDO composites.

Fig. 7. The variation of (a) ε' and (b) tanδE as a function of frequency for various xLNCZFO+(1-x)BSTDO composites.
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effects and a second semicircle indicates the presence of grain boundary
effects. If a third semicircle is present, it indicates the electrode effects.
Fig. 11(b-i) demonstrates the Nyquist plot of different compositions
taken over a wide range of frequency (20 Hz–120 MHz) at RT. In the
impedance spectra, compositions with x = 0.00, 0.10, 0.20, 0.30 and
1.00 have a single semicircular arc, showing excellent uniformity of

conductive and dielectric properties. This suggests that the materials
have only a grain boundary effect on the conduction process at RT [53].
The impedance spectra of composites x = 0.40, 0.50 and 0.60 consists
of double semicircular arcs. In the high-frequency region, these com-
positions exhibit an asymmetrical semicircular arc that is caused by the
superposition of semicircular arcs of the constituent phases. This may
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Fig. 8. Electric modulus spectra of various xLNCZFO+(1−x)BSTDO composites: (a) real part (M') and (b) imaginary part (M″).

Fig. 9. (a) Frequency dependence of σac and (b) plot of logω versus logσac for various xLNCZFO+(1−x)BSTDO composites.

Fig. 10. (a) Frequency dependence of Z′ and (b) Z″ for various xLNCZFO+(1−x)BSTDO composites.
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result from a slight difference in relaxation time for grains in the con-
stituent phases. The equivalent circuit consists of two sub-circuits
connected in series as shown in Fig. 11(a) can be used to describe this
activity. The response of RgCg and RgbCgb corresponds to the high and
low-frequency semicircular arcs, respectively. Here, Rg and Rgb are the
grain and grain boundary resistance, Cg and Cgb are the grain and grain
boundary capacitance, respectively. According to the equivalent circuit,
impedance can be evaluated as follows:

= +Z R
i c

R
i c

1 1 ,g
g gb gb (17)

Non-Debye-type relaxation is found to be present in the studied
compositions because each composition exhibit depressed/distorted
semicircle. A perfect semicircle with its center at-axis is observed for an
ideal Debye-type relaxation [54]. The diameter of the semicircular arcs
in the higher-frequency region is quite small compared to the semi-
circular arcs in the lower-frequency region, indicating the dominant
contribution of the grain boundary to the total resistance. The figure
displays that for ferrite content up to x = 0.60, the grain boundary
resistance decreases. This may be ascribed to the inhomogeneous dis-
tribution of grains. The grain boundary resistance is very large for the
ferrite phase (x = 1.00) as the ferrite grains are less conductive. This
large grain boundary resistance also indicates the relatively large por-
osity of the ferrite sample.

3.10. Ferroelectric property

P-E curves were evaluated to assess the ferroelectric nature of the
composites as shown in Fig. 12. In Fig. 12, samples up to x = 0.20 show
typical ferroelectric hysteresis, indicating that the samples are polarized
spontaneously. The maximum saturation polarization (0.34 µC/cm2) is
found for x = 0.20 among these compositions. The remnant polariza-
tion of these samples is found to be between ranges of 0.035–0.204 µC/
cm2, which is quite small. This may be the smallest D of the BSTDO
phase [55,56]. The ferroelectric behavior of the composites gradually
weakens with an increase in ferrite content as LNCZFO ferrite provides
a relatively lower electrical resistance than BSTDO perovskite. The P-E
loops of the composites with x = 0.50 and 0.60 are almost rounded and
ferrite phase (x = 1.00) illustrates an almost rectangular loop, sug-
gesting a very lossy and lower resistive composition from which
nothing could be obtained from the intrinsic ferroelectricity. High
leakage charge, inappropriate electrode, and barium volatilization may
also be the possible reason for this. Similar behavior has been reported
earlier [16]. The ferroelectric coercive field is minimum for x = 0.10
composite, which implies that the composite may easily be polarized
under the appropriate electric field.

3.11. Magnetoelectric coefficient

The strain-mediated ME coupling effect in composites with two
ferroic phases depends on the weight proportion of the component
phases, the magnetization, polarization and electrical resistivity of the
two ferroic orders [57]. The ME effect in multiferroic materials arises
from the interaction of the magnetic and ferroelectric domains. Applied
magnetic field induces large strain in magnetic domains of the samples,

Fig. 11. (a) Equivalent circuit model and (b)–(i) show the Cole–Cole plot of
complex impedance.

Fig. 12. P–E loops of xLNCZFO+(1−x)BSTDO composites.
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which distort the ferroelectric domains. As a result, charges are induced
in the grains. These charges would help to develop more voltage in the
grain, which in turn produces a strong ME coupling. The variation of
αME for the compositions as a function of the applied dc magnetic field
is demonstrated in Fig. 13. The value of αME is found to increase with
applied dc magnetic field, and gradually decreases after reaching the
maximum value. The decrease in αME with the increase in dc magnetic
field is explainable by the fact that the magnetostriction coefficient of
ferrite phase reaches its saturation value beyond a certain value of
magnetic field. This causes the induced electric field to become con-
stant in the ferroelectric phase, as a result of which, the value of αME

decreases [58]. The variation of maximum αME with ferrite content is
shown in the inset of Fig. 13. The plot reveals that the (αME)max de-
creases with large grain ferrite content, which is responsible for a sig-
nificant decrease in composite resistivity. The ME response of the
composites depends on the piezoelectricity of the ferroelectric phase
and the magnetostriction of the ferrite phase. Smaller grains are more
effective in producing both piezomagnetic and piezoelectric coefficients
than larger grains [59]. Moreover, to obtain better ME effect in com-
posites, two individual phases should be in equilibrium and mismatch
between grains should not be present. Leakage charges are developed
through the path of low resistive ferrite grain surrounding the ferro-
electric grains. These leakage charges reduce the piezoelectric effect of
the ferroelectric phase, which is one of the causes of the αME decrease.
The porosity of the ferrite phase is another possible reason for less ME
coupling between the two phases in the composite. The increase in
porosity results in a decrease in the net magnetization of the samples,
which has a significant effect on the coupling interaction between the
two phases. The maximum value of αME (170 × 103 Vm−1T−1) is found
for the 10%LCNZFO+90%BSTDO composite. The results of the pre-
sented composites are relatively higher than previously reported results
by other researchers [60–62].

4. Conclusions

Various xLNCZFO+(1−x)BSTDO multiferroic composites were
synthesized by conventional solid-state reaction route and investigation
was carried out on their structural, morphological, magnetic properties,
dielectric properties, electric modulus, ac conductivity, impedance
spectroscopy, ferroelectric property, and ME voltage coefficient. The
XRD pattern confirms the existence of both constituent phases without
any third phase. The increase in µi' with the concentration of LNCZFO in
the composite is attributed to the presence of a strong magnetic phase
(LNCZFO) which enhances the consistency and interaction of magnetic
grains, leading to an increase in the µi' and reduced loss. As the ferrite
content increases, RQF increases and the highest value is obtained for

x = 1.00. The typical low-frequency dielectric dispersion behavior of
all composites could be explained according to the Maxwell–Wagner
interfacial polarization effect. The ε′ remains almost independent in the
higher-frequency region, as the electric dipoles with a large relaxation
time do not respond to the applied field. The composites exhibit a small
tanδE as a result of the reduced mobility of the charge carrier. The
modulus and the ac conductivity of the presented composites reveal a
polaron hopping conductivity. The conductivity increases with an in-
crease in frequency, which usually results from the inhomogeneity of
the composites, possibly induced by the presence of space charge. The
linearity of logω versus logσac graphs implies that the conductivity is
due to a small polar hopping associated with a lattice strain induced by
free charges. The non-Debye type relaxation occurs for all the compo-
sitions seeing that each composition has a distorted semicircle in the Z′
versus Z″ graph. The ferroelectric property of the composites is de-
creased by adding ferrite of low grain resistance and high leakage
current. The x = 0.10 composite shows the highest ME voltage coef-
ficient of 170 × 103 Vm−1T−1 resulting from uniform grain growth of
both phases and the rigidity of the two phases being comparable in
magnitude. The results obtained from the present study could be used
to manufacture potential multifunctional devices for technological use
and to explore the new family of composites.
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H I G H L I G H T S  

• xLNCZFO+(1-x)BGTDO composites were synthesized by a solid-state reaction process. 
• Construction of cubic-tetragonal phase coexistence. 
• Study the magnetic and dielectric properties of the composite material. 
• Impedance and modulus spectroscopy of xLNCZFO+(1-x)BGTDO composites. 
• The ME coefficient is very high (~172 × 103 Vm− 1T− 1) for 0.1LNCZFO+0.9BGTDO composites.  
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A B S T R A C T   

Multiferroic xLCNZFO+(1-x)BGTDO composites are prepared by the conventional solid-state reaction method. 
The phase identification of ferrite and perovskite structure is executed by the XRD analysis. The initial perme-
ability enhances with an increment in ferrite content because of high magnetic LNCZFO and a reduction of 
oxygen vacancies. The dispersive dielectric nature is observed in the low-frequency region due to Maxwell- 
Wagner interfacial polarization. The sample of x = 0.60 is comprised of the maximum dielectric constant of 
about 1.02 × 104 at 1 kHz. The ac conductivity results from a small polaron hopping mechanism. The complex 
impedance spectra of some samples exhibit a single semi-circular arc due to the dominance of grain boundary 
resistance, whereas other samples show double arcs representing the dominance of grain and grain boundary 
effect on the conduction mechanism. There is a strong coupling between the two ferroic orders and the optimum 
magnetoelectric coupling voltage of 172 × 103 Vm− 1T− 1 is obtained for the x = 0.10 sample.   

1. Introduction 

Multiferroic materials contain more than one ferroic order at the 
same phase have recently gained a lot of attention because of their 
prospective multifunctional application in various devices [1]. There is a 
strong interaction between the two ferroic phases referred as the 
magnetoelectric (ME) coupling, which has an extensive application in 
practical devices along with magnetic sensors, electric field controlled 
ferromagnetic resonance devices, transducers, actuators, spintronics, 
phase shifter, data storage and ME memory cells, etc. [1,2]. In multi-
ferroic composites, the strong ME effect is found due to the product 
properties of the constituent phases [3]. Multiferroics are two forms: 

single-phase and composite. The combined influence of ferroic orders 
can easily be seen in a single-phase multiferroic, but in nature, there are 
a few single-phase materials that can simultaneously possess ferro-
magnetic and ferroelectric properties. The application of single-phase 
materials in multifunctional technologies not yet been efficient since it 
has weak ME influence at room temperature (RT) and Néel or Curie 
temperatures much beyond RT [4]. Another constraint is that most 
single-phase components consist of costly materials and require expen-
sive processing technologies. These drawbacks could overcome by the 
use of multiferroic composites (MFCs). MFCs widely used with the 
increasing requirement for new technologies to achieve multi-functional 
performance, high efficiency, and limited space. MFCs are cost-effective 
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and also have a higher ME effect than single-phase multiferroics, 
including Pb(Fe1/2Nb1/2)O3 [5]. Synthesized MFCs have potential ME 
influences at RT, which develop as a product-property of existing ferroic 
orders driven by elastic distortions [2]. This potential ME coupling 
property is highly essential in modern technologies, which are not 
available in single-phase multiferroics. In the presence of the ME effect, 
the deformity of the magnetostrictive phase contributes to the polari-
zation of the piezoelectric materials of the composite that may induce 
the magnetization of the ferromagnetic materials as a result of the me-
chanical interaction of the two phases, which makes such materials 
technologically significant. The strong magnetostrictive effect of the 
piezomagnetic phase and the large piezoelectric effect of the piezo-
electric materials are significant parameters for the high ME coefficient 
(αME) of the MFCs [6]. The present research focuses on the improvement 
of the ME property of the composites. Therefore, a suitable mixture of 
magnetostrictive and piezoelectric phases in composites would produce 
an excellent extrinsic αME. Various ME composites comprised of different 
ferrites and ferroelectrics have been reported in the literature [7–14]. To 
the best of our knowledge, no research conducted on particular 
xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1-x)Ba0.95Gd0.05Ti0.95Dy0.05O3 compos-
ites based on a literature survey. 

In the present study, Li0.1Ni0.3Cu0.1Zn0.4Fe2.1O4 (LNCZFO) nomi-
nated as the ferromagnetic phase and Ba0.95Gd0.05Ti0.95Dy0.05O3 
(BGTDO) as the ferroelectric phase. The selection of these phases carried 
out under the requirements for the high αME. As a magnetostrictive 
phase, LNCZFO was chosen because of its relatively better magnetic 
properties. The Li–Ni ferrite doped with Jahn- Teller ions such as Zn2+, 
Cu2+, possesses a large magnetostriction coefficient since these ions 
offer a relatively high αME [15]. Besides, from the application perspec-
tive, Li–Ni ferrite doped with Jahn- Teller ions is one of the most 
effective and adequate material for general use in both high and 
low-frequency devices due to its high electrical resistivity (over 107 
Ωm), high magnetic permeability, low magnetic loss, good chemical 
stability, low coercivity, high mechanical hardness, low porosity, 
reasonable cost, and high Curie temperature [16,17]. Contrarily, 
BGTDO selected as a piezoelectric phase because of rare 
earth-substituted BaTiO3 offers good dielectric constant with low loss, 
minimal leakage current density, high resistance, small transition tem-
perature, good thermal stability, and large piezoelectric effect [18–21]. 
Therefore, it is quite interesting to find out possible changes in the 
various physical properties of a class of LNCZFO–BGTDO composites. 
Once these two-component phases can be successfully incorporated into 
the composites, it is expected that they might exhibit excellent magnetic, 
electrical, and ME properties. Lead-free materials used for present MFCs 
due to the toxicity of lead and associated risks to health and the envi-
ronment. The lead-free MFCs with the above two ferroic orders expected 
to become a potential material for modern multifunctional device ap-
plications at RT. The results of the structural, morphological, magnetic, 
dielectric, ferroelectric, and ME properties of xLNCZFO+(1-x)BGTDO 
composites presented and discussed in detail from the experimental 
point of view in this paper. 

2. Experimental 

2.1. Materials and methods 

MFCs xLi0.1Ni0.3Cu0.1Zn0.4Fe2.1O4+(1-x)Ba0.95Gd0.05Ti0.95Dy0.05O3 
(with x = 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 and 1.00) were pro-
duced using the standard solid-state reaction process. These values of 
the x parameter were taken for a clear understanding of the real changes 
in the physical properties of composites with compositional variation 
according to the literature survey. High-grade Li2CO3 (99.0%, CAS No. 
554-13-2), NiO (99.9%, CAS No. 1313-99-1), CuO (99.99%, CAS No. 
1317-38-0), ZnO (99.9%, CAS No. 1314-13-2) and Fe2O3 (99.5%, CAS 
No. 1309-37-1) reagents were taken to fabricate the ferromagnetic 
LNCZFO component. Raw powders of BaCO3 (99.9%, CAS No. 513-77- 

9), Gd2O3 (99.9%, CAS No. 278513-25G), TiO2 (99.9%, CAS No. 
13463-67-7), Dy2O3 (99.9%, CAS No. 1308-87-8) were taken to syn-
thesize the ferroelectric BGTDO phase. The raw elements were mixed in 
stoichiometric proportions into an acetone solution with an agate 
mortar and pestle. The mixed powders of ferromagnetic and piezoelec-
tric phases were calcined at 973 K and 1273 K, respectively. The 
xLNCZFO+(1-x)BGTDO composites were prepared by grinding the 
LNCZFO and BGTDO powders. Composite powders were combined with 
10% polyvinyl alcohol as a binder and then pressed uniaxially to 
fabricate pellets and toroid samples. The optimum results of the samples 
are found at optimum sintering temperatures (Ts) typically among 
1473–1523 K. Fabricated pellets and toroid samples were sintered at 
different temperatures among this range to evaluate optimum Ts. The 
obtained optimum Ts values were: 1523 K for x = 0.00, 1498 K for x =
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 1473 K for x = 1.00. 

2.2. Characterization 

Phase evolution of the synthesized compositions carried out at RT 
with an X-ray diffractometer (Philips PANalytical X’PERT-PRO) with 
CuKα radiation (λ = 0.15418 nm) and 1◦ per min inspecting rate from 20 
to 60◦. The lattice constants calculated by X-ray diffraction (XRD) sta-
tistics. Field Emission Scanning Electron Microscopy (FESEM, No. JEOL 
JSM7600F) and Energy Dispersive X-ray Spectroscopy (EDS) used to 
investigate the surface morphology and elementary distribution of the 
compositions, respectively. The X-ray density (ρx) of the materials 
calculated by the formulation: 

ρx =
nM

NAV
, (1)  

where n, NA, M, and V are the atoms numbers in a unit cell, Avogadro’s 
number, molar mass, and unit cell volume, respectively. The bulk den-
sity (ρB) of each sample measured by applying the equation: 

ρB =
Wd

Wd − Ww
× ρ, (2)  

where Wd, Ww and ρ denote the weight of the pellet in the air, in the 
water, and density of water, respectively. Porosity (P) of the samples 
determined by the equation: 

P(%) =
ρx − ρB

ρx
× 100. (3) 

The frequency response magnetic properties were evaluated at RT 
within a range of 10 kHz–120 MHz using an impedance analyzer (model- 
WAYNE KERR 65003). The real part of the initial permeability (μi’) 
calculated by applying the formula: 

μ’
i = 

Ls

L0
, (4)  

where Ls represents the core self-induction, L0 (= μ0N2S
d 

) indicates the 
inductance of the winding coil, N refers to the turns number of the coil 
(N = 4), S reflects the area and d = (d1+d2)/2 is the mean diameter of 
the toroid-shaped sample, where, d1 and d2 are the inner and outer 
diameter of the toroid-shaped sample, respectively. For each sample, the 
relative quality factor (RQF) determined by applying the equation: 

RQF=
μ’

i

tanδM
, (5)  

where tanδM denotes the magnetic loss factor. 
Dielectric analyses were conducted at RT within the range of fre-

quencies of 20 Hz–10 MHz using the Impedance Analyzer. Samples 
coated with silver paste on both ends to facilitate better electrical con-
tacts for frequency-dependent dielectric measurements. The dielectric 
constant (ε′) calculated by using the following formula: 
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ε’ =
Ct
ε0A

, (6)  

where C, A, and ε0 (= 8.85 × 10− 12 F/m) represent the capacity of the 
sample, the cross-section of the electrode, and permittivity in free space, 
correspondingly. 

Complex electrical modulus (M*) of the samples evaluated by using 
the formula: 

M*(ω)=
1
ε* =

1
ε’ − jε’’, (7)  

where ε* and ε’’ signify the complex and imaginary dielectric constant, 
separately. 

The ac conductivity (σac) of the samples assessed by applying the 
equation: 

σac =ωε0ε’tanδE, (8)  

where ω and tanδE signify the angular frequency and dielectric loss, 
respectively. 

The αME of the samples calculated by applying an ac magnetic field 
superimposed a dc magnetic field on the sample. An electromagnet used 
to supply a dc magnetic field of up to 0.7 T. The Helmholtz coil driven by 
a signal generator operating at 50 Hz frequency to generate an ac 
magnetic field. The output voltage generated from the sample under 
investigation was measured using a Keithley electrometer (Model 2000) 
as a function of the dc magnetic field. The αME calculated by using the 
formula: 

αME =

(
dE
dH

)

Hac

=
V0

h0t
, (9)  

where V0 indicates the ME output voltage through the sample and h0 
referred to the magnitude of the ac magnetic field. 

3. Results and discussion 

3.1. Phase identification 

Fig. 1 illustrates the typical XRD patterns of different xLNCZFO+(1- 
x)BGTDO composites. The XRD peaks indexed with equivalent Miller 
indices. No reflections except those relating to a cubic structure of the 
ferrite material and tetragonal structure of the ferroelectric material 
detected, indicating that there were no chemical reactions between the 
two ferroic phases in the final sintering stage [16–19]. No non-indexed 
peaks correlated with the initial raw materials found that can attribute 
to the production of impurity. The existence of both phases in the 
composite with no third phase confirmed the excellence of the 
manufacturing of composite material. When the ferrite phase increases, 
the ferrite peaks become more intense, while the perovskite peaks 
become less intense. The number and intensity of peaks in the XRD 
patterns depend on the number and quantity of ferroic phases in the 
composites. Lattice parameters measured by solving different types of 
equations associated with subsequent peaks. The calculated lattice pa-
rameters for every single plane plotted as a function of the Nelson–Riley 
[22]. 

F(θ)=
1
2

(
cos2θ
Sin2θ

+
cos2θ

θ

)

, (10)  

where θ reveals Bragg’s angle. The lattice parameters calculated from 
the extrapolation of the obtained straight lines F(θ) = 0. There is no 
remarkable distortion in the lattice parameter of the two fundamental 

Fig. 1. XRD pattern of (a) LNCZFO (b) BGTDO and (c) various xLNCZFO+(1-x)BGTDO composites.  
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phases of the composite. Slight changes in the lattice parameters result 
from the stress between the two ferroic orders [23]. The cubic ferrite 
material consists of a = 0.8405 nm, while a = b = 0.4028 nm and c =
0.4034 nm for the tetragonal perovskite phase of x = 0.50 composite. 
The results obtained are well satisfied with the results reported earlier 
[16–19]. 

3.2. Density and porosity 

The graphical representation of ρB, ρx, and P of the compositions with 
the ferrite component as depicted in Fig. 2. The ρB of all compositions 
evaluated using the Archimedes principle. The maximum value of ρB 
obtained for x = 0.10 samples in the composite, as the small grains of the 
perovskite material fill the intergranular pores of the composition. The 
ρB decreases above x = 0.10 content due to the atomic weight of LNCZFO 
(232.08 amu) is smaller than the atomic weight of BGTDO (239.92 
amu). The ρB is lower than ρx for all compositions since in the case of ρx 
evaluation, porosity did not consider which can produce and grown well 
into the bulk samples during the sintering process. The ρx declines just 
about linearly to agree with the mixture rule or the sum rule. In ceramic 
material, porosity derived from two origins, including intergranular and 
intragranular porosity [24,25]. The resultant porosity could, therefore, 
expressed as, 

P=Pinter + Pintra. (11) 

Due to the consideration of the pores referred to above, during the ρB 
measurement, ρB is lower than ρx. 

3.3. Surface morphology and compositional analysis 

The microstructure of MFCs plays an important role in the electric 
and magnetic behaviors, as well as the ME coupling. The FESEM asso-
ciated with the EDS carried out the microstructure, surface morphology, 
and elemental distribution of all samples. The distribution of the grains 
along with fitted curves as presented in Fig. 3 to evaluate the grain sizes 
of LNCZFO and BGTDO ferroics in the composites. The two ferroic 
phases can be easily identified from the FESEM images. From FESEM 
image analysis it was observed that the relatively larger grains are the 
ferromagnetic phase. The number of these grains increases as the x value 
increases. Micrographs exhibit the inhomogeneous grain development 
in the composites. This inhomogeneity of grain is due to the dissimilar 
growth of particular phases. The average grain diameter (D) of the 
compositions, calculated by fitting the data based on the Gaussian dis-
tribution function. The D values of the composites in the range of 
0.319–1.597 μm were well consistent with the earlier report [26]. The 

increase in D with an increment in ferrite content in the composite might 
be the cause of the combination of large ferrite grains with small 
ferroelectric grains. The D value for the different samples presented in 
Table 1. The porosity of the composites develops with an increment in 
LNCZFO ferrite, which agreed with the bulk density and porosity 
measured according to the Archimedes principle. The lower stress 
created from the high porosity of the ferrite element also leads to an 
increment in D with the ferrite content. The EDS spectra obtained from 
FESEM to evaluate the atomic percentage of the different xLNCZFO+

(1-x)BGTDO compositions, as shown in Fig. 4. The EDS spectra 
confirmed the incorporation of Ni, Cu, Zn, Fe, Ba, Gd, Ti, Dy, and O in 
the composites. The evaluated quantities of the elements are 
well-matched with the approximate percentages of the different con-
stituents, excluding oxygen. The oxygen vacancy can create at high 
temperatures during the sintering. 

3.4. Complex initial permeability 

The μi
′ represents the stored energy and demonstrates the part of 

magnetic induction (B) in material under the ac magnetic field (H). 
Fig. 5 shows the variation of μi

′ with a frequency range of 10 kHz–120 
MHz for various xLNCZFO+(1-x)BGTDO compositions. The μi

′ is almost 
constant up to a certain frequency for the reason that magnetic moments 
are capable of following the alternate applied magnetic field in this re-
gion through the magnetization process [27]. This frequency indepen-
dence nature is influential for different applications, including 
broadband transformer and wideband read-write head for video 
recording [28,29]. The μi

′ increases with the ferrite content as the 
LNCZFO are highly magnetic, whereas the BGTDO is weakly ferro-
magnetic. The μi

′ for the ferrite phase is much larger than any of the 
other compositions. The magnitude of μi

′ of a ferrite depends on two 
factors: (i) domain wall motion and (ii) spin rotation [30,31]. For 
normal grain growth, the domain wall motion is proportional to the D of 
the material. The value of D increased by the increase of the domain 
walls per grain. As the motion of domain walls creates μi

′, any increase in 
the number of domain walls may lead to an increase in μi

′. The D for x =
1.00 is much larger than the other compositions. That’s why μi

′ for x =
1.00 is quite different than the rest of the samples. The μi

′ decreases in 
the higher frequencies because of the creation of pinning points on the 
surface of the sample from impurities and intergranular pores, which 
obstructs the spin rotation and domain wall motion by lowering the 
contribution to enhancing μi

′ [32]. The maximum μi
′ and the corre-

sponding cut-off frequency (fr) are inversely proportional to each other 
as per the Snoek (frμi

′ = constant) relationship [33]. Thus, an increase of 
LNCZFO in composites causes a decrease in the magnitude of fr. Hence, it 
is possible to control the μi

′ and fr of the composites by changing the 
LNCZFO or BGTDO content. No resonance peak identified in the 
observed frequency range for x = 0.00, 0.20, and 0.30 compositions as 
above the frequency studied. The μi

′ increases with LNCZFO content 
according to the sum rule of the composite and reported in Table 1. 

The RQF used as a performance assessment parameter of material for 
practical applications. Fig. 6(a) represents the frequency-dependent 
variation of RQF of the samples. The RQF enhances as the frequency 
increases and then decreases with the additional increment showing a 
peak. The Qmax and fr shifted to lower frequencies with an increase in the 
ferrite content. For pure ferrite, the peak is thin but widens by enhancing 
the ferroelectric component in the composite, which increases the fre-
quency band of the utility. Fig. 6(b) describes the frequency-dependent 
tanδM of all compositions. The tanδM for all samples in high frequency is 
quite low due to the insulating layer created from BSTDO surrounding 
the LNCZFO elements, which can significantly enhance the resistive 
property of the materials and minimize the loss of eddy current [34]. 
This tanδM creates from the lack of domain wall motion with the applied 
ac magnetic field and also attributed to different defects, like 
non-uniform and non-repetitive domain wall motion and variation of 

Fig. 2. ρB, ρx, and P as a function of ferrite content of xLNCZFO+(1-x) 
BGTDO composites. 
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localized flux density, domain wall bowing [35]. 

3.5. Dielectric property 

The dielectric constant, also known as relative permittivity, is a 
unique parameter used to describe the dielectric behaviors of the ma-
terials. The ε′ is the amount of energy stored in the material. The 
frequency-dependent ε′ depicted in Fig. 7(a). The ε′ decreases to certain 
values by increasing the frequency. After that, ε′ becomes almost con-
stant for all of the compositions. The low-frequency dielectric dispersion 
occurs since all kinds of polarizations (interfacial, dipolar, electronic, 
and ionic) are present in the compositions at low-frequency. But, as the 
frequency increases, some polarizations are significantly disappeared 
(except for electronic and ion) leading to a sharp fall of ε′. The ε′ exhibits 
independent nature at higher frequencies because the electric dipoles do 
not get sufficient time to align and unable to obey the fast variation of 
the ac electric field. In the low-frequency region, the high magnitude of 

ε′ derived from the interfacial polarization proposed by Maxwell- 
Wagner [36,37]. Interfacial polarization creates from inhomogeneity 
of the material, results through grain composition, porosity, interfacial 
defects, charges trapped by the defects at the grain boundaries, oxygen 
vacancies, and impurity. During the high-temperature calcination and 
sintering, this inhomogeneity formed in the sample. Besides, space 
charge polarization could also be caused by the Ba-volatility and the 
transition from Fe3+ to Fe2+ in LNCZFO. The Fe3+ to Fe2+ transition in 
LNCZFO takes place to maintain a charge balance, which may also 
contribute to the formation of oxygen vacancies [38]. The ε′ for some 
samples of x = 0.40, 0.50 and 0.60 enhances with the increase of 
LCNZFO content because of the large D for the ferrite phase as well as the 
reduction of oxygen vacancy. The area of the grain boundary reduces 
with the increase of D. The heterogeneity of the composites also 
increased the interfacial polarization [39,40]. The difference in con-
ductivities and permittivities of the interface between the constituent 
phases forms this heterogeneity. When an electric field is implemented 

Fig. 3. FESEM spectra and corresponding histogram of xLNCZFO+(1-x)BGTDO composites.  

Table 1 
The lattice parameters, ρx, ρB, P, D, and μi

′ of various xLCNZFO+(1-x)BGTDO composites.  

Content (x) Lattice parameter (nm) ρx×10
3
(kg/m

3
) ρB×10

3
(kg/m

3
) P(%) Average grain size (μm) μi

′ at 100 kHz 

Ferrite a Ferroelectric 

a c 

0.00 – 0.4041 0.4045 6.03 5.63 7 0.319 26 
0.10 0.8442 0.4044 0.4039 6.04 5.65 6 0.378 30 
0.20 0.8441 0.4029 0.4034 6.02 5.50 9 0.423 32 
0.30 0.8451 0.4030 0.4039 6.00 5.40 10 0.478 35 
0.40 0.8447 0.4038 0.4033 5.99 5.35 11 0.512 41 
0.50 0.8445 0.4028 0.4034 5.98 5.31 12 0.547 45 
0.60 0.8447 0.4027 0.4032 5.96 5.27 13 0.635 48 
1.00 0.8405 – – 5.82 5.13 14 1.597 231  
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to the studied samples, the space charge given by the ferrite phase ac-
cumulates at the interface of the two phases as a result of the existence of 
distinct conductivities and permittivities. It leads to the rise of the 
interfacial polarization and contributes to the ε′ [41]. The effect of large 
D of ferrite phase and heterogeneity of the composite contribute to an 
increase of ε′. In this investigation, enlarged ε′ found for samples with D 
values ranging from 0.521 to 0.659 μm and a declining pattern of ε′

observed for all other D values. Dilution of the grain boundary of the 
non-ferroelectric phase usually responsible for such type of behavior. 
The findings are well agreed with the previous reports [42,43]. The 
studied composites showed an immense frequency consistency of ε′
presented at the inset of Fig. 7(a). Nevertheless, with an increment in the 
ferromagnetic phase, the absolute value of ε′ is declined since ε′ is 

smaller for LNCZFO than for BGTDO. The tanδE variation, depending on 
frequency, is presented in Fig. 7(b). This tanδE resulted from the domain 
wall resonance [8]. The high tanδE of ferrite is due to some ion migra-
tions and, in particular, to the loss of conductivity induced by hopping 
electrons between Fe3+ and Fe2+ ions [38]. As mentioned, the grains 
show higher conductivity than that of the grain boundaries in ferrite, 
while small grains are efficient for reducing the Fe2+ concentration [44]. 
On the other hand, BGTDO ceramics could cause a decrement in grain 
size, leading to a decline in conductivity. As a result, we may conclude 
that tanδE reduces conductivity. In both lower and higher frequency 
bands, frequency dispersion tanδE occurs. The composites show the loss 
peaks satisfying to the Debye theory of relaxation. These resonance tanδE 
peaks resulted while the hopping frequency of electrons from the 
different ionic elements is approximately equal to the applied electric 

Fig. 4. Micrographs and corresponding EDS spectra of (a) BGTDO (b) 0.5LNCZFO+0.5BGTDO (for point 001, 002 and 003) composite and (c) LNCZFO.  
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field. In other terms, if the state ωτ = 1 is satisfied [45]. In earlier studies, 
similar behaviors are also reported [8,46]. The MFCs of x = 0.40, 0.50 
and 0.60 have enlarged ε′ with a little tanδE than those of LNCZFO and 
BGTDO for the decreased mobility of the charge carriers. 

3.6. The ac conductivity 

The measurement of σac executed in the frequency limit from 20 Hz 
to 10 MHz. The frequency-dependent σac of MFCs stated by the polaron 
hopping mechanism depends on the free charges available in the com-
posites. When the electric field applied, the mobility of negative charges 
in oxide metals begins to distort or polarize the adjacent lattice to form 
polarons. If distortions within lattice are of the order of the lattice 
constant, small polarons developed, while the distortions are above the 
lattice constant, large polarons created. It is also possible to describe the 
σac by the Austin and Mott polaron models [47]. The large polaron 

interprets when the σac decreases as the frequency increases, while the 
small polaron interprets when the σac increases with the frequency [48]. 
Fig. 8(a) illustrates the variation of frequency-dependent σac. There are 
two different regions in the frequency-dependent σac spectrum. In the 
low-frequency region, the conductive behavior is independent of the 
frequency defined as dc conductivity (σdc), in which the grain boundary 
effect becomes more prominent to dielectrics according to the Max-
well–Wagner double layer model [37,49]. In the high-frequency hop-
ping region, σac increases rapidly, and hopping carriers from the 
components are continuing to develop. Conductive grains at higher 
frequencies become more dominant, increasing the hopping carrier and 
conductivity. Hopping 3d electrons between Ni2+ and Ni+3 also between 
Fe2+ and Fe3+ might play an influential role in the conduction mecha-
nism. By the power law of Jonscher’s [50], the frequency-dependent σac 
expressed as  

σac (ω)=σdc + Bωn,                                                                       (12) 

where σac(ω), B, and n represent the total conductivity, the pre- 
exponential factor, and the frequency exponent, respectively. The term 
n indicates the interaction between the mobile ions and the nearby 
lattice. Both n and B are dependent on the temperature and intrinsic 
properties of the material. The value of frequency exponent n can be 
obtained from the slope of the log(σac) vs log(f) curve. The n parameter 
specifies whereas the conduction is dependent on the frequency (0 < n 
< 1) or independent on the frequency (n = 0). The independent nature of 
σac at a lower frequency and increasing trend at a higher frequency, 
indicating the shift of an ion from long-range hopping to short-range ion 
motion and thereby confirms the establishment of conductivity relaxa-
tion. Fig. 8(b) depicts the logσac variation with logω. The logσac en-
hances with an enhancement of frequency for all compositions, 
representing that small polaron is responsible for the material conduc-
tion process [51]. Fig. 8(b) also demonstrates that the conductivity en-
hances with the increment of LNCZFO content in composites, which 
shows a semiconducting behavior rather than an insulating one. The 
addition of LNCZFO with BSTDO results in a reduction of resistivity of 
the composites because of the lower resistive value of the LNCZFO 
phase, which causes an increase in the number of charge carriers that 
contribute to increasing the conductivity. Depending on the Jonscher 
Law, the pattern of logσac vs. logω should be linear. However, the slight 
deviation of some samples from linearity caused by mixed polarons 
(small/large) [52]. 

3.7. Electric modulus spectra analysis 

The bulk characteristics evident in the impedance investigation are 
associated with dipole relaxation and/or long-range conductivity. It is 
hard to distinguish this bulk characteristic with the help of impedance 
studies, for which electrical modulus analysis processes used. Electric 
modulus, depending on the capacitance value, helps to understand the 
different relaxation and space charge aspects. Fig. 9(a) demonstrates the 
frequency variation of M′. The value of M′ is quite low in the lower- 
frequency region, suggesting the activity of polaron hopping and the 

Fig. 5. Variation of μi
′ as a function of frequency for different xLNCZFO+(1-x) 

BGTDO composites. 

Fig. 6. Variation of (a) RQF and (b) tanδM with frequency for various 
xLNCZFO+(1-x)BGTDO composites. 

Fig. 7. Variation of (a) ε′ and (b) tanδE with frequency for different xLNCZFO+

(1-x)BGTDO composites. 

Fig. 8. (a) Variation of σac with frequency and (b) plot of logω vs. logσac for 
different xLNCZFO+(1-x)BGTDO composites. 
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relatively small influence of electrode effects [53,54]. The M′ increases 
up to a certain frequency since various dipoles cannot follow the ac 
electric field near a higher frequency. The M′ significantly enhanced for 
all samples with frequency and reaching to high-frequency saturation. 
Dispersion is significant at low frequency, which shifts to 
higher-frequency for the distribution of relaxation times within the 
material. The frequency response of M′′ presented in Fig. 9(b). It is 
evident that M′′ shows the maximum value (M’’

max) at a certain frequency 
and varies with compositions along with the frequency, confirming the 
different relaxation times for different samples. Asymmetrical peak 
broadening found at both ends of the maxima, which indicates that 
periods of relaxation divided into separate time constants [55]. The peak 
broadening results due to the spatial distribution of local conductivity 
and electrical response time as a result of the non-uniform microstruc-
ture of the material [56]. The frequency range below the peak specifies 
the mobility region of charge carrier over long distances, i.e., between 
the grains. Above the peak frequency, the charge moves within short 
distances, i.e., within grains [57]. The peak represents the transition 
from long to short-distance mobility. 

3.8. Complex impedance spectra 

The frequency-dependent nature of Z′ shown in Fig. 10(a). The value 
of Z′ decreases with an increase in frequency to a certain value, indi-
cating that the carrier conductivity is increased up to this limit and then 
follow the frequency-independent nature. The larger Z′-value in the 
lower-frequency range specifies that the relaxors comprise a higher 
polarization resulting from all types of polarization. The impedance 
spectroscopy study revealed that the Z′-values initially reduced by an 
increment in frequency to a certain value of ≤104 Hz and attained a 
stable state at a frequency of ≥104 Hz. The decline in Z′ may result from 
an increase in conductivity due to the presence of space charge polari-
zation in the compositions at higher frequencies [58–61]. The large 
value of Z′ at lower frequencies indicate that the polarization in the 
composites is larger. The merger of Z′ at higher frequencies indicates the 
possible release of space charge polarization or accumulation at the 
boundaries of homogeneous phases in the composites under the applied 
external field. Additionally, with the increase of LNCZFO content, the 
values of Z′ decline in the low-frequency region, and then they appear to 
merge in the frequency region. This suggests that the frequency at which 
the space charge becomes free also depends upon the LNCZFO phase. 
The decreasing trend of Z′ implies an increasing loss in resistive prop-
erties of the composites. This is the typical nature due to the existence of 
space charge polarization in the material. The findings are well agreed 
with earlier research [62–64]. The variation of Z′′ at RT with frequency 
presented in Fig. 10(b). Fig. 10(b) shows the identical variation of Z′′

with frequency as that of Z′. The absence of the relaxation phase resulted 

from the static relaxation of the electron in the compositions. The 
frequency-independent nature is attributed to the release of space 
charges. 

3.9. Nyquist plots 

Impedance spectroscopy is a well-known method used to determine 
the influence of grain and grain boundary influences on polycrystalline 
compounds. The Nyquist plots are particularly suitable for materials 
with one or more different relaxation mechanisms of similar magnitude 
and following the Cole-Cole functional methods. The equivalent circuit 
of the brick-layer model [65] with three parallel RC circuits paired in 
series can explain the relaxors properties of the material containing the 
effect of grain, grain boundaries, and electrode. Depending on the 
electrical properties of the composition, the plot may have two 
semi-circles. The first semicircular arc at the lower frequency range and 
the second at higher frequency region represents the resistance of grain 
boundary and grain, respectively [66]. In some cases, a relatively nar-
row semicircular arc observed at a slightly lower frequency, which may 
be due to the influence of interfaces or electrodes [67]. The semicircular 
arc in the intermediate frequency region is due to the dominant grain 
boundary effect, resulting from the parallel arrangement of the grain 
resistance and grain capacitance of the material. One the other hand, 
arcs at larger frequencies reveal the grain influence creating from the 
parallel arrangement of grain resistance and capacitance of the sample 
[68]. Fig. 11(b–i) shows the complex impedance plots for all the com-
positions evaluated in the frequency order 20 Hz-10 MHz at RT. The 
points in the black line represent the experimental data and points in the 
red line show the theoretical fit data in Fig. 11. In the present study, 
samples of x = 0.10, 0.20, 0.30, and 1.00 comprise only a single semi-
circle, suggesting that electrodes and grains do not have much imped-
ance since this would produce an extra semicircular arc. A single 
semicircle in the impedance spectra demonstrates that only a grain 
boundary effect is dominant for the conduction of the compositions. The 
samples of x = 0.00, 0.40, 0.50 and 0.60 exhibit double semicircle in 
their diagram of impedance spectra. The impedance spectra with double 
semicircular arc reveal the contribution of both grain and grain 
boundary resistance to the conduction process within the samples. The 
grain contribution arc usually lies in a frequency region higher than the 
grain boundary, as the grain boundary relaxation time is higher than the 
grain and the grain boundaries are also more resistive as well as 
capacitive than grain. This activity can explain with an equivalent cir-
cuit comprising of two sub-circuits linked in series as presented in 
Fig. 11(a). The magnitude of the complex impedance of the material can 
be determined using the following equation: 

Fig. 9. Electric modulus of various xLNCZFO+(1-x)BGTDO MFCs: (a) real part (M′) and (b) imaginary part (M′′).  
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Z* =Rg −
1

iωcg
+ Rgb −

1
iωcgb

, (13)  

where Rg and Rgb represent the grain and grain boundary resistance, Cg 
and Cgb reflect the grain and grain boundary capacitance, consequently. 
If the center of the semi-circular arc lies on the axis, the Deby-type na-
ture relaxation occurs [69]. Relaxation of the non-Debye pattern ob-
tained for the investigated compositions, as each composition produces 
a depressed/distorted semicircle. The grain boundary resistance is more 
prominent to the total resistance of the compositions because of the 
smaller diameter of the grain relative to the grain boundary. The grain 
and grain boundary resistances obtained from the fit for the studied 
compositions. The grain boundary resistance of the samples decreases 
with ferrite content (except x = 0.10 and 1.00) due to the enhanced 
grain inhomogeneity in the compositions. Besides, with an increase in 
frequency, the values of grain and grain boundary resistance decrease, 
suggesting that the samples are more conducting with increased fre-
quency. The large grain boundary resistance is found for the pure 
LNCZFO phase compared to the rest of the samples as a result of large 
grain diameter and porosity. 

3.10. Ferroelectric property 

The ferroelectric behavior of the composites evaluated by polariza-
tion vs. the electric field (P-E) curves demonstrated in Fig. 12. Compo-
sitions up to x = 0.30 show a typical ferroelectric characteristics curve, 
signifying spontaneous polarization under the applied electric field. 
These samples display P vs. E hysteresis loop, which is not fully satu-
rated. Besides, the polarization increases with an increase in the ferrite 
content, and the highest polarization of 0.419 μC/cm2 obtained for x =
0.30 of these samples. The remanent polarization increases with an in-
crease in ferrite content. This increase in polarization may be due to the 
space charge polarization created by the heterogeneity of the interface 
between the ferrite and ferroelectric phases. The contribution to polar-
ization due to space charge increases with an increase in ferrite content 
in the composites. Similar results were reported earlier [70,71]. This 
confirms that the presence of nickel ferrite in the composite has signif-
icant effect on the ferroelectric properties of barium titanate phase. The 
composites of x = 0.40 and 0.50 exhibited almost rounded shaped loops, 
whereas samples of x = 0.60 and 1.00 showed a nearly rectangular 
shaped loop, suggesting a lower resistive and highly lossy samples from 
which no inherent ferroelectricity can found. The significant reason for 
the lack of ferroelectricity of the samples could be the high leakage 
current, improper electrode, and barium volatilization. These findings 
are well compatible with the results reported earlier [20,26]. The sam-
ple of x = 0.00 comprises the minimum coercive field, which signifies 
that the samples can be polarized easily by an adequate electric field. 

3.11. Magnetoelectric coefficient 

The ME effect generated in multiferroic materials by the coupling 
between the piezomagnetic and piezoelectric domains of the materials. 
The ME response is an interface that incorporates piezoelectric and 
piezomagnetic phases by the elastic interactions between them [72]. At 
RT, the strain-mediated ME response was observed depending on the 
mole percentage of the constituent phases, polarization, electric resis-
tance, and the magnetization of the ferroic phases [73]. The applied 
magnetic field and the coupling between piezomagnetic and piezoelec-
tric domains establish strain in magnetic domains, which leads to stress 
in piezoelectric domains. This stress causes polarization of the ferro-
electric domains, resulting in the creation of voltage in the grains. The 
αME variation for all samples with the applied dc magnetic field shown in 
Fig. 13. The figure shows that αME increases with the applied dc mag-
netic field reaches a peak and then gradually decreases. A similar result 
reported by other researchers [74]. The increase in elastic interaction 
between the ferroic phases may contribute to this initial increase in αME. 
The highest ME value for all the compositions observed in the 0.3 T dc 
region, suggesting that the piezomagnetic order has reached a saturation 
state creating a steady electric field in the BGTDO phase, resulting in a 
decrement of dE/dH with an increment of the magnetic field [75]. The 
inset of Fig. 13 demonstrated the variation of the maximum αME of each 
sample with ferrite content. The inset figure shows that the (αME)max 
decreases with an increase in ferrite of large grain owing to a significant 
reduction in composite resistivity. The αME depend on the piezoelec-
tricity and the magnetostriction of the ferroelectric and ferromagnetic 
phases, respectively. Smaller grains are more efficient than larger grains 
for the enhancement of piezomagnetic and piezoelectric coefficients 
[76]. However, to achieve a better result in composites, two particular 
components would be symmetry, and there would be no disparity be-
tween grains. The decreasing of the αME with an increasing concentra-
tion of the LNCZFO phase due to the low resistance ferrite provides poor 
piezoelectricity and also establishes a path for the charges created in the 
piezoelectric phase. Besides, leakage charges are formed by the 
low-resistive ferrite grain through the mentioned path, which plays an 
important role to decrease the αME. Due to the higher porosity of the 
ferrite phase, the net magnetization of the compositions decreases as the 
ferrite phase increases, this may be another potential reason for 
decreasing the αME with the ferrite content. However, the shift of stress 
between the piezomagnetic and the piezoelectric orders plays an influ-
ential role in obtaining high resistance. The maximum αME of almost 
172 × 103 Vm− 1T− 1 was found for x = 0.10 composites at 0.3 T applied 
dc magnetic field, which is relatively higher than the results reported 
earlier [77–79]. 

Fig. 10. (a) Frequency dependent Z′ and (b) Z′′ for different xLNCZFO+(1-x)BGTDO composites.  
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Fig. 11. (a) Equivalent circuit and (b)–(i) show the Nyquist plot of complex impedance.  
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Fig. 12. P–E plots of different xLNCZFO+(1-x)BGTDO composites.  
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4. Conclusions 

The standard solid-state reaction technique has been used to syn-
thesize the xLNCZFO+(1-x)BGTDO MFCs. The XRD and FESEM analyses 
confirms the coexistence of the two constituent phases with no third 
phase. The average grain diameter was enhanced by an increase in the 
LNCZFO phase. On the other hand, the density was decreased with an 
increment of LNCZFO in MFCs. A significant improvement of μi’ was 
observed due to the substitution of BGTDO by strong magnetic LNCZFO. 
The mechanical barrier for moving domain wall was decreased by 
decreasing oxygen vacancy, which may also be a possible reason for an 
increase in μi’. The typical low-frequency dielectric dispersal behavior 
was evident for all samples due to the Maxwell-Wagner interfacial po-
larization. As a result of a lack of response to the rapid variation of the 
applied field by the electric dipoles with higher relaxation time, the 
independent nature of ε′ in the high-frequency region was observed. The 
frequency variation of the σac obeyed the Jonscher’s power law, and the 
linearity of the logω vs. logσac plots confirmed that the conductivity was 
for a small polar hopping mechanism. Electrical modulus analysis also 
verified the presence of polaron hopping type conduction in the present 
samples. Furthermore, complex impedance spectroscopy has been 
demonstrated that x = 0.10, 0.20, 0.30, and 1.00 samples have only a 
grain boundary contribution, while x = 0.00, 0.40, 0.50 and 0.60 sam-
ples have grain and grain boundary effect on the conductivity of the 
material. Excellent intrinsic ferroelectric properties were identified for 
samples up to x = 0.30. The highest αME was found to be 172 × 103 

Vm− 1T− 1 for the composite of x = 0.10. These results suggest that x =
0.10 may be useful for engineering in lead free multifunctional devices 
in the broad frequency ranges. 
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Abstract—The ferromagnetic Li0.10Cu0.10Ni0.30Zn0.40Fe2.1O4 

synthesized by the typical ceramic technique which is sintered at 
the various temperatures. The formation of single phase cubic 
spinel structure at varied sintering temperatures (Ts) is 
confirmed by the x-ray diffraction (XRD) analysis. XRD pattern 
confirms that the Ts does not distress the inner structure of the 
sample. The bulk density and theoretical density are found to be 
improved with Ts. Due to increasing of Ts, a normal fast grain 
growth happens over the pores volume which reduced the 
porosity with sample density. The value of relative quality factor 
(RQF) and initial permeability are also enhanced with Ts 
because of low porosity and high density. The peaks of the 
relative quality factor are shifted toward to the left with the Ts 
which indicates the decreasing trend of the loss factor. The 
characteristics of structural, density, porosity, relative quality 
factor, initial permeability and loss factor of the composition are 
explained here. 
 

Index Terms—X-ray diffraction, permeability, porosity, sintering. 

I. INTRODUCTION 

Polycrystalline mixed spinel type ferrites have been taken 
into account as appreciably crucial materials because of its 
vast applications in almost every electronic device. The high 
resistivity, high permeability, and low losses make the ferrites 
applicable in high-quality coils, telecommunication 
engineering, television and radio transformers [1]. Depending 
on the cation distribution and various chemical compositions 
AB2O4 type crystal structure can exhibit antiferromagnetic 
paramagnetic and ferromagnetic behavior [2]. The physical 
characteristics of mixed spinel ferrites can be controlled by 
the quantity of substitution, preparation methods, 
compositional variation and sintering temperature [3]. Due to 
very high potential and low-cost the mixed Lithium-ferrites 
and Lithium-ferrite are the good replacement of garnet in 
microwave applications. The highly enhanced temperature 
performance and hysteresis loop squareness prepared them 
highly auspicious candidates for the microwave devices 
application [4]. Remarkable relaxation and anisotropic 
characteristics have been observed in different cations 
substituted mixed Lithium ferrites [5] [6] it has been reported 
that Nickel substitution in Lithium-ferrite, Lithium–Zinc 
ferrite and Zinc substituted Lithium-Nickel ferrite seems to 
enhance the magnetic properties [7] [8] [9] .however the study 
of Cu-substituted Lithium-Nickel-Zinc ferrite has not been 
reported yet in the literature. Therefore the current study is 
aimed to investigate the influence of sintering temperature on 
the structural and magnetic properties of the 
Li0.10Cu0.10Ni0.30Zn0.40Fe2.1O4 composite. 
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II. EXPERIMENTAL 

Polycrystalline mixed spinel type ferrite of 
Li0.10Cu0.10Ni0.30Zn0.40Fe2.1O4 sample was synthesized by 
conventional ceramic technique. The stoichiometric amount of 
commercially available high concentration level chemical 
elements of LiCO3 (99.9%), CuO (99.9%), NiO (99.9%), ZnO 
(99.9%) and Fe2O3 (99.9%) were weighed up and ground by 
hand grinding process for 5h. Calcination of the ground 
composition was carried out at 973K for 5h in the appearance 
of air medium. The grinding process was repeated after the 
calcination, and the fine powders were granulated using a 
small amount of polyvinyl alcohol (PVA) as a binder. Then 
the ground powder with PVA was uniaxially constrained into 
toroid-and disk-shaped materials. At the moment of sintering, 
PVA disintegrated and abolished from the samples. The 
desired shaped components were sintered at different 
temperatures 1273, 1373, 1423, 1473 and 1523K for 6 h in the air. 
During the entire time of the sintering process, the 
temperature ramp was 278K min-1 for mutually heating and 
cooling. The structural study was performed by an innovative 
X-ray diffractometer (model-Philips PANalytical X’PERT-
PRO) fortified with CuKα by means of a target (A= 
0.1540598 nm). The lattice constant of all samples at various 
sintering temperature be found with Nelson- Riley function 
[10]. The theoretical densities (ρth) of all sintered samples 

were evaluated using the formula: ρth =
( ) … . . (1), where NA 

denotes the Avogadro’s number, MA represents the molecular 
weight and a0 is lattice constant. The bulk density (ρB) of 
every sample was deliberately using the formula: ρB 

= … . . (2), where M, t, and r represent the mass, thickness, 

and radius of the pellet respectively. Porosity (P) of the 
investigated materials was determined using the 
equation(%) = × 100 … . . (3) . The room temperature 

complex initial permeability (µi) was performed (frequency 
range 100Hz-120MHz) with the impedance analyzer (model-
WAYNE KERR 65003). The real part of initial 
permeability (µi'), and imaginary (µi'') part of initial 
permeability were calculated using the following formulas: µi' 

= …..(4) and µi'' = µi' × tanδ…..(5) correspondingly, where 

Ls represents the sample core inductance, L0 (= )…..(6) 

represents the winding coil’s inductance without sample 
core[11], and N  is the turns of winding coil (N = 4), S denotes  
cross-sectional area and  is the mean diameter of the toroid 
sample. The value of relative quality factor (RQF) has been 

determined using the relation: RQF = … . . (7) [12], where 

tanδ represents the loss tangent of the material. 
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III. RESULT AND DISCUSSIONS 

A. Lattice Constant, Porosity and Density 

Fig.1. shows the XRD graph for 
Li0.10Cu0.10Ni0.30Zn0.40Fe2.1O4 sintered at various Ts. The 
formation of single-phase cubic structure is confirmed by the 
XRD pattern analysis. All well-defined peaks are indexed as 
(111), (311), (220), (222), (422), (400), (511) and (440) from 
the reflections of well-matched XRD reported earlier [13]. 
The lattice constant of this sample is represented with 
different Ts in Fig.2. From the change of lattice constant with 
Ts, it is observed that lattice constant decreases with Ts. 

The density of a sample shows a starring character in 
controlling the different characteristics of the ferrite material. 
Fig. 3(a) shows that both the theoretical and bulk density 
increases in a similar trend with Ts. Conversely, porosity 
decreases with Ts represented in Fig. 3(b). The measured 
values of  , ρB, and P of the investigated composition with 
various Ts are presented in Table 1. Thermally generated force 
during the sintering process affects the grain boundary to 
grow over pores, which is responsible for reducing in pore 
size with the enhance of material density. Intergranular 
porosity and intragranular porosity are the two possible 
sources of porosity of ceramic materials [14]. Then resultant 
porosity can be written as P = Pintra+Pinter. During the rate of 
grain growth which is comparatively high, pores may be left 
in arrears by promptly affecting grain boundaries, causing in 
pores which are confined into grains. The intragranular 
porosity is significantly responsible for the small magnetic 
and mechanical characteristics. The intergranular porosity 
generally depends on material’s grain size [14]. But at very 
high Ts the driving energy becomes very large which confines 
the pores inside the material and decreases the bulk density.  

20 30 40 50 60

Ts=1523K

Ts=1473K

Ts= 1423K

Ts=1373K

Ts=1273K

(4
40

)

(5
11

)
(4

22
)

(4
00

)

(2
22

)(3
11

)
(2

20
)

(1
11

)

 

 

In
te

ns
it

y 
(a

u)

2θ (degree)
 
 
Fig. 1 XRD patterns of the polycrystalline composition at room temperature. 
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Fig. 2 The variation of the lattice constant of the composition with sintering 
temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3(a) The variation of theoretical density and bulk density and  
(b) porosity of the composition with sintering temperature. 
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B. Complex Initial Permeability 

The variation of complex initial permeability for the 
sample was measured with frequency (100Hz-120MHz). 
Fig.4(a) and 4(b) shows the change of real part (µi') and 
imaginary part (µi'')  of initial permeability with Ts for the 
present sample. From the fig.4(a) we observed that the value 
of µi' enhance with Ts because of the reduction of voids and 
pores. For all sintering temperatures µi' are observed 
independent of the frequency lower than a particular value, 
termed as resonance frequency (fr). Above fr, a sharp fall in µi' 
and a rapid increase in the µi'' is observed. The increase of µi' 
with a decrease of corresponding fr value which satisfied 
Snoeks limit [15]. With the increasing Ts, the corresponding fr 
decreases which are a characteristic property of a ferrite 
material. The maximum value of µi' = |314.30| with the 
corresponding value of fr = |3.41MHz| is found for the 
Ts=1523K. At the lowest sintering temperature (1273K) the 
maximum value of fr = |45MHz| with the corresponding value 
of µi' = |88.2| is observed for the composition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 4 (a) The real and (b) imaginary initial permeability for of the 
composition sintered at 1273, 1373, 1423, 1473 and 1523K for 6h in the air. 
 
 
 
 
 
 

C. Relative Quality Factor and Loss Factor 

The RQF is often referred to as a degree of performance of 
a material for the applications of multifunctional devices. For 
the present composition, the change of RQF with frequency 
sintered at different Ts is presented in fig.5(a). The peak value 
of RQF, decreasing trend is observed below the Ts= 1423K 
and above these increases with Ts. Due to increasing of Ts a 
normal fast grain growth occurs over the pores volume which 
reduced the porosity with increasing composition density. Due 
to high density and low porosity, the RQF is enhanced with Ts 
at the higher temperature up to the optimum value. In the 
present composition, because of the less growth of 
imperfection and defects, at relatively high Ts, RQF becomes 
maximum. Fig. 5(b) shows the decreasing inclination of loss 
with Ts because of the atoms in the materials diffused through 
the grain boundaries, the peak value of RQF is increased. The 
maximum value of RQF (= |4841|) is obtained for the sample 
sintered at 1523K similar trend as µi'. The RQF peak 
frequency is decreased with Ts due to the soft magnetic 
material. The maximum value of RQF (Qmax) for different Ts 
is tabulated in Table-1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
            
 
  Fig. 5(a) The variation of the relative quality factor and (b) loss factor for the 

composition with frequency at different sintering temperatures. 
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TABLE I 

The lattice constant, porosity, density, maximum quality factor, resonance 
frequency, and initial permeability for the composition are sintered at the 
different temperature 

Ts (K) a0 (nm) 
ρth×103 
(kg/m3) 

ρB×103 

(Kg/m3) 
P (%) 

fr  

(MHz) 
(RQF)
Qmax 

µi' 
(1MHz)

1523 0.8395 5.21 3.63 30 28.21 4654 100 

1373 0.8390 5.22 4.03 22 16.32 328 142 

1423 0.8373 5.25 4.32 17 8.73 338 236 

1473 0.8372 5.26 4.68 11 3.41 4640 328 

1523 0.8371 5.26 4.72 10 2.50 4845 338 

 
IV. CONCLUSIONS 

Polycrystalline spinel type ferrite of composition 
Li0.10Cu0.10Ni0.30Zn0.40Fe2.1O4 was synthesized by conventional 
ceramic techniques. The theoretical and bulk density of the 
sample increased in a similar trend with the increase of Ts. 
With increasing of Ts, porosity is decreased and the sample 
becomes denser. The µi' enhance with Ts due to reducing of 
voids and pores. The maximum µi', fr and RQF is found to be 
315, 3.41MHz and 4841, respectively, sintered at 1523K. The 
investigated spinel ferrite has large permeability with less loss 
that makes it technologically significant in various practical 
device applications. 
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